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Abstract—All the three-dimensional point groups Ggo of 624 hypercrystallographic second-order P-symme-

tries have been derived at P = Gs43,. On this basis, it was established that the category Ggy43, Of eight-dimen-
sional point groups with the invariant hyperplane and the 6- and 3-dimensional planes enclosed into this cate-
gory has 814871 groups. A universal formulais derived for calculation of the number of new groups generated
by an arbitrary category of the symmetry groups generalized with due regard for the above 624 P-symmetries.
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1. Recently, Zamorzaev and Palistrant, using the
notions of strong group isomorphism and isomorphism
of P-symmetries [2], have derived the three-dimen-

sional point groups G3P0 of the complete P-symmetry
for 122 hypercrystallographic first-order P-symmetries
(a P = Gy3) [1]. Thisprovided for the establishment of
64678 seven-dimensional point groups with the invari-
ant hyperplane with the enclosed three-dimensional
plane, i.e., the groups of the category G;¢;,. The present
paper is alogical continuation of the study performed
in[1] and dealswith (1) the calculation of all the three-
dimensional point groups Ggo of the complete P-sym-
metry for 624 hypercrystallographic second-order
P-symmetries (at P = Gs,5) [3, 4] and their description
with the eight-dimensional groups of the category
Gg7630; (2) the derivation of a universal formula for
determination of the number of new groups generated
by any category of the symmetry groups and their gen-
eralization with due regard for 624 hypercrystalo-
graphic second-order P-symmetries.

2. Using the analogy with the hypercrystallographic

first-order P-symmetries (P = Gs,3 = G§0 ), we define
the hypercrystallographic second-order P-symmetries

(P =Gy = Ggl,o) as complete or incomplete (P, 2, 2,
2)-symmetries (in distinction from the hypercrystallo-
graphicfirst-order P-symmetries which are complete or
incomplete (P,, 2, 2)-symmetries [1]). In this case,
attributing the subscripts 1, 2, ..., p and the signs “+”
and “—" in the above three meanings, we arrive at:

T Deceased.

(i) P = P, (the P,-symmetry or the first-order hyper-
crystallographic symmetry, i.e., the compl ete or incom-
plete (P,, 2, 2)-symmetry). Thus, we obtain 122
P-symmetriesindicated in [3, 4, 1];

(i) P=P, x {(+,-)} (the P,-symmetry isfirst-order
hypercrystallographic symmetry and the signs “+" or
“—" are used in their third meaning). This leads to 122
additional P-symmetries (for example, *1-, (2*1)-,
43*1)-, (1'*1)-, 21*1)-, (2%*1)-, (2*1)-, (2'L*1)-, and
(22"*1)-symmetry);

(“I) P = PZ’ P D P2 x {(+’ _)}’ P M {(+9 _)} (P2 and
thesigns“+” and “—" are the same), and we obtain 380
additiona different P-symmetries (for example, *1-,
1=, (2%D)-, 21%*1)-, *2-, *4'-, *2", (*211")-, and (2*2)-
symmetry) [3, 4]. The bar under the symbols of these
624 P-symmetries, the prime on the upper right, and the
asterisk on the upper left have the same meaning asin
the symbols of three-fold antisymmetry [5].

To facilitate and abridge the complete derivation of

the G; groupsfor 624 second-order P-symmetries, we
invoke the concepts of strong isomorphism of the
groups and isomorphism of P-symmetries[2].

Let G, and G, bethe groupswith the set equivalence
of the elements, which possesses the property of equiv-
alence. Then the isomorphism of G, on G, is called
strong if it provides the property of al the equivalent
elements and the elements equally included into G, to
have the corresponding equivalent elementsin G,, and
of nonequivalent elements equally included into G, to
have the corresponding nonequivalent e ementsequally
included into G, (cf. with [1]). Zamorzaev [2] has
proved that the number of different Q-intermediate
groups of the P-symmetry with the given generatrix is
equal to the number of variousjunior groupsof P,-sym-
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metry having the same generatrix, provided that the
factor-group P/Q is strongly isomorphic to P, (P/Q =
Po).

The P- and the P'-symmetries are called isomorphic
if P = P'. Inthis casg, in the families of groups of the
P- and the P'-symmetries, both the numbers of different
junior groups and the numbers of various intermediate
groups are the same. Therefore, preliminarily dividing
624 hypercrystallographic second-order P-symmetries
into isomorphism classes, one can study in detail only
44 nonisomorphic classes of the total 624 ones. There-
fore, the junior and the intermediate rosette and border

groups Grfo and GZPl of 624 hypercrystallographic sec-
ond-order P-symmetries have been derived [3, 4]. The
detailed analysis was performed for 44 nonisomorphic
classes. The same method is used below to generalize
32 crystallographic classes G;, with the above 624
hypercrystallographic P-symmetries.

3. Proceed to the analysis of the point groups Ggo a
P = Gs30. In accordance with the genera theory of
P-symmetry and the methods of their derivation from
the classical groups [6-8], these groups aredivided into
generating, senior, junior, and intermediate ones. Using
the samereasons asin Sect. 3 of [1], we obtain 32 gen-
erating and 32 x 623 = 19936 senior groups. Now, we
have to derive junior and intermediate groups of 623
P-symmetries. Similar to [3, 4], to reducethelist of the
P-symmetries and the types of intermediate Q groups,
we use the methods A, B, and C. These methods reduce
to writing one representative of 3, 7, and 21 symbols of
various P (or Q) groups of the same form. For example,
the notation (1 — A) isinterpreted as [M -, 1'-, and 1'-0J]
the notation (2 — B) is interpreted as M2-, 2‘ *2-,2-,
*2- #2'- *#2'-[[[] the notation (2'1 — C), asl]]I’l) (* 21)
(*2 D-, (21 )-, (F21')-, (%21")-, (2*1)-, (2*1)-, (2*1)-,
(219, (*21)-, (*2 1)-, 2*D-, 2*D)-, 2" D)-, (2*1)-,
1), @F1)-, (1), @*1)-, (2%1)-T(cf. with
[3, 4]).

At the2-, (1 — B)-, and (2 — B)-symmetries, the cat-
egory G;, generates 58 junior groups (altogether 58 x
15 = 870 groups), and, at the 3-symmetry, 7 junior
groups. At the 4- and (4 — B)-symmetries, G;, generates
4 junior and 58 2-intermediate groups (altogether 4 x
8 + 58 x 8 = 496 groups). At the 6-, (31 — B)-, and (6 -
B)-symmetries, the category G;, generates 7 junior and
65 intermediate groups, for example, at the 6-symme-
try, we have 7 junior, 7 2-intermediate, and 58 3-inter-
mediate groups (altogether 7 x 15 + 65 x 15 =
1080 groups). At the (21 - B)-, (1L1' - B)-, 2'1 - C)-,
and (22' — B)-symmetries, the category G, generates
26 junior + 58 2-intermediate = 84 groups, at (22)-sym-
metry, 116 junior and 174 intermediate groups [for
example, at the (21)-symmetry, we obtain 116 junior,
58 1-, 2-, 2-intermediate groups (altogether 116 x 42 +
174x 42 = 12180 groups)]. At the (22 — B)-symmetry,
the category G;, generates 64 junior and 116 interme-
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diate groups [for example, a the 22-symmetry, we
obtain 64 junior, 58 2-, and 2-intermediate groups (alto-
gether 64 x 7 + 116 x 7 = 1260 groups)]. At the (32)-
and (32 — B)-symmetries, the category G, generates
10 junior and 58 3-intermediate groups (altogether 10 x
8 + 58 x 8 = 544 groups), and, at the (42)- and (42 - B)-
symmetries, it generates 5 junior and 180 intermediate
groups (for example, at the (42)-symmetry, we obtain
5junior, 64 2-intermediate, 58 4-, and (22)-intermedi-
ate groups (altogether 5 x 8 + 180 x 8 = 1480 groups).
At the (42 — B)- and (42' — C)-symmetries, the category
G;, generates 6 junior and 290 intermediate groups [for
example, at the (42)-symmetry, we obtain 6 junior, 116
2-intermediate, 58 4-, (22)-, and (22)-intermediate
groups (altogether 6 x 28 + 290 x 28 = 8288 groups)].
At the (62)- and (62 — B)-symmetries, G, generates
8 junior and 190 intermediate groups; in particular, at
the (62)-symmetry, we obtain 8 junior, 10 2-intermedi-
ate, 64 3-intermediate, 58 6-, and (32)-intermediate
groups (altogether 8 x 8 + 190 x 8 = 1584 groups). At
the (62 - B)-, (321 - B)-, (62' - C)-, and (32'1 — C)-sym-
metries, the category G;, generates 12 junior and 300
intermediate groups; for example, at the (62)-symme-
try, we abtain 12 junior, 10 2-intermediate, 116 3-inter-
mediate, 58 6-, (32)-, and (32)-intermediate groups
(altogether 12 x 56 + 300 x 56 = 17472 groups). At the
(41 -B)- and (4'1 — C)-symmetries, G, generates4 jun-
ior and 298 intermediate groups; for example, at the
(41)-symmetry, we obtain 4 junior, 4 1-, 4 2-intermedi-
ate, 116 2-intermediate, 58 4-, 58 4-, and 58 (21)-inter-
mediate groups (altogether 4 x 28 junior + 298 x 28
intermediate = 8456 groups). At the (61 — B)-, (311'—
B)-, and (6'1 — C)-symmetries, G5, generates 6 junior
and 318 intermediate groups, for example, at the (61)-
symmetry, we obtain 6 junior, 7 1-, 7 2-, and 7 2-inter-
mediate, 116 3-intermediate, 7 (21)-intermediate, 58
6-, 58 6-, and 58 (31)-intermediate groups (altogether
6 x 35 + 318 x 35 = 11340 groups). At the (221 — B)-
symmetry, the category G;, generates 39 junior and
380 intermediate groups; for example, at the (221)-
symmetry, we obtain 39 junior, 26 1-intermediate, 116
2-intermediate, 64 2-intermediate, 58 (22)-, 58 (21)-,
and 58 (22)-intermediate groups (altogether 39 x 7 +
380 x 7 =2933). At the (421 — B)- and (42'1 — C)-sym-
metries, Gy, generates 6 junior and 880 intermediate
groups; for example, at the (421)-symmetry, we obtain
6 junior, 104 2-intermediate, 5 1l-intermediate, 5 2-
intermediate, 116 4-, 116 (22)-, and 116 (22)-interme-
diate, 64 4-, 64 (21)-intermediate, 58 (41)-, 58 (221)-,
58 (42)-, 58 (42)-, and 58 (42)-intermediate groups
(altogether 6 x 28 + 880 x 28 = 24808 groups). At the
(621 — B)- and (62'1 — C)-symmetries, the category G4y
generates 8 junior and 908 intermediate groups; for
example, at the (621)-symmetry, we obtain 8 junior, 8
1-, 8 2-intermediate, 12 2-intermediate, 104 3-interme-
dlate . and 10 (21)-intermediate, 116 6-, 116 (32)-, and
116 (32)-intermediate, 64 6- and 64 (31)- mtermedlate
58 (61)-, 58 (321)-, 58 (62)-, 58 (62)-, and 58 (62)-
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intermediate groups (altogether 8 x 28 + 908 x 28 =
25648 groups). At the (23)-symmetry, the category G,
generates 2 junior and 7 (22)-intermediate groups (alto-
gether 9 groups), and, at the (43)- and (43 — B)-symme-
tries it generates 3 junior and 68 intermediate groups.
For example, at the (43)-symmetry, we obtain 3 junior,
10 (22)-intermediate, and 58 (23)-intermediate groups
(altogether 3 x 8 + 68 x 8 = 568 groups). At the (231 —
B)-symmetry, G5, generates 1 junior and 74 intermedi-
ate groups; for example, at the (231)-symmetry, we
obtain 1 junior, 7 (22)-intermediate, 7 (221)-intermedi-
ate, 2 1-intermediate, and 58 (23-intermediate groups
(altogether 1 x 7 + 74 x 7 = 525 groups). At the (431 —
B)- and (4'31 — C)-symmetries, G4, generates 2 junior
and 315 intermediate groups; for example, at the (431)-
symmetry, we obtain 2 junior, 3 l-intermediate, 12
(22)-intermediate, 116 (23)-intermediate, 10 (221)-
intermediate, 58 (231)-, 58 (43)-, and 58 (43)-interme-
diate groups (atogether 2 x 28 + 315 x 28 =
8876 groups). At the (211' - B)-, (11'*1)-, (*211' - B)-,
and (2'*21 — B)-symmetries, Gz, generates 196 junior
and 1218 intermediate groups; for example, at the
(211")-symmetry, we obtain 196 junior, 116 2-, 116 (1 —
A)-, 116 (2 - A)-intermediate, 58 (21 — A)-, 58 (11')-, 58
(2'L — A)-intermediate (altogether 196 x 22 + 1218 %
22 = 31108 groups). At the (22'1 — C)-symmetry, we
obtain 104 junior and 766 intermediate; at the (22'1)-
symmetry, we obtain 104 junior and 64 1- and 2-inter-
mediate, 116 2-, 2'-and 2'-intermediate, trans. 58 (22"),
(229-, (22-, (21)-, and (2'1)-intermediate (altogether
104 x21 + 766 x 21 = 18270 groups). At the (421 — C)-
and (4'*21 — C)-symmetries, 8 junior and 1426 interme-
diate; thus, for (4'21)-symmetry we obtain 8 junior, 6 1-
and 2-intermediate, 196 2-intermediate, 116 4'-, 4'-,
(21)-, (22)-, and (22 — A)-intermediate and 58 (4'1)-, 58
(4'2)-, 58 (4'2)-, 58 (4'2)-, 58 (4'2)-, 58 (221)-, and 58
(22'1)-intermediate groups (altogether 8 x 42 + 1426 x
42 = 60228 groups). At the (621 — C)-, (3211' — B)-,
(3*211' — B)-, and (6'*21 — C)-symmetries, G5, gener-
ates 12 junior and 1460 intermediate groups; for exam-
ple, at the (3211')-symmetry, we obtain 12 junior, 12
(1 — A)-intermediate, 196 3-intermediate, 10 (11')-
intermediate, 116 (31 — A)-, 116 (32)-, and 116 (32 - A)-
intermediate, and 58 (311')-, 58 (321 — A)-, and 58
(32'1 — A)-intermediate groups (altogether 12 x 56 +
1460 x 56 = 82432 groups) The remaining P-symme-

triesyield no junior G30 groups.

Atthe (411' - B)- and (*411' — B}-symmetries, Gq
generates 1454 intermediate groups™; for example, at
the (411')-symmetry, we obtain 196 2-intermediate, 4
(1-A)-,4(2-A)-intermediate, 4 (11')-,and 4 (2'1 — A)-
intermediate, 116 4-, 116 (4 — A)-, and 116 (21 — A)-
intermediate, 58 (41 — A)-, 58 (4'1 — A)-,and 116 (211')-
intermediate groups (altogether 1454 x 14 = 20356
groups). At the (611' — B)-, (311'*1)-, and (*611' — B)-
symmetries, the category G5, generates 1512 groups;

1 The word “intermediate” is thereafter dropped.
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for example, at the (611')-symmetry, we obtain 6 (1 —
A)-, 6 2-, and 6 (2 — A)-intermediate, 196 3-intermedi-
ate, 7 (21 - A)-, 7 (11")-, and 7 (2'1 — A)-intermediate,
116 6-, 116 (31 — A)-, and 116 (6 — A)-intermediate, 7
(211")-intermediate, 58 (61 — A)-, 58 (311")-, and 58
(6'1 — A)-intermediate groups (altogether 1512 x 15 =
22680 groups). At the (2211' — B)-symmetry, the cate-
gory Gy, generates 2177 groups; for example, at the
(2211"-symmetry, we obtain 196 2-intermediate, 39
(1 - A)-intermediate, 104 (2 — A)-intermediate, 26
(L1")-intermediate, 64 (2'1 — A)-intermediate, 116 (22)-,
116 (21 - A)-, 116 (22 — A)-, and 116 (22')-intermediate,
58 (221 -A)-, 58 (211")-, and 58 (22'1 — A)-intermediate
groups (altogether 2177 x 7 = 15239 groups). At the
(4211' — B)- and (4*211' — B)-symmetries, Gz, gener-
ates 4758 groups; for example, at the (4211')-symme-
try, we obtain 6 (1 — A)- and 6 (2 — A)-intermediate, 5
(11)-and5(2'1 — A)-intermediate, 104 (4 — A)- and 104
(21 — A)-intermediate, 196 4-, 196 (22)-, and 196 (22' -
A)-intermediate, 116 (42)-, 116 (41 — A)-, 116 (42 - A)-,
116 (42 - A)-, 116 (42' — A)-, 116 (221 — A)-, and 116
(22'1 - A)- mtermedlate 64 (211) and 64 (41 - A)-
intermediate, and 58 (421 — A)-, 58 (42'1 — A)-, 58 (421 —
A)-, 58 (411')-, and 58 (221 1')- [intermediate groups
(aItogether 4758 x 14 = 66612 groups). At the (6211' -
B)- and (6*211' — B)-symmetries, the category G5, gen-
erates 4840 groups, for example, at the (6211")-symme-
try, we obtain 8 (1 — A)- and 8 (2 — A)-intermediate, 12
2-intermediate, 8 (11')- and 8 (2'1 — A)-intermediate, 12
(21 — A)-intermediate, 196 6-, 196 (32)-, and 196 (32 —
A)-intermediate, 104 (6 — A)- and 104 (31 — A)-interme-
diate, 10 (211")-intermediate, 116 (61 — A)-, 116 (62)-,
116 (62 - A)-, 116 (62 — A)-, 116 (321 — A)-, 116 (32'1 -
A)-, and 116 (62‘ A)- |ntermed|ate 64 (311) and 64
(6'1 — A)-intermediate, and 58 (621 — A)-, 58 (62'1 — A)-,
58 (621)-, 58 (611")-, and 58 (3211) “intermediate
groups (aJtogether 4840 x 14 = 67760 groups). At the
(2311' — B)-symmetry, G5, generates 329 groups; for
example, at the (2311')-symmetry we obtain 1 (1 — A)-
intermediate, 2 (11')-intermediate, 6 (22)-intermediate,
7 (221 — A)-intermediate, 116 (23)-intermediate, 7
(2211")-intermediate, and 58 (231 — A)-intermediate
groups (altogether 329 x 7 = 2303 groups). At the
(4311'-B)- and (*4311' — B)-symmetries, the category
G4y generates 1481 groups; for example, at the (4311')-
symmetry, we obtain 2 (1 — A)-intermediate, 3 (11')-
intermediate, 12 (22)-intermediate, 12 (221 — A)-inter-
mediate, 196 (23)-intermediate, 116 (43)-, 116 (43 -
A)-, and 116 (231 — A)-intermediate, 10 (2211")-interme-
diate, 58 (431 — A)-, and 58 (4'31 — A)-, and 58 (2311')-
intermediate groups (altogether 1481 x 14 = 20734
groups).

4. The above-listed 33 isomorphism classes of the
second-order  hypercrystallographic  P-symmetries
include first-order hypercrystallographic P-symmetries
(cf. with Sec. 3 in [1]). The remaining 11 classes are
essentially new, since they do not include first-order
hypercrystallographic P-symmetries [2—4]. For these
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P-symmetries, it is necessary to calculate only Q-inter-
mediate groups. As has been pointed out, at such
P-symmetries, the crystallographic classes G, cannot
generate junior groups.

At the (211'*1)-symmetry, from 32 G5, we derive
196 (1 — B)-, 196 2-, and 196 (2 — B)-intermediate,
116 (11'— B)-, 116 (21 — B)-, and 116 (2'1 — C)-interme-
diate,and 58 (211'-B)-, 58 (11'*1)-, and 58 (*211' - B)-
intermediate groups (altogether 196 x 15 + 116 x 35 +
58 x 15 = 7870 groups). At the (2*211' — B)-symmetry,
G, generates 4702 groups; for example, at the
(2*211")-symmetry, weobtain 104 (1 — A)- and 104 (2 —
A)-intermediate, 196 2-, 196 *2-, and 196 (*2 — A)-
intermediate, 64 (11')- and 64 (2'1 — A)-intermediate,
116 (21 - A)-, 116 (2*2)-, 116 (2*2 — A)-, 116 (*21 —
A)-, 116 (*2'1 — A)-, 116 (2%2 — A)-, and 116 (22’ — A)-
intermediate, and 58 (211')-, 58 (*211")-, 58 (2*21 — A)-,
58 (2*#2'1 — A)-, and 58 (2'*21 — A)-intermediate groups
(altogether 4702 x 7 = 32914 groups).

Atthe (*4211'— B)-symmetry, the category G, gen-
erates 7942 groups, for example, at the (*4211")-sym-
metry, we obtain 8 (1 — A) and 8 (2 — A)-intermediate,
196 (21 — A)-, 196 (22)-, 196 (22 — B)-, 196 *4-, and
196 (*4 — A)-intermediate, 6 (11')-, and 6 (2'1 — A)-
intermediate, 116 (211')-, 116 (221 — A)-, 116 (22'1 — A)-

, 116 2721 — A)-, 116 (2%2'1 — A)-, 116 (41 — A)-,
116 (*4'1 = A)-, 116 (*42)-, 116 (*42 — A)-, 116 (+42 —
A)-, 116 (54 2 A)-, 116 (*42' — A)-_and 116 (%42 — A)-,
and 58 (2211')-, 58 (2%211)-, 58 (*411')-, 58 (*421 —
A)-, 58 (*421 — A) 58 (*42'1 — A)-, and 58 (*42'1 — A)-
intermediate groups (altogether 7942 x 7 = 55594
groups). At the (*6211' — B)- and (3211'*1)-symme-
tries, we obtain 8048 groups; for example, at the
(3211'*1)-symmetry, we obtain 12 (1 — B)-intermedi-
ate, 12 (11' — B)-intermediate, 196 (31 — B)-, 196 (32)-,
and 196 (32 — B)-intermediate, 10 (11'*1)-intermediate,
116 (311' - B)-, 116 (321 — B)-, and 116 (32'l — C)-
intermediate, and 58 (311'*1)-, 58 (3211' - B)-, and
(3*211' — B)-intermediate groups (altogether 8048 x 8 =
64384 groups).

At the (411'*1)-symmetry, the category G, gener-
ates4 (11'-B)- and 4 (2'1 — C)-intermediate, 196 (21 —
B)-, 196 4-, and 196 (4 — B)-intermediate, 4 (11'*1)-,
and4(*211' B)-intermediate, 116 (211' - B)-, 116 (41—
B)-, and 116 (4'1 — C)-intermediate, and 58 (211'*1)-,
58 (411' — B)-, and 58 (*411' — B)-intermediate groups
(altogether 4 x 28 + 196 x 15+ 4 x 8 + 116 x 35 + 58 x
15 =8014 groups). At the (611'*1)-symmetry, G5, gen-
erates 6 (11'-B)-, 6 (21 — B)-, and 6 (2'1 — C)-interme-
diate, 196 (31 — B) 196 6-, and 196 (6 — B)-intermedi-
ate, 7 (11'*1)-, 7 (211' B)-, and 7 (*211' — B)-interme-
diate, 116 (311' — B)-, 116 (61 - B)-, and 116 (6'1 — C)-
intermediate, 7 (211'*1) mtermedlate and 58 (311'*1)-,
58 (611' — B)-, and 58 (*611' — B)-intermediate groups
(atogether 6 x 35+196x 15+ 7x 15+ 116 x 35+ 7 +
58 x 15 = 8192 groups).

At the (2211"*1)-symmetry, the category G4, gener-
ates 39 (11' — B)-intermediate, 104 (2'1 — C)-intermedi-
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ate, 196 (21 — B)-, 196 (22)-, 196 (22 — B)-, and 196 (22' -
B)-intermediate, 64 (*211' — B)-intermediate, 26
(L1'*#1)-intermediate, 116 (211' — B)-, 116 (221 — B)-,
116 (22'1 — C)-, and 116 (2'*21 — B)-intermediate, and
58 (211'*1)-,58 (2211' - B)-, and 58 (2*211' — B)-inter-
mediate groups (altogether 39 x 7 + 104 x 21 + 196 x
22+26+64x7+116 x 42 + 58 x 15=12985 groups).
At the (4211'*1)-symmetry, G, generates 6 (11' — B)-
and 6 (2'1 — C)-intermediate, 5 (11'*1)- and 5 (*211' -
B)-intermediate, 104 (211' — B)- and 104 (4'1 — C)-
intermediate, 196 (221 — B)-, 196 (22'1 — C)-, 196
(41 - B)-, 196 (42)-, 196 (42 — B)-, 196 (42 — B)-, and
196 (42' - C)- mtermedlate 64(211'*1) and 64(*411'
B)-intermediate, 116 (2211' — B)-, 116 (2*211' — B)-,
116 (411' — B)-, 116 (421 — B)-, 116 (42'1 — C)-,
116 (421 - C)-, and 116 (4'*#21 - C) -intermediate, and
58 (2211%1)-, 58 (411%1)-, 58 (4211' — B)-, 58 (4*211' —
B)-, and 58 (*4211' — B)-intermediate groups (alto-
gether 6x28+5x8+104x 28+ 196 x 71+ 64 x 8+
116 x 91 + 58 x 23 = 29438 groups). At the (6211'*1)-
symmetry, the category G, generates 8 (11' — B)- and
8 (2'1 — CO)-intermediate, 12 (21 — B)-intermediate,
8 (11'*1)- and 8 (*211' — B)-intermediate, 12 (211' — B)-
intermediate, 104 (311' — B)- and 104 (6'1 — C)-inter-
mediate, 196 (61 — B), 196 (321 — B)-, 196 (62)-, 196
(62 — B)-, 196 (62 — B)-, 196 (32'1 — C)—, and 196 (62'
— O)-intermediate, 10 (211'*1)-intermediate, 64
(311'*1)- and 64 (*611' — B)-intermediate, 116 (611' —
B)-, 116 (3211' — B)-, 116 (621 — B)-, 116 (62'1 — C)-,
116 (621 — C)-, 116 (3*211' — B), and 116 (621 — C)-
intermediate, and 58 (611%1)-, 58 (3211*1)-, 58 (6211' —
B)-, 58 (6*%211' — B)-, and 58 (*6211‘ - B)—intermedi ate
groups (altogether 8 x 28+ 12 x 7+ 8x 8+ 12x 7 +
104 x 28 + 196 x 71 + 10 + 64 x 8 + 116 x 91 + 58 x
23 = 29696 groups).

At the (2311"*1)-symmetry, the category Gy, gener-
ates 1 (11' — B)-intermediate, 2 (11'*1)-intermediate, 6
(221 - B)-intermediate, 196 (23)-intermediate, 7
(2211' - B)-intermediate, 116 (231 — B)-intermediate, 7
(2211'*1)-intermediate, and 58 (2311' — B)-intermedi-
ate groups (altogether 1 x 7+2+6x 7+ 196+ 7 x 7 +
116 x 7 + 7 + 58 x 7 = 1521 groups). Finaly, at the
(4311'*1)-symmetry, the category Gi, generates 2
(11'— B)-intermediate, 3 (11'*1)-intermediate, 12
(221 — B)-intermediate, 12 (2211' — B)-intermediate,
196 (43)-, 196 (43 — B)-, and 196 (231 — B)-intermedi-
ate, 10 (2211"*1)-intermediate, 116 (431 — B)-, 116
(2311' - B)-, and 116 (4'31 — C)-intermediate, and 58
(4311' — B)-, 58 (2311'*1)-, and 58 (*4311' — B)-inter-
medlategroups(altogether OxT+3+12%xT7+12%x7+
196 x 15+ 10 + 116 x 35 + 58 x 15 = 8065 groups).

As a result, one obtains 32 generating + 19936
senior + 15964 junior + 778939 intermediate = 814871

groups Ggo of the complete P-symmetry for 624 sec-
ond-order hypercrystallographic P-symmetries. These

groups model 814871 eight-dimensional symmetry
groups of the category Gg630-

No. 1 2000
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5. Using the properties of the strong group isomor-
phism and isomorphism of the P-symmetries ([2] and
Sect. 2 of this paper), one can derive the universal for-
mulafor calculating the number of groups generated by
any category of the classical symmetry groupswith due
regard for 624 second-order hypercrystallographic
P-symmetries of the geometrical classification. Indeed,
the generdization of any category G,,, containing T
symmetry groups with 624 P-symmetriesyields T gen-

erating, T x 623 senior groups Grfm___ ,and 15 x M, +
M;+8 XM, + 15 X Mg+ My, + 8 X M3, + 8 X My, + 8 X
Mg, +42 X M, + 7 X My, + 28 X My, + 56 X Mg, + 28 %
M, + 35 X Mg, + 7 X My, + 28 X My, + 28 X Mgy, +
My + 8 X Myz +7 X Mys; + 28 X My3; +22 X My, + 21 x
M,y + 42 X My, + 56 x Mg, + 14 % M411 + 15 x
M611 + 7 X My + 14 M4211 + 14 X M6211 +7 %
Mzm + 14 % M4311 + 7 x Mz*zn + M211*1+ T %
Mml] + 8 x M*6211 + Myjpe + M@*,_ +.M22U*, +
Myiye1 + Meaips + Magppeg + Myzpps jUnior groups

Grf,n.__ 2 The subscript at M denotes the P-symmetry

considered, M together with this subscript indicates the

number of junior groups Grfm___ of this P-symmetry, the
numerical factorsindicate the number of P-symmetries
in the isomorphism class for the corresponding P-sym-
metries. We also obtained 3099 x M, + 82 X M; + 120 x
M, + 260 X Mg + 15 X M, + 222 X M, + 120 X M, +
120 x My, + 3178 X M, + 361 X M, + 112 x M, + 378 x
Mg, + 112 x My, + 154 x Mg, + 28 X My, + 112 X
My + 112 X Mgy, + 15 X My +43 X My; + 28 X M3, +

49 X Myz; + 773 % Myy; + 364 X My, + 42 X My, +
98 ><M621 + 14 X My; + 16 X Mgy +7 X My + 14 x
My + 14 X Mgy + 7 X Myyyp + 7 X Myyp + 63 %

szzll +29 XMZLI #] +2 XM*6211 +2 M2211,*1 Intel'-

mediate groups GrF:mm , where M with the subscript has

the same meaning, and the numerical factors indicate
the number of al possible factor-groups P/Q strongly
isomorphic to the groups of substitutions characteriz-

ing the P-symmetries (see the calculation of the Ggo
groups in Sections 3 and 4).

The sum of the expressionsfor calculating al possi-
ble types of P-symmetry groups generated by T groups
of the category G,,, upon their generalization with
624 second-order hypercrystallographic P-symmetries

yields the total number of groups G,Zn___ , T X624 +
3114 x M, + 83 x M + 128 x M, + 275 x Mg + 16 x

2 For the category Ggo al the next Mp are zeroes. However, the
formulais derived for any category Gf’mm.

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1
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M,, + 230 X M3, + 128 X My, + 128 x Mg, + 3220 x
M, + 368 X M,, + 140 x My, + 434 x My, + 140 x
M, + 189 X Mg, + 35 X My,; + 140 X M,,; + 140 x
Mgo; + 16 X My + 51 X Mz + 35 X Moy, + 77 X My3, +
795 X My, + 385 X Myy; + 84 X My, + 154 X Mgy, +
28 XMy, +31 X Mgy + 14><M2211 +28 X My, +28 x
Mgoip + 14 X Myzp + 21 X Mys;p + 70 X an + 30 x
lem +7x M*ml + 10 x M*6211 + My + M@*1 +
Mosip1 + Mypp e + Meoprsg + Mogppeg + Mgz + 2 %

M,5,., - These groups model the symmetry groups of

the category G(m+ 5)(m+4)(m+3)mn...

Using the M values corresponding to the given cat-
egory, one can check the numerical factors for the

groups G, and G, from[3, 4] at P = Gy,

Thus, using the general theory of the P-symmetry as
well as the properties of the strong group isomorphism
and the isomorphism of the P-symmetries, we have

derived the G§0 groups for 624 second-order hyper-
crystallographic P-symmetries. These groups model all
the eight-dimensional groups of the category Ggye30-
We have a so obtained the formulafor calculating new
groups generated by any category of the symmetry
groups with due regard for 624 second-order hyper-
crystallographic P-symmetries.
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THEORY OF CRYSTAL STRUCTURES

Method for Correction of a Two-Dimensional | mage
Reconstructed from Its Projections

Ya. A. llyushin

Physics Department, Moscow State University, Vorob’ evy gory, Moscow, 119899 Russia
Received on March 27, 1998

Abstract—The reconstruction of atwo-dimensional object by synthesis of its projections has been considered.
The problem is solved with the aid of circular harmonic transforms. The formulas for tomographic reconstruc-
tion are obtained as expansionswith respect to the systems of orthogonal functions outside the unit circle. These
formulas are used for numerical simulation of image reconstruction. © 2000 MAIK “ Nauka/Interperiodica” .

The synthesis of projectionsiswidely used in tomo-
graphic visualization of various objects [1, 2]. Projec-
tion and synthesis in a two-dimensional space is per-
formed with the aid of rather simple photosummators.
There exist tomographic devices that can directly per-
form such summation without the explicit representa-
tion of any information about the projections them-
selves. In some practical situations, only this approach
can be used [3]. The thus reconstructed image is con-
siderably distorted because it is related to the initial
object by a certain integral transformation. Therefore,
of great importance are various methods for correcting
images reconstructed by the synthesis of their projec-
tions [1-3], i.e., the methods of reconstruction of an
unknown function by the synthesis of its projections.
Below, we describe the solution of this problem based
on the expansion of the function into circular harmon-
ics. This approach is more economical and alows a
rather simple regularization of the reconstruction pro-
cedure. Moreover, it allows one to take into account the
symmetry of an object under study in the natural way,
which is of great importance for various crystallo-
graphic applications.

Consider the function g(r, ¢) defined on a unit cir-
cle. We assume that there exists the Radon transform of
this function f(p, W) and that it is possible to perform
the synthesis of its projections, 2(r, ¢). All these func-
tions are expanded into Fourier seriesin termsof circu-
lar harmonics

00

g(r,9) = Z exp(ing)gn(r), ey
f(p, W) = Z exp(iny) f(p), 2)
z(r,¢) = z exp(ing)Z,(r). 3)

n=—o

The radial components of harmonics are related by
the Cormack transformation [4]:

1

fo(p) = 222
p

2 2
NP —p
The synthesis of projections at the point (r, ¢) can

be described as equal to the sum of the integrals along
all the lines passing through this point; i.e.,

g,(r)rdr. 4)

I
2

x(r,¢) = J'f(p(5),llJ(5))d5

2
. 5)
2

= J’ f(rcos(p—9), (W—9))dy.
=

The integral in the right-hand side of the above
equation is an integral over the circumference passing
through the origin of the coordinate system (Fig. 1) and
is determined by the equation

p = rcos(y—9¢). (6)

The above integral transformation was considered
in [4]. It was shown that the radial components of cir-
cular harmonics are related by the transformation

Ta(p/r)

2r
,!: /r2 _ p2
Transformations (4) and (7) are conjugate operators
with respect to scalar products (x - y) = ﬁ) X(p)y(p)dp

Zy(r) = fa(P)dp. @

1063-7745/00/4501-0010$20.00 © 2000 MAIK “Nauka/Interperiodica’
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and (x -y) = J’;x (Ny(r)dr, respectively. Indeed,

Tolpl )x(p)(dp)dr

J’y(r)ZrJ'
- e T

Transforming these integrals to double ones and
changing the integration order in (8), one can see that
both sides of (8) are equal. Combining (4) and (7), we
arrive at the expression relating the initial object and
the synthesis of its projections

®)

TP/ )y(r)rdrdp.

