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Abstract—A new radical cation salt based on 4,5-(1,4-dioxanediyl-2,3-dithio)-4',5'-ethylenedithiotetrathiaful-
valene (DOET) with the photochromic anion [Fe(CN)5NO]2–, namely, (DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75,
is synthesized. Single crystals of this salt are studied using X-ray diffraction [a = 10.398(2) Å, b = 11.168(2) Å,

c = 18.499(4) Å, α = 103.14(3)°, β = 92.80(3)°, γ = 106.02(3)°, V = 1996.3(7) Å3, space group , and Z =
1]. In the structure, radical cation layers alternate with anion layers along the c axis. The centrosymmetric
dimers are formed by DOET radical cations in the donor layer with packing of the β type. Like the vast majority
of DOET-based salts, the new salt possesses semiconductor properties. © 2004 MAIK “Nauka/Interperiodica”.

P1
INTRODUCTION

In recent years, considerable research attention has
been focused on the design of new synthetic functional
(conducting and magnetic) materials that can serve as
an alternative to traditional conductors and magnets.
These materials are promising for technical application
in new fields of engineering due to their specific fea-
tures and (or) an unusual combination of properties.

From this point of view, molecular organic conduc-
tors are especially interesting objects of investigation.
Materials based on organic molecules exhibit a great
variety of conducting properties. Among these materi-
als are semiconductors, stable metals, and supercon-
ductors with the highest superconducting transition
temperature TC = 14.2 K [1–4]. The unique properties
manifested by compounds of this class have stimulated
a purposeful search for new methods of synthesizing
multifunctional molecular materials with controlled
properties, in particular, through introducing anions
with specific physical properties into a conducting
organic matrix.

Following this idea, we synthesized and investigated
a number of new radical cation salts with the photo-
chromic nitroprusside anion [Fe(CN)5NO]2– on the
basis of different π-electron organic donors, such as
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) [5–
8], bis(ethylenedioxo)tetrathiafulvalene (BEDO-TTF)
[5, 9], ethylenedithiotetrathiafulvalene (EDT-TTF)
[5, 10], bis(dithiolanylidene)tetrathiapentalene (BDH-
TTP) [11], tetrathiotetracene (TTT), and tetraselenotet-
racene (TSeT) [12]. In the present work, we continued
1063-7745/04/4906- $26.00 © 21010
this series of investigations and studied a new salt based
on the donor 4,5-(1,4-dioxanediyl-2,3-dithio)-4',5'-eth-
ylenedithiotetrathiafulvalene (DOET), C12H10S8O2.

The modification of parent donor molecules is an
efficient method for synthesizing new salts, which
allows an understanding of the influence of the donor
nature on the structure and properties of organic con-
ductors. The majority of organic conductors and super-
conductors were prepared on the basis of the organic
donor BEDT-TTF. The DOET molecule differs from the
BEDT-TTF molecule by an additional six-membered
heterocycle containing two oxygen atoms. Owing to
the presence of this heterocycle in the DOET molecule,
first, the total number of heteroatoms increases and,
hence, the probability of forming side intermolecular
contacts of the heteroatom···heteroatom type (in partic-
ular, additional contacts S···O and C···O) that provide
interaction in the radical cation layer is higher. Second,
the presence of oxygen atoms leads to the formation of
C–H···O hydrogen bonds between the neighboring rad-
ical cations.
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A distinguishing feature of the DOET molecule is its
strongly bent shape: carbon atoms of the oxygen het-
erocycle form a plane nearly perpendicular to the plane
of the central skeleton of the molecule. The formation
of such a conformation can easily be explained in terms
of the geometry of bonds. In the BEDT-TTF molecule,
all carbon atoms, except for the carbon atoms involved
in the outer ethylene groups, are characterized by a pla-

nar  configuration. In the oxygen heterocycle of the
DOET molecule, both the outer and inner C–C bonds

are single bonds and the stable  electronic state of
the corresponding carbon atoms is provided by the
attachment of an additional hydrogen atom. Therefore,
the inner carbon atoms of the oxygen heterocycle adopt
a bulk tetrahedral coordination, which, in turn, deter-
mines the bond directionality and the molecular shape.

The influence of the specific features revealed in the
molecular structure of the DOET radical cation on the
structure and properties of the salts synthesized will be
demonstrated by using the example of a new radical cation
salt, namely, (DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75. In
this work, we described the synthesis of the aforemen-
tioned new radical cation salt, performed an X-ray dif-
fraction analysis of its crystal structure, and investi-
gated the conducting properties of the single crystals.

EXPERIMENTAL

Synthesis of (DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75

4,5-(1,4-Dioxanediyl-2,3-dithio)-4',5'-ethylenedi-
thiotetrathiafulvalene (DOET) was synthesized accord-
ing to the procedure described in [13] and purified chro-
matographically. Potassium nitroprusside
K2[Fe(CN)5NO] · 2H2O was prepared using the proce-
dure proposed in [14]. Chlorobenzene (Aldrich) was
twice distilled over P2O5. 18-Crown-6 (Flucka) was
purified by recrystallization in acetonitrile and dried
under vacuum at a temperature of 30°C. Ethanol (Ald-
rich) was allowed to stand for 10 h over freshly calci-
nated calcium oxide at the boiling temperature (78.3°C)
and was then distilled. All the solvents used were stored
in an inert atmosphere.

The (DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75 radical
cation salt was prepared by electrochemical oxidation
of DOET in the presence of a K2[Fe(CN)5NO] · 2H2O
supporting electrolyte [15]. DOET (1.14 × 10–3 mol/l) and
a mixture of K2[Fe(CN)5NO] · 2H2O (2.4 × 10–3 mol/l)
with 18-crown-6 (4.9 × 10–3 mol/l) were placed in dif-
ferent arms of an H-shaped electrochemical cell and
dissolved in a mixture of chlorobenzene (20 ml) with
ethanol (1 ml). The dissolution was carried out at room
temperature for 4 h in an argon atmosphere with contin-
uous stirring. Then, the electrochemical cell was
sealed, placed in an air thermostat, and connected to a

Csp
2

Csp
3
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dc power supply. A platinum wire 1 mm in diameter
was used as electrodes.

Electrocrystallization was performed under direct
current conditions (I = 0.5 µA) at a temperature of 25°C
for 12 days. Crystals grew on the anode in the form of
black plates approximately 0.8 × 0.9 × 0.07 mm3 in
size. The crystals were filtered off, washed thoroughly
with acetone, and dried in air.

X-ray Diffraction Analysis

The main crystal data are as follows: a = 10.398(2) Å,
b = 11.168(2) Å, c = 18.499(4) Å, α = 103.14(3)°, β =
92.80(3)°, γ = 106.02(3)°, V = 1996.3(7) Å3, space

group , Z = 1 for the formula composition
C58.75H43.75Cl0.75Fe1.25N7.5O9.25S32, M = 2125.1,
F(000) = 1080, ρcalcd = 1.768 g/cm3, and µ(MoKα) =
11.54 cm–1. The experimental set of diffraction data
involving 7336 reflections (6999 unique reflections,
Rint = 0.012, Rσ = 0.022) was collected on an Enraf–
Nonius CAD4 automated diffractometer (MoKα radia-
tion, λ = 0.71073, graphite monochromator, θ = 2.5°–
25.0°, ω scan mode) at room temperature. The structure
was solved by direct methods with subsequent Fourier
syntheses according to the SHELXS97 software pack-
age [16] and refined by the full-matrix least-squares
procedure with the SHELXL97 software package [17].
All non-hydrogen atoms (except for the disordered
atoms in positions with a low occupancy in the DOET
molecule I and the anion) were refined in the anisotro-
pic approximation. The hydrogen atoms were located
from geometric considerations with the isotropic ther-
mal parameters UH = 1.2UC. The final R factor is equal
to 0.056 and GOOF = 1.047 for 5483 unique reflections
with I > 2σ(I) for 699 parameters refined.

Conductivity Measurements

The conducting properties were investigated on an
automated setup in the temperature range 315–4.2 K.
The resistance was measured by the standard four-point
probe method under direct current along the long crys-
tal edge, which coincides with the a axis. The sample
was cemented to platinum wires (10 µm in diameter) of
the measuring unit with the use of a conducting graph-
ite paste (Dotite paint, XC-12).

RESULTS AND DISCUSSION
The (DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75 crystals

have a layered structure in which the radical cation lay-
ers alternate with the anion layers along the c axis. Fig-
ure 1 shows the projection of the structure along the
[110] direction. In the conducting donor layer, there are
two crystallographically independent radical cations
DOET I and II (Fig. 2). The terminal ethylene groups
and oxygen heterocycles in both radical cations are dis-
ordered, and the atomic positions are separated. The
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Fig. 1. Projection of the (DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75 structure along the [110] direction.
central DOET skeleton is more planar than that in the
neutral molecule [13, 18]: the dihedral angles between
the planes of three S4C2 fragments are equal to 1.6° and
5.6° in DOET I and 3.0° and 5.5° in DOET II. The bond
lengths in the DOET radical cations are given in
Table 1. The length of the central C=C bond in the TTF
fragment is equal to 1.363(5) Å in DOET I and
1.373(5) Å in DOET II. This corresponds to a formal
charge of +2/3 in the DOET radical cation. The angles
between the plane formed by the carbon atoms of the
oxygen heterocycle and the central plane of the DOET
cation are equal to 99.5° or 93.1° (in Ia and Ib, respec-
tively) and 99.2° or 98.1° (in IIa and IIb, respectively).
These angles are close to the corresponding angle
(97.1°) in a similar molecule considered in [19]. The
C4O2 heterocycles adopt a chair conformation: the oxy-
gen atoms deviate in different directions from the mid-
plane of the carbon atoms by –0.582(6) and
+0.658(6) Å in DOET Ia, −0.85(4) and +0.72(4) Å in
DOET Ib, +0.607(8) and –0.681(8) Å in DOET IIa,
and –0.074(2) and +0.67(2) Å in DOET IIb. The hydro-
gen atoms bonded to the inner carbon atoms of the oxy-
gen heterocycle occupy the cis positions with respect to
C

each other. The angles between the C–H bonds are
approximately equal to 50°.

Most likely, the perpendicular position of the oxy-
gen heterocycle favors the formation of a stable β struc-
ture of the conducting layer with a considerable mutual
longitudinal displacement of radical cations in DOET
salts. This displacement provides a way of arranging
bent molecules in a layer (Figs. 3a, 3b). Earlier, the
β-type packing was also found in the (DOET)2ReO4
[20], (DOET)2BF4 [21], and (DOET)2HSO4 [22] salts.
In (DOET)4Hg2Cl6 and (DOET)4Hg2Br6 crystals
[22, 23], the packing of radical cations is intermediate
between the α- and β-type packings but more similar to
the β-type packing: the DOET molecules of adjacent
stacks are not parallel to each other, and the dihedral
angle between their midplanes is equal to 12°–14° [23].

In the conducting layer of the
(DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75 structure, all the
radical cations are parallel to each other and form

stacks along the [ ] direction. Centrosymmetric
dimers are formed by the DOET cations in the stacks
(Fig. 3b). Radical cations I–Ii and II–IIi are character-
ized by direct overlapping (Fig. 4a). In each dimer,

110
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Fig. 2. Atomic numbering in radical cations DOET I and II and nitroprusside anions.
there are four shortened intermolecular contacts S···S ≤
3.70 Å (Table 2). The distances between the central
planes of the DOET cations in dimers are very close to
each other and equal to 3.62(2) and 3.630(6) Å, respec-
YSTALLOGRAPHY REPORTS      Vol. 49      No. 6      200
tively. The adjacent dimers are almost parallel to each
other: the dihedral angle between the midplanes of rad-
ical cations I and II is equal to 2.05(7)°. The oxygen
heterocycles of the donors are located between the
4
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dimers. Therefore, the distance between DOET I and
DOET II is rather large [3.85(5) Å] and the relative dis-
placement of radical cations DOET I and DOET II is
approximately equal to 1/3 of the length of the DOET
molecule. There arises an overlapping of the “bond-
over-ring type”: the C4S2 outer six-membered ring is
located above the central C=C bond of the adjacent

Table 1.  Bond lengths (d, Å) in radical cations DOET I and II
in the studied structure

Bond in I d Bond in II d

S(1)–C(1) 1.737(4) S(9)–C(13) 1.734(4)

S(1)–C(5) 1.739(4) S(9)–C(17) 1.736(4)

S(2)–C(6) 1.730(4) S(10)–C(13) 1.736(4)

S(2)–C(1) 1.742(4) S(10)–C(18) 1.738(4)

S(3)–C(3) 1.728(4) S(11)–C(14) 1.728(4)

S(3)–C(2) 1.733(4) S(11)–C(15) 1.744(4)

S(4)–C(2) 1.729(4) S(12)–C(16) 1.730(4)

S(4)–C(4) 1.747(4) S(12)–C(14) 1.733(4)

S(5)–C(5) 1.732(4) S(13)–C(17) 1.738(4)

S(5)–C(9b) 1.814(10) S(13)–C(21b) 1.792(9)

S(5)–C(9a) 1.865(4) S(13)–C(21a) 1.888(6)

S(6)–C(6) 1.744(4) S(14)–C(18) 1.734(4)

S(6)–C(10a) 1.790(4) S(14)–C(22a) 1.785(5)

S(6)–C(10a) 1.833(10) S(14)–C(22b) 1.865(9)

S(7)–C(3) 1.734(4) S(15)–C(15) 1.732(4)

S(7)–C(7a) 1.775(5) S(15)–C(19a) 1.782(10)

S(7)–C(7b) 1.94(3) S(15)–C(19b) 1.823(12)

S(8)–C(8b) 1.67(3) S(16)–C(20b) 1.678(12)

S(8)–C(4) 1.726(4) S(16)–C(16) 1.736(4)

S(8)–C(8a) 1.818(5) S(16)–C(20a) 1.907(11)

C(1)–C(2) 1.363(5) C(13)–C(14) 1.373(5)

C(3)–C(4) 1.360(5) C(15)–C(16) 1.356(5)

C(5)–C(6) 1.347(5) C(17)–C(18) 1.351(5)

C(7a)–C(8a) 1.501(8) C(19a)–C(20a) 1.490(17)

C(7b)–C(8b) 1.57(4) C(19b)–C(20b) 1.541(17)

C(9a)–O(1a) 1.400(5) C(21a)–O(3a) 1.418(6)

C(9a)–C(10a) 1.522(6) C(21a)–C(22a) 1.519(7)

C(10a)–O(2a) 1.403(6) C(22a)–O(4a) 1.394(6)

O(1a)–C(11a) 1.431(6) O(3a)–C(23a) 1.448(7)

O(2a)–C(12a) 1.439(7) O(4a)–C(24a) 1.444(9)

C(11a)–C(12a) 1.510(9) C(23a)–C(24a) 1.498(10)

C(9b)–O(1b) 1.403(10) C(21b)–O(3b) 1.394(9)

C(9b)–C(10b) 1.524(11) C(21b)–C(22b) 1.519(9)

C(10b)–O(2b) 1.406(10) C(22b)–O(4b) 1.409(9)

O(1b)–C(11b) 1.42(2) O(3b)–C(23b) 1.417(17)

O(2b)–C(12b) 1.441(13) O(4b)–C(24b) 1.415(14)

C(11b)–C(12b) 1.52(2) C(23b)–C(24b) 1.520(18)
C

molecule (Fig. 4b). All the S···S and S···C distances
between DOET I and DOET II are larger than the sum
of the van der Waals radii. However, the bent shape of
the molecules leads to the formation of two C–H···O
terminal contacts: C(8b)–H(8b2)···O(4a) = 2.52 Å
(angle, 116.4°) and C(19a)–H(19b)···O(1b) = 2.59 Å
(angle, 114.7°). A large number of shortened contacts
(especially of the S···S type) are formed in the conduct-
ing layer between stacks (Table 2).

In the DOET structure, the oxygen heterocycles of
adjacent layers are virtually parallel to each other and
are rather closely spaced. However, unlike the
(DOET)2ReO4 salt, no shortened contacts of the C–
H···O type are formed between these heterocycles [20].
The shortest H···O distances between DOET molecules
I located in different layers are equal to 2.72 and
2.82 Å, and the corresponding distances between
DOET molecules II are larger than 3.08 Å. Most likely,
this is associated with the difference in the size and
shape of the anions: large-sized octahedral nitroprus-
side anions create a higher barrier to approach of radi-
cal cations of adjacent layers as compared to smaller
sized ReO4 tetrahedra.

Apart from the nitroprusside anions, the anion layer
contains chlorobenzene solvent molecules. The nitro-
prusside anions occupy two independent positions in
the layer (Fig. 5). One position is completely occupied,
and the second position is occupied by the anion and
the solvent molecule in the ratio 0.25 : 0.75. Both
anions are characterized by a disordered structure: two
CN groups approximately aligned along the c axis are
ordered, the other four positions partially contain NO
groups (approximately 25%), and the positions of the
CN and NO groups are separated. A large number of
shortened intermolecular contacts of the S···N (3.256–
3.304 Å), C···N (2.80–3.31 Å), C···O (2.82–3.29 Å),
O···N (2.33–2.85 Å), and O···O (2.54 and 2.61 Å) types
are formed between the cation and anion layers.

The electrical conductivity of the
(DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75 crystals at room
temperature is equal to 0.9 Ω–1 cm–1 and exhibits a
semiconductor temperature dependence (the activation
energy Ea = 0.035 eV).

A large number of radical cation salts were prepared
on the basis of the DOET donor. These salts contain dis-
crete anions with different geometries (linear, tetrahe-
dral, octahedral, etc.) [13, 21, 22]. Among them, the
majority of compounds possess a low conductivity, sev-
eral salts are metals with temperatures of the transition
to the dielectric state from 30 to 170 K, and only one
compound, (DOET)4Hg2Cl6, retains metallic properties
down to 4 K [22, 23]. The low conductivity of the
(DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75 salt can be asso-
ciated with the dimerization within stacks in the con-
ducting layer and the localization of charges in dimers.

Kotov et al. [22] noted that, among the DOET-based
salts, the (DOET)2ReO4 crystals are characterized by
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 3. (a) Projection of the radical cation layer along the central C=C bond of DOET and (b) lateral view of the DOET stack.
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Fig. 4. Overlapping of the radical cations in a stack: (a) I–Ii (A) and II–IIi (B) and (b) I–II (C).
the strongest dimerization in the radical cation layer
and possess semiconductor properties, whereas salts
with a less pronounced dimerization are metals under-
going metal–dielectric transitions at different tempera-
tures. In the (DOET)2ReO4 structure, the interplanar
distance between dimers is equal to 3.69 Å and exceeds
the intradimer distance by 0.1 Å [20]. In the salt studied
in the present work, the distance between the DOET
planes in the dimer (3.62 Å) is virtually identical to that
observed in the (DOET)2ReO4 compound; however, the
dimers are located at a larger distance (3.85 Å). This
means that the degree of dimerization is higher. The dif-
ferences in the structure of the conducting layer are in
complete agreement with the salt properties: the
(DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75 compound is
also a semiconductor, but its conductivity at room tem-
perature is lower than that of the (DOET)2ReO4 com-
pound. Therefore, for DOET-based salts, there is a pro-
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
nounced effect of anions of different configurations and
sizes on the structure of the conducting layer with the
same packing. As a consequence, these compounds
possess different conducting properties.

A comparative analysis of the structures and proper-
ties of the salts based on different organic donors with
the [Fe(CN)5NO]2– anion [5–11] demonstrates that the
asymmetric radical cations EDT-TTF and DOET form
semiconductor crystals with a similar β-type packing of
the conducting layer in which the radical cations are
dimerized. The crystals based on the symmetric radical
cations BEDT-TTF, BEDO-TTF, and BDH-TTP have a
structure of the radical cation layer (β'' or κ) which is
favorable for conduction; these crystals are metals sta-
ble to liquid-helium temperatures.

As was noted above, the bent conformation of the
DOET radical cation is most likely responsible for the
formation of the stable β structure of the conducting
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Fig. 5. Projection of the anion layer in the (DOET)4[Fe(CN)5NO]1.25(C6H5Cl)0.75 structure along the c direction.
layer. The other radical cations containing oxygen
atoms in the outer heterocycle have a similar conforma-
tion [19, 24]. The replacement of oxygen atoms by sul-
fur atoms can lead to the two following situations: two
six-membered heterocycles can be linked by both sin-
gle and double C–C bonds; as a result, the molecule is
bent in the former case and consists of S4C2 planar frag-
ments in the latter case [18, 24]. It would be interesting
to use a planar (unbent) donor for synthesizing new
salts with a nitroprusside anion. Actually, this configu-
ration leads to an increase in the probability of forming
crystals with different packings of radical cation layers
(as is the case with the BEDT-TTF donor), on the one
hand, and to an increase in the number of peripheral

Table 2.  Shortened contacts S···S (r ≤ 3.70 Å), S···C (r ≤
3.65 Å), S···O (r ≤ 3.35 Å), and C···O (r ≤ 3.30 Å) in the rad-
ical cation layer (interactions A–G in Fig. 3)

S···S, Å S···C, Å S···O, Å C···O, Å

A 3.675(×2),
3.601(×2)

3.62(×2), 
3.42(×2)

B 3.646(×2),
3.633(×2)

3.61(×2), 
3.60(×2)

C 3.55 3.25, 3.07,
3.12

D 3.591, 3.504, 3.650

E 3.677(×2)
F 3.685 3

G 3.656, 3.560, 3.649, 
3.537

3.59, 3.36 3.23
C

sulfur atoms (as compared to that in the BEDT-TTF
donor) capable of forming additional S···S contacts in
conducting layers, on the other hand.
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Abstract—It is shown that a number of specific features of the electric-field induced polarization reversal and
transition to the single-domain state observed in ferroelectric crystals of SBN-0.61 and DTGS (the model
object)—delayed or incomplete transition to the single-domain state in strong fields, hysteresis loop degrada-
tion, and time dependence and the memory effect of the residual domain density—are due to the pinning of
forward motion (intergrowth) of dynamic domains with charged inclined walls in the absence of lateral motion.
© 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Crystals of SrxBa1 – xNb2O6 (SBN-x) solid solutions
are tetragonal uniaxial ferroelectrics with a diffuse dis-
placive phase transition accompanied by a change in
the point symmetry (4/mmm  4mm). They belong to
the structural type of “unfilled” partially disordered
tungsten bronzes; have high values of spontaneous
polarization and dielectric, pyroelectric, piezoelectric,
electro-optical, and nonlinear optical coefficients in the
ferroelectric phase [1, 2]; and demonstrate relaxor
dielectric behavior near and above the phase transition
[1, 3]. In this context, SBN crystals are interesting
objects for both fundamental and applied research.
However, such conventional aspects of ferroelectricity
of SBN crystals as the domain structure and the polar-
ization reversal (switching) have been studied only for
a relatively short time, in particular, in view of the per-
spectives of formation and use of regular (periodic)
domain structures for efficient transformation of laser
frequency in the mode of quasi-phase matching. Inves-
tigations of the two-dimensional (2D) cross sections of
the static domain structure of SBN by scanning electron
microscopy [4], X-ray topography [5], and chemical
etching [6] revealed a characteristic feature of the
domain structure of SBN crystals (independent of com-
position)—the existence of elongated (needle-shaped)
domains with a cross section of ~10 µm and a length of
~1 mm. This relatively large static domain structure
was characterized as sharp tetrahedral pyramidal nee-
dles grating from the surface into the crystal bulk [7].
However, the dynamic, shallower domain structure
(which is formed and moves in the electric field during
the crystal switching) has not been reliably established
and adequately studied for real SBN crystals.
1063-7745/04/4906- $26.00 © 21018
In this study, the fatigue phenomena (degradation of
the hysteresis loop in the course of successive switch-
ing cycles [8, 9]) and the memory effect (recording and
subsequent reproduction of a specified polarization of a
crystal) observed in SBN crystals are considered in
context of the specific features of switching caused by
the motion of inclined (charged) domain walls along
with defects in a crystal. Within this approach, an
attempt is made to compare the switching in SBN with
the switching in ferroelectrics of the model group of
triglycine sulfate (TGS), in particular, in deuterated
triglycine sulfate (DTGS). This comparison is justified,
first of all, by the qualitative similarity of switching in
SBN and DTGS: as will be shown below, the switching
in both crystals is caused by the motion of inclined
charged domain walls rather than lateral motion of neu-
tral walls of cylindrical static domains, as has been
assumed for all ferroelectrics until now [10–12]. There
are some other reasons for choosing DTGS as an ana-
log: (i) this material, as well as SBN, is a ferroelectric
uniaxial solid solution characterized by the dependence
of the transition point on composition (isotopic substi-
tution); (ii) DTGS and SBN have comparable piezo-
electric coefficients and coercitive fields and their tran-
sition points differ from room temperature by compara-
ble values; and (iii) both materials are characterized by
hysteresis loops of similar shape, which contain, along
with a “fast” portion, a “slow” portion corresponding to
saturation (the phenomenon we are interested in). The
domain dynamics in these crystals have been studied by
different supplementing methods. The dynamic pattern
of switching in SBN (the domain density and its change
with time) was ascertained mainly by the electro-opti-
cal method of measuring electro-optical hysteresis
loops. The nematic liquid crystal (NLC) method, which
is promising for dynamic visualization of domains in
004 MAIK “Nauka/Interperiodica”
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crystals of the TGS group [10], turned out to be insuffi-
ciently informative for visualization of fine features of
fast domain motion in SBN due to the weak orienta-
tional contrast of an NLC on the lateral surfaces of SBN
crystals [7]. In contrast, in DTGS, where the electro-
optical method is not efficient due to the small magni-
tude of the electro-optical effect and more inhomoge-
neous (on the scale of the electro-optical method reso-
lution) polarization distribution, the NLC method
makes it possible to visualize with good contrast the
state of the domain structure and its dynamics in two
main nonpolar cuts and make video recording in real
time. In the case of DTGS, direct investigation of the
domain density by the electro-optical hysteresis loop
(which is used for SBN), was replaced by more sensi-
tive indirect investigation of the domain contribution to
the low-frequency reciprocal permittivity with averag-
ing of results.

Two stages—fast (main) and slow (final)—can be
distinguished in switching of SBN crystals. In this
study, we restrict our consideration to the final stage— an
approach to the saturated (single-domain) state, when the
sample-averaged residual domain density is lower than
5%. The new results on the collective fast stage of the
polarization reversal will be published separately.

Despite the important differences in the shape and
localization of residual domains in DTGS and SBN, the
similarity of the switching processes in both types of
crystals manifests itself mainly in the motion of
charged domain walls and, accordingly, in the switch-
ing of both DTGS and SBN by the forward intergrowth
of domains (for example, from electrode to electrode in
relatively thick plates). Moreover, without detailed
visual investigation and understanding of the three-
dimensional (3D) structural dynamics of domains in
DTGS, it would be difficult to understand the situation
in SBN crystals, which are more symmetric, damaged,
layered, and small-domain as compared with DTGS
crystals.

CRYSTAL GROWTH AND SAMPLES

Single crystals of SBN-0.61 solid solutions 12 ×
24 × 110 mm3 in size were grown in the form of pro-
filed boules by the modified Stepanov method from a
congruent melt with the use of an oriented seed [13]. It
is well known that, growing SBN crystals by the Czo-
chralski method, it is hardly possible to avoid growth
striation (dependent on the pulling rate [2]) in the
region of stable growth. Since striation is related to
composition fluctuations [14], in particular, the Ba/Sr
ratio [2], Czochralski-grown crystals may have macro-
scopically modulated polarization and bound charges
interacting with the domain structure. The samples
studied here also showed growth striation (with a
period of 24 µm). However, the growth method we used
made it possible to significantly reduce the fringe con-
trast, i.e., the amplitude of modulation of the composi-
tion and birefringence almost to the limiting possibili-
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
ties of the phase-contrast microscopy [15]. On the
whole, the growth technique we used made it possible
to obtain crystals of high optical quality.

Large DTGS crystals with a temperature of ferro-
electric transition of 59°C were obtained by single crys-
tallization upon cooling a 96% deuterated solution.
Samples were cut from one of four large growth pyra-
mids of the m type; therefore, the planes of growth lay-
ers with deposition defects were inclined with respect
to the polar axis b. The presence of these layers cannot
be revealed by measuring the density or refractive indi-
ces, as in the case of SBN, but they could be detected
by NLC topography of polar-cut switching. The advan-
tage of DTGS over other ferroelectrics characterized by
the same type of domain motion that we consider here
is in the efficiency of anisotropic molecular interaction
of the NLC with the main nonpolar surfaces of DTGS;
the chemical purity of these surfaces was obtained by
oriented cleavage.

EXPERIMENTAL METHODS
The hysteresis loops in SBN were investigated by

the dynamic electro-optical method with a high phase
sensitivity (2π × 10–6). Electro-optical signals were
excited by an ac measuring field with an effective
strength of 6 V/cm and a frequency of 1000 Hz (the
case of a mechanically free crystal). Polarization rever-
sal was performed by applying a saw-tooth field E with
a period of 27 min and an amplitude of |±5.6 kV/cm| >
|Ec| ≈ 2–2.5 kV/cm, where Ec is the coercitive field of
the main switching process. The use of a single-mode
He–Ne laser (λ = 633 nm) with almost parallel thin
(0.1 mm in diameter) beam made it possible to measure
the quasi-local electro-optical response of a sample to
an external electric field and obtain the spatial distribu-
tion of the electro-optical coefficient during the sample
scanning [16]. Since the photosensitivity of undoped
SBN-0.61 in the vicinity of λ = 633 nm is low, the field
distribution can be considered uniform at a low laser
power. When the transverse geometry is used (E || z,
k ⊥ z), the measurable value is the linear electro-optical
coefficient

r0 = |r33 – (no/ne)3r13|. (1)

As is known, all linear electro-optical coefficients are
obtained by linearization of the quadratic coefficients
[17]. In particular, r33 can be written as follows:

r33 = 2g33Psε3ε0, (2)

where Ps is the spontaneous polarization and g33 is the
coefficient of the electro-optical effect that is quadratic
with respect to polarization in the centrosymmetric
phase. It follows from (2) that the effective coefficient
r < r0 in a multidomain crystal; the dependence r(E) is
a hysteresis loop. The loop r(E) can be normalized to
±1 by dividing r by r0(E = 0). As will be shown below,
the shape of the “saturated” branches of the electro-
optical hysteresis loop normalized by a constant differs
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from the shape of saturated dielectric hysteresis loops
P(E). This difference is due to the dielectric nonlinear-
ity ε3(E) and is interpreted as the contribution of the
electro-optical effect in the ferroelectric phase (qua-
dratic in field), which leads to the falloff (almost linear
far from the Curie point) in the dependence r0(E). In
principle, introduction of the correction for the qua-
dratic effect would make the electro-optical loop more
rectangular; however, we will present “as-recorded”
loops below. In recording, at a fixed field, processes
changing with time, the correction was introduced as a
constant. Taking into account (i) problems with obtain-
ing a complete transition to the single-domain state in
SBN and (ii) unipolarity and time dependence of the
polarization, the value of r0 was assumed to be the value
in absolute maximum at E = 0, which was obtained at
least once and at least one point of the sample (either at
a bipolar transition to the single-domain state or in the
first measurement with the crystal transformed to the
single-domain state from the paraelectric phase by
cooling in the presence of a field). At 20°C, the half-
wave voltage Vπ = (λ/r0neε3)d/l (where d and l are the
sample sizes with respect to the field and light, respec-
tively) is 220 V and Ec = 2.5 kV/cm (at d/l = 1), which
is in agreement with the published data for SBN-0.61 [2].

When considering loops and when performing
visual monitoring of domains, it is often convenient to
use the concept of domain density (its definition—bulk
or surface density—depends on the physical method of
measuring). For the volumes of (+) and (–) domains, in
the case of thin walls (vw = 0), we have v + + v – = v,
where v is the volume of the crystal under study (a cyl-
inder 0.1 mm in diameter with a length l). The positive
domain density in the negative matrix D+ = v +/v, and
the electro-optical signal is related to the bulk polariza-
tion of the cylinder outlined by the laser beam: r/r0 =
(v – – v +)/v ; i.e., the relation between these quantities is
linear: r/r0 = 1 –  2D+. Any (corrected to the quadratic
effect, if the field is not fixed) isothermal changes in r,
which are not related to the change in r0, are treated as
a result of a change in the domain density. Scanning a
laser beam over the front surface of a sample in the
form of a parallelepiped oriented parallel and perpen-
dicular to the crystallographic directions yields one-
dimensional (1D) and 2D distributions of D+ and D–.

When the dynamic NLC method [10] was used to
investigate domains in SBN [7] and DTGS [16], mix-
tures of diphenyls with positive dielectric anisotropy
were chosen. In the longitudinal observation geometry,
the domain structure was observed by applying an ac
field to a crystal along its polar axis, which provided
visualization of oscillating walls. When studying
DTGS, we used the transverse dynamic NLC method,
in which an NLC layer is deposited on nonpolar ((ba')
and (bc)) cleavages of the crystal and the observation is
performed in the corresponding nonpolar direction. As
a rule, only fragments of domain walls moving both
C

forward (in a constant switching field) and backward
(in a weak ac field) are visualized on these cleavages,
whereas the quasi-static NLC contrast observed on
polar (a'c) cleavages of TGS is either absent or very low
[10].

EXPERIMENT AND DISCUSSION OF RESULTS

Distribution of an Electro-Optical Signal 
and Residual Domain Density in SBN

The general character of the distribution of an elec-
tro-optical signal from an SBN sample incompletely
transformed into the single-domain state by switching
in a bipolar electric field can be seen from Figs. 1 and 2.
The sample was cut in the form of a parallelepiped 3 ×
1 × 1.73 mm3 in size; the scanning was performed along
the principal axes (z and x ') of the (110) cross section.
Circles indicate the experimental data and the solid
lines show the results of independent linear regression.
In particular, it follows from Fig. 1 that the total range
of the switched (in the fast mode) part of the loop is
almost independent of z, whereas the residual domain
density depends heavily on this coordinate. In this case,
the lowest domain density and the largest electro-opti-
cal signal are observed near the positive electrode. The
character of the distribution of the residual domain den-
sity is in qualitative agreement with the needle-like
shape of domains if their tips are directed to the positive
electrode. In contrast, the tips of the domains switched
in the fast stage are directed to the negative electrode.
This means that the displacement current is mainly due
to the motion of positively charged domain walls.

Figure 2 shows the distribution of the domain den-
sity in the transverse (with respect to the polar axis)
direction for the two polarities and three z coordinates.
Here, against the background (dashed lines) of the
small-scale beam-diameter averaged domain structure,
one can easily see peaks of domain density correlated
over the z coordinate. Based on their characteristic sizes
and orientations, these peaks can be attributed to known
macrodefects of striation type [2].

Until now, only a needle-like static structure with
relatively large (with a transverse size of about 12 µm)
and very sharp (with an angle at the tip of about 0.5°)
domains penetrating deep into the sample bulk (up to
1 mm from the surface) was observed in SBN crystals
The occurrence of this quasi-periodic structure with a
2D checkerboard order of localization of domain nuclei
can be explained qualitatively taking into account the
shear character of the distribution of piezoelectric
strains in a tetragonal crystal with a growth periodicity
of layers of 24 µm [7]. When trying to extrapolate the
DTGS approach (see below) to SBN, one might expect
that the zigzag formed (the switching front), which is
2D in a tetragonal crystal (in contrast to 1D zigzags in
anisotropic monoclinic DTGS crystals), will rapidly
pierce the samples (that are relatively thin for sharp
domains) and then relax mechanically on the surface,
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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imitating the lateral motion within the checkerboard
cellular structure, after which merging (clusterization)
of filled cells should occur. The wall motion may be
strongly pinned by microcracks formed in preceding
switching cycles, which are typical of SBN crystals [2].
These microcracks, serving as mechanical traps for
walls, may provide indefinitely long relaxation times
for residual domains. This pattern is in good agreement
with the results of investigation of the (001) surface [7].

In studying the switching on (110) surfaces by the
dynamic NLC method [7], it was found that switching
fronts may become closed at some internal layers. This
closing requires either a sharp increase in the tilt angle
of domain walls with conservation of the period (which
is observed in part) or occurrence of a new type of
switching with shallow domains. The second situation
is also implemented. A cut of the crystal by a surface
deviated from the (001) plane by a small angle (about
7°) is shown in Fig. 3 (left). In this case, the cleavage
plane intersects several periodic growth layers (four
periods in Fig. 3; recall that their periodicity is 24 µm
along the c axis), which demonstrate a small-scale
domain structure. Its average transverse size is 2.5 µm
and the height is of the same order of magnitude as the
layer thickness, i.e., about 12 µm or somewhat larger if
we take into account the emergence of the domain tip
from the layer plane; therefore, the angle at the vertex
is ~10°, which exceeds that for sharp domains by a fac-
tor of 20. Hence, this structure is strongly electrically
compensated and has low mobility. Based on the inten-
sity distribution (Fig. 3), we can suggest that the small-
scale domain structure belongs to the same checker-

0.3
∆z, mm

0.6 0.9 1.2 1.5

(+)
1

1'

r/|r0|

(+)

2
3

2'
3'

0

1

–1

Fig. 1. Distributions (for both polarization directions) of an
electro-optical signal along the z axis passing through the
center of an SBN-0.61 sample (x' = 1.5 mm; see Fig. 2). The
arrow with a “+” sign under/above it points (over the z coor-
dinate) to the electrode with a positive switching potential.
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board cellular type as the large-scale one [7]. Both
types of the domain structures are observed (not simul-
taneously) on the (001) surface in the form of scarce
spots with a transverse size of about 0.3–0.5 mm, which
is also characteristic of striations. The two types of the
domain structure may be related to different mecha-
nisms of dynamic wall pinning by defects responsible
for the hypothetical bond: compensation–inclination–
mobility. 

Recently, we revealed this residual small-scale
domain structure on (110) surfaces of SBN crystals.
Observation is possible in a polarization microscope in
the extinction mode due to combined action of the local
electro-optical and piezooptic effects in a strong field
(from 3 to 10 kV/cm). Mechanical traps of domains,
accumulating during successive switching cycles or
surface treatment, are also clearly visualized in a strong
field. Small domains with low mobility turned out to be
uniaxial and needle-shaped, with angles 2ϕ from 3° to
10°, and based on an irregular zigzag-shaped switching
front of a larger scale. The elements of the latter intro-
duce high local stresses (which are proportional to the
field). Their observation can be regarded as confirma-
tion of the validity of the electromechanical approach

1
∆x', mm

2 3
0

–1

1
r/|r0|

1

1'

2'

3'

D–

D+

0.25

0

0.25

0

2

3

Fig. 2. Distributions of an electro-optical signal and the
domain density in SBN-0.61 for the upper (primed num-
bers) and lower (unprimed numbers) branches of the hyster-
esis loop for three fixed values of the z coordinate (see
Fig. 1) for scanning along the [110] direction.
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50 µm

Fig. 3. Alternation of single-domain and multidomain growth layers (growth modulation of the domain density with a period of
24 µm along the c axis) in SBN-0.61 revealed by the combined phase-contrast method (NLC decoration in combination with con-
trast enhancement using a Bekke strip [7] with photographing in a film and subsequent contrast enhancement in digital processing)
in a cleavage with a deviation of about 7° from the (001) plane.
and analogy with DTGS crystals. Unfortunately, small
transverse sizes of these domains (and, accordingly,
weak phase contrast), on the one hand, and the signifi-
cant decrease in the resolution caused by the stresses
and overlap of domains, on the other hand, significantly
impede their direct optical investigation.

FATIGUE EFFECTS AND DOMAIN MEMORY 
OF SBN CRYSTALS

Electro-Optical Hysteresis Loops in SBN

Figure 4 shows how the shape and size of electro-
optical hysteresis loops observed in SBN change during
successive half-cycles (1–19) of switching by a saw-
tooth voltage and with a change in the voltage ampli-
tude from ~Ec to ~2Ec (groups 1–5 and 11–19). The
loop segments a–b and d–e demonstrate fast switching
and the segments b–c and e–f show slow switching.
Irregularities on the c–d and f–a branches are due to the
local reverse switching. In general, the loop height
decreases during cycling both in weak (E . Ec) and
strong (E > Ec) fields (where Ec is the coercitive field,
which is not constant in SBN [8], although the fast
switching stage has a pronounced threshold character).
C

The degradation (fatigue) of a loop in a strong field
(curves 11–19), as can be seen from the change in the
loop shape, is related mainly to the occurrence of a
domain subsystem that either is switched very slowly or
loses switching ability at all (becomes frozen) and is
only partly due to the decrease in the volume that is rap-
idly switched (in this case, the average rate of the fast
process decreases). However, the frozen region may be
polarized for a rather long time (the settling time may
be as long as several hours). An example is the transi-
tion from curve 19 to curve 19' (Fig. 4), which occurs
only over the course of time (in a constant field). The
record of this process is shown in Fig. 5. It should be
noted that the optical quality of samples decreases dur-
ing multiple long-term cycling in a strong field, which
manifests itself in scattering and depolarization of light
due to the formation of optical inhomogeneities and an
increase in noise in electro-optical measurements. A
possible reason for this is that, at piezoelectrical fixing
of internal domains, the elastic-strain limit is locally
exceeded (in strong pulsed fields—up to the loss of
continuity). Indeed, we observed in [7] that pulsed
switching resulted in a formation of a network of
microcracks in orthogonal (110) planes—“easy-cleav-
age planes” (the real cleavage is absent), which coin-
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 4. Degradation of a hysteresis loop observed for SBN-0.61 during switching by a saw-tooth voltage (some curves are omitted,
numeration by half-cycles). T = 296 K and Vπ = 220 V.
cide with the planes of preferred orientation of domain
walls. Some microcracks are not healed over the course
of time. In slowly changing fields (up to ~5 kV/cm), no
microcracks were revealed by visual monitoring.

Time Dependences of the Degree of Polarization 
of SBN

The curve in Fig. 5 represents a slow transition pro-
cess between two levels (19 and 19' in Fig. 4) of an elec-
tro-optical signal (the degree of polarization or the
domain density) from the area of the crystal outlined by
the laser beam. Obviously, the derivative of this func-
tion (the current dependence) is a dome-shaped curve
with a wide maximum in the central part of the time
interval. However, the accuracy of our experiment is
insufficient to analyze the form of the quasi-local dis-
placement current. Anomalously long polarization
times were also observed for SBN crystals of different
composition in with fields E > Ec in measurements by
electrical methods [8].

The curve in Fig. 5 characterizes not only the transi-
tion process between the two levels of the degree of
polarization but also the memory effect. Let us illus-
trate this effect for both polarities; in this case, the nec-
essary condition is that the crystal should be aged in a
special way.

Figure 6 shows the history of aging process for the
bottom branch of the hysteresis loop. Before measuring
each curve of the slow time dependence of an electro-
optical signal (the fast switching stage was not mea-
sured), the sample was switched by a positive field to
the opposite polarization state for 10 s. As soon as the
upper limit of the domain density D+ in the preliminary
aging process reached saturation or a level sufficiently
high for reliable measurements, we performed the final
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
recording of the settling curve during a much longer
time (see the curve in Fig. 6 corresponding to the last
measurement time). As a rule, each previous and subse-
quent aging curves are in a certain relation: the level of
the domain density (or the signal) given by the previous
curve coincides with the level at which the maximum of
the derivative of the subsequent curve is observed (pro-
vided that the latter was recorded for a sufficiently long
time). This situation can be classified as the memory
effect of the domain density (and, therefore, the domain
configuration) during switching. In this case, the last
curve is the “reproduction curve” and the next to the
last one is the “record curve.” Similar behavior is
observed for the other loop polarity (Fig. 7). The differ-
ence in the amplitudes and the number of aging cycles
indicates the crystal unipolarity. Note that the first
curve (it is assumed that the crystal was “at rest” for a
long time before recording) often demonstrates anoma-
lous behavior during aging, which can be explained by
the effect of reverse switching. Due to the inhomogene-
ity of the crystals studied, this effect can be much more
pronounced for some local loops rather than for inte-
grated loops.

1.00 40 80 120
min

0.9

0.8
r/|r0|

Fig. 5. An example of settling the paramagnetic single-
domain state in SBN 0.61 in the course of time.
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Fig. 6. Change (time in minutes) in a relative electro-optical signal (scale on the left; bar stands for minus) and the positive domain
density (scale on the right) in SBN-0.61 for the lower branch of the hysteresis loop during the pulsed switching.
Comparison with Switching in DTGS

It will be shown below that the memory effect is
characteristic of ferroelectrics switched due to the for-
ward motion of charged dynamic domain walls (the
intergrowth of domains along the polar axis). Let us
consider dynamic domain walls in crystals of the TGS
group, which are well-studied model ferroelectrics in
other aspects. Using the method of decoration of non-
polar (i.e., parallel to the polar axis) crystallographic
cuts by an NLC, we showed that the electric-field
switching in isomorphous crystals of this group occurs
mainly due to the formation and intergrowth of wedges
with inclined (i.e., charged) walls rather than the lateral
motion of ordinary (neutral and parallel to the ferro-
electric axis) walls. Merz was the first who observed
this mechanism in barium titanate [17]. In crystals of
the TGS group, wedges are formed from nuclei at exter-
nal surfaces under the electrodes. They form a quasi-
periodic structure in the (ac) plane and, during the
intergrowth along the polar b axis, merge into 1D zig-
zags, ridges and valleys of which are elongated perpen-
dicular to the c axis (along a'). The zigzags have oppo-
site charges (at interfaces, they correspond to the head-
to-head and tail-to-tail orientations of the spontaneous-
polarization vectors) and move in opposite directions in
the field until they are annihilated (the case of complete
switching). Let us consider a zigzag when the switch-
ing is unipolar and incomplete. The observation is car-
ried out by the NLC method in the (bc) plane. In this
case, we omit the stage of merging of separate wedges
into a zigzag, which is valid when the thickness of a
crystal plate greatly exceeds the amplitude of the zig-
zag. When the field pulse is over at the instant t1, the
zigzag remains in some intermediate position between
the electrodes. Let us change the field direction and
apply a pulse of duration t2 < t1 to the crystal. The crys-
tal is switched again by a new zigzag-shaped wall of the
same shape and localization (but with the opposite
charge). The instant at which the new wall stops is
C

determined by the time t2. It is noteworthy that the
velocity of the zigzag motion decreases with increasing
the distance from the nucleation surface (the wall pin-
ning), while the localization of nuclei on the nucleation
surface is rigidly determined and independent of polar-
ity. This makes the switching process reproducible and
controlled, allowing only insignificant backward dis-
placement of the first zigzag towards the second one
with changing polarity. As a result, an internal domain
layer elongated in the (a'c) plane and limited by two
surfaces with a zigzag-shaped profile is formed. After
switching off the field, such a corrugated layer should
collapse due to the electrostatic instability. However, it
turned out to be metastable with a rather long lifetime
(we observed its degradation for more than an hour
since the instant when it was formed). The zigzag (1D
corrugation) is the collective form of the internal
dynamic domain wall. By analogy, taking into account
the tetragonal symmetry, one might expect the occur-
rence of 2D pyramidal corrugation in thick SBN plates.

Figure 8 shows the only internal domain layer
formed by the double-pulse method (dark against the
gray background of the matrix; the contrast is exagger-
ated). Note that the source of zigzag initiation (the
nucleation surface) is in the bottom part (beyond the
figure); therefore, the lower zigzag is somewhat more
mobile than the upper one. Estimation based on the
ratio of the average layer thickness to the sample thick-
ness (1 mm) gives an average residual domain density
of about 5%, i.e., the value in the range of slow satura-
tion of the hysteresis loop (it is convenient to investi-
gate the electro-optical hysteresis in crystals of the TGS
group in the longitudinal geometry). Thus, the slow
transition to the single-domain state of a crystal is due
to the degradation of zigzag-shaped domains.

The degradation occurs irreversibly, first by gradual
thinning and stepwise collapse of the narrowest and
longest parallel segments of the double zigzag (the for-
mation of discontinuities) and then by lateral narrowing
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 7. Change (time in minutes) in an electro-optical signal (scale on the left) and the negative domain density (scale on the right)
in SBN-0.61 for the upper branch of the hysteresis loop for successive switching pulses.
of residual (asymmetric with respect to the twofold
axis) parallelograms and their transformation to a sym-
metric form (fusiform in the (bc) cross section) by a
small displacement of the bottom end strictly under the
top end with simultaneous smoothing of lateral sides.
One domain of this type can be seen on the right-hand
side of Fig. 8 against the dark background of the initial
domain. Chainoves was the first to reveal these domains
in crystals of the TGS group by etching [17]; however,
the process of their formation has not been described.
We should also add that the image of the large dark
domain in Fig. 8 contains a bright image of smaller
size, which is obtained by contrast inversion and corre-
sponds to the image of the noted dark domain degraded
for some time (in this case, 20 s). The difference con-
tour characterizes the significant spread in the veloci-
ties of different segments (walls), while the difference
in the tilt angles can be explained by the difference in
the degree of electric compensation of the walls by
defects.

In the perpendicular cross section (ba') (where a' =
asinβ), these residual internal domains have parabolic
rather than sharp vertices; thus, in the 3D reconstruc-
tion, the final shape of a separate domain looks like a
disk significantly extended along the b axis rather than
a spindle. The major axes of the disk are oriented paral-
lel to the principal axes of the dielectric tensor. This
shape is close to ellipsoidal and, apparently for this rea-
son, is most stable electrostatically. Therefore, the pro-
cess of degradation of a residual dynamic domain to a
static state upon switching off the external field can be
described as the result of relaxation of elastic stresses at
zigzag elements. It should also be noted that, although
the residual disk-shaped internal domains are more
mobile in an electric field than cylindrical ones and can
even oscillate in a weak ac field, they do not serve as
nuclei for the domains involved in the main (fast)
switching process, which is restored in each subsequent
cycle from the same nucleation points on a certain sur-
face. As a result, the old pattern is substituted each time
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
by a new one and is reproduced for the most part after
aging.

The new pattern of switching described above and
the difference in the static and dynamic domains indi-
cate an important role of the piezoelectric effect as a
factor that not only facilitates domain fixing but also
affects their shape and the switching process itself.
Therefore, particular attention should be paid to the
piezoelectric-coefficient matrix, considering the
motion of domains as the phase growth and domain
walls as interfaces requiring lattice coherence [14].
Analysis of the reference data on the piezoelectric
properties of a large number of ferroelectrics (nonfer-
roelastics) shows that, most often, one of the three coef-
ficients entering the volume (hydrostatic) piezoelectric
modulus has a sign different from those of the other two
coefficients, thus indicating the only particular piezo-
electric (and, at convolution with polarization, strain)

Fig. 8. Residual zigzag-shaped domain (dark) in a DTGS
crystal (0.2 × 0.2 mm2 segment of the (bc) cut, the polar axis
is vertical) formed during incomplete switching by a dou-
ble-pulse technique and its state (bright in the dark contour)
as a result of slow (after 20 s) transformation in the absence
of the external field (the electrodes are closed).
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direction in the crystal. Obviously, in tetragonal crys-
tals, this direction coincides with the ferroelectric
direction. However, in crystals with lower symmetry
(orthorhombic and monoclinic), such a coincidence is
not dictated by the symmetry and, therefore, is not nec-
essary. Examples are crystals of the TGS group, in
which the particular piezoelectric direction (with an
error of about 3° since these crystals are monoclinic) is
the c axis and the ferroelectric direction is the b axis.
From all contributions to the elastic energy of a domain
wall in a field, let us select the main contribution related
to the strain along its largest length. Using indicating
surfaces of the strain tensor [18], one can easily find
that (only) at different signs of piezoelectric strains
along the crystallophysical axes, two real symmetric
solutions for the orientation of an unstrained domain
wall exist. These solutions depend only on the ratio of
piezoelectric coefficients (or electrostriction coeffi-
cients, from which they are derived by linearization
similar to that noted for the electro-optical tensor) and
have the form

ϕ1, 2 = (3)

For these solutions, the longitudinal piezoelectric strain
becomes zero, which means an efficient minimization
of the corresponding main elastic contribution to the
energy of a dynamic wall upon its rotation around a'.
(The above considerations refer also to any nonpolar
cross section in SBN. For large domains, further identi-
fication of orientation can be obtained considering the
elasticity rosette in the basal plane.) However, at a devi-
ation from the vertical direction, the electrostatic
energy of the wall increases; therefore, the total energy
becomes minimum at smaller angles of the wall rota-
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Fig. 9. Time dependences of the domain contribution to the
permittivity of DTGS (record and reproduction curves for
successive switching cycles). t = 24°C, E = 4.7 kV/cm, E~ =
3 V/cm, and εmin = 20.3.
C

tion (the higher the polarization, the smaller the angle
of deviation of the wall from the polar axis). If the wall
is electrically compensated by defects, the angle of its
deviation in the corresponding cut may increase, tend-
ing to the value calculated from the piezoelectric coef-
ficients. It is convenient to characterize inclined walls
by the angle at wedge vertex 2ϕ. For sharp domains in
SBN, 2ϕ < 1°, while, for zigzag-shaped and surface
domains in DTGS, the angle 2ϕ > 10° and may be as
large as 60°. Thus, there arises the possibility of using
a change in the shape and dynamics of slow dynamic
walls for visual finding of clusters of defects (mainly
charged ones, which can partially compensate the
polarization charge of the walls). When passing
through clusters of defects, extended walls are bent and
the intergrowth rate of shallow wedges decreases.

Now, when the domain dynamics in the slow stage
of approaching the single-domain state is qualitatively
clear from the direct observations and estimations per-
formed, we will consider Fig. 9, which illustrates the
memory effect by an example of the domain contribu-
tion to the permittivity of DTGS. Five pairs of curves A
and B are shown. In order to avoid a superposition of
close curves from the set A, only the curve A5 is left,
while the four others are represented by their end
points. Arrows emerging from these points and pointing
to left indicate the corresponding curves from the set B.
Each curve A (recorded at some field polarity selected
with regard to the crystal unipolarity) always precedes
the corresponding curve B (reproduction at opposite
field polarity). The initial instant of time coincided with
the instant of switching the polarity of a 4.7-kV/cm
field. The logarithmic time scale in Fig. 9 is used only
for scale compression. However, it also allows one to
reveal empirically some (averaged and approximate)
characteristics of the processes under consideration: the
logarithmic recording; two logarithmic reproduction
rates, the second of which (i.e., corresponding to the
later record) exceeds the first one; and the presence of
the maximum time of the effect existence, which,
according to approximate extrapolation, is about 7 h.

The domain-layer degradation observed suggests
the following domain–structural interpretation of the
memory effect. During the recording process, we leave
the charged dynamic walls (zigzag) at some position in
the crystal in metastable equilibrium with the fields of
stresses and defects formed. During the reproduction,
an oppositely charged, “almost parallel” and somewhat
faster moving, zigzag is formed. Its total annihilation
with the first (less mobile) zigzag, which begins with
the narrowest portions, manifests itself as a sharp
increase in the rate of transition to the single-domain
state, specifically in the same position (and, therefore,
at the same domain density) at which the first zigzag
was left. The zigzag slows nonuniformly due to the
interaction with defects. As a result, the elements of the
double zigzag-shaped domain layer in the regions with
higher defect density have not only a larger tilt angle
but also a larger thickness. Specifically in these regions,
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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disk-shaped domains are formed, which, obviously, are
additionally stabilized by a cloud of defects. Similar
(only longer) domains may arise due to the long-term
degradation of “normal” cylindrical static domains (the
so-called pyroelectric domains) obtained in the absence
of a field by pulsed superheating. 

CONCLUSIONS

Until now, in comparing the switching behavior of
SBN and DTGS at room temperature, we tried to clar-
ify qualitatively and stress only some general features
related to the presence of charged internal dynamic
domain walls, in particular, the long final stage of the
transition to the single-domain state and the memory
effect of small levels of residual domain density. Visual
investigation of the state of the internal domain struc-
ture demonstrates its complex inhomogeneous trans-
formation during switching by an electric field. Along
with the fact that it is impossible to control the condi-
tions at the internal interfaces of damaged regions, this
method does not allow us to propose some uniform or
simple quantitative model with regard to the electrome-
chanical properties and the role of growth defects, espe-
cially as the analogy between SBN and DTGS can
hardly be extended due to the differences in the symme-
try, polarization, and inclination of domain walls; shape
of domains; and the role of microcracks and growth
defects. For SBN, it would be desirable to continue the
study of dynamic domain structures. At present, the
NLC method remains almost the only direct method for
observing fast dynamics of domains in an electric field
in nonpolar cuts of ferroelectrics. Attempts have been
made to improve the efficiency of this method for SBN
crystals.
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Abstract—[(CH3)2NH2]5Cd3Cl11 crystals are grown by the method of isothermal evaporation from saturated
aqueous solutions containing dimethylamine and cadmium chlorides, [(CH3)2NH2]Cl and CdCl2.5H2O. The
crystal grown are studied by the X-ray diffraction method. It is established that the crystals are orthorhombic
with the unit-cell parameters at room temperature a = 18.115 ± 0.004 Å, b = 11.432 ± 0.002 Å, and c = 15.821 ±
0.003 Å. The unit-cell parameters a, b, and c of the [(CH3)2NH2]5Cd3Cl11 crystals are measured as functions of
temperature in the temperature range 100–320 K. The data obtained were used to determine the thermal expan-
sion coefficients along the main crystallographic axes. The temperature curves of the unit-cell parameters and
thermal expansion coefficients showed pronounced anomalies in the vicinity of the temperatures T1 = 120, T2 =
150, and T3 = 180 K corresponding to the phase transitions in the [(CH3)2NH2]5Cd3Cl11 crystals. The crystals
are also characterized by a pronounced anisotropy of thermal expansion. © 2004 MAIK “Nauka/Interperiod-
ica”.
INTRODUCTION

Crystals containing dimethylammonium (DMA)
cations, which belong to the family described by the
general formula [(CH3)2NH2]2MeCl4 (Me = Cu, Co, Zn,
and Cd), are of great interest since most of these crys-
tals undergo a number of phase transitions in the low-
temperature range because of ordering of hydrogen
bonds and changes in cation dynamics [1–7].

Growth of new crystals with dimethylammonium
cations described by the chemical formula
[(CH3)2NH2]5Cd3Cl11 (DMA))5Cd3Cl11) was first
reported by Czapla et al. [8], who studied these crystals
by the X-ray diffraction method at room temperature
and also measured the dielectric constant ε along the
main crystallographic axes as a function of temperature
in the temperature range 127–300 K. It was shown
[8, 9] that the crystals are orthorhombic (sp. gr. Cmcm)
with the unit-cell parameters a = 18.108 ± 0.015 Å, b =
11.413 ± 0.008 Å, and c = 15.789 ± 0.010 Å, Z = 4. The
anomalies on the curves of the temperature dependence
of the dielectric constant measured along the c axis
showed the occurrence in these crystals of phase transi-
tions at T1 = 127, T2 = 180, and T3 = 260 K. The phase
transformation at T1 = 127 K is a first-order phase tran-
sition during which sample cracking was observed. At
T2 = 180 K, a second-order phase transition takes place
The dilatometric and dielectric measurements made on
these crystals [10] showed the occurrence of the phase
transition also at T2 = 179 K. Birefringence measure-
1063-7745/04/4906- $26.00 © 21028
ments [11] confirmed the existence in (DMA)5Cd3Cl11
crystals of phase transitions at T1 = 127 and T2 =
178.5 K. Gezi and Czapla [12] studied the influence of
pressure on dielectric properties of these crystals. In the
absence of pressure (P = 0), the curve of the tempera-
ture dependence of the dielectric constant showed a
maximum in the vicinity of 280 K.

Below, we present the results of an X-ray study of
the temperature dependence of the unit-cell parameters
and thermal expansion of a [(CH3)2NH2]5Cd3Cl11 crys-
tal in the temperature range 100–320 K undertaken
with the aim of refining the temperatures of the phase
transitions and their sequence.

EXPERIMENTAL

Single crystals of the composition
[(CH3)2NH2]5Cd3Cl11 were grown from a saturated
aqueous solution containing dimethylamine and cad-
mium chlorides, [(CH3)2NH2]Cl and CdCl2 · 2.5H2O,
by the method of isothermal evaporation. A subsequent
X-ray diffraction study showed that the crystals belong
to the orthorhombic system with the unit-cell parame-
ters at room temperature a = 18.115 ± 0.004, b =
11.432 ± 0.002, and c = 15.821 ± 0.003 Å. The trans-
parent colorless 10 × 20 × 10-mm-large crystals thus
grown had the shape of rhombic prisms. The two larg-
est growth faces had the shape of rhombuses and were
(001) crystallographic planes, whereas the four side
004 MAIK “Nauka/Interperiodica”
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faces coincided with the crystallographic (110), ( ),

( ), and ( ) planes. Some crystals also had addi-
tional (100) planes.

The [(CH3)2NH2]5Cd3Cl11 crystals grown were stud-
ied by X-ray diffraction method on a TUR-M62 diffrac-
tometer (CuKα radiation) and in a Rigaku low-temper-
ature X-ray diffraction chamber. The measurements
were made in the temperature range 100–320 K. The
samples were ~5 × 4 × 2 mm plates cut from single
crystals with the reflecting faces being the natural
growth (001) and (110) faces. The (010) and (100)
planes were checked by the X-ray diffraction method
within an accuracy of ±7'. The temperature depen-
dences of the unit-cell parameters were constructed
using the measured value of the Bragg angles of the
00.18. 17.00. and 0 10.0 reflections. The diffraction
spectra were recorded by continuous θ and 2θ scanning
with recording of reflection intensity profiles at a rate of
(1/4) deg/min at a step of 2K.

The sample temperature was set by a special control
block based on a VRT-3 temperature regulator and was
controlled by a copper–constantan thermocouple. This
system maintained the sample temperature with an
accuracy of ±2 K in the temperature range 100–320 K.
Prior to each run, the sample was thermostated within
10–15 minutes at the given temperature. Using the
experimental temperature dependences of the unit-cell
parameters and volume a = f(T), b = f(T), c = f(T), and
V = f(T), we determined the corresponding thermal
expansion coefficients αa = f(T), αb = f(T), and αc =
f(T) along the main crystallographic axes and also the
volume expansion coefficient αV = f(T) in the tempera-
ture range 100–320 K. The experimental a = f(T), b =
f(T), c = f(T), and V = f(T) curves were then approxi-
mated by polynomials of the form L = A +

. The approximation curves were divided
into temperature 1–3 K segments within which the ther-
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Fig. 1. Temperature dependences of the unit-cell parameter
a and the thermal-expansion coefficient: (1) experimental
dots, (2) approximation of the experimental data, (3) ther-
mal expansion coefficient αa.
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mal expansion coefficients were calculated by the for-
mula αL = ∆L/(L∆T), where L are the a, b, c, and V val-
ues at the middle point of the ∆T segment for which the
thermal expansion coefficient is determined and ∆L is
the change of the parameter within this segment.

RESULTS AND DISCUSSION

Figures 1–4 show the temperature dependences of
the a, b, and c unit-cell parameters and the unit-cell vol-
ume V and the temperature dependences of the thermal
expansion coefficient αa = f(T), αb = f(T), αc = f(T), and
αV = f(T) of a [(CH3)2NH2]5Cd3Cl11 crystal. It is seen
that the unit-cell parameters a, b, and c and the unit-cell
volume V of this crystal increase with the temperature
in the whole temperature range studied. However, the
characters of the variation of the a, b, and c unit-cell
parameters with the temperature are somewhat differ-
ent (Fig. 1–3). The variation of parameter a in the tem-
perature range 120–320 K (Fig. 1) and parameter c in
the range 180–320 K (Fig. 3) are of the linear nature.
The temperature dependence of the experimental val-
ues of parameter b (Fig. 2) in the range 102–189 K is
described by a third-degree polynomial; in the vicinity
of T1 = 180 K, the curve shows a kink; with a further
increase in temperature it acquires a linear character.
Moreover, at T2 = 150 K, the tangent of the slope of the
b = f(T) curve changes, which manifests itself as a well-
pronounced maximum at 150 K on the temperature
dependence of the thermal expansion coefficient. It
should be indicated that the curve a = f(T) shows an
anomaly (a kink) at T1 = 120 K (Fig. 1). It is seen from
Fig. 3 that the Ò = f(T) curve also has kinks at T1 = 124,
T2 = 149. and T3 = 181 K. The temperature dependences
of the thermal expansion coefficient, αa = f(T) and
αÒ = f(T), in the vicinities of these temperatures also
have anomalies (extrema). The kinks at T1 = 120 and
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Fig. 2. Temperature dependence of the unit-cell parameter b
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mal expansion coefficient αb.
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T3 = 183 K are also observed at the V = f(T) curve
(Fig. 4).

The anomalies observed at T1 = 120, T2 = 150, and
T3 = 180 K indicate that, at these temperatures, the
[(CH3)2NH2]5Cd3Cl11 crystals undergo phase transi-
tions. It can be seen from the figures that the crystal
under study is characterized by anisotropy of thermal
expansion such that αb ! αc ≈ αa. It is interesting that
the thermal expansion coefficients αa, αb, and αc in the
temperature ranges 120–320, 200–320, and 180–
320 K, respectively, are practically temperature-inde-
pendent. The αb value is less than αa and αc by an order
of magnitude. The αb values in the range 180–320 K are
equal to ~4 × 10–6 K–1, whereas the values of αa and αc

are equal to ~6 × 10–5 K–1. Thermal expansion of this
crystal was studied by the dilatometric method in the
temperature range 160–300 K [10]; the thermal expan-
sion coefficient αa along the c axis at room temperature
satisfactorily agrees with our data, whereas the αa and
αb values and the character of their temperature depen-
dences considerably differ from our data. Moreover,
contrary to the results obtained in [10] (negative αb val-
ues at temperatures above T1 = 179 K), the thermal
expansion coefficients αa, αb, and αc along all the three
crystallographic axes obtained in this study are positive
in the whole temperature range studied. It should also
be indicated that our [(CH3)2NH2]5Cd3Cl11 samples
started cracking not at 127 K (as in [8]), but at T =
102 K.

Such a character of thermal expansion of the crystal
seems to be associated with the typical features of its
structure [9]. The [(CH3)2NH2]5Cd3Cl11 structure is
built by two layers parallel to the (001) plane. One of
these layers consists of dimethylammonium cations
[(CH3)2NH2]+, whereas the other layer consists of
anions of cadmium chloride complexes [Cd3Cl11]5-.
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Fig. 3. Temperature dependence of the unit-cell parameter c
and the thermal-expansion coefficient: (1) experimental
dots, (2) approximation of the experimental data, (3) ther-
mal expansion coefficient αc.
C

These layers are linked by comparatively weak
N−H⋅⋅⋅Cl hydrogen bonds [9]. Considering the chemi-
cal bonds in the layer of dimethylammonium cations,
we see that these cations are bound by weak van der
Waals bonds. The [Cd3Cl11]5– complexes in the layer of
cadmium chloride anions are linked by ammonium
groups. In the [Cd3Cl11]5– anion, three cadmium atoms
and three chlorine atoms with double bonds lie in the
same plane and form a hexagon whose angles are alter-
natively occupied by Cd and Cl atoms [9]. The inter-
atomic forces in this hexagon are much stronger than
the interaction forces between the layers. The layers in
the crystal lattice are arranged in such a way that, along
the a axis, the atomic interactions characteristic of the
layers of dimethylammonium cations prevail, whereas
along the b axis, the stronger interactions characteristic
of the [Cd3Cl11]5– complexes prevail. This may be
explained by the fact that the thermal expansion coeffi-
cients along the a and c axes are approximately equal,
whereas along the b axis, this coefficient is lower by an
order of magnitude.

Attention is attracted to the fact that the anomalies
corresponding to the phase transitions manifest them-
selves differently along different crystallographic
directions. Curve a = f(T) has only one kink at T1 =
120 K, whereas curve c = f(T) shows all three phase
transitions and curve b = f(T) shows two phase transi-
tions at T2 = 150 and T3 = 180 K. This seems to be asso-
ciated with the sequence of phase transitions in this
crystal, which is determined by the anisotropic reorien-
tational motion of dimethylammonium cations [8].

It should be indicated that small differences in the
temperatures of phase transitions determined from dif-
ferent curves, a = f(T), b = f(T), and c = f(T), seem to
explained by the use of the samples cut out from differ-
ent crystals with different defect densities. As is well
known, the physical properties of crystals with hydro-
gen bonds (such as [(CH3)2NH2]5Cd3Cl11), including
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Fig. 4. Temperature dependence of the unit-cell volume V
and the thermal-expansion coefficient: (1) experimental
dots, (2) approximation of the experimental data, (3) ther-
mal expansion coefficient αV.
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the phase-transition temperatures, are very sensitive to
the crystal history and defects and stresses in the crystal
lattice.

Thus, the X-ray diffraction study of
[(CH3)2NH2]5Cd3Cl11 crystals confirmed the occur-
rence of the phase transition at T3 = 180 K and also
showed the occurrence of new phase transitions at T1 =
120 and T2 = 150 K. It is difficult to uniquely establish
the order of these phase transitions solely from the
character of the anomalies on the temperature depen-
dences of the unit-cell parameters and the thermal
expansion coefficients. Therefore, we will measure also
heat capacity of this crystal in the same temperature
range. We also established the anisotropy of thermal
expansion of this crystal.
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Abstract—A multilayered periodic gyrotropic structure consisting of an arbitrary number of unit cells is con-
sidered. The gyrotropic properties of this multilayered structure are due to the external magnetic field. A matrix
is calculated on the basis of the boundary conditions for waves in each layer, which relates a wave incident at
an arbitrary angle with the transmitted and reflected waves. The complex amplitude transmittance and reflec-
tance are found for the entire multilayered structure from the calculated matrix elements. The optimal parame-
ters of a structure consisting of layers of potassium dihydrogen phosphate and europium-doped glass are cal-
culated. The dependences of the intensity, ellipticity, and the angle of rotation of the major axis of the polariza-
tion ellipse of reflected and transmitted waves on the number of cells, light frequency, and magnetic field at an
arbitrary angle of incidence of waves are obtained in graphical form. The structure considered is characterized
by selective reflection of electromagnetic waves and can be used as a polarization converter controlled by a
magnetic field. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Multilayered composite materials have attracted the
interest of researchers studying electromagnetic prop-
erties of materials for many years [1–11]. It was shown
in [1–3] that, in the thin-film limit, the magneto-optical
Kerr effect obeys the additivity law for a system con-
sisting of an arbitrary number of magnetic films. This
conclusion was verified experimentally and by numeri-
cal calculation by an example of a three-layer Fe/Cu/Fe
structure grown on a Pb substrate. An elementary for-
mula for the magneto-optical Kerr effect was derived
based on the superlattice model. The specific features
of interaction of light with a periodic bigyrotropic
medium were investigated in [4]. The values of the
reflectance and transmittance, the ellipticity, and the
angle of rotation of the plane of polarization of a light
wave at resonant and nonresonant frequencies were
obtained. To describe the propagation of electromag-
netic waves in bianisotropic chiral layered structures, it
was proposed in [5] to use the 4 × 4 matrix method. The
dependences of the amplitude and polarization charac-
teristics of reflected and transmitted waves on the angle
of incidence were also studied in [5]. The reflection and
transmission of light in periodic anisotropic structures
containing layers that interact coherently and incoher-
ently with transmitted waves were considered in [6].
Formulas for the intensity and polarization of reflected
and transmitted light were derived for a three-layer sys-
tem in [7]. The system considered in [7] was formed of
a ferromagnetic film and two adjacent nonmagnetic
layers. The effects of interference and absorption of
1063-7745/04/4906- $26.00 © 21032
light were taken into account. Expressions for the
Fresnel coefficients for a wave incident on a semi-infi-
nite composite were obtained in [8]. The properties of a
layered ferromagnetic insulator on the surface of a
material in a microwave device placed in a static mag-
netic field were investigated in [9–11]. 

However, the optical properties of multilayered
periodic structures, selective with respect to frequency
and polarization, were not considered in detail in the
noted studies. The selectivity of optical properties is
most pronounced when resonant reflection of one of
natural circularly polarized light waves is observed in
the gyrotropic layer.

In this study, we consider an electromagnetic wave
incident on a multilayered structure consisting of an
arbitrary number of repetitive unit cells in an external
magnetic field. It is assumed that the first layer in the
unit cell is isotropic and nongyrotropic. The second
layer is also isotropic but, at the same time, magneto-
optically active, which manifests itself in the circular
birefringence of waves in this layer.

