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Abstract—Crystal chemical models are proposed for describing the regularitiesin the distributions of ionsand
point defectsin solid solutions of yttrium aluminum, yttrium gallium, and yttrium iron garnets. The concentra-
tion dependences of the distributions of ions and point defects in solid solutions are evaluated in terms of mul-
tidimensional nonlinear optimization. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Rare-earth garnets—aluminates, gallates, and fer-
rites—are widely used as laser crystals, substrates for
growing epitaxial films, and magnetic and magneto-
optical materials. The physicochemical properties of
garnets are usualy controlled by varying their compo-
sition with the am of preparing isomorphous solid
solutions [1-4] and by choosing the appropriate condi-
tions of synthesis and subsequent treatment of the
materials in such a way as to provide the formation of
specific point defects and crystalline ordering or, in
other words, to ensure a particular distribution of ions
and defects over crystallographically nonequivalent
positions in the garnet structure. The garnet unit cell
(space group la3d) contains eight formula units
{C3}HA](D3)Oyy; i.€., theisomorphous substitution and
defect formation can occur in both anionic and cationic
sublattices, namely, in the dodecahedral {C}, octahe-
dral [A], and tetrahedral (D) sublattices.

In isomorphous solid solutions of rare-earth alumi-
nates, gallates, and garnet-type ferrites, the distribution
of ions over the sublattices has been examined by
Mosshauer spectroscopy, X-ray diffraction, neutron
diffractometry, and low-temperature magnetic tech-
niques [5-15]. Reasoning from an anaysis of the
experimental data obtained, a number of thermody-
namic models of cation distribution over octahedral and
tetrahedral positions of the garnet structure were pro-
posed earlier in [16-19]. Apart from the aforemen-
tioned methods, defect structures of garnets have been
investigated using quasi-chemical methods based on
the dependence of the electrical conductivity and other
physicochemical properties of crystals on the oxygen
partial pressure [20-39]. Donnerberg and Catlow [40]
estimated the energies of formation of point defectsin
yttrium iron garnet (YI1G) and drew some inferences
regarding the most probable reactions of defect forma-
tion. It should be noted that the coexistence of different-

type defects in garnets makes the interpretation of
experimental data more difficult, as is the case with
other multicomponent and multisublattice crystals. In
order to elucidate the origin and mechanism of crystal-
line ordering, it is necessary to know not only the loca-
tion of ions and defects of each type but also their con-
centrations. This information can be obtained using
only a combination of different experimental tech-
niques, which frequently offer contradictory results.

Theaim of the present work wasto eval uate the con-
centration dependences of the distributions of ions and
point defects in Y;A;_,B,0,, quasi-binary solid solu-
tions, where A and B** are Al, Ga, or Fe. For this pur-
pose, the crystal chemical models, which alow for the
presence of defects and crystalline ordering in
Y;As_,B,O,, solid solutions, were constructed on the
basis of the available experimental data. The parame-
ters of the crystal chemical models were calculated by
the nonlinear optimization technique.

CRYSTAL CHEMICAL MODELS

Let us consider some regularities in the distribution
of ions and point defects in Y;Fes ,ALO,,,
Y;Fes_,Ga,0,,, and Y;Ga;_,AL,O,, (z = 0-5) solid
solutions. Itiswell known that Fe**, Ga®*, and Al®* ions
in the garnet structure occupy positions of two sorts,
namely, the octahedral [A] and tetrahedral (D) positions
[5-16, 18]. Inthe crystal structure, the sort of positions
preferably occupied by particular ions is determined
primarily by the sizefactor, i.e., theionic radius. Earlier
[5-12], it was demonstrated that, in Y;Fes _,ALO,, and
Y;Fe; ,Ga,0,, garnets, the larger sized Fe** ions pre-
dominantly occupy the large-sized [A] tetrahedral posi-
tions, whereasAlI®* and Ga** ionswith smaller sizesare
located at the (D) octahedral positions. According to
Marezio et al. [13] and Gautier et al. [14], the size prin-
ciple does not hold in yttrium aluminum gallium gar-
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nets of the general formulaY;Gas_,Al,O,,; inthiscase,
galium ions predominantly occupy tetrahedral posi-
tions, thus displacing aluminum ions to octahedral
positions.

Although the defect structure of the solid solutions
under consideration is poorly understood, it is clear that
the solid solutions should inherit defects of their con-
dtituents, i.e., Y3AI;0,,, Y3Gas0,,, and Y Fe;055. As
was noted above, the type and concentration of defects
are governed by the synthesis conditions. For example,
in rare-earth aluminum garnet single crystals grown
from a melt, the stoichiometry was violated, because
the rare-earth ions occupied up to 5% of the octahedral
positions [20-23, 25]. It should be noted that cation
defects of other types and anionic vacancies are charac-
terized by a considerably smaller content [25, 26, 33].
For the most part, cation defects exhibit an impurity
nature [24]. Until recently, the nature of intrinsic
defects has remained unclear. These can be aluminum
vacancies [26] or Al?* and Al* ions formed in place of
Al** ions in the octahedral positions [41]. The latter
assumption is confirmed by the fact that the color of
yttrium aluminum garnet (YAG) crystalsis affected by
the dipole-type defect centers, which disappear upon
annealing [27]. These centers can be generated by com-
bining anion and cation defects into Al>*~O~ or Al*—
anionic vacancy pairs. The formation of Al?* and Al*
defects was also assumed in other aluminates, for
example, inYAIO; [42]. A changein the synthesis con-
ditions brings about transformations of the defect struc-
ture of aluminum garnets. Indeed, the content of rare-
earth ions in the octahedral positions in YAG single
crystals grown from a solution in the melt is substan-
tially smaller than that in garnets grown from the
melt [23].

The defect structure of rare-earth gallium garnetsis
also governed by the synthesis conditions. In gallium
garnet single crystals grown from amelt, the rare-earth
ions occupy up to 5% of the octahedral positions
[21-23, 25, 29]. Thisisassociated with the deviation of
the congruently melting composition from the stoichi-
ometric composition (toward an excess of therare-earth
element). As regards the gallium garnet single crystals
grown from a solution in the melt and the polycrystals
prepared by sintering of oxides (or other readily
decomposing compounds), they contain no rare-earth
ionsin the octahedral positions[7, 15, 23]. However, a
partial evaporation of gallium oxide in the course of
synthesis can lead to in the formation of anionic and
gallium vacancies [28, 30], which are predominantly
located at the octahedral positions [31, 41]. Therefore,
in order to decrease the vacancy concentration, the syn-
thesis, as arule, is performed at an elevated pressure
and in an atmosphere enriched with oxygen.

The type and concentration of defects formed in
rare-earth garnet-type ferrites also depend on the oxy-
gen partial pressure [32—36]. However, anionic vacan-
cies and Fe?* ions formed upon a change in the charge
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of anumber of Fe** ionsin the octahedra positions are
observed in the structure even after annealing of YIG in
an oxygen atmosphere[43]. With adecrease in the oxy-

gen pressure (Po, < 10*7 Pa [36]), the formation of

anionic vacancies is partly compensated for by the
transfer of a number of iron ions to interstices. The
experimental results [21] and theoretical data [40]
obtained afew years ago showed that rare-earth ionsin
garnet-type ferrites can occupy octahedral positions.
More recently, this assumption was confirmed in
[37-39]. In particular, it was proved that the concentra-
tion of defects of the aforementioned types depends on
the synthesis conditions. The content of rare-earth ions
in octahedral positions in garnet ferrite single crystals
grown from amelt is higher than that in both the crys-
tals grown from a solution in the melt and the samples
synthesized by sintering of oxides.

From the above review of the data available in the
literature, it follows that yttrium aluminum, yttrium
gallium (YGG), and yttrium iron garnets are character-
ized by stoichiometry violation dueto apartia filling of
octahedral positionswith rare-earth ions. Moreover, the
formation of anionic vacancies in YGG and YIG is
accompanied by the appearance of gallium vacancies
and [Fe**] ions, respectively. The content of intrinsic
defectsin YAG, asarule, isinsignificant. Since the gar-
net solid solutionsinherit defects of the aforementioned
types and the ions are distributed over the sublattices,
the crystal chemical models of these solutions can be
represented as follows:

{Y3[Fey . aFer Y, AlL](Fe;_,Al,)Op, s,
o = 0.5\

ey

for yttrium aluminum ferrites,

{Y3 [F&;cn-aFeY,Ca,o0p 1 (Fes,Gay)Orz
& = 05\ + 158 @)

for yttrium gallium ferrites, and

{Y3[Gay a0y AL (Gag_,Al,) Oy, s,
o = 1.5\

3)

for yttrium aluminum gallates.

The crystal chemical formulas (1)—(3) for the
Y;A;_,B,0,, quasi-binary solid solutions formed by
the Y;A;0,, and Y;B;0,, components can be writtenin
the general form

d~d
Y3[A2—x—n—)\—BBx—BYnA)\ BB] (A3—yBy)012—61 (4)
where A% and B® stand for the defectsin the positions of
the corresponding ionsand z= x + y isthe content of the
Y;B50,, component in the solid solution.
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COMPUTATIONAL TECHNIQUE

Theunit cell parameter aisasensitive characteristic
that responds to the presence of point defects in the
crystal and to a change in the distribution of ions and
defects over crystallographically nonequivalent posi-
tions. For example, the concentration of vacancies in
metals can be determined from the temperature depen-
dence of the parameter a [44]. In [41, 43, 45], the con-
tent of point defects in garnets was estimated using a
procedure based on a comparison of the experimental
unit cell parameter a,, with the parameter calculated
from the analytical relationship [46]

a=b, +byr.+ by +brg+bysra,+brag A (5)

where b, = 7.02954; b, = 3.31277; by = 2.49398; b, =
3.34124; b; = —0.87758; bg =-1.38777; and r, r,, and
r4 are the weighted mean effectiveionic radii of the cat-
ions [47] occupying the {C}, [A], and (D) positions,
respectively. If g; is the fraction of ions (or vacancies)
of the jth sort with the radius r; in the ith crystallo-

graphic position, we haver; = Zgjrj .
J

It was assumed that the deviation of the parameter
e from the parameter a calculated using relationship
(5) for the defect-free compoasition is determined by the
type and concentration of defects in the garnet. In [41,
43, 45], the authors substituted the experimental values
g INtO relationship (5) and eval uated the contents g; of
defects of the predominant types in a number of gar-
nets.

For solid solutions, the concentration parameters X,
y, n, A, and 3 of the crystal chemical model (4) cannot
be evaluated merely from relationship (5). Therefore, it
is necessary to use additional conditions relating the
variables. One of these conditionsis associated with the
experimentally determined distribution parameter,
which relates the quantities x and y in the solid solu-
tions (4). It is conventional to express this parameter
through the fraction of tetrahedral positions occupied
by one of the cations, that is,

fi=y/z (6)

It should be noted that one of the quantities (y or X) is
determined experimentaly [5-8, 11, 13-16], whereas
the second quantity is calculated from the relationship
z=x +Y. Inthis case, the presence of defectsis disre-
garded. Asaresult, thefraction f, defined by formula (6)
dightly differs from the exact fraction by a value
depending on the defect concentration.

As a first approximation, the concentrations of
[Y?], [AY], and [BY] defectsin the solid solutions can be
evaluated by assuming their linear dependence on the
content z of the Y;B;0,, component in the solid solu-
tion (4), that is,

No=NMa+KzZ Ag=A+k(5-2), Bo=PBa+kz(7)
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The coefficients of Egs. (7) can be calculated, for exam-
ple, from the defect concentrationsin the solid solution
components, i.e., from ny and A5 (Ba = 0) for Y;A0,
and from ng and g (Ag = 0) for Y;B;0,,.

In order to refine the approximate parameters
obtained from Egs. (6) and (7) for the crystal chemical
model (4), it is expedient to use nonlinear optimization
methods. First and foremost, let usintroduce physically
justified limitations on the range of permissible values
of the variables n, A, B3, f,, and a. We assume that the
parameters n, A, and 3 for the solid solution cannot be
twice as large as the maximum parameters for the solu-
tion components, that is,

0snN<2nN, O0SA<S2A 00 O0<SB<2Bra (8)

Furthermore, it isassumed that the deviations A, and Af,
of the parameters a and f; [calculated with the use of
relationships (5) and (6)] from the experimental values
do not exceed the corresponding experimental errors
Nag, and Af; o, that is,

Na<Aay, Of <A . )

It is desirable to obtain the minimum sum of the
deviations Aa and Af, and the deviations An, AA, and AB
of the exact concentration parametersn, A, 3 from their
approximate values determined from relationships (7).
In order for this condition to be satisfied, an additional
target function relating the aforementioned parameters
isintroduced in the following form:

S = (Aa/Dag,)" + (AT D )+ (AnVNG)°
+(AMAG) + (ABIB)”.

The optimum set of the parametersn, A, 3, f,, and a
corresponds to a minimum of function (10). This mini-
mum in the range satisfying conditions (8) and (9) was
sought by numerical (gradient) methods of multidimen-
sional nonlinear optimization [48].

(10)

RESULTS

The Y;Fe;_,AlLQO,;, system. Crystalline ordering in
Y;Fes_,Al,0,, garnets was determined using the exper-
imental dataon the parameters a,, and f, taken from 5,
6] for the samples synthesized by sintering of oxides.
The coefficients in the linear equations (7) were deter-
mined from the defect concentrations in the solid solu-

tion components. For {Y;}[Fes™,_,Fe’ 'Y, 1(Fe)O0p_5
polycrystals, the concentration of yttrium ions in the
octahedral positions n = 0.003 per formula unit was
taken from [37], whereas the concentration of [Fe?*]
ions A = 0.016 per formula unit was calculated from
relationship (5). For {Y;}[Al,_,Y,l(Al3)O,,, the con-
centration of yttrium ions in the octahedral positions
was cal culated [see relationship (5)] to be n = 0.035 per
formula unit, which is in agreement with the experi-
mental data obtained in [20, 25].
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Fig. 1. Concentration dependences of the parameter_ f;
(closed circles) and the [Fe2*] (closed squares) and [Y3*]
(closed triangles) concentrations calculated using formula
(10) for Y3Fes_ ,Al,O;, solid solutions. Open sguares are
the data taken from [5, 6]. Curve 1 shows the dependence
evaluated by formula (11). Curves 2 and 3 represent the
approximations of the calculated quantities.

Figure 1 depicts the concentration dependences of
the parametersn, A, and f, calculated for yttrium alumi-
num ferrites [model (1)] at minimum values of the tar-
get function (10). It can be seen from thisfigure that the
calculated and experimental [5, 6] parameters f, are
close to each other. These parameters correspond to the
equilibrium attained at the temperature T,= 1200 K and
can be described (Fig. 1, curve 1) by the relationship

_ 3C-(C-1)y
t7 2+3C—-(C-1) (n

The equilibrium constant C = (2 — X)y/(3 — y)x of the
quasi-chemical cation-exchange reaction (3 — y)(A*) +
X[B*] = (2 — X)[A**] + y(B*") for model (4) depends on
the solid solution composition and was cal culated from
the equation [17]

KT INC = Eg = EC—(x=y)(E°-E%), (12

where k is the Boltzmann constant, E.; is the effective
stabilization energy, and E° and E® are the stabilization
energiesat z=0(Y;A;0,,) and z=5(Y;B;0,,), respec-
tively. According to [16], the stabilization energies for
Y,Fe; ,ALO,, are asfollows: E° = 0.178 eV and E® =
0.132 eV.

In the concentration range z = 34, the calculated
and experimental values of f, somewhat differ from
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Fig. 2. Concentration degendences of the parameter f;
(closed circles) and the [05?] (crosses) and [Fe?*] (closed
squares) concentrations calculated using formula (10) for
YsFes_,Ga,0;, solid solutions (polycrystals). Open
sguares and open circles are the datataken from [ 7] and [8],
respectively. Curve 1 shows the dependence evaluated by
formula (11). Curves 2 and 3 represent the approximations
of the calculated quantities.

each other and the concentrations of [Fe?*] and [Y>]
defects reach amaximum (Fig. 1, curves 2, 3). It should
be noted that YAG is sintered at higher temperatures as
compared to those of YIG. Therefore, an increasein the
sintering temperature, which is necessary for increas-
ing the aluminum content in the solid solution, should
lead not only to an increase in the concentration of
[Fe?*] defects but also to a partia evaporation of iron
and filling of vacant octahedral positions with yttrium
ions. However, the defect content decreases with a fur-
ther decrease in the concentration of iron ions as the
aluminum content in the solid solution increases (at z >
4).

TheY;Fes_,Ga,0,, system. Crystallineorderingin
the Y;Fes_,Ga,0,, garnets was determined using the
experimental data on the parameters a,,, and f; for the
polycrystalline samples synthesized by sintering of
oxides[7, 8] and the single crystals grown from a solu-
tion in the melt [11]. According to [8, 16], the parame-
ters f, obtained in [7] from the data on the magnetiza-
tion of solid solutions are characterized by a systematic
error at z> 2. Therefore, at z> 2, the range of possible
deviations of the parameter f, was extended by afactor
of 3;i.e., theboundary conditions (9) were changed. As
for the aluminum ferrites, the defect concentrations in
the extreme components of the solid solution were cal-
culated from relationship (5). Then, these concentra-
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Fig. 3. Concentration degendences of the parameter f;
(closed circles) and the [0°%] (crosses) and [Fe>*] (closed
squares) concentrations calculated using formula (10) for
YsFes _ ,Ga, 0, solid solutions (single crystals). Open
sgquares are the data taken from [11]. Curve 1 shows the
dependence evaluated by formula (11). Curves 2 and 3 rep-
resent the approximations of the calculated quantities.

tions were used for calculating the coefficients of the
linear equations (7). The thermodynamic evaluation of
f, was performed according to Egs. (11) and (12) at the
stabilization energies E° = 0.272 eV and E®> = 0.230 eV
[16].

The calculated concentration dependences of the
parameters A, 3, and f, for yttrium gallium ferrite poly-
crystals[model (2)] areplotted in Fig. 2. The calculated
values of f; agree with the experimental dataobtained in
[8] and can be described by Eq. (11) for the equilibrium
corresponding to the temperature T, = 1350 K (Fig. 2,
curve 1). At z > 2, the parameters f, given in [7] are
somewhat less than the calculated parameters, which
confirmsthe inference drawvn in [8, 16] about the insuf-
ficient accuracy of the data presented in [7]. The calcu-
lated concentration dependence of the parameter f, for
the single crystals corresponds to a thermodynamically
equilibrium state at the temperature T, = 823 K (Fig. 3,
curve 1). It is evident that the low cooling rate (5 K/h)
of the single crystals [11] favored the attainment of an
equilibrium distribution at lower temperatures than
those for the polycrystals|[7, 8].

Asfollowsfrom our calculations, the Y Fe; ,Ga 0,
solid solutions contain [Y3*] defects. However, their
concentration isvery low (<0.005 per formulaunit) and
the corresponding data are not presented in Figs. 2 and
3. An increase in the gallium content results in an
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Fig. 4. Concentration dependences of the parameter f;
(closed circles) and the [0?] (crosses) and [Y>*] (closed
triangles) concentrations calculated using formula (10) for
Y;Gas _ ,Al,04, solid solutions. Open squares and closed
squares are the data taken from [13] and [14], respectively.
Curve 1 shows the dependence evaluated by formula (11).
Curves 2 and 3 represent the approximations of the calculated
quantities.

increase in the concentration of [1%] vacancies and a
decrease in the concentration of [Fe?*] ions both in the
polycrystals (Fig. 2, curves 2, 3) and the single crystals
(Fig. 3, curves 2, 3). At the same composition of the gas
atmosphere, the [Fe?*] content in the garnetsis predom-
inantly determined by the temperature of the gas—solid
high-temperature equilibrium. The quenching of the
polycrystals [7, 8] made it possible to fix the equilib-
rium attained at temperatures higher than the tempera-
tures of reaching the equilibrium in the single crystals
[11]; therefore, the [Fe**] concentration in the poly-
crystals is higher than that in the single crystals. An
increase in the temperature and time of high-tempera-
ture treatment favors the transfer of gallium from the
garnet to the gas phase, i.e., brings about the formation
of [0%] vacancies. Note that the quenching tempera-
ture is higher for the polycrystals, whereas the heat
treatment time is longer for the single crystals. Appar-
ently, this is the reason why the concentration depen-
dence of the gallium vacancy content in the polycrys-
tals (Fig. 2, curve 2) issimilar to that in the single crys-
tals (Fig. 3, curve 2).

The Y;Ga;_,AL Oy, system. The distributions of
cations and defects in Y;Ga;_,Al,0,, solid solutions
were calculated from the experimental values of ag,
and f, for the single-crystal samples grown from a solu-
tion in the PbO melt (with B,O3) [13]. The concentra-
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tions of [[09Y] vacancies and [Y3*] defects in the Y GG
and YAG components of the solid solution were evalu-
ated from relationship (5). These concentrations were
used to calculate the coefficients of the linear equations
(7) determining theinitial approximations. Asisknown
[49], lead ions can enter into the composition of garnets
grown from PbO melts (with B,O;). Our calculations
were performed under the assumption that the concen-
tration of {Pb?*} ions is equal to the concentration of
[Pb*] ions and does not exceed the concentration of
[Y3'] defects.

The concentration dependences of the parameters f;
and A determined at the minimum values of function
(10) are represented in Fig. 4. The calculated values of
f, are in agreement with the experimental parameters
obtained in [13, 14] and correspond to those eval uated
from Egs. (11) and (12) for the thermodynamically
equilibrium state at the temperature T, = 1300 K
(Fig. 4, curve 1). The results of calculations indicate
that the AI3* ions in the yttrium aluminum gallates pre-
dominantly occupy octahedral positions in the garnet
and displace larger sized Ga** ions from these posi-
tions. This confirms the experimental findings [13, 14]
that the size correlation is violated in the ion distribu-
tion in the Y;Gas _,Al1,0,, garnets. The calculated data
on the defect content demonstrate that, as the fraction
of aluminum in the solid solution increases, the [Y3+]
concentration increasesalmost linearly (Fig. 4, curve 2)
and the [0 concentration decreases according to a
nearly parabolic law (Fig. 4, curve 3).

CONCLUSIONS

Thus, we constructed the crystal chemical models
describing the regularities of the distributions of ions
and point defects in Y;Fes_,AlLO,,, YsFes_,Ga,0,,
and Y,Gas_,Al,0,, quasi-binary solid solutions.

A technique for quantitative evaluation of the crys-
talline ordering in solid solutions was proposed. This
technique is based on the determination of the mini-
mum of function (10), which is the sum of the relative
deviations of the quantities a, f;, n, A, and 3 (calculated
or experimental) from their exact values.

The concentration dependences of the distributions
of ions and defects were calculated for solid solutions
|n the Y3F65 _ ZAlzolz, Y3F65 - ZGa2012 ) and
Y;Gas _ ,AlL,O,, Systems. Moreover, the thermodynamic
characteristics of the cation distribution were estimated
for these systems.

The computational technique proposed in this work
can be useful for eval uating the distributions of ionsand
defects (or for fitting the experimental data obtained by
different methods) not only in garnets but also in other
compounds.
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Abstract—Phase transformations in titanium oxycarbide TiCy 5450 o5 have been studied by the methods of
neutron diffraction and X-ray structure analysis. It was established that the ordered cubic structure &'
(sp. gr. Fd3m) of the oxycarbide sampleisthe low-temperature ordered phase existing up to 990 K. The order—
disorder phase transition (990 K) results in the formation of an ordered trigonal structure (sp. gr. R3m or
P3,21). The a-Ti-phaseis separated at the temperature 1020 K. The order—disorder phase transition was found

at T =1040 K. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Ordering in interstitial phases occurs mainly
because of the deformational interaction between the
interstitial atoms [1]. It is also known that the interac-
tions between the interdtitial atomsin interstitial alloys
determine, to a large extent, their crystal structure and
properties [2]. Therefore, it is expedient to study the
structure, phase transformations, and characteristics of
phase transitions in the systems where the intertitial
atoms belong to different groups of the Periodic Table.
We studied titanium oxycarbide TiCyg45000s- The
choice of the sample of this composition is explained
by the fact that, up to now, the ordered structures were
studied on titanium oxycarbides with a high oxygen
content [3-5], although it iswell known that alow con-
tent of the second metalloid strongly affects the struc-
tural characteristics of the compound [6] and the phase
transformations in it [7]. Therefore, it is expedient to
study ordering of interstitial atoms and the phase trans-
formations in titanium oxycarbides with alow oxygen
content and to compare the results of such study with
the data obtained in nonstoichiometric titanium carbide
TiCye3, Whose ordered structures and phase transfor-
mations were studied in sufficient detail [8]. The study
of ordered structures and phase transformationsis also
important for particles, because, in many instances,
synthesis of titanium carbides takes place in the pres-
ence of oxygen, which can be hardly be removed (or, in
some cases, cannot be removed) from nonstoi chiomet-
ric titanium carbide. At the same time, it is also well
known that oxygen influences many physical properties
of carbides.

Thus, we decided to study the structure and phase
transformations in titanium oxycarbide TiCy 5450 05-

EXPERIMENTAL

A sample of titanium oxycarbide TiCy 5450005 WaS
prepared by vacuum sintering. The starting components
aPTVD-TS-1 titanium powder containing ~2 wt. % of
oxygen and lamp black. A mixture of the starting mate-
rials the necessary proportion was briquetted and sin-
tered for four hours under apressure of 5 x 10> mm Hg
at T =1900 K. The additional grinding and briquetting
were made after each two hours of annealing, and then
the sample were selected for the X-ray phase analysis.
The X-ray diffraction data from these samples showed
how close was the sample to the equilibrium state. The
titanium and carbon content in the samples were deter-
mined by the chemical method; the oxygen content was
determined by the method of activation analysis [9].
The X-ray diffraction experiment was performed on a
DRON-4 diffractometer (CuK,-radiation). The point-
by-point scanning was made with the exposure times of
30, 40, or 60 s at each point at a step of 0.01°, 0.02°, or
0.05°. Depending on the aim of the experiment, the
angular ranges 26, were 100°-108°, 33°-43°, or 20°—
130°. The neutron diffraction experiments were per-
formed on a DN-500 diffractometer [10] and a high-
resolution Fourier diffractometer (FDVR) [11]. A
DN-500 diffractometer (Ad/d ~ 1.6%) at a constant
wavelength A = 1.085 A was equipped with aten-detec-
tor 3He-superpositional system of neutron recording.
A monochromator was a copper single crystal (mosaic-
ity B = 25") with the reflecting (111) plane. The contri-
bution of the neutrons of second-order reflection was
~1.5%. The effect/background ratio of the control
nickel sample was |/l = 22. A powdered sample
was placed into a cylindrical vanadium cell 6 mm in
diameter with the 0.1-mm-thick and 80-mm-heig walls.
The measurements were made at a scan step 0.1° and
0.2° over the angular ranges 26, = 10°-80° and 26, =

1063-7745/03/4801-0106%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Fig. 1. X-ray diffraction pattern from the initial TCg 54500 0g SaMple. Solid line and points show the cal culated and experimental
intensities of the diffraction peaks, respectively; the lower curve is the difference between the experimental and calculated data.

8°-70°. InaFDVR diffractometer, asamplewas placed
into acylindrical cell 6 mm in diameter prepared from
the TiZr alloy with azero coherent-scattering length. In
our calculations we used the coherent-scattering
lengths of atoms taken from [12]. The d,,, resolution of
the FDVR diffractometer is defined by the rate of the
interrupter rotation, which in our experiment was
Ad/d ~ 0.005. The measurements were made at room
temperature. The data were processed by the Rietveld
method using the MRIA program [13] for the neutron
diffraction data measured on a FDVR diffractometer
and using the DDWS-3.2 program [14] for the neutron
diffraction data measured on a DN-500 diffractometer
and the X-ray diffraction data. Upon high-temperature
annealing in evacuated and sealed ampoulesin a Nab-
ertherm furnace with aC19 + S19 programmed control -
ler (maximum temperature 1670 K), the sample was
guenched in water.

RESULTS AND DISCUSSION

The X-ray diffraction pattern (Fig. 1) of the initial
sample had gructura reflections corresponding to the
face-centered cubic NaCl-type structure (a = 4.3158 A).
Likein [8], after sample annealing at 870 K (96 h), its
X-ray diffraction pattern corresponded to the cubic
structure (sp. gr. Fm3m), whereas the neutron diffrac-
tion pattern had some additional reflections (Fig. 2).
The structure determination showed the formation of an
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ordered cubic structure (sp. gr. Fd3m) with a double
unit-cell parameter in comparison with the initial one,
ay = 2a; = 8.6371 A. In this model of ordering, the
metal atoms are located in the 32(e) position and the
metalloid atoms arelocated in the octahedral interstitial
positions 16(c) and 16(d). The atoms occupy mainly the
16(c) position, athough not fully. The metal atoms are
displaced from their ideal positions (X4ey = 0.250) in
the fcc metal lattice in the direction from the vacancies
toward the metalloid atoms (X4 = 0.246). X-ray and
neutron diffraction patterns measured from the samples
annealed at evealed temperature (higher than 920 K)
showed splitting of the (331) and (420) structural peaks
on the X-ray diffraction pattern (indexed in the sp. gr.
Fm3m) at the temperature 990 K (Fig. 3). The neutron
diffraction pattern measured on a DN-500 [10] also
showed the additional superstructural reflections
(Fig. 4). The measurements on a high-resolution neu-
tron diffractometer (FDVR) [11] showed splitting of
the (311) and (331) structural reflections (indexed in
the sp. gr. Fm3m) (Fig. 5). The (331) reflection is split
into three peaks having different intensities, but the
(002) and (004) reflections remained unsplit on both
X-ray and neutron diffraction patterns. The interpreta-
tion of the spectra measured on the DRON-4, DN-500,
and FDV R diffractometers showed the formation of the
trigonal ordered structure. This structure can be

described equally well within both the P3,21 and R3m
space groups. Inthe sp. gr. P3,21 (the extinction condi-
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Fig. 2. X-ray diffraction pattern from the TiCg 5450¢ gg Sample annealed for 96 hours at 870 K and measured on a DN-500 diffrac-
tometer. Solid line shows the experimental intensities of diffraction peaks, the lower line shows the difference between the experi-

mental and calculated data.

tion | # 3n for the (00l reflections), the unit-cell param-

etersarea=a,/+/2 =3.0604 A, c=2./3a,=14.8628 A
(8 is the unit-cell parameter of the initial structure).
The metal atoms are located in the 6(c) position
(0.6666, 0, 0.0861), the metalloid atoms occupy mainly
the 3(b) (0.6666, O, 0.8333) and 3(a) (0.6666, O,

0.3333) interstitial positions. In the sp. gr. R3m, the
coordinates of the metal atomsare (0, 0, 0.2537), and of
the metalloid atoms, (0, 0, 0) and (O, O, 0.5). It is diffi-
cult to determine the space group of this ordered struc-
ture from powder neutron diffraction data from non-
soichiometric titanium oxycarbide.

With afurther increase in temperature (from 990 K)
at astep of 15K, the X-ray diffraction pattern obtained
at 1020 K (Fig. 6) showed two new reflections in addi-
tion to the split structural reflections. The neutron dif-
fraction pattern also showed a new reflection with the
interplanar distance d/n = 2.2413 A, in addition to the
superstructural reflections corresponding to thetrigonal
structure. The analysisof the X-ray and neutron diffrac-
tion patterns showed that the reflection with d/n =
2.2413 A corresponds to the 101 reflection of the a-Ti
phase (Fig. 6b) and the reflection with d/n = 2.4256 A
corresponds to the 002 reflection (CuKg-radiation)
(Fig. 6a).

Thus, a decomposition of nonstoichiometric tita-
nium oxycarbide TiCyzs4500,0g iNtO the trigonal phase

and a-Ti phaseis established at T = 1020 K. No split-
ting of the structural reflections was observed on the

CRYSTALLOGRAPHY REPORTS Vol. 48

X-ray pattern at 1040 K, but the neutron diffraction pat-
tern had structural reflections corresponding to the dis-
ordered NaCl-type cubic structure (sp. gr. Fn3m) and
thea-Ti phase. Thissignifiesthat the phase transforma-
tionsin titanium oxycarbide TiCy 5450, o5 and the trans-
formations taking place in nonstoichiometric titanium
carbide TiC, g5 [8] occur not only at different transition
temperatures but also proceed by different schemes.
Earlier, the following scheme of the equilibrium phase
transformations occurring in the nonstoichiometric tita-

I, arb. units
116
212 025
017/J\\121
1 1
106 101
20, deg

Fig. 3. Fragment of X-ray diffraction pattern from the sam-
ple annealed at 990 K (trigonal structure, sp. gr. R3m;
sp. gr. P3,21).
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Fig. 4. Neutron diffraction pattern from trigonal ordered structure (sp. gr. R3m; P3,21) measured on a DN-500 diffractometer.
Solid line shows the experimental intensities of diffraction peaks, the lower line shows the difference between the experimental and

calculated values.

nium carbide with the change in temperature was estab-
lished from the X-ray and neutron diffraction data [8]:

3" (sp. gr. R3m)

T, =1053K T,=1068K
—_— —_—

0 (sp. gr. Fd3m) O (sp. gr. Fn3m).

However, the ordered cubic structure &' can be
formed as a metastable phase at the temperature T <
1053 K [8]. Both ordered structures are formed upon
the replacement of some titanium atoms by tantalum,
niobium [15], or molybdenum [16] atoms. The temper-
ature of the order—order phase transition (8" — 9
was the same (1053 K) for all the samples studied in
[15, 16], but the temperature of the order—disorder
phase transition (&' — 9) increased at higher contents
of the second metal [17]. However, it is established that
the phase-transition temperature (&' — 9) isthe same
as in titanium carbide, which may be explained by the
small amount of molybdenum in the complex titanium
carbide [16]. X-ray and neutron diffraction studies
showed only one ordered cubic structure (sp. gr. Fd3m)
in TiCyHoos, TiCoeHo 14, @nd TiC,Hp ¢ titanium
carbohydrides [7]. In [18], the decomposition of nons-
toichiometric titanium carbide into the ordered cubic
phase (sp. gr. Fd3m) and the a-Ti (C, O) phase was
established. The formation in addition to the trigonal
phase of the a-Ti phase (instead of a solid solution of
oxygen and carbon, asin [18]) during decompoasition of

CRYSTALLOGRAPHY REPORTS Vol. 48 No. 1
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TiCy5450008 May be explained by the relatively low
oxygen content in the sample studied.

Earlier, it was established that long annealing of
TiCy g at the temperature T = 1000 K [19] results in
the formation of the a-Ti phase. Later, the formation of
the a-Ti phase was also found in titanium carbohy-
drides[6].

Thus, a small amount of oxygen, as well as of
hydrogen, does not hinder the formation of the a-Ti
phase in titanium carbide TiCy g4s.

A superstructure with the unit-cell parameter a, =2a
(a and a, are the unit-cell parameters of the initial and
ordered phases, respectively) was observed in the met-
allographic and electron-microscopy studies of the
samples of titanium oxycarbides with the oxygen con-
tent lower than in TiCy140q59 [4]. The cubic ordered
structure (sp. gr. Fd3m), in which the metalloid sublat-
tice is divided into the carbon and oxygen sublattices,
was al so established in titanium oxycarbide TiCy 44Oq 57
by the neutron-diffraction method [3]. It seems that the
oxygen-rich titanium oxycarbides were studied in
[3, 4], and, therefore, only acubic ordered structure (sp.
gr. Fd3m) was found in these compounds. It is difficult
to establish unambiguoudly a division of the metalloid
sublattices into the carbon and oxygen ones from the
X-ray diffraction data for the TiCygs000s Sample
because of the close values of the coherent-scattering
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1, arb. units
8000 amplitudes and pronouncedly different contents of oxy-
360 gen and carbon in the sample studied. Thus, assuming
(a) (b) that the 16(c) position isoccupied only by carbon atoms
2751 320 1 and the 16(d) positions, by oxygen and remaining car-
6000 |- bon atoms, then R,= 3.29% (R, isthetotal Rfactor over
280+ the profile with a subtracted background) and the occu-
2251 240 pancy of the 16(c) positionsP =0.918. If the 16(c) posi-
tion is occupied with oxygen and carbon atoms and the
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2000
CONCLUSIONS
(a) (b)
J L_ Thus, the study of titanium oxycarbide TiCy 54500 05
0 I I I . i by neutron and X-ray diffraction methods allowed usto
33 35 3729 deg39 41 43 establish the existence of the ordered cubic (sp. gr. Fd3m)

Fig. 6. Fragment of the X-ray diffraction pattern from the
sample decomposed into the trigonal (sp. gr. R3m or
P3,21) and a-Ti phases; (&) (002) structural reflection, (b)
(201) reflection of the a-Ti phase.
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and trigonal (sp. gr. R3m or P3,21) structures.

The scheme of the phase transformations different
from the scheme of phase transformations in nonsto-
ichiometric titanium carbide and the decomposition
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temperatures are established as
o' (Fd3m)

T, =990K
—_—

3" (R3m)

T,=1020K Ty=1040K
—_— —_—

& (R3m) +a-Ti & (Fm3m) + a-Ti.
In both ordered structures, the metal atoms are dis-
placed from vacancies toward the metalloid atoms.

The temperatures of the order—order (T, = 990 K)
and order—disorder (T; = 1040 K) phase transitions in
the sample studied are lower than in titanium carbide
TiCyes3 [8].

It isfound that the a-Ti phaseisformed in titanium
oxycarbide TiCy 5450, gg & the temperature T = 1020 K.

Thus, the rather strong influence of the relatively
low oxygen content on the phase transformations and
phase-transition temperatures in nonstoichiometric
titanium carbide indicates that ordering is associated
with deformational interaction in the complex systems
caused by different energies of interaction between the
interstitial atoms and their nearest neighbours.
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Abstract—Li, , P, _,Ge0, crystals (x = 0.34) with dimensions of about 3 x 3 x 5 mm? were grown for the
first time from flux. The conductivities of the crystals measured along three directions have close values and are
equal to 0 = 1.8 x 107 and 3.7 x 1072 Sm/cm at the temperatures 40 and 400°C, respectively (similar to the case
of pure lithium phosphate, somewhat lower values of electric conductivity were measure along the b axis). The
activation energy of conductivity is equal to 0.54 eV. A considerable increase in the conductivity of the solid
solution in comparison with the conductivity of pure lithium phosphate is explained by the specific features of
the lithium sublattice in the crystal structure of the y-Li;PO, type. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Earlier [1-3], we described in detail the method of
synthesis and the main electrophysical characteristics
of y-Li;PO, single crystals. The interest in this com-
pound is explained by the fact that solid electrolytes
with the y-Li;PO,-type structure can be considered as
model objectsfor studying the influence of variousfac-
tors on ionic conductivity. An increase in ionic conduc-
tivity was observed in the solid solutions with the
y-Li;PO,-type structure. Thus, the ionic conductivity of
the nonstoichiometric phases in the Li,GeO,~Li;VO,
and Li,GeO,—Li;PO, systems ranges within 10—
107° Sm/cm at room temperature [4-6], which makes
these phases very promising for various practical pur-
poses, eg., as electralytes in lithium-based current
sources. However, the modern experimental investiga-
tions require large high-quality single crystals; there-
fore, the present article is dedicated to growth of bulky
Li; . P, _Ge0, single crystals, the anisotropy of ionic
conductivity, and the determination of the mechanism
of ion transport.

EXPERIMENTAL

The starting materials for crystal growth were poly-
crystalline lithium orthophosphate and orthogermanate
(Li;PO, and Li,GeO,) obtained by the solid-phase syn-
thesis. The reagents for the synthesis of lithium ortho-
phosphate, LiH,PO, and Li,CO,, were thoroughly
mixed in equimolar quantities. The charge was
annealed at 800°C. Lithium orthogermanate was syn-
thesized from Li,CO; and GeO, under the same condi-
tions.

Single crystalsin the Li,PO,-Li,GeO, system were
grown by crystallization from flux, with the solvent
being the Li,M00O,~LiF mixture. To obtain the solid
solution of the Li;sP,sGe)sO, composition lithium
orthophosphate and orthogermanate were taken in the
equimolar quantities. The initial components in the
weight ratio solute : solvent ~ 1 : 1 were loaded into a
60-ml-large platinum vessel. The seed was a platinum
rod. Upon the complete dissolution of lithium ortho-
phosphate and orthogermanate in the melt at 970°C, the
system was rapidly cooled to 911°C, and the crystalli-
zation occurred via cooling the melt down to the tem-
perature of 858°C at a rate of 0.1 K/h. The crystals
grown were extracted from the melt and cooled to room
temperature at arate of 30 K/h.

Because of the orthorhombic symmetry of
Li;, P, -,GeO, crystals, the ionic conductivity o was
measured along three directions coinciding with the
crystallographic a, b, and c axes. In order to measure
the electric conductivity by the method of impedance
spectroscopy in the frequency range 100 Hz-500 kHz,
silver electrodes were used (silver paste was applied to
the preliminarily polished surfaces of the oriented
Li;, P, _5e0, crystals subsequently anneal ed at 200—
250°C). The impedance spectra were processed using
the EQUIVCRT computer program [7].

RESULTS AND DISCUSSION

As a result of the growth experiment, we synthe-
sized a druse consisting of individual transparent crys-
tals of irregular shapes. The individual crystals broken
out from the druse were studied in a polarization micro-
scope. It was established that, among the samples thus
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Fig. 1. Frequency dependences of the total complex resis-
tance Z = Z' + jZ" Of a Li3_34P0_66G%.3404 CryStal a 89°C
(measured along the ¢ axis). Experimental data are indi-
cated by filled circles, the calculated data, by crosses; Ris
the resistance and Q, and Q, are the frequency-dependent
elements.

obtained, there were both single-domain and polydo-
main crystals. The electrophysical properties were
studied on a specialy chosen large crystal having no
blocks. A rectangular parallelepiped was cut out from
this crystal in such away that its faces were perpendic-
ular to the main crystallographic directions. The paral-
Ielepiped dimensions (upon polishing of its faces) were
2.00 x 2.80 x 3.35 mm.

The X-ray phase analysis (Rigaku D maxllic dif-
fractometer, CuK, radiation) showed that the diffrac-
tion pattern of the material synthesized is close to the
diffraction pattern of y-Li;PO, with the only difference
being that the maximaare displaced toward larger inter-
planar spacings, which indicates the partial substitution
of phosphorus ions by germanium ones in lithium
orthophosphate. The unit-cell parameters are a =
6.178 A, b = 10.656 A, and ¢ = 5.013 A, whereas the
|lattice parameters of pure y-Li;PO, are a = 6.115 A,
b=10.475A, c=4.923 A (ASTM-JCPDS card no. 15-
0760). In order to establish the quantitative composi-
tion of the obtained solid solution, we constructed the
calibration dependences of the unit-cell parameters
(a b, ¢) on the composition of the Li,, P, _,GeO,
solid solution. With this aim we obtained the solid solu-
tions of different compositions by the solid-phase syn-
thesis and determined their unit-cell parameters. It is
established that the composition of the grown and stud-
ied crystal corresponds to the Li; 5,P, (Ge&, 340, solid
solution with x = 0.34.

Figure 1 shows the hodographs of the total resis-
tance of Li;, P,_,GeO, a 89°C (0 was measured
along the c-axis) and also the equivalent electric circuit
for which the parameters of this hodograph were deter-
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Fig. 2. Temperature dependences of conductivity of the
Li3 34P. 66583404 and y-Li3sPO4 crystals. (1) y-Li3PO;,
parallel to the b axis, (2) y-Li3PO,, parallel to the c axis, (3)
y-Li3POy, paralle totheaaxis, (4) Lis 34P 66G€n.3404, par-
allel to the c axis, (5) Liz 34P).66G€ 3404, pardlel to the a
axis, and (6) Lis 34P 66G€) 3404, parallel to the b axis.

mined. The resistance R of the equivalent electric cir-
cuit corresponds to the bulk resistance of the crystal.
The impedance hodographs are the same for the con-
ductivity measured along all the crystallographic axes.
As is seen from Fig. 1, the impedance hodograph is a
distorted semicircumference (at high frequencies)
“conjugating” with a straight line at low frequencies.
Depending on the temperatureinterval, variousindivid-
ual partsof the hodograph can play thekey role. At high
temperatures, the accuracy of the R determination
decreases because of the strong effect of the electrode
resistance.

Asisseen from Fig. 2, the temperature dependence
of ionic conductivity of Li,, P, _,Ge0, single crystals
obeys the Arrhenius equation in the whole temperature
interval

oT = 0pexp(—Eqr/KT), ey

which is consistent with the data from [4—6]. For com-
parison, Fig. 2 shows our data obtained earlier for a
y-Li;PO, single crystal [1]. The conductivities of
Li;34Py 66G€.340, crystals measured aong the a and
c directions coincide and are 6 = 1.8 x 10 and 3.7 x
102 Sm/cm at 40 and 400°C, respectively. As in the
case of pure lithium phosphate, somewhat lower elec-
tric conductivities were measured along the b axis, o =
1.2 x 10 and 3.1 x 102 Sm/cm at 40 and 400°C,
respectively. The activation energy of conductivity is
0.54 eV. The conductivity of y-Li;PO, is lower by sev-
eral orders of magnitude, and the activation energy of
conductivity measured aong different directions
ranges within 1.14-1.23 eV [1]. The conductivity data
obtained for pure and doped lithium phosphate indicate
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Fig. 3. Model of the crysta structure of the
Liz 4 4P - xGeO, solid solution. Hatched figures corre-
spond to the PO,-tetrahedra, nonhatched ones, to the LiO,-
tetrahedra. The additional lithium ions are indicated by
filled circles. Arrows indicate the displacements of the lith-
ium ions during the formation of the solid solution. Tetrahe-
drainto which theintrinsic lithiumionsareincorporated are
indicated by solid lines (in pure y-Li; POy, these tetrahedra
are empty).

a dramatic increase in conductivity of the solid solu-
tion. Consider the microscopic aspects of ion transport
inthe Li,, P, ,Ge0, solid solution and in nominally
purey-Li;PO,. Lithium orthophosphateisatypical rep-
resentative of the compoundswith the framework struc-
ture. Lithium cations are located at two types of posi-
tions, Lil and Li2, with al these positions being fully
occupied. The y-Li;PO, structure is rather loosg, i.e.,
the framework voids comprise a considerable fraction
of the total volume and penetrate the structure along al
the directions, thus providing favorable conditions for
ionic conductivity. Nevertheless, thelow values of ionic
conductivity in y-Li;PO, could have been expected,
because all thelithium cations are located in fully occu-
pied positions and are rigidly bound to the framework.
Inthis case, conductivity can be associated with thefor-
mation of thermal defectssuch as, e.g., Frenkel defects.
The concentration of interstitial ions in this case is
rather low, which resultsin alow conductivity of pure
y-Li;PO,. In order to increase the conductivity and, at
the same time, preserve the structure, one has to intro-
duce a considerable amount of lithium ions into the
voids of the crystal framework, which really takes place
in the Lis ;4P ¢¢G€, 340, solid solution. For definite-
ness, we call thelithium ionslocated in therigid frame-
work and rigidly bound to it “intrinsic ions’ and ions
datistically filling the framework voids, additional
ions.

Onehasaso to consider adecrease in the anisotropy
of conductivity in Lis ;4P ¢Ge) 3,0, In comparison
with the anisotropy in y-Li;PO, (it is seen from Fig. 2
that the conductivity of the solid solution is almost iso-
tropic, whereas the conductivity of pure lithium ortho-
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phosphate is slightly anisotropic). It was indicated in
[1] that the lower conductivity along the b axisis asso-
ciated with the zigzag shape of the conductivity chan-
nels aong this direction, whereas the conductivity
channels along the a and b axes are smoothed. In order
to interpret the decrease in anisotropy of the solid solu-
tion, consider how the additional lithium ions fill the
crystal framework. We invoke here the powder neutron
diffraction data for the Li, P, _,V,O, solid solution
[8, 9] with the structure and properties similar to those
of the Lis, P, _,Ge O, solid solution considered in the
present article. In accordance with the model suggested
in [8], the voids of the crystal framework are filled and
form a cluster (Fig. 3). The additional ions (black cir-
clesin Fig. 3) occupy the octahedral voids sharing the
faces with tetrahedra filled with the intrinsic lithium
ions. As a result of the electrostatic interaction with
additional ions, some tetrahedrally coordinated intrin-
siclithium ions are displaced from their positionsto the
neighboring tetrahedra (shown by solid edges in
Fig. 3). Thus, some lithium positions occupied in
y-Li;PO, are liberated during the formation of the
Li;, P, _.Ge0, solid solution. Thisresultsin disorder-
ing in the lithium sublattice not only along the conduc-
tivity channels, but aso in the rigid framework. The
number of positions accessible for lithium migration
considerably increases, and the crysta structure
becomes equally transparent for ion transport in al the
directions, which decreases the anisotropy of conduc-
tivity inthe Li; , P, _,GeO, solid solution in compari-
son with the conductivity in y-Li;PO,.

The microscopic structure model of ion transport
suggested here indicates the transport paths (conductiv-
ity channels) along all the three main crystallographic
directions. Moreover, one can draw the conclusion that
conductivities along all the three directions should be
equal, because the concentration of the charge carriers
(Li*) and the hopping length (approximately equal dis-
tances between the neighboring partly filled crystallo-
graphic positions in the lithium sublattice) differ only
insignificantly. Of course, in order to give an unambig-
uous answer to the question about the microscopic
characteristics of the ion transport, one has to obtain
more reliable data from precision structure experi-
ments.
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Abstract—The temperature dependence of electrical resistivity p and thermopower 6 is studied for a series of
Y sFes045 (Y1G) garnet single crystals with different levels of optical and structural quality. The effect of some
technology-related impurities on the value of p isdiscussed. It is shown for the first time that the experimental
data on the absorption coefficient and electrical resistivity can be interpreted based on asingle physical param-
eter, namely, the intensity ratio of coherent and incoherent X-ray scattering (K/nk). Thisratio characterizes the
fraction of conduction electronsin a given sample. The results are discussed with due regard for the nonequiv-
aence of the planes of the {110} and {111} types. The additional details of the charge-transfer mechanism are
established for the (111)-oriented Y 1G samples. It is suggested that the 6 values could be characterized in terms

of nk or nk/K. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Yttrium iron garnet (Y1G) is a model object for
research work and a promising material for various
applications[1, 2]. In spite of thesignificant roleof YIG
single crystals for both theory and practical applica
tions, questions concerning their properties are till
open. In particular, the role of the orientation of crystal
axes on the distribution of uncontrolled “technological
impurities” (Ba, Mn) and the their effect on the trans-
parency of the crystals in the infrared range remain
unclear. As arule, researchers use doped Y1 G samples
of only one crystallographic orientation [3-5]. In [3],
dedicated to the conductivity of p- and n-doped YI1G
samples, it was first assumed that the formation of oxy-
gen vacancies V, should occur. These vacancies act as
natural donors whose number is unknown. The pres-
ence of these vacancies in the crystal facilitates and
accelerates chargetransfer. According to lidaand Miwa
[6], the vacancies play the mediatory role in charge
transfer, since the latter proceeds via the charge
exchange between a cation and vacancies[6]. Different
cation sublattices of the garnet crystals contain Fe, Mn,
and Smions of different valences and various magnetic
states. Therefore, even the lowest concentration of
vacancies favors dynamic ordering of ion valences and
the hopping conductivity. Ksengzov and his coworkers
[5] studied the mobility of charge carriersin Si-doped
n-type yttrium garnet.

It iswell known that YIG crystals grown from flux
exhibit a noncubic anisotropy [7]. Moreover, the
EXAFS studies of the fine structure of garnets revealed
that about 10% of Y ions in dodecahedral positions
exchange places with 5% of Feions located in octahe-

dral sublattice [8]. The Fe ions occupying the octahe-
dral positions and along the [111] axis are substituted
byY ions. It isthe exchange between theY and Feions,
as aso the small displacements of the atomic positions,

that are responsible for the noncubic symmetry R3 in
YIG, i.e, for symmetry lower than 1A3d.

In the present paper, we study the temperature
dependences of electrical resistivity p and ther-
mopower 6 for differently oriented Y1G samples of dif-
ferent degrees of perfection. The electrical properties of
magnetic semiconductors, in particular of YIG, are
completely determined by the mechanism of scattering
of charge carriers and their energy spectrum. The
charge transfer in these crystals occurs mostly via
defect centers; therefore, the analysis of thekinetic pro-
cessesis equivalent to the study of the characteristics of
the distribution of defect states in the (110)-, (111)-,
and (100)-oriented plates.

The aim of the present paper is to establish the
charge-transfer mechanism in the YIG samples and to
explain the pronounced scatter in the values of electri-
cal resistivity observed for both the differently oriented
plates cut out from the same crystal and for the samples
cut out from the crystalswith different degrees of struc-
tural and optical perfection.

EXPERIMENTAL

Here, we continue the study of the YIG samples
whose characteristics were studied in [9-11] and
reported in [11]. The samples were 6 x 7 x (1.5—
2.6)-mm?-large plates cut out paralle to the (110),
(1112), and (100) crystallographic planes.

1063-7745/03/4801-0116%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Electrical resistivity and thermopower for Y1G crystals at different temperatures (°C)

el Inp 0, pV/K Inp 0, pV/K Inp 0, pV/K Inp 0, pV/K Inp 0, pV/K
Pe 200 250 300 350 410
7(110) 15.28 560 13.23 600 11.10 490 10.0 510 9.26 520
41(110) 18.09 -276 16.97 —440 15.19 —470 13.6 —480 12.04 —460
52(110) 17.0 107 14.82 290 131 500 12.0 480 10.84 450
50(110) 17.38 —640 15.72 —790 13.59 —740 12.04 —700 10.0 —650
50"(110) | 20.67 80 18.75 370 16.8 680 15.2 760 14.0 830
51(110) 340 60 4 20 15
42(111) 17.99 125 16.7 370 14.62 440 12.9 410 11.3 410
34(111) 17.73 390 15.57 760 13.29 810 11.8 830 11.27 820
46(111) 12.01 620 11.12 600 10.85 580 10.72 580 104 570
11-6(111) | 10.12 710 9.71 650 9.32 610 8.9 590 8.13 580
32-HO 18.75 15.80 14.69 12.9 12.0
40(100) 224 -130 214 122 20.4 450 19.38 580 18.15 780
3(100) 15.59 15.48 13.79 12.27 11.48
V1-4(100) | 10.22 9.75 9.21 8.61 8.06

The study of the kinetic properties is quite a labor-
consuming task; therefore, the resistivity was measured
only for 14 samples from the total 19. The methods of
crystal growth, the values of the absorption coefficient
in the IR range, the weight ratio Y/Fe of the main cat-
ions, and the relative content of Mn and Feions, Mn/Fe,
determined by the neutron activation analysis can be
found elsewhere [10-12].

Now, we note the main statements and conclusions
made in the earlier studies, which will be used in the
present paper. The Baions are considered as an uncon-
trolled technological impurity substituting theY ionsin
the dodecahedral sublattice. The Ba ions can suppress
the formation of dislocations and thus somewhat reduce
the optical transparency of Y 1G crystals[11]. Using the
data of neutron activation analysis, we came to the con-
clusion that the quality criterion of Y 1G samples can be
the ratio of the sum of theY and Fe cations to the O
anions expressed in wt %. In the samples characterized
by different degrees of the structural and optical perfec-
tion [12], we reveal ed the noneguivalence of the { 110}
and {111} crystal planes, which results from the depen-
dence of the density d of theY |G plates on the intensity
ratio of the coherent and incoherent X-ray scattering
(K/nk). As was shown in [12], the Y1G samples can be
divided into two groups according to the degree of their
transparency (see the table in that paper). The first
group consists of the plates having absorption coeffi-
cient a less than 7 cm! (at the wavelength A =
1300 nm): the (110)-oriented samples (nos. 7, 41, and
52), the (111)-orientated ones (nos. 42 and 34), and the
(100)-orientated ones (nos. 40 and 3). The second
group includes the samples characterized by medium
and low transparency (o > 7 cm™); these are samples
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nos. 50", 51, and 50 ((110) orientation), nos. 46 and
[11-6 ((111) orientation), no. VI-4 ((100) orientation),
and also the unoriented sample no. 32-NO. Thus, the
(110)-, (111)-, and (100)-oriented samples are divided
into two groups characterized by different characters of
the variation of their physical properties. Below, in the
analysis of the electrical resistivity of garnet crystals,
we take into account the noneguivalence of the crystal-
lographic planes, which makes it necessary to consider
the reason of this nonequivalence. In our opinion, the
nonequivalence of the crystallographic planesis caused
by the distortions in the garnet structure arising in the
course of crystal growth from flux, by the orthorhombic
symmetry of the dodecahedral positions, and by the
nonequivalence of two octahedral sublattices, which
make a considerable contribution to the total noncubic
anisotropy of the YIG crystals. Moreover, the non-
equivalence of both {110} and {111} planes is
observed for the samples cut out mainly from noniden-
tical parts of different crystals, which, during growth,
were located differently with respect to the feeding
concentration flows of the melt resulting in nonstoichi-
ometry and significant fluctuations in the composition
of microimpurities.

We believe that this effect passed unnoticed,
because it can be observed only on a sufficient number
of YIG samples (more than ten) of different quality and
having at least two orientations.

The temperature dependences of electrical resistiv-
ity were measured in the mode of temperature stabiliza-
tion of the samples. The contacts were prepared from a
special silver paste. Prior to measurements, the samples
wereannealed for 3hinair at 800°C. The thermopower
0 was measured on a setup with the platinum electrodes
fastened to the electrodes prepared for the gallium—



118

Inp

18

16

14

12

1
10 12 14 16 18 20 22
1000/ T

Fig. 1. Electrical resigtivity p of (110)-oriented YIG sam-
ples versus temperature: (1) sample no. 41; (2) sample
no. 50"; (3) sampleno. 7.

indium alloy and deposited onto the sample using an
ultrasonic soldiering iron. The em.f. was measured by
an electrometer. The temperature gradient ranged
within 5-15°C, the temperature was measured by
chromel—-alumel thermocouples. The heating rate was
10 K/min, whereas cooling was performed at a rate of
about 5 K/min. The measuring cycles were repeated
four times.

RESULTS AND DISCUSSION

Figure 1 showsthe temperature dependence of resis-
tivity p for (110)-oriented samples nos. 41, 50", and 7
(curvesl, 2, and 3, respectively). Samplesnos. 7 and 41
have the highest optical transparency in the IR range;
i.e., they fall togroup | (seeFig. 1 and thetablein [12]).
Sample no. 50" belongs to the samples of moderate
optical quality (a = 6.9 cm™), i.e, to group Il in this
case. Note that there are no rigorous boundaries
between the two groups, especially for the samples of
moderate optical quality. The additiona factor, low
value of K/nk, the YIG samples of moderate and even
low optical quality (for example, samples nos. 50" and
51), can have alow conductivity (see table). The mini-
mum values of Inp are observed over the whole temper-
ature range for sample no. 7 possessing the minimum
absorption coefficient (o = 0.4 cmt) among the whole
batch of the YIG plates under study. It is a rather
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unusual situation, since it was expected a priori that the
sample with the highest transparency should have had
the highest resistivity. Probably, one of the most reli-
able explanations of this paradox is a relatively large
number of Mnionsin the samplewith the highest trans-
parency, which favors an increase in the number of free
charge carriers (conduction electrons) and, hence, asig-
nificant decrease in resistivity. Note that samples nos.
41 (curve 1) and 50" (curve 2) are characterized by sim-
ilar behavior of p at high temperatures. At t = 250°C
(1000/T = 1.91), the sample with the lowest transpar-
ency among those presented in Fig. 1 (sample no. 50")
has the resistivity p exceeding by a factor of 250 the
resistivity for sample no. 7 and by a factor of 5.8, the
resistivity for sample no. 41. Among the (110)-oriented
samples, sample no. 50 with a rather low transparency
(o =13.2cm™) hasthe p at t = 250°C exceeds by more
than an order of magnitude (by afactor of 12) theresis-
tivity of the sample no. 7 with the highest transparency
(table). Inthiscase, sampleno. 7 (group I) hasthe high-
est conductivity because of alarge number of activeMn
ions incorporated into the crystal. Such a paradoxical
situation explained by the absence of a correlation
between the values of a and p in this batch of samples
is observed only on the (110)-oriented Y 1G plates.

Figure 2 shows the p(T~!) curves for the (111)-ori-
ented samples. samplesnos. 34 and 42 (group |, curves 1
and 2) and sample no. 46 (group |1, curve 3). One can
clearly see different shapes of these curves: as was
expected, the peaksin curves 1 and 2 are much higher
than the peak in curve 3. In contrast to curves 1 and 2,
the values of Inp corresponding to curve 3 vary only
dightly over a wide temperature range (390-220°C).
Sample no. 46 is characterized by the minimum content
of Ba ions and minimum K/nk value among the
(111)-oriented plates of groups | and I1, which follows
from the X-ray radiometric analysis data.

Att=200°C (1000/T = 2.11), sample no. 42 with a
high transparency has the maximum resistivity, exceed-
ing the p value for sample no. 34 by afactor of 1.3 and
for sample no. 46 by afactor of 400 (group I1). Aswas
expected, the p value for sample no. I11-6 with the low-
est transparency (a = 17.3 cm™?) is lower than p for
sample no. 42 ailmost by a factor of 3000.

Periodic chainsof bondsalong 111 are normal to the
(111) plane; these are O-3A-3D—-3A-0 chains, where
OisaFeion at the octahedral site, A is an anion (oxy-
gen), DisanY ion at the dodecahedral site [13]. In the
YIG crystals, the easy magnetization axes, domain
boundaries, and dislocations are located along these
directions. As follows from [14], the stepwise motion
of dislocations, associated with the inhomogeneous
distribution of impurities “picked up” by a dislocation
in the course of its motion in adip plane, is confirmed
experimentaly. In garnets, dislocations are located
mainly along the crystallographic [111] directions.
Blakemore [15] believes that dislocations are sur-
rounded by space charges possessing cylindrical sym-
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metry. The octahedral sublattices considerably distort
the general noncubic anisotropy of agarnet [7]. There-
fore, one can conclude that the periodic chains of bonds
along [111] have a considerable number of defects.
This facilitates charge transfer along the [111] direc-
tions and provides the minimum resistivity (Inp =
23.95) of sampleno. 42 in comparison with theresistiv-
ity of (100)-oriented sample no. 40 (Inp = 26.05) at
room temperature (t,.om [12]. We believe that the
charge transfer in the (110)- and (100)-oriented plates
takes place along the periodic chains of bonds along
[001], i.e., the T-2A-D—2A-T chainswhere T is the tet-
rahedral site. The tetrahedral sites are occupied by Fe
ions or by impurity ions with small ionic radii, which
provide the minimum distortions in the garnet struc-
ture. The number of distortions aong the periodic
chains of bonds along [001] is much lessthan along the
periodic chains of bonds along [111]. Therefore, the
number of defects and conduction electrons is less
along this direction, which explains the maximum
resistivity of (111)-oriented Y1G samples.