T(p/r)
W)

Changing the integration order in the right-hand side,
we reduce (9) to the form

To(p/1)

gn(r')r'dr'dp. 9)

Zy(r) = I

1

Zy(r) = J'Kn(h r')gy(r)dr’, (10)

where

min(r, r')

K.(r,r') = 4r'r J' To(p/r) To(p/r')
0

Obviously, the expression under the integral signis
symmetric; i.e.,, K(r, r) = K (r', r). If r' —r, and the
kernel of (11) has asingularity of the logarithmic type.
The asymptotic behavior of K.(r, r') at r' — r can be
analyzed by the standard methods used for integrals
withweak singularities[5]. Using theintegral represen-
tation of the Bessel function [4]

dp. (11)

JZn(X) - (_1)n2IT2n(y) COS(Xy) dy

Tt . /1_y2

and a similar representation of the odd subscript, one
can transform the kernel of the integral equation
Ky(r, r') to the form

12)

9]

K,(r,r) = 2nrr'J’Jn(rt)Jn(r't)dt. (13)
0

The above integral can be expressed in terms of the
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Fig. 1. Geometry of the procedure of synthesis of projec-
tions.

hypergeometrical function [6]

_ HD M(n+1/2)
Kalls 1) = 2T 0 Fn+ Dr(1/2)

L1 0 (14)
xFH’]"‘z,z,ﬂ*‘l DDler<r

Ko(r,r) = K (r',r)if r'>r.

Thus, the transition from the Radon transform to the
three-dimensional synthesis of projections reduces the
problem of the reconstruction of the function g(r, ¢) to
the solution of a system of ordinary integral Fredholm
equations of the first kind and of type (10) having the
symmetric kernel (14). Such a kernel possesses an
orthonormalized system of eigenfunctions. Using the
expansions in terms of these functions, one can con-
struct an efficient numerical algorithm for solving the
problem.

The three-dimensional synthesis of projections is a
particular case of an operator introduced for the study of
pairs of orthogona sets that are transformed into one
another by the Radon transform [7]. According the theo-
rem proven in [7], the eigenfunctions of the kernel (14)
are transformed by the Radon transform into the sets of
functions orthogonal on a unit circle with a unit weight.
However, this weight does not correspondsto any of the
known pairs of orthogonal setsthat can be representedin
an explicit analytical form. The eigenfunctions can be
calculated by approximate methods on a computer [8].

In some cases, it might be necessary to perform the
tomographic reconstruction outside a certain closed
domain which cannot be studied by aprobe, e.g., inthe
studies of various surface structures, boundary layers,
and, in particular, in the studies of the terrestrial atmo-
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Fig. 2. (1) theinitia profile of the density distribution in a
thin layer and (2) the reconstructed density distribution.

sphere from the data of radiosonde observations. The
orthonormalized functions for acircular domain can be
calculated from the known solutions for the internal
domain of a unit circle. Perform the following coordi-
nate transformation: s= 1/r, q = 1/p, which transforms
the straight line r = p/cos(¢ — ) into a circumference
s=(qcos($ — ). Inthiscase, integral transformation (4)
takes the form

To(S/) 4

2

A/q -S
Multiplying both sides by the Zernike polynomial

RL (9) [4] and integrating the result with respect to q
from O to 1, we obtain

fn(a) = 2[ 2@Jn(S) (15)

jfn(q) R,(g)dg
(16)

T,(s/q)
A/q -s

Changing the order of integration in the right-hand
side, we arrive at

=2 j R\(q) j 2@Jn(S) ~dsdq.

Ign(s)2I R0 T2

0 Vq -

=2 gn(S)Un+2I+1(S)dS
I g (n+20+1)°
0

a7)
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where U, (s) = sin(marccos(S)) is the Chebyshev func-
tion of the second kind. Taking into account the orthog-
onality properties of the Chebyshev functions and
Zernike polynomials and returning to the old variables,
one can show that

2 Un.o+1(1/1)

ﬂzz J1i= @y

’ d
xjfn(p)RL(llp)—E’.
1 p

gn(r) = (n+2l+1)

(18)

Figure 2 illustrates numerical simulation of tomo-
graphic reconstruction of athin spherically symmetric
layer from 60 terms of series (18) (theinitial layer pro-
file and result of its reconstruction, respectively). The
somewhat deteriorated convergence of the seriesin the
close vicinity of the surface is associated with the fact
that summation of the Fourier series with the approxi-
mate coefficients is an ill-posed problem. This short-
coming can be eliminated by regularization of the
series summation by invoking the known information
on the boundary values of the function to be recon-
structed at the surface that can be obtained, e.g., from
some additional measurements, physical consider-
ations, etc.
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STRUCTURES OF ORGANIC COMPOUNDS

X-ray Mapping in Heter ocyclic Design:
|I. Diffractometric Study of Crystalline 2-Oxo-2,3-
Dihydroimidazo[1,2-a]pyridine Hydrochloride

V. B. Rybakov, S. G. Zhukov, E. V. Babaev, O. S. Mazina,

and L. A. Adanov
Chemistry Department, Moscow State University,
\orab' evy gory, Moscow, 119899 Russia
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Abstract—The crystal structure of 2-oxo-2,3-dihydroimidazo[1,2-a]pyridine hydrochloride, C;H,CIN,O, is
determined by X-ray diffraction. The structure is solved by the direct method and refined by the least-squares
procedure to R = 0.0408. The aternation of bond lengths in the moleculeisinconsiderable, but does not disap-
pear completely, since no aromatization occurs upon formation of the bicycle from the molecule. This structural
changeis apparently due to the increased conjugation of the NH group with the pyridine residue of the bicycle.
One of the specific structural features of the salt is the formation of the N*-H:--Cl~ hydrogen bond (N-H,
0.792 A; H--Cl, 2.260 A; and N-H---Cl, 171.2°). © 2000 MAIK “ Nauka/Interperiodica’ .

This work continues a series of investigations of
heterocyclic compounds that enter into reactions of
cyclization and ring transformation [1-5]. The struc-
ture of 1,2-dihydro-2-imino-1-carboxymethylpyridine
(1) was studied in the preceding paper [5]. In the
present work, we determined the structure of a product
of its cyclization, 2-oxo-2,3-dihydroimidazo[l,2-
a]pyridine hydrochloride (11).

The | — Il cyclization was first carried out by
Reindel in 1924 [6]. However, the compound obtained
was by mistake assigned the structure of pyrrolo[2,3-
b]pyridine. Tschitschibabin showed [7] that, in the
course of cyclization, the imidazolone fragment is
formed. No data on the crystal structure of |1 is present
in the Cambridge Structural Database [8]. The synthe-
sis of Il was performed according to the procedure

described in [6]
H,
=4 =
i
]

NH2+
Z Y 0o HCI

N NV”\O‘
I

Recrystallization from a 1 : 1 isopropanol-water solu-
tion yields transparent colorless crystals with a plate-
like habit.

ClI~

EXPERIMENTAL

Crystals 11, C;H,CIN,O, are triclinic. The unit-cell
parameters were determined and refined on a CAD4
automated diffractometer using 25 reflections in the 6
range 11°-14° [9] (AMoK,, graphite monochromator).

Thecrystal dataarea=7.121(2) A, b=7.621(2) A, c=
8.312(2) A, o = 65.69(2)°, B = 67.45(2)°, y = 70.24(2)°,
V = 370.9(2) A3, dge = 1.528 glcm®, p(AMo) =

0.450 mm, Z = 2, and space group P1. A set of 2187
unique reflections with I = 20(/) was collected in the
range 6 < 26° on the same diffractometer by the w-scan
technique. The processing of the diffraction data mea-
sured was performed with the WinGX96 program
package [10]. The coordinates of the non-hydrogen
atoms were found by the direct method, and the struc-
ture was refined in the ani sotropic approximation by the
least-squares procedure using the SHEL X97 program
package [11]. All the hydrogen atoms were |located
from the difference synthesis of electron density and

®)

1.362(3)
1.377(3)
1.199(3)

N@3)
C4)

1.346(3) Q) o)

1.514(3)

1.383(4)

CM

O

C()

1.359(4) 1.35003)

gC(E%)

The structure of the molecule studied and atomic numbering.

d
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Atomic coordinates (x10*) and equivalent (isotropic) ther-
mal parameters U, /Uy, (A x 10°) for molecule 11

Atom X y z UetUiso
cl 3083(1) | 1424(1) | 8058(1) | 44(0)
c(1) 1527(5) | 8296(3) | 2928(3) | 40(1)
c) 1959(4) | 7252(3) | 4782(3) | 40(1)
o) 1793(3) | 7963(3) | 5889(3) | 58(1)
N(3) 2584(3) | 5279(3) | 4961(3) | 40(1)
C(4) 26233) | 4945(3) | 3459(3) | 34(1)
) 3171(4) | 32003) | 3088(3) | 42(1)
c(6) 3022(4) | 33044) | 1453(4) | 4402
c(7) 2365(4) |  5000(4) 219(4) | 43(1)
c(®) 1866(4) | 6783(4) | 613(3) | 38(1)
N(9) 2016(3) | 66682 | 2226(2) | 31()
H(11) | 242039) | 9159(37) | 2174(35) | 41(7)
H(12) | 108(49) | 8941(42) | 3078(39) | 55(8)
HGR) | 276243) | 4332(42) | 5847(40) | 51(8)
H(5) | 3563(40) | 2025(38) | 3951(36) | 40(6)
H6) | 3492(40) | 2152(39) | 1119(35) | 47(7)
H(7) | 2256(44) | 5137(42) | —911(42) | 62(8)
H@) | 1490(39) | 8035(38) | —119(35) | 41(7)

included in the refinement in the isotropic approxima-
tion. The final discrepancy factors are R1 = 0.0408
and wR2 = 0.0930. The atomic coordinates and thermal
parameters are listed in the table. The residual
electron density lies between Ap,, = 0.253 and

Ap,;, = —0.255 &/A3. The organic cation shown in the
figure was drawn with the PLUTON96 program [12].

RESULTS AND DISCUSSION

The chloride anion serves as a counterion in com-
pound I I. The heterocyclic cation is planar. The largest
atomic deviation from the plane of the bicycle is
0.011(2) A. In theory, three tautomeric forms of |1 are
possible: A, B, and C

H

NN
o
A
H
7 N AN NT
|
= S>—0H = OH.
o= T )
B C

However, the C(1)-C(2) bond (figure) is a single
C-Cbond (1.51 A), which eliminates the C tautomer.
The C(2)-0O(2) bond is the normal double bond C=0
(1.20 A), which eliminates the B tautomer. Therefore,

the structure of cation 11 is unambiguously described
by the A tautomer.

CRYSTALLOGRAPHY REPORTS Vol.45 No. 1
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Itisinteresting to reveal the structural changes upon
thel — |1 cyclization. Aswe aready noted in [5], the
bond lengths in the ring of | distinctly alternate: actu-
ally, molecule | contains aquazi-diene fragment. In the
course of cyclization, the bonds in the six-membered
fragment tend to become equal, and the alternation of
bond lengthsin I becomes inconsiderable.

lﬁ-\%“'% @H

13 1

140 — 138 136 O

| .

N

1353 Vl\O‘ 1N a-
I

This structural feature is remarkable, since no aromati-
zation occurs upon formation of the bicycle from the
monocycle. The above structural change is apparently
due to the increased conjugation of the NH group with
the pyridine residue of the bicycle.

Another structural feature of salt |1 isthe formation
of the N(3)*-H(3)---Cl~ hydrogen bond [N(3)-H(3),
0.79 A; H(3)--Cl, 2.26 A; and N(3)-H(3)---Cl, 171°].
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Abstract—The crystal structures of two forms of the enzyme dimanganese catal ase from Thermus Ther mophi-
lus (native and inhibited by chloride) were studied by X-ray diffraction analysis at 1.05 and 0.98 A resolution,
respectively. The atomic models of the molecules were refined to the R factors 9.8 and 10%, respectively. The
three-dimensional molecular structures are characterized in detail. The analysis of electron-density distribu-
tions in the active centers of the native and inhibited enzyme forms revealed that the most flexible side chains
of the amino acid residues Lys162 and Glu36 exist in two interrelated conformations. This allowed usto obtain
the structural data necessary for understanding the mechanism of enzymatic activity of the dimanganese cata-

lase. © 2000 MAIK “ Nauka/lnterperiodica” .

INTRODUCTION

Catalase (H,0, : H,O, oxidoreductase, E.C. 1.11.1.16)
is an enzyme with the molecular weight of 250-
400 kDa, present in cells of amost all living organisms,
which catalyzes disproportionation of hydrogen perox-
ide into water and molecular oxygen. The major physi-
ological function of catalases consists in protection the
cell components against the oxidative action of hydro-
gen peroxide formed in the course of metabolism. Most
catalases studied to date are tetrameric heme-contain-
ing proteins participating in the enzymatic reaction pro-
ceeding in two stages:

(1) E-Fe+ H,0, = E-Fe-O + H,0,

(2) EFe-O + H,0, = EFe+ H,0 + O,.

At thefirst stage, ahydrogen peroxide molecul e oxi-
dizes the iron atom of a heme group located in the
active center of the enzyme to yield the oxidized form
of the enzyme (Compound |). At the second stage, the
second hydrogen peroxide molecule reduces Com-
pound | to its initial state [1]. Presently, the three-
dimensional structures of six heme catalases isolated
from organisms of different types and are studied by
X-ray diffraction analysis [2—7]. Dimanganese cata-
lases from bacteria Thermus thermophilus, Lactobacil-
lus plantarum, and Thermoleophilum Album are stud-
ied insufficiently [8, 9]. These catalases cannot be
inhibited by cyanide, contain no heme group, and have
two manganese ionsin the active center.

Earlier, the three-dimensional structure of dimanga-
nese catalase from Thermus thermophilus has been

determined at a3 A resolution [10] and, more recently,
atal.4 A resolution[11, 12]. It was established that the
enzyme molecule with the weight 200 kDa consists of
six identical subunits. The mgjor motif of the secondary
structure of the subunit can be described as two neigh-
boring pairs of antiparallel helices with the active cen-
ter of the enzyme containing two Mn ions in between.
The sequence of 302 amino acid residues in the
polypeptide chain of the subunit of dimanganese cata-
lase from Thermus thermophilus has been determined
by chemical methods [13].

Table 1. Statistical characteristics of X-ray diffraction data
collected from crystals of native dimanganese catalase and
its complex with CI~ions

Form of the enzyme
Characteristic etive Wi(t:ﬁrgﬂ %ns

Maximum resolution, A 1.05 0.98
Unit-cell parametersa=b=c, A 132.3 132.07
Total number of reflections 354906 |413309
Number of reflectionswith 1 >20 (1) | 267199 | 353229
Compl eteness of the set, % 99.9 98.5
Completenessin the last 98.9 98.8
resolution shell, %
R(Dotg = Z|I — DOYZI, % 7.0 3.6

1063-7745/00/4501-0105%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. The2F, — F, electron density distribution in the active center of the enzyme (the contours are drawn at the 1o and 8o levels)
(@) in the native structure (W3A is conformation || and W3B is conformation |) and (b) in the complex with CI~ ions (Cl1 and CI2
are Cl~ions). Thefigures are drawn with the use of the BOBSCRIPT program [29].

It was established (EPR spectroscopy) that two Mn
ions in the active center of the enzyme can exist in dif-
ferent oxidation states, namely, as(Mn?*, Mn?*), (Mn?*,
Mn®"), and (Mn®*, Mn*"), and can be transformed into
one another with the use of various reducing and oxi-
dizing agents. The presence of the active state (Mn3*,
Mn3*) in the native enzyme was confirmed spectropho-
tometrically [14]. It was shown that the enzyme in the
(Mn?*, Mn?*) dtate is reversibly inhibited by monova

CRYSTALLOGRAPHY REPORTS Voal. 45

lent negatively charged ligands, such as Cl-, N5, NO,,

NOgj, and F~[15]. The EPR and EXAFS spectroscopic
studies demonstrated that the (Mn?*, Mn?*) oxidation
state of manganese ions can be transformed into the
(Mn®, Mn®") oxidation state and back in the course of

the enzymatic reaction of dimanganese catalases
[14, 16, 17].

We studied the three-dimensional structure of
dimanganese catalase from Thermus thermophilus by

No. 1 2000
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Fig. 1. (Contd.)

methods of X-ray protein crystallography with theuse some preliminary conclusions on binding sites of
of synchrotron radiation. The experimental data sets hydrogen peroxide moleculesin the course of the enzy-
were collected on enzyme crystals at low temperature.  matic reaction of dimanganese catalase.

This allowed us to obtain X-ray data at about a 1.0 A

r_&eol ution, to calculate the e_lectron Qmsity distribu- MATERIALS AND METHODS

tion, and to construct and refine atomic models of the o

enzyme in the native and inhibited forms. The analysis Crystallization of the Enzyme and Treatment

of the electron density distribution in the active center of Crystals

of the enzyme in two oxidation states enabled us to Crystals of dimanganese catalase from the extreme-

reveal several possible side-chain positionsandtodraw  thermophilic bacterium Thermus thermophilus [9]

CRYSTALLOGRAPHY REPORTS Vol. 45 No.1 2000
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Table2. Statistical characteristics of the refined models of
the native catalase and its complex with CI~ ions

Form of the enzyme
Characteristic etive Wi(t:ﬁrgﬂ ?éns

R-factor, % 9.8 10.0
R-free factor, % 11.0 11.2
Dispersion precision index (DPI), 0.014 0.013
A [26, 27]
G factor (PROCHECK [28]) 0.04 0.04
Number of atoms 5864 5871
Number of water molecules 880 922
Number of atoms of side chains | 27(28) 32(33)
inthe K (L) subunits disordered
over two positions
Number of water molecules 37 54
disordered over two positions
Number of sulfateions 6 6
Number of lithium ions 3 3
Rms of 1-2 bond lengths, A 0.014 0.013
Rms of 1-4 bond lengths, A 0.027 0.027
Rms of 1-4 bond lengths, A 0.036 0.037
Rms of the chiral volume, A3 0.127 0.127
Deviations from the planarity, A 0.006 0.02
B factor for theatomsof themain 9.7 9.8
chain, A2
B factor for the atoms of theside| 12.2 12.7
chains, A2
B factor for water molecules, A2 | 26.5 26.7

Note: DPI is calculated by the formula o(x) = (Ng/(Ng — Np))1’2
Rdi, CV3, where C is the completeness of the data set, R
isthe standard R factor, dyy,;,, characterizes the maximum res-
olution, N, is the number of atoms included in the refine-
ment, N, is the number of the observed reflections, and Np is
the number of the parameters to be refined.

were grown by the method of vapor diffusion in the
hanging-drop modification at 37—46°C. The crystals of
native catalase were grown with the use of a reservoir
solution consisting of a1.4 M ammonium sulfate solu-
tionina0.05 M AMPSO buffer at pH 9.0. The droplets
had equal volumes (4 L) of the protein solution (20—
24 mg/mL of the proteinin a0.05 M AMPSO buffer at
pH 9.0) and the reservoir solution. The crystals grew
for about one week and had the shape of a 1.0-1.5 mm
long rhombododecahedra, sp. gr. P2,3, and unit cell
parametersa=b = ¢ = 134.3 A. The asymmetric part of
the unit cell contains 1/3 of the protein molecule, i.e.,
two subunits.

The native enzyme crystals had a brownish-pink
color, which confirmed the expected (Mn3*, Mn**) oxi-
dation state of the Mn ions in the crystals (it is well
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known that the (Mn?*, Mn?*) ions stored under alkaline
conditions are oxidized to (Mn3*, Mn3*)) [18].

Crystals of the enzyme inhibited by ClI- ions were
prepared by 30 min-soaking of native enzyme crystals
inasolution of 1 mM hydroxylamine sulfateand 1.7 M
ammonium sulfatein a0.1 M HEPES buffer at pH 7.2.
This resulted in the reduction of the oxidation state of
the Mn ions to (Mn?*, Mn?*). Then the crystals were
transferred for 1 h to a solution containing 100 mM
NaCl and 1.7 M ammonium sulfatein a0.1 M HEPES
buffer at pH 7.2 and then to a stabilizing solution of the
same composition at pH 5.5.

Crystal Flash-Cooling

With the aim of collecting low-temperature X-ray
diffraction data, the crystals of native catalase were
transferred to a stabilizing solution containing 30%
PEG400 and 0.36 M lithium sulfateina0.1 M AMPSO
buffer at pH 8.5. For the crystals of the complex with
Cl= ions, the stabilizing solution contained 40%
PEG400, 0.36 M lithium sulfate, and 0.1 M NaCl in a
0.1 M MES buffer at pH 5.5.

The crystals were kept in the stabilizing solution for
10-20 s. Then the crystals were “caught” by aloop and
were flash-cooled in a stream of nitrogen at 100 K (an
Oxford Cryosystem low-temperature attachment). The
crystals of the complex with chloride ions were flash-
cooled to the cryogenic temperature and then
“defreezed” to the ambient temperature; this procedure
was repeated until the corresponding diffraction pat-
terns contained no rings due to ice and attained the
maximum resolution [19].

Experimental Data Collection
and Data Processing

The X-ray intensity datasetswere collected with the
use of an Imaging Plate detector (MAR Research) from
crystals of the native and inhibited forms of catalase
using synchrotron radiation (the wavelength was
0.98 A, the DORIS storage ring, the beam energy
4.5 GeV; EMBL, Hamburg) at 100 K. The experimen-
tal datawere preliminarily processed using the DENZO
program [20]. The data-collection statisticsare givenin
Table 1.

Calculations of Electron Density Distributions
and Refinement of the Atomic Models

Thecalculation of electron-density distributionsand
the refinement of the models were performed using the
CCP4 [21], REFMAC [22], and SHEL X [23] program
packages. Two subunits (denoted here as K and L)
located in the asymmetric part of the unit cell were
refined independently. The construction and refinement
of the atomic models were made by the “O” graphic
program package [24], modified for an interactive Sili-
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con Graphics station. The manual improvement of the
models was based on the analysis of the Fourier differ-
ence syntheses calculated with the (2F, — F.¢.) and
(F,— F.0.) coefficients, where F, and F, are the
observed and the cal culated moduli of the structure fac-
tors, respectively, and ¢, are the phases of the structure
factors calculated for the atomic model.

The atomic coordinates of the model of the native
dimanganese catalase and the corresponding tempera-
ture factors were refined in severa stages using the
REFMAC [22] and SHELX [23] program packages.
The atomic coordinates of dimanganese catalase, ear-
lier determined at a 1.6 A resolution on the basis of the
X-ray diffraction data collected at room temperature
[11] were used as the starting model coordinates for
calculating the phases of the structure factors. The ini-
tial R factor was 47% for the X-ray data obtained at
the resolution ranging from 15 to 2.0 A. In the course
of the refinement, the X-ray data set was gradually
extended to the affainment of the 1.05 A resolution. To
model the solvent structure, each refinement cycle was
completed with an automated procedure of the incorpo-
ration into the model of bound water molecules (the
ARP program [25]). The total sum of the occupancies
for the amino acid residues having several conforma-
tions was taken to be unity. The occupancies for differ-
ent conformations of the side chains of the disordered
amino acid residues were refined using the SHEL X97
program. Then, these data were used in the subsequent
refinement by the anisotropic version of the REFMAC
program. The positions of hydrogen atoms were calcu-
lated from the geometric considerations and were not
refined. The atomic model of the complex with chloride
ions was refined using the REFMAC program and the
atomic coordinates of the native enzyme (R = 9.8%) as
the starting parameters. Both structures were refined
with the use of anisotropic B factors.

The electron density distributions in the active cen-
ters of the native enzyme and its complex with chloride
ions are shown in Fig. 1. The statistical characteristics
of the refined models of the native enzyme and its com-
plex are given in Table 2.

RESULTS AND DISCUSSION
Analysis of Models

The validity of the refined models of the native and
inhibited forms of the enzyme is supported by the sta-
tistical characteristics given in Table 2 and by the final
electron-density maps 2F, — F. where al the amino
acid residues of the polypeptide chain are reflected by
the clear electron-density maxima. The exceptions are
the last two C-terminal residues (Ala301 and Lys302)
and several terminal atoms of the side chains of the Lys
residues located on the molecule surface. The torsion
angles at the Ca atoms of all residues are within the
energetically allowed regions. The analysis of the elec-
tron density distribution shows that three of the total
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Fig. 2. Schematic of the spatial arrangement of the elements
of the secondary structure of the subunit of the dimanganese
catalase. The active center of the enzyme with two Mn ions
is located between the long A, B, C, and D helices in the
vicinity of the bending of the A helix and is formed by the
amino acid residues of these four helices. The shorter heli-
ces are numbered and the elements of the 3 structure are
labelled by S. For the amino acid residues and their numbers
in the secondary-structural elements see Table 3.

15 proline residues (Pro209, Pro211, and Pro283) in

the subunit have the cis conformation.

Secondary and Tertiary Structures of the Subunit
of the Dimanganese Catalase

The three-dimensional structure of the enzyme has
been described elsewhere [10-12]. The results of our
study allow amore detailed characterization of the sec-
ondary structure of the molecule based on the analysis
of hydrogen bonding. It was demonstrated that 42.7%
of theamino acid residues belong to the a helices, 8.8%
of the residues belong to the 3/10 helices, and 4.3% of
theresidues belong to the 3 strands (Figs. 2, 3; Table 3).
The spatia arrangement of the structural elements of
the secondary structure of the monomer is shown in
Fig. 2.
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Fig. 3. Schematic of hydrogen bonds in the subunit of the molecule (obtained using the PROMOTIF program [30]).
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Table 3. Secondary-structural elements of dimanganese catalase

Sélr;%tgrrg Type A%ngugd O?';Qgﬁ% Structural characteristic features

S1 B 1-5 5 The element forms an antiparallel 3 sheet with the analogous strand Sl of the
second subunit

2 B 7-8 2 The element isantiparallel to S5; Arg7 isbound to Phe236 and |1e8 is bound to
Leu? of the second subunit

Al a 19-32 13 The helix isfollowed by the 3/10 helix

A2 a 35-50 16 Thehelix islinked to the second portion of the A2 helix through thetypel B turn

B a 56-89 35 The helix is preceded by thetype 11 3 turn and isfollowed by thetype IV [ turn

1 3/10 98-102 5 The helix isfollowed by the type| B turn

2 3/10 104-110 7 The helix isfollowed by the typeVII B turn

3 a 113-118 6 The helix is preceded by the type VII B turn

4 3/10 134-138 4

C a 143-169 27 The helix isfollowed by the type | B turn

D a 171-201 33 The helix is preceded by thetypel {3 turn

5 3/10 203-208 4 The helix isfollowed by the type I Vb 8 turn

6 a 214-230 17 The a hdix is preceded by and is followed by 3/10 helices

S3 B 232-235 4 The element is parallel to 4

7 3/10 241-249 9 The helix is preceded by the type | B turn and isfollowed by the type VI 3 turn

%) B 260-263 4 The strand is preceded by the 3 pin (251-253) and (255-257)

S5 B 269-270 2 The element is antiparallel to S2

8 3/10 278-284 8 The element isfollowed by the type I Va 3 turn

9 a 284-300 13 The helix is preceded by the type VIII1 3 turn

Quaternary Structure of the Molecule

Six subunits of the dimanganese catalase form a
hexamer with the symmetry 32. The hexamer has the
shape of a hexagonal prism with the maximum dimen-
sions 69 and 95 A along the threefold axis and the per-
pendicular direction, respectively (Fig. 4).

There are two subunits per asymmetric part of the
unit cell. These subunits are related by a noncrystallo-
graphic twofold symmetry axis. The rms deviation of
the Ca atoms of the K subunit from the corresponding
atoms of the L subunit is 0.2 A. The most pronounced
differencesin the positions of the Ca atoms (0.4-1.5A)
are observed in the regions characterized by moderate
differencesin the environments of the K and L subunits
(residues 14-17, 169-172, 220223, 263, and 268).

Three-Dimensional Structure of the Active Center
of Dimanganese Catalase

The active center withtwo Mnionsislocated deeply
inside the monomer between four major helices (A, B,
C, and D) and has access to the surrounding solution
through two channels. The first 22 A-long channel
emerges to the molecule surface, whereas the second
16 A-long channel is connected with the central chan-
nel of the hexamer (Fig. 5).

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1
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The Mnl- and Mn2-ions, which play the most
important role in the active center of the enzyme, form
the coordination bonds with the nitrogen atoms of the
side chains of the His73 and His188 residues and with
the oxygen atoms of the side chains of the Glu36,
Glu70, and Glul55 residues (Fig. 6). The analysis of
the electron-density distributions for the active centers
in the native enzyme and in its complex with chloride
ions demonstrated that the side chains of two amino
acid residues (Glu36 and Lysl162) in both crystallo-
graphically independent subunits, K and L, occupy two
mutually dependent positions each. In this case, the ter-
minal atoms of the Glu36 and Lysl62 residues are
shifted by 1.5-2.0 A, and between the OE2 atom of the
Glu36 residue and the Mn1l ion, the W3 water molecule
appears. Thiswater molecul e occupiesthe sixth coordi-
nation position about the Mnlion (Fig. 6). Thelengths
of the coordination bonds of the manganese ions and
the angles between these bonds differ from the corre-
sponding ideal geometric characteristics (see Table 4).
Thus, the active center can have two conformations.
The occupancies of conformation | of the active center
in the crystals of the native enzyme are 0.5 and 0.6 for
the L and K subunits, respectively. In the crystals of the
complex with CI-ions, the occupancies equal 0.85 for
both subunits. The corresponding occupancies of con-
formation 11 are 0.5, 0.4, and 0.15, respectively.
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Fig. 4. Quaternary structure of dimanganese catalase. The threefold axis isindicated by atriangle.

Fig. 5. Two subunits per asymmetric unit. One can see the channels |eading to the active center of the molecule 22 A-long channel
1 and the 16 A-long channel 2. The directions of the channels are indicated by arrows.

CRYSTALLOGRAPHY REPORTS Vol.45 No.1 2000
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Fig. 6. Stereoview of the active center of the native enzyme: (a) conformation| and (b) conformation 1.

The manganeseionsin the native enzyme are linked
via two oxygen atoms. Hereinafter, they are called the
bridging atoms (W1 and W2 atomsin Figs. 1, 6 and in
Table 5). The nature of the two atoms bridging the Mn
ions has not been reliably established as yet. There are
grounds to believe [14, 15] that oxygen atoms of water
molecules or hydroxyl groups can bridge the Mn ions
in the reduced (Mn?*, Mn?*) state, whereas in the oxi-
dized (Mn3*, Mn®") state, one of the bridges is formed
by oxygen atoms. The bond lengths of the bridging W1
atominthe structure of the native dimanganese catalase
shortened in comparison with the bonds formed by the
W2 atom lead to an assumption that in the oxidized
(Mn*, Mn?") dimanganese catalase, this W1 atom is
replaced by the oxygen atom. In the complex with CI-
ions, theseionsarelocated in thevicinity of theW1 and
W2 positions (Figs. 1, 6), and their refined occupancies
are 1.0 and 0.85, respectively. The temperature factors
of the Cl-ionslocated in the vicinity of the W1 and W2
positions are 8.0 and 8.4 A2, respectively and, thus, are
comparable with the temperature factors of the Mnl
and Mn2 ions (7.7 and 7.3 A2, respectively).

It is highly probable that conformation | of the
active center in the complex with chloride ions, with
the occupancies of the positions of the Glu36 and

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1

Lysl62 residues equal to 0.85, corresponds to the
reduced state of the enzyme with two Cl-ions occupy-
ing the W1 and W2 positions. Conformation Il corre-
sponds to the enzyme state, in which the first bridge is
formed by the CI-ion, and the second one, by the oxy-
gen atom of the water molecule.

The positions of the bridging W1 and W2 ligands,
occupied by Cl ionsin the enzymatic reaction, can also
be occupied by the oxygen atoms of hydrogen peroxide
molecules, located, similar to an azideion, in the above
complex; i.e, they are amost perpendicular to the
Mn1W2Mn2 plane[12]. It should be noted that, within
the above assumptions, a hydrogen peroxide molecule
in conformation | can replace W1 and W2, whereas in
conformation 11, this molecule can replace only W2
because of the presence of the water molecule in the
W3 position hindering the replacement of the W1
ligand by a hydrogen peroxide molecule (Fig. 6). Since
hydrogen peroxide decomposition proceeds in two
stages with the participation of two hydrogen peroxide
molecules[14] (thefirst hydrogen peroxide moleculein
conformation | occupies the W2 position), the next
hydrogen peroxide molecule is bound to replace the
W1 ligand in conformation II, which is sterically
impossible. Thus, it is most likely that the reaction

2000
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Table 4. Coordination environment around the manganese ions and some principal distancesin the active centers of the nati-
ve dimanganese catalase and its complex with chloride A

Form of enzyme

Characteristic - . .
native complex with Cl~ions

conformation [ | T I | T
Mnl1-Mn2 3.13 3.30(3.32)
Coordination about Mn1 6(5) 6 6 6
Mn1-OE1Glu36 2.10(2.13) 2.05(2.03) 2.16(2.14) 2.16(2.16)
Mn1-OE2Glu36 2.35(2.89) 3.39(3.36) 2.28(2.26) 3.55
Mn1-OE2GIlu70 2.12 212
Mn1-ND1His73 2.22(2.20) 2.21(2.22)
Mnl1-W1 2.03(2.06) 2.50(2.51)
Mn1-W2 2.07(2.07) 2.6(2.59) 2.1(2.11)
Mn1-W3 | 2.27(2.29) ‘ 2.22(2.26)
Coordination around Mn2 5 5
Mn2-OE2GIlu70 2.12(2.13) 2.12
Mn2-ND1His188 2.26(2.25) 2.24(2.23)
Mn2-OE1Glul55 2.17(2.17) 2.20(2.22)
Mn2-OE2Glul55 2.64(2.63) 2.43(2.45)
Mn2-W1 2.12(2.13) 2.60(2.58)
Mn2-W2 2.18(2.21) 2.50(2.52) | 2.12(2.14)

Note: The data are given for the K subunit; the characteristics for the L subunit different from the corresponding characteristics for the K

subunit are given in parentheses.