To determine the parameters of a wave reflected
from a multilayered structure and a wave passed
through it, we used a matrix method based on the lin-
earity of the equations describing the propagation of
light. Therefore, the continuity of the tangential compo-
nents of the electric and magnetic fields of a light wave
at the interface between two isotropic media can be
described using a linear matrix transformation [12, 13]. 
004 MAIK “Nauka/Interperiodica”
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A uniaxial potassium dihydrogen phosphate (KDP)

crystal (the symmetry class ) with the optical axis
directed perpendicular to the interface is chosen as the
first layer of the unit cell. This layer is optically isotro-
pic and nongyrotropic. A europium glass is taken as the
material of the second (gyrotropic) layer.

In this study, we determined the reflectance and
transmittance of light for a multilayered periodic struc-
ture. The dependences of the amplitude and polariza-
tion characteristics of reflected and transmitted waves
on the thicknesses of layers, magnetic field, and the
angle of incidence of a wave are obtained in the graph-
ical form for the case of selective reflection from the
structure.

NORMAL INCIDENCE OF WAVES

Let us consider the case of normal incidence of
waves on a multilayered periodic structure. Figure 1
schematically shows this structure in an external mag-
netic field. The material equations for the magnetoac-
tive layer of the structure under consideration have the
form [14, 15]

(1)

where ε and µ are the relative dielectric and magnetic
permittivities, respectively, and g is the gyration vector,
which depends on the crystallographic symmetry of the
medium and the vector of the magnetic field strength.
As follows from the solution to the Maxwell equations,
the refractive index for natural waves of an isotropic
gyrotropic medium is

(2)

where the subscripts “+” and “–” denote the left-hand
and right-hand circularly polarized wave components,
respectively.

Using the boundary conditions for waves in each
layer, one can calculate the scattering matrix M, which
relates the incident wave with the transmitted and
reflected waves [16, 17]:

(3)

where

Iij is the transmission matrix for the interface between
the ith and jth layers, Dj is the propagation matrix for
the jth layer, tij is the amplitude transmittance for the
interface between the ith and jth layers, rij is the ampli-
tude reflectance for the interface between the ith and jth

layers, kj =  is the wave number for the jth layer, ω
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is the circular wave frequency, c = ( )–1 is the
speed of light in vacuum, nj is the refractive index of
light in the jth layer, and dj is the thickness of the jth
layer.

In the case of a multilayered periodic structure con-
sisting of N unit cells, the matrix M must be raised to
the Nth power. The matrix Meff for the entire multilay-
ered periodic structure can be written as the product

(4)

where Ia is the transmission matrix for the interface
between two adjacent layers in the structure and Ib is the
transmission matrix for the structure–environment
interface.

The matrix Meff thus obtained relates the wave inci-
dent on the multilayered periodic structure and the trans-
mitted wave. The complex amplitude transmittance and
reflectance of the entire multilayered periodic structure are
expressed in terms of the elements of this matrix:

(5)

In order to observe the maximum reflection of
waves from each cell, selective with respect to polariza-
tion, the layer thicknesses d1 and d2 should satisfy the
following relations:

(6)

where m1 and m2 are integers, k1 is the wave number for
the nongyrotropic layer, and k2± are the wave numbers
of the right- and left-hand polarized waves for the gyro-
tropic layer. Choosing the thicknesses of the layers cor-
responding to the frequency of electromagnetic waves
and the external magnetic field strength, one can obtain
the maximum reflection for one of the circularly polar-
ized waves and, simultaneously, the minimum reflec-
tion for the wave of opposite polarization (Fig. 2).

It can be seen from Fig. 2 that, with an increase in
the number of cells, the intensity of the left-hand polar-
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Fig. 1. Schematic diagram of a multilayered periodic struc-
ture for the case of normal incidence of waves.
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ized reflected wave steadily increases and reaches satu-
ration, while the intensity of the right-hand polarized
reflected wave oscillates, periodically approaching
zero. This makes it possible to obtain the polarization of
the reflected wave close to circular [16, 17].
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Fig. 2. Dependence of the normalized intensity Ir of the
reflected wave on a number of cells N for the cases of inci-
dence of a left- and right-hand circularly polarized waves
(  and , respectively): h = 16 × 105 A/m, λ = 500 nm,

ε1 = 2.161, ε2 = 2.56, µ1 = 1, µ2 = 1, gz = –1.882 × 10–4, d1 =

1.90 × 10–5 m, and d2 = 1.06 × 10–3 m.
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Fig. 3. Dependence of the angle of rotation αr of the major
axis of the polarization ellipse of the reflected wave on the
number of cells N. The calculation parameters are the same
as in Fig. 2.
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Fig. 4. Dependence of the angle of rotation αt of the major
axis of the polarization ellipse of the transmitted wave on
the number of cells N. The calculation parameters are the
same as in Fig. 2.
C

An electromagnetic wave can be represented as a
superposition of two circular waves with the wave num-
bers k+ and k–. Then, the specific angle of rotation of the
plane of polarization can be found by the formula

(7)

It can be seen from Figs. 3 and 4 that, for an odd
number of cells, the polarization ellipse of the reflected
wave is rotated by π/2. The polarization ellipse of the
transmitted wave can be rotated by either π/4 or –π/4 at
an odd number of cells and by either 0 or –π/2 at an
even number of cells. Systems consisting of 10 or 11
cells are most interesting since the intensities of both
reflected and transmitted wave are sufficiently high for
such systems. For a multilayered periodic structure
consisting of ten unit cells, the plane of polarization of
the transmitted wave is rotated by –π/2. In this case, the
reflected wave is circularly polarized and the transmit-
ted wave is linearly polarized. In the case of a system
consisting of 11 cells, the reflected wave is elliptically
polarized and its polarization ellipse is rotated by π/2,
while the transmitted wave is linearly polarized and its
the plane of polarization is rotated by –π/4. A system
consisting of 11 cells can be used as a polarization
switch.

Analysis of the dependences obtained shows that, at
a small deviation of the thickness of the unit-cell layers
from the resonance value, the character of the depen-
dences changes: the saturation intensity of the reflected
wave significantly decreases and, with further deviation
from the resonance thickness, the intensity of the
reflected wave oscillates with a long period with a
change in the total number of cells (the total thickness
of the structure). The case of significant deviation of the
layer thickness from the resonance value is of interest
only for consideration of the transmitted wave since the
intensity of the reflected wave is very low in this case.

The complex amplitudes obtained by the matrix
method make it possible to calculate the ellipticity of
the reflected and transmitted waves for the entire multi-
layered periodic structure:

(8)

where E+ and E– are the amplitudes of the left- and
right-hand circularly polarized waves, respectively.

Figures 5 and 6 show that the range of the external
magnetic field strength h ~ 16.7 × 105–18.1 × 105 A/m is
of primary interest, since the reflected wave is ellipti-
cally polarized in this range. With a change in the mag-
netic field, the polarization ellipse of the reflected wave
continuously rotates by π/2. The same change in the
azimuth of the polarization ellipse in this range is also
characteristic of the transmitted wave.

α 1
2
--- k+ k–+( ).=

ρ
E+ E––
E+ E–+

------------------------,=
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INCIDENCE OF WAVES AT AN ARBITRARY 
ANGLE

In the case of oblique incidence of waves on a mul-
tilayered periodic structure, a wave in the gyrotropic
layer has two modes propagating at different angles
(Fig. 7). Hence, 4 × 4 matrices should be used in the
matrix method [18].

The elements of the matrix Iik, which relates the
incident wave with the transmitted and reflected waves
at the interface between the nongyrotropic and gyrotro-
pic layers, can be derived from the continuity equations
for the tangential components of the electric and mag-
netic field vectors and the solutions to the Maxwell
equations:

(9)

where

p = 1, 2; the subscripts “+” and “–” of the parameters
refer to the left- and right-hand circularly polarized
wave components; θ+ and θ– are the angles between the
z axis and the wave vectors of the left- and right-hand
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Fig. 5. Dependence of the ellipticity ρr of the reflected wave
on the external magnetic field strength h for N = 26. The cal-
culation parameters are the same as in Fig. 2.
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circular wave components in the gyrotropic layer; θ1 is
the angle between the z axis and the wave vector of the

wave in the nongyrotropic layer; µ1, ε1, and n1 = 
are the magnetic permittivity, the dielectric permittiv-
ity, and the refractive index of the nongyrotropic layer,

respectively; µ2, ε2 , and n± = ((2µ2  – µ2 sin2(θ±) 

( sin4(θ±) + 4 cos2(θ±))1/2/2ε2)1/2 are the
magnetic permittivity, the dielectric permittivity, and
the refractive indices of the gyrotropic layer, respec-
tively; and gz is the z component of the gyration vector.

The elements of the matrix Jik which relates the inci-
dent wave with the transmitted and reflected waves at
the interfaces between a gyrotropic and nongyrotropic
layers, are expressed similarly and can be written as
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2
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2
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+=
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Fig. 6. Dependence of the azimuthal angle αr of the
reflected wave on the external magnetic field strength h. The
calculation parameters are the same as in Fig. 2.
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Fig. 7. Schematic diagram of a multilayered periodic struc-
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(10)
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Fig. 8. Dependence of the normalized intensity Ir  of the
reflected wave on the external magnetic field strength h for
the cases of incidence of a left- and right-hand circularly
polarized waves (  and , respectively): θ0 = 15°, N =

25, d1 = 1.93 × 10–5 m, and d2 = 1.06 × 10–3 m.
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Fig. 9. Dependence of the normalized intensity Ir of the
reflected wave on the angle of incidence θ0 in the case of
incidence of a left-hand polarized wave: N = 25, d1 = 1.93 ×
10–5 m, and d2 = 1.06 × 10–3 m. 
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Fig. 10. Dependence of the normalized intensity Ir  of the
reflected wave on the angle of incidence θ0 in the case of
incidence of a right-hand polarized wave.
C

where

The matrix Dj, which describes the wave propagation in
the jth layer, has a standard diagonal form [12]. The
resulting matrix Mik for the entire unit cell, as in the
case of normal incidence, is obtained by multiplication:

(11)

To obtain the maximum reflection of the wave from
each cell, the thicknesses of the layers should satisfy
the relations [13]

(12)

where m1 and m2 are integers and k1 and k2 are the wave
numbers of the right- or left-hand circularly polarized
wave in the first and second layers, respectively. Simi-
larly, the condition for the maximum transmission of
the wave passed through the cell can be written as 

(13)

When conditions (12) and (13) are satisfied, the
intensity of the reflected wave for the calculated value
of the external magnetic field strength 16 × 105 A/m is
maximum in the case of incidence of a left-hand circu-
larly polarized wave and close to zero when a right-
hand circularly polarized wave is incident on the struc-
ture (Fig. 8).

Figures 9 and 10 show the dependences of the
reflected-wave intensity on the angle of incidence θ0 for
left- and right hand circularly polarized incident waves,
respectively. The dependence of the normalized inten-
sity of the transmitted wave on the angle of incidence
was also calculated for left- and right-hand polarized
waves. The calculation showed that the relation Ir = 1 –
It holds true, as one would expect for the nonabsorbing
structure under study.

It can be seen from Fig. 9 that, for the layer param-
eters under consideration, at an angle of incidence of
15°, a local maximum of the intensity of the reflected
wave is observed for a left-hand polarized wave and,
accordingly, a minimum of the transmitted wave. At the
same time, in the case of incidence of a right-hand

J24

D+α– θ1( )cos– C– θ+( )α+cos
2

+
α– θ–( )cos

-----------------------------------------------------------------------------,=

J31 J13, J32 J14, J33– J11, J34 J12,–= = = =

J41 J23, J42– J24, J43 J21, J44– J22,= = = =

D±
1
2
---

α±

α– α+–
------------------,=

C±
1
2
---

µ2

n±
-----

n1

µ1
-----

θ±( )α±cos

θ–( )α–cos
2 θ+( )α+cos

2
–

------------------------------------------------------------.=

M JD1ID2.=

2k1d1 θ1( )cos 2m1 1+( )π,=

2k2d2 θ2( )cos 2m2 1+( )π,=

k1d1 θ1( )cos m1π,=

k2d2 θ2( )cos m2π.=
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polarized wave (Fig. 10), the intensity of the reflected
wave is maximum at other angles of incidence.

Analysis of the dependences obtained shows that, in
the case of incidence of electromagnetic waves on a
gyrotropic multilayered periodic structure in an exter-
nal magnetic field, the reflection of the waves is selec-
tive not only with respect to the wave frequency but
also with respect to the wave polarization. A change in
the magnetic field strength, or the angle of incidence, or
the wave frequency leads to a change in the polarization
characteristics of both transmitted and reflected waves.
Hence, such a multilayered periodic structure showing
selective reflection of light can be used as a polarization
converter controlled by a magnetic field.
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PHYSICAL PROPERTIES
OF CRYSTALS
Growth, Structure, and Magnetic Properties 
of CuFeTe2 Single Crystals1
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Abstract—CuFeTe2 single crystals were grown and the temperature dependence of their magnetic susceptibil-
ity in the temperature range 1.8–400 K was investigated. It is found that the magnetic susceptibility shows
anomalies at temperatures Ts = 65 and TN = 125 K. At T > 125 K, the crystal is in the paramagnetic state con-
trolled by Fe2+ and Cu2+ ions with an effective magnetic moment of 1.44 µB. © 2004 MAIK “Nauka/Interpe-
riodica”.
1 INTRODUCTION

It is known that the spins of 3d metals are coupled
by Coulomb forces and long-range relativistic interac-
tions in chalcogenides of these metals. It should be
noted that the character of many physical properties
(magnetic susceptibility, specific heat, and so on)
depend strongly on the dimension of the magnetic
structure and the character of exchange interactions. In
this context, ternary chalcogenides of 3d metals are
interesting, although complex, objects of study.

This study deals with the growth of CuFeTe2 single
crystals and investigation of the magnetic susceptibility
of this material. CuFeTe2 is of interest because it forms,
as do other chalcogenides of 3d metals, into various
crystal structures, depending on the valence state. In
some cases, this circumstance facilitates the low-
dimensional ordering of magnetic ions.

Many studies [1–7] have been devoted to the growth
of CuFeTe2 single crystals and investigation of their
structural, magnetic, and electrical characteristics.
Some results of these studies and the new data obtained
by us are analyzed and discussed here.

GROWTH AND STRUCTURE OF SINGLE 
CRYSTALS

Single crystals were grown by the Bridgman method
from melts prepared from previously synthesized sto-
ichiometric ingots. We should note that growth of sin-
gle crystals of chalcopyrite and its Se and Te analogs is
a complex problem due to the change in the valence

1 The theses of this study were presented at the IX National Con-
ference on Crystal Growth (NCCG 2000, 266).
1063-7745/04/4906- $26.00 © 21038
states of Cu and Fe atoms during their interaction with
chalcogens.

We used polycrystalline ingots of three different
compositions: stoichiometric CuFeTe2 and nonstoichi-
ometric Cu1.13Fe1.22Te2 (Vaipolin composition) and
Cu1.1Fe1.2Te2. Independent of composition, we
obtained similar results by the end of experiments: a
smaller part of the sample transformed into the single-
crystal phase and the larger part remained polycrystal-
line. The single-crystal part has a layered structure with
a perfect cleavage; it can be easily split into thin plates
with mirror surfaces.

Analysis of the X-ray rocking curves and diffraction
patterns in the range 10° < 2θ < 70° on a DRON-3 dif-
fractometer (CuKα radiation, Ni filter) revealed that the
grown single crystals belong to the tetragonal system
with the cell parameters a = 4.02 Å; c = 6.03 Å; sp. gr.
P4/nmm; and Z = 1, which is in complete agreement
with the data of [1, 2]. Polycrystalline parts show iden-
tical X-ray diffraction patterns and form an imperfect
tetragonal structure of the chalcopyrite type with a
primitive lattice [8].

Chemical analysis performed in [1] and in this study
showed that the single crystals grown have an excess of
metal atoms in comparison with the CuFeTe2 composi-
tion. This fact could be attributed to the self-doping.
However, repeated growth experiments with all three
initial ingot compositions showed the appearance of
cracks on the ampoule walls, through which vapor
emerges to be crystallized in the form of a wire in the
cold zone of the furnace. X-ray diffraction analysis of
the wire composition showed it to be pure tellurium.
Therefore, further crystallization experiments were
performed in double-wall ampoules and tellurium was
weighted each time after the growth cycle (its weight
turned out to be ~12–16%). Chemical analysis of the
004 MAIK “Nauka/Interperiodica”
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single crystals on an RA-2 X-ray analyzer showed that
their composition corresponds to the calculated data
within experimental error.

Taking into account that the single crystals grown by
us have similar unit-cell parameters and the same sym-
metry as the mineral rickardite Cu4 – xTe2 [9], we can
suggest that the valence of metals changes during the
crystallization of CuFeTe2 ingots, due to which some
part of Te atoms precipitate to form an excess of metal.
Undergoing a phase transition, the composition with an
excess of metal forms a tetragonal structure of rickard-
ite type described by the formula Cu1.15Fe1.23Te2. With
regard to the valence balance, this formula can be writ-

ten as Cu1+ Fe2+ Te2 .

The formula of rickardite can be written as
Cu2Cu2 − xTe2 (x = 0.5–0.6). However, in this formula,
the valence balance is not satisfied for all values of x.
The appropriate variant is the composition

Te2 . It is ascertained that some fraction of
Cu1+ ions occupy the twofold position 2a: (0 0 0). Other
Cu1+ ions, along with Cu2+ ions, statistically occupy the
2c position (0, 1/2, 0.269); two Te atoms are located in
the 2c position with the coordinate z = 0.774.

One might expect Cu and Fe atoms to be distributed
statistically over the 2a and 2c positions in the crystals
under study.

We should note again that a specific feature of the
rickardite structure is that a strictly stoichiometric com-
position cannot be implemented in it. According to the
data of [9], the rickardite structure consists of a single-
stack layer of empty octahedra formed by four Cu and
two Te atoms. Such a representation crystallochemi-
cally does not characterize the structure (Fig. 1a). An
idealized scheme of distribution of atoms in the (001)
plane for Cu1.15Fe1.23Te2 is shown in Fig. 1b. It can be
clearly seen that Cu atoms are surrounded by eight
(4 Te + 4 Fe) atoms forming a tetragonal prism. Each
such prismatic layer is located at a distance of ~3 Å
from neighboring similar layers, which makes the
structure layered and ensures perfect cleavage. In other
words, prismatic copper layers alternate with empty
prismatic layers along the c axis.

MAGNETIC SUSCEPTIBILITY

The statistical magnetic properties of the crystals
grown were investigated using SQUIDs and Domeni-
cali pendulum magnetometers in magnetic fields up to
10 kOe in the temperature range 2–400 K.

The results of measurements of the temperature
dependences of the magnetic susceptibility of a
Cu1.15Fe1.23Te2 crystal in magnetic fields of 100, 500,
and 1000 Oe directed perpendicular to the tetragonal
axis (parallel to the xy plane) are shown in Fig. 2. As
can be seen, the susceptibility has an anomaly. At TN =
125 K, a jump of susceptibility is observed in the

Cu0.15
2+ Fe0.23

3+

Cu3
1+Cu0.5

2+
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dependence χ(T). With a further decrease in tempera-
ture, the susceptibility increases. The noted jump is
related to the formation of a long-range magnetic order;
TN is the Néel temperature. At Ts = 65 K, the suscepti-
bility shows a kink and remains almost constant with

c
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Fig. 1. (a) Crystal structure of Cu1.15Fe1.23Te2 and (b) ide-
alized schematic diagram of the location of atoms in the xy
plane.



 

1040

        

DZHABBAROV 

 

et al

 

.

                           
further decrease in temperature. As can be seen from
the dependences χ(T) in Fig. 2, the susceptibility
decreases with increasing the magnetic field. The
asymptotic Néel temperatures and the effective mag-
netic moments corresponding to the three noted values
of magnetic field are, respectively, θ1 = –2700 K, θ2 =
−1450 K, and θ3 = –950 K;  = 0.283 µB,  =

0.493 µB, and  = 0.566 µB.

The temperature dependences of the magnetic sus-
ceptibility along the tetragonal axis (perpendicular to
the xy plane) of the crystal cooled in the absence of a
magnetic field and in a field of 10 kOe (zero-field cool-
ing (ZFC) and field cooling (FC), respectively) are
shown in Fig. 3. In the high-temperature range (T >
200 K), the change in the susceptibility obeys the
Curie–Weiss law with the parameters θ = –392 K and
µeff = 1.44 µB. Below Ts = 65 K, both magnetic suscep-
tibilities (χZFC(T) and χFC(T)) become irreversible.

RESULTS AND DISCUSSION
The analysis of the crystal structure of

Cu1.15Fe1.23Te2 showed the possibility of forming sev-
eral antiferromagnetic phases allowing for the location
of the spontaneous magnetic moment in the basal plane
(001) of the crystal [10]. The exchange interaction
between Cu and Fe ions in the crystal occurs in 1/2c-
thick layers parallel to the (001) plane. The Néel tem-
perature is 125 K.

The characteristic feature of this compound is the
irreversibility of the temperature dependence of the
ZFC and FC magnetic susceptibilities below Ts = 65 K.
A similar behavior of the magnetic susceptibility is
most often observed in unordered magnetic systems
(including spin glasses) [11–14]. We can suggest that

µeff1
µeff2

µeff3

80

1000 200 300 400
T, K

40

120

160
χ × 106 units cgs/g

100 Oe

500 Oe
1000 Oe1

2

3

Fig. 2. Temperature dependences of the magnetic suscepti-
bility of Cu1.15Fe1.23Te2 in the direction parallel to the xy
plane in magnetic fields of 100, 500, and 1000 Oe.
C

the spin-glass ordering in Cu1.15Fe1.23Te2 can be related
to a random arrangement of paramagnetic ions
(Cu, Fe).

Note that the difference in the energies of exchange
interaction of Cu and Fe ions with their neighbors in
different crystallographic directions is due to the differ-
ence in the interatomic distances. According to the val-
ues of these distances, Cu and Fe atoms in sublattices
are bound to each other more strongly than Cu and Fe
atoms with atoms of the same type: the average Cu–Fe
distance is ~2.5 Å, whereas the Cu–Cu and Fe–Fe dis-
tances are 2.82 and 3.6 Å, respectively.

In our opinion, the reason for the inconsistency
between some experimental data on the physical prop-
erties of CuFeTe2 crystals obtained by different
researches [1, 2, 4] is due to that the objects under study
had different chemical compositions of the
Cu1 + xFe1 + xTe2 type.
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Abstract—The hysteresis loops of 180° in-plane magnetization reversal in a system of magnetic films with
cubic crystallographic anisotropy coupled by the interlayer antiferromagnetic exchange interaction are plotted.
The loops correspond to different orientations of the switching field with respect to crystallographic axes.
Wasp-waisted loops, loops collapsing in weak fields, and bistable (bifurcation) loops are found. © 2004 MAIK
“Nauka/Interperiodica”.
INTRODUCTION

In recent years, much attention has been given to
multilayered structures consisting, as a rule, of thin
magnetic-metal layers separated by nonmagnetic
metallic spacers [1–4]. The most typical representatives
of these structures are (Fe/Cr)n periodic structures (n is
the number of periods). Unique static and dynamic
properties of these structures are determined primarily
by the character of coupling of magnetic moments of
neighboring layers. This coupling is due to the indirect
exchange interaction and results in ferromagnetic, anti-
ferromagnetic, or noncollinear ordering of the mag-
netic moments of neighboring layers [5, 6]. Detection
and analysis of the specific features in the excitation of
dynamical regimes (sensitive to minor variations in
structure parameters and switching fields) require one,
first of all, to determine the character of equilibrium
states of the system. Antiferromagnetic coupling is
most interesting for the implementation of different
equilibrium orientational states and various dynamical
regimes [7, 8]. An important characteristic of a mag-
netic thin-film sample (which can be obtained in exper-
iment rather easily) is a hysteresis loop corresponding
to the 180° magnetization reversal of the sample. The
shape of the hysteresis loop is strongly connected with
many structural parameters, which can be obtained by
measuring the loop parameters. In this study, based on
the energy approach, we found the equilibrium states
and plotted the hysteresis loops (corresponding to sev-
eral characteristic orientations of the switching field
and the constants of interlayer exchange coupling) for
a multilayered system consisting of a large number of
pairs of layers of magnetic and nonmagnetic metals
with antiferromagnetic ordering of the magnetic
moments of the layers.
1063-7745/04/4906- $26.00 © 21042
STATEMENT OF THE PROBLEM

We assume that the structure under study consists of
a large number (n @ 1) of magnetic metal layers with a
magnetization Mi and thickness di (where i is the num-
ber of a magnetic layer) separated by nonmagnetic
spacers, whose thickness corresponds to antiferromag-
netic exchange coupling between magnetic layers. In
accordance with the available experimental data on
(Fe/Cr)n structures [9], we also assume that the mag-
netic anisotropy of the magnetic layers is the sum of the
induced uniaxial easy-axis anisotropy and the cubic
anisotropy. The [100] and [010] axes lie in the layer
plane, while the easy-magnetization axis of induced
anisotropy is normal to the layers. In this case, the free
energy of the system (per unit area) has the form

(1)

where J is the constant of bilinear coupling due to the
indirect exchange interaction of the magnetic moments
of nearest-neighbor layers (this constant depends, gen-
erally, on the thickness, composition, and structural
characteristics of the spacer); K1, 2i are, respectively, the
first and second cubic-anisotropy constants of the ith
layer; Kui is the growth-anisotropy constant; H is the
static bias field; ϕi is the azimuthal angle counted from
the [100] axis (this angle specifies the orientation of the
magnetic moment of the ith layer); and ψi is the angle
at which the magnetization vector Mi outgoes from the
layer plane. Further, the magnetic layers are assumed to
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be identical, that is, Mi = M, di = d, Kui = Ku, and K1, 2i =
K1, 2. The coupling constant J is assumed to be positive,
which should ensure antiferromagnetic coupling of the
magnetic moments of neighboring layers (i.e., opposite
directions of these moments in the absence of a bias
field). In this case, the entire set of magnetic layers is
divided into two subsystems (j = 1, 2) with identical
behavior of the layers of each subsystem. Since demag-
netizing fields for structures realized in practice are
high (4πM @ 2Ku/M, JM), for the in-plane switching
field H, the magnetic moments lie in the layer plane.
Therefore, the equilibrium angles ψj = 0. To determine
the equilibrium azimuthal angles ϕj(H), we use the

equilibrium conditions ∂E/∂ϕj = 0 and ∂2E/∂  > 0.
Taking into account (1), these conditions yield the sys-
tem of equations

(2)

where ϕH is the azimuthal angle counted from the [100]
axis and determining the in-plane direction of the field
H and  = 2J/d.

ANALYSIS OF THE HYSTERESIS-LOOP 
SHAPE

In order to find the equilibrium states of the system
of magnetic moments of the layers and plot the hyster-
esis loops, we will analyze numerically Eqs. (2) using
the parameters of a real structure. For Fe layers, the
magnetization M = 1620 G; the anisotropy constants
are K1 = 4.6 × 105 erg/cm3, K2 = 1.5 × 105 erg/cm3, and
Ku = 2.06 × 106 erg/cm3; and the thickness d = 21.2 ×
10–8 cm. The parameters of Cr layers do not appear
in Eq. (1) explicitly but determine the coupling con-
stant J [3].

Figure 1 shows the field dependences of the normal-
ized projection of the total magnetic moment of both
sublattices (M1 + M2)/M on the direction of the switch-
ing field for the initial orientation of the magnetic
moments specified by the angles ϕj = ±π/2; the exter-
nal-field orientation specified by the angles ϕH = 0, π/4,
and (c) π/8; and the coupling constants J = 0.05, 0.15,
and 0.25 erg/cm2 (curves 1–3, respectively). These
dependences demonstrate that the hysteresis loops for
the structure under consideration, as a rule, collapse in
low fields. As the coupling constant increases, the loop
width decreases and the collapse region increases.

Based on the equilibrium conditions, one can obtain
for ϕH = 0 the expressions for the outer boundaries of

ϕ j
2

2HM ϕ j ϕH–( ) K1 4ϕ jsin+sin

– 2J ϕ j ϕ3 j––( )sin 0,=

HM ϕ j ϕH–( ) 2K1 4cos ϕ j+cos

– J ϕ j ϕ3 j––( ) 0,>cos

j 1 2,,=

J

CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
–2
–2

0 2

0

2

–2
–2

0 2

0

2

–1
–2

0 1

0

2

(M1 + M2)H/MH

1 2

3 2 1

3
(a)

1 2 3
(b)

123

(c)

1

1

1

1

2

2

H, kOe

Fig. 1. Hysteresis loops of the multilayered structure having
a collapse region: ϕH = (a) 0, (b) π/4, and (c) π/8; J =

(1) 0.05, (2) 0.15, and (3) 0.25 erg/cm2.
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the hysteresis loop (the critical field Ha at which the
noncollinear orientation of the magnetic moments
becomes unstable) and the boundaries of the collapse
region (the critical field Hb at which the codirectional
phase becomes unstable)

(3)

In this case, Ha is also the saturation field. For J > Jab,
where Jab corresponds to the equality Ha = Hb, the hys-
teresis loop collapses completely and transforms into a
magnetization-reversal curve. The loop has the only
point of collapse at H = 0 if J = Jb (Jb = K1d/2 is the
value at which the field Hb becomes zero). For J < Jb,
the loop does not collapse. For small values of Hb, the
orientational phase transition occurring when the field
approaches this critical value is of bifurcation type and
can result not only in the orientation of magnetic
moments similar to the initial one (ϕj ≈ ±π/2) but also
in the orientation with the angles ϕ1, 2 = π, 0. The reason
for this is that, in the early stage of the phase transition,
due to the significant change in the azimuthal angle, the
magnetic moments of the structure execute up to a few
revolutions in the film plane during high-amplitude
chaotic oscillations. Therefore, any possible stationary
orientation can be implemented. Thus, two hysteresis
loops will occur with some probabilities. The first one
is shown in the Fig. 1a by a solid line and the differing
part of the second loop is shown by a dotted line. The
outer boundaries of the second loop are determined by
the field values at which the opposite orientation of the

Ha
4

3M
--------

J K1+
6K1

--------------- J K1+( ),±=

Hb
2
M
----- J K1–( ).±=

–0.3
–2

0 0.3

0

2
(M1 + M2)H/MH

H, kOe

Fig. 2. Bifurcation hysteresis loops at J = 0.035 erg/cm2 and
ϕH = 0 (dotted line) and π/8 (solid line).
C

magnetic moments of the neighboring layers is no
longer stable:

(4)

In the second case considered here (ϕH = π/4), the
magnetization continues to increase after the collapse
of the hysteresis loop, becoming saturated when the
field reaches the value

(5)

The field values that specify the boundaries of the hys-
teresis loop collapse can be found only numerically. For
the external field oriented along the [110] axis, the col-
lapse of the hysteresis loop occurs at the coupling con-
stants exceeding those for the field oriented along the
[100] axis. After the orientational phase transition at the
boundary of the collapse region, the two possible equi-
librium configurations of the magnetic moments prove
to be equivalent; therefore, a single loop is observed.

When the switching-field direction differs from
those considered above (in particular, ϕH = π/8, an extra
bend (sharp or smooth, depending on the coupling con-
stant) is observed in the hysteresis loop. In addition,
with an increase in the field, the magnetization asymp-
totically approaches the maximum value. However,
these hysteresis loops have some features similar to
those observed in case (a) (when the field is directed
along the [100] axis). At small coupling constants, two
loops can be realized due to the bifurcation phase tran-
sition. One of them (solid line) is similar to that
observed in case (a) and the other (dotted line) is simi-
lar to that typical of case (b) (the field is directed along
the [110] axis). The direction of the magnetization
reversal can be affected by (1) various fluctuations of
the system parameters and (2) the parameters determin-
ing the character of the decay of the field H. The shape
of the loops shown in Fig. 1 is in good agreement with
the shape of the experimentally observed hysteresis
loops of real films [9, 10].

Figure 2 shows the hysteresis loops corresponding
to the coupling constant J = 0.035 erg/cm2 and the ori-
entations of the switching field specified by the angles
ϕH = 0 and π/8 (dotted and solid lines, respectively). A
specific feature of these loops is the presence of wasp
waists (narrowings) in their central parts. The orienta-
tional phase transition occurring in the waist region
results in a significant change in the azimuthal angles of
the magnetic moments. Therefore, as in the above
cases, the hysteresis loops are of bifurcation type and
the probability of implementing a particular loop can be
affected by external perturbations. For ϕH = 0, a double
bifurcation hysteresis loop arises, while a triple loop
occurs when the field is oriented along the [100] axis.
The third possible loop is not shown in Fig. 2; it is due
to the implementation of the antiparallel configuration
of the magnetic moments of layers and is similar to the

Hc
2
M
----- K1 J K1+( ).±=

Ha
π/4( ) 2

M
----- J K1+( ).±=
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dotted loop shown in Fig. 1a. The outer boundaries of
this loop are set by the fields Hc ≈ ±744 Oe.

CONCLUSIONS

The analysis performed shows that, in the case of
the 180° magnetization reversal, hysteresis loops are
typical of the multilayered (Fe/Cr)n structure with the
antiferromagnetic coupling caused by indirect
exchange coupling. The shape of the loops depends
strongly on the direction of the switching field with
respect to the crystallographic axes to which the direc-
tion of the magnetic cubic anisotropy is related. Wasp-
waist loops or loops with a collapse region are
observed. In addition, the possibility of implementing
double and triple bifurcation hysteresis loops is demon-
strated. When comparing the reported hysteresis loops
with the experimental ones, one should bear in mind
that the crystallographic structure was considered ide-
alized in this study. In actual thin-film systems, there
always exists a certain spread of crystallographic direc-
tions throughout the sample volume [11]. This spread
must result in an angular dispersion of the magnetic
anisotropy, which, in turn, must lead to smoothing the
hysteresis loops [12].
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Abstract—It is ascertained that the size effect in thin ferroelectric films is related to the spatial correlation of
ferroelectric polarization, depending on boundary conditions. The influence of the size effect on the permittivity
of displacive ferroelectrics is described. It is shown that the size effect manifests itself differently for different
orientations of the polarization vector with respect to the boundaries of a ferroelectric layer. © 2004 MAIK
“Nauka/Interperiodica”.
INTRODUCTION

When the characteristic size of a sample of some
material (the thickness of a single-crystal film [1] or the
size of polycrystalline granules [2]) turns out to be
smaller than some critical value, the properties of the
material change significantly. This phenomenon is
referred to as the size effect. The dependence of the per-
mittivity of a ferroelectric sample on its size (especially
the thickness of a ferroelectric film) is of primary inter-
est (Fig. 1) [3, 4]. The dependence of the permittivity of
a ferroelectric film on its thickness has been known for
a long time. Various reasons have been considered in
order to explain this phenomenon: the formation of a
thin subelectrode layer of a nonferroelectric material
[5], the contribution of the semiconductor Schottky
barrier near the electrode to the field distribution [5, 6],
and the correlation of the ferroelectric polarization and
freezing of the dynamic polarization on the electrode
surface [7, 8]. The estimations in [7] show that the most
adequate explanation is the spatial correlation of the
ferroelectric polarization and freezing of the dynamic
polarization on the electrode surface [7]. The most con-
vincing confirmation of this mechanism is the experi-
mentally found suppression of the size effect in thin fer-
roelectric films. This suppression occurs when the fer-
roelectric polarization can penetrate an electrode, i.e.,
when the polarization on the electrode surface is not
frozen [7–9]. Thus, we suggest that ferroelectric polar-
ization may occur in a nonferroelectric material due to
the similarity of the crystal structures of the ferroelec-
tric and the electrode material (like the proximity effect
in superconductors).

The above-mentioned spatial correlation is directly
related to the spatial dispersion of the ferroelectric
mode [10, 11]. To explain the anomalously small value
of the eigenfrequency and the spatial dispersion of the
ferroelectric mode, one need not use the concepts based
1063-7745/04/4906- $26.00 © 21046
on the characteristic size of the same order of magni-
tude as the lattice constant. Therefore, all the main
characteristics of the ferroelectric mode can be
described within continuous representations and the
symmetry of the medium can be represented by the ten-
sors of corresponding physical quantities [11].

SPATIAL DISPERSION OF THE FERROELECTRIC 
MODE AND SPATIAL CORRELATION

The parameter responsible for the manifestation of
the size effect is the correlation radius. The correlation
radius is generally found from the dispersion relation
for the ferroelectric mode, which is determined by neu-
tron inelastic scattering. The experimental dependences
of the frequencies of the longitudinal and transverse
optical modes on the wave vector, obtained at different
temperatures [12], are shown in Fig. 2.

0 0.15
10

100

0.05 0.10 0.20 h, µm

ε

Fig. 1. Dependence of the permittivity of a Ba0.5Sr0.5TiO3
film on the film thickness.
004 MAIK “Nauka/Interperiodica”
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As follows from the equation of motion of the ion-
polarization vector, the spatial dispersion of the longi-
tudinal and transverse modes in a medium of arbitrary
symmetry is determined by the correlation tensor of
rank 4 [11]. The correlation tensor for a medium with a
cubic structure (to which a ferroelectric crystal in the
paraelectric phase belongs) has only three nonzero
components:

The components λ1, λ2 , and λ3 are referred to as the
correlation parameters of a medium.

The dispersion equation for optical modes in a cubic
medium has the form [11, 13]

(1)

where

(2)

(3)

Here, T is temperature; ε(T) and ε∞ are the values of
permittivity corresponding to the frequencies ω ! ωi

and ω @ ωi, respectively (ωi is the eigenfrequency of
the ionic component of polarization); ε0 is the permit-
tivity of vacuum; ρr is the density of the medium; θ1 and
θ3 are the tensor components responsible for the rela-
tionship between nonuniform mechanical displace-
ments and polarization; and c1 and c2 are the elasticity-
tensor components.

Excluding the relation between the acoustic and
optical branches [11, 13] from formulas (1)–(3), we
obtain the dispersion relations for the transverse and
longitudinal optical modes for the [100] direction of the
wave vector k:

(4a)
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(the transverse mode) and

(4b)

(the longitudinal mode).
The curves in Fig. 2 are plotted by formulas (4a) and

(4b). The values of the correlation parameters for the
longitudinal (λ1) and transverse (λ3) waves used in the
calculation were determined by processing the experi-
mental data on the dependence of the transverse mode
frequency on the wave vector [12] (circles in Fig. 2) and
the temperature dependence of the permittivity ε of the
single-crystal displacive ferroelectric SrTiO3 [14]. The
value of ε∞ was determined from the refractive index n.
At optical frequencies, n . 3.5 [1] and ε∞ = n2 . 12.
Comparison of the calculated curves (4) and experi-
mental points [12] yields λ1 . 3.5 Å2 (the longitudinal
mode) and λ3 . 0.17 Å2 (the transverse mode) for
SrTiO3. The values of the correlation parameters for the
ferroelectric KTaO3 were reported in [15]: λ1 . 53.7 Å2

and λ3 . 0.47 Å2 .

CORRELATION FUNCTION OF THE 
FERROELECTRIC MODE IN AN INTEGRAL 

REPRESENTATION
The spatial distribution of polarization in a ferro-

electric layer is described by a second-order differential
equation derived from the expansion of the thermody-
namic potential in the order parameter (polarization in
the case under consideration) [16–18]. In the one-
dimensional approximation (the physical quantities
vary along the x axis), this equation has the form

(5)

ωOL k T,( ) = ωOL
2

0 T,( ) ωOL
2

0 T,( )A
1–

T( )ε∞εs
1– λ1k

2
+

2λd
2
P x( )
dx

2
-----------------–

1
ε T( )
-----------P x( ) 1

DN
2

-------P3 x( )+ + ε0E x( ),=

0 0.3

4.5

0.1 0.2 k, Å–1

ω × 10–13, s–1

6.0

3.0

1.5

1

2

Fig. 2. Dependences of the frequencies of the (1) longitudi-
nal and (2) transverse optical modes on the wave vector k in
the [100] direction for SrTiO3.
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where P is the polarization, ε(T) is the permittivity of
the bulk material in the case of uniform polarization,
and E is a bias field.

A solution to the Eq. (5) for a medium infinite in the
direction x, i.e., with the boundary conditions

(6)

can be written in the integral form:

(7)

with the kernel

(8)

where K = ε0ε(T)/2ρ(T) and ρ(T) is the correlation
radius:

(9)

Figure 3 shows the mutual shift of the titanium and
oxygen sublattices, which is responsible for the ferro-
electric polarization in displacive ferroelectrics. The
relative shift of the sublattices is associated with the
formation of a soft mode since the elasticity of the
structure formed due to the relative shift of the sublat-
tices is small. The rigidity of the sublattices themselves
is much higher than the rigidity counteracting their

dP x( )
dx

---------------
x +∞→

dP x( )
dx

---------------
x ∞–→

0,= =

P x( ) K x x'–( )E x'( ) x'd

∞–
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∫=

K x x'–( ) K
x x'–
ρ T( )
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ρLP

x

Ti
O

E

x

ρTP

x

x

(a)

(b)

Fig. 3. Spatial distributions of the bias field and the polar-
ization: the polarization vector and the polarization gradient
are directed (a) similarly (analog of a longitudinal wave)
and (b) oppositely (analog of a transverse wave).
C

mutual shift. Unfortunately, we only have data on the
crystal rigidity rather than the rigidity of the sublattices.
Hence, we will restrict ourselves to qualitative esti-
mates. The rigidity of the sublattices determines the
spatial correlation of the polarization and, accordingly,
the correlation radius. The correlation radius for a

transverse wave ρT(T) =  is significantly
smaller than that for a longitudinal wave ρL(T) =

). Apparently, the reason is that the rigidity of
the titanium and strontium sublattices with respect to
the compression and extension (Fig. 3a) is much higher
than their rigidity with respect to shear strains (Fig. 3b).

BOUNDARY CONDITIONS FOR THE DYNAMIC 
FERROELECTRIC POLARIZATION

The permittivity in the presence or absence of a dc
bias is measured in a weak ac field, i.e., represented as
the ratio of the dynamic ferroelectric polarization P~ to
the applied ac field E~.

The size effect manifests itself differently at differ-
ent orientations of the ferroelectric-polarization vector
with respect to the boundaries of the ferroelectric layer
[19].

Figure 4 shows the ferroelectric structures with dif-
ferent orientations of an external field. In the structures
shown in Figs. 4a and 4b, the dynamic polarization can
be represented by a standing longitudinal wave and a
transverse wave, respectively.

To calculate the size effect in a plane-parallel capac-
itor (Fig. 4a), the correlation parameter for a longitudi-
nal wave, λ1 , is used.

Different boundary conditions for the dynamic
polarization can be implemented at the ferroelectric-
layer–electrode interface, depending on the electrode
material. It was shown in [20] that the dynamic polar-
ization becomes zero at the interface between a ferro-
electric and normal metal, which corresponds to the
zero boundary conditions

(10)

Solution of Eq. (5) for the dynamic component of
the polarization with zero boundary conditions (10)
yields the polarization distribution across the ferroelec-
tric layer [8]:

(11)

(12)

where Q~ and Qdc are, respectively, the ac and constant
components of the charge at the capacitor electrodes; S
is the electrode area; h is the thickness of the ferroelec-
tric layer; and DN is the normalizing displacement (for

ε T( )λ3

ε T( )λ1

P~ x( ) x h/2±= 0.=

P~ x( ) Pmax 1
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2λ1

------------ 
  /
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SrTiO3, DN . 4.2 C/m2). Thus, in the case of zero
boundary conditions, the coordinate dependence of the
polarization is described by the hyperbolic cosine
(Fig. 5a). Due to the absence of space charges in the
bulk of the material, the electric displacement D is con-
stant in the capacitor bulk and is related to the charge at
the capacitor plates as follows:

(13)

The effect of elastic waves in the crystal is disregarded
as well.

The displacement, polarization, and bias-field
strength are related to each other by the expression

(14)

From (11), with regard to (13) and (14), we obtain the
coordinate dependence of the bias field. Then, integrat-
ing the field strength over the coordinate x from –h/2 to

h/2, taking into account that ε(T) @ 1 and h/  @ 1

D~

Q~

S
------.=

P~ x( ) D~ ε0E~ x( ).–=

2λ1

E~
P~

–h h x

1

2

P~(x)

x

E~

P~

P~(x)h

-h
1

(a)

(b)

Fig. 4. (a) Capacitor structure with a longitudinal standing
wave and (b) a thin ferroelectric layer with a transverse
standing wave: (1) ferroelectric and (2) electrodes.
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for SrTiO3, we obtain the expression relating the ac
component of the bias applied to the capacitor to the
charge induced on its plates:

(15)

Formula (15) contains the size-effect parameter α:

(16)

Based on expression (15), the effective permittivity
of the capacitor material can be written in the form

(17)

Boundary conditions (10) are not always satisfied:
for example, in the structure in which a ferroelectric is
adjacent to a high-temperature superconductor
YBa2Cu3O7 - δ (YBCO), polarization can partially pen-
etrate the electrode (Fig. 5b). The penetration depth of

U~

Q~h
ε0S
--------- 1
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----------- 3
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---------- 
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2 2
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α 1
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x

P~(x)

–h/2 h/2
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Fig. 5. Distribution of the dynamic polarization in a ferro-
electric layer for (a) zero, (b) intermediate, and (c) free
boundary conditions.
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polarization in the YBCO electrode is determined by
the YBCO permittivity and the correlation parameter.
For example, for a longitudinal wave, the penetration

0 0.6 δ

α, µm–1

103

104

0.2 0.4 0.8

Fig. 6. Dependence of the size-effect parameter on Ba con-
centration in BaδSr1 – δTiO3 films.

600

400

200

800

0 1 2 U, V

ε

1

2

Fig. 7. Suppression of the size effect in a thin layer of
Ba0.12Sr0.88TiO3 in (1) SRO/BSTO/SRO and (2)
SRO/BSTO/Pt structures at T = 300 K.
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Fig. 8. Temperature dependence of the effective permittivity
of SrTiO3 for (1) the bulk material and a film of thickness
h = 1 µm with (2) YBCO and (3) metal electrodes.
C

depth of polarization in the electrode is about 20 nm
[7]. This case corresponds to the so-called intermediate
boundary conditions.

When the polarization at the interfaces between the
ferroelectric layer and the electrodes is nonzero and can
penetrate the material of electrodes (Fig. 5b), the effec-
tive thickness of the ferroelectric layer heff is introduced

Finally, when a ferroelectric comes in contact with a
material with the same crystal structure, for example,
SrRuO3 (SRO) [8, 21, 22], free boundary conditions (6)
are implemented, which correspond to a uniform distri-
bution of polarization in the film, independent of its
thickness. The spatial distribution of polarization in a
ferroelectric satisfying these boundary conditions is
shown in Fig. 5.

Obviously, the relationship between the effective
(heff) and geometric (h) thicknesses of the ferroelectric
layer depends on the boundary conditions. For zero,
free, and intermediate boundary conditions, heff = h,
heff  ∞, and h < heff < ∞, respectively.

The size-effect parameter α of the displacive ferro-
electric BaδSr1 – δTiO3 (BSTO), which is most widely
used at present, depends on its composition. Figure 6
shows the dependence of α on Ba concentration δ [18].

SUPPRESSION OF THE SIZE EFFECT

The temperature behavior of the permittivity of
SrTiO3 for different electrodes and layers of different
thickness is shown in Figs. 7 and 8. These data clearly
demonstrate the effect of boundary conditions for the
dynamic polarization on the size effect. The strongest
suppression of the size effect occurs when electrodes
are made of materials with a structure most similar to
the ferroelectric structure. Plane-parallel capacitors
based on a thin Ba0.12Sr0.88TiO3 film of thickness h =
20 nm with electrodes made of either Pt or SrRuO3

were investigated in [21]. SrRuO3 has a perovskite
structure (as well as displacive ferroelectrics) with a lat-
tice constant close to that of SrTiO3. As can be seen
from Fig. 7, in the structure with SrRuO3 electrodes, the
tunability (determined by the ratio ε(0)/ε(Umax) is about
5 at room temperature, whereas the tunability of the
capacitor with Pt electrodes (for the same thickness of
the ferroelectric film) is smaller by a factor of 1.5. We
can conclude that the size effect does not affect the film
permittivity in this case and free boundary conditions
for the polarization are implemented. Thus, the use of
SrRuO3 as an electrode material or fabrication of struc-
tures with a SrRuO3 sublayer will make it possible to
design ferroelectric thin-film capacitors with high
capacitance and tunability.
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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THE SIZE EFFECT IN A PLANAR 
CAPACITOR

Let us consider a planar capacitor with a ferroelec-
tric layer (Fig. 9). We assume that the ferroelectric
polarization is zero at both boundaries of the layer, i.e.,
zero boundary conditions for the dynamic polarization
are implemented. Due to this, a gradient of ferroelectric
polarization arises across the layer exists. In the capac-
itor gap, the electric field is directed perpendicular to
the polarization gradient. In this case, the size effect
may manifest itself only when the layer thickness h <
10–2 µm. Hence, we assume that, with respect to the
field components parallel to the interface (Ez), the fer-
roelectric permittivity is not influenced by the size
effect, i.e., independent of the layer thickness (in con-
trast to the field components Ex).

The effective anisotropy of the ferroelectric layer
caused by the size effect is described by the diagonal
permittivity tensor with the components εzz = εyy = ε(U, T)
and εxx = εeff(U, T). The diagonal representation of the
permittivity tensor is valid in the coordinate system
related to the crystallographic axes of the structure.

Using the formula for the capacitance of a planar
capacitor with an anisotropic dielectric layer [23], we
obtain the expression for the capacitance of the ferro-
electric layer:

(18)

where s, h, and w are the geometric sizes of the capaci-
tor (see Fig. 9).

Using (17) and taking into account the size effect in
terms of the partial-capacitance method, we can write
the capacitance of the ferroelectric layer in a planar
capacitor in the form [24]

(19)

where εS is the substrate permittivity.

C U T,( )

=  ε0w
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s/h 4/π( ) 2 ε U T,( )/εeff U T,( )ln+
-------------------------------------------------------------------------------------,
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s/h 4/π( ) 2 1 2ε U T,( )/αh+ln+
----------------------------------------------------------------------------------,
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Fig. 9. Schematic mechanism of the formation of the effec-
tive anisotropy of a ferroelectric layer in a planar capacitor
due to the size effect: (1) ferroelectric and (2) substrate.
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The numerical estimates of the capacitance of a pla-
nar capacitor showed that it is almost not influenced by
the size effect. Therefore, when the film thickness
exceeds 10–2 µm, the size effect in a planar capacitor
can be disregarded.

CONCLUSIONS

The size effect in displacive ferroelectrics is directly
related to the spatial correlation of the ferroelectric
polarization. The spatial correlation is characteristic of
not only ferroelectrics but also other materials undergo-
ing phase transitions (for example, superconductors).

The spatial correlation, together with the boundary
conditions for the dynamic ferroelectric polarization,
leads to the dependence of the effective permittivity of
a material on its sizes in thin-film capacitors. In this
context, the spatial correlation is of interest not only for
physicists studying the specific features of ferroelec-
trics near the phase transition but also from the practical
point of view (design and application of thin-film struc-
tures based on ferroelectrics).

In some particular cases (for example, ferroelectric
liquid crystals and ferroelectric copolymers), the mod-
els proposed here require additional analysis.

The anisotropy of the size effect and the possibility
of its suppression in the case of particular boundary
conditions for dynamic ferroelectric polarization are of
particular interest.

In summary, we note that, in order to describe the
size effect, spatial dispersion, and spatial correlation,
we introduced the three interrelated parameters: the
correlation parameter λ1 , the size-effect parameter α,
and the correlation radius ρ.

This study is dedicated to the 80th birthday of Pro-
fessor L.A. Shuvalov. Note that the first two books
[1, 2] we refer to were edited by Shuvalov and pub-
lished in the Soviet Union. These books played an
important role in the development of the physics of fer-
roelectricity. We remember with great pleasure the con-
gratulations to Shuvalov on the occasion of his 75th
birthday from the editorial board of Kristallografiya
(Crystallography Reports) [25] and we hope that, in the
future, we will mark more than one jubilee of this
remarkable scientist.
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Abstract—The variational method is applied to the study of crystal growth from melt under the condition that
the boundary between the liquid and solid phases has a cellular structure. The surface energy of the interface is
taken into account. © 2004 MAIK “Nauka/Interperiodica”.
As is well known, the interface between the liquid
and solid phases in some modes of growth from melt
acquires a cellular structure [1]. Cellular crystal growth
was studied by the method of integral functional with
an indefinite integration domain [2]. The efficiency of
this method was demonstrated on simple examples with
the use of the simplest solidification model of a binary
melt. In particular, the surface energy of the interface
was ignored [2]. The aim of the present study is to take
into account this energy in the variational approach to
cellular crystal growth. Consider the classical model of
solidification of a binary melt in the two-dimensional
case with the crystallization direction coinciding with
the x axis and take into account the surface energy of
the interface. The impurity concentration in the melt,
C(x, y), is measured in the C0(1 – k)/k units from the
level C0, where C0 is the impurity concentration in the
melt at an infinitely large distance from the crystalliza-
tion front and k is the coefficient of impurity distribu-
tion. The coordinate x is measured in the D/V units from
the position which would have been possessed by a
plane crystallization front, where D is the diffusion
coefficient of the impurity in the melt and V is the crys-
tallization rate. The coordinate y is measured in the L
units, where L is the half-width of the cells or a half-
period of the crystallization-front line determined by
the equation x = x(y).

Introduce the dimensionless coefficients

(1)

(2)

(3)

where G is the temperature gradient, m is the slope of
the liquidus line on the phase diagram of a binary sys-
tem, Tm is the solidification temperature of pure melt,

κ D
VL
-------,=

B
kGD

k 1–( )mVC0
-------------------------------,=

γ
kTmVΓ

k 1–( )mDC0
--------------------------------,=
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and Γ is the capillary constant proportional to the sur-
face energy of the interface.

Now, the problem of two-dimensional diffusion of
the impurity toward the melt crystallizing at a constant
rate may be formulated as

(4)

(5)

(6)

(7)

Above, we used the index notation of partial derivative
of C(x, y) with respect to x and y and also of the deriva-
tives of x(y) with respect to y. Equation (5) is the condi-
tion for the impurity conservation at the crystallization
front. Equation (6) relates the impurity concentration at
the interface to the thermodynamic characteristics of
this interface. This equation is derived based on the
phase diagram, the Gibbs–Thomson condition, and the
assumption that the temperature field is plane and lin-
early depends on x.

Limiting the consideration to small amplitudes δ of
the cell bulges, the solution of the above problem in the
second approximation with respect to δ may be repre-
sented as [3]

(8)

(9)

where

(10)

Now, substitute solution (8), (9) into each of the condi-
tions at the interface, expand the exponents into a Tay-
lor series, and equate the sums of the common factors

Cxx Cx κ 2
Cyy+ + 0,=

Cx x y( )( ) κ 2
xy y( )Cy x y( )( )–

+ 1 k–( )C x y( )( ) k+ 0,=

C x y( )( ) 1 Bx y( )– γκ2
xyy 1 κ 2

xy
2

+( )
3/2–

,+=

C ∞ y,( ) 0, Cy x 0,( ) Cy x 1,( ) 0.= = =

C x y,( ) x–( )exp A1δ q1x–( ) πycosexp+=

+ δ2
A0 x–( )exp A2 q2x–( ) 2πycosexp+[ ] ,

x y( ) δ πycos δ2 α0 α2 2πycos+( ),+=

qi 0.5 0.25 iπκ( )2
+ .+=
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before δcosπy, δ2, and δ2cos2πy to zero. Thus, we
arrive at a system of six equations that yields

(11)

(12)

where Aγ = 1 – B – 4π2κ2γ.

It is seen from the above solution that the amplitude
of the cell bulges in problem (4)–(7) is an independent
parameter, whereas the coefficient κ is not independent.
This coefficient may be determined from Eq. (11) using
the set of k, B, and γ values. According to Eqs. (1)–(3)
and (10), the same equation also relates the cell half-
width L to each of the growth parameters. Figure shows
the dependences of L on the crystallization rate con-
structed for the following typical values of the parame-
ters: G = 9 K/cm, m = –3 K/at %, k = 0.5, D = 10–5 cm2,
C0 = 0.1 at % [1], Tm = 1000 K, Γ = 0 cm (curve 1) and
Γ = 10–8 cm (curve 2) [4]. It is seen from this figure that
the curves are located to the right of the line V = Vc.
Thus, for curves 1 and 2, we have Vc = 3 × 10–4 and
3/43 × 10–4 cm/s. This signifies that, at V > Vc, the solu-
tion can be only plane (δ = 0) and, at δ ≠ 0, it becomes
two-dimensional. It is essential that the solution of

B π2κ 2γ+
q1 1–

q1 k 1–+
-----------------------,=

A1 1 B– π2κ 2γ, A0–
1
2
--- A1q1

1
2
---– 

  ,= =

A2

Aγ kA0 π2κ 2
A1+( ) kA0–

Aγ q2 k 1–+( ) k–
-----------------------------------------------------------, α0 0,= =

α2

A2 A0–
Aγ

------------------,=

32 4 5
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0

V, 10–4 cm/s
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1

2

Half-width L of the cell as a function of the crystallization
rate V (1) without and (2) with allowance for the surface
energy of the interface.
C

problem (4)–(7) does not lead to the cellular interface
in the supercritical crystallization mode (V > Vc).

The situation dramatically changes with the transi-
tion from the differential formulation of the problem to
the variational one [2]. One can readily see that Eq. (4)
is the Euler equation for the following integral func-
tional with an unknown integration domain:

(13)

Then the solution of the problem of two-dimensional
impurity diffusion in the melt crystallizing at a constant
rate reduces to a search for the functions C(x, y) and
x(y) minimizing functional (13) if conditions (5)–(7)
are fulfilled, as well as the continuity condition for the
function x in the whole range of its definition.

In such a formulation, the problem is far from being
a simple mathematical problem. Considering it is
beyond the scope of the present study. However, it is
possible to draw some important conclusions without
invoking complex calculations.

Substituting Eqs. (8) and (9) into functional (13) and
using Eqs. (11) and (12), we obtain, within the second
order of smallness with respect to δ, the following
equation:

(14)

where Bγ = B + π2κ2γ. It is seen from (14) that, at least
at sufficiently low values of 1 – Bγ, the value of func-
tional (13) for a curved interface decreases in compari-
son with the plane case.

As is shown in [2], the value of integral (13) is pro-
portional to the energy scattered during impurity diffu-
sion in the melt, in accordance with the well-known
principle of nonequilibrium thermodynamics. It should
have the minimum value at the given external con-
straints [5]. Then, from the condition I < 1, it follows
that the state of the crystal–melt system with the cellu-
lar crystallization front is more advantageous than with
the plane one. Thus, under the condition V > Vc, one
should observe a spontaneous bending of the crystalli-
zation front.

As is seen from figure, the effect of the surface
energy of the interface manifests itself in an increase of
the Vc value, which is consistent with the data obtained
by an independent method in one of the pioneering the-
oretical works of the theory of cellular crystal growth
[4]. Another important feature of the L(V) dependence
observed at Γ ≠ 0 (curve 2) is that the L(V) function at
V > Vc is two-valued. One can readily see that the more
general function κ(1/B) (determined by Eq. (11)) at γ ≠
0 also possesses this property. It turned out that in the
critical mode, the cellular structure of the interface may
develop with an increase in V by one of the two possible
scenarios—either with a decrease or an increase in the

I C x y,( ) x y( ),{ }  = y x( ) Cx
2 κ 2
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cell widths, which, according to Eq. (1), corresponds
either to an increase or a decrease in the κ value. Now,
the dilemma, which cannot be solved within the frame-
work of the problem (4)–(7), arises again. According to
the variational principle, the first scenario seems to be
more advantageous, since a decrease in the scattering
energy [see Eq. (14)] without an increase in κ would be
more noticeable than with a decrease in it.

Thus, when using the two-dimensional model of
solidification of a binary melt at a constant rate, the
allowance for the surface energy of the interface along
with the well-known effect of the displacement of the
critical values of the growth parameters results in the
problem of of having to choose one of the two tenden-
cies in the development of the cellular surface of the
interface. The results obtained in the present study
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
demonstrate the efficiency of the variational method in
solving similar problems of solidification theory.
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Abstract—The dendritic growth of ice in supercooled water was investigated experimentally. It has been found
that, with an increase in the degree of initial supercooling of water, the data of measuring the growth rate of the
dendrite tip v t , the average distance between the tip and the first side branch , and the fractal dimension df
of the dendrite contour diverge from the analytically and numerically calculated parameters of dendritic growth.
It is shown that the discrepancy between experiment and theory is due to the transition from the diffusional
growth to the growth controlled by the surface kinetics. The nature of the anisotropic surface kinetics of ice
growth in supercooled water is discussed. © 2004 MAIK “Nauka/Interperiodica”.

zSB
INTRODUCTION

It is well known that dendritic crystallization is a
typical example of formation of a structure in nonequi-
librium systems, the macroscopic dynamics of which is
determined by diffusion fields [1–19]. It has been sug-
gested that, with an increase in the driving force of a
phase transition (supercooling of a melt or supersatura-
tion of a solution), diffusional growth should be
replaced with growth determined by processes of
molecular rearrangement at the interface, i.e., the sur-
face kinetics. In contrast to diffusional growth, crystal
growth controlled by the molecular attachment kinetics
at the interface is less studied, mainly because it is dif-
ficult to obtain deeply supercooled liquids.

In this study, we report the results of experimental
investigation of the transition from the diffusional to
kinetic ice growth in bidistilled water at atmospheric
pressure. The ice–water system is used as simple model
system, which is convenient for studying the crystal
growth under highly nonequilibrium conditions. At the
same time, this system plays a very important role in
nature. Experiments were performed in the range of
supercoolings from 0.1 to 30°C, in which both diffu-
sional and kinetic regimes of ice growth occur. For
comparison with the diffusion theories of dendritic
growth, we measured the parameters that allow such
comparison: the growth rate of the dendrite tip v t , the
position of the first side branch  (measured in radii
of curvature of the tip in the basal plane), and the fractal
dimension df of the entire dendrite. It has been found
that, for deeply supercooled water, there is a significant
discrepancy between the experimental data and the the-
ories of diffusional growth. The reason is that ice
growth is transformed from the diffusional to kinetic
regime at large supercoolings.

zSB
1063-7745/04/4906- $26.00 © 21056
EXPERIMENTAL

Taking into account the fact that ice crystals are pla-
nar due to the high anisotropy [20–22], we used sam-
ples in the form of a horizontal water film (free mem-
brane), 200 µm thick, spanned over a wire ring 30 mm2

in area. To measure the crystallization temperature, the
ring was made of two different conductors (copper and
Manganin) forming a thermocouple. Water was redis-
tilled with subsequent filtration and had a resistivity of
~107 Ω cm. Crystallization was initiated by bringing
the surface of the supercooled water near the thermo-
couple junction into contact with a crystal seed. The
temperature jump at the thermocouple junction caused
by the evolution of latent crystallization heat made it
possible to measure the degree of initial supercooling
of water with accuracy of 0.05°C. The evolution of the
shapes of growing ice crystals was video recorded in
polarized light using a microscope (see for details
[23−25]). Using this technique, we obtained earlier
[26, 27] a complete morphological diagram of nonequi-
librium patterns of ice growth in the range of supercool-
ings from 0.1 to 30°C, which covers almost the entire
range of heterogeneous ice nucleation in bidistilled
water at atmospheric pressure.

RESULTS AND DISCUSSION

Temperature Dependence of the Growth Rate 
of a Dendrite Tip

In the diffusion approximation, the problem of find-
ing the equation of motion of the crystallization front in
a one-component melt (the Stefan problem) is reduced
to the solution of the heat-conduction equation with
boundary conditions at a moving interface taking into
account the dependence of its temperature on the front
curvature (due to the Gibbs–Thomson effect) and the
004 MAIK “Nauka/Interperiodica”
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growth rate (due to the kinetic effects related to the
finite rate of molecular attachment at the interface). The
analytical solution to this problem was first obtained by
Ivantsov [1]. He neglected the Gibbs–Thomson effect
and the kinetic effects at the interface and found a
steady-state solution for a crystal in the form of a parab-
oloid of revolution that grows with a constant velocity
of its tip v t , which is inversely proportional to the
radius of curvature of the tip rt . In the Ivantsov solution,
the dimensionless supercooling ∆ = ∆T(L/cp)/L is
related to the Peclet number p = v trt/2D by the Ivantsov
function 

(1)

where

(2)

Here, ∆T = Tm – T is the initial supercooling of the melt,
Tm is the melting temperature, T is the temperature of
the melt far from the crystallization front, L is the latent
heat of phase transition, cp is the isobaric specific heat
of a unit volume of the melt, D is the thermal diffusivity
of the melt, and E1(p) is an integral exponential func-
tion. The Ivantsov solution determines only the product
v trt rather than values of v t and rt separately, whereas
experiment shows single values of the radius of the
dendrite tip and its growth rate at a specified supercool-
ing [28].

A more appropriate theory of dendritic growth was
developed by Langer and Muller-Krumbhaar [29].
They proposed using marginal stability as a criterion
for selection of the growth rate of the dendrite tip and
analysis of stability, considering the surface tension γ of
the crystal–melt interface a perturbation. Based on this
approach, it was shown that a continuous set of
Ivantsov solutions is divided into stable and unstable
regions, and the selected dendrite corresponds to the
point of marginal stability separating these regions
when the dendrite-tip radius rt becomes equal to the
minimum wavelength of the interface-strain wave λs.
According to [2], the value of λs is determined by the
expression

(3)

where d0 = γcpTm/L2 is the capillary length, which char-
acterizes the radius of action of the surface tension
forces, and V = v td0/2D is the dimensionless growth
rate of the dendrite tip. The other dimensionless param-

eter of this theory σ = 2Dd0/(v t ) is equal to

(4)

at the point of marginal stability.

∆ Iν p( ) p p( )E1 p( ),exp= =

E1 p( ) x–( )exp
x

-------------------- x.d

p

∞

∫=

λ s 2π 2Dd0/v t( )1/2 2πd0/V1/2,= =

rt
2

σ σ* λ s/2πrt( )2 1

4π2
-------- 0.0253≈= = =
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The parameter σ*, referred to as the stability constant,
is an invariant of dendritic growth, since it is indepen-
dent of the time of dendrite evolution and initial melt
supercooling. Formulas (3) and (4) yield the relation
between the dimensionless parameters of the Stefan
problem that satisfy the criterion for marginal stability
of the tip of a growing needle-shaped crystal:

(5)

Relation (5), along with Eq. (1), yields the dependence
of the dimensionless growth rate of the dendrite tip V on
the dimensionless supercooling ∆. The dependence
V(∆) (“the universal law of dendritic growth” [29, 30])
makes it possible to compare the dendritic crystalliza-
tion rates of different materials. The Langer–Muller-
Krumbhaar theory was experimentally verified for a
number of simple model materials [31–33].

Figure 1 shows the temperature dependence V(∆)
for an ice crystal in double logarithmic coordinates in
comparison with the experimental data obtained previ-
ously [34–39] and with the theoretical curve V(∆) cal-
culated in the diffusion approximation in [29]. The val-
ues of the corresponding parameters were taken from
[30]: Tm  = 273.15 K, cp = 4.18 J/(cm3 K), L =
333 J/cm3, D = 1.34 × 10–3 cm2/s, γ = 2.8 × 10–6 J/cm2,
and d0 = 0.288 nm. It can be seen from Fig. 1 that the
data obtained over the last forty years and the results of
this study are in good agreement with the theoretical
curve of dendritic growth in the supercooling range
0.006 < ∆ < 0.05. At the same time, at larger supercool-
ings (∆ > (5–6) × 10–2, which corresponds to ∆T > 4°C),
the results obtained by us and the data of [30, 39] show
a systematic deviation from the Langer–Muller-Krum-
bhaar theory to lower growth rates. Our measurements
confirm this tendency up to ∆max ≈ 0.37 (∆Tmax ~ 30°C),
when the growth rate becomes as high as 60 cm/s,
which is lower by a factor of 3.3 than the corresponding
value calculated in terms of the diffusion model.

The reason for the discrepancy between the diffu-
sion theory of dendritic growth and the experimental
data in the range of large supercoolings is in the follow-
ing. The Langer–Muller-Krumbhaar theory assumes
that there is local thermal equilibrium at the moving
crystallization front, which does not hold true at high
growth rates. In this case, the finite rate of penetration
of H2O molecules through the interface must be taken
into account. As a result, the slow surface kinetics leads
to the decrease in the growth rate in comparison with
the value calculated in the diffusion model, in which the
surface kinetics is assumed to be infinitely fast. Transi-
tion from the diffusional growth to the growth deter-
mined by the surface kinetics occurs at supercoolings
of 4–5°C; therefore, at larger supercoolings, the growth
rate of the ice-crystal tip is determined predominantly
by the molecular attachment kinetics at the ice–water
interface.

V σ* p2.=
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Position of the First Side Branch

The occurrence of side branches of dendrites is
related to the Mullins–Sekerka diffusional instability
[2]: with an increase in the velocity of the atomically
rough crystallization front, the latter becomes unstable
with respect to infinitely small strains with wavelengths
exceeding the stability wavelength λs = 2π(d0l)1/2,
where l = 2Dv –1 is the diffusion length. The origin of
initial perturbations that are necessary to form side
branches has been discussed for a long time. Generally,
two main scenarios of occurrence of an initial perturba-
tion are considered: dendrite-tip splittings, which
include oscillations of the tip velocity [4, 40, 41], and
selective amplification of the thermal noise acting on
the dendrite tip [42–44]. The tip splitting during the
dendritic ice growth was investigated experimentally in
[20–22]. It was ascertained that the tip splitting is due
to the action of natural convection, which significantly
affects the shape of ice crystals in regions of supercool-
ings smaller than 0.35°C.

10–2 ∆

V

10–1

10–7

10–5

10–3 1
2
3

Fig. 1. Dimensionless growth rate V of an ice crystal tip as
a function of dimensionless supercooling of water ∆:
(1) data of this study, (2) data of [34–39], and (3) theoretical
dependence V(∆) according to the Langer–Muller-Krumb-
haar diffusion model [29].
C

The theory of dendrite sidebranching, based on the
mechanism of selective thermal-noise amplification,
was developed by Langer [43] for the case of isotropic
surface tension at the crystal–melt interface and by
Brener and Temkin [44] for anisotropic surface tension.
In the Langer theory, the equation for a crystallization
front in cylindrical coordinates is written as

(6)

This shape differs from the Ivantsov paraboloid by the
sum of two corrections: time-independent smooth-
shape correction ξ0(r), which is due to nonzero surface
tension at the interface, and the time-dependent pertur-
bation ξ1(r, t). In [43, 45], the average distance between
the dendrite tip and the coordinate at which side

branches have a mean-square amplitude 〈 (r)〉1/2

equal to the tip radius of curvature rt was chosen as a
quantitative measure of the growth rate of side
branches. The theories of dendrite sidebranching based
on the mechanism of selective amplification of thermal
fluctuations were experimentally verified in the studies
of the growth of NH4Br dendrites from a supersaturated
aqueous solution [46, 47] and xenon dendrites grown
from a pure melt [45].

In order to find out whether the selective amplifica-
tion of thermal noise is responsible for the sidebranch-
ing in ice dendrites, we measured the distance ZSB

between the dendrite tip and the position at which the
side branches have the mean-square amplitude equal to
the radius of curvature of the dendrite tip in the basal
plane (R2) (Fig. 2). According to [22], R2 was calculated
by the formula R2 = x2/8Z, where 2x is the crystal width
at a distance Z from the dendrite tip in the part without
side branches; i.e., Z < ZSB (we use the generally
accepted designations [20–24]). Figure 3 shows the
dependence of the average value of the dimensionless
position of the first side branch  = 〈ZSB/R2〉  on abso-
lute supercooling ∆T and dimensionless supercooling
∆. As can be seen from Fig. 3, with an increase in super-
cooling ∆T from 0.5 to 3.8°C, the value of  increases
from 2.7 to 500 (see also Fig. 4). Such behavior of
growing ice dendrites ice differs significantly from the
results of theoretical investigations of the dendrite side-
branching [43, 44].