Aswas found earlier [11], Ba?* ions are an inevita-
ble technological impurity substituting the Y3* ionsin
the dodecahedral positions. The Ba?* ions have stable
valence and are acceptor impurities in YIG samples.
For the (110)- and (111)-oriented samples, the resistiv-
ity increases with the number of Baions, whereas, for
the (100)-oriented samples, it decreases. In contrast to
the Baand Y ions, the valence of Mn ions can range
from 2 to 4, whereas their magnetic moments have non-
zero values. Thus, Mn ions can actively participate in
the charge transfer.

InFig. 3, we present theInp = f(Mn/Fe) curvesat t =
250°C. We can clearly see the influence of Mnions on
the resistivity of theY 1G samples. Sample no. 7 (orien-
tation (110)) with the maximum content of Mnionsin
this series of the samples has the minimum resistivity
among the samples of group | (curvel). It is rather
unusual that the resistivity at t,,., for sample no. 7 is
lower than the resistivity of sample nos. 42 and 34
(group 1) having an elevated concentration of defects
along the [111] directions favorable for the charge
transfer [12]. Small contents of Mn ions can hardly
decrease the transparency in the IR range, because a =
0.4 cm* for sample no. 7. For the (110)-oriented YIG
samples (curves 1 and 2) and (100)-oriented ones
(curve 5), the p value increases with a decrease in the
content of Mnions. For samplesnos. 50 and 50" (curve 2),
and also for (100)-oriented sample nos. 40, VI-4 and
32-HO (curve 5), the p(Mn/Fe) curves and the a =
f(K/nk) curves are identical (see[12], Fig. 2). Curve 4
represents the (111)-oriented plates of group Il. For
these sampl es, the resistivity decreases with anincrease
in the content of Mnions, similarly to curves 1, 2, and 5.

Now, consider thelnp =f(K/nk) curvesatt > T, e.q.,
at 410°Cin the absence of magnetic ordering in the gar-
net crystals. Asisseen from Fig. 4, for theY |G samples
in the paramagnetic state, the experimental points
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Fig. 2. Electrica resistivity p of (111)-oriented YIG sam-

ples versus temperature: (1) sample no. 42; (2) sample
no. 34; (3) sample no. 46.
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Fig. 3. Electrical resistivity p of YIG samples at t = 250°C
versus relative Mn/Fe content with due regard for different
crystallographic orientations: (1 and 2) (110) orientation;
(3 and 4) (111) orientation; (5) (100) orientation and sample
no. 32-NO.
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Fig. 4. Electrical resistivity p of YIG samples at t = 410°C
versus K/nk ratio with due regard for different crystallo-
graphic orientations: (1 and 2) (110) orientation; (3 and 4)
(111) orientation; (5) (100) orientation (triangles) and sam-
ple 32-NO.

(curves 1, 2, and 5) corresponding to the samples from
different groups are located at straight lines parallel (or
amost parallel) to the vertical axis. The point is that
among the same group, the (110)- and (100)-oriented
plates of arather high quality have close values of K/nk
but different resistivities. This is the manifestation of
the influence of the degree of the structural and optical
perfection of the Y1G samples on the K/nk values. The
maximum resistivity values correspond to the (110)-
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oriented sample nos. 50", Inp = 14, curve 2 and (100)-
oriented sample no. 40, Inp = 18, curve 5. Sample
no. 50" has the absorption coefficient a = 6.9 cm™ and
the p value lower than sample no. 40. The latter has a
high transparency (o = 0.8 cm™). Therefore (100)-ori-
ented sample no. 40 having the highest transparency
also has the maximum resistivity. Sample no. 32-NO
with a moderate optical quality (o = 7.2 cm™) is char-
acterized by the parameters K/nk =0.0418 and Inp = 12.
The corresponding point in Fig. 4 fits curve 5 well.
Sample no. VI-4 (Inp = 8) has the minimum resistivity
in spite on the low K/nk value. Thisis explained by its
low structural and optical quality (a = 23.5 cm™). Sam-
ple no. 3 (orientation (100)) has a high transparency (a =
2.3 cm?) but also the maximum K/nk value (K/nk =
0.053) because of the incorporated Sm and Mn ions.
Hence the p value is ratter low. Samples nos. 7 and 52
(group 1) represented by curve 1 have the maximum
content of such impurities as active Mn and Sm ions,
respectively, high values of K/nk, and low values of p.
The samples of good structural and optical quality
(samples nos. 7 and 52) have the electrical resistivity p
of the same order of magnitude as plate no. 50 (Fig. 4,
curve 2) from group |1 (according to itsoptical transpar-
ency, a = 13.2 cm™) and containing Pt** ions as an
inactive impurity. In our opinion, these factors (K/nk
values, the degree of the structural and optical perfec-
tion, and the high content of both active (Mn, Sm) and
inactive (Ba, Pt) ions, which become the dominant
impurities) determine the value of p for agiven sample.

The (111)-oriented YIG samples of group Il with
different values of K/nk but almost coinciding p values
are represented by the straight line 3 amost parallel to
the horizontal axis. For the (111)-oriented samples of
group Il characterized by a higher defect concentration
and a lower transparency (curve 4), the Inp(K/nk)
curves are similar to those for the samples of group |

BN

|
3.0
1000/T

2.5

Fig. 5. Temperature dependence of thermopower 6 for sample 52.
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Fig. 6. (1) Electrical resistivity p and (2) thermopower 0
versus temperature for (100)-oriented sample no. 7.

(curve 3), whereas the samples of group Il have the
minimum p values. According to the percolation the-
ory, the easy magnetization axis is an additional factor
favoring charge transfer along the [111] direction.

To establish the conductivity type of YIG samples
with different degrees of perfection, we analyzed the
temperature dependence of thermopower 6 for six
(110)-oriented Y1G samples, four (111)-oriented sam-
ples, and 40 (100)-oriented samples. Among the (110)-
oriented samples, samples nos. 41 and 50 exhibit the
n-type conductivity, whereas all other samples have the
p-type conductivity (seetable). Sample no. 50 hasalow
percentage of Baions, whereas the content of Pt** ions
is significantly higher. This determines the presence of
donors and the n-type conductivity. Currently there is
no unambiguous explanation of the n-type conductivity
in sample no. 41, because it contains many more Ba
ions than sample no. 50, but there are also Sm and Mn
ions with the valence ranging from 2 to 4. It is rather
difficult to suggest the specific mechanism underlying
the n-type conductivity in sample no. 41. In fact, the
concentration of Smionsin sample no. 52 exceeds that
in sample no. 41 approximately by a factor of four; in
addition, it also containsalot of Baand V ions but nev-
ertheless exhibits p-type conductivity above 130°C
(Fig. 5). At t < 130°C, sample no. 52 shows the n-type
conductivity both on heating and cooling. Note that the
maximum values of thermopower, 68 =45 mV/K, are
observed in the range of 450-460°C. These values are
higher by two orders of magnitude than the value
450 uV/K characteristic of sample no. 52 at 410°C. A
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Fig. 7. Thermopower 0 at t = 300°C versus the logarithm of
the intensity of incoherent X-ray scattering for differently
oriented Y |G samples: (1 and 2) (110) orientation; (3 and 4)
(111) orientation; open circle, (100)-oriented sample no. 40.

giant value of emf was also observed for SmS crystals
within the same temperature range [16], which was
interpreted as a consegquence of a high conduction gra-
dient of conductivity electrons because of the phase
transition in the system of defect-forming Smions[16].
We observed a high concentration gradient of Smions
in sample no. 52. In fact, according to the X-ray photo-
emission data, Sm ions are the only impurity and are
located only on one side of the plate (I = 2.623 mm),
whereas the other side has impurities of Pb, V, and Ba
ions. This sample alows us to follow the evolution of
the nonuniform distribution of both inactive impurities
(Baand V) and dominant active (Sm and Mn) impuri-
tiesinarea YIG sample. Asto sample no. 41, it prob-
ably contains, in addition to Pb and Bi ions (which can
have different valence states), also oxygen vacancies
V,, which providesthe n-type conductivity [3]. Another
explanation of the presence of donorsin sample no. 41
is based on the fact that Fe ions substituting Y ions at
the sites of the dodecahedral sublattice with alarge unit
cell can have valence two, whereasin order to preserve
the electroneutrality, some Fe ions occupying the tetra-
hedral sublattice should be tetravalent, whereas the
majority of Fe ions are trivalent. According to
Krupicka, the ferrites containing both di- and trivalent
Feions exhibit the n-type conductivity [17]. Itisjustin
sample no. 41 that the periodic chains of bonds along
[001] include the dodecahedral and tetrahedral posi-
tions alternating with oxygen anions, which gives rise
to the formation of donors. Note that (111)-oriented
sample no. 42 cut out from the same garnet crystal as
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sample no. 41 contains periodic chains of bonds along
[111] with the octahedral and dodecahedral cation posi-
tions with only positive values of 8 in the whole tem-
perature range. For sample 40, the negative 6 values are
observed at t < 220°C, whereas, at temperatures
exceeding 250°C, the thermopower is positive. Sample
no. 7 with the highest Mn content among al the YIG
samples under study has very low amounts of Pb and Bi
ions. This sample has p-type conductivity in a wide
temperature range (20460°C). For sample no. 51, the
0 values are close to zero at t > 230°C, wheress, in the
ferromagnetic state, 0 is positive.

In Fig. 6, we present the temperature dependence of
resistivity (curve 1) and thermopower (curve 2) for
sample no. 7. Note that behavior of Inp and 6 with an
increase in temperature is quite different. Resistivity p
has the maximum at 190°C. With an increase in the
temperature (1000/T = 2.2-1.9), resistivity increasesin
an amost quasi-linear manner and shows stepwise
anomalies and the changes in the dope. The ther-
mopower 8 is amost twice as low in the temperature
range 1000/T = 2.35-2.0 and has the first minimum at
150°C (1000/T = 2.36). The maximum thermopower is
observed at t = 230°C (1000/T = 1.99). Within thistem-
peraturerange, the values of Inp are almost constant. At
t = 288°C (1000/T = 1.78), both p and 6 exhibit anom-
alous behavior (6 has a minimum) associated with the
trangition of sample no. 7 from the ferromagnetic to
paramagnetic state. In Fig. 6, we can see that the extre-
mum values of resistivity and thermopower in the
whole temperature range under study are attained at the
same temperatures. However, in most cases, the mini-
mum in p corresponds to the maximum in 6 (and vice
versd). This means that the mechanisms underlying
these kinetic properties are different. In [12], it was
revealed that the resistivity and the absorption coeffi-
cient in the IR range depend on the K/nk ratio, i.e., on
the fraction of conduction electronsin the sample. Con-
sider the thermopower of the YIG samples with the
intensities of incoherent X-ray scattering (nk). This
makes sense, because the analysis of transport proper-
tiesin the vicinity of magnetic critical points showsthe
important role of inelastic scattering of conduction
electronsin the vicinity of critical fluctuations[18].

In Fig. 7, we present the dependence of ther-
mopower on nk for eleven Y1G samples at t = 300°C.
Curves 1 and 2 correspond to the (110)-oriented sam-
ples of groups | and I, respectively. In the paramag-
netic state of the (110)-oriented samples, curves 1 and
2 (each of them describes three samples) are almost
paralel, whereas curves 3 and 4 (orientation (111))
form an acute angle.

In the garnet-typeferrite, the presence of cation sub-
lattices, whose magnetic and electrical characteristics
are not equivalent, and the interactions between the
impurity ions (Mn—Ba and Sm-Ba) [11] compete and
lead to the anomalous behavior of resistivity and ther-
mopower not only in the vicinity of the Curie point but
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also in other sections of the temperature range under
study (Figs. 1, 2, 5, and 6).

Comparing the 8 valuesfor differently oriented Y1G
plates (see table), we see that the thermopower of the
(111)-oriented samples is positive and varies only
dlightly in the temperature range 300-460°C. As was
mentioned earlier, the easy magnetization axes and dis-
locations surrounded by the space charge are located
alongthe[111] direction. It iswell known that the static
didocations (solitons) give rise to stress and strain
fields in the crystal lattice. These fields determine the
mechanical, magnetic, and optical properties of real
crystals [19]. It should be noted that the 6 values
increase by a factor of 2-3 for samples of group |
(nos. 42 and 34) in the temperature range 200-300°C,
whereas, for the samples of group Il (nos. 46 and I11-6),
the 8 values decrease by 5-15% within the same tem-
perature range. Among the (110)-oriented samples, a
significant increase in 6 (by about an order of magni-
tude) is observed only for sample no. 50" at 200-300°C.
This sample is characterized by a moderate optical
quality and the minimum K/nk value. A large increase
in B isaso observed in sample nos. 52 and 41 of group 1.
Sample no. 51 exhibitsunusual behavior of 8: at 250°C,
the 6 value decreases by about half an order of magni-
tude in comparison with the value at 200°C and almost
vanishes at temperatures higher than 300°C (seetable).
According to Mott, only the half-filled impurity band
should lead to alow or zero value of 6 [20]. In addition,
the simultaneous presence of Fe?* and Fe** ions in the
octahedral sites determines the constant 8 value over a
certain temperature range, since the formation of
charge carriers requires low activation energies [17].
The change in the 8 sign at low temperatures observed
for sample no. 40, can be interpreted as the change in
the mechanism of conductivity from the charge transfer
by excited charge carriers to the band conductivity in a
certain band provided by complexes of defects. The
necessity of the compensation was first emphasized in
the theoretical studies by Mott and Conwell asthe main
condition for the action of the mechanism of conductiv-
ity over impurities [20, 21]. The thermopower is deter-
mined mainly by the density of states; therefore, in the
range of hopping conductivity, 0 is positive, which cor-
responds to the hole conductivity at arather low com-
pensation. Inreal Y |G samples, the one type of impuri-
ties and the compl ete absence of the compensation are
impossible. If only oneimpurity isindicated in the text
or in the table, e.g., only Baions, this signifies that the
plate contains either Fe-ions of different valences or
Sm, Mn, V, and B ions, or oxygen vacancies with such
low (micro) concentrations, that they cannot be
defected by the methods used. In general, the crystals
contain acombination of various point defects, but only
one of these defects dominatesin a certain temperature
range [22].
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CONCLUSION

The (111)-oriented Y1G samples have the minimum
resistivities, because the charge transfer proceeds along
the chains with the highest concentration of defects
(Feions located in the octahedral lattice, oxygen
anions, Y ionsin the dodecahedral sites). The direction
of these chains coincides with the easy magnetization
axis. Among the samples cut out from one crystal (sam-
ple nos. 40, 41, and 42), the (111)-oriented sample no.
42 has the lowest and (100)-oriented sample no. 40 has
the highest resistivity.

It was shown that the Y IG resistivity is provided by
the fraction of conduction electrons, which is deter-
mined by the K/nk ratio, the degree of the structural and
optical perfection, and the type of the dominant impu-
rity, which determines the conductivity type of theY1G
sample considered.

The maximum resitivities were determined for the
(110)- and (100)-oriented YIG plates with the lowest
K/nk ratio (sample nos. 50" and 40), i.e., the least num-
ber of conduction electrons. In these samples, the
charge transfer occurs along the periodic chains of
bonds along [001], which contain Fe ions in the tetra-
hedral sites and give rise to insignificant distortions
along the charge-transfer path. The anomalies in the
form of kinksinthe linear dependencelnp (T-!) can be
explained not only by the change in the magnetic state
but also by the existence of several competing mecha-
nisms of conductivity. In Figs. 1, 2, and 6, one can see,
in addition to kinks, also various deviations from the
linear dependence—the convex or concave portions at
the temperatures not associated with the Curie temper-
ature T, Usually, garnet crystals are multicomponent
systems where, for the time being, only Mn and Sm
ions are singled out as dominant active impurities.

The presence of Mn and Sm ions (possessing mag-
netic moments and having the valence ranging from 2
to 4) in plates nos. 7, 41, and 52 results in an increase
in the number of conduction electrons and, hence, in a
drastic decrease in the resistivity in these samples of
group | (see table). For the (110)-oriented sample
no. 52, apronounced splash in 8 isobserved in thetem-
perature range 450-460°C. This can be associated with
the high concentration gradient for Smions and to their
nonuniform distribution together with Ba and V ions.
The presence of Pt** ionsin (110)-oriented sample no.
50, the dominant impurities, leads to the formation of
donors and the n-type conductivity.

We believe that the value of thermopower can be
characterized by the intensity of incoherent X-ray scat-
tering nk (see Fig. 7) or by the parameter nk/K.
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Abstract—The crystal structure of 3-uranophane was refined (R = 0.034, 4898 independent reflections), and
its relation to the a modification was established. The modifications of uranophane differ primarily in the ori-
entation of the silicon—oxygen tetrahedrawith respect to the plane of the layer formed by Si-tetrahedraand U%*-
bipyramids and also in the arrangement of cal cium cations between thelayers. In the structure of 3-uranophane,
calcium cations are bound to three oxygen atoms of uranyl groups of the adjacent U-O-polyhedra, whereas
Caatomsin the a modification are bound only to two uranyl oxygen atoms. © 2003 MAIK “ Nauka/lnterperi-

odica” .

Two polymorphs of calcium uranyl silicate (a-ura-
nophane and [3-uranophane) occur in nature. Both min-
erals have the stable elemental composition
Ca(UO,),[SIO;0H] - 5H,0 and contain no isomor-
phous impurities. The paragenetic association was
established for many natural specimens of this com-
pound [1], which indicates that these modifications can
be formed under similar conditions. This assumption
was confirmed experimentally during decrystallization
of the common gel [2]. However, the comparison of the
solubility curves shows that the B modification is
formed in aweakly acidic medium, whereasthe a mod-
ification, over awide range of neutral and alkaline solu-
tions, which is reflected in the more widespread occur-
rence of the a modification in nature. Slight deviations
from pH 7 (closeto “neutral”) can stimulate the forma-
tion of mixed-layered phases and inclusions of the a
modification into B-uranophane resulting in crystal
imperfection. The structure of a-uranophane was first
solved in [3] and refined in [4] within the sp. gr. P2,.
Recently, we have refined the structure of
o-uranophane within the centrosymmetric sp. gr. P2,/b
[5] on a specimen from the hydrothermal deposit of the
Strel’ tsovskii ore field (Transbaikal region). In the oxi-
dation zone of this deposit, crystals of a-uranophane
occur in association with the second modification
(B-uranophane) existing as massive amber—honey-col-
ored formations. From these formations, single-crystal
chips were easily separated along perfect-cleavage

planes. Although the structure of (-uranophane had
already been established [6], werefined it starting from
the atomic coordinates determined earlier. The refine-
ment completely confirmed the structure motif
described in [6]. However, we refined the structure to a
lower R factor and obtained atomic coordinates with a
higher accuracy.

The crystallographic parameters of the mineral and
details of X-ray diffraction study are given in Table 1.
The atomic coordinates and principa interatomic dis-
tances are listed in Table 2 and Table 3, respectively.

Like a-uranophane, the structure of -uranophane
contains U®-ions coordinated by seven O anions,
which form typical pentagonal bipyramids. In these
polyhedra, two O atoms, which either occupy lone ver-
tices or are included into Ca-polyhedra, are located at
short distances from the central cation and form uranyl
groups UO,. The five remaining O atoms are located in
theequatorial plane. The U%*-bipyramids share edgesto
form chainsalong the[100] direction. The adjacent ura-
nium-containing chains are linked into layers parallel
to the (001) plane viathe Si-tetrahedra sharing the ver-
tices and edges with the U%*-bipyramids. Similar mixed
layers of T-tetrahedra and UO,-bipyramids were found
in 16 structures (half of theses structures belong to min-
erals) [9], and these layers are topologically equivalent
to the uranophane layers. In 3-uranophane, the layers
arelinked by the Cacations along thelongest b axisand

1063-7745/03/4801-0012%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Table 1. Crystallographic parameters and characteristics of
X-ray diffraction study

Characteristic Data and conditions
Formula Ca(UO,),[SIO;0H], - 5H,0
Unit-cell parameters, A
a 13.947
b 15.465
o 6.626
B, deg 91.399
Unit-cell volumeV, A3 1428.73
Sp.gr.; Z P2,/b; 4
Pexp—Pealcd: I/CM? 3.96-4.08, 3.9
Absorption coefficient p, cm™ 3.384
Molecular weight 1712.68
Diffractometer ENRAF-NONIUS
Radiation, wavelength MoK, 0.709
Total number of reflections 9227
Number of reflections with, 9069
|F|>30(F)

Maximum sin6/A 0.806
Ranges of theindicesof mea- |22 <h<22; 0<k< 24
sured reflections -10<1<10

Number of reflections upon ave- 4898

raging equivalent reflections

R-factor upon merging 0.052
Program for structure AREN [7]
calculations

Absorption correction DIFABS[8]

R-factor upon anisotropic 0.037
refinement

Extinction parameter E 0.0000015

also by hydrogen bonds between the hydroxy groups
and water molecules.

The essential difference between the two ura-
nophane modifications is the orientations of the Si-tet-
rahedra relative to the layer planes. In the structure of
o-uranophane (Fig. 1a), the free vertices of al the Si-
tetrahedra |ocated on one side of the uranium-contain-
ing chains deviate in the same directions with respect to
the layer plane, whereas the free vertices of the Si-tet-
rahedralocated on another side of the uranium-contain-
ing chains deviate in the opposite directions. By con-
trast, the free vertices of the Si-tetrahedra located on
each side of the uranium-containing chainsin the struc-
ture of B-uranophane alternate in their orientations rel-
ative to the layer plane (Fig. 1b), which results in dou-
bling of the period along the chain axis (~7 A x 2).
These differences can aso be described in the context
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Table2. Atomic coordinates and equivalent therma parameters
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Atom xla yib zlc Ugg A2
UL) | 0.0192(0) | 0.2601(0) | 0.2627(0) | 1.09(2)
U@ | 023150) | 0.7395(0) | 0.4708(0) | 0.96(2)
Ca 0.1902(1) | 0.4856(1) | 0.2826(2) | 1.30(2)
Si() | 0.0187(1) | 0.2230(1) | 0.7297(2) | 0.73(3)
Si(2) | 0.2670(1) | 0.1945(1) | 0.0636(2) | 0.56(3)
O1) | 0.2652(3) | 0.3523(3) | 0.4927(9) | 1.00(8)
02 | 0.9920(5) | 0.1491(4) | 0.2347(10) | 1.62(9)
0@ | 0.7321(4) | 0.8741(3) | 0.4401(8) | 0.90(8)
O(4) 0.0441(5) | 0.3724(4) | 0.2893(10) | 1.7(1)
0(BG) | 0.1794(4) | 0.2234(4) | 0.2114(7) | 0.98(8)
O®6) | 0.8923(4) | 0.7639(5) | 0.4197(8) | 1.37(9)
O(7) | 0.3579(4) | 0.2045(4) | 0.22008) | 1.23(8)
O®) | 0.5684(4) | 0.7492(4) | 0.4260(8) | 1.30(9)
0©) | 0.97954) | 0.7189(4) | 0.0718(7) | 1.12(8)
O(10) | 0.7271(4) | 0.7468(4) | 0.1343(8) | 0.99(8)
OH(1) | 0.9857(5) | 0.8807(5) | 0.2009(11) | 1.7(2)
OH(2) | 0.7414(5) | 0.9074(5) | 0.0016(11) | 1.9(1)
H,O(1) | 0.5426(5) | 0.9459(6) | 0.1656(14) | 2.3(1)
H,0(2) | 0.3609(8) | 0.4906(7) | 0.3296(17) | 3.1(2)
H,0(3) | 0.8044(7) | 0.5927(5) | 0.0255(12) | 2.5(2)
H,O(4) | 0.8770(6) | 0.4992(5) | 0.3770(11) | 2.2(1)
H,0(5) | 0.1303(8) | 0.0064(7) | 0.2371(18) | 3.5(1)

of the symmetry approach [10, 11] with the aid of zero-
dimensional modules. Each module consists of one
bipyramid and one tetrahedron; the modules are related
by the symmetry elements located on the shared edges
of the pentagona bipyramids and thus form chains.
Unlikethe structure of B-uranophane, in which the two-
fold axes alternate with inversion centers in the chains,
in the structure of a-uranophane, the zero-dimensional
modules are related by twofold axes.

The difference in the orientation of Si-tetrahedrain
two polymorphs is aso reflected in the arrangement of
the Ca cations between the layers. Although the struc-
ture of a-uranophane is centrosymmetric, the Caatoms
statistically occupy only one of two positionsrelated by
acenter of symmetry (Ca—Cadistanceis~4 A). By con-
trast, the Ca atoms in the structure of (-uranophane
occupy both positions separated by a distance exceed-
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Fig. 1. Layersof UOs- and SiO4-polyhedrain the structures
of (a) a-uranophane and (b) B-uranophane.

ing 6 A. Because of these displacements, the Cacations
in the structure of a-uranophane are bound to two oxy-
gen atoms of the uranyl groups from two adjacent lay-
ers, whereas the calcium cations in the structure of
[B-uranophane are bound to three oxygen atoms of ura
nyl groups. Two of these oxygen atoms are involved in
coordination of the uranium atoms of one layer,
whereas the third oxygen atom is coordinated to the
uranium atom from another layer (Figs. 2a and 2b).
Correspondingly, the Ca-polyhedra differ in their coor-
dination numbers. In the structures of the a- and
B-modifications, the Ca atoms are located in the seven-
and eight-vertex polyhedra, respectively. Therefore, it
can be assumed that the B modification is characterized
by stronger inter layer bonding.

It should be noted that the structure of -uranophane
has two types of OH groups, unlike the structure of a-
uranophane containing OH groups of only onetype sta-

CRYSTALLOGRAPHY REPORTS Vol. 48

(b)

Fig. 2. Structures of (a) a-uranophane projected onto the
(100) plane and (b) B-uranophane projected onto the (001)
plane. OH groups and free water molecules are indicated by
solid and empty circles, respectively.

tistically incorporated into the Ca-polyhedra. In the
structure of -uranophane, the OH(2) group isbound to
the Ca atom, whereas the OH(1) group is not bound to
the Ca atom.

The differences between the structures of the two
polymorphs clearly manifest themselves in the IR and
luminescence spectra. In the IR spectra of both modifi-
cations (Fig. 3) measured by N.V. Chukanov, the bands

No.1 2003
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Table 3. Interatomic distances, A

U-seven-vertex polyhedra

U(1)-0(2) 1.767(7) |U(2-0(1) 1.761(5)

O(4) 1.778(7) 03 1.769(5)

0(9) 2.240(5) 0O(10) 2.238(5)

o(7) 2.325(5) 0o(6) 2.276(6)

o(5) 2.337(5) 0o(8) 2.292(6)

0o(8) 2.429(6) o(5) 2.432(5)

O(6) 2.442(6) o(7) 2.483(5)

[2.18801 [(2.1790

Si-tetrahedra

Si(1)-0O(9) 1.593(6) |Si(2)-0(10) 1.599(6)

O(6) 1.620(6) o(7) 1.625(5)

0O(8) 1.626(6) OH(2) 1.636(8)

OH(1) 1.653(8) o(5) 1.646(6)

1.6230 n.6270

Ca-eight-vertex polyhedron
Ca—H,0(3) 2.376(8)
H,0O(2) 2.39(2)

H,O(1) 2.426(8)
0o(3) 2.471(6)
H,O(4) 2.475(8)
OH(2) 2.603(8)
0(1) 2.685(6)
O(4) 2.688(8)
[2.5140

at (3450, 3348), (986, 946), and (880, 845) cm! were
attributed to the H,O molecules, UO, groups, and SiO,-
tetrahedra, respectively. However, the v(Si-O) and

2

3000 3500
cm!

500 1000 1500

Fig. 3. IR spectra of (1) a-uranophane and (2) B-ura
nophane.
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v(UO,) bands in the IR spectrum of the 3 modification
are split, unlike analogous bands in the spectrum of the
o modification. In addition, the v(SIO-H) band in the
spectrum of the B modification has a higher intensity
than the analogous band in the spectrum of a-ura
nophane.

To summarize, the analysis of the structural rela-
tions between a- and 3-uranophanes provided the inter-
pretation of the difference in their unit-cell parameters,
crystal morphology and properties (in particular, insta-
bility of optical characteristics), and the conditions of
the formation of these polymorphs.
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Abstract—The behavior of ferroelectric liquid crystals in an external electric field is simulated numerically.
The equations that describe the dynamics of the director of aliquid crystal are derived within the continuum
theory of easticity with due regard for compressibility of smectic layers, finite anchoring energy, and dielectric
properties of orienting coatings and external elements of areal electric circuit. These equations make the basis
for smulation of the electrooptics of ferroelectric liquid crystals. The specific features and mechanisms of
the surface-stabilized bistability and hysteresis-free electrooptical switching (the V-shape effect) are discussed.

© 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

At present, the numerical ssmulation of physical
processes occurring in liquid crystals (LCs) is of great
importance. Thisisexplained, first and foremost, by the
complexity and diversity of the physical processes in
LCs. The use of various simplified approaches that
allow simple analytical solutionsturned out to be insuf-
ficient for a deep understanding of the physics of the
phenomena observed. In recent years, the methods of
numerical simulation of electrooptics in nematic liquid
crystals have become very popular. Now, there exist
commercial programs that allow one to simulate rather
reliably the dynamics and electrooptics of nematic lig-
uid crystals[1, 2]. This process was stimulated to great
extent by the development of the display technology. It
is the numerical simulation that provides better under-
standing of many electrooptical effects and their usein
the display technology.

The achievements in the field of smectic LCs are
less impressive than in the field of nematic ones. When
the author, already possessing some experience in the
simulation of electrooptics of nematic LCs, started
designing software for simulating the dynamics and
el ectrooptics of ferroelectric liquid crystals, he encoun-
tered numerous physical problems in derivation of the
equations that describe the dynamics of the director in
smectic liquid crystals (smectics) and some other
important aspects associated with the role of the con-
stituent elements of externa electric circuits in the
presence of spontaneous polarization of LCs. The con-
ventional forms of the equations that describe the
dynamics of ferroelectric smectic liquid crystalsturned
out to be oversimplified because they ignored a number
of the well-known experimentally observed effects.

In the present study, we derive these equations
within the framework of the continuum theory of elas-
ticity. 1 introduced an additional term into the tradi-
tional expression for the free energy of smectics, which
takes into account the compressibility of smectic layers
and, thus, makes the resulting equations of the dynam-
ics more comprehensive. For example, at certain values
of the elasticity modulus of the smectic layers, these
equations describe the motion of the director over the
cone (traditionally postulated in ferroelectrics). The
electroclinic effect is aso described by these equations
(whereas, usualy, this effect is interpreted within the
framework of the Landau theory only in the vicinity of
the smectic A*—smectic C* phase transition [3, 4]).

The problem considered in this article is a complex
one and requires the solution of the equations not only
in the bulk of aliquid crystal but also at its boundaries,
where the LC interacts with the orienting surfaces. The
important feature of the approach suggested hereisthe
complement of the equations of the dynamics of aLC
with the corresponding system of equations that
describe the currents flowing in an external electric cir-
cuit. It is the consistent solution of all the equations
mentioned above that provides the creation of the real-
istic picture of the processes occurring in ferroelectric
LCs.

Since this article isintended not only for the people
working with LCs but also for all those who are inter-
ested in problems of mathematical simulation of simi-
lar systems, | explain the physical meaning of some key
terms conventionally used in the description of LCs.

Ferroelectric LCs considered in this article belong
to the class of smectic L Cs characterized by the orien-
tationa order of the molecules and, at the same time,
possessing layer structures [3, 4]. Unlike nematic LCs

1063-7745/03/4801-0124%$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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characterized only by orientational order, smectics also
possess one-dimensional periodicity. The correspond-
ing interlayer period is determined by the size and tilt
of the moleculesin the smectic layers. Thereisno long-
range trandational order in the plane of the layers,
which makes smectics similar to liquids. However, like
solid crystal's, smectics possesstrandational periodicity
along the normal to the layers. Along this direction,
smectics are weakly compressible “rigid” systems. The
latter property provides some specific electrooptical
effects and allows one to make a number of simplifica-
tions, not always quite justified, in writing the equa-
tions of the dynamics of smectic LCs, and especialy in
the quantitative description of the system and somefine
effects, which, in someinstances, play thedecisiverole.
These cases will also be discussed in the article.

In terms of symmetry, the condition necessary for
the manifestation of the ferroelectric properties in
smectics is the chirality and tilt of the moleculesin the
layers, which resultsin the absence of an inversion cen-
ter and a symmetry plane normal to smectic layers. As
aconsequence, the polarization along the direction per-
pendicular to the layer normal and the director of aLC
can arise. This effect wasfirst indicated by Meyer et al.
[5]. The corresponding phases that may possess ferro-
electricity are related to chiral smectic phases denoted
asC*.

Ferroelectric LCs are still less used in the display
technology than nematics. This is explained by the
technological difficulties in obtaining homogeneous
samples and aso insufficient knowledge about the
properties of smectics. However, smectics also have an
important advantage in comparison with the nematic
LCs—they are characterized by extremely short
switching times (microseconds). Therefore, ferroelec-
tric LCsare used, first and foremost, in high-speed light
modulators and controllable phase plates and also in
some devices that require the linear electrooptical
response. Some new electrooptical effects such as, e.g.,
hysteresis-free switching, allow us to hope for the cre-
ation of the gray scale and the widespread use of ferro-
electric LCs in the display technology. Up to now,
despite the intense study by various scientific groups
[6-8], hysteresis-free switching has not been inter-
preted reliably and is considered as a somewhat myste-
rious phenomenon. Our earlier studies [9] (which aso
include the solution of the equations described in the
present article) allow one to clarify this mysterious
effect. The comparison of the predictions based on the
numerical solution of the equations given below and the
experimental data show that the system of equations
obtained is sufficiently comprehensive, and the
approach suggested is rather efficient.

The article consists of two main parts. The first one
is devoted to the detailed derivation of the equations
that describe the dynamics of the director of aferroelec-
tric LC. | thought that it was also important to consider
here numerous consequences despite the fact that many
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of them could be obtained by the reader himself,
because some of the calculations are rather cumber-
some, which considerably increases the number of pos-
sible errors. Moreover, my own experience shows that
the statement completeness and detalization are always
justified, especially if one uses the equations derived
for numerical simulation. The second part of the article
is dedicated to the results of simulation and discussion
of two electrooptical effects-bistability in surface-sta-
bilized ferroelectric LC (the well-known Clark—L ager-
wall effect [10, 11]) and al so the dynamic effect of hys-
teresis-free electrooptical response (the so-called V-
shape effect). Although both effects are intensely stud-
ied (especidly, the bistability effect), many of the
important aspects of these effects have not been quite
understood as yet.

Simulation of electrooptics also requires the solu-
tion of the corresponding Maxwell equations for one-
dimensionally nonuniform anisotropic optic media
The basis for solving this problem was suggested by
Berreman in hisfundamental study [12]. The Berreman
approach is now widely used for solving complex opti-
cal problems. Earlier, | described the corresponding
generalized algorithm for the numerical solution of the
optical problemin [13]. There are also some anaytical
solutions convenient for the uniaxial optical media
[14]. Therefore, the optical problem is not considered
in this article and | focus here attention only on the
results obtained in simulation of electrooptics.

1. DYNAMIC EQUATIONS FOR THE DIRECTOR
OF A FERROELECTRIC LIQUID CRY STAL

We consider alayer of aferroelectric liquid crystal
(FLC) between two parallel surfaces—electrodes con-
nected to a voltage source. The laboratory coordinate
system is chosen in such away that the x and y axeslie
in the plane of the first surface, whereas the z axis is
directed along the normal to the second one. Thisis a
natural and very convenient choicefor an experimental -
ist. Such a choice is also explained by the fact that the
simulation is associated with the solution of an optical
problem for which another choice of the coordinate
system would be associated with many difficulties.
Usually, FLC are described theoretically in the coordi-
nate system in which the z axis is directed along the
normal to the smectic layers. Therefore, the reader
should be very careful when comparing the results
obtained in the present article with the data published
earlier.

The description of the dynamics of molecules in a
LC is based on the notion of a director, n = (n,, n,, n),
which is a pseudovector that represents two equivalent
directions (n = —n) of the preferable orientation of long
axes of the constituent molecules in a LC. Despite the
fact that nisamathematical abstraction, it isassociated
with the physical (although very small) volumeof aLC.
Therefore, when discussing the spatial distribution of
moleculesinan LC, it isconvenient to use the notion of
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adirector distribution. In asimilar way, it is convenient
to describe the dynamics of moleculesin an LC asthe
dynamics of its director. The general considerations
make it clear that, in order to write the equations of the
director motion, one hasto define thetorquesthat act on
thedirector. Inthisarticle, we consider the orientational
dynamics, i.e., changes in the angular coordinates of
the director, and ignore the hydrodynamics of an LC,
which seems to be the only essential simplification that
should be considered separately.

A method adequate for the determination of a
torque, is the variation of the director state and the
determination of the virtual physical work necessary
for changing this state. It is convenient to use as the
function of the director state the density of the free
energy F, which, in the general case, consists of two
components—the density of the elastic-deformation
energy and the density of the electric-field energy. To
the equilibrium state there corresponds the minimum of
the total free energy

® = {de, (1)

which, in accordance with the well known theorem of
the mathematical analysis, is obtained by solving the
system of the Lagrange—Euler equations. We are inter-
ested here only in those liquid-crystal cells where the
director distribution along the z direction is nonuniform
and, therefore, the free-energy density is a function of
seven variables F = F(z n,, n, n, dn,/0z, dn,/0z
0n,/0z). However, the requirements that the vector n
should have the unit length reduces the number of the
independent variables, and the corresponding system of
the Lagrange—Euler equations takes the form

_A(F+g), d@(F+gn _ 4
ani dZE| ani' D ’

i{xy.2, 2

g

n
NI

g
)\Eﬂ.—iZniﬁ =0, 3)

where n/ =0n,/0z.

Physically, the left-hand sides of the equations of
system (2) represent the resulting torque, which, in the
equilibrium state, is equal to zero (hereafter we con-
sider the torque related to the unit volume). The first
term is the consequence of the virtual physical work
which should be done during the variation of the direc-
tor state. This torque is balanced by the second term,
which reflects the environmental reaction associated
with the nonuniform director distribution. Expression (3)
(where A isthe Lagrange multiplier) isthe consequence
of the additional normalization condition decreasing
the number of the independent variables and modifying
the function to be differentiated in the Lagrange—Euler
equation, as can be seen from Eq. (2).
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In order to pass to the equations of the director
dynamics, we have to introduce into Eq. (2) the corre-
sponding dynamic torques associated with the director
rotation. These are the inertia and friction torques with
the latter being responsible for the energy dissipation.
Up to now, there are no experimental datathat provethe
importance of theinertiaforces, and, therefore, we con-
sider only the contribution from the friction torque
determined by the rotational-viscosity tensor y. Thus,
Eqg. (2) is transformed into the following vector equa-
tion:

dn _ OF _ dpFy
Tar = an+dz@nﬂ+)\n' )

The left-hand side of Eq. (4) represents the total deriv-
ative of the director state with respect to time. Strictly
speaking, this is only an approximation admissible in
virtue of the simplification made above associated with
the neglect of the hydrodynamics and allowance for the
rotational viscosity alone. In the numerical solution, the
last term in EQ. (4) containing the Lagrange multiplier
istaken into account automatically if the director isnor-
malized at each discrete time and space interval. Asis
seen from Eq. (4), the main problem in the derivation of
the motion equations for the components of the vector
n isassociated with the determination of theform of the
free-energy density F = F(z n, n') and its derivatives.
The determination of the form of the rotational-viscos-
ity tensor and the boundary conditions is aso impor-
tant.

The total density of the free energy of the FLC vol-
ume (at the moment without the allowance for the
energy of anchoring with the boundary surfaces which
will be considered later) can be represented as the sum
of two terms

F=F+F, 5)

where F, represents the density of the elastic energy
and F,, the density of the electric-field energy.

1.1. Elastic Energy of a FLC and Corresponding
Torques

For anematic LC, the elastic-energy density iswrit-
ten in the form of the well-known Frank—Oseen expres-
sion[15, 16, 3],

_1 . 2 2
F, = Z[Ky(divn)™ + K, (neurln + qg)
2 (©6)

+ Kg(n x curl n)2].

Here, K,;, Ky, and K, are the elasticity constants of a
LC and q, is the quantity characterizing the natural
pitch, P = 217/, (Where, in the case of chirality, g, has
anonzero value).

For achiral smectic LC, Eq. (6) can have the contri-
bution associated with the spontaneous bend deforma-
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tion, and Eq. (6) is transformed into the well-known
expression [4]

F, = 1[Kll(div n)2 + K,,(ncurln + qo)2
2 %
+ Kag(n x curln —b)?],

where b = Bk x n. Hereafter k = (k,, k, k) is the unit
vector of the normal to the smectic layers. Unlike in
chiral nematics, the period of the director helix in chira
smectics is determined by both scalar quantity g, and
vector of the spontaneous bend deformation, b.

Expression (7) isoften used to consider ferroelectric
LCs, however, this expression does not take into
account a very important property of smectics—com-
pressibility of smectic layers. The thickness of smectic
layersis determined by the size of molecules| and their
tilt angle with respect to the normal k. The variation of
the smectic-layer thickness requires some additional
work which, in the linear approximation, can be repre-
sented in the form

SA = K&%/2, ®)

where d is the variation of the smectic-layer thickness
and K is the corresponding elasticity coefficient.
Excluding interlayer diffusion, we can express & in
terms of the natural tilt angle W of moleculesin anon-
deformed smectic layer and the cosine determined by
the scalar product nk. Then Eq. (8) can be represented
in the form

0A = %K4(cosLP—nk)2, )

where below K, will refer to the elasticity modulus of
smectic layers.t

Thus, with due regard for Eqg. (9), the free-energy
density of asmectic LC acquires the form

F, = 2[Ky(divn)+ Ku(neurln +qp)°
2 (10)

+ Kg(n xcurln —b)2 + K,(cosW — nk)z].
We limit ourselves to the case where the director distri-

butionisuniform in the xy plane, i.e., where the follow-
ing relationships are valid for the corresponding terms

1The dasticity coefficient can also be defined differently. For
example, in the approximation of small variations of the director
angle B with respect to the layer normal (weak compressibility),
one can introduce the elasticity coefficient a and write the contri-
bution to the free-energy density as (6 — W)?/2. Comparing the
latter with Eq. (9) in the approximation of small deviations of 0
from W, one can readily obtain a = K4(s1nllJ) It should also be
noted that, in the vicinity of the phase transition into the smectic
phase A*, the value of W is close to zero and the term a(6 —
W22 (06 nis equivalent to the first term in the expansion of
the free-energy density in the framework of the Landau theory.
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in Eq. (10):
divn = %—r;z (11.0)
on, 0n,
ncurln = —nXa +n, Tl (11.1)
(nx curln)2 = (curln)z—(ncurln)2
i [[@nﬂ E@n@} [ a_nyf (12
OozU ~ OozU X0z  Yoz]'’
(nxcurln)b = Béo%x(kznynﬁ k., —ky(n; + n2))
(11.3)
+ %(kx(ni + nzz) - kynxny_ kznxnz) El
Using Egs. (11) and the notation
&=n, n=n, (=n,
0n on,_ ., on,__ (12)
E E _r] ’ E _Z

(to abridge the form of the equations), we obtain from
Eq. (10) thefollowing expression for the elastic compo-
nent of the free-energy density:

L= SKul? + K(NE — 8"+ )
+Kg[* (N + &%) + (€' +nn) T}
~BKal (kT + k&N —k,(E*+77))E
+(k(n*+ 2% —k/&n —k,E)N']

+%K4[cosw—2kx—r]ky—ZkJ2.

In accordance with Eqg. (2), the torques that arise due to
elastic interactions are determined by the correspond-
ing derivatives of the free-energy density F,. Thus, dif-
ferentiating Eq. (13), we arrive at the following expres-
sion for the torque associated with the x component of
the director:

oF F
T S = K™+ K8+ "

+[Kgp—Kplénn" + [K33 —2K,]én 2
+ Kgg€8'% + 2Kl 0T + 2K ponN'E' + 2K o001
+ BKgs[(2k,C —k,Nn) ' = (2k,C + k& + k)N
+ K,(cosW —k,& —k,n =k, )k,.

In asimilar way, we also obtain the expression for they
and z components:

My, = [Kzzaz + Kss(nz + Zz)]n "+ [Kyg—Kpn&g™

(13)

I\/le:

(14)
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+[Kag — 2K N + Ko + 2K 520N’
+ 2K 558&'N" — 2K 10,¢
+BK [ (k£ — 2K, ()T + (2kL + k& +kyn)ET]
+ K, (cosW —k,& —k,n —k,O)k,,
My, = K" —Kg(€”+n)2
+BKgsl (kN =2k, ()& + (2k{ —k€)N]
+ K, (cosW —k, & — kyr] —k,Q)kK,.

(15)

(16)

1.2. Electric-Field Energy ina FLC
and the Corresponding Torgues

In order to describe the contribution of the electric-
field energy to the free-energy density, we use as the
field variable the displacement and not the el ectric-field
strength. In other words, we proceed from the assump-
tionthat it isthe chargethat is defined at the L C bound-
aries and not the potentials. This approach is more effi-
cient for numerical solution. Since the z component of
the displacement is constant inside the dielectric layer
of an LC, we can consider only one variable of the elec-
tric displacement instead of the set of variables corre-
sponding to the one-dimensional electric-field distribu-
tion. There is another important aspect associated with
the choice of the displacement instead of the field
strength. The point is that the choice of the field
strength as a variable requires the allowance for the
work done by the voltage source at the fixed potential
difference at the LC layer. However, the fixation of the
voltage at each moment in the solution of the dynamic
problem is associated with certain difficulties because
the voltage at the electric capacity cannot be changed
instantaneously since this would require the infinite
current. The situation is quite different if we consider
the rate of the charge variation at the electric capacity
(or the electric current) which is aways limited either
by the internal resistivity of the power source or the
resistivity of the electrodes. In turn, the current flowing
inside the dielectric can be considered as the rate of the
variation of the displacement (the conductivity current
is taken into account as an individual contribution, see
below).

One can show that for a linear polar dielectric, the
electric contribution into the free-energy density is
given by the expression [17]

F, = 2E 17
2~ 2 ’ ( )

where D, is the vector corresponding to the field-
induced contribution to the total displacement

D = D,+D;=P,+€E, (18)
where € is the permittivity tensor and D, = P is the

polarization of adielectric in the zero electric field. We
should like to emphasize that contribution (17) enters
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the total energy with the plus sign because we consider
the system under the conditions, where the charge and
not the voltage is set at the boundaries of an LC layer.?

With due regard for the geometry used for which
E =(0,0, E) and D; = (D, Dy;, D), Eq. (17) acquires
the form

Dzi Ez (Dz B Psz)2 — (Dz_ I:’sz)2
F2 = = =

2 Ae 1 Ae .,
ZSD%HE—DnZD ZsD%HS—DZD

In Eq. (19), At = g, — & and g, and & are the principal
values of the permittivity tensor (the components paral-
lel and perpendicular to the director, respectively). It
should also be noted that the allowance for only two
components of the permittivity tensor is an approxima-
tion, because the symmetry of the chiral C* phase
admitsthree different principal values. If it is necessary
to take into account biaxiality, one hasto apply the sim-
ilarity transformation to the tensor € in the way analo-
gous to that considered below for rotational viscosity.

The use of the relationships for the density of the
electric-field energy for alinear dielectric should not be
considered as an approximation, because the genera
character of the nonlinear behavior of an LC is taken
into account by the elastic contributions. Indeed, since
the free energy is a function of the state, its change in
thetransition to anew statein theisothermal quasistatic
process is independent of the transition path. Thus, we
can represent thereal process of deformation in an elec-
tric field as a virtual two-stage process during which,
first, the deformed state of the director is created (which
corresponds to the finite state) and then an electric field
is switched on at the fixed deformation. At the second
stage, we deal with the linear dependence of displace-
ment on an electric field, because the external fields are
essentially less intense than the intramolecular fields.
This approach is of the general character [18].

The quantity Pg, should be expressed in terms of the
director state. Proceeding from the most general ideas
on the symmetry of a ferroelectric C* phase, we can
write the following expression for P, [19, 20]:

yi»

(19)

Ps, = Po[(kn)(k xn)],
= Po(ksny + kyny + kn,) (K.ny —kyny)
= PO(kxE + kyn + kzZ)(kxn - kyE)a

(20)

where P, is the quantity that can be expressed in terms
of the spontaneous polarization Py, of the nondeformed
layer of aferroelectric

Po = Pgo/|(kng)(k x ng)| = Pg/cosWsinW. (21)

CRYSTALLOGRAPHY REPORTS Vol. 48

21f we had considered the system at the fixed voltage at the LC
layer, the contribution to the free energy would have had the
“minus’ sign and would have contained the well-known term —
PE associated with alowance for the work of the voltage source.
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It should be noted that P, isamore general characteris-
tic than spontaneous polarization Py, which, in accor-
dancewith Eq. (21), should vanish in the absence of the
natural tilt of the director in the smectic layers, where
Y=0.

Substituting Eq. (20) into Eq. (19) and differentiat-
ing the latter equation, we obtain the following expres-
sions for the torque components:

for the x-component,

a oF,
i3
Dzi PO[(kxE + kyr] + kzZ)k

I\/|2x =

— (ka1 k&) kx] (22)
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and for the z component,
oF
MZZ = azz
_ _ Difel_ DPy(kn-kBk  (24)

Ag 77 Ag
5;%‘- + _ZE 55%1 +—

It should be noted that Egs. (22)—(24) include the
electroclinic effect. Even if the polarization is parallel

to the electric field, there is a nonzero torque which
tends to change the smectic-layer thickness.3 More-

7
&g

85%1 ZED over, as has aready been noted, P, can have a nonzero
value in a chiral smectic A* phase. Then, the corre-
for the y component, sponding torques would determine the electroclinic
aF effect in smectics A*. Thisdiffersthe equations consid-
M, I —Z ered here from the equations conventionally used to
n describe FLCs [3, 4].
D, Pol (k& + k,n + k, Ok, + (k,n —k,&)k
= DaPol(kd *ion * IOk + (ke Zky2 )k ., (23) In order to determine the total and field-induced dis-
e+ A, 7] placements, one can use the following integral expres-
ST .
D sions
elie=Pof (k& + ko + k) (k€ - )+ S5 z@ dz
D, = : (25)
IE*H z@ dz
Dzi = Dz_ Po(kxz + kyn + kzZ)(kxn - kyE)a (26)

where U, ¢ isthe potential difference at the liquid-crys-
tal layer.

1.3. Anchoring Energy and Boundary Conditions

The director state at the boundary is determined by
the balance of two torques—the elastic torque of aLC
and the surface torque due to anchoring,

oW

dFny, - oW
on’

dzLonU

z

(27)

The above equation is the consequence of the applica-
tion of Lagrange equation (2) to the surface layer of a
LC. Obvioudly, Eq. (27) is equivalent to the equation

oF  OW _

“on' an =0

(28)

where W is the anchoring energy of aLC. The signs of
thetermsin Eq. (28) correspond to the first surface. For
No. 1
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31tis important to consider the particular case of a homogeneous
layer of a LC with the vector k = (1, 0, 0) (the layers are normal
to the substrate surfaces) in a static field E. With due regard for
Egs. (22)—(24) and Egs. (14)—<16) at Ac = 0, system (2) acquires
the form

EPgny +An, = K,(n, —cosW),
EPon,+An, =0,
An, = 0,

where A is the Lagrange multiplier [see (3)]. The solution of the
system (*) yields n, = 0 (the director liesin the xy plane) and

*)

EP,00 n EP, 20 O
A(p D——Oﬂ—% = _0 Osch_][l' (**)
Ka O ny Ka Gin o U

where Ag is the change in the angle ¢ of the director with respect
to the x axis under the conditions that the polarization vector Pgis
parallel to the electric-field vector E. Expression (**) iswrittenin
the approximation of small changesin the angle @ = W+ Ag and
is associated with the electroclinic effect. One can readily see that
the electroclinic effect should vanish at W = 14 and change the
signat W > /4. With adecreasein W, i.e., with an approach to the
point of transition into the smectic phase A*, expression (**) pre-
dicts a dramatic increase in the electroclinic effect at the normal
behavior of K.
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the second surface of a LC cell, the sign of one of the
terms should be changed to the opposite one.

For the torque components, the following equations
follow from Eq. (28).

For the x component,
oF L oW _
“or T3
Using Eq. (13), we obtain for the first surface (z= 0)

5 = 1Kan"+ K€+ O + Kz —KodEmn’
(30)
~Ka0on ~KagB[k&N + k1T ~ky(1-n")].

Thus, substituting Eq. (30) into Eq. (29), we obtain the
derivative of the x component at the boundary

&' —[ + (Kp—=Kg)énn'—Kyagon

=0. (29)

—KgBlké&n +k,Nng —ky(l—nz)]} 31

X [Kzzr]2 + K33(E.2 + Zz)] B
The expressions for the derivatives of the remaining
components are obtained in asimilar way.
For the y component, we have
. ow
n = [_ + (Kyp—Kg3)né&' + Kpgef

KBk, (1-8") — kN —kzm} 2
X[Kzza +K33(n +( )] =G
For the z component, we have
' = ia_VVE
Z - K]_l az GZ' (33)

Fig. 1. To the interpretation of the azimuthal and zenithal
contributions to the anchoring energy; xyz is the laboratory
coordinate system, x'y'z' is the local coordinate system, y'
coincides with the easy axis, whereas the z axis lies in the
y'z' plane.
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Using Egs. (31)—33), we determine the director state at
the boundary z = 0 by solving the above equations
simultaneously with the equations for the volume. For
the second boundary (z= d), the sign of one of theterms
on theleft-hand side of Eq. (28) ischanged, and one has
also to change the signs of the corresponding terms in
Egs. (31)—33).

It isvery important to choose the form of the energy
of anchoring of a LC with the surface appropriately. |
have already discussed the problem of the representa-
tion of the anchoring energy in [21] and indicated the
arguments in favor of the choice of the Fourier expan-
sion. The Fourier expansion of the anchoring energy
can conveniently be written in the local coordinate sys-
tem x'y'z' in which the y' axis coincides with the easy
axis (Fig. 1). By definition, the easy axisin the labora-
tory coordinate system xyzis set by the pretilt angle 9,
with respect to the xy plane and corresponds to the
director orientation on the surface in the absence of
elastic deformation in the bulk. If the director inthe LC
bulk is deformed it deviates from the easy axis on the
surface.* The restoring force arising on the side of the
surface is determined by the form of the anchoring
energy. In the local coordinate system, the director
motion in two orthogonal planes x'y' and y'z' can be
considered as two independent movements character-
ized by the amplitudes of their harmonics, defined here
as those corresponding to the azimutha and zenithal
anchoring energies. Therefore, in the most general case,
each of these energies can be represented as a Fourier
series for the corresponding orthogonal direction (rota-
tion by the angle ¢ for the azimuthal energy and angle
9" for the zenithal energy)

<)

W, = Z (A,ncos(md') + B,,sin(md')), (34.1)

00

S (AumCoS(M@) + Bpsin(me)),

m=0

where misthe harmonic number and A, B,,,, A @0d
B, are the corresponding harmonic amplitudes.

Assuming the existence of a certain symmetry, we
can simplify expansion (34). For instance, the existence
of the symmetry with respect to the easy axis requires
an even energy function and, then, the Fourier seriesin
both (34.1) and (34.2) expansionswould consist only of
cosines. The existence of an additional symmetry with

W, = (34.2)

4The direction of the easy axis depends on the conditions of the
surface treatment and does not necessarily lies in the xy plane of
the laboratory coordinate system. In the general case of smectic
LCs, the direction of the director on the surfaces does not coin-
cide with the easy axis because of the elasticity of smectic layers.
The structure of the layers at the surface is rather stressed
because, on the one hand, the elasticity torques tend to preserve
the thickness of the smectic layers, whereas the anchoring forces
try to orient the director along the easy axis. The competition of
these two torques can distort the smectic layersin the bulk.
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respect to the x'z' plane orthogonal to the easy axis
results in the presence in the expansion of only even
harmonics. In the latter case, the zeroth and second har-
monics represent widely used Rapini’s potential. Obvi-
oudly, in the general case, there is no such symmetry,
and the development of the methods for measuring
Fourier coefficients would promote the creation of the
method for the adequate characterization of the anchor-
ing energy.

Below, we modify Rapini’s potential with due
regard for different azimuthal and zenithal contribu-
tionsto the total anchoring energy. In other words, with
due regard for only the zeroth and second harmonics of
Fourier expansion (34), the total anchoring energy is
expressed in terms of the director components as

W= W, +W, = 2W.n? + 2w.n2,

2 2 (35)

where W, and W, are the amplitudes of the azimuthal
and zenithal components of the anchoring energy and
n, and n, are the director componentsin the local coor-
dinate system (Fig. 1).

Equation (35) can aso be interpreted in terms of a
tensor. Indeed, by definition, the anchoring energy
should reflect the physical work done during director
deviation from the easy axis, i.e., should be determined
by the integral

W = J’Mndn = tun2. (36)

2
Here, M is the torque amplitude independent of direc-
tions, which signifies that we do not account for the
possible anisotropy of the torque amplitudes along dif-
ferent directions provided by different azimutha and
zenitha contributions. In order to take into account this
anisotropy, one has to consider M as a matrix. Then
Eq. (36) istransformed to

W = %(M nn. (37)

To represent Eq. (35) in the eigen coordinate system
X'y'z', we use

w,0 0 U
00O E
00 0w,
Thus, in the terms discussed above, the anchoring
energy can be characterized by atensor.

To obtain the anchoring energy in the laboratory
coordinate system, we have to perform the correspond-
ing rotation operation. Then Eq. (35) acquiresthe form

O

M = (38)

|

1 . 2
W = EWa(nxsmq)a— nycosd,)
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+ %Wz(nzsi n6,—n,cos¢,cosb, —n,s ncl)t.jcosﬁa)2
1 (39)
= SW,(Esing, —ncosp,)”

+ %WZ(Z sinB, — & cos¢ ,cos6, —n s nq)acosea)z,

where ¢, and 6, are the angles determining the easy
axis with respect to the x and z axes of the laboratory
coordinate system, respectively

To determine the director state at the boundariesin
accordance with Egs. (31)—«(33), we have to take the
partial derivatives of the interaction energy obtained
from Eq. (39)

%% = W,(Esing, —ncosp,)sing,
-W,({sinB,—¢&cosd ,cosB,—nsing ,cosb,) (40)
x cos¢,coso,,
S = ~W.(&sing,~ncosp.)cost,
—W,({sinB,—¢&cost ,cosB,—n sing ,cosb,) “1)
x sind,cosB,,
oW :
— = W,({sinB,—& cosp ,cosb,
T (4 € cosd “2)

—-nsin ,cosb,)sing,.

Thus, we now possess the system of equationsfor solv-
ing the static problem on the spatial distribution of the
director.

1.4. Friction Torques

The solution of the dynamic problem requires the
allowance for viscosity. We ignore the substance trans-
port in a LC cell and take into account only the rota-
tional viscosity characterized by a second-rank tensor.
Because of the low symmetry of the ferroelectric phase
C*, all the three principal values of the tensor can have
different values.

To obtain the equation of mation, it is necessary to
determine the components of the tensor y in the labora-
tory coordinate system xyz related to the principal val-
ues of the tensor y, in the eigen coordinate system abc
by the similarity transformation (one has to distinguish
between this system and the local system related to the
easy axisshownin Fig. 1)

vy = Ry,R™. (43)

Here, R is the rotation matrix relating the coordinates
in the laboratory coordinate system to the coordinates
in the eigen coordinate system.
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b

Fig. 2. Eigen coordinate system and the corresponding
types of two orthogonal motions of the director that allow to
understand the physical meaning of the components of the
rotational-viscosity tensor.

The eigen coordinate system abc in which the tensor
isin the diagonal form,

O O

oy on

Yo.=UO 0

"o Tg

00 0 vy;0
is determined as follows:

(44)

2 2 2
Ri1Y:+ RpYa + Rigys

O

O

-

1 % Ro1Y1 + RiaRooYo + RizRosys
O

R,
R
The corresponding torgque provided by viscosity is

_dn
1ot
(47)

|:| yxxn + yxyny + sz z |:| |:| yXXE' + yxyn + szz |:|
=0 Vyxn + Yyyly + Yy, D %Vyxﬁ +y,N+ vyzZ D'
T Vol Yo+ v Vak + Vot Y2l O

It is important to clarify the physical meaning of the
principal values of viscosity tensor (44). It isthese val-
ues that are the characteristic quantities. Proceeding
from the chosen eigen coordinate system, we obtain
that the component y, of the tensor corresponds to the
change of the b component of the director, i.e., deter-
mines the friction along the direction normal to the
plane in which the k and n vectors lie (Fig. 2). Thus,
under certain conditions, this component determines
the viscosity for director motion over the cone. In the
absence of compressibility of the smectic layers, this
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—the c axis corresponding to the subscript 3 is cho-
sen aong the director n;

—the b axis corresponding to subscript 2 is chosen
along the crystallographic C, axis, i.e., along the direc-
tionk x n;

—the a axis corresponding to the subscript 1, i.e.,
chosen as the axis complementing the right-hand refer-
ence system, i.e., along the direction (k x n) X n.

The components R;; of the matrix are the directional
cosines, which, by virtue of our choice of the eigen
coordinate system, are determined as

(Ri3; Roz, Rs3) = (n, Ny, Ny),
(Ri2, Rop, Ryp) = (k xm)/[k x n
= (kn, — kny, kn,—kn,, kn, —kn)/k xnj,
(Ri1s Ry, Ryy) = ((k xn)/[k xn|) xn
= (R, = Rypny.

Because the rotation and inverse matrices are orthogo-
nal, the latter matrix is determined by transposition.
Thus, substituting Eq. (45) into Eq. (43), we obtain the
viscosity tensor in the laboratory coordinate system

(45)

— Rsany, Rapny = RN, Rypny

O
Ri1Ra1Y1 + RipRapYs + RisRosYs RitRaYr + RipRapYo + RigRasys D
2 2 2
Ro1Y1+ RaoYa + Ragys
11Ra1Y1 + RioRapYo + RisRasYs Ry RarY1 + RpRaoYo + RygRasYs

Ry1Ra1Y1 + RpRayY, + RygRasYs D (46)
R31V1 + R32V2 + R33V3 D

component can be compared with quantity y,/sin*¥
[3, 4]. Thetwo remaining componentsy;, Y5 correspond
totherotationinthekn plane, i.e., to the so-called “ soft
mode” of the director motion and viscosity, usualy
denoted as y,. If the viscosity is invariant with respect
to the operation of rotation of the eigen coordinate sys-
tem about the b axis, theny, = y; = Vo. Theinvarianceis
not the necessary condition, and, therefore, three differ-
ent viscosity components are admissible.