Table 5. Selected angles (deg) between the coordination bonds of the manganese ions in native dimanganese catalase and

chloride-inhibited catalase

- Form of the enzyme
Characteristics
native complex with Cl~ions
conformation | | I | | I
Mn1l-W1-Mn2 98.6(96.6) 80.8(81.3)
Mn1-W2-Mn2 93.7(94.5) 80.4(81.2) 101.2(102.5)
OE1Glu36-Mnl1-W1 165.4(161.9) 151.9(134.3) 165.4(165.1) 145.1(146.2)
OE1Glu36-Mnl1-W2 89.6(92.4) 98.0(103.4) 90.9(90.2) 89.3(100.0)
OE1Glu36-Mn1-ND1His73 100.5(99.9) 95.1(91.5) 102.2(102.8) 105.8(99.8)
W1-Mn1-OE1Glu70 105.4(105.2) 106.4(106.7)
OE1Glu36-Mn1-OE1GIu70 80.1(88.4) 102.0(120.6) 83.7(83.6) 106.8(106.8)
OE1Glu36-Mn1-OE2GIu36 56.5(48.0) 59.1(57.7)
OE1Glu36-Mn1-W3 77.9(60.6) 95.2(95.3)
W2-Mnl-W1 77.1(76.2) 77.8(77.8) 82.2(81.1)
W2-Mn1-OE2Glu36 96.4(91.4) 87.2(87.7)
W2-Mn1-ND1His73 165.8(165.1) 167.5(166.8) 157.4(156.4)
W2-Mn1-W3 93.0(92.5) 98.2(98.3)
W1-Mn1-W3 74.9(73.7) 52.1(51.6)
W3-Mn1-OE1GIu70 178.2(178.1) 158.2(157.9)
W1-Mn2-OE2GIu70 106.4(107.2) 113.4(113.2)
W2-Mn2-OE2Glul55 98.5(99.1) 88.8(89.5) 109.2(109.3)
W2-Mn2-OE1Glul55 107.0(107.9) 101.0(100.9) 108.7(109.1)
W2-Mn2—-OE2GIu70 84.9(84.5) 92.8(92.3) 73.6(73.9)
W2-Mn2-W1 72.9(71.7) 77.8(78.0) 79.3(78.9)
W2-Mn2-ND1His188 154.1(152.6) 160.9(160.6) 147.7(147.3)

Note: Theangles are given for the K subunit; the corresponding angles for the L subunit are given in parentheses.

CRYSTALLOGRAPHY REPORTS Vol.45 No.1
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Fig. 7. Possible bonding of hydrogen peroxide moleculesin
the active center in (@) | and (b) 11 conformations. The dis-
tances between the atoms are given in A.

Glul55

begins with the replacement of the W1 position in con-
formation I.

The distances between the atoms in hypothetical
hydrogen peroxide positions and the atoms of the active
center in two conformationsareindicated in Fig. 7. The
redistribution of aproton between the O1 and O2 atoms
of hydrogen peroxide during the enzymatic reaction
can occur with the participation of water molecules in
theW1, W2, and W3 positions and the OE2 atom of the
amino acid residue Glu36. Electrostatic interactions
between hydrogen peroxide molecules and the Lys162
residue may become essential if the O-O bond in the
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first hydrogen peroxide molecul e breaks and thus facil-
itates deprotonation of the second hydrogen peroxide
molecule at the second stage of the reaction.

The precision structural data on the arrangement of
the amino acid residues in the active center obtained in
thisstudy provide areliable structural basisfor the con-
struction of the detailed stereochemical mechanism of
the catadlase action. Some additional data can be
obtained from the structural studies of the catalase in
which the amino acid resides Glu36, Lysl62, and
Thr39 in the active center are replaced using the meth-
ods of gene engineering.
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PHASE TRANSITIONS

EPR Study of Kinetic Properties of a Weak Polar
Ferroelectric Li,Ge,Oy;
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Abstract—The EPR spectra of Mn?* ions have been studied in the vicinity of the phase transition to the ferro-
electric phase in lithium heptagermanate crystals. The anomal ous broadening of the resonance lines observed
inthevicinity of thetransition temperature T was attributed to an increase of the contribution of low-frequency
(w< 107 Hz) fluctuations of the local order parameter. The critical index of the correlation length is determined
to bev = 0.63, which indicates the |sing-type critical behavior of the crystal. The experimental data obtained in
the vicinity of T were interpreted with due regard for long-range dipole interactions. According to our esti-
mates, the forces of dipoleinteractions are prevalent only in the close vicinity of the transition point, [T - Tq| <

0.1 K. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

The use of magnetic resonance methods provided
for the experimental detection and study of a large
number of critical phenomena accompanying structural
phasetransitions[1, 2]. A very promising application of
the radiospectroscopic methods to weak polar ferro-
electrics [3], whose physical properties in the vicinity
of the phase transition are determined by the effect of
the fluctuations in the order parameter, was reported in
[4, 5]. One of the representatives of the group of weak
polar ferroelectrics is lithium heptagermanate (LHG)
of the composition Li,Ge,0, 5 with the phase transition

from the paraelectric (sp. gr. Dap) to the ferroelectric
phase (sp. gr. C5, ) at T. = 283.5K [6, 7).

Below, we report the study of the widths and the
shapes of the EPR linesin the vicinity of the phasetran-
sitionsin LHG crystals doped with paramagnetic Mn?*
ions (0.06 and 9.2 wt %). Earlier [8], we observed con-
siderable broadening of the resonance lines and their
crossover in thevicinity of T.. We performed computer
modeling of the spectral contour providing the separa-
tion of the local order parameter and the width of EPR
lines and studied its temperature behavior.

The studies were performed on a Radiopan SE/X
2547 spectrometer (with the klystron width ~9 GHZz).
The temperature of the specimens was maintained at
+0.02 K by heating them in nitrogen vapors with the
use of aconventional cryostat.

EXPERIMENTAL RESULTS

We measured and studied the line m = —5/2 of the
high-field electron sextet Mg = —3/2 —— -5/2, whose
superfine components are the most sensitive to the
structural distortions during the phase transition. The

width of the line, d8H, was determined as a distance
between the extrema of the first derivative of the
absorption line. The 8H measurements and the subse-
guent analysis of theline shape presented no difficulties
because the neighboring components were not super-
imposed, and the superfine splitting of the high-field
sextet (~6.9 mT) exceeded the width of the individual
line for more than an order of magnitude (~0.5 mT far
from the T¢).

Figure 1 shows the temperature dependences of the
experimental line widths obtained in the external mag-
netic fields differently oriented with respect to the crys-
tallographic axes: H ||b and OHb = 7° at H O ¢. For the
main orientation H || b, no noticeable changes of dH in
the vicinity of T. were observed. The line shape was
amost independent of the distance to the transition
point and was characterized by the contour intermedi-
ate between the Lorentzian and Gaussian ones. For the
field orientation OHb = 7° at H O ¢, the line width was
considerably broadened with an approach to the T,
point: 8H increased from ~0.53 mT (far from the tran-
sition point, T=303.1 K) upto ~1.4 mT (in thevicinity
of the transition point T, T = 283.90 K). In this case,
the experimental line contour is also considerably
transformed and, in the vicinity of T, acquires an
almost Gaussian shape.

The study of the line-width anisotropy in the vicin-
ity of T and the angular dependences of the spectral-
component splitting below T, [8] showed that the
anomalous line broadening in the vicinity of the phase
transition was caused by fluctuations in the local order
parameter. To single out the contribution of fluctuations
into oH, we modeled on a computer the experimental
contour of the spectrum line by the convolution of the
Lorentzian derivative with the Gaussan SH) =

1063-7745/00/4501-0117%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Temperature dependence of the width of the hyper-
fineline m = —5/2, Mg=-3/2 «—— —5/2 in the vicinity of
the phase transition for two orientations of the external mag-
netic field (1) H || b, (2) OHb = 7°, H O c. For the second
orientation, thelineis split into adoublet below T. Theline
width isindicated only for the high-field component.

J’L (H- HOH)GMH: - HydHg)dH: under the
assumption that a line due to an individual paramag-
netic ions can be described by the Lorentzian with the
center at He and that the He values are normally distrib-

uted about the experimentally determined center of the
H, line because of the action of the static mechanisms.

The temperature dependences of thefitting parame-
ters OH, and dH obtained by the least squares method
areshowninFig. 2at T > Tc. It isseen that the uniform
component of the line width H, isamost temperature
independent, whereas the Gaussian line width dHg
noticeably increases with an approach to T.. Compar-
ing the dataiin Figs. 1 and 2, one can conclude that the
broadening of the resonance lines in the vicinity of T
is determined by an increase of the inhomogeneous
component dH. Thus, the critical contribution due to
the fluctuations in the local-order parameter can be
attributed to the Gaussian component and determined
from the relationship

SHer(T) = (SHA(T) —3HA(T*)).
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Fig. 2. (1) Homogeneous &H; and (2) inhomogeneous dHg

contributions to the resulting line width in the high-temper-
ature region around T; OHb =7°, H Oc.

It was aso assumed that the value dHg (T* = 303.1 K) =
0.35 mT measured far from the phase transition is pro-
vided by insignificant inhomogeneous contributions.
The dependence dHx(T) obtained is plotted on a dou-
ble logarithmic scalein Fig. 3.

DISCUSSION

Evolution of the EPR spectra during the phase tran-
sition is caused by the atomic displacementsin thelocal
environment of a paramagnetic probe and the specific
mechanisms of the spin-attice interactions. The reso-
nance fields for which the “absorption” of the SHF-
power is recorded are the functions of the time-depen-
dent local order parameter n(t) = MO+ on(t). In the
vicinity of the phase transitions, these fields can be
expanded into a series

Ha(t) = H0+Ar](t)+:—2LBr]2(t)+
(1)
| 1 a 1 O
= Do + AL+ SBLY’CE+ CABN + 3B(1° - (D) ]
O g o O
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Here, H,, describes the line position in the paraglectric
phase; the coefficients A and B are dependent on the
position of the paramagnetic center in the lattice and
the magnetic field orientation with respect to the crystal
axes. The braces in the above expression single out the
static and the time-dependent contributions to the reso-

nancefields. The static part, Hy = H, + AR O+ % Bm 20

describes the displacement of the line because of the
nonzero value of £[fj(Jand the mean square fluctuations
@n>0 The dynamic part determines the fluctuation
effect on the width and the shape of the resonance line.

According to [9], the local symmetry of the Mn**
centers in the paraelectric phase of the LHG crystalsis
characterized by a twofold axis C, || b, which disap-
pears upon the phase transition. Thus, if the magnetic
field is parallel to b, the resonance fields Hy are the
even functions of the local order parameter, whereas
the coefficient A before the linear term in expansion (1)
equals zero. The absence of noticeable anomaliesin the
experimental dependence dH(T) for the main orienta-
tion (Fig. 1) leads to a conclusion that the squared con-
tribution to broadening the EPR lineisinsignificant and
can be ignored. The fluctuation contribution to the line
width can be expressed in terms of the second moment
of theline[10] as

SHErOHr—Hy) D= A°S B0 ()
q

where the summation is performed with due regard for
the local nature of the magnetic resonance over all the
alowed values of the wave vectors in the Brillouin
zone. In[11], the fluctuation contribution to the widths
of the resonance lines was considered for the limiting
case, where the fluctuation frequencies considerably
exceeded the characteristic experimental frequency w.
Neglecting the critical index of the pair correlation
function n [12], whose small value is usually beyond
the accuracy limit of the radiospectroscopic measure-
ments, the critical line width in the dynamic limit can
be represented as[11, 13]

2 Y Um -4
dH g OAkgTT arctan%T % 3)

Here kg isthe Boltzmann constant, T = [T — T|/T isthe
reduced temperature, k = k,1V is the reciprocal correla-

tion length, v is the corresponding critical index, and a
is the | attice constant.

If fluctuations are characterized by frequencies con-
siderably lower than w,, they can be interpreted as qua-
sistatic displacements in the local environment of the
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Fig. 3. Temperature dependence of the critical contribution
to the line width. Points indicate the experimental data, the
dashed lineindicatesthe data calculated by (5), and the solid
line indicates the data calculated by (7).

paramagnetic center. In this case, the critical line width
is[13]

2 2 kOa v =Y ]
OH g OA kBT[l—?r arctan%I D}' @

According to [3], in the dynamic limit, dHcg is
divergent by the power law, whereas in the static limit
(4), it takes afinite value. At the sametime, analysis of
the experimental dependences based on the consider-
ation of the temperature-dependent parts of (3) and (4)
does not alow areliable determination of the applica
bility ranges of the above approximations in all the
cases. The best way to solve this problem isto establish
the character of the 6H g dependence on the parameter
A of the expansion [14]. The study of the orientation
and temperature dependences of the Mn?* spectra in
LHG crystals showed that the linear relationship
OHr ~ Ais observed in the broad neighborhood of the
phase transition [15]. Such behavior corresponds to (4)
and indicatesthat the broadening of the resonancelines
is caused by the fluctuations occurring with frequencies
lower than the measurement frequency of the experi-
ment (i.e., the frequency analog of the line width w' ~
107 Hz). Therefore, the temperature dependence of the
critical linewidth (Fig. 3) should necessarily be consid-
ered within the framework of static approximation (4).
To describe the experimental data, we used the relation-
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SHZ = CTEL—D(T—To) arctand—2+ Y
CR %ﬂ- ( C) [b(_l_ —TC)VDD
which includesthreefitting parameters C, D, andv. The
transition temperature T = 283.83 K was determined
from splitting the spectral componentsin the ferroel ec-
tric phase [16]. The calculated dependence is shown by
adashed lineinFig. 3. Itisseenthatat Tc+ 1 K< T =<
Tc + 20 K, the theoretically calculated curve agrees
quite well with the experimental data. The slope of the
dependence in the aforementioned range is determined
by the critical index of the correlation length with the
value of v = 0.63. Approaching further to the transition
point in the T- < T = T + 1 K range, relationship (5)
predicts higher values of the critical width than those
observed experimentally (Fig. 3). At the transition
point, expression (5) yields an overestimated value

1

(BHg)™ = (CTe)? ~ 1.6 mT). The Te<T=To + 1 K

interval considerably exceeds the accuracy of thermo-
stating and the temperature gradients in the nitrogen-
vapor flow. Therefore, this deviation cannot be caused
by the experimental errors in the temperature mode,
which should have led to a considerable spread of the
OH(T), whereas the experiment shows a considerable
anomaly inthelinewidth (Fig. 1). Now, assumethat the
systematic deviation of the experimental points from
the calculated curve toward lower values is associated
with the suppression of the fluctuation contributions by
the long-range dipole interactions. Then, in order to
describe the experimental behavior, one hasto takeinto
account the dipole—dipole term in the expression for the
gth component of the mean-square fluctuation

k2
9’ +0%(q,/q)* + K

[5n50= ksTx(q = 0) (6)

where X(q = 0) = XU isthe static susceptibility at the
critical magnitude of the wave vector, A? = 41T/, e is
the effective charge of the soft mode, d isthe coefficient
before the gradient term in the free-energy expansion,
and q, is the wave-vector component along the polar
axis. Theintegration over the Brillouin zonein (2) with
due regard for (6) is complicated by the anisotropy that
appeared in the dispersion relationship. At the same
time, the tendency to fluctuation suppression can be
seen if one neglects the angular dependence of the
dipole term. Assuming that (q,/q)> =1 in (6), we obtain

TRUBITSYN et al.

for the static case

1
2

O , -
8H2; = CTL—(DX(T-To)%» +4%)
0
0 (7
o D 1 an
arctan 10

~5 2
DT =T + & E

In the above expression, an additional parameter A =
Aa/tt, absent in (5), isintroduced. The curve calcul ated
by (7) with the same C, D, and v values as those used
in (5) is shown by asolid linein Fig. 3. It is seen that
expression (7) for longitudinal fluctuations qualita-
tively reflects the effect of the relative suppression of
the critical contributions by the dipole-dipole interac-
tions and, thus, allows one to describe the experimental

data in the vicinity of T¢. At the transition point,
expression (7) yields the value (OHgR)™ ~ 0.99 mT.

CONCLUSION

The study of the EPR spectra of Mn?* centers
allowed us to single out the fluctuation contribution to
line broadening in the vicinity of the phasetransitionin
the LHG crystals. A nonclassical value of the critical
index of the correlation length, v = 0.63, agrees quite
well with the value 3 = 0.32 obtained in the studies of
the temperature behavior of the local order parameter
below T by the EPR method below T [16]. The indi-
ces obtained correspond to the lsing-type critical
behavior and indicate the existence of short-range
forces responsible for the phase transition [17]. Obvi-
ously, the Ising nature of the critical properties of LHG
crystalsisexplained by the small effective charge of the
soft mode and, therefore, the weak dipole—dipole inter-
actions [3]. This conclusion, drawn from the study of
the local characteristics qualitatively, agrees with the
macroscopic properties of LHG crystals [4, 5].

In the narrow (~1 K) temperature range above T,
we observed a slower increase of the critical contribu-
tion to dHy in comparison with that for the curve cal-
culated by (5). We believe that this deviation (Fig. 3) is
caused by the suppression of fluctuations in the local
order parameter by the long-range Coulomb interac-
tions, which can also change the type of the critical
behavior with an approach to T [17]. The possibility of
observing the crossover in the transition from the Ising
to the dipole behavior in weak polar dielectricswas dis-
cussed in[3] and then was experimentally confirmed by
the studies of the dielectric susceptibility and thermal
capacity of TSCC crystals[18]. Asfar as we know, no
logarithmic analomalies in LHG crystals have been
reported. We believe that this can be explained as fol-
lows. The logarithmic corrections can be obtained from
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(2) and (6) under the assumption that ¢ + k* < A% The
fitting parameters used in (7) to describe the experi-
mental data (Fig. 3) indicate that this condition is ful-

filled in the temperature range T — Tc < (A/D)'V ~
0.14 K. Fitting the calculated dependences to the
experimental data by the numerical integration of (2),
with due regard for all the possible directions of the
wave vector (6), yieldsasomewhat overestimated value
but one that has the same order of magnitude (~0.7 K).
These estimates show that the temperature range of the
true logarithmic behavior can hardly be attained in the
experiments because of atoo small amplitude of dipole
interactions, A.
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Abstract—The Gorsky—Bragg—Williams (GBW) theory has been modified to describe phase transitions caused
by the ordering of two kinds of atomsin the even and the odd sublattices of the structures of icosahedral qua-
sicrystalswith the dodecahedral local order (DLO) and their approximants. The modified method isexemplified
by numerical calculations of such phase transitions in the structures of several simplest approximants. © 2000

MAIK “ Nauka/Interperiodica” .

INTRODUCTION

In 1984, Shechtman, Bleach, Gratias, and Cahn
obtained diffraction patterns with a system of sharp
Bragg reflections characterized by theicosahedral sym-
metry from the AlggMn,, aloy [1]. They came to the
following conclusions: () the point symmetry of the
aloy is inconsistent with the periodicity, and (b) the
narrow sharp diffraction reflections indicate the exist-
ence of the long-range order in the aloy. Prior to the
publication of these results, diffraction patterns with
Bragg reflections were usually interpreted as an indica
tion of the existence of the tranglation symmetry in the
crystals. Therefore it was assumed that the AlggMn,,
alloy hasacertain “latent” symmetry similar to period-
icity. Such asymmetry received the name of quasiperi-
odicity. The AlgMn,, aloy and other similar sub-
stances were called icosahedral quasicrystals[2-5].

At present, the ideal structure of a quasicrystal is
usually modeled by the projection method in which the
sites of atom location in the substance are determined
as points of the intersection of the physical space and
the three-dimensional atomic surfaces normal to this
space in acertain six-dimensional supraspace in which
these atomic surfaces form a certain six-dimensional
hypercubic lattice [3-5]. The direction of the physical
space on the basis of the six-dimensional latticeisirra-
tional and isdetermined from the condition of the exist-
ence of the icosahedral symmetry. Another method of
derivation of an idea quasilattice is based on a postu-
late about the existence of a certain local order, e.g., a
dodecahedral local order (DLO) in the arrangement of
atoms. Such an order is characterized by the location of
the nearest neighbors of each atom at several vertices of
a dodecahedron whose center coincides with this atom
[6, 7]. The dodecahedral local order can be considered
as the microscopic interpretation of the projection
method. Therefore it was used for the creation of areal-
istic model of quasicrystal growth [8, 9]. Using the

DLO concept, one can also model approximants—
crystals with large unit cells whose microstructures are
close to those of quasicrystals. In order to describe the
approximants by the projection method, the corre-
sponding physical space should be rationaly inclined
with respect to the basis of the six-dimensional lattice.

It was established that the Bragg reflections of the
diffraction pattern from an icosahedral quasicrystal can
beindexed using six conventional Miller indices[2, 3].
Then, the basis of the reciprocal lattice is represented
by six vectors connecting the center of an icosahedron
with its vertices. The reciprocal lattice in this basis can
be a six-dimensional primitive, face- or body-centered
hypercubic lattice [10-12]. Using the analogy with
cubic crystals, icosahedral quasicrystals with such
reciprocal lattices can be called primitive, body-, and
face-centered icosahedral quasicrystals.

Below, we consider a phase transition from a primi-
tive icosahedral quasicrystal (or its approximant) to a
face-centered icosahedral quasicrystal (or its approxi-
mant). The preliminary results were published else-
where [13].

TRANSITIONS BREAKING THE SYMMETRY
RELATING THE EVEN AND THE ODD
SUBLATTICES

The motif most often encountered in quasicrystals
and approximants is that of the dodecahedral local
order (DLO) [6, 7]. Earlier [14], it was shown that the
DLO-gtructure can be considered as consisting of two
sublattices with any two neighboring atoms in the
structure belonging to different sublattices. These sub-
lattices are equivalent if the symmetry group of the qua-
sicrystal includes a symmetry element providing the
interchange of these sublattices. A simple quasicrystal
and those of its approximants which belong to the space

groups Pa3, Im3, 123, Pn3, and 12,3 have the equiva-
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lent sublattices [14]. One of the possible micromecha-
nisms of a phase transition from a primitive to a face-
centered quasicrystal (or their approximants) proceeds
viaordering in the equival ent sublattices built by atoms
of different kinds. In the phenomenol ogical approxima-
tion, this transition can be described as the change in
the symmetry of a certain density function p(r) [15,
16], which, in the vicinity of the critical point, can be
written as

P(r) = ps(r) +0pa(r), (1

where p(r) and dp,(r) = ng(r) are the symmetric and
antisymmetric components of this function with
respect to the interchange of the sublattices. The expan-
sion of the free energy into a series with respect to a
small parameter n hasthe form

F = Fo+aks(T-Ton’+bn’, )

where T, is the temperature of the second-order phase
transition.

THE GORSKY-BRAGG-WILLIAMS
APPROXIMATION

Unlike the phenomenologica Landau theory with
emphasis on the change of the symmetry during phase
transformations, the Gorsky—Bragg—Williams approxi-
mation is focused on possible microstructural factors
that may cause phase transitions and are associated
with atomic ordering in aloys [17-19]. The simplest
exampleisabinary AB alloy with equal concentrations
of both components (the number of atoms of each kind
are equal to N/2, with the total number of all the atoms
in the crystal being N). The atoms are located at the
sites of a certain lattice which can be divided into two
equivalent sublattices, a and 3, with the a-sites being
surrounded with the (-sites and vice versa. The degree
of the aloy order is characterized by fractions of atoms
of kind A in the o and the B sublattices, f* and fP,
respectively. From the condition of equal concentra-
tions of both kinds of atoms, it followsthat ff=1—f@,
In acompletely disordered phase, f* =8 =1/2.

The energy of such an aloy is determined in the
approximation of interactions between the nearest
neighbors. Theinteraction energiesfor theAA, BB, and
AB pairs are denoted as —V 5, —Vgg, and —V 5, respec-
tively. Then, an ordering phase transition can occur
only if the energy of ordering, v = (Vag — (Vap +
Vgp)/2), IS positive.

The free energy can be written in terms of the total
energy and the entropy as

F=E-TS 3)
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S = kgInW

= kg Z (N/2)(fPInfP + fPInf"), X

pO{a, B}

where W is the number of possible ways of arranging
the f%(N/2) A atoms at the sites of the a-sublattice, and

the fB(N/2) A atoms at the sites of the B-sublatice, f =
1—1f. Thus, the Bragg—Williams approximation reduces
to the substitution of the total energy by the energy
averaged over the configuration at the given value of ¢,
namely

E = —(N/2)Z(Van T 17+ vy FOF° .
+vap(FT7+ 17,

where z is the number of the nearest neighbors of each
site. The thermodynamic equilibrium is determined by
the minimum free energy. At the point of a phase tran-

2

sition, F 5 = 0, which allows one to determine the
(@f%)
temperature of the phase transition as
Kg T, _Z
2v 4 ©)

The GBW theory described above can be directly
applied to those structures, where all the sites have the
same number of the nearest neighbors, e.g., to the
DL O-structures of the CsCl (z=8) andtheFeSi (z=7)

types.

THE MODIFIED GORSKY-BRAGG-WILLIAMS
APPROXIMATION

In more complicated structures, different sites have
different numbers of nearest neighbors. Moreover, the
sites with the equal numbers of nearest neighbors
within the first coordination sphere can have different
numbers of neighbors within the following coordina-
tion spheres. Generally speaking, in quasicrystals, the
position of each site is unique. In the corresponding
approximants, the numbers of varioustypes of sitesare
limited by the number of atomsin the unit cell. Below,
we consider the necessary modification of the GBW
approximation which takes into account the nonequiv-
alence of the lattice sites.

As earlier, consider a binary alloy with equal con-
centrations of the atoms of kindsA and B occupying the
sites of a certain lattice with two equivalent sublattices.
Itispossibleto select several types of sitesin these sub-
lattices in such a way that any two sites of one type
would be crystallographically equivalent. The latticeis
characterized by the number N, of sites of typei in each
of the sublattices and the number N;; of bonds between
the sites of the typei of one sublattice with the sites of
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the type | of the other sublattice. These numbers are
related as Z;N; = zN;, where z is the number of the
nearest neighbors for a site of the ith type. In acrysta,
one can consider the numbers N; and N; for one unit
cell. Then the state of the alloy under study is deter-

mined by the probabilities f and fiB to encounter

atomsA at the sites of typei in the sublattices a and 3,
which can be determined from the condition of the min-
imum free energy and an additional condition that

S N(H +7) = SN, ™

which signifies that the concentrations of the A and B
atoms are equal. The energy and the entropy are given
by the expressions similar to (5) and (4)

—a _pB
E = =3 Ny(van f £+ vesfi T
ij

®)

Fvas(FEF+ F1E7),

=k Y N(fPInfP+ finf)). 9
i,pO{a,B}

Since any thermodynamically equilibrium stateis char-
acterized by the minimum free energy, it is possible to
increase the free energy by a value determined by the

constant combination of the probabilities AZ; N; fr

and to assume that all f;s are independent variables.
Then the condition of the extreme free energy is deter-
mined by the equalities

oF _ B

+Ny(A +2zd +KksTIn(FY))

(10)

oF a
— = 2v ) N;f;
afF Z il

FN(A+zd+kgTIn(F 1))

0,

Now, we can pass to new variables f; = (f +
fPy2and £ =(f = £%)/2. At temperatures exceed-

ing the critical one, f* = ¥ and the equilibrium con-
dition takes the form
(

f=0
oF :
190 2vy Nif) o
i i
A e TN =
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with the positively-defined matrix of coefficient before
the second-order terms in the expansion of the free
energy. The corresponding matrix has the form

1l + [l
O2vR (T) 0 O

0 D
0 0 2vR(MO
1

2VR 25

o°F
of of;

12)

2vN, +ke TS, N,OL + 2 E"

Uer 17

1 1
H A 1-f:3

1

2
2vR = 7| _9F

afiaf;

At the transition point, the matrix is not positively
defined any more and the determinant at the transition
point is equal to zero (see Appendix 1), which fact
allows one to determine the transition temperature. In
the case of a phase transition of the two structure sub-
lattices making them nonequivalent, the critical tem-
perature is determined from the equality

detR (T,)

(13)
= det| Ny + (ke T/(2v))8;N LY = 0,

where L& = (f7 (TO)" + (1 = £ (T))).

In order to compare the GBW and the phenomeno-
logical theories, we haveto represent the antisymmetric
component of the density function in the form

8pa(r) = 3 fT(8(r —ri) =8(r =ri),  (14)
i,k

wherer;, andr ﬁ( arethe coordinates of the kth sites of

thetypei inthe a and 3 sublattices. Thefinal step nec-
essary for comparing these theories is the representa-
tion of the free energy given by (3), (8), and (9) inform
(2) (see Appendix 2).

CALCULATION OF TRANSITION
TEMPERATURES

Now calculate the dependence of the temperature of
aphase transition on the energy of the pair interactions
of the nearest neighborsin a crystal. With thisaim, we
use condition (13) obtained in the previous section.
Consider, e.g., the AIPd alloy having three modifica-
tionsinthevicinity of the point of equal concentrations
of Al and Pd atoms, cubic crystals of the CsCl- and the

No. 1 2000
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kBTc/(zv)
2.1

2.0

1.9

1.7

1.6 1 1 1 |
0 5 10 15 20

[Vap— Vepl/(2V)

Fig. 1. Dependence of the temperature T, of the ordering phase transition on the pair-interaction energies—v o, —Vgg, ahd —vg
calculated for the structures of the types (1) CsCl (Im3m) and (2) FeSi (Pa3) by the GBW method and (3) for the structure of the
AlPd-type (R3) by the modified GWB method; v = v 4 — (Va4 + Vp)/2 is the energy of ordering.
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Fig. 2. Temperature dependences of the probabilitiesf, to encounter the atoms of kind A at the sites of the first, second, and third

kindsin the a- and B-sublattices of the Al Pd-type structures (R3) calculated by the modified GBW method at the interaction con-
stant (vVgg — Vaa)/(2v) = 5.0. The vertical dashed line corresponds to the point of the second-order phase transition.
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FeSi-types described by the space groups Pm3m and
P2,3, and a rhombohedral crystal described by the sp.

gr. R3. All these crystals are characterized by acertain
DLO and have two symmetric sublattices, the first one
being filled with Al atoms and the second one, with Pd
atoms (the AIPd alloy). Therefore possible phase tran-
sitions to these phases from the phases with the equiv-
alent sublattice characterized by higher symmetries

[space groups Im3 m, Pa3, and R3 (the latter with the
smaller unit cell)] can be studied by the GBW method.
The dependence of T, on the constants of pair interac-
tions is shown in Fig. 1. In this example, both cubic
crystals consists of only onetype of sitein each sublat-
tice; therefore, they can be studied by the conventional

GBW method. The AIPd alloy (R3) has three types of
sites:

(N5, Ny, N3) = (1, 6,6), (25,2, 25) = (8,7,7), and

O O

026 0 g

INill = 06 24 120

0012 30 O

15)

If Vap = Vgg, then KT/(2v) = 2[4, where [Z0is the
arithmetic mean of the numbers of the nearest neigh-
bors for all the atoms. If (V4 — Vgp)/(2V) — oo, then
KsT/(2v) — 1.6192.

In addition to the transition temperature, one can
also calculate the temperature dependence of the prob-
abilities f, using equation (7) and (10). The typica
dependence calculated for the parameter (v , —
Vgp)/(2v) = 5.0 isshown in Fig. 2.

DISCUSSION

The modified GBW approximation suggested in this
article is an approximate method for studying the ther-
modynamic properties of alloys in the vicinity of the
phase transition based on a number of assumptions
about the character of atomic interactions, etc.
Although the method cannot be used for reliable quan-
titative estimates, it yields rather good qualitative
results. Consider, e.g., the dependence of the phase-
transition temperature on the energy of pair interactions

for the AIPd aloy (sp. gr. R3). If v, = Vgg, then the
critical temperature is determined by formula (6)
obtained for the case, where al the atoms have the same
number of nearest neighbors. The change of the
Vaal Vg ratio results in a decrease of the phase-transi-
tion temperature, which is explained by the fact that, in
the absence of phase transitions, the system acquires
the additional possibility of lowering its free energy.
The probability of encountering atoms of different
kinds at the structure sites differs from 1/2 till at tem-
peratures exceeding the critical one (Fig. 2). Thus, if
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Vaa > Vgg, the AA bond becomes energetically more
advantageous that the BB bond. Therefore the atoms of
kind A have the tendency to fill the sites with the max-
imum number of the nearest neighbors.

The ordering mechanism considered in this study
was experimentally observed for compounds of the
CsCl type. In complicated structures such as those of
quasicrystals and high-order approximants, one can
hardly expect ordering at all the siteswithout structural
changes. A more realistic mechanism for such struc-
turesisthe ordering of atoms of variouskindsonly at a
small number of their sites, whereas all the other sites
of the structure can be filled with atoms of the third
kind. Therole of the sites at which the ordering process
occurs can aso be played by the so-called icosahedral
holes.

Second-order phase transitions occur in primitive
quasicrystals and their approximants. For crystals, the
necessary condition for occurrence of such transitions
isthe existence of two equivalent sublattices. Thiscondi-
tion is automatically met for approximants described by
some specific space groups. The approximants described
by other space groups (e.g., by the sp. gr. Pm3) have a
priori nonequivalent sublattices. However, one cannot
exclude the possihility that some of these crystals are
the approximants of primitive quasicrystals. If these
crystals have sufficiently large unit cells, their physical
properties should be close to the properties of quasi-
crystals. In particular, these approximants can undergo
“pseudotransitions’ corresponding to the transitions
from primitive approximants to the approximants of
face-centered quasicrystals. Similar to second-order
phase transitions, these pseudotransitions occurring
without the change in the symmetry (the space group)
should be accompanied by an anomalous jump in the
heat capacity, whereas the corresponding diffraction
patterns should show drastic changes in the intensities
of some reflections.

APPENDIX 1

The necessary and sufficient condition of positive
definability of acertain matrix Aisitsrepresentation in
the form A = C'C, where C is a nondegenerate matrix.
Therefore the matrix A stops being positively defined at
the moment when the matrix C becomes degenerate;
i.e., detC = 0. However, detA = (detC)?, and therefore
the determinant of the matrix A becomes zero at the
point where this matrix stops being positively defined.

APPENDIX 2

In the vicinity of the phase transition, the antisym-
metric component of the density function is determined
by the following probabilities:

f- =ng+0(T-TJ)*>, Rg=0, |g =1, (16)

No. 1 2000
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where n is the order parameter. Performing minimiza-

tion with respect to f;” and expanding the density func-
tion into a Taylor series with respect to a small param-
eter n, one can reduce the free energy to form (2) with
the coefficients
_ ckeTey @) (©)
= oy CD N;L; gI KiiN;L; ™,
ij

b = (kBTC)H 3y NiLPg! (17)

where
Ky = (R(TY),
2R T aNaNe(R (1))

ZmnN (R (Tc))mn

L= 40 X sy,

n! (dX) 1-x

(18)
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Abstract—The valence states and coordination of titanium ionsin beryl crystals grown from flux and by gas-
transport reactions have been studied by the methods of electron paramagnetic resonance (EPR) and optical

spectroscopy. The parameters of the EPR spectra for Ti* in the Al

* and Si** sites are determined. It isfound

that at concentrations exceeding 0.1-0.15 wt %, the EPR-spectra have additional lines due to exchange-bonded
pairsof Ti%* ions. It is shown that the two-humped absorption band with the maximaat 495 (1), 545 (1), and 495
(o) nm are formed due to Ti* ions located in the octahedral position. © 2000 MAIK “ Nauka/Interperiodica’ .

INTRODUCTION

The latest achievement in the studies of BeAl,O, :
Cr3* [1], Ti® [2], and Be;Al,Si¢Oyg : Cr3* [3] tunable
lasers have stimulated investigation of titanium-doped
beryl (Be;Al,SigO,5). The preliminary EPR and absorp-
tion spectra data [4] for titanium-doped beryls grown
from flux indicate the existence of two valence states of
Ti ions occupying two different structural sites. In the
present paper, we studied the EPR and electron spectra
of the optical absorption of Ti®* ionsin synthetic beryls.
The crystalswere grown by the method of gas-transport
reactions [5] and from flux [6]. The titanium content in
the specimens attained 0.0-2.1 and 0.0-0.3 wt % in the
gas-transport reactions and in growth from flux, respec-
tively. The EPR spectra were studied at a frequency of
9.3 GHz and at temperatures of 300 and 77 K. The
polarized absorption spectra were recorded on the

plates cut off parallel tothe{1010} faceat 300K onan
SF-20 spectrophotometer.