According to the Langer theory [43], the dimension-
less position of the first side branch is given by the
expression

(7)

for dendrites with cylindrical symmetry. Here,  is the
dimensionless noise intensity:

(8)

Z r2/2– ξ0 r( ) ξ1 r t,( ).+ +=

ξ1
2

zSB

zSB

zSB
σ2

2
----- 3

2
--- 

 
6

SC( )ln
4≈

S

S
T
T0
----- 

  σ3/2 p,=
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where

(9)

p is the Peclet number, and kB is the Boltzmann con-
stant. The constant σ is determined in the same way as
in the Langer–Muller-Krumbhaar theory of formation
of needle-shaped crystals [29]:

(10)

Brener and Temkin [44] analyzed sidebranching
taking into account that the shape of real dendrites does
not have cylindrical symmetry due to the anisotropy of
surface tension. In accordance with the Brener–Temkin
theory, the position of the first side branch is given by
the expression

(11)

To calculate the temperature dependence of the
position of the first side branch for ice dendrites from
Eqs. (7)–(11), one needs an expression relating the tip
velocity v t to the supercooling ∆T. The best approxima-
tion of the results of our measurements of the tip veloc-
ity in the supercooling range 0.4 < ∆T < 4°C (which
corresponds to dendritic growth) is given by the for-
mula

 cm/s. (12)

Substituting (12) for v t into Eq. (10), we obtain an
expression for the temperature dependence of the
Peclet number:

(13)

The theoretical values are  = 1 [43] and σ = 0.025
[29]. Substituting the values of the corresponding
parameters into (7) and (11), we obtain

(14)

for a symmetric dendrite in the Langer model and

(15)

for a dendrite having no cylindrical symmetry in the
Brener–Temkin model.

Figure 3 shows the dependence of  on supercool-
ing according to the Langer theory (curve 1) and the
Brener–Temkin theory (curve 2). It can be seen that the
temperature dependence of the position  of the first
side branch of ice dendrites is inconsistent with the dif-
fusion theories of sidebranching based on selective
noise amplification: with an increase in supercooling in
the range 0.4–4°C, the value of  significantly (by

T0

L2d0
3

kBcp

----------- 
 

1/2

,=

σ
d0v t

2D p2
-------------= .

zSB
27σ( )5/4

25/2 5
3
--- 

 
9/4

---------------------- SC( )ln
5/2

.≈

v t 1.72 10
2–× ∆T( )2=

p 0.21∆.=

C

zSB 3.55 10 3–× 0.001∆( ) 4ln≈

zSB 3.41 10 2–× 0.001∆( ) 5/2ln≈

zSB

zSB

zSB
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x, µm
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R2 ZSB
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Z, µm

Fig. 2. Contour Z(x) of an ice dendrite in the basal plane.
The Z axis is directed along the growth direction of the den-

drite tip 〈11 0〉 direction); ZSB is the distance between the
tip and the position at which the mean-square amplitude of

side branches 〈 (x)〉1/2 = R2.

2

ξ1
2
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∆
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–

Fig. 3. Dependence of the dimensionless position of the first
side branch  on dimensionless supercooling ∆ (the bot-

tom abscissa axis) and absolute supercooling ∆T (the top
abscissa axis): (1) the Langer theory, (2) the Brener–Temkin
theory, and (3) experimental values of  for ice dendrites.
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200 µm 200 µm

200 µm200 µm

100 µm

100 µm

(a) (b)

(c) (d)

(e)

(f) (g)

Fig. 4. Shape of ice crystals freely growing in supercooled water in the supercooling range 0.3 < T < 4.2°C:(a) dendrite with a split
tip, ∆T = 0.3°C, (b–e) dendrites growing at different supercoolings: (b) ∆T = 0.5°C,  = 2.7; (c) ∆T = 0.7°C,  = 6.4; (d) ∆T =

1.1°C,  = 18; (e) ∆T = 3.8°C,  ≈ 500; (f) needle-shaped crystal, a region far from tip, ∆T = 4.2°C; and (g) region near the

tip of a needle-shaped crystal, ∆T = 4.2°C.
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more than two orders of magnitude) increases rather
than decrease logarithmically in accordance with the
theory [43, 44]. This is indicative of gradual stabiliza-
tion of the interface. The observed discrepancy between
the experiment and theory may be caused by the fol-
lowing reasons: with an increase in the initial super-
cooling of water, (i) the intensity of the noise acting on
the dendrite tip (which initiates the sidebranching)
decreases; (ii) kinetic smoothing of the ice–water inter-
face occurs, i.e., the degree of its roughness gradually
decreases; and (iii) the role of thermal conductivity in
the mechanism of dendrite formation decreases due to
the increase in the velocity of the interface motion. It
follows from formulas (8) and (13) that, at ∆T ! T0 , the

thermal noise intensity  increases linearly with
increasing supercooling ∆T; therefore, the suppression
of the lateral growth instability, which manifests itself
in the increase in , can only be due to factors (ii) and
(iii), i.e., the increase in the effect of the surface kinetics
and decrease in the effect of thermal conductivity on the
growth rate of side branches of ice dendrites.

Let us consider in more detail the evolution of ice
crystals in this supercooling range. Observations show
that the increase in the position of the first side branch
with increasing the initial supercooling is accompanied
by a decrease in the average distance between side
branches and the ratio , where  is the average
growth rate of the tip of the first side branch. As a result,
a dendrite with developed side branches is continuously
transformed into an optically smooth needle-shaped
crystal (Fig. 4). In contrast to the generally accepted
concept of a needle-shaped crystal as a paraboloid of
revolution, the needles observed exhibit pronounced
faceting (Figs. 4f, 4g).

At the same time, when supercooling becomes as
low as 0.4°C,   1,   1, and dendrite-
tip splitting occurs. Figure 4a shows a dendrite with a
split tip. This observation is consistent with the results
of [20–22], where it was ascertained that the reason for
tip splitting is the enhancing effect of natural convec-
tion in the region of very small water supercoolings,
which initiates morphological instability in the basal
plane due to the low surface-tension anisotropy.

Fractal Analysis

The fractal dimension df of the ice-dendrite contour

determined by the Mandelbrot formula P ≈  [48],
where P is the perimeter of the dendrite contour and A
is the area limited by this contour. Figure 5 shows the
dependence of P on A in double logarithmic coordi-
nates for the dendrites growing at ∆T1 = 1.5 and ∆T2 =
2.8°C. It can be seen that these dependences can be
approximated by linear functions. This circumstance
means that ice dendrites are fractals with a scaling of
about two orders of magnitude on the linear scale. The

S

zSB

v s1
/v 1 v s1

zSB v s1
/v 1

A
d f /2
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scaling region is limited from below and above by the
average distance between side branches and the size of
the entire dendrite, respectively.

The fractal dimension of dendrites turned out to be
dependent on the degree of water supercooling: in the
range 0.3 < ∆T < 4°C, the fractal dimension of the den-
drite df steadily decreases from 1.6 ± 0.07 to 1 (Fig. 6),
which corresponds to a gradual extension of the den-
drite with developed side branches (a fractal shape) into
a needle-shaped crystal (an Euclidean shape). At the
same time, analytical, numerical, and experimental
investigations of dendritic growth under controlled dif-
fusion growth conditions show that the fractal dimen-
sion of the dendrite contour is independent of super-
cooling. For different substances, the diffusion values
of df vary from 1.42 to 1.73 [3, 15, 45, 48]. The pro-
nounced discrepancy between the fractal dimension of
dendrites calculated on the basis of the diffusion mod-
els and the fractal dimension of real ice dendrites is
observed in the supercooling range 2 < T < 4°C, where
df continuously decreases from 1.4 to 1.0. The found
discrepancy is an additional evidence of a gradual
decrease in the effect of thermal conductivity on the lat-
eral growth of ice dendrites in this supercooling range.

Anisotropy of the Kinetic Effect

Let us consider in more detail the fact that the tem-
perature ranges characterized by the discrepancy
between experimental data and predictions of diffusion
models of dendritic growth are different for different
growth directions. First, the temperature dependence of

1

2

P, mm

A, mm210–2 10–1 100

100

101

102

Fig. 5. Dependence of the perimeter P of the ice-dendrite
contour on the area A limited by this contour: (1) ∆T1 =
1.5°C and (2) ∆T2 = 2.8°C. The slope coefficients corre-
spond to the fractal dimensions df1 = 1.45 ± 0.01 and df2 =
1.31 ± 0.01.
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the growth rate of the dendrite tip v t , which character-
izes the growth of the dendrite trunk (i.e., the growth in

the 〈 〉  direction), differs significantly from that
predicted by the diffusion Langer–Muller-Krumbhaar
theory of dendritic growth at supercoolings exceeding
4–5°C. At the same time, in the supercooling range
from 0.4 to 4°C, the measurements of the growth rate of
dendrite tips are in good agreement with diffusion the-
ory. This circumstance means that, in the range 0.4 <
T < 4°C, the main assumptions of the Langer–Muller-
Krumbhaar theory are valid only for the region near the
dendrite tip. According to [29], these assumptions are
as follows: the shape of the crystal is a paraboloid of
revolution; the interface is molecularly rough and
moves according to the normal mechanism; and the
surface kinetics is infinitely fast.

Second, the experimental temperature dependences
of  and df, which characterize the sidebranching,
differ significantly from the corresponding theoretical
dependences in the range from 2 to 4°C, i.e., the range
where a continuous morphological transition between a
dendrite and a faceted needle occurs. It is well known
that faceted crystals are formed as a result of layer-by-
layer growth, which requires the presence of two-
dimensional (2D) nuclei on a molecular smooth surface
[49, 50]. The rate of such growth is mainly determined

1120

zSB

1
∆T, °C

1.0

0.5
2 3 4 50

1.5

1
2
3

df

Fig. 6. Temperature dependence of the fractal dimension df
of the ice-crystal contour: (1) dense branch structure formed
as a result of multiple processes of “finger”-tip splitting,
(2) dendrite, and (3) needle. Shaded band indicates the
range of values of df corresponding to the diffusion growth:
1.42 < df < 1.73 [3, 15, 45, 48].
C

by the expectation time for the appearance of 2D nuclei
on the crystal surface, whereas the normal growth on a
molecularly rough surface does not require nucleation.
Therefore, the growth rate for a rough surface is signif-
icantly higher than that for a smooth surface at the same
value of the driving force of the phase transition (super-
cooling or supersaturation).

Numerical simulation of the ice growth kinetics [50]
shows that the interface is molecularly smooth for the
basal system and rough for the prismatic system. At the
same time, it is the rough interface that is morphologi-
cally unstable, which leads to dendrite sidebranching.
This is consistent with the experimental data [51] on the
growth of ice crystals in supercooled water at relatively
low supercoolings (lower than 1°C). We can suggest
that, with an increase in supercooling up to 4°C, a con-
tinuous transition occurs from a molecularly rough to
smooth interface for the prismatic system of planes,
except for the region near the crystal tip, which remains
molecularly rough. As a result, sidebranching is sup-
pressed and the crystal is continuously transformed
from a dendrite into a long smooth needle due to the
large difference in the growth rates for rough and
smooth surfaces.

Thus, the observed anisotropy of growth kinetics
suggest the following: (i) the molecular attachment at

the interface occurs much faster along the 〈 〉
direction (the growth direction of the dendrite trunk)
than in other directions; (ii) at supercoolings T exceed-
ing 4°C, the growth rate of the crystal tip is mainly
determined by the rate of molecular rearrangement at
the ice–water interface (this conclusion is qualitatively
in agreement with the results of theoretical investiga-
tions of the crystal growth under highly nonequilibrium
conditions [11, 52], which showed that the growth rate
and the crystal shape at a large melt supercooling
should be determined mainly by the anisotropic surface
kinetics); and (iii) the experimental dependence of the
position of the first side branch  on supercooling is
inconsistent with the theories of dendritic growth based
on the mechanism of selective amplification of thermal
noise acting on the dendrite tip [43, 44]. Therefore,
study of alternative mechanisms of ice dendrite side-
branching should be continued.
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JUBILEES

 

Lyubov’ Fedorovna Kirpichnikova 
(On the Occasion of Her 60th Birthday)
On December 5, 2004, Lyubov’ Fedorovna Kirpich-
nikova, Doctor of Physics and Mathematics, will cele-
brate her 60th birthday. Kirpichnikova came to the
Institute of Crystallography in 1967 as a student to do
her diploma work. Later, she conducted all stages of her
scientific carrier from junior researcher to the head of
the Laboratory of Crystal Optics.

Kirpichnikova started her carrier quite success-
fully—she began her work at a laboratory headed by
Academician A.V. Shubnikov, the founder of the Insti-
tute of Crystallography. After looking closely at his
new student, Shubnikov presented her with the reprint
of his article “Problems of Crystal Chemistry and
Endogeneous Formation of Minerals” with a warm
inscription and good wishes, which she has cherished
to the present day. Her scientific interests were formed
under the influence of Professor L.A. Shuvalov, a well
known expert in crystal physics of ferroelectrics, and
N.R. Ivanov, a knowledgeable and experienced scien-
1063-7745/04/4906- $26.00 © 21064
tist. In 1972, Kirpichnikova successfully defended her
candidate’s dissertation, dedicated to the study of
dielectric properties and phase transitions of some crys-
tals of the alkali trihydrogen selenite family. She stud-
ied the phase transitions in sodium trideuterium selen-
ite and revealed and studied the ferroelectric properties
of rubidium trihydrogen selenites, and the phenomenon
of isotopic nonisomorphism of various mixed crystals
of the alkali trihydrogen selenite family. Almost imme-
diately after the introduction of the notion of ferroelas-
tics by K. Aizu, Kirpichnikova revealed and studied the
ferroelastic properties of a K2Ba(NO2)4 crystal. Later,
she also investigated the influence of carbamide impu-
rity on the ferroelectric properties of Rochelle salt, and
studied the influence of various external factors on the
ferroelectric–ferroelastic phase transition in lithium
ammonium sulfate crystals. She also was engaged in
numerous applied studies.

Kirpichnikova’s main scientific interest is the search
for new crystals with ferroelectric and ferroelastic
properties. She was the first to study dimethylammo-
nium aluminum sulfate hexahydrate (DMAAS) and
reveal the ferroelectric and ferroelastic properties of
these crystals, their anomalously high spontaneous
deformation, and their anomalously high plasticity at
room temperature. Later, she studied the effect of high
partly reversible plasticity of ferroelastics. Kirpichnik-
ova also studied specific features of the domain struc-
ture of other ferroelastics. The results of her investiga-
tions formed the basis of her Doctoral Dissertation,
“Anomalous Properties and Phase Transitions in Fer-
roelastics,” successfully defended in 1998.

Kirpichnikova also studied phase transitions in crys-
tals of double chlorides with organic cations and the
domain structure in double sulfates and selenates dur-
ing superprotonic–ferroelectric phase transitions.

Her successful recent studies have been determined,
to a large extent, by her close scientific and friendly
relations with Polish colleagues within the Agreement
on Cooperation between the Russian and Polish Acad-
emies of Sciences. She works in cooperation with the
Institute of Molecular Physics of the Polish Academy
of Sciences in Poznan and the Institute for Low Tem-
peratures and Structure Research of the Polish Acad-
emy of Sciences in Wroclaw.

In 1999, Kirpichnikova became the head of a sector
at the Shubnikov Institute of Crystallography, and then
the head of the Laboratory of Crystal Optics, headed
004 MAIK “Nauka/Interperiodica”
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earlier by Professor B.N. Grechushnikov, an honorary
scientist of the Russian Federation. Kirpichnikova
proved to be a leader of the classical academic school.
She always supports the initiatives of her colleagues,
cherishes their scientific potential, appreciates their
achievements, and preserves respectful relations with
all, regardless of their official position. This style has
proved to be very efficient. The colleagues and all the
members of the laboratory continue to carry out a high
level of fruitful activity. As a result, the laboratory per-
forms research oriented to the study and prediction of
physical properties of new promising materials at a
high scientific level. This is reflected in several grants
received, participation in national and international
conferences, and a large number of annual publications,
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
including those in the leading national and international
journals and books. Kirpichnikova is always ready to
encourage and help her colleagues. She is highly
respected by all the members of the laboratory staff,
who highly appreciate her invariably good attitude
toward people.

The Editorial Board of Kristallografiya and her col-
leagues and friends congratulate Lyubov’ Fedorovna
Kirpichnikova on her 60th birthday and wish her good
health and further success and achievements in her
research.

Translated by L. Man
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JUBILEES
Vladimir Mikhaœlovich Fridkin 
(On the Occasion of His 75th Birthday)
Doctor of Physics and Mathematics Professor
Vladimir Mikhailovich Fridkin has gained prominence
with his research in several fields of solid state physics.
He started his scientific carrier with research in the
physics of photoelectrets for application to electropho-
tography that is widely used in xerography in Russia.
The logical continuation of these ideas was the devel-
opment by Fridkin of a new area—physics of the so-
called photoferroelectric phenomena associated with
the influence of nonequilibrium electron subsystems on
ferroelectric properties of crystals. This wide class of
phenomena, which has been discovered and studied in
a large number of photosensitive ferroelectrics,
includes photoinduced shift of the Curie temperature,
photohysteresis and photodomain effects, the bulk pho-
tovoltaic effect in noncentrosymmetric media, and the
effect of photorefraction (photoinduced variation of the
refractive indices). Fridkin made a considerable contri-
1063-7745/04/4906- $26.00 © 21066
bution to the study of all these phenomena. Among the
other studies of fundamental importance performed by
Fridkin are the first experimental observation of the
critical Curie point (the so-called tricritical point) in
ferroelectrics and recent studies of two-dimensional
ferroelectricity in superthin ferroelectric Langmuir–
Blodgett films.

Fridkin’s life in science is closely related to the
Shubnikov Institute of Crystallography of the Russian
Academy of Sciences. After graduation with distinction
from the Physics Faculty of Moscow State University
in 1952 and a short period of work at the Research Insti-
tute of the Printing Industry, where Fridkin started his
pioneering works in physics of photoelectrets, Fridkin
became a postgraduate at the Institute of Crystallogra-
phy under the supervision of Academician
A.V. Shubnikov in 1955. In 1958 he defended his can-
didate’s dissertation on electrophotography and, in
1964, a doctoral dissertation on photoelectrets. He pub-
lished more than 250 scientific articles, including those
in journals one can only dream about, such as Uspekhi
Fizicheskikh Nauk, Nature, etc. He also published six
monographs and presented an enormous number of
papers at various conferences dedicated to the most
diverse topics of solid state physics. Fridkin has numer-
ous students and followers. He supervised the candi-
date’s dissertations of 65 students, six of whom also
defended their doctoral dissertations. There is little
doubt that he managed to create a scientific school.

In his long scientific life, Fridkin managed to coop-
erate with many international teams. Recently, he has
been working in close cooperation with the University
of Trento (Italy) and Lincoln University (United
States). His fruitful scientific activity is highly
regarded, and he was awarded (unfortunately only
abroad) with the Kozar Medal of the Photographic
Society of America for the development of silver-free
photographic methods and with the Berg Prize for cre-
ating xerography. Fridkin’s six monographs have not
lost their importance, and translations of them are pub-
lished in Germany and the United States. These are
Photoelectrets and Photographic Process in (coopera-
tion with I.S. Zheludev) (1960), Physical Foundations
of the Photographic Process (1966), Ferroelectrics–
Semiconductors (1976), Photoferroelectrics (1979),
Ferroelectrics of the ABC Type (in cooperation with
E.I. Gerzanich) (1982), and The Photogalvanic Effect
in Noncentrosymmetric Media (in cooperation with
B.I. Sturman (1992).
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Fridkin has an artistic nature, and the sphere of his
interests is very large. As fate willed it, about twenty
years ago he became acquainted with Pushkin’s
archives and remains fascinated by his works. His nat-
ural scientist’s approach also helped him to find his way
in this enormous field. Readers and TV viewers know
Fridkin as an author of fascinating historical investiga-
tions and essays, travel notes, and amusing memoirs
published in seven books by prestigious publishing
houses. Fridkin’s recent hobby is literary translation—
he translated from German (which he knows excel-
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lently) into Russian a novel written by N.A. Pushkina,
Pushkin’s youngest daughter, about her life in Russia.

The Editorial Board of Kristallografiya and his col-
leagues and friends wish Vladimir Mikhailovich Frid-
kin good health (about which he has been so anxious
for the last fifty years) and success in his creative activ-
ity, as well as happiness in his family and personal rela-
tionships.

Translated by L. Man
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Renata L’vovna Kayushina 
(December 16, 1926–February 18, 2004)
Renata L’vovna Kayushina, a leading researcher at
the Institute of Crystallography of the Russian Acad-
emy of Sciences, where she had worked since 1957,
died suddenly on February 18, 2004.

Kayushina was born on December 16, 1926 in Len-
ingrad, but soon after that her family moved to Mos-
cow. In 1944, Kayushina entered the Faculty of Physics
of Moscow State University. She graduated from the
university in June 1949, having worked as a technician
for a few years. Her working life began in the tragic
period of our history—in the years of the Great Patri-
otic War. Together with all people of our country, she
contributed her work to the victory over fascism and
was awarded the title of Veteran of Labor. From 1950 to
1953, she worked at the Central Aerological Observa-
tory. Although Kayushina worked very fruitfully, she
was fired because her father was subjected to repression
at the beginning of the 1950s.
1063-7745/04/4906- $26.00 © 21068
From 1953 to 1957, Kayushina worked as a engi-
neering researcher at the All-Union Institute for Prob-
lems of Fine Grinding of Building Materials (VNIIT-
ISM), where she investigated the dispersion structure of
organic dyes and developed methods for studying the
dispersivity of powders and gels of various nature.

In 1957, Kayushina went to work at the Institute of
Crystallography of the Academy of Sciences of the
Soviet Union and became the first post-graduate stu-
dent of B.K. Vaœnshteœn, who was then a young promis-
ing researcher (later, he became an academician). The
subject of her study—structural analysis of biological
systems—was new for the Institute of Crystallography.
To master this field, Kayushina had to complement her
knowledge of physics by studying the new problems of
structural biology and biochemistry, which were little-
known at that time. She successfully did this on her own
by mastering the latest methods of computer calcula-
tions, the application of which in structural crystallog-
raphy had only just started then. Based on the results
obtained, she defended her candidate’s dissertation in
physics and mathematics, titled “Electron-Diffraction
Study of the Structure of L-Proline” (proline is one of
20 amino acids—components of all protein molecules).
Her further research work at the Institute of Crystallog-
raphy dealt with the development of X-ray methods for
studying the structure of biological molecules in solu-
tions. She obtained many very important data on the
structure of many protein molecules and carried out one
of the pioneer X-ray studies of the structure of riboso-
mal particles. Kayushina made a great contribution to
the solution of the problem that arose again in the
1980s—packing of protein molecules in combination
with low-molecular compounds by the Langmuir–
Blodgett method and according to the scheme of poly-
ionic condensation of polymers.

During her last years, she performed an intensive
and very successful investigation of the structure of
molecules of various immunoglobulins, which are of
much interest for medicine. Kayushina, along with the
group of researchers under her guidance, obtained pio-
neer data on the structure of immunoglobulins and
rheumatic factor in solutions.

Being an active and sociable person, Kayushina did
not limit himself to scientific research alone. She was
always at the center of public life in any group of peo-
ple where she studied or worked. For many years. Kay-
ushina was Scientific Secretary of the Institute of Crys-
tallography for international scientific relations. She
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performed these duties (rather delicate at that time)
humanely and benevolently with respect to all her col-
leagues. Due to her active position, a number of new
scientific contacts between the Institute of Crystallog-
raphy and various organizations and people in socialist
and capitalist countries has arisen. Until 1983 she
helped Vaœnshteœn to deal with all foreign relations of
the Institute. A quick mind and cheerfulness helped
Kayushina to simultaneously manage a lot of informa-
tion, successfully solve many administrative problems
at hand, and find enough time for research work.

Kayushina’s distinctive feature was the ability and
need to learn continuously, improve her knowledge,
and be involved with new achievements in the fields of
her interest. She generously shared her knowledge with
her colleagues. Until her last days, when a serious ill-
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
ness finally overcame her, she continuously looked
through the latest scientific literature, searched for the
latest developments in bionanotechologies using Inter-
net tools, coordinated the studies supported by the Rus-
sian Foundation for Basic Research, and made plans for
future scientific research.

The death of Kayushina was an irreplaceable loss
for the staff of the Institute of Crystallography; her col-
leagues from the Small-Angle Scattering Laboratory,
where she worked for many years; and the editorial
board of Kristallografiya (Crystallography Reports).
We will always remember her in our hearts.

Translated by Yu. Sin’kov
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ERRATA
Erratum: “Comparative Analysis of Two Methods
of Calculation of the Orientation
of Domain Walls in Ferroelastics” 
[Crystallogr. Rep. 49, 828 (2004)]

V. A. Nepochatenko

On page 828, the last line in the left column should read “Pb3(PO4)2 and BiVO4.”

On page 830 in the left column the beginning of the sentence in the 20th line from the bottom should
read “Bismuth vanadate BiVO4 …”

On page 830 in the right column line 9 from the top should read:

“where K = –(2e12 + )/(e11 – e22).”4e12
2

e11 e22–( )2
+
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ERRATA
Erratum: “Algorithms for Solving Atomic Structures
of Nanodimensional Clusters in Single
Crystals Based on X-ray and Neutron
Diffuse Scattering Data” 
[Crystallogr. Rep. 49, 863 (2004)]

N. M. Andrushevskiœ, B. M. Shchedrin, and V. I. Simonov

On page 865 in the right column the sentence in lines 12–14 from the bottom should read
“Therefore series (7) is the superposition function (x) with the period T = L/n”.ρ̂
1063-7745/04/4906- $26.00 © 2004 MAIK “Nauka/Interperiodica”1071
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Electrons of l Shells of Free Atoms As a Regular System 
of Points on a Sphere: 

II. Some Manifestations of the Symmetry of Electron Shells 
of Ions of Transition Metals in Ordered Media

T. F. Veremeœchik and R. V. Galiulin
Shubnikov Institute of Crystallography, Russian Academy of Sciences, 

Leninskiœ pr. 59, Moscow, 119333 Russia
e-mail: tomver@online.ru

Received April 2, 2004

Abstract—Manifestations of the spatial symmetry of d and f shells formed by equivalent electrons of transi-
tion-metal ions in crystals and other ordered media are considered. It is shown that sizes of crystals and the rare
coordination number of ions can be explained in terms of the noncrystallographic symmetry of these shells. The
symmetry of the d shell may cause manifestations of elements of fivefold symmetry in the crystal faceting and
the structure of molecules and affect the properties dependent on matching of the intrinsic symmetry of the shell
and the translational symmetry of a crystal. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Groups of equivalent electrons of free ions—l
shells—are closed stable systems of identical interact-
ing particles. Hence, they should be characterized by a
certain position in space. For example, d and f shells are
modeled, respectively, by pentagonal and heptagonal
antiprisms with fivefold and sevenfold axes [1–5]. In a
crystal structure, the fivefold and sevenfold symmetries
may manifest themselves as a result of competition of
the intrinsic symmetry of the d and f shells and the
translational symmetry of the crystal, since the transla-
tional symmetry forbids the existence of fivefold and
sevenfold axes in the three-dimensional Euclidean
space. The symmetry of d and f shells may also mani-
fest itself in crystals because the symmetry of the free
state of a shell is retained near the ion core in a crystal
lattice [6].

The chemical bond formed by a d shell stronger (in
comparison with the bond formed by an f shell) due to
the absence of external screening shells. Therefore, one
might expect that the nontrivial symmetry of the valent
electron shells of transition metals can be found, first of
all, in ordered media containing d ions. In this study, we
consider some structural characteristics and properties
of such media in the context of the noncrystallographic
symmetry of d and f shells.

INCORPORATION OF A PENTAGONAL 
ANTIPRISM INTO A CRYSTAL

Different ways of incorporation of a pentagonal
antiprism into the crystalline field of symmetry of cubic
groups are related to the derivation of isohedra with
1063-7745/04/4906- $26.00 © 20887
fivefold symmetry—pentagonal tritetrahedron, pentag-
onal dodecahedron, or pentagonal trioctahedron—from
a tetrahedron, dodecahedron, and cube (octahedron).
Figure 1 shows examples of incorporation of a pentag-
onal antiprism into a cube. From the five vertices of the
base, which also form the face of the pentagonal
dodecahedron, one pair (Figs. 1a, 1b) is located on the
three-fold axes, another pair lies in the plane of symme-
try perpendicular to the cube face, and the fifth vertex
is in the plane of symmetry that is perpendicular to the
plane above. In a strong crystal field of cubic symmetry,
the vertices of an antiprism are transformed into the
vertices of an octahedron and tetrahedron, which corre-
sponds to the reduction of a d shell into t2 and e sub-
shells of the strong field (Fig. 2). These examples show
that the vertices of an antiprism lose their equivalence

in a crystal. Therefore, only subgroups of the 
group, in particular, the 5-order cyclic group, can

5m

(a) (b) (c)

Fig. 1. Different incorporations of a pentagonal antiprism
into a cubic field: (a) the most harmonic, (b) corresponding
to the orientation of electron densities along the threefold
axes and the coordinate axes x, y, and (c) corresponding to
the dumbbells of electron density with one spin direction.
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locally manifest themselves in a crystal. The pentagon
in the antiprism base may become irregular or trans-
form into another polyhedron, but the trend to the
implementation of the fivefold symmetry may remain
due to the topological equivalence.

CHEMICAL BOND AND THE SYMMETRY 
OF THE d SHELL

The representation of the electron-density probabil-
ity for an ion, accepted in quantum mechanics, is based
on the arbitrary choice of such linear combinations of
spherical functions that are real and allow pictorial
description. If we refuse selection of one direction in
space, the tori of the electron density of the d shell of a
free ion are distributed over four tetrahedral (three-

1

7

563

2

9

10 4

8

Fig. 2. Juxtaposition of the vertices of an octahedron and a
tetrahedron with the electrons of the t2 and e subshells of a
strong cubic crystal field: points 1–6 and 7–10, respectively.
C

fold) and three octahedral (coordinate) axes [7]. When
a direction in space is selected, the angular part of the
density of one electron in the d shell of a free ion is
modeled by dumbbells, which are related to the projec-
tion ml of the orbital momentum l on the z axis as fol-

lows:   ml = 0; dxz  ml = 1 (–1); dyz  ml =

–1 (1);   ml = 2 (–2); dxy  ml = –2 (2)

(Fig. 3). 

The chemical bond is formed by the electron shell of
an ion in the ground state, which has the maximum total
spin for a free ion (the Hund rule). The maximum spin
is retained in a crystal field: for the d1, d2, d8, and d9

shells it is retained in any field; for the d3 and d7 shells
it is retained in fields of octahedral and tetrahedral sym-
metry, respectively; and for the d4–d6 shells it is
retained in weak fields. The vertices of one base of the
antiprism correspond to the states of maximum spin
multiplicity, since the two antiprism bases correspond
to the opposite (+1/2, –1/2) projections of the ms spin
on the z axis (Fig. 4).

In order to determine the chemical-bond properties
in the quantum model of the d shell of a free ion, we
will select the dumbbells with the same values of ms in

Fig. 3 (as in Fig. 1c). This system has the 2  symme-
try and its cross section by the plane perpendicular to
the three-fold axis is a pentagon. To obtain a pentagon
(for example, in the plane perpendicular to the z axis),
at least one dumbbell should be somewhat displaced.

Thus, the quantum-mechanical model for the prob-
ability of the d-electron density does not exclude a local
manifestation of the fivefold symmetry for certain com-
binations of shells and characteristics of the crystal

d
z

2

d
x

2
y

2
–

mv
2

z

x

y

z
z

x x

y y

dx2
 – y

2

dz2

dxy

dxz

dyz

2

0

1

–1

Fig. 3. Electron-density probabilities for the t2 and e subshells of a strong cubic crystal field, expressed in terms of spherical func-
tions Ylml (θ, ϕ). Numbers are the values of ml (the projection of the orbital momentum l on the z axis).
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field, for example, such combinations that lead to
removal of the spin degeneracy in the ground state or
some displacement of one dumbbell.

SYMMETRY OF THE d AND f SHELLS 
AND SIZES OF CRYSTALS. IDEAL CRYSTAL

Since five- and sevenfold axes are noncrystallo-
graphic, the tendency of the d and f shells to their for-
mation should impede the growth of large crystals,
since polyhedra with such axes, when incorporated into
the crystal structure, loosen it. According to vast miner-
alogical data [8], large single crystals of transition met-
als do not exist. Moreover, there are no data on large
crystals containing transition-metal ions in the matrix.
In contrast, the largest among the known single crystals
is, apparently, the single crystal of spodumene
LiAl[Si2O6], which is as large as 13 m in length and
~1 m in cross section [8]. The chemical elements enter-
ing its composition have only s and p shells: 1s22s for
Li, (Li)2s2p4 for O, (O)2p23s23p for Al, and (Al)3p for
Si. In this case, the antiprisms modeling the s and p
shells have only crystallographic axes and are covered
by the translational symmetry [1].

It may be established that the structural nonideality
impedes the formation of large crystals. A crystal that
contains ions with d and f shells cannot be considered
ideal due to the inconsistency of these shells with the
translational symmetry and the nonequivalence of com-
binations of N ' electrons of the unfilled lN ' shell taken
all N = 2(2l + 1) vertices of the antiprism at a time. The
latter factor leads to different angular distributions of
the electron-density probability at any instant of time.
Thus, the definition of ideal crystal itself is to be refined
and should contain the characteristics of the electron
shells of ions, i.e., be formulated in terms of quantum
crystallography [2].

COORDINATION POLYHEDRA OF IONS 
WITH d AND f SHELLS

Apparently, due to the noncrystallographic symme-
try of the d and f shells of transition-metal ions, the lat-
ter should tend to be located in general positions of the
structure and pass from general and particular positions
to the positions having common symmetry elements
with the corresponding antiprisms. Indeed, in an over-
whelming number of crystals, including cubic ones, the
local symmetry of the activating transition-metal ion is
described by a low-symmetry group [9, 10].

Both the central ion and repulsion of ligands con-
tribute to the formation of a coordination polyhedron
[11–13]. In the first case, the valence-bond direction,
the shell hybridization, and the overlap of atomic orbit-
als are of importance. Analysis of the dependence of the
coordination on the angular distribution of hybrid elec-
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
tron densities [12] showed that sevenfold and fivefold
coordinations correspond to the electron-density distri-
bution over the vertices of polyhedra of the icosahedron
group. It can be easily seen that the icosahedron models
the hybridization of d and s shells since it is the sum of
a pentagonal antiprism and a dumbbell [1].

Another manifestation of the fivefold symmetry in
transition metals is that, although the content of ele-
ments with valent d shells in the periodic table is ~30%,
about 70% of examples of fivefold coordination corre-
spond to these ions [14–18]. Different polyhedra with
fivefold coordination (Fig. 5) correspond to different
variants of matching of the fivefold symmetry of the d
shell with the crystal structure. The other ~30% cases of
fivefold coordination are related to the ions in the oxi-
dation state corresponding to the external d10 shell or
the 1s22s22p6 shell. The 1s22s22p6 shell allows diverse
hybridization. These 30% include, for example, Ga3+

and Sn4+ ions with the external shells (Ar shell)3d10 and
(Kr shell)4d10 , respectively, and Na+ and Mg2+ ions
with the 1s22s22p6 shell. In addition, ions with d and f
shells demonstrate, in total, about 80% of the examples
of sevenfold coordination. The specific feature of this
coordination is that (i) it can be easily transformed into
the fivefold coordination, for example, by shifting the
central ion towards the pyramid (Fig. 5c) and (ii) the
fivefold symmetry directly manifests itself in this case.
For example, the five equivalent vertices of the pentag-
onal bipyramid in Fig. 5l are occupied, as rule, by ions
of one type, whereas the other two vertices are occupied
by ions of another type [15, 16].

The shapes of polyhedra with fivefold and sevenfold
coordinations and polyhedra with other rare coordina-
tion numbers for the most dense packing were deter-
mined by Belov (Figs. 5a–5j) [17]. Most examples are
ions with d shells (Fig. 5) [17, 18]. The fivefold symme-
try directly manifests itself in the shapes of the polyhe-
dra with the coordination numbers 8 and 12 (Figs. 5f, 5j).

0

–1 –2

12

1

–1

2

0–2

Fig. 4. Modeling of the d shell by a pentagonal antiprism.
Arrows indicate the spin orientation and the numbers are the
values of ml.
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For example, the Ir ion in the nitrite K3Ir(NO2)6 is sur-
rounded by 12 O ions forming an icosahedron. In this
case, the icosahedron is distorted by the crystal to the
“mineralogical icosahedron” [17] with two rather than
one types of faces.

Fivefold symmetry often manifests itself in the
structure of molecules because the ions surrounding the
central ion make its d shell tend to the fivefold symme-
try by reducing to zero some overlap integrals for this
shell and orbitals of the environment ions. For example,
the fivefold symmetry manifests itself in the structure
of a large number of cyclic sandwich compounds of
transition metals, for example, organometallic com-
pounds, which may contain the entire series of the ions
of the iron group (3d shell) (Fig. 6) and some ions of the
actinide group (4d shell) [19]. The most striking exam-
ple are the compounds structures of which directly
reproduce a pentagonal antiprism, for example, struc-
tures of ferrocene M(C5H5)2, where M is a transition
metal attached to the center of the ring via a d–π bond
(Figs. 6a, 7).

(a) (b) (c) (d)

(g)
(f)(e)

(h)

(i)

(j)

(l)(k)
Belov polyhedra

Fig. 5. Coordination polyhedra with rare coordination num-
bers with the densest packing—Belov polyhedra: (a) NiS,
(b) MoS2, (c) Sb2S3 (Sb has a 4d105s2 shell), (e) CuAl2,
(f) ZrSiO4, and (j) K3[Co(NO2)6]; some (k) five- and
(l) seven-coordination polyhedra in molecules.
C

EFFECT OF THE d SHELL ON CRYSTAL 
FACETING

Faceted polyhedra are complementary to coordina-
tion polyhedra. The pentadodecahedron is complimen-
tary to the icosahedron modeling hybrid d and s shells.
In addition, a face of a polyhedron can be a pentagon if
five edges converge to a vertex of the coordination
polyhedron. Coordination polyhedra of such type are
characteristic of some transition-metal ions (Fig. 5).

Generally speaking, the crystals containing ions
with d shells constitute a significant part among the
crystal’s faceting of which shows the fivefold symme-
try. Cobaltite CoAsS is an example of icosahedral face-
ting (Fig. 8a). Pyrite FeS2 is faceted in three shapes, two
of which are a mineralogical icosahedron and a penta-
dodecahedron (Fig. 9) [8]. The variety of pentagons in
the crystal faceting is illustrated in Fig. 8 by examples
of calamine Zn2(OH)2SiO3 (Fig. 8b), sphalerite ZnS
(Fig. 8c), hematite Fe2O3 (Fig. 8d), and many other
crystals [6, 8]. Note that faceting of calamine demon-
strates what is probably a maximum number, equal to
four, of pentagons of different shape, whereas its sym-

metry 2  is equivalent to the symmetry of the system
of dumbbells with one value of ms (Fig. 3).

mv
2

Fe(II) Fe(III)

+

Ni
Ni

Ni

Ni

R

R

R
+

(a) (b)

(c)

Fig. 6. Structures of some organometallic compounds con-
taining (a) Fe2+ and Fe3+ ions (diferrocene) and Ni2+ ions
((b) picrate and (c) bis-pentalenyl).
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SPECIFIC FEATURES OF IONS 
WITH DIFFERENT NUMBERS OF ELECTRONS 

IN THE d SHELL

In quantum mechanics, the term 1S of the highest
spherical symmetry of the shell atomic model corre-
sponds to the ground states of the semifilled shell lN/2

and the filled shell lN, where N = 2(2l + 1). In the crys-
tallographic model, taking into account that an anti-
prism should completely correlate with the partially
filled lN ' shell at any N ' [1, 3], the highest symmetry of
this model is most adequately described by the lN – d10

shells (and the similar d9 shell) and the lN/2 – d5 shells.
The ground states of these shells correspond to equal
electron-density probabilities at the vertices of the anti-
prism. Obviously, when these shells are incorporated
into a crystal, they undergo maximum distortion. At the
same time, the ground states of the d2 and d3 shells are
modeled, respectively, by combinations of two and
three vertices of the antiprism base: 2, 1 and 0, 2, 1
(Fig. 4). These vertices of the antiprism, when the latter
is incorporated into a strong crystal field, are naturally
transformed into two and three vertices of a tetrahedron
and an octahedron, respectively (Fig. 2). One might
expect that d2 and d3 shells will be more readily incor-
porated into the crystal structure as compared with d5

and d10 shells.
The stabilization energy Est of the crystal field

characterizes the decrease in the energy of the ground
state of an ion in a crystal with respect to the ion free
state. The significantly different values of Est for the d
shells under comparison can be explained by different
possibilities of matching the symmetry of the d2 and d3

shells and the d5 and d10 (d9) shells with the transla-
tional symmetry of the crystal. For the d5 and d10 shells,
the value of Est, as one would expect, is minimum. At
the same time, this energy is maximum for the d2 and d3

shells (Table 1).
The coordination polyhedra in crystals are also

different for the d shells compared. For example, the
ions with d5 and d10 (d9) shells are characterized by a
large variety of coordination numbers, which accounts
for different possibilities of matching for the pentago-
nal and translational symmetries. This variety includes
also the fivefold coordination (Table 2). According to
the data of [20], the average values of the coordination
numbers for ions with d5 shells (Mn2+, Fe3+) are 5.98
and 5.69, respectively; with d9 shells (Cu2+) it is 5.10;
and with d10 shells (Ag+, Zn2+, Hg2+, Cd2+) they are
5.10, 4.98, 5.5, and 6.14, respectively.

Ions with d2 and d3 shells (according to [14, 20])
have mainly sixfold coordination (Table 3). These ions
form the strongest clusters [21].

In contrast, the stereochemistry of molecules and
coordination compounds containing ions with both d2

and d3 shells and d5 and d10 (d9) shells exhibits a large
variety of coordinations, including rare ones [16].
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 7. Ferrocene structure M(C5H5)2 (M is an iron-group
ion).

(a) (b)

(c)

(d)

Fig. 8. Faceting of crystals of (a) cobaltite CoAsS,
(b) calamine Zn2(OH)2SiO3, (c) sphalerite ZnS, and
(d) hematite Fe2O3.

Fig. 9. Faceted crystals of pyrite FeS2: (a) cube, (b) dodeca-
hedron, and (c) mineralogical icosahedron.

(a) (b) (c)
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Location in the positions that have common sym-
metry elements with antiprisms also differently mani-
fests itself for the shells compared. For example, it was
shown in [22] that, for two isomorphic positions with
the plane of symmetry Cs and the inversion center Ci,
the distributions of ions over these positions depend on
the shell type: ions with d5 and d10 shells are distributed
predominantly over the Cs positions, while ions with d2

(d8) and d3 (d7) shells are distributed over the Ci posi-
tions. From the point of view of different density distri-
butions over the vertices of a pentagonal antiprism for
these shells of a free ion, this fact can be explained as
follows. The ground states of the d5 shells (in a weak
field) and d10 shells correspond to the plane of symme-
try with respect to the modulus |l | (Fig. 4). The energy
minimum in the ground states of the d2 and d3 shells can
be reached only when electrons are located at the most
remote vertices of the antiprism. Taking into account
the maximum value of L in the ground state (Fig. 4,
Table 1) and the equal probability of location of elec-
trons at both bases of the antiprism, we can conclude
that these positions have only the inversion center.

The melting temperatures of transition metals
serve as an example of the effect of different possibili-
ties of incorporation of d2 and d3 shells and d5 and d10

shells into the crystal structure on the crystal properties.
As was shown above, such a possibility is lower for the
latter pair. Therefore, for example, d10 metals have

Table 1.  Stabilization energies Est (in Dq units) of the

 state and the  states of a cubic crystal field

Shell Est

d1 2D 2T2(t2) –2/5

d2 3F 3T1 –4/5

d3 4F 4A2 –6/5

d4 5D 5E –3/5

d5 6S 6A1 0

d6 5D 5T2 –2/5

d7 4F 4T1 –4/5

d8 3F 3A2 –6/5

d9 2D 2E –3/5

d10 1S 1A1 0

2s 1+ Γ t2
n1e

n2( )

L
2s 1+ Γ t2

n1e
n2( )

t2
2( )

t2
3( )

t2
3e( )

t2
3e2( )

t2
4e2( )

t2
5e2( )

t2
6e2( )

t2
6e3( )

t2
6e4( )
C

Table 2.  Coordination numbers of transition-metal ions
with d5, d9, and d10 shells

Ion Coordination 
number Ion Coordination 

number

3d5 3d10

Mn2+ 4, 5, 6, 7, 8 Cu+ 2, 4, 6, 

Fe3+ 4, 5, 6, 8 Zn2+ 4, 5, 6, 8, 

Co4+ 4, 6 Gd3+ 4, 5, 6, 

4d5 4d10

Ru3+ 6 Ag+ 2, 4, 5, 6, 7, 8

Rh4+ 6 Cd2+ 4, 5, 6, 7, 8, 12

5d5 In3+ 4, 6, 8

Ir4+ 6 Sn4+ 4, 5, 6, 7, 8

Pt5+ 6 Sb5+ 6

3d9 5d10

Cu2+ 4, 5, 6 Au+ 6

4d9 Hg2+ 2, 4, 6, 8

Pd+ 2 Tl3+ 4, 6, 8

Ag2+ 4, 6 Pb4+ 4, 5, 6, 8

Bi5+ 6

Table 3.  Coordination numbers of transition-metal ions
with d2 and d3 shells

Ion Coordination
number Ion Coordination

number

3d2 3d3

V3+ 6 V2+, Cr3+ 6
Cr4+ 4, 6

4d2 4d3

Nb3+, Mo4+ 6 Nb2+, Mo3+, Tc4+ 6
5d2 5d3

W4+, Re5+ 6 Re4+, Os5+ 6

Table 4.  Melting temperatures tmelt (in °C) of some metals

Ion tmelt Ion tmelt

3d
Cr3+(d3) 1877 Zn2+(d10) 419.5
V3+(d2) 1917 Ga3+(d10) 29.78

4d
Mo3+(d3) 2620 Cd2+(d10) 320.9
Nb3+(d2) 2469 In3+(d10) 156.4

5d
W3+(d3) 3420 Hg2+(d10) –38.89
Ta3+(d2) 2996 Tl3+(d10) 303.5

Note: The data for the most stable oxidation states of the ions.
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lower melting temperatures (Table 4) [23]. A striking
example is mercury, which exists in the liquid state
even at room temperature.

QUASICRYSTALS

Quasicrystals illustrate the symmetry properties of
the electron shells of transition-metal ions. In the over-
whelming majority of cases, these structures contain
transition-metal ions with d shells, for example, in the
form of such alloys as Al–Mn, Ga–Mg–Zn, Al–Cu–Fe,
and Al–Pd–Re. If quasicrystals are composed of possi-
ble local configurations of a small number of ions, the
configuration with the lowest energy (the optimal one)
may have noncrystallographic fivefold and tenfold axes
of symmetry. When optimal configurations fill space
densely, gaps between them are filled with matching
configurations, which minimize energy loss at joints of
optimal configurations. This makes it possible to get
along without translational symmetry [24]. The possi-
bility of implementing noncrystallographic axes is due
to the fivefold symmetry of d shells.

CONCLUSIONS

Based on the tendency of d and f electron shells to
give rise to the fivefold and sevenfold symmetries in
ordered media, we explained a number of structural
characteristics and features of some physical properties
of ordered media. The nontrivial and noncrystallo-
graphic symmetry of d and f shells manifests itself to
the greatest extent when these shells are either semi-
filled or completely filled.

The particular symmetry of the d and f shells is also
topical in studying new materials, including (along
with the noted structures) clusters, nanoparticles,
nanocrystals in thin films and discrete alloys, and other
nanosystems. The above-considered property of the d
and f shells may be especially pronounced in nanocrys-
tals. Due to small sizes, nanocrystals may have metrics
of non-Euclidean spaces. These spaces contain regular
systems with fivefold and sevenfold symmetry [25]. 

We reported our first results on the problem under
consideration in 2001 [2]. Later publications confirmed
the manifestation of the fivefold and sevenfold symme-
tries in d and f shells. The presence of clusters of Cu
atoms with a pentagonal crystal structure in thin copper
films and in bulk molten copper has been ascertained.
Their volume content is about 10%. The same phenom-
enon was also predicted for other d ions [26].

The noncrystallographic symmetry of d and f shells
of transition metals also provides deeper insight into
their role in organic matter. Apparently, these ions
impede crystallization—transition to the state charac-
terized by a global potential minimum—in organic
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
materials. This suggestion is confirmed by the relative
content of ions with d2 and d3 shells and d5 and d10

shells in organic materials [27]. 
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Abstract—A new orthophosphate of rubidium, iron, and zirconium, crystallizing in the langbeinite structure
(cubic system, sp. gr. P213, Z = 4), was synthesized and investigated by X-ray powder diffraction and IR spec-
troscopy. The structure of the Rb2FeZr(PO4)3 phosphate was refined by the Rietveld method using the neutron
powder diffraction data (DN-2 time-of-flight diffractometer; Joint Institute for Nuclear Research, Dubna). This
structure is characterized by a mixed framework [FeZr(PO4)3] with Rb atoms located in large cavities. Fe3+ and
Zr4+ cations are distributed statistically over two independent crystallographic positions. © 2004 MAIK
“Nauka/Interperiodica”.
INTRODUCTION

Many inorganic compounds with tetrahedral anions
XO4 are characterized by [T2(XO4)3]n– frameworks,
where elements with valences from 1 to 5 may serve as
T cations (n is the framework charge). Such frame-
works are characterized by several structure types.

One of the types of the [T2(XO4)3]n– framework is
implemented in the langbeinite structure of double
potassium–magnesium sulfate (cubic system, sp. gr.
P213) [1].

In the set of structural analogs of langbeinite, sul-

phates with the general formula (SO4)3 , where
MI = K, Rb, Cs, Tl, or NH4 and MII = Mg, Ca, Mn, Co,
Ni, Zn, Cd, or Fe, are dominant [1, 2]. These com-
pounds contain small atoms of a divalent element MII in
the frameworks and large (mainly alkali) MI cations in
cavities.

The known phosphates with langbeinite structure
have the following compositions: (i) AM2(PO4)3 (A = H,
K; M = Ti, Zr) [3–5]; (ii) K2RM(PO4)3 (R = Cr, Fe, Ga,
Y, Yb, Er, Gd, Ti; M = Ti, Zr, Hf) [6–11],
(iii) KBaR2(PO4)3 (R = Cr, Fe) [12, 13]; and
(iv) Na2RTi(PO4)3; (R = Cr, Fe) [14]. Potassium cations
serve as compensators in many of these compounds.
The question of incorporation of alkali cations (exceed-
ing K cations in size) into extraframework positions in
phosphates remains open. Investigation of such com-
pounds, along with the scientific interest (determina-
tion of the possibility of incorporation of large cations
into cavities in the langbeinite structure), is also impor-
tant from the practical point of view. Rubidium and
cesium cations are reliably retained in cavities of a

M2
I M2

II
1063-7745/04/4906- $26.00 © 20895
langbeinite structure containing narrow channels,
which is important in solving ecological problems of
radioactive waste disposal.

The purpose of this study was to synthesize a new
phosphate Rb2FeZr(PO4)3 with langbeinite structure
and refine its structure by the full-profile analysis based
on the neutron powder diffraction data.

EXPERIMENTAL

The sample was synthesized by the sol–gel method.
One-molar aqueous solutions of RbCl, FeCl3, ZrOCl2,
and H3PO4 were used as starting reagents. In the initial
stage of the synthesis, a calculated amount of ortho-
phosphoric acid was slowly, with stirring, added to the
solutions of metal salts taken in the stoichiometric ratio.
The gel obtained was dried at 95°C and then heated
successively at 400, 600, 800, 1000, and 1100°C with
intermediate dispersion in each stage.

The samples were investigated by X-ray powder dif-
fraction, IR spectroscopy, and neutron powder diffrac-
tion. X-ray diffraction analysis was performed on a
DRON-2.0 diffractometer in ëÓäα filtered radiation
(Fe filter, λ = 1.78892 Å) in the range of reflection
angles 2θ from 14° to 60°. IR spectra were recorded on
a SPECORD 75IR spectrophotometer in the range of
wave numbers 1400–400 cm–1 (samples were prepared
in the form of thin films on a KBr substrate). The neu-
tron diffraction pattern of a powder sample placed in a
cylindrical container (d = 10 mm) was measured at
room temperature on a DN-2 time-of-flight diffracto-
meter installed in the IBR-2 pulsed fast neutron reactor
(Joint Institute for Nuclear Research, Dubna) [15]. The
structure of the compound synthesized was refined by
004 MAIK “Nauka/Interperiodica”
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the Rietveld method using the MRIA program [16].
The background was modeled by a fourth-order poly-
nomial.

RESULTS AND DISCUSSION

The sample synthesized was a light brown powder.
According to the X-ray powder diffraction data, the
compound studied crystallizes at t = 800°C. A further
increase in temperature leads to the increase in crystal-
linity and makes it possible to obtain a sample without
impurities. X-ray powder diffraction analysis showed
that the compound obtained crystallizes in a cubic sys-
tem, sp. gr. P213 (langbeinite structure).

The IR spectrum of the compound synthesized indi-
cates that it belongs to orthophosphates (Fig. 1). The
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Fig. 1. IP spectrum of the Rb2FeZr(PO4)3 phosphate.

Table 1.  Unit-cell parameters and refinement data for the
structure of Rb2FeZr(PO4)3

Space group P213

a, Å 10.1199(2)

V, Å3 1036.40

Z 4

Color light brown

d interval, Å 0.726–3.792

Number of reflections 297

Rexp 2.77

Rwp 2.75

Rp 3.86

χ2 3.33

Number of parameters in refinement 40
C

spectrum contains all absorption bands that can be pre-
dicted by the factor-group analysis for the P tetrahedron
with the positional symmetry C1 in a structure
described by the sp. gr. P213 (the factor group T) [11].
Asymmetric stretching and bending vibrations, ν3 and
ν4, of the P tetrahedron are responsible for the three
bands in the frequency ranges 1085–990 and 645–
555 cm–1, respectively. The band at 930 cm–1 is due to
the symmetric stretching vibration ν1, and the weak
band at 450 cm–1 is due to the symmetric bending vibra-
tion ν2 . In comparison with the isostructural potassium
phosphate [11], an insignificant red shift of the absorp-

0

1.0 1.5 2.0 2.5 3.0 3.5 4.0
d, Å

2000

4000

6000

8000

10000
I, arb. units

Fig. 2. Experimental (s), theoretical (solid line), and differ-
ence (experiment minus calculation), normalized of the
standard deviation at point, profiles of the neutron diffrac-
tion pattern of the Rb2FeZr(PO4)3 phosphate. Vertical bars
are the calculated positions of diffraction peaks.

Table 2.  Position occupancies (w), coordinates, and thermal
parameters Biso for the structure of Rb2FeZr(PO4)3

Atom Posi-
tion w x y z Biso

Rb(1) 4a 1 0.2896(4) 0.2896(4) 0.2896(4) 3.2(2)

Rb(2) 4a 1 0.0657(4) 0.0657(4) 0.0657(4) 3.2(2)

(Fe/Zr)(1) 4a 0.5 0.8578(3) 0.8578(3) 0.8578(3) 1.2(1)

(Fe/Zr)(2) 4a 0.5 0.5841(3) 0.5841(3) 0.5841(3) 1.4(1)

P 12b 1 0.6257(4) 0.4577(3) 0.2702(6) 0.10(8)

O(1) 12b 1 0.6457(5) 0.5044(4) 0.4132(4) 1.0(1)

O(2) 12b 1 0.7503(5) 0.4759(4) 0.1915(5) 1.5(1)

O(3) 12b 1 0.5815(5) 0.3114(4) 0.2678(4) 1.6(1)

O(4) 12b 1 0.5202(4) 0.5439(5) 0.2017(5) 1.8(1)
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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tion bands is observed in the spectrum of the compound
under study, which is related to the larger size of Rb
atoms.

The coordinates of the basis atoms in the structure
of the Rb2FeZr(PO4)3 phosphate were refined by neu-
tron powder diffraction analysis. We used the values of
the coordinates of atoms in the K2FeZr(PO4)3 phos-
phate obtained by us previously [11] as a starting model
to refine the structural characteristics. The unit-cell
parameters and the refinement data for the crystal struc-
ture of Rb2FeZr(PO4)3 are listed in Table 1. The exper-
imental and theoretical profiles of the neutron diffrac-
tion pattern of the sample and the difference curve
(experiment minus calculation), normalized to the stan-
dard deviation at point, are shown in Fig. 2. The calcu-
lated positional and thermal parameters are listed in
Table 2, and the corresponding values of interatomic
distances and bond angles are listed in Table 3.

A fragment of the structure of the Rb2FeZr(PO4)3
phosphate is shown in Fig. 3. It is based on the mixed
anionic framework {[FeZr(PO4)3]2-}3∞ constructed
from discrete FeO6, ZrO6, and PO4 polyhedra. A char-
acteristic fragment of this framework is the group
(dimer) {M2(PO4)3} formed of two octahedra linked by
three bridge tetrahedra. Sharing oxygen atoms, these
dimers form a three-dimensional network with large
interframework cavities.

Calculations showed that Fe3+ and Zr4+ cations are
statistically distributed over two nonequivalent struc-
tural positions 4a, being located in distorted MO6 octa-
hedra. The disordered distribution of Fe and Zr ions is
also confirmed by the close values of Me–O bond
lengths in Me(1)–O6 and Me(2)–O6 octahedra. Rubid-
ium cations completely occupy interframework cavities
(4a positions); each Rb cation is coordinated by nine O
atoms.
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
The average bond lengths in the coordination poly-
hedra of Rb2FeZr(PO4)3 and its analog K2FeZr(PO4)3
are rather close: 2.04 Å in Fe/Zr–O6 octahedra and
1.53 Å in PO4 tetrahedra (in K2FeZr(PO4)3, 2.03 and
1.52 Å, respectively).

The distortions of the framework-forming polyhe-
dra, estimated by the maximum spread ∆ in bond
lengths, are somewhat different in the compound stud-
ied and its analog. In the structures of Rb2FeZr(PO4)3
and K2FeZr(PO4)3, phosphorus tetrahedra are distorted
similarly: ∆ = 0.04 Å. The values of the O–P–O bond

Table 3.  Selected interatomic distances (Å) and bond angles
(deg) in the structure of Rb2FeZr(PO4)3

Rb(1)O9 polyhedron Rb(2)O9 polyhedron

Rb(1)–O(2) 3.20(1) Rb(2)–O(1) 2.99(1)

Rb(1)–O(3) 3.14(1) Rb(2)–O(2) 3.23(1)

Rb(1)–O(4) 2.98(1) Rb(2)–O(4) 2.96(1)

〈Rb–O〉 〈 3.11〉 〈 Rb–O〉 〈 3.06〉
MO6 octahedron

(Fe/Zr)(1)–O(1) 2.013(6) (Fe/Zr)(2)–O(3) 2.008(6)

(Fe/Zr)(1)–O(2) 2.034(6) (Fe/Zr)(2)–O(4) 2.088(6)

〈(Fe/Zr)–O〉 〈 2.02〉 〈 (Fe/Zr)–O〉 〈 2.05〉
PO4 tetrahedron

O(1)–P–O(2) 110.6(8)

P–O(1) 1.536(6) O(1)–P–O(3) 109.9(7)

P–O(2) 1.503(7) O(1)–P–O(4) 110.3(6)

P–O(3) 1.547(5) O(2)–P–O(3) 105.9(7)

P–O(4) 1.543(8) O(2)–P–O(4) 110.6(6)

〈P–O〉 〈 1.53〉 O(3)–P–O(4) 109.5(7)

〈O–P–O〉 〈 109.5〉
(Fe/Zr)O6

PO4

O(2)
O(2)

O(2)

O(2)

O(2)

O(2)
O(2)

O(2)

O(2)O(2) O(2)

O(2)
O(1) O(1) O(1)

O(1)

O(1)
O(1)

Fe/Zr

Fe/Zr

P

P
P

1.503

1.
53

6

2.008

2.089

(a) (b)

Fig. 3. (a) Fragment of the Rb2FeZr(PO4)3 structure and (b) pattern of bonds in the structural fragment {M2(PO4)3}.
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angles are close to the calculated value: 109.5°. Some-
what larger distortions are observed in the metal–oxy-
gen (Fe/Zr)O6 octahedra (∆ = 0.08 and 0.02 Å, respec-
tively), which can be explained by higher strains of the
framework caused by the incorporation of large Rb cat-
ions into interframework cavities.

The results of the structural investigation performed
here show that an increase in the size of alkali cations
in interframework cavities of phosphates with lang-
beinite structure is accompanied by an insignificant
increase in the structural distortions.

In summary, it should be noted that the phosphate
with langbeinite framework, in which Rb cations serve
as compensating cations, was synthesized for the first
time.
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Abstract—The results of neutron diffraction studies of the effect of the isotopic substitution 16é  18é in
Sm1 – xSrxMnO3-type (x = 0.45 and 0.50) manganites are considered. The parameters of the crystal and mag-
netic structures of the samples are determined in the temperature range 1.4–300.0 K. It is shown that the isotopic
substitution considerably changes the phase diagram of manganites. The results of the earlier macroscopic stud-
ies of the same samples are confirmed. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Recent theoretical and experimental studies showed
[1] that the tendency to phase layering and formation of
inhomogeneous states resulting in coexistence of anti-
ferromagnetic and ferromagnetic regions is an impor-
tant factor for the description of the properties of man-
ganites over the wide temperature range and under-
standing of fine thermodynamic properties of the
system, which is associated with complex interactions
between the atomic and spin degrees of freedom [2]. To
reveal and identify possible mechanisms of such inter-
actions, the samples were subjected to the action of var-
ious external factors such as temperature, magnetic
fields, and pressure. One of such factors is also the iso-
topic substitution 16é  18é. It was shown [3, 4] that
the isotopic effect manifests itself most pronouncedly
in the vicinity of magnetic transformations, which indi-
cates that isotopic substitution may serve as a sensitive
probe for studying the most interesting regions of the
phase diagram of various manganites in the vicinity of
the critical temperatures. It was revealed that in the
(La1 – yPry)0.7Ca0.3MnO3 manganite with the critical y
value y = 0.75 the isotopic substitution 16é  18é
gives rise to the metal–insulating transition (giant iso-
topic effect). The changes of the electrical properties
correlate with the changes of magnetic characteristics
obtained in neutron diffraction measurements [5].

We have studied Sm1 – xSrxMnO3-type manganites
for quite a long time. In particular, we considered the
concentration region 0.25 ≤ x ≤ 0.55 by the method of
powder neutron diffraction. In this region, the Sm, Sr
manganites manifest the effect of colossal magnetore-
sistance [6–11]. However, at the composition x = 0.55,
this effect disappears. The most interesting results were
1063-7745/04/4906- $26.00 © 20899
obtained in the concentration region of the phase dia-
gram 0.4 ≤ x ≤ 0.5 . At x = 0.4 and temperatures lower
than íë (Curie temperature), the material manifests the
metallic phase-separated magnetic ground state with
one main ferromagnetic phase and two antiferromag-
netic phases of the A and CE types [8]). These magnetic
phases have close parameters of the atomic structure
(indistinguishable for diffraction methods) which cor-
respond to the orthorhombic phase with the sp. gr.
Pnma (or, in another setting, Pbnm). The manganite of
the composition Sm0.6Sr0.4MnO3 shows unusual mag-
netic behavior above íë associated with the formation
of antiferromagnetic domains in the paramagnetic
matrix. This behavior is associated mainly with pro-
nounced coherent Jahn–Teller (JT) distortions arising
below TJT ~ 180 K and preserved also in the ferromag-
netic phase.

In the ground state and temperatures below íë, the
compounds with x = 0.5 show the coexistence of sev-
eral crystalline and magnetic phases, with the antiferro-
magnetic A phase prevalent over the ferromagnetic one.

However, it was revealed that at x = 0.45, the ground
state is homogeneous, ferromagnetic, and metallic [9].
At the same time, the paramagnetic phase of the
Sm0.55Sr0.45MnO3 compound turned out to be inhomo-
geneous and had local inclusions of antiferromagnetic
regions of the CE type, which showed weak Dzy-
aloshinski–Moriya ferromagnetism and ferromagnetic
domains [10].

We studied various methods of synthesis of ceramic
manganites and, as a result, managed to synthesize
identical samples by different methods in order to
exclude possible “synthetic” effects.
004 MAIK “Nauka/Interperiodica”
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It was interesting to study the effects of the 16é 
18é substitution on Sm–Sr manganites in this most
interesting and complicated region of the phase dia-
gram. Below, we present the results of neutron diffrac-
tion studies and the parameters of the crystal and mag-
netic structures of all the samples with x = 0.45 and 0.50
in the temperature range 1.4–300.0 K. The data
obtained by neutron diffraction are compared with the
known data of macroscopic studies performed on the
same samples [12].

EXPERIMENTAL

Samples and methods of measurements. Two
samples of the compositions Sm0.55Sr0.45MnO3 and
Sm0.5Sr0.5MnO3 were synthesized by the already tested
technology [13] at the Chemistry Department of the
Moscow State University. The samples for neutron dif-
fraction studies were synthesized with the use of the
152Sm isotope in order to decrease too-high neutron
absorption by the 149Sm isotope contained in natural
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Fig. 1. Experimental powder neutron diffraction patterns of
(a) 152Sm0.55Sr0.45Mn16O and (b) 152Sm0.55Sr0.45Mn18O
obtained in the heating mode at different temperatures (K).
Arrows indicate the angular positions of the strongest mag-
netic reflections.
C

Sm. The 152Sm isotope for synthesis of samples was
supplied by the St. Petersburg Institute of Nuclear
Physics of the Russian Academy of Sciences. The pro-
cess of sample enrichment with the oxygen isotope 18é
was similar to that described in [14] and was performed
at the Institute of Molecular Physics of the Russian
Research Center Kurchatov Institute. Altogether, we
studied four samples of the compositions
152Sm0.55Sr0.45Mn16O3 (I), 152Sm0.55Sr0.45Mn18O3 (II),
152Sm0.5Sr0.5Mn16O3 (III), and 152Sm0.5Sr0.5Mn18O3
(IV).

Neutron diffraction experiments were performed in
the Léon Brillouin Laboratory (Saclay, France) on a
G4.1 high-intensity powder diffractometer (λ = 2.4266 Å)
with the aim to follow the temperature evolution of the
crystal and its magnetic structure. As was indicated
above, the use of the 152Sm isotope allowed us to con-
siderably decrease neutron absorption by natural Sm
and enhance the contrast of the diffraction experiment
because of the negative coherent-scattering amplitude
of 152Sm (b = –0.5 × 10–12 cm). Prior to measurements,
the powder samples were placed into a vanadium cylin-
drical container with a diameter of 2 mm. The container
with the samples was placed into a standard cryostat for
neutron diffraction measurements. The samples were
cooled to the temperature 1.4 K. Neutron diffraction
patterns were measured during heating at T = 1.4, 15.0,
30.0, 45.0, 60.0, 100.0, 150.0, 200.0, and 300.0 K for
sample I; T = 1.4, 15.0, 30.0, 45.0, 60.0, 75.0, 90.0,
120.0, and 300.0 for sample II; T = 1.4, 45.0, 70.0,
80.0, 90.0, 105.0, and 120.0 K for sample III; and at
T = 1.4, 45.0, 70.0, 80.0, 90.0, 105.0, 150.0, and
185.0 K for sample IV. These heating modes were
selected proceeding from the specific features of the
temperature dependence of magnetic susceptibility
χac(í) preliminarily measured for these samples.

Crystal structure. Figures 1 and 2 show neutron
diffraction patterns obtained from these samples. The
neutron diffraction patterns were subjected to Rietveld
analysis [15] using the FULLPROF program [16]. It
was revealed that the diffraction profiles of all the pat-
terns at high temperatures (where no magnetic ordering
is observed) corresponded to the sp. gr. Pnma. No struc-
tural phase transitions were revealed below TC down to
the temperature 1.4 K.

Tables 1–4 list the main parameters of the crystal
structures determined from neutron diffraction pat-
terns. It should be noted that some discrepancies in the
error bars of the parameters and different numbers of
the samples should be replaced by different amounts of
the samples used and different times of collection of the
diffraction reflections. We believe that the most inter-
esting and important results are presented in Figs. 3
and 4. Figure 3 shows the temperature dependences of
the lattice parameters, and Fig. 4 shows the temperature
dependences of interatomic distances in a MnO6 octa-
hedron.
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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The lattice parameters obtained indicate that in the
temperature range from 1.4 K to room temperature the
lattice parameters of all the samples obey the inequality

c > a > b/ . Compound I shows the characteristic
increase in the parameters a and c with the correspond-
ing jump in the unit-cell volume in the vicinity of the
temperature of ferromagnetic ordering, íë ~ 120 K. We
have already observed this phenomenon in the samples
with the natural oxygen having the similar composi-
tion. This phenomenon is associated with the giant
spontaneous magnetostriction observed for Sm,Sr man-
ganites in the vicinity of the concentration x = 0.45
[13, 17]. As has already been indicated, the space group
in this case remains the same, Pnma. For sample II hav-
ing the same composition, the temperature depen-
dences of the unit cell parameters after the isotopic oxy-
gen substitution become quite different. With an
increase in the temperature in the region showing no
magnetic ordering, the a and c parameters have close
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Fig. 2. Experimental powder neutron diffraction patterns of
(a) 152Sm0.5Sr0.5Mn16O3 and (b) 152Sm0.5Sr0.5Mn18O3
obtained in the heating mode at different temperatures (K).
Arrows indicate the angular positions of the strongest mag-
netic reflections.
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
values; i.e., the orthorhombicity in the equatorial plane
becomes weak, and the unit cell of the compound is
close to cubic. A similar phenomenon was also
observed for both samples with concentration x = 0.5.

The analysis of the Mn–O distances (Fig. 4) indi-
cates the existence of noticeable Jahn–Teller distortions
of MnO6 octahedra in samples II and III and their
almost complete absence in two other samples. The
Jahn–Teller samples show different values of the equa-
torial Mn–O(2) bond lengths and also dramatic temper-
ature variations, whereas the apical Mn–O(1) bond
demonstrates considerably less changes in the Jahn–
Teller transition, which, generally speaking, is charac-
teristic of undoped LaMnO3. These distortions are
reduced in the region of the transition to the magneti-
cally ordered state, but do not attain their high-temper-
ature values.