1.5. Compl ete System of Equati onswith Due Regard for
the Elements of Electric Circuit

In order to orient a FLC, one has to deposit onto it
an additional film which prevents the direct contact of
LC molecules with the electrodes. Thus, the electric
circuit should have an additional element, which can be
represented by an electric capacity C connected in par-
alél to the resistance R, which takes into account the
capacity and the resistance of the orienting coatings. In
addition, the resistance of electrodes, R,, aso has a
nonzero value and should be taken into account as if it
were connected in series with the voltage source (see
the equivalent schemein Fig. 3).
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The current and the voltage in the circuit shown in
Fig. 3 are described by the following system of differ-
ential equations:

dUc 11 1

D, Ih, 10y - _
Ot C[R+RA]UC CRO(U U, @81
ULC dDz —
ﬁrg+sW =1, (48.2)
U = U=IR,—Ug, (48.3)

where Siis the electrode area in the LC cell, U is the
voltage provided by the power source, U isthe voltage
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Urc

|

ILC = dDZ/df

Fig. 3. Equivalent electric scheme of aLC cell.

L C in the notation accepted in this article are written as

at the orienting layers, U, ¢ is the voltage at the liquid- ny + nj +n =1, (49.1)
crystal layer, R, isthe resistance of the electrodes, Cis . ) .
the equivalent electrical capacity of the orienting lay- Vil = Mt Mo # A0 =Yg Ny =Yy, (49.2)
ers, | is the resulting current of the source, D, is the e = Moo+ Moo+ AN =V Ao — V.11 493
z component of the electric-displacement vector in an Yo M o Ty va. * VyZ. m  (499)
L C whose conductivity is taken into account with the YN, = My, + My, + An, =y, 0=y, N,  (49.4)
aid of the resistance R - connected in parallel. Using an
R c, Wetakeinto account all the types of the conductiv- . = Gyl 0.0 (49.5)
ity of a LC in the linear approximation under the 0Z |;=0.
assumption that the conductivity is uniform over the on -G 4
whole thickness of the LC and is independent of the - = Gyl;-0a (49.6)
electric field. z=0.d

Finally, the reduced additional system of equations (_9_n_z = Gy, g0 (49.7)
necessary to describe the dynamics of the director of an 0Z ;=04 e=n

£.U o — Py [(kn, +k,n, + kon)(kon, —k.n )%HA—snﬂ_ldz
gov¥LcC OI X' IX y'ly 'z yhIX x'ly. SEI 7]
D, = z (49.8)
Ae g7t
J’%l + s_DnZD dz

z

The above system of equationstogether with system
(48) form the complete system of equations valid not
only for the ferroelectric LCs but aso for other liquid-
crystal phases of higher symmetries. Thus, assuming
that spontaneous polarization Py,, spontaneous bend 3,
and elasticity modulus of the smectic layers K, are
zeroes and that the principal values of the viscosity ten-
sor are equal, we automatically arrive at the system of
equations for anematic liquid crystal.

The solution of the complete system of equationsis
avery complicated problem, because it can be obtained
only by the simultaneous and consistent solution of al
the equations. The description of the algorithm of such
a solution is beyond the scope of this article. Here, we
would only like to note that this problem together with
the optical problem is solved using the Ferroelectric
Liquid Crystal Lab. (FLCL) program written by the
author.
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2. EFFECTS OF BISTABILITY AND HY STERESIS-
FREE ELECTROOPTICAL SWITCHING

Consider the results of the numerical solution of
above systems of equations (48) and (49) and clarify
the mechanisms of the two effects especially important
for understanding the physical processes occurring in
ferroelectric LCs and some of their applications. These
arethe effects of bistability and the hysteresis-free elec-
trooptical switching. The first effect has been known
and studied for quite a long time [10, 11], but some
important aspects of the phenomenon have passed
unnoticed. Despite the thorough study [9], the second
effect is still somewhat mysterious. As will be shown
|ater, these two effects reflect different manifestations
of the same physical processes.

For simulation of these effects, define the following
characteristics of a hypothetical LC cell:

and K, is the parameter ranging within 5 x 10—
10° pN/um? (0.5-1.0 MPa);
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Fig. 4. (8) Dynamics of the director in the center of an LC
cell depending on the anchoring energies W, and W, the
elagticity modulus Ky, electric capacity of the orienting Iay
ers C, and spontaneous polarization Pgy: (1) W, = W, =
0.1 mym?, Ky =1 MPa, C =50 nF, and Py = 30 nC/cm2
2 W,=1 mJ/m W, = 0.1 m¥m? ‘2K4 1MPg, C=50nF,
Py = 30 nC/cm?, (3) W, = 1 my/m?, Va=0.1 mIm?, K, =
0.5MPa, C =50 nF Py =30 nC/cm 4 W,=1 mJ/m
W,= 0.1_mIm?, K, = 05 MPa, C= 50 nF, Py =
15 nClem?; (5)W =1 mIm? W, =0.1 mym?, K4=1MPa,
C = 200 nF, Pg = 15 nClem? (b) the waveform of the
applied voltage; and (c) different states of the director. The
director of an LC is depicted in the shape of a cylinder, the
arrow indicates the local direction of the polarization. The
state O is observed in the absence of bistability and electric
field. States| and |1 arise at the positive and negative applied
voltages; these states are also preserved in the absence of
the applied voltage if the bistability effect takes place.
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—the components of the viscosity tensor of an LC
Yi=Y.=Y;=05Pas,

—moduli of spontaneous bend 3 = 0.1 um™ and the
inverse pitch g, = 0.1 pm;

—natura tilt angle of molecules in smectic layers
W =25°;

—thickness of the LC layer d =2 pm;

—components of the permittivity tensor of aLCeg =
€n=3;

—spontaneous polarization Py, of aL C, the variable
parameter ranging within 15-100 nC/cm?;

—components of the anchoring-energy tensor W, =
0.1 mJm? and W, is the variable parameter ranging
within 0.1-1.0 mJ/m?Z;

—orientation of the easy axis on the cell surfaces
¢, =0° and 6, = 86° (the pretilt equals 4°);

—orientation of the normal to smectic layers (k,,
k. k) =(1,0,0);

—electric resistance of an LC layer R at the elec-
trode area S = 1 cm?, the variable parameter ranging
within 1-100 MQ;

—electric resistance of electrodes R, = 200 Q;

—electric capacity of the orienting layers of aLC
cell, the variable parameter ranging within 25-200 nF.

The parameters indicated above as variables play
the key part in the both effects.

2.1. Bistability Effect

At a high value of the compressibility modulus K,,
the external electric field influences the thicknesses of
smectic layers only weakly and the molecules in the
layers move around the layer normal over the cone
determined by the natural angle W. In this case, the vec-
tor of spontaneous polarization is normal to both the
director n of the LC and the normal k to the smectic
layers. One of the stable director distributions is the
state in which the easy-orientation axes, the director n,
and the vector of the normal k liein the same plane (in
our case, the xz plane). However, the experiment shows
that two symmetric states for which the director devi-
ates from the xz plane by a certain angle not exceeding
the natural angle W over the whole layer thickness can
also be stable. The short application of an electric field
of the corresponding sign parallel to the zaxisresultsin
switching of the director from one stable state to
another, which fact underlies the bistability effect.

Consider the results of the effect smulation. Figure 4a
showstheresponse of aL C to the application to the cell
of short periodic voltage pulses of opposite signs
(Fig. 4b). The ordinate axis shows the angle ¢ formed
by the projection of the director n onto the xy plane and
the x axis. Curve 1 corresponds to the situation, where
no bistability effect is observed. Indeed, for the time of
duration of a positive pulse, the director deviatesfor an

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003
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angle of @ = 26° dightly exceeding the natural angle
(25°) because of the finite compressibility of the layer
(the electroclinic effect). In this state, the director is
amost parallel to the xy plane over the whole layer
thickness (except of the subsurface regions), whereas
the polarization is directed along the electric field (the
z axis).This state is denoted as state | (Fig. 4¢). Upon
switching-off of the pulse, the director remains for
sometimein the state close to state |, but already 15 ms
later, it relaxes to the zero state O, where ¢ = 0. The
pulse of the opposite sign brings the director to the
symmetric state = —26° (state 1), which a so becomes
unstabl e upon switching-off of the voltage. Thus, inthis
case, no bistability is observed.

Now, we change the properties of anchoring of alig-
uid crystal and the surface. As was shown in Sect. 1.3,
anchoring is characterized by the tensor whose compo-
nents are the amplitudes of the azimuthal and zenithal
anchoring energy. Now, increase the anchoring energy
W, up to 1 mJm? without changing the azimuthal com-
ponent (W, = 0.1 mJm?). The corresponding response
isshown by curve 2 in Fig. 4a. It is seen that, upon the
switching-off of the field, the system does not relax to
the state O and the director still forms a certain angle
with the xz plane (¢ = 7° in the center of the LC layer).
Applying a negative pulse, one can switch the director
to the symmetric state (¢ =-7°). We see that the anisot-
ropy of the anchoring energy (W, —W,)/W, givesriseto
the bistability effect.

Nevertheless, being the necessary condition for the
manifestation of bistability, the pronounced anisotropy
of anchoring is not a sufficient condition for its mani-
festation. Curve 3 illustrates the situation in which no
bistability is observed, with the anchoring being the
same as in the previous example (curve 2). In this
example, we reduced twice the elasticity coefficient of
the smectic layers K,. The higher compressibility (the
lower value of K,) promoted a decrease in the energy
barrier that separates the two bistable states and the
state O. It will be obvious from the following example
that two bistable states are preserved, but, for some rea-
sons, the director “leaves’ these states when the voltage
pulseis switched off.

Curve 4 corresponds to a spontaneous polarization
that istwice as low asin the previous example (curve 3).
As s seen, bistable states are also formed in this case.
Moreover, the similar result can be achieved by increas-
ing the electric capacity of the orienting layers. An
increase in the capacity at a lower polarization results
in amore pronounced effect: the absolute values of the
angles corresponding to the two symmetric states
become very close to the natura angle, W = 25°
(curve5).

In order to understand why no bistable states are
observed even in those instances where the anchoring
energy is anisotropic, consider in more detail the cur-
rent response and the dynamics of the change in the
voltage at aL C layer, e.g., in the process of the applica-
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Fig. 5. (8) Kinetics of the electric current in the external cir-
cuit at the externa voltage waveform shown in Fig. 4b.
Curves 1 and 2 correspond to curves 1 and 5in Fig. 4a. The
choice of the ordinate scale limits the current pulses corre-
sponding to the edges of the external voltage pulse. (b) Volt-
age at the liquid-crystal layer at the external voltage wave-
form shown in Fig. 4b.

tion of apositive voltage pulse (Fig. 5). Current curve 1
in Fig. 5a corresponds to the absence of bistability
(Fig. 4a, curve 1). The current at the leading edge of the
pulse reflects the process of charging the electric capac-
ity of orienting layers and the capacity of a LC cell,
including switching of the polarization vector inthe LC
layer. At the falling edge of the pulse, the capacities are
partly discharged. The complete discharge is impossi-
ble because of the zcomponent of the polarization and
the absence of a considerable conductivity of the LC
layer. Thus, the negative (reverse) voltage arises at the
LC layer (curve /* in the interval 4-10 msin Fig. 5b).
Because of the voltage of the opposite sign, the oppo-
sitetorqueisformed, which acts onto the director of the
LC and brings it to the O state. The switching of the
director is accompanied by the change of the orienta-
tion of the spontaneous-polarization vector and a for-
mation of the characteristic current pulse in the circuit
withinthe interval 10-15 ms(curve 1in Fig. 5a). Inthe
case of bistability, the reverse voltage upon switching-
off of the external voltage pulse is considerably lower
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Fig. 6. (a) Dynamicsof thedirector inthe center of aLC cell
depending on the capacity of the orienting layers and con-
ductivity of aLC: (1) C=25nF, R=100MQ; (2) C=50 nF,
R=100MQ; (3) C =100 nF, R=100 MQ; (4) C = 100 nF,
R =1 MQ All the curves are obtained at the anchoring
energy W =1 mJm? and W,=0.1 mJd/m?, asticity mod
ulus K, = 1 MPa, and spontaneous polarlzatlon Py

30 nC/cm The voltage at the liquid-crystal layer at the
external voltage waveform shown in Fig. 4b. Curves (/*—
4*) correspond to curves (1-4) in Fig. 6a.

(curve 2%), so that it is insufficient for the director to
overcome the potential barrier due to the anisotropy of
the anchoring energy and high value of the elasticity
coefficient K, (cf. curves2 and 3in Fig. 4).

Thus, along with the anisotropy of the anchoring
energy, an important condition for the formation of
bistable statesis the minimization of the reverse voltage
at the polar LC layer upon switching-off of the external
voltage. There are two methods for reducing the reverse
voltage. The first one is a decrease of spontaneous
polarization of the LC. The second oneisan increase of
the electric capacity of the orienting layers (which can
be attained either by decreasing the thickness of the ori-
enting layers or by increasing their dielectric constant).
Figure 6 illustrates the effect of electric capacity of ori-
enting layers on the dynamics and bistability of the
states of the director in aliquid crystal.
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We should like to point out some other important
aspects. As we saw, in the absence of bistability, the
director relaxes to the O state. Then the spontaneous-
polarization vector becomes normal to the z axis. Thus,
the z component of the polarization becomes zero. The
absence of the zcomponent of the polarization isavery
important fact. In the presence of dielectric orienting
layers, the nonzero z component of the polarization
inevitably generates an electric field insidethe LC layer
at the zero externa voltage at the LC cell. This field
increases the free energy of the LC layer, makes the
state lessfavorable, and givesriseto electric currents (if
the LC possesses certain conductivity). The competi-
tion between the torques associated with this field and
elastic torques provided by anchoring and eladticity of the
smectic layers results in the bistable states characterized
by smaller anglesthan the natural tilt anglein smectic lay-
ers. All the above stated also relates to nonconducting and
weakly conducting LCs (o < 10> Q' cm™?). Conduc-
tivity of an LC results in compensation of the electric
field (at the zero external voltage) inside the LC layer
viathe additional charging the electric capacities of the
orienting layers. This excessive free charge can intro-
duce the asymmetry to the switching dynamics, which
becomes dependent on the history of the LC state. This
isillustrated by curve 4 in Fig. 6. It is seen that in this
instance, the negative pulse does not bring the LC to
symmetric state Il. The point is that, first, a positive
pulse is applied to the conducting LC in initial state |
(where the field inside the LC layer is compensated
with the free charge at the capacities of the orienting
layers). As a result, the free charge stabilizing state |
increases. For the time prior to the second negative
pulse, the charge in the system cannot completely relax
to the equilibrium value (at alow value of conductivity
of the LC and a higher electric capacity of the orienting
layers, the corresponding times can attain the values up
to several tens of seconds). At the falling edge of aneg-
ative pulse, the reverse voltage (now positive) is some-
what enhanced and, therefore, the system cannot
remainin state Il and relaxes back to state I, thus giving
rise to the “monostability” effect.

In conclusion, let us formul ate the conditions neces-
sary for the formation of bistable states. These are

—the anisotropy of the anchoring energy such that
the zenitha component of the anchoring energy
exceeds the azimuthal one. However, the existence of
the polar contribution to the anchoring energy [11] is
not the necessary condition for bistability;

—ahigh value of the elasticity modulus of the smec-
tic layers (K, > 0.5 MPa) increases the stability of the
symmetric states;

—a low spontaneous polarization Py, decreases the
reverse voltage at the LC layer upon switching-off of
the external voltage, which increases the stability of the
symmetric states. | recommend the value Py, <

30 nC/cm?;
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Fig. 7. Optical transmittance as a function of external voltage at the ferroelectric L C cell placed between the crossed polaroids. The
curvesin Fig. 7a, 7b, and 7c correspond to the frequencies of 2, 7, and 30 Hz of the external voltage of triangular waveform. The
curves are obtained at the following parameters of the LC cell: spontaneous polarization of the liquid crystal Py, = 50 nClcm?,
capacity of the orienting layers C = 50 nF at the electrode area S= 1 cm?. The axes of thefirst and second polaroids are parallel and

perpendicular to the normal to smectic layers, respectively.

—as in the case of low spontaneous polarization, a
higher electric capacity of the aligning layers decreases
the reverse voltage arising at the L C layer upon switch-
ing-off the external voltage. This is the key aspect for
attaining the bistable states. The recommended capac-
ity valueis C > 50 nF at S= 1 cm?, which corresponds
to the thickness of an orienting polyimide layer at each
of the surfaces less than 30 nm;

—alow conductivity of the LC; otherwise, the effect
of monostability can arise.

2.2. Effect of Hysteresis-Free Electrooptical
Switching

As arule, the electrooptical response and electric
displacement in ferroel ectric L Cs demonstrate hystere-
sis behavior (Fig. 7c). However, it turned out that, at
certain frequencies of the applied voltage of the trian-
gular waveform, one can observe the hysteresis-free
dependence of transmittance on voltage. The shape of
this dependence looks like the letter V, which gave the
name to the phenomenon—the V-shape effect. It was
first observed in antiferroelectric LCsand interpreted as
the manifestation of a new phenomenon —*hysteresis-
free antiferroelectricity” [6]. The effect has attracted
great attention, because it offers the possibility of the
practical implementation of the gray scale necessary in
the display technology. Later, a similar effect was also
discovered inferroelectric LCs. In recent years, various
authors have tried to interpret this effect [6-8]. The
effect was considered in association with the collective
modes under the specified boundary conditions and
also with theionic processes occurring in LCs[7]. Only
recent experiments showed that the effect of hysteresis-
free switching isaseeming effect arising due to specific
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phase delays between the external voltage and the voltage
at the LC layer [9]. Here, | should like to complement the
conclusionsdrawn in[9] with new important results clari-
fying the mechanism of the above phenomenon.

Now, let us continue the simulation of our hypothet-
ical cell with the parameters indicated above and also
fix some new previously varying parameters, namely,

—spontaneous polarization Py, = 50 nC/cm?;

—components of the anchoring tensor W, = W, =
0.1 m¥m?;

—electricresistance of aLC layer R=10MQ at the
electrode area S= 1 cm?.

The characteristic features of the effect can be fol-
lowed by varying the electric-field frequency and
capacity of the orienting layers.

Figure 7 shows the results obtained for the external
voltage of the triangular waveform by solving systems
of equations (48) and (49) and the optical problem
using the algorithm suggested in [13]. It can be seen
that at low frequencies (less than 7 Hz), the optical
transmittance is accompanied by a hysteresis. The spe-
cific feature of the hysteresis at very low frequenciesis
its anomal ous nature; the switching of the director of a
L C advances the externa electric field (Fig. 7a). At a
frequency of 7 Hz, thereisamost no hysteresis (at low
voltages the V-shape effect takes place) (Fig. 7b),
whereas, at higher frequencies, e.g., 30 Hz (Fig. 7¢),
normal hysteresis is observed. In this instance, the
value of 7 Hz is the frequency of the hysteresis inver-
sion. Thus, the solution of the equations considered in
this article allows us to simulate the specific features of
the effect without the invocation of any particular
model.
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Fig. 8. Optical transmittance as afunction of the external voltage at the ferroelectric LC cell placed between two crossed polaroids.
The curvesin Figs. 8a, 8b, and 8c correspond to the frequencies of 2, 7, and 30 Hz of the external voltage of triangular waveform.
The curves are obtained at the following parameters of the LC ceII spontaneous polarization of the LC Pg, = 50 nClcm?, capacity
of the orienting layers C = 13 nF at the electrode area S=1 cm?. The axes of the first and second polaroids are parallel and perpen-

dicular to the normal to smectic layers, respectively.

In practice, it isimportant that the effect be observed
at the highest frequency (the frequency of the hysteresis
inversion usually observed experimentally is less than
severa hertz, whichisinsufficient for practical applica-
tions). Simulation shows that it is possible to control
the inversion frequency by varying the conductivity of
an LC [9]. With a decrease of the electric resistance of
an LC, theinversion frequency increases; however, this
is accompanied by one serious difficulty. Theinversion
frequency turns out to be dependent on the amplitude of
the external voltage, and therefore this method can
hardly be used in practice. Much better results can be
obtained by using low-conductivity LCs (in our partic-
ular case, the resigtivity should be not lower than
10 MQ/cm?), but it is important to decrease simulta-
neousy the electric capacity of the orienting layers.
This can be attained, e.g., by increasing the thickness of
the orienting layers. The equivalent result can also be
attained by using the capacitance of the given value
connected in serieswith the cell [9]. Figure 8 illustrates
the situation where the capacity of the orienting layers
isreduced to 13 nF (which is equivalent to the polyim-
ide-layer thickness of about 0.12 um for each of the sur-
faces). Asis seen, now the hysteresis-free switching is
observed up to afrequency of 30 Hz. Thefrequency can
be increased even more by using a LC with a pro-
nounced spontaneous polarization. Thus, at Py =

100 nC/cm?, the hysteresis-free switching takes place
up to frequencies of 100 Hz.

The mechanism of the effect can be understood by
considering the temporal dependences of the current in
thecircuit and the voltage at the LC layer (Fig. 9). Con-
sider a norma hysteresis at a frequency of 200 Hz
(Figs. 9a and 9c). In this case, the current response
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characteristic of ferroelectrics (solid curvein Fig. 9a) is
observed, which is characterized by the pulses of the
repolarization current. One can also see that at the
moments when the pulses of the repolarization current
are observed, the voltage at the LC layer (dash curve)
decreases. At these moments, the director of aLCisin
motion. The effective dielectric constant of the LC
layer dramatically increases, because the spontaneous
polarization rotating simultaneously with the director
starts screening the electric field inside the LC layer,
but has not enough time to screen it completely. When
the director attains the end position corresponding to
the polarization along the field, its motion becomes
limited (only the electroclinic effect controlled by the
elasticity modulus of the smectic layers is il
observed). Now the polarization cannot screen the
intensifying field. The voltage at the LC layer isnow in
phase with the external voltage of triangular waveform,
whereas the current attains a certain low stationary
value determined by the electric capacity in the circuit.
For comparison, consider analogous dependences at
the frequency of 30 Hz (Figs. 9b and 9d) with the
V-shape effect being still observed. Now the current
response becomes quite different. One hasto single out
three characteristic intervals during one period of the
external field. Thefirst interval correspondsto the situ-
ation where the voltage at the LC layer isin phase with
the externa voltage. At thistimeinterval, thedirector is
in the extreme position and cannot rotate over the cone.
The second interval isasharp current spike, the director
becomes free and starts rotating. The electric capacity
in the circuit is drastically changed and givesriseto a
current spike. Then thethird interval begins. Because of
alower frequency and capacity of the orienting layers,
the rotation of the polarization practically screens the
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Fig. 9. (a, b) Time dependences of the current response (solid line) and voltage (dash lines) at the L C layer and (c, d) the same depen-
dences obtained for the external voltage of triangular waveform. For notation see Fig. 8.

field inside the LC layer, and the voltage (dash line)
becomes close to zero. The current has a constant value
as if the circuit had only the capacity of the orienting
layers.

Thus, the mechanism of the \-shape effect reduces
to the fact that the presence of the electric capacity of
the orienting layers results in the creation of the condi-
tions such that the rotation of the polarization vector
provides the field screening inside the FLC by the free
charges at the electrodes of the LC cell. Under these
conditions, the voltage at the LC layer tends to zero
because of charging the electric capacity of the orient-
ing layers, whereas the director mation isin phase with
the changes in the external voltage, which resultsin the
effect of hysteresis-free switching. Obviously, the
lower the capacity of the orienting layers and the higher
the spontaneous polarization of aL C, the faster the pro-
cess of capacity charging and the higher the frequencies
of the effect manifestation.

CONCLUSION

The article presents the complete system of equa
tions providing the numerical solution of complex
problems associated with the dynamics and el ectroop-
tics of ferroelectric liquid crystals. The mechanisms of

CRYSTALLOGRAPHY REPORTS Vol. 48 No. 1
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the two most important effects observed in ferroelectric
LCs—bistability and hysteresis-free €electrooptics
switching—are considered.
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Abstract—The structural defects (M?* and R* in the noncubic environment of F-, interstitial F-, and anion
vacancies) in nonstoichiometric M; _,R.F, . , crystals with the CaF, structure form {Mg[RFgs 0]} Superclus-
ters of nanometer linear dimensions. Thisfact allows oneto classi ng theM, _,R/F, . x phases as nanostructured
materials (NSM). The superclusters concentrate rare-earth ions (R°* = RE). InaM,; _,R/F, , , crystal with the
fluorite cation motif, two chemically different parts can be separated: the R**-depleted matrix and the
R**-enriched clusters. The M, _,R/F, . , phases are the first NSM among fluorides; they constitute a new type
of these materials in which different chemical compositions of the matrix and nanoinclusions are combined
with their isostructurality and coherent conjugation of the crystal lattices. Superclusters can also form associ-
ates with linear dimensions of tens or hundreds of angstroms. A model is suggested which describes the main
characteristic of such NSMs. These materials behave as single crystals in X-ray, neutron, and electron diffrac-
tion experiments. The influence of microheterogeneity on some physical properties of the M, _,R/F, , x phases
isalso considered. © 2003 MAIK “ Nauka/lInterperiodica” .
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INTRODUCTION

In recent decades, the physics and chemistry of new
objects—materialswith at |east one component charac-
terized by thelinear dimension ranging within 1-10 nm
(10-100 A)—have been intensely developed. This
degree of dispersion lies at the boundary between the
atomic (ionic) system of the solid solution and the two-
phase system with grains of the second phase.

Below, we use the term “nanostructured material”
(NSM) to refer to al the synonyms encountered in
modern scientific literature such as nanophase, nano-
structure, nanocrystal, etc. We should like to indicate
that the term “nanophase” is inappropriate, because a
high degree of dispersion of NSMs makes unjustified
the relation of a nanoparticle to aphase in the classical
sense of theword. Not discussing this problem here, we
shall use here less dubious terms such as “nanoinclu-
sion” and “nanoparticle.”

The properties of single-phase NSMs (their classifi-
cation is considered in Section 9) differ from the prop-
erties of materials with the same chemical composition
but containing crystalline grains larger than a nanome-
ter. Thisis explained by a considerable contribution of
the boundary layer of nanoinclusions possessing a dis-
torted structure.

A multiphase NSM with one or several phases of
nanometer dimensions also have the properties differ-
ent from the properties of the mechanical mixture of
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large crystalline grains of the same composition. It is
commonly accepted that a single crystal consists of
only one phase. The formation of the second phasein a
single crystal is usually accompanied by the deteriora
tion or even complete loss of its optical transparency.
There exist NSMsformed as aresult of the decomposi-
tion of single crystals of solid solutions. The appear-
ance of these materials differs from the appearance of
single crystals. Therefore, there are grounds to believe
that asingle crystal having no visible interfaces cannot
be a multiphase NSM (finely disperse mixture of
phases).

However, there is a large family of M, _,RF, .«
phases that, being crystallized from melts, have the
appearance of single crystals and behave assingle crys-
tals being studied by the X-ray, neutron, and electron
diffraction methods but possess the microstructure
characteristic of multiphase NSMs.

According to the distribution of RE elements R®* in
M, _,RF, .« crystals, the latter can be considered as
heterogeneous. The heterogeneity of the composition
of these phases manifests itself at severa levels. We
consider here the minimum (linear) scale of inhomoge-
neities—the nanometer scale. The physical properties
of the fluorite M, _,R/F,, « phases drastically differ
from the properties of the MF, matrix and the second
component RF;. In the limit, the composition of a
nanoinclusion tends to the composition of the second
component of the M, _,RF, . , systems (RF).

Numerous studies of the properties of M, _,RF, , «
phases are interpreted under the assumption that they
are homogeneous crystalline media. We also have used
this assumption for many years. However, the accumu-
lated new data required the recognition of the microhet-
erogeneity of M, _,RF, ., phases. In recent years, the
studies performed by various methods proved the exist-
ence of microinclusions of nanometer dimensions in
these crystals. The microheterogeneity of M, _,RF, . «
crystals allows one to understand better their “anoma-
lous’ physical properties in terms of the conventional
solid solutions.

Below, we consider the arguments that allow oneto
relate the fluorite M, _,R/F, , « phases to nanostructured
materials, determine their position in the NSM classifi-
cation, and discuss the specific features of their struc-
tural organization, which makes it possible to classify
them as an independent type of NSMs, and consider
some examples of the effect of microheterogeneity on
their physical properties.

The defect crystal structure of the M, _,RF, . «
phase turned out to be very complicated. Although it
has already been studied for more than thirty years, the
work isstill far from completion. In order to discussthe
problem of nanostructured M, _,RF, , . crystals, one
has necessarily use some ideal notions of a fine atomic
structure and itsevolution in relation to the composition
and conditions of synthesis of these crystals. The
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removal of the discrepancies and inconsistenciesin the
data on the defect structure of fluorite phases requires
quitealong time, but the discussion of the related prob-
lems is beyond the scope of this article.

We believe that the general concepts of the specific
(microheterogeneous) structure of fluorite M, _,RF, .
phases are sufficient to draw the conclusion about their
special placein theinorganic materials science asanew
type of NSMs.

1. DEFECT (CLUSTER) STRUCTURE
OF FLUORITE M, _,RF,,, PHASES

This subject has been considered in hundreds of
publications, so that even the most important of these
publications cannot be discussed here. We limit our-
selves to the conclusions related to the subject of our
article. The structure was studied for the Ca, _,RF, . «
phases with all the RE elements, for Sr, _,RF, ., with
some RE elements of both subgroups, and for
Ba, _,RF, ., with RE elements of the Ce subgroup.
There are no structural datafor Cd, _,R/F, , ., Whereas
for Pb, _,RF, ., the structure was studied only for the
high-pressure fluorite phase Py ,sL &) 75F» 75

The main result of the structural studies mentioned
above is the establishment of the cluster structure for
the M, _,R/F, , , phases by various methods, including
X-ray and neutron diffraction, neutron and proton dif-
fuse scattering, small-angle scattering, EXAFS, selec-
tive optical and laser spectroscopy, |uminescence, con-
ductometry, NMR and EPR, dielectric losses, ionic
thermocurrent, Raman scattering, magnetic circular
dichroism, etc.

It is usually accepted [1-5] that the M, _,RF, .,
crystals are solid solutions with the statistical distribu-
tion not of R** and M?* ions (which can substitute each
other) but of groupings having a specific shape or clus-
ters. These clusters consist of concentrated structural
defects such as highly charged R** cations (a defect of
cation species), interstitial fluoride ions, and anionic
vacancies of the main anionic motif. Hereafter, the
clusters whose cationic composition consists mainly of
RE elements are called rare earth clusters.

Since R** are concentrated in the cluster volume, the
remaining part of the crystal (matrix) preserves the
structure and the composition of initial MF,. Thus, ina
seemingly homogeneous M, _,RF,,, crystal, two
chemically different parts exist—the R*-depleted
matrix and R**-enriched cluster. In thelimit, the content
of RE element in the cluster tends to 100%, i.e., to the
pure RF; component of the MF,-RF; system. This
should be considered as anomal ous behavior, because it
does not correspond to the equilibrium phase diagrams,
where some phases have a composition intermediate
between the compositions of the main components,
which should be separated during the decomposition of
the fluorite solid solutions. Therefore, the formation of
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clusters cannot uniquely be related to the decomposi-
tion processes. In the heterovalent M, _,R/F, . , solid
solutions, the formation of RE clusters is observed at
the R* content at alevel of severa tenths of the atomic
percent [1-3]. In theisovalent solid solutions with such
acontent of impurity ions, one ignoresthe pair interac-
tions between the ions, to say nothing of larger associ-
ates.

The structural studies of nonstoichiometric fluorite
phases formed in the fluoride systems resulted in the
construction of more than thirty cluster models for the
description of the experimental data [4]. Summing up
the structural studies performed for more than 20 years,
Laval and Frit [5] write that the structures of various
phases thoroughly investigated by theoretical calcula-
tions based on lattice simulation methods and various
experimental techniques (ionic conductivity, dielectric
relaxation, ionic thermocurrent, laser spectroscopy,
EPR and ESR, NMR, Bragg and diffuse neutron scat-
tering) till have not resulted in the creation of
M, _,RF, ., crystals. And now, amost twenty years
|ater, this conclusion is still true.

This state of the knowledge on the defect structure
of fluorite M, _,R/F, , , crystals reflects the difficulties
in the choice of a concrete model from numerous ener-
getically close ones. The examplesof different interpre-
tations of the experimental data for the crystals having
the same composition are the interpretations of the
CayoYo.1F21 [6-9] and Cay15Y o25F2.5 [5, 6, 10] struc-
tures.

An important subjective factor is the selection of
crystals appropriate for the structural studies. Recently,
it hasbeen shown[11] that as-grown Ba, _,R/F, , « Crys
tals(i.e., crystals grown from melt and not subjected to
any additional thermal treatment) have along with the
cubic regions also the regions with low-symmetric dis-
tortions of the fluorite lattice. The dimensions of these
regions exceed the dimensions of the crystals appropri-
atefor X-ray studies. Thus, it is not clear which parts of
heterogeneous crystalline M, _,RF,., rods were
selected for the structural studies by different authors.

Theinterpretations of the structural data obtained by
various research groups are often inconsistent. These
inconsistencies can be explained by the complicated
dependence of the defect structure of M,_,RF, .«
phases on some uncontrollable factors such as the ther-
mal history of the crystals and the presence of oxygen
impurity in fluorides. Oxygen impurity is formed
because of the propensity of fluorides to react with
water vapor at high temperatures (pyrohydrolysis).
Oxygen contamination can hardly be controlled. This
impurity strongly affects the properties and the defect
structure of hydrolyzed fluorides. Sometimes, the devi-
ation from the synthesis conditions providing the sup-
pression of pyrohydrolysis results in the synthesis of
oxyfluorides, such as, e.g., PbgY (F3,0.
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Thefirst experimental confirmation of the formation
of the clusters of structural defectsin the anionic motif
of the nonstoichiometric M, _,RF, .« fluorides was
obtained in [6]. Earlier (1964), the anionic clusters
were established by Willis in UO, , , phases with the
fluorite structure [12]. The F- (or O*) ions in the
anionic clusters are displaced from the main positions
of the fluorite structure. The interrelated anionic dis-
placements prevent the formation of inadmissible short
interatomic distances. They would be formed at the sta-
tistical distribution of the superstoichiometric X (F, O)
ions (with respect to the MX, stoichiometry) over the
centers of large cubic voids (1/2, 1/2, 1/2), the 4b posi-

tionin the sp. gr. Fm3m.

The general considerations and the computations
performed in [13, 14] show that, in M, _,RF, ., ., the
local compensation of the R** charge by F-ionsisener-
getically advantageous. Thus, we passed from the
anionic cluster to the anionic—cationic cluster of
defects. Such a cluster concentrates the main species of
structural defects: highly charged R**, fluorine incorpo-
rated into interstitials, and anionic vacancies.

A cluster of structural defects [R;F5¢] for the nons-
toichiometric fluorite M, _,R/F, . , phase was suggested
in [15] based on the structural studies of the ordered
phases. A [R,F,] cluster was suggested as a possible
structural subunit of fluorite phases [16] based on the
structural studies of nonstoichiometric M; _,R/F5 . , flu-
orites.

Figure 1 shows the idealized schemes of the forma-
tion of the above two rare earth clustersin M, _,RF, . ,.
In accordance with the arrangement of the cationsat the
verticesof polyhedra, they are called tetrahedral [R,F]
(small) and octahedral [RyF;4] (large) clusters.

The structural data for disordered fluorite
M, _,RF, ., phases allow one to estimate the cationic
composition of the clustersonly approximately. A more
reliable information is obtained from the studies of the
ordered phases with the structure derived from the flu-
orite structure. These phases are formed in many of the
MF,—RF; systems (see Section 8.3). The clusters in
these phases become the structural elements with the
rigorously defined cationic composition. The study of
the structures of ordered phases is limited by the diffi-
culties associated with the synthesis of single crystals.
Only some of these crystals are in equilibrium with the
melt.

The nucleus of the octahedra rare earth cluster isa
cuboctahedron {F,,} formed by fluoride ions (Fig. 1).
This anionic configuration is observed in the structure
of the majority of the studied M, _,R/F, . , phases. The
partial or complete compensation of the charge of the
{F,,} group is provided by highly charged R** ions.

The arrangement of the cations over an octahedron
in clusters is set by the configuration of the anionic
nucleus of the {F,,} cluster. Hull and Wilson thor-
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Fluorite

structure CaF,

M—Ca, Sr, Ba, Cd, Pb

Defect-free
structure block
[MeF3]

Defect-free
structure block
[M4Fp;]

Cluster of defects
[R4F5]
Cluster of defects
[ReF36l

Nonstoichiometric crystal

Supercluster
{Mg[RgFes_60]}

Fig. 1. lllustrating crystal chemistry of defectsin the nonstoichiometric fluorite M; _ \R,F, .  phases.

oughly analyzed the defect structure of the disordered ~ This anion configuration is one of afew configurations
Cay.04Y 0.006F2.06 Structure and came to the conclusion ~ Without anomalously short F—F distances.

that the predominant defect speciesin disordered fluo- The anion cluster {F,} is a universal structural
rite lattice comprises cuboctahedral anion clusters[17].  defect in the phases with the cation fluorite motif (non-
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stoichiometric fluorite phases, ordered phases with the
structure derived from CaF,, distorted fluorite phases
without an increased lattice parameters). The universal
character of this cluster is associated with the specific
features of CaF,-type structure.

The CaF, structure type is rather loose. Thus, in
BaF,, the ions (in the approximation of rigid spheres)
fill only 52% of the space. The metal cationsin the flu-
orite structure are surrounded with fluoride ions form-
ing acube. A cubeisthe less stable configuration of all
the eight-vertex polyhedra (cube, sguare antiprism,
dodecahedron).

The tendency of the CaF, structure type to form a
stable configuration explains the diffuse high-tempera-
ture transition characteristic of al MX, (fluorites and
antifluorites). Being heated to temperatures close to the
melting point, some F occupy the interdtitials, thus
forming anion defects.

In the high-temperature modifications of MF,, as
well asin the fluorite phases M, _,RF, . ,, the intersti-
tial fluoride ions cannot be located at the center of the
cubic void (1/2, 1/2, 1/2), because it istoo small. This
was shown experimentally by thein situ studies of ther-
mostimulated defects of the anion motif in CaF, and
PbF, by the method of diffuse neutron scattering [18].
According to the results of these studies, the centers of
large cubic voidsin the high-temperature phase are not
occupied. The anion concentration in interstitials is
estimated as 5 at. %.

It is reasonable to assume that the anion {F,,}
defects are as characteristic of the high-temperature
MF, modification as for the fluorite M, _,RF,., «
phases.

The transformation of the {F;} cubeinto {F,,} cub-
octahedron reduces to the arrangement of four or five
additional F- (if the central cubic void is occupied).
Without their location in the structure no broad homo-
geneity regionsin the fluorite M, _ ,RF, . « phase could
be possible (see Section 8).

With adecreasein thetemperature, the{F,,} cluster
in MF, isagain transformed into the { Fg} cube. Itisnot
excluded that, in certain modes of cooling of the MF,
crystals, the latter can partly preserve their high-tem-
perature (disordered) modifications. Freezing of alarge
anionic {F,,} cluster ismore probable for aloose struc-
ture, especidly for BaF,.

In the M, _,RF, ., , phases, the grouping of {F,,} is
stabilized by R** ions, which provides the local com-
pensation of the excessive charge and the formation of
amore dense packing of theinitially loose structure. In
the limit, an octahedral rare earth [R;F5;]'%- cluster is
formed.

The defect structure of the anion motif of the non-
stoichiometric M, _,R/F, . . phases indicates that these
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phases are the stabilized high-temperature modifica-
tions of the fluorite MF, phases[19].

2. NANOSTRUCTURED M, _,RF,, ., PHASES
AND BLOCK ISOMORPHISM

The association of structural defects into rare earth
clusters and larger complexes (see Section 6) allows
one to consider the formation of M, _,RF, ., solid
solutions as aresult of the block isomorphism, whichis
provided not by individual ions but by large structural
blocks (with the volume of severa hundreds and thou-
sands of cubic angstroms) having considerably differ-
ent chemical (cation) compositions.

The typical sign of the block isomorphism in the
form it manifestsitself inthe M, _,R/F, , , phasesisthe
absence of any limitations on the dimensions of the
structural blocksthat can substitute each other (see Sec-
tion 7). We assume that it is the block isomorphism that
leads to the violation of stoichiometry. It allows one to
reduce the size difference for lone M** and R** ions,
which should limit the isomorphism in the absence of
cluster formation.

In the isomorphism classification, the block isomor-
phism can be considered as avariety of the heterovalent
isomorphism with the filling of the space [20]. The
block isomorphism and the formation of nanostruc-
tured phases are the two forms of the manifestation of
the general characteristic of the M, _,R/F, ., , phases—
their microheterogeneity. The block isomorphism will
be considered in another publication.

3. HETEROGENEITY OF M, _,R.F,,, PHASES
AND DIMENSIONS OF INHOMOGENEITIES

3.1. Superclusters { Mg[RsFes 0]} @S RE-containing
Elementary Building Units of the M, _,R/F, . , Phases

The main feature that allows one to relate the
M, _,RF,, , phases to NSMs is the size of the associ-
ates of structural defects such as clusters and superclus-
ters.

A rare earth [R,F3,]'* cluster absorbs the major part
of the structural defects (but not al of them) whose for-
mation accompanies the heterovalent isomorphism of
M?* and R* in the CaF,-type structure. The adjacent
M?* ionswith the coordination polyhedradifferent from
a cube are located outside the octahedral cluster. The
polyhedron is a distorted sphenocrown—a ten-vertex
polyhedron formed due to the substitution of one of the
fluoride ions at the cube vertex per three such anions
entering the coordination polyhedra of R* cations.

In the combination of clusters accompanied by the
collectivization of M?* ions, the anionic polyhedra of
the latter are transformed from 10-vertex polyhedra
into 12-, 14-, or 16-vertex ones. This occurs with the
successive substitution of one of the vertices by three
new ones. Figure 1 shows (below on the left) the
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arrangement of light polyhedra with M+ being located
at the cube vertices and surrounding arare earth cluster.

These M?*+ polyhedra should also be considered as
defect ones (in comparison with the fluorite matrix). It
is reasonable to combine these polyhedra with a rare
earth cluster [R;F+;] to abtain alarger structural unit—
asupercluster {Mg[RsFes_60]} (Fig. 1, below ontheleft).

The expediency of the introduction of superclusters
is determined by at least three of its characteristics.
First, asupercluster isthe minimum volume of the crys-
tal containing al the defect species, including the M
cations, which are characterized (as R**) by a nonideal
“fluorite” (cubic) environment of fluorine. Second, the
external (anionic) shell of the supercluster preservesthe
tetragonal motif MF,, which facilitates the incorpora-
tion of superclustersinto theinitial fluorite matrix dur-
ing the formation of M, _,RF, ., phases. The third
characteristic convenient for simulation of crysta
structures is the simple form of this supercluster—a
cube.

The notion of a supercluster was introduced in [21—
27] to describe a set of several elementary clustersin
concentrated fluorite solid solutions [10]; however, this
termisrarely used in such a sense.

3.2. Volume Changes during Formation
of M, _,RF, ., Phases

Theoretically, several schemes of M** and R** iso-
morphism are possible in a CaF, structure. The exist-
ence of isomorphism with filling of the space [20] is
proven by comparing the experimental densities of the
M, _,RF, .« phases with the densities calculated by
various schemes (incorporation of anions and cation
vacancies). To calculate the X-ray densities one has to
know the lattice parameters.

The assumption that M, _,RF, ., crystals consist of
amatrix and rare earth clusters can be verified by com-
paring the calculated changes in the lattice parameters
of the fluorite phases for various models. Two models
arepossible: acrystal structure consisting of the matrix
and rare earth superclusters and the model in which the
molar volume or the volume per formula unit of the
M, _,RF, . solid solution is taken to be equal to the
sum of the MF, and RF; volumes proportional to their
molar fractions.

Let us determine the volumes of the matrix and rare
earth superclusters.

Matrix superclusters {M,,F,} have volumes con-
stant for each MF,. They are calculated as the volume
of acrystal containing 14 M?* cations. The unit cell of
the fluorite structure contains four MF, formula units.
The volume of a matrix supercluster equals 14/4 = 3.5
of the unit-cell volume of the fluorite structure. During
combination of the matrix clusters, the anions of the
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external shell are collectivized and the composition of
the formula unit remains the same, MF,.

Rare earth superclusters{Mg[RsFes o]} (REgyp)
have the volume Vi, dependent on the size of the R**
and M?* ions. It isinappropriate to use theionic radii to
calculate Vg, because of the relative nature of these
guantities. The supercluster volume is calculated from
the data on the lattice parameters of the ordered
MyRsF5; and MgRsF;, phases. The unit-cell volume of
the latter is divided into the number of the formula
units. In this representation, it coincides with the num-
ber of superclusters per unit cell. For two series of the
fluorite Ca, _,R/F, , , and Sr, _,RF, . « phases, the cat-
ion composition of a supercluster is {MyRs}, whereas,
for the series of the Ba, _,R/F, . . phases, it is {MgR:}.
The volume Vg of the structural fragment of the
M, _,RF, ., solid solution containing 14 cations was
calculated as the sum of the molar fractions of the
matrix (Msup) and rare earth (Rsup) superclusters

Vss = (1 - X)VMsup + XVRsup'

The fraction x of rare earth clusters was calculated
from the molar fraction of RF;(y) by the ratio x =
14y/Ng, where Ny is the number of RE cations in the
supercluster. The lattice parameter of the fluorite phase
M, _,RF,,, was caculated as a cubic root from
Vs/3.5.

4. LATTICE PARAMETERS OF M, _,RF, .,
PHASES OBTAINED BASED
ON SUPERCLUSTER MODEL

Now consider the moddl of M, _,R/F, , , solid solu-
tions consisting of matrix {M,,F,} and rare earth
{Mg[RsFss_60]} SUperclusters having the cubic shape of
a cube and different dimensions and chemical compo-
sitions. The changesin the volume occurring during the
formation of a solid solution depend on the volume of
the rare earth supercluster which concentrates al the
structural defects. The aternative model does not take
into account the additional changes in the volume dur-
ing the formation of clusters of defects.

Let us verify the appropriateness of the suggested
procedure on isovalent Sr,_,BaF, and La, _,Nd,F;
solid solutions. For the SrF,—BaF, and LaF;—NdF; sys-
tems, the complete mutual solubility of the components
in the solid state and the linear dependences of the lat-
tice parameters on concentration are established. The
upper plots in Fig. 2 show the experimenta lattice
parameters of Sr,_,BaF, and La, _,Nd,F; and their
values calculated from the molar volumes. The good
agreement of these values for both systems confirms
the fact that, during the formation of isovalent solid
solutions, no changesin the volume associated with the
interactions of defects and the cluster formation take
place.
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Figures 2c-2h compare the concentration depen-
dences of the experimental values of the cubic lattice
parameters (1) with those calculated for the fluorite
M, _,RF, . , phases based on the supercluster model (2)
and the sum of the molar volumes of the components
(3). The experimental lattice parameters coincide with
those calculated based on the supercluster model of the
M, _,RF, ., solid solution. The possible reasons of the
observed small deviations are not considered here.

Themodel of fluorite M, _,R/F, , , phases consisting
of the matrix and rare earth superclusters in the shape
of cubes describes the variation of the lattice parame-
ters of these phases depending on their composition
quitewell. The considerably larger parameters obtained
from the sum of the molar volumes of the MF, and RF;
componentsindicate the “ contraction” effect during the
formation of heterovalent solid solutions.

5. CHANGE IN THE VOLUMES OF {M;[RiFes col}
SUPERCLUSTERS ALONG THE ALKALI EARTH
(M) AND RARE EARTH (R) SERIES

Consider the range of the dimension variations of
the matrix and RE superclusters along the series of
akali earth and RE elements (Fig. 3). The rare earth
superclusters {Mg[RsFgs 0]} @so include M?* cations
and, therefore, for each fixed R**, their volumes
increase in the transition from Cato Sr and Ba. In the
RE series, the volumes of RE superclusters decreasein
thetransition from Lato L u because of adecrease of the
R+ radius (lanthanide contraction).

It should be noted that the Vg, lines for different
M?* continue one another: the volume Vgg,, with Lu for
the Baseriesispractically equal to Vg, for Lafromthe
Sr series, whereas the Vg, for Lu from the Sr-seriesis
close to Vgy,, for Lafrom the Ca-series (dotted linesin
Fig. 3). Thus, the volumes of {Mg[RsFss 0] SUperclus-
ters continuously vary from the minimum value of
570 A3 (the matrix supercluster {Ca,,F,}) to the value
of 782 A3 (rare earth supercluster {Bag[LasF]l}).

The dependence of Vg, on the dimension of M**
explains the widespread occurrence of nonstoi chiomet-
ric fluorite phases in the MF,—RF; systems. The forma-
tion of superclusters as the subunits that can be substi-
tuted smooths the differences in the dimensions of M
and R** and, thus, increases the regions of heterovalent
isomorphism of these cations.

Asisseen from Fig. 3, for the Ba, _,R/F, .,  phases
with al the RE elements, the inequality Vg, > Vrgyp IS
fulfilled. For the Sr, _,R/F, . « phases, this inequality is
fulfilled for the part of the RE series from (Pm)-Sm to
Lu. At the part of the seriesfrom Lato Nd, the volumes
of RE clusters exceed the volume of amatrix superclus-
ter, Viyap < Vrap- This inequaity holds for the whole
family of Ca, _,RF, . , phases.
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Thus, the dimensions of individual RE superclusters
of the composition {Mg[RF¢s 601} in the fluorite
M, _,RF, ., x phases range approximately within 570—
780 A3, whereas the matrix supercluster {Ba,,F,}
attains the volume of 834 A3, which corresponds to
thelirj&ear dimensions of the subunits of the order of
8-10A.

Thus, the minimum linear dimensions of rare earth
superclusters of defects are close to a nanometer. They
lie at the lower boundary of the linear dimensions of the
particles that are considered as hanoinclusions charac-
teristic of NSMs.

6. ASSOCIATION OF SUPERCLUSTERS
IN' M, JRF> .

The presence of defect-free regions (MF, matrix) in
diluted M, _,R/F, . , solid solutions can be explained by
the combination of RE ionsinto small formations (iso-
lated rare earth superclusters). However, the concen-
trated M, _,RF, .  solid solutions with several tens of
mole percent of RF; also have some regions with the
characteristicsidentical to those of the undistorted MF,
matrix. The related data are scarce, but they indicate
that the M, _,RF, . « crystals are built by large associ-
ates of octahedral RE superclusters (nanoinclusions)
dispersed over the undistorted fluorite matrix.

The studies of some physical properties of
M, _,RF, ., « crystalsthat indicate the formation of large
associates of clusters and {Mg[RsFgs_¢o]} SUperclusters
are discussed in Section 10.

7. MODEL OF STRUCTURE OF FLUORITE
M, _,RF, ., PHASES WITH RARE EARTH
NANOINCLUSIONS

In this section, we suggest an idealized model of flu-
orite nonstoichiometric M, _,R.F, . , phases based on
the possible formation of nanoinclusions, individual
superclusters, or their associates. In the bulk of these
crystals, the substitution of M?* by R** at the cationic
sites of the fluorite structure and of the anionic cubes
{Fs} by the centered cuboctahedra {F,;} occurs (the
change of the qualitative and quantitative composition).
As aresult, the coordination of cationswith anions, the
density of the ion packing, and some other rearrange-
mentstake place, which are usually considered as struc-
tural changes. However, the general fluorite cationic
motif of the structureis preserved.

The model does not take into account all the known
features of the defect structure of these phases and thus
should be considered only as the first approximation.

The following assumptions are made:

—for the sake of simplification, only the cationic
motifs of the crystal (fluorite) matrix and rare earth
superclusters are considered;
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Fig. 2. Lattice parameters of the M; _ ,R.F , y phases (1) obtained experimentally, (2) calculated based on the supercluster model,

(3) calculated from the sum of molar volumes.

—small displacements of the cations from their

ideal positionsin the fluorite structure are ignored;

—the changes in the positions of anions during the
formation of an RE supercluster are ignored;

—the model does not reflect the geometric differ-
ences between the matrix and rare earth superclusters.
Such differences are characteristic of al the
M, _,RF, ., x phases except of Sr; _,Nd,F, , ,. The max-
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imum difference is observed between the matrix super-
cluster {Ba,,F4,} and the supercluster {Bag[LUFy]}
and amounts to 5.4%;

—the model suggests the association of superclus-
tersinto larger nanoparticles (nanoinclusions). No size
restrictions are imposed on such associates. This signi-
fies that the model covers the whole interval of the
degree of dispersion of such a NSM from severa
nanometers up to the separation of micronuclei of a
new phase.

Under the above assumptions, the model reflectsthe
main characteristic features of the defect structure of
the fluorite M, _,R/F, . , phases as NSMs, namely:

—microheterogeneity at the level of nanoinclu-
sions;

—single-crystal appearance of the heterogeneous
System;

—the behavior of a NSM as a single crystal in the
X-ray, neutron, and electron diffraction experiments;

—possible observation of undistorted matrix com-
ponent by some physical methods (NMR, EPR, Raman
scattering, etc., see Section 10) in the concentrated
(with respect to RE ions) M, _,R/F, ., solid solutions
up to the content of several tens of molar percent
of RF;;

—extremely high RF; solubilities in fluorite MF,
and the weak dependence of these values on the geo-
metric factor (difference in the size of isolated M** and
R** ions).

Figure 4 shows the 2D sections of several hypothe-
tical variants of the formation of nonstoichiometric
M, _,RF, .,y crystas and ordered phases (with the
structure derived from the fluorite structure) consisting
of the matrix and rare earth superclusters. Filled circles
indicate M?* cations, light ones, R** cations. To sim-
plify the drawing, no anions are indicated.

In the chosen projection of only one cationic layer,
anisolated rare earth supercluster is represented by four
R3* ions arranged over the square. The remaining cat-
ions of the supercluster (8M?** and 2R**) are located in
the neighboring cationic layers. A single supercluster is
shown in Fig. 4a (top |eft).

Figure 4 shows two pairs of models corresponding
to the same or close concentration of RE elements but
possessing (Figs. 4b, 4d) or not possessing (Figs. 4a
and 4c) the long-range order in the arrangement of RE
superclusters. The common feature of the 2D sections
(Figs. 4a and 4c) is the fact that the crystallographic
planes occupied by different species (M** and R**) of
the matrix and the aggregate of superclusters (nanoin-
clusions) continuously pass into one another (coherent
conjugation). This is one of the characteristic features
of the M, _,RF, ., phases as NSMs. Figure 4a shows
the M, _,RF, , « phase with ~15 mol % RF; (from the
ratio of the areas). It is seen that, despite the formation
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Atomic number
La of RE elements Lu

Fig. 3. The change in the supercluster volume obtained (1—
3) from the volumes of matrix {M4F¢4} Superclusters
(Vmsup) for M = Ba, Sr, and Ca, respectively, and (4-6) the
change of the volume of RE {Mg[R¢Fgg_g0]} superclusters
(VRaup) With the change of the atomic number along the RE
seriesfor M = Ba, Sr, and Ca, respectively.

of RE nanoinclusions, there is still a large fraction of
undistorted matrix structure.

Figure 4b shows the hypothetical ordered tetragonal
phase with 15.38% of rare earth elements projected
onto the (001) plane [26]. The ordered arrangement of
superclusters results in disappearance of extended
regions of undistorted matrix structure.

Figure 4c shows the nonstoichiometric M, _,RF, .
phase with about 40 at. % of rare earth ions. This con-
centration considerably exceeds the percolation thresh-
old for single octahedral superclusters. The associates
of rare earth superclusters have different dimensions
and the orientations in the crystalline matrix. The
coherence condition for their crystallographic planesis
preserved. It is seen that the formation of large associ-
atesresultsin the fact that, despite the high RE concen-
tration, there are the regions of undistorted MF, matrix.
The enlargement of the associates of the superclusters
do not change the initial fluorite motif of the crystal,
which is the necessary condition for the formation of
the single-crystal diffraction pattern from such an
object.

The model considered does not limit the associate
dimensions. It can describe the whole dispersion range
of rare earth elementsin M, _,R F, . , crystalsfrom iso-

lated R** ions to isolated superclusters to supercluster
associates up to the formation of an individual RE-con-
taining phase. Because of lowering of the symmetry of
the associates of superclusters, they can be differently
oriented with respect to the matrix lattice (Figs. 4aand
4c). These features of the nanostructure of the
M, _,RF, ., « phases result in considerable diversity of
the shape, dimensions, and spatial orientations of
nanoinclusions. If the associates are oriented randomly,
the NSMs show no essential changesin their diffraction
patterns.
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Fig. 4. The models of (a, c) nonstoichiometric M; _ ,RF, , « crystals with 15 and 40 at. % R, respectively, and (b, d) ordered
phases with 15.38 and 42.86 at. % (BayY b;F,;) [28]. Notation: light circles denote R**, black ones, M>*.

The ordered arrangement of superclusters at the RE
ion concentration 42.86 at. % is shown in Fig. 4d dem-

onstrating an idealized (124) section of the crystal
structure of the ordered rhombohedral Ba,Y b;F,, phase
studied in [28]. The transition to the fluorite-like cell in
this phase results in the isometric triclinic unit cell with
the parametersa=b=c=5869 A anda =B =y =
90.2°, which, in the first approximation, can be consid-
ered as a cubic one. Small displacements of the cations
from the fluorite positions are seen on an enlarged part
of the structure in the upper left corner in Fig. 4d.

Comparison of Figs. 4¢c and 4d representing the cat-
ionic nets of the crystals with almost the same RF; con-
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tent demonstrates the effect of ordering. It is seen that
the ordered arrangement of RE superclusters resultsin
disappearance of undistorted matrix regions. This
should be reflected by differences in some physica
characteristics of nonstoichiometric phases and ordered
phases with the structure derived from fluorite. The
model of nanostructured nonstoichiometric fluorite
phase suggested here should be further improved.

Now consider the data on the formation of
M, _,RF, .« phases, their position on the phase dia
grams of the MF,—RF; systems, and their relation to the
ordered phases. All these problems are directly associ-
ated with the synthesis of new NSMs.
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8. BASIC DATA ON FLUORITE M, _,RF, .,
PHASES AND ORDERED PHASES
WITH THE STRUCTURE DERIVED FROM CaF,
IN THE MF,-RF; SYSTEMS

8.1. History of the Studies of Fluorite Phases
Ml - XRXFZ + X

The synthesis and the study of the M, _,RF, .,
phases (M = Ca, Sr, Ba, Cd, Pb; R=RE) with the defect
CaF, structure have almost a century-long history.
These phaseswerefirst discovered in 1911 [29] asmin-
erals—yttrofluorite and fluorocerite (the solid solution
of RE elements of the Y- and Ce-subgroups in CaF,).
For the first time, crystals of artificial Ca, _,YF, ., and
Ca, _,CeF, ., mineras were grown from melt in [30]
and were considered as an example of isomorphism
with the filling of the space [20]. The experimental
study of the defect structure of theM, _,RF, , , crystals
was started much more later [6, 31].

Fluorite phases of the genera formula
M1 - omRanF(1 - ym+ nx @€ formed in the MF-RF, sys-
tems (m # n) whose components are fluorides of more
than thirty metals. There are no structural datafor fluo-
rite phaseswith R=Al, Sc, Ti, V, Cr, Fe, Ga, In, Sb, Tl,
and Bi experimentally discovered in the corresponding
systems[32]. We limit ourselves to the consideration of
the fluorite phases M, _,RF, , « formed in the MF,—RF;
systems structurally studied in sufficient detail. The
consideration of the phase diagrams of the MF,—RF;
systems [33-35] showed that the M, _,R/F, , , phases
are the basic products of high-temperature chemical
interactions of fluorides of alkali earth and rare earth
metals of different valence. The grossly nonstoichio-
metric fluorite phases M, _,RF, .., comprise about 50%
of all the nonstoichiometric phases discovered in the
MF.—RF, systems (m < n < 4). The limit solubilities of
RF; in M, _,RF, ., atain 50 £ 2 mol % under atmo-
spheric pressure. The structural defectsin crystals with
pronounced deviations from stoichiometry termed
grossly nonstoichiometric phases [36] cannot be
described in the approximation of point (noninteract-
ing) defects.

Most of grossly nonstoichiometric M, _,RF,, «
phases are characterized by the pronounced propensity
for preservation of disordered (defect) structurein cool-
ing. Therefore, the crystals of the M, _,R/F, . « solid
solutions grown from melt are important as stable
materials (not decomposing during cooling, storage,
and exploitation). They do not decompose even under
thermal cycling from low to high temperatures. There
are M, _,RF, ., crystals that have shown no signs of
decomposition for almost forty years.
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8.2. Position of Nonstoichiometric M, _,R/F, , . Phases
on Phase Diagrams and Their Relation to Ordered
Phases

The information on the thermodynamic behavior of
the M, _,R/F, . « phases can be obtained from the phase
diagrams of the condensed state of the MF,—RF; sys-
tems studied in our earlier work [33] for amost all the
combinations of the cations considered in the present
article. Let usillustrate the position of the M, _,R.F, , «
phases on the phase diagrams and their relation to the
ordered phase by several examples.

The M, _,RF, . , phases show a different propensity
to decomposition and ordering with a decrease in the
temperature. This is reflected on the phase diagrams.
Figure 5 shows the transformation of the phase dia
grams of six MF-RF; systems (in the region O—
60 mol % RF;) as a function of the volume difference
AV of the matrix {M,,F,,} and rare earth { Mg[RsF¢s o] }
superclusters (in percent of the volume of a matrix
supercluster). Figure 5 also shows Ar (the differencein
the sizes of M?* and R** in percent of the radius of M?*).
The coordination number for both cationsistaken to be
eight, the radii are used on the scale of the effective
ionic radii [37].

The temperature scale is reduced to the melting
point (T,,, °C) of the corresponding MF, component. In
the interval of the reduced temperature 0.5-1.1, al the
reactions with the participation of nonstoichiometric
and ordered phases of interest occur.

Figure 5a shows that the fluorite solid solution
Ca, _,LuF, ., in the CaF,-LuF; system is formed at
Ar = 13%. The constituent matrix and rare earth super-
clusters (see below) have practically the same volumes
(Vmsup @Nd Vg, respectively). Theordered2: 1and 8: 5
phases are formed in the solid state. The ordered phase
Cayy_5Ys., k4.5 (26.37-31.56 mol % YF;) with the
structure of the mineral tweitite in the CaF,~YF; sys-
tem decomposes in a “deep” subsolidus (670°C).
Therefore, the Ca,,_sLUs, 5743 . 5 phase analogous to
tweltiteis not represented in the phase diagram. Figure 4b
shows the section of the model of this ordered phase.