EXPERIMENTAL RESULTS

When the titanium content in the specimen (up to
0.1wt. % TiO,), the EPR spectra had a single fine-

structure line (S= 1/2) attributed to Ti%* in the Al3* site

(Fig. 1a, Ti,iT). The spectral parameters are close to
those of Ti%* in natural beryl [7].

The spectra from beryls with high TiO, content
(0.3 wt % and higher) showed the presence of two addi-
tiona weak centers, | and Il, described by S = 1
(Fig. 1c) and possessing one and three magnetic com-
plexes per unit cell, respectively. The analysis of the
angular dependence of the above centers and their char-
acteristic dependence on Ti concentration indicate that

these centers correspond to different pairs of Ti f\f ions
with the dipole—dipole and exchange interactions. Cen-

ter | is associated with the Tiy —Tiy, pairs located

aong the c-axis and spaced by the distancer =4.597 A.
The symmetry of thispair is C;;,. Center 11 isformed by

the perpendicular Tiy —Tiy pairs (Ti®* ions occupy
two closest Al sites in the (0001) plane with r =
5.319 A, 8 = 90°, the symmetry of the pair is D,). The
radius-vectors of such pairs form angles of 120° in the
(0001) plane.

The EPR spectraof centers| and 11 are described by
the Hamiltonian

H = Ho(l) + Ho(Il) + JS,S,
+D(3S,S,,—S,S,) + Hhrs,

where S, = S, = 1/2; Ho(I) + Ho(ID) is the part of the
Hamiltonian that takes into account the energy of iso-
lated ions, and JS;S, describes the isotropic exchange
interaction. The two last terms describe the anisotropic
and hyperfine interactions, respectively. The exchange
interactions result in the formation of the singlet and
triplet states. Magnetic resonance transitions are
allowed only within the triplet [8], which can be con-
sidered as a state with the resultant effective spin S= 1.
The anisotropic interaction causes the zero-field split-
ting of the triplet. Therefore, the EPR spectrum shows
two transitions. Knowing the interval between these
transitions, one can calculate D for pairs| and |1 by the
formula Dy;, = —B(2g; + gr)/2r° [8] under the assump-
tion of pure dipoledipole interactions (Dy(l) =
271.4 G; Dy,(Il) = 179.0 G). The caculated data are
somewhat different from the experimental ones (see
table); D(1) =220 G; D(I1) = 191.0 G. This discrepancy

1063-7745/00/4501-0128%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. EPR spectra of Ti%* ionsin beryl obtained at H ||cand 77 K; (a, b) beryl crystals grown from flux (TiO, ~ 0.05 wt %) (a)
before and (b) after irradiation; (c) — spectraof the Ti**—Ti% ion pairsin beryl grown by the gas-transport reaction (TiO, ~ 0.25 wt %).

Additional lines on the spectra are attributed to noncontrollable impurities Cr,s;[ or FeiT .Hg isthe magnetic field (G).

may be attributed to the effect of the anisotropic
exchange (D, = D — Dy;,). The anisotropic and isotro-
pic exchange constants (D,, and J, respectively) have
not been determined, because we did not study the tem-
perature dependence of D and, thus, did not know its
sign.

In order to change the charge state of titanium ions
in beryl, the specimenswith low TiO, content (lessthan
0.1 wt %) were subjected to y-irradiation (%°Co,
2 Mrad, 77 K). After irradiation, beryls grown from

flux showed the lines due to Tiy at 77 K and aso
intense additional lines due to extra centers AIEZ;; and

O, and a center consisting of 12 magnetically non-
equivalent complexes (K,; = 12) in the unit cell. The
former two centers were thoroughly analyzed in [9].
Being heated to 300 K, the crystal emitted crimson
light, whereas the intensities of Al?* and O~ decreased
by afactor of 2-3. After heating, the crystal acquired a
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yellowish—brown color. The absorption spectrum of the
crystals had wide bands with the maxima at 360—390
and at about 530 nm. Heating to 430 K resulted in the
annealing of the Al?* and O~ centers, the decoloration
of crystals, and the disappearance of the absorption
bands at 360-390 nm. It was difficult to detect the band
at 530 nm against the background of the more intense
band at 495-545 nm. At the same time, the intensities

of the Tiy centers and the center with K,, = 12
decreased by factors of 1.1 and 1.5, respectively. With
the further increase of the temperature to 430820 K,
the intensity of Tii"f increased proportionally to a
decrease of the intensity due to the center with K, = 12
(which was annealed at 820 K).

The center with K, = 12 is described by the Hamil-
tonian of orthorhombic symmetry with S= 1/2 and the
hyperfine structure due to +”-#Ti (Fig. 2) characteristic
of Ti%*. At H ||[0001], the center isrepresented by asin-

gleline (Tigi+ center in Fig. 1b). In an arbitrarily ori-
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Parameters of the EPR spectra of Ti%* ions in some crystals

- Calculated field V, cm™
Center o, Oy Oy A D Position . _
weak trigonal | strong trigonal
Beryl, 300 K
Tiy, 1.9887 | 1.8423 | 1.8423 Tist — AlS"
Beryl, 77K
Tis) 19895 | 18416 | 18416 | A=-20 Ti% — AIST | -1780 —2564
A;=195
Tid' 19880 | 19073 | 1.8656 | A =205 Ti® —» Si}"
Tisr-Tis (1) | 19910 | 18420 | 18420 | D(1)=2046 | Ti® — Al
Tis —Tis ()| 18420 | 1.9910 | 19910 | D(I)=1843 | Ti% —» AlJ"
Cordierite, 77K
Timg 19720 | 1.8050 | 1.7820 Ti% —= Mg;"| —1280 —1980
Tior 19947 | 19135 | 19010 | A=214 it — ALY
Chrysoberyl, 77 K
Ti%*(C9) 1.9320 | 17480 | 1.7100 Tist — AlS" ~740 —1500

Note: Subscripts“6” and “4” indicate the coordination numbers of theion to be substituted. The g-factors were measured with an accuracl:y

of +0.001. The parameters of hyperfine (A) and fine (D) splittings of Ti®*

ented magnetic field (H), thislineis split into 12 lines.
However, twelve lines degenerate into 3 lines in the

fields H || [2110] or [0110] and into 6 lines in the
(2110), (0110), or (0001) planes. The angular depen-

denceof linesduetothe Ti §+ center inthe (0001) plane
isshown in Fig. 3. The analysis of the angular depen-
dence of the g-tensor of this center showed that Ti%* is
most likely located in the Si** site. However, we

expected that Ti* ions in this site (Tigf) should have
the Co-symmetry (Ky; = 6). The Z-axis of each complex

should coincide with the [0001] direction, whereas the
X;- and Y;-axes should lie in the (0001) plane forming

the angles of 196° and 106° with the [21 10]-direction,
respectively. The X- and Y-axes of the other complexes
are obtained by rotating the axes of the first complex
through angles of +60°, £120°, and 180°. The experi-
mentally determined directions are fairly close to the
expected ones. g, (0="7°,Y=6°), g, (0=90°, Y=186°),
and gy (6=83°, Y=96°). Thelowering of the symmetry
of the SiO,-tetrahedron from Cgto C, upon the substi-
tution Ti** — Si** seems to be caused by the local
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levels are determined with an accuracy of +0.5 x 1

compensation of the charge in the nearest Al and Be
cationic positions.

In the visible range, the absorption spectrum of tita-
nium-doped beryl obtained by gas-transport reactions
has a two-humped band (Fig. 4) with the maxima at
495 (1), 545 (1), and 495 (o) nm. This spectrum is
characteristic of a Ti%* ion in the octahedral coordina-
tion in which the upper %E level of theion, not splitina
trigonal field, is split because of the Jahn—Teller effect
and spin-orbital interaction (beryl, corundum) or dueto
low-symmetry effects and spin-orbital interaction
(chrysoberyl, two-humped band with the maxima at
497 and 542 nm [10]). The band intensities (495 and

545 nm) correlate with the intensity of the Tif\|+ center

inthe EPR spectrum and the density of pinkish—red col-
oration of the specimens. We failed to detect the bands

dueto Ti ;.* ions because of the low intensity of the
bands dueto the Ti §+ centers in comparison with those

dueto the Ti,ff centers and additional absorptioninthe
irradiated specimens. The polarization properties of the
Tis, spectrum areexplained by the2E, , —» 2E, , (T1+ 0)
and ’E,, —= 2E;, (0) transitions.

No. 1 2000



VALENCE STATES AND COORDINATION
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Fig. 2. Hyperfine structure of EPR spectra of Ti ;+ and TiiT HOc, 77 K).

ANALY SIS OF PARAMETERS OF ABSORPTION
AND EPR SPECTRA

In atrigonal field of the D; symmetry, the ?D term
of the Ti%* ion is split into the upper 2E(e) and lower
2E(t) doublets and the ?A,(t) singlet. The splitting con-
stant for Cr®* in beryl in the trigonal field is known to
be negative (v = —-2000 cm! [11]). By anaogy, the
splitting constant for Ti%*, v, should also be negative.
Then, the lower level is?A,. The optical transitions %A,
— 2E are allowed only for o-polarization. The spin-
orbit interaction provides the splitting of the E levels
into E, + Esp,. Inthiscase, the ’E, ,(?A;) — °E;, and
’E,,, — 2E;), transitions are allowed for 11+ 0- and o-
polarizations, respectively. The spin-orbital interac-
tionsfor Ti%* arerather weak (A = 154 cm'), and there-
fore the splitting of the 2E(e) band (~1850 cm™) should
be attributed to the dynamic Jahn-Teller effect [12].

The negative v value also follows from the analysis
of the g-factors for Ti®* in atrigonal field. Indeed, for
positive v values and the lower E;, level, the g-factors
aregiven by theformula: g,=2(1 -P), g5 =0[13]. The
obtained values are inconsistent with the experimental
data, g, = 1.9895, g = 1.8416. In the case of negative
v for the E,, level: g, = 2fsin’a — (1 — P)cos’al,
go= 2|2 Qsinacosa + smal. The fact that the EPR
spectrum of Ti%* was observed at 300 K indicates that
the excited levels are located far away from the ground
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state. Assuming that the trigonal field is strong (P = 1,
Q = 3), one can estimate v using formula (22) from
[13],

tana = — > 2

1 A 2,92 . f?
2)\v+—+§/+—)\—v)\m‘

to obtain v =-2564 cmr* (A was taken to be equal to
120 cm™). For comparison, the table lists the parame-
ters of the EPR spectrum and the estimated v for octa-
hedral Ti%* complexes in cordierite [14] and chryso-
beryl [10]. Apparently, the values obtained should be
considered as the upper limit. The estimates of v for
Ti%* in beryl, cordierite, and chrysoberyl in the approx-

g2

3.6r

3.5¢

0 30 60 90

1 1
120 150 180°
Fig. 3. Angular dependence of EPR lines due to the Ti;-+

center in the (0001) plane.



0 1
300 500
Fig. 4. Absorption spectrum of Ti f\T in beryl obtained inthe
polarized light at 300 K: (1) 11, (2) o-polarization.

imation of aweak trigonal field with due regard of the
contribution that comes to the wave function of the
ground state from the upper doublet yields —1780,
-1280, and =740 cm?, respectively. These results qual -
itatively explain the large width of the lines due to Ti3*
ions in the EPR spectra of cordierite (~50 G) and
chrysoberyl (~70-100 G) in comparison with the corre-
sponding linesin beryl (~10-15 G) at comparable TiO,
concentrations (0.2 wt %).

Using formula (20) [13], we estimated the distances
between the ground and excited levelsin the triplet due
to Ti**inberyl at v =-1780 and —2564 cm™. These val-
uesared,(E,, - E, ;) 1848, 2529 cm~ and d,(E;, — E, »)
1709, 2507 cm* and are within the range of natural |at-
tice vibrations. Qualitatively, the data obtained explain
the splitting scheme proposed and the observation of
the EPR spectrum of the Ti%* at room temperature.

Thus, the data obtained indicate that the Tif\f ions

are responsible for absorption in the vicinity of 495
(o, M and 545 (1) nm. This fact is adequately inter-
preted within the splitting scheme of Ti%* levelsin the
trigonal field with allowance for the Jahn—Teller effect
and spin-orbital interactions leading to the lower E, ),
ground level in full agreement with EPR spectra.

Our study shows that the Ti impurity can have dif-
ferent valence states (Ti®* and Ti%*) and occupy both the

Al and S sites. It has been established that Tig+ can
explain the observed nonstoichiometry of beryls.

Indeed, al the beryl specimens containing Ti;-+ ions
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showed an excess in Al. The characteristic composi-
tions of such beryls are 2.97 BeO, 2.05 Al,O;, 5.92

SiO,, and 0.05 TiO,. Note that the TiS™ center was
observed in the specimens in which some Be and Si
ions were substituted by AI3*. This fact was confirmed

by observations upon the irradiation of Alég and O,

centers (the O~ ion stabilized in the vicinity of the Si
site occupied by Al) [9]. In other words, the crystal irra-
diation and annealing result in the charge transfer
between the centers according to the scheme

. 3 . 4 3
Tip +nTig +Alg,
Y-irradiation .3+ 3+ A+ 2+ _
annealing T|S| +(1—n)T|A| +nT|A| +A|Be+O||.
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Abstract—Crystal structures of double calcium and alkali metal phosphates described by the general formula
Ca;(M(PO,); (M = Li, Na, K) have been studied by the Rietveld method. The lattice parameters are a =
10.4203(1) and ¢ = 37.389(1) A (for M = Li), a = 10.4391(1) and ¢ = 37.310(1) A (for M = Na), and a =
10.4229(1) and ¢ = 37.279(2) A (for M = K); sp. gr. R3¢, Z = 6. The specific features of the distribution of alkali
metal cations over the structure positions are discussed. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Double cacium and alkai metal phosphates
described by the general formula Ca,,M(PO,),; [M =
Li (1), Na(ll), and K (111)] are crystallized in the trig-
onal system [1] and are isostructural to B-Ca,(PO,),
[2]. The variations of the unit-cell parameters and the
volumes (a, ¢, and V) as functions of the radius of the
alkali metal cation for these compounds are similar to
the variations of these parametersfor the compounds of
the composition CapMgM(PO,); (M = Li, Na, K) [3].
The IR-spectroscopy [3], luminescence [4], and M &ss-
bauer spectroscopy [5] data indicate that chemical
bonding in the compounds described by the general
formulaCayM>*M(PO,), (where M?* = Ca, Mgand M =
Li, Na, K) are of different natures. Theintensity and the
number of bands on the IR and luminescence spectra of
these phases depend on the size of the alkali metal cat-
ion [3, 4]. The X-ray diffraction and Mdsshauer spec-
troscopy data showed that in the CagMgM(PO,), struc-
tures (M = Li, Na, K), the akali metal cations are
distributed over the M(4)O,5 cavitiesin arather compli-
cated way [6]. The structures of the Ca,,M(PO,); com-
pounds (M = Li, Na, K) have not been determined as
yet.

EXPERIMENTAL

Synthesisand methods of study. Compounds |11
were synthesized by the method described elsawhere
[1]. The compounds of the composition Ca,,\M(PO,); :
YFe (1 at.%) (where M = Li, Na, K) studied by the
method of M 6ssbauer probe spectroscopy were synthe-
sized as was described in our previous study [5].

The structures of compounds |11 were refined
using the sets of experimental data collected on a SIE-

MENS D500 powder diffractometer [CuK, radiation,
A =1.5406 A, SiO,-monochromator, BRAUN position-
sensitive detector, scan step 0.01 (20)].

The conditions of the diffraction experiment and the
main parameters of the structure refinement of the com-
pounds studied are listed in Table 1. Full-matrix refine-
ment by the Rietveld method [7] was performed using
the RIETAN [8, 9] and GSAS [10] packages of pro-
grams.

Refinement of crystal structures. We used the
coordinates determined for the 3-Ca,(PO,), structure
(sp. gr. R3c) astheinitial coordinates for the structure
determination of compounds |11 [2]. Asin the case of
triple phosphates of the composition CapMgM(PO,),
(M =Li, Na, K) [6], we"“placed” the alkali metal cation
into the six-fold paosition M(4).

At the first stage of the structure determination, the
profile, positional, and thermal atomic parameters were
refined by the RIETAN program up to the values R, =
5.14-5.88, R, =3.97-4.54, Re = 3.12-3.46, R = 2.07-
2.94, and R- = 1.22-1.69. The thermal parameters (B,y,)
of calcium (0.2-1.3 A?), phosphorus (0.2-1.5 A?), and
oxygen (0.2-2.0 A?) atoms corresponded to the values
usually obtained in the structure refinement by the full-
profile analysis. At the same time, the thermal parame-
ter of lithium atoms [B,y,(Li) = 1.6 A2) was consider-
ably lower than those of the sodium and potassium
atoms [B;,(Na) = 3.0 A2 and B,.,(K) = 4.0 A2, respec-
tively].

The atomic coordinates of structures Il and 111
refined by the RIETAN program were then used to cal-
culate the el ectron-density distribution maps p(xyz) and
Ap(xyz) by the GSA S program. Contrary to the electron
density in thevicinity of Ca?* cations, the el ectron den-
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Table 1. Experimental conditions and results of the structure refinement of double phosphates I-111

Characteristic
Range of measurements of 26, deg
| max
Unit-cell parameters (sp. gr. R3c, Z = 6):
a, A
c, A
vV, A3

Number of reflections
Pseudo-Voight profile function, n
Profile parameters:

U

\Y,

w

Reliability factors* (R)

PELLL

| I i
10-140 10-140 267
44926 52297 21573
10.4203(1) 10.4391(1) 10.4729(1)
37.3895(1) 37.3096(1) 37.2787(1)
3516(1) 3521(1) 3541(1)

752 751 173
0.545(1) 0.604(4) 0.621(6)
0.0209(5) 0.0301(5) 0.104(3)
0.0121(2) 0.0192(2) 0.042(1)
0.01317(6) 0.01456(8) 0.0140(2)
5.88 5.31 5.14
454 4.06 3.97
3.36 3.12 3.46
2.94 2.07 2.24
1.69 1.29 1.22

* Calculated by the following formulas [18]: Ryp = [(EWIYi obs = i cad 7/(EWilYi obd 212 Re = (Z1Yi obs— Yi calc)/(ZYi ops): Ri = (Zllgbs —
leacd)/(Zob); Re = (Xl opd 2 = [l catd YA/(Z 1 opd ¥?); Re = Rap/S(S = [(EWiLY; obs = Yi caid /(N-P)]Y2; Niis the number of experimental

points and P is the number of the parameters to be refined.

sity inthevicinity of thealkali metal cation (K* or Na*)
was noticeably elongated in the direction of the three-
fold axis (Figs. 1a, 1b) asintriple CapMgM(PO,), (M =
Na, K) phosphates [6]. This spread of the electron den-
sity indicatesthat both sodium and potassium cationsin
the structures under study statistically occupy two close
positions above and below the triangular face formed
by O(21) atoms located in a large M(4)O5 cavity and
elongated in the direction of the threefold axis (see the
corresponding figure in [6]). An attempt to refine the
structure of compound |11 by the RIETAN program
with the use of the split potassium position has failed,
whereas a similar attempt for compound |1 was rather
successful. The sodium position is split into two posi-
tions with the simultaneous reduction of the thermal
parameter B, (Na) down to 2.0 A2 and with the occu-
pancies of the M(4,) and M(4,) positions being 80 and
20%, respectively. The effective M(4,)-M(4,) distance
was determined as ~0.6 A.

The Fourier maps p(xyz) and Ap(xyz) for compound |
had an electron-density maximum (~5&/A3%) with the
coordinates 0, 0, 0.19in the vicinity of thelithium posi-
tion (Fig. 1c). If this position was filled only with lith-
ium cations, the electron density would not have
exceeded 3e/A3. A high value of the electron density
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can indicate the statistical filling of the position with
lithium and calcium atoms simultaneously. Thisis also
confirmed by the variation of the O(21)—O(21) distance
in the M(4)O,; cavity in the transition from potassium
to lithium in double phosphates of the composition
Ca,;,\M(PO,),. The shortest M(4)-O(21) distance in the
M(4)0,; cavity is observed for whitlockite-type struc-
tures. In triple phosphates of the composition
CagMgM(PO,); (M =Li, Na, K), the O(21)-0(21) dis-
tance in the plane of the triangular face and therefore
also the distance from the O(21) oxygen atom to the
threefold axisregularly decreaseswith adecrease of the
radius of the alkali metal cation [6]. The O(21)-0(21)
distance in double phosphates of the composition
Ca,,M(PO,); aso decreases in the transition from
potassium to sodium from the value 4.53 A in com-
pound |11 to 4.21 A in compound Il (Figs. 2b, 2c).
However, in the moddl of structure |, where the M(4)
position is fully occupied by lithium, this distance
equals 4.33 A (Fig. 2a) and is close to the analogous
distanceinthe B-Ca;(PO,), structure (4.36 A) (Fig. 2d).

The refinement of the model in which the position
M(4) filled with both Ca** and Li* cations yielded a
high value of the thermal parameter of the “effective’
atom nLi* + (1 —n)Ca?* (B, = 12 A). The refinement of
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Fig. 1. Fourier-map of the electron density distribution (p,,(Xy2)) in the (111) plane. A 14 x 14 A-large fragment is shown (the
coordinate of the square center is0, 0, 0.1). (8) Ca;(K(PO,)7, (b) Ca;gNa(POy), and (c) Ca;oLi(POy4);.

the model in which lithium and calcium atoms occupy
two close positions, M(4,) and M(4,), along the z-axis
in the M(4)O,5 cavity reduced the thermal parameter
downto B, = 2.4 A2 and showed the positional separa-
tion of lithium and calcium atoms. The occupancies are
87% (~5 lithium atoms in the position M(4,)) and 13%
(~1 cacium atom in the position M(4,)). The effective
M(4,)-M(4,) distance equals ~1 A.

The refinement of the Ca(1)—Ca(3) and Ca(5) occu-
pancies in the Ca,,Li(PO,), structure showed that the

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1

Ca(2), Ca(3), and Ca(5) positions are fully occupied by
calcium cations (with the occupancies being close to
unity). The occupancy of the position Ca(1) with cal-
cium cations does not exceed 0.94. According to the
crystallochemical formula, if the M(4) position is occu-
pied with both Ca?* (~1 cations) and Li* (~5 cations),
theunit cell of thecrystal islacking oneLi* cation. Tak-
ing into account that the occupancy of the Ca(1) posi-
tion is underestimated, we assumed that it should also
be filled with both Ca?* and Li* cations [M(1) = 0.94
Ca?t +0.06 Li*).

2000
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(a)

Fig. 2. Free space on atriangular face formed by O(21) atoms located in theM(4)O, 5 cavity for the Ca;M(PO,); structures (M =
Li, Na, K). (M = (a) Li, (b) Na, (c) K, and (d) B-Ca3(POy),). The interatomic distances are given in angstroms.

Upon the refinement of all the parameters for the
selected models, the observed and the calculated dif-
fraction patterns agreed quite well. The residual elec-
tron-density level on the difference Fourier maps
Ap(xyz) of all the three structures did not exceed
+0.8e/A3. The atomic coordinates and the isotropic
thermal parameters for structures 1111 are listed in
Table 2. The averageinteratomic distancesonly dightly
differ from the anal ogous distances usually observed in
diffraction studies of both single [11-14] and polycrys-
tals[6, 15].

M Ossbauer spectroscopy studies. The Mossbauer
spectrafrom Ca,,\M(PO,), : 1 at. % >’Fe>* (M = Li, Na,
K) at different temperatures show a quadrupole doubl et
with the broadened components. At the first stage, the
experimental spectrawere treated under an assumption
of the continuous distribution of the electric-field gra-
dient at the >"Fe** nuclei. The profile analysis of the
obtained P(e’qQ) distributions allowed us to single out
at least two groups of quadrupole splitting. Similar to
[5], the relative contributions of both groups of quadru-
pole splitting to the experimental spectra were deter-
mined by representing the spectra as the superpositions
of two broadened quadrupole doublets (Fig. 3). The
spectrum parameters obtained are listed in Table 3. The
experimental dataindicate that (i) similar to the case of
CapMgM(PO,),; (M =Li, Na, K), theimpurity Fe** ions
occupy two octahedral positions characterized by dif-
ferent distortions of the oxygen polyhedra; (ii) the
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number of differently distorted octahedra in
Ca,MgLi(PO,), is temperature-dependent and almost
constant for potassium- and sodium-containing com-
poundsin the whol e temperature range studied; (iii) the
numbers of differently distorted octahedra for com-
pounds |- 1l are almost composition-independent at
room temperature, and (iv) the noticeable broadening
of the doublets on the Mdssbauer spectra indicate that
each of these spectra is, in fact, the superposition of
several quadrupole doublets with close values of the
chemical shift & and quadrupole splitting A.

DISCUSSION

The compounds|—I11 belong to the structure type of
the natural mineral whitlockite [14]. Earlier [6], we
showed that alkali metal cations in this structure type
are located in a large M(4)0,5 cavity elongated in the
direction of the threefold axis. The structural study of
the CayMgM(PO,), compound (M = Li, Na, K) showed
that alkali metal cations occupy two positions in this
cavity, M(4,) and M(4,), i.e., are located in distorted
M(4,)05(12)04(21)- and M(4,)0,(21)04(22)-octahedra.
With the change of thetemperature, alkali metal cations
(Lit or Na*) start migrating from one octahedron to
another only through the shared face formed by three
O(21) atoms (Fig. 2).

The free region on this shared face for double phos-
phates |11 is shown in Fig. 2. Calculating this free
region, we used the ionic radia at the c.n. = 6 (Li* =
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Table 2. Atomic coordinates and isotropic thermal parameters (Bq,) in the structures of double phosphates
Atom | M X y z Bis A2[| Atom | M X y z Big AZ
M(D* Li | 0.7257(6) | 0.8603(7) | 0.4316(4) |0.2(1) ||O(12) | Li 0.008(2) | 0.861(2) | 0.2555(8) | 1.3(4)
Na | 0.7260(6) | 0.8589(6) | 0.4316(3) | 0.6(1) Na | 0.010(2) | 0.863(1) | 0.2542(6) | 0.7(3)
K |0.726(2) | 0.858(2) | 0.432(1) |0.2(1) K 0.010(4) | 0.864(3) | 0.256(3) | 0.7
Ca(2) Li | 0.6182(6) | 0.8242(8) | 0.2317(4) |0.8(1) ||O(21) | Li 0.728(2) | 0.913(2) | 0.1743(7) | 1.9(5)
Na | 0.6160(5) | 0.8244(7) | 0.2320(3) | 0.6(1) Na | 0.737(2) | 0.918(2) | 0.1753(5) | 1.0(4)
K | 0.615(2) | 0.8233(8) | 0.2337(7) | 0.5(4) K 0.717(4) | 0.906(4) | 0.176(2) | 1.0
Ca(3) Li | 0.1208(7) | 0.2670(5) | 0.3261(4) |1.7(1) ||O(22) | Li 0.771(3) | 0.787(3) | 0.1214(6) | 2.0(5)
Na | 0.1208(6) | 0.2664(4) | 0.3254(3) | 0.91(1) Na | 0.766(2) | 0.780(2) | 0.1216(6) | 0.6(4)
K |0.118(2) | 0.265(1) | 0.3265(8) |1.2(5) K 0.766(7) | 0.778(6) | 0.124(1) | 0.6
M(4)** | Li | 0.0 0.0 0.191(4) |3(2 O(23) | Li 0.726(2) | 0.009(2) | 0.1131(6) | 0.3(3)
Na | 0.0 0.0 0.185(1) |2.0(5) Na | 0.727(2) | 0.012(2) | 0.1136(6) | 0.6(4)
K |00 0.0 0.1822(9) | 4.0(8) K 0.729(5) | 0.012(4) | 0.115(1) | 0.6
M(4y)***| Li | 0.0 0.0 0.166(2) |3(2) O(24) | Li 0.521(2) | 0.761(2) | 0.1290(6) | 0.8(3)
Na | 0.0 0.0 0.169(6) |2.0(5) Na | 0.521(2) | 0.763(2) | 0.1290(6) | 0.6(3)
Ca(b) Li 0.0 0.0 0.0 1.3(2) K 0.520(5) | 0.760(5) | 0.129(1) | 0.6
Na | 0.0 0.0 0.0 0.5(1) ||O(3Y) | Li 0.599(2) | 0.951(2) | 0.0444(6) | 0.4(3)
K |00 0.0 0.0 0.2(4) Na | 0.600(2) | 0.952(2) | 0.0451(6) | 0.8(4)
P(1) Li 0.0 0.0 0.2656(4) | 1.5(2) K 0.596(5) | 0.954(5) | 0.046(1) | 0.8
Na | 0.0 0.0 0.2667(4) | 1.0(2) ||0(32) | Li 0.573(2) | 0.692(2) | 0.0514(6) | 0.2(3)
K (00 0.0 0.269(1) |1.5(6) Na | 0.570(2) | 0.691(2) | 0.0513(6) | 1.0(4)
P(2) Li | 0.6896(8) | 0.865(1) | 0.1343(4) |1.0(2) K 0.571(6) | 0.692(5) | 0.053(1) | 1.0
Na | 0.6903(7) | 0.8645(9) | 0.1340(4) |0.7(1) ||O(33) | Li 0.821(2) | 0.919(2) | 0.0439(6) | 0.8(3)
K |0.688(2) | 0.865(2) | 0.1359(9) |1.5(7) Na | 0.820(1) | 0.921(2) | 0.0439(6) | 0.4(3)
P(3) Li | 0.6532(9) | 0.8474(9) | 0.0327(4) | 0.8(2) K 0.820(4) | 0.918(6) | 0.0472(1) | 0.4
Na | 0.6516(8) | 0.8469(8) | 0.0324(3) |0.7(2) || O(34) | Li 0.628(1) | 0.827(2) | 0.9922(5) | 1.2(4)
K | 0.655(3) | 0.849(2) | 0.0335(9) |0.2(2) Na | 0.631(1) | 0.828(2) | 0.9921(5) | 0.7(3)
0O(11) Li [0.0 0.0 0.310(1) |2.0(9) K 0.634(3) | 0.832(4) | 0.993(1) | 0.7
Na | 0.0 0.0 0.3098(8) | 0.4(5)
K |00 0.0 0.312(2) |0O.4x***

Note: Notation for oxygen atoms: the first number indicates the sequential number of the tetrahedron, the second number indicates the

sequential number of an oxygen atom in the tetrahedron.
* M(1) =0.94Ca+ 0.06Li forl and 1.00Cafor Il and111.
** M(4,) = 0.87(3)Li for I, 0.8(1)Nafor 11, and 1.00K for I11.
*** M(4,) = 0.13(3)Cafor | and 0.2(1)Naforll.
*rkx B, was not refined.

0.74A), Na- = 1.02 A) and c.n. = 9 (Na* = 1.32 A,
Ca?*=1.18 A), and K* = 1.55 A [16]. It is seen from
Fig. 2 that the dimensions of the free region depend on
the cations located in the structure. Lithium (calcium)
and sodium cations can be located in the face plane,
whereas potassium cations can be located only either
above or below the face formed by the O(21) atoms

(Fig. 2).
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In the CagMgLi(PO,); structure, lithium cations
occupy two positions, Li(1) and Li(2), in the M(4,)O-
and M(4,)O4-octahedra, respectively [6]. Lithium cat-
ions in these positions are spaced by an effective dis-
tance of ~1.5 A comparable with the sum of the radii of
two neighboring lithium cations, 2r(Lit) =2 X 0.74 =
1.48 A [16]. Such a short distance between two super-
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Fig. 3. Méssbaver spectraof >’Fe inthe Ca; (M(PO,)- : °’Fe compounds (M = L i(1), Na(2), K (3)) at (a) 77 and (b) 300 K ; £ denotes

absorption.

imposed lithium ionsin the subcell does not lead to any
overlap intheir electron densities. In double phosphates
I and I, the distance between the M(4,) and M(4,)
positions equals ~1.0 A (structure 1) and 0.6 A (struc-

Table 3. Parameters of the 5’Fe Mossbauer spectra of the

compounds Cay,gM(PO,);: 1 at.% >"Fe (M = Li, Na, K)

M

T,K

o, mm/s

A, mm/s

I*, mm/s

§/5*, %

Li

Na

300

77

300

77

300

77

1.19+0.02
1.19+0.01
1.35+0.01
1.31+0.01
1.24+0.02
1.25+0.01
1.37+0.01
1.39+0.01
1.10+0.01
1.12+0.01
1.21+0.01
1.21+0.01

1.37+0.08
0.87 + 0.06
1.81+0.04
1.29+0.06
1.20+0.02
0.75+0.02
2.09+0.02
1.35+0.02
1.04+0.05
0.63+0.03
1.65+0.02
0.97+0.01

0.42+0.04
0.42+0.04
0.48 + 0.06
0.48 + 0.06
0.33+£0.02
0.33+£0.02
0.38+0.02
0.38 +0.02
0.47+0.04
0.47+0.04
0.50 + 0.02
0.50 + 0.02

35+9
65+9
63+ 6
37+6
40+9
60+9
34+8
66+ 8
307
706
44+ 6
56+ 8

* [ isthe half-width.
**G/S is the relative area of the spectrum component. Chemical
ifts are given with respect to a-Fe.
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ture 11), which is considerably less than 2r,(Na*) =
2.04 A or ry(Li*) + rix(Ca?h) = (0.74 + 1.18) A= 1.92 A.
Therefore, on the electron density maps p(xyz) and
Ap(xyz), the maxima due to these two atoms occupying
the M(4) position overlap. The existence of two posi-
tions for alkali metal cations in the structure is indi-
rectly confirmed by the Mosshauer spectroscopy data
(Table 3).

Similar to the case of triple phosphates
CagMgM(PO,); (M =Li, Na, K), the M 6ssbauer spectra
of impurity Fe** ions in double phosphates |11 are
described as superpositions of at least two broadened
guadrupole doublets (Fig. 3). In the structures of triple
phosphates Ca,MgM(PO,); (M = Li, Na, K), the probe
7Fe atoms arelocated in octahedraof two types. Onthe
Mosshauer spectra, this is reflected by two doublets
with different values of quadrupole splitting [6]. The
cation in the position M(4,) distorts the M(5)O4-octahe-
dron containing the probe >’Fe atomsto alarger degree
than the cation in the position M(4,) [15]. The latter fact
is also reflected in the MOssbauer spectra at the 5’Fe
nuclei: the quadrupole splitting of one of the spectrum
components is much more pronounced. The distribu-
tion of alkali metal cationsin the M(4) position charac-
terizes the relative areas of the doublets in the Mdss-
bauer spectraof impurity Fe** ions, and, therefore, also
the numbers of differently distorted octahedra [6]. The

No. 1 2000
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Fig. 4. Variations of lattice constants as functions of the
radius of the alkali metal cation [15] in double phosphates
CaloM(PO4)7 (M = L|, Na, K)

considerable broadening of the spectrum components
isexplained by thefact that thereal crystal structures of
double phosphates |- |1 have four types of the environ-
ment of the M(5)O¢-octahedron with the M(4,) and M(4,)
positions, namely, M(5)0O¢M;(4,), M(5)O¢M,(4)M(4,),
M(5)0M(4,)M,(4,), and M(5)O4M5(4,). Using the
Mossbauer spectroscopy data, one can estimate the
occupancies of the M(4,) and M(4,) positions (Table 3)
in double phosphates 1111 that cannot be estimated
from the structural data. The occupancy of the position
M(4,) corresponds to the relative area of the Moss-
bauer-spectrum component with small quadrupole
splitting A, whereas the occupancy of the position
M(4,) correspondsto the rel ative area of the M dssbauer
spectra component with more pronounced quadrupole
splitting.