Thus, these compounds may have unusually pro-
nounced coherent distortion of octahedra even in the
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Table 1.  Lattice parameters and interatomic distances (Å) in a MnO6 octahedron according to neutron diffraction data for
152Sm0.55Sr0.45Mn16O3

T, K a b/ c Mn–O(1) Mn–O(2)

1.4 5.4337(8) 5.4277(10) 5.4415(9) 1.947(2) 1.933(7)

1.945(9)

15 5.4340(9) 5.4280(10) 5.4411(8) 1.948(2) 1.932(7)

1.944(7)

30 5.4342(9) 5.4285(9) 5.4415(9) 1.948(2) 1.935(7)

1.943(9)

45 5.4340(9) 5.4290(10) 5.4425(8) 1.948(2) 1.932(6)

1.942(9)

60 5.4345(10) 5.4277(11) 5.4427(9) 1.948(2) 1.933(7)

1.944(9)

100 5.4369(8) 5.4270(8) 5.4447(8) 1.947(3) 1.937(6)

1.945(8)

150 5.4385(9) 5.4300(9) 5.4447(8) 1.953(2) 1.931(7)

1.955(6)

200 5.4387(9) 5.4303(8) 5.4462(10) 1.942(2) 1.932(6)

1.953(6)

250 5.4396(10) 5.4326(9) 5.4485(9) 1.942(2) 1.934(6)

1.952(6)

300 5.4429(9) 5.4360(9) 5.4506(9) 1.946(2) 1.940(6)

1.950(6)

2

Table 2.  Lattice parameters and interatomic distances (Å) in a MnO6 octahedron according to neutron diffraction data for
152Sm0.55Sr0.45Mn18O3

T, K a b/ c Mn–O(1) Mn–O(2)

1.4 5.4351(6) 5.4238(9) 5.4426(7) 1.952(3) 1.83(3)

2.06(2)

15 5.4356(8) 5.4235(10) 5.4427(9) 1.953(4) 1.84(3)

2.05(3)

30 5.4347(7) 5.4225(10) 5.4424(8) 1.950(4) 1.85(3)

2.04(3)

45 5.4357(7) 5.4243(10) 5.4418(9) 1.953(4) 1.87(3)

2.03(3)

60 5.4361(11) 5.4251(12) 5.4431(10) 1.947(6) 1.87(4)

2.03(4)

75 5.4366(6) 5.4249(8) 5.441(8) 1.954(3) 1.80(4)

2.09(3)

90 5.4365(7) 5.4270(10) 5.4405(9) 1.954(4) 1.74(5)

2.13(5)

120 5.4368(10) 5.4262(13) 5.4419(13) 1.956(5) 1.75(5)

2.12(5)

300 5.4435(9) 5.4320(13) 5.4487(13) 1.961(4) 1.77(5)

2.11(4)

2

CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 3.  Lattice parameters and interatomic distances (Å) in a MnO6 octahedron according to neutron diffraction data for
152Sm0.5Sr0.5Mn16O

T, K a b/ c Mn–O(1) Mn–O(2)

1.4 5.4307(9) 5.4029(12) 5.4467(9) 1.941(2) 1.83(4)

2.05(3)

45 5.4303(10) 5.4056(15) 5.4468(10) 1.937(2) 1.81(5)

2.07(4)

70 5.4295(10) 5.4098(15) 5.4477(9) 1.934(2) 1.82(5)

2.07(5)

80 5.4322(9) 5.4101(14) 5.4477(9) 1.934(2) 1.84(4)

2.05(4)

90 5.4306(10) 5.4060(16) 5.4469(10) 1.933(2) 1.79(3)

2.09(4)

105 5.4312(10) 5.4094(10) 5.4455(9) 1.935(2) 1.77(3)

2.11(3)

120 5.4289(11) 5.4065(15) 5.4408(10) 1.930(2) 1.78(3)

2.10(3)

2

Table 4.  Lattice parameters and interatomic distances (Å) in a MnO6 octahedron according to neutron diffraction data for
152Sm0.5Sr0.5Mn18O3

T, K a b/ c Mn–O(1) Mn–O(2)

1.4 5.4379(12) 5.3972(17) 5.4518(11) 1.930(3) 1.92(4)

1.97(3)

45 5.4390(15) 5.3977(22) 5.4509(15) 1.931(5) 1.91(5)

1.98(5)

70 5.4390(15) 5.4034(21) 5.4514(14) 1.935(5) 1.90(4)

1.99(3)

80 5.4328(14) 5.3987(21) 5.4471(13) 1.933(5) 1.90(4)

2.02(3)

90 5.4348(14) 5.4060(21) 5.4500(13) 1.943(5) 1.87(3)

1.98(4)

105 5.4314(18) 5.4087(25) 5.4431(16) 1.936(6) 1.91(4)

1.98(4)

150 5.4400(11) 5.4116(22) 5.4243(14) 1.934(3) 1.92(4)

1.98(4)

170 5.4452(11) 5.4147(21) 5.4288(13) 1.935(4) 1.94(4)

1.95(4)

2

metallic magnetically ordered state. Earlier, we
observed this phenomenon, which is rather surprising
for doped manganites, in Sm0.6Sr0.4MnO3 [8, 18]. We
explained this behavior by the adiabatic (above TC) and
nonadiabatic (below TC) motion of charges. This sce-
nario is quite admissible since electron mobility in the
insulating state is lower than the frequencies of active
JT phonons. If Mn3+O6/Mn4+O6 octahedra are either
pronouncedly distorted or are undistorted in the insulat-
ing state, then they completely relax during electron
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
hopping from the position Mn3+ into the position Mn4+.
In the metal phase, the charges are more mobile and the
octahedra cannot relax completely. The local distor-
tions of Mn3+O6 octahedra may be reduced in the metal
state, whereas the distortion of Mn4+O6 octahedra
becomes more pronounced, so that, on the average, the
lattice has the resulting distortion.

Analyzing the results associated with the isotopic
16O  18O substitution, one has to pay attention to the
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changes in the Jahn–Teller effect, because these
changes are different at x = 0.45 and x = 0.50 and
depend on the type of the oxygen isotope. This seems
to be indicative of the fact that the changes in the struc-
tural parameters (atomic and magnetic) and physical
characteristics are due to the interference of two effects:
the change in the isotopic composition and the change
in the doping level. Such a strong influence of the dop-
ing level on the isotopic effect seems to be determined
by the close values of the parameter x to a certain
“magic” critical value [10]. In the vicinity of this value,
doping with strontium may dramatically change the
isotopic effect.

Magnetic structure. Rietveld analysis of the mag-
netic contribution to the neutron diffraction patterns at
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low temperatures was also performed using the FULL-
PROF program. We considered only the one-phase
homogeneous model for the Mn sublattice within the
sp. gr. Pnma.

In sample I, we observed only the transition to the
homogeneous ferromagnetically ordered state at íë ~
125 K, which is consistent with data [9–11] obtained on
samples with natural oxygen. The direct confirmation
of the formation of the inhomogeneous state and both
ferromagnetic and antiferromagnetic ordering in the
samples of the same composition but with 18é was
obtained from neutron diffraction patterns from sample
II measured at low temperatures (Fig. 1b).

The regions of antiferromagnetic ordering (of the A
type) arise in the sample with 18é above íë (since the
antiferromagnetic peaks are noticeably broadened, it is
difficult to determine the temperature of the beginning
of antiferromagnetic ordering). However, the antiferro-
magnetic regions do not extend over the whole sample
and are of the mesoscopic character (hundreds of ang-
stroms). On the neutron diffraction patterns, this corre-
sponds to the appearance of broad maxima in the region
where antiferromagnetic peaks corresponding to the
A-type ordering would have been located. In the A-type
magnetic, Mn ions are ferromagnetically ordered in one
plane, whereas in the neighboring planes they are
ordered antiferromagnetically with respect to one
another. With lowering of the temperature, the volume
of these regions increases. At íë ~ 100 K, ferromag-
netic regions start arising. At lower temperatures, the
long-range antiferromagnetic state is formed. These
long-range antiferromagnetic regions are formed from
small mesoscopic antiferromagnetic regions, so that, in
the final analysis, both types of antiferromagnetic
ordering coexist at the lowest temperatures. The neu-
tron diffraction patterns show narrow Bragg peaks on
strongly diffuse bases with the widths corresponding to
the diffractometer resolution at the positions corre-
sponding to the A-type magnetic ordering. This is espe-
cially well seen for the first most intense antiferromag-
netic reflection 010. The fact that the long-range anti-
ferromagnetic regions are formed from the short-range
regions is confirmed by the total antiferromagnetic
moment (mAF = 1.70(7) µB/Mn), which remains con-
stant in the temperature range 1.4–75.0 K. Thus, con-
trary to the sample with 16é and x = 0.45, the sample
with 18é cannot attain the homogeneous ferromagnetic
state and, thus, cannot prevail in the sample. The ferro-
magnetic moment (mF = 0.80(9) µB/Mn) at the lowest
attained temperature 1.4 K and the magnetic suscepti-
bility at low temperatures also have lower values than
in the sample with 16é.

Neutron diffraction studies of the samples III and
IV (Fig. 2) also provided the unambiguous determina-
tion of the types of magnetic ordering and their temper-
ature evolution for each composition. Thus, the neutron
diffraction patterns show that the ground magnetic state
for sample III is the mixture of the ferromagnetic and A-
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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type antiferromagnetic phases with prevalent ferromag-
netism. The ferromagnetic moment obtained in the
Rietveld analysis of the neutron diffraction pattern at
the lowest temperature (1.4 K) is mF = 2.13(7) µB/Mn,
whereas the antiferromagnetic moment is mAF =
1.04(4) µB/Mn. At the same time, the ground state for
the sample 152Sm0.5Sr0.5Mn18O3 is A-type antiferromag-
netic with the antiferromagnetic moment at T = 1.4 K
equal to mAF = 1.84(5) µB/Mn.

Thus, the above consideration allows us to state that,
in terms of homogeneity of the ground magnetic state,
the isotopic substitution é16  é18 resulted in differ-
ent effects for different (although close) compositions.
Thus, the é16  é18 substitution in the samples with
x = 0.45 results in the transformation of the homoge-
neous magnetic state into the inhomogeneous one,
whereas in samples with x = 0.5, the inhomogeneous
state is transformed into the homogeneous one. These
states also have completely different physical nature.

As an example of Rietveld analysis of neutron dif-
fraction patterns, Fig. 5 shows the results obtained on
sample III at T = 1.4 K. The samples studied also have
different temperatures of magnetic ordering. Figure 6
shows the temperature dependences of the ordered
magnetic moments for the sample with x = 0.5. In sam-
ple III, the formation of the ordered ferromagnetic and
antiferromagnetic phases takes place almost simulta-
neously at T ~ 112 K, whereas in sample IV, the forma-
tion of the ordered ferromagnetic phase starts only at
108 K. However, this temperature difference is unim-
portant in comparison with the 20 K difference
observed for samples with the composition x = 0.45.

We should like to emphasize the low values of mag-
netic moments obtained. These moments and the char-
acter of the their temperature dependences (no plateaux
at low temperatures) indicates that, even at the temper-
ature T = 1.4 K, no complete magnetic ordering is
attained.

All the consequences of the isotopic oxygen substi-
tution in manganites of the Sm1 – xSrxMnO3 system are
in good qualitative agreement with the macroscopic
studies of the same samples with the natural Sm per-
formed in the heating mode [12].

Thus, for samples with x = 0.45, the change in elec-
trical conductivity (ρ) showed that in the 16é  18é
substitution the temperature corresponding to the max-
imum resistivity (TMI) in the metal–insulating transition
is shifted by 20 K to the region of low temperatures,
with the resistivity at the maximum being increased by
a factor of about 30 in comparison with the resistivity
in the sample with 16é. The measurements of magnetic
susceptibility (χ) also showed that the sample with 16é
has a sharper transition to the ferromagnetic state,
which takes place at the temperature higher by 20 K.
The TMI and íë values turned out to be practically
equal: 120 and 100 K for the samples with 16é and 18é,
respectively. In other words, these temperatures coin-
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
cide with the temperatures of the beginning of magnetic
ordering established from our neutron diffraction data.
The direct proof of the formation of an inhomogeneous
magnetic state in the sample with 18é and its existence
along with ferromagnetic and antiferromagnetic order-
ing obtained from the neutron diffraction data also
explains the dramatic increase in resistivity and the
temperature behavior of magnetic susceptibility with a
decrease of resistivity.

Resistivity and magnetic-susceptibility measure-
ments on the samples with x = 0.5 [12] are interpreted
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Fig. 5. Neutron diffraction pattern of the 152Sm0.5Sr0.5Mn16O3
sample at T = 1.4 K. One can see the experimental points
and the calculated and difference curves. The positions of
the Bragg reflections are indicated by vertical bars. The first
row corresponds to the nuclear and ferromagnetic struc-
tures; the second row corresponds to the antiferromagnetic
structure.
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in a similar way [12]. The formation of a homogeneous
antiferromagnetic state revealed from our neutron dif-
fraction data for the sample with 18é results in the tran-
sition from the metal to the insulating state with a dra-
matic decrease in χ observed earlier in [12].

Comparing the data obtained at x = 0.45 and 0.50,
we have to emphasize that the effects observed seem to
result from the complex interference of two factors: the
doping level, i.e., the change in the Mn+4/Mn+3 ion ratio
in the vicinity of the critical doping level, and the renor-
malization of the phonon degree of freedom in the oxy-
gen subsystem because of the changes in the isotopic
composition. The nature of these phenomena is associ-
ated with the complex electron–phonon interactions
including the spin degrees of freedom. It has not been
completely understood as yet and requires a further
more detailed study. It is also necessary to investigate
the differences in the thermodynamics caused by the
incorporation of 16é and 18é oxygen into the samples
[2].
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Abstract—Structural characteristics of peroxo complexes of transition metals of Groups IV and V (Ti, V, Nb,
and Ta) with the ratios M : O2 = 1 : 1, 1 : 2, 1 : 3, and 1 : 4 and alkyl peroxo complexes of Ti, Hf, and V have
been considered. The structural manifestation of the trans effect of η2-coordinated peroxo ligand in pseudooc-
tahedral Ti, Nb, and V monoperoxo complexes is characterized. The structural manifestations of the trans effect
of multiply bonded peroxo and oxo ligands in monooxomonoperoxo complexes of vanadium(V) are compared.
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INTRODUCTION

The structures of peroxo compounds of Group IV
(Ti, Zr, and Hf) and V (V, Nb, and Ta) transition metals
in the highest oxidation degree (d0 electron configura-
tion) have been studied to different extents (Table 1).
The best studied are the crystal structures of peroxo
compounds of vanadium(V) (about 60 structures) and
to a considerably lesser degree, the structures of peroxo
complexes of titanium(IV) (13 structures) and nio-

Table 1.  Total number of structurally characterized peroxo
complexes of Group IV and V transition metals 

M Total M : O2 = 
1 : 1

M : O2 = 
1 : 2

M : O2 = 
1 : 3

M : O2 =
1 : 4

Ti 13 + 1* 12 + 1* 1

Zr

Hf 0 + 1* 0 + 1*

V 60** + 1* 34 + 1* 24 2

Nb 13 8 2 2 1

Ta 5 4 1

Alto-
gether

91 + 3* 58 + 3* 28 2 3

  * Number of structurally characterized tert-butylperoxo complexes
    of Group IV and V metals. 
** Of the total number of 60 peroxo complexes of vanadium(V), 58
     are related to oxoperoxo compounds containing VO(O2)n
     complexes, n = 1, 2.
004 MAIK “Nauka/Interperiodica”
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bium(5) (13 structures). Structural chemistry of tanta-
lum(IV) compounds with dioxygen ligands is repre-
sented only by five examples, whereas for the zirco-
nium(IV) and hafnium(IV) compounds no X-ray
diffraction data were obtained at all.1

The crystal structures of mono-, di-, tri-, and tetrap-
eroxo complexes of the Group IV and V metals are also
studied to different extents (Table 1): the compounds
with the M : é2 ratio equal to 1 : 1 and 1 : 2 (58 and 28
examples) are studied in full detail, whereas the M(é2)3
and M(é2)4 complexes are studied only on 2 and 3
examples.

The structural data for peroxo compounds of Group V
transition metals (M5+ = V, Nb, and Ta) studied before
1986 are reviewed in the monograph by Vol’nov [1].
Butler et al. [2] summarized in their review the V–O
(oxo), V–O(peroxo), and O–O distances for 26 oxoper-
oxo complexes of vanadium(V) structurally character-
ized by 1994. Review [2] is dedicated mainly to the
chemistry of peroxo complexes of vanadium (V),
whereas only a quarter of a page is devoted to the char-
acterization of the structures of this class of com-
pounds. Numerous structural data on peroxo com-
pounds of Group IV and V transition metals accumu-
lated and published for the last fifteen years have not
been analyzed as yet.

It should be indicated that the vanadium(V) com-
pounds occupy a special place among the structurally
characterized peroxo complexes of the Group IV and V
metals. The majority of the structurally studied vana-
dium(V) compounds of this class (58 of total 60) con-
tain, in addition to dioxygen ligands, a multiply bonded
oxo ligand. None of the other five metals of groups IV
and V have structures containing oxo peroxo MO(O2)n

fragments—all these structures belong to peroxo com-
pounds M(O2)n (M = Ti, Mb. Ta, n = 1–4). Since the
structural characteristics of oxoperoxo complexes of

1 The only exception is the structure of one hafnium tert-butylper-
oxide [(η5-C5Me5)2Hf(tert-BuOO)(Et)] (see Sect. 9).
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C

vanadium(V) with the coordination sites VO(O2)nAm

(where A are the donor atoms of mono and polydentate
ligands, n = 1, 2, m = 1–4) were analyzed in detail for
58 compounds of this class that were structurally char-
acterized before 2002 in [3, 4], the structures of vana-
dium(v) oxo peroxo complexes are only briefly consid-
ered in our article.

In all the peroxo compounds of Group IV and V
metals considered in the present review, the dioxygen
ligands coordinate M atoms in the bidentate–chelating
mode.2 In these cases, the peroxo complexes are char-
acterized by eightfold (dodecahedral), sevenfold (pen-
tagonal-bipyramidal or, in some rare cases, one-capped
trigonal-prismatic), or sixfold coordination (tetrago-
nal–pyramidal with a split axial vertex).3 A particular
location is occupied by the complexes of the
(η5-Cp)2M(O2)A type (η5-Cp = C5H5 and ë5Me5; where
A is a monodentate ligand) in which the coordination
number of a metal atom equals five or nine, depending
on the interpretation of the Cp ligand as either a mono-
or tridentate one.

If one assumes that the é2 ligand bonded to a metal
in the η2-mode occupies one coordination site, then the
V(O2)nAm complexes may have four variants of the
coordination site: pseudooctahedral (n = 1, m = 5; n =
2, m = 4), pseudotetragonal–pyramidal (n = 1, m = 4),
pseudotrigonal–bipyramidal (n = 3, m = 2), and
pseudotetrahedral (n = 4, m = 0) (scheme 1).4 

1. TITANIUM(IV) PEROXO COMPLEXES 
WITH Ti : O2 = 1 : 1

Table 2 lists the geometrical parameters of twelve
structurally studied titanium(IV) peroxo compounds
(I–XII) [5–15].5 

1.1. Pseudooctahedral Mononuclear Peroxo 
Complexes of Ti(IV)

Mononuclear complexes of titanium(IV) with the
pseudooctahedral coordination of the metal atom are
represented by seven examples (I–VII) in Table 2.

In three compounds (I–III), the coordination sphere
of the Ti atom includes, in addition to the peroxo
ligand, four donor atoms (2 N, 2 O, N, and 3 O or 4 N)
from two equivalent or different bidentate–chelating
ligands in the cis positions with respect to each another
and one donor atom (O or N) of the monodentate

2  In the dimer and polymer oxoperoxo complexes of vanadium(V),
the é2 ligand in a number of cases coordinates metal atoms in the
bidentate–chelating–bridging mode(η2, µ-mode) [4].

3 The VO(O2)2 complexes may also have the sixfold pentagonal–
pyramidal coordination.

4 The complexes of the (η5-Cp)2M(O2)A type may also be consid-
ered as pseudotetrahedral if one assumes that the Cp ligand occu-
pies one site in the coordination polyhedron of the metal.

5 The (NH4)3[Ti(O2)F5] structure is considered in Sect. 2.1
together with the structures of pentafluoroperoxoniobates(V) and
pentofluorotantalates(V), [M(O2F5)]2–, M = Nb, Ta.
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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ligand. In all the cases, the nitrogen atom of a biden-
tate–chelating ligand is trans to the O2-ligand.

In the [Ti(O2)(Pic)2(HMPT)] structure (I) [5]
(Fig. 1a), the Ti atom is coordinated with in addition to
the O2-ligand, two O and two N atoms of two approxi-
mately plane monoanions of the pyridine-2-carboxylic
acid, HPic and NC5H4COOH, and the O atom of hex-
amethylphosphortriamide (HMPT, OPN3Me6). The two
Ti−N(Pic) bonds are not equivalent. The Ti–N(2) bond
with the nitrogen atom trans to the peroxo ligand is
longer by 0.133 Å than the Ti–N(1) bond to the O atom
(HMPT) in the trans position (the structural manifesta-
tion of the trans effect of the peroxo ligand is consid-
ered in detail in Sect. 5).

Mimoren et al. [5] indicate the high stability of com-
plex I and its hydroxyquinoline and hydroxymate ana-
logues, which hinders oxygen transfer in reactions with
olefins, allyl alcohols, cyclic ketones, and sulfides. As a
rule, dioxygen complexes of transition metals are active
carriers of molecular oxygen to organic substrates [16].
In particular, under similar conditions, molybdenum
and tungsten complexes analogous to I and other tita-
nium peroxides oxidize these substrates in the presence
of an excess of allyl alcohol and cyclohexane to α,β-
epoxy alcohol [17] and lactone [18]. The specific fea-
tures of the behavior of Ti(IV) peroxo complexes in the
reactions of oxygen transfer is explained in [5] by satu-
ration of the metal atom, which only weakly coordi-
nates (at a large distance) even such a strong donor as
HMPT. On the other hand, according to [5], Ti peroxo
complexes (I and its analogues) oxidize triphenylphos-
phine and tetracyanoethylene, potential agents of direct
incorporation along metal–peroxide bonds.

Analogous high stability of the Ti(IV) peroxo com-
pound, hindering oxygen transfer to the organic sub-
strates, was also observed for the structurally character-
ized [Ti(O2)(2,3-HPzdc)(Acac)(HMPT)] · HMPT com-
plex (II) [6]. Indicating a certain propensity to bridging
of the anions of the pyrazine and pyridine carboxylic
acids, Postel et al. [6] emphasize an unusual character
of the mononuclear structure II in which an almost
plane monoprotonated 2,3-HPzdc– ligand (where 2,3-
H2Pzdc is the pyrazine-2,3-dicarboxylic acid) plays the
bidentate–chelating (N,O) role (Fig. 1b). The coordina-
tion polyhedra of each of the two independent metal
atoms in structure II also include three oxygen atoms of
the bidentate–chelating acetylacetonate (Acac) and
monodentate HMPT ligands. Structures I and II are
similar with only one difference: the Ti(O2) fragment in
the former is approximately perpendicular to both
Ti(Pic) fragments, whereas in the latter this fragment is
approximately coplanar to the 2,3-HPzdc ligand. Like
in most other complexes of transition metals with
HMPT [19], the Ti–O–P fragments are not rigorously
linear (the TOP angle equals 154.5(2)° and 168.6(4)° ±
1.0° in I and II, respectively).

Contrary to II, the dianions of the 2,5-pyrazine- and
2,5-pyridine carboxylic acids (2,5-H2Pzdc and 2,5-
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
H2Pydc, respectively) in the three [Ti(O2)(2,5-
Pzdc)(HMPT)(H2O)] · H2O (II'), [Ti(O2)(2,5-
Pydc)(HMPT)(H2O)] (II''), and [Ti(O2)(2,5-
Pydc)(HMPT)2] · H2O (III''') complexes [6] act in a
more typical way than tridentate–chelating–bridging
ones: the O atoms of both deprotonated carboxyl
groups unite the pairs of metal atoms into a polymer
chain (II'', scheme 2).6 Unlike monocomplex II, poly-
mers II'–II''' epoxidize tetramethylethylene. Postel et
al. [6] indicate that olefin epoxidation may proceed
only in the presence of a vacant position in the coordi-
nation polyhedron of the metal atom. This vacancy may
be formed if one of the bridging Ti–O bonds break (2,5-
Pzdc and 2,5-Pzdc) in complexes II'–II''' in the solu-
tion, and the coordination of olefin to the metal is bro-
ken by its subsequent oxidation.

In the [Ti(O2)(Tspa)2(Py)] (III) structure [7], the Ti
atom is coordinated in addition to a peroxo ligand also
with four nitrogen atoms of two bidentate–chelating
ligands—N,N'-bis(trimethylsilyl)-phenylamidinate mo-
noanions (HTspa, PhC(NSiMe3)2) and one nitrogen
atom of the monodentate pyridine (Py) ligand (Fig. 1c).
As usual, the Ti–N(2) 2.286(3) Å bond with the nitro-
gen atom of the Tspa ligand in the trans position to the
peroxo ligand is longer (on the average, by 0.153 Å)
than the Ti–(Tspa)cis bonds. The latter also have non-
equal lengths: the Ti–N(3) bond to the nitrogen atom of
the Tspa ligand in the trans position to the N(5) atom of
the pyridine ligand is longer (on the average by
0.055 Å) than the Ti–N(Tspa) bonds in the trans posi-
tion with respect to Ti–N(Tspa) to the N(1, 4)
(2.170(3)) and 2.115(3) ± 0.012 Å, respectively).

In four compounds (IV–VII, Table 1), the pseu-
dooctahedral mononuclear peroxo complexes contain
in the coordination sphere of the metal atom, in addi-
tion to the O2 ligand, one tridentate–chelating and two
monodentate ligands.

In the two modifications of the
[Ti(O2)(Dipic)(H2O)2] · 2H2O compounds—triclinic
(IV) [8] and orthorhombic (V) [9]—a double-charged

6 The polymer structure of microcrystalline II'–II''' samples was
suggested in [6] based on the IR spectra and insolubility of the
compounds (nonelectrolytes) in conventional organic solvents.
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Fig. 1. Structures of pseudooctahedral mononuclear peroxo complexes of titanium(IV): (a) [Ti(O2)(Pic)2(HMPT)], (b) [Ti(O2)(2,3-

HPzdc)(Acac) (HMPT)], (c) [Ti(O2)(Tspa)2(Py)], (d) [Ti(O2)(Dipic)F2]2–, (e) [Ti(O2)(TacnMe3)(NCO)2].
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Ti–La ∆(O2)* Refer-
ence

2.340(4) N(Pic) 0.133 [5]

2.358(4) ± 0.006 N(Pzdc) [6]

2.286(3) N(Tspa) 0.153 [7]

2.146(2) N(Dipic) [8]

2.164(5) N(Dipic) [9]

2.148(5) N(Dipic) [8]

) 2.372(3) N(TacnMe3) 0.113 [10]

2.172(7) N(Dipic) [11]

2.271(2) N(Nta) [12]

2.048(2) Oxm(Toea) 0.054 [13]

2.052(1) ± 0.006 Oxm(Cit) 0.036 [14]

[15]

peroxo ligand.
Table 2.  Geometrical parameters (Å) for peroxo complexes of titanium (IV) (Ti : O2 = 1 : 1)

No. Compound Ti–O(O2) O–O(O2) Ti–Le

I [Ti(O2)(Pic)2(HMPT)] 1.848(4) ± 0.006 1.419(6) 2.207(4) N(Pic)

1.977(3) ± 0.009 O(Pic)

2.042(4) O(HMPT)

II [Ti(O2)(2.3-HPzdc)(Acac)(HMPT)] · HMPT 1.850(4) ± 0.002 1.437(8) ± 0.000 2.028(5) ± 0.002 O(Pzdc) 

2.025(5) ± 0.026 O(Acac)

2.013(5) ± 0.011 O(HMPT)

III [Ti(O2)(Tspa)2(Py)] 1.853(3) ± 0.003 1.465(3) 2.133(3) ± 0.037 N(Tspa)

2.260(3) N(Py)

IV [Ti(O2)(Dipic)(H2O)2] · 2H2O (t)** 1.846(2) ± 0.012 1.464(2) 2.096(2) ± 0.001 O(Dipic)

2.041(2) ± 0.017 O(H2O)

V [Ti(O2)(Dipic)(H2O)2] · 2H2O (o)** 1.833(1) 1.458(2) 2.073(1) O(Dipic)

2.018(1) O(H2O)

VI K2[Ti(O2)(Dipic)F2] · 2H2O 1.854(5) ± 0.008 1.463(6) 2.101(5) ± 0.007 O(Dipic)

1.870(5) ± 0.017 F

VII [Ti(O2)(TacnMe3)(NCO)2] 1.818(5) ± 0.003 1.348(5) 2.259(3) ± 0.028 N(TacnMe3

2.041(4) ± 0.029 N(NCO)

VIII K2[{Ti(O2)(Dipic)(H2O)}2(µ-O)] · 3H2O 1.889(7) ± 0.017 1.45(1) 2.073(6) ± 0.001 O(Dipic)

2.183(7) O(H2O)

1.825(2) Om

IX Na4[{Ti(O2)(Nta)}2(µ-O)] · 11H2O 1.891(2) ± 0.002 1.469(3) 2.074(2) ± 0.009 O(Nta)

1.819(2) Om

X [{Ti(tert-BuOO)(µ-Toea)}2] · 3CH2Cl2 1.913(3) 1.469(3) 1.994(2) Oxm(Toea)

2.269(2) 1.866(3) ± 0.016 Ox(Toea)

(tert-BuO) 2.299(3) N(Toea)

XI (NH4)8[{Ti(O2)(µ-Cit)}4] · 8H2O 1.878(2) ± 0.021 1.464(2) ± 0.001 2.016(1) ± 0.006 Oxm(Cit)

2.050(1) ± 0.035 Ox(Cit)

XII [Ti(O2)(OEP)] 1.825(4) ± 0.003 1.445(5) 2.109(4) ± 0.024 N(OEP)

Note: For ligand notation see Sect. 1. 
        * ∆(O2) is the difference between the Ti–La and Ti–Le distances to the atoms of the same species in the trans and cis positions to 
      ** t is triclinic and o is orthorhombic modifications of the [Ti(O2)(Dipic)(H2O)2] · 2H2O compound.
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anion of the 2,6-pyridinedicarboxylic acid (H2Dipic,
NC5H3(COOH)2) in the neutral [Ti(O2)(Dipic)(H2O)2]
complex coordinates the metal with the nitrogen atom
of pyridine in the trans position to the dioxygen ligand
in two oxygen atoms of two deprotonated acetate
groups in trans positions with respect to one another.
The coordination pseudooctahedron of the titanium
atom is built up by two oxygen atoms of the water mol-
ecules. The Ti–O(Dipic) bonds in structures IV and V
are longer (on the average by 0.055 Å) than the
Ti−O(ç2é) bonds (2.085 and 2,030 Å, respectively). In
orthorhombic modification V, water molecules are
located along the axis 2 passing through the Ti and N
atoms and the paraatom C of a pyridine ring.

Two modifications, IV and V, have close parameters
of the complexes but different packing of structural
units in the crystals. In the triclinic phase, IV, all the
molecules are parallel to one another and bonded by
hydrogen bonds, which determines pleochroism of this
complex, whereas the neighboring rows of molecules in
the orthorhombic modification, V, are tilted by an angle
79.2° to one another, which explains the absence of ple-
ochroism in the orthorhombic modification.7 The
neighboring molecules in the rows of structure V are
spaced by large distances, so that the intermolecular
distance between the middle of the O⋅⋅⋅O(peroxo) bond
and the atom H(Py) is 4.59 Å. As a result, structure V
has channels surrounded with hydrophylic oxygens and
hydrophobic Py groups. Hydrogen bonds with the par-
ticipation of coordinated and terminal O atoms of the
acetate groups (O⋅⋅⋅O 2.622–2.911 and O–H 0.65–0.92,
and H⋅⋅⋅O 1.74–2.02 Å) form zigzag chains and link the
complex molecules into a three-dimensional frame-
work. Complex V acts rather as a free acid than as a
hydroxonium salt.

The dianionic [Ti(O2)(Dipic)F2]2– complex (Fig. 1d)
in the K2[Ti(O2)(Dipic)F2] · 2H2O (VI) has a structure
similar to that of IV and V [8] with the only difference
being that two trans positions in the Ti pseudooctahe-
dron are occupied by the F– ligands and not the O(H2O)
atoms.

In the [Ti(O2)(TacnMe3)(NCO)2] structure (VII)
[10], the metal atom is coordinated, in addition to the
é2 ligand, with five nitrogen atoms: three from the tri-
dentate–chelating macrocyclic ligand of 1,4,7-trime-
thyl-1,4,7-triazacyclononane (TacnMe3, N3C6H12Me3)
and two from monodentate NCO– ligands (Fig. 1e). It
should be noted that the O–O distance is unrealistically
short, 1.348(5) Å, in structure VII and falls outside the
rather narrow interval of distances, 1.42–1.47 Å, in the
structures of Ti peroxo complexes in I–XII (Table 1).

7 The existence of the shortest and most symmetric hydrogen bond
in complex IV between the coordinated and solvation water mol-
ecules (O···O 2.580, O–H(1) 0.95, H(1)···O 1.64 Å) allowed
Schwarzenbach et al. [8] to consider the H(1) atom as an proton
of the acid and to consider complex IV as an intermediate one in
the transition to the hydroxonium salt.
C

Jeske et al. [10] explain this anomaly by the disordered
nature of the peroxo group: according to the vibrational
spectroscopy8 and electrochemistry data, crystal VII
also contain [TiO(TacnMe3)(NCO)2] molecules not
identified in the course of X-ray diffraction analysis.

Jeske et al. [10] obtained some data on the
[Ti(O2)(TacnMe3)Cl2] crystal structure also containing
an impurity of the oxo complex of similar composition
[TiO(TacnMe3)Cl2]. In the crystal with the disordered
structure, the oxygen atoms occupy five positions with
different occupancy factors corresponding to two
Ti(O2) groups (the total occupancy for four O atoms is
about 50%) and one TiO whose occupancy is also about
50%.

1.2. Pseudooctahedral Binuclear Peroxo Complexes 
of Ti(IV)

Two binuclear peroxo complexes of titanium(IV),
VIII and IX, are structurally characterized. On these
complexes, metal atoms are connected by the bridging
oxo ligand in the special position on the twofold axis
(the TiOTi angle equals 178.1(8)° and 167.59(6)° in
VIII and IX, respectively).

In the K2[{Ti(O2)(Dipic)(H2O)}2(µ-O)] · 3H2O
compound (VIII) [11], the structure of the independent
half of the dimer in the binuclear complex anion
(Fig. 2a) is similar to the structures of mononuclear
complexes IV and V with only one difference: one of
two oxygen atoms of the coordinated water molecule is
replaced by a bridging oxo ligand.

In the Na4[{Ti(O2)(Nta)}2(µ-O)] · 11H2O structure
(IX) [12], each Ti atom in the four-charged complex
dimer anion (Fig. 2b) is coordinated, in addition to
µ-oxo and peroxo ligands, by four (N and 3O) atoms of
the anion of nitriletriacetic acid (H3Nta,
N(CH2COOH)3). In structures VIII and IX, the nitro-
gen atoms of the Dipic and Nta ligands are in trans-
positions to peroxo ligands. The Ti–(µ-O) bonds in
VIII and IX (1.825(2) and 1.819(2) Å, respectively) are
double bonds. In this case, the Ti–O(H2O) bond to the
oxygen atom in the trans-position to the µ-oxo ligand
in VIII is considerably longer (on the average by
0.153 Å) than the analogous Ti–O(H2O) bonds trans to
Ti–O(H2O) bonds in structures IV and V (2.183 and
2.030 ± 0.012 Å, respectively). On the other hand, the
Ti–O(Nta) bond to the oxygen atom in the trans posi-
tion to the µ-oxo ligand in structure IX is not longer but
even somewhat shorter (on the average, by 0.014 Å)
than the length of the Ti–O(Nta) bonds trans to Ti–
O(Nta) (2.065 and 2.079 ± 0.003 Å, respectively).

8 The IR spectra of VII and the analogous Cl2 complex (see below)

in addition to the ν(é–é) = 907 cm–1 bands also have intense
bands at 938 and 933 cm–1, respectively, which correspond to the
vibrations of the Ti=O(oxo) bonds.
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 2. Structures of pseudooctahedral binuclear peroxo complexes of titanium (IV): (a) [{Ti(O2)(Dipic)(H2O)}2(µ-O)]2− and

(b) [{Ti(O2)(Nta)}2(µ-O)]4–.
Schwarzenbach et al. [8, 9, 12] considered five
mono- and binuclear titanium(IV) complexes—IV–VI,
VIII, and IX—and indicated the relation between the
basicity of the axial ligands, complex color, and the
lengths of the Ti–O(peroxo) and Ti–L(axial) bonds,
with the O–O distance being constant. An increase in
the activity of axial ligands in the H2O  F  (µ-
O) row results in the change of the color from dark red
for IV and V (2é(ç2é)axial) to yellowish–orange for VI
(2Faxial), yellow for VIII ({O(H2O), (µ-O)}axial), and
pale yellow for IX ({O(Nta), (µ-O)}axial). In the same
row, the V–O(peroxo) bonds increase (1.846 ± 0.012,
1.833, 1.854 ± 0.008, 1.889 ± 0.017, and 1.891 ± 0.002 Å
for IV, V, VI, VIII, and IX, respectively). The V–Laxial

bond becomes shorter (for é(ç2é), 2.039 ± 0.017 Å in
IV and 2.018 Å in V; for Faxial, 1.870 ± 0.017 in VI and
1.819 in VIII, and for (µ-O)axial, 1.825 Å in IX). This
conclusion is confirmed by the electron-density distri-
bution on difference Fourier syntheses. The maxima of
the residual electron density for structures IV and V are
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
located between the maxima of the Ti atom and the O2

group; for structure VI, they are located in the vicinity
of the Ti–Faxial bond, and for structure IX, in the vicinity
of the Ti−(µ-O)axial bond. On the whole, the electron-
density distribution for bonds in IV–VI and IX struc-
tures agree with the pentagonal–bipyramidal sp3d3

hybridization of titanium(IV).

In the centrosymmetric complex dimer molecule of
(tert-butylperoxo)titanatrane, [{Ti(tert-BuOO)(µ-
Toea)}2] (Fig. 3) exists in a structure of solvate 1 : 3
with dichloromethane (X) [13]; its Ti atoms are linked
by two tetradentate (N, 3O) tris(chelate)-bridging
N,N,N-tris(2-oxyethyl)amine ligands (Toea, N(OEt)3).
Each of two Toea ligands acts as tetradentate–chelating
one to the first metal atom and as monodentate-chelat-
ing-bridging one to the second metal atom. The coordi-
nation polyhedron of titanium is built up to a pseudooc-
tahedron by an η2-coordinated tert-butylperoxo group.
Structure X is considered in more detail in Sect. 9.
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O(1)

O(2)

O(5)

Ti(1)

O(4)

N(1)

O(3)

Fig. 3. Structure of a binuclear (tert-butylperoxo)-titanatrane[{Ti(tert-BuOO)(µ-Toea)}2] ] complex.
1.3. Pseudooctahedral Tetranuclear 
[{Ti(O2)(µ-Cit)}4]8– Complex

The structure of the (NH4)8[Ti(O2)4 · (C6H4O7)4] ·
8H2O compound (XI) [14] is based on the centrosym-

O(16)

O(15)

O(9)

O(1)
Ti(1)

O(4)

O(2)

O(5)

O(3)

O(8)

Ti(2)

O(17)

O(7)

O(6)

O(10) O(11)

O(12)

O(13)

O(14)

O(18)

Fig. 4. Structure of a tetranuclear [{Ti(O2)(µ-Cit)}4]8–]
complex.
C

metric tetranuclear [{Ti(O2)(µ-Cit)}4]8– anion (Fig. 4).
Two binuclear fragments [{Ti(O2)(µ-Cit)}2]4– of the
complex anion are linked by chelating-bridging car-
boxylate O(6)–C–O(7) groups of two symmetrically
bonded anions of the citric acid (H4Cit,
(CH2)2(COOH)3(COH)). Two Cit4– (Cit1 and Cit2)
ligands coordinate metal atoms in different ways. The
Cit1 ligand coordinates, in addition to O(6) and O(7)
atoms of one carboxylate group, the Ti(1) atom through
the O(1) and O(4) atoms of two remaining COO groups
and also through the O(3) atom of the deprotonated
chelating–bridging alcohol group. Thus, the Cit1 ligand
acts as pentadentate chelating–bridging one. The Cit2

ligand coordinates the Ti(2) atom with O(8) and O(11)
atoms of two chelating COO groups and the O(10)
atom of the chelate–bridging alcohol group. Thus, the
Cit2 ligand acts as a tridentate chelating-bridging one.
On the whole, four of the six COO groups participate in
the coordination of metal atoms with one oxygen atom,
whereas the fifth COO group coordinates the Ti(1) and
Ti(2) atoms with the O(6) and O(7) atoms, respectively,
and thus is the chelating–bridging group. Oxygen
atoms of the sixth COO group (O(13)–C–(O(14)) do
not participate in the coordination of a metal atom. The
O(3) and O(10) atoms of deprotonated alcohol groups
in both Cit ligands trans to the peroxo O(15, 16) and
O(17, 18) ligands, respectively, act as chelating–bridg-
ing atoms. Kakihana et al. [14] indicate an important
stabilizing role played by the coordinated O2 ligands
preventing further polymerization of the tetranuclear
anion because of the nucleophilic attack on the equato-
rial position (occupied by the peroxo group) and
hydrolysis, which also increase the negative charge of
the complex and make possible the formation of the
ammonium salt XI stable in an aqueous solution.
Hydrolysis-stable compound XI, is a very promising
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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starting material for cheap and convenient synthesis of
practically important titanium-based materials.

1.4. Pseudotetragonal–Pyramidal Mononuclear 
[Ti(O2)(OEP)] Complex

The metal atom in the [Ti(O2)(OEP)] complex (XII)
[15] is characterized by the pseudotetragonal–pyrami-
dal coordination with four nitrogen atoms of macrocy-
clic dianionic 2, 3,7,8,12,13,17,18-octaethylporphyrin
ligand (OEP2–, N4C36H44) in the equatorial plane and
the peroxo ligand in the axial position (Fig. 5). The per-
oxo ligand has the eclipsed conformation relative to
two N(22, 24) atoms of a macroring. The Ti–N(22, 24)
bonds are longer (on the average by 0.038 Å) than the
remaining two Ti–N(21, 23) bonds (2.128 ± 0.005 and
2.090 ± 0.004 Å, respectively). The Ti atom is displaced
by 0.620 Å from the equatorial plane of four nitrogen
atoms. The structure similar to that of XII also has an
isostructural oxo analogue [TiO(OEP)] (XII) [15]. In
the transition from structure XII to XII', the local sym-
metry of the molecule C2v becomes higher, C4v . Gui-
lard et al. believe that the conformation formed in crys-
tal XII is preferable and confirmed this opinion by the
dynamic NMR data [15]. This conformation is steri-
cally advantageous because it minimizes the
é(é2)···C(Et) repulsion. This eclipsed conformation
observed in a number of structures of other peroxo
complexes of transition metals (in particular, in the
structure of the trans-MoVI(O2)2 with tetraarylporphy-
rin [20]). The molecular–orbital calculations show [21]
that the eclipsed conformation of the O2 ligand and two
N atoms, N(22, 24), maximizes the bonds between the
Ti, N(OEP), and O(O2) atoms. The study by the method
of dynamic 1ç and 13C NMR of complexes XII and
Ti(O2)(TPP) (XII'') [15] (H2TPP = 5, 10, 15, 20-tet-
raphenylporphyrin) shows that, in the temperature
range from room temperature to –50°C, the peroxo
ligand in solution undergoes fast exchange between
two equivalent sites, where two oxygen atoms eclipse
two equivalent pairs of opposite trans-nitrogen atoms,
N(22), N(24) and N(21), N(23). The rotation barrier for
an é2 ligand is 10.8 ± 0.5 and 9.9 ± 0.5 kcal mole at the
coalescence temperatures tc –50 and –65°C for XII and
XII'', respectively. According to [15], peroxotita-
nium(IV) porphyrin complexes undergo three succes-
sive electron-transfer reactions at the Pt cathode in the
dichloromethane solution. The first step is bielectronic
and irreversible and leads to the corresponding oxotita-
nium(IV) complex by reductive cleavage of the O–O
bond.

2. PSEUDOOCTAHEDRAL PEROXO 
COMPLEXES OF NIOBIUM(V) 

AND TANTALUM (V) WITH M : é2 = 1 : 1

Table 3 lists the geometric parameters of nine struc-
turally characterized pseudooctahedral peroxo com-
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
pounds of niobium(V) (XIII–XVII) [22–27], tanta-
lum(V) (XVIII–XX) [28–30], and titanium(IV) (XXI)
[31–33] with M : O2 = 1 : 1.

2.1. Mononuclear Pentafluoroperoxoniobates(V), 
[Nb(O2)F5]2– 

Five of compounds XIII–XVII contain pseudoocta-
hedral complex [Nb(O2)F5]2– cation with the noncrys-
tallographic symmetry C2v.

9 
Two sodium salts, Na2[Nb(O2)F5] · nH2O, n = 1

(XIII) [22] and n = 2 (XIV) [23] differ only by complex
anions statistically disordered with respect to peroxo
ligand with two equiprobable orientations.

In the Na3[Nb(O2)F5][HF2] structure (XV) [24], two
independent hydrogen fluoride anions have almost a
linear structure with the FHF angles 176(12)° and
179(10)°. The F···F distance in the H  anions of struc-
ture XV (2.838(4) and 2.292(4) Å) agree with the neu-
tron-diffraction value 2.292 Å [35] in the KHF2 struc-
ture [35]. Crystals XV are not isomorphous to
K3[Ta(O2)F5][HF2] crystals (XVIII) [28] which are
isostructural to the Nb analogue, K3[Nb(O2)F5][HF2].

In the phenanthrolinium salt (N2C12H10)[Nb(O2)F5]
(XVI) [25], the complex anion is disordered between
two orientations with the site occupancy factors (SOF)
0.6 and 0.4. Three equatorial Fe and two O(peroxo)
atoms are disordered; the Nb and two axial Fa atoms

9 The crystallographic data for seven potassium salts of isostruc-
tural oxo-, dioxo-, oxoperoxo- and peroxo complexes of Mo(VI),
Nb(VI), and Ta(V), including the data for[K2[M(O2)F5] · H2O
with M = Ta and Nb are given in [34].

F2
–

N(22)

N(21)

N(24)

N(23)

Ti(1)
O(2)

O(1)

Fig. 5. Structure of a pseudotetragonal–pyramidal mononu-
clear [Ti(O2)(OEP)] complex.
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M–La ∆(O2)* Reference

2.037(4) F 0.088 [22]
1.987(7) F 0.050 [23]
2.019(2) F 0.068 [24]
2.127(3) F 0.180 [25]
1.963(3) F 0.020
1.94(2) F 0.01 [26]
1.92 F –0.02 [27]
1.94 F –0.01 [27]
1.91(3) F –0.02 [28]
2.20(4) ± 0.06 [29]
O(OPyMe)
1.99(2) F 0.06 [30]
2.00(2) F 0.03

1.881(6) [31]
1.91(1) F [32]
1.95(2) ± 0.01 [33]
F,O(O2)****
1.91(4) F [32]
1.94(2) F [36]
1.95(2) F [32]
2.145(4) ± 0.014 0.015 [37]

O(Ox

1.834 ± 0.014, [38]
2.037 ± 0.009
µ2-O (Nb, Nb)
2.064 ± 0.024
µ2-O (Nb, W)
1.95(2) [41]
µ2-O (Nb, Nb)
2.04(2)
µ2-O (Nb, W)

o the peroxo ligand.
 line) and 0.4 (the lower line).
omplex (the lower line) are indicated.

.
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Table 3.  Geometric parameters (Å) of pseudooctahedral peroxo complexes of niobium(V) and tantalum(V) (M : O = 1 :

No. Compound M–O(O2) O–O(O2) M–Le

XIII Na2[Nb(O2)F5] · H2O 1.928(4) 1.476(7) 1.949(4) ± 0.043 F
XIV Na2[Nb(O2)F5] · 2H2O 1.95(1) ± 0.02 1.46(3) ± 0.05 1.937(4) ± 0.001 F
XV Na3[Nb(O2)F5] · [HF2] 1.932(2) ± 0.008 1.481(4) 1.951(2) ± 0.045 F
XVI (H2Phen)[Nb(O2)F5]** 1.878(1) ± 0.006 1.483(8) 1.947(4) ± 0.034 F

1.904(9) ± 0.021 1.44(2) 1.943(6) ± 0.030 F
XVII (HQu)2[Nb(O2)F5] · 3H2O (295K) 1.93(6) ± 0.02 1.17(9) 1.93(4) ± 0.09 F
XVIIa (HQu)2[Nb(O2)F5] · 3H2O (275K) 1.94 ± 0.05 1.32 1.94 ± 0.05 F
XVIIb (HQu)2[Nb(O2)F5] · 3H2O (170K) 1.96 ± 0.01 1.45 1.95 ± 0.06 F
XVIII K[Ta(O2)(F5)][HF2] 2.035(12) ± 0.015 1.6(2) 1.93(7) ± 0.04 F
XIX (NEt4)[Ta(O2)F4(OPyMe)] 1.92(5) ± 0.08 1.55(7) ± 0.12 1.94(3) ± 0.12 F

XX K6[Ta(O2)F5][{Ta(O2)F4}2(µ-O)] · H2O*** 1.93(1) 1.39(3) 1.93(2) ± 0.04 F;
1.97(1) ± 0.02 1.69(3) ± 0.05 1.97(2) ± 0.02 F; 

1.89(10) ± 0.03 Om
XXI (NH4)3[Ti(O2)F5] 1.90(2) 1.64 1.881(6)
XXIa (NH4)3[Ti(O2)F5] 1.82 1.421 1.91(1) F
XXIb (NH4)3[Ti(O2)F5] 1.95(2) ± 0.01**** 1.95(2) ± 0.01

F,O(O2)****
XXII (NH4)3[Ta(O2)2F4] 2.07(4) 1.45 1.91(4) F
XXIIa (NH4)3[Ta(O2)2F4] 2.03(2) 1.50 1.94(2) F
XXIII (NH4)3[Nb(O2)2F4] 1.94(2) 1.45 1.95(2) F
XXIV (NH4)3[Nb(O2)2(Ox)2]2 · H2O 1.972(4) ± 0.011 1.483(6) ± 0.003 2.130(3) ± 0.007

O(Ox

XXV Cs6[PW9{Nb(O2)}3O37] · HCl · 6.5H2O 1.955 ± 0.035 1.494 ± 0.024 2.490 ± 0.024 µ4-O

XXVI H3Cs5.6K3.1Li0.3[P2W12{Nb(O2)}6] · 11H2O****** 1.93(3) 1.43(4) 2.35(2) µ4, µ3-O

          * ∆(O2) is the difference between the M–La and M–Le distances to the atoms of the same species in the trans and cis positions t
        ** For structure XVI, the data are given for two orientations of a disordered anion with the site occupancy factors 0.6 (the upper
      *** For structure XX, the geometrical parameters of the [Ta(O2)F5]2– complexes (the upper line) and the [{Ta(O2)F4}2(µ-O)]4– c
    **** In the refinement of XXIb structure, the light (F, O, and O2) atoms were set as fluorine atoms.
  ***** For structure XXIV, Ts and T are the Nb–O(Ox) distances to oxygen atoms cis and  trans to peroxo ligand, respectively.
****** For structure XXVI, the geometrical parameters for metal atoms are given 5/6 Nb + 1/6 W (Nb(3, 8, 9, 14, 15, 18) in Fig. 8b)

)Ts*****



STRUCTURAL CHARACTERISTICS OF PEROXO COMPLEXES 917
occupy, within error, the ordered positions. The planes
of the two orientations of the approximately plane Nb,
3Fe, 2O (peroxo) fragment are tilted by 3.3° to one
another and are rotated around the Fa–Nb–Fa axis by
61° with respect to one another.

In the structure of 8-hydroxyquinolinium (H )
salt (C9H8NO)2[Nb(O2)F5] · 3H2O (XVII) determined
by the photographic method at room temperature [26]
and refined by the diffractometric data at 275 and 170 K

[27], the (H ) cations, complex anions, and water
molecules of crystallization are linked by a branched
net of hydrogen O–H···F, O–H···O, N–H···F, and
N−H···O bonds. Ru ic-Toro  et al. [26] and Stomberg
[27] indicate positional disorder in the complex anion
in structure XVII. In particular, the unrealistically short
O–O distance 1.17(9) Å and rather low accuracy are
explained by the crystal decomposition under X-rays
and partial removal of peroxo groups [26]. For one of
two O(peroxo) atoms, the refined site occupancy factor
was as low as 0.3 (in the refinement of the other O(per-
oxo) atom, the occupancy did not deviate from the ideal
value, 1.0).

One more type of disorder was established in the
ammonium pentafluoroperoxotitanate, (NH4)3[Ti(O2)F5]
(XXI) [31–33]. The compound is crystallized in the
cubic system (Z = 4, sp. gr. Fm3m). According to
[31, 32], fluorine and oxygen atoms occupy their posi-
tions only partially: the F atom occupies 24e position
by 0.833, and the O atom occupies the 96j position by
0.083. Thus, the peroxo ligand has 12 orientations and
statistically occupies two orientations in each of the six
vertices of a pseudooctahedron with equal probabili-
ties.

Stomberg and Svenson [33] describe structure XXI
somewhat differently. They interpret light atoms (F and
O(O2)) as fluorine atoms in two 96j positions in the
ratio 2.5 : 1; in other words, the site occupancy factors
of F(1) and F(2) positions are 0.208 and 0.083.

The coordination polyhedra of metal atoms in the
[M(O2)F5]–2 – n complexes (M = Nb, Ta, n = 0, M = Ti,
n = 1) in structures XIII–XXI are described either as
pseudooctahedra (the peroxo ligand occupies one ver-
tex) or as pentagonal bipyramids with two oxygen
atoms of the O2 ligand in the equatorial positions [22–
33]. As a rule, the Nb–Ftrans bond to the fluorine atom in
the trans position to the peroxo ligand in a pseudoocta-
hedron is longer than the Nb–Fcis bond (for details see
Sect. 5). Moreover, usually, Nb–Fcis bonds have differ-
ent lengths: Nb–Fa bonds to fluorine atoms in the axial
vertices of a pentagonal bipyramid are often shorter
than the Nb–Fe bonds to fluorine atoms in the equatorial
positions. Thus, in structures XIII, XV, and XVI, the
Nb–Fa bonds (1.922 ± 0.016, 1.921 ± 0.015, and
1.922 ± 0.009 Å, respectively) are shorter (on the aver-
age, by 0.054, 0.061, and 0.046 Å) than the cis-bonds

Qu4
+

Qu4
+

z

^

s

´
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Nb–Fe (1.976 ± 0.000, 1.982 ± 0.007, and 1.968 ±
0.022 Å, respectively). This may be explained by the
fact that the fluorine atoms located at the longest and
shortest distances from the metal participate in the min-
imum and maximum numbers of contacts with the
counterions, respectively. In particular, in structure XV,
the F(3) atom contacts with only one metal atom,
whereas each of the F(1) and F(2) atoms contact with
three Na atoms (Nb–F(3) 1.906 is the shortest bond,
and Nb–F(1) 1.988 and Nb–F(2) 2.019 Å are the long-
est bonds in the structure).

2.2. Mononuclear [Ta(O2)F4(OPyMe)]– Complex

In each of the two independent complex anions in
the (NEt4)[Ta(O2)F4(C6H7NO)] structure (XIX) [29],
the trans position to the peroxo ligand is occupied by
the oxygen atom of the 2-methylpyridine-N-oxide
ligand (OPyMe). In the pentagonal bipyramid TaO3F4,
the axial Ta–F bonds are, on the average, 0.02 Å shorter
than the equatorial ones (Ta–Fa 1.93(3) ± 0.03 and Ta–
Fe 1.95(3) ± 0.11 Å). The average Ta–O(éPyMe) bond
length is 2.20(4) ± 0.06 Å.

2.3. Pseuodooctahedral Mono- and Binuclear 
Fluoroperoxotantalate Anions 

in K6Ta3(O2)3OF13 · H2O Compound

In the K6Ta3(O2)3OF13 · H2O structure (XX) [30],
there are two types of complex anions: mononuclear
[Ta(O2)F5]2– and binuclear [{Ta(O2)F4}2(µ-é)]4– ones
with an approximately linear Ta–(µ-é)–Ta bridge
(TaOTa angle 171.5(9)°). As usual, the Ta–Ftrans bonds
from the atoms in the trans positions to the é2 ligand in
the Ta(O2)F5 and Ta(O2)F4(µ-é) octahedra are some-
what longer than the Ta–Fcis bonds (on average, by
0.055 and 0.035 Å in the mono- and binuclear anions,
respectively). The average Ta–(µ-O) bond length is
1.895(10) ± 0.035 Å. Massa and Pausewang [30] indi-

F(12)

F(13)

O(12) O(13)

Ta(11)

F(11)

F(14)

O(11)

N(11)

Fig. 6. Structure of a pseudooctahedral per-
oxo[Ta(O2)F4(OPyMe)]–] complex.
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cate a considerable difference in the O–O(peroxo) bond
lengths in mono- and binuclear anions (1.39(3) and
1.70(3) ± 0.06 Å, respectively), which correlates with
the IR- and Raman-spectroscopy data. In particular, to
the O–O bonds in mono- (A) and binuclear (B) anions
there correspond the following frequencies in the IR
spectrum of compound XX: ν(O–O) = 887 (A) and 833
(B), νs(Ta–O2) = 577 (A) and 533 (B), νas(Ta–O2) =
490 cm–1 (A + B).

3. PSEUDOOCTAHEDRAL MONONUCLEAR 
PEROXO COMPLEXES OF NIOBIUM(V) 

AND TANTALUM(V) WITH M : é2 = 1 : 2

Table 3 lists the geometrical parameters of three
pseudooctahedral peroxo complexes of Nb(V) and
Ta(V) with M : é2 = 1 : 2 (XXII–XXIV).

Crystals of the two compounds with the general for-
mula (NH4)3[M(O2)2F4], M = Ta (XXII) [32, 36] and
M = Nb (XXIII) [32] are isostructural to crystals of
compound XXI [31–33] considered in Sect. 2.1 with
only one difference: different values of site occupancy
of positions of light atoms. In XXII and XXIII, the
occupancies of the positions occupied by fluorine and
oxygen atoms are 0.667 and 0.167, respectively.10 In
the [M(O2)2F4]3– pseudooctahedron, the peroxo groups
are located in the neighboring vertices (in the cis posi-
tions). The M–F bonds for fluorine atoms in the trans
and cis positions to the peroxo ligands have the same
lengths, because all the fluorine atoms are located in
one crystallographic position 96j.

Depending on the conditions of crystal synthesis,
the K3[Ta(O2)2F4] compound may have, in addition to
the cubic phase [32, 36] isostructural to XXII and
XXIII, the monoclinic phase whose parameters are
indicated in [36]. According to [36], cooling of the
XXII crystal to 120 K gave no rise to a phase transition.

In the (NH4)3[Nb(O2)2(Ox)2] · H2é structure
(XXIV) [37], the Nb atom in the complex anion
(Fig. 7) is coordinated with two peroxo ligands cis to
one another and to four oxygen atoms in two bidentate–
chelating dianion ligands of the oxalic acid ç2Ox,
ç2ë2é4. On the average, the Nb–é(Ox) bonds to the
oxygen atoms trans to the O2 ligand are by 0.015 Å
longer than the Nb–é(Ox)cis bonds to the é(Ox) atoms
in trans positions to one another (2.145(4) ± 0.014 and
2.130(3) ± 0.007 Å, respectively).

Considering O2 as a bidentate–chelating ligand, one
may describe the coordination polyhedron of a
M(O2)2F4 complex as a dodecahedron [37].

10According to [32], the positions of oxygen atoms localized from
the difference Fourier syntheses of structures XXII and XXIII
were not refined.
C

4. PSEUDOOCTAHEDRAL Nb(O2)O5 
COMPLEXES IN POLYTUNGSTOPHOSPHATE 

HETEROPOLYANIONS

Two compounds containing polytungstophosphate
heteropolyanions in which several terminal oxotung-
sten groups are replaced by peroxoniobium fragments
are of special interest.

In the Cs6[PW9{Nb(O2)}3O37] · HCl · 6.5H2O struc-
ture (XXV) [38] containing heteropolyanion 1 : 12 of
the Keggin type [39], three terminal WO groups are
replaced by the Nb(O2) fragments. In the
[PW9{Nb(O2)}3O37]6– structure with heteropolyanions
(Fig. 8a), the A,α-PW9 isomer is formed instead of the
expected A,β-PW9 isomer. Three Nb atoms are located
in three different NbW2O12(O2) triads containing WO6
octahedra sharing the edges and Nb(O2)O5 pseudoocta-
hedra. In this case, the Nb atoms share the vertices (A-
type positional isomer). The fourth W3O13 triad is
rotated around axis 3 with respect to the initial α isomer
by an angle of 60° and, thus, forms the β isomer. The
Nb(O2) fragments are oriented in such a way that per-
oxo groups lie in the planes of the corresponding atoms
of Nb2W4, whereas the relative orientation of three
Nb2W4 at angles of about 120° determines the het-
eropolyanion symmetry close to C3. In XXV, the ës+

cations and the water molecules of crystallization are
partially disordered.

Similar to structure XXV, in the heteropolyanion 2 :
18 of the Dawson α type (Fig. 8b) [40] of the
H3Cs5.6K3.1Li0.3[[P2W12{Nb(O2)}6O56] · 11H2O struc-
ture (XXVI) [41], six terminal WO groups (one in each
of two “caps” and two in each of two “belts”) are
replaced by Nb(O2) fragments whose orientation with
respect to the Nb2W4 belts is such that the Nb(9)O(21,
22) and Nb(15)O(53, 54) groups are perpendicular to
the belt, whereas Nb(8)O(19, 20) and Nb(14)O(51, 52)
are approximately coplanar to the Nb2W4. Judd et al.
[41] believe that the distribution of the O2 groups in a
heteropolyanion is partly determined by the cation–
anion interaction: in particular, the Cs–O(22) and Cs–
O(53) distances are less than the sum of the van der
Waals radii of Cs and O. The orientation of the Nb(O2)
groups lowers the symmetry of a heteropolyanion in
XXVI to C1 . In distinction from an ordered heteropoly-
anion in structure XXV, the positions of Nb and W
atoms in a heteropolyanion in structure XXVI are
mixed in the ratio 5/6 Nb + 1/6 W for the Nb(3, 8, 9, 14,
15, 18) atoms and 5/6 W + 1/6 Nb for the W(1, 4, 5, 10,
11, 16) atoms.

The Nb atoms in XXV and XXVI structures are
coordinated over the vertices of pseudooctahedra by the
terminal η2-peroxo group, four equatorial µ2-bridging
O atoms (in cis position to the O2 ligand), and the axial
µ4 O atom in XXV (in the cap position in XXVI) or the
µ3-bridging O atom in the belt position in XXVI (trans
to O2). In structures XXV and XXVI, the equatorial
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 7. Structure of a pseudooctahedral mononuclear [Nb(O2)2(Ox)2]3– complex.
Nb–O bonds differ depending on the nature of metal
atoms bonded by µ2-O atoms. In structure XXV, the µ2-
bridges that link two niobium atoms (µ2-atoms O(31),
O(38), and O(39)) are strongly asymmetric: in each
triad, one Nb–(µ2-O) bond is shorter, on the average, by
0.203 Å than the other bonds (1.834 ± 0.014 and
2.037 ± 0.009 Å, respectively). On the other hand, the
µ2 bridges that link the niobium and tungsten atoms (µ2
atoms (O(15), O(19), O(21), O(23). O(28), O(29)) are
symmetric (2.064 ± 0.024 Å). The Nb–(µ2-O)Nb, Nb
bonds are shorter, on the average, by 0.13 Å than the
Nb–(µ2-O)Nb, W bonds (1.936 and 2.064 Å, respec-
tively). The equatorial Nb–(µ2-O)Nb, Nb bonds in struc-
ture XXVI (only the averaged distances are indicated in
[41]) are shorter, on the average, by 0.09 Å than the
Nb–(µ2-O)Nb, W bonds (1.95(2) and 2.04(2) Å, respec-
tively).

Table 3 does not list rather large ∆(é2) parameters
for compounds XXV and XXVI (equal, on the average,
to 0.355 and 0.490, respectively), because the oxygen
atoms in trans and cis positions to peroxo ligands act in
different bridging modes: µ3, µ4 in the former case and
µ2 in the latter).

5. STRUCTURAL MANIFESTATION 
OF trans EFFECT OF THE PEROXO LIGAND 

IN COMPLEXES OF GROUP IV AND V 
TRANSITION METALS

One of the characteristic features of structures of
pseudooctahedral peroxo complexes of transition met-
als of Groups IV and V is the structural manifestation
of the trans effect of peroxo groups: elongation of the
RAPHY REPORTS      Vol. 49      No. 6      2004
M–Ltrans bond to the ligand (or the donor atoms of the
ligand) trans to the O2 ligand in comparison with the
length of the M–Lcis to an atom or a ligand of the same
species. The quantitative measure of the structural
effect of peroxo ligands is its parameter ∆(é2).

The structural manifestation of the structural mani-
festation of the trans effect (SMTE) of the é2 ligand is
rather clearly seen in all the five Ti(IV) complexes with
the same donor atoms (N or O) of organic polydentate
ligands (Table 2). In monomer [Ti(O2)(Pic)2(HMPT)]
(I) [5], [Ti(O2)(Tcpa)2(Py)] (III) [7], and
[Ti(O2)(TacnMe3)(NCO)2] (VII) [10] complexes, the
∆(é2) values for the Ti–N bonds of the chelating Pic,
Tcpa, and TacnMe3 ligands are equal to 0.133, 0.153,
and 0.113 Å, respectively. For the Ti–O bonds of che-
late–bridging Toea and Cit ligands in the bi- and tetra-
nuclear [{Ti(tert-BuOO)(µ-Toea)}2] (X) [13] and
[{Ti(O2)(µ-Cit)}4] (XI) [14] complexes, respectively,
the structural manifestation of the trans effect of a per-
oxo ligand is also observed, although to a considerably
lesser degree, ∆(é2) = 0.054 and 0.036 Å.

The structural manifestation of the trans effect of a
peroxo ligand is also observed in four pentafluoroper-
oxoniobates, [Nb(O2)F5]2–, (XIII–XVI, Table 3) [22–
25] with the average value ranging within ∆(é2) =
0.050–0.100 Å, similar to the structural trans effect of
the mono- [Ta(O2)F5]2– and binuclear [{Ta(O2)F4}2(µ-
O)]4– complexes of structure XX [30] equal to ∆(é2) =
0.055 and 0.035 Å, respectively.11

11In terms of the structural manifestation of the trans effect of the
O2 ligand, the more or less disordered [M(O2)F5] complexes in
structures XVII, XVIII, and XXI–XXIII are not discussed here.
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Fig. 8. Structure of heteropolyanions containing Nb(O2)O5 fragments: (a) [PW9{Nb(O2)}3O37]6– and (b) [P2W12{Nb(O2)}6O56]12–.
A considerably weaker structural manifestation of
the trans effect of the O2 ligand is observed in the diper-
oxo [Nb(O2)2(Ox)2]3– complex in XXIV (Table 3) [37]
(∆(é2) = 0.015 Å), which seems to be quite natural if
one takes into account that the structural manifestation
of the trans effect of any multiply bonded ligands (in
particular, Ooxo) is reduced with an increase of the num-
ber of these ligands in the structure, ∆(éoxo) >
∆(éoxo)2 > ∆(éoxo)3 [42] and ∆(é2) > ∆(é2)2.

It is interesting to compare the structural manifesta-
tion of the trans effect of peroxo and oxo ligands in
monoperoxo and monooxo complexes with close com-
positions. Thus, in peroxo complex VII mentioned
above (Table 2) and in the analogous
[TiO(TacnMe3)(NCO)2] (VII') oxo compound [43], the
Ti–N(TacnMe3)trans bond to the nitrogen atom trans to
the O2 ligand is somewhat shorter than to the Ooxo atom
(2.372 and 2.413 Å, respectively), where, on the con-
trary, the Ti–N(TacnMe3)cis bond in structure VII is
somewhat longer than in VII' (2.259 and 2.236 Å,
respectively). Naturally, the value of the ∆(é) parame-
ter in structure VII' is considerably higher than ∆(é2)
in VII (0.177 and 0.113 Å, respectively). The length of
the Ti=Ooxo bond in VII' equals 1.638 Å.
C

An even more pronounced difference in the ∆(é)
and ∆(é2) parameters is observed in a [NbOF5]2– com-
plex of the Na2[NbOF5] structure (VIII') [44] and in a
[Nb(O2)F5]2– complex of three sodium salts XIII–XV
[22-24]: the length of the Nb–Ftrans bond equals 2.095
in VIII' and 2.014 ± 0.027 Å in XIII–XV, the length of
the Nb–Fcis bond equals 1.946 ± 0.028 and 1.946 ±
0.009 Å, respectively; ∆(é) = 0.149 Å in VIII' and
∆(é2) = 0.069 ± 0.019 Å in XIII–XV. The Nb = Ooxo
distance in structure VIII' equals 1.765 Å.

The structural manifestation of the trans effect of a
multiple M–O bond in oxo complexes of d0 metals of
Groups V–VII is well studied and described, e.g., in
[42–45]. One can state that elongation of a bond which
is trans to the η2-dioxo ligand is the structural manifes-
tation of the weakening trans effect of this ligand and is
comparable with the effect of a multiply bonded oxo
ligand.

Now, consider in brief the structural manifestation
of the trans effect of multiply bonded ligands in pseu-
dooctahedral oxoperoxo complexes of vanadium(V) of
the VO(O2) type described in detail elsewhere [3, 4].
These complexes may be considered as analogues of
sixfold-coordinated dioxo complexes of d0 metals (in
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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particular, V(O)2). In this case, oxo and peroxo ligands
or two oxo ligands are always in cis positions with
respect to one another in the coordination polyhedra of
both types.

Table 4 lists the main bond lengths for thirteen pseu-
dooctahedral VO(O2) complexes in which the trans and
cis positions to the O2 ligand are always occupied by
the same donor atoms of polydentate organic ligands
(XXVII–XXXIX) [46–57].

In the general case, the choice of a concrete geomet-
ric isomer in octahedral oxo compounds of the d0 met-
als of Groups V–VI in the presence of competing donor
atoms in heteroligand complexes is determined by the
self-consistency rule [58]: the trans position to multiply
a bonded ligand is usually occupied by an atom or a
ligand, the bond with which may be more easily weak-
ened (in particular a neutral–donor ligand rather than an
acido ligand). The self-consistency rule works, practi-
cally without any exceptions, being applied to an oxo
ligand and, in its general features, also to an O2 ligand.

As is seen from Table 4, the structural manifestation
of the trans effect of a peroxo ligand is usually weaker
than of an oxo ligand. Indeed, of the total number of
nine structures in which both trans and cis positions in
oxo and peroxo ligands are occupied by the same donor
atoms of organic ligands, the ∆(é2) and ∆(é) parame-
ters are comparable (0.115–0.126 and 0.112–0.121 Å,
respectively) only in three structures: [VO(O2)(L)2]+

[50], L = Bipy (XXXI), Phen (XXXII); and
[VO(O2)(Ox)2] (XXXIII) [51]. In the remaining six
structures (Table 4), the ∆(é2) value ranges within
∆(é2) = –0.048 to +0.081, whereas ∆(é) = 0.099–
0.548 Å. The quantitative value of the structural mani-
festation of the trans effect of a peroxo ligand depends
more pronouncedly on the nature of the opposite
ligand. Thus, the complexes containing asymmetric
chelating ligands (anions of carboxylic acids, Pyanaph,
Ida, etc.) with the donor N and O atoms trans to O2 usu-
ally exist in the range of weak or absent structural man-
ifestation of the trans effect (∆(O2) = –0.08 to +0.08 Å,
Table 4 and Table 1 in [3]). Based on the accumulated
structural data, one may assume that a dioxygen ligand
manifests no trans effect in those occasions where the
accompanying chelating ligand contains nonequivalent
atoms that may be potential donors (N, O).

6. MONONUCLEAR PEROXO COMPLEXES 
OF NIOBIUM(V) AND VANADIUM(V) 

WITH M : é2 = 1 : 3

Table 5 lists the geometrical parameters of two trip-
eroxo compounds: K[Nb(O2)3(Phen)] · 3H2O (XL) [59]
and K[Nb)O2)3(Phen)] · 3H2O · H2O2 (XLI) [59]. In a
complex [Nb(O2)3(Phen)]– anion (Fig. 9) with the local
symmetry Cs, the Nb atom is coordinated over the
dodecahedron vertices with six oxygen atoms of three
peroxo ligands and two nitrogen atoms of a Phen
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      200
ligand. If one assumes that the O2 ligand occupies one
vertex, then the coordination polyhedron of a metal in
structures XL and XLI may be described as a strongly
distorted pseudotrigonal bipyramid with the N(Phen)
atoms in the equatorial positions and the peroxo
ligands, O(10, 11) and O(20, 21), in the axial positions.
The dihedral angle between the pseudoequatorial and
pseudoaxial planes of the pseudotrigonal bipyramid
(O(30), O(31), N(4), N(41)/O(10), O(11), O(20), O(21)
equals 89.9° and 89.8° in structures XL and XLI,
respectively. The average bond lengths in the two struc-
tures are Nb–O(O2) 1.986 Å, O–O(O2) 1.499 Å, and
Nb–N 2.310 Å; the O(O2)NbO(O2) angle equals 44.4°.
The O–O bond length in the water molecule of crystal-
lized ç2é2 of the XLI structure equals 1.425(10) Å.