The phase relationships between the fluorite and the
ordered phases in the SrF,~GdF; system are shown in
Fig. 5b. Three ordered phases (T, R, and S are trans-
formed upon heating into the nonstoichiometric
Sr, _Gd,F, . « phase. The fourth one (R) is at the solu-
bility limit of GdF; in SrF, at the eutectic temperature.
The nonstoichiometric Sr, _,Gd,F, ., phase has an
anomaly (the maximum) on the melting curves. These
maxima are the characteristic feature of the heterova-
lent solid solutionswith the varying number of atomsin
the unit cell (nonstoichiometric phases) [38].

With afurther increasein Ar and AV, the stability of
the ordered M,R;F,, phases also increases. In the PoF,—
LuF; system, such a phase is in equilibrium with the
melt from which crystals can be grown. The melting
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Fig. 5. Location of the nonstoichiometric fluorite M; _,RF, .. « phases and the phases with the structure derived from the fluorite
one on the phase diagrams of the MF,—RF; systems. The difference between the volumes of the RE and matrix superclusters (AV)
is(a) 1, (b) 2, (c) 6, (d) 10, (e) 12, (f) 15%. The differencein the size of the M** and R** ionsis (a)13, (b) 16, (c) 18, (d) 24, (e) 26,

(f) 31%.

point of Phb,LusF; amost coincides with the melting
point of the component PbF,. The melting curves of the
fluorite phase have awell devel oped maximum. Such a
maximum in the PbF,—~GdF; system (Fig. 5c) corre-
sponds to a higher melting point which is outside the
choseninterval of the reduced temperatures. With afur-
ther increase in AVy,, (Figs. 5e and 5f), the thermal sta-
bility of the M,R;F,, phases decreases. Their composi-
tions either are outside the homogeneity region or lie at
the limit of the solubility of RF; in MF,. As a result,
they acquire the characteristics of independent com-
pounds with the structure derived from CaF,. These
compounds cannot be obtained as fluorite M, _,RF, ,
phases during heating up to the melting point. Because
of the incongruent melting of the 4 : 3 phases, we man-
aged to grow their single crystals appropriate for struc-
tural studies[28].

8.3. Ordered Phases with Structures Derived
from CaF, Type

In the interval 0-50 mol % RF; in the MF,—RF; sys-
tems, several tens of ordered phases with the structure
derived from the CaF, type are formed [33]. They are
related to five types of the distorted cubic face-centered
lattice CaF,—two tetragonal, two rhombohedral, and
one cubic. The monoclinic SrY b5 phase was obtained
in the decomposition of tysonite solid solutions with
more than 50 mol % RF;. The equilibrium nature of this
phase has not been proven as yet.

Most of the ordered phases are formed as aresult of
solid phase reactions, and, therefore, the synthesis of
their single crystals is difficult or even impossible.
Crystal structures are determined only for the represen-
tatives of three structure types. One tetragonal type is
represented by Ca,YbF, [39, 40]. One rhombohedral
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typeis represented by Ba,R;F,; (R=Y,Yb) [28] and is
closeto the Ph,Y (F5,0 phase [12]. Another rhombohe-
dral type is represented by the minera tweitite
Cay7Y 0.25R0.05(F; O)25-2.30 [41].

The ordered phases are characterized by long-range
order in the arrangement of RE superclusters, with the
cubic motif of the cationic packing being preserved.
Their unit-cell parameters are larger than the parameter
of the fluorite lattice. First, the structure of the ordered
phases based on [RsF;;] clusters [15] was suggested,
and then the associates of defects of larger dimen-
sions—{ Mg[RsFss_co] } SUperclusters[21].

The superstructural phases are formed with the aid
of six types of combinations of {Mg[RsFs 0]} SUper-
clusters [26], which correspond to six families of the
vectorsof theinitial CaF,-typelattice. The combination
of these vectors yields all the basis vectors of al the
known superstructural fluorite phases built by
{Mg[RsFes_co]} Clusters. The analysis of possible ways
of combination of superclusters [27] provided the
establishment of the correl ations between the composi-
tion and the structure. It became possibleto model crys-
tal structure of the ordered and disordered fluorite-like
phases in the MF,—RF; system over the wide range of
RF; content (0.1-75.0 mol %). The ordered phaseswith
the superstructure are related not only to the MF,—RF;
but also to the MF-RF; and MF-RF, systems and some
chloride, oxychloride, oxyfluoride, oxide, and carbide
systems.

The clusters (superclusters) statistically distributed
in acrystal of the disordered fluorite phase are trans-
formed into the structural elements in the ordered
phase. This allows one to determine the shape and the
chemical composition of these elements by studying
the structure of ordered phases. Such studies yield the
argumentsin favor of microheterogeneity of thefluorite
Ml - xRxFZ +X phBSGS

Figure 6 shows the fragment of the structure of the
ordered Ba,Y b;F,; phase and the Yb** ions[28], which
occupy the octahedron vertices. It is also established
that the octahedral groupings have the purely cationic
rare earth composition. For the first time, the following
isomorphism scheme suggested in [42] was experimen-
tally confirmed:

[MgF3,1%% + 6F — [RF3;1" + F.

As follows from Fig. 3, for all the combinations
except of those with Sr>* and Nd**, one observes the
geometric mismatch of the matrix and rare earth super-
clusters. As aresult, the combination of these subunits
givesrise to elastic displacements of atomsresulting in
internal stresses. There is an analogy between the
microstructure of M, _,R/F, , , crystals (at the level of
clusters) and the solid solutions in the systems with
metals, which decompose with the formation of two
isostructural phases (isostructural decomposition [43]).
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No tetrahedral groupings [R,F,] (small clusters)
(Fig. 1, on the right) was observed in the ordered fluo-
ride structures. Such groupings are the structural ele-
ments of the fluorite-like structures of the intermetallic
compounds Caln; ([In,Cay] cluster) and Mg;Ga,
([GayMgy] cluster) [22].

At present, the octahedral rare earth [RyF;,]"- clus-
ter and the rare earth {Mg[R4Fes 0]} Supercluster
derived from it are the only building subunits of the
M, _,RF; ., x phases whose possible formation in a dis-
ordered nonstoichiometric crystal is confirmed by its
existence in the structures of the ordered phases.

According to [17, 45], the propensity of defect to
associating into clusters only dlightly depends on tem-
perature. The estimates of the energy of cluster forma-
tion lead to the conclusion that they are stable to tem-
perature increase [46, 47]. This alows one to assume
that the main form of the existence of rare earth ele-
ments in the nonstoichiometric M,_,RF,,, and
numerous ordered phases with the structure derived
from fluorite are their associates—clusters and super-
clusters. The cation composition (M/R ratio) of the
cluster can change, but the octahedral configuration of
RE cationsis preserved.

9. M, - ,RF,,, PHASESIN THE CLASSIFICATION
OF NANOSTRUCTURED MATERIALS

9.1. M, _,RF, , , Phasesin the Classification
of Nanostructured Materials According to the
Chemical and Phase Compositions of Nanoinclusions

According to the general three-category classifica-
tion of the known NSMs suggested in [48], the
M, _,RF, ., « phase should be related to the category of
bulk solids with the microstructure of nanometer
dimensions. This category includes two classes of
NSMs—those with the continuous variation in the
chemical composition on the atomic scale (glasses,
gels, etc.) and the class of materials built by blocks
(nanoinclusions) with the crystal structure, crystallo-
graphic orientation, and chemical composition differ-
ent from the structure, orientation, and composition of
the crystalline matrix, i.e., having different phase com-
position.

The M, _,RF, ., phases obtained by directional
crystallization of melts do not possess the complete set
of the characteristics of any of the above classes of
NSMs. This gives grounds to suggest the third class of
NSMs consisting of bulk formations in which the
microheterogeneity is provided by the blocks of
nanometer dimensions with the compositions different
from the composition of the matrix but having the same
(or related) crystal structure.

The phases with the defect CaF, structure in the flu-
oride and oxide systems are still the only known repre-
sentatives of the third class of NSMs. The number of
fluorite nonstoichiometric phases is quite large [33—
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Fig. 6. Octahedral grouping of Yb>* in the structure of the
ordered Ba,Y b;F,; phase [28].

35]. It seems that the new class of NSM's has the maxi-
mum number of the representatives of all the NSM of
the third category.

9.2. M, _,RF, . x Phasesin the Classification of NSMs
According to the Shape and the Composition of
Nanoinclusions.

Depending on the shape of nanoinclusions, there are
three categories of NSMs [48]: (1) layer, (2) rod, and
(3) isometric ones. In turn, within each category, there
are four families determined by the chemical composi-
tions of the matrix and nanoinclusions. Family (1) in
which both phases have the same composition, family
(2) in which different nanoinclusions have different
compositions, family (3) in which the boundaries and
the bulk of nanoinclusions have different compositions,
and family (4) where the nanoinclusionsin the bulk and
the matrix have different compositions. In all the cases
it is assumed that the structures of the matrix and the
inclusions are different. Thus, in accordance with the
shape and the composition, we have altogether 12 types
of NSMs. The shape and the composition of the
M, _,RF, ., « phases make them closest to category (3)
of isometric NSMs and family (4) of crystalites of
nanoinclusions dispersed in the matrix with the struc-
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ture and composition different from the structure and
composition of the nanoinclusion.

The above classification ignores the two most
important features of the fluorite M, _,RF, . , phases—
the same structures and the same crystallographic ori-
entations of the matrix and the nanoinclusion. This dif-
ference is shown schematically in Fig. 7. On the left,
the relation between the nanoinclusions and the matrix
for the variant closest to our one (category 3, family 4)
is shown according to [48], and on the right, the same
is shown for the M, _,RF, ., phases. The M, _,RF, . «
phases form an independent type not encountered
among the known NSMs and characterized by the
coherence of the symmetry elements of nanoinclusions
and the matrix caused by their isostructurality despite
the pronounced (qualitative) difference in their chemi-
cal compositions.

9.3. M, _,RF, ., Phasesin the Thermodynamic
Classification of NSMs

Under the standard conditions, the nonstoichiomet-
ric fluorite M, _,R/F, . . phases in the NSM classifica
tion [48] are related to nonequilibrium ones. However,
the problem of the state of these phases in the tempera-
ture interval from the beginning of volume diffusion to
melting has not been studied as yet. It is probable that
in as-grown crystals (crystals grown from melt and not
subjected to any thermal treatment), the matrix and
nanoinclusions are in an elastically stressed state,
which isanonequilibrium state, so that the stresses can
be removed by annealing. The phase transformation of
as-grown Ba,sRy25F»,5 (R = Gd-Lu) phases with the
distorted fluorite structure into the cubic fluorite phases
upon 14-day-annealing at 900°C is also associated with
the removal of elastic stresses.

The mgjority of the properties of the M, _,RF,, «
phases were studied on nonequilibrium samples, which
hinders the interpretation of the results obtained. The
nonequilibrium state indicates its dependence on usu-
ally noncontrollable conditions of crystal synthesis. As
a result, the data obtained are often inconsistent
because of some objective reasons.

9.4. Relation of the Matrix and Nanoinclusion
Sructuresinthe M, _,RF, , « Phases.

This has no analogues in the classification of mod-
ern NSMs. The crystal structures of the nanoinclusions
and the matrix in M, _,R/F, , , have the same cationic
motif—the centers of gravity of the cations of different
species (M** and R**) in the nanoinclusions and the
matrix either coincide with or are close to the regular

point system 4a in the sp. gr. Fm3m. As aresult, the
cationic motif is the same for the whole crystal irre-
spectively of different chemica compositions of
nanoinclusions and the matrix.
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Fig. 7. Nanophase composite (a) consisting of blocks with the structure, crystallographic orientation, and the composition (light
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cles) of different compositions but with the coherent conjugation with the crystalline MF, matrix (M are indicated by black circles).

We believe that the identical structures (close rela
tion) of the matrix and nanoinclusions are one of the
main characteristics of the M,_,RF,,, phases as
NSMs. The suggested model of the nanophase compos-
ite M, _,RF, .« (Fig. 4) does not take into account the
displacements in the anionic sublattice. This model
does not take into account the displacements of the cat-
ions of various species. Under these assumptions, the
nanoinclusion and matrix structures can be considered
to beidentical. One can state that the crystalline fluorite
matrix formsthe fluorite structure of the rare earth com-
ponentinthe M, _,RF, , , crystal. Inthe 2D variant, the
fluorite layer consisting only of RE cations was estab-
lished experimentally in the structure of the ordered
KR;F,, phases.

In the limit, nanoinclusions can be considered as
high-pressure fluorite RF; phases dispersed in MF,. The
synthesis of high-pressure Ph,;La,-F,,; phase of the
composition close to the composition of LaF; was
reported in [49].

9.5. Sngle-Crystal Appearance of the M, _,RF, , «
Phases and Their Microheterogeneity

The most bright manifestation of the double nature
of the M, _,RF,,, phases as NSMs, which distin-
guishesthese phasesfrom all the known NSMs, istheir
appearance—they look like single crystals. It is this
appearance that does not allow one to guess that they
are microheterogeneous.

Despitethejustified qualification of theM, _,RF, . ,
phases as NSMs (which are heterogeneous by defini-
tion), some objective characteristics of these phases
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demand their rel ation to macroscopically homogeneous
single crystals. This reflects the double nature of the
M, _,RF, ., « phases showing the signs of both single
crystals and specific two-phase systems with
nanophase coherent inclusions isostructural to the
matrix but having different composition. Figure 8
shows somecrystalsof the M, _,RF, . « phasestogether
with other multicomponent fluoride crystals. The
NSMs such as M, _,R/F, ., , not only have the appear-
ance of single crystals but also behave like single crys-
tals in the electron, neutron and X-ray diffraction
experiments. Larger formations (conglomerates of RE
clusters) can manifest themselves on the powder dif-
fraction patterns asindependent phases with the fluorite
structure and the | attice parameter different from that of
the matrix. However, in this case aswell (which will be
considered later), the material has the appearance of a
single crystal.

In other words, the chemically heterogeneous sys-
tem with large second-phase inclusions behaves as a
single crystal in the diffraction experiments at the
wavelength of about 1-10 A. This differs the nonsto-
ichiometric M, _,R/F, . , phasesfrom the known NSMs
inwhich (at their sufficient concentration) the presence
of nanoinclusions was established by the diffraction
method because their crystal structures differ from the
structure of the matrix.

10. SOME PHYSICAL CHARACTERISTIC
OF NANOSTRUCTURED M, _,RF,,, CRYSTALS

10.1. Spectroscopy of RE ionsin M, _,RF, . . Crystals

Historically, the first observed anomaly was an
inhomogeneous broadening of the absorption and lumi-
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Fig. 8. Crystals of nonstoichiometric fluorite M; _ R, ., x phases and some other multicomponent fluoride materials synthesized
at the Shubnikov Ingtitute of Crystallography of the Russian Academy of Sciences.

nescence spectra of Nd** in Ca _,Y,F,,, crystas
reported in [50]. The subsequent numerous studies of
the spectral characteristics of M, _,RF, . , crystals acti-
vated with RE ions confirmed that they are partly disor-
dered optical media, which can have optical centers R**
in different anionic environment. As a result, one
observes the inhomogeneous broadening on the absorp-
tion and luminescence spectra of R**. The inhomoge-
neous broadening of the spectraof M, _,RF, ., crystals
can exceed broadening observed for fluoride glasses
[51, 52] despite the fact that glasses are believed to be
the most structurally disordered media.

The use of thisfeature of the RE ion spectroscopy in
M, _,RF, ., crystals provided the creation of a new
class of active lasing media with partly disordered
structures and better spectral characteristics [53]. The
assumption on the association of (R*-F,;,) dipolesinto
di- and tetramers was suggested in order to interpret the
complicated character of the optical spectra of R* in
CaF, [54] (F,; are interstitial fluoride ions). The con-
cept of large defect complexes was suggested in [55] in
order to explain an increase in the number of cubic cen-
ters(nonlocal charge compensation) with anincreasein
the R* concentration. The “clots’ of RE ionsin acrys-
tal schematically shown in Figs. 1 and 4 explain the
depletion of the remaining volume of R** ions. These
factswerethefirst indication of the formation of defect
complexesin M, _,RF, ., prior to the structural stud-
ies. The first structure determinations were made on
Cay61Cey39F239 [31] and CayoY,,F,; [6] crystals.
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Since the structural determinations were made consid-
erably later than the spectroscopic studies, there was no
necessary groundsto interpret the experiments on optic
spectroscopy of RE ions in the nonstoichiometric
M, _,RF, ., , phases. A large volume of the experimen-
tal data accumulated in thisfield till need to be gener-
alized on the basis of numerous but often inconsistent
structural data.

10.2. Diffuse Neutron Scattering and Associates
of Superclusters of Defects

The experiments on diffuse neutron scattering from
Ba, _,LaF, ., ,crystalsareinterpreted in [56] asaresult
of formation of defect regions of connected rare earth
clusters extended for five to seven unit-cell periods. The
degree of association decreases with an increase of the
temperature in the range 600-1000°C. Below 600°C,
most of the clusters are in the associated state. The
study of inelastic diffuse scattering of neutrons on
Baysilay 16F21s and Bayglans Fos crystals [57]
showed that, with an increase of the LaF; content, the
clusters interact more intensely.

10.3. Heterogeneity of M, _,R.F, , « Phasesin EPR

The EPR method was widely used for studying the
local symmetry of paramagnetic RE ions in
M, _,RF, ., crystals [58-61]. The analysis of the
related resultsis hindered because of the inconsistency
of the data on the symmetry of the optical centers R**.
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One of the objective reasons of these discrepanciesis
the dependence of the defect structure on the noncon-
trollable conditions of the synthesis and thermal treat-
ment of the crystals.

The study of theCa, -, R.R,F,, .,y (0<x<0.02;
0001 <y <038 R=Er, Tm Yb, R =Y, Lu),
Sro.969L Up.03Ro0.001F2.031,  @nd By 9L Ug.03Ro.001F2.031
(R = Er, Tm) crystals synthesized under equivalent con-
ditions provided the establishment of some tendencies
in their behavior [1-3]. One of the most important con-
clusionsisthat at the RE content lessthan 0.2%, the RE
clusters cannot exist in acrystal separately but accumu-
late into “grains’ of the rare earth phase. The average
RE concentration in these grains is not lower than 20—
30%, i.e., iscloseto the limit solubility of RF; in CaF,.
The grain size is small, and, according to indirect esti-
mates, ranges within 30-100 A for the
Ca _x-\RR,F,, «.y phases. Up to now, no grains have
been revealed by direct methods. Among numerous
publications on the properties of the fluorite
M, _,RF, ., « phases, the conclusion drawn in [1] seems
to be the best formulated indication to the heterogeneity
of the crystals in which R* are combined into
“microphases.”

10.4. Heterogeneity of the Ca, _,RF, . x Phases
in the Cathodoluminescence Method

The use of the cathodoluminescence method in an
electron microscope [62] allowed one to observe the
regions with an elevated RE concentration in
Ca _,_,GdEUF,,, and Ca _, JEuMnF, crysals,
the so-called “microphases’ [62]. These regions were
formed prior to the attainment of the solubility limits of
the impurity components in CaF, and were observed
because of the cathodoluminescence color varying with
the changes in the composition. The dimensions of the
activator-enriched regions were estimated as severa
tens of microns. Despite such large dimensions of inho-
mogeneities, neither X-ray phase analysis nor light
scattering reveal any signs of the second phase.

10.5. Electron Diffraction and Heterogeneity
of Ca, _,RF, ., Phases

Electron diffraction was widely used to study the
processes of decomposition of nonstoichiometric fluo-
rite phases and to determine the lattice geometry of the
forming ordered phases [63]. The microheterogeneity
of Ca _,RF,, is indicated by the nonequilibrium
mixture of thefluorite and two ordered phases observed
in Cay.9s5Y by sF205 [64]. Even if one assumes that this
observation is the result of the partial decomposition of
the crystal under an el ectron beam, the ordered phasein
equilibrium with fluorite should have been atrigonally
distorted phase (rhy—Cay;, 5Y¢_5F14_5 © < 0.5) and
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not the really observed mixture of this phase with the
tetragonally distorted one t-Ca,Y bF..

The formation of ordered phases at the concentra-
tion of the impurity component less than 1% was indi-
cated in [43] as the characteristic feature of intertitial
solid solutions in the systems formed by metals. This
can be explained by the much higher (by an order of
magnitude) coefficients of the variation of the lattice
parameters (a measure of static distortions) in the inter-
dtitial solid solutions (including M, _,R/F, . ,) in com-
parison with the substitutional solid solutions.

10.6. Heterogeneity of the M, _,R/F, . , Phases
in the NMR Method

The valuable information on the defect structure of
concentrated solid solutions M, _,RF, . « iS given by
the NMR studies at '°F nuclei. Since RE ions are con-
centrated in microvolumes of M,_,RF,,, crystas,
some regions of either pure MF, matrix or a solid solu-
tion less concentrated than the grains of the rare earth
phase are formed. One of the most reliable proofs of the
existence of the regions containing no RE ions was
obtained on Sr,, ;sNd, ,sF, »s and Ba, _ ,Nd,F, . , crystals
[65, 66]. At high concentration of Nd** and their statis-
tical distribution, each F~ion should have aNd** ion as
anearest neighbor. However, the ?F NMR spectrum of
the Sr,;sNd, ,sF, 5 crystal has an intense component
whose chemical shift corresponds to practically pure
SrF,. This component does not obey the Curie-Weiss
law and its intensity is in dependent of orientation.
These characteristics can be inherent only in the
regions of the crystal having no paramagneticions, i.e.,
in the regions of pure SrF,.

The spectrum also has some satellites whose behav-
ior in amagnetic field corresponds to F- ions bound to
Nd**. In this case, one of the components corresponds
to fluorine bound to two Nd** ions. This spectrum can
be explained by the microheterogeneity of the crystals
at thelevel of the formation of microphases having pro-
nouncedly different chemical compositions and
enriched with RE ions. Their dimensions considerably
exceed the dimensions of individual RE superclusters.
Similar observations were also made for a concentra-
tion series of Ba, _,Nd,F, ., , crystals (x = 0.15, 0.22,
0.32). The presence of the component with the chemi-
cal shift close to that of pure BaF, is also observed for
the crystals of the composition Ba, ;sNd, 3,F; 3,-

10.7. Heterogeneity of Ba, _,R/F, . , Phasesin Raman
Scattering

Raman scattering from Ba, _,LaF, , , crystals with
x = 0.005, 0.01, 0.05, 0.10, 0.15, 0.25, 0.31 [67] and
Ba, _,RF, ., crystals with R= Ce, Pr, Gd, Tb, 0.10 <
x < 0.30 [68, 69] showed that the Ba?* and R** ions in
microvolumes of the crystals are differentiated. The
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spectra change with an increase of RE content, but at
high RE concentrations (tens of mol % of RF;), the pure
BaF, component is observed. This can be explained by
adramatic increase of RE ion content in some volumes
of the crystal (Fig. 4).

10.8. Heterogeneity of the M, _,R/F, , , Phases
and Their Mechanical Characteristics

The influence of small RE concentrations (up to
0.1mol % RF;) on the plastic deformation of
Ca, _,RF, ., crystalswasfirst observed in[70] and was
then studied in[71]. The effect becomes extremely pro-
nounced at high RE concentrations. Thus, according to
[35, 72],theCa, _,LaF, , . crystalsat x = 0.25 show an
almost fivefold increase of hardnessin comparison with
the hardness of CaF,. The hardness of Ca,sL&,sF; 55
becomes close to the hardness of rutile (TiO,), one of
the hardest oxide materials. At the sametime, the cleav-
age of the crystal either deteriorates or completely dis-
appears. All the fluorite MF, phases have perfect cleav-
age, which hinders the mechanical treatment of the
crystals and the exploitation of the products manufac-
tured based on these crystals. Thus, this effect is of
gresat practical importance.

Strengthening of Ba, _,RF, . , crystals was studied
in[73] at alow content of RE elementsand in [35, 72,
74] at their high content. The best studied crystals are
Bay gl ay3F231 [74]. The strain-stress curves in the
temperature range (0.5-0.7) T,, the repeating jumplike
changes of stress. One of the possible explanations of
this fact is the heterogeneity (two phases) of the sam-
ple. At the sametime, such aconclusion was not drawn,
because it was inadmissible for crystals that show no
light scattering, the typical sign of the formation of the
second phase. Now, these jumps are explained by the
nanostructured nature of the Ba, (L&, 5,F, 5; crystals.

As was expected, the mechanical characteristics of
the fluorite M, _,R/F, , , phases are essentially different
from the corresponding characteristics of MF,. This
fact can be understood if one considersthese crystalsas
aNSM.

10.9. Heterogeneity of the M, _,R/F, . , Phases
and Processes of lon Transport

Theionic conductivity of the M, _,R/F, . , phasesis
higher by afactor of 8-10 orders of magnitude than of
MF,. Thisis the strongest dependence of the property
of the nonstoichiometric fluorite crystals on the defect
structure and the related microheterogeneity. Despite
such a considerable increase in conductivity of the
M, _,RF, ., , crystals, the number of charge carriersin
these crystalsis lower by about an order of magnitude
than the number of the structural anion defects usually
responsible for conductivity (interstitial fluoride ions
and anion vacancies). In order to explain this phenom-
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enon, it was assumed that the fluoride ionsin rare earth
superclusters are in the bound state in the process of
chargetransport. The mobilefluorideions arelocated at
the periphery of the so-called defect regions of the
structure [75].

A defect region is arare earth cluster with the sur-
rounding region of the distorted matrix. This definition
includes a {Mg[RsFss_¢o]} Supercluster with the struc-
turally distorted periphery. The presence of the mobile
fluoride ions is associated with the necessity to com-
pensate the positive charge of the defect region with
one or two additional fluoride ions (per one RE super-
cluster). Theseions arelocated outside the supercluster
and their number is lower by about an order of magni-
tude than the number of excessive anions in the super-
cluster. Thus, the cluster model and the close model of
defect regions alow one to interpret the discrepancy
between the observed number of charge carriersin the
superionic M, _,RF, ., crystals and the number of
anionic defects.

The volumes of the defect regionsin the BaF,-based
fluorite phases obtained from the data on the superionic
conductivity range within 30004000 A3. The calcula-
tions based on the supercluster model yield values con-
sistent with these estimates. The minimum volume of
the defect region can be estimated by adding at least
one (peripheral) layer of polyhedrato a RE supercluster
with the cube edge a,, = 1.5a;, where & is the period
of the fluorite lattice. The linear dimension of such a
defect region is ags = 2.5ay, and its volume is Vg =
(2.5ay). For theBa, _,RF, . , phases, theinterval of the
changes of the defect region is determined by the min-
imum parameter of the cubic Ba, _,LuF,,, lattice
(~5.9 A) and the BaF, parameter (6.2 A). Then, the
minimum and maximum volumes of the defect regions
are V., = 3209 and V., = 3724 A3,

The above values are close to the estimates based on
the conductivity data. Thus, the dimensions of the
defect regions which describe the superionic conduc-
tivity of Ba, _,RF, , « crystals correlate with the dimen-
sions of the associated superclusters.

10.10. High-Resolution Electron Microscopy, Electron
Diffraction, and Heterogeneity of Ba, _ ,RF . «
Crystals(R=Yb and Lu)

Heterogeneity of M,_,RF,, crystals manifests
itself at the nanometer level and can be reveded by
high-resolution electron microscopy and electron dif-
fraction. Figure 9 shows the diffraction patterns from
crystallites of the rod having the nominal composition
Ba, LU, ,F,, (with respect to the charge) (Figs. 9a-9c)
and the crystal images obtained on a JEOL 200 FX 1|
electron microscope (200 kV) (Figs. 9d and 9e) [76].

Electron diffraction from as-grown Ba _,RF, .
crystals(R=Yb and Lu) [76, 77] showed that they are
inhomogeneous at the level of crystallitesthat provided
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Fig. 9. Nonstoihiometric Ba, gL Uy ,F, » crystals; (a—) electron diffraction patterns, (d, €) electron microscopy images [76, 77].

electron diffraction (with a diameter of tens or hun-
dreds of nanometers). Some crystallites yielded elec-
tron diffraction patterns characteristic of the fluorite
phase (Fig. 9b), whereas some other gave the diffrac-
tion patternswith satellite reflections (Fig. 9a). At some
orientations, diffuse scattering was also observed
(Fig. 99).

As was shown by some additional investigations,
different diffraction patterns are not associated with the
crystal degradation under an electron beam. They seem
to be caused by different structuresin different microre-
gionsof thecrystal. To interpret these observations, one
has to treat thoroughly the aready obtained electron
images and also to study new crystals with different
thermal history. One of the possible assumptionsisthat
the crystal consists of the mixture of coherent inter-
growths of microinclusionswith different compositions
and lattice parameters (Fig. 4).

Earlier [11], we observed the presence in the
Ba, ;5L Uy s, 55 sample of at least two fluorite phases
with somewhat different lattice parameters, which
resulted in the formation of moire patterns. The corre-
sponding studies are under way.

Concluding the review, we should consider inhomo-
geneities of the fluorite phases exceeding the nanome-
ter level. Earlier, we grew from melt the metastable
Ba, 15Ry,5F 25 (R = Ge-Lu) phases [11]. The crystal-
linerods contained al ong with theisotropic regionsa so
optically anisotropic ones with the total area of several
squared millimeters. The powder X-ray diffraction pat-
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terns from these crystalline rods showed low-symmet-
ric distortions of the fluorite lattice. The Ba, 15Ry 25> 25
phases represent a large number of objects whose
defect structures require a new interpretation at various
levels.

The study of the heterogeneity of the Ba, _,R/F, . «
phases and, in particular, of the whole family of the flu-
orite M, _,RF, , , phases, by high-resolution electron
microscopy and electron diffraction are at the very
beginning. However, even the data that are already in
our possession lead to the conclusion that, having the
single-crystal appearance, these phases are inhomoge-
neous at the nanometer level and, therefore, the
M, _,RF, ., , phases should be related to NSMs.

CONCLUSIONS

The present article aimed to draw the attention of the
researchers to the microinhomogeneity of the fluorite
M, _,RF, ., phases at the nanometer scale. These
phases can be considered as a new class of NSMs,
which differs from the already known materialsin iso-
structurality and, generaly, in coherence of the matrix
and nanoinclusions with essentially different chemical
compositions. The investigation of this class of NSMs
isonly at the very beginning.

The study of such NSMsisof great interest for prac-
tice, because single crystals of the M, _,R/F, , , phases
crystallized from melts are promising multicomponent
fluoride materials. They should replace single crystals
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of traditional one-component fluorides (CaF,, BaF,,
etc.) in many fields. The number of the latter fluorides
manufactured industrialy is rather small and does not
exceed ten compounds. The small set of the known
characteristics of these materials is insufficient for the
needs of new fields of the application of inorganic fluo-
rides. We see no aternative to moving from one-com-
ponent to multicomponent fluoride materias, of which
the most important are M,_,RF,,, crystas. We
believe that deepening our knowledge about the
M, _,RF, ., « phasesasNSMswould give anew impetus
to the development of this direction of materials sci-
ence.

TheM, _,RF, , , crystals are the most characteristic
and practicaly important representatives of grossly
nonstoichiometric fluorides. However, they are not the
only crystals having the fluorite structure and character-
ized by an extremely high concentration of structural
defects. These phases enter the vast family of nonsto-
ichiometric fluorite phases described by the general
formula M, _mRaF(1 - xym+ nx- FOr the MF,-RF, sys-
tem with m < n < 4 and the cations of 34 metals, this
family includes more than 300 phases with qualita-
tively different compositions [32—35]. The study of the
microheterogeneity in this family of phases should
answer the question about the relation between the
nanostructured crystals of the fluorite phases and the
pronounced nonstoichiometry observed for the CaF,
structure type.
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Abstract—The crystal structure of the Na,Ca-amphibole magnesioferrikatophorite found in carbonatites from
the Turiy Cape (Kola Peninsula) was refined (Siemens P4 diffractometer, AM oK, radiation, 1481 independent
reflectionswith |F| > 40(F), anisotropic refinement, R(F) = 0.039). The parameters of the monoclinic unit cell
area=9.875(5) A, b=18.010(8) A, c=5.309(3) A, B = 104.39(5)°, sp. gr. C2/m, Z = 2. The distribution of the
cations over the crystall ographi cally nonequivalent M(1-4)-positions was revealed by M éssbauer spectroscopy
and X-ray diffraction analysis. The character of splitting of the A-position correlates with the characteristic fea-

tures of the magnesioferrikatophorite composition. The resulting structural formula (Nayg7K¢ 13)s = 1

O

3 .4 3 2 .
(Nay 15C8y 825 - 2(M0y 41 Feq 1o Tiga7 )z =2 (Fels MOgeo)s—2 (Mo goF€538 MNg )z~ 1(Sis 16Algsa)z =4 D
Si40,,(0; 050H, 66F0.29)5 = 2 agrees well with the electron microprobe analysis data. Based on the zonal char-

acter of the crystal and high Fe** content, the conditions of crystallogenesis are defined as oxidative against the
background of adecreasein the Napotential in the course of the evolution of amineral-forming system. © 2003

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Amphiboles are characterized by pronounced varia-
tions in the structure and chemical composition. The
number of the mineral speciesthat belong to this group
approaches 100. The compositions of amphiboles can
be  described by the genera  formula

AB,CTLY 0,,(OH,F.Cl),, where A is Na or K
(coordination number ranges within 6-12), BisCa, Na,
Mn?*, Fe*, Mg, or Li (coordination number ranges
within 6-8, the M(4)-position), C is Mg, Mn**, Fe*,
Fe’*, Al, or Ti** (coordination number is 6, the M(1-3)-
positions), T is Si or Al (coordination number is 4, the
T(1)- and T(2)-positions). The monoclinic amphibole
under consideration with the idealized formula
Na,CaMg;Fe**Fe**Si,Al0,,(OH),, sp. gr. C2/m,
belongs to the sodium-—cal cium subgroup. For this sub-
group, the contents of the chemical elements (the num-
bers of atoms per formulaunit, apfu) vary in thefollow-
ing ranges. (Ca+ Na)g=1.00, 0.50 < Nag < 1.50, 6.50 <
Si < 7.50, (Na+ K),> 0.50. According to the modern
amphiboles nomenclature [1], this mineral should be
named magnesi oferrikatophorite.

Although the structures of amphiboles of different
compositions were refined in numerous studies, the
crystal chemistry of the series of katophorites has been
investigated insufficiently. In a number of earlier struc-
ture studies [2, 3], the specimens were described as
katophorites, which they are not. According to the

IMA-97 nomenclature, these compounds belong to
other series of monoclinic amphiboles. In particular,
the “katophorite varieties’ (Al, A6, and A7) treated in
[2] are riebeckite (A1) with the number of Al atoms per
formula unit smaller than 0.5, arfvedsonite (A6) with
three Na atoms per formula unit, and richterite (A7)
containing two Na atoms, one Ca atom, and eight S
atoms per formula unit. The katophorite specimens A7
and A8, which were studied recently [3], contained two
Al atoms per formula unit and, in fact, should be con-
sidered as magnesiotaramite.

Therefore, our study was stimulated by the lack of
information on the crystallochemical features of kato-
phorite species by a discovery of a new occurrence of
the mineral of this seriesin carbonatites from the Turiy
Cape (the Kola Peninsul a, the North Shore of the Kan-
dalaksha Bay of the White Sea), and also the possihility
of analyzing the character of the cation distribution by
modern methods of the Mdssbauer spectroscopy and
X-ray diffraction analysis.

EXPERIMENTAL

Chemical composition and the zonal character of
the crystal (electron microprobe data). The mineral
was discovered in adrill core. In this deposit, massive
calcite carbonatite in some placesis enriched with apa-
tite, phlogopite, amphibole, and pyrrhotite. Amphibole
occurs as black prismatic crystals (up to 7 x 1.5 x
1 mm) formed predominantly by the {110} and { 100}

1063-7745/03/4801-0016%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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faces with poorly formed vertices. Its content in the
rock reaches 3-5%.

Chemical analysis of the crystals was performed on
a CAMEBAX SX 50 instrument (CAMECA); the
accelerating voltage was 15 kV; the current intensity
was 30 nA (analyst N.N. Korotaeva).

Theformula coefficients were calcul ated for 46 neg-
ative charges, i.e., formally, for the anhydrous anionic
basis [23(0)]. Then, the formula was converted to the
calculated basis 23(0) + (T + C) = 13, where Tand C
are the cations in the tetrahedral and octahedral posi-
tions of the amphibole structure. The empirical formula
was determined by averaging the results of chemical
analyses at 10 points performed for two grains. The
Fe** content in the formula was determined from the
requirement of its electroneutrality. The resulting for-
mula.can be written as (N 75K 13)50.8s(N@ 45C8.55)52.00 [

M@, Feﬁw Fei:)z Ti (A)‘.Jr17|\/I No.02)55.00(S17.21A0 76 0

3
FeoBst.ooozz(OH1.71F0.29)22‘00-

Chemical analysis reveaded the zona character of
the crystals. For one of the crystals, the composition
was determined at eight points along the elongation
axis. The Ca: Naratio changes substantially in moving
from the specimen center to its periphery. In the central
portion, the grain is enriched with Na (the Nacontent is
higher than 1.5 apfu and the Ca content is lower than
0.5 apfu) and its composition corresponds to ferric-

nyhoite (idealized formula Na,Mg;Fe;” Si;AlO,,(OH),).
At the specimen periphery, where the Ca content is
higher (Na < 1.5 apfu, and Ca > 0.50 apfu), the compo-
sition corresponds to magnesioferrikatophorite. The
volume of the ferric-nybéite core is less than the vol-
ume of the peripheral zone of the magnesioferrikato-
phorite crystal.

Analysis of the M&sshauer spectra of magnesiofer-
rikatophorite performed at the preliminary stage of the
investigation alowed us to distinguish between diva-
lent and trivalent iron ions and showed that Fe** ions
substantially dominate over Fe**. The refined empirical
formula of the magnesioferrikatophorite specimen
(Table 1) can be written as follows:

(N3 74K .12)50.86(NQy 45C3 55)52.00

3+ 2+ .4+
(M@, 71 Fey31F€576 Tlo.17 MNg )55 00

. 3
’ (S| 7‘15A I 0.76 FeO.JrOQ )ZS‘OOOZZ(OH 1.47 F0.29OO.24)Z2.00'

Evidently, the compositional characteristics of this
amphibole are directly associated with the characteris-
tic chemical features of the host rocks, which isindica
tive of a high oxidizing potential of the mineral-form-
ing medium and a slight decrease in the activity of Na
in the course of the evolution of crystallogenesis. In
addition, it was demonstrated [4] that the composition
of amphiboles serves as a certain indicator that allows
one to estimate the silica content in magma. Amphib-
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Table 1. Average chemical composition of magnesiofer-
rikatophorite

Component wt %
Na,O 7.76
K,0 0.67
Ca0O 3.50
MgO 12.53
MnO 0.19
FeO* 6.23
Fe,O; 12.32
Al,Oq 4.42
TiO, 151
SO, 49.23
F 0.62
-O=F, -0.26

Sum 98.72

* Divalent and trivalent iron ions are distinguished based on the
M Ossbauer spectroscopic data.

oles, which are relatively depleted of silica (S <
~7.00 apfu), are formed in silicon-undersaturated
rocks, whereas amphiboles formed in silicon-saturated
and silicon-oversaturated rocks are characterized by a
higher Si content (~7.00 < Si < 8.00 apfu). Based onthe
silicacontent in the specimen under study, the latter can
be related to high-silica amphiboles. Taking into
account the characteristic geochemical features of the
carbonatite systems, it would be more correct to con-
sider the medium as deficient in aluminum but rather as
enriched with silica.

M Ossbauer spectroscopy. The Mdsshbauer spectra
were recorded on an instrument of the electrodynamic
type using a Co®’ (Rh) source at 300, 80, and 10 K. The
experimental spectra were processed using the
UNIVEM program [5]. The isomer shifts are given rel-
ative to a-Fe (main standard).

The mathematical processing of the spectrum mea-
sured at 300 K at arate of +8 mm/sallowed usto single
out three doublets (Fig. 1), with two of them being
unambiguously attributed to Fe** and Fe**, respectively
(characteristic isomer shifts), with the third one being
attributed to Fe** (isomer shift &; = —=0.10 mm/s, qua
drupole splitting &, = 0.25 mm/s) [6]. According to
experimental data [7], similar parameters of the Moss-
bauer spectrum correspond to Fe’** located in the vicin-
ity of Ti**. The assignment of the M 6ssbauer-spectrum
doublets to the structural positions in magnesiofer-
rikatophorite was made with due regard for the known
crystal chemistry data for amphiboles [6, 8] and the
results of our X-ray diffraction study. The parameters
of the spectrum are given in Table 2. The experiment
was performed at a high rate (8 mm/s) and confirmed
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Fig. 1. Mossbauer spectrum of magnesioferrikatophorite.

the absence of magnetic splitting in the Mdssbauer
spectrum.

X-ray diffraction study. The crystallographic char-
acteristics, the principal parameters of the X-ray dif-
fraction study, and the details of the structure refine-
ment are given in Table 3. The unit-cell parameters
were determined by the least-squares refinement with
the use of the angular characteristics of 22 reflectionsin
the range 20° < 20 < 32°. The empirical absorption cor-
rection was applied using the -scan.

The crystal structure was refined starting from the
atomic coordinates of K-edenite [9] within the sp. gr.
C2/m using 1481 independent reflections with 1,>
20(l,) by the SHELX97 program package [10]. The
refinement was performed with the anisotropic thermal
parameters up to R(F) = 0.039. At the first stage, the
occupancies of five cation positions, namely, M(1),
M(2), M(3), M(4), and A, were refined.

The subsequent determination of the distribution of

isomorphous cations over the crystallographically non-
equivalent positionswas based on the following: (1) the

Table 2. Parameters of the doubletsin the Msshauer spectrum
of magnesioferrikatophorite (T =300K and V =8 mm/s)

; Quadrupole ;
Cations 'SgTrﬁrmi';)'” sliting | @ at('o‘f)’ area
A (mmV/s) 0
Fe3* (Ti*) —0.1000 0.2500 20.09
Fe3* 0.3789 0.5010 43.93
Fe?* 1.0409 2.4690 35.98

CRYSTALLOGRAPHY REPORTS Vol. 48

refinement of the electron contents of the cation posi-
tions, (2) the correspondence between the structural
formula and the data from electron microprobe analy-
sis, (3) the electroneutrality of the chemical formula,
(4) the requirements of the valence balance, and (5) the
approximate equality of the average interatomic dis-
tances to the sums of the ionic radii of the cation and
anion in the corresponding polyhedra. However, there
are some limitations in the refinement of the mixed
occupancies of the nonequivalent cation positions.
Since the scattering abilities of Fe**, Fe*, and Mn, on
the one hand, and Al and Mg, on the other hand, are vir-
tually indistinguishable, the mutual replacement of cat-
ions that belong to the same group has ailmost no effect
on the reflection intensities. Thisfact made it expedient
to refine the distribution of the Fe** and Fe?* ions over
the nonequivalent positions using the M éssbauer spec-
troscopy data.

The final coordinates and atomic-displacement
parameters are listed in Table 4. The distribution of the
cations over the positions is presented in Table 5. The
local valence balance calculated in [13] isindicated in
Table 6. The average interatomic distances in the coor-
dination polyhedra have standard values ([M(1)-O0=
2.083 A, M(2)-00= 2.061 A, M(3)-00= 2.088 A,
M(4)-0O= 2.539 A, [T(1)-OC= 1.644 A, [T(2)-OLE
1.635 A, A(M)-00= 2.765 A, and [A(2)-00=
2.713A).

The overall view of the structure drawn using the
ATOMS program [14] is shown in Fig. 2.

No.1 2003
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DESCRIPTION AND DISCUSSION
OF THE STRUCTURE

Tetrahedral T(1)- and T(2)-positions. According
to the electron microprobe analysis data, there are
approximately eight S + Al atoms per formula unit,
which supports the conclusion about the tetrahedral
coordination of auminum in the structure. The struc-
tures of monoclinic amphiboles have two nonequiva-
lent positions, namely, T(1) and T(2), characterized by
adistorted tetrahedral coordination and the point sym-
metry 1.

A comparison of the average distances [T(1)-OL=
1.644 A and [T(2)-O= 1.635 A shows that aluminum
islocated only in the T(1) position. The Si : Al ratio in
this position (3.16 and 0.84 apfu for Si and Al, respec-
tively) was determined based on the correlation
between the average [T(1)-OUbond length and the Al
content [15]

TOAI (apfu) = [T(1)-OC- 1.6187] x 33.2055.

A somewhat larger average distance [T(2)-O0=
1.635 A fallswithin the range 1.628-1.635 A typical of
these tetrahedra and is consistent with the correspond-
ing distances in the Ca-containing amphiboles studied
earlier.

Octahedral positions. In addition to the tetrahedral
cations, the octahedral cations are also of importancein
the formation of the amphibole structure type. These
polyhedra are linked to form the ribbons containing
three nonequivalent cation positions, namely, M(1),
M(2), and M(3), characterized by different point sym-
metry groups (2, 2, and 2/m, respectively). The cations
located in these positions have a pseudooctahedral
coordination. The M(4) position characterized by the
point symmetry 2 and surrounded by eight anions holds
a special place in the structure. However, not all these
anions form bonds with the central cation.

The total scattering power of the M(1), M(2), and
M(3) positions is provided by the sum of electrons of
the cations located in these positions or, to put it differ-
ently, the sum of the average atomic numbers per posi-
tion. Analogous calculations can be performed based
on the chemical analysis data for one formula unit.
A correlation between these two estimates can be con-
sidered as a correctness criterion for the structure-
refinement data [2]. Figure 3 shows the plot character-
izing the consistency of the electron contents of the
M(1), M(2), and M(3) positions determined from the
X-ray diffraction and chemical analysis data for
amphiboles studied earlier [2]. The position of the point
corresponding to magnesioferrikatophorite in this plot
confirms the correctness of the proposed model of the
cation distribution over the M(1), M(2), and M(3) posi-
tions.

Octahedral M(1) and M(3) positions. Theatomsin
the M(1) and M(3) positions are coordinated by four O
atoms and two OH- anions [O(3)]. In the M(1) octahe-
dra, the O(3) anions are in the cis positions, whereas

CRYSTALLOGRAPHY REPORTS Vol. 48 No. 1

Table 3. Crystallographic characteristics and details of the

X-ray diffraction study

2003

Unit-cell parameters, A, deg | a = 9.875(5), b = 18.010(8),
¢ =5.309(3), B = 104.39(5)

Sp.or.; Z C2/m; 2

Vv, A3 914.6

Peacar 9/CM3 3.211

i (mm™) 281

Molecular weight 1768.82

Crystal dimensions (mm) 0.15x 0.10 x 0.06

Fooo 872

Diffractometer Siemens P4

Wavelength, A 0.71069

26, deg 70.08

otal humber of reflections 4014

Total number of independent 2072

reflections

Number of independent 1481

reflections with 15 > 20(l )

Rint, %0 6.87

Method of refinement L east-squares procedure
based on F?

Number of parametersin the 145

refinement

Final R(F) for reflectionswith 0.039

lo>20(lg)

R(F) for al independent 0.064

reflections

wR (F?) 0.102

S=GOF 1.047

AP EIA3 0.8

Dpin, /A3 -0.93

O(3) anionsin the M(3) octahedra are in the trans posi-
tions. An M(1) octahedron shares five edges with the
surrounding octahedra and only one edge with a M(4)
polyhedron, whereas an M(3) octahedron shares all the
six edges with the adjacent octahedra; i.e., it isthe cen-
tral polyhedron of the octahedral ribbon.

The results of the structure refinement of approxi-
mately 550 monoclinic amphibole specimens demon-
strated that an increase in the electron content in the
M(1) position is accompanied by an increase in the
electron content in the M(2) position [2]. A slight devi-
ation from this correlation was observed only for Li-
containing amphiboles, in whose structuresthe light Li
atomsarelocated, primarily, in the M(3) octahedra. The
cation distribution found in the magnesioferrikato-
phorite structure is in good agreement with the above-
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Table 4. Final atomic coordinates and atomic-displacement

PUSHCHAROVSKII er al.

parameters in the magnesiof errikatophorite structure

Position x/a y/b zlc U:q VA2

M(2) 0 0.08874(6) | 0.5 87(2)
M2 |0 0.18063(4) | 0 96(2)
M@3) |0 0 0 70(2)
M@4) |o 0.27810(7) | 0.5 150(2)
A(m)** |05 0 0 1004(55)
AQ** | 0.44870(3) | 0 0.88028(4) | 339(9)
T(1) 0.28009(8) | 0.08562(4) | 0.2968(2) | 75(2)
T2 0.28894(7) | 0.17158(4) | 0.8049(1) | 68(2)
o(1) 0.1098(2) |0.0882(1) |0.2144(4) | 95(3)
02 0.1194(2) |0.1711(1) |0.7313(4) | 106(4)
O(3)=0OH| 0.1084(3) |0 0.7108(5) | 101(5)
O(4)  |0.3640(2) |0.2495(1) | 0.7948(4) | 124(4)
o(5) 0.3494(2) |0.1323(1) | 0.0027(4) | 153(4)
0(6) 0.3427(2) | 0.1176(1) |0.5932(4) | 137(4)
o(7) 0.3384(3) |0 0.2867(6) | 149(6)
* Ugg X 10%

** The nomenclature of the A-positionsin amphiboleswith the sym-

metry C2/m[11]: A(m), X, 1/2, z; A(2), 0, y, 0; A(2/m), 0, 1/2, 0.

mentioned correl ation between the electron contents of
the M(1) and M(3) positions. In Fig. 4, the point corre-
sponding to magnesioferrikatophorite liesin the lentic-
ular region, which also includes the el ectron contents of
the M(1) and M(3) positions of most of the known
amphiboles. In these structures, the Fe** (rl®Fe*t =
0.78 A) and Mg?* (r'®Mg?* =0.72 A) cationswith large
ionic radii occupy the largest M(3) octahedra.

Location of Ti** in the octahedral M(1) position.
Electron microprobe analysis showed that the Ti** con-
tent in the specimen is ~0.17 apfu. In accordance with
the earlier studies of amphiboles[16, 17], the Ti** ion
was aways placed into the M(2) octahedron of arela
tively small volume. Thiswas explained by the fact that
[6ITi#+ isasmall-size cation with high valence (r'®'Ti* =
0.605 A). Its role in the amphibole structures is analo-
gous to the role played by other cations of the C group
(Fe*, Mn, Mg, Al, etc.). In amore recent study of the
structure of [6ITi-containing richterite [18], Ti** was
found to occupy the M(1) position, which fact was
attributed to the heterovalent substitution according to
the following scheme:

MDI(Tj4+) 4 200102 o MD)(Mg,Fe) + 203I0H-,

Later on, the Ti** ion wasfound both in the M(1) and
M(2) positions in the structures of amphiboles of vari-
ous compositions.

Table 5. Distribution of the cations over the positions in the magnesiof errikatophorite structure

Electron Electron content |Sum of ionic radii* Average
Position content Occupancy of the position withdueregardfor| of the cation cation—anion
the real occupancy and anion distance
M(2) 31.27 1.41Mg + 0.42F€> + 0.17Ti%* 31.59 2.075 2.083
M(2) 39.83 1.31Fe* + 0.69Mg 42.39 2.051 2.061
M(3) 16.95 0.60Mg + 0.37F¢** + 0.02Mn 17.06 2.118 2.088
M(4) 29.29 1.18Na+ 0.82Ca 29.38 2.535 2.539
A(m) 1158 0.56Na+ 0.13K 8.58 2.448 2.765
A(2) ' 0.31Na 341 2.380 2713
* Theionic radii were taken from [12].
Table 6. Local valence balance at the anions in the magnesioferrikatophorite structure
M(1) M(2) M(3) M(4) A(m) A(2) T(1) T(2) >
0(1) 0.38 0.33 0.35 0.99 2.05
0(2) 0.37 0.40 0.23 1.01 2.01
O(3)=0OH 0.37 0.37 0.74
0O(4) 0.55 0.28 1.08 191
O(5) 0.08 0.05 0.01 0.95 0.92 2.01
O(6) 0.16 0.02 0.95 0.88 2.01
o(7) 0.16 0.04+0.02| 094x2 2.10
CRYSTALLOGRAPHY REPORTS Vol.48 No.1 2003
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In the magnesioferrikatophorite structure, the O(3)
position is occupied by O~ by more than 50%. Hence,
it is reasonable to assume that the Ti** ion occupies the
M(1) position together with Fe**, whichis confirmed by
the Mosshauer spectroscopy data. This distribution
leads to an improvement of the valence balance, and the
average interatomic distance M(1)-O0 = 2.083 A
becomes approximately equal to the sum of the ionic
radii of the cation and anion (2.075 A). The involve-
ment of Ti** in the M(1) octahedra is also consistent
with the estimate of the electron content in this posi-
tion.

Octahedral M(2) position. In the amphibole struc-
tures, the atoms in the M(2) position with the point
symmetry 2 are coordinated by six O atoms. The M(2)
octahedron isgenerally occupied by cationswith rather
small radii. This octahedron shares three edges with the
adjacent M(1) and M(3) octahedra and one edge with
the M(4) polyhedron. In the magnesioferrikatophorite
structure, the M(2) octahedron is also characterized tX
the smallest average bond length [3/(2)-O= 2.061
as compared to the M(1) and M(3) octahedral positions.
The M(2) octahedra are occupied by more than 50% by
the Fe** cations (r'®’Fe** = 0.645 A), which is confirmed

by the M6ssbauer spectroscopy data. In addition, Mg
atoms are also located in the M(2) octahedra.

Therelatively low symmetry of the M(2) octahedron
is attributed to the fact that four of the total six O atoms
involved in this octahedron (O(4) and O(2)) are simul-
taneously bound to the large cations in the M(4) posi-
tion. According to [8], the effect of these cationsis seen
from a decrease in the corresponding bond lengths in
the M(2) octahedra. As a result, the average distances
M(2)-O(4)= 1.961 A and D1(2)-0(2)C= 2.072 A in
the magnesioferrikatophorite structure are substantially
shorter than (M(2)-O(1)= 2.151 A.

The M(4) position. Taking into account eight
neighboring anions, the coordination polyhedron about
the M(4) position is either a distorted cube or atetrago-
nal antiprism sharing seven edges with the adjacent
polyhedra, namely, four edges with the SIO, tetrahedra
and three edges with the M(2) octahedra.

The M(4) position holds a special place in the
amphibole structures. Sincethis position isoccupied by
different cations, it influences the isomorphism in the
amphibole series and plays an important role for choos-
ing the name of amineral species. It isthe changein the
Ca: Naratio in the M(4) position that isresponsible for
the zonal nature of the crystal studied. Thus, the com-

Fig. 2. Overal view of the magnesioferrikatophorite structure; the A(2), A(m), M(4) positions are indicated by solid, empty, and

shaded circles, respectively.
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Fig. 3. Total eectron content of the M(1), M(2), and M(3)
positions in the magnesioferrikatophorite structure (white
cross) according to the electron microprobe and X-ray dif-
fraction analysis data in comparison with various amphib-
oles studied earlier [2].

positions of its core and the periphery correspond to
different mineral species, namely, to ferric-nybdite and
magnesi of errikatophorite, respectively.

According to [8], the size of the M(4) position
depends on the sizes of the cations located in other
octahedral positions. Thus, an increase in the
M(1,2,3)-O0distances averaged over three octahedra
is accompanied by an increase in the average M(4)-O0
distance. In the magnesioferrikatophorite structure, the
average interatomic distances 0W(4)-OC= 2.539 A and

Average atomic number for M(3)

25+

20

15

10 -

M(1,2,3)-00= 2.077 A agree with the correlation
reported in [8].

The M(4) position is very “elastic” as to the sizes
and coordination of the cations entering this position.
In monoclinic amphiboles with the symmetry group
C2/m, this position is occupied by the cations of the B
group, namely, by Ca (r®ICa* = 1.12 A) and Na
(r®Nat = 1.18 A).

Structural position A. The largest polyhedra occu-
pied by the A cations are located between the adjacent
silicon—oxygen ribbons along the a axis. These polyhe-
dra are formed by 12 oxygen anions. The bridging
anions between the SO, tetrahedra form two ditrigonal
rings at the opposite bases of the A polyhedra.

The A position is generally occupied by large K and
Na cations. |n monoclinic amphiboleswith the symme-
try group C2/m, this position is often split with respect
to this position in an inversion center (0.5, 0, 0)
because, first of al, of the larger size of the A cavity.
The structural features associated with splitting of the A
positions were considered in a number of studies. In
[19], it wasindicated that alkali cations occupy the A(2)
or A(m) positionsiif the O(3) positions are occupied by
OH groups or F anions, respectively. In terms of the
valence balance 8], splitting of the A position led to the
conclusion that the location of potassium in the A(2/m)
position givesriseto an excessive sum of valenceforces
at this cation, whereas a deficiency of valence forces
takes placeif this position is occupied by Na.

15

1
20 25

Average atomic number for M(1)

Fig. 4. Average atomic numbers in the M(1) and M(3) positions in the magnesioferrikatophorite structure (white cross within the
lenticular region) in comparison with the electron contents of the same positions for different amphiboles studied earlier [2].
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In the magnesioferrikatophorite structure, the A
position is aso split into two subpositions, namely,
A(2) and A(m). This effect can be associated with the
following facts:

(2) the presence of small amounts of K (~0.12 apfu)
in the structure, which was confirmed by the electron
microprobe analysis data; the large potassium cation
(r"2K*+ = 1.64 A) is located in the A(m) subposition
together with Na (r'2INar = 1.27 A), whereas sodium
can simultaneously occupy both subpositions [20],
which is quite reasonable, because the average bond
length A(m)—O0= 2.765 A is larger than [A(2)-O0=
2713 A;

(2) the presence of three types of cations (OH-, F,
and O*) in the O(3) position responsible for the redis-
tribution of ANa over the A(2) and A(m) subpositions
[3l;

(3) the involvement along with Si also of aluminum
in the tetrahedral T(1) position (Al content is
0.84 apfu); the positional disorder was attributed
[21, 22] to the necessity of preservation of the valence
balance at the anions involved in the bonds with the
T(1) and A cations. In the presence of Al inthe T(1) tet-
rahedra, Na atoms occupy the A(2) subposition,
whereas, because of the larger size, the K atoms are
located in the A(m) subposition.

Therefore, in the magnesioferrikatophorite struc-
ture, the Naatomsarelocated in both split subpositions,
whereasthe K atoms occupy only the A(m) subposition.
The compoasitions of the cation positionsin the structure
are reflected by the refined crystallochemical formula of
magnesi oferrikatophorite (N&y 7Kg 13)5a-1 O

3 4
(Nay 15C3 52)smay =2 (M 91.41':90.;21—' 0.+17)ZM(1) Mgy O

3+ 2+ .
Fe131)sme) = 2(_M J0.60F€0.38MNg 02)sm3) = 1(Si3 16 0
Al sa)st1) = 4514050(0; 0sOHg 66F 20)52-
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Errata: “ Statistical Characteristics of Inhomogeneities
of Dislocation Networks’ Published in
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pp. 475479.

E. |. Gutorov

1. Abstract: the third line should read “ by the functions of the type f,(x) = n(nx)"~te™/(n-1)...".
2. The heading of column 12 of Table 2 should read CdS(19).

3. Line 2 in the right-hand column on page 477 should read “...and in zinc [17] ...”.

4. Expressions (2) and (3) should read

_ 5° 4 sx
F(x) = EX e 2)
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n-1
a0 = Tedsre™ )
respectively.
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STRUCTURE

OF INORGANIC COMPOUNDS

Refinement of the Crystal Structure of Na,Ti;0;
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Abstract—The crystals of Na,Ti;O; were obtained by crystallization from flux. The structure of the compound
was refined from X-ray diffraction data collected on a four-circle diffractometer (26/6 scanning technique,
AMoK,, radiation, graphite monochromator, 6,,,, = 40°). The crystals are monoclinic a = 9.133(2) A, b =
3.806(1) A, c=8.566(2) A, B = 101.57(3)°, sp. gr. P2,/m, Z = 2, Peacq = 3.435 g/lcm®, R = 0.035, 1241 reflec-
tionswith | = 20(l). The geometric characteristics of the Ti-polyhedra are analyzed as to their positionsin the
trioctahedral ribbon. The polymorphism of the {Ti;0,}% anionic radical in the structures of Na,TizO; and
PbTi;0; is described. The topology and dimensionality of the {Ti;O,}2 anionic radical are demonstrated to
depend on the type of the large cations located at the lattice points of the hexagonal close packing characteristic
of both structures. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

A variety of compounds are known for the Na-Ti—O
system. The crystal structures of more than ten sodium
titanates were established. The Na,Ti;O; phase was
among the first to be synthesized and structurally stud-
ied [1]. Itscrystal structure was solved in 1961 with the
use of experimental data obtained by the photographic
method (hOl and hll layer-line scanning, R = 14.9%).
The accuracy of this structure determination was low
by modern standards. In addition, the data on atomic
thermal motion as well as on the standard deviations of
the atomic parameters and interatomic distances were
lacking. This gave impetus to the refinement of the
crystal structure of this phase. Below, we report the
results of this refinement.

EXPERIMENTAL AND STRUCTURE
REFINEMENT

Colorless transparent flattened-prismatic crystals of
Na,Ti;O; with the longest dimension varying from 0.1
to 0.3 mm (Fig. 1) were obtained by crystallization
from the flux of sodium titanogermanate Na,TiGeOy
[2]. Theinitial blend was prepared from stoichiometric
amounts of Na,COs, TiO,, and GeO, by mixing and
grinding in an agate mortar. Cooling of the melt was
started at 950°C. Cooling at ahigh rate (15-50 K/h) led
to the formation of cavities in a solidified material, in
which crystals of sodium titanate were found. By con-
trast, only sodium titanogermanate crystallized upon
slow cooling of the melt.

An X-ray spectra analysis (CamScan 4DV) of the
crystals showed the presence of Naand Ti atomsin the
compound under study. The unit-cell parameters and

monaoclinic system, which were determined by the
Laue and oscillation technigue on a RKOP camera, in
combination with the results of X-ray spectral anaysis
made it possible to identify the crystalswith Na, Ti;O;.

The X-ray diffraction data for the structure refine-

ment were collected on afour-circle SYNTEX P1 dif-
fractometer (MoK, radiation) using the 26/06 scanning
technique. The intensities of the reflections were cor-
rected for the Lorentz and polarization factors.

All calculations were carried out with the use of the
SHEL XL program package [3]. The atomic scattering
curves and anomalous dispersion corrections were
taken from the International Tablesfor Crystallography
[4]. The structure was refined anisotropicaly by the
full-matrix |east-squares method with the inclusion of
absorption and isotropic secondary extinction. The
crystallographic parameters of the phase, details of the

1 pm
(I

A

Fig. 1. Scanning electron microscope image of a crystal of
N32T|307
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X-ray diffraction study, and the characteristics of the
structure refinement are given in Table 1. The coordi-
nates of the base atoms and the equivalent thermal
parameters are listed in Table 2. The interatomic dis-
tances are given in Table 3. The local valence balance
on the anions [5] is presented in Table 4.