Asisseen from Table 4, the rel ative contributions of
the doublets with the pronounced and weak distortions
for compound | and, therefore, also the occupancies of
the positions M(4,) and M(4,) are temperature depen-
dent in the temperature range 77-300 K. In other
words, with the change in the temperature, lithium cat-
ions in the position M(4) start migrating from one site
to another. At 300 K, the component areas in the M oss-
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bauer spectra of ’Fe?* with different distortions for
compounds I-11l are amost the same (within the
experimental error). Thus, the nature of an alkali metal
cation at room temperature does not affect the occupan-
cies of the M(4,) and M(4,) positions with these cations
(Table 3). For compounds I1-11, the occupancies of
the M(4,) and M(4,) positions are also temperature
independent.

The analysis of the M—O distances and the variation
of the unit-cell parameters depending on the ionic radii
of the alkali cations in double phosphates |-111 does
not allow one to determine the coordination numbers of
sodium cations (Fig. 4). On the one hand, the Na—0O(22)
distances (3.36 A) considerably exceed the Na—O(12)
(2.98 A) and Na-O(21) (2.45 A) distances, thus indi-
cating that the most probable coordination number is
six. For a potassium cation, the difference between the
K-0O(12) and K-O(22) distances is much lower (3.13
and 3.23 A, respectively), and therefore its coordina-
tion number should equal nine. On the other hand, at
the coordination number of sodium cations equal to six,
one observes the linear dependence of the lattice
parameter aand V ontheionic radius of an alkali cation
in double phosphates 1-111. The linear dependence of
the parameter c is observed at the coordination number
of sodium equal to nine (Fig. 4). We believe that such
indeterminacy for the coordination number of sodium
cations in |l indirectly confirms the mobility of the
alkali metal cation in the M(4) position in whitlockite-
type structures.

In whitlockite-type structures, alkali metal cations
occupy two close positions, M(4,) and M4,), both
statistically and nonequivalently. Nonequivalent filling
of two close positions observed earlier for
0-Na;Sc,(PO,); [17] resultsin the appearance of ferro-
electric properties in these crystals [18]. One one can
also expect the manifestation of ferroel ectric properties
in double phosphates |11 within a wide temperature
range. In terms of crystal chemistry, these assumptions
are quite realistic; however, they should be confirmed
experimentally.
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Abstract—The method is suggested for calculating the intensity and potential of alocal electric field in displa-
cive-type ferroelectrics which is based on the introduction of atransitional zone between the region of the dis-
crete localization of ions and the homogeneously polarized medium. The method is exemplified on the calcu-
lation of the contribution of Li* ions to the local electric field in the lithium niobate structure. It is shown that
the method provides fast convergence of the results in the calculation of the field intensity and high relative
accuracy of the calculated electric-field potential inside the crystal. The contribution of the induced dipoles to
thelocal electricfield iscalculated, and it is shown that the stability of the LiNbO; structureis provided by con-
siderable anisotropy in the polarizability of Nb—O bonds. The method is applicableto any ionic crystal. © 2000

MAIK “ Nauka/Interperiodica” .

Recently, the real (defect) structure of LiNbO; sin-
gle crystals grown from congruent melts has been
widely discussed. Thisis explained by the commercial
use of lithium niobate crystals especially in pro-
grammed ultrasonic delay lines. Today, there are three
major models of the defect structure of congruent
LiNbO; crystals [1]. One of these models contains the
oxygen (Vo) and lithium (V,;) vacancies. Now, it is
believed that the intrinsic defects are present only in the
cationic sublattice [2, 3].

Modeling of the NMR spectraof Li and >Nb nuclei
based on the calculations of the parameters of the elec-
tric-field gradient (EFG) tensor in the lithium niobate
defect structure has shown [4, 5] that the shape of the
central-transition line in the NMR spectrum of **Nb is
very sensitive to the type of the defects and their con-
centrations. However, even the alowance for the ran-
dom spatial distributions of defects and defect com-
plexesin the crystal lattice in the models of the defect
structure did not provide complete agreement between
the calculated and the experimental data (more than
20000 random implementations of the EFG tensor at
93Nb nuclei were considered).

Most probably, this can be explained by the fact that
in these calculations, the local distortions of the struc-
ture due to defects in the cationic sublattice were
ignored. The strong dependence of the parameters of
the EFG tensor on the loca environment of Nb>* ions
and, especialy, on the length and orientation of Nb-O
bonds dictates the accurate determination of the dis-
placements of ions in the first coordination sphere
caused by defects. However, no acceptable method of
such calculations has been developed as yet. Thus, the
energy of defect formation in LiNbO; was determined

without the alowance for possible variations in the
interionic distances[6, 7].

The method for estimating local distortions in the
LiNbO; structure caused by intrinsic defects can be
based, e.g., on the calculations of the intensity of the
local electric field, E,, at theions of the crystal lattice.
The E,-fields in homogeneoudly polarized dielectrics
are usually calculated by the Lorenz method as

EIoc = Ei + Ed + Ep + Edepv (1)

where E; isthe contribution of the point charges of ions
within a sphere of radius R,, E, is the contribution of
the induced dipole moments of the ions located within
the same sphere, E; is the Lorenz field induced by the
polarized medium outside the sphere of radius R, and
Eqep isthedepolarizationfield. Expression (1) isvalid if
d., < R, where d,, is the maximum arm of the dielec-
tric dipoles. The ionic contribution E; in the structure
consisting of n kinds of ions is calculated by the stan-
dard formula

n Mg
1 Jk
E =71 —— Rojis (2)
4T[£0kzl jzl ROJ'k
where j are the ordinal numbers of the charges of one
sign, R, j is the radius-vector between the point at
which the calculation is performed E; and the jth ion of
the kth kind, g, are the effective charges of the ions of
the kth kind, and my is the total number of ions of the
kth kind within the sphere of radius R; .
The dependence of the zth component E;, of thefield
E; at the Li* ionsin LiNbO; (the Z-axis coincides with

the threefold symmetry axis of the crystal) on the sum-
mation radius R, is shown in Fig. 1a. The calculations

1063-7745/00/4501-0133%$20.00 © 2000 MAIK “Nauka/Interperiodica’



134
E; 10° V/m™!

(a)
4+ [ ( | !
2+
0_
2F
4L
ol Lf\

IV |
Ei,

(b)
2=
M V\/\/”\/‘A“’*M’VJVV\/W”V\’WV‘”
oL (c)
Ll /\/\/\[\/\I\M\[\J\I\I\N\/\/\/VM

T2 4 6 Rom

Fig. 1. Dependences of the components (&) E;, and (b, )

E;, on the summation radiusR; at Li* ionsin the LiNbO;

structure; () Q (Ryji0 is calculated by formula (6a), (c) Q
(Ryj iscalculated by formula (6b); o = 0.2 nm.

were made by formula (2) (with the use of the follow-
ing effective charges of thelatticeions: g, ; =0.98, Oy, =
3.67, and q, = —1.55 in the units of the electron charge)
were determined by the LCAO MO method in [8]. As
isseen from Fig. 1a, despite considerable R, values (the
total number of ionsexceeds 2 x 10° at R, = 8 nm), the
convergence of the function E(R)) is far from being
satisfactory.

To improve the convergence of thelattice sums, sev-
eral methods can be used, of which the most wide-
spread is the Ewald method [9]. However, the Ewald
method and its modifications are based on the essential
simplification of the charge distribution in the crystal
lattice. To maintain the electrical neutrality of the
ensemble of ions as awhole, the volume under consid-
eration should be multiple to the unit-cell volume,
which considerably complicates the calculation of the
E, field and limits the applicability of the Ewald
method to ferroelectrics.

Below, we suggest another approach to the calcula-
tion of the local electric fieldsin ionic crystals, which
provides a fast convergence of the lattice sums. Since
the spontaneous polarization P in displacive-typeferro-
electrics is determined mainly by the displacement of
cations with respect to the oxygen sublattice, we intro-
duce into consideration a transitional region between
the region of discrete localized ions and the homoge-
neously polarized medium in the shape of a spherical
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layer of the internal radius R, and the external radius
R,. Then, thelocal field E,,. at the center of the spheri-
cally symmetric specimen of radius R; can bewritten as

Eioc = Ei + Eqqa + Eq + Egeps
where

I

Eado 4Tteoz Z

lij=m+1

qu(RO]k)

Ro
ROjk a

P(l Q(Rojk))(3cose 1)sin@

*U Eor

drdd (3)

P(3cos 0— 1)S|n€)Olrcle

*II

and I, isthe number of ions of the kth kind within the
sphereof theradiusR,, 0 isthe spherical angle between
P and the radius-vector r, and Q(Ry;,) isthe coefficient,
which is a function of R;; and is responsible for the
type of the transitional region (0 < Q(R,;) < 1). Both
integralsin (3) are identical zeroes and therefore

aQ(Rojk)
E = E+E,y =
a 4nsOZ Z ROjk
where Q(R); = 1 at Ry < R;. If Ry;x = R;, the function
QR0 should be chosen in the analytical form to pro-

vide the fast convergence of E;. Thus, the expression

for E,,. @t the center of the spherical specimen takesthe
form

Rojiks  (4)

EIoc = Ell + Ed + Edep! (5)

where Ege, takes into account only the effect of the
charges on the specimen surface and the internal depo-
larizing charge.

We analyzed the following expressions for the func-

tion Q(Ry):

Q(Ryji) = Wp[—@} (6a)
2
Q(Ryj) = exp[—(—&"—;—;z—m—}, (6b)

where ¢ is the parameter to be determined.

The corresponding dependences of the zth compo-
nent, E;,, of thefield E; at Li* ionsin LiNbO; on the
summationradiusR; at (R, — R;) =4 nm are al'so shown
inFig. 1. Itisseen that the choice of Q(R,;) intheform
of the Gaussian function (6b) provides afaster conver-

gence of E;, than the use of the function (6a), the o

No. 1 2000



CALCULATION OF LOCAL ELECTRIC FIELDS

value being the same. If Q(Ry;) is chosenin form (6b),

the effect of o on [E;, (determined within the interval
4.0 £ R, < 8.0 nm and the root-mean square deviation

OE;, of E;, from [E;,Oare illustrated by Fig. 2. It is
seen that in the latter case, [E;, [lhas a good conver-

gencewith 8E;,, rapidly decreasing with anincreasein
o.

The E;, values were calculated for al structuraly
nonequivalent ions of the LiNbO; crystal lattice in the
range of R; up to 80 nm (the total number of ions
exceeded 3 x 10%). However, no tendency to divergence
of the lattice-sum was observed (o = 1.0 nm, the rela
tive accuracy 5 x 1075). Despite the rather good results,
the choice of Q(R,;) in the form (6b) was, to a large
extent, intuitive, and the optimization of this function
presents a problem by itself.

Of course, the above approach can also be used to
calculatethe electric-field potential ¢ insidethecrystal.
The contribution of the point charges of the lattice ions
todis

n lk
-1 A Q(Roji)
q)l 4T[€0kleZl ROJk .

Figure 3 shows ¢, for the classical position of Li*
ions in the LiNbO; structure as a function of R;. The
Q(Ryj function was chosen in the form (6b); (R, —
R,) = 40. It is seen that within the range of the studied
o values, the relative accuracy of the ¢; determination
increases with o, and, at o = 1.5 nm, attains the value
sufficient for solving many problems, e.g., for calculat-
ing local potential reliefs[10].

The calculation of E; at al the structurally non-
equivaent Li*, Nb>*, and O%"ions providesthe determi-
nation of the induced dipole moments p, of these ions
and, thus, also of E,. The p, values can be calculated
either analytically [11] or by the iteration method [12],
with the latter method being preferable for numerical
calculations. The classical values of the polarizability
of latticeionsin LiNbO; are: a; = 0.029, ay, = 0.220,
and a, = 2.405 (in the units of 102* cm®) [13]. How-
ever, in the calculation of the dipole component of the
local field, these values are usually either increased or
decreased by afactor ranging from 2 to 4 [11]. Below,
we use theiteration procedure and take into account the
contribution of the moments p, within the sphere of
radius R, =5 nm. It was established that the thus calcu-
lated E,4 values only slightly depend on o ; and o, but
arevery sensitiveto a,. The dependences of the z-com-
ponent of thetotal electric field at theLi*, Nb>*, and O~
ionson o, are shownin Fig. 4.

One of the conditions providing for the stability of
the LiNbO; structure isthe requirementsthat E, . at the
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Fig. 3. Dependence of the ionic contribution to ¢ on R; at
various values of o; Q(Rojk) is the Gaussian function, the
difference (R, — R)) = 40) equas (a) 0.3, (b) 0.5,
(c) 1.0 nm.

Li* ions should be antiparallel to the polar z-axis. It is
seen from Fig. 4 that this condition is fulfilled only at
anomalously low o values, which isinconsistent with
the dielectric susceptibilities measured and calculated
in the optical range. It should also be indicated that the
variations of the effective charges of Nb> and O* ions
do not affect the dependence of E, at the Li* ions on
0,. Thisinconsistency can be interpreted with theinvo-
cation of the fact that the overlap of the electron shells
of the Nb>* and O*~ ions results in considerabl e anisot-
ropy in the polarizability of O* ions. Therefore, one
should take into account the polarizability of the Nb—O
bonds described by the second-rank tensor or the polar-
izability of the NbO; cluster and not the polarizabilities
of individual ions.

Below, we consider the limiting variant of anisot-
ropy in the polarizability of the Nb-O bonds. It was
assumed that the components of the polarizability ten-
sor of 0%~ ionsin the system of itsaxesare o, = a,, =
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E,, 10'°V/m

g, 10724 cm?

Fig. 4. Dependence of the zth component of the local elec-
tric field at (1) Li*, (2) Nb>*, and (3) O>~ ionson a, in the
LiNbOs structure.

0, and 053 = 2.405 x 10-2* cm3, with the 3 axis coincid-
ing with the direction of the Nb—O bond.

For simplicity, the polarizability of Nb>* ions was
assumed to be isotropic. The calculated ionic contribu-
tion and the total value of E,,. (neglecting the depolar-
ization field) at the Nb*, Li*, and O* ions and the cal-
culated components of the induced dipole moments of
these ions obtained upon four iteration cycles are listed
in the table (in the Cartesian coordinate system, in
which the x-axis coincides with the a-axis and the

YATSENKO

z-axis coincides with the c-axis of the hexagonal sys-
tem). Asis seen from the table, the results obtained are
qualitatively consistent with the data on the LiNbO;
structure.

The verification of the absolute accuracy of the
above method of caculating local electric fields in
LiNbO; can be made by two methods. In particular,
knowing the values of the ionic and dipole contribu-
tions to E,., one can caculate the force acting onto
each ion. Since in LiNbO; crystals, Eg, 0 10° V/iem
[14], then, in the first approximation, this field can be
ignored. The analysis of the interactions in the ideal
LiNbO; structure leads to the following expression for
the force balance along the z-direction:

F.(Nb) + 3F,(0) + F,(Li)
+ P(Nb)V,(ND) +3p,(0)V,(0) = 0,

where F(Nb), F0), and FLi) are the z-components
of the Coulomb forces acting onto the point charges of
the corresponding ions; p/0) and p,ANb) are the zth
components of the induced dipole moments of the O*-
and Nb>* ions, and V,, are the components of the EFG
tensor with due regard for possible antiscreening. The
calculations showed that V,(O) = 1.33 x 10%° V/m? and
V_(Nb) = -3.94 x 10?' V/m?. Thus, the condition of
force balance is fulfilled within 17% of the maximum
term. The analysis of possible interactions in the xy-
plane yields similar results. One can also estimate the

Components of the local electric field at the ions of the LiNbO; crystal |attice and the induced dipole moments

I Coordinates, nm E; -components, 10%° V/m
on
X y z Eix Eiy Eiz
Nb°>* 0 0 0 0.000 —0.000 0.720
Li* 0 0 -3.009 —0.000 0.000 —0.257
O|2 -1.014 -1.317 0.897 -0.787 —-4.328 0.514
o, 1.648 -0.219 0.897 4.142 1.483 0514
0, ~0.634 1,537 0.897 ~3.355 2.846 0514
on (Eq + E/')-components, 10%° V/m p-components, |g*| nm
X y z Px Py Pz
Nb°>* 0.000 —0.000 4937 0.000 —0.000 0.0075
Li* 0.000 0.000 -1.040 0.000 0.000 —0.0002
Ol2 -0.375 —4.757 2.268 -0.4112 —0.5342 0.0364
O|2I 4.307 2.057 2.268 0.6682 —0.0890 0.0364
O|2| | -3.932 2.703 2.268 —0.2571 0.6263 0.0364
* eisthe electron charge.
CRYSTALLOGRAPHY REPORTS Vol.45 No.1 2000
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repulsion forces due to overlap of the electron shells of
theionsin the Nb-O pair: F, = 1.69 x 10 N.

The thus determined induced dipole moments can
be used to cal cul ate the macroscopic polarization of the
crystal

P On[quALi + dnslns + 3P,(0) + p,(ND)],

where A ; and Ay, are the displacements of the Li and
Nb ions from the symmetric positions and n is the
volume concentration of Li* ions. Using the values of
the effective charges [8], the data listed in table, and
the standard crystallographic data, we obtain P =
81.5 uC/cm?, i.e., a value close to the classica value
(71 uClcm?) [14]. Thus, despite the somewhat simpli-
fied allowancefor anisotropy in the polarizability of the
Nb—O bonds, the method suggested above provides sat-
isfactory accuracy in the determination of the local
electric field E.

We believe that the application of the suggested
method to LiNbO; will provide reliable information on
the local distortions of the crystal structure by intrinsic
and extrinsic defects and the model study of the effect
of macroscopic electric fields on the cationic sublattice.
Of course, a similar method for calculating E,. and ¢
can be applied not only to ferroelectrics, but also to any
ionic crystal. The analysis of the shape of the polarized
specimen as a function of E,,. and the optimization of
the Q(R,;) function for the suggested method would be
the subject of a separate article.
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Abstract—For thefirst time, the “indicative’ surfaces of the constants of the piezooptic effect and their stereo-
graphic projections have been constructed with due regard for crystal elasticity for lithium niobate crystals
described by the symmetry class 3m. The comparative analysis of these surfaces and the corresponding surfaces
of the true piezooptic effect has been performed. © 2000 MAIK “ Nauka/Interperiodica” .

In [1-4], the indicative surfaces of the piezooptic
effect (the POE surfaces) describing the variation of the
refractive index n, under the effect of normal mechani-
cal stress g, (unidirectional pressure) were constructed
with the use of the full matrices of the piezooptic coef-
ficients T, The effect of the elastic properties of a
crystal on the measured 1, coefficients was neglected.

In the present study, we constructed the indicative
surfaces of the piezoinduced variation of the optical
pathlength in lithium niobate crystals. We took into
account the variations of both the refractive index n,
and the specimen length d, along the direction of light
propagation. The indicative surfaces are of great impor-
tance for the practical use of various optical materials,
because the changein theintensity of thelight transmit-
ted by the specimen under the effect of o, is provided
by the change in the optical pathlength A, = n,d, in the
specimen. The dependence of A on 0,,, iswell known
[5]. This dependence calculated for the unit length of
the specimen along the direction of the light propaga-
tion and per unit mechanical stress o,,, has the form
W+ Sa(n-1, (D

2 m
where the subscripts i, k, and m correspond to three
principal directions of an electrooptic experiment—
polarization of light i, the direction of light propagation
k, and the direction of the pressure application m (S,
are the coefficients of elastic compliance).

The right-hand side of (1) consists of two terms
responsible for the contribution of “true” piezooptic
(the first term) and el astic (the second term) effects to
the change in the optical pathlength in the specimen.

It should be emphasized that relationship (1) isvalid
only for one-path interferometers used in the piezooptic
experiments (see, e.g., [5-9]). For two-path interferom-
eters [10-12], formula (1) has an additional factor 2 in
each term in theright-hand side. For Fizeau interferom-

eters [13-15], the factor (n, — 1) in the second term of
(1) should be substituted by n;.

In order to write the relationships for the spatial dis-
tribution of piezoinduced change in the optical path-
length (i.e., the equations of the piezooptic surfaces
with due regard for elasticity), the quantities T, Sqn
and n; in (1) should be substituted by the corresponding
expressions from the equations of the spatial distribu-
tion of the piezooptic effect 1, (the equations of the
POE surface), the spatial distribution of the elastic
effect S, (the equation of the elastic-effect surface),
and the equation of the spatial distribution of the refrac-
tiveindex n; (theoptical indicatrix). Then, equation (1)
acquires the form

B = — STt + S~ 1). @

It follows from (2) that the magnitude of the radius—
vector r which describes the surface of the piezoin-
duced changein the optical pathlength dA' can be deter-
mined by substituting the magnitudes of the radius-vec-

torsof the 1,,,, S,,,, surfaces and the values of n; along

the directions of the radius—vector r. Equation (2) is
valid for any symmetry class. We limit our consider-
ation to the symmetry class 3m, which also describes
lithium niobate crystals.

The equations of the indicative POE surfaces (the

1t; surfacefor longitudinal POE and Tl}'r(T:) andthe T[i',(nm)

surfaces for the transverse POE for crystals of the sym-
metry class 3m) were considered elsewhere [1, 4]. The
elastic-effect surfaces were considered in [16-18], but
the cited works provided no equations of the transverse
components of the elastic-compliance tensor for crys-
tals described by the symmetry class 3m. In these stud-
ies, only the sections were analyzed. Therefore, we

1063-7745/00/4501-0138%$20.00 © 2000 MAIK “Nauka/Interperiodica’



SPATIAL DISTRIBUTION OF PIEZOINDUCED CHANGE

write here these equations using the method for the
construction of the POE surfaces described in [1-4].

The principal components of the elastic-compliance

tensor S, (k, m< 3) in the Cartesian coordinates for

the crystals of the symmetry class 3m can be written as
[16, 19]:

2
Sim = Sua(0ys Oy + 020 )

2 2 2, .2
+ Spo (01 O g — Oyp g )™ + Sy (Olp + Aip) Oya

2,2 2 2 2
+ Qi3 (O + O2) | + S350

2 2 2 2
+ S (Oq = Oyp) O a0l g + O 0ty (A g — Ot o)

3)

+ 20 o0l 11 O g + 2001 030 g Ol |
+ Sy (0o 030 o0l g + Oy O30y Al a)

where ay,, ..., 0,3 are the directional cosines of the
vectorsk and m inthe crystallophysical coordinate sys-
tem.

In order to construct the surfaces of various optical
guantities, one has to pass to the spherical coordinate
system, where the directions of the pressure applica-
tion, m, and the light propagation, k, coincide with the

axes of a mobile coordinate system X)X, X5 (Fig. 1)

and are set by the spherical coordinates 8 and ¢. Now,
write the expressions for the directional cosinesfor the
directions k and m in terms of 6 and ¢ for the same
three cases for which the POE surfaces were con-
structed in [1-4].

For the m; surfaces at (i [|m || X35 ||r) and of the

"™ surfaceat (m || X, |3 || Xb) (Fig. 1), the spatial
distribution of the elastic effect is determined from the

conditionsk || X; and m || X3 ||r, and therefore

a,, = cosBcosdp, a,, = cosBsing,

O, = —sing,

4

O,; = sinBcosp, a,, = snBsind,

O3 = COsB.
Substituting (4) into (3), we arrive at the equation

Sin = Sig+ (Su+ S =283~ 2S,)Sin"Beos® o
+(S/4)Sin40sin3¢.

For the Tq'r(,']) surfaces (i || X3 [|r; m || X3), the elas-
ticity contribution can be caculated by substituting
directional cosines into (4) for the same direction k ||
X}, whereas the directional cosines of m should be

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1
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Fig. 1. Spatial position of the coordinate system X} X5X5

moving with respect to the crystallophysical coordinate sys-
tem X, X, X;.

written for the case m || X;. We obtain

o,, = cosBcosp, a,, = cosbsing,
ayz = —sing, (6)

O, = —-Snd, 0a,, = cosd, Oz =

Substituting (6) into (3), we abtain the surface of the
elastic effect for crystals described by the symmetry
class 3m:

S, = S,C08°0 + S;;sin’0 + S,sinBcosBsIN3d. (7)

For uniaxia crystals, the expression for n; has the
form [19]:
1
n = (sin’6/n?+ cos’e/n’) 2, 8)
where n, and n, are the principal refractive indices of

the ordinary and the extraordinary beamsin the crystal,
respectively.

Now, using (2) and the POE surfaces [1] [expres-
sions(5) or (7) and (8)], we arrive at three equationsfor
OA describing the spatial distribution of the piezoin-
duced changes of the optical pathlengthsin crystals of
the symmetry class 3m, namely:

1. For the surface of the longitudinal component of
the POE tensor, 1t; (i||m || X5 ||r; k|| X5, Fig. 1), we
have:

' 1., 3 .
oA, = —éﬂiini +Sm(ni—1)
= - 1{ ﬂ118in49 + (T + T, + 2n44)sin26cosze
2

+ 1'[3300549 + (T, + 2n41)sin36 cosBsin3é}

3
x [§n°0/n? + cos?e/n? ° ©)
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\1. (©)

w’;gé/
3

—
x, *¢

Fig. 2. The general views of (a) the indicative surface of longitudinal POE, T[i'i , (b) the corresponding surface of the piezoinduced
optical pathlengths 6A'1 , and (c) its stereographic projection for lithium niobate crystals; A = 0.6328 um, T = 20°C. All the values
are givenin 102 m?/N; the light and dark regions have the opposite signs.

+{S(Su + S~ 2S5~ 2S,))sn"Bcos’d B0, = — ST + i~ 1)

= - 1{ Th,SiN’O + T1y; COS 0 — T, SiN26sin3¢ }
+(S.,/4)sin46sin3¢} 2
3

) 3
x [sin°8/n: + cos’6/n? * (10)

x [(sin’-’e/ni + cos?0/m?) 2= 1.
+{S,c05 0 + S;;5N°0 + S, SiNBcosOSIN3h}
1

2. For the piezooptic surface of light polarization 3
PIEZ00P g p x[(sinze/n§+ cos’/n?) 2—1)}.

I() . 1 1 1]
T (| X5 [r; k|| X3; m || X3), we have

CRYSTALLOGRAPHY REPORTS Vol.45 No.1 2000
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3. For the piezooptic surface of the mechanical

stress T (i | X5 K || Xy: m || X5 ||r), we have

. 1 _.m
6A3 = _énim n§+snm(no_1)

=— %{ T, S n‘e + n1300329 —T,Sin6cosBsin3d} ng
(11)
+{ S+ (Su + S —2S;-2S,,)sin Beos @

+(S,,/4)sin40sin3¢} (n, — 1).

Using relationships (9)—11), we constructed the
surfaces of the piezoinduced changein the optical path-
lengthsin lithium niobate crystal shownin Figs. 2b, 3b,
and 4b. In the corresponding cal culations, thefollowing
values of the piezooptic coefficients (at 10712 m?/N)
were used: 1, =-0.47, 1, = 0.11, 11, = 2.0, TG, = 0.47,
;= 1.6, M, =0.7, 14, =-1.9, 11, = 0.21 from [20], the

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1
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Fig. 3. The same as in Fig. 2 for (8) the indicative piezooptic surface of light polarizations ni'r(];)

surface. For notation, see Fig. 1.

and (b) the correspondingdA;

elastic-compliance coefficients S;, =5.77, S,, = -1.77,
S;=-132, S, =492, S, =-0.853, S, = 16.6 from
[21], and the refractive indices n, = 2.285 and n, =
2.200 from[22]. Figures 2c, 3c, and 4c show the stereo-
graphic projections of these surfaces (the method of
their construction was described in [1]), which alow
the quantitative estimation of the effect. For compari-
son, Figs. 2a, 3a, and 4a show the surfaces of the true
piezooptic effects 1T, TI;',(T:), and Tq',(nm)
bate crystals [1].

In order to exclude the errors associated with the
nonuniqueness of the selection of the coordinate sys-
tem [24], al the measurements of the piezooptic coef-
ficients, the construction of the surfaces of the piezoin-
duced changein the optical pathlengths, and the further
use of the results obtained should necessarily be per-
formed inthe same crystallophysical coordinate system
(with due regard for the positive directions of the ayes
[23]). It should also be indicated that al the surfaces

for lithium nio-
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dA; surface. For notation see Fig. 1.

were constructed by the method of the meridian (¢ =
const) and the equatorial (6 = const) sections in the
frontal dimetric (Figs. 3b, 4b) or isometric (all the other
figures) view with their subsequent mapping onto the
drawing plane. The selection of theimage typewasdic-
tated by the strive to have the most clear representation
of images of each surface. In order to exclude the over-
lap of invisible lines of the lower and the back parts of
the surfaces, only the frontal upper parts of these sur-
faces are shown in the figures. One can reconstruct the
complete three-dimensional view of these surfaces by
mapping the figures obtained via the center of the coor-
dinate system.

We should like to emphasize that 1T, enters equa-
tion (2) with the negative sign, and therefore, in order
to compare the 1t,,, and dA' surfaces, we changed the

signs of the positive and negative effects for the latter
surface.

CRYSTALLOGRAPHY REPORTS Voal. 45

VLOKH et al.

Fig. 4. Thesameasin Figs. 2 and 3 for (a) the indicative piezooptic surface of the mechanical str%sm'ﬁnm)

and (b) the corresponding

Now, perform comparative analysis of the A" and
T, surfacesfor lithium niobate crystals. Since the spa-

tial variation of the refractive index n; isinsignificant
(<4% of n,), itseffect can beignored in the comparative
analysis of the dA' and 11, surfaces.

Asis seen from the figures, all the surfaces of the
piezoinduced optical pathlength in lithium niobate
crystalsare characterized by considerabl e anisotropy of
the POE effect including the sign reversal.

Similar to the surfaces of the true POE (Figs. 2a, 3a,
4a), the 0A surfaces under consideration are not figures
of rotation, in full correspondence with the well known
German theorem [25]. In accordance with the Curie—
Neumann principle [16], these surfaces preserve the
main symmetry elements (see the corresponding ste-
reographic projections), namely, a threefold symmetry
axis and three symmetry planes normal to the drawing
plane, which is characteristic of the crystals of the sym-

No. 1 2000
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Maximum values of the surfaces of piezoinduced change in the optical pathlengths
Extreme value of SA' Angular coordinates of the directions of the extreme dA' values
Surface ang(;gp%r?zeg%?nlgﬁgdﬁﬁlc light polarization, i light propagation, k ugigclrgf)%al
3 | S |Su-1| O 0 0 ¢ 0 ¢
3A;,Fig.2b | -10.1 | -85 (84%) [-1.6 (16%)| 0° —* 90° Arbitrary 0° —*
6A'2 ,Fig. 3b | —14.5 | -12.5(86%) |-2.0 (14%)| 45° 30° 135° 30° 90° 120°
150° 150° 240°
270° 270° 360°
6A; ,Fig. 4b | —135|-11.9(88%) |-1.6 (12%)| 90° Arbitrary 90° Arbitrary 0° —*

* At6 =0, theradius-vector r coincides with the Xs-axis and therefore no projection of r onto the X; X, plane determining the angle¢ can exist.

metry class 3m. The presence of the threefold axis also
follows from the analysis of relationships (10)—12),
where each term includes the factor sin 3¢ with a
period of 120°.

The analysis of the POE surfaces (Figs. 2a—4a) and
the corresponding surface with due regard for elasticity
(Figs. 2b—4b) leads to the conclusion that the contribu-
tion of elasticity to dA' for most of the arbitrary direc-
tions, including the principal directions, is comparable
with the piezoelectric contribution. In [20], this state-
ment was confirmed only for the principal directions
X, %Xy, X5 inthe crystal. A more pronounced anisotropy
is caused by the éasticity contribution, which is seen
from the comparison of the 1, and dA" surfaces
(Figs. 2a, 2b). It is also seen that the negative sheets of
the 0A'" surface are much larger than the other ones,
whereas the positive part of the surface is elongated.
This can be explained by the subtraction of the
piezooptic and elastic contributions to dA, the radius-
vector of this surface, in the vicinity of the isotropic
X,0X, plane (thisis also confirmed by the calculations
performed in [20] for the piezooptic coefficients 11,
and Tt,,) and vice versa, by summation of the contribu-
tionsfrom Tt,,, and S, for the radius-vector located in
thevicinity of the optical axis X; (thisisaso confirmed
by the calculation of these contributions for the coeffi-
cient 145 in [20]). The considerable change in anisot-
ropy associated with allowance for the el asticity contri-
bution is also seen from the comparison of Figs. 4aand
4b. Figure 4b shows the changes in the optical path-
lengths having different signs, whereas the optical
pathlengths on the surface in Fig. 4a have the same
signs.

The A" dependences are described by rather com-
plicated equations, and therefore we failed to calculate

the corresponding extreme valuesthat werefor the n';,(;)

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1
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and Tr,-',(nm) surfaces as we did in [1]. Therefore, these

values were determined with the aid of the Wulff nets
from the corresponding stereographic projections
(Figs. 2c4c) and then were tabulated. It is seen from
thistabl e that the maximum piezoinduced changeinthe
optical pathlength is observed for the dependence 34, .

At the sametime, it is seen that the maxi mum val ues of
al three dependences are comparable. However, in

practice, the most important dependences are 6A; and

0A;, because their maximum values correspond to the

experimental geometry, where the directions of i, m,
and k coincide with the directions of the principal axes.
It isremarkabl e that the el astic and piezooptic contribu-
tions for the extreme values of al the dependences are
also comparable, with the latter contribution being six—
seven times higher than the others ones. Moreover, the

analysis of the extreme values of the 11, [1] and A [1]
dependences shows that the extreme values of the lon-
gitudinal piezooptic effect 6 and the correspondent Tt;

dependence are characterized by different 6A; values
(6 =40°, Fig. 2aand 6 = 0°, Fig. 2b).

For all three dA' surfaces considered in this article,
there exist numerous directions and experimental
piezooptic conditions for which the effect has the zero
value (this corresponds to zero isolines on the stereo-
graphic projections). This signifies that one can always
set experimental conditions such that the piezoinduced
change in the optical pathlength would be zero.

Concluding the article, we should like to indicate
that the approach based on the spatial summation or
separation of two different simultaneously induced
effects in anisotropic materials can also be used for
other purposes, e.g., for taking into account the electri-
cally-induced deformation of specimensin electrooptic
studies.
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Abstract—The elastic, piezoel ectric, and diel ectric characteristics of a-GeO, crystals are studied at room tem-
perature. The measurements were performed by the resonance method on crystals grown on a-quartz seeds
from solutionsin the recircul ating mode. In germanium dioxide crystals, the piezoel ectric moduli have high val-
ues. The characteristic features of variations of the electromechanical and elastic propertiesin crystals with the
quartzlike structure observed earlier are confirmed. © 2000 MAIK “ Nauka/Interperiodica” .