The short communication [60] describes the
(NMe4)2[V(OH)(O2)3] · 4H2O structure (XLII) with an
unusual geometry: a one-capped trigonal–prismatic
seven-vertex coordination polyhedron of a metal atom.
The symmetry axis 3 passes in the complex anion of the
trigonal crystal through the capped hydroxoligand and
the central vanadium atom; the local symmetry of the
complex is 3m. The V atom is displaced from the trigo-
nal plane of the prism by 0.17 Å. All the hydrogen
atoms in the structure are disordered. One may assume
that the coordination seven-vertex polyhedron of a
metal in structure XLII is reduced to a pseudotetrahe-
dron with three η2-peroxo and one σ hydroxoligands at
the vertices.

The one-capped trigonal–prismatic geometry char-
acteristic of structure XLII is also possessed by a com-
plex anion in the (NH4)2[V(O2)3F] · H2O compound
[61] whose structure is determined with a very low
accuracy (R = 25%).

7. MONONUCLEAR PEROXO COMPLEXES 
OF NIOBIUM(V) AND VANADIUM(V) 

WITH M : é2 = 1 : 4

Table 5 lists the geometrical parameters of three
mononuclear tetraperoxo complexes of Nb(V) and
V(V) with M : O2 = 1 : 4 (XLIII–XLV).

O(11)

O(10)

Nb(1)

O(30)

O(20)

O(21)

O(31)

N(4)

N(41)

Fig. 9. Structure of a pseudotrigonal–bipyramidal mononu-
clear[Nb(O2)3(Phen)]– complex.
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V–Lcis
∆(O2)
∆(O) Reference

(Cmhis) 0.013 [46]

(Cmhis) 0.099

0.005 N(Brg) 0.074 [47]

anaph) 0.000 [48]

anaph)

(HB)(Pz)3) 0.081 [49]

(PzH) 0.202

0.005 0.116 [50]

0.112

.01 0.12 [50]

0.12

0.003 0.126 [51]

0.121

(Phen) 0.044 [52]

(H2O) 0.134

.01 N(Bipy) –0.01 [53]

0.015 F 0.332

0.000 Oxm(MalH) –0.030 [54]

0.001 Ox(MalH) 0.250

xm(CitH2) –0.048 [55]

x(CitH2) 0.548

0.006 Oxm(TartH2) 0.009 [56]

0.005 Ox(TartH2)

0.003 Nx(GlyGly) –0.080 [57]

0.001 Ox(GlyGly)

r ligands: H2Ox—oxalic acid, H3Mal—malonic acid,
ycine, HPyanaph—1-(2-pyridine-2-naphthalene),
oline, H2GlyGly—glucylglycine.
Table 4.  The basic bond lengths (Å) in pseudooctahedral oxomonoperoxo complexes of vanadium(V)

No. Compound V–O(peroxo)
V–O(oxo)

V–L, trans to O2
V–L, trans to O(oxo)

XXVII K[VO(O2)(DL-Cmhis)] · H2O 1.878(1) ± 0.004 2.169(2) N(Cmhis) 2.156(2) N

1.598(1) 2.144(1) O(Cmhis) 2.045(1) O

XXVIII [VO(O2)(Bpg)] · H2O 1.867(2) ± 0.002 2.217(2) N(Bpg) 2.143(2) ± 

1.615(1) 2.085(2) O(Bpg)

XXIX [VO(O2)(Py)(Pyanaph)] 1.853 ± 0.006 2.124 N(Pyanaph) 2.124 N(Py

1.708 2.439 N(Py) 2.001 O(Py

XXX [VO(O2){HB(Pz)3}(PzH)] · Tgf 1.875(1) ± 0.013 2.203(5)
N(HB(Pz)3)

2.122(5) N

1.603(4) 2.324(5) 2.165(5) N

XXXI [VO(O2)(Bipy)2]ClO4 1.840(5) ± 0.028 2.247(4) 
N(Bipy)

2.131(4) ± 

1.625(3) 2.243(5) N(Bipy)

XXXII [VO(O2)(Phen)2]ClO4 1.85(2) ± 0.02 2.24(2) 
N(Phen)

2.12(2) ± 0

1.60(1) 2.24(2) N(Phen)

XXXIII K3[VO(O2)(Ox)2] · 0.5H2O 1.876(6) ± 0.006 2.147(3)
O(Ox)

2.021(3) ± 

1.625(6) 2.142(3) O(Ox)

XXXIV [VO(O2)(Phen)(H2O)2]Cl · 0.38H2O 1.876(2) ± 0.011 2.201(2) N(Phen) 2.157(2) N

1.589(2) 2.209(3) O(H2O) 2.075(2) O

XXXV (NH4)[VO(O2)(Bipy)F2] · 2H2O 1.88(2) ± 0.03 2.20(1) ± 0.02 N(Bipy) 2.21(1) ± 0

1.602(9) ± 0.006 2.223(8) ± 0.030 F 1.891(9) ± 

XXXVI (NH4)2[VO(O2)(µ-MalH)]2 · 2H2O 1.878(1) ± 0.007 2.000(1) ± 0.009 Oxm(MalH) 2.030(1) ± 

1.602(1) ± 0.001 2.286(1) ± 0.016 Ox(MalH) 2.036(1) ± 

XXXVII K2[VO(O2)(µ-CitH2)]2 · 2H2O 1.880(1) ± 0.008 1.991(1) Oxm(CitH2) 2.039(1) O

1.601(1) 2.561(1) Ox(CitH2) 2.013(1) O

XXXVIII K2[VO(O2)(µ-TartH2)2(µ-H2O)] · 0.5H2O 1.882(5) ± 0.021 2.018(5) ± 0.008 Oxm(TartH2) 2.009(5) ± 

1.586(5) ± 0.002 2.394(6) ± 0.004 Om(H2O) 2.002(6) ± 

XXXIX (NEt4)2[VO(µ-O2)(GlyGly)]2 · 3.16H2O 1.893(4) ± 0.016 2.034(5) ± 0.001 Nx(GlyGly) 2.114(4) ± 

1.593(4) ± 0.008 2.617(4) ± 0.04 Om(O2) 2.010(1) ± 

Note. We used the following notations: m—bridging atom, x—chelating atom, and xm—chelate-bridging atom. Notation of acids and othe
H4Cit—citric acid, H4Tart—tartric acid, H2Cmhis—N-carboxymethylhistidine, HBpg—N,N-bis(2-pyridyl-2-methyl)gl
H2B(Pz)3—hydrotris(3,5-diisopropyl-1-yl)borate, PzH—3,5-diisopropylpyrazole, Bipy—2,2'bipyridyl, Phen—1,10-phenanthr
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Table 5.  Geometrical parameters (Å) of the peroxo complexes of the d0 metals of Groups IV and V (Ti, V, Nb, Ta) with
M : O2 = 1 : 3 and 1 : 4

No. Compound M–O(O2) O–O(O2) M–L Refer-
ence

XL K[Nb(O2)3(Phen)] · 3H2O 1.987(7) ± 0.027 1.489(9) ± 0.019 2.307(8) ± 0.026 N(Phen) [59]

XLI K[Nb(O2)3(Phen)] · 3H2O · H2O2 1.985(6) ± 0.020 1.509(6) ± 0.015 2.314(6) ± 0.007 N(Phen) [59]

XLIII KMg[Nb(O2)4 · 7H2O 2.026(3) ± 0.040 1.500(4) ± 0.005 [62]

XLIV Na3[V(O2)4] · H2O2 · 10.5H2O 1.918(1) ± 0.016 1.470(2) ± 0.003 [63]

XLXLV Na3[VO(O2)4] · 14H2O 1.915(2) ± 0.045 1.500(4) ± 0.031 [63]
The metal atom in the complex [M(O2)4]3– anions
(M = Nb and V) with the local symmetry D2d is coordi-
nated over the vertices of a dodecahedron (pseudotetra-
hedron) with eight atoms of four peroxo ligands coor-
dinated in an η2-fashion.

In the KMg[Nb(O2)4] · 7H2O structure (XLIII) [62],
the [Mg(H2O)6]2+ cations are linked by hydrogen
é−ç···é bonds into layers with the ä+, [Nb(O2)4]3–,
and H2O molecules of water of crystallization in
between.

The structures of two tetraperoxovanadates of
Na3[V(O2)4] · 10.5H2O · H2O2 (XLIV) [63] and
Na3[V(O2)4] · 14H2O (XLV) [63] are partly disordered.
In structure XLIV, one of the Na atoms occupies the
position with occupancy 0.5, whereas the positions of
three oxygen atoms (from one water molecule of crys-
tallization and an ç2é molecule) with occupancy 0.5
are overlapped. In structure XLV, four disordered O2

ligands uniquely determine two equally probable orien-
tations of the centrosymmetric [V(O2)4]3– complex
(Fig. 10 shows only one orientation; the site occupancy
factors of the O(2A), O(2B), O(4A0, and O(4B) atoms
are equal to 0.5). In the [M(O2)4] dodecahedra of the
opposite peroxo groups, the O(1)VO(2)- and
é(2A)Vé(2B)-type angles (Fig. 10) are close to 180
and 88°, respectively, 177.81(5)° and 87.76(5)° in
XLIV, and 180° and 87.7(1)° in XLV, whereas in diper-
oxovanadates these angles are close to 150° and 90°,
respectively.

The synthesis of tri- and tetraperoxo compounds is
rather difficult [63] since the alkali solutions used for
obtaining [M(O2)4] and [M(O2)3] complexes are rather
unstable because of hydroperoxide decomposition. It is
also indicated [63] that the complex color (pale yellow
for [V(OH)(O2)3]2– and [VO(O2)3]3– and blue or purple
for ä3[V(O2)4] powders) is not the sign that allows one
to uniquely identify (and distinguish) tri- and tetraper-
oxo complexes of vanadium(V).
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8. PSEUDOTETRAHEDRAL MONONUCLEAR 
MONOPEROXO COMPLEXES OF NIOBIUM(V) 

AND TANTALUM(V) 
WITH CYCLOPENTADIENYL LIGANDS

Table 6 lists the geometrical parameters of two
mononuclear complexes of the metals of Group V
described by the general formula [(η5-Cp)2M(O2)L],
Cp = C5H5, M = Nb, L = Cl (XLVI) [64]; and Cp =
C5Me5, M = Ta, L = CH2Ph (XLVII) [65] (Fig. 11)

The bent sandwich XLVI, XLVII structures contain
two O(peroxo) atoms, a metal atom, and the σ atom of
the L ligand (Cl in XLVI, C(benzyl) in XLVII) which
lie in one plane (A) intersecting the plane Cp2M (B) (the
average value of the dihedral A/B angle in XLVI struc-
ture equals 26.4° ± 0.5°).

Bkouche–Waksman et al. [64] describe a coordina-
tion polyhedron of Nb atoms in two independent mole-
cules in XLVI as a pseudotetrahedron with the centroid
(Ctr) of two Cp ligands, the midpoint (MP) of the per-
oxo ligand, and the Cl atom at the vertices. In a
NbCt2(MP)Cl pseudotetrahedron, the average values of

O(1)
O(3)

O(4A)

V

O(4B)

O(3)

O(1)

O(2A)

O(2B)

Fig. 10. Structure of a pseudooctahedral mononuclear
[V(O2)4]3–] complex.



924 SERGIENKO
Table 6.  Geometrical parameters (Å) of peroxo complexes with cyclopentadienyl ligands and alkyl-peroxo complexes of the
d0 metals of Groups IV and V

No. Compound M–O(O2) O–O(O2) M–L Reference

XLVI [(η5-C5H5)2Nb(O2)Cl] 1.985(10) ± 0.015 1.47(1) ± 0.00 2.482(3) ± 0.002 Cl [64]

2.13(1) ± 0.00 Ts

2.44(1) ± 0.03 C(Cp)

XLVII [(η5-C5Me5)2Ta(O2)(CH2Ph)] 1.976(6) ± 0.021 1.477(8) 2.323(9) C(CH2Ph) [65]

2.20(1) ± 0.01 Ctr

2.51(1) ± 0.05 C(Cp)

XLVIII [(η5-C5Me5)2Hf(tert-BuOO)(Et)] 1.970 (O) 1.487 2.278(3) C(Et) [67]

2.249 ± 0.003 Ctr

2.554 ± 0.026 C(Cp)

XLIX [VO(tert-BuOO)(Dipic)(H2O)] 1.872(3) (O) 1.436(5) 1.574(3) O(okco) [68]

1.999(3) (O(C)) 2.058(4) N(Dipic)

1.990(3) ± 0.007 O(Dipic) 

2.234(3) O(H2O)

Note: Ctr is the center of the cyclopentadienyl ring; Cp are the C5H5 and C5Me5 ligands.
the angles at the metal atom are Ctr–Nb–Ctr
128.4(4)° ± 0.3°, Ctr–Nb–MP 109.6(4)° ± 0.9°,
Cl−Nb−MP 100.2(3)° ± 0.2°, and Cl–Nb–Ctr
102.4(4)° ± 1.2°.

The bent sandwich structure (and the staggered con-
formation of Cp ligands) of a XLVI crystal is consistent
with the structures of other Cp2Nb complexes: the Ctr–
Nb–Ctr angles for six similar compounds range within
129°–143° (Table 4 in [64] and references there). The
Ctr–Ta–Ctr angle in XLVII structure (134.6°) also lies
within this range.

Van Asselt et al. [65] describe synthesis of a number
of complexes with the general formula
(η5-ë5Me5)2Ta(O2)R, where R = CH2Ph (XLVII), Me,

Ta
R

O
O Ta

OR

O

Ta
R

O
O

E+

+

Ta
OR

O E+

+

[E+]

+E+ –E+

Scheme 3
C

Ph, CH2Me, and CH2ëç2Me, which are remarkably
stable, especially in the solid state (for several days in
range from room temperature to –30°C). A crystal of
benzyl peroxide derivative XLVII is isostructural and
isoelectronic to (η5-ë5H5)2Nb(η5-ë2H4)(CH2Me) [66].

Van Asselt et al. [65] indicate that the electrophilic
attack of the Cp2Ta(O2)R complexes at the exo-oxygen
atom enhances the heterolysis of the O–O bond in the
migration of the alkyl or Ph group (scheme 3). In a sim-
ilar way, the nucleophilic attack of phosphines or SO2
at the endo-oxygen atom should be enhanced if the
Lewis acids are coordinated to endo-oxygen atom. The
acid-catalyzed rearrangement mechanism
Cp2Ta(O2)(R)  Cp2Ta(O)(OR) is similar to the mech-
anism suggested for rearrangement of the isoelectronic
Cp2Hf(tert-Çuéé)(R)  Cp2Hf(tertBué)(OR),
where [tert-Bu]+ formally serves the role of the electro-
phile [E]+ (scheme 3).

In the Cp2Hf(é2)(Et) complex, where Cp = C5Me5
[67], described in Sect. 9, oxidation of the ethyl to the
ethoxy ligand takes place at 33°C.

9. MONONUCLEAR HF(IV), Ti(IV), 
AND V(V) COMPLEXES 

WITH tert-BUTYLPEROXO LIGANDS

The bent sandwich Cp2Hf(tert-BuOO)(Et) complex
(XLVIII) [67] (Fig. 12) is the only example of the com-
pounds of transition metals of Group IV and V in which
the peroxo ligand, in this case, the alkylperoxo group
OOR (R = CMe3), coordinates the metal in the σ mono-
dentate and not the η2 or η2,µ mode. In this case, the
Hf–O and O–O bond lengths typical of the η2-coordi-
nated O2 ligands are equal to 1.970 and 1. 487, respec-
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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tively. The O–C bond equals 1.436 Å, the OOC angle
equals 108.5°.

In two pseudooctahedral tert-butylperoxo com-
plexes—mononuclear [VO(tert-)BuOO)(Dipic)(H2O)]
(XLIX) [68] (Fig. 13) and binuclear [Ti(tert-)
BuOO)(µ-Toea)}2] (X) described above [13] (Fig. 3,
Table 2)—the alkyl-peroxo ligand is coordinated in the
η2 mode. The most pronounced difference between the
geometries of the η2-coordinated OOR and O2 ligands
is the essentially nonequivalent M–O and M–OR bonds
in the first case. In structure XLIX, the V–O(6) bond to
the O(C) atom is longer by 0.127 Å than the V–O(5)
one (1.999(3)) and 1.872(3) Å, respectively). In struc-
ture X, this difference (0.356 Å) is much more pro-
nounced (Ti–O(2) 2.269(2), Ti–O(1) 1.913 Å). Other
geometrical parameters of alkyl-peroxo ligands in
structures XLIX and X have usual values: O–O(C)
1.436(5) and 1.469(3) Å, respectively. In structure
XLIX, the O(6)–C bond length is equal to 1.503(6) Å
and the angles are equal to O(5)VO(6) 43.4(1)° and
O(5)O(6)C 114.9(3)°.

The X-ray diffraction data for crystal X are consis-
tent with the quantum chemical calculations [69]; the
calculated Ti–O and Ti–O(C) distances are equal to
1.906 and 2.294 Å, respectively.

O(2)

O(1)

Ta(1)

Fig. 11. Structure of a (C5Me5)2Ta(O2)(CH2Ph) complex.
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10. GEOMETRICAL PARAMETERS OF M(é2)n 
FRAGMENTS IN PEROXO COMPLEXES 

OF GROUP IV AND V METALS

The O–O distances in peroxo groups coordinated in
the bidentate (dihapho) mode range within a large inter-
val (for transition metals of Groups IV–VI, from 1.36
to 1.54 Å [70]). In pseudotrigonal bipyramidal and
pseudotetrahedral oxodiperoxovanadates(V), the O–O
distances in 23 structures range within a narrow inter-
val: 1.44–1.49 Å ([4], Tables 5 and 6). The transition to
pseudooctahedral oxomonoperoxovanadates(V) results
in shortening of the O–O bonds. In most of the com-
pounds (31 from total 34) ([4], Table 4), the O–O dis-
tances range within 1.35–1.46 Å. The anomalously
short O–O bonds inconsistent with the conventional
interval of their variation were observed in
[VO(O2)L2]ClO4 structures, where L = Bipy (XXXI)
[50], Phen (XXXII) [50], and [VO(O2)(Pic)2] · 2.5H2O
(L) [52] and are equal to 1.24, 1.30, and 1.29 Å, respec-
tively. Although this shortening of the O–O bonds (in
particular, in structure L) seems to be a result of the sta-
tistical mixing of the positions of the oxo and peroxo
ligands in the crystal, the O–O bonds in pseudooctahe-
dral VO(O2) complexes vary within the wide range,
1.24–1.46 Å ([4], Table 4) and, in fact, are beyond the
lower boundary of the narrow range of O−O bond
lengths (1.46–1.47 Å) for 14 formally also-seven-fold
coordinated VO(O2) complexes having quite different
geometry: pseudotrigonal–bipyramidal ([4], Tables 5

Hf(1)

O(1)

O(2)

Fig. 12. Structure of a (C5H5)2Hf(tert-BuOO)(Et) complex.
4



926 SERGIENKO
and 6). In this case, the pseudooctahedral VO(O2) com-
plexes show a certain correlation of the O–O bond
lengths and the parameters ∆ and ∆'(é2): the weak
structural manifestation of the trans effect of the per-
oxo group and its absence (∆, ∆'(é2) = –0.05…+0.08 Å)
is characteristic of the complexes with relatively large
O–O distances (1.41–1.46 Å). Strong structural mani-
festation of the trans effect (∆, ∆'(é2) = +0.08…
+0.26 Å) is characteristic of the compounds with short
O–O bond lengths (1.24–1.43 Å).12 The average ∆,
∆'(é2) and O–O values in the first group are equal to
+0.028 and 1.434 Å and in the second group are +0.137
and 1.342 Å, respectively ([4], Fig. 8). Shortening of
the O−O bond in the VO(O2) complexes is accompa-
nied by a decrease in the OVO angle in the dioxygen
ligand ([4], Fig. 9, Table 4).

In the Ti(IV) and Nb(V) peroxo complexes, the
O−O distances lie within the characteristic range, 1.42–
1.51 Å (Tables 2, 3, 5 in the present article).13

12 ∆'(é2) is the difference between the V–Ltrans bond length and
the average statistical (standard) V–Lstand distance formed by an
atom of the same species (in the absence of the same ligands and
also in the trans and cis positions to O2): V–Lstand = 2.136, 2.027,
and 2.060 Å for the Lstand = N(neutro), O(acido), and O(ç2é),
respectively.

13 The deviations from this range to both sides in the Ti(IV), Nb(V)
and Ta(V) peroxo complexes (O–O 1.17–1.35 and 1.55–1.70 Å)
are explained by disorder in the O2 ligand, a low accuracy of the
photographic method, or by both these factors.

O(6)O(7)

O(4)
V(1)

O(5)

O(2)

O(8)

N(1)

O(3)

O(1)

Fig. 13. Structure of a [VO(tert-BuOO)(Dipic)(H2O)] com-
plex.
C

In principle, shortening of the O–O bond in η2-diox-
ygen ligand, which signifies the intensified transfer of
the electron density from this ligand to the central atom,
should be accompanied by shortening of the three-cen-
ter multiple é2–M bond [71]. As a general tendency,
this correlation may be followed on an example of
pseudooctahedral oxomonoperoxovanades ([4],
Fig. 10, Table 4). To the interval of the O–O distances
1.36–1.46 Å calculated for 27 VO(O2) structures there
correspond the V–O(peroxo) distances ranging within
1.85–1.89 Å, whereas to the shortest O–O bonds in
structures XXXI [50], XXXII [50], and L [52] and
K2[{VO(O2)}2(µ-Lact)2] (LI) [72] (1.24, 1.30, 1.29,
and 1.35 Å, respectively) there correspond relatively
short V–O(peroxo) bonds (1.84 Å in all the four struc-
tures).

Practically in all the psedooctahedral VO(O2) com-
plexes (with only one exception14), the η2-peroxo
ligand is coordinated symmetrically with respect to the
metal: the difference between the lengths of two V–
O(O2) bonds usually does not exceed ∆(V–O2) =
±0.015 Å ([4], Table 4). The O2 ligand in pseudoocta-
hedral monoperoxo complexes of Ti(IV) and Nb(V) is
also symmetrically coordinated (within ∆(V–O2) =
±0.02 Å) (Table 2 and 3 of the present article).

One cannot uniquely state the type of coordination
of the O2 ligands either for Nb(V) complexes with Nb :
O2 = 1 : 3 (XL, XLI) [59] or for the Nb(V) and V(V)
compounds with M : é2 = 1 : 4 (XLIII–XLV) [62, 63].
Each of the five structures has both symmetrically
(∆(V–O2) = ±0.001–0.014 Å) and asymmetrically
(∆(V–O2) = ±0.020–0.036 Å) coordinated η2-peroxo
groups.

The most obvious asymmetry in the orientation of
peroxo groups caused by steric hindrances in the con-
tacts of the equatorial ligands is seen in both (O2)e
groups of diperoxo complexes of transition metals and,
in particular, of vanadium(V) with the coordination
polyhedra either of the type of a pseudotrigonal bipyr-
amid (pentagonal bipyramid) or of a pseudotetrahedron
(pentagonal pyramid). In this case, the M–O(O2)cis

bonds close to the equatorial donor atoms of the hetero-
ligand L are longer than the M–O(O2)trans bonds to
neighboring oxygen atoms remote from this Le atom.
The interval of the average V–(O2)cis bond lengths in 15
compounds ranges within 1.89–1.95 Å; the range of the
V–(O2)trans bond lengths is 1.86–1.89 Å; the difference
between these values ∆cis–trans ranges within 0.02–0.07 Å
([4], Table 5). Of course, the LeVOcis angles are consid-
erably less than the LeVOtrans angles (84.8°–90.0° and
128.6°–134.3°, respectively), and the VOcisOtrans angles

14In the (NH4)1.5[VO(O2)(EdtaH)] structure [73], the peroxo
group is oriented pronouncedly asymmetrically with respect to
the metal atom: V–O(O2) 1.74(1) and 1.88(1) Å and O–O
1.39(2) Å.
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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(65.2°–66.7°) are less than VOtransOcis angles (67.5°–
69.7°).15

As has already been noted, on the average, the V–O2

bonds in oxoperoxo complexes (V : O2 = 1 : 1) are
shorter than in oxodiperoxo compounds (V : O2 = 1 : 2);
they range within 1.81–1.89 and 1.87–1.92 Å, respec-
tively ([4], Tables 4 and 5). This elongation is quite nat-
ural if one takes into account the weakened transfer of
the electron density from peroxo groups to metal with
an increase in the number of multiply bonded ligands
(competition of two and more peroxo groups in donat-
ing electrons to a metal). The similar elongation of the
M–O2 bonds with an increase the M : O2 ratio is

15 The asymmetry of the V–O(peroxo) bonds in oxoperoxo com-
plexes of transition metals is discussed in more detail elsewhere
[71, 74]. 

Table 7.  Valence OMO and MOO angles (deg) in the M(O2)
fragments of peroxo complexes of titanium(IV) and niobi-
um(V)*

No**
Angle

Reference
OMO MOO

I 45.2(2) [5]

II 45.7(2) ± 0.0 67.1(2) ± 0.1 [6]

III 46.6(1) 66.5(1) [7]

IV 46.72(6) 65.64(6) ± 0.14 [8]

V 46.88(6) 66.56(5) [9]

VI 46.5(2) 66.8(2) ± 0.6 [8]

VII 43.5(2) 68.3(2) ± 0.3 [10]

VIII 45.2(4) 67.4(4) ± 1.2 [11]

IX 45.72(6) 67.14(6) ± 0.12 [12]

XI 45.8(1) 67.9(1) ± 0.3 [14]

XII 46.7(2) 66.7(2) ± 0.2 [15]

XIII 45.0(2) [22]

XIV 44.0(9) ± 1.8 [23]

XV 45.1(1) [24]

XVI 45.0(4) ± 0.6 [25]

XXIV 44.1(2) ± 0.0 68.0(2) ± 0.8 [37]

XXV 44.9 ± 1.2 67.5 ± 1.8 [38]

XXVI 44(1) [41]

XL 44.0(3) ± 0.5 68.0(4) ± 1.3 [59]

XLI 44.7(3) ± 0.5 67.7(3) ± 1.1 [59]

XLIII 43.5(1) ± 0.5 68.3(1) ± 2.6 [62]

XLVI 43.6(3) ± 0.0 68.2(7) ± 1.3 [64]

  * The OVO and VOO angles for oxoperoxo complexes of vana-
dium(V) are given in [4] (Tables 4–6). 

** Formulas of compounds I–IX, XI, and XII are given in Table 2;
those of complexes XIII–XVI and XXIV–XXVI, in Table 3;
those of XL, XLI, and XLIII, in Table 5, and that of XLVI, in
Table 6.
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observed in peroxo complexes of niobium(V): 1.88–
1.96, 1.97, 1.99, and 2.03 Å at Nb : O2 = 1 : 1, 1 : 2,
1 : 3, and 1 : 4, respectively.

The position of a transition metal in the periodic
table also affects the length of a metal–peroxo ligand
bond. An increase in the covalent radius of a metal
downward from the 4th to the 6th period in the V 
Nb  Ta row results in the elongation of the M–O2
bond length at the M : O2 = 1 : 1 within 1.81–1.89 Å for
M = V ([4], Table 4), 1.88–1.96 Å for M = Nb, and
1.93–1.97 Å for M = Ta (Table 3). In principle, a certain
decrease in the covalent radius of a metal from left to
right should result in shortening of the Ti–O2 bonds in
comparison with the V–O2 bonds. However, the inter-
vals of these values at M : O2 = 1 : 1 are practically the
same: 1.82–1.89 and 1.81–1.89 Å, respectively
(Tables 2 and 3).

Table 7 lists the valence angles OMO and MOO in
the M(O2) fragments of peroxo complexes of Ti(IV)
and Nb(V). The ranges of the OMO (43.5°–46.9°) and
MOO (65.6°–68.3°) angles in these compounds agree
with the ranges of the corresponding angles in oxo per-
oxo complexes of vanadium(V) ([4], Tables 4 and 5).

CONCLUSIONS

Summarizing all considered above, we should like
to emphasize the following characteristics of the struc-
tures of the peroxo complexes of the transition metals
of Groups IV and V.

The formation of one or another geometry of the
coordination polyhedron is determined, first and fore-
most, by the metal : peroxo ligand ratio equal to 1 : 1,
1 : 2, 1 : 3, or 1 : 4.

Two multiply bonded ligands, 2(O2)peroxo or
(O2)peroxo(O)oxo, are always located in cis positions to
one another.

The structural manifestation of the trans effect of
the peroxo ligand in oxomonoperoxo complexes of
V(V) is comparable with this effect in the oxo ligand.

The geometrical parameters of peroxo ligands
(lengths of the V–O2 and O–O bonds and values of the
OVO angles) in the VO(O2)n complexes depend on the
type of the coordination seven-vertex polyhedron
(pseudooctahedron, n = 1 or pseudotrigonal bipyramid,
n = 2).

In order to compare the structures of peroxo com-
plexes of various metals, it is necessary to accumulate
more experimental data on the compounds of this class
(in particular, on peroxo complexes of zirconium(IV)
and hafnium(IV)).
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Abstract—Polycrystalline samples of β-Ta with Frank–Kasper σ-phase structure prepared by electrolysis are
studied. The atomic parameters are determined by the Rietveld method. The magnetic susceptibility is mea-
sured in the temperature range 4.2 < T < 273 K and the dependence of the magnetization on the magnetic field
strength is measured at 4.2 and 77 K. The analysis of interatomic distances and the results of magnetic mea-
surements indicate that clusters with a localized excess charge exist in β-Ta. The data obtained in this study
suggest structural changes in β-Ta at T < 77 K. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Polycrystalline tetragonal β-Ta was first obtained by
magnetron sputtering [1]. It was shown that the single-
phase β-Ta samples can be prepared by electrodeposi-
tion from molten fluorides at temperatures ~1000 K [2].
β-Ta in the form of thin (~30 nm) layers begins to trans-
form into the α-Ta phase at ~1100 K [3]. The synthesis
of β-Ta single crystals 5–20 µm in size by electrolytic
crystallization made it possible to refine their crystal
structure by single-crystal X-ray diffraction analysis at
room temperature (sp. gr. ê 21m, a = 10.211(3) Å, c =
5.3064(10) Å) [4].

As was shown in [4], the crystal structure of β-Ta
can be described by a packing of Kagome nets 3636 +
3262 located at the levels z = 1/4 and 3/4 of the unit-cell
size and the 32434 nets with the coordinates z . 0 and
1/2 (Fig. 1). The atoms of the 32434 nets are located on
the axes of channels formed by atoms of Kagome nets.
Tantalum atoms may be intercalated on the channel
axes at the levels z = 1/4 and 3/4, which is confirmed by
the maxima on the residual electron-density maps [4].
The Kagome and 32434 nets are regarded in [4] as host
and guest sublattices, respectively. β-Ta has the struc-
ture of the Frank–Kasper σ-phase type. Coordination
polyhedra of all atoms are slightly deformed Frank–
Kasper polyhedra FKP12, FKP14, and FKP15. The
structural channels centered by tantalum and penetrat-
ing the lattice along the c axis (Fig. 1) are characteristic
of the structure type of hexagonal tantalum bronzes [5].
Depending on the oxidation state of tantalum, these
compounds can change their properties including the
magnetic susceptibility and the temperature depen-
dence of resistivity [6].

Magnetic properties of β-Ta have not been studied.
The temperature dependence of the magnetic suscepti-

4
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bility χ of β-Ta in the temperature range 100 < t <
1600°C has a paramagnetic character. This dependence
follows the Curie–Weiss law within rather wide tem-
perature ranges. However, good agreement between the
measured and calculated from the Curie–Weiss law val-
ues of χ was not observed [7].

EXPERIMENTAL
Polycrystalline β-Ta samples with grains from 2 to

20 µm in size were obtained by electrolysis. The ternary
eutectic LiF–NaF–KF was used as solvent and K2TaF7
or K2TaOF5 were used as tantalum-containing compo-
nents. Electrolysis was carried out at temperatures
900 < T < 1200 K, and the cathode-current density Jc

was in the range 0.1 < Jc < 0.3 A/cm2. Along with β-Ta
(the main electrolysis product), second-phase impuri-
ties can be present on the cathode: α-Ta and cubic
(KTaO3) or tetragonal (K0.4TaO2.4F0.6) bronzes. The
content of ferromagnetic impurities (Fe, Co, Ni) in β-Ta
samples did not exceed 0.002%. The oxygen and fluo-
rine contents were evaluated by two methods: measur-
ing the increase in the sample weight after complete
oxidation and carrying out X-ray spectral microanaly-
sis. It was established that both oxygen and fluorine
contents in these samples did not exceed 0.01 at %.

The X-ray diffraction patterns were recorded on a
URD6 diffractometer (CuKα radiation). The diffraction
data for the Rietveld refinement were obtained using a
rotating sample on an STOE diffractometer with CuKα
radiation in transparent geometry. A full-profile analy-
sis of the β-Ta structure was performed using the Sim-
ref program complex [8].

Magnetic characteristics were measured at 4.2 < T <
293 K by the Faraday method on a Khan-1000 elec-
trobalance with a sensitivity of 0.5 µg in magnetic fields
004 MAIK “Nauka/Interperiodica”
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Fig. 1. The projection of the β-Ta structure onto the (001) plane. Atomic nets of different levels are marked by different shades of
gray color: z = 1/4 (light-gray), z = 0 (dark-gray), and z = 3/4 (black). Independent atomic positions are denoted by numbers.
up to 4.28 kOe. During the measurements, the temper-
ature was maintained with an accuracy of 0.1 K.

RESULTS

X-ray diffraction analysis and magnetic susceptibil-
ity measurements were carried out with β-Ta samples
containing α-Ta impurities (less than 5 vol %). The
main refinement characteristics and structure parame-
ters are listed in Table 1. In the initial stage of the struc-
ture refinement by the least-squares method (sp. gr.

P ), we used the atomic parameters reported in
[4]. During the refinement, 36 parameters were opti-
mized, including the position of the zero point, the
coefficient of reduction to the absolute scale, the lattice
periods, and the parameters determining the profiles of
X-ray reflections described by the pseudo-Voigt func-
tion. The experimental and difference X-ray patterns of
a β-Ta sample are shown in Fig. 2.

The coordinates and isotropic thermal displace-
ments of atoms obtained from the refinement are listed
in Table 2. Their values are close to those reported in
[4], where the β-Ta structure was studied by a single-
crystal X-ray analysis (Table 2). Thus, it was confirmed
that the β-Ta phase in polycrystals studied is structur-
ally identical to that studied previously [4].

421m
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
The results of measurements of the magnetic sus-
ceptibility χ(í) in the temperature range 4 < T < 273 K
are shown in Fig. 3. Figure 4 shows the dependence of
the magnetic moment M on the magnetic field H at T =
4.2 and 77 K. As can be seen from Fig. 3, χ changes
only slightly in this temperature range. Upon cooling
from 273 K down to ~150 K, it is almost constant. In
the temperature range 65 < T < 150 K, the magnetic
susceptibility increases smoothly following the Curie–
Weiss law. At T = 65 K, χ drops stepwise to a value a
little smaller than that at 273 K and then decreases

Table 1.  Unit-cell parameters of β-Ta and main characteristics
of the Rietveld refinement

a, Å 10.184(3)

c, Å 5.306 (1)

Range of 2θ angles, deg 25–95 

Step in 2θ, deg 0.01

Number of experimental points 7001

Number of reflections 169

Number of refined parameters 36

S 2.06

Rwp (%) 9.46

RB (%) 6.45
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Fig. 2. (1) Experimental (circles) and calculated (solid line) diffraction patterns of β-Ta and (2) their difference.
smoothly below 65 K. The character of the dependence
of the magnetic moment on magnetic field, M(H), is
radically different at T < 65 K and T > 65 K (Fig. 4). In
the former case, the deviation from a linear dependence
is only slightly pronounced, whereas, in the latter case,
this deviation is pronounced fairly well.

DISCUSSION

The magnetic susceptibility of transition metals of
the IV–VI groups was studied in a wide temperature
C

range in [7]. The temperature dependence of χ was
expressed as

χ(í) = χpauli(í) + χdia + χv V (í), (1)

where χpauli(í), χdia, and χv V (í) are the contributions of
the Pauli susceptibility, the diamagnetic susceptibility
of core electrons, and the Van Vleck susceptibility,
respectively [7].

Some regularities in the dependence of the magnetic
susceptibility of transition metals on their position in
the periodic table of elements and atomic coordination
have been established. The transition metals of the
Table 2.  Coordinates and thermal displacements of atoms in the β-Ta structure

Atom Position x y z Uequi × 102 (Å2)

Ta(1) 2c 0.5 0.0 0.240(5) 1.3(2)

0.228(2)* 1.3(1)*

Ta(2) 8f 0.760(1) 0.068(1) 0.233(3) 1.8(1)

0.7598(3)* 0.0677(3)* 0.235(1)* 1.52(7)*

Ta(3) 8f 0.034(1) 0.127(1) 0.252(5) 2.6(2)

0.0343(3)* 0.1267(4)* 0.255(2)* 2.9(1)*

Ta(4) 4e 0.604(1) 0.105(1) 0.751(5) 2.3(1)

0.6033(4)* 0.1033(4)* 0.764(2)* 2.79(7)*

Ta(5) 4e 0.821(1) 0.308(1) 0.006(3) 1.9(2)

0.8142(6)* 0.3142(6)* 0.003(1)* 2.0(1)*

Ta(6) 4e 0.321(1) 0.184(1) 0.490(3) 2.1(2)

0.3196(5)* 0.1804(5)* 0.491(1)* 1.9(2)*

* The values were obtained by the single-crystal method in [4].
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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same group reveal the same type of the temperature
dependence of the magnetic susceptibility (the deriva-
tive dχ/dT has the same sign for transition metals of the
same group). The dependence χ(T) of transition metals
of the fifth group (V, Nb, Ta) has a shape characteristic
of paramagnets with a magnetic susceptibility
smoothly increasing upon cooling. When a phase tran-
sition is not associated with a change in the atomic
coordination (fcc lattice  hcp lattice), the magneti-
zation changes insignificantly. At the same time, the
phase transformations associated with a significant
change in the coordination (bcc lattice  hcp lattice)
lead to noticeable changes in magnetic properties.
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Temperature dependence of the magnetic suscepti-
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Fig. 4. Dependence of the magnetization M on the magnetic
field strength H at (1) 4.2 and (2) 77 K.
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As was noted above, β-Ta has a structure of the
Frank–Kasper σ-phase type. The crystal structure of σ-
phase is usually considered consisting of intergrown
12-, 14-, and 15-vertex Frank–Kasper polyhedra (FKP)
faceted with triangular faces. It is generally assumed
that the Frank–Kasper polyhedra in the σ-phase struc-
ture are slightly deformed, and the coordination factor
is responsible for their stability. The bcc structure, into
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Schematic diagram of distances that do not exceed
2.99 Å in the 

 

β

 

-Ta structure at (a) 293 and (b) 120 K. Inde-
pendent atomic positions are denoted by numbers. Hexa-
gons in the 

 

xy 

 

plane of one net (
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= 3/4) are shown by thick
lines; light-gray circles indicate the atoms of this net. The
distances in Ta(1) clusters and between them are shown by
thin lines. Black circles indicate Ta(5) and Ta(6) atoms
located under each other at the levels 

 

z

 

 = 0 and 0.5 and dark-
gray circles indicate Ta(4) atoms located at the level 
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 = 1/4.
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which α-Ta crystallizes, is often regarded as a structure
formed by 14-vertex polyhedra with orthorhombic
faces. It can be assumed in the first approximation that
these structures are similar from the standpoint of
atomic coordination. Indeed, the interatomic distances
in β-Ta (2.74–3.25 Å in FKP12 and 2.85–3.40 Å in
FKP14 and FKP 15, with the average value 〈2.93〉 Å)
are close to the distances in 14-vertex polyhedra of
α-Ta: eight distances of 2.86 Å and six distances of
3.30 Å, with the average value 〈3.05〉 Å.

At the same time, the analysis performed with due
regard for the differentiation of Ta–Ta distances into
shortened and lengthened ones indicates a significant
difference in the first coordination sphere of the atoms
of the two modifications of metallic tantalum under
comparison. As can be seen from Fig. 5, where the

Table 3.  Interatomic distances (in Å), which do not exceed
the average value (2.99 Å) in the first coordination spheres of
atoms in the β-Ta structure at 293 and 120 K

Ta–Ta
distances

293 K; a = 10.211(3),
c = 5.3064(10) Å
(according to [4])

120 K; a = 10.1815(5),
c = 5.2950(1) Å

(according to [9])

Ta(1)–Ta(2) 2.74 × 4 2.73 × 2, 2.76 × 2

Ta(1)–Ta(4) 2.88 × 2 (3.025 × 2)

Ta(1)–Ta(5) 2.95 × 2 2.95 × 2

Ta(1)–Ta(6) 2.96 × 2 2.92 × 2

Ta(2)–Ta(1) 2.74 2.76

Ta(2)–Ta(2) 2.77 2.79

Ta(2)–Ta(3) 2.96 2.89

Ta(2)–Ta(4) 2.99 (3.09)

Ta(2)–Ta(5) 2.86, 2.98 2.93, 2.99

Ta(2)–Ta(6) 2.99 × 2 2.93, 2.98

Ta(3)–Ta(2) 2.87 × 2 2.85, 2.88

Ta(3)–Ta(2) 2.89 2.88

Ta(3)–Ta(2) 2.96 2.89

Ta(3)–Ta(3) 2.68 2.74

Ta(3)–Ta(4) 2.85 2.78

Ta(4)–Ta(1) 2.88 (3.025)

Ta(4)–Ta(2) 2.98 × 2 (3.09, 3.12)

Ta(4)–Ta(3) 2.85 × 2 2.78, 2.82

Ta(4)–Ta(4) 2.98 (3.04)

Ta(5)–Ta(1) 2.95 2.95

Ta(5)–Ta(2) 2.85 × 2 2.93, 2.98

Ta(5)–Ta(2) 2.98 × 2 2.94, 2.96

Ta(5)–Ta(6) 2.62, 2.68 2.65 × 2

Ta(6)–Ta(1) 2.96 2.92

Ta(6)–Ta(2) 2.99 × 2 2.92, 2.95

Ta(6)–Ta(2) (3.017) 2.96

Ta(6)–Ta(5) 2.62, 2.68 2.65 × 2
C

                          

interatomic distances no larger than 2.99 Å (the average
value for 

 

α

 

 and 

 

β

 

-Ta) are indicated, the atoms with
shortened Ta–Ta distances form groups in the 

 

β

 

-Ta
structure, which are somewhat different at 293 and
120 K. All the interatomic distances listed in Table 3
were obtained by us from single-crystal structure stud-
ies at 293 [4] and 120 K [9], respectively. Table 3 con-
tains the values to two decimal places since the stan-
dard deviations reported in [4] and [9] do not exceed
0.0007 Å. The Ta(5)–Ta(6) chains with the shortest
interatomic distances, penetrating the lattice along the 

 

z

 

axis (normal to the drawing plane), characterize the
structure at both temperatures. At 293 K, Ta(3) and
Ta(4) atoms form hexagons shown in Fig. 2 by thick
lines with distances equal to 2.68 Å for Ta(3)–Ta(3),
2.85 Å for Ta(3)–Ta(4), and 2.98 Å for Ta(4)–Ta(4)
pairs. At 120 K, the Ta(4)–Ta(4) link with a distance of
3.04 Å is “lost” in these hexagons (located in the 

 

xy

 

plane) and they transform into infinite corrugated
chains (Fig. 5b). At 293 K, Ta(1) atoms (located at the
hexagon centers) and Ta(2), Ta(4), Ta(5), and Ta(6)
atoms form clusters with an average interatomic dis-
tance of 2.86 Å (Fig. 5a). The centers of these clusters
(Ta(1) atoms) are located at two levels: 

 

z

 

 = 1/4 and 3/4.
At each level, Ta(1) clusters are connected with hexa-
gons by short bonds in Ta(3)–Ta(3)–Ta(2) triangles.
The clusters of two neighboring levels are connected by
short bonds in the Ta(5)–Ta(6) chains. At 120 K, Ta(4)
atoms are excluded from these clusters (Fig. 5b), and
the Ta(1)–Ta(4) distances become equal to 3.03 Å
(instead of 2.88 Å at 293 K) despite the thermally-
induced decrease in the unit-cell parameters (Table 3).
Thus, if we take into account only Ta–Ta distances
(which do not exceed the average value 2.99 Å), the
coordination numbers (CNs) for the 

 

β

 

-Ta structure dif-
fer significantly from the CNs for 

 

α

 

-Ta, as well as from
the CNs considered generally for the 

 

σ

 

-phase. For Ta(1)
and Ta(2), CN = 10 and 8 at 120 and 293 K, respec-
tively; for Ta(3) and Ta(4), CN = 6 at 293 K (for (Ta(4),
CN becomes as low as 2 at 120 K); for Ta(5), CN = 7 at
both temperatures: and, for Ta(6), CN = 5 and 6 at 293
and 120 K, respectively (Table 3). In 

 

α

 

-Ta, short dis-
tances of 2.86 Å correspond to CN = 8.

The presence of the group with anomalously short
distances distinguishes the 

 

β

 

-Ta phase from of the 

 

α

 

-Ta
phase. These are the distances in infinite Ta(5)–Ta(6)
chains elongated along the 

 

z

 

 axis and some distances in
the above-considered Ta(1) clusters and hexagons
located in 

 

xy

 

 planes. The selection of these distances,
which do not exceed 2.78 Å, suggests the presence of
low-dimensional clusters with a finite number of atoms
in the 

 

β

 

-Ta structure. Note that the formation of low-
dimensional Ta-clusters (chains or triangles) in inor-
ganic compounds was considered in some publications
[10].

The occurrence of clusters in the structures formed
involving transition metals is usually associated with
localization of charges at these clusters, which depends
on the electronic state and size of a cluster. Mass-spec-
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trometric studies of vapor phase formed upon laser
heating of tantalum showed that the charge of isolated
tantalum clusters may vary from 1 to 4 [11]. If we
assume that the crystal lattice of β-Ta contains charged
clusters with magnetic moments, an additional contri-
bution to the magnetic susceptibility should be
expected (see Eq. (1)). The dependence of the magnetic
moment on magnetic field M(H) for this contribution is
defined by the Langevin equation. Since the nonlinear-
ity of this type is pronounced on the M(H) dependences
obtained for β-Ta samples at 77 K (Fig. 4), they were
approximated by the equation

where å0 = Nmcl (N is the number of clusters per unit
volume and mcl is the magnetic moment accounted per
cluster). Satisfactory agreement between the experi-
mental and calculated dependences M(H) was obtained
for N . 1020 mol–1 and mcl . 1000µÇ. However, it is dif-
ficult to associate these values of N and mcl with any
specific elements of the β-Ta lattice on the basis of the
data obtained to date.

At 4.2 K, the dependence M(H) is close to linear in
the range 1 < H < 4 kOe (Fig. 3). Evaluation of the mag-
netic susceptibility at 4.2 K from the relation M = χç
gives χ = 3.5 × 10–6 m3/kg. This value is much larger
than that for α-Ta (~10–6 m3/kg), is close to the mag-
netic susceptibility of Nb (2.4 × 10–6 m3/kg), and is
smaller than the magnetic susceptibility of V (5.5 ×
10−6 m3/kg).

These evaluations are rather relative since the sepa-
ration of the contributions to the magnetic susceptibil-
ity of transition metals is ambiguous. In this case, as
was noted in [7], difficulties arise in determination of
the diamagnetic and Pauli components of the suscepti-
bility. A change in the atomic coordination generally
leads to a pronounced change in the Pauli magnetic sus-
ceptibility. Evaluation of the Pauli susceptibility
requires a correct approximation of the shape of the d
band. An additional contribution to the susceptibility
may occur due to the localization of charges and mag-
netic moments at clusters, which complicates this prob-
lem even more.

Along with the fact that the magnetic susceptibility
of β-Ta is much higher than that of α-Ta, their temper-
ature dependences χ(T) are also substantially different.
The dependence χ(T) of α-Ta is characteristic of para-
magnets and close to the dependence following the

M M0 coth mclH/T( ) T /mclH–{ } ,=
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
Curie–Weiss law. For β-Ta, this similarity is violated by
a significant decrease in the susceptibility upon cooling
from í ~ 65 K, which, in the first approximation, is
likely to be the diamagnetic contribution.

The temperature dependence of the magnetic sus-
ceptibility of β-Ta different from that of the transition
metals of group V, and the difference in the depen-
dences M(H) at liquid-nitrogen and liquid-helium tem-
peratures indicate the possibility of structural variations
in the temperature range 4.2 < T < 77 K. This sugges-
tion is confirmed by the data of X-ray single-crystal
analysis, according to which a phase transition related
to the formation of a two-component composite struc-
ture occurs in β-Ta with decreasing temperature from
293 to 120 K [9].
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Abstract—When studying the phase formation in the CaO–Li2O–B2O3–H2O system, a new Ca,Li pentaborate
was synthesized under hydrothermal conditions. The structure of a new compound with the crystallochemical
formula ë‡Li4[Ç5é8(éç)2]2 (sp. gr. Pb2n, a = 8.807(7), b = 9.372(7), c = 8.265(6) Å, V = 682.2(9) Å3, Z = 2,

dcalcd = 2.43 g/cm3, automated SYNTEX-  diffractometer, 2690 reflections, 2θ/θ scan, λMo) is refined up
to Rhkl = 0.0557 in the anisotropic approximation of atomic thermal vibrations with allowance for the localized
H atoms. The structure of the Ca,Li pentaborate is formed by (010) open boron–oxygen layers formed by two
independent [B5O8(OH)2]3– pentagroups, with each of them being formed by three B tetrahedra and two B tri-
angles. The structure framework consists of the above boron–oxygen layers bound by isolated Li tetrahedra.
The Ca cations are localized in the centers of eight-vertex polyhedra located in the [001] channels of the Li,B,O
framework. Comparative crystallochemical analysis of the new Ca,Li pentaborate and Li pentaborate of the
composition Li3[B5O8(OH)2]-II showed that the anionic matrices of both compounds are completely identical,
whereas some of the cationic positions are different. © 2004 MAIK “Nauka/Interperiodica”.

P1
INTRODUCTION

During the study of phase formation in the CaO–
Li2O–B2O3–H2O system, the crystals of a new synthetic
Ca,Li borate were synthesized under hydrothermal
conditions (t = 270°C, P = 20 atm). The weigh ratios of
the main compound components are 1:1:2. In addition,

we also added to the solution the Cl– and  miner-
alizers. The crystals grown were colorless, isometric,
well-faceted crystals with a size up to 1–2 mm. The
crystal faceting has four simple forms: bipyramid, two
rhombic prisms, and two pinacoids (Fig. 1). The quali-
tative X-ray spectral analysis of the crystals performed
on a CamScan 4DV scanning electron microscope with
a Link energy-dispersive attachment (analyst
E.V. Guseva) showed the presence of only Ca atoms.
The comparison of the powder diffraction pattern of the
compound studied with the ICSD database revealed no
analogues of the new crystals synthesized. The IR spec-
trum (Fig. 2) obtained by V.S. Kurazhkovskaya on a
Specord 75 IR spectrophotometer by the method of a
fine disperse film on a KBr substrate had vibration
bands of condensed B triangles (1380–1315 cm–1) and
B tetrahedra (1085–915 cm–1), with the latter band hav-
ing a much higher intensity. The low intense bands in
the low-frequency range of the spectrum were identi-
fied with the deformation vibrations of B triangles and
B tetrahedra. The band 1655 cm–1 corresponds to the
deformation vibrations of H2O, but its extremely weak
intensity indicates a very low H2O content in the struc-

CO3
2–
1063-7745/04/4906- $26.00 © 20936
ture. In the vicinity of 3600 cm–1, a very weak doublet
of OH– vibrations is observed (3640–3600 cm–1).

EXPERIMENTAL. STRUCTURAL MODEL 
AND ITS REFINEMENT

The experimental material for X-ray diffraction
study was obtained on an automated single crystal

SYNTEX  diffractometer. The main crystallo-
graphic data and the characteristics of the experiment
and structure refinement are listed in Table 1. Analysis
of the diffraction pattern allowed us to establish the
extinction rules for the hk0 (h + k = 2n) and 0kl (k = 2n)
reflections, which indicated two possible space groups:
Pbmn and Pb2n.

The structure model was obtained by the direct
method and was refined within the noncentrosymmetric

sp. gr. Pb2n ( ) in the full matrix anisotropic
approximation with the use of the AREN complex of
programs [1]. The division of the anionic part of the
structure into oxygen ions and (OH)– groups was based
on the calculation of the local balance of valences with
due regard for the cation–anion distances in [2] (Table 2).
The concluding value of the reliability factor R =
0.0557 for the formula CaLi4[B5O8(OH)2]2 (Z = 2,
dcalcd = 2.43 g/cm3) was obtained based on 2617 struc-
ture factors after the rejection of 73 weak reflections
with large differences (Table 1) and the refinement of
the positional parameters of hydrogen atoms. The coor-

P1

C2ν
6
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dinates of the basis atoms and the geometric character-
istics of hydrogen bonds are indicated in Tables 3 and
4, respectively.

The analysis of the model showed the absence of the
mirror symmetry plane m normal to the y axis. The
arrangement of all the structure atoms (except for Ca)
is consistent with the centrosymmetric sp. gr. PbÒn. A
weak maximum with a height comparable with the
heights of hydrogen atoms on the difference electron-
density map corresponds to the position centrosymmet-
ric to the position of Ca atom. Taking into account the
IR spectroscopy data, we assumed that this position has
an additional O atom from the H2O molecule which do
not belong to the coordination sphere of any cation. The
refinement of the positional and thermal parameters
and position occupancy showed that it is filled about
15%. With due regard for this fact, the general formula
of this borate should have been written as
CaLi4[B5O8(OH)2]2 · xH2O (x ~ 0.15); however, taking
into account the extremely low content of H2O mole-
cules in the crystal which could affect the reliability
factor, we did not change the above structural formula.

~200 µm

~200 µm

Fig. 1. Synthesized crystals. Photographs were taken in a
JSM-5300 analytical scanning electron microscope by
A.V. Mokhov (Institute of Geology of Ore Deposits,
Petrography, Mineralogy, and Geochemistry of the Russian
Academy of Sciences).
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DESCRIPTION OF THE STRUCTURE

The structure of the new Ca,Li pentaborate consists
of open boron–oxygen (010) layers formed by two
independent [B5O8(OH)2]6– pentagroups, each of which
consists of three B tetrahedra and two B triangles (with
the average B–O distances in the B tetrahedra and B tri-
angles being 1.473 and 1.366 Å, respectively) (Fig. 3).
All the B triangles are localized in the central part of
layers, whereas the triads of B tetrahedra are located
above and below these triangles, which results in layer
corrugation. There are two such layers with the “oppo-
site corrugation” (Fig. 4a) per the unit-cell period b.
The boron–oxygen layers are connected via isolated Li
tetrahedra into a framework (Fig. 5a). The Ca cations
localized in the [001] channels at the level z = 0 are
coordinated with four O2– ions and four (éç)– groups.
They form isolated eight-vertex polyhedra with the
average cation–anion distance 2.527 Å and connect
boron–oxygen layers. Similar positions in the frame-
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Fig. 2. IR spectrum of the synthetic Ca,Li pentaborate.

a

c

Fig. 3. Fragment of a boron–oxygen layer in the structure of
the Ca,Li pentaborate. All the B triangles are located at the
same level along the b axis. The triads of B tetrahedra of the
pentagroups located above and below the level of B trian-
gles are showed as light and dark tetrahedra.
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OH

a

c

b

Li
Ca

b

(a) (b)

Li

Fig. 4. (a) Ca,Li pentaborate of the composition ë‡Li4[Ç5é8(éç)2]2 projected onto the (001) plane and (b) Li pentaborate of the
composition Li3[B5O8(OH)2]-II projected onto the (100) plane. The neighboring pentagroups consisting of three B tetrahedra and
two B triangles located along the b axis are displaced by T/2 in the direction normal to the drawing plane. The Li atoms are located
(a) above and under the central B tetrahedra of the pentagroups and (b) in the [100] channels. The Ca–O(OH) bonds in Fig. 4a are
shown by solid lines; hydrogen bonds are indicated by dashed lines.
work voids lying at the level z = 0.5 and related to Ca
cations by a pseudocenter of inversion may be occupied
by H2O molecules. The dangling vertices of the B tetra-
hedra of the pentagroup are represented by (éç)– ions
coordinating an eight-vertex Ca polyhedron. The addi-
tional rigidity of the framework is provided by hydro-
gen bonds localized between the boron–oxygen layers
(Fig. 4a).

Comparing the structures of the new Ca,Li pentabo-
rate and Li pentaborate of the composition
Li3[B5O8(OH)2]-II (a = 8.449(5), b = 9.308(3), c =
26.52(1) Å, Z = 12, sp. gr. Pn2b) [2] showed that both
structures have the same boron–oxygen motif consist-
C

ing of [B5O8(OH)2]6– pentagroups. The structures have
almost equal translations along the a axis: a = 8.807 Å
in the Ca,Li pentaborate (Fig. 4a) and c/3 = 8.84 Å in
the Li pentaborate (Fig. 4b). It is obvious that the
anionic matrices of these structures are identical, and
the lattice parameters and the unit-cell symmetries are
similar; so the only difference may be reduced to the
replacement of Ca2+ cations by Li+ cations according to
the scheme Ca2+ ⇔ 2Li+. But in the actual fact, some of
the Li positions in the structure of the Li pentaborate
Li3[B5O8(OH)2]-II differ from the cationic positions in
the Ca,Li pentaborate structure (Figs. 5a and 5b). These
are the Li tetrahedra participating in the formation of
the Li, B, O framework similar to the framework of the
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Li9

Li7 Li8

Li

Ca

a

a

c

c

(a)

(b)

Fig. 5. (a) Ca,Li-pentaborate and (b) Li-pentaborate projected onto the (010) plane. The Ca atoms at the level y ~ 0.17 and the Li7,
Li8, and Li9 atoms at the levels y ~ 0.15, 0.30, and 0.73 are indicated.
Ca,Li pentaborate, two Li tetrahedra [Li(7) and Li(8)]
replacing the eight-vertex Ca polyhedra, and also Li(9)
tetrahedra sharing the edges and replacing vacant posi-
tions or, probably, the positions statistically filled with
H2O molecules in the structure of the Ca,Li pentabo-
rate. Taking into account that localization of light (such
as Li) atoms in the structure of Li pentaborate is always
rather difficult, the reliable determination of the posi-
tional parameters of this part of Li atoms in the Li pen-
taborate is somewhat ambiguous, because of an unreli-
able balance of valence strengths at the anions (unfor-
tunately, no corresponding calculations are given in [2])
and also because of an anomalously short distance
between the Li atoms (~1.7 Å) whose tetrahedra share
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
the edges. It is these Li atoms that violate [2] the obvi-
ous pseudoperiodicity (c' = c/3) of the Li borate struc-
ture. Possibly, the correct localization of these positions
would eliminate this pseudoperiodicity. The reduction
of the parameter c = 26.52 Å by a factor of three would
have lead to the formula Li6[B5O8(OH)2]2 (Z = 2) com-
parable with the formula of the Ca,Li pentaborate
CaLi4[B5O8(OH)2]2 (Z = 2) studied in this work. We
cannot exclude the existence of hypothetical com-

pounds with the general formula [B5O8(OH)2]2,
which are the analogues of the CaLi4[B5O8(OH)2]2, where
the monovalent cations also occupy the Ca-position and
the position related to it by a center of inversion. In this

M6
+
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Table 1.  Main crystallographic characteristics and experimental data for the CaLi4[B5O8(OH)2]2 structure

System Orthorhombic Minimum and maximum sinθ/λ, Å–1 0.06, 1.08

Sp. gr. Pb2n Scanning rate, deg/min 4–24

Z 2 Scanning region 0 ≤ h ≤ 18

a, Å 8.807(7) 0 ≤ k ≤ 20

b, Å 9.372(7) 0 ≤ l ≤ 17

c, Å 8.265(6) Number of measured reflections
with I ≥ 1.96σ (I)

2690

V, Å3 682.2(9) Number of reflections used at the con-
cluding stage of the LS refinement

2617

dcalc, g/cm3 2.43 Complex of programs used AREN

µ, mm–1 0.59 Concluding reliability factor
(anisotropic approximation)

Linear dimensions of crystal, mm 0.20 × 0.20 × 0.25 R (2617F) 0.0557

Radiation wavelength MoKα, 0.71069 R (2690F) 0.0602

Diffractometer SYNTEX P Number of parameters in the
refinement

166

Scanning 2θ : θ

1

Table 2.  Local balance of valences at the anions in the CaLi4[B5O8(OH)2]2 structure

Anion
Cations

Ca B(1) B(2) B(3) B(4) B(5) B(6) Li(1) Li(2) H(1) H(2) ΣVij

O(1) 0.84 0.86 × 2↓ 0.29 1.99

O(2) 1.03 0.73 × 2↓ 0.28 0.02 2.06

O(3) 1.05 0.72 0.27 2.04

O(4) 1.03 0.78 0.26 2.07

O(5) 0.79 × 2↓ 0.83 0.28 1.90

O(6) 0.18 × 2↓ 0.98 0.67 0.19 2.02

O(7) 0.99 0.71 0.21 0.01 0.02 1.94

(OH)(8) 0.33 × 2↓ 0.77 0.97 2.07

(OH)(9) 0.22 × 2↓ 0.75 0.98 1.95

O(10) 0.18 × 2↓ 1.01 0.68 × 2↓ 0.21 2.08

Total 1.82 3.05 3.04 3.04 3.01 3.07 3.07 1.02 0.97 1.00 1.00 20.12
case, the symmetry of this structure would have been
described by the sp. gr. Pbcn.

Concluding the article, we should like to note that
pentaborate groups formed by B tetrahedra and B trian-
gles in various ratios are among the most widespread
structural units in natural and synthetic borate com-
pounds. The Ca,Li pentaborate of the composition
CaLi4[B5O8(OH)2]2 and Li-pentaborate of the composi-
tion Li3[B5O8(OH)2]-II should be related to the group
of  layer borates (the symbol 6.EC.25 [4, 5]), namely,
to  that part of these compounds whose boron–oxygen
C

motif consists of the layers formed by pentagroups
of  two B triangles and three B tetrahedra (5[2∆ + 3í]
blocks). According to the pentaborate classification
given in [6], this group includes the minerals
heidornite     Na2Ca3[B5O8(OH)2]2 · SO4 · Cl, tuzlaite
NaCa[B5O8(OH)2] · 3H2O, and two synthetic borates
Ba2[B5O8(OH)2](OH) and Na3[B5O8(OH)2] · H2O. How-
ever, the structure of the Ca,Li and Li pentaborates dif-
fer from other layer pentaborates by the symmetry of
the pentagroup and the configuration and symmetry of
boron–oxygen layers.
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 3.  Coordinates of basic atoms and equivalent thermal corrections in the CaLi4[B5O8(OH)2]2 structure

Atom Position
multiplicity x/a y/b z/c Beq (Å2)

Ca 2 0.0000 0.6653 0.0000 0.86(2)

O(1) 4 0.0930(1) 0.0995(1) 0.1025(1) 0.60(2)

O(2) 4 0.0925(1) 0.3576(2) 0.3949(2) 0.81(2)

O(3) 4 0.8383(1) 0.3273(1) 0.1773(2) 0.80(2)

O(4) 4 0.3255(1) 0.4657(2) 0.3255(2) 0.81(2)

O(5) 4 0.9011(1) 0.1756(1) 0.3984(1) 0.63(2)

O(6) 4 0.1818(1) 0.4538(2) 0.0662(1) 0.76(2)

O(7) 4 0.6932(1) 0.3434(2) 0.4278(2) 0.94(2)

(OH)(8) 4 0.3257(1) 0.1651(2) 0.2203(2) 1.17(3)

(OH)(9) 4 0.6687(2) 0.1413(1) 0.2456(2) 1.04(3)

O(10) 4 0.5976(1) 0.4120(1) 0.0978(2) 0.72(2)

B(1) 4 0.2396(2) 0.3882(2) 0.4310(2) 0.73(3)

B(2) 2 0.7507(3) 0.4009(2) 0.0717(2) 0.67(3)

B(3) 4 0.0000 0.2619(3) 0.5000 0.58(2)

B(4) 4 0.7765(2) 0.2446(2) 0.3167(2) 0.62(3)

B(5) 4 0.2251(2) 0.0438(2) 0.1820(2) 0.66(3)

B(6) 2 0.0000 0.0132(3) 0.0000 0.54(4)

Li(1) 4 0.0567(6) 0.2911(6) 0.1753(7) 1.27(8)

Li(2) 4 0.5471(6) 0.4850(6) 0.3237(7) 1.25(8)

H(1) 4 0.38(1) 0.15(2) 0.30(1)

H(2) 4 0.63(1) 0.09(2) 0.32(1)

Note: Only positional parameters at the fixed values of the thermal correction 5 Å2 were refined for hydrogen atoms.

Table 4.  Geometric characteristics of hydrogen bonds in the CaLi4[B5O8(OH)2]2 structure

D–H···A D–H, Å H···A, Å D–A, Å DHA angle, deg

O(8)–H(1)···O(2) 0.8(1) 2.8(1) 3.091(2) 114.0(9)

O(8)–H(1)···O(7) 0.8(1) 2.9(1) 3.358(2) 112.0(9)

O(9)–H(2)···O(7') 0.8(1) 2.8(1) 3.397(2) 118.0(9)
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Abstract—The crystal structure of Zn-containing greifensteinite from the Pirineus Mine (Minas Gerais, Brazil)
was refined (R = 0.045, 562 reflections with |F| > 2σ(F)). The unit-cell parameters are a = 15.941(3) Å, b =
11.877(3) Å, c = 6.625(2) Å, β = 95.09(2)°; V = 1249.4 Å3; sp. gr. C2/c; and Z = 2. The idealized formula is
[Mn(Fe2+,Zn)4]Ca2Be4(PO4)6(OH)4 ⋅ 6H2O. The mineral is isostructural with the previously studied monoclinic
representatives of the roscherite group from different deposits and differs from these representatives in that it
contains Zn in one of two octahedral positions. © 2004 MAIK “Nauka/Interperiodica”.
Roscherite (beryllium phosphate) from the Greifen-
stein Rocks (Germany) was first described in [1, 2] as a
monoclinic mineral (sp. gr. C2/c) with the formula
(Ca,Mn,Fe)3Be3(PO4)3 ⋅ 2H2O. Later on, a magnesium-
rich analogue of this mineral from the Lavra da Ilha
pegmatite (Minas Gerais, Brazil) [3, 4] was studied by
X-ray diffraction analysis. The study of a manganese-
rich specimen from the Foote Mine (North Carolina,
USA) demonstrated [5] that a triclinic modification of

roscherite (sp. gr. ) exists along with a monoclinic
modification. Recently, the Fe2+-dominant representa-
tive of the roscherite group from the Greifenstein Rocks
(Saxony, Germany) [6, 7] has been approved under the
name greifensteinite by the Commission on New Min-
erals and Mineral Names of the International Mineral-
ogical Association. Later, we studied its triclinic mag-

nesium-rich analogue (sp. gr. ) from the Galileia
Mine (Minas Gerais, Brazil) [8]. Thus, the roscherite
group includes three isostructural minerals: roscherite,
zanazziite, and greifensteinite, which differ in the dom-

C1
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inating octahedral cation, and triclinic modifications of
roscherite and greifensteinite.

In this study, we investigated an analogue of greif-
ensteinite containing about 4% of ZnO, which was dis-
covered in the Pirineus Mine (Minas Gerais, Brazil). It
was of interest to study the structure of this new speci-
men, because an anomalously high zinc content is
sometimes indicative of special structural features. The
replacement of iron or manganese with zinc is untypi-
cal of some minerals (for example, minerals of the eud-
ialyte and labuntosivite groups). The presence of zinc in
a mineral of the labuntosivite group is a reliable indica-
tion that this mineral belongs to a structural type other
than labuntosivite (for example, to the kuzmenkoite
subgroup).

The chemical composition of the new mineral was
determined by electron-microprobe (EDX) analysis.
Variations in the local composition within one grain
associated with growth zoning correspond to the fol-
lowing empirical formula:
Fe2.2–2.4Mn1.0–1.4Zn0.5–0.7Mg0.2–0.8Al0.3–0.5( )Ca2Be4 PO4( )6 OH( )4 nH2O.⋅
X-ray diffraction data were collected from an
irregularly shaped chip of a single crystal on a
Kuma-4 CCD diffractometer. The parameters of the
triclinic unit cell were determined and refined on the
same diffractometer. The structural parameters and
characteristics of X-ray diffraction study are given in
Table 1.
The structure was refined using the atomic coordi-
nates of greifensteinite [7] as the starting model. The
cations were distributed over two independent octahe-
dral positions, M(1) and M(2), taking into account the
mixed atomic scattering curves for the M(2) position,
whereas the M(1) position was assumed to be partially
vacant and occupied exclusively by Mn.
004 MAIK “Nauka/Interperiodica”
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Table 1.  Structural data and characteristics of X-ray diffraction study

Characteristic Data and conditions

Generalized chemical formula (Fe, Mn, Zn)5Ca2Be4(PO4)6(OH)4 · 6H2O
Unit-cell parameters; Å, deg a = 15.941(3) 

b = 11.877(3) 
c = 6.625(2) 
β = 95.09(2)

Unit-cell volume, V, Å3 1249.4
Space group; Z C2/c; 2
Calculated density ρ, g/cm3 2.96
Absorption coefficient µ, mm–1 35.12
Molecular weight 2225.8
Diffractometer Kuma-4 CCD
Radiation, wavelength MoKα, 0.71073
Crystal dimensions, mm 0.25 × 0.25 × 0.125
Maximum sinθ/λ, Å–1 0.69
Ranges of the indices of measured reflections –21 < h < 21; –16 < k < 15; –9 < l < 8
Total number of reflections 14074
Number of independent reflections 7126
Number of reflections with |F | > 2σ(F) 562
Rint for equivalent reflections 0.085
Program for structure calculations AREN [9]
Rhkl factor upon anisotropic refinement 0.046
Extinction parameter E 0.0000026
The hydrogen atoms of one water molecule were
revealed from a difference electron-density map. The
anisotropic refinement converged to an R factor of
4.5%. The positional and equivalent thermal parame-
ters of the atoms corresponding to this R factor are
given in Table 2. The interatomic distances in M octa-
hedra and hydrogen-bond lengths are listed in Table 3.

The structure of Zn-containing greifensteinite, like
the structures of other representatives of the roscherite
group studied earlier, can be described as a three-
dimensional framework consisting of tetrahedra, octa-
hedra, and Ca seven-vertex polyhedra (figure). Be and
P tetrahedra form infinite chains linked by M octahedra
into a mixed framework. M octahedra, in turn, share
edges to form octahedral chains. Ca atoms occupy cav-
ities in the framework. Generally, the octahedra in the
lattice sites are occupied only partially. Hence, the total
number of M cations decreases from six to five, and the
chains statistically break down into pairs of octahedra.