RESULTS AND DISCUSSION

All aoms in the crystal structure of NaTizO;
occupy specia positions on mirror planes in the space
group P2,/m. Threeindependent Ti atoms each have six
anions in the nearest environment. The polyhedra
around the Ti atoms can be interpreted as strongly dis-
torted octahedra with the average Ti—O distancesin the
range of 1.98-1.99 A. Three crystallographically inde-
pendent edge-sharing octahedra are the building blocks
of the structure. These blocks, related by symmetry ele-
ments, form ribbons with the thickness of three octahe-
dra. The ribbons are extended approximately along the
b-axis and can be considered a “section” of a close-
packed layer with occupied octahedral cavities. The
free oxygen vertices of the octahedra located at the
edges of the ribbons are shared by the adjacent ribbons,
giving rise to step-like layers paralle to the ab-plane.
Trangdlationally equivalent layered constructions of the
Ti-octahedra are linked through the Na" cations along
the c-axis (Fig. 2).

As mentioned in the monograph [6], the crystal
structure of Na,Ti;O; is characterized by a very high
degree of condensation of the polyhedrain the layers.
Thus, four Ti-octahedra come together at each of two,
out of atotal of seven, oxygen vertices, namely, at the
O(5) and O(7) vertices. The number of shared edges of
the Ti-polyhedra reaches 6, i.e., one-half of al linear
elements of the octahedron, which is in excess (from
the viewpoint of the formal valence balance) of the
allowable (according to Pauling) 25% limit of exces-
sive valence on the oxygen atom. Hence, the crysta
structure can be stabilized only at the expense of a
strong distortion of the polyhedra. This construction
cannot occur under the rather mild temperature and
pressure conditions of Earth’s crust. For this reason,
crystal structures of minerals, in which four Ti-octahe-
dra come together at a single oxygen vertex, are
unknown [6].

The high degree of condensation of the Ti-octahedra
in the Na, Ti;O; structure results from the ability of the
Ti*+ cations to form essentially nonequivalent Ti—-O
bonds under special physicochemical conditions. The
analysis of the deformation electron density distribu-
tion in the Ti-octahedra in titanite CaTiSiO5; showed
that the electron density peaks, which characterize the
partial occupancy of the titanium d orbital, are shifted
from the center of the coordination octahedron toward
one of the oxygen vertices [7]. The redistribution of
valence forces in the octahedron is manifested in adis-
tortion of the polyhedra up to the formation of Ti-half-
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Table 1. Crystallographic data, characteristics of X-ray
diffraction study, and details of structure refinement

Molecular formula Na,Tiz0;

Absorption p, mmt 4.14

Space group P2,/m

Number of formula units Z 2

Unit-cell parameters, A

a 9.133(2)

b, B 3.806(1), 101.57(3)°

c 8.566(2)

Unit-cell volumeV, A3 291.7(2)

Density p, g/em® 3.435

Diffractometer SYNTEX P1

Radiation MoK, (graphite
monaochromator)

T, K 293

Bmax: deg 40.00

Number of reflections: 1244/1241

independent/observed

with | > 1.960(l)

Mode of refinement based on F?

Number of parameters 74

in the refinement

Absorption correction DIFABS

Tmax Tmin 1.000, 0.565

Extinction coefficient 0.006(1)

Reliability factors

R (for observed reflections) 0.035

wR2 (for al independent reflections) 0.089

s 1.102

Residual electron density, e/A3:

Prmax 1.08(1.29A fromTi(3))
Pmin -1.20 (0.59 A from Ti(1))

octahedra. Thissituationisalso observed in the minera
natisite and its numerous structural analogues [8], as
well asin sodium trititanate. In the structure of thelatter
compound, the above-mentioned distortion givesriseto
the coordination polyhedra about the Ti(2) and Ti(3)
atoms, which are more correctly interpreted as tetrago-
nal pyramids than as octahedra.

Thus, the interatomic distances in the Ti(2)- and
Ti(3)-polyhedra can be divided into three categories,
namely, four distances, which vary from 1.958 to
2.089 A for Ti(2) and from 1.953 to 2.026 A for Ti(3),
with one shortened distance characterizing the titanyl
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Table 2. Coordinates of the basis atoms and equivalent ther-
mal parameters (A2)

Atom x/a y/ib zlc Ugg
Ti(l) | 0.98502(7) | 0.25 | 0.14606(7) | 0.0043(1)
Ti(2) | 0.67593(7) | 0.25 | 0.24887(7) | 0.0051(1)
Ti(3) | 0.28030(7) | 0.25 | 0.02857(7) | 0.0046(1)
Na(1l) | 0.5929(3) 0.25 | 0.6830(2) 0.0253(5)
Na(2) | 0.1553(2) | 0.25 | 0.4999(2) | 0.0167(4)
O(1) | 0.1865(3) | 0.25 | 0.2188(3) | 0.0067(4)
0(2) 0.4612(3) 0.25 | 0.1465(3) 0.0088(5)
0®3) 0.6510(3) 0.25 | 0.4413(3) 0.0133(5)
O(4) | 0.9081(3) | 0.25 | 0.3246(3) | 0.0068(4)
O(5) | 0.7532(3) | 0.25 | 0.0161(3) | 0.0053(4)
0o(6) 0.3182(3) 0.25 | 0.8035(3) 0.0066(4)
o(7) 0.0440(3) 0.25 | 0.9152(3) 0.0046(4)

Table 3. Interatomic distances (A)

bond (1.709 and 1.755 A for Ti(2) and Ti(3), respec-
tively), and one elongated distance opposite to the tita-
nyl bond (2.245 and 2.181 A, respectively). Thesmaller
Ti(2)-O(3) titanyl bond length (1.709 A) as compared
to the Ti(3)—O(2) bond length results from the fact that
the O(3) vertex is pendant, i.e., it is not shared by other
Ti-polyhedrain the layer. The O(2) vertex is shared by
the Ti(2)- and Ti(3)-octahedra, due to which the Ti(3)—
O(2) titanyl bond is elongated to 1.755 A according to
the requirement of the local valence balance on the
0O(2) atom (Table 4).

The character of distortion of the Ti(1)-polyhedron
differs from the above-described distortions of the
Ti(2)- and Ti(3)-octahedra. Inthe Ti(1)-polyhedron, the
two Ti—O distances (1.979 A) are close to the average
distancein the polyhedron (Table 3). There are a so two
shortened (1.807 and 1.821 A) and two rather long dis-
tances (2.148 and 2.186 A). The redistribution of the
valence forces responsible for this geometry of the
Ti-polyhedra leads to the formation of a rather stable
crystal structure, which is confirmed by the results of
analysis of the local valence balance on the anions
(Table 4).

The reasons for the difference in the character of the
distortion of the Ti-octahedrain the structure of sodium
trititanate can be revealed from the analysis of interac-

Coordination Interatomic distances tions between the polyhedra within the titanium—oxy-
Atoms polyhedron gen layers. As can be seen from Fig. 2, the polyhedron
ranges averagé  ground the Ti(1) atom occupies the middle place in the
. ribbon with the thickness of three octahedraand hasthe
T!(l)_o Octahedron | 1.807(2)-2.186(2) | 1.986 maximum number of edges shared by other polyhedra
Ti(2-O | Octahedron | 1.709(3)-2.245(2) | 1.990 of the ribbon. Since the Ti-ribbons are fragments of a
Ti(3)-O | Octahedron | 1.755(2)-2.181(3) | 1.976 glgsely p?ﬁked Otctahe?rt?ll Iagjer, i 31 which tht%dganc&c
. ween the centers of the edge-sharing oc raare
Na(1)-0 N(')ﬁ‘ggeﬁ 2.238(3)-2.961(3) | 2.729 ~2.8 A, the adjacent Ti atoms tend to be as far apart as
oty possible due to Coulomb repulsions. Under the condi-
Na(2)-O | Seven-vertex | 2.448(3)-2.725(3) | 2.562 tions of the octahedral close packing, this tendency is
polyhedron implemented via the displacement of the terminal Ti(2)
Table4. Local valence balance on the anions
Atom Ti(1) Ti(2) Ti(3) Na(1) Na(2) 3 )
o) 0.952 0.607 0.113x 2 0.154 1.939 0.061
0(2) 0.617 1.137 0.144 x 2 2.042 0.042
o) 1.290 0.192 0.140% 2 1.952 0.048
0.095 x 2
O4) 0.991 0.467 0.160 1.902 0.098
0.142 x 2
0](5)] 0.381 0.318 0.663 x 2 0.098 2.123 0.123
o(6) 0.654 x 2 0.550 0.101 0.122 2.081 0.081
o(7) 0.629 x 2 0.379 2.056 0.056
0.419
0.509

Note: D = 0.509/14 x 100% = 3.6%.
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and Ti(3) atoms in the ribbon from the centers of the
octahedra toward the edges of the ribbon (shortened
Ti(2)-0O(3) and Ti(3)—-O(2) interatomic distances, Table 3)
to form pronounced titanyl bonds. The Ti(1) atoms
occupying the middle positionsin the trioctahedral rib-
bon tend to move away from the adjacent four Ti atoms.
As aresult, the Ti(1) atom is shifted to the O(1)—O(4)
edge of the octahedron to form two shortened
Ti(1)—O(1) and Ti(1)—O(4) bonds, as distinct from the
Ti(2)- and Ti(3)-polyhedra, in which the titanium atoms
are displaced to one of the vertices of the corresponding
octahedra (Fig. 2).

The Na* cations located between the layers neutral-
ize the anionic two-dimensional titanium—oxygen con-
structions. The Na(1) and Na(2) atoms are located in
the centers of the nine- and seven-vertex oxygen poly-
hedra, respectively. The cation—oxygen interatomic dis-
tancesin the Na(1)-polyhedron vary over awider range
(2.238-2.961 A; the average value is 2.729 A) than
those in the Na(2)-polyhedron (2.448-2.725 A; the
average valueis 2.562 A).

The anionic titanium—oxygen radical in the crystal
structure of PbTizO, (a=10.718 A, b=3.812 A, c =
6.577 A, B=98.27°,Z=2) [9] isdescribed by the same
{Ti;O;} formula as that in the structure of Na,Ti;O;.
The monoclinic structures of both titanates belong to
the same space group P2,/m, have close unit-cell vol-

umes (266 and 292 A3, respectively), and have equal
numbers of independent Ti and O atoms per unit cell.
Likein the structure of sodium titanate, al atomsform-
ing the crystal structure of lead titanate occupy mirror
planes. Although these compounds differ substantially
in the a and ¢ parameters and the monoclinic angle, the
b parameters of two titanates are equal to within 0.01 A
(Table 1).

Like the Na, TizO; structure, the crystal structure of
PbTi;O; is built from blocks consisting of three edge-
sharing octahedra. However, each central octahedron of
the triad in the structure of Na,Ti;O, shares two oppo-
site edges with the adjacent octahedrato form linear tri-
octahedral fragments, whereas the central octahedron
in the structure of PbTi;O; shares two adjoining edges
with the adjacent polyhedra to form angular construc-
tions consisting of three octahedra (Fig. 3). Thetriocta-
hedral blocks adjacent along the b- and c-axes share
edges to form layers with the thickness of two octahe-
dra. Unlike the structure of the sodium titanate com-
posed of the two-dimensiona layered {Ti;0;}ee
anionic radicals, the PbTi;O; structure consists of the
octahedral layers, which arelinked through the vertices
aong the a-axis to form a three-dimensional frame-
work. The cavities in the anionic framework, which is
described by the same {Ti;0;} ... fOrmula, are occu-

pied by large Pb?* cations. The unit cell of PoTizO;, con-
tains half as many Pb** cations as the smaller lower-

charged Na" cations located between the layers in the
unit cell of Na, TizO;.
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Fig. 2. Crystal structure of NayTizO; projected onto the
xz-plane.
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Fig. 3. Octahedral motifs of the Ti-octahedra in the ideal-
ized crystal structures of (a) NayTizO7 and (b) PbTizO7 pro-
jected onto the square network. The O, Na, and Pb atoms
occupy the lattice points of the hexagonal close packing.
Theunit cellsare shown by dashed lines. Theinversion cen-
tersareindicated by solid circles.
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Polymorphism of the {Ti;O,}> anionic radical,
whose structure varies from two-dimensional (layered)
to three-dimensional (framework), is determined by the
type of cations neutralizing its charge. As demonstrated
above, the replacement of two Na" cations in the unit
cell by one Pb** cation leads to a change not only in the
dimensionality of the anionic construction of octahedra
but also to a change in its topology. When considering
the arrangement of the oxygen atoms and large Na*" and
Pb?* cations within the framework of a single system,
one can see that they occupy the lattice points of the
hexagonal close packing in both crystal structures. The
close packing projected aong the monoclinic axis
(trandation is 3.81 A) appears as a square network
(Fig. 3). Thedifferencein the mode of occupancy of the
octahedral cavitiesin the close packing by the Ti atoms
isresponsible for the differencein the crystal structures
(layered sodium titanate Na, Ti;O, and framework lead
titanate PbTi;0Oy).
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Abstract—The structures of two crystalline specimens cut out from the pyramidal and prismatic growth sectors
of a K(Hop g50D0.945)2PO4 Single crystal have been studied by diffuse neutron scattering and precision diffuse
X-ray scattering. Diffuse scattering is concentrated in the vicinity of the Bragg reflections and is practically the
samein specimens cut out from different growth sectors of asingle crystal. X-ray diffraction analysis using the
extinction parameters provided the establishment of a higher perfection of the specimen cut out from the pris-
matic growth sector. The precision X-ray studies revealed different configurations of hydrogen bonds in the

specimens. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Potassium dihydrophosphate KH,PO, (KDP) and
deuterated potassium dihydrophosphate (DKDP) crys-
tals have attracted the attention of numerous research-
ers for more than 30 years. Deuterated single crystals
with nonlinear optical characteristicsare used in optical
shutters and powerful laser systems for doubling their
frequency. Thermonuclear reactions induced by laser
irradiation require the use of perfect single crystalswith
a high deuteration degree and cross sections of 500 x
500 mm?. High-quality single crystals of such dimen-
sions are synthesized using the fast growth technol ogy.
It iswell known that deuteration and high growth rates
hinder the preparation of specimens possessing high
optical quality. One has also to take into account the
law of sectorial growth [1]. Different surfaces of single
crystals grow at different rates. Different reticular den-
sities of these faces lead to different mechanisms of
impurity capture by growing faces and the formation of
various defectsin the crystal bulk which are different in
different growth pyramids. Figure 1 showsaKDP crys-
tal obtained by rapid growth technology and the corre-
sponding X-ray topograph showing the boundaries
between the pyramidal and prismatic growth sectors. In
DKDP crystals, the degree of substitution of hydrogen
by deuterium can also be different in different growth
pyramids [2, 3]. The specimens cut out from different
growth pyramids of aDKDP single crystal have consid-
erably different optical and electrical characteristics

[4, 5]. Detailed structural data on KDP and DKDP
crystals and the corresponding bibliography can be
found in [6].

Fig. 1. KH,PO, single crystal obtained by rapid-growth
technology and the X-ray topograph of this crystal.

1063-7745/03/4801-0029%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Fig. 2. Intensity distributions of the Bragg reflections and neutron diffuse scattering in the (h0l) plane of the reciprocal space of the
specimen cut out from the pyramidal growth sector of aK(Hg ¢52D¢.948)2PO4 Single crystal.

The present article describes the precision structural
studies of two specimens cut out from the pyramidal
and prismatic growth sectors of one single crystal.

SPECIMENS

A large K(H, 5Dy 945),PO, single crystal was syn-
thesized from solution in heavy water by rapid-growth
technology. The average growth rate was 6.7 mm/day
(24 h) aong the [100] direction, 8.3 mm/day aong the
[010] direction, and 9 mm/day along the [001] direc-
tion. The studies were performed on the specimens cut
out from the pyramidal and prismatic growth sectors as
far as possible from the surface and the intersectorial
boundaries. The specimen quality was checked by
X-ray topography. The deuterium concentration was
determined from the phase-transition temperature and
was the same, within the accuracy of measurements

CRYSTALLOGRAPHY REPORTS Vol. 48

(~0.1%), for the specimens cut out from both growth
sectors.

The resistivities measured along the crystallo-
graphic zaxis for the specimens from the prismatic and
pyramidal growth sectors differed by a factor of 30,
being 37 GQ/cm and 1.3 GQ/cm, respectively. The
paraelectric tetragonal phase of the crystals was studied
under atmospheric pressure at room temperature, sp. gr.

142d ; the unit-cell parameters, a=7.470(3) A and c =

6.975(3) A, were the same (within the measurement
error) for both specimens.

DIFFUSE NEUTRON SCATTERING

Different properties of the specimens cut out from
different growth pyramids of one single crystal indicate
their different structures. Any distortions of the ideal
periodic structure of the crystal result in the appearance

No.1 2003
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of the diffuse-scattering component on the correspond-
ing diffraction patterns. For DKDP crystals, the distri-
butions of hydrogen and deuterium can also be different
in different growth sectors of the single crystal. There-
fore, it was expedient to consider neutron diffuse scat-
tering. The amplitudes of the neutron scattering from
hydrogen and deuterium atoms have opposite signs. To
analyze the distributions of hydrogen and deuterium
atomsin different growth sectors, we prepared, in addi-
tion to the specimens cut out from a
K(H0.052D0.948)2PO4 Sngle CrySta|, tWO Smllar S)a:l'
mens cut out from a single crystal with a lower deute-
rium content, K(H, 37D 673),PO,. For neutron diffrac-
tion studies, we prepared the cylindrical specimens
10 mm in height and 8 mm in diameter. The long axis
of the cylinders coincided with the zaxis of the crystals.

The measurements were made on a SXD diffracto-
meter with two-dimensional coordinate detector by the
time-of-flight technique [7] at the pulse neutron source
at the Rutherford Appleton Laboratory (UK). The scat-
tered intensities were measured along the layer lines
normal to the y axis of the crystal. The step along the
reciprocal h and | axes was equal to 0.1. We measured
the intensities along the layer lines -6 < k < 6. As an
example, Fig. 2 shows the hol line from the specimen
cut out from the pyramidal growth sector of the single
crystal containing 94.8% deuterium. The analysisof the
diffuse-scattering intensities at al the measured points
of the specimens cut out from different growth pyra-
mids of a K(Hgy5:D0.045),PO, single crystal showed
their coincidence within the measurement error. A sim-
ilar analysis for the specimens cut out from a single
crystal with 67.3% deuterium was hindered because of
the considerable background of incoherent neutron
scattering from hydrogen atoms. However, in this case
aswell, we observed no considerable differencesin the
intensities of diffuse scattering from the specimens cut
out from different growth pyramids of a
K(H0.327D0.673)2PO4 S ngle CrySta| . In a” the Ca%s, dlf‘
fuse scattering was observed in the vicinity of the
Bragg maxima. The same neutron diffuse scattering
from the specimens cut out from different growth sec-
torsindicate that the defects in these DKDP specimens
are of the same nature. The nature and the shape of such
defects were studied in [8]. It is important that these
defects in the specimens cut out from different growth
pyramids are of the same nature and, thus, cannot be
responsible for different physical properties of these
specimens. The analysis of the intensities of the Bragg
reflections on the neutron diffraction patterns showed
their more pronounced difference for the specimens cut
out from different growth sectors of a single crysta
with 94.8% of deuterium. The precision structural stud-
ies of single crystals by the diffraction methods, should
be made on a stationary source of radiation with fixed
wavelength. Because of the pulsed source, different
reflections are measured at different wavelengths,
which requires the introduction of different individual
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Table 1. Parameters of the specimens and experiment

. K(Ho.052D0.948)2PO4
Characteristic
prism pyramid
a A 7.469 7.470
c A 6.974 6.975
v, A3 389.05 389.20
Number of reflections 1463 1445
measured in two octants
Reqr %0 1.84 1.92
Number of independent 525 504
reflections used in the
refinement
Program JANA 98
Weighting scheme Uo(F)?
Number of the parameters 47
to be refined
Misorientation of themosaics 1.376 1.616
blocks x 10 rad
RIR,,% 1.45/1.18 157/1.31

corrections into the intensities of the primary radiation
spectrum, extinction, and other experimental parame-
ters. Therefore, further investigation was performed by
the X-ray method.

REFINEMENT OF STRUCTURAL MODEL

Using abrasiverolling, we obtained specimens of an
almost spherical shape with the diameters of 0.16(1)
and 0.15(1) mm for the specimens cut out from the

Fig. 3. KH,PO, structure. One can see[PO,] tetrahedra, the
positions of K atoms (large circles), and hydrogen bonds
with (H,D) atoms (small circles).
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Fig. 4. Section of the difference electron-density distribu-
tion for the specimens cut out from the (a) prismatic and (b)
pyramidal growth sectors of a K(Hg 050Dg 948)2,PO4 single

crystal. Isolines are spaced by 0.1 e/A3.

pyramida and prismatic growth sectors of a
K(Hy 052D .945),PO, single crystal, which allowed us to
perform the precision X-ray analysis. The diffraction
experiment was made on an Enraf-Nonius CAD-4f
four-circle diffractometer (MoK, radiation, graphite

monochromator, /28 scan, Sin6/A < 0.9 A-Y).

Stability of the diffractometer operation was con-
trolled by regular measurements (once every hour) of
the control reflection. All the stages of the measure-
ments, processing of the experimental data, and the
structural computations were performed in the same
way for both specimens.

The experimental sets of integrated intensities of the
reflections were corrected for the Lorentz and polariza-
tion factor and for absorption in a spherical specimen,
i = 1.635 mm. We aso introduced corrections for the
first- and the second-order thermal diffuse scattering
[9] calculated with the elastic constants for KDP crys-
tals [10]. The atomic factors and the corrections for
anomalous scattering for neutral atomsweretaken from
the International Tables[11]. All the computationswere
performed by the JANA 98 complex of programs[12].
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Table 1 lists the parameters of the specimens stud-
ied, the basic data concerning the experiment, and the
characteristics of the models to be refined. The initial
model for the refinement of the DKDP structure was
taken from [6]. The KH,PO, structure is based on rigid
[PO,] tetrahedra forming an open three-dimensional
framework connected by the net of hydrogen bonds,
with potassium cations being located in the large cavi-
ties of this framework (Fig. 3).

At the first stage of the refinement, we used an
abridged set of the experimental datain therange 0.5 <
sin@/A < 0.9 A-'. The corresponding amplitudes had
almost no contributions from scattering by H and D
atoms. Moreover, such adata set contains no reflections
noticeably distorted by extinction. At this stage, we
refined the coordinates of the basis O atom (the P and
K atoms are located in the special positions having no
parameters), the scale factor, the isotropic extinction
parameter, and the atomic vibration parameter of the K,
P, and O atoms. The thermal parameters were refined
with due regard for anisotropy and the anharmonism of
thermal vibrations. At this stage, we refined altogether
47 parameters using 239 and 433 independent structure
factors for the specimens from the prismatic and pyra-
midal growth sectors of the K(H, 45:Dy ¢45),PO, Crystal,
respectively. The concluding weighted reliability fac-
tors were 1.11 and 1.62% for the prismatic and the
pyramidal growth sectors, respectively. At the next
stage of the refinement, these structural parameters
(except for the scale and extinction parameters) were
fixed.

Thus, at the following stage, we refined only the
scale and the extinction parameters over the whole set
of reflections. Because of the strong correlation of these
parameters, we used the method of step scanning [13]
and excluded five reflections with the extinction param-
eter v, < 0.8 from each set. The scale factor wasvaried
and fixed at a step of 0.005. At each fixed value of the
scale factor, the extinction parameter was refined. We
selected as the solution the values corresponding to the
minimum weighted reliability factor. At this stage, the
minimum R, values calculated over the whole set of
reflections were 1.69 and 1.73% for the specimens cut
out from the prismatic and pyramidal sectors, respec-
tively.

For the reliable localization of H and D atoms, we
constructed difference el ectron-density synthesesusing
the sets of the structure factors with sin6/A < 0.7 A,
The neglect of the high-angle reflections was justified
by the practical absence of scattering from H and D
atoms in these reflections. Figures 4a and 4b show the
(y2) sections of these difference syntheses at the levels
x = 0.149 and x = 0.148 for the specimens cut out from
the prismatic and pyramidal growth sectors, respec-
tively. It is in these sections that the maxima corre-
sponding to (H,D) atoms lie. One can clearly see the
split of the positions of these atoms into two potential
wells with the equal (50%) occupancies.
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The final refinement of the structure models was
performed in the full matrix variant over the complete
set of the experimental data, first, with the fixed posi-
tion of (H,D) atoms. Then, the coordinates of the (H,D)
atoms were refined at the fixed values of al the other
parameters. The isotropic thermal parameter of the
(H,D) atoms was refined separately at astep of 0.01 in
the interval of the parameter values from 0.05 to 0.20.
At this stage of the refinement, the conventional
weighted reliability factors R/R, for two specimens
decreased to 1.45/1.18 and 1.57/1.31%, respectively.
The results of the refinement are listed in Table 2.

DISCUSSION OF RESULTS

The diffraction quality of the specimen cut out from
the prismatic growth sector of the single crystal was
considerably higher than of the specimen cut out from
the pyramidal growth sector, which is reflected in the
reliability factors Ry, obtained upon averaging of the
intensities of the symmetrically related reflections
(Table 1). This aso agrees with the well-known optical
characteristics of such specimens [4]. When designing
the experiments on neutron diffuse scattering, we
expected to reveal a considerable difference in scatter-
ing from the specimens cut out from different growth
pyramids. However, the most detailed analysis of the
neutron scattering patterns practically in the whole
three-dimensional reciproca space showed that al the
differences recorded at the points of measurements
were within 3a(l). In other words, diffuse scattering of
neutrons is amost insensitive to the difference in the
structures of the specimens studied. The recorded dif-
fuse scattering is concentrated only in thevicinity of the
Bragg maxima, which is associated with the disordered
(statistical) distribution of H and D atoms over two
positions with the same probabilities.

The X-ray diffraction studies of the specimens
showed a noticeable difference in their extinction
parameters. We considered various models alowance
for extinction. The best results were obtained by allow-
ance for extinction by the Becker—Coppens formalism,
the model of type 1 with the approximation of the dis-
tribution of the blocks of the mosaics in accordance
with the Lorentz function [14]. The extinction for the
type-1model is determined by the parameter reflecting
the characteristic of the real specimen associated with
the misorientation of the mosaics blocks in the single
crystal and not with their size distribution. For highly
perfect DKDP crystals, including the specimens stud-
ied, the extinction parameter can be caused by distor-
tion or bending of the planes due to elastic stresses in
the crystal. Elastic stresses arise because of the nonuni-
form distribution of impurities or point defects formed
during growth [15]. The refined extinction parameters
of the specimens differed by 16%, with the minimum
extinction being obtained for the specimen cut out from
the prismatic growth sector, which indicated the lower
degree of misorientation of the crystallographic planes.
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Table 2. Results of the refinement of the structural parame-
ters of the specimens cut out from a K(Hg 050D g48),PO4
single crystal

o K(H,052D0.948)2PO4
Atom | Characteristic
prism pyramid
O X .14888(7) .14929(9)
.08050(7) .08036(8)
z .12504(9) .12608(10)
Uy, .01784(11) 01772(12)
U,y .01840(11) .01778(12)
Uss .02236(11) 02214(12)
Uy, .00179(10) .00195(11)
Uis —.00577(12) | —.00600(13)
Uy, —00423(11) | —.00409(12)
H,D X .1485(22) .1480(27)
.2026(20) .1896(18)
z .1284(35) .1116(27)
U 13 .09
p Uy .01569(7) .01472(8)
Ui, .01835(20) .01864(22)
K Uy, .02401(7) .02386(8)
Uss .01715(16) .01675(19)
Interatomic distances, A
P-O 1.5359(6) x4 | 1.5419(7) x 4
0-0 intetrahedron 2.4979(9) x4 |2.5103(10) x 4
2.5323(8) x 2 | 2.5345(9) x 2
K-O 2.9049(6) x4 | 2.8993(7) x 4
2.8286(6) x 4 |2.8233(7) x 4
O—-(H, D) 0.9127(6) 0.8228(6)
O-————— (H, D) 1.6201(6) 1.7200(6)
O—(H, D)-O 2.5286(8) 2.5330(10)
(H, D)-(H, D) 0.7092(0) 0.9204(0)
0O H(D) O, deg 179.1 157.72

This agrees with the data on higher homogeneity of the
specimens cut out from the prismatic growth sector
than of those cut out from the pyramidal sectors of sin-
gle crystals obtained by rapid-growth technology [3].

Asisseenfrom Table 2, the Ptetrahedraand K poly-
hedra in two specimens have amost the same geome-
triesand dimensions. The only differenceisobservedin
the configurations of their hydrogen bonds. The dis-
tances between the oxygen atoms bound by hydrogen
bonds are rather close, 2.531 and 2.534 A, respectively,
but the OO(H,D)O angles (179.1° and 157.7°) and the
O-H(D) distances are considerably different. The dif-



34 MALAKHOVA et al.

ference in the positions of (H,D) atoms is seen from
Figs. 4a and 4b. The O(H,D)O angle in the specimen
cut out from the prismatic growth sector is close to
180°. In the specimen cut out from the pyramidal
growth sector, bending of hydrogen bonds is observed.

The amplitude ratio of the residua peak and the
refined thermal parameters of hydrogen atoms for both
specimens|ead to the assumption that the occupancy of
hydrogen positions in the prismatic growth sector can
be dightly higher than in the pyramidal sector. Taking
into account the real accuracy of our data, it isdesirable
to confirm this conclusion by neutron diffraction data
for these single crystal's, which should be obtained on a
stationary reactor. Moreover, such datamay also clarify
the main cause of different electrical conductivities of
the specimens.
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Abstract—The crystal structure of the high-temperature modification of zinc pyrovanadate, namely, (-
Zn,V 05, isrefined by the full-profile Rietveld method (GSAS) using the high-temperature X-ray diffraction
data. The crystals are monoclinic (space group C2/m, Z = 2); the unit cell parameters are as follows: a =
6.9324(2) A, b=18.4394(2) A, ¢ =5.0326(1) A, and B = 108.272(2)°. Comparative analysis of the crystal struc-
tures of B'-Zn,V,0;, B-Mn,V,0,, and Cd,V,0; is performed. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

It is known that zinc pyrovanadate crystallizes in
two polymorphic modifications with a transition tem-
peraturein the range 608-620°C [1]. The low-tempera
ture modification a-Zn,V,0; crystallizes in the mono-
clinic crystal system with the following unit-cell
parameters; a = 7.429 A, b = 8.340 A, ¢ = 10.098 A,
B =111.37°,Z =4, and space group C2/c[2]. Based on
the melting behavior of zinc pyrovanadate, it was
assumed that the high-temperature 3 modification crys-
tallizes in the structural type of thortveitite. However,
its complete crystal chemical identification is unavail-
able in the literature (in [3], only the interplanar spac-
ings are reported).

We undertook this study in order to determine the
crystal chemical parameters of the high-temperature
modification of Zn,V,0;.

EXPERIMENTAL

The high-temperature X-ray diffraction data were
collected in air on a STADI-P instrument (STOE, Ger-
many) in the Debye-Scherrer geometry using CuK,
radiation. A polycrystalline sample, whose particles
were 3-5 um in size, was filled into a quartz capillary

Table 1. Structural parameters of '-Zn,V,0;

0.3 mm in diameter. The temperature control was per-
formed with an Eurotherm thermoregulator within
£0.1°. The diffraction data were collected with a PSD
position-sensitive detector (the 26 angle coverage is
43.5°, and the angular increment is 0.015°) in the 20
range 12.34°-90°. The whole angular range was
divided into the following four ranges. 12.34°-60°,
25°-75°, 45°-86°, and 58°-90°. In the cal cul ations, the
four diffraction files were used as sets of independent
experimental data. The files were not merged into a
common file because of the problems with the consid-
eration for the effective sensibility from separate PSD
parts. The profile-fitting program for the refinement of
structural parameters using the full-profile Rietveld
method (GSAS) operates simultaneously with several
independent data sets [4]. The absorption uR=0.1 at a
small distance R was obtained as a variable parameter
in the refinement. This value corresponds to a sample
density of approximately 0.08 g/cm?3.

RESULTS AND DISCUSSION

The X-ray diffraction data for the high-temperature
modification of zinc pyrovanadate were obtained at
650°C. A comparison of our diffraction patterns with
those obtained in [3] revealed that they are essentially

Atom Position x/a ylb zlc N Ui X 102, A2
Zn 4a 0 0.31577(19) 12 10 3.89(7)

Vv 4i 0.21736(29) 0 0.9049(4) 10 2.50(9)
o) 2a 0 0 0 1.0 4.97(12)
0 8j 0.2151(7) 0.1519(6) 0.7085(10) 1.0 4.97(12)
o) 4i 0.4001(11) 0 0.2050(16) 1.0 4.97(12)

Note: Space group C2/m; a = 6.9324(2) A, b=8.4394(2) A, c = 5.0326(1) A, B = 108.272(2)°, V = 279.59(1) AS.

1063-7745/03/4801-0035%24.00 © 2003 MAIK “Nauka/Interperiodica’
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Fig. 1. Observed (crosses), calculated (solid line), and difference (at the bottom) diffraction patterns obtained in the refinement of
the crystal structure of B'-Zn,V,0- in different angle ranges: (a) 12.34°-60°, (b) 25°-75°, (c) 45°-86°, and (d) 58°-90°.

different. For this reason, the Zn,V,0, high-tempera-
ture modification studied in the present work was des-
ignated as (. The data on the crystal structure of
B-Mn,V,0; (space group C2/m, Z = 2) [5, 6] were used
as the starting model. For simplicity, we assumed that
the individual isotropic thermal parameters of the three
independent oxygen atoms were identical. The refine-
ment converged at wR, = 1.64, R, = 1.22%, DWd =
0.561, R(F?) = 4.49%, and x* = 0.8908.

The observed, calculated, and difference curves
obtained in the structure refinement are shownin Fig. 1.
The results of the full-profile refinement of the crystal
structure of 3'-Zn,V,0; are given in Table 1. Note that
the thermal parameters U,g, have elevated values. For
most of oxide compounds, U, < 0.012 A2, The U,
values obtained in this study at 650°C lie between

0.025 and 0.05 A2. These valuesindicate that the | attice
of 3'-Zn,V,0O; approaches the limit of its stability and
that, with further heating, it should either transforminto
another modification or melt.

Figure 2 shows the projections of the crystal struc-
ture of 3'-Zn,V,0, onto the ac and ab planes. The zinc
atoms have a sixfold coordination, and the vanadium
atoms are coordinated by the four nearest oxygen
atoms. The structure consists of double vanadium—oxy-
gen tetrahedra, which are linked into the centrosym-
metric [V,0,] diortho groups, and infinite columns of
zinc—oxygen edge-shared polyhedra. The central frag-
ment of the diortho group is linear [the V-O(1)-V
angleis 180°], and the distances between the vanadium
atom and the bridging oxygen atom [V-O(1)] are the
longest in the structure. The flat V-O(1)-V angles are

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003
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Fig. 2. Projection of the crystal structure of 3'-Zn,V,0; onto the (a) ac and (b) ab planes.
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Table 2. Interatomic distances (&) in B'-Zn,V,0,, B-Mn,V,0,, and Cd,V,0,

B-ZnyV,0, B-Mn,V,0, [9] Cd,V,0 (8]

Zn polyhedron Mn polyhedron Cd polyhedron
Zn-0(2) 2.063(5) x 2 Mn-0O(2) 2.125x% 2 Cd-0O(2) 2.236(4) x 2
Zn-0(2) 2.525(5) x 2 Mn-0O(2) 2.304 x 2 Cd-0O(2) 2.398(4) x 2
Zn-0(3) 2.105(5) x 2 Mn-O(3) 2217 x 2 Cd-0(3) 2.278(3) x 2
Mean 2.231 Mean 2.215 Mean 2.304

V polyhedra
V-0(1) 1.7182(19) V-0O(1) 1.759 V-0(1) 1.757(1)
V-0(2) 1.616(5) x 2 V-0(2) 1.680 x 2 V-0(2) 1.694(4) x 2
V-0(3) 1.670(7) V-0(3) 1.703 V-0(3) 1.704(5)
Mean 1.655 Mean 1.706 Mean 1.712

characteristic of the compounds isostructural with the
Sc,Si,0, thortveitite [7], among which are the
B-Mn,V,0; [5] and Cd,V,0; [8] pyrovanadates.

The main interatomic distances in B'-Zn,V,0, were
calculated using the data presented in Table 1 (Table 2).
The interatomic distances in -Mn,V,0;, which were
calculated based on the coordinates reported in [5] and
our results obtained earlier for Cd,V,0;, [8], are aso
included in thistable.

In al the pyrovanadates under discussion, two of the
Six oxygen atoms are located at much longer distances
from the bivalent metal than the other oxygen atoms.
Thedegree of distortion of the metal—oxygen polyhedra
(Aye) Was evaluated as the relative difference between
the longest and shortest bonds and amounted to 8.4%
for B-Mn,V,0;, 22.4% for ('-Zn,V,0,, and 27.4% for
Cd,V,0,. The Ay, value is directly proportional to the
mean values of interatomic distances, which, in turn,
determine the volumes of “ soft” metal—oxygen polyhe-
dra. The degrees of distortion of the vanadium—oxygen
polyhedra (Ay) in the above series are 4.7, 6.3, and
3.7%, respectively. The absence of correlation between
the degrees of distortion of the metal—oxygen and vana-
dium—oxygen polyhedra can be associated with the
necessity of compensating the bond valence at the oxy-
gen atoms, which is achieved through the variation in
the V-0 bond lengths.

Moreover, we believe that the crystallometric char-
acteristics of the “soft” polyhedra determine the melt-
ing temperatures of these compounds: the longer the
maximal metal—oxygen bond in the compounds, the

lower the melting temperature (890°C for '-Zn,V,05,
1020°C for Cd,V,0;, and 1080°C for 3-Mn,V,0, [9]).
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Abstract—The crystal structure of Li,MgSiO, was established by single-crystal X-ray diffraction analysis.
The crystals are monoclinic, a = 4.9924(7) A, b = 10.681(2) A, ¢ = 6.2889(5) A, B = 90.46(1)°, Z = 4,
sp. gr. P2,/n, V = 335,54 A3, R=0.062. In aLi,MgSiO, crystal, four types of independent T(1-4) tetrahedra
share vertices to form athree-dimensional framework. Three of these tetrahedra are occupied simultaneously
by Li and Mg cations, which corresponds to the crystallochemical formula (LiyosM0p.02)(LigsoM0g20) O
(Lig2,Mgy 75)SiO,. In dlightly distorted SiO, tetrahedra denoted as T(1), the average Si—O distanceis 1.635(2) A.
The distortions of other tetrahedraand the average (Li,Mg, _,)—-O distancesincrease with anincreasein lithium
content. These distancesin the T(2), T(3), and T(4) tetrahedra are 1.955(2), 1.971(4), and 2.019(6) A, respec-
tively. The structure of the new compound is compared with the crystal structures of other Li,M**SiO, com-

pounds and the luminescence spectra of Cr** : Li,MgSiO,. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Among chromium-activated materials for solid-
state lasers tunable in the near-IR range, the Cr* :
Li,MgSiO, single crystals are of particular interest,
because they are characterized by the maximum lumi-
nescence lifetime (100 and 400 ps at 300 and 50 K,
respectively [1]). The luminescence lifetimes of other
Cr* : Li,M**XO, compounds (X = Si or Ge) are dso
pronounced (70, 45, and 40 ps for Cr* : Li,MgGeQ,,
Cr+ : Li,ZnSiQ,, and Cr* : Li,ZnGeQ,, respectively
[2]). Today, no single crystals of optical quality of this
promising material are available, because al the
attempts to determine the conditions for growth of bulk
crystals have failed. Moreover, the crystallization pro-
cess is hindered by a reversible polymorphic transfor-
mation (at 871 K) of Li,MgSiO, from the monoclinic to
the high-temperature orthorhombic modification [3]
isostructural to Li,MgGeQ, [4]. Thisexplainstheinsuf-
ficient study of the spectral-luminescence and laser
characteristics of Li,MgSiO, crystals. As was men-
tioned in [5], it isdifficult to interpret the spectroscopic
characteristics of Cr* : Li,MgSiO, because of the lack
of information on its structure. Therefore, the present
study was aimed at the establishment of the crystal
structure of Li,MgGeO,.

EXPERIMENTAL

Inthe X-ray diffraction study, we used afragment of
a Li,MgSiO, single crystal grown from flux [3] and

ground to a pseudospherical shape with a diameter of
0.3 mm. The parameters of the monoclinic unit cell
were refined based on 25 high-angle reflections using
the standard software for a CAD4 diffractometer [6]
(Table 1). The X-ray data were collected on the same
diffractometer (AMoK,, graphite monochromator,
/20 scan). A total of 2191 nonzero independent reflec-
tionswererecorded intherange0° <0<40° (-9<h<9,
-7<k<19,0<1<11). The preliminary processing of
the X-ray data was performed using the WinGX 98 pro-
gram package [7].

Since the unit-cell metrics of Li,MgSIO, is anao-
gous to that of Zn(Zn,Li,¢Siy3)SIO, [8] (Table 1), we
used the coordinates of the Si atom of this lithium zinc
silicate to solve the structure of Li,MgSiO,. The coor-
dinates of al the oxygen atoms were determined from
a series of successive difference Fourier syntheses.
After the refinement of the oxygen-silicon motif, the
positions of the Li* and Mg** cations in the T(2—4) tet-
rahedra were localized. The positional and thermal
parameters of all the atoms and the occupancies of the
T(2—4) positions by lithium and magnesium cations
were refined anisotropicaly by the full-matrix least-
squares method using the SHEL X97 program package
[9] (spherical absorption correction, p = 0.73 mm,
1773 reflectionswith | > 20(l), R=0.062, wR = 0.071,
s = 1.070).

The atomic coordinates are given in Table 2. The
principal interatomic distances and bond angles are
listed in Table 3.

1063-7745/03/4801-0039%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Table 1. Unit-cell parameters of Li,MXO, and M,XO, crystals

Unit-cell parameters
Compound Sp. gr.
a A b, A c, A B, deg

Li,MgSi O} 4.9924(7) 10.681(2) 6.2889(5) 90.46(1) P2;/n
Li,MgSiO, [3] 4.9946(7) 10.688(2) 6.2915(5) 90.479(9) P2,/n
Li,MgSiO}* 5.0042(2) 10.6847(8) 6.3171(2) 90.40(2) P2,/n
Zn(LiggZng1Sin3)Si0, [8] 5.011(2) 10.516(2) 5.011(2) 90.50(2) P2,/n
Mg,SiO};* 4.7553(4) 10.1960(9) 5.9820(4) Pbnm
CaMgSiO, [10] 4.816(1) 10.987(3) 6.7773(7) Pbnm
Li,MgGeO, [4] 5.123(3) 10.796(3) 6.224(3) Pbnm
Ca,GeO}* 5.2420(5) 11.4002(9) 6.7773(7) Pbnm

* Thisstudy (Z =4, V = 335.34 A3, pq = 2.58 g/cm?).

** Our experimental dataobtained inthe X-ray diffraction study of the single crystals grown at the Fiber Optics Research Center of the I nsti-

tute of General Physics.

RESULTS AND DISCUSSION

In aLi,MgSiO, crystal, four types of independent
T(1-4)O, tetrahedra share vertices to form a three-
dimensional framework (figure). All the oxygen atoms
have a coordination number of four and are shared by
four types of the T(1-4) tetrahedra. A slightly distorted
T(1) tetrahedron is formed about the silicon atom. Its
average geometric characteristics are identical to those

of the Sioj’ tetrahedron in the forsterite structure

Mg,SiO, [11]. Three other tetrahedra, namely, T(2-4),
are occupied by lithium and magnesium atoms in
accordance with the crystalochemical formula
(Lig.0sM80.02)(LigsoMo20)(Lig2oM 7y 75)SIO,. The aver-
age T(2—-4)—-0 distances increase with the lithium con-
tent in the tetrahedron, and the tetrahedra become more
distorted, as is seen from the difference in the inter-
atomic distances and bond angles (Table 3). The T(i)—
T(j) contacts between cations vary from 2.671 to

Table 2. Atomic coordinates (x10% and equivalent isotropic
thermal parameters U, A% (x10°)

Atom X y z Ueq
T(2) (Si) 1857(2) |4131(1) | 2584(1) | 8(1)
T() (Lip2oMgoze)*  |1917(3) |1646(1) | 14(2) | 6(2)
T(3) (LigggMdpo0)* |1927(8) | 1639(4) | 4990(6) |13(1)
T(4) (LigggMdoon)* | 2917(14) | 4253(6) | 7596(10) | 19(2)
o) 8586(4) |4087(2) | 2549(3) | 8(1)
0(2) 2112(5) | 577(2) | 2514(3) |10(1)
o) 2947(4) | 3408(2) | 4666(3) | 8(1)
O(4) 2921(4) |3398(2) | 421(3) | 9(1)

* The occupancies of the positions were determined within an
accuracy of £0.01.

3.092 A. Inthe Li,MgSiO, structure, the shortest Si-Si
distances (4.093 and 4.098 A) are much longer than
those in the structure of the lasing material forsterite
(3.631 x 2 A).

TheLi,MgSiO, structure can be described asamon-
oclinically distorted motif of its orthorhombic modifi-
cation isostructural to Li,MgGeO, [4]. One position
with multiplicity 8 in the orthorhombic structure of lith-
ium magnesium germanate corresponds to two differ-
ent positions, T(2) and T(3), with multiplicities 4 in the
monoclinic silicate structure. It has been mentioned [4]
that the tetrahedral positionsin Li,MgGeO, can simul-
taneously be occupied by lithium and magnesium cat-
ions. Since the occupancies of the positions were not
refined, and both (Li,Mg)—O distances [1.94(4) and
1.96(4) A] are virtually equal within the experimental
error, one cannot conclude that |ithium cations predom-
inantly occupy one of these positions. The Li,MgSiO,
structure differs from the structure of lithium zinc sili-
cate [8] because of different distributions of cations
over the tetrahedral T(2), T(3), and T(4) positions, with
the SIO, tetrahedral motif being the same in both struc-
tures. In the structure of lithium zinc silicate, the T(2)
tetrahedron is occupied by zinc cations alone, the T(3)
tetrahedron is occupied by all the three types of cations
[0.1Zn + 0.6Li + 0.3Si], whereas the T(4) position
remains vacant. The occupancies of the positions were
not refined, and the formula was written in accordance
with the electron-probe microanalysis and emission-
spectroscopy data. However, the calculation of the
valence balancefor theZn(Zn, ,Li, ¢Si,;)SI O, structure
according to a valence-force model [12] showed that
the proposed composition and the distribution of cat-
ionsin the structure lead to a deficiency of the valence

forces at oxygen atoms () S§; from 1.69 to 1.90
valence units). A much better correspondence was

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003
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Table 3. Principal interatomic distances and bond angles

T(1) tetrahedron T(2) tetrahedron T(3) tetrahedron T(4) tetrahedron

Bond d, A Bond d, A Bond d, A Bond d, A
Si—O(1) 1.635(2) || T(2)-0O(1) 1.931(2) || T(3)-0O(1) 1.964(4) || T(4)-O(1) 1.927(7)
Si—0(2) 1.628(2) || T(2)-0(2) 1.945(2) || T(3)-0(2) 1.929(4) || T(4)-0(2) 2.103(8)
Si-0(3) 1.646(2) || T(2)-0(3) 1.993(2) ||T(3)-0(3) 1.968(4) || T(4)-0(3) 2.052(7)
Si-0(4) 1.630(2) || T(2)-O(4) 1.953(2) || T(3)-0(4) 2.02005) ||T(4)-04) 1.992(7)
[Si-Ol,y 1.635 [T(1)-Ol,, 1.956 [T(3)-01,, 1.970 [T(4)-O],, 2.018

Angle w, deg Angle w, deg Angle w, deg Angle w, deg
O(1)-Si—0(2) 110.1(1) [|O(1)-T(2)-0O(2) 113.1(1) {|O(2)-T(3)-0O(1) 114.0(2) ||O(1)-T(4)-0(2) 107.9(3)
0(1)-Si-0(3) | 107.4(1) ||O(1)-T(2)-03) | 109.6(1) |[O(1)-T(3)-0(3) | 110.92) [|O(1)-T(4)-03) | 111.6(3)
O(1)-Si-0(4) | 109.2(1) [|O(1)-T(2)-04) | 112.3(1) ||O(1)-T(3)-04) | 107.2(2) ||O(1)-T(4)-04) | 117.5(3)
0(2)-Si—0(3) | 110.6(1) ||O(2)-T(2)-0O(3) 96.6(1) ||O(2)-T(3)-0(3) | 117.9(2) ||O(3)-T(4)-0O(2) 90.1(3)
0(2)-Si—0(4) | 109.9(1) ||O(2)-T(2)-04) 116.6(1) ||O(2)-T(3)-0(4) 98.5(2) ||O(4)-T(4)-0O(2) 93.9(3)
0(4)-Si-0(3) | 109.5(1) [|O(#)-T(2)-03) | 107.2(1) ||OB3)-T(3)-04) | 106.8(2) ||O@)-T(4)-O3) | 126.6(3)
[O()-Si—O()],,| 109.4 [O()-T(2)-O()], | 109.2 [O()-T(3)-O()],y| 109.2 [O()-T(4)-O()], | 107.9

achieved under the assumption that the lithium content
in the T(3) position is higher and, correspondingly, the
silicon content is lower, so that the formula can be writ-
ten as (Li, ,Zn, S, 1)ZnSIO,. The relatively high inac-
curacy of the analytical determination of lithium con-
tent allowed us to conclude that the lithium content in
the compound was higher than was reported in [8] and
that this silicate was a representative of a series of dou-
ble silicates Li, , ,,Zn, _,SiO, (occurring in the range
-0.5 < x < 40.5) studied by West [13] and did not
belong to substituted zinc silicates. In most of the stud-
ies of Li,M*XQO, (see, e.g., [14, 15]), it was assumed
that the compounds of this class could not be nonsto-
ichiometric with respect to X*+-cations. However, the
smaller distortion of aT(3) tetrahedron compared to the
distortion of the T(2) tetrahedron and, in particular,
lower angular distortionsin the Zn(Zn, ,Li, (Si;;)SIO,
structure [7], can be explained only by the presence of
the Si** cations in this position and their stabilizing
effect on the geometric parameters of the tetrahedron.
Hence, the structures of this class of compounds can be
nonstoichiometric with respect to quadruply charged
cations.

According to West [13], the Li, , ,,Mg, _,SIO, com-
pounds with x = 0.2, 0.4, and 0.6 exist. The differences
in the unit-cell parameters of the Li,MgSiO, single
crystals, grown from flux using various solvents and
lithium oxide concentrations exceedsthe thrice error in
their values (Table 1). Taking into account that lithium
and magnesium cations have close ionic radii, the
above-mentioned fact does not exclude the possibility
of the deviation of the composition of lithium magne-
sium silicate from the Li,MgSiO, stoichiometry.
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Our study allows usto establish acertain correlation
between the structural characteristics of Li,MgSiO,
and the luminescence spectra of quadruply charged
chromium in Cr* : Li,MgSiO,. The Li,MgSiO, struc-
ture can have at least two luminescence centers.
Undoubtedly, these are a T(1) tetrahedron and, proba
bly, also T(2) and T(3) tetrahedra. The incorporation of
Cr* in the T(4) tetrahedron is less probable because of
alarge difference between the T(4)-O distance (2.018 A)
and the Cr*—O bond length in the structures with tetra-
hedrally coordinated chromium atoms (1.78A)
[16, 17]. The presence of at least two luminescence
centers is consistent with the fact that the damping
curve is described by two exponents [5]. According to
[5], the Dg/B ratio (theratio of the crystal field strength
Dq to the Rakah parameter B) in the luminescence
spectraof Cr* : Li,MgSiO, islarger thanthe Dg/B ratio
in the spectra of Cr* : Mg,SiO,, which is attributed,
among other factors, to the lower B parameter for lith-
ium magnesium silicate because of a higher degree of
covalence of the Cr—O bonds in the compound under
study. In fact, as follows from the degree of covalence
and the effective charges estimated from the structural
datain [17], the effective charges at oxygen atoms in
the Li,MgSiO, structure are lower than those in
M@g,SiO,.

TheLi,MgSiO, structure, like Li,M**XO, structures
(M?* = Mg, Zn, or Co; X = Si or Ge), is based on the
y-Li3PO, structure moatif [14, 15]. The polymorphism
characteristic of this group of compounds is associated
with the fact that the tetrahedral positions can be occu-
pied by the Li* and M?* cations either statistically or
orderly, the vacancies in the tetrahedral positions, and
the types of the occupied position. The polymorphism
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Crystal structure of Li,MgSiO,4 projected onto the (100) plane.

is one of the facts that result in the failure of all the
attempts of growing single crystals of high optical qual-
ity of these compounds. The change in the character of
the cation distribution over the structure positionsin the
course of polymorphic transformations, taking place
upon lowering of the temperature during the growth
process, can give rise to twinning and formation of
domain structure in the crystal bulk. Moreover, the
attempts to find solvents that would provide the growth
of bulk crystals of Li,M?>*XO, from flux also failed.

In this connection, it seemsreasonabl e to grow these
promising Cr*+-activated lasing materials astheir films.
Single-crystal films of Cr** : Ga,GeO, were grown on
single-crystal substrates of inactivated calcium ger-
manate [19]. It is advantageous to use the forsterite
Mg,SiO, single crystal substrates for growth of Cr#* :
Li,MgSiO, films, because the corresponding procedure
is well developed and ensures growth of high-quality
films. Also, one can use the substrates from single crys-
tals of montichellite CaMgSiO, [10] isostructura to
forsterite. The structures of forsterite and Li,MgXO,
can be described by atwo-layer hexagonal close pack-
ing of oxygen atoms, in which the tetrahedral cavities

CRYSTALLOGRAPHY REPORTS Vol. 48

are occupied by the X** cations. Their unit cells are
transformed into the pseudohexagonal unit cells by the
matrix

012 -1/2
00 1
10 O

In the Li,MgXO, structures (X = Si or Ge), the Li
and Mg cations arelocated in the tetrahedral cavities. In
the forsterite structure, the M** cations occupy two
positions octahedrally surrounded by oxygen atoms.
The unit-cell metrics of forsterite is similar to that of
Li,MgSiO,. The difference in the unit-cell parameters
of lithium magnesium silicate and montichellite
CaMgSiO, (Table 1) is even less. Thus, one can hope
that high-quality films can be obtained. M oreover, such
films can be obtained at temperatures lower than those
used for growth of single crystals, which can be
expected to be lower than the phase transition tempera-
tures.

No.1 2003
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STRUCTURE

OF INORGANIC COMPOUNDS

New Hilgardite-Group Polyborate Pb,[B:O,]Br
with High Optical Nonlinearity
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Abstract—New anhydrous lead borate Ph,[BsOg]Br (sp. gr. Pnn2) was synthesized by the hydrothermal
method. The second harmonic generation from polycrystalline samples of Ph,[BsOg]Br is characterized by a
higher signal than that observed in powdered LiB3;Os. The crystal structure of the new hilgardite-group com-
pound was refined by the Rietveld method. Analysis of the known orthorhombic polar varieties of hilgardites,
including the new compound, showed that their boron—oxygen frameworks are occupied by the Pb?*, Ca*,
Eu?*, and Ba?* cations; the Cl-, Br-, and OH~ anions; and water moleculesin combinations determined by their

sizes. © 2003 MAIK “ Nauka/lnterperiodica” .

INTRODUCTION

Although some Pb-containing borates showed
promise as nonlinear optical materias, conditions of
their preparation, structures, and properties have not
been adequately explored. This group includes a few
compounds. Of eight known representatives, four com-
pounds exhibit substantial optical nonlinearity, namely,
PbB,O; [1], PbsB;O4(OH);H,O [2], orthorhombic
polar hilgardite Na, sPb,[B,0,]CI(OH), 5 [3], and non-
aborate Pb;(OH)[B,O,¢][B(OH);] [4], which is trans-
formed into PbB,O, upon heating. The group of pent-
aborates involves a series of polar modifications
belonging to a single polytypic hilgardite OD family
[5]. These are two natural Ca borates with the space
groups Aa [6] and P1 [7] and two synthetic Ca and Eu
borates with the space group Pnn2 [8, 9]. This study
was aimed at the directed synthesis of new Pb-contain-
ing varieties of the polar modifications belonging to
this family, which have promise as nonlinear optical
materials for the transformation of the laser frequency
in the UV region. The goal of the study was also to
examine the conditions of their formation, determine
their crystal structures, and reveal composition—struc-
ture—properties relationships.

EXPERIMENTAL

Lead borates were synthesized in the PbO-B,04—
H,O system by the hydrothermal method in standard
Teflon-lined autoclaves. Although the conditions for
the formation of the natural chloroborates of the hilgar-
ditefamily correspond to chloride brines|6, 7], the syn-
thetic procedures were devel oped for the preparation of
polar bromine-containing compounds [8, 9]. To search
for new hilgardite-like polar compounds, we simulated

the physicochemical conditions of their natural forma-
tion by varying the main blend composition, aswell as
the amount and type of the mineralizer. For this pur-
pose, the hydrothermal experiments were carried out
with the addition of akali chlorides, bromides, and
iodides to carbonate solutions. The blends were com-
posed of oxide mixtures. The synthesis under mild con-
ditions at 30-300 atm for 20 days at 250°C afforded
colorless transparent crystals. Most experiments pro-
duced either small prismatic or thin needle-like crys-
tals. In all syntheses, small-size crystals (up to fine-
grain powders) were obtained.

The syntheses with the use of alkali bromides gave
rise to isometric well-faceted transparent crystals with
shiny faces. However, these crystals were too small for
single-crystal X-ray analysis. The powder X-ray dif-
fraction pattern of these crystals (DRON-UM1, Co
radiation, 40 kV, 256mA) was similar to the pattern of
EuBs;OqBr [9] availablein the PDF Database. Thiswas
indicative of the formation of a new variety of orthor-
hombic hilgardite, in which the divalent europium ions
arereplaced by lead ions.

Thetest for the second harmonic generation (SHG)
in the samples was performed in the reflection mode
using apulsed YAG : Nd laser according to a procedure
described in our earlier studies [3, 4]. The second-har-
monic intensity |,,, was measured with respect to aref-
erence powdered sample of a-quartz. The ratio of the
signals of the sample under examination and a-quartz
was equal to 300, which was unambiguously indicative
of the absence of the inversion center in the crystals
under examination. The second harmonic signal of the
new specimen was approximately three times higher
than that of powdered crystals of LiB3;Os (I,, = 80—

1063-7745/03/4801-0044%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Table 1. Crystallographic data, characteristics of X-ray
diffraction study, and details of structure refinement of

45

Table 2. Atomic coordinates and thermal parameters B; (A
for the Pb,[B50q]Br structure

Pb,[BsOy]Br by the Rietveld method

Characteristic Value Atoms va yb 7e i
Ty — Pb(1) 0.2607(4) | 0.0425(2) | 0 0.53(8)
A b 11.524(1) Pb(2) 0.0280(2) | 0.2337(4) | 0.663(1) | 1.2(1)
b: A 11: 431(1) Br(1) 0 0 0.893(5) | 0.8(6)
e A 6.5399(3) Br(2) 0 05 0.626(6) | 0.8(5)
V,, A3 861.51(1) o(1) 0.247(3) | 0317(2) | 0.59(1) | 0.3(7)
Number of formula units, Z 4 O(2) 0.209(2) | 0426(2) | 0.179(2) | 1.0(7)
Space group Pnn2 0](c)) 0.276(2) | 0.226(2) 0.253(9) | 0.7(6)
26 range, deg 12-120 O(4) 0.078(2) | 0.268(3) 0.241(9) | 1.0(8)
Asymmetry, 26, deg 60 0O(5) 0.286(3) | 0.455(2) 0.853(8) | 1.3(8)
Number of Bragg reflections 1415 O(6) 0.388(2) | 0.266(3) | 0.842(7) | 0.2(7)
Number of parameters in the refinement 92 o(7) 0.184(2) | 0.272(2) 0.932(9) | 0.3(7)
Ry, % 1.82 o(8) 0418(2) | 0.213(2) | 050(1) | 0.5(6)
Ry % 2.35 0(9) 0238(3) | 0.116(2) | 0570(9) | 0.7(6)
23’ ZO jjg B(1) 0275(5) | 0.3254) | 0802 | 1(1)
S: 7 o B(2) 0.187(4) | 0.298(2) | 0.16(2) | 1(1)
DWD* 1: 58 B(3) 0.296(5) | 0.217(4) | 0.48(2) 1(1)

T Goodnes of fit B(4) 0.461(5) | 0.235(6) | 0.70(2) 1(1)
** Statistics according to Durbin—Watson. B(5) 0.250(6) 0.497(3) 0.03(2) 1(1)
Table 3. Selected interatomic distances (A) in the Pb,[B50,]Br structure

Pb(1)-polyhedron Pb(2)-polyhedron B-triangles
Pb(1)-0(2) 2.65(3) Pb(2)-0(2) 2.73(4) B(4)-0(4) 1.37(4)
0(2) 2.51(8) 0(3) 2.99(3) O(6) 1.30(8)
0@ 2.68(5) 0(4) 2.85(7) 0(8) 1.42(9)
0o(5) 2.57(8) 0o(6) 2.65(5) B(5)-0(2) 1.37(7)
0o(6) 3.12(4) o(7) 2.55(5) O(5) 1.30(8)
o(7) 2.81(4) 0(8) 2.62(8) 0(9) 1.40(3)
0(9) 2.95(6) 0(9) 2.83(3)
Br(1) 3.12(2) Br(1) 3.08(2)
Br(2) 2.92(1) Br(2) 3.07(1)
B-tetrahedra
B(1)-0O(2) 1.43(7) B(2)-0(2) 1.49(3) B(3)-0(2) 1.48(5)
0(5) 1.52(3) o(7) 1.54(4) 0o(3) 1.47(8)
0O(6) 1.49(4) 0](c)) 1.45(5) 0(8) 1.42(4)
o(7) 1.48(5) O(4) 1.40(5) 0(9) 1.47(5)

100 units of SiO,), which isthe currently most efficient

nonlinear-optical borate [10].

Earlier, crystals of natural polar Ca-hilgardite with

the space group Aa were tested for SHG with the use of
aNd: glasslaser [6]. Taking into account that the inten-
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sity of the signal was comparable with that of quartz, it
was concluded that these crystals exhibit weak optical
nonlinearity. The second harmonic generation (l,, =
10-12 units of SiO,) from crystals of Ba[BsOg]Cl -
0.5H,0, which belong to the hilgardite family and have
a structure anal ogous to the structures described in the
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Fig. 1. X-ray diffraction spectrum of Pb,[BsOg]Br; (a) experimental (solid curve) and theoretical (asterisks) values; (b) positions

of Bragg reflections; (c) the difference spectrum.

studies [3, 8, 9], is an order of magnitude higher [11].
The new Pb,Br-hilgardite synthesized in this study
exhibits the most pronounced nonlinear optical proper-
ties.