Thetrigonal a-phase of germanium dioxide crystals
is similar to the well-studied a-phase of quartz and
other compounds described by this structural type (ber-
linite, gallium phosphate, etc.) All these materials, first
and foremost a-quartz, are widely used in piezoel ectric
technology. Up to now, in spite of the great importance
of germanium and silicon for geochemistry and crystal
chemistry, the properties of germanium dioxide crys-
tals have not been sufficiently studied because of the
difficulties encountered in the growth of a-GeO, single
crystals. Recently, a special method for the growth of
these crystals from solutions in the recircul ating mode
has been developed [1]. In turn, this allowed the mea-
surements of the elastic parameters of a-GeO, crystals
by the Mandel’ shtam-Brillouin method [2]. According
to [3], the a-modifications of SiO, and GeO, are char-
acterized by compressihility higher than in comparison
with many other oxides.

All these facts explain a considerable interest to the
study of elastic, piezoelecrtic, and dielectric properties
of the a-GeO,. Below, we report the results of such a
study.

Germanium dioxide crystals for experiments were
grown by the hydrothermal method on silicon dioxide
seeds (a-quartz) [1]. The crystals grown had the dimen-
sions 124 x 6-10 x 4-8 mm. The specimens were the
X-, Y-, and Z-cuts of the crystals and also the rods ori-
ented as is shown in the figure. All the specimens had
silver electrodes applied asis shown in figure.

The dielectric constants were calculated from the
measured capacitance of X-, Y- and Z-cuts on an auto-
mated capacitance bridge in a 100-200 V/cm electric

field at afrequency of 1 kHz. Simultaneously, the tan-
gent of the angle dielectric losses was also measured.

The electromechanical properties of a-GeO, crys-
tals were studied by resonance methods [1]. The appli-
cation of HF electromagnetic signals to the electrodes
excites the oscillation modes related to certain piezo-
electric moduli or constants, in full accordance with the
matrix of piezoelectric constants. Measuring the reso-
nance and antiresonance frequencies of the correspond-

Y7 '
f
X

Shape and orientation of the specimens of a-GeO, crystals
used for electromechanical measurements by the resonance
method and dielectric measurements: a—(XYtwl)-0°/0°/0°;
b—(XYtwl)-45°/0°/0°; c—(YZtwl)-45°/0°/0°; d—X-cut; e—
Y-cut; and f—Z-cut.
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146 BALITSKII et al.
Table 1. Electromechanical properties of a-GeO, crystals
R ) Frequency con- | e D
Oscillation mode (figure) stgrcwlt, kl—c?é mm | Sk, 1072 m?/IN Cix» 1010 N/m2 10% K.,
Compression-extension oscillations of the rod _ _
Y-cut (XYtwl) — 0°/0°/0° 1876.5 S;1 = 16.588 ki, = 15.4*
Compression-extension oscillations of the rod o _
cut (XYwl) — 45°/0°/0° 20744 S, =13574 kip=21.2*
Compression-extension oscillations of the rod Co _
cut (YZtwl) — 45°/0°/0° 2341.2 sy, = 10.656 kps = 8.9*
Compression-extension ocillations of the X-cut | 1935.5-1974.8 01D1 =6.413 k= 3.4%*
Shear oscillations a ong the thickness of the Y-cut| 1206.1-1211.7 cgﬁ =2.490-2514 | kog=7.01**
* K (K1) = (Mhaf2f) cotan(Tt g 2fp).
*x 2 and Koy = (t,e/2fg) tan(maf/2f,g), where Af = fug —fr.
Table 2. Comparison of the properties of quartzlike materials
Parameters Sio, AlPO, GaPO, GeO,
ac A 49121 4,937 4.899 4984
5.4044 10.926 11.034 5.660
p, g/cmd 2.655 2.640 3.570 4.28
[i[Haveraged ionic radius 0.26 0.28 0.32 0.39
T-O-T, deg 143.7 142.4 134.6 130.0
dq1, 102CIN 231 3.30 45 4.04
0y, 21022 CIN 0.727 1.62 1.94 3.82
Cy1, 10° N/ 86.79 64.88 66.6 66.4*
64.8
c?, 10°N/m? 6.79 8.98 21.8 21.3*
C13 10°N/m? 12.01 14.6 24.9 32
¢33, 10° N/m? 105.79 87.4 102.1 118*
Cas, 10° N/m? 58.21 43.12 37.7 36.8*
374
Cy4, 10° N/ 18.12 -12.17 3.9 2.2%
11.7
Cesr 10° N/MP 40.0 27.95 224 22,53+
21.10
£11/50 4.45 5.2 7.43
€33/€0 4.6 51 6.65
* Data[2].

ing oscillation modes (the frequencies of “in-parallel”
and “in-series’ resonances), we aso determined
the frequency constants, the acting elastic moduli, and
the coefficients of the electromechanical coupling
(Table 1). Using the dielectric constants determined,
the datalisted in Table 1, and the relationships [4]

_ _ £ o 12
dyy = —dy, = Kp(Spp€y1)

12
dyy = 2k23(5§3511) )

D s. 12 D s.l2
e = €5 = Ky(Ces€nn) = ki(Cni€nu)

_ E E
€14 = 014Cqy +2d11Cyy,

we determined the components of the tensor of piezo-
electric moduli and the constants. These data are listed
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in Table 2 together with the dielectric and elastic
parameters of the a-phase of germanium dioxide. For
comparison, the same datafor quartz and other crystals
of the berlinite group with the quartzlike structure are
aso indicated in Table 2. The structural parameters of
0-GeO, in Table 2 were obtained in the refinement of
the crystal structure based on the X -ray diffraction data
(Sintex P-1 diffractometer, 446 reflections with |F| >
30]|F|, R=0.041) and are in agreement with the known
data.

Table 2 indicates the T-O-T angle formed by the
tetrahedrally coordinated cations, which determines,
according to [5], the possible changesin the elastic and
piezoelectric properties of quartzlike materials.

The data listed in Table 2 show a considerable
increase of the piezoel ectric moduli d; and d, in GeO,
crystals in comparison with their values in quartz. Dif-
ferent properties of these compounds are not acciden-
tal, because the c/a ratio for GeO,, 1.1356, consider-
ably exceeds this value for SiO,, 1.1007, thus indicat-
ing a more pronounced distortion of Ge-tetrahedra [3].
It wasindicated in [5] that the T-O-T angle can be used
as a criterion of the structural distortion of quartzlike
compounds, because it is a linear function of the c/a
ratio: adecrease in the T-O-T angleis accompanied by
an increase of the c/a ratio and the angle of rotation of
the tetrahedra around the two-fold axes. According to
[4], the density and the elastic and the piezoelectric
constants of compounds with the a-quartz structure
show the linear correlation with the T-O-T angles.
However, an assumption [5] about an increase of the
coefficient of electromechanica coupling with a
decrease of the angle between the tetrahedrais not quite

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1

2000

147

correct for GeO,, which, we believe, is associated with
its considerably higher dielectric constant.

On the whole, the correlation between the physical
properties and structural characteristics can be inter-
preted on the basis of simple crystallochemical princi-
ples: an increase of the mean radius of atetrahedral cat-
ion (T) [6] provides the baric deformation of the
o-quartz structure, which is accompanied by an
increase of the piezoelectric moduli for compounds of
this series.

Thus, we revealed that the piezoelectric moduli of
germanium dioxide crystalsare very high. We a so con-
firmed the specific features of the changes in the elec-
tromechanical and elastic properties of quartzlike com-
pounds established earlier.

REFERENCES

1. D.V.Balitskii, D.Yu. Pyshcharovskii, and V. S. Balitskii,
in Proccedings of the International Conference on Crys-
tals:. Growth, Properties, Sructure, and Application
(Aleksandrov, Russia, 1997), Val. 1, p. 512.

2. M. Glimsditch, A. Polian, V. Brazhkin, et al., J. Appl.
Phys. 83, 3018 (1998).

3. J. Glinnemann, H. E. King, H. Schulz, et al., Z. Kristal-
logr. 198, 177 (1992).

4. A.A Kaminskii, |. M. Sil’vestrova, S. E. Sarkisov, et al.,
Phys. Status Solidi A 80, 607 (1983).

5. E. Philippot, D. Palmier, M. Pintard, et al., J. Solid State
Chem. 123, 1 (1996).

6. R. D. Shannon, Acta Cryst. A 32, 751 (1976).

Trandated by A. Zalessky



Crystallography Reports, Vol. 45, No. 1, 2000, pp. 148-149. Translated from Kristallografiya, Vol. 45, No. 1, 2000, pp. 154-155.

Original Russian Text Copyright © 2000 by Golovin, Morgunov, Dmitrievskiz, Shmurak.

PHYSICAL PROPERTIES OF CRYSTALS

Anisotropy of the Optical Suppression of the Magnetoplastic

Effect in NaCl Single Crystals

Yu. |. Golovin*, R. B. Morgunov*, A. A. Dmitrievskii*, and S. Z. Shmurak**
* Derzhavin Tambov Sate University, Tambov, 392622 Russia
e-mail: victor @tgpi.tambowv.ru

** |ngtitute of Solid-Sate Physics, Russian Academy of Sciences,
Chernogolovka, Moscow oblast, 142432 Russia
Received April 8, 1998

Abstract—Anisotropy of the plane-polarized light effect on magnetosensitive point defects in NaCl crystals
has been observed. The data obtained may yield the information on the symmetry of the electronic states of

these defects. © 2000 MAIK “ Nauka/lnterperiodica” .

Earlier, we have established that the paths of mag-
netically induced dislocations (the field induction B =
7T) in crystals preliminarily exposed to a monochro-
matized light of a certain wavelength [1]. It was shown
[2] that this magnetoplastic effect is associated with the
change of states of photo- and magnetosensitive point
defects. At present, there is no information about the
atomic and electronic states of these defects. However,
if iswell known that they are metastable [3]. Usualy,
metastable defects in ionic crystals have a complex
structure; i.e., they can consist of severa extrinsic or
intrinsic defects and contain impurity-vacancy dipoles.
The defects of such types are usually characterized by
the anisotropy of their physical properties. Therefore, it
can be assumed that the efficiency of the photoexcita-
tion of magnetosensitive centers and the dislocation
mobility in crystals is dependent on the orientation of
the polarization plane of light. We had the aim to study
the dependence of the efficiency of the optical suppres-
sion of the magnetoplastic effect on the orientation of
the polarization plane of the light with respect to the
main crystallographic directions.

In the experiments, we used nominally pure 3 x 3 x
5-mm-large NaCl single crystals. Prior to the introduc-
tion of disocations and the application of a magnetic
field, the crystals were exposed for 15 min to polarized
and nonpolarized light at the wavelength of 350 nm,
which provided the maximum suppression of magneto-
plasticity in the NaCl crystals. Then, edge dislocations
wereinduced by aconventional technique of scratching
crystal surfaces. The field-induced dislocation dis-
placements were revealed by the method of double
chemical etching. Magnetic-field pulses had the shape
of a half-period of the sinusoid with an amplitude of
7 T and aduration of 1072 s. We studied the mobility of
only those edge dislocations whose Burgers vector was
perpendicular to the direction of light propagation. The
numbers N;, N,, N3, and N, of dislocations displaced

under the effect of the magnetic field along the [110],

[110], [110], and [110] directions were normalized to
the total number of displaced dislocations ZN; and,
thus, the numbers of dislocations moving in each dlip
plane were determined.

In the first series of experiments, the crystals were
exposured to the nonpolarized light and the numbers of
disocations displaced along all the above directions
[perpendicular to the direction of light propagation
(Fig. 1a)] were the same. In the second series of exper-
iments, we used the polarized light, and it was found
that the numbers of dislocations displaced along the

[110] and [110] directions are equal to n, = (N, +
N;)/ZN;; the numbers of dislocations displaced aong
the [110] and [110] directions are equal to n, = (N, +
N,)/ZN; (Fig. 1b). Theratio n,/n, depends on the angle
a formed by the polarization plane of light and the

(100) plane of the crystal (Fig. 2). The maximum differ-
ence between the n, and n, valuesisobserved at a = 45°,

() (b)
N N, N,
[110] [110] o
[110] [110]
Ny Nj
Fig. 1. lllustration of the displacements of N; dislocations

aong four crystallographic directions in crystals in a mag-
netic field: (a) not exposed to light; (b) preliminarily ex-
posed to a polarized light with the polarization plane form-
ing an angle of a = 45° with the (100) plane.

[110]

[170]
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”ll/f’lz

90 a°

Fig. 2. Total number n of dislocations displaced along the
[110] and [110] directions normalized to the total number

n, of dislocations displaced along the[110] and [110] direc-
tions as a function of angle a formed by the plane of the
light polarization with the (100) plane.

n,=04,and n, = 0.6. Ata =0° n, =n, = 0.5. There
were no noticeable changes in the dislocation paths
with the change in the polarization-plane orientation.
Thus, the orientation of the polarization plane of light
during photoexposure affects only the fraction of dislo-
cations displaced in an applied magnetic field.

Since the crystals were exposed to light prior to the
introduction of fresh dislocations, the observed anisot-
ropy of the magnetoplastic effect can be attributed to
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the anisotropy of magnetosensitive point defects,
which seem to possess alower symmetry than the crys-
tal lattice. Under this assumption, the observed anisot-
ropy in dislocation displacements can be interpreted as
follows. Polarized light affects only those chaotically
oriented anisotropic defects which possess the orienta-
tion favorable for excitation. Therefore, a certain time
after light irradiation for the destruction of light-
induced order in the defect subsystem by thermal fluc-
tuations, dislocations are decelerated only by some of
theinitially oriented defects. Sincetheefficiency of dis-
location interactions with the anisotropic defects
depends on their orientation with respect to the dip
plane [4], one can expect the anisotropy in the disloca-
tion motion determined by the orientation of the polar-
ization plane with respect to the crystallographic axes.

As was shown in [2], the influence of the prelimi-
nary light irradiation on the magnetoplastic effect can
be explained by a reconstruction of the electronic state
of the point defects, therefore, the experimental data
described above can be considered as information on
the symmetry of this state.
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Abstract—The effect of aweak (0.2 T) magnetic field on the amplitude dependences of the internal friction
and the defect of Young's modulus in KBr crystals has been studied. It is shown that, under the action of the
magnetic field, the internal friction increases and the effective elastic modulus decreases, thus indicating an
increase of sample plasticity. The preliminary treatment of the samplesin amagnetic field resultsin theinverse
effect—hardening. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

At present, much attention is paid to the effect of
magnetic fields on the mechanical properties of dielec-
trics, semiconductors, and metals. Most of the experi-
ments study the behavior of dislocations during the
activeloading of crystalsor creeping (see, for example,
[1, 2] and review [3]).

We studied the effect of a weak magnetic field on
aneladticity of KBr crystals during their sign-reversed
loading in the kilohertz frequency range. Anelasticity
of crystalsin this frequency range are controlled by the
dislocation mechanisms, and the effect of a magnetic
field was studied under the conditions when dislocation
segments are forced to oscillate under the effect of
ultrasound.

2. EXPERIMENTAL

Anelagticity of KBr crystals were studied by the
method of a two-component resonance oscillator [4].
Sample vibrations excited a longitudina ultrasonic
standing wave along sample length. We used a fre-
guency of 54 kHz; the strain amplitudes g, ranged from
105 to 103. The interna friction, &, and the defect of
Young's modulus AM/M (hereafter called modulus
defect) were measured in vacuum under a residual air
pressure of 0.13 Pa at room temperature. The measure-
ment error did not exceed 2%. The magnetic field was
created by a permanent magnet with the induction B =
0.2T.

The state of the sample was checked by performing
selective etching and constructing the current—voltage
characteristics of an oscillator. The current—voltage
characteristic I(V) of atwo-component oscillator is, in
fact, the dependence of the current | in quartz (for “in-
series resonance’) on the voltage V applied to its con-
tacts. The current | is proportional to the strain ampli-
tude, €, and the tangent of the slope of the current—
voltage characteristic with respect to the current axisis

proportional to the internal friction [5]. Using the (V)
curve, one can determine (with a high accuracy) the
amplitudes g, giving rise to changes in the dislocation
behavior. Comparing the current—voltage characteris-
ticsfor various samples, one can compare the plasticity
of various samples. The analysis of the current—voltage
characteristics al so provides the determination of some
guantitative parameters of the dislocation structure in
the crystal [5].

The studies were performed in two modes. In the
first one, both magnetic field and ultrasonic fields were
applied simultaneoudly. In the second mode, the sam-
ples were preliminarily treated in a magnetic field.
Then, the current—voltage characteristics were mea-
sured and the internal friction and defect of Young's
modulus were measured at the zero field. The results
thus obtained were compared with the corresponding
datafor acontrol sample not treated inamagneticfield.

Theyield point of KBr samples was 9 x 10° Pa, the
initial dislocation density was equal to 3 x 10° m2. The
total amount of bivalent impurities calculated from the
temperature dependence of conductivity was equa to
8.2 x 107" mol parts. The spectral analysis showed that
the main bivalent impurity was Ca.

3. RESULTS

3.1. Effect of Magnetic Field on Current—\oltage
Characteristics Oscillator with KBr Crystal

The typical current—voltage characteristics for an
oscillator with KBr crystal obtained under (curve 1) the
simultaneous effect of a magnetic field and the ultra-
sound (curve 2) in the zero field and (curve 3) after the
preliminary 3.5 h-treatment of the samples in a mag-
netic field are shown in Fig. 1. It is seen that curve 1
(the simultaneous action of a magnetic field and the
ultrasound) is located much lower than the two other
curves, thusindicating that the magnetic field increases
the sample plasticity.

1063-7745/00/4501-0150$20.00 © 2000 MAIK “Nauka/Interperiodica’
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I, arb. units

0.8

04 P
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0 20 40

1
60 80 V, volts

Fig. 1. Current—voltage characteristics [(V) of the two-component oscillator with KBr samples: (1) a sample in the magnetic field
during measurements; (2) asamplein theinitial state; (3) asample treated in amagnetic field prior to measurements.

The preliminary 3.5 h exposure of the sample to the
magnetic field (curves 3, 2) provided its strengthening.
It should be indicated that the corresponding samples
(curves 1, 2) had mirror-smooth cleavages. All these
curves (Fig. 1) had three segments. We consider them
for curve 1. The linear part AB of curve 1 corresponds
to low values of the applied voltage V. The nonlinear
segment BC is smoothly transformed into the asymp-
totic segment CD. Using the method from [5] and
extrapolating this segment of the curve to the l-axis,
one can estimate the stress 1 that should be overcome
by didocation segments at this stage of ultrasound
application. According to [6], T are the values of the
generalized PeierlsNabarro barriers (their estimated
values are listed in table). It is seen that the application
of the magnetic field reduces the Tt values. Since 1 is
proportional to theyield point [ 7], one can state that the
magnetic field decreases the yield stress. On the other

hand, the preliminary treatment of samplesin magnetic
fields strengthen the sample, so the T value of the mag-
netically treated sample exceeds the corresponding
value of the control sample.

3.2. The Effect of Magnetic Field on the Amplitude
Dependence of Internal Friction in KBr

The current—voltage characteristics show that the
effect of a magnetic field on the amplitude-dependent
internal friction depends on the experimental condi-
tions. Figure 2 shows typical amplitude dependences
0(g,) for KBr samples obtained in the 0.2 T magnetic
field and in the zero field, and also for samples treated
in a magnetic field prior to measurement (curves 1, 2,
3, respectively).

Aswas shown above, the simultaneous effect of the
magnetic and ultrasonic fields plasticizes the sample.

Starting stresses T*, amplitudes €, corresponding to the beginning of the amplitude dependence of internal friction, characteris-
tic unpinning strain I, and the average displacements of oscillating dislocation segments AL under various experimental con-

ditions
Experimental conditions
Parameters i
B=02T B=0 35htreatmentina0.2 T magne-
tic field prior to measurements
¥, MP2 26.4 57.7 67.8
€g, 1074 12 2.8 34
r,10* 6.2 217 9.0
WL um 11 0.37 0.14
CRYSTALLOGRAPHY REPORTS Vol. 45 No.1 2000
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Fig. 2. Effect of amagnetic field on the variations of the internal-friction amplitude for KBr samples. For notation, see Fig. 1.

Figure 2 shows that the amplitude dependence of the
internal friction for such a sample shifts towards lower
amplitudes €, whereas the amplitude-dependent inter-
nal friction becomes considerably higher than theinter-
nal friction of the control sample.

Comparing curves 2 and 3in Fig. 2, we see that the
preliminary treatment for 3.5 h of thesampleina0.2 T
magnetic field reduces its amplitude-dependent inter-
nal friction in comparison with the internal friction of
the control sample. The amplitude dependence shifted

AM/M x 10*
401

20

*— 1
4
g % 10*

Fig. 3. Effect of amagnetic field on the amplitude variations
of the defect of Young's modulusfor KBr samples. For nota-
tion, see Fig. 1.

CRYSTALLOGRAPHY REPORTS Voal. 45

towards higher €, values. This confirms once again the
fact of sample strengthening upon the preliminary
treatment in a magnetic field.

The amplitudes of relative stresses g, at the antinode
of an ultrasound standing wave, which provide the
amplitude dependence on the interna friction in KBr
samples under various conditions of the tests, are indi-
cated in the table.

The decrease of interna friction in samples prelim-
inary treated in a pulsed magnetic field was also
observed for stannic bronze at the frequency of 1 Hz
[8]. It was assumed [8] that this effect was determined
by the change in the “impurity—defect atmosphere”
around the dislocation caused by the magnetic field. In
the Granato—L licke coordinates [9], the d(g,) curves
become straight lines, which indicatesthat internal fric-
tion is controlled by interactions between didocations
and pinning centers. Processing of the data obtained by
the method of linear regression with the use of the the-
ory developed in [9] provides the determination of ' ~
F./I. from the slope of the approximating curves, where
F., is the maximum force of interaction between adis-
location with a pinning center and |, isthe average dis-
tance of an oscillating segment. The " values are given
inthetable. It is seen that the application of a magnetic
field reducesthe value of I" by afactor exceeding three
in comparison with the control sample. However, these
data cannot give an unambiguous answer to the ques-
tion of whether the maximum interaction force F,, is
reduced and of whether the length of oscillating seg-
ment | increases. It seems that both parameters are
changing.

No. 1 2000
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3.3. Effect of Magnetic Field on the Modulus
Defect

The modulus defect measured as a function of g, is
shownin Fig. 3. It is seen that both control sample and
the sample under study show no amplitude dependence
of themodulusdefect upto g, =1.8 x 10*. For the sam-
ple preliminarily treated in a magnetic field at low g,
values, the defect is negative, which shows once again
that the magnetic field provides sample strengthening.
An increase in the ultrasound amplitude changes the
negative sign of the modulus defect to positive one.

In accordance with measurements of the modulus
defect and following [10], we estimated the averaged
displacement of the dislocation segments [Wduring
oscillations. The results of estimation, [UL] correspond-
ing to the strain amplitude g, = 2.3 x 104, are given in
table. It is seen that the average displacements [WCin the
magnetic fields are three times higher than the displace-
ments of the dislocation segments in the control sam-
ples. At the same amplitude €, the displacements of the

oscillating disl ocation segments are proportional to D]i O

[11], whence El]iDincreases in the tests in magnetic

fields; in other words, an ever increasing number of
segments “is liberated” from the stoppers. These con-
clusionsarein accordance with the ideathat amagnetic
field promotes the unpinning of dislocations from para-
magnetic centers [12].

CONCLUSION

The experimental data obtained and their analysis
conclusively prove the existence of the effect of aweak
magnetic field on anelagticity of alkali-halide crystals.
The simultaneous action of magnetic and ultrasound
fields is not equivalent to their successive application.
The results obtained quantitatively agree with the
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effects observed in akali-halide crystals in magnetic
fields for other loading modes.
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PHYSICAL PROPERTIES OF CRYSTALS

Bulk Photovoltaic and Photor efr active Effects
in a Piezoelectric La;Ga;SO,, : Fe Crystal
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Abstract—The linear and the circular bulk photovoltaic and photorefractive effects in a piezoelectric
La;GasSiO,, : Fe crystal have been studied. It is shown that the photorefractive effect isinduced by generation
of the photovoltaic voltage. © 2000 MAIK * Nauka/Interperiodica’ .

A piezoelectric lanthanum gallium silicate of the
composition La;GasSiO,, has atrigonal symmetry and
is described by the point group 32. The crystal is non-
centrosymmetric and optically active. The crystal sym-
metry does not contradict the existence of thelinear and
the circular bulk photovoltaic effects. Since the crystal
has a pronounced band gap (E, > 5 eV), the intrinsic
effects can be observed only isthefar ultraviolet range.
The linear and circular bulk photovoltaic effectsin the
visible range of the spectrum can be observed only in
doped crystals. We studied these effects in a praseody-
mium-doped lanthanum gallium silicate La;GasSiO,, :
Pr3* [1, 2]. We also studied the photorefractive effect
and its possible mechanisms in these crystals [3]. The
intrinsic bulk photovoltaic effect and the induced pho-
torefractive effect were also observed in another piezo-
electric, Pr;GasSiO,, [4].

Below, we describe the study of the photovoltaic
effect and the photorefractive effect in a Czochral ski-
grown piezoelectric La;GasSiO,, : Fe crystal. The 3 x
3 x 2 mm-large specimens doped with iron to the con-
centration 0.5% were oriented along the X-, Y-, and
Z-axes. Both linear and circular bulk photovoltaic effects
were generated by an Ar-laser (A = 488.0-514.5 nm) with
the light intensity | = 0.25 W/cm? at room temperature.
The method used for photovoltaic measurements was
described earlier [5].

Asiswell known, thelinear bulk photovoltaic effect
is described by athird-rank tensor (3, [5] similar to the
piezoel ectric tensor, namely

. 1
i = élBhk(eje: +€fg), (D

where jiL is the component that describes the current
density in the linear bulk photovoltaic effect, | is the

intensity of the incident light, and g and g are the pro-
jections of the polarization vector of the incident light.
Knowing the nonzero components of the tensor Biij for
the point group 32, one can obtain from formula (1) the

current density of the linear bulk photovoltaic effect jt

along the Y-axis of the crystals for alinearly polarized
light propagating along the Z-axis in the form

iy = Bnlsin2¢, )

where ¢ is the angle formed by the polarization vector
of the incident light and the Y-axis of the crystal.

The specific rotation of the polarization plane of
light, p, changes the amplitude of the current density of
alinear photovoltaic effect and gives rise to the phase
shift of its angular dependence [1]:

L _ L
Jy = Bl

sin(pd/2) .
—pd/2 sin(2¢ +pd/2), ?3)

where d = 2 mm isthe crystal thickness along the opti-
cal axis Z. For the La;Ga;SiO,, crystal, p [05.8°/mm at
A = 500 nm [6], which gives rise to the phase shift
pd/2 05.8° and a decrease of the amplitude of the cur-
rent density of the linear bulk photovoltaic effect by

0.4% E% 00,9965, With due regard of all the

above stated, the effect of the optical activity on the
bulk photovoltaic effect can be ignored.

Thecircular bulk photovoltaic effect is described by
asecond-rank tensor B [5]

i = Bkl (4)
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Fig. 1. Ratio of the current density of the bulk photovoltaic
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effect j'; to theintensity | of theincident light as afunction

of the angle ¢ formed by the Y-axis of the crystal and the
polarization vector of the incident light for aLa3;GasSiO 4 :

Fe crystal.

where jiC is the component of the current density due
to the circular photovoltaic effect and k = k* = i[e - e*]
is the degree of ellipticity of the incident light wave.
The eliptically polarized light was generated by trans-
mitting a linearly polarized light wave through a A/4
plate. In this case, K, = sin2y), where { is the angle
between the optical axis of aquarter-wave plate and the
polarization vector of the incident laser beam. Thus,
illuminating the crystal along the Z-axis (through semi-
transparent electrodes), we obtain the current density of
the circular bulk photovoltaic effect along the same
direction in the form

is = Bslsin2y. (5)

Figure 1 shows the angular dependence of the current

density of thelinear bulk photovoltaic effect j; divided
into the intensity of the incident light for a
La;GasSiO,, : Fecrystal. The pointsindicate the exper-
imentally measured values of j;/l; the solid line is

obtained by the least squares method. The approximat-
ing function was the theoretical dependence described
by (3). It is seen that the phase shift of the dependence

j;(l) caused by the optical activity of the crystal is

approximately equal to the above value of pd/2. Com-
paring the experimental results with formula (2), we

obtain B, =3.1 x 10-'2 V-'. Since the absorption coeffi-

cient is known (a = 0.36 cm?), we can calculate the
Glass tensor component characterizing the photovol-

taic sensitivity of the crystal, Gj, = B5, 0! = 8.6 x
1072 cmVL
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Fig. 2. Ratio of the current density of acircular bulk photo-

voltaic effect jf to the intensity | of the incident light as a

function of the angle  formed by the optical axis of a quar-
ter-wave plate and the polarization vector of the incident
light for aLa3GasSiOyy : Fe crystal.

Figure 2 shows the dependence of jf on the angle

formed by the optical axis of the half-wave plate and
the polarization vector of the laser beam. The points

indicate the experimentally measured values of jf /N,

the solid line is obtained by the least squares method.
The approximating function is the theoretical depen-
dence calculated by (5). The phase shift of the curvein
Fig. 2 iscaused by the error inherent in the method used
for measuring the angular dependence of the current of
the circular photovoltaic effect. Comparing the experi-
mental data for the circular bulk photovoltaic effect
with formula (5), one obtains the components of the

photovoltaic (BS; = 1.6 x 10-'2 V1) and Glass (G5 =
4.4 x 10712 cm V) tensors.

The electric field generated by the bulk photovoltaic
effect was determined from the current—voltage charac-
teristic obtained for a crystal illuminated along the
Z-axis with the aim to provide the maximum photovol-
taic current, E,;, = 5.35 kV/cm. Taking into account the
considerable strength of the photovoltaic field in a
La;GasSiO,, : Fecrystal, we also measured photore-
fraction by the compensation method described else-
where [7]. A crystal was illuminated with a linearly
polarized light along the Z-axis at two different angles
(¢, and ¢,) between the polarization vector of the light
eand the Y-axis of thecrystal, i.e., at the maximum val-
ues of the photovoltaic currents flowing in opposite
directions. Theangles ¢, and ¢, were selected with due
regard for the rotation of the polarization plane of light
caused by the optical activity of the crystal.

Figure 3 illustrates the kinetics of photorefraction
recording in aLa;GasSiO,, : Fe crystal at ¢, = 45° and
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Fig. 3. lllustrating the kinetics of photorefraction recording
in aLa3zGasSiO, 4 : Fe crystal for two polarization states of

the light of intensity | = 19.64 W/cn?. (1) ¢, = 45° and
(2) ¢, = 135°.

¢, = 135° (positive and negative currents, respectively).
The thus measured photorefractionis An=2.3 x 1073,

Taking into account the crystal symmetry and the
geometry of the experiment, we have

An = —r 1lnnghv (6)

where n, is the refractive index of the ordinary wave,
E,» is the photoinduced field, and ry, is the coefficient
of the linear electrooptical effect. The electrooptical
coefficient at An = 2.3 x 107, n, = 1.9 [6], and E,, =
5.35 kV/cmequalsr,,; =6.3 x 10719 cm/V.
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The results obtained, i.e., the pronounced photoin-
duced fields generated by the bulk photovoltaic effect
and the dependence of the magnitude and the sign of
photorefraction observed on the radiation polarization,
indicate that photorefraction in a piezoelectric
La;GasSiO,, : Fe crysta is caused by the linear bulk
photovoltaic effect. This phenomenon makes
La;GasSi0,, : Fe crystals promising materials for
recording holographic gratings using the bulk photo-
voltaic effect.
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THIN FILMS

| sother mal Liquid Phase Epitaxy of A3B> Compoundsunder
Excessive Vapor Pressure of the B> Component

Yu. P. Khukhryanskii, V. A. Savchenko, V. V. Emel’yanov, and V. N. Ermilin

\oronezh Sate Technical University, Moskovskii pr. 14, Voronezh, 394026 Russia
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Abstract—A mathematical model has been devel oped of isothermal epitaxial growth of ASB® filmson the ASB®
substrates from flux by creating the excessive pressure of diatomic vapors of the B> component. The model is
based on the diffusion equation with the nonlinear boundary condition at the evaporation surface and the third-
kind condition at the crystallization surface. The problem is solved numerically on a computer. © 2000 MAIK

“Nauka/Interperiodica” .

The isothermal methods of liquid-phase epitaxy of
elementary and complex semiconductors [1, 2] have
been insufficiently studied both in the theoretical and
experimental aspects. However, in practice, these meth-
ods are rather attractive, since, first, they provide the
use of arather wide range of growth rates and, second,
the technologies of isotherma methods are usually
rather simple because it is much easier to maintain the
growth system at the given level than to change it
according to a certain program.

Consider one of the methods of the isothermal lig-
uid-phase epitaxy of A’B> compounds for the diffusion
model based on the creation of an excessive pressure of
the element B of the fifth group over the flux. Let a
plane layer of B of component thickness| in the melt of
metal A saturated at the temperature T be in contact
with the substrate of a binary A’B> compound consist-
ing of the same elements. We assume that the substrate
is horizontal and that its upper surface liesin the plane
z=0. The vertical z-axisis directed upward. The con-
centration of the component B in the saturated flux
equals C,,, mol/cm?3. Inturn, the flux layer isin equilib-
rium with the gas phase—the vapor of the element B
(with the concentrations of B, dimers equal to C,,
mol/cm?®) and the gas carrier (e.g., hydrogen). The sol-
ubility of hydrogen in the melt and its interaction with
the vapor of the element B are ignored.

Now, consider aboundary layer of thicknessAinthe
gas phase above the flux surface in which the transport
of the volatile components proceeds by the diffusion
mechanism. Outside thislayer, the gas phaseisforce or
convection stirred and therefore is homogeneous.

It should be emphasized that at the concentration of
the B element in the flux of metal A characteristic of the
epitaxy of gallium and indium phosphides and ars-
enides, theelement Bintheliquid phaseisin theatomic
state [3, 4], so that C,, is the atomic concentration of
the element B inthe melt A. However, asthe mass-spec-

trometry data show [5, 6], only the dimers of the ele-
ment B and atoms of the element A are transported to
the vapor phase from the saturated flux. The equilib-
rium vapor phase above the saturated B solutionsin the
melt of the metal A consists mainly of B, and B, mole-
cules [7]. Unfortunately, we still do not know in what
molecular form the element B is transported from the
vapor phaseto the flux. However, since the epitaxy pro-
ceeds at temperatures T = 800-1000 K, the concentra-
tion of the B-dimers in the vapor phase considerably
exceeds the concentration of B-tetramers, and therefore
one can assume that only B, dimers are transported
from the vapor phase to the flux. The further modeling
of the epitaxial process was made under this assump-
tion.

Let ustakeit that the partial pressure of the B vapors
abovetheflux at themoment t = 0O ischanged in ajump-
wise manner so that the concentration of B,-dimersin
the vapor phase attains the value C,(I + A) everywhere
except in the boundary layer, t = 0. Sincethe ratio D,/A
has high values (where D, isthe diffusion coefficient of
dimers B, in the gas phase), the linear distribution of
dimer concentration C,(z t) readily attains the steady
state value in the boundary layer | <z< | + A.

Thus, aflow of B-dimers,

C,(1 +A) —Cy(I, 1)
A

is directed from the gas phase to the flux.

Hereafter, the dimer flows are recaculated to the
flows of B-monomers.