The crystal-chemical formula of the mineral can be

represented as follows (Z = 2): [ h0.32] ⋅
[(Fe2+,Fe3+)2.35Zn0.72Mn0.46Al0.28Mg0.19]Ca2Be4(PO4)6 ⋅
(OH)4(H2O,O)2 · 4H2O, where the compositions of
independent octahedral positions are enclosed in brack-
ets. The Ca polyhedron is formed by four oxygen atoms
and three water molecules, one of which is shared with

Mn0.68
2+
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
Table 2.  Atomic coordinates and equivalent thermal param-
eters

Atom x/a y/b z/c Beq, Å2

Ca 0 0.2571(2) 0.25 2.1(1)

M(1) 0 0 0 2.04(1)

M(2) 0.1713(1) 0.1616(1) 0.9960(2) 2.26(6)

P(1) 0.1880(2) 0.1173(2) 0.4779(4) 1.9(1)

P(2) 0 0.2740(3) 0.75 1.6(2)

Be 0.333(1) 0.178(1) 0.299(2) 2.6(6)

O(1) 0.3559(5) 0.4973(6) 0.498(1) 2.4(4)

O(2) 0.2824(4) 0.0999(6) 0.450(1) 2.1(4)

O(3) 0.1454(4) 0.1823(6) 0.299(1) 1.9(4)

O(4) 0.3188(4) 0.3136(5) 0.328(1) 1.6(4)

O(5) 0.4583(4) 0.2970(6) 0.074(1) 1.9(3)

O(6) 0.4338(4) 0.1505(5) 0.342(1) 2.1(4)

OH 0.3000(4) 0.1640(6) 0.062(1) 1.9(4)

H2O(1) 0.0928(5) 0.4194(6) 0.219(1) 2.5(4)

H2O(2) 0 0.041(1) 0.25 3.3(6)

H(1) 0.082(1) 0.488(1) 0.179(1) 3*

H(2) 0.150(1) 0.417(1) 0.180(1) 3*

Note: M(1) = Mn1.36; M(2) = Fe4.7Zn1.44Mn0.92Mg0.38Al0.56;
H2O(2) = (H2O, O).
* Isotropic thermal parameters (unrefined).
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Structure of Zn-containing greifensteinite projected onto the (001) plane.
the strongly distorted M(1) octahedron. According to
the local bond-valence requirements [10] (Table 4), an
excess of bond valences in the corresponding H2O(2)
position indicates that the water molecules are partially
replaced with oxygen atoms. Taking into account that
the M(1) position is vacant in the majority (2/3) of unit
cells, we write the composition of the H2O(2) position
as (H2O,O). Previously, we found a similar partial sub-
stitution of water molecules with OH groups in the

Table 3.  Selected interatomic distances, Å

M octahedra

M(1)–H2O(2) 1.727(3) × 2 M(2)–O(1) 2.000(7) 

O(1) 2.296(6) × 2 OH 2.059(7)

O(5) 2.559(7) × 2 O(3) 2.099(7)

〈2.194〉 O(5) 2.133(7)

OH 2.163(7)

O(4) 2.183(7)

〈2.106〉
H bonds

H(1)–H2O(1) 0.87(1) ∠ H(1)–H2O(1)–H(2) 97.0(1)

H(2)–H2O(1) 0.97(2) ∠ H2O(1)–H(1)–O(6) 166.3(5)

H(1)–H(2) 1.63(1) ∠ H2O(1)–H(2)–O(2) 175.8(3)

H(1)···O(6) 1.94(1) 

H(2)···O(2) 2.09(2)
C

structure of the triclinic analogue of greifensteinite [8].
This substitution can occur also in other members of the
group resulting in a decrease in the total number of H2O
molecules in the formulas of the minerals. However,
this fact was not noted in the original studies.

The occurrence of Zn atoms in one of two octahe-
dral positions is consistent with the smaller size of the
M(2) octahedron as compared to the M(1) octahedron
(interatomic distances of 2.106 and 2.194 Å, respec-

Table 4.  Bond valences according to [10]

Anion/cation M(1) M(2) Ca P(1) P(2) Be Σ

O(1) 0.25 0.49 1.21 1.95

O(2) 1.21 0.52 1.73

O(3) 0.37 0.25 1.29 1.91

O(4) 0.30 1.23 0.50 2.03

O(5) 0.13 0.34 0.32 1.22 2.01

O(6) 1.21 0.50 1.71

OH 0.42 0.54 1.27

0.31 0.27

H2O(1) 0.27 2.58

H2O(2) 1.19 × 2 0.20

Note: The occupancy of the M(1) position is 0.34; the composition
of the M(2) position was assumed to be Fe2+.
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 5.  Structural data for minerals of the roscherite group

No. Mineral Unit-cell parameters; Å, deg Sp. 
gr. Formula Mn : Fe : Mg Refer-

ence

1 Roscherite* a = 15.90, b = 11.88, c = 6.69
β = 94.7

C2/c (Mn, Fe)5Ca2Be4(PO4)6(OH)4 · 
6H2O

0.85 : 0.14 : 0.01 [2]

2 Zanazziite a = 15.874, b = 11.854, c = 6.605
β = 95.21

C2/c (Mg, Fe)5Ca2Be4(PO4)6(OH)3.4 · 
6.6H2O

0.05 : 0.33 : 0.62 [4]

3 Greifensteinite a = 15.903, b = 11.885, c = 6.677
β = 94.68

C2/c (Fe, Mn)5Ca2Be4(PO4)6(OH)4 · 
6H2O

0.16 : 0.74 : 0.09 [7]

4 Zn-containing
greifensteinite

a = 15.941, b = 11.877, c = 6.625
β = 95.09

C2/c (Fe, Mn, Zn)5Ca2Be4(PO4)6(OH)4 · 
6H2O

0.31 : 0.64 : 0.05 This 
study

5 Triclinic
roscherite

a = 15.921, b = 11.965, c = 6.741
α = 91.04, β = 94.21, γ = 89.59

C (Mn, Fe)5Ca2Be4(PO4)6(OH)4 · 
6H2O

0.90 : 0.09 : 0.01 [5]

6 Triclinic
greifensteinite

a = 9.883, b = 9.879, c = 6.668
α = 86.93, β = 85.60, γ = 73.53

P (Fe, Mg)5Ca2Be4(PO4)6(OH)4 · 
6H2O

0.04 : 0.51 : 0.45 [8]

Note: For uniformity, the unit-cell parameters a and b for triclinic greifensteinite are interchanged.
* The structure was not studied.

1

1

tively). An analogous regular and compact Zn octahe-
dron is observed, for example, in the alsakharovite-Zn
structure (Zn–O = 2.04–2.26 Å; aver., 2.14 Å) [11, 12].
The idealized formula of the mineral can be written as
[Mn(Fe2+,Zn)4]Ca2Be4(PO4)6(OH)4 ⋅ 6H2O.

Minerals of the roscherite group from different
deposits differ in the cation content in octahedral posi-
tions, with the compositions in tetrahedral positions
being invariant (Table 5). For example, Mg atoms pre-
dominate in the zanazziite structure (three of five
atoms), whereas Mn and Fe cations predominate in
roscherite and greifensteinite, respectively. In mono-
clinic minerals of the roscherite group, there is only one
key (“specimen-forming”) octahedral position (eight-
fold M(2) position), whereas the second position (at the
inversion center) tends to be vacant (greifensteinite) or
contains the same dominating cation as that in the
major position (zanazziite). In the triclinic mineral,
three positions (except for the vacant one) are of impor-
tance from the viewpoint of classification [8].

To summarize, the mineral under study retains the
structural type of the monoclinic representatives of the
roscherite group and differs from them in that Zn atoms
are present in the eightfold octahedral position.
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Abstract—X-ray diffraction study of high-strontium Ti-nenadkevichite showed that it is a new mineral, which
was given the name paratsepinite-Na, sp. gr. C2/m, a double value of the parameter c, and a different distribution
of the non-framework cations in comparison with tsepinite-Na. In particular, strontium is located not only in
the hexagonal window of the small channel, but also in three positions of the large channel. The characteristics
of the mosaic blocks constituting the crystal are studied. It is assumed that polysynthetic twinning in these crys-
tals and many other representatives of this family is associated with the phase transformation occurring in this
hydrothermal mineral during its cooling after formation. The comparison of all the three structures of the vuo-
riyarvite subgroups of the labuntsovite group allows us to explain the disability of vuoriyarvite to absorb stron-
tium from the aqueous solution by its smaller unit-cell volume and higher framework charge in comparison with
those of tsepinites. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Recently, an ever increasing interest in new
microporous crystals that may absorb and retain harm-
ful radioactive wastes resulted in numerous publica-
tions on possible use of mineral labuntsovite for this
purpose [1]. The recent study of natural labuntsovites
of different compositions in aqueous solutions at room
temperature [2] showed that the highest absorption of
Na, K, and Cs is observed in the minerals of the vuori-
yarvite group, whereas Sr is absorbed only by tsepinite.

In the recent decade, Russian researchers achieved
considerable progress in the structural and mineralogi-
cal study of the labuntsovite–nenadkevichite group.
They also developed new nomenclature according to
which all the 18 minerals of this group were divided
into 8 subgroups [3].

The structures of the minerals of the labuntsovite
group consist of the chains of Ti–Nb octahedra con-
nected by four-member silicon–oxygen rings. The
framework thus formed (Fig. 1) has a zeolite-like struc-
ture and two kinds of channels: those with a large diam-
eter along the y axis and those with a small diameter

along the [101] and [10 ] directions.
The pseudoorthorhombic framework is negatively

charged and its channels are filled with cations. The
large channels are occupied by Na, K, and Ba, and,
sometimes, also with Sr and Ca and water molecules.
Some minerals of the labuntsovite group also contain
oxonium ions [4]. Small channels are occupied by Mg,
Fe, Zn, Na, Ca, and Sr ions. Similar to zeolites, the dis-

1
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tribution of atoms over all or some positions may be
both ordered and disordered and may or may not have
vacancies.

The well-known minerals of the labuntsovite group
are crystallized in one of four possible space groups:
Pbam, Cm, C2/m, and I2/m. The first, orthorhombic,
space group is characterized by the minimum unit-cell
parameters (a ~ 7, b ~ 7, c ~ 14 Å (Fig. 1a). The mon-
oclinic unit cells may be divided into three types: the
C-cell with small dimensions (a ~ 14, b ~ 14, c ~ 8 Å,
β' ~ 117o), the doubled C-cell (am ~ 14, bm ~ 14, Òm ~ 16 Å,
β'' ~ 117o), and the I-cell (a ~ 14, b ~ 14, c ~ 16 Å, β ~
117o). It should be noted that the transition from the
small c-cell to the large C-cell is caused not by dou-
bling of the c parameter but, what is important, by the
cell transformation described by the relationships am =
–a, bm = –b, and cm = a + 2c. The specific features of the
diffraction pattern from labuntsovite with the doubled
C-cell will be discussed later. The authors of the new
nomenclature suggested to supply to the names of
labuntsovites with the double cells the prefix “para-” in
those cases where there exists a similar mineral with the
conventional (not doubled) c parameter.

There are also other subgroups of the family having
both para- and monoforms (e.g., kuzmenkoite and par-
akuzmenkoites [5]) and also minerals whose names
have no prefix para- (e.g., organovaite-Zn and orga-
novaite-Mn [6, 7]) because the latter have no varieties
with the monoparameter c.
004 MAIK “Nauka/Interperiodica”
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Fig. 1. Labuntsovite framework projected along the y axis (according to Rastsvetaeva) [4].
Earlier, we studied both mineralogically and struc-
turally Ti-nenadkevichite from pegmatites of the Khib-
iny massif (mount Khibinpakhchorr) [8–10]. The
microprobe analysis of these crystals epitaxially grown
over the labuntsovite crystals (“caps”) [10] showed not
only the pronounced inhomogeneity in the distribution
of the elements in both labuntsovite crystals and the
caps, but also the presence of strontium “not seen” by
the “wet” chemical analysis.

The structure determination of Sr-containing Ti-
nenadkevichite (2.32% SrO) [4] allowed one to con-
sider it as a new mineral tsepinite-Na [12]. The same
pegmatites contained among small crystals of Ti-
nenadkevichite epitaxially grown on labuntsovite also
crystals with a high strontium content. One of these
OGRAPHY REPORTS      Vol. 49      No. 6      2004
crystals with 8% SrO was selected for structure refine-
ment, which is the subject of the present article, which
allowed us to consider it as a new mineral: paratsepin-
ite-Na. Its existence was confirmed by the Commission
on New Minerals and Mineral Names of the Interna-
tional Mineralogical Association on March 12, 2003.

EXPERIMENT AND STRUCTURE 
REFINEMENT

The study of the chemical composition of paratse-
pinite-Na was performed on a CAMEBAX-MBX
microprobe setup. The chemical formula of the crystal
corresponds to the empirical formula 
(Na3.68Sr1.73K0.76Ca0.51Ba0.16Mn0.03Zn0.03)Σ7.99(Ti5.03Nb2.87Fe0.09)Σ7.99

[Si15..92Al0.08O48](O4.01OH3.99)Σ8.00 ⋅ 7.75H2O.
The X-ray diffraction experiment (Table 1) was per-
formed at the University of Notre Dame, Indiana, USA.
The set of diffraction-reflection intensities was
obtained using a CCD detector (the exposure time of
each pattern was 30 s). Altogether 1200 patterns were
obtained by ω scanning at a step of 0.3Ó, which corre-
sponds to the more than half of the diffraction sphere.
The set of structure factors was obtained using the
SAINT program with the introduction of all the neces-
sary corrections. The absorption correction was intro-
duced by the semiempirical method of pseudo ψ scan-
ning with the use of 1276 reflections with I > 15σ(I).
The crystal shape was modeled by an ellipsoid. After
averaging symmetrically equivalent reflections, the
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reliability factor was Rint = 0.072. The structure was
refined in the anisotropic approximation up to R1 =
0.077 using 2164 reflections with |Fhkl | ≥ 4σ|Fhkl | with
due regard for the pseudomerohedral twinning in the
(001) plane. Twinning was taken into account using the
SHELXTL program with the use of the twinning matrix
[100/010/101]. The refined ratio of the twinning com-
ponents was 0.75 : 0.25.

In order to confirm that doubling of the unit cell is
not an auxiliary effect of twinning [13], the diffraction
data were reindexed for a small C-cell. It turned out that
about 600 reflections with |Fhkl | ≥ 4σ|Fhkl | cannot be
adequately indexed within the frameworks of the small
C-cell. The structure of the paratsepinite-Na was solved
anew in the small unit cell and was refined in the sp. gr.
C2/m up to R = 0.125 over 1518 reflections with |Fhkl| ≥
4σ|Fhkl|. All the attempts to refine the structure in the
anisotropic approximation resulted in physically unrea-
sonable thermal parameters, which usually indicates an
inappropriate choice of the unit cell or the space group.
The transition to the group Cm allowed us to refine the
structure only to R = 0.154 and also deteriorated the
thermal parameters. Thus, the unit-cell doubling is
favored by the presence of about 600 strong reflections
which could not be indexed in the small unit cell and
the difficulties in structure refinement in this small unit
cell. Thus, paratsepinite-Na really has the doubled unit
cell, which determines its structural and mineralogical
difference from tsepinite-Na. Structurally, doubling of
the cell is explained by disorder of Sr2+ cations over the
cavities of the titanium–silicate framework.

The high value of the R factor is explained, first and
foremost, by the systematic broadening of some reflec-
tions and their approximate superposition.

Table 1.  Crystallographic characteristics and the refinement
parameters for the paratsepinite-Na structure in the anisotropic
approximation

a, Å 14.596(2)

b, Å 14.249(2) 

c, Å 15.852(3) 

β, deg 117.270(3)

V, Å3 2930.55 

Sp. gr., Z C2/m, 4

Radiation, λ, Å MoKα, 0.70926

ρcalcd, g/cm3 2.76 

Crystal dimensions, mm3 0.20 × 0.35 × 0.025

Diffractometer Bruker APEX 4K CCD

sinθ/λ <1.245

Number of crystallographically 
independent reflections

2164 |F| > 4σ(F)

R 0.077
C

The final model included the coordinates of all the
atoms and the anisotropic thermal parameters for all
these atoms with the position occupancy 100%
(Table 2). The cation coordination is indicated in
Table 3.

COMPARISON OF THE STRUCTURES 
OF THE VUORIYARVITE SUBGROUP

Figure 2 shows the tsepinite-Na and paratsepinite-
Na structures. Table 4 lists the data for each of the struc-

Table 2.  Coordinates and thermal parameters (Å2) of structure
atoms

Atom x y z Uiso

Ti(1) 0.2497(2) 0.73996(6) 0.2502(2) 0.0271(4)

Ti(2) 0.5000(2) 0.2500(2) 0.2503(2) 0.0277(4)

Si(1) 0.6937(3) 0.3892(2) 0.3823(2) 0.0139(7)

Si(2) 0.3051(3) 0.1114(2) 0.1174(2) 0.0149(8)

Si(3) 0.6953(3) 0.3886(2) 0.8957(2) 0.0136(7)

Si(4) 0.8055(3) 0.3882(2) 0.6043(2) 0.0159(8)

O(1) 0.4011(6) 0.2607(4) 0.3015(5) 0.022(2)

O(2) 0.6716(1) 1/2 0.8829(8) 0.030(3)

O(3) 0.7420(7) 0.3597(5) 0.6587(6) 0.025(2)

O(4) 0.7354(7) 0.3630(4) 0.4932(6) 0.028(2)

O(5) 0.8263(10) 1/2 0.6128(8) 0.033(4)

O(6) 0.5745(7) 0.3588(5) 0.3281(6) 0.028(2)

O(7) 0.0988(5) 0.7411(5) 0.1983(4) 0.0148(14)

O(8) 0.5871(7) 0.3340(5) 0.8566(5) 0.028(2)

O(9) 0.9136(6) 0.3350(5) 0.6441(6) 0.025(2)

O(10) 0.7642(8) 0.3626(4) 0.0074(7) 0.035(2)

O(11) 0.7635(6) 0.3357(4) 0.3442(6) 0.020(2)

O(12) 0.7600(6) 0.3612(4) 0.8399(6) 0.018(2)

O(13) 0.2361(6) 0.1655(5) 0.1559(6) 0.023(2)

O(14) 0.4242(6) 0.1404(5) 0.1744(6) 0.025(2)

O(15) 0.2913(9) 0 0.1282(8) 0.028(3)

O(16) 0.7038(10) 1/2 0.3684(9) 0.037(4)

H2O(1) 0.561(1) 1/2 0.665(1) 0.063(4)

H2O(2) 0.930(1) 1/2 0.830(1) 0.051(4)

H2O(3) 0.074(2) 0 0.151(1) 0.147(11)

H2O(4) 0.0716(13) 1/2 0.6540(11) 0.107(6)

H2O(5) 0.4099(4) 0.2587(4) 0.4964(4) 0.020(2)

H2O(6) –0.0889(4) 0.7435(3) –0.0033(4) 0.0194(15)

K(1) 1/2 0.3194(16) 1/2 0.154(12)

K(2) 0 0.6136(15) 0 0.148(12)

Na(1) 0.2511(48) 0 0.2532(43) 0.026(8)

Na(2) –0.0327(23) 0.8701(14) –0.0574(17) 0.185(14)

Sr(1) 0.7490(7) 1/2 0.7485(6) 0.0168(9)

Sr(2) 0.4667(21) 0.1232(13) 0.4366(16) 0.199(14)
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 3.  Characteristics of coordination polyhedra

Posi-
tion Composition c.n.

Bond lengths, Å

range aver-
age

Ti(1) 0.6Ti + 0.4Nb 6 1.954(8)–1.988(7) 1.97

Ti(2) 0.6Ti + 0.4Nb 6 1.959(8)–1.986(8) 1.97

Si(1) Si 4 1.597(8)–1.619(9) 1.61

Si(2) Si 4 1.595(9)–1.619(4) 1.61

Si(3) Si 4 1.609(8)–1.628(10) 1.62

Si(4) Si 4 1.581(8)–1.621(9) 1.60

Sr(1) 0.2Sr + 0.2Ca 6 2.345(2)–2.438(2) 2.41

Sr(2) 0.1Sr + 0.1Ca 7 2.17(2)–2.93(2) 2.60

K(1) 0.2K + 0.05Ba 6 2.920(9)–3.411(10) 3.21

K(2) 0.2K + 0.2Sr 7 2.27(5)–3.27(5) 2.67

Na(1) 0.2Na 8 2.321(6)–2.77(6) 2.52

Na(2) 0.6Na 6 2.27(2)–2.72(3) 2.53

H2O(4) 0.2Sr + 0.3H2O 6 2.46(2)–2.73(1) 2.60
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
tures and for vuoriyarvite. It is obvious that the large
channel in tsepinite-Na is less occupied than in paratse-
pinite-Na. The character of the disorder in these chan-
nels is somewhat contradictory. On the one hand, the
doubling of one of the parameters indicates a higher
order, whereas an increase in the number of isomor-
phously substituting components in most of the cation
positions is a sign of a more pronounced disorder. The
more disordered cation distribution results in cell dou-
bling.

SPECIFIC FEATURES OF MOSAICITY 
AND A PROBABLE PHASE TRANSFORMATION 

IN TSEPINITE

The specific character of mosaicity in crystals gives
the information on crystal genesis and is reflected in the
crystal properties, including the characteristics of their
diffraction patterns.

The mosaicity in labuntsovites was first observed by
Bulakh and Evdokimov [14] who also assumed that the
microblock structure of these crystals is the result of
submicroscopic intergrowth of two solid phases with
similar structures but different compositions. In light of
Table 4.  Some structural characteristics of minerals of the vuoriyarvite subgroup

Paratsepinite-Na* Tsepinite-Na** Vuoriyarvite***

Sp. gr. C2/m Cm Cm

Unit-cell parameters a = 14.596, b = 14.249, a = 14.604, b = 14.276, a = 14.692, b = 14.164, 

c = 15.952 Å, β = 117.27 c = 7.933 Å, β = 117.40 c = 7.859 Å, β = 117.87

Unit-cell volume, Å3 2948.9 (2 × 1474.5) 1468.2 1445.75

Twinning (001) (001), (–401) (001), (–401)

Occupancy:

Ti(1) Ti0.6Nb0.4 Ti0.7Nb0.3 Ti0.4Nb0.6

Ti(2) Ti0.6Nb0.4 Ti0.4Nb0.6 Ti0.5Nb0.5

Sr(1) Sr0.2Ca0.2h0.6**** Sr0.22 Na0.58

Sr(2) Sr0.1Ca0.1

K K0.2Ba0.05h0.75 K0.6h0.4 K0.49h0.51 

Ba Ba0.08h0.92 K0.44h0.56

Na(1) Na0.2h0.8**** Na0.47 Na0.49

Na(2)P Na0.6h0.4 Na0.62 (H2O)0.32

Na(2)O K0.2Sr0.1h0.7

Na(3) Ca0.1Sr0.1h0.8

Na(4) Na0.6h0.4

H2O(4) (H2O)0.3, Sr0.2h0.5

H2O (H2O)0.2h0.8

      * (Na, Sr, K, Ca, Ba)10(Ti, Nb)16[Si4O12]812H2O.
    ** (H3O, Na, K, Sr)7.5(Ti, Nb)8[Si4O12]45H2O.
  *** (K, Na)8(Nb, Ti)8[Si4O1246H2O.
**** The position between Ti(1) and Ti(2) is an analogue of the Na(1) position in the nenadkevichite and korobitsynite structures or the D
position in labuntsovites with prevailing Ti components.

h0.78**** h0.42****

h0.53**** h0.51****

h0.38**** h0.68****
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Fig. 2. (a) Tsepinite-Na and (b) paratsepinite-Na projected along the y axis.
the modern theories, the number of different phases can
be even larger.

The structurally studied small paratsepinite-Na
crystal was used to record the axial (h00) and (00l)
reflections in the orthorhombic setting in order to per-
form profile analysis [15]. The experimental data
obtained are shown in Fig. 3. The processing of these
C

data showed that the average sizes of the coherent-scat-
tering regions along X and Z are 300 and 1100 Å,
respectively. The stresses along the former axis are
seven-fold higher than the stresses along the latter axis.

The schematic drawing of the image of a tsepinite
crystal in an optical microscope may be found in [9].
The blocks of mosaics of the crystals grown from
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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hydrothermal solutions contain the information on the
growth conditions and growth mechanism and also
reflect the symmetry of a growing crystal. Thus, flatten-
ing of the coherent-scattering regions in the x direction
in the layer grown mainly along the y axis may be
explained by breaking of the bonds in the chain of
T−Nb octahedra often linked by the hydroxyl groups
which weaken bonding in comparison with the

22.2
2θ, deg

22.0 22.4 22.6 22.8 23.0

800

(c)
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40
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120

140
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19 20 21 22 23 2418

(b)Ruby
006

0.0.16
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(a)

2θ, deg

2θ, deg

Fig. 3. Profiles of the basic (h00) and (00l) reflections of the
paratsepinite-Na crystal in the orthorhombic setting:
(a) integral half-widths of the u—00l and d—h00 reflec-
tions and j—of the ruby standard, (b) reflections from the
sample and the standard, (c) an example of the reflection
decomposition into the Kα1 and Kα2 components.
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Ti−O−Si bonds. The zero layer line of the paratsepinite-
Na crystal recorded on the photographic film had dif-
fuse (h00) and sharp (00l) reflections in full accordance
with the shape of the coherent-scattering region.

Thus, the moderate-sized coherent-scattering region
has the shape flattened along the X axis and intersects
the structure normally to the direction of the elongation
of the Ti–Nb octahedra. It is highly probable that the
initial crystal growth starts with the formation of an
individual blocks having orthorhombic symmetry and
located with their side faces parallel to one another onto
the (001) plane. Then, the “life” of tsepinite-Na and
paratsepinite-Na may be considered as follows.

Small crystals grown from hydrothermal solutions
have orthorhombic symmetry. All the positions
between the chains of the Ti–Nb octahedra are filled as
in korobitsynite. With lowering of the temperature, the
crystals undergo a phase transition [16] as a result of
which the orthorhombic symmetry changes to mono-
clinic. The resulting stresses give rise to a certain “dis-
charge”: polysynthetic twinning in the (001) or along

(001) and ( ) planes. Some atoms located between
the octahedra migrate to larger channels. The structure
at twin boundaries and inside these boundaries differs
from the bulk structure. It is there that the atoms with
small radii, and first of all Na atoms, may migrate [17].

The classical mineralogical example of such a trans-
formation is albite which becomes twinned during the
phase transition from monoclinic to triclinic modifica-
tion.

The orthorhombic symmetry of the coherent-scat-
tering regions confirms the assumption on the phase
transformation. The distribution and redistribution of
the framework cations takes place at the first stage of
crystal growth. For non-framework cations, ordering
processes may occur within their whole “life” and
depend not only on the composition of the hydrother-
mal solution and its temperature, but also on the pro-
cess kinetics.

Under certain conditions, the cations of one species
may be localized within individual blocks. As a result,
the order in such blocks may be higher than the average
order over the whole diffracting volume.

The different space groups of the crystals from one
pegmatite under similar conditions—Cm or C2/m—
may be explained by the prevalence of one type of sym-
metry in the diffracting volume.

MAIN RESULTS

The paratsepinite-Na structure with the sp. gr. C2/m
and the double c parameter is refined.

It is shown that the Na-tsepinite has two modifica-
tions with sp. gr. Cm and C2/m and with different val-
ues of the c parameter.

The polysynthetic microtwinning may be consid-
ered as a consequence of the phase transformation of

401
4
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the initial orthorhombic structure into the monoclinic
one which is accompanied by the displacements of the
nonframework cations and water molecules.

It is assumed that two varieties may coexist within
one crystalline volume.

The processes described seem to be characteristic of
most of the monoclinic labuntsovites; some other min-
erals of this family considered in this article are also
polysynthetic twins and obey the same twinning laws.
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OF INORGANIC COMPOUNDS
Crystal Structure of the Na-, Ca-, Be-Cordierite
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Abstract—The crystal structure of the beryllium-rich cordierite [(Na0.28Ca0.19)(H2O)0.92](Mg1.86 ) ⋅
{Al3.39Be0.61Si5O18} was established by X-ray diffraction analysis (IPDS Stoe diffractometer, λMoKα radiation,
graphite monochromator, 2θmax = 65°, R = 0.0186 for 1378 reflections): a = 16.850(3), b = 9.729(2), and c =
9.298(2) Å; V = 1524.3(4) Å3, sp. gr. Cccm, Z = 4, and ρcalcd = 2.655 g/cm3. The numbers of Mg and Fe atoms
isomorphously occupying the octahedral positions, Al and Be atoms in tetrahedra, and Na and Ca atoms and
H2O molecules in the framework cavities are refined. The hydrogen atom is localized and its coordinates and
thermal displacement parameters are refined. Based on the comparative crystallochemical analysis of cordier-
ites from different locations and origins, the regularities relating the unit-cell parameters b and c and the distor-
tion index to the features of the chemical composition of the minerals under study are shown. © 2004 MAIK
“Nauka/Interperiodica”.

Fe0.14
2–
INTRODUCTION

Cordierite is a framework magnesium aluminosili-
cate described by the idealized formula Mg2Al4Si5O18.
The crystal structure of this mineral has been widely
studied. Investigations of samples of different origins
were aimed at finding correlations between the struc-
ture and chemical composition, since the latter changes
in a fairly wide range. Variations in the chemical com-
position within this structure type are related, in partic-
ular, to the isomorphous incorporation of Fe2+, Mn2+,
and Li+ cations into the octahedral position, which is
occupied predominantly by magnesium. The micropore
structure of cordierite allows mobile alkali (Na+, K+)
and alkaline-earth (Ca2+) cations, as well as water mol-
ecules (under certain conditions), to migrate through
channels of the crystal structure, due to which the
chemical composition of the mineral changes. An inter-
esting specific feature of cordierite is that Be2+ cations
can be involved in the formation of the mixed Si,Al tet-
rahedral framework: the basis of the cordierite struc-
ture. One of the crystallochemical problems that have
not been solved unambiguously is the question of local-
ization of the hydrogen atoms of the water molecule in
the cordierite structure.

Beryllium-, sodium-, and calcium-rich cordierite
was found in tourmaline–amphibole aggregates and at
places of their contact with andesine–calcite clusters in
the vein of desilicated granite pegmatite in the Lipovka
1063-7745/04/4906- $26.00 © 20953
pegmatite field (Central Urals). Cordierite forms irreg-
ular transparent bright orange grains up to 2 cm in size
in cross section, with no signs of cleavage or separa-
tion. The chemical composition of cordierite deter-
mined by electron microprobe analysis is as follows
(wt %): Na2O (1.42), CaO (1.80), MgO (12.16), FeO
(2.30), Al2O3 (28.36), and SiO2 (51.03); 97.07 in total;
the content of K, Mn, Cr, and Ti was below the detec-
tion limit. Laser spectral semiquantitative analysis
showed the content of Be to be 1–2 wt %. The content
of water was not determined directly because the num-
ber of experimental samples was limited.

HISTORY OF STUDYING THE CRYSTAL 
CHEMISTRY OF CORDIERITES

The crystal structure of aluminosilicate with com-
position (Mg,Fe)2[Al4Si5O18] · nH2O, is based on a tet-
rahedral framework formed of Si and Al tetrahedra with
shared vortices. This compound exists in nature in the
form of two polymorphic modifications: indialite (hex-
agonal structure, disordered with respect to the distri-
bution of Si and Al atoms over tetrahedral positions)
and cordierite (ordered orthorhombic structure). Indi-
alite is a very rare mineral, whereas cordierite is widely
spread and can be found in rocks of different geological
formations, mainly in metamorphits and granite peg-
matites.
004 MAIK “Nauka/Interperiodica”
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To analyze the deviation of the orthorhombic C lat-
tice of cordierite from the hexagonal lattice of indialite,
it was proposed in [1] to use the distortion index, which
is defined by the relation ∆ = 2θ131 – (2θ511 + 2θ421)/2°
(CuKα1 radiation; c < b < a, Å; θhkl is the angle of reflec-
tion from the hkl plane). In [1], cordierites are inter-
preted as a continuous series of structures, the final
terms of which are completely disordered indialite (∆ ≈
0°) and ordered cordierite (∆ ≈ 0.30°). Using the modi-

fied formula ∆ = 1.094(a – ), where a and b are the
parameters of the orthorhombic unit cell, one can easily
estimate the value of deviation of the lattice from the
hexagonal geometry [2].

The variable chemical composition of cordierites is
primarily related to variations in the contents of Mg2+

and Fe2+ cations in the octahedral position: the Fe con-
tent may change from 4 to 96%. The wide range of iso-
morphism of Mg and Fe suggest the existence of a con-
tinuous isomorphic series cordierite (Mg,Fe)2[Al4Si5O18] ·
nH2O–sekaninaite (Fe,Mg)2[Al4Si5O18] · nH2O within
this structure type. The effect of the character of occu-
pation of octahedra by Mg and Fe atoms on the unit-cell
geometry of cordierites was studied in [2–4]. It was
shown that a relative increase in the iron content leads
to an increase in the unit-cell parameters a and b.

The more complex chemical composition of cordi-
erite may be due to Be atoms involved in the formation
of its structure. Incorporation of Be into the cordierite
structure occurs according to the scheme Na+ + Be2+ ⇒
Al3+, which is implemented when Be partially substi-
tutes Al in the tetrahedral position and Na compensates
the deficit of positive charges by incorporating into
channels of the tetrahedral framework [5]. A positive
linear correlation between the contents of Na and Be in
cordierite was noted in [6].

A characteristic feature of Be-containing cordierites
is a fairly small value of ∆, which ranges from 0.06° to
0.17° [7]. The results of structural analysis of the Be-
cordierite [7] confirmed the suggestion [5] about “dilu-
tion” of aluminum in the tetrahedral position with
beryllium. It was shown that Be atoms are incorporated
isomorphously only into one of two independent Al tet-
rahedra, decreasing the size of the corresponding poly-
hedron. Unfortunately, quantitative relations between
Al and Be in the tetrahedral position were not refined in
interpreting the structure [7] but taken as known from
the data of chemical analysis. X-ray diffraction analysis
of cordierites with low distortion indices ∆ showed
100% ordering of Al3+ and Si4+ cations in tetrahedra [7].
This fact confirmed the suggestion [2, 6] that the value
of ∆ is determined by the features of the chemical com-
position of a specific compound rather than depends on
the degree of ordering of Al and Si in the tetrahedral
framework. As was correctly reasoned in [8], the value

of ∆ (and a – ) can be zero, which corresponds to
the hexagonal geometry of the unit cell of the crystal,
although its real symmetry is orthorhombic.

b 3

b 3
C

Heterovalent isomorphism of the Na+ + Li+ ⇒ Mg2+

type (Li occupies octahedra along with Mg and Fe) was
established [7] for the Li-containing cordierite, for
which ∆ is also rather small (0.12°) and the tetrahedral
framework is ordered; i.e., it contains neither mixed
(Si,Al) nor (Al,Be) tetrahedra.

In this study, we analyzed the crystal structure of the
Na-, Ca-, Be-cordierite. This analysis is reasoned by the
following factors: the specific features of the chemical
composition of cordierites from the Lipovka pegmatite
field, the lack of structural data on Be-containing min-
eral modifications of cordierite, and the unsolved prob-
lems related to the determination of the crystallochem-
ical hydrogen-bond function.

X-RAY EXPERIMENT AND STRUCTURE 
REFINEMENT

The unit-cell parameters and the orthorhombic sym-
metry were determined and refined with a crystal
0.08 × 0.05 × 0.05 mm3 in size. The measurements
were performed on a diffractometer with a highly sen-
sitive imaging plate (Stoe detector) [9] using MoKα
radiation (graphite monochromator). The reflection
intensities recorded on the same diffractometer were
corrected taking into account the Lorentz factor and the
polarization effect. A semiempirical absorption correc-
tion was introduced based on the analysis of equivalent
reflections. The crystallographic characteristic of the
cordierite and the experimental and refinement param-
eters are listed in Table 1.

The optical properties and the ratio of the unit-cell
parameters of the mineral under study were such that,
until the last moment, it was not clear whether it was
cordierite or indialite. All calculations in the interpreta-
tion and refinement of the structure were performed
using the SHELX97 program package [10, 11]. The
values of the atomic scattering functions and anoma-
lous dispersion corrections were taken from [12]. The
structure was refined within the sp. gr. Cccm based on
F2 to R = 0.0186 (for 1378 reflections with I ≥ 2σ(I)) in
the anisotropic approximation. The refinement of the
occupancies of the M position by Mg and Fe atoms was
carried out assuming identical thermal displacement
parameters of these atoms. The Al and Be contents in
the T tetrahedral position was refined in the same way.
The occupancy of the cation position in the framework
cavities was determined by analyzing the correspond-
ing electron densities taking into account the require-
ment for electroneutrality of the crystal. The contents of
Ca and Na atoms in this position and their thermal dis-
placement parameters were refined assuming that the
latter have the same values. The ratio of independently
refined contents of cations and water molecules in the
framework cavities is 1: 2 (within experimental error).
The hydrogen atom is localized and its coordinates and
thermal displacement parameters are refined in the iso-
tropic approximation. The obtained values of the coor-
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 1.  Crystallographic data and the details of X-ray data collection and refinement

Chemical formula [(Na0.28Ca0.19)(H2O)0.92](Mg1.86 ){Al3.39Be0.61Si5O18}

Absorption coefficient µ, mm–1 1.05

Space group, Z Cccm, 4

a, Å 16.850(3)

b, Å 9.729(2)

c, Å 9.298(2)

V, Å3 1524.3(4)

ρ, g/cm3 2.655

Diffractometer IPDS Stoe

Radiation MoKα (graphite monochromator)

T, K 293

Range of collection: θmax, deg 32.50

Number of independent/collected with I > 1.96σ(I) reflections 1438/1378

Refinement method on F2

Number of parameters in refinement 92

Absorption correction semiempirical, using equivalents

Tmax, Tmin 0.848, 0.631

Rint 0.040

Extinction coefficient 0.0036(5)

Reliability factors:

R (for collected reflections) 0.0186

wR2 (for all independent reflections) 0.0520

S 1.154

Residual electron density, e/Å3 ρmax = 0.37, ρmin = –0.35

Fe0.14
2+
dinates of the basis atoms and the temperature correc-
tions are listed in Table 2. The results of calculation of
the local valence balance are listed in Table 3.

ANALYSIS OF INTERATOMIC DISTANCES

The values of cation–oxygen distances in five inde-
pendent tetrahedra forming a three-dimensional
anionic framework indicate ordered distribution of Si4+

and Al3+ cations over structural positions. For example,
in the Si(1) and Si(3) tetrahedra with the intrinsic sym-
metry Cs, the Si–O distances are in the range
1.5888(9)–1.6209(6) Å (the average values of the
Si(1)–O and Si(3)–O distances are 1.610 and 1.612 Å,
respectively). Si(2) tetrahedra, which are more sym-
metric (the symmetry of the D2 position) are somewhat
larger; they are characterized by four identical Si(2)–O
bond lengths equal to 1.6207(5) Å. Aluminum atoms
(the symmetry of the Cs position) in the tetrahedral
coordination are surrounded by oxygen atoms located
at distances in the range 1.7074(9)–1.7548(6) Å (the
average is 1.733 Å). T tetrahedra at the twofold axis
with mixed occupation by Al3+ and Be2+ cations in the
ratio 0.7 : 3 are described by interatomic cation–oxygen
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
distances of 1.7204(6) and 1.7221(7) Å (the average is
1.721 Å).

In M octahedra, which are occupied by Mg2+ and
Fe2+ cations (93 and 7%, respectively), the M–O dis-
tance ranges from 2.0659(6) to 2.1345(7) Å. Na+ and
Ca2+ cations, which are larger in size, are disordered in
channels of the tetrahedral framework; they statistically
occupy the same (A) position at the inversion center (55
and 38% for Na+ and Ca2+, respectively. These cations
are coordinated by the framework oxygen atoms and
interstitial water molecules, which form an eight-vortex
polyhedron with an average A–O distance of 2.565 Å.
The A–H2O bond lengths in the polyhedron
(2.3245(5) Å) are shorter than the A–O bond lengths,
which range from 2.4671(9) to 2.8568(10) Å.

COMPARATIVE CRYSTAL CHEMISTRY
OF CORDIERITES

One independent AlO4 tetrahedron and two SiO4
vortex-oriented tetrahedra share oxygen atoms to form
six-member rings at z = 0 and 1/2 along the c axis of the
cordierite unit cell (Fig. 1). Four such rings with the
coordinates of the centers {1/2 0 0} restrict the chan-
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Table 2.  Coordinates of the basis atoms and equivalent thermal displacement parameters

Atom
N

ot
at

io
n

ac
co

rd
in

g
to

 [
14

]

Po
si

tio
n

sy
m

m
et

ry

W
yc

ko
ff

po
si

tio
n Number of atoms

per position x y z Ueq

Si(1) T21 m 8l 0.5 0.30764(2) 0.07956(3) 0 0.00635(8)

Si(2) T16 222 4a 0.25 0 0 0.25 0.00638(9)

Si(3) T23 m 8l 0.5 0.13756(2) 0.26233(3) 0.5 0.00646(8)

Al T26 m 8l 0.5 0.05072(2) 0.18985(3) 0 0.00626(8)

T T11 2 8k 0.347(2)Al + 0.153 Be 0.25 0.25 0.25019(4) 0.00693(14)

M M 2 8h 0.456(1)Mg + 0.035 Fe 0.16630(2) 0 0.25 0.01085(14)

A Ch0 2/m 4d 0.048(2)Ca + 0.069(2)Na 0 0.5 0.5 0.0259(6)

O(1) O11 1 16m 1.0 0.25400(3) 0.10655(6) 0.14193(6) 0.00977(11)

O(2) O23 m 8l 0.5 0.33655(5) –0.07803(8) 0 0.01343(16)

O(3) O21 m 8l 0.5 0.38338(5) 0.17683(9) 0 0.01417(16)

O(4) O16 1 16m 1.0 0.06272(3) 0.08363(5) 0.15097(6) 0.00890(11)

O(5) O26 m 8l 0.5 –0.04311(5) 0.25765(8) 0 0.01228(15)

O(6) O13 1 16m 1.0 0.17424(3) 0.19051(6) 0.35748(6) 0.00977(11)

O(7)(H2O) Ch1/4 222 4b 0.232(2) 0.5 0 0.25 0.0419(5)

H* 1 16m 0.464 0.491(5) 0.055(5) 0.317(7) 0.12(3)

* Isotropic thermal displacement parameter is given for the H atom.

Table 3.  Local balance of valences

Si(1) Si(2) Si(3) Al T(Al,Be) M(Mg,Fe) A(Na,Ca) H Σ ∆

O(1) 1.008 0.695 0.368 2.071 0.071

O(2) 1.041 1.030 0.015 2.086 0.086

O(3) 1.099 0.860 0.030 1.989 0.011

O(4) 1.008 0.755 0.306 2.069 0.069

O(5) 1.090 0.846 0.045 0.05 2.031 0.031

O(6) 1.008 0.697 0.326 2.031 0.031

O(7) 0.065 0.95 2.030 0.030

0.065 0.95

Σ 4.156 4.032 4.136 3.216 2.784 2.000 1.000
nels parallel to the c axis, in which Na+ and Ca2+ cations
and water molecules are located. Edge-oriented tetra-
hedra of two types (SiO4 and (AlBe)O4) at z = 1/4 and
3/4 link six-member rings into a framework. Each oxy-
gen vertex in the anionic framework of the composition

 is shared by two tetrahedra.

Octahedral voids are occupied by (Mg,Fe)2+ cations.
M(Mg,Fe) octahedra share edges with SiO4 and
(Al,Be)O4 tetrahedra to form rings from alternating
octahedra and tetrahedra at z = 1/4 and 3/4. Thus, the
framework of cordierite can be interpreted as a quasi-
layered structure formed of layers of tetrahedra linked

Si5Al3.39Be0.61O18{ } ∞∞∞
4.6–
C

into rings by sharing vertices (z = 0 and 1/2) and octa-
hedra and tetrahedra sharing edges (z = 1/4 and 3/4),
which alternate along the c axis (Fig. 2).

Crystallographic and some crystallochemical char-
acteristics of cordierites of different composition and
origin with known crystal structures are listed in Table 4.
It can be seen that ordered distribution of Si and Al
atoms over structural positions is typical of all cordier-
ite modifications, although the value of ∆ changes sig-
nificantly. Obviously, the distortion index of the orthor-
hombic unit cell, as was shown in [2], is determined by
the chemical composition of cordierite rather than the
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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a

b

b'h a'h

Al

Si(1)

Si(3)

Si(2)

Na

Mg

T

Fig. 1. Projection of the cordierite crystal structure onto the ab plane. Quasi-layers composed of edge-shared octahedra and tetra-
hedra, located at c = 1/4 and 3/4, can be easily seen.

a

c

Si(2)

Si(3)

Si(1)

Mg
Al

T

Fig. 2. Crystal structure of cordierite along the b axis of the unit cell.
degree of ordering of Si and Al atoms in the tetrahedral
framework.

The data of Table 4 confirm also the previously
noted [2–4] correlation between the number of Fe2+ cat-
ions (rFeVI = 0.78 Å) in octahedra in the cordierite
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
structure and the unit-cell parameter b. The average val-
ues of the M(Mg,Fe)–O bond lengths in octahedra
increase with decreasing the content of Mg2+ cations
(rMgVI = 0.72 Å) [13]. Accordingly, the period of alter-
ation along the b axis increases as well. For example,
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ekaninaite (sp. gr. Cccm, Z = 8)
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8 0.075Na + 0.025Ca 0.3 [15]

3 0.06Na 0.37 [3]

2 0.03Na + 0.01Ca + 0.01K 0.28 [14]

3 0.18Na 0.43 [7]

7 0.13Na 0.3 [7]

4 0.14Na 0.38 [7]

1 0.24Na* 0.4* [7]

2 0.138Na* + 0.096Ca* 0.464* This 
study
Table 4.  Crystallographic and crystallochemical characteristics of mineral species in the isomorphic series cordierite–s

Location

U
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pa

ra
m
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er

s
a,

 b
, c

, Å V, Å3 ∆ Composition of the
M octahedron

(M
–O

) a
v,

 Å Composition of the
T tetrahedron

(T
–O

) a
v,

 Å

O
(1

)–
O

(6
),

 Å

O
(1

)–
O

(6
'),

 Å

Dolbni Bori, 
West
Moravia

17.230(5) 1578.3 0.214 0.12Mg + 0.83Fe +0.04Mn 2.158 1.00Al 1.748 2.616 3.06

9.835(3)

9.314(3)

Bergel,
Central
Alps

17.044(4) 1545.7 0.239 0.93Mg + 0.07Fe 2.106 1.00Al 1.754 2.582 3.12

9.716(3)

9.334(2)

White Well, 
West
Australia

17.079(3) 1554.8 0.247 0.95Mg + 0.04Fe + 0.01Mn 2.109 1.00Al 1.758 2.616 3.13

9.730(2)

9.356(2)

Central Man,
the United 
States

17.056(3) 1557.6 0.122 0.53Mg + 0.29Fe + 0.18Li 2.134 1.00Al 1.751 2.607 3.09

9.783(2)

9.335(2)

Alpe Sponda, 
Switzerland

17.060(2) 1552.0 0.172 0.70Mg + 0.30Fe 2.120 0.92Al + 0.08Be 1.746 2.585 3.09

9.759(1)

9.322(2)

Haddom, 
Connecticut, 
the United 
States

17.054(1) 1551.8 0.165 0.66Mg + 0.29Fe + 0.05Li 2.123 0.92Al + 0.08Be 1.746 2.587 3.09

9.759(2)

9.324(1)

Kemio,
Finland

17.0.65(2) 1553.7 0.105 0.38Mg + 0.55Fe + 0.07Li 2.139 0.80Al + 0.20Be 1.730 2.581 3.05

9.797(2)

9.293(2)

Lipovka, 
Central 
Urals

16.850(3) 1524.3 –0.001 0.93Mg* + 0.07Fe* 2.103 0.694Al* + 0.306Be* 1.721 2.548 3.06

9.729(2)

9.298(2)

* Refined during the structure interpretation.
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Fig. 3. Relation between the content of Mg in the M octahedron, average M–O distance, and the parameter b of the cordierite unit
cell.
the decrease in the Mg content from 93–95 to 12% is
accompanied by the increase in the average cation–
oxygen distance in the octahedron from 2.106 to
2.158 Å, and the parameter b increases from 9.716 to
9.835 Å (Fig. 3, Table 4).

Another regularity following from the analysis of
the data of Table 4 is that the number of Be atoms in
T(Al,Be) tetrahedra, the tetrahedron size, and the unit-
cell parameter c are related to each other. The system-
atic decrease in the tetrahedron size upon dilution of
Al3+ cations (rAlIV = 0.39 Å) occupying the tetrahedron
with smaller Be2+ cations (rBeIV = 0.27 Å) was noted in
[7]. Our interpretation of the crystal structure of cordi-
erite as quasi-layered (with layers alternating along the
c axis) turns out to be useful for finding the dependence
between the length of this axis and the tetrahedron com-
position. Since the composition of the Si,Al,O rings at
z = 0 and 0.5 does not change upon incorporation of Be
into T tetrahedra, it is important to trace the change in
the sizes of layers located at z = 1/4 and 3/4. In these
layers, the unit of constant composition is the Si(2) tet-
rahedron, which shares two opposite edges O(4)–O(4')
with M octahedra. Comparison of the corresponding
edge lengths for cordierites with different contents of M
polyhedra shows that the O(4)–O(4') edge length
remains relatively constant and, therefore, does not
affect the parameter c. In contrast, the lengths of the
O(1)–O(6) edges (shared with M octahedra) and O(1)–
O(6') edges of the T tetrahedron vary significantly
(Table 4), following the variations in the numbers of Al
and Be atoms in the tetrahedron. We should note that
the length of the O(1)–O(6) edge (shared by the T and
M polyhedra) depends on the chemical composition of
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      200
not only the tetrahedron but also the octahedron and,
therefore, there is no direct correlation between the
length of this edge, the tetrahedron composition, and
the value of the alteration period along the c axis. How-
ever, such a correlation can be observed if we compare
the O(1)–O(6') edge lengths of T tetrahedra in cordier-
ites of different composition and their parameters c
(Table 4, Fig. 4): the larger the Be content in the tetra-
hedron, the shorter its O(1)–O(6') edge and the smaller
the parameter c.

A particular feature of the mineral from the Lipovka
pegmatite field is the zero value of the distortion index

∆ = 1.094(a – ) (where a and b are the orthorhom-
bic unit-cell parameters), which determines the devia-
tion of the orthorhombic lattice of cordierite from the
hexagonal geometry. According to the type of the crys-
tal structure, a change in the chemical composition
affects the composition of polyhedra in cellular layers
at z = 1/4 and 3/4. In the layers formed of octahedra and
tetrahedra with shared edges, a bent column composed
of M and T polyhedra, extended along the b axis, can be
distinguished. Linking with each other through SiO4

tetrahedra along the a axis, these columns are closed
into a two-dimensional ring construction. As can be
easily seen from Fig. 1, the parameter of the orthorhom-
bic unit cell bo of cordierite (equal to the parameter of
the pseudohexagonal unit cell ) can be approxi-
mately represented as a sum of the two O(1)–O(1') edge
lengths of the T tetrahedron and two O(1)'–O(1') edge
lengths of the M octahedron projected onto the ab
plane. At the same time, the value of the pseudohexag-

b 3

ah'
4
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Fig. 4. Relation between the content of Be in the T tetrahedron, O(1)–O(6') edge length of the tetrahedron, and the parameter c of
the cordierite unit cell.
onal unit-cell parameter  (equal to the half diagonal
of the (001) plane of the orthorhombic cell) is a sum of
the projection of two O(6)–O(4') edges of the M octa-
hedron, the O(6)–O(6) edge of the T tetrahedron, and
the O(4)–O(4') edge of the Si tetrahedron on the (001)
plane. The sizes of the M and T polyhedra of the cordi-
erite from the Lipovka pegmatite field are such that the
parameters of the pseudohexagonal unit cell turn out to
be approximately equal:

 = 2 ⋅ 2.794[O(1)–O(1')] 

+ 2 ⋅ 2.118[projection O(1')–O(1')] ≈ 9.7 Å,

 = 2 ⋅ 2.037[projection O(6)–O(4')] 

+ 2.803[O(6)–O(6)] + 2.668 [O(4)–O(4')] ≈ 9.7 Å.

Hence, the degree of hexagonality of the unit cell of
cordierite is determined by the topology of the columns
composed of M octahedra and T tetrahedra parallel to
the b axis. The variable composition of the polyhedra
determines variations in the sizes of polyhedra and the
degree of curvature of the columns, which are directly
related to the values of the parameters  = bo and  =

a –  of the pseudohexagonal unit cell.

A particular problem in the crystal chemistry of
cordierite is the orientation of water molecules in inter-
stices of the tetrahedral framework. According to the
spectroscopic data [8], two types of water molecules
may exist in channels of the cordierite structure, which
differ by the orientation of the H–H vector. Orientation
of the H–H vector parallel to the c axis is typical of

bh'

ah'

bh'

ah' ah'

bo 3
C

water molecules of type I. For water molecules of type
II, the H–H vector is parallel to the b axis. In both cases,
the plane of a water molecule is parallel to the (100)
plane. A correlation between the content of water mol-
ecules of type II and the content of cations in channels
was also established in [8]; their ratio was estimated as
approximately 2 : 1. Localization of cations and water
molecules in the framework cavities on the basis of
X-ray and neutron diffraction experiments [14] showed
disordering of the oxygen atom of the water molecule
between two positions near the point with symmetry
222. Cohen et al. [14] believed that the plane of the H2O
molecule is parallel to the (001) plane, which is incon-
sistent with the spectroscopic data. In accordance with
the later interpretation of the results of [14], the plane
of the water molecule makes an angle of 29° with the
(100) plane, and the H–H vector makes an angle of 19°
with the c axis [15].

According to our data, the oxygen atoms of water
molecules occupy statistically 93% of the particular
position {0 1/2 1/4} (the symmetry D2). Using differ-
ence electron-density maps, we managed to localize the
hydrogen atom in the general position and refine its
coordinates and thermal displacement parameters in the
isotropic approximation (Table 2). The geometric char-
acteristics of the hydrogen bond formed by this atom
are as follows:

D–H···A d(D–H),
Å

d(H···A),
Å

Angle
DHA, °

d(D–A),
Å

O(7)–H···O(5) 0.83(6) 2.56(6) 173(6) 3.3897(9).
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Independent refinement of the contents of Na and
Ca atoms and water molecules in framework cavities
showed that cation positions are occupied approxi-
mately by half, while H2O positions are almost com-
pletely occupied. This distribution of atoms is in good
agreement with the model, according to which H2O–Na
and Ca–OH2 groups are oriented in channels parallel to
the c axis of the unit cell and alternate with empty cat-
ion positions. A small number of empty O(7)(H2O) and
Na,Ca positions leads to a disorder in the distribution of
linear groups H2O–Na and Ca–OH2, due to which the
positions of metal atoms with the coordinates z = 0 and
0.5 are occupied statistically.

The data above indicate that the hydrogen bond
O(7)–O(5) is very weak. This is in agreement with the
conclusions drawn by Langer and Schreyer [16], who
found from spectroscopic experiments that the water
molecule forms rather weak hydrogen bonds with the
oxygen atoms of the framework. The presence of such
bonds is unlikely to significantly change the topology
of cordierite quasi-layers, and, apparently, the effect of
the water molecule on the distortion index should be
considered only as mediated within the scheme of het-
erovalent substitution: Al3+  Be2+ + Na+ + H2O.. 

O(7)O(7)O(7)

Ca, NaCa, NaCa, Na

O(7)O(7)O(7)

HHH HHH

HHH HHH

c

b

Fig. 5. Location of Ca and Na atoms and water molecules in
the channels of the cordierite crystal structure. Two possible
variants of localization of H atoms of the water molecules
are shown.
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The plane of the water molecule is parallel to the
[001] direction and makes a dihedral angle of 12.8°
with the (100) plane. In the H2O–Na,Ca–OH2 fragment,
which is parallel to the c axis (Fig. 5), both hydrogen
atoms of each water molecule should be oriented in the
directions from the metal atoms (otherwise, the A–H
distance will be intolerably short (1.8 Å)). Thus, the
H−H vector of the water molecule is parallel to the
[010] direction in the case under consideration, which
corresponds to the orientation of water molecules of
type II (revealed in the spectroscopic study of cordierite
[8]). The forbidden angle H–O–H = 82.8° indicates that
the water molecule either has an oscillating orientation
or is disordered between two (or more) positions. The
electron density of neighboring equivalent positions
can be summed due to the high-symmetry operation
222, and it is possible that we observe in X-ray experi-
ment an averaged position characterized by overesti-
mated symmetry. One should also bear in mind that,
within the same model, the direction of the H–H vector
may be parallel to [001] (water molecules of type I),
provided that metal cations are absent in channels of the
tetrahedral framework.

The IR spectrum of the mineral from the Lipovka
pegmatite field differs significantly from the IR spectra

~ ~

500
Wave number, cm–1

1000 1500 3000 3500

Absorption, arb. units

1

2

3

4

Fig. 6. IR spectra of cordierites, sekaninaite, and indialite.
Numbering of the curves is the same as for the minerals in
Table 5.
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Table 5.  Wave numbers (cm–1) of the bands in the IR spectra of minerals from the cordierite group

Mineral
Band type

Na-, Ca-, Be-cordierite1 Cordierite2 Indialite3 Sekaninaite4

3692 3655 ν(OH)

3575 3570 3572 ν(H2O)

1628 1635 sh 1630 sh δ(H2O)

1161 1173 1162 1171 ν(Si, Al–O)

1138 1140 1140 w

1098 1088 1100 1092

1025 1050 1024

895 w

773 768 779 763 mixed vibrations of the tetra-
hedral framework (including 
resonance vibrations
involving Be–O bonds)

720 w 750 w 690 740 w

705 w 695 w

676 670 sh

657 617 607 599

596 582 577 mixed vibrations of the frame-
work and octahedral cations570 w 553 561

520 sh ν(VIAl–O)

475 w 485 473 483 ν(Mg, Fe–O) + δ(Si–O–Al)

445 w

463 442 430 430

407 418 410

Note: The wave number in the maxima of the strongest Si–O stretching vibration bands are underlined. Designations: (sh) shoulder, (w)
weak band, (ν) stretching vibrations, and (δ) bending vibrations.
1 Lipovka, Urals.
2 Cordierite-3 Mine, East Pamir.
3 According to the data of Povarennykh, 1979.
4 Eveslogchorr mountain, Khibiny massif (iron-rich species).

971
918
--------- 955

906
--------- 1000

948
------------ 959

910
---------
of other types of cordierite and sekaninaite with a low
beryllium content (Fig. 6, Table 5). Powder samples for
spectroscopic analysis (Specord 75 IR spectrophotom-
eter) were pressed into a KBr matrix and studied using
polystyrene and gaseous ammonia as references. As
one would expect, the minerals belonging to the iso-
morphic series (beryllium-free) cordierite–sekaninaite
are characterized by almost identical spectra in the
range of oscillations of the tetrahedral framework
(650–1200 cm–1) but have different frequencies of
vibrations involving octahedrically coordinated cations
(442 and 418 cm–1 for cordierite and 430 and 410 cm–1

for sekaninaite). Obviously, this discrepancy is related
to the differences in the reduced masses for the Mg–O
and Fe–O pairs. In contrast, for beryllium-rich cordier-
ites, strong perturbation of the IR spectrum is observed,
which manifests itself primarily in the blue shifts of the
bands due to the framework vibrations in the range
C

600–1000 cm–1. The values of these shifts range from 5
to 40 cm–1.

Generally, three bands with a poorly resolved fine
structure are present in the range of O–H stretching
vibrations in the IR spectra of cordierite and sekani-
naite. The positions of two of these bands (at 3630–
3633 and 3570–3575 cm–1), which are due to the vibra-
tions of water molecules of type II in structural chan-
nels, are almost independent of the Mg : Fe ratio, and
the ratio of the intensities of these bands varies weakly
from sample to sample [17]. The third O–H stretching
vibration band, which is absent in the spectrum of
Lipovka cordierite, behaves quite differently. It is
peaked at about 3690 cm–1 in the spectrum of the cordi-
erite and is shifted to 3655 cm–1 in the spectra of iron-
rich sekaninaites. Such a strong dependence of the
position of the third band on the iron content in a min-
eral casts doubt on the correctness of the assignment of
this band to vibrations of water molecules in zeolite
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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channels. The intensity of this band changes signifi-
cantly from sample to sample: it may be the strongest
O–H stretching vibration band in one sample and
absent in the spectrum of other samples. Although this
band was assigned to water molecules of type I in [17],
it was noted that the absence of the second stretching
vibration band due to vibrations of water molecules of
this type, which is intolerable for the weakly bound
symmetric H2O molecule, can hardly be explained and
requires further study (we should add that this is also
intolerable for the asymmetric H2O molecule). The
most likely explanation of the above facts is the
assumption about the existence of [Fe2+···OH–] and
[Mg2+···OH–] complexes in the channels of the struc-
ture. The positions of the bands at 3692 and 3655 cm–1

are quite consistent with the vibrational frequencies of
the OH groups coordinated to Mg and Fe ions, respec-
tively. The possibility of the presence of iron in zeolite
channels in iron-containing members of the cordierite–
sekaninaite series was proved experimentally by Möss-
bauer spectroscopy [8].

The Be-containing cordierite from the Lipovka peg-
matite field can be considered a typomorphic mineral
from beryllium-rich desilicated granite pegmatites cut-
ting magnesium-rich rocks. To estimate the maximum
possible beryllium content in cordierite, we must first
take into account the scheme of heterovalent isomor-
phism Be2+ + Na+ + H2O  Al3+, according to which
the dilution of framework Al tetrahedra with Be atoms
is accompanied by the incorporation of Na+ (K+, Ca2+)
cations and water molecules into the channels. Since
the ratio of the number of alkali and alkaline-earth cat-
ions to the number of water molecules in channels,
which coordinate these cations, is equal to 1 : 2 and the
maximum number of H2O molecules cannot exceed
unity (because the H2O molecule occupies the
{0 1/2 1/4} position), the maximum number of cations
in zeolite channels cannot exceed 0.5 (per 18 oxygen
atoms). In the case of our consideration, this number is
0.468(8); i.e., it is close to maximum. The beryllium
content in the framework can be increased by increas-
ing the ratio Ca2+ : Na+ in the {0 1/2 0} position. In the
limiting case, when the position at the inversion center
is completely occupied by Ca2+ cations, we obtain a for-
mula for cordierite, which corresponds to the maximum
possible Be content for this isomorphic scheme:
(Mg,Fe)2[Si5Al2(Al0.5Be0.5)O18](Ca0.5H2O).

As was shown in [7], Li in cordierite is incorporated
into M octahedra with simultaneous capture of alkali
(alkaline-earth) cations and the molecules into the
channels. This circumstance means that both Li and Be
contents are controlled by cations in framework cavi-
ties. Hence, the larger number of Li atoms is accumu-
lated by the structure, the smaller number of Be atoms
(at the maximum number of cations in the A position)
can occupy tetrahedra isomorphously with aluminum.
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
A particular feature of the crystal structure of cordi-
erite that gives grounds to interpret it as a zeolite-like
mineral is the variable content of atoms of alkali (and
alkaline-earth) metals and water molecules in frame-
work cavities. Another feature is that, in contrast to zeo-
lites, the composition of cavities and the framework of
cordierite are not independent of each other, which
makes it possible to consider this mineral intermediate
between ring silicates of the beryl type and zeolites.
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Abstract—The crystal structure of the mineral byelorussite-(Ce) NaMnBa2Ce2Ti2Si8O26(F,OH) ⋅ H2O belong-
ing to the joaquinite group was solved and refined to R = 0.033 based on 4813 reflections with I > σ2(I). The
parameters of the orthorhombic unit cell are a = 22.301(4) Å, b = 10.514(2) Å, c = 9.669(2) Å, V =
2267.1(8) Å3, sp. gr. Ama2 , and Z = 4. The structure is composed of three-layer sheets, which consist of dimers
of edge-sharing Ti octahedra located between isolated four-membered [Si4é12] rings. The sheets are linked to
each other by Mn 5-vertex polyhedra to form a heteropolyhedral framework. Large cavities in the framework
are occupied by Na 6-vertex polyhedra, Ba 11-vertex polyhedra, and REE 9-vertex polyhedra. © 2004 MAIK
“Nauka/Interperiodica”.
INTRODUCTION

The joaquinite group includes seven monoclinic and
orthorhombic minerals with the general formula
A6Ti2Si8O24(O,OH,F)2-3 ⋅ (0–1)H2O, where A = Ba, Sr,
Na, rare-earth element (REE), Fe, and Mn. These min-
erals are joaquinite-(Ce), orthojoaquinite-(Ce), ortho-
joaquinite-(La), byelorussite-(Ce), strontiojoaquinite,
strontioorthojoaquinite, and barioorthojoaquinite [1].
However, in spite of the wide diversity of types, the
complete crystal-structure data were published only for
the monoclinic joaquinite-(Ce) with the composition
Ba2Ce2NaFe2+Ti2Si8O26(OH) ⋅ H2O, which is a repre-
sentative of a unique structure type [2, 3]. In [2], the
structure of joaquinite was solved within the sp. gr.
C2/m (R = 0.160). More recently, the structure of
joaquinite was established independently [3]. The
results of the latter study confirmed, on the whole, the
model found earlier [2]. However, the structure was
solved within sp. gr. C2 (R = 0.075). In 1991, Mali-
novskiœ described a model of the crystal structure of
byelorussite-(Ce) within the orthorhombic space group
C2cm (a = 9.640(2) Å, b = 10.492(2) Å, c = 22.266(3) Å,
R = 0.024 for 1587 reflections) [4]; however, the atomic
coordinates, thermal parameters, and interatomic dis-
tances were not reported. All other minerals were
assigned to the joaquinite group based on the similarity
of their chemical compositions, stereochemistry, pow-
der X-ray diffraction patterns, and properties. These
minerals were characterized only by the symmetry and
unit-cell parameters.
1063-7745/04/4906- $26.00 © 20964
In this study, the crystal structure of byelorussite-
(Ce) with the formula Ba2Ce2NaMn2+

Ti2Si8O26(F,OH) ⋅ H2O was established. This mineral
is an orthorhombic Mn,F-dominant analogue of joaqui-
nite-(Ce). The specimen under study was found in the
Diabazovoe occurrence (Zhitkovichi District, Belarus),
where this mineral was discovered for first time. This
mineral occurrence is related to alkaline metasomatites
of the rare-metal mineralization. A single-crystal grain
was isolated from a large pale yellow tabular individ-
ual. Byelorussite-(Ce) was discovered in association
with magnesioriebeckite, aegirine, microcline, albite,
leucophanite, and titanite in a marginal part of a quartz
vein crosscutting microclinized, albitized, and silicifi-
cated granosyenites. The average chemical composi-
tion of the mineral was determined by electron-probe
X-ray microanalysis on Camebax and Superprobe-733
microanalyzers (wt %): Na2O, 2.08; K2O, 0.40; SrO,
0.43; BaO, 20.58; MgO, 0.15; MnO, 2.58; FeO, 0.82;
ZnO, 1.58; La2O3, 8.33; Ce2O3, 12.13; Pr2O3, 0.58;
Nd2O3, 2.30; Sm2O3, 0.10; Gd2O3, 0.15; TiO2, 11.35;
SiO2, 33.98; F, 0.98; H2Ocalcd, 1.45; –O=F2, 0.41; and in
total, 99.56. The empirical formula is (Na0.95K0.12)Σ1.07 ⋅
(Mn0.52Zn0.27Fe0.16Mg0.05)Σ1.00(Ba1.90Sr0.06)Σ1.96REE2.03 ⋅
Ti2.01 Si8.00O26[F0.73(OH)0.27] ⋅ H2O [5].

EXPERIMENTAL

X-ray diffraction data were collected from a
byelorussite-(Ce) single crystal of 0.10 × 0.14 ×
0.17 mm3 in size. The three-dimensional set of X-ray
004 MAIK “Nauka/Interperiodica”
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reflections was collected on a Nonius Kappa CCD dif-
fractometer (MoKα radiation, λ = 0.71073 Å). The
parameters of the orthorhombic unit cell are a =
22.301(4) Å, b = 10.514(2) Å, c = 9.669(2) Å, and V =
2267.1(8) Å3. The absorption correction was applied
taking into account the crystal habitus (µ = 9.01 mm–1).
All calculations were carried out using the SHELX97
program package [6]. A total of 5155 independent non-
zero reflections were obtained after standard processing
of the X-ray diffraction data. The structure of byelorus-
site-(Ce) was solved by direct methods and refined
within the sp. gr. Ama2 to R(F) = 0.033 for 4813 reflec-
tions with I > 2σ(I). The cation distribution was estab-
lished based on the refinement of the electron contents
of the cation positions and taking into account the
requirements for retaining the positive values of ther-
mal parameters, the electroneutrality of the chemical
formula, and the valence balance. It turned out that

Table 1.  Principal crystallographic characteristics and exper-
imental data

Idealized formula NaMnBa2Ce2Ti2Si8O26(F, 
OH) · H2O 

Unit-cell parameters, Å a = 22.301(4) b = 10.514(2)
c = 9.669(2)

Space group; Z Ama2; 4

Unit-cell volume V, Å3 2267.1(8)

Calculated density ρ, g/cm3 4.08

Measured density ρ, g/cm3* 3.92

Absorption coefficient µ, mm–1 9.01

Molecular weight 1391.3

F000 2567

Crystal dimensions, mm 0.10 × 0.14 × 0.17

Diffractometer Nonius Kappa CCD

Radiation; wavelength, Å MoKα; 0.71073

Scan ranges –36 ≤ h ≤ 36, –17 ≤ k ≤ 17,
–15 ≤ l ≤ 16

Number of nonequivalent
reflections

5155

Number of nonequivalent
reflections with I > 2σ(I)

4813

Program package SHELX97

Number of parameters
in refinement

213

RF 0.033

wR(F2) 0.081

GOF 1.12

∆ρmax, e/Å3 2.78

∆ρmin, e/Å3 –2.04

* The measured density is taken from [5].
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large K cations replace Ba in the Ba(1) position, and
Sr  atoms partially replace Ba in the Ba(2) position.
The  Mn position, which has an electron content
of   25.86e, is partially occupied by Zn, Fe, and Mg
cations of similar sizes. Therefore, the structural for-
mula of byelorussite-(Ce) can be written as
NaMn(Ba0.9K0.1)(Ba0.95Sr0.05)Ce2(TiO)2[Si4O12]2(F,OH) ⋅
H2O. This formula is in good agreement with the results
of electron-probe analysis. A small excess of negative
charge (0.1e) in the formula above is compensated by
possible partial oxidation of iron cations to the trivalent
state.

The main characteristics of the crystal and details of
X-ray diffraction study are listed in Table 1. The atomic
coordinates and the atomic displacement parameters
are listed in Table 2. The bond-valence balance for the
anions in the byelorussite-(Ce) structure was calculated

Table 2.  Atomic coordinates and atomic displacement pa-
rameters for the crystal structure of byelorussite-(Ce)

Atom x y  z 

Mn 0.5 0.5 0 0.0165(3)

REE 0.52267(1) 0.18439(2) 0.1269(1) 0.01638(7)

Ba(1) 0.75 –0.07387(4) 0.3615(1) 0.0202(1)

Ba(2) 0.75 –0.04209(4) –0.1267(1) 0.0187(1)

Ti 0.68617(3) 0.19084(6) 0.1336(1) 0.0125(1)

Na 0.5 0.5 0.3203(5) 0.0283(7)

Si(1) 0.62861(5) 0.4743(1) 0.1345(2) 0.0128(2)

Si(2) 0.60320(6) 0.2019(1) –0.1689(2) 0.0135(2)

Si(3) 0.61373(6) 0.1771(1) 0.4339(2) 0.0129(2)

Si(4) 0.62760(6) 0.4057(1) –0.3966(2) 0.0139(2)

O(1) 0.6824(1) 0.0055(3) 0.1150(5) 0.0168(6)

O(2) 0.75 –0.2997(5) 0.5028(6) 0.0147(8)

O(3) 0.4374(2) 0.0415(3) 0.0630(5) 0.0208(7)

O(4) 0.75 0.1792(4) 0.2640(5) 0.0136(8)

O(5) 0.5617(1) 0.4176(3) 0.1265(5) 0.0206(6)

O(6) 0.6357(2) 0.5758(4) 0.2638(4) 0.0191(7)

O(7) 0.6152(2) 0.1733(3) 0.2667(4) 0.0157(6)

O(8) 0.6232(2) 0.2081(4) –0.0092(4) 0.0178(6)

O(9) 0.6822(1) 0.3743(3) 0.1579(4) 0.0165(6)

O(10) 0.6519(2) 0.3032(3) –0.5138(4) 0.0175(6)

O(11) 0.6497(2) 0.0507(3) 0.4930(4) 0.0180(6)

O(12) 0.6302(2) 0.3273(4) –0.2494(5) 0.0224(8)

O(13) 0.5493(2) 0.1752(3) 0.5065(4) 0.0184(6)

O(14) 0.5317(2) 0.1985(4) –0.1781(5) 0.0244(8)

F, OH 0.5 0.5 –0.2031(7) 0.028(1)

H2O 0.75 0.6968(8) 0.1761(9) 0.040(2)

* The parameters Ueq were calculated based on anisotropic atomic
displacement parameters.