The structure of the new borate was studied by the
Rietveld method. The X-ray diffraction spectrum of a
powdered sample was measured on an ADP-2 diffrac-
tometer (ACu-K, radiation, Ni filter) using the 26 scan-
ning technique with a scan step of 0.02° (the exposure
time at each point was 15 s). All calculations were car-
ried out with the use of the WY RIET program (version
3.3) [12]. The structure was refined within the space
group Pnn2. The atomic coordinates of Eu[Bs;Og] Br [9]
were used as the starting model. The details of X-ray
diffraction study and structure refinement are given in
Table 1. The final X-ray diffraction spectrum is shown
in Fig. 1. The atomic coordinates and interatomic dis-
tances arelisted in Tables 2 and 3, respectively.

The peak profileswere approximated by the Pearson
V11 function with 6FWHM, where FWHM is the aver-
age peak width at half-height. The ionic scattering
curves were used. The refinement was carried out with
the gradual addition of the parameters and the continu-
ous graphical modeling of the background. The refine-
ment of the correction for texture effects with the use of
the March—Dollase function demonstrated that the tex-
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ture of the sample was insignificant. The positions of
the Pb and Br atoms were refined with anisotropic ther-
mal parameters. The equivalent isotropic thermal
parameters of these atoms are given in Table 2. The
refinement of the thermal parameters of the O and B
atoms was hampered by the influence of the heavy
atoms, the pseudosymmetry of the structure, the acen-
tricity of the space group, and a large number of the
parametersin the refinement, which was at the limits of
the method. Asaresult, the resulting individual thermal
parameters are at alevel of one standard deviation and
are approximately equal to 1 A2 for each of sort atom.

RESULTS AND DISCUSSION

Among polytypic OD modifications of hilgardite,
orthorhombic hilgardites were obtained only by syn-
thetic methods, whereas natural specimens are lacking.
Four varieties were described in the literature. The new
(fifth) synthetic hilgardite Pb,[BsOg]Br has a structure
typical of orthorhombic hilgardites. A comparison of
the powder X-ray patterns demonstrated that the new
variety most closely resembles the Eu-containing ana-
logue. Since the origin of the coordinates in the space
group Pnn2 can be chosen on different twofold rotation
axes, the atomic coordinates of the structures cannot be
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Table 4. Unit-cell parameters and coordinates of the cations and anions located in the zeolite cavities in the frameworks of

the structures of orthorhombic hilgardites

el | CalBodBr | EwiBogEr | Pogeioger | NbsBOMCH | BalBOICID

a 11.397 11503 11524 1151 11716
b 11.255 11.382 11.431 11.45 11574
c 6.293 6.484 6.540 6.563 6.700
Atom x| Ca(2), 0.2527 Eu(1), 0.2547 Pb(1), 0.2607 Pb(2), 0.2577 Ba(2), 0.2669

y 0.0385 0.0501 0.0425 0.0460 0.0405

z 0 0 0 0 0
Atom. x | Ca(1), 0.0334 Eu(2), 0.0307 Pb(2), 0.0280 Pb(1), 0.0560 Ba(1), 0.0188

y 0.2449 0.2374 0.2337 0.2748 0.2188

z —0.6661* 0.6572 0.6627 0.6875 0.6647
Atom x __ |Br2),0 Br(1), 0 Br(2), 0 Cl(2), 0.071 cl2),0

y 0 0 0 0.056 0

7 |-08491 0.8769 0.893 0.7325 0.455
Atom x __ |Br(1),0 Br(2), 0 Br(2),0 cl(1), 0 c(D),0

y 05 05 05 05 05

z ~0585 0.6370 0.626 05185 0.664
Atom, x Na, 0

y 0

z 03725
Atom, X OH, 0 H,0, 0

y 0 0

z 0.0095 ~0.048

* The coordinates are given with a minus sign because of the left-handed coordinate system used in the investigation.

directly compared. The transformation of the coordi-
nates of Ca,Br-, Na,Pb,Cl-, and Ba,Cl-hilgardites [11]
(shifts of the origin of coordinates, a change in the
directions of the axes, and the determination of the
equivalent atoms from the regular point systems) made
it possible to compare the positions of the large cations
and anions in the channels of all known structures. The
results are presented in Table 4. The unit-cell parame-
ters increase monotonically in the series Ca2* (0.99)—
Eu?* (1.17)-Pb?* (1.20)-Ba?* (1.34); theionic radii (A)
according to Shannon’s system [13] are given in paren-
theses. However, the first three members of the series
have typical structures, in which halogen atoms are
located on twofold rotation axes at heights of ~0.8 and
~0.6 aong the c-axis only in the presence of the larger
Br-anions (1.96 A). At the same time, compounds con-
taining the larger B&?* cation have this structure only in
the presence of the smaller Cl- anion (1.81 A). From
thisit follows that the orthorhombic variety of hilgard-
ite is characterized by a rather rigid framework built
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from B-tetrahedra and B-triangles, and the sizes of the
zeolite channels change only dightly on going from
one structure to another. Attempts to prepare an orthor-
hombic modification containing the intraframework
Pb?* and CI- ionsfailed. The reason is that, the smaller
total size of these ions leads to the incorporation of an
additional Na* cation from the solution into the cavity
of the framework. This cation is coordinated by the
Cl(2) atom and an OH group and occupies a new struc-
ture position. The CI(1) position is split, and both the
CI(1) and CI(2) atoms are located at lower heights
along the c-axis. In the structure containing the larger
Ba?* cation, the Cl(2) position is even more substan-
tially shifted, and the position of the water molecule
virtually coincides with the position of the OH group.

In this structure type, all atoms are characterized by
the polar distribution along the c-axis. Thisis aso true
for the boron—oxygen framework, in which all apical
vertices of the B-tetrahedra are oriented along the
c-axis (Fig. 2), and its bases are perpendicular to the
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Fig. 2. The structure of Pb,[BsOg] Br projected onto the ab-
plane. Triangles denote the bases of the B-tetrahedra (paral-
lel to the plane of the projection), whose vertices are
directed downward along the c-axis. The Pb and Br atoms
are indicated by small and large circles, respectively. The
unit cell is shown by solid lines.

Fig. 3. The structure of Pb,[BsOg]Br projected onto the ac-
plane. The Pb and Br atoms areindicated by small and large
circles, respectively. The polar Pb-Br bonds along the
c-axis are shown.

c-axis, likein the natural pyroelectric borosilicate tour-
maline. In all varieties, the large cations and anions are
also characterized by a polar arrangement along the c-
axis.

The appearance of optical nonlinearity is tradition-
aly related to the presence of strongly asymmetric
bonds, such that the polarizable electron density is
located predominantly on one side relative to the cen-
tral atom [1]. The divalent lead cation bearing the
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highly polarizable lone pair is most characteristic of
large cations in this respect. The analysis of the bond
lengths and their distributions along the polar c-axis
(twofold axis) in the Pb,[ BsOg] Br structure revealed no
polar distribution of the shortest bonds both at Pb(1)
(with the O(2) and O(5) atoms) and Pb(2) (with the
O(7), O(8), and O(6) atoms). However, the bonds
between the Pb(2) and Br atoms are essentially asym-
metric (Fig. 3). It can be assumed that the electron den-
sities on the bonds of the divalent Pb cation with alarge
coordination number are small, whereas the lone-pair
density is significant. Most likely, the lone pair is
located in free space of the cation, which corresponds
to the direction toward the most remote anion involved
in coordinationto Pb, i.e., toward Br. Unfortunately, the
lack of sufficiently large single crystals of Pb,[BsOg]Br
did not alow us to examine the electron density and
confirm its asymmetrical distribution of the Pb(1) and
Pb(2) atoms.
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Abstract—New sodium iron orthophosphate NaFef'Feg’L[PQl]6 was synthesized by the hydrothermal

method. The crystal structure (sp. gr. P1) was established by the heavy-atom method, with the exact chemical
formula of the compound being unknown; Ry, = 0.0492, Ry = 0.0544, S= 0.52. The new compound is anal-

ogousto iron phosphate Fe? Fef [PO,]¢ studied earlier. However, these two compounds differ in the Fe’* and
Fe** contents, because Na' ions in the new compound are located at the centers of symmetry not occupied ear-

lier. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Among sodium iron phosphates, several compounds
are known—NaFeP,0; [1, 2], NaFe,(P,0O,)PO, [3],
NaFe;P;0,, [4], Nas oFe, u(P:07), [5], NagFe,(PO,);
[6, 7], and Na,Fe;(PO,); [8]. Most of these compounds
have framework structures with open cavities occupied
by Na atoms. The NasFe,[PO,]; compound has three
modifications: a (low-temperature monoclinic modifi-
cation), B (intermediate modification similar to the
high-temperature modification), and y (high-tempera-
ture triclinic modification similar to NASICON).
Recently, yet another trigona polymorph of
NagFe,[PO,]; has been synthesized and structurally
studied [9]. The crystals of Fe,Na phosphates exhibit a
number of properties interesting for various applica
tions. For example, the conductivity study [6] showed
high cation mobility (sodium) in the 3 and y phases of
NagFe,[PO,];. The structure of the low-temperature
monoclinic modification (a) exhibiting antiferromag-
netic properties was established in [7]. Our study was
aimed at synthesis of new sodium iron phosphate and
determination of its crystal structure.

EXPERIMENTAL

The crystals of the new compound were synthesized
by the hydrotherma method in standard 5- to 6-cm®-
large fluoroplastic-lined autoclaves under 70 atm at
280°C. Thelower temperature limit was dictated by the
kinetics of the reaction, and the upper temperature
limit, by the apparatus possibilities. The experiments
continued for 20 days to bring the reactions to comple-
tion. The coefficient of autoclave filling was chosen in
away to maintain constant pressure. The mixtures of

the Na;PO, and FeCl; saltsin equal weight ratios were
used as the starting charge. The reaction mixture was
placed into an autoclave, and then boric anhydride was
added. The solvent was distilled water. As aresult, tab-
ular black lusterous crystals were obtained. The crys-
tals had an amost hexagonal habit but belonged
(according to their morphology) to thetriclinic system.
The transverse dimensions of crystals were up to
1.5 mm with the thickness being about 0.4 mm. Thetest
for possible nonlinear optical properties gave anegative
result, which indicates that the crystals are centrosym-
metric.

Many lines in the powder X-ray diffraction pattern
(DRON-UM1 diffractometer, CoK, radiation, 40 kV,
25 mA) coincide with those observed in the pattern of
iron phosphate studied elsewhere[10]. However, the X-
ray patterns of these samples have different numbers of
reflections, including thosein the near region. The com-
position of the crystals was determined by qualitative
X-ray spectral analysisonaCAMSCAN 4DV scanning
electron microscope equipped with a LINK attachment
for energy-dispersive analysis at the Department of
Petrography of the Faculty of Geology of the Moscow
State University. The analysis showed that the sample
contained Fe, P, and, presumably, also a small amount
of Na. The black color of the new phosphate crystalsis
indicative of the presence of iron atoms of different
valence, which is typical, e.g., of magnetite. Appar-
ently, the presence of divalent iron ions can be
explained by the fact that crystalization from the
hydrothermal solution was accompanied by the forma:
tion of intermediate chloride hydrate complexes giving
risetoiron reduction [11].

The X-ray diffraction data were collected from a
~0.025-mm-thick single crystal with the transverse

1063-7745/03/4801-0049%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Table 1. Crystallographic data and details of X-ray diffrac-
tion study

Table 2. Coordinates of the basis atoms and equivalent iso-
tropic thermal parameters, T = exp[-1/4(Bj,a*%h? + ...

Sp.gr., Z P1,1

a A 6.495(4)
b, A 9.718(8)
c, A 8.014(5)
a, deg 115.55(5)

B, deg 101.55(5)

y, deg 101.12(5)

v, A3 424(1)
F(000) 475

Number of atoms per unit cell 38

Oeacar @/CM3 3.85(1)
Absorption coefficient, g, cm 66.91
Radiation, wavelength MoK, 0.71069
Diffractometer Syntex P-1
Scan mode 20/0
Scan rate, deg/min 4-12
Number of measured 2316

(I =1.960(1)) reflections

Limitations Fr > 40(Fra)
Weighting scheme, w U[o(F)?+ 0.018F 2]
Number of atomic positions 20

Number of parameters 175

in the refinement

20,0 SINO/A 91.69, 1.010
R, Runkd 0.0492, 0.0544
S 0.520

2B,gh* c*Kl)]; By = 1/3[By1a*%a?+ ... 2By3h* c*becosal]

Atom x/a y/b zlc Bisoreq
Na 0.5 0 0 4.6(3)
Fe() | O 0 0 0.66(3)
Fe(2) |—0.0064(1) | 0.71407(9)| 0.5255(1) | 0.64(2)
Fe(3) | 0.5205(10 | 0.47556(9)| 0.1942(1) | 0.69(2)
Fe(4) | 0.2740(1) | 0.88843(9)| 0.3444(1) | 0.56(2)
P(2) 0.5395(2) | 0.7662(1) | 0.6196(2) | 0.38(3)
P(2) 0.7420(2) | 0.8323(2) | 0.2423(2) | 0.45(3)
P(3) 0.0336(2) | 0.6274(2) | 0.8607(2) | 0.60(4)
O(1) | 0.6096(7) |—0.0861(5) | 0.3752(6) | 0.8(1)
O(2) | 0.7971(7) |—0.1336(5) | 0.1791(6) | 1.0(1)
O(3) |-0.0360(7) | 0.2415(5) | 0.1969(6) | 1.0(1)
O(4) |-0.0424(6) | 0.8342(5) | 0.3682(6) | 0.8(1)
O(5) | 0.7941(8) | 0.5347(5) | 0.8252(8) | 1.8(1)
O(6) | 0.8639(7) | 0.4940(5) | 0.2616(6) | 1.1(1)
O(7) | 0.4087(7) | 0.3468(4) | 0.8956(6) | 0.8(1)
O(8) | 0.1659(8) | 0.7055(6) | 0.0759(7) | 1.7(2)
O(9) | 0.6830(6) | 0.2299(4) | 0.4914(5) | 0.6(1)
O(10) | 0.2929(6) | 0.0608(4) | 0.2530(5) | 0.7(1)
0O(11) | 0.5041(7) | 0.2951(5) | 0.2407(6) | 0.9(1)
0O(12) | 0.3603(6) | 0.3418(5) | 0.5256(6) | 0.7(1)

dimension ~0.25 mm having the above-described typi-
cal habit. Among the vectors found in the study on an
automated Syntex P-1 diffractometer, only those corre-
sponding to the triclinic system are consistent with the
crystal morphology. The shortest vectors forming
obtuse angles were chosen as the basic vectors
(Table 1). The shortest a axis is perpendicular to the
plane of the tabular crystal. The a angle of ~115° indi-
cates the pseudohexagonal habit of the crystals. The
three-dimensional X-ray diffraction data set necessary
for the structure determination was collected within a
hemisphere of the reciprocal space and included
2386 reflections (together with the reference reflec-
tions). Theintensities |,y were processed and converted

into Fﬁm using the PROFIT program [12] (see Table 1).
All the subsequent computations were performed by
the CSD program package.

The crystal structure was solved by the heavy-atom
method. The automated search procedure used for
locating heavy atoms from the Patterson function P,

CRYSTALLOGRAPHY REPORTS Vol. 48

(PATS program) withinthesp. gr. P1 did not meet with
success. The arrangement of the heavy atoms was ini-
tially established by the direct analysis without consid-
ering the symmetry, i.e., within sp. gr. P1, aswas made
in[10Q]. First, four Featomswerelocated (Rwas~0.37).
Then the remaining three Fe atoms and six P atoms
were located by the method of successive approxima:
tions. The structure motif was determined based on the
differences in the interatomic distances and the coordi-
nation polyhedra typical of both atomic types of coor-
dination (octahedron and tetrahedron). An additional
maximum coordinated by six O aoms was aso
reveal ed. This maximum correspondsto a sodium atom
absent in iron phosphate [10]. The formula of the com-
pound is electroneutral on the condition that the struc-
ture containsiron ions of variable valence. The centers
of symmetry were readily localized. The origin of the
coordinate system was displaced into the Fe atom
located in one of these centers. In addition to the Fe(1)
atom, only the Na atom is located in a special position
at one of the other centers of symmetry in the new
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¢sin3

Fig. 1. Crystal structure of | projected onto the bc plane; the Fe polyhedra and P tetrahedra are shown; the unit vectors of the refer-
ence systems of the structure of 11 [10] are indicated by arrows.

Fig. 2. Crystal structure of | projected onto the ab plane; the Fe polyhedra are shown; the direction of the ribbons is indicated by
the horizontal arrow; the direction perpendicular to the fragments of the close packing isindicated by the vertical arrow.

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003
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Table 3. Principal interatomic cation—anion distances (&) in
the NaFe; Fey' [PO,], structure

Na octahedron
Na-O(2) x 2 2.429(7)
-0(10) x 2 2.576(6)
-0(11) x 2 2.669(8)
Fe octahedron
Fe(1)-0(2) x 2 2.085(8)
-0(10) x 2 2.251(6)
-0(3)x2 2.284(8)
Fe(2) five-vertex polyhedron
Fe(2)-0(3) 2.022(6)
-0(4) 2.065(9)
-0(6) 2.108(7)
-0(9) 2.113(6)
-0(12) 2.167(6)
Fe(3) octahedron
Fe(3)-O(11) 1.932(10)
-0(5) 1.998(7)
-0(12) 2.032(6)
-0(7) 2.047(6)
—-0(6) 2.139(7)
-0(7) 2.146(9)
Fe(4) octahedron
Fe(4)-0(8) 1.974(7)
-0O(1) 2.085(7)
-04) 2.089(7)
-0(10) 2.092(9)
-0(1) 2.097(7)
-0(9) 2.101(9)
P(1) tetrahedron
P(1)-0(11) 1.525(8)
-0(12) 1.547(7)
-0(9) 1.554(6)
-0(10) 1.556(8)
P(2) tetrahedron
P(2)-0(2) 1.514(9)
-0(1) 1.551(6)
-0(4) 1.546(7)
-0(7) 1.568(8)
P(3) tetrahedron
P(3)-0(8) 1.521(7)
—-0(6) 1.537(7)
-0(3) 1.530(10)
-0(5) 1.540(8)
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structure. The final refinement was carried out by the
|east-squares method with anisotropic thermal parame-
tersof all theatomswith due regard for anomal ous scat-
tering of the Mo radiation. The thermal parametersthus
obtained corresponded to those typical of the Fe, P, and
O atoms, whereas both isotropic and anisotropic ther-
mal parametersof Na, especialy B(11) and B(22), were
overestimated. No splitting could be introduced
because of too small a distance (0.13 A) between the
peak (0.5017, —0.0003, —0.0003) and the centrosym-
metrically related peak in the high-resolution (0.13 A)
synthesis. The empirical absorption correction was
applied using the DIFABS program [13]. The crystallo-
graphic data, characteristics of the experiment, and the
details of the structure refinement are given in Table 1.
The atomic coordinates and interatomic distances are
listed in Tables 2 and 3, respectively.

RESULTS AND DISCUSSION

The new orthophosphate NaFe. FeS" [PO,], (1) is
described by the triclinic centrosymmetric space group

and is analogous to orthophosphate Fe’'Fe)’ [PO,],

(1) studied earlier [10] with the exception of the posi-
tion of the Na atom. The Na atoms were incorporated
into the crystal structure of compound | because of the
different composition of the starting mixture usedinthe
synthesis (Na;PO, in our study and H4PO, in [10]).
This gave rise to the change in the ratio of divalent and
trivalent iron ions. In compound I, the Fe** content is
higher. In the triclinic system, the choice of the unit
cellsisnot limited by the symmetry elements and there-
fore is somewhat arbitrary. Thus, theinitial unit cell of
Il had acute angles. Therefore, the a and ¢ axes in the
crystal structure of the new orthophosphate coincide
with thea and b axesin the structure of 11 [10], whereas
the c axisin the structure of 11 coincides with the diag-
onal of the unit cell of |. The basic axes corresponding
tothoseused for Il isshowninFig. 1. The bond lengths
in three independent P tetrahedrain I, as those in 11,
vary within a narrow range, 1.514(9)-1.568(8) A. Of
four independent Fe atoms, three atoms have the octa-
hedral coordination, and one Fe atom has coordination
number five (trigonal bipyramid). The Na atoms are
octahedrally coordinated, with the latter octahedron
being more distorted than the Fe octahedra [2.429(7)—
2.669(8) A]. Because of the octahedral configuration of
the cavity, the Na octahedron is dlightly elongated
along the ab diagonal, which results in anisotropy of
thermal vibrations. The structure of | is shown in
Figs. 2 and 3. The Fe(3)—Fe(3") and Fe(4)—Fe(4) pairs
of the octahedra sharing the O(7)—-O(7") and O(1)-O(1")
edges, respectively (the centers of symmetry are
located at the midpoints of the edges) are linked into
chains viafive-vertex Fe(2) polyhedra along the O(6)—
0O(12) and O(4)—0O(9) edges. The Fe(4)—Fe(4') pair is
paralel to the chain axis (horizontal arrow in Fig. 2),
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Fig. 3. Crystal structure of | projected along the diagonal;
the Fe-polyhedra are shown; the Na atoms are represented
by circles.

whereasthe Fe(3)-Fe(3") pair isperpendicular toit. The
Fe(3) and Fe(4) octahedra and the Fe(2) half-octahe-
dron at the layer levels (horizontal in Fig. 2) are
“located” onthetriangular faces. Their pseudothreefold
axes corresponding to the direction of thethreefold axis
of the fragments of the close packing are located verti-
caly (vertical arrow in Fig. 2). The view along the per-
pendicular direction demonstrates the similarity of the
structure with the structure of corundum-ilmenite. The
chains are linked in a close-packed polyhedral frame-
work viathe oppositely oriented centrosymmetric F(1)
octahedra. As can be seen from Fig. 3, the cavitiesin
the polyhedral framework are located only at the cen-
ters of symmetry at a half-height of the a axis. These
cavitiesarefreein |l and are occupied by Naatomsin|.

Thedistribution of Fe** and Fe** ionsover four posi-
tions in the structure of 11 was proposed based on the
differences in the interatomic distances in the polyhe-
dra. The larger centrosymmetrical Fe(1) octahedron
(average Fe-O is 2.235 A) and the Fe(2) five-vertex
polyhedron (average Fe-O is2.054 A) are occupied by
Fe**. The smaller Fe(3) and Fe(4) octahedra (average
Fe-O are2.018 and 2.030 A, respectively) are occupied
by Fe*. This corresponds to the formula

FeX"Fe)’ [PO,],. In the structure of I, the position of
the centrosymmetric Fe(1) octahedron (average Fe-O

is 2.207 A) corresponds to Fe**. Apparently, the Fe(2)
five-vertex polyhedron (average Fe-O is 2.082 A) is
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dso  occupied by Fe*  (in magnetite
Fe*(Fe*, Fe*),0,, the Fe-O distances in the tetrahe-
dra containing Fe** are shorter and, on the average, are
equal to 1.89 A). Morelikely, the position of the Fe(4)-
octahedron (average Fe-O is 2.049 A) corresponds to
Fe’+. Apparently, the position of the Fe(3) octahedron
(average Fe-0is2.073 A) is occupied by Fe** together
with Fe** in the equal ratio (by analogy with the octa-
hedrain magnetite). In magnetite, the “ edge bonds” are
also present, and the average (Fe**, Fe**)-O distance is
2.06 A. The difference in the arrangement of iron ions
in 1 and I leads to the change in the Fe*+ : Fe** ratio.
Thus, this ratio in the structural formulaof | is4 : 3,
whereas, with due regard for position multiplicities, it
isequal to 3: 4inll. The presence of “edge contacts’
in the chain and the interatomic distances does not
exclude the variable valence of the Fe atoms (because
of exchange interactions) in the positions along the
chain. Probably, new orthophosphate I possesses mag-
netic properties. This will be the subject of our future
study.
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Abstract—The atomic and magnetic structures of the MnAs compound are investigated using neutron diffrac-
tion at high pressures up to 38 kbar in the temperature range 15-300 K. It is found that, as the temperature
decreases under high pressure, the MnAs compound undergoes a spin-reorientation transition from the ferro-
magnetic orthorhombic phase to a new phase whose magnetic moment has both the ferromagnetic and antifer-
romagnetic components. The structural and magnetic parameters of the high-pressure phases of the MnAs com-
pound are determined. © 2003 MAIK “ Nauka/| nterperiodica” .

INTRODUCTION

Considerable interest expressed by researchers in
the structure and properties of manganese arsenide
stems from the fact that the MnAs compound under-
goes alarge diversity of structural and magnetic phase
transitions with an increase in the pressure [1, 2]. Gri-
banov et al. [3] studied the phase diagram of the man-
ganese arsenide MnAs (Fig. 1) in the pressure range up
to 32 kbar, primarily from the standpoint of variations
in the magnetic properties of this compound. Under
normal conditions, the MnAs compound is aferromag-
net and has ahexagonal structure of the NiAstype. The
magnetic moments of manganese atoms are oriented
perpendicularly to the ¢ axis and are equal to 2.7 py at
room temperature [3, 4]. As the pressure increases to
P = 4.5 kbar at room temperature, the MnAs compound
undergoes a structural phase transition to an orthor-
hombic phase with a structure of the MnP type. This
phase has a paramagnetic nature in the pressure range
up to 2025 kbar and becomes ferromagnetic at higher
pressures [3, 5]. The low-temperature investigations
into the magnetic properties of MnAs [3] reveaded
another ferromagnetic phase at pressures above 8 kbar
and temperatures below 80-100 K. However, to the
best of our knowledge, no structural studies of the
MnAs compound have been performed in the afore-
mentioned ranges of pressures and temperatures. More-
over, Gribanov et al. [3] observed different (hypotheti-
cally helicoidal) magnetic structures with adecreasein
the temperature at pressures ranging from 4.5 to 8 kbar.

Earlier [6], the phase transitions in the MnAs com-
pound were investigated by neutron diffraction meth-
odsonly in anarrow range of pressures (no higher than
9 kbar). In our recent work [5], the phase transitions in
MnAs were examined using neutron depolarization at

room temperature in the pressure range up to 80 kbar. It
was demonstrated that neutron depolarization due to
ferromagnetism first completely disappearsin the pres-
surerange 3—15 kbar, then appears again, and increases
with an increase in the pressure but does not exceed the
initial value. The results obtained in [5] indicate the
existence of a high-pressure ferromagnetic phase
whose magnetic moment, quite possibly, is aso less
than the magnetic moment of the initial phase but
increases with an increase in the pressure. The neutron
depolarization method is particularly convenient for
determining the phase boundaries; however, the dataon

T,K

300

200

100

FM-2

5 10 15 20 25

P, kbar

Fig. 1. Schematic phase diagram of the MnAs compound
[1, 3]. The regions of the existence of different magnetic
phases in the hexagonal (B8;) and orthorhombic (B31)
modifications of MnAs are shown. Designations. FM isthe
ferromagnetic phase, PM is the paramagnetic phase, SP is
the phase with a helicoidal magnetic structure, and MS is
the metastable region.
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the magnetic structure can be obtained solely by the
neutron diffraction method. In this respect, the purpose
of the present work was to perform a neutron diffrac-
tion investigation of the MnAs compound at high pres-
sures up to 40 kbar in the temperature range 15-300 K.

EXPERIMENTAL

The measurements at high pressures were carried
out in high-pressure chambers with sapphire anvils [8]
with the use of a DN-12 spectrometer [7] and an IBR-2
pulsed high-flux reactor (Frank Laboratory of Neutron
Physics, Joint Institute for Nuclear Research, Dubna).
The volume V of the studied samples was approxi-
mately equal to 2 mm3. The diffraction spectra were
recorded at the scattering angle 20 = 92°. Theresolution
of the diffractometer for this scattering angle at the
wavelength A = 2 A was Ad/d = 0.02. The characteristic
time taken for one spectrum to be measured was equal
to 20 h. The pressure in the chamber was measured
from the shift of the ruby luminescence line with an
accuracy of 0.5 kbar. A specia-purpose cryostat based
on a helium refrigerator with a closed circuit was used
in the experiments performed in high-pressure cham-
bers at low temperatures (below 15 K). Analysis of the
neutron diffraction datawas carried out with the MRIA
[9] (atomic structure) and Fullprof [10] (atomic and
magnetic structures) program packages in the frame-
work of the known structural models [1-4].

RESULTS AND DISCUSSION

It isfound that, as the pressure increases, the MnAs
compound undergoes a phase transition from the hex-
agonal modification to the orthorhombic modification
in accordance with the results obtained in earlier works
[1-3, 6]. Figure 2 shows fragments of the diffraction
spectra of the MnAs orthorhombic modification at a
pressure of 38 kbar and temperatures of 295 and 15 K.

The diffraction spectrum measured at the pressure
P = 38 kbar and room temperature corresponds to the
ferromagnetic orthorhombic phase of the MnAs com-
pound. The best agreement with the experimental data
is achieved in the model according to which the mag-
netic moments of manganese atoms are aligned parallel
to the crystallographic axis b. The magnetic moment
Hypm = 2.3(1) Mg measured at room temperature is
dightly less than the magnetic moment (2.7 W)
obtained for the low-pressure phase in [3, 4, 11, 12].
The table presents the structural and magnetic parame-
ters of the ferromagnetic phase of the MnAs com-
pound.

It can be seen from Fig. 2 that, at the pressure P =
38 kbar, a decrease in the temperature to T = 110 K
results in the appearance of additional magnetic-struc-
ture reflections with d,y = 4.99 and 2.35 A. A further
decrease in the temperature to T = 15 K leads to an
increase in the intensity of the additional reflections,
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Fig. 2. Fragments of the diffraction spectra of the MnAs
compound at P = 38 kbar and T = (a) 295 and (b) 15 K.
Points are the experimental data, the upper solid lines rep-
resent the profiles calculated by the Rietveld method, and
the lower solid lines are the difference curves. The upper
and lower tic marks indicate the cal cul ated positions of dif-
fraction peaks for the atomic and magnetic structures,
respectively. Measurements are performed by the time-of-
flight technique using a DN-12 spectrometer.

which suggests the formation of amagnetic superstruc-
ture. These reflections can be attributed to a magnetic
unit cell with the parameters a, b, and 2c with respect to
theinitial crystallographic cell; i.e., they correspond to
the propagation vector k = (0, 0, 1/2). The arrangement
of manganese atomsin thiscell can be described by the
space group P2,/c in which the manganese atoms
occupy the positions4(e),(X;, y;, ;) and 4(€),(X,, ¥, 2,),
where X, = 1/2 + X, ¥y, =Y, = 1/4, and 2, = 1/4 — z,.
According to Izyumov and Ozerov [13], the aforemen-
tioned space group corresponds to four Shubnikov

color symmetry groups, namely, P2,/c, P2} /c, P2,/c,

and P2; /c'. In this case, the screw axis 2, and the glide
plane ¢ do not affect the direction of the magnetic
moment, whereas the screw axis 2; and the glide plane

¢' reverse the direction of the magnetic moment. The
best agreement with the diffraction datais achieved in
the model described by the space group P2,/c. Within
thismodel, the magnetic moments of manganese atoms
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Structural and magnetic parameters of the high-temperature and
low-temperature orthorhombic phases of MnAs at P = 38 kbar

GLAZKOV et al.

Parameters MnAs-FM MnAs-AFM
T, K 295 15
a A 5.495(5) 5.479(5)
b, A 3.414(5) 3.391(5)
c, A 6.103(5) 6.068(5)
Mn, A x = 0.015(6) x = 0.035(6)
z=0.200(6) z=0.200(6)
As A x = 0.200(6) x = 0.202(6)
z=0.570(5) z=0.565(6)
Hy-Fm» Mg 2.3(2) 1.9(2)
Mz-arm: Ha - 2.2(1)
Rue % 9.1 7.4
Rinag-Fu» % 7.1 -
Rinag-arm: %0 - 11.4

Note: Mn and As atoms occupy the 4(c) positions (x, 1/4, 2), space
group Pnma. The ferromagnetic component of the magnetic
moment of the Mn atomsis directed along the b axis and the
antiferromagnetic component of the magnetic moment is
aligned along the c axis of the unit cell.

have a ferromagnetic component aligned parallel to the
crystallographic axis b and an antiferromagnetic com-
ponent directed along the crystallographic axis ¢
(Fig. 3): Mypm = 1.9(1) g and Py ppy =2.2(1) g @t T =
15 K, respectively. This corresponds to the total mag-
netic moment of manganese atoms ly;, = 2.9(1) Y. We
designated this phase as MnAs-AFM. The structural

(b)

b

Fig. 3. Magnetic structures of the (a) high-temperature and
(b) low-temperature orthorhombic modifications of the
MnAs compound at high pressures. Circlesarethe positions
of Mn atoms.
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and magnetic parameters of the antiferromagnetic
phase are also presented in the table.

The results obtained in our investigation indicate
that, under a high external pressure, a decrease in the
temperature leads to a spin-reorientation magnetic
phasetransition in the MnAs compound, which, inturn,
brings about a deviation of the magnetic moments of
manganese atoms in the bc plane by an angle of 49.2°.
In this case, the ferromagnetic moment decreases.
These findings are in agreement with the results of
magnetic measurements performed in [3], which dem-
onstrated a decrease in the magnetization with a
decrease in the temperature.

The region of the existence of the new magnetic
phase MnAs-AFM is identical to the region of the
existence of the ferromagnetic phase FM-2. This phase
was reveaed in the phase diagram of the MnAs com-
pound from the magnetization measurements [3] in the
pressure range above 8 kbar and in the temperature
range below 80 K (Fig. 1). The temperature of the mag-
netic phase transition to the MnAs-AFM phase (T =
110K at P =38 kbar) is comparable to the temperature
of the magnetic phase transition to the FM-2 ferromag-
netic phase (T= 75K at P =35kbar [3]). Thetotal mag-
netic moment of manganese atoms in the high-pressure
phase at a low temperature, i.e., Uy, = 2.9(1) Mg, IS
dlightly lessthan the total magnetic moment in the low-
pressure hexagonal phase Py, = 3.3(1) g [4].

It should be noted that, asthe temperature decreases,
the structure parameters of manganese and arsenic
atoms remain unchanged to within the limits of experi-
mental error (except for the x parameter of manganese
atoms, which dightly increases with a decrease in the
temperature). Although thisincrease in the x parameter
issmall, it can appear to be significant, because the dis-
tance between the nearest neighbor manganese atoms
does not depend on the x parameter, whereas the dis-
tance between the next-to-nearest neighbor atoms
decreases with an increase in the x parameter. This
implies that the presence of a soft structure parameter
can affect the magnetic interactions between the nearest
and next-to-nearest neighbor atoms and can be consid-
ered afactor responsible for the magnetic phase transi-
tion.
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Abstract—The crystal structure of the [NpO,(NO3)(Terpy)(H,0)] complex between pentavalent neptunium
and 2,2',6',2"-terpyridine is determined. The crystal data are as follows: a = 11.130(3) A b=7.916(2) A, c=
18.324(5) A, B =100.873(6)°, V = 1585.5(8) A3, Z = 4, space group is P2,/n, R = 0.044, and wR(F?) = 0.092.

The coordination polyhedron of the Np atom is a pentagonal bipyramid whose equatorial plane includes three
nitrogen atoms of the Terpy molecule and two oxygen atoms of the nitrate ion and the water molecule. © 2003

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Continuing our studies on the structure and proper-
ties of the coordination compounds of pentavalent nep-
tunium with various pyridine derivatives [ 1-5], we per-
formed X-ray structure analysis of a complex between
Np(V) and 2,2',6',2"-terpyridine (Terpy). No structural
data on the actinide(V) and (VI), even uranyl, com-
pounds with this ligand are available in the literature.

EXPERIMENTAL

Compound [NpO,(NO;)(Terpy)(H,0)] (1) was syn-
thesized by the following procedure. Freshly precipi-
tated Np(V) hydroxide was dissolved in HNO;. The
solution was evaporated at a temperature below 40°C,
and the precipitate was dissolved in ethanol. Then, a
solution of an equimolar amount (0.1 mol/l) of
2,2',6',2"-terpyridine in ethanol was added. Green crys-
tals of compound | precipitated at room temperature.

The experimental data were obtained on a Bruker
SMART diffractometer at 110 K. The crystal was
0.08 x 0.10 x 0.16 mm in size. The data were corrected
for absorption with the SADABS procedure. The struc-
ture was solved by the direct method. All the non-
hydrogen atoms were refined in the full-matrix aniso-
tropic approximation on F? using all the 4595 unique
reflections. The hydrogen atoms of the Terpy molecule
were introduced into the calculated positions and
refined isotropically, and the hydrogen atoms of the
water molecules were not located. The main crystal

data and parameters of the structure refinement are
summarized in Table 1. The atomic coordinates and
equivalent thermal parameters arelisted in Table 2.

Table1. Main crystal data and parameters of structure re-
finement

Crystal system Monoclinic
a A 11.130(3)
b, A 7.916(2)
c, A 18.324(5)
B, deg 100.873(6)
Space group P2,/n

Z 4

vV, A3 1585.5(8)
Pealeay 9/CM3 2.439
Radiation (A, A) MoK, (0.71073)
Scan mode 6/20
26,2 deg 60
Number of reflections 16048
Number of uniquereflections 2942

(I > 20(1))

Number of parametersrefined 278

R, WR(F?) 0.044, 0.092

1063-7745/03/4801-0058%24.00 © 2003 MAIK “Nauka/Interperiodica’
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Table 2. Atomic coordinates and equivalent thermal parameters

Atom X y z Ueg A2 || Atom X y z Ugq A2
Np(1) | 0.06751(2)| 0.65932(2) | 0.19504(2)|0.01386(9)||C(15) |-0.2211(8) | 0.6145(10) | 0.2446(4) | 0.021(2)
N(1) | 0.1648(6) | 0.6353(8) | 0.0783(3) |0.018(2) ||O(1) | 0.0660(4) | 0.4269(6) | 0.1911(3) | 0.0129(9)
N(2) |-0.0696(6) | 0.7325(8) | 0.0676(3) |0.018(2) ||O(2) | 0.0781(5) | 0.8903(7) | 0.1972(3) | 0.018(1)
N(3) |-0.1678(6) | 0.6710(8) | 0.1889(3) |0.018(2) ||O(3) | 0.2850(5) | 0.6604(7) | 0.2534(3) | 0.018(1)
N(4) | 0.0127(6) | 0.6952(9) | 0.3694(3) |0.021(2) ||O(4) |-0.0079(5) | 0.6471(7) | 0.4298(3) | 0.025(1)
C1) | 0.2761(7) | 0.5702(11) | 0.0827(4) |0.023(2) ||O(5) |-0.0082(6) | 0.8427(7) | 0.3473(3) | 0.032(2)
C(2) | 0.3338(9) | 0.5543(11) | 0.0230(5) [0.026(2) ||O(6) | 0.0546(5) | 0.5888(8) | 0.3267(3) | 0.025(1)
C(3) | 0.2746(8) | 0.6093(11) |-0.0448(5) |0.025(2) ||H(1) | 0.320(6) | 0.513(9) | 0.136(4) | 0.05(2)
C(4) | 0.1586(7) | 0.6738(10) |-0.0517(4) [0.019(2) |H(2) | 0.400(8) |0533(9) | 0.019(5) | 0.05(2)
C(5) | 0.1070(7) | 0.6874(9) | 0.0106(4) [0.016(2) |H(3) | 0.291(6) |0.615(8) |-0.089(4) | 0.05(2)
C(6) |-0.0185(7) | 0.7576(9) | 0.0066(4) |0.017(2) ||H(4) | 0.115(6) | 0.708(8) |-0.098(4) | 0.05(2)
C(7) |-0.0768(7) | 0.8496(10) |-0.0546(4) [0.019(2) ||H(7) |-0.038(6) |0.878(8) |-0.095(4) | 0.05(2)
C(8) |-0.1901(8) | 0.9224(11) |-0.0520(5) [0.024(2) ||H(8) |-0.230(6) |0.998(9) |-0.093(4) | 0.05(2)
C(9) |-0.2424(8) | 0.8974(11) | 0.0093(5) |0.022(2) ||H(9) |-0.308(6) |0.933(9) | 0.013(4) | 0.05(2)
C(10) |-0.1827(7) | 0.7972(9) | 0.0674(4) [0.016(2) ||H(12) |[-0.405(8) | 0.826(9) | 0.096(5) | 0.05(2)
C(11) |-0.2421(7) | 0.7506(9) | 0.1309(4) [0.018(2) ||H(13) |[-0.477(9) |0.742(9) | 0.184(6) | 0.05(2)
C(12) |-0.3651(7) | 0.7722(11) | 0.1294(5) |0.022(2) ||H(14) |-0.376(9) | 0.616(9) | 0.279(5) | 0.05(2)
C(13) |-0.4161(8) | 0.7139(11) | 0.1878(5) |0.024(2) ||H(15) |-0.178(6) | 0.569(9) | 0.278(4) | 0.05(2)
C(14) |-0.3437(8) | 0.6314(11) | 0.2460(5) |0.024(2)

RESULTS AND DISCUSSION

In structure | (figure), the coordination polyhedron
of the neptunium atom is a pentagonal bipyramid. Its
equatorial plane is formed by three nitrogen atoms of
the terpyridine molecule and oxygen atoms of the mon-
odentate nitrate ion and the coordinationally bound
water molecule.

structure

A fragment of the
[NPO2(NOg)(Ter py)(H0)].

crystal
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The distances from the neptunium atom to the equa-
torial atoms are different. The distance to the oxygen
atom of the water molecule is the shortest, 2.455(5) A.
The distance to the oxygen atom of the nitrate ion is
somewhat longer, 2.506(5) A. The Np-N bond lengths
have normal values and lie in the range 2.580(5)—
2.602(5) A. The largest atomic deviation from the rms
equatorial plane is 0.360 A. The distance between the
neptunium nearest neighbor atoms is 5.757 A.

The NpO, group is hearly linear and symmetric: the

Np-O distances are 1.841(5) and 1.832(5) A, and the
O-Np-O bond angleis 176.5(2)°.

The terpyridine molecule and the neptunium atom
form two conjugated metallocycles in which the
endocyclic angles at the metal atom are 62.6(2)° and
62.5(2)°. The T1, T2, and T3 pyridinium rings contain-
ing the N(1), N(2), and N(3) atoms, respectively, form
dihedral angles of 19.0°, 26.4°, and 20.4° with the rms
equatorial plane of the coordination polyhedron of the
Np atom. The largest atomic deviations from the rms
planes of the pyridinium rings are 0.011 (T1), 0.027
(T2), and 0.004 (T3) A. The dihedral angles between
the planes of the rings are 14.5° (T1-T2), 22.6° (T1-
T3), and 16.0° (T2-T3).

The lengths of the N—C and C-C bonds in the three
rings are 1.33(1)-1.35(1) and 1.36(1)-1.38(1) A (T1),
1.359(9)-1.360(9) and 1.37(1)-1.39(1) A (T2), and
1.350(10)-1.370(9) and 1.376(12)-1.381(11) A (T3),
respectively. These values agree with those observed in
the structure of the uncoordinated terpyridine mole-



60 BUDANTSEVA et al.

cule, 1.32-1.35 and 1.35-1.40 A [6]. In structure | and
in a free Terpy molecule, the distances between the C
atoms of the neighboring pyridinium rings are
1.49(1) A.

The nitrate ion acts as a monodentate ligand. The
lengths of the N—O bonds differ from those in the free
ion. The N-O distances in the free ion are 1.245 A [7].
In structure |, the distance to the coordinated oxygen
atom is 1.296(8) A and the distances to the uncoordi-
nated atoms are 1.231(8) and 1.243(8) A.
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Abstract—The molecular and crystal structures of acomplex salt in which the cation is trig[tri phenyl phosphi-
negold(l)]Joxonium and the anion is deprotonated calix[4]arene are determined. The trig[triphenyl phosphine-
gold(l)]Joxonium cation forms a centrosymmetric, doubly charged, hexanuclear dimer. The oxonium oxygen
atoms are characterized by a nonplanar bond configuration: the Au—O-Au bond angles vary in the range
92.2(2)°-101.8(2)° due to aurophilic interactions (Au---Au) occurring at distances in the range 2.9650(4)—
3.1836(4) A. The monomers are joined into dimers via pairs of Au---Au interactions at a distance of 3.1880(5)
A. The anion adopts a cone conformation. The deprotonated oxygen atom of the anion is involved in the for-
mation of two hydrogen bonds as a proton acceptor. In the crystal, two anions and one cation form a cluster in
which the large-sized dimer cation is capped by the two calix[4]arene anions on opposite sides. { A-K-A}. In
turn, these clusters form zigzag chains due to stacking interactionsinvolving one of the benzene rings. © 2003

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Calixarenes belong to the class of macrocyclic com-
pounds. At present, these compounds have been inten-
sively studied as objects of supramolecular chemistry
[1-9]. Sinceflexible molecules of calixarenes are capa-
ble of adopting their shape for many molecules, ions,
and molecular fragments, they can be used as three-
dimensional building blocks in the design of highly
selective host molecules. Among compounds of this
class, the structure and properties of calix[4]arenes are
best understood. The structure of calix[4]arenes
involves four phenol groups linked by orthomethylene
bridges. For 16-membered macrocyclic fragments of
calix[4]arenes, there exist four stable conformations
that can transform into one another with a moderate
expenditure of energy. Owing to the presence of OH
functional groups in flexible macrocyclic fragments of
calix[4]arenes, they can enter into electrostatic interac-
tions with the guest molecule, whereas the aryl groups
provide Trtype interactions with the guest molecule.
This renders calix[4]arenes most suitable for use as
model objectsin the elucidation of the nature of guest—
host interactions that play a central role in molecular
recognition, which isimportant for biochemistry [1-9].

Great interest expressed by researchers in gold(l)
complexesis associated with their unusual luminescent
properties, on the one hand, and the interesting pharma-
cological properties[10-19], on the other hand. Recent
investigations reveal ed a correl ation between the photo-

chemical and photophysical properties of these com-
pounds and the occurrence of different-type secondary
interactions with the participation of gold atoms, such
as aurophilic interactions (Au--Au), Au--Tesystem
interactions, and Au---heteroatom interactions [20-23].

Research into the elements belonging to different
molecular systems but combined into a single system,
which have been extensively studied in supramolecular
chemistry, is of special interest. Investigation of com-
bined molecular systems is currently directed toward
the search for new materials with unusual properties.
Thisexplains our interest in the products of the replace-
ment of hydroxyl protons of calix[4]arenes by the iso-
lobal cation fragment AuPP#h;, i.e., inthe complexesin
which either of their two congtituents is of interest by
itself from both theoretical and practical points of view.

This paper reports on the results of X-ray structure
investigation of the product of the reaction between
calix[4]arene and awell-known aurating agent, namely,
[O(AuPPh;);BF,. We assumed that, during the reac-
tion, one or severa protons of the calix[4]arene
hydroxyl groups should be replaced by the AuPP#; cat-
ionic complexes. In the aforementioned molecular sys-
tem, the distance between the gold atoms should be
short enough for these atoms to participate in an auro-
philic and (or) another weak interaction.

Details of the chemical experiment performed in
thiswork will be described in a separate paper.

1063-7745/03/4801-0061$24.00 © 2003 MAIK “Nauka/Interperiodica’
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Table 1. Crystal data, data collection, and refinement parameters for the crystal structure studied

Empirical formula

Solvate (experiment 1/experiment 2)
Molecular weight

Crystal system

Space group

a A

b, A

c, A

a, deg

B, deg

y, deg

Vv, A3

Z

Peaica 9/cm’

F(000)

u(MoK,), mm=

Crystal size, mm
Radiation type (wavelength, A)
Scan mode/6 range, deg
Index ranges

Number of measured reflections

Number of unique reflections

Number of reflections with | > 20(1)
Transmission factor (min/max)

Number of refined parameters

R factors for reflections with | > 20 (1)

R factorsfor all reflections
Goodness-of-fit on F?

Extinction coefficient

Residual electron density (min/max), e/A3

CoeHesAUzO:P; - Sol
2C4H,0 - 2H,0/4C4H,O
1961.27/1817.17
Triclinic
P1
15.8804(3)/15.9106(1)
16.7883(3)/16.7675(2)
17.0711(3)/17.2650(1)
93.207(1)/93.634(1)
114.107(1)/113.136(1)
90.047(1)/90.018(1)
4146.4(1)4225.42(6)
2/2
1.571/1.428
1908/1764
5.404/5.295
0.46 x 0.32 x 0.28/0.40 x 0.40 x 0.26
MoK, (0.71073)
w/1.22,27.00/ w/1.22-27.00
-20ch<19/-20<h<20
-21<k<?21/-16<k<21
21<1<22/-22<1<22
34650/29927
17978 [R,; = 0.0606]/18329 [R,; = 0.0525]
15793/16112
0.27986/0.62579 / 0.52044/0.86244
891/919
R; = 0.0484, wR, = 0.1221/R; = 0.0695, wR, = 0.1705
R; =0.0904, wR, = 0.1523/R; = 0.1038, wR, = 0.2673
1.036/1.042
0.00000(7)/0.0011(3)
—2.008/1.780/ —1.320/3.756

EXPERIMENTAL

X-ray diffraction analysis of the compound under
investigation was carried out using crystals grown at
different temperatures (~270 and ~250 K) from tetrahy-
drofuran (THF), which, inthe former case, was not sub-
jected to dehydration. In the latter case, the crystalliza
tion was performed with a dried tetrahydrofuran.

The most important parameters of experiments 1
and 2 are presented in Table 1. In both cases, acolorless
single crystal in the form of a prism was covered with a
perfluorinated oil and placed in aBruker SMART CCD

CRYSTALLOGRAPHY REPORTS Vol. 48

diffractometer at a temperature of 150.0(2) K. Experi-
mental reflections were measured in the w scan mode
(exposure time per frame, 15 s).

Correction for X-ray absorption by the studied crys-
tal was introduced using a semiempirical method [24]
for alarge set of equivalent reflections.

The structure was solved by direct methods and
refined using the least-squares procedure for F2. The
hydrogen atoms and the electron-density peaks for sol-
vate molecules were located from the difference Fou-
rier synthesis. In experiment 1, the solvate molecules
were identified as two tetrahydrofuran molecules and,

No.1 2003
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most probably, two water molecules. The tetrahydrofu-
ran molecules were disordered, and the oxygen atoms
of the water molecules only partially occupied their
positions. The isolated peaks were assigned to the oxy-
gen atoms of the solvate molecules on the basis of the
results of analyzing the short intermolecular contacts
formed by these atoms either with the O(3) oxy%en
atom of the anion (2.94 A) or with each other (2.63 A).
The observed contacts are characteristic of hydrogen
bonds. Moreover, aswas noted above, the tetrahydrofu-
ran used in this experiment was not subjected to dehy-
dration.

In experiment 2, the solvate molecul es were identi-
fied as four tetrahydrofuran molecules. These mole-
cules are also disordered and are characterized by par-
tial site occupation. No isolated peaks that could be
attributed to water molecules were revealed.

Thefinal refinement of the structure was performed
using the least-squares procedure in the anisotropic
approximation for al the non-hydrogen atoms of the
host molecular ions and in the i sotropic approximation
for the atoms of the solvate molecules. The positions of
the hydrogen atoms were refined within ariding model.
All the peaks of the residual electron density were
located either in the vicinity of the gold atoms or in the
cavities of the crystal packing. This does not exclude
the possibility that the crystal structure can involve
additional solvate moleculesdisordered over their posi-
tions with alow occupancy.

All the calculations were carried out with the
SHELXS86 [25] and SHELXL93 [26] software pack-
ages. The crystal data have been deposited in the Cam-
bridge Structural Database.

In both experiments, we obtained close sizes of the
unit cell of the studied crystal, the same atomic coordi-
nates, and identical geometric parametersfor the cation
and the anion. The results of experiment 1, which were
obtained with a higher accuracy, will be discussed
below.

RESULTS AND DISCUSSION

Contrary to the expectations, the reaction of
calix[4]arene with [O(AuPPh;);]BF, resulted in the
cation exchange rather than in the replacement of one
or several protons of the calix[4]arene hydroxyl groups

by the isolobal cationic complexes AuPPh;. Com-
pound | isacomplex salt in which the anion is deproto-
nated calix[4]arene and the cation is [O(AuPPh;),]*.

The selected bond lengths and angles are listed in
Table 2.

Structure of the Anion
The structure of the calix[4]arene anion with ther-
mal elipsoids is shown in Fig. 1. Figure 2 depicts the
side projection of the anion, in which the conformation

CRYSTALLOGRAPHY REPORTS Vol. 48 No. 1
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Fig. 1. Structure of the calix[4]arene anion. Thermal ellip-
soids for atoms are drawn at the 40% probability level.

Fig. 2. Side projection of the calix[4]arene anion.

of the macrocycle is clearly seen. The macrocycle
adopts a cone conformation, i.e., one of the four stable
conformations typical of calix[4]arene molecules [9].
This cone is not symmetric. The dihedral angles
between the planes of the C(1)---C(6), C(8)---C(13),
C(15)---C(20), and C(22)---C(27) benzene rings and the
mean plane through the O(2), O(3), O(4), and O(5)
oxygen atoms are equa to 46.1°, 57.6°, 45.6°, and
70.1°, respectively. This feature of the calix[4]arene
anion is most likely associated with the packing effects
and nonsymmetric hydrogen bonds (see below) and
indicates ahigh conformational flexibility of the molec-
ular skeleton of calix[4]arene.

The auration leads to deprotonation of only one
hydroxyl group. This corresponds to the charge balance
intheunit cell of the studied crystal and is confirmed by
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Table 2. Selected bond lengths (A) and angles (deg)

Bond/angle d/w Bond/angle dlw
Au(1)-Au(2) 3.1836(4) C(8)-C(13) 1.37(1)
Au(2)-Au(3) 3.0905(4) C(8)—-C(9) 1.38(1)
Au(1)-Au(3) 2.9650(4) C(9)—C(10) 1.39(1)
Au(2)-Au(3)" 3.1880(5) C(10)-C(11) 1.34(2)
Au(1)-P(1) 2.221(2) C(11)-C(12) 1.40(2)
Au(2-P(2) 2.228(2) C(12)-C(13) 1.38(1)
Au(3)-P(3) 2.228(2) C(13)-C(14) 1.51(2)
Au(1)-0O(1) 2.032(5) C(14)-C(16) 1.52(2)
Au(2)-0(1) 2.071(5) C(15)-C(20) 1.42(2)
Au(3)-0(1) 2.083(6) C(15)-C(16) 1.45(2)
0(2)-C(1) 1.34(1) C(16)-C(17) 1.40(2)
0O(3)-C(8) 1.37(1) C(17)-C(18) 1.41(2)
O(4)-C(15) 1.36(2) C(18)-C(19) 1.39(2)
0(5)-C(22) 1.38(1) C(19)-C(20) 1.37(2)
C(1)-C(6) 1.40(1) C(20)-C(21) 1.49(2)
C(1)—C(2) 1.42(1) C(21)-C(23) 1.50(2)
C(2—C(3) 1.37(2) C(22)-C(23) 1.41(2)
C(2—C(7) 1.54(1) C(22)-C(27) 1.43(2)
C(3)-C(4) 1.40(2) C(23)-C(24) 1.40(2)
C(4)—C(5) 1.37(2) C(24)-C(25) 1.42(2)
C(5)—C(6) 1.39(2) C(25)-C(26) 1.35(2)
C(6)—-C(28) 1.56(2) C(26)-C(27) 1.36(2)
C(7)-C(9) 1.54(2) C(27)-C(28) 1.50(2)
Au(3)-Au(1)-Au(2) 60.22(1) Au(1)-O(2)-Au(? 101.8(2)
Au(1)-Au(2)-Au(3) 56.38(1) Au(1)-O(1)-Au(3) 92.2(2)
Au(2)-Au(3)-Au(1) 63.40(1) Au(2-O(1)-Au(3) 96.1(2)
Au(3)-Au(2-Au(3)* 90.97(1) O(1)-Au(1)-P(1) 175.6(2)
Au(D)-Au(2-Au3)* 110.16(1) O(1)-Au(2)-P(2) 178.3(1)
Au(D)-Au(3)-Au(2™ 110.63(1) O(1)-Au(3)-P(3) 177.3(2)
Au(2-Au(3)-Au(2* 89.03(1)

Note: The symmetry operation used for generating equivalent atoms; 1 —x + 2, -y + 1, -z,

the presence of electron-density peaksin the difference
Fourier map in the vicinity of the O(3), O(4), and O(5)
oxygen atoms (which were identified as hydrogen
atoms) and by the absence of the electron-density peak
in the vicinity of the O(2) oxygen atom. Moreover,
despite the relatively large errors, the O(2)—C(1) bond
[1.34(1) A] provesto be systematically shorter than the
other three C-O bonds in the anion [1.37(1), 1.36(2),
and 1.38(1) A]. It should also be noted that it is this
O(2) oxygen ion with alarger negative charge that par-
ticipates in the formation of two hydrogen bonds as a
proton acceptor.

CRYSTALLOGRAPHY REPORTS Vol. 48

The deprotonation causes a disturbance of the cyclic
hydrogen-bonded network, which is inherent in calix-
arenes with a cone conformation [27]. The O(2) depro-
tonated atom with an extra negative charge is involved
in the formation of two hydrogen bonds (as a proton
acceptor) with protons of the adjacent hydroxyl groups.
The O(2)---0O(3) and O(2)---O(5) distances (2.569 and
2.749 A, respectively) [as well as the O(2)---H(3A) and
0O(2)--H(5A) distances (1.729 and 1.923 A, respec-
tively)] characterize hydrogen bonds of different
strengths: one of these two bondsis ahydrogen bond of
moderate strength, and the other bond is aweak hydro-
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Fig. 3. Structure of the centrosymmetric, doubly charged, hexanuclear dimer cation [O(AuPPh3)3]§+

BN

. The numbering of carbon

atomsis shown only for the symmetrically independent moiety of the molecule. Hydrogen atoms are omitted for clarity.

Fig. 4. A supramolecular cluster consisting of two anions and one dimer cation in the crystal.

gen bond. The bond angles at the H(3A) and H(5A)
atoms (178.2° and 166.5°, respectively) correspond to
alinear hydrogen bond. As regards the third hydrogen
bond in the cdix[4]arene anion, namely, the
O(4)--H(4A)-O(3) bond, its parameters (2.573 A,
1.740 A, and 166.1°) are close to those of the stronger
hydrogen bond formed by the O(2) oxygen atom. The
spacing between the oxygen atoms (2.750 A), which
are not involved in hydrogen bonds, is a direct conse-
guence of the closure of the cyclic fragment.

CRYSTALLOGRAPHY REPORTS Vol. 48 No. 1
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Structure of the Cation

The trig[triphenylphosphinegol d(I)]oxonium cation
with adimer structure occupies aspecia position at the
center of inversion of the crystal lattice under investiga-
tion. The structure of thiscationisshownin Fig. 3. The
oxonium oxygen atoms O(1) and O(1A) are character-
ized by anonplanar bond configuration. Inthis case, the
bond angles at each atom are equa to 92.2(2)°,
96.1(2)°, and 101.8(2)°. This geometry is typical of
oxonium oxygen atomsinvolved in cationic complexes.
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Fig. 5. Projection of a stacking pair onto the mean plane of
the C(15A)---C(20A) benzene ring.

According to the Cambridge Structural Database (Ver-
sion 5.22) [28], which contains information on the
structures of 12 similar cationic complexes, the bond
angles at the oxonium oxygen atomsin these structures

vary intherange 90.9°-98.3°; i.e., these angles are less
than the tetrahedral value (109.5°). It is interesting to
note that, in triaurated thiooxonium, the bond angle at
the central sulfur atom is less than 90°. Unlike the tri-
aurated oxonium, itsisolobal analogue, namely, trimer-
curated oxonium, has a nearly planar structure [29].
Such adistortion in the molecular geometry at the cen-
tral atom in gold compounds is due to intramolecular
aurophilic interactions [19-23], which occur in triau-
rated oxonium and thiooxonium structures at compara:
ble distances. In triaurated oxonium and thiooxonium
structures, the Au---Au distances can be identical only
in the case when the bond angles at the sulfur atoms are
smaller than those at the oxygen atoms, because the
Au-S bond (~2.30 A [28]) is longer than the Au-O
bond (~2.03 A [28]). Similar interactions between
metal atoms are not characteristic of doubly charged
mercury cations. Therefore, the geometry of the bonds
in the studied molecule is governed by weak aurophilic
interactions.

In the studied compound, the monomer units are
joined into centrosymmetric dimers through aurophilic
interactions. The Au--Au distances are equa to
2.9650(4), 3.0905(4), and 3.1836(4) A in each mono-
mer and 3.1880(5) A between the monomer units. All
the distances fall within the range corresponding to
aurophilic interactions [19, 20].

As in al the known dimer structures of triaurated
oxonium and thiooxonium, the gold atoms in the stud-

Fig. 6. Projection of afragment of the crystal packing.
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ied compound form a chair-shaped cage:
Au

AU
AU’ _“Au
POAUT

A
The oxygen atoms deviate from the planes of the
Auj; triangles toward each other, i.e., toward the central
four-membered Au, ring.

The Au-O and Au-P bonds have standard lengths
[2.032(5), 2.071(5), 2.083(6) and 2.221(2), 2.228(2),
2.228(2) A, respectively]. The deviations from linear
coordination of the gold atoms are very smal
[175.6(2)°, 178.3(1)°, and 177.3(2)°].

Packing of Structural Unitsin the Crystal

Themutual arrangement of the cationsand anionsin
the studied crystal is also of considerable interest. It
should be noted that the size of the dimer cation is sub-
stantially larger than that of the calix[4]arene anion.
Consequently, it isthisdimer that isthe main structure-
forming element of crystal packing. In this compound,
according to the terminology accepted in supramolecu-
lar chemistry [1], just the dimer cation is the host,
whereas the calix[4]arene anion has the role of aguest,
which is not typical of calix[4]arenes.

Inthecrystal, two anionsand one cation form aclus-
ter in which the large-sized cation is capped by the two
calix[4]arene anions on opposite sides, as is shown in
Fig. 4. In turn, the {A-K-A} clusters form zigzag
chains due to stacking interactions between one of the
benzene rings of each anion and the centrosymmetri-
cally related benzene ring of the adjacent cluster. Fig-
ure 5 shows the projection of a stacking pair onto the
mean plane of the C(15A)---C(20A) benzene ring. The
interplanar distance in this pair (3.425 A) corresponds
to stacking interactions in aromatic compounds.

The zigzag chains are packed in the crystal in such
away as to form extended cavities in the structure. In
Fig. 6, such acavity islocated along the axis of projec-
tivity at the center of the unit cell of the crystal lattice
under investigation. It is these cavities of crystal pack-
ing that contain all the solvate molecules.