Now, denote the concentration of the B atomsin the
flux layer at t > 0 by C,(z t). Then two expressionsfol-
low from the continuity condition for the B flow at the
gas—solution interface:

Jo(t) = 2D, ()

; _ 0C,(z 1)
t) = -D,=1\% 7/ , 2
Jg( ) 1 62 ( )

z=1
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where D, is the diffusion coefficient of B atoms in the
flux (in cm?/s), M, and M are the molecular masses of
the gas—carrier and the solvent (A element) (in g/mol),
p, and p arethe densities of the gas—carrier and the sol-
vent (in g/cm3), and Hy(T) and G,(T) are the rates of
specific absorption and evaporation for dimers of the
element B in the melt of the element A (in mol/(cm? s)).

The squared concentration in (3) reflects the fact of
dimer molecul e formation on the flux surface caused by
pair collisions of the atoms of the element B. Relation-
ship (3) shows that the parameters of the system G,(T)
and H,(T) arerelated as

ClorMy
z(T)E;—ZE’—pV'—SBZ. €

Expressions (1)—(3) alow oneto writethefollowing
boundary condition at the surface of the solution—gas
phase interface

HAT) S0 = G
Py

Ci(z 1) _ 2
97 |t o, RDMAT
1%‘ szg g )
H(T)M
e, 1+ ) - myci o ga

g

The evaporation of the component A is neglected
and therefore the concentration of the B atoms over the
liquid-phase layer is set by the one-dimensional diffu-
sion equation

0C,(zt) _ _ 9°Ci(zt)
at - Dl azz (6)
with theinitial condition
Ci(z,0) = Cyp. @)

The condition at the substrate surface is formulated
in the sameway asin [§]

p,2Ciz| = Dic gy, ®)

0z z=0 o

where 0 is the thickness of the boundary flux layer on
the substrate surface (8 < I), D} isthe diffusion coef-
ficient in the boundary layer of the solution, and A =
D7 /0 is the kinetic crystallization coefficient. For the
A3B’ compounds, germanium, and silicon, the numeri-
ca valueof Aisequal to5 x 10°3-102 cm/s[8, 9].

Thus, boundary-value problem (4)—7) describesthe
kinetics of epitaxial growth of A3B’ films under theiso-
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thermal conditions and excessive pressures of the
vapors of the B element above the flux.

Now, reduce the boundary-value problem (5)—(8) to
the dimensionless form. With this aim, introduce the
following dimensionless parameters:

D,t
f=q, =T ©)
Ci(zt

22 = 1eu,

(10)
Cy(l+4) _ _ 14U
Cao 2"’
D7l H,(T)M,A C,Dsl

L = , = 0o R =222 (]

It should be noted that the system parameters Q and
R can be represented as the ratios of the characteristic
flows

Hz(T)CzoMg[chzoD_l
Py oaA 0O

D2C20|:P1C10|:|_1
A O 1 O°

With dueregard for relationships (9)—(11), the prob-
lem can be written in the dimensionless form

Q:
(12)
R=2

Uy (L, 1) _ 9°Uy(G 1) _
e T g L@0 =0 a3
0U,((, 1) = LU.(0
I T 1(0, 1), (14)
0U,(¢, 1) 2
B—Z - 1+Q[1+ Uz —(1+Uy(1,1))7].(15)

The thickness of the epitaxial film h (in cm) grown
for thetime 1, is given by the formula

To To

h = hOIa_LJ.B_(E:I_) dt = Mol [UL(0, D), (16)

(=0

h — C:LOI I\/IAB
(VN )

Pas
where pag and Mg are the density and the molecular
mass of the binary A’B> compound to be crystallized,
respectively.

Since boundary condition (15) is nonlinear, the
solution of the boundary-value problem (13)—15) is
obtained by numerical methods.

The film thicknesses h calculated by (16) on a com-

puter as afunction of the dimensional parameters Q, R,
and 1, a h,= 1.0, U,; =3.0m, and L = 100 are shown

a7
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Fig. 1. Thickness of the epitaxial film, h/h,, as afunction of the dimensionless parametersQ, R, and 1 a hy = 1.0, U, = 3.0, and

L =100: (a) Q= 1.0, (b) R= 1.0, and (c) Ty = 0.5.

in Figs. la—1c. It is seen that the film thickness consid-
erably increases with an increase of the parameters Q
and Rin therange of their variations0< Q<2 and 0 <
R<5.

We aso studied the dependence of the deposition
rate of the film as a function of the Q, R, U,,, and L
parameters. The deposition rate V(1) (in cm/s) was cal-
culated by the formulas

V(1) = VoaUl(Z, 1)

2 )1 = VeLUy(0,1),
T A 1(0,7)

(18)

_ DiCiMgs
| Pas

As was to be expected, an increase of the B vapor
pressure above the flux increasesthe crystallization rate
of thefilm on the substrate with a certain delay, ~0.05T.
Obviously, growth of the film can be controlled by
changing both the temperature and the vapor pressure.
Combining these two factors, one can considerably

Vo (19)
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increase the possibilities provided by the liquid-phase
epitaxy.

One has to pay attention to the fact that at U,, < 1,
the epitaxial method considered here allows the attain-
ment of very low rates of film growth (~10-% cm/s),
which makes this method very promising for nanotech-
nologies.

The dependence of the growth rate of thefilm onthe
parameter L is quite conventional [8]: with an increase
of L, the growth rate also increases and attains a con-
stant value at L > 100.

The deposition rate is also strongly dependent on
the parameters Q and R: with an increase of Q and R,
the deposition rate V(1) increases and attains a steady-
statevalue at 1 ~ 1 (Fig. 2).

For the quantitative verification of the model rela
tionships obtained, we performed an experiment on the
growth of the indium phosphide film on the (100)InP
substrate from the sol ution of phosphorusintheindium
melt at U,, = 0.3 and T =973 K. Using a specid attach-
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Fig. 2. Deposition rate V(1)/LV,, of the film as a function of

timeat certain values of the dimensionless parametersQ and
R: (a) L =100, Uy, = 3.0, and R = 1; curves 1-5 correspond

to the following Q values: 1073; 107%; 10% 10!, and 10°.
(b) L = 100, U, = 3.0, and Q = 1; curves 1-5 correspond to

the following Rvalues: 1073; 1071; 10% 10!, and 10°3.

ment, we managed to form aflat flux layer of the thick-
ness (5-6) x 1072 cm on the substrate surface. Within
60 and 90 min, the films attained the thicknesses of
~2 x 107 and 4 x 10- cm, respectively. The calcul ated
film thicknesses, 2 x 103 and 3.1 x 107 cm, are quite
consistent with the experimental data. In our calcula-
tions, we used the following numerical values of the
parameters of the “vapor—solution” system: C,, = 9 x
10~* mol/cm?3[10], C,, = 6.7 x 10~ mol/cm3, G,(973) =
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7.5 x 103 mol/(cm? s) [11], A = 102 cm, D, =
107° cm?/s, D, =5cm?/s, A= 102 cm/s, Q =48.3, R=
4.5 %1072, and L = 60.

Thus, the macroscopic model of the isothermal
method of the liquid-phase epitaxy of the A’B> com-
pounds allows one to predict the characteristic features

of thefilm deposition and also interpret the well-known
experimental data on the indium phosphide epitaxy.
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Abstract—Specific features of Ga-dopant distribution in Ge single crystals grown by the floating zone tech-
nigue from lightly and heavily Ga-doped Ge melts aboard the Photon spacecrafts have been studied. An anom-
alously strong concentration dependence of the effective coefficient of Ga distribution in Ge crystallized from
melts with a well-developed free surface, which has no analogues under the terrestrial conditions, has been
established for the first time. This anomaly isinterpreted as a consequence of specific concentration-dependent
processes of heat and mass transfer in the molten zone, and, first of all, the intensification of the concentration—
capillary convection with an increase of the doping level. The quantitative characteristics of the crystallization
parameters necessary for the construction and verification of hydrodynamic models are obtained experimen-
tally. The effect of the observed phenomena on the electrophysical homogeneity of the grown single crystals
and possible methods for the control of dopant distribution in such crystals are discussed. © 2000 MAIK

“ Nauka/Interperiodica” .

INTRODUCTION

Capillary convection (CC, Marangoni convection)
has a special place among the processes determining
characteristics of heat and masstransfer in meltsduring
their crystallization under conditions of weightless-
ness. The physical mechanism of capillary convection
(CC) isbased on the dependence of the surface-tension
forces in the melt on its temperature and composition.
One distinguishes between the thermally induced cap-
illary (TCC) and concentration-induced capillary
(CCC) convections. Thedriving force of the TCCisthe
temperature gradient on afree melt surface. Thedriving
force of the CCC is the concentration gradient of the
surface-active dopant in the vicinity of the melt surface.

The Marangoni convection is one of the most
important factors determining the quality of semicon-
ductor single crystals grown in space by the floating
zone techniques. Earlier [1], we showed that the effect
of capillary convection on the thermocapillary convec-
tion in melts observed in the processes of floating-zone
growth in space resultsin the characteristic axisymmet-
ric inhomogeneity of the dopant distribution in the
transverse cross sections of the crystals. This inhomo-
geneity is caused by the intensification of the melt stir-
ring in the subsurface layer and a decrease of the effec-
tive distribution coefficient in the corresponding local
regions of the crystallization front. However, it is till
unclear which type of Marangoni convection (TCC or
CCC) makes the determining contribution to formation
of such inhomogeneity in doped semiconductor crys-
tals.

Proceeding from the considerable experience of
performing space experiments and processing their

results, we assumed that the concentration Marangoni
convection produces a strong (probably prevalent)
effect on the hydrodynamic situation in heavily doped
(with the dopant content exceeding 107 cm~) melts of
semiconductor materials [2]. However, the question
about the effect of CCC on the dopant distribution and
the appearance of anisotropic electrophysical proper-
tiesin grown crystals can be answered only upon anal-
ysis of the results obtained in deliberate space experi-
ments. The correct methodical performance of such
experiments requires crystallization of a representative
set of specimens from melts at different concentrations
of the same dopant in identical thermal fields and at the
equivalent minimum possible microgravitation levels.
Taking into account the fine nature of the effects to be
studied, the real conditions aboard spacecrafts, and the
insufficient quality of the growth apparatus used in
space experiments, one has to foresee special measures
for excluding various systematic methodical errors.
The present article describes such experiments and ana-
lyzes and discusses the results obtained.

METHODS OF PERFORMING GROWTH
EXPERIMENTS

The experiments were performed aboard automatic
spacecrafts of the Foton series [3]. The choice of gal-
lium-doped germanium as a model material was dic-
tated by the fact that Ga-impurity in Ge-melts is not
volatile and has high surface activity [4] and the distri-
bution coefficient k < 1. Zone recrystallization of Ge
both in space and in the control terrestrial experiments
was performed in Zone-type apparatus [5]. The initia
specimens were 110 mm long (000Eoriented single-
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Fig. 1. (8) A typical space single crystal and (b) the scheme of its “tailoring” for further studies: (1) the seeding part, (I1) the part
crystallized in space during molten-zone motion, and (I11) the region of the last stationary crystallized zone.

crystal Ge-rods with a diameter of 15 mm and a Ga
concentration ranging within C, = 1 x 10'%-1.5 x 10"
at/cm3.

Floating zone melting in space was performed in a
seal ed vacuum quartz ampule with an inner diameter of
30 mm. A specimen in such an ampule “is hanged” on
a special graphite holder so that it has no contact with
the ampule walls (Fig. 1a). The control terrestrial
experiments were performed in the horizontal version
of the floating-zone technique. The initial specimen in
an ampule was placed into a quartz tube playing the
part of a container with an inner diameter of 20 mm.
The container wasfilled only partly to provide the for-
mation of a free upper surface in the melt, which is a
necessary prerequisite for the devel opment of capillary
convection in the liquid zone [1].

In order to minimize thermocapillary convection,
crystallization by the floating zone technique should be

CRYSTALLOGRAPHY REPORTS Vol.45 No. 1

performed under low temperature gradientsin the mol-
ten zone (i.e., under the minimum overheating of the
melt with respect to T,,,). Overheating within one series
of growth experiments ranged from 8 to 13°C. The
heater temperature was checked using the orbital
telemetry data in the real-time mode and was main-
tained within £0.5°C.

The Zona setups were supplied with an immobile
circular resistive carbon-based composite heater pro-
viding the formation of the Ge molten zone 12—20 mm
in length. The molten zone is formed while the ampule
travels with the specimen through the heater. The total
path of the ampule was 60 mm. In the preliminary ter-
restrial experiments, the zone moved at a velocity of
7 mm/h. However, the first space experiments already
showed that stable complete melting of a specimen
moving with such avelocity occurs only at doping lev-
elsC,> 1 x 10" at/cmd. At lower initial doping levels,
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Basic crystallization parameters and properties of terrestrial and space GelGalkingle crystals grown by floating zone techni-

que on Zona setups

S | Slumaren| o rae | 199N odibiionar | paamaa o 00 | g
crystd i |ingot (Cy), atiem?® u, mm/h zoneL, mm %w dongthecrystal | boundary diffusion
gth (over dl thej) layer, &, mm
1 1.1 x 108 30 0.104 1.1 Terrestrial hori-
2 3.0x 108 7+02 20 0.094 0.69 zontal gc'ﬁfﬁ'q”l?e
3 9.0 x 1018 17 0.094 0.69
4 1.2 x 10%° 20 0.096 0.78
5 1.1 x 10 7+0.2 14 0.117 1.6 Foton-1
6 1.2 x 101 16 0.124 1.9
7 1.3x 1018 12 0.150 3.8 Foton-3
8 3.0x 108 20 0.128 2.8 Foton-3
o 4.1x 108 15 0.122* 2.5 Foton-4
10 1.0 x 10¥° 5+0.2 12 0.094 0.95 Foton-6
11 1.0 x 10¥° 18 0.092 0.82 Foton-5
12* 1.2 x 10¥° 12 0.103* 1.5* Foton-6
13 1.5 x 10° 16 0.089 0.63 Foton-5

* The microinhomogeneity data C(x) indicate the effect of an elevated level of microgravitations (vibrations).

only the surface (circular) melting of single crystal rods
was observed. Thus, we had to lower the crystallization
rate aboard the satellite to 5 mm/h (see table).

We grew nine*“space’ GelGalkingle crystalsin dif-
ferent Zona apparatus of the same design aboard five
different spacecrafts of the sametype and also four con-
trol terrestrial crystals. The total time of the orbital
crystallization exceeded 100 h, which corresponded to
about 70 near-earth orbits with close parameters.
According to the theory of probability, the effect of var-
ious known spurious factors deteriorating the reproduc-
ibility of the impurity distribution in single crystals for
such a scheme of experiments should be of a random
nature. Thus, we have managed to create objective pre-
requisites for performing appropriate and reliable sta-
tistical analysis of a considerable data sampling.

METHODS FOR STUDYING SINGLE CRYSTALS
AND RESULTS OBTAINED

All thethirteen Ge[GalTrystals were grown accord-
ing to the same scheme. Each crystal was cut along the
longitudinal axis into equa halves (Fig. 1b), one of
which was then subjected to selective chemical etching.
The morphology of the etched cut was used to deter-
mine the shape of the crystallization, the melt fronts,
and the dimensions of the two main parts of the ingot—
the seed (1) and the recrystallization (I1) regions. The
length L of the solidification region of the last zone (111)
was measured directly and used as the parameter L in
the following calculations. The etching data were also
used to check the structure perfection (single crystallin-
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ity) of the ingots grown. The second “mirror” half of
the grown crystal was used for studying the impurity
distribution along the crystal length. With this aim,
region |l was cut into 5 mm-thick (parameter 1) speci-
mens in the transverse direction (Fig. 1b). Upon the
corresponding processing and formation of the con-
tacts, each specimen (j =1, 2, ..., n) was used for mea-
suring the Hall effect by the standard van der Pauw
method [6] at room temperature. The Ga concentration
in the specimen was assumed to be equal to the Hall
hole concentration, which is quite justified for heavily
doped materias (p = 107 cm3). The volume of one
Hall specimen was about 0.4 cm?, each Hall measure-
ment corresponded to the averaged concentration of the
dopant incorporated into the crystal for about one hour
of the growth process. Thus, we managed to obtain the
data necessary for the construction of the axial dopant dis-
tribution C(x) for dl thesinglecrystals(i=1, 2, ..., 13).

The curves thus obtained were analyzed within the
classical theory of zone melting [7] with the use of the
Pfann equation

C(X)ICy = 1-(1—-Kk)exp(—kx/L), €))
where C(X) is the Ga concentration in the transverse
cross section of the ingot with the coordinate x mea-
sured from the seeding front, Kk is the effective coeffi-
cient of Ga distribution, and L is the molten-zone
length. Using equation (1), one can readily construct
the theoretical curves of the dopant distribution along
the crystal length in the dimensionless coordinates
C)/C, = f(x/L) for any given value of k. Figure 2



164

C/C,

0.4

k=0.18 0.16

KARTAVYKH et al.

0.14

3 4
x/L

Fig. 2. Relative concentration of gallium C/C, as afunction of x/L for Ge single crystals grown on Foton satellites (the sequential
numbers of the crystals correspond to their sequential numbersin the table).

shows severa families of such curves calculated for
various values of the distribution coefficient beginning
with the equilibrium value k, = 0.08 [8] at a step of
0.01. In fact, the curves of this family form a nomo-
graph convenient for the elementary analysis of the
experimental dopant distributions C(x).

Then, for each jth Hall specimen (j =1, ..., n) pre-
pared from theith crystal (seetable), thefollowing pro-
cedure was performed:

(1) The C;/C,; value was determined from the data of
Hall measurements and the known Ga concentration in
theinitial ingot.

(i) The x;/L; value was determined from the dis-
tance of the Hall specimen from the seeding front and
the length of the last zone.

(iii) The corresponding point was plotted in the cor-
responding system of dimensionless coordinates.

(iv) The vaue of the effective distribution coeffi-
cient k; was determined from the nomograph.

The results of this procedure for space single crys-
talsareillustrated by Fig. 2.

Column 5 in table lists the averaged values of the
effective coefficient of dopant distribution for each

CRYSTALLOGRAPHY REPORTS Voal. 45

GelGalkrystal. The comparison of the k and C,, values
(columns 2, 5) shows that the effective distribution
coefficient in space crystals depends on Ga concentra-
tion in the initial specimen (and, therefore, also in the
melt). The further analysis requires the establishment
of the concrete form of the k dependence on Ga concen-
tration in the liquid phase (C). Since crystalization
proceeds from the melt of a varying composition (at a
continuousincrease of C)), the experimental form of the
function k = f(C)) within one single crystal was deter-
mined by the successive solution of the equation of the
material balance of the dopant in the crystalization
zone of each Hall specimen. We indicate here only the
final form of the solution

| .
C, = Cl(j—l)[l*'(l—kj)'z-ﬂ, 1=12..,n 2

where C,; isthe time- and volume-averaged Ga concen-
tration in the molten zone where the jth Hall specimen
was crystallized. Similar processing of a set of single
measurements for all thirteen ingots yielded the depen-
dences k = f(C)) shownin Fig. 3.

No. 1 2000
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Fig. 3. Experimental dependence of the effective distribution coefficient on Ga concentration in the melt: A terrestrial crystals
(nos. 14 in table); O space crystals (nos. 5, 6), u =7 mm/h; @ space crystals (nos. 7-13), u =5 mm/h.

RESULTS AND DISCUSSION

The main result of this study is the experimental
observation of a strong anomalous dependence of the
effective coefficient of Ga distribution in Ge on the
dopant content in the melt observed only in space crys-
tals (Fig. 3). The absence of this effect in terrestrial
crystals grown under the same thermal conditions does
not allow the interpretation of this effect in terms con-
ventional for the terrestrial technologies. For example,
one cannot explain the phenomenon observed in space
crystals by invoking the polytropy characteristic of
some impurities in heavily doped semiconductors [9].
Thus, we believe that the only cause of the observed
experimental dependence k = f(C)) is the regular inten-
sification of stirring in the molten zone with an increase
of the content of the surface-active dopant in the molten
zone.

An additional fact supporting such a conclusion is
the regular change of the crystallization-front shape
with the change of the doping level inthe melt (Fig. 4),
with the thermal conditions being the same. With an
increase of the Ga content, the curvature of the crystal-
lization front decreases, which indicates amore intense
gtirring process in the melt. It seems that in this
case, the convective processes start developing in the
subsurface regions and then propagate into the bulk,
because at relatively low Ga-concentrations (~10'"—
10'® at/cm?3), the convective instability is often formed
resulting, in turn, in the spatial-temporal instability
(oscillations) in the position of the melting isotherm.
Under the melting conditions, this can lead to the for-
mation of local residual in completely molten frag-
ments of the initial materia (Fig. 4b). At high doping
levels, no such effects are observed (Fig. 4c).
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In order to processtheinitial datafor the subsequent
construction of hydrodynamic models necessary for the
interpretation of the anomalies in doping of the solid
phase, we calculated the effective thickness of the dif-
fusion level (d) at the interface in the melt as afunction
of C,. Each point in Fig. 3 obeys the Burton equation
[10]:

3)

5= —(D/u)ln[k"(l_k)]

k(1—ko)

where D = 7.5 x 10 cm?/s is the diffusion coefficient
of Gainthe Gemelt [11] and uisthecrystalization rate
taken to be equal to the velocity of the zone motion.
The obtained dependences d = f(C)) are shownin Fig. 5.

As is well known, the thickness of the diffusion
layer at u = const isuniquely related to the intensity of
gtirring in the vicinity of the crystalization front.
Therefore, the dependence d = f(C,) provides a number
of important conclusions (still at the qualitative level)
about the specific features of convection in the molten
zone under the conditions existing aboard the Foton
spacecraft still at this stage of the study.

1. Large values of o (of the order of several millime-
ters) in relatively lightly doped melts indicate a very
weak stirring intensity. The above estimates of d arein
good accord with the earlier data obtained in similar
experiments with Ge[$bOwvhich show that at the doping
levels of the melt ~10 at/cm?, the process of heat and
mass transfer proceeds by the mixed convective-diffu-
sion mechanism [12].

2. At low growth rates (u =5 mm/h), an increase of
the doping level of the melt results in a logarithmic
decrease of & which, at C, =2 x 10" at/cm?®, becomes
comparable with the thicknesses of the diffusion layer
characteristic of the terrestrial growth processes. We



Fig. 4. Dependence of the seeding-front shape in the longi-
tudinal sections of space Ge crystals on the level of melt
doping with gallium (the seed is shown on the left):

(a) undoped Ge (n = 10'2 cm™3), (b) C, = 1 x 10'3 at/cm?®,
and () Cy =1 x 10" at/cm?.

believe that this signifies that, in heavily doped GelGalJ
melts in space, the stirring process is fully determined
by the concentration-dependent mechanisms, and con-
vection occursin the whole volume of the molten zone,
whereas its intensity becomes comparable with the

CRYSTALLOGRAPHY REPORTS Vol.45 No.1
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intensity of the natural terrestrial gravitational convec-
tion.

3. With an increase of the crystalization rate (u =
7 mm/h), the point at which the intensities of the con-
vective flows on earth and in space are equal is shifted
toward higher dopant concentrations (C, = 4 x
10" at/cm?3), but the dope of the & ~ In(C,) dependence
is changed only insignificantly. This indicates that the
convection mechanism in space remains the same, but
there occur some quantitative changes in the mode of
dynamic equilibrium of the heat and mass flows in the
melt. Thus, crystallization in space, even at low growth
rates (5—7 mm/h), proceedsin the “kinetic” mode.

4. The experimental dependencek =f(C)) allowsone
to predict the axial distribution of the Ga-dopant during
the melting of ingots of any length. Obvioudly, the
dopant distribution in a crystal grown in space would
differ from the distribution in the terrestrial crystals
more pronouncedly, the lower the dopant concentration
intheinitial ingot. The axial profile of the space doping
C(x) can be calculated by (1) if one substitutesinto (1)
the concentration-dependent k values.

5. Obviously, the external dynamic factorsacting on
the molten zone in space would distort the concentra-
tion dependences of & and k. This is especially well
illustrated by experiment no. 9 (seetable). Thefirst half
of the crystal in this experiment was grown under the
conditions of “conventional” microgravitation (jg)
aboard the spacecraft. According to [13], the vibration
accelerations characteristic of Photon satellitesat 10—
75 Hz frequencies against the background of avery low
quasistationary residual microgravitation (1075-10-%)g,
range within (1 x 10#~1 x 107)g,. During crystalliza-
tion of the second half of theingot, the pug level had ele-
vated values (according to our estimates, 1 x 10-3g, <
Mg < 1 x 107g,). A source of vibrations was a mechan-
ical drive of an operating technological setup Splav
located on the same mounting base as the Zona furnace
in the working volume of the spacecraft. The effect of
vibrations was revealed from the data on the microin-
homogeneity of the Ga distribution in the second half
of the crystal (theresults are published elsewhere[14]).
The points relating to crystal no. 9 in Fig. 5 are indi-
cated by arrows. It is seen that during the growth of the
second half of the crystal, the & value remained con-
stant, which signifies that the hydrodynamics of the
melt and the crystallization parameters were deter-
mined first and foremost by the gravitational conditions
aboard the spacecraft: k, o = f(ug).

A pronounced inhomogeneity of the C(x) distribu-
tion was also observed for single crystal no. 12 (also
indicated by arrows in Fig. 5), but in this case, the
source of vibrations has not been established.

Most probably, the concentration-dependent con-
vection is considerably “suppressed” in the experi-
ments aboard the piloted spacecrafts because of a high
level of noncontrollable microaccelerations usualy

2000
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Fig. 5. Dependence of the effective thickness of the boundary front diffusion layer on Ga concentration in the melt calculated from
the data given in Fig. 3. The selected points relating to crystal no. 9 are shown by i and those relating to crystal no. 12, byT .

characteristic of these spacecrafts. With a decrease of
Mg, because of the use of special vibration-protective
platforms, one can reveal, exactly or partly (in a nar-
rower concentration range), the same effects aso
aboard piloted spacecrafts. One should take into
account that the lightly doped melts (with a high value
of & during crystallization) are more gravitation-sensi-
tive.

6. The experimental data obtained in this study pro-
vide a more reasonabl e attitude to the further develop-
ment of the methods for control of the impurity distri-
bution in space crystals, e.g., by applying controllable
magnetic fields providing melt stirring. Varying the
characteristics of external magnetic fields acting onto
the melt, one can purposefully decrease o and k to the
their terrestrials values in the whole range of dopant
concentrations studied and thus create the prerequisites
for growth of crystals with more uniform distributions
of charge carriers along the crystal length.

CONCLUSION

The effect of the concentrati on-dependent doping of
semiconductor crystals with a free surface grown from
the melt, which was first observed in this study, is, no
doubt, one of the fundamental characteristics of crys-
tallization under microgravity. However, one should
bear in mind that the empirical dependences shown in
Figs. 3 and 5 are only particular consegquences of the
fundamenta hydrodynamic processes occurring in the
selected model GelGalsystem. The development of the
general theory of this phenomenon requires further
studies with the use of mathematical modeling of the
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processes determining the state of the melt in the vicin-
ity of the interfaces under the action of the gradients of
the surface-tension forces (0).

The attempts to describe capillary processes by the
methods of the hydrodynamic similarity theory will
inevitably encounter some methodological problems.
First of all, it is necessary to take into account the role
played by the concentration-capillary convection. In
order to determine the Marangoni concentration crite-
rion, Mn,, one has to know the gradient of dopant con-
centration in the diffusion layer close to the front, 9,
and in the subsurface melt layer (in the vicinity of the
free surface). For a quantitative estimate of the
grad(C,)/grad(0) ratio within the one melt zone, one has
to know the exact form of the dependence o = f(C).

We believe that if the dependence o = f(C) is
strongly pronounced (i.e., if the dopant is highly sur-
face-active), the thermally-induced capillary convec-
tion can give different contributions to the hydrody-
namic patterns of differently doped zones. In this case,
the quantity ¢ (a temperature factor in the Marangoni
criterion Mn,) would have different values in the melt
zones with different C,. Moreover, the flows caused by
the concentration- and thermally induced capillary con-
vections in the crystallization processes in space can
interact with one another [15].
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STRUCTURES OF INORGANIC COMPOUNDS
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Abstract—The structure of NaX zeolite crystals with the Se and Te atoms incorporated into the structure from
their vapors has been studied. It is shown that selenium atoms form clusters in the shape of six- and four-mem-
bered rings located in the cuboctahedral cavities of the structure framework. Single Se, molecules are located
inlarge cavities, whereas Te atoms form four-membered ringslocated in cuboctahedra. Large cavities are occu-
pied by two aternating configurations of Te atoms forming either a chain consisting of 16 links or an eight-

membered ring. © 2000 MAIK “ Nauka/Interperiodica” .

One of the methods for obtaining systems of
nanometer particles widely used in eectronics and
opticsisthe synthesis of semiconductor clustersin zeo-
lite cavities. The regular arrangement of such clusters
set by the structure of the zeolite matrix allows one to
study these clusters by well-developed diffraction
methods.

We had the aim to determine the structure and posi-
tions of semiconductor selenium and tellurium clusters
formed in the cavities of NaX zeolite during adsorption
of Se and Te vapors. Earlier [1], we obtained and stud-
ied single crystals of the zeolite catalyst Te/NaX con-
taining tellurium ions coordinated with sodium ones.
Two positions of tellurium ions were established. One
is located at the center of a cuboctahedron (1.3 tellu-
rium ions per unit cell), whereas the other, in a large
cavity (3.7 tellurium ions per unit cell).

The synthesis of semiconductor clustersin NaX was
performed by the modified multistage method sug-
gested elsewhere [1]; in this method, the last stage was
changed—the NaX(Te) crystals were treated in a
hydrogen flow. In the synthesis of clustersfrom vapors,
the initial matrices were single crystals of NaX zeolite
of the octahedral shape with a0.17 mm-long edge and
the dehydrated unit-cell composition Nag,Alg,Si; 000154
[2]. Because of asmall number of available singlecrys-
tals, the crystals for the X-ray diffraction study were
treated together with the fine-crystalline (0.005-0.010)
fraction of NaX zeolite in the vapors of a semiconduc-
tor element. In each cycle of the synthesis, we used
100 mg of fine-crystalline zeolite and several single
crystals dehydrated by heating to 400°C mixed with the
dried Se or Te powder in the weight ratios7: 1and 6: 1,
respectively. The obtained NaX + Semixturein asealed
ampoulewas heated for 24 h at 400°C and thenfor 24 h
at 225°C. The NaX + Te mixture was heated for 48 h at
540°C. As a result of the procedure, the synthesized

crystals acquired the orange [NaX(Se)] or the brown
[NaX(Te)] color. To prevent possible dehydration, the
synthesized crystals were coated with lacquer films. As
the X-ray powder diffraction and other X-ray diffrac-
tion experiments showed, the treatment of zeolite crys-
talsin the Se and Te vapors leads to a certain degrada-
tion of the zeolite lattice—more pronounced for
NaX(Te) than for NaX(Se).

The unit-cell parameters determined on a diffracto-
meter are 25.06(1) A for a crystal treated in selenium
vapors and 25.14(1) A for acrystal treated in tellurium
vapors. The space group for both crystals was deter-
mined to be Fd3 and coincided with the space group of
theinitial NaX crystals.

The intensity measurements were performed on an
automated triple-crystal diffractometer operating in the
mode of a norma beam (MoK,-radiation, graphite
monochromator). However, the integrated intensities
were estimated by the well-known algorithm used in
the profile analysis [3]. The intensities obtained were
corrected for polarization and kinematic factors; no
absorption correction was introduced. Altogether, the
intensities of 330 nonzero nonequivalent reflections
were measured for NaX(Se) and 256 for NaX(Te) crys-
tals. Inthe following cal culations, we used 307 and 236
reflections with | = 30(l), respectively. The initial
model structure consisted solely of the framework
atoms [2]. The positions of the non-framework atoms
were determined from the difference electron-density
maps and the intermediate LSM refinements by the
AREN-90 complex of programs [4] and the modified
version of the ORFLS program [5]. The atomic factors
of neutral atoms [6] and the Cruickshank weighting
scheme were used [7]. The positions of all the atoms
were refined in the isotropic approximation. The final
values of the reliability factors were R = 0.051, wR =
0.055 and R = 0.097, wR = 0.104 for the NaX(Se) and
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Atomic coordinates, isotropic thermal parameters, occupancies p, and multiplicities N of the atomic positions

Atom p/N xla yla Za B, A2
Nax(Se)
S 1 0.9470(2) 0.0350(2) 0.1248(2) 1.00(7)
Al 1 0.9460(2) 0.1237(2) 0.0367(2) 81(7)
o) 1 0.8940(4) 0.9991(5) 0.1103(4) 2.0(4)
o) 1 0.9974(4) 0.9994(4) 0.1441(4) 1.2(2)
o@3) 1 0.1806(5) 0.0747(5) 0.2811(5) 2.1(3)
0(4) 1 0.9268(4) 0.0725(5) 0.1752(5) 1.8(3)
Sel'a 5.9(4)/32 0.0574(6) 0.0574(6) 0.0574(6) 4.8(5)
Sel'b 4.0(5)/32 0.072(1) 0.072(1) 0.072(1) 6.7(9)
Sell’ 4.0(5)/32 0.166(2) 0.166(2) 0.166(2) 9(2)
Sell 8.2(7)/32 0.2363(4) 0.2363(4) 0.2363(4) 3.2(4)
Se(1) 3.8(6)/48 0.125 0.125 0.037(2) 9(1)
Se(2) 6.9(6)/96 0.274(2) 0.303(2) 0.279(2) 8(1)
Se(3) 7.1(8)/96 0.092(2) 0.155(2) 0.448(2) 7(1)
Se(4) 3.3(6)/96 0.509(4) 0.238(3) 0.356(3) 5(2)
Se(5) 2.9(7)/96 0.418(41) 0.285(4) 0.306(4) 6(2)
Na(1) 4.4(6)/16 0 0 0 1.1(7)
Na(2) 3(2)/32 0.231(3) 0.231(3) 0.231(3) 2(2)
NaX(Te)

S 1 0.9476(4) 0.0349(3) 0.1234(6) 72
Al 1 0.9456(4) 0.1223(6) 0.0368(4) 1.2(3)
oQ) 1 0.895(1) 0.999(1) 0.107(2) 2.0(6)
o) 1 0.995(1) 0.996(1) 0.144(1) 1.2(5)
o) 1 0.181(1) 0.072(2) 0.284(1) 3.0(7)
o(4) 1 0.929(2) 0.074(2) 0.174(2) 4.6(8)
Tel' 4.1(5)/32 0.079(2) 0.079(2) 0.079(2) 5(1)
Tell' 4.4(6)/32 0.186(2) 0.186(2) 0.186(2) 5(2)
Te(l) 10.2(7)/96 0.490(2) 0.491(2) 0.386(2) 45(7)
Te(2) 3.4(5)/32 0.403(2) 0.403(2) 0.403(2) 6(2)
Te(3) 4(1)/96 0.046(6) 0.067(6) 0.438(7) 9(4)
Te(4) 3.9(5)/48 0.125 0.125 0.817(3) 4(1)
Te(5) 5.0(8)/96 0.279(4) 0.026(4) 0.852(4) 6(2)
Te(6) 3.1(6)/32 0.436(2) 0.436(2) 0.436(2) 7.03)
Nall 33(3)/32 0.232(1) 0.232(1) 0.232(1) 5.3(8)
Nal 3(1)/16 0 0 0 103)

NaX(Te) crystals, respectively. The atomic coordinates
and the isotropic thermal factors are listed in table.