Ueq
*
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Table 3.   Bond-valence balance for the anions in the structure of byelorussite-(Ce)

Mn REE Ba(1) Ba(2) Ti Na Si(1) Si(2) Si(3) Si(4) Σ

O(1) 0.17[×2] 0.24[×2] 0.68 1.02 2.11

O(2) 0.30 0.22 [×2]0.78 2.08

O(3) 0.39; 0.29 0.08[×2] 1.06 1.82

O(4) 0.23 0.11 [×2]0.78 1.90

O(5) 0.48[×2] 0.30 0.16[×2] 1.04 1.98

O(6) 0.14[×2] 0.93 0.94 2.01

O(7) 0.42 0.54 1.02 1.98

O(8) 0.29 0.64 1.05 1.98

O(9) 0.07[×2] 0.31[×2] 0.70 1.04 2.12

O(10) 0.17[×2] 0.93 0.92 2.02

O(11) 0.20[×2] 0.92 0.91 2.03

O(12) 0.12[×2] 0.96 0.93 2.01

O(13) 0.36[×2] 0.42 1.06 1.84

O(14) 0.33; 0.11 0.34[×2] 1.07 1.85

F, OH 0.58 [×2]0.30 1.18

H2O 0.15 0.10 0.25

Σ 2.26 2.85 1.80 2.15 4.12 1.16 3.93 4.02 3.92 3.93

Note: The left and right superscripts correspond to the bond valences that are doubled in calculations of the valence balance for the anions
and cations, respectively. The bond valences for the Mn cation are given taking into account the presence of Zn in this position.
by the equations reported in [7]. The results of calcula-
tions (Table 3) allow us to unambiguously identify the
positions occupied by the F atom or the OH group,
which are located in the apical corners of Mn half-octa-
hedra, and the water molecule involved in the formation
of Ba polyhedra. The figures were drawn using the
ATOMS program [8].

The ranges of the intermolecular distances in the
coordination polyhedra in the byelorussite-(Ce) struc-
ture are close to the standard values: Mn–O, 1.963(6)–
2.146(4) Å; REE–O, 2.469(4)–2.960(5) Å; Ba(1)–O,
2.740(5)–3.286(4) Å; Ba(2)–O, 2.719(4)–3.153(8) Å;
Ti–O, 1.905(3)–2.049(4) Å; Na–O, 2.204(4)–
2.765(6) Å; Si(1)–O, 1.608(3)–1.655(4) Å; Si(2)–O,
1.597(4)–1.646(4) Å; Si(3)–O, 1.599(4)–1.655(4) Å;
and Si(4)–O, 1.602(4)–1.655(4) Å. The involvement of
the O(14) atom in the Ce polyhedron (in spite of the
increased distance, 2.960(5) Å) and the involvement of
the O(3) atom in the Na polyhedron (Na–O(3), 2.765(6)
Å) were confirmed by the results of calculation of the
bond-valence balance (Table 3).

DESCRIPTION AND DISCUSSION 
OF THE BYELORUSSITE-(Ce) STRUCTURE

The structure of byelorussite-(Ce) is shown in
Fig. 1. This mineral is structurally similar to joaquinite
[3] and differs from the latter in that it contains Mn
instead of Fe. Both structures are composed of three-
layer sheets. The outer layers consist of isolated four-
C

membered Si4O12 rings, which are typical of titanium
silicates. The intermediate layer consists of Ti2O10

dimers of the edge-sharing Ti octahedra (Fig. 2). In
addition, the intermediate layer contains large Ba 11-
vertex polyhedra. Ba atoms and the shared O(2)–O(4)
edges of Ti octahedra lie in the mirror plane m. The mir-
ror plane in the orthorhombic structure of byelorussite-
(Ce) has been described for monoclinic joaquinite [3]
as a pseudoplane, in which Ba atoms and water mole-
cules are located. In the structure of monoclinic joaqui-
nite, this plane is distorted by the Fe and Na polyhedra
located between the layers. In byelorussite-(Ce), Mn
5-vertex polyhedra, distorted Na octahedra, and REE
9-vertex polyhedra are located symmetrically with
respect to this plane.

The presence of edge-sharing Ti octahedra is typical
of titanosilicates, in contrast to zirconosilicates, which
contain predominantly isolated Zr octahedra. Accord-
ing to [9], more than a half of the known titanosilicates
contain corner- or edge-sharing Ti polyhedra. Along
with joaquinite and byelorussite-(Ce), edge-sharing Ti
octahedra are also present in the structures of leu-
cosphenite, neptunite, tinaksite, odintsovite, etc. In leu-
cosphenite, pairs of Ti octahedra link Si, B-double lay-
ers, which are formed by four-membered rings like in
byelorussite and joaquinite. In the structures of alumi-
num silicates, such as epidote, zoisite, pumpellyite,
kyanite, and sillimanite, Ti and Al are brought together
as a result of the edge sharing.
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004



CRYSTAL STRUCTURE OF BYELORUSSITE-(Ce) 967
The set of cations in byelorussite-(Ce) is similar to
that in ilimaussite-(Ce) [10], which is also present in
differentiates of alkali rocks. Both minerals are struc-
turally similar. Ilimaussite-(Ce) also contains two sym-
metrically nonequivalent three-layer titanosilicate
sheets. The outer layers in these sheets are formed by

a

c

REE

H2O

Ba

Fig. 1. Crystal structure of byelorussite-(Ce) projected
along the [010] direction. The dimers of Ti octahedra and
the SiO4 tetrahedra are shaded in dark and light gray,
respectively. The Na 6-vertex polyhedra and Mn half-octa-
hedra are unshaded and shaded in dark gray, respectively.
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
Si,O networks of six-membered rings, and the interme-
diate layers are formed by isolated Ce prisms. The vari-
ety of cation polyhedra and a high degree of disorder in
the structures of ilimaussite-(Ce) and its Ti analogue
[11] suggest different approaches to their description.
However, the general structural features of byelorus-
site-(Ce) are similar to those of ilimaussite-(Ce). Both
structure types contain three-layer sheets. The outer
layers of the sheets are formed by the Si,O units (four-
membered rings in byelorussite and networks of six-
membered rings in ilimaussite). The intermediate lay-
ers are composed of dimers of Ti octahedra in byelorus-
site-(Ce) and isolated Ti octahedra in ilimaussite-(Ce).
In ilimaussite-(Ce), these three-layer sheets are linked
by Ce trigonal prisms, and the cavities between the lay-
ers are occupied by Ba, K, and Na cations. The struc-
ture of diversilite-(Ce) [12], which is compositionally
similar to the Ti analogue of ilimaussite, has a number
of differences from both ilimaussite-(Ce) and byelorus-
site-(Ce).

In the structure of byelorussite-(Ce), the three-layer
sheets formed by Si tetrahedra and Ti octahedra are
linked to each other through the Mn 5-vertex polyhedra
to form a heteropolyhedral framework with large cavi-
ties occupied by Na, Ba, and REE cations. The frame-
work density is 21.1 and, disregarding Na cations
(characterized by a low force constant), there are 19.4
framework atoms per 1000 Å3 . Such framework densi-
ties are typical of microporous (zeolite-like) mixed-
framework zirconium and titanium silicates, such as
baotite, dalyite, and members of the eudialyte and vino-
gradovite–lintisite groups [13]. Hence, byelorussite-
(Ce) and, apparently, all members of the joaquinite

b

c

Fig. 2. Three-layer sheet in the structure of byelorussite-
(Ce) projected onto the (100) plane. For notations, see
Fig. 1.
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group can be assigned to microporous heteropolyhe-
dral-framework silicates. These minerals would be
expected to exhibit zeolite properties.
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Abstract—Rb4LiH3(SÂO4)4 single crystals (1) are studied by the X-ray diffraction method at 180 K and
Rb4LiH3(SO4)4 single crystals (2a–2c) are studied by the neutron diffraction method at 298 K (2a and 2b) and
480 K (2c). It is established that isostructural single crystals 1 and 2 (sp. gr. P41) have analogous systems of
hydrogen bonds: chains of four XO4 tetrahedra linked by three H bonds with the central bond (2.49 Å) being
somewhat shorter than the terminal ones (2.52–2.54 Å). In the high-temperature 2c phase, the amplitudes of
atomic thermal vibrations and the degree of proton disorder in the central hydrogen bond have somewhat ele-
vated values. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Earlier, it was established that the isostructural crys-

tals described by the general formula LiH3(XO4)4

(M = K, NH4, Rb and X = S, Se), hereafter denoted as
MLHX, have a number of similar properties such as the
occurrence of phase transitions at low and high temper-
ature. Being cooled to 100–140 K, the tetragonal mod-
ifications of these crystals stable at room temperature
undergo second-order phase transitions (at 234 K in
ALHS, where A = NH4) to monoclinic phases possess-
ing ferroplastic properties [1, 2]. Some anomalies in
their physical properties were established during their
heating to 430–465 K and were interpreted as the tran-
sitions to the phases with high protonic conductivity
[3]. Despite the intense studies of the structure and
physical properties, many problems of the structures
and phase transitions in these compounds are still
unsolved. ZüNiga et al. [4] performed the first X-ray
study of the crystal structure of Rb4LiH3(SÂO4)4

(RLHS) single crystals at room temperature, but they
did not manage to localize hydrogen atoms. Recently,
Haznar and Pietraszko [5] performed the X-ray diffrac-
tion studies of K4LiH3(SO4)4 (KLHS) crystals at several
temperatures, localized all the atoms, and analyzed a
possible mechanism of proton conductivity in the high-
temperature phase. Pietraszko and Lukaszewicz [6]
reported the study of RLHSe single crystals but, unfor-
tunately, no further publications appeared and no struc-
tural data were deposited. Mröz et al. [2] undertook a
neutron diffraction study of an RLHS powder at 170
and 5 K [2] with the aim to determine the positions of
hydrogen atoms (protons). The structural determination
of the tetragonal phase at 170 K resulted in the localiza-
tion of three independent protons, but, unfortunately,

M4
I
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this study is characterized by a rather low accuracy. The
accuracy of the study of the monoclinic phase at 5 K
was even lower because of the necessity of introduction
of a large number of fixed parameters.

Below we consider the results of the low-tempera-
ture X-ray diffraction study of Rb4LiH3(SÂO4)4 single
crystals and the neutron diffraction study of
Rb4LiH3(SÂO4)4 single crystals at 298 and 480 K. Par-
ticular attention is given to the systems of hydrogen
bonds in a number of MLHX structures.

EXPERIMENTAL

The RLHSe and RLHS single crystals were synthe-
sized by slow concentration of aqueous solutions of the
respective salts. The X-ray diffraction study of several
RLHSe single crystals was performed on a four-circle
STAD14 (Stoe) diffractometer and a diffractometer
with an IPDS (Stoe) area detector (Mo radiation, λ =
0.71073 Å). The main difficulty in obtaining suffi-
ciently accurate structural data was associated with the
introduction of the absorption correction, because of a
high Rb and Se content that resulted in a very high lin-
ear absorption coefficient in RLHSe, µ(MoKα)  =
185.1 cm–1. Upon taking into account absorption either
by the empirical method based on the data of azimuthal
scanning or by the numerical method with due regard
for the crystal shape, the reliability factors for seven
independent experiments ranged from 0.034 to 0.14.
The best result was obtained for the data collected on an
IPDS after the introduction of the absorption correction
with due regard for the crystal shape and its refinement
using the X-SHAPE program [7]. The positions of non-
hydrogen atoms were determined by the direct methods
(SHELXS-97) [8] and were refined in the anisotropic
004 MAIK “Nauka/Interperiodica”



 

970

        

TROYANOV 

 

et al

 

.

                                                                  
Table 1.  Crystallographic characteristics, experimental conditions, and details of the refinement of structures 1 and 2a and 2b

Parameter Rb4LiH3(SeO4)4 1 Rb4LiH3(SO4)4 2a Rb4LiH3(SO4)4 2b Rb4LiH3(SO4)4 2c

Molecular weight 923.68 712.00 712.00 712.00

System Tetragonal Tetragonal Tetragonal Tetragonal

Sp. gr. P41 P41 P41 P41

a, Å 7.818(1) 7.6316 7.6316(3) 7.6699(2)

c, Å 30.174(6) 29.500 29.500(2) 29.712(1)

V, Å3 1844.3(5) 1718.1 1718.1(2) 1747.9(1)

Z 4 4 4 4

ρcalc, g/cm3 3.327 2.846 2.846 2.797

Temperature, K 180 298 298 480

Crystal dimensions, mm 0.40 × 0.22 × 0.13 2.0 × 1.5 × 1.0 2.5 × 2.5 × 2.0 2.5 × 2.5 × 2.0

Diffractometer IPDS VIVALDI D19 D19

Radiation, λ, Å MoKα, 0.71073 Neutrons, 0.85-2.0 Neutrons, 1.3158 Neutrons, 1.3158

µ, cm–1 185.14 0.458 0.458 0.448

θmax, deg 24.7 30.5 30.1 26.0

Total number of reflections 11638 6632 3340 9203

Number of reflections with
I > 2σ(I)

2647 1926 2057 3317

Number of reflections/parame-
ters in LS refinement

3121/236 2553/254 2840/255 3845/255

R1/wR2 0.034/0.069 0.053/0.119 0.047/0.138 0.079/0.252
approximation (SHELXL-97) [9]. Hydrogen atoms
were localized from difference Fourier syntheses and
were refined in the isotropic approximation. The crys-
tallographic parameters, experimental conditions, and
the refinement parameters for the RLHSe (1) structure
are listed in Table 1.

An RLHS crystal was cooled to 110 K, i.e., below
the temperature of the phase transition at 134 K [2] or
130 K [3], directly in a STADI4 diffractometer. We
observed considerable broadening of the initially nar-
row reflections caused by a phase transition. We also
established a slight monoclinic distortion of the tetrag-
onal unit cell: the angle γ deviated from 90°. The dif-
fraction data were collected for the monoclinic unit cell
with the parameters a = 7.560(4), b = 29.210(9), c =
7.566(4) Å, β = 90.32(3)°, and V = 1671 Å3. The deter-
mination and refinement of the crystal structure of the
monoclinic modification of RLHS resulted in a rela-
tively high reliability factor R1 = 0.077, which seemed
to be caused by crystal deformation and twinning due
to the phase transformation. This did not allow us to
reveal the details of the phase transition and the charac-
ter of the displacements of individual groups in the
structure.

One part of the neutron diffraction study was per-
formed on a single-crystal four-circle D19 diffractome-
ter with a germanium monochromator (λ = 1.3158 Å)
and two 3He area detectors of the “banana” and
“square” types (Laue–Langevin Institute, Grenoble,
C

France). A single crystal was glued with a silicate glue
on the rod of a heating device surrounded with two
cylindrical Ge-foil shells and was placed into a sealed
aluminum container. The data were collected on an
RLHS single crystal (2) at three temperatures: 298
(2b), 480 (2c), and 500 K. In each neutron diffraction
experiment performed at a given temperature, two
partly overlapped sets of reflections were collected with
the aid of two independent detectors in the small- and
high-angle regions. Then the intensities of the crystal-
lographically equivalent reflections in each region were
averaged. The LS refinement was performed on the
joint set of reflections with the refinement of the scaling
factor for reflections from different regions. All the
atoms, including hydrogens, were refined in the aniso-
tropic approximation. Table 1 lists the data obtained in
the diffraction experiments at 298 and 480 K.

The second part of the neutron diffraction study was
performed on a VIVALDI Laue diffractometer using an
intense flux (“white radiation”) of nonmonochroma-
tized neutrons and a cylindrical (image plate) detector
(Laue–Langevin Institute, Grenoble, France) [10]. The
data were collected from several diffraction “patterns”
from a crystal at rest in several positions differed by its
rotation by 20° around its axis. Upon indexing the
reflections using the initial parameters known from
other studies, we refined these data, integrated the
intensities, and also determined the curve of intensity
distribution I/λ in the neutron flux based on the compar-
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 2.  Interatomic distances (d, Å) in structures 1, 2a, 2b, and 2c

Bond d(1) (X=Se) d(2a) (X=S) d(2b) (X=S) d(2c) (X=S)

X(1)–O(1) 1.603(8) 1.440(5) 1.444(6) 1.450(5)

X(1)–O(2) 1.612(8) 1.447(5) 1.444(7) 1.456(5)

X(1)–O(3) 1.633(7) 1.452(5) 1.451(7) 1.423(5)

X(1)–O(4) 1.700(8) 1.556(6) 1.564(7) 1.550(5)

X(2)–O(5) 1.606(7) 1.445(5) 1.459(6) 1.462(5)

X(2)–O(6) 1.627(7) 1.452(6) 1.457(6) 1.463(5)

X(2)–O(7) 1.644(7) 1.470(6) 1.460(6) 1.456(4)

X(2)–O(8) 1.668(7) 1.511(5) 1.504(6) 1.494(5)

X(3)–O(9) 1.604(7) 1.430(6) 1.435(7) 1.439(5)

X(3)–O(10) 1.621(8) 1.451(6) 1.443(6) 1.435(5)

X(3)–O(11) 1.678(7) 1.527(5) 1.521(6) 1.515(5)

X(3)–O(12) 1.616(7) 1.448(6) 1.465(7) 1.444(5)

X(4)–O(13) 1.609(8) 1.452(5) 1.440(6) 1.442(5)

X(4)–O(14) 1.620(7) 1.436(5) 1.448(6) 1.434(5)

X(4)–O(15) 1.618(7) 1.446(5) 1.461(6) 1.447(5)

X(4)–O(16) 1.706(7) 1.563(6) 1.537(7) 1.560(5)

Li–O(3) 1.94(2) 1.906(9) 1.91(1) 1.919(7)

Li–O(6) 1.91(2) 1.900(8) 1.91(1) 1.921(7)

Li–O(10) 1.92(2) 1.904(8) 1.90(1) 1.894(7)

Li–O(15) 1.90(2) 1.938(8) 1.93(1) 1.936(7)

Rb–O 2.800–3.293(8) 2.835–3.247(4) 2.824–3.305(4) 2.843–3.291(4)
ison of the intensities of crystallographically equivalent
reflections [1]. The VIVALDI diffractometer was
extremely sensitive and allowed us to collect the data
from small (1–2 mm) crystals for a comparatively short
time (6–12 h). The RLHS (2) crystals were studied at
both low and high temperatures. The exposures at
100 K revealed twinning caused by the phase transi-
tion, which did not allow us to index the Laue diffrac-
tion patterns. The measurements at 298 and 480 K were
made to be able to compare the results of the neutron
diffraction studies of the same structure with the data
obtained by different methods of reflection recording.
The LS refinement with the unit-cell parameters corre-
sponding to the data for 2b and 2c crystals was per-
formed in the anisotropic approximation for all the
atoms of the RLHS crystals at 298 K (2a) and 480 K
(Table 1). The structure studied at 480 K turned out to
be almost identical to the structure 2c (D19), but the
accuracy of its determination by the experimental data
obtained on the VIVALDI diffractometer was some-
what lower, R1 = 0.069, and the scatter in the S–O dis-
tances was somewhat larger, 0.013–0.016 Å, because of
a lesser number of the independent reflections used.
Therefore, these results are not discussed here.

The most important interatomic distances for struc-
tures 1 and 2a–2c are indicated in Table 2, and the char-
acteristics of hydrogen bonds are indicated in Table 3.
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
The atomic coordinates and the coefficients of thermal
displacements are deposited in the Database of Crystal
Structures FIZ, Karlsruhe, D-76344, Eggenstein–
Leopoldshafen (Germany), Nos. 000001, 000002,
000003, and 00004 (412716, 413717, 413718, and
413719).

RESULTS AND DISCUSSION

We studied two isostructural compounds by differ-
ent methods, which allowed us to consider some meth-
odological problems of the crystallographic studies.
The X-ray diffraction studies were performed on sev-
eral Rb4LiH3(SÂO4)4 crystals possessing very high lin-
ear absorption coefficients. The use of a four-circle dif-
fractometer requires the allowance for absorption and
very accurate measurements of crystal shape and
dimensions. In most cases, the authors who made such
studies failed to make precision measurements, which
resulted in unsatisfactory accuracy in the atomic coor-
dinates determined and did not allow the authors to
localize hydrogen atoms. The use of a diffractometer
with an area detector allows one not only to perform
relatively fast data collection for crystals with large
unit-cell parameters but also to obtain the data sets
based on the measurements of a large number of crys-
tallographically equivalent reflections, which, in turn,
is very important for the subsequent empirical refine-
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ment of the crystal shape and dimensions (X-SHAPE
[7]). In our case, the high (tetragonal) symmetry and,
therefore, the presence in the data set of a large number
of crystallographically equivalent reflections, allowed
us to refine the shape of the RLHSe crystal so well that
we managed to localize all the hydrogen atoms.

It is also worth to compare the use of the monochro-
matic and white radiations in neutron diffraction stud-
ies. The first method is traditional for obtaining accu-
rate data on the proton (deuteron) positions. The record
of the diffraction pattern with the aid of area and not
point detectors allows one to considerably increase the
speed of data acquisition. The second method, which
combines the high intensity of the nonmonochromated
neutron flux and the use of an area detector, has certain
advantages. Along with the possible study of relatively
small (1–2 mm) crystals, the exposure time is also con-
siderably shorter, which makes the total time necessary
for a neutron diffraction experiment comparable with
the time of an X-ray diffraction experiment. The data
presented in Tables 1 and 2 demonstrate that both neu-
tron diffraction methods (used for 2a and 2b structures)
yield almost the same accuracy.

On the whole, the results of the X-ray diffraction
study of the RLHSe single crystal (1) confirmed that all
the MLHX compounds have the same structure type [2,
4–6] (Fig. 1). In some structure determinations of
RLHSe crystals, the enantiomorphous groups P41 and
P43 were used. Crystal structure 1 (sp. gr. P41 with the
Flack parameter 0.01(2)) has Rb cations coordinated
with 7 or 8 O atoms from SeO4 groups at distances
2.80–3.29 Å (Table 2). The structure contains zigzag

Table 3.  Hydrogen bonds in structures 1, 2a, 2b, and 2c

D–H⋅⋅⋅A bond D–H, Å H···A, Å D···A, Å D–H···A,
deg

1
O(4)–H(1)···O(7) 0.8(1) 1.7(1) 2.51(1) 176(16)

O(11)–H(2)···O(8) 1.2(1) 1.3(1) 2.485(8) 166(10)

O(16)–H(3)···O(12) 0.8(1) 1.8(1) 2.52(1) 153(13) 

2a
O(4)–H(1)···O(7) 1.018(5) 1.538(5) 2.536(4) 165.6(6)

O(11)–H(2)···O(8) 1.196(9) 1.289(9) 2.485(4) 179.7(6)

O(16)–H(3)···O(12) 0.997(5) 1.561(5) 2.548(3) 169.7(6) 

2b
O(4)–H(1)···O(7) 0.997(7) 1.547(7) 2.534(5) 169.3(6)

O(11)–H(2)···O(8) 1.190(10) 1.296(10) 2.486(4) 179.0(7)

O(16)–H(3)···O(12) 0.984(8) 1.565(8) 2.535(5) 167.5(5) 

2c
O(4)–H(1)···O(7) 0.964(7) 1.589(6) 2.538(4) 167.2(4)

O(11)–H(2)···O(8) 1.211(8) 1.301(8) 2.512(3) 179.6(7)

O(16)–H(3)···O(12) 0.988(6) 1.581(6) 2.557(4) 168.7(4)
C

chains of four SeO4 tetrahedra connected by three
hydrogen bonds with the lengths 2.48–2.53 Å (Table 3).
The longest Se–O distances (1.70–1.71 Å) correspond
to the oxygen O(4) and O(16) atoms, which are donors
of H atoms in hydrogen bonds. The shortest Se–O dis-
tances (1.60–1.63 Å) correspond to oxygen atoms not
participating in hydrogen bonds. The Se–O bonds of
the intermediate length (1.62–1.68(7) Å) are formed by
the O atoms which, in addition, are either acceptors of
H atoms in hydrogen bonds with O(7) and O(12) or act
as both donors and acceptors in the bonds with O(8)
and O(11) atoms. The oxygen atoms not participating
in hydrogen bonds are characterized by short Se–O dis-
tances (1.60–1.63 Å). The same features are also char-
acteristics of the Se–O bonds in the crystal structure of
alkali-metal and alkaline-earth hydrogen selenates
[12]. The central hydrogen bond O(11)···H(2)···O(8)
(2.485 Å) is somewhat shorter than the terminal
O(4)−H(1)···O(7) and O(16)–H(3)···O(12) (2.51–
2.52 Å) bonds. The positions of hydrogen atoms are
determined somewhat unreliably, but on the whole,
they correspond to a more symmetric position of the
H(2) atom of the hydrogen bond in comparison with the
asymmetric arrangement of the H(1) and H(3) atoms.
Lithium atoms have slightly distorted tetrahedral coor-
dination of O atoms from four different chains with the
Li–O distances ranging within 1.90–1.94(2) Å and the
O–Li–O angles ranging within 104°–118°. Since the
O(3), O(6), O(10), and O(15) oxygen atoms are coordi-
nated with Li atoms, the corresponding Se–O distances
are somewhat elongated (1.62–1.63 Å). Thus, unlike
[6], where only the unit-cell parameters and R factors
were reported without any further crystallographic
information, the X-ray diffraction study performed
allowed us to characterize the main modification of the
RLHSe in good detail.

The neutron diffraction study of RLHS crystals (2)
not complicated (as in the case of the X-ray diffraction
study of RLHSe) by the problem of allowance for
absorption (µ ≈ 0.045 mm–1) allowed us not only to reli-
ably localize protons, but also reveal the differences in
the systems of hydrogen bonds at various temperatures.
The structural results obtained by two methods with
essentially different recording of reflections and their
integration gave consistent results. Thus, most of the
interatomic distances, including those of hydrogen
bonds, turned out to be identical for structures 2a
(VIVALDI) and 2b (D19) within 1σ, and only a few
distances were consistent within 2σ (Table 2 and 3). For
more convenient comparison of the results with the data
for the RLHS structure at 480 K (2c), we considered the
2b structure in more detail since both studies were per-
formed on the same crystal.

On the whole, the RLHS (2) structure is analogous
to the RLHSe (1) structure described above. The Rb–O
distances range within 2.835–3.247 Å and the Li–O
distances, within 1.90–1.93 Å. The main difference is
the structures is explained by the smaller dimensions of
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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sulfate groups than those of the selenate groups. In the
RLHS structure at 298 K (2b), the longest S–O dis-
tances (1.54–1.56 Å) are formed by the O(4) and O(16)
atoms, which are donors of protons in hydrogen bonds,
whereas the shortest distances (1.44–1.45 Å) are
formed with the oxygen atoms not participating in
hydrogen bonds and not coordinated with Li atoms.
The tetrahedra forming four-member zigzag chains are
connected by hydrogen bonds, whose geometrical
characteristics are determined with a high accuracy.
Two hydrogen bonds, O(4)–H(1)···O(7) and
O(16)−H(3)···O(12), are longer (2.53–2.54 Å) than the
central hydrogen bond O(11)···H(2)···O(8) (2.486 Å),
which is in good quantitative agreement with the data
for RLHSe (Table 3). Longer bonds are established for

Se1 Se2

O(4) O(7)

O(8)

O(12) O(16)

Se3 Se4

O(11)

H(1)
H(2)

H(3)

c

b

Fig. 1. Unit cell of the Rb4LiH3(SeO4)4 crystal structure (1)
projected along the a axis. The SeO4 groups are shown as
Se(n) tetrahedra, Rb atoms are shown by large empty cir-
cles, Li atoms are depicted by filled circles, and H atoms are
depicted by small empty circles.
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conventional asymmetric hydrogen bonds with short
O–H distances (1.00–1.02 Å) and considerably longer
H···O distances (1.54–1.55 Å) and the O–H···O angle
ranging within 166°–170°. The short central hydrogen
bond is characterized by almost symmetric position of
the H(2) atom with close H···O distances (1.19 and
1.29 Å) and the angle O(11)···H(2)···O(8) 179.0°. The
ellipsoid of thermal vibrations of H(2) is slightly elon-
gated along the bond (Fig. 2), which seems to indicate
a certain disorder typical of short and symmetric hydro-
gen bonds. It should also be indicated that the systems
of hydrogen bonds in the RLHS structure at 298 K and
RLHSe structure at 180 K are identical within the esti-
mated standard deviations. On the other hand, the
results obtained for RLHS (2a and 2b) complement the
data of the X-ray diffraction study of this compound [4]
in which no hydrogen atoms were localized.

In the RLHS crystal structure at 480 K (2c), i.e. at
the temperature of the transition to the phase with a
high protonic conductivity (455 K, according to [3]),
the sp. gr. P41 is preserved and no essential structural
changes in comparison with the structure at 298 K are

O(1)

O(3)

O(2)
O(4)

O(7)

O(5)

O(6)

O(8)

O(11)

O(10)

O(12)

O(9)

O(16)

O(13)
O(15)

O(14)

S(1)

S(2)

S(3)

S(4)

H(1)

H(2)

H(3)

Fig. 2. Chains of four SO4 tetrahedra linked by hydrogen
bonds in the Rb4LiH3(SeO4)4 crystal structure according to
the neutron diffraction data at 298 K (2b, on the left and 2c,
on the right).
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observed. Therefore, it is assumed that a second-order
phase transition takes place. In fact, the Rb–O (2.843–
3.291 Å) and Li–O (1.89–1.94 Å) distances remain
unchanged and the maximum scatter in the S–O dis-
tances does not exceed (1–2)σ. These relationships
remained unchanged after the introduction of the cor-
rections for libration, because the latter did not exceed
0.001–0.002 Å.

Despite a considerable increase in the amplitudes of
thermal vibrations (Fig. 2), the geometrical characteris-
tics of hydrogen bonds remained almost unchanged. As
earlier, the terminal tetrahedra of the chains are charac-
terized by longer (2.538–2.557 Å) asymmetric hydro-
gen bonds with short O–H distances (0.964–0.988 Å)
and long H···O distances (1.581–1.589 Å). The central
(short) hydrogen bond (2.512 Å) is only slightly elon-
gated in comparison with the bond in structure 2b
(2.486 Å). This bond also preserves its slight asymme-
try, but the elongation of the ellipsoid of thermal vibra-
tions along this bond shows a higher degree of proton
disorder. The changes observed in the transition from
the structures at room temperature to the structures at
480 K for the RLHS (the present study) and KLHS [5]
structures are slightly different: the X-ray diffraction
study of the high-temperature KLHS phase showed a
noticeably dissymmetrization of the central hydrogen
bond. However, none of these two structures showed
the signs of a phase transitions characteristics, e.g., of
the MHXO4 or M3H(XO4)2 phases, which manifest
themselves in the phases with a high protonic conduc-
tivity in a pronounced disorder in the XO4 tetrahedra
[13, 14].

Thus, the X-ray diffraction method allowed us to
obtain the reliable crystallographic data for
Rb4LiH3(SeO4)4 and localize hydrogen atoms. The neu-
tron diffraction study of Rb4LiH3(SeO4)4 single crystals
allowed us to obtain the detailed information on the
system of hydrogen bonds in the crystals at room tem-
perature and in the high-temperature phase at 480 K.
The space group and the main geometrical characteris-
tics of hydrogen bonds are preserved, but the ampli-
tudes of atomic thermal vibrations considerably
increase, as well as the degree of proton disorder of the
C

central hydrogen bond of the four-membered chains of
SO4 tetrahedra.
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Abstract—Association of simple (1T and 3R) and two complex (nonstandard) orthogonal polytypes of the ser-
pentine mineral lizardite from the Catoca kimberlite pipe (West Africa) association is revealed from oblique-
texture electron diffraction patterns. A six-layer polytype with an ordered superposition of equally oriented lay-
ers (notation 323234343636 or ++––00) belonging to the structural group A and a three-layer (336 or I,I,II) or a
six-layer (336366 or I,I,II,I,II,II) polytype with alternating oppositely oriented layers and semi-disordered
structure are identified using polytype analysis. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Serpentine minerals are formed of trioctahedral
two-story 1: 1 OT layers composed of octahedral (O)
and tetrahedral (T) sheets. The polytype variety of ser-
pentines is determined by the features of mutual
arrangement of layers. In derivation of theoretically
possible polytypes of serpentines in [1, 2], intralayer
displacements s between adjacent O and T sheets and
interlayer displacements t between successive sheets of
adjacent layers were used to describe the structures. In

the orthogonal coordinate system a, b = , the 1 : 1
layer may have six azimuthal orientations si (i = 1, 2,
…6), which are determined by displacements of tetra-
hedral sheets with respect to octahedral sheets when the
ai axis of the layer is oriented parallel to the a axis of
the structure. Serpentine minerals are formed of layers
with two opposite orientations s3 and s6 with the com-
ponents along the a and b axes equal to [1/3, 0] and
[−1/3, 0], respectively. Displacements tk between suc-
cessive T–O sheets of adjacent layers have nine values:
six values of tk = si at k = i (with different parities of k
and the index i of the subsequent layer) and three addi-
tional values: t0 = [0, 0], t+ = [0, 1/3], and t– = [0, –1/3].
The sequence of sheets and layers in the structures of
serpentine minerals is described by the sequence of
symbols si, tk (or, briefly, ik). If the homogeneity condi-
tion (which means the equivalence of mutual arrange-
ment of each pair of adjacent layers and the transition
from the previous to subsequent layer) is satisfied,
12 possible serpentine polytypes are possible, which
are divided into four groups: A (structures 1T, 2T, 3R),
B (1M, 2M1, 3T), C (2O, 2M2, 6H), and D (2H1, 2H2,
6R). In the structures of groups A and B, layers are

a 3
1063-7745/04/4906- $26.00 © 20975
equally oriented, whereas, in groups C and D, oppo-
sitely oriented layers alternate with each other. The
structures belonging to these groups have identical pro-
jections onto the ac plane and their diffraction patterns
are characterized by the h0l and hkl reflections with
k = 3n.

To describe serpentine polytypes, Bailey [3] used
two possible systems of positions occupied by cations
in octahedral sheets, denoted as I and II (equivalent to
the two azimuthal orientations of layers), and interlayer
displacements, counted between the T–T tetrahedral
sheets of adjacent layers, equal to t + s. Serpentine
polytypes are also divided into four groups (A, B, C, D).
In groups A and B, the interlayer displacements are
equal to ±a/3 along three pseudohexagonal a axes. The
structures of groups C and D are characterized by the
displacements 0 or ±b/3 (briefly denoted as 0, +, –),
which are not mixed in the same structure (only + and –
can alternate). Groups C, A, B, and D described in [3]
correspond to groups A, B, C, and D considered in
[1, 2].

In addition to the above 12 serpentine simple (stan-
dard) polytypes, there are complex (nonstandard) peri-
odic structures, which do not obey the restrictions
imposed in derivation of simple polytypes. The number
of theoretically possible complex polytypes increases
with increasing number of layers per repetition period.
For example, in the case of equally oriented layers, the
number of theoretically possible complex polytypes is
4, 5, 20, 44, 104, and 253 for periods of 3, 4, 5, 6, 7, and
8 layers, respectively [4].

In samples of natural serpentines, a relatively small
number of complex polytypes have been identified. It is
noteworthy that, except for one complex polytype, in
004 MAIK “Nauka/Interperiodica”
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which layers are displaced along the a and b axes [5],
all other known complex polytypes are characterized
by combinations of the interlayer displacements b/3
and –b/3 (according to a more complex law than a sim-
ple alternation of the +–+– type) or 0 and b/3 with alter-
nation of oppositely oriented layers in a particular
order. The most widespread is the complex six-layer
polytype 6R2, in the structure of which the sequence of
interlayer displacements 0–0–0– is combined with the
opposite orientation of adjacent layers I and II, which is
typical of group D. This polytype was identified for
amesite [6–9] and cronstedtite [10, 11]. Another com-
plex six-layer polytype with mixed displacements 0 and
±b/3 and oppositely oriented adjacent layers was
revealed for the serpentine (polygonal chrysotile asbes-
tos) from Unst [12]. For this serpentine, a –+–+00
model was proposed, which yielded the best coinci-
dence of diffraction characteristics calculated for 24
theoretically possible models with experimental inten-
sities of X-ray diffraction reflections with k ≠ 3n. Later,
high-resolution electron microscopy measurements
showed that the Unst-type polygonal serpentine is a
mixture of 6R2 and 2H2 polytypes [13]. A unique com-
bination of simple and complex polytypes was revealed
for lamellar serpentine (Cr-containing lizardite) from
selected-area electron diffraction patterns [4, 13]. Ban-
field et al. [13] identified for the first time, along with
the dominant simple 2T, 2H1, 2H2, and 6R1 polytypes
and the complex 6R2 polytype, an ordered three-layer
00– structure with the layer alternation of the I,I,II type;
ordered four-layer 0–0+, 000–, – – – +, and 0 – – –
structures with the layer alternation of the I,II type; and
a semi-disordered structure with alternation of oppo-
sitely oriented layers: I,I,II; I,I,II,II; I,I,I,II; I,II,I,II,I;
II,II,II,I,I,I; I,II,I,II,I,II,I; and I,II,I,II,I,I,I.

Table 1.  Chemical composition of the kimberlite breccia

Components wt %

SiO2 37.21

TiO2 0.98

Al2O3 1.93

Fe2O3 8.66

FeO 1.61

MnO 0.15

MgO 30.27

CaO 3.03

Na2O 0.02

K2O 0.12

P2O5 0.17

CO2 2.99

H2O+ 10.63

H2O– 2.42

Sum 100.19
C

In view of the above considerations, the detection of
an unusual association of simple (1T and 3R) and two
complex six-layer orthogonal lizardite polytypes, iden-
tified from the oblique-texture electron diffraction pat-
terns, is of particular interest. In this study, we analyze
and interpret the diffraction features indicative of the
presence of these polytypes.

RESULTS AND DISCUSSION

Electron diffraction study of lizardites from the
Catoca kimberlite pipe (West Africa) [14, 15] revealed
for most samples structural changes from the three-
dimensionally ordered 1T polytype (in combination
with an impurity structure of the D type) to semi-disor-
dered structures of the A type. The oblique-texture elec-
tron diffraction pattern of a lizardite sample from the
kimberlite breccia (well 0432, depth 124 m, fraction
0.001 mm) drew attention due to the unusual distribu-
tion of the intensities of the 02l and 11l reflections on
the first ellipse (hereinafter, the indices are given for the

orthogonal basis with a = b/ ). X-ray powder diffrac-
tion analysis showed that the sample consists mainly of
lizardite with a semi-disordered structure of the A type
with small impurities of saponite, phlogopite, and cal-
cite. Based on the chemical analysis of the sample
(Table 1), with regard to the low content of CaO, Na2O,
K2O, and CO2 (related to the presence of the noted min-
eral impurities), the following crystallochemical formula
(per nine oxygen atoms) was obtained for lizardite:
(Mg2.37 Al0.08Ti0.04Mn0.01)2.91(Si1.96Al0.04)2.00 ·

O5.27(OH)3.73 . This formula, in comparison with the
ideal formula Mg3Si2O5(OH)4, shows a higher content
of Fe3+ cations in the octahedral sheet of a serpentine
layer and replacement of some fraction of (OH)1– ions
with O2– ions as a result of insignificant substitution of
Si with Al in tetrahedra.

The oblique-texture electron diffraction pattern of
this lizardite sample contained pronounced 02l and 11l
reflections on the first ellipse, which correspond to the
three-layer orthogonal cell. Very weak reflections cor-
responding to the six-layer orthogonal cell are located
between these reflections (Table 2). The positions and
intensities of stronger reflections correspond to the
mixture of the 1T and 3R polytypes (with some domi-
nance of 1T) belonging to group A. It is noteworthy that
the reflections in the positions with l = 3n for the three-
layer orthogonal cell are related to the 1T polytype, and
the reflections in the positions with l ≠ 3n are related to
the 3R polytype. The parameters of the base-centered
lattices of the 1T and 3R lizardite polytypes are a =
5.34 Å, b = 9.245 Å, c1T = 7.27 Å, and c3R = 21.81 Å.
The 3R polytype was identified for the first time for ser-
pentines. The previous data on the detection of the 3R
polytype in the serpentine mineral cronstedtite have not
been confirmed subsequently [16].

3

Fe0.07
2 Fe0.34

3
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ple (1T, 3R) and complex six-layer orthogonal

lections

11 12 13 14 15 16 17 

72 215 215 72 502 215 287

178 71 178 286 71 286 214

176 211 105 70 70 0 70

68 68 68 68 68 68 0

165 198 99 66 66 0 66

157 63 157 251 63 251 188

59 178 178 59 414 178 237

138 55 138 220 55 220 165

126 152 76 51 51 0 51

46 46 46 46 46 46 0

102 123 61 41 41 0 41

90 36 90 144 36 144 108

31 93 93 31 217 93 124

66 27 66 106 27 106 79

56 67 34 22 22 0 22

19 19 19 19 19 19 0

39 47 24 16 16 0 16

33 13 33 53 13 53 40

11 33 33 11 77 33 44
Table 2.  Sequence of the 02l and 11l reflections on the first ellipse of the oblique-texture electron diffraction patterns of sim
(from Table 4) lizardite polytypes

l6 dhkl Iobs 
Values of ΣIF  for the 02l and 11l ref

1T 3R 1 2 3 4 5 6 7 8 9 10

0 4.622
s

861 0 72 72 72 0 72 287 215 215 0

1 4.597 71 71 71 107 178 214 71 107 71 214

2 4.522 mw 421 211 70 281 176 105 70 70 105 211 211

3 4.405 w 273 478 68 205 273 204 273 205 68 0

4 4.256 mw 395 198 66 263 165 99 65 66 99 198 198

5 4.085 vw 63 63 63 94 157 188 63 94 63 188

6 3.901 m 710 0 59 59 59 0 59 237 178 178 0

7 3.713 vw 55 55 55 82 138 165 55 83 55 165

8 3.526 mw 303 151 51 202 126 76 50 50 76 152 152

9 3.345 vw 183 321 46 138 184 137 184 138 46 0

10 3.172 mw 245 123 41 163 102 61 41 41 61 123 123

11 3.010 vw 36 36 36 53 90 107 36 54 36 108

12 2.857 mw 372 0 31 31 31 0 31 124 93 93 0

13 2.715 27 27 27 40 66 79 27 40 27 79

14 2.584 134 67 22 90 56 34 22 22 34 67 67

15 2.461 75 131 19 56 75 56 75 56 19 0

16 2.348 94 47 16 63 39 24 16 16 24 47 47

17 2.243 13 13 13 20 33 39 13 20 13 40

18 2.146 132 0 11 11 11 0 11 44 33 33 0

Ihkl
2



978 ZHUKHLISTOV et al.
Table 3.  Sequence of the 02l and 13l reflections on the second ellipse of the oblique-texture electron diffraction patterns of the
polytypes of groups A, D, and B and complex three-layer 336 (I,I,II) and six-layer (from Table 5) orthogonal lizardite polytypes

l6 dhkl Iobs 
Values of ΣIF  for the 02l, 13l reflections

A D B 336 1 2 3 4 5

0 2.669 17 275 229 234 249 234 234 229 229

1 2.665 6 18 6 24 6

2 2.649 486 35 9 9 9 0 26

3 2.625 124 14 0 55 14 14

4 2.593 366 83 21 21 21 0 63

5 2.522 30 9 30 120 30

6 2.506 100 2379 2011 2052 2173 2052 2052 2011 2011

7 2.454 51 153 51 204 51

8 2.397 w 2256 243 61 61 61 0 182

9 2.338 w 619 69 0 275 69 69

10 2.277 vw 87 298 74 74 74 0 224

11 2.214 75 234 78 311 78

12 2.151 24 1229 505 585 825 585 585 505 505

13 2.089 81 244 82 326 81

14 2.027 vw 681 331 82 82 83 0 249

15 1.966 2 762 85 0 339 85 85

16 1.907 vvw 163 348 87 87 87 0 261

17 1.850 89 265 88 354 89

18 1.794 8 1061 256 345 611 345 345 256 256

19 1.741 87 261 87 348 87

20 1.689 vvw 1004 333 83 83 83 0 250

21 1.639 vw 698 77 0 310 77 78

22 1.592 vvw 408 282 70 70 70 0 211

23 1.546 62 188 62 51 63

24 1.502 10 1182 673 728 895 728 728 673 673

25 1.460 49 147 49 196 49

26 1.420 79 173 43 43 43 0 130

Note: Intensities of the most pronounced reflections are estimated from the electron diffraction patterns recorded on imaging plates [17].

Ihkl
2

However, there was much interest in the weak
reflections on the first ellipse of the oblique-texture
electron diffraction pattern, which indicated the pres-
ence of a complex six-layer orthogonal polytype (c =
43.62 Å) in the lizardite sample (Table 2). A more care-
ful preparation of specimens and measurements at dif-
ferent tilt angles of the sample holder (in the range 20°–
60°) made it possible to obtain electron diffraction pat-
terns of this lizardite sample, in which weak reflections,
including those near the minor axis of the ellipses (with
small values of l), were more pronounced. Weak reflec-
tions, also corresponding to an orthogonal period of
three or six layers, were also revealed on the second
ellipse near the separately located reflections of the D-
group polytype (Table 3).
C

Analysis of the electron diffraction patterns
obtained revealed structural (phase) inhomogeneity of
the sample, due to which the weak reflections mani-
fested themselves differently on the first and second
ellipses of the electron diffraction patterns (in some
patterns, these reflections were not observed at all). For
example, the first-ellipse reflections related to the six-
layer polytype are more pronounced in the electron dif-
fraction patterns in which the second-ellipse reflec-
tions, corresponding to the structure type D, are weak
and are also observed in the absence of the weak reflec-
tions 20l and 13l due to the structure with a period of
three or six layers. In contrast, weak reflections arose
on the second ellipse when the intensity of the reflec-
tions corresponding to group D increased somewhat.
This gave grounds to suggest that two complex orthog-
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004



COMPLEX (NONSTANDARD) SIX-LAYER POLYTYPES 979
onal polytypes are present in the lizardite under study.
The one that manifests itself in weak reflections on the
first ellipse belongs to the structure type A (as polytypes
1T and 3R) and is an ordered complex polytype.
Equally oriented layers are typical of this polytype, as
of simple polytypes of group A. Another complex liz-
ardite polytype, which manifests itself in weak reflec-
tions on the second ellipse, is formed of oppositely ori-
ented layers alternating according to a more complex
law than a simple change in the orientations of adjacent
layers, which is characteristic of group D (3636…).
Obviously, this polytype belongs to semi-disordered
structures, which are characterized by the displacement
of adjacent layers by ±b/3.

To identify these structures, the intensities of the
measured reflections 02l, 11l, and 20l, 13l, partially
determined from the electron diffraction patterns
recorded on imaging plates [17], were compared with
the calculated values of Σ|F |2 for 17 theoretically pos-
sible models of orthogonal six-layer structures belong-
ing to group A (Table 2, 4), 5 variants of six-layer
sequences of oppositely oriented layers differing in
alternation order (Table 3, 5), and the only possible
three-layer semi-disordered structure of the I,I,II (336)
type. When the content of complex polytypes in a sam-
ple is low in comparison with simple polytypes, the
choice of the model is based on the qualitative agree-
ment between the distribution of weak reflections due
to the six-layer polytypes and the corresponding calcu-
lated intensities characterized by the largest values of
Σ|F |2 . To calculate the diffraction characteristics, we
used an original program expressing the structure fac-
tors of an arbitrary sequence and any number of serpen-
tine layers in terms of the scattering amplitude of sepa-
rate layers and the phase factors in the orthogonal coor-
dinate system.

In the models of complex polytypes formed of
equally oriented layers (Table 4), the displacement of
layers per alteration period of six layers in the projec-
tion onto the ab plane is zero. In these structures, the
pairs of layers s3t2s3 , s3t4s3 (structurally equivalent
pairs) and s3t6s3 (numbers 4, 5 and 6 in [2]), which are
characterized by the T–T displacements equal to +, –,
and 0, respectively, are represented by different alterna-
tion orders and different quantitative relations; i.e., they
are distributed with violation of homogeneity. For
example, the structures 1 and 2 (Table 4) are formed of
mirror-equal pairs (as the simple 2T polytype), but their
sequence order is ambiguous: ++, – – (as in the 3R
polytype), and +– (as in the 2T polytype). In particular,
in the structure 1, two mirror-equal 3R fragments (+++
and – – –) are separated by the 2T fragment (+–). Struc-
tures 13 and 14 are formed of structurally nonequiva-
lent pairs (4, 6 in [2]); in other structures, all three pairs
of layers and, respectively, the interlayer displacements
0, +, and – are represented.

Identification of the six-layer polytype was impeded
by the superposition of the reflections 02l and 11l with
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
l = 2n with the corresponding reflections of the 1T and
3R polytypes. As can be seen from Table 2, the intensi-
ties of the 02l and 11l reflections due to the six-layer
structure, which are observed separately in the oblique-
texture electron diffraction patterns, most adequately
describe structures 5 and 6. From these two, structure 6
should be preferred, the symbolic notation of which is
323234343636 or ++– –00. In this structure, fragments of
two enantiomorphic 3R structures (++ and – –) and 1T
structure (00), which are present in this sample in the
form of dominant simple polytypes, alternate with each
other. It is noteworthy that this is the first example of
identification of a complex serpentine polytype com-
posed of equally oriented layers.

The observed distribution of the intensities of weak
20l and 13l reflections grouped around the positions
related to separate reflections of the D-type lizardite
correspond to semi-disordered structures of three-layer

Table 4.  Complex (nonstandard) six-layer orthogonal serpen-
tine polytypes with equally oriented layers (structure type A)

Polytype Notation according
to [3]

Notation according
to [1, 2]

1 +++––– 323232343434

2 ++––+– 323234343234

3 ++++––0 323232323634

4 +++0+– 323232363234

5 ++0++– 323236323234

6 ++–– 00 323234343636

7 +–+– 00 323432343636

8 +00+–– 323636323434

9 +– 0–+0 323436343236

10 ++0–– 0 323236343436

11 ++– 0– 0 323234363436

12 +–+0– 0 323432363436

13 +++000 323232363636

14 +0++00 323632323636

15 +– 0000 323436363636

16 +00–00 323636343636

17 +000–0 323636363436

Table 5.  Complex (nonstandard) six-layer orthogonal se-
quences of oppositely oriented serpentine layers

Polytype Notation according
to [3]

Notation according
to [1, 2]

1 I,I,I,I,I,II 333336

2 I,I,I,I,II,II 333366

3 I,I,I,II,I,II 333636

4 I,I,I,II,II,II 333666

5 I,I,II,I,II,II 336366
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or six-layer orthogonal lizardite with alternating oppo-
sitely oriented layers: 336 (I,I,II) or 336366
(I,I,II,I,II,II) (Table 3). In the presence of a D-polytype
impurity, these structures show identical oblique-tex-
ture electron diffraction patterns. The I,I,II structure is
established for Cr-enriched lizardite [13]; the structure
with alternating layers of the I,I,II,I,II,II type was
revealed for the first time for serpentines.

The simple polytypes belonging to different groups
[1, 2] are distinguished by the 20l and 13l reflections
(k = 3n) and, within separate groups, by the 02l and 11l
reflections (k = 3n). At the same time, the polytypes
belonging to different groups A and D but having the
same displacements of adjacent layers, 1T (0,0…) and
2H1 (0,0…), 2T (+–…) and 2H2 (+–…), and 3R (+)3 and
6R (+)6, are not distinguished by the 02l and 11l reflec-
tions (in the patterns of polycrystals and single crys-
tals). The reason is that the layers with the orientations
3 and 6 have identical projections onto the planes per-
pendicular to the a axis and two other axes directed at
angles of 120° to the a axis. This circumstance was
used, in particular, in the identification of the 2H1 liz-
ardite polytype mixed with the 1T polytype: the inten-
sities of the reflections on the first ellipse were anoma-
lously increased in comparison with the intensities of
the reflections on the second ellipse in the electron dif-
fraction patterns, which could not be explained by con-
sidering the sample a mixture of the 1T and D structures
[18].

As applied to complex serpentine polytypes, the
noted features of the projections of the structures of
these minerals mean that ordered simple and complex
polytypes differing in the orientation of layers and their
number per repetition period but having the same dis-
placements of the initial adjacent layers also cannot be
distinguished by the 02l and 11l reflections. For exam-
ple, it is possible theoretically that there exist ordered
complex six-layer structures with alternation of layers
of the 336366 type and interlayer displacements of the
origins of coordinates of adjacent layers as in the
1T(000…) or 3R(+++…) structures, which are denoted
(in the notation of [1, 2]) as 336366363366 or
316162323162, respectively. The intensities of the 02l and
11l reflections of these complex polytypes are the same
as those of the simple 1T and 3R polytypes.

From the four structural groups of serpentine miner-
als, the polytypes of groups A and D are energetically
most favorable and most widespread. For these poly-
types, in contrast to the structures of groups B and C,
neighboring octahedral and tetrahedral cations of adja-
cent layers do not overlap each other in the projection
onto the ab plane [1, 2]. Note that octahedral cations of
adjacent layers coincide in the projection onto the ab
plane in structures of group A. In the case of statistical
distribution of octahedral cations, the single-layer 1T
polytype, which is most widespread for lizardites, turns
out to be energetically most favorable in group A. When
divalent Mg cations are substituted with trivalent Al and
C

Fe3+ cations in the lizardite structure, ordering in the
distribution of cations of different valence in octahedral
positions with a decrease in the structural symmetry
may occur, which leads to dominant localization of
positive charges in Al and Fe3+ octahedra. In this case,
sources of positive charges in octahedral sheets of adja-
cent layers in structure 1T overlap in the projection onto
the ab plane. Obviously, this is the reason why ordering
of octahedral cations is not observed in 1T lizardite
polytypes [19, 20]. Ordering of octahedral cations in
the 2H and 3R structures (characterized by the displace-
ment of adjacent layers by ±b/3) is accompanied by
more uniform spatial distribution of sources of positive
charges in the octahedral sheets of adjacent layers,
which facilitates their structural stabilization. This pos-
sibly facilitated the formation of the 3R structure of liz-
ardite in kimberlites. In this context, we should note the
fact of identification of the rare 2H polytype in Cr-
enriched lizardite [13].

CONCLUSIONS

Thus, for the first time in the practice of electron dif-
fraction studies of serpentine minerals, the presence of
two complex orthogonal polytypes in a mixture with
two simple lizardite polytypes (1T and 3R) is estab-
lished. Obviously, the formation of lizardite with an
unusual polytype composition in one of the interlayers
of the Catoca kimberlite pipe is related to the specific
features of its chemical composition, which is deter-
mined by the processes accompanying the serpentiza-
tion of the protomineral—olivine.
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Abstract—Two new diaza-18-crown-6 derivatives, namely, N,N'-di(2,4-dinitrophenyl)diaza-18-crown-6 (I)
and N,N'-di(tetrafluoropyridyl)diaza-18-crown-6 (II), are studied using X-ray diffraction. The vibrational spec-
tra of these compounds are measured and analyzed. Crystals I are monoclinic, a = 9.746(2) Å, b = 12.117(4) Å,
c = 11.378(6) Å, β = 98.90(3)°, V = 1327.5(4) Å3, Z = 2, space group P21/c, and R = 0.055 for 1013 reflections
with I > 2σ(I). Crystals II are orthorhombic, a = 8.225(4) Å, b = 11.816(4) Å, c = 24.626(5) Å, V =
2393.3(9) Å3, Z = 4, space group Pbca, and R = 0.035 for 451 reflections with I > 2σ(I). Molecules I and II
have a centrosymmetric structure and different conformations. It is demonstrated that the shape and size of the
cavity and the conformation of the macrocycle depend substantially on the structure of the substituents at the
nitrogen atoms of diaza-18-crown-6. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

This work is a continuation of systematic investiga-
tions into the structure and complexing properties of
aza crown ethers and their derivatives. We performed
the X-ray diffraction analysis of two new diaza-18-
crown-6 derivatives, namely, N,N'-di(2,4-dinitrophe-
nyl)diaza-18-crown-6 N6O12C24H30 (I) and N,N'-di(tet-
rafluoropyridyl)diaza-18-crown-6 N4O4F8C22H24 (II),
and studied their vibrational spectra.

EXPERIMENTAL

Compounds I and II were synthesized through the
arylation of diaza-18-crown-6 ether with 2,4-dinitroflu-
orobenzene and pentafluoropyridine, respectively.

The experimental X-ray diffraction data for faceted
crystals I and II were collected on an Enraf–Nonius
CAD4 four-circle automated diffractometer (MoKα
radiation, λ = 0.71073 Å, graphite monochromator,
2θ/ω scan mode) at room temperature. No absorption
correction was introduced.

Structures I and II were solved by direct methods
(SHELXS86 [1]) and refined according to the full-
matrix least-squares procedure on F2 (SHELXL97 [2]).
The positions of the hydrogen atoms were calculated
from geometric considerations and refined within a
riding-atom model (UH = 1.2UJ for the C atom bonded
to the refined H atom).

The main crystal data, data collection, and refine-
ment parameters for structures I and II are presented in
1063-7745/04/4906- $26.00 © 20982
Table 1. The atomic coordinates and thermal parame-
ters are listed in Table 2. The interatomic distances and
bond angles are given in Table 3.

The IR absorption spectra (400–4000 cm–1) were
recorded on a Nicolet Nexus FTIR Fourier spectrome-
ter. The samples were prepared as Nujol or hexachlo-
robutadiene mulls.

RESULTS AND DISCUSSION

The structural units in crystals I (Fig. 1) and II
(Fig. 2) are individual centrosymmetric molecules.

The presence of different substituents at nitrogen
atoms of the diaza-18-crown-6 ether, namely, dinitro-
phenyl in molecule I and tetrafluoropyridyl in molecule
II, determines the difference between the structures of
these compounds. The angles between the midplane of
the crown ether macrocycle (the mean deviation ∆ of
the atoms is equal to 0.38 Å in molecule I and 0.22 Å
in molecule II) and the planes of dinitro-substituted
benzene in molecule I (∆ = 0.024 Å) and tetrafluoro-
substituted pyridine in molecule II (∆ = 0.033 Å) are
equal to 74.2° and 28.4°, respectively. The same angle
in the structure of the related compound N,N'-di(perflu-
orotolyl)diaza-18-crown-6 (III) [3] is equal to 93.4°.
The nitrogen atoms deviate from the plane passing
through four O atoms of the macrocycle by ±0.878 Å in
molecule I, ±0.337 Å in molecule II, and ±1.18 Å in
molecule III. Therefore, the volume of the substituents
at the nitrogen atoms of the diaza-18-crown-6 ether
substantially affects the position of the benzene ring
004 MAIK “Nauka/Interperiodica”
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Table 1.  Crystal data, data collection, and refinement parameters for structures I and II

Parameter I II

Empirical formula C24H30N6O12 C22H24F8N4O4

M 594.54 560.45

Crystal system Monoclinic Orthorhombic

Space group P21/c Pbca

Unit cell parameters:

a, Å 9.746(2)   8.225(4)

b, Å 12.117(4) 11.816(4)

c, Å 11.378(6) 24.626(5)

β, deg 98.90(3) 90

V, Å3 1327.5(4) 2393.3(9)

Z 2 4

ρcalcd, g/cm3 1.487 1.555

µMo, mm–1 0.121 0.148

F(000) 624 1152

Color yellow-brown colorless

Crystal size, mm 0.14 × 0.25 × 0.63 0.39 × 0.42 × 0.5

θ range, deg 2.11 – 24.97 1.65 – 25.96

Index range –1 ≤ h ≤ 11, 0 ≤ k ≤ 14, –13 ≤ l ≤ 13 –1 ≤ h ≤ 10, 0 ≤ k ≤ 14, 0 ≤ l ≤ 30

Number of reflections measured 2177 2666

Number of unique reflections 1853 [Rint = 0.0292] 2332 [Rint = 0.2312]

Number of reflections with I > 2σ(I)) 1013 413

Number of parameters refined 190 172

GOOF on F2 0.994 0.849

R1, wR2 (I > 2σ(I)) 0.0553, 0.1453 0.0351, 0.0660

R1, wR2 (for all reflections) 0.1167, 0.1752 0.3868, 0.1328

∆ρmax and ∆ρmin, eÅ–3 0.325 and –0.248 0.183 and –0.211
with respect to the macrocycle plane and the deviation
of the nitrogen atoms from the plane of four O atoms in
the macrocycle.

The substituted diaza-18-crown-6 adopts different
conformations in molecules I and II. All eight torsion
angles around the C–O bonds in structure II are charac-
terized by the most favorable trans conformation. In
structure I, four bonds have a trans conformation and
four bonds exhibit a gauche conformation. In both
compounds, among six C–C bonds, four bonds have a
gauche conformation and two bonds are characterized
by a trans conformation. The gauche conformation is
observed for two N–C bonds in molecule II. In struc-
ture I, one such bond has a gauche conformation and
another bond exhibits an intermediate S conformation.
The torsion angles in structures I–III are presented in
Table 4. According to the torsion angles, the conforma-
tional formulas of the macrocycles in compounds I–III
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
and free diaza-18-crown-6 (IV) [4] are as follows:1

G–GTN G+GTO G+TSN G–GTN G+GTO G+TSN for I,

GTT–N T–GT–O TG+G+N GTT–N T–GT–O TG+G+N for II,

T–TT–N T–GTO T–GG+N T–TT–N T–GTO T–GG+N for III,

TGTN TG+TO TGTN TGTN TG+TO TGTN for IV.

The conformation of the substituted diaza-18-
crown-6 in compounds I–III differs from that of free
diaza-18-crown-6. In the latter compound, both N–H
bonds are directed inside the macrocycle; as a result, it
takes a more symmetric conformation (symmetry C2h).
The replacement of the proton of the amino group in
free diaza-18-crown-6 leads to a change in the orienta-
tion of the corresponding N–C bonds, and they are
directed outward in structures I–III. Symmetry of the

1 The subscripts N and O indicate the NCCO fragment containing
the nitrogen atom and the OCCO fragment involving only the
oxygen atoms, respectively.
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Table 2.  Atomic coordinates and thermal parameters Ueq
for structures I and II

Atom x y z Ueq, Å2

I

N(1) 0.0867(3) –0.2320(3) –0.0784(3) 0.0471(9)

N(2) 0.4827(4) –0.5061(3) 0.1884(3) 0.0531(9)

N(3) 0.1392(4) –0.4617(3) –0.1605(3) 0.063(1)

O(1) –0.1788(3) –0.2350(3) 0.0083(3) 0.0677(9)

O(2) –0.2212(3) –0.0413(2) 0.1514(2) 0.0588(8)

O(3) 0.5646(4) –0.4635(3) 0.2679(3) 0.081(1)

O(4) 0.4803(3) –0.6059(3) 0.1687(3) 0.071(1)

O(5) 0.0940(5) –0.5538(3) –0.1561(3) 0.121(2)

C(6) 0.1403(4) –0.4091(3) –0.2515(3) 0.083(1)

C(1) –0.0444(4) –0.2763(4) –0.1439(4) 0.057(1)

C(2) –0.1737(5) –0.2253(4) –0.1116(4) 0.069(1)

C(3) –0.3038(5) –0.1994(4) 0.0413(4) 0.060(1)

C(4) –0.3198(5) –0.0810(4) 0.0562(4) 0.062(1)

C(5) –0.2057(5) 0.0749(3) 0.1520(3) 0.053(1)

O(6) –0.1019(5) 0.1125(3) 0.0740(3) 0.051(1)

C(7) 0.1906(4) –0.2973(3) –0.0236(3) 0.0399(9)

C(8) 0.2913(4) –0.2556(3) 0.0693(3) 0.046(1)

C(9) 0.3857(4) –0.3222(3) 0.1358(3) 0.045(1)

C(10) 0.3857(4) –0.4348(3) 0.1149(3) 0.0416(9)

C(11) 0.2959(4) –0.4791(3) 0.0214(3) 0.044(1)

C(12) 0.2049(4) –0.4109(3) –0.0476(3) 0.0411(9)

II

F(1) 0.0693(5) 0.2657(3) 0.2698(1) 0.059(1)

F(2) 0.0304(5) 0.3014(2) 0.1651(1) 0.072(1)

F(3) –0.2968(5) 0.6011(3) 0.1925(1) 0.070(1)

F(4) –0.2818(5) 0.5794(3) 0.2987(1) 0.063(1)

O(1) –0.2123(5) 0.6063(3) 0.4543(1) 0.057(1)

O(2) –0.1214(6) 0.6784(3) 0.5593(2) 0.057(1)

N(1) –0.0887(6) 0.4074(3) 0.3470(2) 0.046(1)

N(2) –0.1320(7) 0.4521(5) 0.1772(2) 0.053(2)

C(1) –0.0886(8) 0.5036(5) 0.3848(2) 0.050(2)

C(2) –0.2345(8) 0.5099(5) 0.4211(2) 0.060(2)

C(3) –0.3187(8) 0.6095(5) 0.4985(2) 0.064(2)

C(4) –0.2737(9) 0.7027(5) 0.5361(2) 0.065(2)

C(5) –0.0898(8) 0.7376(5) 0.6076(2) 0.049(2)

C(6) 0.0735(8) 0.7058(4) 0.6287(2) 0.050(2)

C(7) –0.1034(7) 0.4221(5) 0.2929(3) 0.038(2)

C(8) –0.294(8) 0.3510(4) 0.2541(3) 0.042(2)

C(9) –0.0473(8) 0.3700(5) 0.1999(3) 0.048(2)

C(10) –0.2037(9) 0.5192(6) 0.2126(3) 0.051(2)

C(11) –0.1943(8) 0.5082(5) 0.2677(3) 0.043(2)
C

Table 3.  Selected bond lengths (d) and bond angles (ω) in
structures I and II*

Bond d, Å Bond d, Å

I
N(1)–C(7) 1.359(5) N(1)–C(6') 1.457(5)
N(1)–C(1) 1.476(5) N(2)–O(3) 1.224(4)
N(2)–O(4) 1.229(4) N(2)–C(10) 1.447(5)
N(3)–O(5) 1.204(5) N(3)–O(6) 1.217(4)
N(3)–C(12) 1.479(5) O(1)–C(2) 1.378(5)
O(1)–C(3) 1.397(5) O(2)–C(4) 1.415(5)
O(2)–C(5) 1.416(4) C(1)–C(2) 1.500(6)
C(3)–C(4) 1.457(6) C(5)–C(6) 1.515(6)
C(7)–C(12) 1.414(5) C(7)–C(8) 1.419(5)
C(8)–C(9) 1.362(5) C(9)–C(10) 1.386(5)
C(10)–C(11) 1.377(5) C(11)–C(12) 1.367(5)

Angle ω, deg Angle ω, deg 

C(7)N(1)C(6') 119.9(3) C(7)N(1)C(1) 123.1(3)
C(6')N(1)C(1) 117.0(3) O(3)N(2)O(4) 122.8(4)
O(3)N(2)C(10) 117.9(4) O(4)N(2)C(10) 119.3(3)
O(5)N(3)O(6) 124.9(4) O(5)N(3)C(12) 117.5(4)
O(6)N(3)C(12) 117.5(4) C(2)O(1)C(3) 113.9(3)
C(4)O(2)C(5) 113.6(3) N(1)C(1)C(2) 114.9(3)
O(1)C(2)C(1) 111.6(4) O(1)C(3)C(4) 116.7(4)
O(2)C(4)C(3) 110.6(4) O(2)C(5)C(6) 112.1(3)
N(1')C(6)C(5) 110.6(3) N(1)C(7)C(12) 124.5(3)
N(1)C(7)C(8) 121.0(3) C(12)C(7)C(8) 114.4(3)
C(9)C(8)C(7) 122.2(3) C(8)C(9)C(10) 120.4(3)
C(11)C(10)C(9) 120.0(3) C(11)C(10)N(2) 119.6(3)
C(9)C(10)N(2) 120.4(3) C(12)C(11)C(10) 119.1(3)
C(11)C(12)C(7) 123.5(3) C(11)C(12)N(3) 113.7(3)
C(7)C(12)N(3) 122.1(3)

Bond d, Å Bond d, Å

II
F(1)–C(8) 1.352(6) F(2)–C(9) 1.341(6)
F(3)–C(10) 1.330(7) F(4)–C(11) 1.344(6)
O(1)–C(3) 1.397(5) O(1)–C(2) 1.413(6)
O(2)–C(5) 1.404(5) O(2)–C(4) 1.407(7)
N(1)–C(7) 1.350(6) N(1)–C(1) 1.469(5)
N(1)–C(6') 1.471(6) N(2)–C(9) 1.319(7)
N(2)–C(10) 1.317(7) C(1)–C(2) 1.500(7)
C(3)–C(4) 1.485(7) C(5)–C(6) 1.489(7)
C(7)–C(11) 1.406(7) C(7)–C(8) 1.410(7)
C(8)–C(9) 1.361(8) C(10)–C(11) 1.366(7)

Angle ω, deg Angle ω, deg 

C(3)O(1)C(2) 113.0(5) C(5)O(2)C(4) 114.0(5)
C(7)N(1)C(1) 121.7(4) C(7)N(1)C(6') 121.7(4)
C(1)N(1)C(6') 116.6(4) C(9)N(2)C(10) 113.5(6)
N(1)C(1)C(2) 114.6(5) O(1)C(2)C(1) 106.3(5)
O(1)C(3)C(4) 110.5(5) O(2)C(4)C(3) 108.9(5)
O(2)C(5)C(6) 109.8(5) N(1')C(6)C(5) 116.6(5)
N(1)C(7)C(11) 125.1(6) N(1)C(7)C(8) 123.6(6)
C(11)C(7)C(8) 111.2(6) F(1)C(8)C(9) 118.0(6)
F(1)C(8)C(7) 120.6(6) C(9)C(8)C(7) 121.3(6)
N(2)C(9)F(2) 115.2(7) N(2)C(9)C(8) 126.4(6)
F(2)C(9)C(8) 118.4(6) N(2)C(10)F(3) 116.7(6)
N(2)C(10)C(11) 125.1(7) F(3)C(10)C(11) 118.1(7)
F(4)C(11)C(10) 118.3(7) F(4)C(11)C(7) 119.2(5)
C(10)C(11)C(7) 122.4(6)
* In Tables 3 and 4, the primed atoms N(1') and C(6') are related to

the initial atoms through the inversion center (symmetry opera-
tions: –x, –y, –z for I and –x, –y + 1, –z + 1 for II).
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 2. Structure of molecule II.
substituted diaza-18-crown-6 macrocycle is reduced
to Ci .

The presence of the substituents in the diaza-18-
crown-6 in compounds I and II also results in a change
in the shape and size of the interior cavity of the mac-
rocycle. In the heterocycle of free diaza-18-crown-6,
the distances between the like donor atoms are close to
each other: O···O, 5.61, 5.67 Å; N···N, 5.84 Å. The cor-
responding distances are equal to 6.69, 6.01, and
6.21 Å in molecule I; 4.86, 5.50, and 7.98 Å in mole-
cule II; and 4.64, 6.67, and 6.90 Å in molecule III.

The mean geometric parameters of molecules I and
II are close to each other. The bond lengths have the
following values: C–O, 1.402(5) and 1.405(6) Å;
C(sp3)–N, 1.467(5) and 1.470(6) Å; C(sp2)–N, 1.359(5)
and 1.350(6) Å; C–C, 1.491(6) and 1.491(7) Å in the
macrocycle and 1.388(5) and 1.386(7) Å in the benzene
ring, respectively. The bond angles in the macrocycle
are as follows: CCO, 112.8(4)° and 108.9(5)°; COC,
ALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
113.8(3)° and 113.5(5)°; CNC, 117.0(3)° and
116.6(4)°; and NCC, 112.8(3)° and 115.6(5)°, respec-
tively.