A comparison of the results obtained in the above
two experiments allows us to draw the conclusion that
the cavities formed in crystal packing are large enough
to house different-type solvate molecules. Moreover,
these cavities permit a disordered arrangement of the
solvate molecules in the structure or incomplete occu-
pation of their positionsin the crystal.
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Abstract—The title compound (CgHs)(C4HgNO)[N(CgH11)2] P=N-S;N5 crystallizes in atriclinic crystal sys-
tem with unit cell parameters a = 9.8884(4) A, b = 10.6075(1) A, ¢ = 14.2276(2) A, a = 78.14(3)°, B =
79.31(1)°, y = 65.42(2)°, V = 1319.44(6) A3, Z = 2, and space group P1. The cyclatrithiazene ring adopts a
“distorted chair” conformation with a deviation of 0.682(7) A for the tricoordinated sulfur atom. Remarkably,

ashort exocyclic S-N bond length 1.489(4) A along with alarge P-N-S angle 136.2(3)° are observed with the
iminophosphorus moiety. © 2003 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Phosphiniminocyclotrithiazenes are the novel
examples of monosubstituted cyclotrithiazenes [1-3].
Systematic structural study of these heterocycles helps
to understand the bonding pattern in the cyclotrithiaz-
ene ring with different substituents attached to the
phosphorus atom. Since the first crystal structure on
triphenyl  phosphiniminocyclotrithiazene [1] was
reported, many new compounds of this family have
been synthesized [4-6] and a few crystal structures
were reported [7-9]. We have embarked on a system-
atic crystal structure determination of these heterocy-
clic systems[10-16] in order to understand the effect of
various groups on the conformation of the cyclotrithia-
zenering. Of the three groups attached to the phospho-
rus atom, only one has been varied, keeping the other
two the same so asto study the conformational changes

Table 1. Crystallographic datafor MORPPC

inthe cyclotrithiazenering, aswell asin theiminonitro-
gen moiety. The two common substituentsin this series
are phenyl and dicyclohexylamino groups. The variant
is an alicyclic ammo group, namely, pyrrolidino, pipe-
ridino, and morpholino in each of the compounds. The
corresponding compounds have been labeled as
PYDPPC, PIDPPC, and MORPPC, respectively, for
brevity in the subseguent discussion. In this article we
report the crystal structure of (morpholino)(phe-
nyl)(dicyclohexylamino) phosphiniminocyclotrithiaz-
ene and compare the salient features with the reported
structures.

EXPERIMENTAL

The compound was prepared from the reaction of
SN, with the phosphine (C¢Hs)(C,HgNO)[N(C¢H),]P

Crystal system Triclinic M, mm 0.368
Space group P1 Crystal dimensions, mm 0.12x0.16 x 0.30
a A 9.8884(4) 8 range, deg 2-25

b, A 10.6075(1) Reflections measured/unique 3678

c, A 14.2276(2) Reflections observed [1 = 30(1)] 3202

a, deg 78.14(3) Number of parameters refined 438

B, deg 79.21(1) GOOF(F?) 1.109

y, deg 65.42(2) Ry 0.0592

v, A3 1319.44(6) WR, 0.1706

z 2 P! DPpiry €A 0.67/ —0.44
Peacar F/CM® 1.326

1 This article was submitted by the authors in English.

1063-7745/03/4801-0068%24.00 © 2003 MAIK “Nauka/Interperiodica’
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Table 2. Coordinates (x10*) and isotropic thermal parameters Ugo/Ui, (% 10° A2) for MORPPC

Atom X y z Ue/Uiso || Atom X y z Uet/Viso
P 3886(1) 8352(1) 7777(2) 38(1) || H(2) 3150(60) | 5840(60) | 10880(40) 62(2)
S(1) 7033(1) 7687(2) 7842(1) 59(1) || H(3) 970(90) | 5480(80) | 10540(60) | 120(3)
S(2) 8822(2) 8048(2) 6159(1) 95(1) || H(4) 380(80) | 6160(70) | 9040(50) 90(2)
S(3) 9033(3) 5382(2) 6991(3) | 152(1) || H(5) 1730(50) | 7250(50) | 5890(40) 38(2)
N(D) 7219(5) 8613(5) 6777(4) 66(1) || H6) 3950(60) | 9380(60) | 7850(40) | 47(1)
N(2) 9611(8) 6417(8) 6267(4) | 126(1) || H(7) 5560(60) | 8370(50) | 5630(40) 63(1)
N(3) 7481(6) 6099(5) 7647(5) 94(2) || H(8) 3770(50) | 9030(50) | 4460(40) 54(1)
N(4) 5398(4) 8231(4) 8172(3) 48(1) || H(9) 2760(60) | 8670(50) | 5220(40) | 49(2)
N(5) 4050(4) 7834(4) 6737(3) 48(1) || H(10) 4020(60) | 5340(60) | 5830(40) 59(2)
N(6) 2681(4) 9992(3) 7684(4) 38(1) || H(11) 2650(70) | 6460(60) | 6080(50) 83(2)
] 4086(5) 7011(4) 4968(3) 72(1) || H(12) 4290(50) | 5910(50) | 7230(40) | 49(1)
C(1) 4313(6) 8640(6) 5807(3) 50(1) || H(13) 5770(60) | 6030(50) | 6430(40) 58(1)
C(2 3573(8) 8443(6) 5066(4) 59(1) || H(14) 1280(50) | 9490(50) | 7270(30) 38(2)
C(3) 3800(9) 6231(7) 5856(4) 72(2) || H(15) —109(50) | 11350(50) | 8480(40) | 49(1)
C4) 4594(8) 6336(5) 6621(4) 63(2) || H(16) 410(60) | 9620(60) | 8840(40) 62(1)
C(5) 3066(5) 7273(4) 8643(3) 46(1) || H(17) | —2159(70) | 11050(60) | 8610(50) 72(2)
C(6) 1916(6) 6983(5) 8453(4) 55(1) || H(18) | —1329(60) | 9960(60) | 7900(40) 53(2)
C(7) 1201(7) 6314(6) 9170(5) 69(2) || H(19) | —2899(80) | 11900(60) | 6960(40) 81(2)
C(8) 1628(7) 5913(6) | 10076(5) 72(2) || H(20) | —2029(60) | 12550(60) | 7300(40) 50(2)
C(9) 2806(8) 6164(6) | 10279(4) 68(2) || H(21) —859(60) | 12480(60) | 5800(40) 56(2)
C(10) 3495(8) 6838(6) 9557(4) 56(1) || H(22) —629(60) | 11090(60) | 6000(40) 55(2)
C(11) 1167(5) | 10299(5) 7437(3) 43(1) || H(23) 1500(60) | 11320(60) | 6080(40) 65(2)
C(12) —46(6) | 10558(6) 8307(4) 55(1) || H(24) 660(50) | 12340(50) | 6770(30) 35(2)
C(13) —1536(7) | 10776(9) 8010(6) 76(2) || H(25) 1810(40) | 11930(40) | 7970(30) 21(1)
C(14) —2001(7) | 11894(1) 7181(6) 82(2) || H(26) 4070(70) | 9970(60) | 9200(40) 74(2)
C(15) —796(7) | 11723(9) 6315(5) 73(2) || H(27) 2530(60) | 10540(60) | 9480(40) 59(2)
C(16) 709(6) | 11503(6) 6605(4) 52(1) || H(28) 1710(80) | 13140(70) | 9380(50) | 100(2)
C(17) 2803(5) | 11149(4) 8063(3) 40(1) || H(29) 3030(80) | 11940(70) | 9950(50) 80(2)
C(18) 3036(7) | 10877(7) 9118(4) 61(1) || H(30) 4970(90) | 12240(80) | 8790(50) | 100(2)
C(19) 2944(8) | 12234(9) 9412(6) 81(2) || H(31) 3950(70) | 13530(80) | 8920(50) 80(2)
C(20) 4052(7) | 12766(8) 8764(7) 93(3) || H(32) 4550(90) | 13140(70) | 7510(50) | 100(2)
C(21) 3808(7) | 13009(6) 7740(6) 76(2) || H(33) 2790(60) | 13800(60) | 7750(40) 63(2)
C(22) 3906(7) | 11706(6) 7408(5) 55(1) || H(34) 3840(70) | 11790(60) | 6760(50) 72(2)
H(1) 4030(50) | 6970(50) | 9630(30) | 21(1) || H(35) 4620(60) | 11160(50) | 7430(40) 37(2)

in acetonitrile at room temperature [6]. Red parallel epi-
ped crystals were obtained by slow evaporation from
the mixture of CH,CI,—CH,CN (1 : 2). A crystal of
dimensions 0.12 x 0.16 x 0.30 mm was selected for
data collection. The intensity data were collected at
room temperature in «wy/26-scan mode on an Enraf-Non-
ius CAD-4 diffractometer using graphite monochro-
mated AMoK,, radiation and corrected for Lorentz and
polarization effects. The structure was solved by direct
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methods using SHEL X S86 [17] and refined by the full-
matrix |east squares method using SHEL XL 97 [18]. All
the non-hydrogen atoms were refined with anisotropic
thermal parameters and the hydrogen atoms, located
from the difference electron density maps during the
intermediate stages of refinement, were refined with
isotropic displacement parameters. The crystal data,
along with the details of structure refinement, are listed
inTable 1.
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Table 3. Selected bond lengths d (A), bond angles w (deg) and torsion angles ¢ (deg) for MORPPC

Bond d Bond d
S(1)-N(1) 1.652(5) P-N(4) 1.641(4)
S(1)-N(3) 1.623(6) P-N(5) 1.640(4)
S(1)-N(4) 1.489(4) P-N(6) 1.644(4)
S(2)-N(1) 1.597(5) P-C(5) 1.817(4)
S(2)-N(2) 1.561(8) P.......5(1) 2.91(1)
S(2)-N(2) 1.558(7) S(3)-N(3) 1.610(6)

Bond angle () Bond angle ()
N(1)-S(1)-N(3) 106.7(3) N(4)-P-N(5) 118.7(2)
S(1)-N(1)-S(2) 116.3(3) N(4)—-P-N(6) 109.3(2)
N(1)-S(2)-N(2) 114.0(3) N(5)-P-N(6) 106.2(2)
S(2)-N(2)-S(3) 125.1(4) N(4)-P-C(5) 108.5(2)
N(2)-S(3)-N(3) 115.4(3) N(5)—-P-C(5) 104.5(2)
S(3)-N(3)-S(2) 117.7(3) N(6)—-P-C(5) 109.4(2)
N(1)-S(1)-N(4) 105.8(2) P-N(4)-S(1) 136.2(3)
N(3)-S(1)-N(4) 105.7(3)

Torsion angle ¢ Torsion angle ¢
S(1)-N(1)-S(2)-N(2) 35.8(5) N(1)-S(2)-N(2)-S(3) —6.9(9)
S(2)-N(2)-S(3)-N(3) 1.2(9) N(2)-S(3)-N(3)-S(2) —24.9(7)
S(3)-N(3)-S(1)-N(2) 49.9(5) N(3)-S(1)-N(1)-S(1) —56.0(4)

RESULTS AND DISCUSSION

The title compound is the third in the series
(R)(C¢H5)[N(C¢H,;),]P=N-S;N3, for which the crystal
structure has been determined. The aicyclic amino-
group Ris C,HgN (pyrrolidino) [10] and CsH;oN (pipe-
ridino) [12] for the earlier reported examples. The frac-
tional coordinates and equivalent isotropic thermal
parameters with their standard deviations for al the
atoms of the title compound are listed in Table 2. The
molecular structure [19] with the atom numbering
scheme is shown in the figure. Selected bond lengths,
bond angles and torsion angles are summarized in
Table 3. The dissimilar bond distances found with the
skeletal sulfur atoms are presumably due to different
hybridization they invoke in the bond formation. These
distances can be broadly categorized into three groups:
(i) 1.652(5) and 1.623(6) A, (ii) 1.610(6) and 1.597(5) A,
and (iii) 1.561(8) and 1.558(7) A. Similar S-N bond
distances are also evidenced in other members of phos-
phiniminocyclotrithiazenes[10-16], (CgHs)sAS=N-S;N;,
[20] (p-CH3CgH4)3sAS=N-S;N; [21] and some acyclic
sulfur-nitrogen compounds [22]. Strikingly, the two
long bonds[of group (i)] in the heterocyclesinvolve the
tricoordinated sulfur atom S(1); this feature is consis-
tent in the phosphiniminocyclotrithiazenes family. The
shortest bond observed in the ring [1.578(6) PYDPPC,

CRYSTALLOGRAPHY REPORTS Vol. 48

1.560(4) PIDPPC, and 1.558(7) A MORPPC] is close
to S=N double bond distance 1.55 A [23]. The pK,, val-
ues [24] of the variant amines in the corresponding
compounds are 11.31, 11.12, and 8.49 respectively. It
can be seen that as the basicity of the amine increases,
the sulfur-nitrogen bond tends to approach the double
bond distance. The six endocyclic bond angles agree
well in all the three compounds. Thetricoordinated sul-
fur atom deviates from the mean plane of the other five
atoms by 0.682(7) A. This value agrees well with the
other two members of the series (0.656 A in PYDPPC
and 0.686 A in PIDPPC). The trend of the signs of the
torsion angles (Table 3) reveal sthat the puckeringinthe
ring istowards adistorted chair conformation. Only the

anion S;N; has a planar conformation [25].

In the present case, morpholino moiety has aso
brought noticeable changes to the P-N(4)=5(1) frag-
ment. It is seen that the S(1)-N(4) bond distance has
decreased s gnificantly from 1.580(4) A (in PYDPPC)
to 1.490(4) A (in MORPPC). Correspondingly, the P—
N(4)=S(1) bond angle increase from 120.8(2)° (in
PYDPPC) to 136.2(3)° (in MORPPC) is observed.
Interestingly, the non-bonded P---S(1) distance also
shows acorresponding increase in the present structure,
2.76(1) A (PYDPPC) and 2.91(1) A (MORPPC). This
trend can be attributed to the reverse donation [26, 27]

No.1 2003
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The ORTEP-13[19] of (OC4HgN)(CgHs)[N(CgH11)2] P=N-S3N3. Thethermal ellipsoids are at 50% probability level (the H atoms

are omitted).

ability of nitrogen of alone electron pair to the phos-
phorus, that isinfluenced by the substituents attached to
phosphorus, as one would anticipate. Theinteraction of
P-N=S moiety with the Tebonding feature of the cyclo-
trithiazene ring may also be important in explaining the
trends observed in the bonding characteristics.

The phosphorus—nitrogen distances arising from the
two amino groups attached to phosphorus are consider-
ably shorter than the expected P(sp?)-N(sp?) bond
length 1.77 A [28] but resembl e those observed in phos-
phazenes [29, 30]. The trend is suggestive of the pres-
ence of a T-character in these bonds. The phosphorus
atom has a distorted tetrahedral geometry. The phenyl
ring is planar. The dicyclohexylamino and morpholino
groups adopt a chair conformation with normal bond
lengths and angles. In the structure, no hydrogen bonds
or short contacts are observed, and the molecules are
held by van der Waals forces.
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Abstract—The derivatives of 3-(4-nitrophenyl)-2-phenylacrylic acid are synthesized. It is shown that the
chemical modification of this acid resultsin a change in the symmetry of the supramolecular fragment formed
by moleculesin the crystal. In turn, this change leads to achangein the crystal symmetry and favorsthe forma-
tion of anoncentrosymmetric crystal structure. The crystal structures of 3-(4-nitrophenyl)-2-phenylacrylic acid
(1), 3-(4-nitrophenyl)-2-phenyl-triethyl aminoacrylate (I1), and 3-(4-nitrophenyl)-2-phenylacrylic acid
(3-methoxy)phenyl ester (111) are investigated by X-ray diffraction. © 2003 MAIK “ Nauka/Interperiodica’ .

INTRODUCTION

Asisknown, molecular first-order nonlinear optical
effects can be observed in organic asymmetric conju-
gate chromophore mol ecul es. Manifestation of the non-
linear optical effect in a condensed phase requires a
noncentrosymmetric arrangement of molecules in the
crystal or in the polymeric matrix. Unfortunately, an
obvious direct way of attaining an acentric molecular
order on the macroscopic |evel—the growth of noncen-
trosymmetric crystals of compounds capable of exhib-
iting molecular nonlinear properties—is not the easiest
and most efficient method. This can be explained by the
fact that, for the most part, organic compounds crystal-
lize in the centrosymmetric space groups [1], which
exclude the manifestation of the nonlinear optical activ-
ity in the solid phase. Moreover, it turns out that the
acentric crystal structure is a necessary but not suffi-
cient condition, because the optimum arrangement of
nonlinear optically active molecules with respect to the
polar direction in the crystal is required to achieve a
nonlinear optical effect.

Although the empirical approaches to the prepara-
tion of acentric crystals have long been known (some of
them are described in detail in monograph [2]),
researchers sometime face insurmountable obstaclesin
producing noncentrosymmetric crystals of promising
molecular compounds. It should be noted that the rea-
son for the predominance of centrosymmetric crystal-
line compounds remains unclear. Furthermore, it was
revealed that centrosymmetric structures are not ther-
modynamically preferable [3] and that their formation
is not governed by the dipole molecule moment as a

factor compensating for the parallel dipole orientation
[4]. Thisimplies that the decrease in the dipole mole-
cule moment (recommended in [2]) is not an efficient
method of designing the noncentrosymmetric crystal
structures. Moreover, it was demonstrated that hydro-
gen bonds play an important role in the formation of
noncentrosymmetric crystals;, however, this contribu-
tion of hydrogen bonds is determined by the formation
of acentric local packing fragments|[5, 6] rather than by
the decrease in the dipole molecule moment due to the
formation of intermolecular hydrogen bonds, as was
assumed in [2]. In other words, the ability of molecules
to form strong noncentrosymmetric local fragments
through intermolecular hydrogen bonds or other spe-
cific interactions leads to an increase in the probability
of forming noncentrosymmetric crystal structures.

In the present work, we attempted to obtain noncen-
trosymmetric crystals of 3-(4-nitrophenyl)-2-pheny-
lacrylic acid derivatives by way of changing the sym-
metry of a local supramolecular fragment. Moreover,
we performed an X-ray diffraction investigation of the
crystal structures of 3-(4-nitrophenyl)-2-phenylacrylic

HO 0]

A
acid O (1), 3-(4-nitrophenyl)-2-phenyl-

N
O~ 0
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EXPERIMENTAL

Synthesis. Acid | was synthesized according to the
procedure described in [7]. Needle-shaped, light yellow
crystals of compound | (T, = 214°C) precipitated from
isopropanol.

Bulk platelike, light yellow crystals of compound 1 |
(T,,=100-104°C) were grown by aslow evaporation of
asolution containing acid | (0.1 g, 0.0004 mal), isopro-
panol (1 ml), and triethylamine (0.22 g, 0.3 ml,
0.002 mal).

Compound |1 was prepared asfollows. Chloroform
(6 ml) and thionyl chloride (0.71 g, 0.44 ml, 0.006 mol)
were added to acid | (1.34 g, 0.005 mol). The mixture
was boiled for 4 h. The dark yellow transparent solution
obtained was evaporated under vacuum. The precipitate
was dissolved in chloroform (10 ml). Then, pyridine
(0.61 g, 0.005 mol) was added, and the mixture was
boiled for 5 min. The prepared solution was sequen-
tially washed in a 5% HCI solution, water, 5% NaOH
solution, and water. Thereafter, the product was evapo-
rated under vacuum and recrystallized from a toluene-
petroleum ether mixture. The yield was 1.31 g (70%).
Light yellow, prismatic crystals |11 (T, = 142°C) were
grown from isopropanol.

X-ray diffraction analysis. Crystals| (C,;sH;;NO,,
M = 269.25) are monoclinic, space group P2,/c, at 110K:
a = 11.475(6) A, b = 5.641(3) A, ¢ = 19.150(10) A,
B=98.439(11)°, V = 1226.3(11) A3, Z = 4, dyq =
1.458 g/cm?®, F(000) = 560, and p = 0.107 mm.
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Crystals |1 (C,yH,N,O,, M = 370.44) are triclinic,

space group P1, at 298 K: a = 12.441(2) A, b =
12.957(2) A, ¢ = 13.709(2) A, a = 79.604(5)°,
B =80.343(5)°, y=63.065(4)°, V = 1928.4(6) A3, Z =4,
degeg = 1.276 g/cm3, F(000) = 792, and 1 = 0.089 mm=.,

Crystals 11 (CxH7;NOs, M = 375.37) are mono-
clinic, space group Pn, at 298 K: a=6.0176(12) A, b=
12.572(3) A, ¢ = 12.865(3) A, B = 102.97(3)°, V =
948.4(3) A3, Z =2, dgyeq = 1.314 g/cm3, F(000) = 392,
and g = 0.094 mm=.

The unit cell parameters and the intensities of 6328,
5613, and 2478 reflections (for structures|, |1, and 111,
respectively) were measured on a SMART CCD 1000
automated diffractometer (compound |; T = 110 K;
AMOK,; w scan mode; step width, 0.3°; exposure time
per frame, 10 s; 6,5, = 25°) and a Siemens P3/PC auto-
mated diffractometer (compounds Il and III, T =
298 K, AMoK,, 6/26 scan mode, 6,,,, = 23° for Il and
28° for 111). The structures were solved by direct meth-
ods and refined using the full-matrix |east-squares pro-
cedure in the anisotropic approximation for the non-
hydrogen atoms. In crystal 11, the ethyl groupsin one of
the two independent triethylammonium cations are dis-
ordered over two positions with equal occupancies.

For the most part, the hydrogen atoms were inde-
pendently located from the difference Fourier synthe-
ses and refined in the isotropic approximation. The
exceptionswere the hydrogen atoms of the ethyl groups
of two independent triethylammonium cations in com-
pound 11, whose positions were geometrically calcu-
lated and refined in the isotropic approximation with
fixed positional (ariding model) and thermal parame-
ters: Ujg(H) = 1.5U¢(C) for CH; groups and Ujg,(H) =
1.2U(C) for CH, groups. Thefinal discrepancy factors
areasfollows: R; = 0.0625 for 1388 independent reflec-
tionswith | >20(l) and wR, = 0.1630 for all 2165 inde-
pendent reflectionsfor structurel, R, = 0.0891 for 2867
independent reflectionswith | > 2a(1) and wR, = 0.2438
for all 4801 independent reflectionsfor structurel |, and
R; = 0.0421 for 2125 independent reflections with | >
20(l) and wR, = 0.1115 for all 2478 independent reflec-
tions for structure 111.1 All the calculations were per-
formed with the SHELXTL PLUS (Version 5.10) soft-
ware package [8]. The atomic coordinates are listed in
Tables 1-3.

RESULTS AND DISCUSSION

The choice of the 4-nitrophenyl derivatives of
acrylic acid as model systems for designing molecules
and noncentrosymmetric crystals was motivated by the
possibility of easily modifying the molecular structure
and tendency for these compounds to undergo cocrys-

L The relatively large factor R for structure |1 was explained by the
poor quality of the crystal, which, in addition, slowly decom-
posed in the course of data collection.
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tallization with organic amines and other electron-
donor systems [9-12]. The crystal structure of 4-nitro-
phenylacrylic acid was investigated by Kageyamaet al.
[13]. This compound exists in the form of an E isomer
with respect to the double bond, the molecule is planar
(the mean deviation of atoms from the root-mean-
square plane of the molecule is equal to 0.003 A), and
the atoms of the carboxyl group areinvolved in a com-
mon molecular conjugate chain. As in the majority of
other carboxylic acids, the molecules of 4-nitropheny-
lacrylic acid in the crystal are linked into centrosym-
metric dimers through intermolecular hydrogen bonds
between the carboxyl groups, which is responsible for
the formation of centrosymmetric crystals. Recent
attempts have been made to prevent the formation of
centrosymmetric dimers (and, thus, to obtain acentric
crystals) through cocrystallization with organic bases
(amines) [9] and a number of donor—acceptor systems
[10-12]. However, these attempts have failed, even
though this approach, as applied to other compounds,
often leads to good results.

In thiswork, we attempted to avoid the formation of
centrosymmetric dimers characteristic of carboxylic
acidsthrough the screening of the carbonyl group inthe
derivatives of acid |. For this purpose, we grew crystal
[l (by cocrystallization of acid | with triethylamine).
Moreover, we synthesized (3-methoxy)phenyl ester |11
and methyl ester IV of acid |. According to the Cam-
bridge Structural Database, ester 1V was studied earlier
by Tinant et al. [14]. For this reason, we carried out
X-ray diffraction analysis only for crystals of ester I11.

Molecular geometry. A genera view of the studied
molecules and the atomic numbering are given in Fig. 1.
The main geometric characteristics are presented in
Table 4. The bond lengths and bond angles in the mol-
ecules have typical values [15, 16]. As a whole, the
molecular structures of all the compounds synthesized
(including ester 1V) differ insignificantly. The alterna-
tion of bond lengths is clearly observed in the
C(1)-C(2)=C(3)—C(4) chain. Asin the aforementioned
4-nitrophenylacrylic acid, the carboxyl groups are
likely involved in the conjugation. However, the
C(1)-C(2) bond length in the independent moleculesin
crystal |1 isactually equal to the length of the C—C sin-
gle bond [15, 16]. Furthermore, in the 2-phenyl deriva-
tives of acrylic acid, the mean atomic deviations from
the root-mean-sgquare plane passing through the O(1),
0(2), C(1)—C(10), and N(1) atoms are relatively large
and equal to 0.147 A in1, 0.192 and 0.128 A’ in I1,
0.166 A in 111, and 0.151 A in IV. The C(9)-C(4)-
C(3)—C(2) torsion angles indicate that virtually planar
acrylic acid and p-nitrophenyl fragments in the mole-
cules are rotated with respect to each other by 26.4(4)°
inl, =37.1(7)° and 35.4(6)° in I1, 29.3(4)° in 111, and
161.4° in IV. The dihedral angles are equal to 28.3°,
40.9° and 23.3°, 144.8°, and 157.5°, respectively. The
plane of the phenyl ring at the C(2) atom isrotated with
respect to the root-mean-sguare plane of the other part
of the molecule through an angle of 68.6° in molecule
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Table 1. Atomic coordinates (x10*) and isotropic equiva-
lent (isotropic for H atoms) thermal parameters (A2, x10%)
for structure |

Atom X y z Ue/Viso
o) | 9153(2) | 7595(4) | 229(1) | 35(1)
02 | 969502) | 6251(3) | —774(1) | 36(1)
O@R) | 4016(2) |18383(4) |-1939(1) | 42(1)
OW4) | 40142) | 19321(4) | -841(1) | 44(1)
N(1) | 4356(2) |18112(4) | —1303(1) | 35(1)
C() | 9138(2) | 7e64(5) | —467(2) | 32(1)
C2 | 83902 | 9536(5 | -846(2) | 29(1)
c@ | 77782) | 1007455 | —a692) | 31(1)
C4) | 69052 | 12790(5) | -717(2) | 29(1)
C(5) | 6716(2) | 14607(5) | —246(2) | 31(1)
C6) | 5885(2) | 16358(5) | —430(2) | 32(1)
C(7) | 5235(2) | 16266(5) | ~-1093(2) | 29(1)
C® | 5372(2) | 14471(5) | -1571(2) | 31(1)
CO) | 62152 | 12762(5) | -1379(2) | 31(1)
C(10) | 8385(2) | 9684(5) | -1626(2) | 30(1)
C(11) | 8868(2) | 11655(5) | —1913(2) | 31(1)
C(12) | 8883(3) | 11787(5) | —-2639(2) | 34(1)
C(13) | 8392(2) | 10010(5) | -3073(2) | 35(1)
c14) | 79023) | 8047(5) | -279322) | 35(1)
c(s) | 79072 | 7876(5) | —20732) | 33(1)
H(10) | 9600(30) | 6350(60) | 403(16) | 45(9)
H@3) | 7980(30) | 10860(50) |  32(17)| 36(8)
H(5) | 7200(30) | 14680(60) | 228(17)| 45(9)
H(6) | 5760(20) | 17710(50) | —112(4) | 35(8)
H@®) | 4860(30) | 14450(50) | —2017(16) | 37(8)
H© | 6350(20) | 11480(50) | —1685(14) | 28(7)
H(11) | 9190(20) | 12950(50) | —1603(14) | 27(7)
H(12) | 9220(30) | 13130(60) | —2823(15) | 40(8)
H(13) | 8420(20) | 9990(50) | —3575(16) | 26(7)
H(14) | 7540(30) | 6830(60) | —3108(16) | 44(9)
H(15) | 7520(20) | 6580(50) | —1895(14) | 30(7)

I, 118.1° and 60.5° in independent molecules|1, 114.3°
in molecule 111, and 68.0° in molecule IV, which
excludes the conjugation. The methoxy group at the
C(20) atomin moleculel | isasorotated relativeto the
root-mean-square plane of the molecule by an angle
of 68.6°.

Molecular packing. As could be expected, mole-
cules| inthe crystal form characteristic centrosymmet-
ric dimers through the OH---O bonds between the car-
boxyl groups [O(1)--O(2), 2.673(4) A; H(10)--O(2),
1.77(4) A; angle at the H atom, 173(3)°]. These dimers
are joined into ribbons along the OX axis owing to the
weaker but also centrosymmetric pairs of the contacts
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Table 2. Atomic coordinates (A x10% for H atoms, x 10%) and isotropic equivalent (isotropic for H atoms) thermal parameters
(A2, x10%) for structure 11

Atom X y z Ue/Viso
o) 320(3) 3284(2) 1239(2) 48(1)
0(2) 517(3) 1502(3) 1190(2) 42(1)
0(3) —5208(3) 884(3) 5979(2) 43(2)
O4) —4477(3) 1614(3) 6843(2) 46(1)
N(1) —4545(3) 1321(3) 6065(3) 34(1)
C 49(4) 2443(4) 1533(3) 36(1)
C(2 -971(4) 2644(3) 2378(3) 33(2)
C@3 —1337(4) 1804(4) 2699(3) 33(2)
C4 —2219(3) 1747(3) 3548(3) 29(1)
C(5) —2931(4) 1181(3) 3495(3) 31(2)
C(6) —3715(4) 1062(3) 4307(3) 31(2)
C() —3755(4) 1481(3) 5176(3) 28(1)
C(8) —3060(4) 2047(4) 5247(4) 33(2)
C(9 —2296(4) 2164(4) 4426(3) 32(1)
C(10) —1541(4) 3775(3) 2800(3) 31(2)
C(1y) —2780(4) 4469(4) 2787(3) 37(2)
C(12) —3348(4) 5511(4) 3214(3) 37(2)
C(13) —2672(4) 5871(4) 3643(3) 40(1)
C(14) —1445(4) 5197(4) 3654(3) 41(1)
C(15) —873(4) 4169(4) 3222(3) 36(1)
N(2) 1952(3) 2845(3) —345(3) 42(12)
C(16A) 2054(9) 3891(8) —754(7) 39(2)
C(16B) 2760(10) 3496(9) —251(9) 56(3)
C(17) 2195(5) 4506(6) 101(4) 75(2)
C(18A) 3024(10) 1781(11) 36(9) 34(3)
C(18B) 2763(13) 1638(12) -334(12) 50(3)
C(19A) 3628(12) 1248(11) —1227(10) 67(4)
C(19B) 4057(12) 1246(12) —757(12) 67(4)
C(20A) 1465(7) 2456(7) —1170(6) 29(2)
C(20B) 1219(9) 3496(9) —1136(8) 55(3)
C(21) 283(6) 3117(5) —1296(4) 71(2)
o) —5659(3) 6814(3) 8477(2) 46(1)
o(2) —5346(2) 8143(2) 9055(2) 41(1)
0(3) 166(3) 9133(3) 4180(2) 47(2)
o4) -574(3) 8470(3) 3266(3) 47(1)
N(1) -512(3) 8717(3) 4071(3) 36(1)
C(1) -5112(4) 7417(4) 8446(6) 35(2)
C(2) —4100(4) 7303(3) 7616(3) 34(1)
C@3d) -3717(4) 8138(4) 7376(3) 34(1)
C(4) —2862(3) 8250(3) 6533(3) 28(1)
C(5) —2101(4) 8753(3) 6629(3) 30(2)
C(6) —1310(4) 8888(3) 5830(3) 31(1)
C(7) —1309(3) 8545(3) 4931(3) 30(2)
Cc(8) —2050(4) 8048(3) 4815(4) 33(2)
C(9) —2831(4) 7914(4) 5618(3) 33(2)
C(10) —3555(3) 6228(3) 7106(3) 31(2)
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Atom X y z Uet/Viso
C(11) —2311(4) 5523(4) 7109(3) 36(1)
C(12) =1747(4) 4526(4) 6625(3) 40(1)
C(13) —2435(5) 4233(4) 6124(3) 42(1)
C(14) —3649(4) 4932(4) 6101(3) 41(1)
C(15) —4224(4) 5909(4) 6606(3) 36(1)
N(2) —7032(3) 7908(3) 10418(3) 35(1)
C(16") —6625(4) 6637(4) 10791(4) 41(1)
c@an) —5461(5) 6125(6) 11242(5) 63(2)
C(18) —7168(4) 8648(4) 11199(3) 40(1)
C(19) —8085(5) 8645(5) 12071(4) 43(1)
C(20" —8159(4) 8341(4) 9895(3) 341
C(21) —8545(5) 9585(4) 9394(4) 44(1)
H(3) —96(3) 115(4) 241(3) 26(11)
H(5) —288(3) 88(3) 283(3) 41(12)
H(6) —422(4) 69(4) 423(3) 41(11)
H(8) —319(3) 232(3) 587(3) 36(12)
H(9) —184(3) 255(3) 452(3) 34(11)
H(11) —322(3) 423(3) 252(3) 16(9)
H(12) —419(4) 597(3) 319(3) 24(10)
H(13) —311(4) 659(4) 398(4) 59(14)
H(14) -97(3) 546(3) 400(3) 38(11)
H(15) 4(4) 364(4) 317(3) 39(11)
H(2N) 126(3) 300(3) 36(3) 28(10)
H(3) —407(4) 873(4) 779(3) 47(13)
H(5) —208(3) 900(3) 730(3) 30(10)
H(6") —78(4) 923(4) 590(3) 41(12)
H(8) —208(3) 785(3) 416(3) 19(9)
H(9) —337(3) 757(3) 557(3) 23(9)
H(11) —190(4) 574(3) 750(3) 36(11)
H(12) —92(4) 402(3) 667(3) 23(10)
H(13) —199(4) 358(4) 576(3) 35(11)
H(14) —414(4) 472(4) 576(3) 44(12)
H(15) —509(4) 646(3) 656(3) 30(10)
H(2'N) —632(4) 795(3) 979(3) 41(11)
H(16A) —656(4) 627(4) 1015(4) 51(13)
H(16B) —724(3) 663(3) 1125(3) 14(9)
H(17A) —559(5) 648(5) 1188(4) 79(19)
H(17B) —470(6) 628(5) 1075(5) 110(20)
H(17C) —514(4) 530(5) 1139(4) 63(15)
H(18A) —730(3) 949(3) 1082(2) 20(9)
H(18B) —629(4) 834(3) 1139(3) 34(10)
H(19A) —788(4) 778(4) 1246(3) 51(12)
H(19B) —887(4) 889(4) 1185(3) 48(13)
H(19C) —812(4) 920(4) 1244(4) 63(15)
H(20A) —79%(4) 780(4) 935(3) 56(13)
H(20B) —888(3) 832(3) 1039(2) 16(8)
H(21A) —785(3) 957(3) 892(3) 27(10)
H(21B) —880(4) 1016(4) 983(3) 46(13)
H(21C) —929(4) 980(4) 906(4) 63(14)
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Table 3. Atomic coordinates (x 10*) and isotropic equivalent (isotropic for H atoms) thermal parameters (A2, x10) for structure 11

Atom X y z Ug/Uisp || Atom X y z Ue/Viso
o1 —2419(4) | 7869(2) | 11128(2) 77(1) || C(18) —5919(7) | 8398(4) 13038(3) 88(1)
0(2) —4209(6) | 6378(2) | 10518(2) 99(1) ||C(19) —4694(7) | 7900(3) 13917(3) 81(1)
0](c)) 2365(4) | 9558(2) 5207(2) 87(1) || C(20) —2754(6) | 7352(2) 13878(2) 68(1)
0O(4) 5419(4) | 9933(2) 6371(2) 87(1) |[C(21) -1977(5) | 7321(2) 12936(2) 62(1)
0O(5) -1707(6) | 6867(2) | 14802(2) | 109(1) ||C(22) 75(17) | 6174(6) 14789(6) | 140(2)
N(D 3491(4) | 9574(2) 6124(2) 61(1) ||H(3) —190(50) | 8530(20) | 10020(20) | 51(7)
C(1) —3015(5) | 7087(2) | 10397(2) 57(1) ||H(5) 3090(60) | 9180(30) 9550(30) | 82(10)
C(2 —1951(4) | 7232(2) 9462(2) 51(1) ||H(6) 4880(60) | 9690(30) 8190(30) | 69(9)
C(3) —616(4) | 8073(2) 9424(2) 53(1) ||[H(8) —50(60) | 8480(30) 5960(30) | 74(9)
C(4) 448(4) | 8409(2) 8552(2) 51(1) ||H(9) —1800(60) | 7760(30) 7240(30) | 72(9)
C(5) 2426(5) | 9006(2) 8800(2) 65(1) ||H(11) 700(60) | 5840(30) 8910(30) | 63(8)
C(6) 3482(5) | 9377(2) 8026(2) 65(1) ||H(12) 0(90) | 4550(40) 7570(40) | 127(17)
C(7) 2453(4) | 9159(2) 6973(2) 52(1) |[H(13) —3660(70) | 4310(30) 6490(30) | 88(11)
C(8) 482(5) | 8588(2) 6691(2) 59(1) |[H(14) —6250(90) | 5340(40) 6780(40) | 120(16)
C(9) -510(5) | 8197(2) 7482(2) 59(1) ||H(15) —5820(70) | 6690(30) 8100(30) | 74(9)
C(10) —2454(4) | 6381(2) 8637(2) 51(1) ||H(17) —6090(80) | 8740(40) | 11560(40) | 106(14)
C(11) —702(6) | 5729(2) 8481(2) 65(1) ||H(18) —7280(110) | 8900(50) | 13090(50) | 134(18)
C(12) —1099(8) | 4964(3) 7672(3) 85(1) |[H(19) —5250(80) | 7910(30) | 14530(40) | 105(12)
C(13) —3195(8) | 4854(3) 7031(3) 90(1) ||H(21) —710(70) | 6970(30) | 12900(30) | 86(11)
C(14) —4935(8) | 5478(4) 7182(3) 90(1) ||H(22A) —510(130) | 5510(60) | 14420(60) | 170(30)
C(15) —4597(5) | 6246(3) 7994(3) 71(1) ||H(22B) 470(110) | 5840(50) | 15410(60) | 150(20)
C(16) —3261(5) | 7828(2) | 12058(2) 59(1) ||H(22C) 1380(90) | 6490(40) | 14600(50) | 108(18)
C(17) —5226(6) | 8361(3) | 12077(3) 76(2)

Table 4. Selected bond lengths (A) and bond angles (deg) in the studied compounds

Compound NPAC[13] I ! Il 4[14]
(A (B)
C(1)-01 1.276 1.330(3) 1.261(5) 1.239(5) 1.352(3) 1.323
C(1)-0(2) 1.248 1.225(3) 1.232(5) 1.273(5) 1.177(3) 1.182
C(1)-C(2) 1.465 1.482(4) 1.528(6) 1.522(6) 1.495(3) 1.486
C(2-C(3) 1321 1.349(4) 1.340(6) 1.339(5) 1.336(3) 1.334
C(3)-C(4) 1.457 1.463(4) 1.475(6) 1.467(6) 1.472(3) 1.456
C(7)-N(1) 1.467 1.464(4) 1.478(5) 1.463(5) 1.471(4) 1.487
C(1)-C(2—C(3) 123.6 118.4(3) 118.9(4) 120.3(4) 119.7(2) 116.7
C(1)-C(2)-C(10) - 116.5(3) 118.9(4) 117.3(4) 115.5(2) 119.0
C(2-C(3)—C(4) 126.1 129.2(3) 129.0(4) 128.0(4) 128.6(2) 131.8
C(5)-C(4)—C(9) 118.6 118.2(3) 118.8(4) 118.9(4) 118.3(2) 117.4
C(6)-C(7)—C(8) 122.2 122.5(3) 121.7(4) 122.0(4) 122.4(2) 123.6

Note: NPAC is nitrophenylacrylic acid.

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003
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N@2)

Fig. 1. A general view of molecules (a) I, (b) 11, and (c) |11 and the atomic numbering.

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003
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(a)

(b)

Fig. 2. Molecular associates formed by moleculesin crystals (a) | and (b) I1.

CyH--O(NO,) [H---O, 2.46(4) A] (Fig. 2a). Inturn, the
centrosymmetric ribbons are linked to form the cen-
trosymmetric crystal structure. In order to prevent the
formation of centrosymmetric dimers, we cocrystal-
lized initial acid | with triethylamine in the hope that
this donor—acceptor pair between the acid anion and the
protonated organic base could be more energetically
favorable. Unfortunately, as in the aforementioned

Table5. Components of the first-order nonlinear optical
susceptibility tensor d;; (pm/V) for the crystals studied

Compound| Dy | Oy | O | Oz | Oy, | Oy
3 05| 31| 00 | 02 14 0.5
4 269 | 134 | 67 | 33 | 67 | 141

CRYSTALLOGRAPHY REPORTS Vol. 48

works [9-12], the prepared binary crystal also turned
out to be centrosymmetric. It can be seen from Fig. 2b
that, although the triethylamine group is incorporated
between the carboxyl groups of the adjacent molecules
owing to the sufficiently strong hydrogen bonds
[N(2H--0O(1), 2.662(4) A; H---O, 1.50(4) A; angle at the
H atom, 176(4)° and N(2')H:--O(2'), 2.654(4) A; H---O,
1.52(4) A; <DHA>, 170(4)°], the system of hydrogen
bonds formed remains centrosymmetric.

Another attempt to screen the carboxyl group by
synthesizing methyl ester 1V and (3-methoxy)phenyl
ester |11 has met with success. The crystals of methyl
ester |V crystallize in the racemic but noncentrosym-
metric space group Cc, and the crystals of ester |11
crystallize in the space group Pn (Fig. 3). The molecu-
lar packingsin the crystals of both compounds are very

No.1 2003
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Fig. 3. Molecular packing in crystal 111.

similar to each other. The stacks of parallel molecules
are formed aong the direction of the smallest lattice
parameter in both crystals.

Calculation of the susceptibilities of the studied
crystals. Since we succeeded in preparing honcen-
trosymmetric crystals 111 and 1V, it was expedient to
evaluate their first-order nonlinear susceptibilitiesd. To
accomplish this, we first calculated the molecular
hyperpolarizabilities . The calculations were per-
formed in the framework of the finite-field theory

approximation [17-20] included in the MOPAC pro-
gram package [21] (the AM1 parametrization [22]).
The data derived from the MOPAC program were pro-
cessed according to the HY PER program [23] with the
aim of determining the molecular hyperpolarizability
tensor components [3;,, which were required to calcu-
late the susceptibility of the crystals under investiga:
tion.

For compound 111, the molecular hyperpolarizabil-
ity, which is determined by the relationship

Bueo = A/ (Bux* Bryy + Brzz) + (Byux + Byyy * Byaz)’ + (B Bryy + Baze) s

proves to be relatively low: B e = 2.0 x 1020 cm3/B2.
This can be associated with both the nonplanar molec-
ular structure and the presence of the bulky substituent
at the O(1) atom. For amore planar and | ess bulky mol-
ecule of compound 1V, the hyperpolarizability B, iS

equal to 17.0 x 100 cm?3/B2.
The components of the first-order nonlinear optical

susceptibility tensor for the crystals were evaluated
using the NLOP program based on the oriented-gas

CRYSTALLOGRAPHY REPORTS Vol. 48 No. 1
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model [24, 25].2 According to this model, the tensor
components d,;x can be written in the form
1

ABA

z 3 3 3
X Z z z Z COSGir; COSG?J COSGEK Bijki|,

n=1Li=1j=1k=1

dix =

2The algorithm of the program developed by K.Yu. Suponitskii,
M.Yu. Antipin, and T.V. Timofeeva will be published in a sepa-
rate paper.
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(b)

Fig. 4. Relative orientation of the vector parts of the molecular hyperpolarizabilities B, in crystals (a) 111 and (b) V.

where Visthe unit cell volume, Z isthe number of mol-
ecules per cell, cosB;; are the direction cosines relating
the local molecular (ijk) and crystal (1JK) coordinate
systems, B, are the components of the molecular
hyperpolarizability tensor, and f; are the local-field fac-
tors.2 The results of calculations are given in Table 5.
As follows from the results obtained, crystals IV are

3 The factors f; are usually estimated from the refractive indices

according to the Lorenz formula f; = [ni2 + 2]/3. To the best of

our knowledge, these data for the studied compounds are unavail-
able. For this reason, we used the empirical relationship f;f; fi, =

3[26].

CRYSTALLOGRAPHY REPORTS Vol. 48

characterized by comparatively large values of dj;
hence, they are promising for use in further investiga-
tion. Moreover, the molecular orientation in crystal IV
(Fig. 4) is close to the optimum orientation: the angle
between the direction of the vector part of the molecu-
lar hyperpolarizability and the polar direction in the
crystal (the OY axis) is57.9°. According to the calcula
tion carried out by Oudar and Zyss [24, 25], the angle
equal to 54.74° is optimum for the maximum nonlinear
optical activity in noncentrosymmetric monoclinic
crystals. In crystal 111, this angle is equal to only 28°.
Consequently, the nonlinear optical effect in thiscrystal
cannot exceed 51% of the maximum effect.

No.1 2003
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CONCLUSIONS

Thus, the results obtained have demonstrate that
compounds of this class hold promise for usein further
investigation. It is of interest to synthesize other esters
of the acid under study (for example, ethyl ester). It is
alsoinstructive to perform aprecision X-ray diffraction
analysis of methyl ester IV with the aim of refining the
results of calculations of the susceptibility of this com-
pound, specifically on the basis of the experimental
electron density distribution.
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Abstract—The three-dimensionally modulated incommensurate crystal structure of lazurite from the Baikal
region was determined for the first time. The structure was solved within the cubic system with the unit-cell
parameter a,,, = 9.077(1) A and the (3+2)-dimensional superspace group Pnn2(q;, g,) under the assumption
of atwin model consisting of three orthorhombic components related by athreefold axis along the [111] direc-
tion. The structure was refined using 257 main reflections and 2392 first-order satellite reflections with the
isotropic thermal parameters to wR, = 1.98% and wR; = 7.50% respectively. © 2003 MAIK “ Nauka/lnterperi-

odica” .

Lazurite belongs to the sodalite group of minerals,
which includes, along with sodalite, also nosean and
hauyne. Minerals of the sodalite group are described by
the general formula (Na, Ca, K)g(AISIO,)(SO,, S, OH,
Cl), and cubic unit cells with lattice parameters of
about 9 A. The X-ray diffraction patterns of some
sodalites have additional reflections indicative of dis-
tortions of the basic cubic structure. For example, the
commensurately modulated structures of triclinic [1]
and orthorhombic [2] lazurites have orthorhombic
superstructures (in terms of the metrics) with the unit-

cell parametersa=na,,,+/2 (Wherenisaninteger), b=

acub’\/é ’ and C= acub'

The X-ray diffraction pattern of anew lazurite spec-
imen from the Baikal region is extremely complicated
because of the three-dimensional incommensurate
modulation. Earlier, we solved the averaged structure
of this mineral within the cubic unit-cell with the
parameter a,,, = 9.077(1) A based on only the main
reflections within the sp. gr. P23 [3]. In the present
study, the incommensurate three-dimensionally modu-
lated structure of thislazurite specimen was established
for the first time with the involvement of the satellite
reflections within the superspace group.

The X-ray diffraction data were collected on afour-
circle Oxford Xcalibur diffractometer equipped with a
CCD detector at the University of Lausanne (Switzer-

land) and processed using the CrysAlis RED program
to obtain a set of integrated intensities with six-digit
indices hkimnp.

The X-ray diffraction pattern of the crystal has
intense satellite reflections oriented along the [110]
diagonal of the reciprocal cubic lattice and located at

distances of yaZX,./2, y= 0.2154(1) 03/14 from the
main reflections, indicative of an incommensurate
modulation. In addition to the satellite reflections
{hki110}, the X-ray pattern also has numerous much
weaker satellites{hki211} and also high-order satellites.

The analysis of the X-ray pattern showed that the
true symmetry of this lazurite specimen is lower than
cubic and that, apparently, the symmetry of the X-ray
diffraction pattern is attributable to twinning with
respect to the elements of the cubic symmetry. In the
earlier study [4], it was assumed that twinning could be
responsible for the satellites observed along the [110]
directions in cubic hauyne. Twinning of domains with
the orthorhombic superstructure was also considered
[4]. In our case, there were no grounds for using the
orthorhombic setting, because no main reflections dis-
torting the cubic lattice of sodalite were observed, and
the modulation was incommensurate with the periods
of both lattices. Hence, we retained the same unit cell
with a cubic metrics but chose the simplest twin model
consisting of three orthorhombic components related
by the threefold axis along the [111] direction, which

1063-7745/03/4801-0008%24.00 © 2003 MAIK “Nauka/Interperiodica’
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allowed us to pass to a modulated structure. We
assumed that each orthorhombic component of the twin
has a two-dimensional modulation along two mutually
perpendicular [110] and [110] directions in the xy-
plane with the wavevectors g, = ya* + yb* and q, =
—ya* + yb*, respectively.

The five-digit hkimO and hkiOm indices were
ascribed to the satellites along the face diagonal s of the
reciprocal cubic lattice based on the set of five
wavevectors a*, b*, c*, q,, and g, (each reflection was
indexed in the coordinate system of its own twin com-
ponent). Assuming that the complicated X-ray diffrac-
tion pattern containing numerous satellites has the
reflections from the domains of different types, we per-
formed the computations using not only the main
reflections but also the most representative group of
first-order satellites with the index m = £1 which were
located along the diagonals. Theintensities of these sat-
ellite reflections indicate that they are responsible for
the domains comprising alarge part of the specimen.

Analysis of systematic absences made it possible to
choose between the symmetry groups P222 (no sys
tematic absences) and Pnn2. For lazurite, the major dif-
ference between P222 and Pnn2 reduces to the posi-
tions of sulfur at the vertices and centers of the cubesin
the sp. gr. Pnn2, which are identical and have a degree
of freedom along the z axis, whereas the same positions
inthe sp. gr. P222 are nonequivalent and arefixed along
the z axis. Based on all the aforesaid and taking into
account that only the 003 reflection (weak in compari-
son with even axia reflections) of all the reflections
with one nonzero index and several weak satellites are
inconsistent with the Pnn2 symmetry, we chose the
(3+2)-dimensional space group Pnn2(q;,, 9,). The mod-
ulation displacement functions of all the structure
parameters were given by the sum of two harmonics
with the wavevectors g, and g,. The amplitudes and
phases of the harmonics were refined by the least-
squares method simultaneously with the parameters of
the basic structure using the JANA program [5].

Taking into account the cubic symmetry of the X-
ray diffraction pattern, the volumes of the twin compo-
nents were chosen to be equal to each other, and the
structural computations were carried out using the
reflections averaged within the X-ray diffraction classm3.
Since the main reflections contain the contributions
from all the domains, different scale factors (S, and S))
were used for the main and the satellite reflections,
respectively. The refined scale factors are related as
S/S, = 1.254. The modul ated structure was solved with
theisotropic thermal parameters because of the correla
tions between the anisotropic thermal parameters and
the modulation parameters. The fina R factors were
WR, = 1.98% and wR, = 7.50%, calculated using
257 main reflections and 2392 satellites, respectively,
which were rejected based on the condition |Fyoq —
Fobsl < SOG(Fobs)-
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One of the six-membered rings forming the frame-
work of the structure is shown in the figure. The second
harmonic was fixed in the phase u = 0, and the modul a-
tions of the atomic coordinates of the ring were treated
asafunction of the phaset of thefirst harmonic with the
wavevector q,. The values of the functions were the
atomic displacements (A) from the points of the basic
lattice. As to the z coordinates, all the symmetrically
independent framework atoms, except for O(1) and
O(4), modulate in phase with equal amplitudes. The
modulations along the x and y axes do not occur in
phase and have weaker amplitudes. However, the x
coordinates of the pair of the O(3) and O(6) atoms and
they coordinates of the pair of the O(2) and O(5) atoms
modulate in phase to a much greater extent that the
remaining atoms. Moreover, the O(6), O(5), and O(1)
triad and the O(3), O(2), and O(4) triad modulate in
phase with respect to the x, y, and z coordinates, with
the difference in phases between the two triads being
rather small. Assuming that each oxygen atom occupies
avertex shared by two adjacent (A1Si)O, tetrahedra, the
modulation of the framework reduces mainly to mutual
rotations of the tetrahedraresulting in the change in the
configuration of the intraframework cavity bounded by
the O(1)-O(6) six-membered ring.

One of the two independent Na (Ca) cations is
located on the [111]-directed diagonal in the center of
the ring shown in the figure. Another independent cat-
ion is located on the same diagonal in the center of the

adjacent ring at an average distance of 0.5a,,,/3 from
the first cation. Each cation position in the averaged
structure is split into three subpositions. In the modu-
lated structure, the cation positions are also split. The
Na(1), Na(2), and Na(3) subpositions correspond to the
first cation. The Na(4), Na(5) (Ca(5)), and Ca subposi-
tions correspond to the second cation. The refined total
occupancy of the Na(1)-Na(3) subpositionsis dightly
higher than unity, apparently, because of the fact that
calcium atoms replace a small number of sodium
atoms. Almost all the calcium cations are located in the
mixed Na(5) (Ca(5)) position and pure calcium position
on ancther half of the body diagonal. The modulations
of the z coordinates of the cations in the Na(1)-Na(3)
positions correlate in phase not only with each other but
also with the modulations in the z coordinates of the
atoms from the adjacent six-membered ring. Therefore,
well-matched strong modul ations of the atoms of cubic
lazurite are observed along the direction perpendicular
to the plane of propagation of the modulation waves.
The same characteristic feature was observed earlier in
triclinic and orthorhombic lazurites[1, 2].

The most substantial difference between the results
of our study and the data obtained earlier concerns the
positions of the sulfur atoms. In the studies of cubic
lazurites from the Afghanistan and the Baffin Idland
[6, 7], the positions of the sulfur atoms of sulfate and
sulfide occupying the vertices and center of the cube
were discussed, whereas the positions on the unit-cell
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Six-membered ring as the major structural unit of the tetrahedral framework.

edges were ignored. However, the “edge positions” are
clearly seen for the lazurite specimen from the Baikal
region. In contrast, the oxygen atoms located on the
[111] diagonals and involved in the formation of the
(SO,)? sulfate groups together with the S(1) atoms are
poorly localized in the modulated structure. Therefore,
the occupancies of the O(7) and O(8) positionswere not
refined and were specified based on the refined occu-
pancy of the S(1) position. The positions of the oxygen
atoms surrounding the sulfur atoms are displaced as
compared to those in the averaged structure [3]. Micro-
probe chemical analysisrevealed a substantially higher
oxygen content than was established for the O(7) and
O(8) positions by X-ray diffraction analysis (1.73 of
(SO,)? instead of 0.84). It can be assumed that the
S(2)-S(5) positions are partly occupied by the oxygen
atoms, which are involved either in sulfate groups or
directly in the coordination environment of the Na and
Ca cations. Moreover, the refined total occupancy of
the S(2)-S(5) positions on the edges is 1.54 atoms per
unit cell rather than 0.9 indicated for the analogous
positionsin [3].

CRYSTALLOGRAPHY REPORTS Vol. 48

To summarize, the results obtained allowed us to
draw a conclusion about the nature of modulations in
cubiclazurite. It can bereliably stated that themain rea-
son for the modulations is not the formation of clusters
of different sizes as was indicated in [6] but the nature
of ordering of intraframework ions in any part of the
specimen, which determines the gradient of the modu-
lation displacements, i.e., the directions of wave propa-
gation in different domains, whereas the modulation
period is determined by the framework which isidenti-
cal in al the domains.
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Cupradecaborates, CqCuB,,H,,] and (CH3),NH,[CuB,,H ]

I. N. Polyakova, E. A. Malinina, and N. T. Kuznetsov

Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences,
Leninskiz pr. 31, Moscow, 119991 Russia
e-mail: sokol@igic.ras.ru
Received February 20, 2002

Abstract—The crystal structures of C§CuB;gH10] (1) and (CH3),NH,[CuB1gH(] (I1) are studied (R =0.0398
and 0.0510 for 1225 and 2728 observed reflections in | and |1, respectively). Crystals | and Il are built of
[(CuBoH;() 1., anionic chains and cations. The distorted tetrahedral coordination of the Cu* ionsisformed by
four pairs of B—H atoms from two polyhedral anions. The Cu-B bond lengthsin | and |l are 2.159-2.287(6)

and 2.130-2.285(9) A, respectively. The coordination of the Cu* ionsin 11 includes only edges between apical
and equatoria vertices of the anions. In |, both the edges of the apical belt and those between two equatorial

vertices are involved in coordination. The ability of the B,OHfg anion to coordinate metals by the equatorial
edge is established for the first time. © 2003 MAIK “ Nauka/lnterperiodica” .

INTRODUCTION

It is known that polyhedral closo-boron hydride

anions B,H>™ (n =6, 10, or 12) are able to form bonds
with transition metals. The coordination compounds of

the B,,H3, anion are of particular interest, because this
polyhedral anion contains vertices of different types
(bound to four and five neighboring vertices), which
makes possible different variants of its binding with
metal. Earlier [1], the series of Cat[CuB,,H,,] com-

pounds, where Cat = Cs* or R, NH; (n=0, 1, or 2;
R=CHg, C,Hs, or C,H,), was prepared by redox reac-
tions of alkylammonium and cesium decaborates with
Cu(l1) salts in agueous solutions. The mechanism of
formation and physicochemica properties of these
compounds, as well as the brief data on the crysta
structures of CsCu[BgH10] (D) and
(CH3),NH,[CuB,gH;g] (11), werereported in[2]. In the
present paper, crystal structures | and |1 are discussed
in more detail.

EXPERIMENTAL

The sets of intensities I1(hkl) for crystals | and 11
were obtained on a CAD4 automated diffractometer
(AMoK,, graphite monochromator, w scan mode). The
structures were solved by the direct method with the

SHELXS97 program [3]. All theH atomsin the B,,HZ;

anionsin both structures and most of the H atomsin the
dimethylammonium cationsin I were located from the
difference Fourier syntheses. The coordinates of the

missing H atoms were calculated. The non-hydrogen
atoms were refined in the anisotropic approximation,
and the H atoms were refined within a riding model
with isotropic thermal parameters larger than the Uy,
values of the corresponding non-hydrogen atoms by a
factor of 1.2. The refinement was performed with the
SHELXL97 program [4]. The main crystallographic
characteristics and parameters of data collection and
structure refinement are summarized in Table 1. The
atomic coordinates are listed in Table 2.

RESULTS AND DISCUSSION

Crystals | and |1 are built of [(CuB,,H,,) ], anionic
chains and Cs" (1) or [(CH;),NH,]* (I1) cations. The
structures of the chains and the atomic numberings in
structures | and |1 are shown in Figs. 1 and 2, respec-
tively. In crystal 11, the unit cell containsfour crystallo-

graphically  independent Cu*, B,H%, and

[(CH5),NH,* units. The Cu* cations and B,,H; anions
are divided into two independent chains, Cu(l)—
[B(10)-B(19)]H;—Cu(2)-{B(20)-B(29)]H,o— and
~Cu(3)-[B(30)-B(39)]H;o~Cu(4)-[B(40)-B(49)H1o—
The Cu atoms form three-center two-electron bonds
with four pairs of B—H atoms from two anions. In |1,
both B-B edges that coordinate the Cu atom in each
anion link the apical (B,) and equatorial (B,) vertices.
Edges of thistype areinvolved in Cu coordination also
in cupradecaborates Cu,B;oH,, (I11) [5] and
Inl, one of the coordinating edges of the polyhedron
also belongs to the BB, type, whereas the other edge

1063-7745/03/4801-0084%$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Parameter I I

Empirical formula H19B1oCsCu C,H15B1oCuN
M 314.63 227.81
Space group Pbcn P1
a, A 21.212(4) 12.838(4)
b, A 9.216(3) 13.421(5)
c, A 9.657(3) 14.889(6)
a, deg 90 65.80(3)
B, deg 90 89.32(3))
y, deg 90 88.09(3)
v, A3 1887.8(9) 2339(1)
V4 8 8
Pealea» 9/CM3 2.214 1.294
Crystal size, mm 0.03 x 0.21 x 0.56 0.07 x 0.18 x 0.85
Mo MM 6.031 1.813
B deg 32 25
No. of reflections:

unique 2977 8219

with I > 20 (1) (Ngpe) 1225 2728
Ry, WR, for Ngpg 0.0398, 0.0967 0.0510, 0.1302
GOOF 0.952 0.971
DPmin AN APy, A3 —1.664 and 1.654 —0.652 and 0.894

linksthe equatorial vertices of two tetragonal pyramids.
Thus, the Cu(l) atom is coordinated by three B—H
groups[B(1), B(2), and B(3)] that arelocated at the ver-
tices of the same tetragonal pyramid and one B-H
group [B(7)] lying in the base of the other pyramid.
Metal chelation by a BB, edge of the decaborate
anion is observed for the first time.

The Cu atomsin | and Il have distorted tetrahedral
environments. The B-Cu—B coordination planes are
twisted by 72.0°inl and 70.9°-75.5° in | | . The endocy-
clic B—Cu-B angles are 45.8(2)° and 47.0(2)° in | and
45.2(3)°—46.1(3)° in11. In all the chelate rings of com-
pounds | and Il, with the exception of the Cu(3)—
H(31)-B(31)-B(32)-H(32) in 11, two Cu-B distances
are nonequivalent (the difference is 0.081 and 0.059 A
inl and 0.04-0.16 A in11). In |, the Cu(1)-B(1) bond
with apical B atom [2.159(6) A] is significantly shorter
than three bonds with the equatorial B atoms [2.228—
2.287(6) A], which correlates with the larger negative

charge at the apical vertices of theBlOHfg anion[7].In
compound 111, conversely, the Cu-B, bonds (2.21—
2.32 A) are longer than the Cu-B, bonds (2.13-2.18 A),
which can be explained by the participation of both api-
cal B—H groupsin the coordination of two Cu atoms. In
Il and 1V, no dependence between the Cu-B bond
length and the type of vertices is observed. In 11, the

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003

ranges of the Cu—B, and Cu—B, bond lengths substan-
tially overlap [2.145-2.285(9) and 2.130-2.268(9) A,
respectively]. In 1V, bond lengths of both types are
approximately identical [2.28-2.32(1) A]. The sets of
vertices that are involved in binding with Cu atoms are
different for compounds1-V:1,2,3,7inl;1,2,7,10
and1,2,810inll;1,2,4,8,9,10inlll;and 1, 2, 9,
10in1V.