Table 4.  Torsion angles (τ) in structures I, II, and III

Angle
τ, deg

I II III

C(6')N(1)C(1)C(2) –49.6 –67.2 158.4
N(1)C(2)C(2)O(1) –56.5 179.6 –175.6
C(1)C(2)O(1)C(3) –173.5 –166.3 168.9
C(2)O(1)C(3)C(4) –80.9 171.6 –167.8
O(1)C(3)C(4)O(2) –64.1 –66.1 69.4
C(3)C(4)O(2)C(5) 164.4 –159.9 –178.1
C(4)O(2)C(5)C(6) –85.9 180.0 159.6
O(2)C(5)C(6)N(1') –179.0 –73.1 –66.8
C(5)C(6)N(1')C(1') 107.9 73.5 80.0
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Fig. 3. Packing of molecules in structure I.

a
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Fig. 4. Packing of molecules in structure II.
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Fig. 5. Superposition of the tetrafluoropyridyl rings of adjacent columns in structure II.
In molecule I, the nitro groups are rotated differ-
ently with respect to the benzene ring. The
N(2)O(3)O(4) group and the benzene ring are nearly
coplanar (the angle between their planes is 2.5°). The
N(3)O(5)O(6) group is rotated through 66.2° with
respect to the plane of the benzene ring. The dihedral
angle between the planes of the NO2 groups is equal to
44.7°. The mean parameters of the NO2 groups are
close to the standard parameters: N–O, 1.219(4) Å; and
angle ONO, 123.9(4)°.

In structure II, the fluorine atoms lie virtually in the
plane of the pyridine ring [the maximum deviation of
the F(4) atom is equal to 0.08 Å]. The mean length of
the C–F bond is equal to 1.342(6) Å in molecule II and
1.343(5) Å in molecule III.

The molecular packing in crystal I is similar to that
in crystal III (Fig. 3). The translationally related mole-
cules form columns parallel to the a axis, along which
the unit cell parameters in all structures I–III are small-
est, and are arranged in a face-centered manner. In crys-
tal II, molecular columns are also formed along the a
axis (Fig. 4). The columns are in contact through the
fluorine-substituted pyridine rings. These rings are
almost parallel to each other (the dihedral angle
between their planes is 1°). The distance between the
rings is equal to 3.22 Å. Although the rings do not over-
lap, a number of fluorine atoms appear to be above the
ring plane. This suggests that they can interact with
each other (Fig. 5).

The vibrational spectra of compounds I and II were
interpreted by comparison with the IR absorption spec-
tra of free diaza-18-crown-6, NiBr2 · diaza-18-crown-6
[5, 6], and compound III [3]. The data obtained in [7, 8]
were used to assign vibrations of the tetrafluoropyridyl
and 2,4-dinitrophenyl groups. The assignment of the
vibrational frequencies is presented in Table 5.

In the IR absorption spectra of compounds I and II,
the stretching vibrations of the C–H bonds manifest
themselves in the frequency range 2800–3100 cm–1. In
the IR spectrum of compound I, the low-intensity band
with a maximum at a frequency of 3064 cm–1 is associ-
LLOGRAPHY REPORTS      Vol. 49      No. 6      2004
ated with the ν(CH)Ph vibrations of the substituted ben-
zene rings. The medium-intensity bands at 2954, 2915,
and 2864 cm–1 are assigned to the ν(CH2) vibrations of
the methylene groups. The ν(CH2) vibrations in the IR
spectrum of compound II manifest themselves in the
form of an intense complex band with a maximum at
2894 cm–1.

The bands of the ν(CC)Ph stretching vibrations of
the substituted benzene rings are observed at 1601,
1571, and 1523 cm–1 for compound I and at 1644 and
1537 cm–1 for compound II.

The νas(NO2) stretching vibrations of the nitro
groups manifest themselves in the same spectral range
(most likely, at 1506 cm–1).

In the range of 1300 cm–1, the IR spectrum of com-
pound I contains a broad band with maxima at 1330,
1312, and 1301 cm–1. According to [8, 9], the bands in
this range are associated with the ν(Ph–NO2) and
νs(NO2) stretching vibrations.

Compared to the spectrum of the diaza-18-crown-6
ether, the spectra of compounds I and II contain a new
band at 1188 cm–1. In our opinion, this band is attrib-
uted to the νas(Ph–Nc.e.) stretching vibrations.

In our earlier work [3], we assigned the fundamental
frequencies in the spectrum of compound III. The new
data obtained in the present work on the spectra of the
substituted diaza-18-crown-6 derivatives allow us to
correct the previously proposed assignment. In particu-
lar, the intense asymmetric band at 1187 cm–1 in the IR
spectrum of compound III was assigned to the ν(CF3)
stretching vibrations. Molecules I and II do not contain
CF3 groups; however, a similar band is observed in the
spectra of these compounds. Consequently, the band at
1187 cm–1 in the IR spectrum of compound III has a
different origin.

A comparison of the spectra of compounds I–IV
allows us to make the inference that the band at
~1200 cm–1 is associated with the stretching vibrations
of the Ph−Nc.e. bond, which is observed in all three mol-
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Table 5.  Vibrational frequencies (cm–1) in IR spectra of
molecules I and II and their assignment

Assignment I Assignment  II

ν(CH)Ph 3064
ν(CH2) 2954 ν(CH2) 2963

2915 2894
2864 2816

ν(CC)Ph,
νas(NO2)

1601 ν(CC)Py, ν(CN)Py 1644
1571 1537
1523
1506

δ(CH2) 1487 δ(CH2) 1484
1472 1464
1463 1449
1443 1391
1425

ω(CH2) 1389 ω(CH2) 1373s
1361 1351s

νs(NO2),
ν(Ph-NO2)

1330 1292s
1312
1301

τ(CH2) 1270 τ(CH2) 1242
1247
1236

ν(Ph-Nc.e.) 1188 ν(Py-Nc.e.) 1188
νas(CNC) 1143 νas(CNC) 1141
νas(COC) 1124 νas(COC) 1130

1099 1112
ν(CC)c.e. 1068 ν(CC)c.e. 1082
δ(CH)Ph 1057 ν(CN)c.e. 1069

1036 1039
1022

νs(COC) 996 νs(COC)c.e. 982
νs(CNC) 932 νs(CF) 952

915 νs(CNC)c.e. 934
δ(NO2) 850
ρ(CH2) + ν(CO) +
ν(CN) + ν(CC)

827 ρ(CH2) + ν(CO) +
ν(CH) + ν(CC)

883
816 838

795

784 other vibrations 738

768 724
757 666
744 639
721 601

other vibrations 661 560
643 535
607 407
554
533
523
478
453

δ(CC)Ph
np
C

ecules I–III. The molecule of free diaza-18-crown-6
does not contain such a bond, and a similar band is
absent in the spectrum of this ether. Most likely, the
bands of the νas(CF3) and νas(Ph–Nc.e.) vibrations over-
lap in the IR spectrum of compound III. Therefore, the
band at 1331 cm–1 in the spectrum of compound III,
which was previously assigned to the ν(Ph−Nc.e.) vibra-
tions, can be attributed to the ω(CH2) bending vibra-
tions of the methylene groups.

According to Desreux et al. [10], the bands of the
ν(CNC) and ν(COC) bending vibrations of the NCCO
and OCCO fragments are observed in the range 1000–
1170 cm–1. In this frequency range, the IR spectra con-
tain three intense bands with maxima at 1143, 1124,
and 1099 for compound I and at 1141, 1130, and
1112 cm–1 for compound II. As follows from our previ-
ous work [6], the bands at 1143 cm–1 for compound I
and at 1141 cm–1 for compound II can be assigned to
the νas(CNC) vibrations and the bands at 1124 and
1099 cm–1 for compound I and at 1130 and 1112 cm–1

for compound II can be attributed to the νas(COC)
vibrations. In the IR spectrum of compound III, the
intense band at 1142 cm–1, which is associated with the
stretching vibrations of the C–F bonds, apparently
overlaps the band of the νas(CNC) vibrations.

The stretching–bending vibrations of the OCCO
and NCCO fragments manifest themselves in the fre-
quency range 800–1000 cm–1. The bands observed at
frequencies of 932 and 816 cm–1 for compound I and at
934 and 795 cm–1 for compound II are assigned to the
stretching–bending vibrations of the NCCO fragment
with the GGTN conformation. This fragment is involved
in both macrocycles. The bands at frequencies of 929
and 815 cm–1 in the IR spectrum of compound III can
be attributed to the vibrations of the fragment with the
same conformation. The difference between these fre-
quencies in the IR spectra of compounds I–III can be
explained in terms of different deviations of the torsion
angles from the ideal value.

According to Kireeva et al. [5], the bands observed
at 982 and 838 cm–1 in the IR spectrum of compound II
(985 and 836, 828 cm–1 for III and 980 and 845,
835 cm–1 for IV) correspond to the vibrations of the
OCCO fragment with the TGTO conformation. There-
fore, in the IR absorption spectrum of compound I, the
band observed at 996 cm–1, which is absent in the spec-
tra of macrocycles II–IV, can be attributed to the frag-
ment with the GTSN conformation. This fragment is
absent in the above ligands. It is quite possible that the
intense band at 883 cm–1 in the IR absorption spectrum
of compound II is associated with the NCCO fragment
with the GTTN conformation.

Structure I involves the OCCO fragment with the
GGTO conformation. A similar fragment is contained in
the diaza-18-crown-6 macrocycle of the NiBr2 ⋅ diaza-
18-crown-6 complex [6]. Therefore, the bands
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004



CRYSTAL STRUCTURE AND VIBRATIONAL SPECTRA 989
observed at frequencies of 932 and 785 cm–1 in the IR
absorption spectrum of compound I can be assigned to
the vibrations of this fragment with the GGTO confor-
mation.

The crystallographic data for compounds I and II
have been deposited with the Cambridge Structural
Database (CCDC nos. 234 069, 234 068).
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Abstract—The crystal structure of the [Zn3(HEdta)2(H2O)6] complex (I) is determined by X-ray diffraction
analysis. The crystals are orthorhombic, a = 14.780 Å, b = 29.699 Å, c = 7.032 Å, Z = 4, and space group Pna21.
The structural units of crystals I are trinuclear linear molecules, in which the peripheral atoms Zn(1) and Zn(2)
each coordinate two N atoms and three O atoms of the HEdta3– ligand and the O(w) atom of the H2O molecule,
whereas the central Zn(3) atom coordinates four O(w) atoms of the H2O molecules and two terminal O atoms
of the two HEdta3– ligands. The HEdta3– ligand fulfills a hexadentate chelating–bridging function. The bond
lengths are as follows: Zn–O(HEdta), 2.006(4)–2.123(4) Å; Zn–N, 2.214(6) and 2.128(5) Å; and Zn–O(w),
2.006(6)–2.225(5) Å. In structure I, there is a specific contact formed by hydrogen bonds, owing to which the
distance between the central atoms of individual molecules appears to be shorter than that in covalently bonded
complexes. © 2004 MAIK “Nauka/Interperiodica”.
INTRODUCTION

Earlier structural studies of acid salts with monopro-
tonated ethylenediaminetetraacetate anions revealed
that Me3(HEdta)2 · 10H2O compounds have structures
of two types, namely, structures with cation–anion units
[Me(H2O)6]2+[Me(HEdta)(H2O)]– (Me = Mg2+, Co2+,
Ni2+; Me : HEdta = 2 : 1) [1, 2] and structures with tri-
nuclear molecular complexes [Me(HEdta)(H2O)]2 ⋅
[Me(H2O)4] (Me = Mn2+, Fe2+, Cd2+; Me : HEdta = 3 : 2)
[2–5]. In trimers, the Me(H2O)4 centrosymmetric group
plays the role of a linking unit, whereas the terminal
oxygen atoms of the carboxyl groups in anionic com-
plexes fulfill a bridging function and complete the coor-
dination polyhedron of the central metal atom to an
octahedron. This paper reports on the results of X-ray
diffraction investigation of Zn3(HEdta)2(H2O)6 (I)
crystals in which the metal : ligand ratio is 3 : 2.

EXPERIMENTAL

Synthesis. Compound I was synthesized from a
solution of ZnCl2 and Na2(H2Edta). Single crystals
suitable for the X-ray diffraction analysis were pre-
pared by recrystallization of compound I from an aque-
ous solution upon slow evaporation at 60°C.
1063-7745/04/4906- $26.00 © 20990
X-ray diffraction analysis. Colorless needle-
shaped crystals I (C20H37N4O22Zn3) are orthorhombic,
a = 14.780(5) Å, b = 29.699(9) Å, c = 7.032(6) Å, V =
3086(3) Å3, M = 881.7, F(000) = 1804, ρcalcd =
1.897 g/cm3, µMo = 2.414 mm–1, Z = 4, and space group
êna21. The experimental data were collected on an
Enraf–Nonius CAD4 diffractometer (λåÓäα, graphite
monochromator, θ/2θ scan mode, 2θmax = 56°). Struc-
ture I was solved by direct methods. The hydrogen
atoms were located from difference Fourier syntheses.
The structure was refined by the least-squares proce-
dure for all 5648 nonzero reflections (Rint = 0.084; 0 <
h < 19, 0 < k < 39, –9 < l < 4). The non-hydrogen atoms
were refined in the anisotropic approximation, and the
hydrogen atoms were refined in the isotropic approxi-
mation. The final results of the refinement are as fol-
lows: R1 = 0.0375 and wR2 = 0.0947 for 4253 reflec-
tions with F0 ≥ 4σ(F0), R1 = 0.0701 and wR2 = 0.1072
for all reflections, and GOOF = 1.105 (the number of
refined parameters was 590). The values of ∆ρmax and
∆ρmin are equal to 0.542 and –0.857 e/Å3, respectively.

All the calculations were performed with the
SHELX86 [6] and SHELXL93 [7] program packages.
The crystal data have been deposited with the Cam-
bridge Structural Database (no. 213 294). The bond
lengths and bond angles are presented in Table 1.
004 MAIK “Nauka/Interperiodica”
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Table 1.  Bond lengths d (Å) and angles ω (deg) in compound I

Bond d, Å Bond d, Å Bond angle ω Bond angle ω

Zn(1)–N(1) 2.162(5) Zn(1)–N(2) 2.214(6) O(11)Zn(2)O(2w) 96.7(2) O(13)Zn(2)O(2w) 93.1(2)

Zn(1)–O(1) 2.069(4) Zn(1)–O(3) 2.063(4) O(4)Zn(3)O(12) 100.0(2) O(4)Zn(3)O(3w) 91.5(2)

Zn(1)–O(5) 2.090(4) Zn(1)–O(1w) 2.050(4) O(4)Zn(3)O(4w) 169.8(2) O(4)Zn(3)O(5w) 93.8(2)

Zn(2)–N(3) 2.172(5) Zn(2)–N(4) 2.218(5) O(4)Zn(3)O(6w) 87.4(2) O(12)Zn(3)O(3w) 88.0(2)

Zn(2)–O(9) 2.060(4) Zn(2)–O(11) 2.123(4) O(12)Zn(3)O(4w) 89.5(2) O(12)Zn(3)O(5w) 165.4(2)

Zn(2)–O(13) 2.100(5) Zn(2)–O(2w) 2.006(6) O(12)Zn(3)O(6w) 87.4(2) O(3w)Zn(3)O(4w) 92.5(2)

Zn(3)–O(4) 2.069(4) Zn(3)–O(12) 2.080(4) O(3w)Zn(3)O(5w) 96.3(2) O(3w)Zn(3)O(6w) 175.0(2)

Zn(3)–O(3w) 2.104(6) Zn(3)–O(4w) 2.225(5) O(4w)Zn(3)O(5w) 76.4(2) O(4w)Zn(3)O(6w) 89.3(2)

Zn(3)–O(5w) 2.069(4) Zn(3)–O(6w) 2.103(6) O(5w)Zn(3)O(6w) 88.6(2) Zn(1)N(1)C(2) 104.6(3)

N(1)–C(2) 1.449(7) N(1)–C(4) 1.479(7) Zn(1)N(1)C(4) 107.0(4) Zn(1)N(1)C(17) 105.2(3)

N(1)–C(17) 1.483(9) N(2)–C(6) 1.483(8) C(2)N(1)C(4) 112.9(5) C(2)N(1)C(17) 114.6(5)

N(2)–C(8) 1.468(7) N(2)–C(18) 1.498(7) C(4)N(1)C(17) 111.7(5) Zn(1)N(2)C(6) 106.9(4)

N(3)–C(10) 1.477(8) N(3)–C(12) 1.482(7) Zn(1)N(2)C(8) 109.6(4) Zn(1)N(2)C(18) 103.8(3)

N(3)–C(19) 1.497(9) N(4)–C(14) 1.474(8) C(6)N(2)C(8) 111.6(5) C(6)N(2)C(18) 111.7(5)

N(4)–C(16) 1.462(8) N(4)–C(20) 1.493(7) C(8)N(2)C(18) 112.7(5) Zn(2)N(3)C(10) 105.1(4)

O(1)–C(1) 1.252(7) O(2)–C(1) 1.255(7) Zn(2)N(3)C(12) 106.3(4) Zn(2)N(3)C(19) 106.0(4)

O(3)–C(3) 1.258(6) O(4)–C(3) 1.251(6) C(10)N(3)C(12) 112.3(5) C(10)N(3)C(19) 113.2(5)

O(5)–C(5) 1.278(8) O(6)–C(5) 1.244(7) C(12)N(3)C(19) 113.2(5) Zn(2)N(4)C(14) 108.2(4)

O(7)–C(7) 1.196(8) O(8)–C(7) 1.314(7) Zn(2)N(4)C(16) 107.1(4) Zn(2)N(4)C(20) 103.2(3)

O(9)–C(9) 1.255(7) O(10)–C(9) 1.250(7) C(14)N(4)C(16) 113.9(5) C(14)N(4)C(20) 111.0(5)

O(11)–C(11) 1.280(8) O(12)–C(11) 1.262(6) C(16)N(4)C(20) 112.8(5) Zn(1)O(1)C(1) 113.1(4)

O(13)–C(13) 1.265(8) O(14)–C(13) 1.248(8) Zn(1)O(3)C(3) 116.3(4) Zn(3)O(4)C(3) 128.9(4)

O(15)–C(15) 1.21(1) O(16)–C(15) 1.319(8) Zn(1)O(5)C(5) 115.7(4) Zn(2)O(9)C(9) 115.6(4)

C(1)–C(2) 1.537(9) C(3)–C(4) 1.522(8) Zn(2)O(11)C(11) 111.0(4) Zn(3)O(12)C(11) 121.9(4)

C(5)–C(6) 1.508(8) C(7)–C(8) 1.527(9) Zn(2)O(13)C(13) 118.3(4) O(1)C(1)O(2) 124.6(5)

C(9)–C(10) 1.513(9) C(11)–C(12) 1.517(9) O(1)C(1)C(2) 118.7(5) O(2)C(1)C(2) 116.6(5)

C(13)–C(14) 1.521(8) C(15)–C(16) 1.517(9) N(1)C(2)C(1) 110.9(5) O(3)C(3)O(4) 125.5(5)

C(17)–C(18) 1.523(8) C(19)–C(20) 1.536(8) O(3)C(3)C(4) 118.8(5) O(4)C(3)C(4) 115.7(5)

Bond angle ω Bond angle ω N(1)C(4)C(3) 113.6(5) O(5)C(5)O(6) 123.7(5)

N(1)Zn(1)N(2) 83.8(2) N(1)Zn(1)O(1) 78.8(2) O(5)C(5)C(6) 119.4(5) O(6)C(5)C(6) 116.8(5)

N(1)Zn(1)O(3) 81.4(2) N(1)Zn(1)O(5) 94.9(2) N(2)C(6)C(5) 115.6(5) O(7)C(7)O(8) 124.3(6)

N(1)Zn(1)O(1w) 177.3(2) N(2)Zn(1)O(1) 158.9(2) O(7)C(7)C(8) 122.8(5) O(8)C(7)C(8) 112.9(5)

N(2)Zn(1)O(3) 91.5(2) N(2)Zn(1)O(5) 80.7(2) N(2)C(8)C(7) 114.4(5) O(9)C(9)O(10) 124.6(6)

N(2)Zn(1)O(1w) 96.6(2) O(1)Zn(1)O(3) 97.5(2) O(9)C(9)C(10) 118.8(5) O(10)C(9)C(10) 116.6(5)

O(1)Zn(1)O(5) 89.0(2) O(1)Zn(1)O(1w) 101.4(2) N(3)C(10)C(9) 114.1(5) O(11)C(11)O(12) 124.2(5)

O(3)Zn(1)O(5) 171.7(2) O(3)Zn(1)O(1w) 95.9(2) O(11)C(11)C(12) 119.8(5) O(12)C(11)C(12) 116.0(5)

O(5)Zn(1)O(1w) 87.8(2) N(3)Zn(2)N(4) 83.9(2) N(3)C(12)C(11) 110.5(5) O(13)C(13)O(14) 123.9(6)

N(3)Zn(2)O(9) 81.7(2) N(3)Zn(2)O(11) 77.5(2) O(13)C(13)C(14) 117.5(5) O(14)C(13)C(14) 118.5(5)

N(3)Zn(2)O(13) 90.6(2) N(3)Zn(2)O(2w) 172.8(2) N(4)C(14)C(13) 114.2(5) O(15)C(15)O(16) 124.3(6)

N(4)Zn(2)O(9) 92.3(2) N(4)Zn(2)O(11) 155.8(2) O(15)C(15)C(16) 126.2(6) O(16)C(15)C(16) 109.5(5)

N(4)Zn(2)O(13) 79.0(2) N(4)Zn(2)O(2w) 102.8(2) N(4)C(16)C(15) 117.5(5) N(1)C(17)C(18) 111.1(5)

O(9)Zn(2)O(11) 100.1(2) O(9)Zn(2)O(13) 169.0(2) N(2)C(18)C(17) 110.4(5) N(3)C(19)C(20) 110.5(5)

O(9)Zn(2)O(2w) 95.4(2) O(11)Zn(2)O(13) 85.8(2) N(4)C(20)C(19) 111.0(5)
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 1. Trinuclear molecular complex I. The numbering of the hydrogen bonds (dashed lines) corresponds to that in Table 2.
RESULTS AND DISCUSSION

Crystals I are built up of trinuclear linear molecular
complexes (Fig. 1). All three Zn atoms in molecule I
have an octahedral environment. The coordination
spheres of the peripheral atoms [Zn(1) and Zn(2)] have
an identical composition. The coordination sphere of
each atom contains two N atoms and three O atoms of
the HEdta3– ligand. The O(w) atom of the H2O mole-
cule completes the coordination polyhedron to an octa-
hedron. The environment of the central Zn(3) atom
involves four O(w) atoms of the H2O molecules and
two O atoms of two HEdta3– ligands coordinated by the
Zn(1) and Zn(2) atoms.

Therefore, the HEdta3– ligands are coordinated by
the peripheral Zn(1) and Zn(2) atoms in a pentadentate
C

chelating manner (2N + 3O). In this case, one acetate
group remains free and the other three acetate groups
participate in the coordination, thus closing the five-
membered glycinate metallocycles: the N(1) and N(3)
atoms are involved in the formation of the G and R
cycles, whereas the N(2) and N(4) atoms participate
only in the formation of the R cycles [8].

The Zn(1)–O(HEdta) bond lengths fall in the range
2.063(4)–2.090(4) Å. The Zn(2)–O(HEdta) distances
vary over a wider range [2.060(4)–2.123(4) Å]. How-
ever, no correlation between the bond lengths is
observed in both cases. The lengths of the Zn–N bonds
with the nitrogen atoms of the cyclic acetate groups
[Zn(1)–N(1), 2.162(5) Å; Zn(2)–N(3), 2.172(5) Å] and
with the nitrogen atoms of the monocoordinated acetate
groups [Zn(1)–N(2), 2.214(6) Å; Zn(2)–N(4),
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 2.  Geometric parameters of hydrogen bonds in structure I

Hydrogen 
bond no. A–H···B bond

Distance, Å AHB angle, 
deg Position of the B atom

A···B A–H H···B

1 O(8O)–H(8O)···O(2) 2.554(7) 0.8(2) 1.7(2) 163* 0.5 + x, 1.5 – y, z–1

2 O(16)–H(16O)···O(10) 2.613(6) 0.97(11) 1.66(11) 167* 2 – x, 1 – y, 0.5 + z

3 O(1w)–H(1w1)···O(7) 2.654(7) 0.77(7) 1.92(7) 160(7) x, y, z + 1

4 O(1w)–H(2w1)···O(4w) 2.858(7) 1.13(10) 1.74(9) 171(9) –0.5 + x, 1.5 – y, z

5 O(2w)–H(1w2)···O(2) 2.733(7) 1.03(7) 1.71(7) 168(6) ı + 1, y, z

6 O(2w)–H(2w2)···O(14) 2.633(8) 0.70(9) 1.94(9) 174(9) x, y, z – 1

7 O(3w)–H(1w3)···O(11) 2.726(7) 0.81(12) 2.11(13) 133* x, y, z

8 O(3w)–H(2w3)···O(6) 2.823(8) 0.82(11) 2.03(11) 163* 0.5 + x, 1.5 – y, z

9 O(4w)–H(1w4)···O(13) 2.682(7) 0.64(7) 2.04(7) 177(9) x, y, z

10 O(4w)–H(2w4)···O(6) 2.790(7) 0.73(9) 2.10(10) 159(9) 0.5 + x, 1.5 – y, 1 + z

11 O(5w)–H(1w5)···O(3) 2.709(6) 0.82(6) 2.10(8) 131(7) x, y, z

12 O(5w)–H(2w5)···O(5) 2.746(7) 0.81(8) 1.94(8) 178(5) 0.5 + x, 1.5 – y, z

13 O(6w)–H(1w6)···O(10) 2.746(7) 0.83(7) 1.95(7) 161(7) 1 – x,1 – y, 0.5 + z

14 O(6w)–H(2w6)···O(6) 2.871(7) 0.64(8) 2.28(7) 154(9) 0.5 + x, 1.5 – y, 1 + z

* The error is larger than 10°.
2.218(5) Å] differ significantly. Running a little ahead,
we should note that the lengths of the Zn(3)–O(HEdta)
bonds with the central zinc atom [2.069(4), 2.080(4) Å]
lie in the range of the Zn(1, 2)–O(HEdta) bond lengths
and the Zn(1–3)–O(w) bond lengths vary over a rather
wide range [2.006(6)–2.225(5) Å]. On the whole, the
HEdta3– ligand in structure I fulfills a hexadentate
chelating–bridging [(2N + 3O)c + Ob] function.

The main difference between the structures of the
Zn(1) and Zn(2) complexes manifests itself in the for-
mation of trinuclear molecules. The former complex
participates in the coordination of the Zn(3) atom
through the terminal O(4) atom of the R ring, whereas
the latter complex is involved in the coordination
through the terminal O(12) atom of the G ring. The sec-
ond difference resides in the fact that the Zn(1) and
Zn(2) complexes have different absolute configura-
tions. In inverted molecules contained in the unit cell,
the configurations of the Zn(1) and Zn(2) complexes
are reversed. However, the Zn(1) complex does not
become identical to the Zn(2) complex of the initial
molecule, because these complexes coordinate the
Zn(3) atom in different ways. Therefore, the structure
involves complexes of four types, the crystal as a whole
can be considered a racemic crystal, and its constituent
molecules belong to the class of latent racemic mole-
cules.

The trinuclear linear molecule in structure I is simi-
lar to that in the compound [Mn3(HEdta)2(H2O)6] ·
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
4H2O (II) [4, 5] in many respects. In both compounds,
the trinuclear molecules have the same ligands and
identical central cationic units [Me(H2O)4]2+ ·
2O(HEdta). The peripheral anionic groups
[Me(HEdta)(H2O)]– are polar due to the presence of
water molecules in the coordination sphere of the metal
atom. Moreover, the chiralities of peripheral complexes
are opposite in sign. However, despite the formal simi-
larity, structures I and II differ substantially. In com-
pound II, the peripheral groups in the trinuclear mole-
cule have a tendency toward local symmetry C2 and are
related by the inversion center; i.e., they are mirror iso-
mers. On the other hand, these groups in compound I
differ significantly. In structure II, all three acetate
groups of the HEdta3– ligand are involved in the coor-
dination with the metal atom (the coordination number
of the manganese atom is seven). At the same time, in
structure I, one acetate group remains free (the coordi-
nation number of the zinc atom is six) and the anionic
fragments of the molecule are asymmetric. The metal
atom of the central unit is coordinated by the O(HEdta)
atoms in different ways (the cis coordination in I and
the trans coordination in II). Note that the linearities of
the molecules are of different origin. In compound II,
the linearity is associated with the trans arrangement of
the O(HEdta) atoms, i.e., with the presence of the inver-
sion center. In compound I, the pseudolinearity is pro-
vided by hydrogen bonds (see below). The acid proton
in structure I is localized in the uncoordinated acetate
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Fig. 2. Intermolecular hydrogen bonds in structure I. A fragment of the packing of trinuclear molecules inside a strongly puckered
layer. Trinuclear complexes A, B, and C are oriented perpendicular to the figure plane. Molecule B is represented only by the Zn
atoms and the O atoms of water molecules. Molecular complexes D, E, and F are nearly parallel to the figure plane.
group. A similar proton in structure II is located
between two terminal O atoms of the coordinated ace-
tate groups of the neighboring molecules and forms a
statistically symmetric hydrogen bond.

Compared to compound II, compound I does not
involve outer-sphere water molecules. This circum-
stance itself leads to the formation of different systems
of hydrogen bonds in structures I and II. Moreover, the
Zn(1) and Zn(2) complexes in crystal I are variously
involved in the formation of intermolecular hydrogen
bonds. The ratio between the numbers of hydrogen
bonds formed with the participation of the Zn(1) and
Zn(2) complexes is equal to 9 : 6. The geometric param-
eters of hydrogen bonds are listed in Table 2. Since the
hydrogen bonds play a significant role in the formation
of structure I, they are depicted, where possible, in all
the figures.

According to the function and arrangement in local
regions in the crystal, the hydrogen bonds can be sepa-
rated into four groups, namely, intramolecular, intra-
chain, intralayer, and interlayer hydrogen bonds. The
intramolecular hydrogen bonds (nos. 7, 9, 11) deter-
C

mine the shape of the trinuclear molecule. In the octa-
hedron of the central Zn(3) complex, the O(HEdta)
atoms of the peripheral Zn(1) and Zn(2) complexes
coordinate the adjacent cis vertices and the anion–cat-
ion–anion fragment seemingly should have the shape of
a corner, as is the case with the structure of the com-
pound Zn(Edta)2Mg(H2O)4 · 2H2O (III) [9]. However,
owing to only the formation of hydrogen bonds, the
molecule acquires an almost linear shape [the
Zn(1)Zn(3)Zn(2) angle is 168°, and the Zn(1)···Zn(3)
and Zn(2)···Zn(3) distances are 5.39 and 5.03 Å,
respectively).

Hydrogen bonds nos. 3 and 6 are localized in a rel-
atively small-sized region in the form of a column com-
posed of translationally related trinuclear molecules.
The column is aligned parallel to the axis with the
smallest unit cell parameter in the crystal (c = 7.03 Å).
The majority of the hydrogen bonds (nos. 1, 4–6, 8, 10,
12, 14) are formed inside a strongly puckered layer and
link chain fragments together (Fig. 2). In the layer,
hydrogen bonds nos. 1 and 5 are formed only between
the chains. Hydrogen bonds nos. 6, 10, and 14 form
bridges through the intermediate O atoms and further
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Fig. 4. Hydrogen bonds and packing of trinuclear molecules in a layer in structure II. Hydrogen bonds with the participation of the
acid H atom are formed in the same layer.
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Fig. 5. Projection of the layer in structure III as an illustration of the role played by the hydrogen-bond system (dashed lines). Zigzag
chains formed by covalently bonded Zn and Mn complexes are aligned parallel to the a axis.
strengthen the chains. Hydrogen bonds nos. 4, 8, and 12
play a special role. These hydrogen bonds are formed
between the adjacent columns and ensure the closest
intermolecular contact with a distance [Zn(1)···Zn(3),
5.38 Å] equal to the corresponding distance in the
molecular complex itself. The formation of this contact
and the change in the coordination functions of the ace-
tate groups of the HEdta3– ligand substantially affect
the geometric parameters of molecule I. This results in
a difference between the structures of the Zn(1) and
Zn(2) complexes (Fig. 3). The difference between the
positions of equivalent atoms in the complexes can be
relatively large. For example, the difference between
the equivalent positions amounts to 1.01 Å for the O(6)
and O(14) atoms and 0.46 Å for the O(2) and O(12)
atoms with a root-mean-square deviation of 0.07 Å.

The hydrogen bonds with the participation of the
O(6) atom most strongly distort the coordination sphere
of the peripheral zinc atoms (Fig. 3). One of these
hydrogen bonds is among the bonds providing the clos-
est contact. Hydrogen bond no. 2 with the participation
of the acid H atom and hydrogen bond no. 13 involving
the same terminal O(10) atom are interlayer hydrogen
bonds. The above contact that is found in compound I
and is predominantly governed by hydrogen bonds nos.
4, 8, and 12 is also observed in related compounds II
and III. The specific feature of these contacts is the
same (almost parallel) direction of several (three)
hydrogen bonds linking the complexes of the adjacent
fragments. In compounds of type II (Fig. 4), which are
represented by the isostructural series
[Me(HEdta)(H2O)]2[Me(H2O)4] · 4H2O (Me = Mn2+,
Fe2+, Cd2+) [2–5], similar contacts are multiply
repeated by the inversion center and link individual tri-
C

nuclear molecules into layers. In structures II, this con-
tact is the shortest: the Mn···Mn distance (5.46 Å) is
shorter than that between the metal atoms in the trinu-
clear molecule (5.78 Å).

In crystals of isostructural series III
MgMe(Edta)(H2O)6 (Me = Co, Cu, Zn) [9, 10] with a
metal : ligand ratio of 1 : 1, the main structural units are
the chains formed by coordinationally bonded com-
plexes. As was noted above, in structure III, chain frag-
ments similar in composition to trinuclear complex I
have a corner structure. However, the H2O molecules of
the coordination sphere of the central Mg(1) atom
(Fig. 5) form hydrogen bonds with oxygen atoms of the
Edta ligand of the adjacent chain in a way similar to
those formed by the aforementioned contact in struc-
ture I. The crystallization water molecules in structure
III form bridges between the complexes in contact and
additionally enhance the effect exerted by the above
system of hydrogen bonds. A similar function in com-
pound I is fulfilled by the O(1w) and O(2w) water mol-
ecules of the coordination spheres of the Zn(1) and
Zn(2) atoms.

CONCLUSIONS

Thus, we can conclude that the contact formed in
crystal I by the hydrogen bonds involving crystalliza-
tion water molecules is energetically favorable and can
affect both the structure of individual fragments and the
crystal as a whole.
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Abstract—The structures of four compounds are studied using single-crystal X-ray diffraction: 1-[2-(4-chlo-
rophenyl)-2-oxoethyl]-2-oxo-1,2,5,6,7,8-hexahydroquinoline-3-carbonitrile [a = 4.908(4) Å, b = 11.644(10) Å,
c = 13.587(2) Å, β = 94.31(5)°, Z = 2, space group P21]; 2-[2-(4-chlorophenyl)-2-oxoethoxy]-5,6,7,8-tetrahy-
droquinoline-3-carbonitrile [a = 7.6142(8) Å, b = 14.778(2) Å, c = 14.132(2) Å, β = 100.38(1)°, Z = 4, space
group P21/c]; 4-(aminocarbonyl)-2-(chlorophenyl)-6,7,8,9-tetrahydro[1.3]oxazolo[3,2-a]quinolin-3-ium per-
chlorate [a = 5.589(7) Å, b = 24.724(15) Å, c = 13.727(5) Å, β = 97.66(9)°, Z = 4, space group P21/n]; and (3-
amino-5,6,7,8-tetrahydrofuro[2,3-b]quinolin-2-yl)-(4-chlorophenyl) methanone [a = 7.150(2) Å, b =

7.4288(10) Å, c = 15.314(3) Å, α = 98.030(10)°, β = 99.21(2)°, γ = 105.34(2)°, Z = 2, space group ]. The
structures are solved by direct methods and refined by the full-matrix least-squares procedure in the anisotropic
approximation to R = 0.0728, 0.0439, 0.1228, and 0.0541, respectively. The structure of 1-(4-chlorophenyl)-4-
piperidin-1-yl-8,9-dihydro-7H-pyrrolo[3.2.1-ij]quinoline-5-carboxamide [a = 23.9895(9) Å, b = 5.1557(3) Å,
c = 17.0959(9) Å, β = 106.43°, Z = 4, space group P1/c] is investigated by X-ray powder diffraction. This struc-
ture is solved using the grid search procedure and refined by the Rietveld method to Rwp = 0.0773, Rexp = 0.0540,
Rp = 0.0585, Rb = 0.1107, and χ2 = 1.78. © 2004 MAIK “Nauka/Interperiodica”.

P1
INTRODUCTION

Readily available derivatives of 6-methyl-cyanopy-
ridones-2 are promising substances as precursors of
complex condensed heterocyclic compounds. For
example, it is known that the phenacylation of these
1063-7745/04/4906- $26.00 © 20998
pyridones results the formation of N and O alkylation
products. It should be noted that, in alkaline media, O
isomers easily enter into cyclization reactions with the
formation of furo[2,3-b]pyridine derivatives, whereas
N isomers are cyclized to form 5-indolizinones [1, 2]
(see Scheme 1):
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In the present work, we demonstrated that the possi-
ble heterocyclization reactions of 6-methyl-cyanopyri-
dones-2 are not exhausted by the above processes. The
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      200
synthesis of the studied compounds was performed
according to the following scheme:
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By using compound I as an example, we found one
more direction of the heterocyclization of N-phenyl
derivatives of the aforementioned pyridones, namely,
the transformation of N isomer IIa into compound III,
which, in turn, can be recyclized into the poorly inves-
tigated compound IV.
4

Earlier, the phenacylation of compound I was not
described. We revealed that this reaction results in the
formation of N and O isomers (in the ratio 1 : 1); in this
case, it is possible to separate the mixture of isomers.
As could be expected, compound IIb is cyclized with
the formation of compound V.
Table 1.  Physicochemical characteristics of the compounds synthesized

Compound
Melting

temperature 
Tm, °C

1H NMR* (DMSO-d6)

IIa 233 8.10 and 7.69 (d, 8.3 Hz, 2H, 14-CH + 15-CH and 17-CH + 18-CH)**; 8.03 (s, 1H, 4-CH);
5.66 (s, 2H, 11-CH2); 2.57 (m, 4H, 6-CH2 + 9-CH2); 1.73 and 1.64 (m, 2H, 7-CH2 and 8-CH2)***

IIb 247 8.01 and 7.64 (d, 8.6 Hz, 2H, 14-CH + 15-CH and 17-CH + 18-CH)**; 7.98 (s, 1H, 4-CH);
5.97 (s, 2H, 11-CH2); 2.66 and 2.56 (t, 5.8 Hz and 6.0 Hz, 2H, 6-CH2 and 9-CH2)***;
1.70 (m, 4H, 7-CH2 + 8-CH2)

III 283 9.52 (s, 1H, 11-CH); 8.59 (s, 1H, 4-CH), 8.32 and 8.24 (s, 1H, 31-NH2); 8.12 and 7.8 (d, 8.6 Hz, 
2H, 14-CH + 15-CH and 17-CH + 18-CH)**; 3.14 and 2.98 (t, 5.9 Hz and 5.6 Hz, 2H, 6-CH2
and 9-CH2)***; 2.02 and 1.86 (m, 2H, 7-CH2 and 8-CH2)***

IV 262 7.78 and 6.41 (s, 1H, 31-NH2); 7.66 and 7.47 (d, 8.5 Hz, 2H, 17-CH + 18-CH and 14-CH + 15-CH)**;
7.53 (s, 1H, 4-CH); 6.41 (s, 1H, 11-CH); 3.17 and 3.05 (s, 2H, 19-CH2 and 23-CH2)***; 2.96 and 2.78
(t, 2H, 5.6 Hz, 8-CH2 and 6-CH2)***; 1.95 (m, 2H, 7-CH2); 1.82 and 1.70 and 1.40 (m, 6H,
Pip (CH2–CH2–CH2))

V 278 8.16 (s, 1H, 4-CH); 8.11 and 7.63 (d, 8.3 Hz, 2H, 14-CH + 15-CH and 17-CH + 18-CH)**; 7.56 
(s, 2H, 31-NH2); 2.91 and 2.86 (t, 6.4 Hz and 6.1 Hz, 2H, 6-CH2 and 9-CH2)***;
1.82 (m, 4H, 7-CH2 + 8-CH2)

    * The assignment of the signals is given in accordance with the atomic numbering used in X-ray diffraction analysis (Figs. 2–6).
  ** The reverse assignment of CH2 groups is possible.
*** The reverse assignment of CH groups is possible.
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Fig. 1. Experimental and difference X-ray powder diffrac-
tion patterns (after the final Rietveld refinement) for struc-
ture IV.
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Fig. 2. Molecular structure and atomic numbering for com-
pound IIa.
C

In this work, we did not analyze the possibility of
cyclizing compound IIa into indolizine. It is known [3]
that, under the action of acids, N-phenacylpyridones-2
are able to undergo cyclocondensation with the forma-
tion of bicyclic oxazolopyridinium salts. In [3], it was
shown that oxazolopyridinium salts with a methyl
group in the fifth position can be recyclized to form
5-substituted indolizines. In the case of compound IIa,
a similar cyclization proceeds with the formation of tri-
cyclic compound III. It is worth noting that the cycliza-
tion is accompanied by the hydrolysis of the nitrile
group and the formation of the amide group in the sys-
tem. Compound III also contains the methylene group
in the position appropriate for recyclization. It turned
out that, under the action of the secondary amine, the
tricyclic system of oxazolopyridinium undergoes previ-
ously unknown recyclization into a poorly studied tri-
cyclic system of compound IV. Note that the topologi-
cal feature of the observed recyclization is the transfor-
mation of a partially hydrogenated cata-condensed
tricyclic system (in which each fusion atom is shared
only by two rings) into a peri-condensed system
(involving the atom shared by three rings).

EXPERIMENTAL

Compounds I–V were synthesized according to
Scheme 2. 

Compound 2-oxo-1,2,5,6,7,8-hexahydroquino-
line-3-carbonitrile (I) was prepared using the proce-
dure described in [4] and was investigated in our previ-
ous work [5]. The physicochemical characteristics of
the compounds synthesized are presented in Table 1.

1-[2-(4-Chlorophenyl)-2-oxoethyl]-2-1,2,5,6,7,8-
hexahydroquinoline-3-carbonitrile (IIa) and 2-[2-
(4-chlorophenyl)-2-oxoethoxy]-5,6,7,8-tetrahydro-
quinoline-3-carbonitrile (IIb). These compounds
were synthesized according to a procedure similar to
that proposed in [1]. Potassium hydroxide (0.0057 mol)
and ethanol (5 ml) were placed in a round-bottomed
flask. Compound I (0.0057 mol) was added portion-
wise with stirring to the prepared solution. The mixture
was allowed to stand in an ultrasonic bath for 40 min,
and then the alcohol was evaporated with a rotary evap-
orator. Dimethylformamide (10 ml) and phenacyl bro-
mide (0.0057 mol) were added to the dry residue. The
mixture was allowed to stand at an elevated temperature
(T ~ 50°C) for 18 h with stirring. After completing the
reaction (controlled by thin-layer chromatography indi-
cating the absence of compound I), the reaction mix-
ture was cooled and poured into water. The precipitate
was filtered off and dried in air. The mixture of N and O
isomers was separated using a column (sorbent, SiO2;
chloroform : hexane = 1 : 1). The yields of compounds
IIa and IIb were equal to 43 and 47%, respectively.

4-(Aminocarbonyl)-2-(chlorophenyl)-6,7,8,9-tet-
rahydro[1.3]oxazolo[3,2-a]quinolin-3-ium perchlo-
rate (III). Compound III was prepared from com-
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 2.  Crystal data, data collection, and refinement parameters for structures IIa, IIb, III, IV, and V

Empirical formula C18H15ClN2O2
(IIa)

C18H15ClN2O2
(IIb)

C18H16ClN2O2 ·
ClO4 (III)

C23H24ClN3
(IV)

C18H15ClN2O2 
(V)

Molecular weight 326.79 326.79 427.24 393.92 326.79

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic

Space group P21 P21/c P21/n P21/c

a, Å 4.908(4) 7.6142(8) 5.589(7) 23.9895(9) 7.150(2)

b, Å 11.644(10) 14.778(2) 24.724(15) 5.1557(3) 7.4288(10)

c, Å 13.587(8) 14.132(2) 13.727(5) 17.0959(9) 15.314(3)

α, deg 98.030(10)

β, deg 94.31(5) 100.38(1) 97.66(9) 106.43(3) 99.21(2)

γ, deg 105.34(2)

V, Å3 774.3(10) 1564.2(4) 1881(3) 2028.18(2) 760.0(3)

Z 2 4 4 4 2

ρcalcd, g/cm3 1.401 1.388 1.508 1.290 1.428

µ(CuKα), cm–1 2.28 2.26 3.46 1.80 2.32

θ range, deg 3.26-54.98 4.37-69.97 3.58-49.97 1.92-35.00 2.98-69.92

Crystal size, mm 0.3 × 0.3 × 0.3 0.3 × 0.3 × 0.3 0.3 × 0.3 × 0.3 Powder 0.3 × 0.3 × 0.3

Number of reflections measured 1576 3083 2030 2900

Number of unique reflections 1433
(Rint = 0.074)

2958
(Rint = 0.028)

1936
(Rint = 0.244)

2791
(Rint = 0.079)

Number of reflections refined 209 209 254 217

R factor [I ≥ 2σ(I)] R1/wR2 0.0728/0.1399 0.0439/0.1099 0.1228/0.2983 0.0541/0.1379

∆ρmax/∆ρmin, e/Å3 0.233/–0.180 0.175/–0.256 0.776/–0.518 0.597/–0.531

Rwp 0.0773

Rexp 0.0540

Rp  0.0585

Rb 0.1107

χ2 1.78

P1
pound IIa according to a procedure similar to that
described in [3]. Compound IIa (1 g) was dissolved in
96% H2SO4 (2 ml) and left to stand for a night. 70%
HClO4 (5 ml) was added to water (50 ml), and the
H2SO4 mixture was poured into the prepared solution.
The precipitate was filtered off, washed on a filter with
water, and dried. The yield of compound III was 98%.

1-(4-Chlorophenyl)-4-piperidin-1-yl-8,9-dihydro-
7H-pyrrolo[3,2,1-ij]quinoline-5-carboxamide (IV).
This compound was synthesized according to a proce-
dure similar to that described in [3]. Compound III
(0.5 g) and piperidine (5 ml) were boiled in acetonitrile
(15 ml) to the formation of a yellowish green thick solu-
tion. The solution was poured into water, and the pre-
cipitate was filtered off and recrystallized from acetoni-
trile. The yield of compound IV was 87%.
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Table 3.  Selected bond lengths d (Å) in structure IIa

Bond d Bond d

N(1)–C(2) 1.355(19) C(6)–C(7) 1.50(2)

N(1)–C(10) 1.41(2) C(7)–C(8) 1.36(2)

N(1)–C(11) 1.472(18) C(8)–C(9) 1.48(2)

C(2)–O(2) 1.21(2) C(9)–C(10) 1.479(18)

C(2)–C(3) 1.44(2) C(11)–C(12) 1.499(18)

C(3)–C(4) 1.361(11) C(12)–O(12) 1.168(17)

C(3)–C(31) 1.43(2) C(12)–C(13) 1.55(2)

C(4)–C(5) 1.499(11) Cl(16)–C(16) 1.781(17)

C(5)–C(10) 1.38(2) C(31)–N(31) 1.13(2)

C(5)–C(6) 1.482(19)
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(3-Amino-5,6,7,8-tetrahydrofuro[2,3-b]quinolin-
2-yl)-(4-chlorophenyl)-methanone (V). Compound V
was prepared using a procedure similar to that proposed
by Gewald [1]. Compound IIb was boiled in absolute
methanol with a threefold excess of sodium methylate
for 16 h. The precipitate was filtered off, washed on a
filter with methanol, and dried. The yield of compound
V was 68%.
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Fig. 3. Molecular structure and atomic numbering for com-
pound IIb.
C

The experimental intensities of diffraction reflec-
tions for single crystals of compounds IIa, IIb, III, and
V were measured on a CAD4 automated diffractometer
[6] (CuKα radiation, graphite monochromator, ω scan
mode) at room temperature. The unit cell parameters
were determined and refined using 25 reflections in the
θ ranges 24°–26.5°, 30°–35°, 21°–25°, and 25°–29°,
respectively. No correction for absorption was intro-
duced because of the small linear absorption coeffi-
cients of the compounds studied and the small sizes of
their crystals. The primary processing of the sets of dif-
fraction data was performed with the WinGX program
package [7]. All the subsequent calculations were car-
ried out with the SHELX97 program package [8]. The
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C(8)O(12) O(14)

O(13)

O(11)
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Fig. 4. Molecular structure and atomic numbering for com-
pound III.
Table 4.  Selected bond angles ω (deg) in structure IIa

Angle ω Angle ω

C(2)–N(1)–C(10) 123.7(16) C(8)–C(7)–C(6) 121(2)

C(2)–N(1)–C(11) 114.6(16) C(7)–C(8)–C(9) 118.8(18)

C(10)–N(1)–C(11) 121.7(15) C(10)–C(9)–C(8) 112.5(16)

O(2)–C(2)–N(1) 122(2) C(5)–C(10)–N(1) 118.6(14)

O(2)–C(2)–C(3) 122(2) C(5)–C(10)–C(9) 124.5(19)

N(1)–C(2)–C(3) 115.8(18) N(1)–C(10)–C(9) 116.8(17)

C(4)–C(3)–C(31) 118.7(19) N(1)–C(11)–C(12) 111.0(10)

C(4)–C(3)–C(2) 122.4(16) O(12)–C(12)–C(11) 121.8(16)

C(31)–C(3)–C(2) 118.9(19) O(12)–C(12)–C(13) 127.3(16)

C(3)–C(4)–C(5) 119.7(16) C(11)–C(12)–C(13) 110.9(17)

C(10)–C(5)–C(4) 119.7(17) C(17)–C(16)–Cl(16) 122.4(16)

C(10)–C(5)–C(6) 120.3(15) C(15)–C(16)–Cl(16) 113.6(19)

C(4)–C(5)–C(6) 120.0(17) N(31)–C(31)–C(3) 179(3)

C(5)–C(6)–C(7) 107.6(14)
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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crystal structures were determined by direct methods.
The positional and thermal parameters for all the non-
hydrogen atoms were refined in the anisotropic approx-
imation. The hydrogen atoms, except for the hydrogen
atoms involved in the formation of hydrogen bonds,
were located from geometric considerations and refined
as riding atoms together with the corresponding carbon
atoms. The thermal parameters of these hydrogen
atoms were calculated from those of the carbon atoms
[Uiso(H) = 1.2Ueq(C) for the aromatic hydrogen atoms
and Uiso(H) = 1.5Ueq(C) for the aliphatic hydrogen
atoms]. The hydrogen atoms involved in the formation
of hydrogen bonds were located from electron-density
difference syntheses and independently refined in the
isotropic approximation.

Table 5.  Selected bond lengths d (Å) in structure IIb

Bond d Bond d

N(1)–C(2) 1.312(2) C(5)–C(6) 1.505(3)

N(1)–C(10) 1.353(2) C(6)–C(7) 1.514(3)

C(2)–O(2) 1.350(2) C(7)–C(8) 1.508(3)

C(2)–C(3) 1.409(2) C(8)–C(9) 1.524(3)

O(2)–C(11) 1.426(2) C(9)–C(10) 1.502(3)

C(3)–C(4) 1.375(3) C(11)–C(12) 1.499(3)

C(3)–C(31) 1.436(3) C(12)–O(12) 1.211(2)

C(31)–N(31) 1.136(3) C(12)–C(13) 1.488(3)

C(4)–C(5) 1.390(3) C(16)–Cl(16) 1.739(2)

C(5)–C(10) 1.394(2)
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For compound III, the R factor is rather large due to
the low quality of crystals.

The diffraction experiments for compound IV
(available only in the form of a finely crystalline pow-
der) were performed on a DRON-3 automated powder
diffractometer (NPO Burevestnik) (CuKα radiation; Ge
monochromator; step width, 0.02° in 2θ) at room tem-
perature. The unit cell parameters were determined
with the ITO indexing program [9]. Preliminary infor-
mation on the molecular structure of compound IV was
obtained from the NMR spectroscopic data. The initial
geometrical model was constructed using semiempiri-
cal and empirical methods with the MOPAC 6.0 [10]
and PCMODEL [11] programs. The structure was
solved by the grid search procedure [12] based on the
preassigned molecular fragments. The Rietveld full-
profile refinement of the structure was carried out
according to the MRIA program [13]. The pseudo-
Voigt function was used as a profile function, and the
background was approximated by Chebyshev fifth-
degree polynomials. The thermal parameters of the
non-hydrogen atoms of the molecular skeleton were
averaged in the course of refinement. The hydrogen
atoms were placed at calculated positions. The experi-
mental and difference X-ray powder diffraction pat-
terns after the final refinement are shown in Fig. 1. The
tick marks indicate the calculated positions of reflec-
tions.

The main parameters of the X-ray diffraction exper-
iments and crystal data for compounds IIa, IIb, III, IV,
and V are summarized in Table 2. The spatial arrange-
ment of atoms in molecules and their numbering are
depicted in Figs. 2–6 obtained with the ORTEP-3
graphic program package [14, 15]. The interatomic dis-
Table 6.  Selected bond angles ω (deg) in structure IIb

Angle ω Angle ω

C(2)–N(1)–C(10) 118.20(16) C(5)–C(6)–C(7) 112.84(17)

N(1)–C(2)–O(2) 121.31(16) C(8)–C(7)–C(6) 110.87(18)

N(1)–C(2)–C(3) 123.41(17) C(7)–C(8)–C(9) 111.29(18)

O(2)–C(2)–C(3) 115.28(16) C(10)–C(9)–C(8) 113.22(17)

C(2)–O(2)–C(11) 117.73(14) N(1)–C(10)–C(5) 123.10(17)

C(4)–C(3)–C(2) 117.49(17) N(1)–C(10)–C(9) 115.89(16)

C(4)–C(3)–C(31) 121.24(17) C(5)–C(10)–C(9) 121.02(17)

C(2)–C(3)–C(31) 121.25(17) O(2)–C(11)–C(12) 107.73(15)

N(31)–C(31)–C(3) 177.7(2) O(12)–C(12)–C(13) 120.78(18)

C(3)–C(4)–C(5) 120.65(17) O(12)–C(12)–C(11) 120.60(18)

C(4)–C(5)–C(10) 117.12(17) C(13)–C(12)–C(11) 118.61(16)

C(4)–C(5)–C(6) 120.19(17) C(15)–C(16)–Cl(16) 119.27(17)

C(10)–C(5)–C(6) 122.67(17) C(17)–C(16)–Cl(16) 119.49(18)
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Table 7.  Selected bond lengths d (Å) in structure III

Bond d Bond d Bond d Bond d

N(1)–C(11) 1.390(15) C(3)–C(4) 1.381(18) C(5)–C(6) 1.501(18) C(12)–C(13) 1.459(18)

N(1)–C(10) 1.367(16) C(3)–C(31) 1.540(19) C(6)–C(7) 1.48(2) C(16)–C(16) 1.710(15)

N(1)–C(2) 1.371(16) C(31)–O(31) 1.198(15) C(7)–C(8) 1.51(2) Cl(1)–O(14) 1.3644(14)

C(2)–O(2) 1.361(15) C(31)–N(31) 1.330(18) C(8)–C(9) 1.534(18) Cl(1)–O(11) 1.3648(12)

C(2)–C(3) 1.374(18) C(4)–C(5) 1.392(18) C(9)–C(10) 1.464(18) Cl(1)–O(12) 1.3650(13)

O(2)–C(12) 1.388(15) C(5)–C(10) 1.367(18) C(11)–C(12) 1.343(18) Cl(1)–O(13) 1.365(2)
tances and bond angles in the structures are presented
in Tables 3–12.

The crystal data for the structures studied (CIF files)
have been deposited with the Cambridge Structural
Database (deposits CCDC nos. 24-9841–24-9845).

RESULTS AND DISCUSSION

In structure IIa (Fig. 2), the O(2), C(6), C(9), C(31),
and N(31) atoms lie in the plane of the six-membered
heterocycle, whereas the C(7) and C(8) atoms in the
cyclohexene fragment deviate from its plane by 0.58
and 0.21 Å, respectively.

The n-chlorobenzoyl group of the molecule is
nearly perpendicular to the plane of the heterocyclic
fragment of the molecule: the corresponding dihedral
angle between the planes is equal to 78.76(1)°.

The C(7)–C(8) distance (Table 3) is considerably
shorter than the distances between the other atoms
forming the six-membered aliphatic ring due to strong
anisotropy of thermal vibrations of these atoms. How-
ever, by introducing the correction for anisotropy of
thermal vibrations [16], this distance (1.61 Å) can be
considered to correspond to the C–C single bond
between sp3-hybridized carbon atoms.

A comparison of the C(3)–C(4)–C(5)–C(10) frag-
ment with a similar fragment in the 2-oxo-1,2,5,6,7,8-
hexahydroquinoline-3-carbonitrile molecule [5] indi-
cates a quasi-diene character of the fragments under
C

consideration and a similar structure of the bicyclic
fragments of the studied compounds.

In molecule IIb (Fig. 3), the C(6), C(9), O(2),
C(31), and N(31) atoms lie in the plane of the pyridine
ring, whereas the C(7) and C(8) atoms of the cyclohex-
ene fragment deviate from the ring plane by –0.35 and
0.39 Å, respectively.

The dihedral angle between the planes of the hetero-
cyclic fragment and the benzoyl group of the molecule
is equal to 2.75(7)°; i.e., the phenacyloxy group virtu-
ally lies in the plane of the heterocyclic fragment.

In structure III (Fig. 4), the C(6) and C(9) atoms lie
in the plane of the oxazolopyridine bicycle, and the
C(7) and C(8) atoms deviate from the plane by –0.53
and 0.24 Å, respectively.

The C(31)–O(31)–N(31)H(31A)H(31B) amide
group is rotated with respect to the plane of the bicycle
by 18.83° and forms the intramolecular hydrogen bond
with the O(2) atom. The hydrogen atoms of the amide
group and the oxygen atoms of the perchlorate anion
are involved in the formation of the intermolecular
hydrogen bonds N(31)–H(31A)···O(12) and N(31)–
H(31B)···O(13), which link molecules into chains. The
parameters of the hydrogen bonds are listed in Table 13,
and their spatial arrangement is shown in Fig. 7. The
dihedral angle between the planes of the heterocyclic
and phenyl rings is equal to 5.3(7)°.

The structure of the oxazolopyridinium cation can
be represented by three resonance structures (see
Scheme 3):
N+

O NH2

O
Cl

N+

O NH2

O
Cl

N

O NH2

O+

Cl

A B C

Scheme 3
The bond lengths in the C(3)–C(4)–C(5)–C(10)
fragment (Table 7) indicate its quasi-diene structure.
Consequently, the resonance form A should make the
least contribution and the structure of the molecule
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Table 8.  Selected bond angles ω (deg) in structure III

Angle ω Angle ω

C(11)–N(1)–C(10) 129.9(11) C(6)–C(7)–C(8) 111.2(13)

C(11)–N(1)–C(2) 106.7(10) C(7)–C(8)–C(9) 110.7(12)

C(10)–N(1)–C(2) 123.3(11) C(10)–C(9)–C(8) 112.2(11)

O(2)–C(2)–C(3) 129.4(12) C(5)–C(10)–N(1) 116.4(12)

O(2)–C(2)–N(1) 109.3(10) C(5)–C(10)–C(9) 126.4(11)

C(3)–C(2)–N(1) 121.3(12) N(1)–C(10)–C(9) 117.1(12)

C(2)–O(2)–C(12) 106.8(10) C(12)–C(11)–N(1) 108.3(11)

C(4)–C(3)–C(2) 115.3(12) C(11)–C(12)–O(2) 108.9(11)

C(4)–C(3)–C(31) 119.5(12) C(11)–C(12)–C(13) 133.8(13)

C(2)–C(3)–C(31) 125.0(12) O(2)–C(12)–C(13) 117.3(12)

O(31)–C(31)–N(31) 126.0(13) C(17)–C(16)–Cl(16) 119.0(14)

O(31)–C(31)–C(3) 117.7(13) C(15)–C(16)–Cl(16) 120.7(14)

N(31)–C(31)–C(3) 116.1(12) O(14)–Cl(1)–O(11) 109.51(10)

C(3)–C(4)–C(5) 123.2(12) O(14)–Cl(1)–O(12) 109.49(11)

C(10)–C(5)–C(4) 120.2(11) O(11)–Cl(1)–O(12) 109.46(9)

C(10)–C(5)–C(6) 118.6(13) O(14)–Cl(1)–O(13) 109.48(10)

C(4)–C(5)–C(6) 121.1(12) O(11)–Cl(1)–O(13) 109.46(11)

C(7)–C(6)–C(5) 113.2(12) O(12)–Cl(1)–O(13) 109.44(9)

Table 9.  Selected bond lengths d (Å) in structure IV

Bond d Bond d Bond d Bond d

N(1)–C(11) 1.379(4) C(31)–O(31) 1.226(4) C(6)–C(7) 1.465(4) C(16)–Cl(16) 1.736(4)

N(1)–C(10) 1.395(4) C(31)–N(31) 1.376(5) C(7)–C(8) 1.500(5) C(19)–C(20) 1.469(4)

N(1)–C(2) 1.461(4) N(31)–H(31A) 0.86 C(8)–C(9) 1.488(4) C(19)–N(2) 1.523(4)

C(2)–C(3) 1.390(5) N(31)–H(31B) 0.86 C(9)–C(10) 1.372(5) C(20)–C(21) 1.480(4)

C(2)–N(2) 1.442(4) C(4)–C(5) 1.390(8) C(9)–C(12) 1.431(4) C(21)–C(22) 1.538(3)

C(3)–C(4) 1.458(5) C(5)–C(6) 1.456(6) C(11)–C(12) 1.380(4) C(22)–C(23) 1.516(3)

C(3)–C(31) 1.506(4) C(5)–C(10) 1.478(8) C(12)–C(13) 1.486(5) C(23)–N(2) 1.482(4)
N

O NH2

O
Cl+

Scheme 4

under investigation is more adequately described by a
superposition of resonance forms B and C (see Scheme 4):
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One more structural feature of molecule III is that
the N(1)–C(10) bond is shortened compared to the C−N
single bond. This feature can be associated with the
conjugation of a lone electron pair of the bridging nitro-
gen atom with the exocyclic amide group through the
diene fragment.

In molecule IV (Fig. 5), the C(31), C(13), and N(2)
atoms lie in the plane of the cycloannelated tricyclic
fragment. The amide group of the molecule is rotated
with respect to this plane through 57.3(1)°.

It can be seen from Table 9 that, in the indolizine
fragment of the molecule, the formally single C–C
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Table 10.  Selected bond angles ω (deg) in structure IV

Angle ω Angle ω

C(11)–N(1)–C(10) 105.6(2) C(10)–C(9)–C(8) 122.1(3)

C(11)–N(1)–C(2) 134.1(2) C(12)–C(9)–C(8) 131.4(3)

C(10)–N(1)–C(2) 120.2(3) C(9)–C(10)–N(1) 110.6(3)

C(3)–C(2)–N(2) 133.3(3) C(9)–C(10)–C(5) 126.1(4)

C(3)–C(2)–N(1) 116.7(3) N(1)–C(10)–C(5) 123.3(4)

N(2)–C(2)–N(1) 109.5(3) N(1)–C(11)–C(12) 110.7(3)

C(2)–C(3)–C(4) 122.6(3) C(11)–C(12)–C(9) 106.3(3)

C(2)–C(3)–C(31) 125.8(3) C(11)–C(12)–C(13) 125.4(3)

C(4)–C(3)–C(31) 111.5(3) C(9)–C(12)–C(13) 127.8(2)

O(31)–C(31)–N(31) 120.6(3) C(17)–C(16)–Cl(16) 120.3(12)

O(31)–C(31)–C(3) 120.7(3) C(15)–C(16)–Cl(16) 120.2(3)

N(31)–C(31)–C(3) 118.0(3) C(20)–C(19)–N(2) 112.7(3)

C(5)–C(4)–C(3) 122.0(5) C(19)–C(20)–C(21) 108.6(3)

C(4)–C(5)–C(6) 131.1(6) C(20)–C(21)–C(22) 110.7(2)

C(4)–C(5)–C(10) 115.1(5) C(23)–C(22)–C(21) 112.5(2)

C(6)–C(5)–C(10) 113.9(5) N(2)–C(23)–C(22) 113.4(2)

C(5)–C(6)–C(7) 121.6(4) C(2)–N(2)–C(23) 132.1(2)

C(6)–C(7)–C(8) 122.1(3) C(2)–N(2)–C(19) 110.3(2)

C(9)–C(8)–C(7) 113.5(3) C(23)–N(2)–C(19) 114.5(2)

C(10)–C(9)–C(12) 106.5(3)

Table 11.  Selected bond lengths d (Å) in structure V

Bond d Bond d Bond d Bond d

N(1)–C(2) 1.334(6) C(4)–C(5) 1.392(7) C(9)–C(10) 1.512(7) C(12)–C(13) 1.496(6)

N(1)–C(10) 1.346(6) C(5)–C(10) 1.399(6) C(11)–C(31) 1.389(6) C(16)–Cl(16) 1.729(5)

C(2)–O(2) 1.355(5) C(5)–C(6) 1.507(6) C(11)–C(12) 1.415(7) C(31)–N(31) 1.345(7)

C(2)–C(3) 1.388(6) C(6)–C(7) 1.469(9) C(11)–O(2) 1.416(6) N(31)–H(31A) 0.95(7)

C(3)–C(4) 1.389(6) C(7)–C(8) 1.429(10) C(12)–O(12) 1.255(6) N(31)–H(31B) 0.79(6)

C(3)–C(31) 1.435(7) C(8)–C(9) 1.507(7)
bonds are substantially shortened and the formally
double C–C bonds are significantly lengthened. How-
ever, it is possible to distinguish the bond chain [C(2)–
C(3), C(4)–C(5), C(9)–C(10), C(11)–C(12) bonds]
C

that corresponds to a tetraene structure typical of
indolizine.

The piperidine fragment of the molecule adopts a
chair conformation: the plane passes through the C(19),
RYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004
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Table 12.  Selected bond angles ω (deg) in structure V

Angle ω Angle ω

C(2)–N(1)–C(10) 114.4(4) C(5)–C(10)–C(9) 120.8(4)

N(1)–C(2)–O(2) 121.3(4) C(31)–C(11)–C(12) 126.7(4)

N(1)–C(2)–C(3) 126.7(4) C(31)–C(11)–O(2) 109.9(4)

O(2)–C(2)–C(3) 112.0(4) C(12)–C(11)–O(2) 123.2(4)

C(2)–C(3)–C(4) 117.4(5) O(12)–C(12)–C(11) 117.4(4)

C(2)–C(3)–C(31) 106.0(4) O(12)–C(12)–C(13) 118.6(4)

C(4)–C(3)–C(31) 136.5(5) C(11)–C(12)–C(13) 124.0(5)

C(3)–C(4)–C(5) 118.4(4) C(17)–C(16)–Cl(16) 118.9(4)

C(4)–C(5)–C(10) 118.6(4) C(15)–C(16)–Cl(16) 120.0(4)

C(4)–C(5)–C(6) 119.9(4) C(2)–O(2)–C(11) 105.6(3)

C(10)–C(5)–C(6) 121.4(4) N(31)–C(31)–C(11) 126.2(5)

C(7)–C(6)–C(5) 114.0(4) N(31)–C(31)–C(3) 127.5(4)

C(8)–C(7)–C(6) 117.7(7) C(11)–C(31)–C(3) 106.3(4)

C(7)–C(8)–C(9) 115.5(6) C(31)–N(31)–H(31A) 118(4)

C(8)–C(9)–C(10) 115.1(5) C(31)–N(31)–H(31B) 123(5)

N(1)–C(10)–C(5) 124.4(5) H(31A)–N(31)–H(31B) 119(7)

N(1)–C(10)–C(9) 114.7(4)

Table 13.  Parameters of interatomic contacts in the studied structures

D–H d(D–H) d(H···A) ωDHA d(D···A) A

III

N(31)–H(31A) 0.86(1) 2.06(1) 164.6(8) 2.90(2) O(12) [–x + 3/2, y + 1/2, –z + 3/2]

N(31)–H(31B) 0.86(1) 2.24(1) 130.9(7) 2.87(2) O(2)

N(31)–H(31B) 0.86(1) 2.54(1) 120.9(7) 3.07(2) O(13) [–x + 1/2, y + 1/2, –z + 3/2]

IV

N(31)–H(31A) 0.86 2.22 138 2.92 O(31) [–x + 1, –y + 1, –z]

N(31)–H(31B) 0.86 2.13 159 2.95 O(31) [x, y – 1, z]

V

N(31)–H(31A) 0.95(7) 2.10(7) 124(5) 2.750(7) O(12)

N(31)–H(31B) 0.79(6) 2.47(7) 150(6) 3.176(7) N(1) [x + 1, y, z]
CRYSTALLOGRAPHY REPORTS      Vol. 49      No. 6      2004



1008 MAZINA et al.
C(20), C(22), and C(23) atoms, and the C(21) and N(2)
atoms deviate from the plane by 0.70 and –0.47 Å,
respectively. The piperidine ring is rotated with respect
to the plane of the heterocyclic fragment by 58.3(1)°.

The plane of the phenyl ring is rotated with respect
to the plane of the heterocyclic fragment by 17.6(5)°.

Cl(1)

O(12)

O(13)

O(12)

O(2)

O(2) Cl(1)

H(31A)

H(31B)

H(31A)

H(31B)

N(31)

N(31)

Fig. 7. Spatial arrangement of hydrogen bonds in structure III.

C(6)
C(5) C(4)

C(3)

N(31)

O(31)

C(31)

C(2) C(19)

C(20)
C(21)

C(22)

C(23)

N(2)

C(11)

N(1)
C(10)

C(13)

C(14)

C(15)
C(16)

Cl(16)

C(17)

C(18)

C(12)

C(9)

C(8)

C(7)

Fig. 5. Molecular structure and atomic numbering for com-
pound IV.
C

The amide group of the molecule forms a system of
hydrogen bonds in which the hydrogen atoms of the
NH2 group simultaneously interact with the oxygen
atoms of the amide fragments of two different mole-
cules. The parameters of the hydrogen bonds are pre-
sented in Table 13, and their spatial arrangement is
given in Fig. 8.

In molecule V, the C(6) and C(9) atoms and the exo-
cyclic amine group are located in the plane of the het-
erocyclic bicycle, whereas the C(7) and C(8) atoms
deviate from this plane by –0.28 and 0.23 Å, respec-
tively. As in molecule IIa, the C(7)–C(8) distance is
shortened as a result of strong anisotropy of thermal
vibrations of these atoms. However, taking into account
the correction for anisotropy of thermal vibrations [16],
this distance corresponds to the C–C single bond
between the sp3-hybridized carbon atoms.

The dihedral angle between the planes of the phenyl
ring and the heterocyclic bicycle is equal to 20.0(2)°.
This suggests a weak conjugation of the phenyl ring
with the heterocyclic fragment.

The hydrogen atoms of the amino group and the
nitrogen atom of the pyridine ring of the molecule form

H(31B) H(31A)
N(31)
C(31)

O(31)

Fig. 8. Spatial arrangement of hydrogen bonds in structure IV.

C(6)
C(5)

C(4)
C(3)

N(31)

C(31) O(2)

C(12)
C(13)

C(14)

C(15)

C(16)
Cl(16)

C(17)

C(18)

C(11)

O(2)
C(2)

N(1)
C(10)
C(9)C(8)

C(7)

Fig. 6. Molecular structure and atomic numbering for com-
pound V.
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intermolecular hydrogen bonds that link molecules into
chains. The amino group also participates in the forma-
tion of the N(31)–H(31A)⋅⋅⋅O(12) intramolecular
hydrogen bond and is responsible for the planar struc-
ture of the N(31)H2–C(31)=C(11)–C(12)=O(12) frag-
ment with the maximum deviation (by 0.03 Å) from the
plane. The parameters of the hydrogen bonds are listed
in Table 13, and their spatial arrangement is shown in
Fig. 9.

N(1)

N(31)

H(31B)
H(31A)

C(31) O(12)

C(12)

N(1)

H(31B)
H(31A)

N(31)
C(31)

C(12)

Fig. 9. Spatial arrangement of hydrogen bonds in structure V.
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