Incrystal 1, the binding of the Cu atoms by edges of
different types resultsin the formation of zigzag chains
running along the screw axes in the c direction. The
chains, which are related by the c glide planes, are
packed to form three-sheet packets parallel to the bc
plane (Fig. 3). Theinner sheet of the packet consists of
Cu atoms, and the outer sheets are formed of polyhedral
anions. The Cs' ions are situated in “hollows’ of the
outer sheets and, due to the relative shift of the neigh-
boring packets, form bonds with “hills” of the adjacent
shest, thus connecting the packets into a three-dimen-
sional framework. The environment of the Cs(1) atom
includes eight H atoms from five polyhedral anions at
the distances 2.95-3.44 A (mean 3.20 A). For compar-
ison, in the cubic structures of Cs,B;,H;, [8] and
Cs,BgHg [9], in which the environments of the Csatoms
consist of twelve symmetrically related H atoms from
four polyhedral anions, the Cs—H distancesare 3.13 and
3.38 A, respectively.
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Table 2. Atomic coordinates and thermal parameters U, (U, for H atoms) in structures| and 11
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Atom | X | y | z Ugy/Uig, A2

|
cx(1) 0.07506(2) 0.23588(4) 0.49879(5) 0.0385(1)
Cu(1) 0.25546(4) 0.23855(9) 0.20942(9) 0.0440(2)
B(1) 0.3068(3) 0.1251(6) 0.3693(7) 0.022(1)
B(2) 0.3344(3) 0.2988(7) 0.3524(7) 0.023(1)
B(3) 0.2838(2) 0.2380(5) 0.5014(7) 0.0205(9)
B(4) 0.3406(3) 0.0822(6) 0.5238(7) 0.023(1)
B(5) 0.3867(3) 0.1391(7) 0.3727(7) 0.025(1)
B(6) 0.3423(3) 0.3905(6) 0.5163(7) 0.023(1)
B(7) 0.3468(3) 0.2383(6) 0.6378(6) 0.021(1)
B(8) 0.4158(3) 0.1668(7) 0.5453(7) 0.025(1)
B(9) 0.4126(3) 0.3190(8) 0.4253(8) 0.025(1)
B(10) 0.4101(3) 0.3439(8) 0.5983(8) 0.028(1)
H(1) 0.2779 0.0664 0.3062 0.026
H(2) 0.3190 0.3756 0.2919 0.028
H(3) 0.2359 0.2657 0.5021 0.025
H(4) 0.3387 —0.0256 0.5760 0.028
H(5) 0.4182 0.0761 0.3102 0.031
H(6) 0.3257 0.4974 0.5385 0.027
H(7) 0.3390 0.2038 0.7415 0.026
H(8) 0.4556 0.0884 0.5733 0.030
H(9) 0.4480 0.3710 0.3747 0.030
H(10) 0.4417 0.4080 0.6647 0.033

I
cu(1) 0.93488(8) 0.56127(7) 0.24334(8) 0.0609(4)
cu(2) 0.95284(9) 0.07972(8) 0.19809(8) 0.0718(4)
cu(3d) 0.52621(9) 0.28745(7) 0.30407(8) 0.0636(4)
cu(d) 0.56223(8) 0.80950(7) 0.25440(8) 0.0608(4)
B(10) 0.9843(7) 0.2519(6) 0.1429(6) 0.044(2)
B(11) 0.9550(7) 0.3815(6) 0.3176(6) 0.045(2)
B(12) 0.9310(6) 0.4309(6) 0.1954(7) 0.040(2)
B(13) 1.0611(7) 0.3725(6) 0.2492(6) 0.046(3)
B(14) 0.9974(6) 0.2520(6) 0.3368(7) 0.039(2)
B(15) 0.8674(7) 0.3121(6) 0.2823(6) 0.038(2)
B(16) 1.0210(7) 0.3736(6) 0.1334(7) 0.040(2)
B(17) 1.0650(7) 0.2468(7) 0.2339(7) 0.046(2)
B(18) 0.9298(7) 0.2044(7) 0.2573(7) 0.044(2)
B(19) 0.8821(7) 0.3286(6) 0.1568(6) 0.040(2)
B(20) 0.8823(7) —0.3065(7) 0.2819(7) 0.045(2)
B(21) 1.0517(7) —0.0682(7) 0.2101(8) 0.054(3)
B(22) 0.9193(7) —0.0761(7) 0.1991(7) 0.044(2)
B(23) 1.0138(7) —0.1387(6) 0.1450(7) 0.040(2)
B(24) 1.0839(7) —0.2034(6) 0.2636(7) 0.043(2)
B(25) 0.9906(7) ~0.1389(7) 0.3182(7) 0.042(2)
B(26) 0.8846(7) —0.1914(6) 0.1781(7) 0.040(2)
B(27) 1.0002(7) —~0.2816(7) 0.2234(7) 0.045(2)
B(28) 0.9825(7) ~0.2817(7) 0.3446(7) 0.046(2)
B(29) 0.8677(6) ~0.1912(6) 0.2999(6) 0.035(2)
B(30) 0.5346(7) 0.6977(6) 0.1818(6) 0.039(2)
B(31) 0.4944(7) 0.4149(7) 0.3574(6) 0.040(2)
B(32) 0.5460(7) 0.4647(7) 0.2436(7) 0.048(3)

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003
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Atom X | y z Ugy/Uison A2
I
B(33) 0.4138(7) 0.5006(7) 0.2670(6) 0.041(2)
B(34) 0.4628(6) 0.5319(6) 0.3678(6) 0.038(2)
B(35) 0.5972(6) 0.4919(6) 0.3448(6) 0.036(2)
B(36) 0.4877(6) 0.5942(6) 0.1611(6) 0.035(2)
B(37) 0.4274(7) 0.6398(7) 0.2503(6) 0.041(2)
B(38) 0.5577(6) 0.6349(6) 0.3052(6) 0.032(2)
B(39) 0.6160(7) 0.5859(7) 0.2159(7) 0.040(2)
B(40) 0.4291(7) 1.1565(7) 0.2872(7) 0.046(2)
B(41) 0.6040(7) 0.9746(7) 0.2201(7) 0.047(3)
B(42) 0.4854(6) 0.9525(6) 0.2763(6) 0.036(2)
B(43) 0.5977(6) 0.9914(6) 0.3283(7) 0.037(2)
B(44) 0.6208(7) 1.1042(6) 0.2057(6) 0.038(2)
B(45) 0.5084(6) 1.0631(6) 0.1538(7) 0.037(2)
B(46) 0.4656(6) 1.0231(6) 0.3537(7) 0.037(2)
B(47) 0.5595(6) 1.1301(6) 0.3058(6) 0.031(2)
B(48) 0.4977(6) 1.1804(6) 0.1813(7) 0.037(2)
B(49) 0.4037(6) 1.0741(6) 0.2323(6) 0.034(2)
N() 0.2692(6) 0.3217(6) 0.0873(5) 0.077(2)
N(2) 0.7591(8) 0.6174(7) 0.5078(7) 0.128(4)
NE3) 0.3220(6) 0.8242(6) 0.0332(5) 0.080(2)
N(4) 0.7754(7) 1.008(1) 0.5945(8) 0.134(4)
c) 0.3108(7) 0.4297(7) 0.0348(6) 0.073(3)
cR) 0.2444(7) 0.2657(7) 0.0228(6) 0.067(3)
cR) 0.8146(7) 0.5178(7) 0.5558(7) 0.069(3)
C(4) 0.7631(8) 0.7041(7) 0.5418(6) 0.084(3)
c) 0.2389(6) 0.7511(7) 0.0459(7) 0.070(3)
c(6) 0.2960(7) 0.9242(7) 0.0490(7) 0.079(3)
c() 0.8136(8) 1.040(1) 0.5343(8) 0.104(4)
c®) 0.743(1) 1.2081(9) 0.5355(8) 0.119(5)
H(10) 0.9831 0.2012 0.1044 0.052
H(11) 0.9579 0.4163 0.3640 0.054
H(12) 0.9172 0.5076 0.1463 0.048
H(13) 11251 0.4101 0.2606 0.056
H(14) 1.0129 0.2056 0.4085 0.047
H(15) 0.7807 0.3161 0.3057 0.046
H(16) 1.0562 0.4342 0.0729 0.049
H(17) 1.1413 0.2027 0.2400 0.055
H(18) 0.8980 0.1154 0.2911 0.053
H(19) 0.8157 0.3486 0.1003 0.048
H(20) 0.8510 —0.3846 0.3112 0.054
H(21) 1.0950 0.0024 0.1925 0.065
H(22) 0.8813 —0.0021 0.1691 0.053
H(23) 1.0304 —-0.1228 0.0709 0.048
H(24) 1.1641 ~0.2353 0.2834 0.051
H(25) 0.9983 —-0.1233 0.3780 0.051
H(26) 0.8292 —0.1815 0.1188 0.048
H(27) 1.0376 —0.3341 0.1909 0.04
H(28) 1.0075 ~0.3324 0.4142 0.056
H(29) 0.8161 _0.1844 0.3589 0.042
H(30) 0.5483 0.7842 0.1350 0.047
CRYSTALLOGRAPHY REPORTS Vol.48 No.1 2003
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Atom X y z | UefUisor A2
I
H(31) 0.4765 0.3332 0.4132 0.047
H(32) 0.5802 0.4234 0.1993 0.058
H(33) 0.3254 0.4895 0.2547 0.049
H(34) 0.4266 0.5364 0.4334 0.046
H(35) 0.6729 0.4643 0.3938 0.043
H(36) 0.4456 0.6137 0.0854 0.042
H(37) 0.3620 0.7006 0.2396 0.049
H(38) 0.5759 0.6747 0.3483 0.038
H(39) 0.7019 0.5950 0.1895 0.048
H(40) 0.3851 1.2261 0.3029 0.056
H(41) 0.6481 0.9254 0.1972 0.056
H(42) 0.4348 0.8754 0.2915 0.043
H(43) 0.6464 0.9551 0.3877 0.045
H(44) 0.6905 1.1431 0.1682 0.045
H(45) 0.4974 1.0753 0.0826 0.045
H(46) 0.4367 0.9853 0.4306 0.045
H(47) 0.6203 1.1785 0.3315 0.037
H(48) 0.4940 1.2610 0.1120 0.045
H(49) 0.3295 1.0715 0.2086 0.041
H(11N) 0.2156 0.3266 0.1272 0.092
H(12N) 0.3233 0.2788 0.1301 0.092
H(21IN) 0.6845 0.6015 05211 0.154
H(22N) 0.7576 0.6397 0.4392 0.154
H(31N) 0.3439 0.8464 —0.0312 0.096
H(32N) 0.3807 0.7870 0.0692 0.096
H(41N) 0.8256 1.1027 0.6370 0.160
H(42N) 0.7221 1.0642 0.6337 0.160
H(1A) 0.3657 0.4239 0.0115 0.087
H(1B) 0.3127 0.4704 0.0748 0.087
H(1C) 0.2610 0.4737 —0.0208 0.087
H(2A) 0.2229 0.1954 0.0552 0.080
H(2B) 0.1933 0.3109 —0.0267 0.080
H(2C) 0.3084 0.2650 -0.0173 0.080
H(3A) 0.8082 0.4892 0.6207 0.083
H(3B) 0.8873 0.5301 0.5364 0.083
H(3C) 0.7941 0.4614 0.5316 0.083
H(4A) 0.8319 0.7064 0.5654 0.101
H(4B) 0.7170 0.6839 0.5973 0.101
H(4C) 0.7463 0.7654 0.5034 0.101
H(5A) 0.2639 0.6863 0.0350 0.084
H(5B) 0.2212 0.7184 0.1189 0.084
H(5C) 0.1814 0.7826 0.0105 0.084
H(6A) 0.2503 0.9679 0.0043 0.095
H(6B) 0.3613 0.9613 0.0509 0.095
H(6C) 0.2693 0.9000 0.1179 0.095
H(7A) 0.7706 1.0513 0.4845 0.125
H(7B) 0.8185 0.9594 0.5810 0.125
H(7C) 0.8858 1.0579 0.5166 0.125
H(8A) 0.6923 1.2095 0.4882 0.143
H(8B) 0.8029 1.2461 0.5004 0.143
H(8C) 0.7113 1.2480 0.5791 0.143
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Fig. 2. A fragment of structure I1. In the polyhedral anions, only
scheme of humbering of the B atomsis shown in the inset.

In structure |1, the metal coordination by the edges
of the apical belts only results in the formation of
straight [(CuB,,H,,)]., chains that run along the b axis,
(Fig. 4). In both independent chains, the polyhedrathat
coordinate the Cu atoms by the 1-2 and 7-10 edges
alternate with those coordinating Cu atoms by the 1-2

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003

B atoms that are involved in Cu coordination are labeled. The

and 8-10 edges; that is, the edges of a polyhedron

involved in coordination are related by the S or S
symmetry operations. The symmetrically related chains
are packed into layers parallel to the bc plane. Different
layers alternate along the a axis. The [(CH;),NH,]* cat-
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Fig. 3. Projection of structure | onto the ab plane. The H
atoms are omitted.

ions are located between the anionic layers and partici-
pate in the N-H---H-B specific interactions with poly-
hedral anions. Similar interactions of the closo-decabo-
rate anion with organic cations have aready been
observed, and their existence was supported by the
spectral studies [10, 11]. The sets of vertices that are
involved in specific interactions are different for all the
nitrogen atoms. The N(1) atom is bound to the B(17),
B(16), B(48), and B(49) atoms; N(2), to B(20), B(29),
B(31), and B(34); N(3), to B(44), B(45), B(30), and
B(37); and N(4), to B(25), B(21), B(46), and B(49).
Thus, each cation in |l links two chains; the cations
containing the N(3) atom bridges the symmetrically
related —Cu(3)-{B(30)-B(39)]H;;—Cu(4)-{B(40)—
B(49)]H,o— chains, and the rest of the cations bridge
different chains. The dimethylammonium cations with
the N(1) and N(3) atoms form shorter N---B contacts
[3.30-3.54(1) and 3.36-3.46(1) A, respectively] as
compared to those formed by the two other cations
[3.43-3.75(1) and 3.43-3.56(1) A for N(2) and N(4),
respectively]. Apparently, the arrangement of the cat-
ionsin the unit cell violates the crystallographic equiv-
alence of the anionic chains.

Thus, the X-ray diffraction studies of crystals| and
Il reveded that, in the compounds with monovalent
copper, the decahydro-closo-decaborate anion actsas a
ligand. Metal coordination isachieved by the B—H pairs
of atoms that are linked by the common edge. Com-

Fig. 4. Projection of structure |l onto the ac plane. The H atoms are omitted.

CRYSTALLOGRAPHY REPORTS Vol. 48 No.1 2003
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pound | providesthe first example of the By,HZ; anion 4.

that coordinates metal by an edge of the equatorial belt.
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Tetrahydropyrimidin-2-one
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Abstract—The structures of three 5-acetyl-1,2,3,4-tetrahydropyrimidin-2-ones(thiones), namely, 5-acetyl-4-
ethyl-6-methyl-1,2,3,4-tetrahydropyrimidine-2-thione, 5-acetyl-6-methyl-4-(4-methylphenyl)-1,2,3,4-tetrahy-

dropyrimidine-2-thione,

and 5-acetyl-4-(4-methoxyphenyl)-6-methyl-1,2,3,4-tetrahydropyrimidin-2-one,

which are potential medicinals, are studied by X-ray diffraction. The conformational features of the molecules
studied are analyzed. For these compounds, the dependence of the conformation of the tetrahydropyrimidine
ring on the orientation of the substituent at the C(4) atom with respect to the heterocycleisfound. © 2003 MAIK

“ Nauka/lInterperiodica” .

INTRODUCTION

At present, 5-functionalized substituted 1,2,3,4-tet-
rahydropyrimidin-2-ones and their 2-thioxo analogues
(I have attracted considerable attention of researchers
due to a wide spectrum of biological properties exhib-
ited by compounds of this type.

R

Rz\[i] 5 Z
g\ 1 | 6
X7 N R
I
I
X=0,S
Z = COOR, COOH, C(O)NR,, CN, NO,, C(O)R

Recently, highly active antihypertensive agents, inhibi-
tors of kinesin Eg5, antiviral and antibacterial agents,
selective antagonists of a,, adrenoreceptors, etc. [1-8]
have been found among esters of 2-oxo- and 2-thioxo-
1,2,3,4-tetrahydropyrimidine-5-carboxylic acids(l, Z =
COOR), which are known as Biginelli compounds [1].

In this respect, much effort of scientists has been
directed toward the investigation into the dependence
of the biological activity of Biginelli compounds on the
chemical and three-dimensional structure of their mol-
ecules[6-8].

Compounds of type I, which contain functional
groups other than the ester group at the C(5) atom, spe-
cificaly, the acyl group [Z = C(O)R] [7], have been
studied to a considerably lesser degree because of the
lack of aunified convenient approach to their chemical
synthesis. Earlier [9, 10], we developed a new simple
procedure of preparing 5-acyl-1,2,3,4-tetrahydropyri-
midin-2-ones(thiones) with the use of the reaction
between a-tosyl substituted ureas or thioureas and 1,3-
dicarbonyl compounds in the presence of bases, fol-
lowed by dehydration of the 5-acyl-4-hydroxyhexahy-
dropyrimidin-2-ones(thiones) formed. In this paper, we
report the results of the X-ray diffraction studies of three
5-acetyl-1,2,3,4-tetrahydropyrimidin-2-ones(thiones), na-
mely, 5-acetyl-4-ethyl-6-methyl-1,2,3,4-tetrahydropy-
rimidine-2-thione (1), 5-acetyl-6-methyl-4-(4-meth-
ylphenyl)-1,2,3,4-tetrahydropyrimidine-2-thione (111),

1063-7745/03/4801-0092%$24.00 © 2003 MAIK “Nauka/Interperiodica’
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and 5-acetyl-4-(4-methoxyphenyl)-6-methyl-1,2,3,4-tetrahydropyrimidin-2-one (1V).

CHs3

C,Hs O
HN | CHs  HN |
s)\ N~ >CHs s)\ N
H H
I I

EXPERIMENTAL

Racemic compounds |l1-1V were synthesized
according to the procedure described in [9, 10]. Crys-
tals suitable for X-ray diffraction analysis were pre-
pared by slow evaporation of a solvent from saturated
alcoholic solutions of the corresponding compounds.
The stereocisomers of compound 1V separated in the
course of crystallization.

The crystallographic parameters and three-dimen-
sional setsof intensities of reflectionswith 7 > 2o(/) for
all the crystals studied were obtained on a CAD4 four-
circle automated diffractometer (MoK, radiation, {3 fil-
ter, /26 scan mode).

The main crystallographic parameters are as fol-
lows:

Crystas|| aretriclinic,a=7.246(1) A, b=7.929(2) A,
c = 9.201(2) A, a = 95.59(3)°, B = 99.97(3)°, y =
94.48(3)°, V=515.7(2) A3, Z = 2, dyyeq = 1.279 g/,
and space group P1.

Crystals |11 are triclinic, a = 7.219(1) A,
8.164(2) A, ¢ = 13.080(3) A, a = 105.76(2)°,
91.73(2)°, y = 107.06(2)°, V = 704.2(3) A3, Z
d.qyeq = 1.228 g/cmd, and space group P1.

Crystals |V are orthorhombic, a = 7.437(2) A, b
14.817(3) A, ¢ =23.782(5) A, V = 2620.6(10) A3, Z
8, d.yeg = 1.319 g/cm?3, and space group P2,2,2;.

The structures were solved by the direct method,
and the non-hydrogen atoms were refined by the full-
matrix least-squares procedure in the anisotropic
approximation. The hydrogen atoms were |located from
difference Fourier syntheses and refined by the least-
squares procedure in the isotropic approximation. The
discrepancy factors R have the following values: in
structure 11, R = 0.029 for 1733 reflections with 7 >
20(D); in structure |11, R = 0.031 for 1519 reflections;
and in structure 1V, R=0.022 for 1171 reflections. The
coordinates and isotropic equivalent thermal parame-
ters of the non-hydrogen atoms in structures |11V are
listedin Table 1. All the cal cul ations concerned with the
solution and refinement of the structures were per-
formed with the SHEL X97 program package [11].

b
P

N
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RESULTS AND DISCUSSION

Itisknown that the biological activity of 1,2,3,4-tet-
rahydropyrimidin-2-ones(thiones) depends on both the
chemical nature of the substituents and the three-
dimensional structure of molecules [1-5]. Compounds
1V differ mainly in the substituent at the C(4) atom
(thealkyl groupin |l andthearyl groupsin|il and V).
This alows us to use the X-ray structural data in ana-
lyzing the effect of different substituents at the C(4)
atom on the conformation of the pyrimidine ring. How-
ever, correlation between the three-dimensional struc-
tures and the biological activity is not discussed in this
paper, because the activity of compounds|1-V hasnot
been studied yet.

The molecular structures of compounds I1-1V and
the atomic numbering schemes used in this paper are
shown in Figs. 1-3, respectively. The bond lengths and
anglesin the structures studied are in agreement within
the accuracy of their determination and are close to
those available in the literature; therefore, we dwell
below only on the analysis of the conformations. The
main conformational parameters of molecules I1-1V
are given in Tables 2 and 3. The graphical calculations
and the calculation of the rms planes were performed
with the SHEL XTL81 program. Thetorsion anglesand
the geometry of the hydrogen bonds were calculated
with the PARST93 program [12].

In studies of the correlation between the biological
activity and the three-dimensional molecular structure
in the series of 1,2,34-tetrahydropyrimidin-2-
ones(thiones), it is conventional to describe the confor-
mation of the pyrimidine rings in terms of a boat-type
conformation [8]. Below, we follow this pattern but will
use a so another, simpler approach. The conformational
differences in the pyrimidine rings can be easily seen
from the changesin the dihedral angle (¢) between two
obvioudy planar atomic groups, namey, the
N(L)N(3)C(2)S[O] (thio)ureide fragment and the
N(D)C(6)C(5)C(4) group, which contains the
C(5)=C(6) double bond. The rms atomic deviations
from these planes are less than those in the planar
C(2)N(3)C(5)C(6) fragment of the boat, and, therefore,
the interpretation of conformations is more accurate.
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Table 1. Coordinates (x10%) and equivalent isotropic thermal parameters (A2 x 10°%) of the non-hydrogen atomsin structures 1,
I, and 1V

Structure I 1 Structure I 11

Atom x/a y/b zl/c Ugg Atom x/a y/ib zlc Ugq
S 7547(1) 9157(1) 999(1) 43D |S 8033(1) 6161(1) 4664(1) 47(1)
O(51) 15819(2) 7398(3) 4298(2) 78(1) |O(51) 1433(2) 9406(2) 3280(2) 56(1)
N(1) 9355(2) 7761(2) 3267(1) 36(1) |N(D 7417(3) 8451(2) 3704(2) 39(2)
N(3) 11174(2) 8685(2) 1668(1) 37(1) |N@]) 4704(2) 6663(3) 4150(2) 36(1)
C(2 9475(2) 8502(2) 1997(2) 33(1) |C(2 6619(3) 7117(3) 4146(2) 34(1)
C4) 12713(2) 7733(2) 2305(2) 35(1) |C4) 3396(3) 7188(3) 3522(2) 32(2)
C(41) 12618(2) 5984(2) 1429(2) 45(1) |C(41) 2577(3) 5778(3) 2461(2) 39(2)
C(42) 12745(3) 6058(3) -191(2) 54(1) |C(42) 3769(5) 5265(4) 1720(2) 66(1)
C(43) C(43) 2986(8) 3998(5) 741(3) 93(2)
C(44) C(44) 1018(7) 3223(4) 466(3) 87(2)
C(45) C(45) -163(6) 3706(5) 1214(4) 90(2)
C(46) C(46) 599(4) 4955(4) 2199(3) 63(1)
C(47 C(47) 160(20) 1910(8) | —622(5) | 162(4)
C(5) 12624(2) 7629(2) 3928(2) 35(1) |C(5) 4456(3) 8998(3) 3375(2) 32(2)
C(51) 14447(2) 7524(2) 4884(2) 44(1) |C(51) 3156(3) 9982(3) 3167(2) 37(2)
C(52) 14705(3) 7573(3) 6536(2) 57(1) |C(52) 3785(4) 11589(4) 2777(3) 51(2)
C(6) 10913(2) 7548(2) 4328(2) 34(1) |C(6) 6422(3) 9515(3) 3426(2) 33(2)
C(61) 10394(2) 7240(3) 5794(2) 47(1) |C(61) 7771(3) 11155(4) 3223(3) 50(2)

Structure 1V
Molecule 1 Molecule 2

Atom xla yib zlc Ugg Atom xla yib zlc Ugq
o) 1821(4) 6437(2) 4897(1) 40(1) |O(1a) 6711(4) 6389(2) 4680(1) 41(1)
04y —227(5) 1480(2) 4501(2) 64(1) |O(41a) 9610(5) 2711(2) 6391(2) 68(1)
oD 232(5) 4632(3) 2636(1) 70(1) |O(51a) 8547(6) 7211(3) 7120(2) 88(1)
N(1) 3350(6) 5890(3) 4147(2) 39(1) [N(1a) 5255(5) 6516(2) 5514(2) 39(2)
N(3) 291(5) 5780(3) 4182(2) 39(1) [N(3a) 8314(6) 6637(2) 5477(1) 36(1)
C(2 1791(6) 6051(2) 4436(2) 33() |C(2a) 6798(6) 6501(3) 5195(2) 34(2)
C® 274(6) 5104(3) 3731(2) 36(1) |C(4a) 8393(6) 6462(3) 6085(2) 35(2)
C(41) 160(5) 4148(3) 3955(2) 35(1) |C(41a) 8652(5) 5458(3) 6193(2) 36(1)
C(42) 1227(7) 3839(3) 4385(2) 49(1) |C(42a) 9984(6) 5003(4) 5901(2) 46(1)
C(43) 1166(7) 2956(3) 4583(2) 53(1) |C(43a) 10244(7) 4092(4) 5978(2) 54(1)
C(44) —16(6) 2364(3) 4344(2) 49(1) |C(44a) 9207(6) 3603(3) 6353(2) 46(1)
C(45) —1104(7) 2652(4) 3903(2) 55(2) |C(45a) 7890(7) 4043(3) 6644(2) 50(2)
C(46) —1032(6) 3536(3) 3718(2) 47(1) | C(46a) 7633(6) 4973(4) 6561(2) 46(1)
Cc(47 924(9) 1151(5) 4934(3) 74(2) |C(47a) 8647(9) 2193(4) 6788(3) 69(2)
C(5) 1905(6) 5250(3) 3362(2) 35(1) |C(5a) 6753(6) 6859(3) 6363(2) 37(2)
C(51) 1653(7) | 4979(3) 2771(2) | 47(1) |C(51a) 7037(7) 7219(3) | 6926(2) 50(1)
C(52) 3054(11) | 5114(7) 2324(3) 86(2) |C(52a) 5562(9) 7594(5) 7283(2) 60(2)
C(6) 3416(6) 5599(3) 3596(2) 36(1) |C(6a) 5205(6) 6818(3) 6068(2) 35(2)
C(61) 5262(7) 5704(5) 3345(3) 56(1) |C(61a) 3328(7) 7043(5) 6255(2) 51(2)
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Fig. 1. Structure of moleculell.

The non-hydrogen atoms of the substituents at the
C(4) and C(5) atoms in the molecules of compounds
[1-1V form planar groups. These are the acetyl groups,
the C(4)C(41)C(42) ethyl fragment in |1, the meth-
ylphenyl substituent in II1, and the methoxyphenyl
group in 1V. In the last structure, the atomsinvolved in
the C(44)C(47)0O(41) and C(44a)C(47a)O(41a) meth-
oxy groups in molecules 1 and 2 actually lie in the
planes of the corresponding phenyl rings with a mean
atomic deviation of 0.01 A and the angles between the
planes of the methoxy groups and the benzenerings are
only 2.4° in molecule 1 and 3.2° in molecule 2.

It can be seen from Table 2 that the planes of the
substituents at the C(4) atom, that is, the
C(4)C(41)C(42) ethyl fragment or the aryl fragments,
are amost perpendicular to the C(2)N(3)C(5)C(6)
plane of the pyrimidine ring (the plane of the bottom of
the boat). However, these fragments show different ori-
entations relative to the N(3)-C(4) and C(4)—C(5)
bonds of the heterocyclic ring. In the molecules of com-
pound I11 and molecules 1 of compound 1V, the aryl

Fig. 2. Structure of moleculel 1.

fragments are situated over the plane of the pyrimidine
ring (Figs. 2, 3) and, in accordance with the N(3)-C(4)—
C(41)-C(42) (-60.0° and —47.2°) and C(5)-C(4)-
C(41)—C(42) (63.1° and 75.8°) torsion angles (Table 3),
exhibit a gauche orientation. In the molecules of com-
pound | I and molecules 2 of compound 1V (Figs. 1, 3),
the methyl and aryl fragments are placed aside from the
planes of the pyrimidine rings and, in accordance with
the corresponding torsion angles (59.5° and 48.6°;
-178.8° and 172.0°; Table 3), show atrans orientation.

At the same time, the type of conformation of the
substituent at the C(4) atom in the molecules of the
pyrimidines studied correlates with the degree of puck-
ering of the pyrimidine ring. Actually, in the molecules
of compound Il and molecules 2 of compound IV with
thetrans orientation of the alkyl and aryl fragments, the
puckering of the pyrimidine ring is more pronounced
than that in the molecules of compound 111 and mole-
cules 1 of compound 'V with the gauche orientation of
the aryl groups. The deviations of the N(1) and C(4)
atoms from the C(2)N(3)C(5)C(6) plane of thering are

Table 2. Conformational parameters of the molecules of compounds II-1V

Conformation

Deviations of the N(1) and C(4) atoms (A) from the C(2)N(3)C(5)C(6)

plane

@ angles (deg) between the N(1)C(2)S[O]N(3) and N(1)C(6)C(5)C(4)

planesin the pyrimidine ring

Angles (deg) between the planes of the C(2)N(3)C(5)C(6) pyrimidine

fragment and the C(5)C(51)C(52)O(51) acetoxy group

Angles (deg) between the planes of the C(2)N(3)C(5)C(6) pyrimidine

fragment and the ethyl or aryl fragment

I 11 v
Molecule 1 | Molecule 2
0.164 0.123 0.128 0.157
0.442 0.339 0.412 0.489
21.0 15.8 17.6 21.3
21.2 7.9 18.2 154
83.7 89.4 86.6 86.1
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Fig. 3. Structure of crystallographically independent molecules 1 and 2 in compound I V.

0.164, 0.157 and 0.442, 0.489 A, respectively, in the
former moleculesand 0.123, 0.128 and 0.339, 0.412 A,
respectively, in the latter molecules (Table 2). The
degree of puckering of the pyrimidine rings is more
clearly manifested by the dihedral angle (¢) between
the N(1)C(2)S[O]N(3) and N(1)C(6)C(5)C(4) planesin
pyrimidine. In the molecules with the trans orientation
of the substituents at the C(4) atom, the ¢ angles are

C(52a)

21.0° and 21.3°; in the molecules with the gauche ori-
entation, these angles are 15.8° and 17.6° (Table 2).

Note also that, in going from the alkyl substituent at

the C(4) atom in the molecules of compound |1 to the
aryl substituent in the molecules of the two other com-
pounds, the angle between the planes of the
C(5)C(51)C(52)0(51) acetyl group and the
C(2IN(3)C(5)C(6) fragment of pyrimidine dightly

Table 3. Main torsion angles (deg) characterizing the conformation of the pyrimidine rings and the relative orientations of
the substituents at the C(4) and C(5) atoms in the molecules of compoundsII, I1I, and IV

Torsion angle [ 11
Molecule 1 Molecule 2
N(1)-C(6)-C(5)—C(4) -7.3(2) -5.6(3) —6.3(6) —7.3(6)
C(6)-C(5)-C(4)—N(3 32.8(2) 25.1(3) 29.8(6) 36.0(5)
C(5)-C(4)—N(3)-C(2 -39.8(2) -30.8(3) —38.0(6) —45.3(5)
C(4)-N(3)—C(2-N(2) 18.1(2) 14.2(4) 19.7(6) 22.4(6)
N(3)-C(2)-N(1)—C(6) 13.9(2) 10.6(4) 9.8(7) 11.9(6)
C(2-N(1)—C(6)-C(5) -18.8(2) —14.4(4) -16.1(7) —19.4(6)
N(3)-C(4)-C(41)-C(42) 59.5(2) —60.0(3) —47.2(6) 48.6(5)
C(5-C(4)—C(4n—-C(42 -178.8(2) 63.1(3) 75.8(5) 172.0(4)
N(3)-C(4)-C(41)—C(46) - 120.0(3) 134.1(4) —-130.9(5)
C(5)—-C(4)—C(41)—C(46) - -116.9(3) —102.8(5) —7.6(6)
N(3)-C(4)-C(5)—C(51) —150.8(2) —156.0(2) —150.6(4) —145.6(4)
N(1)-C(6)-C(5)—C(51) 176.8(1) 175.7(2) 174.2(4) 174.5(4)
C(4)—C(5)-C(51)-0(51) -5.5(2) 10.1(3) -3.3(6) 3.0(7)
C(6)-C(5)—-C(51)-0(51) 170.6(2) =171.2(2) 176.2(4) -178.8(5)
C(4-C(5)-C(51)—C(52) 174.2(2) —-166.9(2) 176.3(5) —176.5(4)
C(6)-C(5)—-C(51)—-C(52) -9.7(3) 11.8(4) —4.2(8) 1.7(8)
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Table 4. Geometric parameters of the intermolecular hydrogen bondsin structures II-1V

D—H---A bond* D--Adistance, A | H--Adistance, A | D-H--Aangle, deg | Symmetry operation for A
I
N(3)-H--S 3.342(2) 2.49(2) 165(3) 2-x,2-y,-2)
N(L)—H--O(51) 2.886(2) 2.05(2) 172(5) x-1,y,2)
11
N(3)-H--S 3.329(3) 2.49(2) 165(3) (1-x1-y,1-2)
N(L)—H--O(51) 2.886(3) 2.12(3) 161(5) 1+x%Y,2)
v
N(1)-H---O(1a) 2.898(5) 2.19(4) 167(4) XV, 2)
N(La)-H--O(1) 2.948(5) 2.07(5) 177(4) x . 2)
N(3)-H--O(1a) 3.050(5) 2.26(4) 170(5) x—1,y,2)
N(3a)—H---0O(1) 2.965(5) 2.06(4) 171(4) x+1y,2
C(468)-H--O(51) 3.379(6) 2.55(5) 152(4) (05-x 1-y, 0.5+2)
C(47a)-H--O(51a) 3.332(8) 2.60(5) 127(5) (2—x,y—05,15-2)

* D isadonor, Aisan acceptor, and H is a hydrogen atom.

decreases. The carbonyl oxygen of the acetyl group in
all the structures studied is situated trans relative to the
C(5)=C(6) double bond of pyrimidine.

The characteristic feature of the crystal structures
studied is the trend of the tetrahydropyrimidine mole-
cules to form dimers. In crystals I and I11, the mole-
culesrelated by the centers of symmetry arelinked into
dimers through two N(3)—H---S intermolecular hydro-
gen bonds (Table 4). In the three-dimensional crysta
structure, thedimersareinterlinked through asystem of
the N(1)—H:--O(51) intermol ecul ar hydrogen bonds and
van der Waals forces. In crystal |V, the dimers consist
of two crystallographically independent molecules,
which are linked through the N(1)(X; y; 2-H--O(1a)(X;
y; 2 and N(la)(x; y; 2-H--O(1)(X; y; 2 hydrogen
bonds. The dimers are interlinked through a system of
the N(3)[NQ3a)]-H--O(1a)[O(1)]  intermolecular
hydrogen bonds and van der Waals forces to form the
crystal structure. Probably, the C-H---O intermolecular
hydrogen bonds also contribute to the stabilization of
this structure. The oxygen atoms of all the acetyl and
methoxy groups can be involved in these bonds. The
geometric parameters of some possible C-H:--O bonds
arelisted in Table 4.
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Abstract—Thelow-resol ution structures of human immunoglobulinsM (IgM) and G (1gG) and the rheumatoid
factor (IgM-RF) in solution were determined from synchrotron-radiation small-angle X-ray scattering by the
method of dummy atom modeling (bead models). The structural models of IgM determined on the assumption
that the molecule has a fivefold symmetry axis are in good agreement with the atomic structure of this protein
proposed earlier. The molecular structure of the rheumatoid factor IgM-RF reconstructed by dummy atom mod-
eling differs from the model of the IgM molecule: the F(ab), regionsin the IgM-RF pentamer are asymmetric.
Thisresult confirms the earlier assumption that these regionsin IgM-RF are different both structurally and bio-
chemically. Thetypical shape of the IgG moleculein solution was demonstrated to be closer to the Y type, with
the maximum size being larger than the size of the known crystallographic models. © 2003 MAIK

“Nauka/Interperiodica” .

INTRODUCTION

Immunoglobulins belong to the family of glycopro-
teins produced in mammals. The main functions of
most of these proteins are reduced to specific recogni-
tion and binding of foreign substances (antigens) and
performance of effector functions [1]. There are five
classes of immunoglobulins found in most of higher
mammals which differ in the molecular size, charge,
amino-acid composition, and carbohydrate content.
Immunoglobulins 1gG comprise 70-75% of all serum
immunoglobulins. Immunoglobulins IgM account for
10% of the total pool of serum immunoglobulins.
Immunoglobulin M that exhibits rheumatoid activity
(IgM-RF) forms the autoimmune complex with 1gG of
the same organism. The rheumatoid factor IgM-RF is
present in blood serum of most of the patients suffering
from rheumatoid arthritis. A topical problem is to
reveal the relation between the structure and pathol ogic
function of 1gM-RF, which is necessary for the devel-
opment of the approaches to diagnostics and treatment
of rheumatoid arthritis and other autoimmune diseases.

Recently, the three-dimensiona structures of sev-
eral intact monoclonal immunoglobulins 1gG were
established at 0.28-0.4 nm resolution [2-4]. All the
attempts to grow the crystals of immunoglobulins of

other classes, such as IgA, IgD, IgE, and IgM, failed.
Their molecular structures were studied by electron
microscopy, atomic force microscopy, NMR, and other
physicochemical methods. Some of these methods
require special treatment of the samples, which, in turn,
can change the structures of the constituent molecules.

Small-angle X-ray scattering (SAXS) allows one to
study the structures of biological macromolecules in
solutions under the conditions close to physiological
ones. The intensity curves in SAXS are determined by
the shape of the molecules at about 2—3 nm resolution;
in other words, small-angle X-ray scattering enables
one to study the conformation of biopolymers in solu-
tion [5].

Comparing experimental scattering curves with the
intensities calculated for high-resolution structures
determined by the crystall ographic methods allows one
to estimate the difference in the structures of the mole-
cules in crystal and solution [6-12] and to verify the
adequacy of hypothetical molecular models.

EXPERIMENTAL

Preparation of immunoglobulin solutions. The
IgG solutions were prepared from the chemical pur-
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chased by Sigma (USA). Human monoclonal IgM
(Waldenstrom’s disease) and monoclonal |gM-RF were
prepared according to procedures devel oped elsewhere
[13-14]. Solutions of these proteinswith the concentra-
tions 2.5-14.0 mg/ml were prepared using a Tris buffer,
pH 8.3-8.4 (Merck, Germany). The concentrations of
the proteins in solutions were measured by spectropho-

tometry using absorption values Aig/f),l - €qual to 12.0

for IgM and IgM-RF and 14.0 for IgG. The aggregation
level of the proteins in solutions was estimated using a
Spinko E analytical ultracentrifuge (Beckman, USA).
The aggregation contents did not exceed 5%. All the
solutions were filtered through a membrane (pore size
0.45 pym; Schleicher and Schuell, Germany) directly
prior the experiments.

Small-angle X-ray scattering measurements.
Synchrotron-radiation small-angle X-ray scattering
data were collected [15-17] on an X33 camera of the
European Molecular Biology Laboratory (EMBL) at
the DORIS Il storage ring (DESY, Hamburg, Ger-
many) using a standard procedure and a multichannel
proportional delay-line detector. Synchrotron radiation
was used because of itshigh intensity, which allowed us
to measure the intensities with a good signal-to-noise
ratio. Data of such quality cannot be obtained on labo-
ratory apparatus equipped with conventional X-ray
tubes because of the weak scattering power of the solu-
tions of biomolecules. The intensity data were mea-
sured in the angular range 0.1 < s< 5 nm!, wheres =
41tsin®/A (20 isthe scattering angle and A = 0.152 nm
is the radiation wavelength). To cover the above-men-
tioned angular range, the measurements were made at
two different sample-detector distances (2.9 and 4 m).
The complete scattering pattern was obtained by com-
bining both data sets obtained. The angular calibration
of the camera was carried out with the use of the col-
lagen and tripalmitate standards. The detector was cal-
ibrated using a synchrotron beam from a >Fe-source.

The samples were placed in to 1-mm-thick cells
with 20 um thick mica windows. The measurements
were made at 20°C. The results of 10-15 successful
measurements made within 1 min each were combined
and the data thus obtained were first normalized to the
intensity of the incident beam and then statistically
averaged and corrected for the detector sensitivity.
After subtraction of scattering from the cell containing
the pure solvent, the resulting curves were normalized
to the solution concentrations.

Determination of theintegrated parameter of the
IgM and IgM -RF moleculesin solution. The radii of
gyration R, were calculated based on the SAXS datain

the Guinier approximation le(s) = 1(0)exp(-s® R; /3)
vaidintheregion (sR,) < 1.3[5] and aso based on the
distance distribution function p(r) = ry(r) calculated

from the experimental data using the indirect inverse
Fourier transforms program GNOM [18-19] according
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to the equation

_ 1 P sin(sr)
y(r) = . I s’I(s) - ds. (1)
s=0
The p(r) function was al so used to determine the maxi-
mum sizes D, of the dissolved molecules.

The molecular weights of the immunoglobulins
were evaluated by extrapolating the small-angle scat-
tering curvesto theintensities observed at the zero scat-
tering anglel(0). Thel(s) valueswere normalized to the
scattering from the solution of the reference protein,
bovine albumin (Sigma USA). The accuracy of the
determination of the molecular weights by the small-
angle scattering method depends primarily on the accu-
racy of the measured solution concentrations. For
immunoglobulins, the accuracy was 5-15%.

M odeling of low-resolution molecular structures
based on small-angle scattering data. The intensities
of scattering from the system of monodisperse particles
in dilute solutions are proportional to the spherically
averaged intensity of scattering by one particle [5]:

I(s) = (A% (9)h

- 4T[J' r20p(r) O p(r)[ﬁ”(sr)d @

where A(S) is the scattering amplitude, [ and [CL)
denote averaging over angles in the reciprocal and
direct spaces, respectively, associated with random ori-
entations of molecules in the solution, and [ indicates
the convolution operation. The three-dimensional
model of the particle is described by the scattering dis-
tance distribution function p(r). In the case of X-ray
radiation, this function is proportional to the difference
between the electron densities of the molecule and the
solvent (contrast). It is seen from Eq. (2) that the struc-
ture function p(r) cannot be reconstructed directly from
the experimental data by the inverse Fourier transfor-
mation. However, one can calculate the scattering
intensity 1(s) from any three-dimensional model struc-
ture, evaluate the difference between the scattering
intensity from the model and the experimental intensi-
ties, and minimize this difference by varying the model
parameters by the method of nonlinear optimization
and, thus, reconstruct the three-dimensional scattering-
density distribution. In our study, we used dummy atom
modeling (bead model), which provides the reconstruc-
tion of thelow-resolution structures of macromolecules
in solution [5, 20]. The method is based on the repre-
sentation of the particle structure by a set of small
spheres (dummy atoms) arranged in space. The main
advantage of this method is the absence of any limita-
tions on the complexity of the particle structure. The
immunoglobulin molecules were described by a one-
phase model consisting of spheres with equal (unity)
densities. In this approach, the absolute value of the
density is of noimportance. Thus, the small-angle scat-
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tering intensity can be calculated by the following
equation:

00 |
() =21’ S [An(s)’, 3)

I=0m=-
where

An(S) = I'V2ImE(8) § (s Yin(Q) @)
j=1

istheamplitude of scattering from the structure consist-
ing of N sphereswith the unity density, r; and Q; are the
polar coordinates, f(s) is the amplitude of scattering
from one sphere, j;(X) are spherical Bessel functions,
and Y,(Q) are the spherical harmonics.

To search for the spatial arrangement of the three-
dimensional elements, the DAMMIN program was
modified [21] for solving the nonlinear least-squares
problem by global minimization based on the method
of simulation of annealing. According to this method,
the search is started based on a particular structural
model consisting of spheres (usualy, from two to five
thousand spheres) randomly arranged at the knots of
the closest packing in space. These knots are located
within a bounded spherical region with a diameter
equal to the maximum molecular size. The maximum
size of the region is preliminarily determined based on
the experimental data and the p(r) function using the
GNOM program. Each three-dimensional knots con-
tains a sphere with the solvent density (0) or the protein
density (1). The size of the spheres used had to be, on
the one hand, sufficiently small so that the step of their
packing had no substantial effect on the shape of the
scattering curve in the angular range under study and,
on the other hand, sufficiently large so that the number
of sphereswithin the search areawas not too large (gen-
erally, not more than 5000 spheres). The latter require-
ment is necessary for saving computer time. In the
course of the search, the minimization program trans-
forms the density of a randomly chosen sphere, i.e.,
changesthe particle density (1) in to the solvent density
(0) or vice versa. After each modification, the program
calculates the SAXS intensity curve for the current
structure and also the weighted total quadratic devia-
tion from the experimental scattering curve constructed
by M points:

M
X = 3 eps) =10 ©)
j=1

where o(s) is the estimated experimental error at the
jth point. The above sum is complemented with the
penalty functions which reflect the requirements of the
structure continuity wpPp and the absence of lone
spheres w P, [21]. The weighting coefficients w, and
w, were taken to be equal to 0.02 so that the contribu-
tions of x? and penalty functions at the minimum of the
functional F = x> + wpPp + W P, were approximately

CRYSTALLOGRAPHY REPORTS Vol. 48

VOLKOV et al.

equal. The penalty function Py is calculated astheratio
of the total number of spheres in the structure to the
number of spheresin the largest domain formed by the
atoms contacting each other. The P, function is calcu-
lated according to the equation P, = 1 — O — exp(-N,) +
exp(-12)[, where 12 is the maximum number of con-
tacts of a sphere with its nearest neighbors, N, is the
actual number of contacts formed by this sphere in the
structure, and [, is the number of contacts per one
sphere averaged over the whole structure.

If the value of thetarget function F islower than that
obtained at the previousstep (A =F,— F,_, <0, kisthe
number of the step), the structure is stored. The proce-
dure of the annealing simulation consistsin that, at each
step, the structure characterized by the worst F valueis
taken to be (with a certain probability) the “ best” struc-
ture. The probability is set by the “temperature” T; i.e.,
if A > 0, the structure is stored with the probability
exp(-4A/T). Upon each 100N steps (or 10N steps with
A < 0) the parameter T isreduced (T, ; = 0.9T,), which
allows the program to store unreliable structures more
and more rarely. The necessity of annealing procedure
is associated with the fact that the target function F can
have several local minima. The possibility of taking an
erroneous step as the solution of the problem allowsthe
program not to stop at the intermediate solutions. The
final three-dimensional configuration of the spheresis
treated as the true structural model of the molecule in
solution. Inthe general case, it isimpossibleto estimate
analytically the closeness of the fina model to the glo-
bal minimum, because the parameters of the structural
model (coordinates of the centers of spheres) depend
nonlinearly on the intensities (2). Therefore, the calcu-
lations for each scattering curve were performed inde-
pendently several times.

If no additional requirements are imposed on the
structural model, one can easily find humerous struc-
tures characterized by almost the same minimum devi-
ation (5) but substantially different from one ancther. In
some cases, the use of some additional information on
the characteristic structural features allows one to
increase the reliability of the structure reconstruction.
In this study, such an additiona requirement to the
structure was the existence of afivefold symmetry axis
in the case of the IgM and IgM-RF molecules and a
twofold symmetry axisin the case of the IgG molecule.

Procedure for calculations of SAXS intensities
from atomic-resolution molecular structures. Only
the crystal structures of the IgG molecule [4]
(Brookhaven Protein Data Bank, codes 1IGY and
1IGT) and its fragments (1M CO and 2| G2) were estab-
lished at the 2.8-4.0 A resolution. The pentameric
structure of immunoglobulin IgM consisting of
71 domains in solution was studied by Perkins et al.
[22] based on the small-angle X-ray scattering dataand
was modeled with the use of amolecular graphics pro-
gram. In [22], the scattering curves of IgM were com-
pared with the curves calculated from the three-dimen-
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Fig. 1. Comparison of the experimental small-angle scattering curve from a solution of immunoglobulin IgG (with error bars) and
curves calculated from the known high-resolution structures of 1gG; (Mab61.1.3, structure code 1IGY; dashed curve) and 1gG, 4

(Mah231, structure code 1IGT; solid curve).

(©) (d)

Fig. 2. Known crystallographic models of the (a) 19G, 4, (Mab231, structure code 11GT) and (b) 119G, (Mab61.1.3, structure code
11GY) molecules[4], (c) the structure reconstructed from the small-angl e scattering data taking into account the twofold symmetry
axis, and (d) the model reconstructed without allowance for additional symmetry. Each structure is shown in two mutually perpen-

dicular orientations.

sional models constructed based on the published
a-carbon coordinates of the fragments of an 1gG mole-
cule. The complete structure of the pentameric IgM
molecule obtained under the assumption of the copla
nar arrangement of the F(ab), and (Fc); fragments
showed the best agreement with the experimenta
curves. Each 1gG-like monomer of this pentameric
structure consists of 14 domains formed by four
polypeptide chains. The modd of IgM was consistent
with the hydrodynamic and sedimentation data[22].

The SAXS intensities obtained from the atomic
structures were calculated using the CRY SOL program
[23]. Thisprogram provides the computation of scatter-
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ing curves based on the form factors of real atomswith
due regard for scattering from the excluded volume and
the outer hydration shell.

RESULTS AND DISCUSSION

Integrated structure parameter sof immunoglob-
ulins. According to the SAXS data, the average molec-
ular weights of immunoglobulins determined for sam-
ples with different concentrations under different con-
ditions of data collection (the camera lengths were 4
and 2.9 m) were 146 + 10 kDafor I1gG, 760 = 40 kDa
for IgM, and 690 + 20 kDa for IgM-RF. According to
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Fig. 3. Comparison of the experimental scattering data from an 1gG solution (with error bars) with atypical scattering curve from
the model structure (solid curve) calculated using the DAMMIN program (see Figs. 2c and 2d).

the published data, the molecular weights of 1gG and
IgM are 146 and 970 kDa, respectively [24]. Despite
the substantial errors in the molecular weights deter-
mined, this parameter for rheumatoid factor is system-
atically lower than that for IgM. The underestimated
molecular weights are a so indicative of the absence of
noticeable aggregation of molecules in solution. The
radii of gyration calculated from the experimental
curves reflect the same tendency, namely, the molecule
of rheumatoid factor is smaller than IgM. The maxi-
mum sizes of the molecules D, calculated by the
GNOM program are 17, 37, and 36 nm for 1gG, IgM,
and IgM-RF, respectively. The averageradii of gyration

under the above-mentioned conditionsare 5.9 + 0.1,
11.4 + 0.6, and 10.9 + 0.4 nm for IgG, IgM, and IgM-
RF, respectively. According to the published data, the
average radii R, are 12.17 + 0.34 nm [22], 12.0 and
12.1 nm [25] for IgM, and 5.84 + 0.4 nm for 1gG [26].

Solution structureof 1gG. The lgG moleculeshave
structures typical of antibodies and consist of four
polypeptide chains, namely, two identical light chains
and two identical heavy chains (with varying and con-
stant regions), which form altogether 12 domains and
comprise two Fab regions and one Fc region [22, 24].
The flexibility inherent in immunoglobulins can give
rise to a broad spectrum of molecular conformations.
According to the crystallographic data [4], the 1gG
molecule in the crystal can adopt both symmetric and
asymmetric T and Y conformations. In solution, anti-
bodies can have conformations intermediate between
these main conformations. The SAXS curves from an
IgG solution and the scattering curves calcul ated for the
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crystal structures of 1gG,, (Mab61.1.3, structure code
1IGY) and 1gG,, (Mab231, structure code 1IGT) [3]
areshowninFig. 1. Thex valuefor 1IGY (2.1) islower
than that for 11GT (2.8). Hence, it can be assumed that,
on the average, the shape of the IgG moleculesin solu-
tion is closer to the Y conformation.

To test this assumption, the shape of the 1gG parti-
cles was determined from the experimental scattering
data using the DAMMIN program [14]. The maximum
size (D) of thelgG macromolecules, which was eval -
uated from the distance-distribution function p(r), was
17 nm. To estimate the stability of the problem solution,
the protein structure was reconstructed several times.
The shape of 1gG in solution was reconstructed using
an arbitrarily located twofold symmetry axis. One of
the typical models reconstructed from the small-angle
scattering data and the crystallographic model in two
mutually perpendicular orientations are shown in
Fig. 2. For comparison, the shape of 1gG reconstructed
without imposing any restrictions on the particle ani-
sometry is aso shown in Fig. 2. Fitting of the model
scattering curves to the experimental dataisillustrated
by Fig. 3.

The reconstructed structures, including the model
obtained without any restrictions on the symmetry of
macromolecules, have larger linear dimensions that the
dimension of the atomic model of 1IGY (17 and
14.7 nm, respectively). With due regard for the correc-
tion for the thickness of the hydration shell (0.3 nm),
the determined dimension corresponds to the maximum
distance in the 1I1GT structure (16.4 nm). Hence, it can
be assumed that the IgG molecules in solution have a
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Fig. 4. Comparison of the experimental small-angle scattering curve from an IgM solution (1, with error bars) with the intensities
calculated using the CRY SOL program from the atomic model of IgM proposed in [22] (2, solid curve). Comparison of the normal-
ized experimental scattering curvesfrom solutions of IgM (3, circles) and IgM-RF (4, solid triangles). For clarity, the pairs of curves
(1 and 2) and (3 and 4) are shifted in the vertical direction.

(a) (b) (©
F(ab),

Fig. 5. Comparison of (a) the atomic structure of the IgM molecule proposed in [22] with two typical structures obtained using of
the DAMMIN program, namely, the (b) IgM and (c) IgM-RF models. Each structure is shown in two mutually perpendicular ori-
entations.

“wider” conformation than the conformation of 11GY. atom models obtained in this study is consistent with
In turn, the V-shaped modelsfound usingthe DAMMIN  the experimental data without systematic deviations
program differ from the shape of 11GT andarecloserto  with x = 0.8 £ 0.1 (Fig. 3). The experimental curve is
the Y conformation. The scattering from the dummy-  smoother than the theoretical scattering profiles calcu-
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Fig. 6. Comparison of (1) the experimental scattering data from an IgM solution (with error bars) with (2) the typical scattering
curve from the model structure (solid curve) calculated using the DAMMIN program (see Fig. 5b). Analogous comparison for the
curves for the structure of IgM-RF (curves 3 and 4). For clarity, the pair of the curves (1 and 2) and the pair of the curves (3 and 4)

are shifted in the vertical direction.

lated for the atomic structures, which is attributed to the
fact that the solutions can simultaneously include mol-
ecules adopting various conformations.

Solution structure of IgM. Figure 4 presents the
experimental scattering curves from IgM in solution
and thetheoretical scattering curves calculated fromthe
symmetric pentameric atomic model of IgM [22] (the
data were kindly provided by S. Perkins) using the
CRY SOL program aswas described above. The general
scheme of the IgM molecule formed by five 1gG-like
regions is shown in Fig. 5a. In the small-angle region
(sisupto 1 nnr'), the calculated data are in the satis-
factory agreement with the experimental data. A sub-
stantial discrepancy observed at high angles is associ-
ated with scattering from the inner structure of the par-
ticle in the symmetric model. The symmetry of the
moleculein solution can be changed because of itsflex-
ibility, and the experimental scattering curve becomes
more monatonic because of averaging.

One of the typical reconstructions of the symmetric
IgM structure based on the small-angle scattering data
by the DAMMIN program is shown in Fig. 5b. On the
whole, the IgM model found under the minimum
assumptions about the structure agrees satisfactorily
with the model proposed by S. Perkins.

Solution structureof IgM-RF. Similar calculations
were performed based on the scattering from IgM-RF.

CRYSTALLOGRAPHY REPORTS Vol. 48

The maximum size of a molecule of the rheumatoid
factor in solution determined from the profile of the
size-distribution function was less (36 nm) than that of
IgM (37 nm). As can be seen from Fig. 4, the scattering
curves of an the IgM(3) solution differ only dightly
from the curve of an IgM-RF(4) solution. One of IgM-
RF structures reconstructed as was described above is
shown in Fig. 5¢. The curves abtained by fitting the
scattering curves from the models to the experimental
dataare presented in Fig. 6.

In all thereconstructed structures, the F(ab), regions
of the molecule appear to be asymmetric, namely, one
of the Fab fragmentsin each pair has areduced volume.
Thisis consistent with the lower molecular weight and
smaller size of IgM-RF compared to the corresponding
parameters of IgM and isin agreement with the earlier
assumption that the Fab regions in the molecule of the
rheumatoid factor have different structures and func-
tions [27]. The difference in the Fab regions of mono-
clonal immunoglobulin IgM and the rheumatoid factor
IgM has been found earlier by the method of differen-
tial scanning microcal orimetry [28]. The comparison of
the parameters of thermal denaturation of the Fab and
(Fc)s fragments of IgM and IgM-RF led to the conclu-
sion that the (Fc); fragments of both proteins are ther-
modynamically similar, whereasthe characters of inter-
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actions between the domainsin their Fab fragments are
different.

CONCLUSIONS

To summarize, the reconstruction of the molecular
shape from small-angle X-ray scattering data demon-
strated that the solution structure of rheumatoid factor
IgM-RF differs from that of IgM by the asymmetry of
the F(ab), regions and a lower molecular weight. The
shape of the IgG molecules in solution is close to the
Y-type structure but is characterized by awider confor-
mation.

ACKNOWLEDGMENTS

This study was supported by the Russian Founda-
tion for Basic Research (project no. 01-02-17040) and
INTAS (project no. 00-243).

REFERENCES

1. M. W. Turner, in Sructure and Functions of Antibodies,
Ed. by L. E. Glynn and M. W. Steward (Wiley, Chiches-
ter, 1981; Mir, Moscow, 1983).

2. L.J Harris, S.B. Larson, K. W. Hasdl, et al., Nature 360,
369 (1992).

3. L. J. Harris, E. Skaletsky, and A. McPherson, J. Mol.
Biol. 275, 861 (1998).

4. L. J. Harris, S. B. Larson, and A. McPherson, Adv.
Immunol. 72, 191 (1998).

5. D.I. Svergun and L. A. Feigin, Small-Angle X-ray and
Neutron Scattering (Nauka, M oscow, 1987).

6. J. Ninio, V. Luzatti, and M. Yaniv, J. Mol. Biol. 71, 217
(2972).

7. M.Y. Pavlov and B. A. Fedorov, Biopolymers 22, 1507
(1983).

8. G. Grossmann, Z. H. L. Abraham, E. T. Adman, €t al.,
Biochemistry 32, 7360 (1993).

9. D.I. Svergun, C. Barberato, M. H. Koch, et al., Proteins
27,110 (1997).

CRYSTALLOGRAPHY REPORTS Vol. 48 No. 1

2003

105

10. A. E. Aleshin, M. Malfais, X. Liu, et al., Biochemistry
38, 8359 (1999).

11. D. I. Svergun, M. V. Petoukhov, M. H. J. Koch, et al.,
J. Biol. Chem. 275, 297 (2000).

12. I. K. Feil, M. Mdfois, J. Hendle, et al., J. Biol. Chem.
276, 12024 (2001).

13. V. A. Lapuk, N. M. Khatiashvili, A. 1. Chukhrova, and
E. D. Kaverzneva, Biokhimiya 50, 237 (1985).

14. V. A. Lapuk, A. |. Chukhrova, E. V. Chernokhvostova,
et al., Biokhimiya57, 617 (1992).

15. M. H. J. Koch and J. Bordas, Nucl. Instrum. Methods
208, 461 (1983).

16. C. Boulin, R. Kempf, M. H. J. Koch, and S. M. McLaug-
hlin, Nucl. Instrum. Methods Phys. Res. A 249, 399
(1986).

17. C. Boulin, R. Kempf, A. Gabriel, and M. H. J. Koch,
Nucl. Instrum. Methods Phys. Res. A 269, 312 (1988).

18. D. I. Svergun, A. V. Semenyuk, and L. A. Feigin, Acta
Crystallogr., Sect. A: Found. Crystallogr. 24, 244 (1988).

19. D. I. Svergun, J. Appl. Crystallogr. 25, 495 (1992).

20. Yu. A. Rol’bin, R. L. Kayushina, L. A. Feigin, and
B. M. Shchedrin, Kristalografiya 18 (4), 701 (1973)
[Sov. Phys. Crystallogr. 18, 442 (1973)].

21. D. I. Svergun, Biophys. J. 76 (6), 2879 (1999).

22. S. J. Perkins, A. S. Nedlis, B. J. Sutton, and A. Feinstein,
J. Mol. Biol. 221, 1345 (1991).

23. D.|. Svergun, C. Barberato, and M. H. J. Koch, J. Appl.
Crystallogr. 28, 768 (1995).

24. 1. Raitt, J. Brostoff, and D. Male, Immunology (Mosby,
London, 1998; Mir, M oscow, 2000).

25. P. Wilhelm, I. Filz, K. Goral, and W. Pam, Int. J. Biol.
Macromol. 2, 13 (1980).

26. 1. Pilz, E. Schwarz, and W. Palm, Eur. J. Biochem. 75,
195 (1977).

27. V. A. Lapuk, V. Ya. Chernyak, and N. N. Magretova,
Biokhimiya 61, 61 (1996).

28. 1. |. Protasevich, B. Ranjbar, E. Yu. Varlamova, et al.,
Biokhimiya 62, 1066 (1997).

Trandated by T. Safonova



	1_1.pdf
	106_1.pdf
	112_1.pdf
	116_1.pdf
	12_1.pdf
	124_1.pdf
	141_1.pdf
	16_1.pdf
	162_1.pdf
	165_1.pdf
	24_1.pdf
	29_1.pdf
	35_1.pdf
	39_1.pdf
	44_1.pdf
	49_1.pdf
	54_1.pdf
	58_1.pdf
	61_1.pdf
	68_1.pdf
	73_1.pdf
	8_1.pdf
	84_1.pdf
	92_1.pdf
	98_1.pdf