A three-dimensional framework of X zeolite con-
sists of cuboctahedra arranged according to the tetrahe-
dral law and connected by hexagonal prisms. In X zeo-
lite there are three types of the cavities—those having
the shapes of hexagonal prisms and cuboctahedra and
the so-called large cavity in the shape of a truncated
cuboctahedron. The notation used for the main sites of

non-framework atoms corresponds to the generaly
used nomenclature.

One of the difficulties usually encountered in the
determination of the zeolite structures with large voids
is the nonunique interpretation of the electron-density
maxima. If the corresponding positions are occupied
only partly, they can befilled statistically with atoms of
different kinds (the mixed positions). One can often
observe the splitting of aposition into several new ones
located close to one another around the initial position
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Fig. 1. Six-membered ring formed by Se atomsinside acub-
octahedron.

with the atoms located only in one of these new posi-
tions.

The comparison of interatomic distances and
valence anglesin the aluminosilicate frameworks of the
zeolites studied here and the d-NaX zeolite [2] shows
that the zeolite framework israther stable. Upon crystal
treatment in selenium or tellurium vapors, the S—O-Al
angles changed by values not exceeding 5.6°, whereas
the (Si, Al)-O bond lengths changed within 0.03 A. The
maximum changes in the structure are associated with
the redistribution of the nonframework atoms.

Crystal structure of NaxX(Se). In the NaX(Se) zeo-
lite, the highest occupancy is observed for position I' in
the cuboctahedral cavity split into positions I'a and I'b.
The refinement shows that the total occupancy of both
positions corresponds to 9.9 Se atoms. Position IT' in
dehydrated NaX is empty. Upon crystal treatment in
selenium vapors, this position had the maximum elec-
tron density corresponding to the presence of four Se
atoms.

In addition to the electron-density maxima in posi-
tions 1" and Il', anew electron-density maximum due to
Se(1) is observed opposite the four-membered ring on
the twofold axis which was not observed for the initial
NaX zeolite [2]. The Sel'a-Se(1), 2.45(1) A and the
SeI'b-Sell' 2.38(4) A distances are close to the Se-Se
2.37 A distance in the eight-membered Se, rings [8].

The electron microscopy studies showed [9] that the
distribution of the Se atoms incorporated into morden-
ite corresponds to the formation of Se clustersin some
unit cells, whereas some other unit cells remain empty.
The set of consistent interatomic distancesfor the crys-
tal studied also leads to a conclusion that selenium
atoms have a tendency to be combined inside the cavi-
ties and are not statistically distributed over the whole
crystal volume. The analysis of the electron-density
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Fig. 2. Four-membered ring formed by Se or Te atoms
inside a cuboctahedron.

maxima allows us to state that inside cuboctahedra,
alternating differently oriented six- and four-membered
rings are formed by the Sel'a-Se(1) and Sel'b-Sell'
atoms (Figs. 1, 2). It should al so be emphasized that the
occupancies of the corresponding positions agree quite
well with this model.

The analysis of the additional electron-density max-
imainsidethe large cavity in NaX(Se) zeolite allows us
to identify them as the superposition of three crystallo-
graphically nonequivalent positions of Se, molecules,
with each of them being multiplied by the symmetry
elements. The Se-Se distances are 2.12(10) and
2.21(6) A, which isin good agreement with the Se-Se
2.18 A'length in a Se, molecule determined by the elec-
tron diffraction method in vapors [10].

Crystal structure of NaX(Te). The maximum in
positionI' inside a cuboctahedron in the NaX(Te) struc-
tureis noticeably displaced to the cuboctahedron center
in comparison with its position in NaX zeolite, whereas
maximum 1II' is displaced toward the six-membered
“window” between the cuboctahedron and the large
cavity. These displacements result in a distance
between the maxima equal to 2.72(4) A. The amost
equal weights of the maximain the positions I' and IT'
and the distance Te-Te 2.72(4) A (intermediate
between the Te-Te 2.56 A [11] in a Te, molecule and
the Te-Te 2.86 A in the Te crystal) lead to the assump-
tion that both positions are occupied with Te atoms
which may form a corrugated Te-ring similar to that
shown in Fig. 2. The large cavity has two alternative
configurations of Te atoms forming aring and a chain,
respectively (for a clearer representation, see Figs. 3
and 4). The eight-membered ring (Fig. 3) is formed by
three crystallographically independent Te(1), Te(2),
and Te(3) atoms multiplied by the symmetry opera-
tions. The bond length ranges within 2.72-3.07 A, the
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Fig. 4. Fragment of Te-chain in alarge cavity.

valence angle ranges within 89.5°-140.3°. It is seen
from Fig. 4 that the chain consists of 16 linksformed by
three other crystallographically nonequivalent atoms,
Te(4), Te(5), and Te(6), multiplied by the symmetry
operations. The chains in the neighboring cavities can
be connected. The Te-Te bond lengths in the chain

CRYSTALLOGRAPHY REPORTS Vol.45 No.1

range within 2.63-2.72 A, the valence angles, within
95.2°-135.7°. All the atomsin the chain and in thering
are spaced by the distances exceeding 3.11 A from the
framework atoms.

Similar to d-NaX, the main cationic position Il in a
large cavity is completdy filled with Na atoms. The

2000
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coordinates of this position agree with the analogous
coordinatesin d-NaX, which indicatesthat position Il is
filled solely with Na atoms. Comparing the data
obtained in [1] with the results obtained in the present
study, we draw the following conclusions. Unlike the
datain[1], where the total number of Te atoms per unit
cell was determined to be five, the total number of Te
atoms per unit cell determined in the present study
equals 38. Contrary to [1], in our case, Te atoms are
combined to form charged clusters in the form of six-
membered rings located in cuboctahedra and eight-
membered rings or chains located in the large cavity.

We believe that the 16.5 h treatment of NaX(Te)
crystalsin the[1] reducing atmosphere of the hydrogen
flow at 475°C leads to the formation of Te?* ions sepa-
rated from the negatively charged aluminosilicate—oxy-
gen framework by the tetrahedral groupings of Na*
ions. Such groupings are located in cuboctahedra and
large cavities. The auminosilicate frameworks
described in [1] and determined in the present study
have similar structures.
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STRUCTURES OF INORGANIC COMPOUNDS

Refinement of the Crystal Structures of L ow-Rare-Earth

and “ Typical” Burbankites by the Rietveld Method

Yu. V. Belovitskaya, |. V. Pekov, and Yu. K. Kabalov

Department of Geology, Moscow State University, Vorob’ evy gory, Moscow, 119899 Russia
Received May 20, 1998

Abstract—The crystal structures of two samples of burbankite from the Khibiny massif, namely, low-rare-
earth burbank'te (NalXZCﬁl_02Y0_02)2486(Sr2.32B30_43(:30_17L30_06C60_02)3400(CO3)5 from peCtO|Ite metas)mmnes
and burbankite of the characteristic composition (Nay »CagesY0.03)207 X
X (Srl10B30_33C60423C30.lsLao_12Nd0_05Pr0402)3_00(CO3)5 from alka“ne hydrOthermO“teS, were reﬂ ned by the
Rietveld method. The experimental datawere collected on an ADP-2 diffractometer (A\CuK, radiation, Ni-filter;
15.00° < 20 < 155.00°; 26 scan with steps 0.02°; the exposure time per step, 15-20 s; the number of (a; + a,)
reflections 556-570). All the calculations were performed using the WY RIET program (version 3.3) in the sp.
gr. P6;me. For low-rare-earth burbankite: a = 10.5263(1) A, ¢ = 6.5392(1) A, Rs = 3.52, R, = 4.49, Ry = 4.10,
and R = 4.11. For burbankite from alkaline hydrothermolites: a = 10.5313(1) A, ¢ = 6.4829(1) A, R, = 2.54,

=3.23, Rz = 3.06, and R:
cations. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Burbankite (Na, Ca, 0);(Sr, TR, Ba, Ca);(CO5)s, a
typomorphic mineral of sometypes of carbonatites and
alkaline metasomatites, is often encountered in alkaline
massifs. In the so-called rare-earth carbonatites (found
in the Khibiny, the Kola Peninsula; Vuoriyarvi, North
Kareliya, the Gornoozerskii massif, and in Yakutiya),
burbankite occurring as large ore bodies is the most
important mineral, for industrial purposes, which can
readily be enriched with the complex (TR, Sr, Ba) ore.

The burbankite family (burbankite, khanneshite [1],
calcioburbankite [2], remondite-(Ce) [3], and petersen-
ite-(Ce) [4]) comprises minerals of the general formula
A;B;(CO;)s, where A=Na, Ca,or D and B=Sr, Ba, TR,
or Ca

Burbankite is characterized by the complicated and
varying chemical composition. This mineral contains
both light (Na, Ca) and heavy (Sr, TR, Ba) elementsin
substantial amounts, with the cationic composition
varying over wide ranges. Generally, burbankites of the
different genesis are characterized by different compo-
sitions.

The crystal structure of burbankite was solved for
the first time on a sample found in carbonatites from
Vuoriyarvi in 1967 [5, 6]. Later on, the structure was
refined with the use of samples from the Rocky Boy
massif (Montana, USA) [7]. According to the data of
the cited studies of samples containing 11-16 wt % of
TR,0;, burbankite crystallizes in the sp. gr. P6;mc. In
[3], the structure of remondite-(Ce) was solved, and it
was suggested that the majority of the minerals of the
burbankite family, apparently, belong to the monoclinic
(pseudohexagonal) system.

= 3.44. The structures were refined using the anisotropic thermal parameters of

We studied burbankite found in pectolite
metasomatites from the N’ orkpakhh mountain of
the Khibiny alkaline massif (sample B-104),
which is characterized by avery low content of TR
(1.76 wt % of Ln,0O,). In other moreds, the sample
composition to rare-earth-free was similar to the
composition of theend member of the family,

(Na,Ca)R’'(CO5);, where R = Sr, Ca, or Ba. The
composition of the mineral under study is
(Nay g,Cay 02 Y0,02)2.86(512.32B20.43Ca0,17La0,06Ce0 02)3.00 (CO3)s.
The X-ray spectrum of burbankite of this composi-
tion had numerous split reflections (doublets or
triplets, Fig. 1a) in comparison with the X-ray dif-
fraction patterns of burbankite of a more character-
istic composition (10-15% of TR,0s3), whose typi-
cal representative was the sample B-108 also stud-
ied in this work. This sample of the composition
(Nay 2,Cag,65Y 0.03)2.97(S12.10Bag 33Ce0 23Cag sLag 1, %
Ndg 05P1.02)3.00(CO3)s was found in akaline hydrother-
molites from the Kukisvumchorr mountain of the Khib-
iny massif. The X-ray spectrum of this sampleis shown
inFig. 1b.

The comparison of the X-ray spectra of samples
B-104 and B-108 (Figs. 1a, 1b) and of the sample stud-
ied in[3] lead usto an assumption that the symmetry of
burbankite with the low content of rare-earth elements
can undergo some changes. The fact that the Na : Ca
ratio approximately equal to 2 : 1isalso retained for the
A position of this mineral indicated that these cations
may be ordered. All these facts dictated the refinement
of the crystal structures of burbankites of different
compositions under the same conditions.

1063-7745/00/4501-0026$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Fig. 1. Fragments of X-ray spectra of the bur|

EXPERIMENTAL

L ow-rare-earth burbankite (B-104) occurs as green-
ish-yellow segregations up to 1.5 cmin size intergrow-
ing with coarse grained prismatic pectolite. No second-
ary minerals were detected.

Burbankite of the typica composition (sample
B-108) consists of bright-yellow grains 34 mm in size
among thermonatrite from the “ sodium carbonate core”
of the ultraagpaitic pegmatitic body.

The chemical compositions of various burbankites
(Table 1) were determined by analyst .M. Kulikova, by
X-ray spectral analysis (Camebax microbeam; Institute
of Mineralogy, Geochemistry, and Crystal Chemistry

CRYSTALLOGRAPHY REPORTS Vol. 45 No.1 2000

bankite samples (a) B-104 and (b) B-108.

of Rare Elements). The powdered samples were pre-
pared from pure homogeneous grains of burbankite.

The corresponding X-ray spectra were obtained on
an ADP-2 diffractometer (ACuKa, Ni filter) by the 26
scan at astep of 0.02°; the exposure time was 15-20 s.
The datareported in [7] were used as the starting struc-
tural model. The curves of ionic scattering were used.
The peak profiles were approximated by the Pearson
VIl function with 6FWHM. The asymmetry was
refined for 26 < 40°. All the computations were per-
formed using the WY RIET program (version 3.3) [8].
The refinement was carried with an ever increasing
number of parametersto be refined and with automatic
modeling of the background until the attainment of sta-
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Table 1. Chemical composition (wt %) and the formulas of
various burbankites

Compo-| Sample | Sample ||Compo-| Sample | Sample
nents | B-104 | B-108 || nents | B-104 | B-108
Na,O 8.51 10.61 ||Ce,O4 0.44 574
CaOo 10.04 6.96 ||Pr,O3 - 0.45
SO 36.28 33.73 ||Nd,O4 — 1.36
BaO 9.91 7.92 ||CO, (32.39) | (33.47)
Y50, 0.48 0.57 ||Tota 99.37 | 103.75
L&ay0O; 132 2.94
Note: The CO, content was calculated from the stoichiometric
composition.

Table 2. Unit-cell parameters and characteristics of the refi-
nement of crystal structures of various burbankites by the
Rietveld method

Characteristic Sample B-104 | Sample B-108
a, A 10.5263(1) 10.5313(1)
c, A 6.5392(1) 6.4829(1)
cla 0.6212 0.6156
v, A3 627.49(1) 622.68(1)
Sp. or. P6;mc P6;mc
26-range, deg 15.00-155.00 15.00-153.00
Number of reflections 570 556
(ap +0p)
Number of parameters 54 54
to be refined
Ry 3.52 2.54
Rup 4.49 323
Rep 297 2.57
Rg 4.10 3.06
Re 411 3.44
s 151 1.26
DWD ** 1.08 143
(ool 1.896 1.616

* 5= Ryp/Rexp: Where Ry, is the expected value of Ry,
**DWD is the Durbin—Watson statistics [10].
***g, isthe factor used in calculations of standard deviations [11].

ble R values. The isotropic refinement yielded to the
Ryp factors of 3.30 and 4.51% for samples B-108 and
B-104, respectively.

The most important characteristics of data collec-
tion and the results of refinement of the structures of
burbankites with the anisotropic (the cations in the A
and B positions) and the isotropic (the oxygen and car-
bon atoms) thermal parameters are given in Table 2.
The positional and the isotropic and the anisotropic
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thermal parameters of the atoms aswell as the position
occupancies are given in Table 3.

RESULTS AND DISCUSSION

The data obtained for burbankite of the typical com-
position (sample B-108) agree with the known data
[5,7]. The structure of low-rare-earth burbankite
(B-104) was refined in the sp. gr. P6;mc. The R factors
(Table 2) confirm the correctness of the refined data.

We made an attempt to refine the structure of the
low-rare-earth burbankite (B-104) in the sp. gr. P2,.
However, till at the initial stage of this refinement, it
became evident that this model isinadequate (the pres-
ence of “extra’ reflections, absent in the theoretically
calculated X-ray diffraction pattern; dubious occupan-
cies for the three Sr positions; and the negative values
of the isotropic temperature factors for A cations).

The A cations in the structure (Na and Ca) occupy
eight-vertex polyhedra. The average A-O distances are
2.49 and 2.50 A in samples B-104 and B-108, respec-
tively. The A positions are statistically occupied by Na
and Caatoms. Therefore, the Na: Caratio in low-rare-
earth burbankite that is approximately equal to 2 : 1is
explained only by the necessity of the valence balance
and cannot be explained by the ordering of these cat-
ions. The B cations (Sr, Ba, and TR) are located in ten-
vertex polyhedra with the average B-O distances of
2.69 and 2.70 A for samples B-108 and B-104, respec-
tively. Three types of the CO, groups have different ori-
entations. The C(2) and C(3) trianglesare paralel to the
(001) plane, whereas the C(1) triangles are inclined to
it. On the whole, the C-O distances correspond to the
data known for carbonates with a simpler structure
(C-0=1.284 A [9)).

The splitting of the peaks in the X-ray spectrum of
low-rare-earth burbankite (B-104) depends only on the
ratio of the unit cell parameters (c/a = 0.6212). The dif-
ferences in the values of the interplanar distances in
some pairs of reflections become lower with adecrease
in the c/a ratio. Thus, these values become equal for
pairs of intense reflections (112)—(301) and (202)—
(220) at c/a= 0.61237. In burbankite of the typical
composition (sample B-108), we have c/a = 0.6156.
The burbankites, whose X-ray diffraction patterns have
nonsplit pesks, are characterized by close parameter
ratios (c/a = 0.6188 [5] and c/a=0.6176 [7]).

Therefore, in spite of substantial variations in the
composition, burbankite retains the symmetry P6;mc.
It was demonstrated that [4] an excess amount of Na
(up to 4 formula units) incorporated into the structure’s
burbankite-like phases gives rise to the lowering of the
symmetry to the monoclinic. In turn, this leads to the
transformation of one of the ten-vertex B polyhedra
into an eight-vertex polyhedron. In the low-rare-earth
burbankite under study, the ratio between the numbers
of the eight- and ten-vertex polyhedraistypical of this

No. 1 2000
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Table 3. Structural and thermal parameters (A?) of burbankites
Position| Characteristic | Sample B-104 | Sample B-108 || Position | Characteristic | Sample B-104 | Sample B-108
A X 0.5230(4) 0.5237(6) C@) X 0.796(2) 0.799(2)
y 0.4770(4) 0.4763(6) y 0.204(2) 0.201(2)
z 0.316(1) 0.319(2) z 0.549(4) 0.53(1)
B; 1.5(1) 1.7(2) B; 2.4(5) 2.7(6)
B11 0.0042(8) 0.006(1) C(2 X 0 0
B2 0.0042(8) 0.006(1) y 0 0
Bas 0.007(2) 0.011(5) z 0.852(7) 0.85(1)
Bz 0.0017(2) 0 B; 1.6(9) 2.009)
Biz 0.0006(2) 0.003(1) C(3) X 0.3333 0.3333
Bas —0.0006(2) —0.003(1) y 0.6667 0.6667
g(Na) 1.87(2) 2.20(4) z 0.49(2) 0.49(2)
q(Ca) 1.03(2) 0.71(2) B; 2.2(7) 2.0(8)
B X 0.8430(0) 0.8410(1) 0(1) X 0.382(1) 0.376(2)
y 0.1570(0) 0.1590(1) y 0.087(1) 0.088(2)
z 0 0 z 0.631(2) 0.628(3)
B; 0.89(3) 0.88(3) B; 1.7(2) 1.6(3)
By 0.0025(2) 0.0021(2) 0(2) X 0.9292(8) 0.931(1)
B2 0.0025(2) 0.0021(2) y 0.0708(8) 0.070(1)
Baz 0.0067(4) 0.0091(5) z 0.362(2) 0.352(4)
Bz 0.0011(2) 0.0010(2) B; 2.3(4) 2.9(5)
Biz —0.0001(5) 0.001(1) (0](c)) X 0.4048(6) 0.406(1)
Bas 0.0001(5) —0.001(1) y 0.5952(6) 0.594(1)
q(sn) 2.15(1) 1.90(2) z 0.482(6) 0.49(1)
B; 1.9(3) 1.7(3)
q(TR + Ba)* 0.45(1) 0.72(1) O(4) X 0.774(1) 0.770(2)
y 0.226(1) 0.230(2)
q(Ca) 0.11(2) 0.14(2) z 0.355(3) 0.358(5)
B; 2.1(4) 3.1(5)

* Thef curvesfor Ba (B-104) and Ce (B-108) were used for TR and Ba atoms.

minera (Ag

VIl

B2 ). Thus, the mineral retainsits initial

symmetry if these polyhedra are statistically occupied
by the corresponding cations.
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Abstract—Double zirconium and 3d-transition metal phosphates of the compositions M sZr,(PO4); [M =
Mn (1), Co (I1), Ni (I11), Cu (1V), Zn (V)] have been synthesized and the types of their structures have been
refined. Compounds |, I, 111, 1V, and V are all monoclinic (sp. %r P2,/n, Z = 4) and have the unit cell param-

eters a = 12.390(3), 12.389(3), 12.385(3), 12.389(3), 12.389(2)

b = 8.931(4), 8.928(3), 8.924(4), 8.925(4),

8.929(3) A; c = 8.843(3), 8.840(2), 8.840(3), 8.841(3), 8.842(2) A, B = 90.55(1), 90.54(1), 90.53(1), 90.53(1),
90.54(1)°; V = 978.5, 977.7, 977.0, 977.4, 978.1 A3, respectively. All the structures have the { [Zr,(PO,)3]™} 30-
type frameworks. The crystallographic datafor 3d-transition and alkali earth metal phosphates described by the
general formula M, sZr,(PO,); are compared. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Synthesis and structural studies of some representa-
tives of zirconium and 3d-transition metal phosphates
with the oxidation degree +2 were considered in several
publications [1-7]. Scarce dataon the crystal structures
of the compounds with the genera formula
M, sZr,(PO,); (M = Mn, Co, Ni, Cu, and Zn) obtained
earlier are often inconsistent with the data of later pub-
lications. Thus, the structural studies of polycrystal
Ni, sZr,(PO,); and Zn,sZr,(PO,); samples (sp. or.

R3c) obtained in [1] contradict the earlier studies
(sp. gr. P2,/n) [6, 7]. However, one can state that
mainly two structure types are characteristic of these
phosphates, namely, NaZr,(PO,); [8] and Li;Iny,(PO,),
[9]. The structures of the compounds related to each of
these two structure types (Fig. 1) are rather close—they
are characterized by polyhedral frameworks of the
mixed types in which zirconium or indium cations

occupy the octahedral positions, whereas the pentava-
lent oxygen-containing phosphorus anions are located
in tetrahedral voids. Both types of polyhedra are linked
only by vertices. The frameworks formed by the stron-
gest chemical bonds of the structure have alarge num-
ber of voids of various dimensions appropriate for the
location of a large number of various cations. These
voids can be considered as a buffer for various frame-
work distortions caused by the interactions of the
framework with the cations filling the voids. Since the
void dimensions do not exactly correspond to the
dimensions of the ions filling these voids, the void
dimensions should be accommodated to the ion size
without changing the framework architecture as a
whole or lowering its symmetry.

The present work continues the systematic investi-
gations [10-13] of specific features of the formation
and structure of anhydrous orthophosphates in the
Me,O~7rO,-P,05 systems, where Me are cations with

RO

Fig. 1. Fragments of the frameworks of the (8) rhombohedral NaZr,(PO,4); and (b) monoclinic LizIn,(PO,4); structures projected
onto the xz plane. The a- and c-axis in the rhombohedral unit cell are given in the monoclinic setting. Half of the monoclinic unit

cell is shown by adashed line.

1063-7745/00/4501-0030$20.00 © 2000 MAIK “Nauka/Interperiodica’
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oxidation degrees varying from +1 to +5. The refine-
ment of the structures of the M, sZr,(PO,); compounds
is very important for creating zirconium-phosphate-
based ceramics with valuable physical properties[14].

The present study was aimed at the synthesis of zir-
conium and 3d-transition metal phosphates of the gen-
eral composition M, sZr,(PO,), and the generalization
of the characteristic features of the phase formation and
the structures of these compounds.

EXPERIMENTAL

Phosphates of the general formula M, sZr,(PO,)s,
whereM =Mn, Co, Ni, Cu, and Zn were synthesized by
the sole—gel method. The starting materialswere chem-
|Ca||y pure MHCIQ : 4H20, COC12 * 6H20, N1C12 * 6H20,
CUC12 . 2H20, ZnClz, ZI‘OC12 ' 8H20, and H3PO4
reagents. The stoichiometric amounts of agqueous solu-
tions of the 3d-transition metal salts and zirconium
oxychlorides (preliminarily dissolved in distilled water
dightly oxidized by chloric acid to prevent possible
hydrolysis) were mixed together under constant stirring
at room temperature. Then a solution of the phosphoric
acid (also prepared in accordance with the phosphate
stoichiometry) was slowly added to the initial solution
under constant stirring. The gel formed was dried at
80°C and then thermally treated for 24 h at 600 and for
24 h at 800°C. The heating stages were alternated with
dispersion.

The thus synthesized samples were polycrystaline
powders with the colors characteristic of the corre-
sponding transition metal ions with the oxidation
degree +2. The manganese-containing samples were of
the pale beige color, the cobalt-containing ones, of the
lilac color, the nickel-containing ones, of the dark-pink
color, and the copper-containing ones, of the light blue
color; the zinc-containing samples were colorless. The
chemical composition and homogeneity of the synthe-
sized powders were checked with the aid of a Camebax
microprobe. The results of the electron-probe analysis
confirmed the homogeneity of the samples and indi-
cated that their compositions were close to the theoret-
ical values calculated for the general formula
M sZry(POy);.

The sequences of the processes occurring during the
phosphate synthesis and identification and character-
ization of the synthesized compounds were controlled
by the X-ray diffraction method (DRON-3M diffracto-
meter, CuK,- and CoK,-radiation, scan rate 1°/min)
and also by the combined method of the differential
therma analysis (DTA) and the thermogravimetric
analysis (TGA) (derivatograph Q-1500D, heating rate
10°/min). The lattice parameters of the compounds
were determined from the corresponding diffraction
patterns indexed within the angular range 28 = 8°-50°
and then were refined by the least squares method.
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RESULTS AND DISCUSSION

It has been established that the phosphate synthesis
is completed at temperatures not lower than 600—
700°C. The TGA curves obtained at lower tempera
tures indicated the mass loss, whereas the correspond-
ing diffraction patterns contained refl ections due to zir-
conium dioxide, ZrO,. The diffraction patterns
obtained from the samples annealed at 800°C were
similar. Still at this stage, a conclusion about the isos-
tructurality of all the compounds of the probable com-
position M, sZr,(PO,); with M = Mn, Co, Ni, Cu, and
Zn could be drawn. However, their structures can be
reliably established only by methods of X-ray structure
analysis applied to at least one of these phosphates.

The DTA curves showed the absence of any thermal
effects during specimen heating at 800—-1000°C; the
corresponding TGA curves showed no mass |osses; the
corresponding diffraction patterns indicated only an
insignificant increase of the intensities of the diffrac-
tion reflections. All these facts prove the thermal, com-
positional, and structural stability of the phosphates
synthesized within the temperature range studied.

It should also be emphasized that the X-ray diffrac-
tion analysis of single crystals was performed only for
a limited number of phosphates, and therefore their
structures are often unknown. However, the establish-
ment of the phosphate isostructurality for polycrystal-
line samples (powders) allows oneto increase the num-
ber of phosphates with the known structures. In order to
establish the structure type of double zirconium and 3d-
transition metal phosphates, we used the results of the
complete structural determination of Ni sZr,(PO,); [6]
astheinitial data.

The X-ray diffraction data obtained for the synthe-
sized phosphates are listed in Tables 1 and 2. The cor-
responding data obtained for the Ni, sZr,(PO,); struc-
ture [6] are consistent with the data obtained in the
present study. We observed a slight monotonic change
in the unit-cell parameters of the M, sZr,(PO,); phos-

phates depending on the radii of the M?* cations
(Fig. 2).

Similar chemical formulas, close unit-cell parame-
ters, and the symmetry of all the compounds described
indicate that their crystal structures are formed accord-
ing to the same scheme and that they are isostructural.
The the good agreement of the data obtained in the
present study and the data of the complete structural
determination of the Ni,sZr,(PO,); orthophosphate
allows usto state that the structures of the M|, sZr,(PO,);
phaseswith M = Mn, Co, Ni, Cu, and Zn are also estab-
lished.

The crystal structures of these phases consist of the
monoclinic frameworks built by zirconium octahedra
and phosphorus tetrahedra (Fig. 3). Some voids of the
Zr,P-framework are filled with the 3d-transition metal
cations. The Ni-position determined in [6] is close to
the Li(3) position in the Li;In,(PO,); structure [9]. All
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Table 1. Indexing of diffraction patterns of the Mg 5Zr,(PO,); compounds, where M = Mn, Co, Ni, Cu, Zn (d, A; /15, %)

h k| Mn Co Ni Cu Zn
dcalc dobs I/IO dcdc dobs I/IO dcaJc dobs I/IO dcalc dobs I/IO dcalc dobs I/IO
1 0 -1/|7.231|7.226 5 |7.228|7.226 5 7227|7220 4 |7.228|7.226 5 |7.229|7.226 5
2 0 0]6.195/6.207 8 |6.194|6.189 8 [6.192/6.189 9 |6.194|6.181 8 |6.1946.198 7
1 1 -1|5620|5.623 7 |5617|5.623| 10 [5.616|5.616| 11 |5.617|5.619 8 |5.614|5623| 12
0 2 0|4465(4467| 20 |4.464|4.461| 34 |4.462|4.459| 23 [4.462(4.459| 39 |4.465|4.461| 29
0 0 24421(4.423| 100 |4.420|4.417| 100 |4.420|4.417| 100 [4.420(4.419| 100 |4.421|4.419| 100
0 1 2/3962|3.961 6 [3961(3.959| 11 [3.961|3.958| 11 |3.961|3959| 12 [3.962(3.963| 11
1 1 -2|3784|3.785| 34 |3.782|3.783| 26 [3.782|3.783| 26 |3.782|3.783| 35 [3.780(3.783| 30
3 0 -1|3756(3758| 41 [3.755(3.755| 35 |3.754|3.753| 35 |3.755|3.756| 39 |3.761|3.755| 33
3 1 -1|3462|3.463 3 |3.461|3.461 7 |13.460 | 3.459 5 |3.461|3.461 3 (3461|3463 4
2 2 1|3345(3346| 4 [3.345(3.344| 13 |3.344|3.343| 12 |3.344|3.344| 11 |3.345|3.345| 13
0 2 2|3142|3141| 42 [3.141(3.141| 39 |3.140|3.142| 42 |3.140|3.141| 45 |3.141|3.143| 38
4 0 0(3097(3.098| 24 |3.097|3.098| 29 |3.096(3.097| 30 [3.097(3.099| 32 |3.097|3.097| 26
1 2 2]3040|3.041 4 |3.040(3.040| 11 |[3.039|3.039| 12 |3.039|3.039| 11 [3.040|3.041| 12
1 0 -3|2874|2874| 14 |2.873|2873| 15 [2.873|2.873| 11 |2.873|2.873| 12 |2.873|2.873| 13
3 2 -1|2874 2.873 2.872 2.873 2.873
2 2 227942795 25 [2.794(2.793| 10 |2.793|2.792| 13 |2.793|2.793| 12 |2.796|2.794| 9
1 3 -1|2753|2.752 8 |2.752|2.749| 24 (2751|2747 21 |2.751|2.748| 15 |2.752|2.752| 23
1 3 1]2749 2.748 2.747 2.747 2.748
4 2 025452545 48 |2545|2.545| 43 |2544|2544| 52 (2544|2545 54 |2545|2545| 41
1 2 3|2409|2409 5 |2.408|2.408 6 |2.408|2.408 5 |12.408]| 2.408 5 [2.409|2.409 3
5 1 -1)2311|2.310 2 |12.310|2.310f 8 [2.309|2.309 6 |2310/2310| 4 [2309(2310| 4
0 0 4)2211|2211 8 |12.210|2.210f 8 (2.210(2.210 8 |2.210|2.210 9 |2.210|2.210 7
3 3 2]|2114|2114 7 |2114|2114| 8 (2113|2114 6 |2114|2114 7 |12114|2114| 6
2 3 3|1980|1980| 27 |1.980(1.979| 23 [1.979|1.979| 29 |1979|1979| 28 [1.980(1.980| 21
6 1 1|1958/1958| 10 |1.958/1.958| 22 [1.957|1.957| 30 |1.958|1.958| 22 [1.959(1.958| 26
2 2 4|1882|1883| 12 |1.882| - - 11882 - - 11882 - - 11882 - -
6 2 0/|1874| - — 11.874|1.874 6 |1.873|1.873 7 |1874|1874| 6 |1.874|1.874 6
5 3 -1|1865 1.864 1.864 1.864 1.864
6 0 2|1864|1864| 3 |1.864|1.863 9 |1.864|1.863 8 |1.864|1.863 5 11.864|1.863 5
5 1 -3|1864 1.863 1.863 1.863 1.863
Table 2. Crystallographic characteristics of the monoclinic compounds studied (sp. gr. P2,/n, Z = 4)
Unit-cell parameters
Chemical formula Peaer /CM®
a A b, A c, A B, deg vV, A3
Mng5Zro(PO,)3 12.390(3) 8.931(4) 8.843(3) 90.55(2) 978.5 3.36
Coy5Zr5(POy)5 12.389(3) 8.928(3) 8.840(2) 90.54(1) 977.7 3.37
Nig5Zr(POy)3 12.385(3) 8.924(4) 8.840(3) 90.53(1) 977.0 3.38
Cup5Zr5(POy)3 12.389(3) 8.925(4) 8.841(3) 90.53(1) 9774 3.39
Zng sZr5(POy)3 12.389(2) 8.929(3) 8.842(2) 90.54(1) 978.1 3.39
CRYSTALLOGRAPHY REPORTS Vol.45 No.1 2000
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Fig. 2. Parametersa, b, ¢, 3, and volume V of the monoclinic
unit cell as functions of the radii of the 3d-transition metal
cations M?* [15] in M,y sZr,(PO,); crystals.

the Ni and other 3d-transition metal ions occupy their
positions only statistically (for 50%) and, because of
their small dimensions, are characterized by the tetra-
hedral coordination.

An additional argument in favor of the isostructural-
ity of all the phosphates studied was obtained by the
special calculation with due regard for the interatomic
distances. The cation—-oxygen distances in the tetrahe-
draformed around Ni2*-ions range from 1.89 to 2.26 A
[6], with the average distance, 2.11 A, considerably
exceeding the sum of the corresponding ionic radii
rv(Ni) + 1y (0) = 0.55 + 1.36 = 1.91 A [15]. A consid-
erable increase of this distance is explained by the fact
that Ni-cations cannot appropriately change the poly-
hedra of the rigid framework in which the nickel posi-
tion is not a structure-forming one. As a result, this
position can be either completely free (as is in
Zr,(PO,),S0, [16]) or partly (as in Ni,sZr,(PO,);) or
fully occupied (as in the Li;Iny,(PO,); structure). This
indicatesthat the Ni position can befilled only with cat-
ions of a dightly larger size and with the oxidation
degree +2, such asthe Cu-, Co-, Zn-, and even Mn-cat-
ions.

The presence of 3d-transition metal cations in the
voids of the {[Zr,(PO,);]" }5. framework can give rise
only to insignificant deformation of the anionic part of
the structure. Thus, four Zr—O distances in each inde-
pendent Zr-octahedron in the Ni, sZr,(PO,); phosphate
are rather close and range within 2.03-2.08 A and
1.99-2.09 in the Zr(1) in the Zr(2) octahedra, respec-
tively [6]. Two oxygen atoms are spaced from the Zr(1)
atom by 2.11 and 2.13 A and from the Zr(2) atom, by
2.16 and 2.17 A. Asis seen, the Zr(2)Og-polyhedron is
more distorted, which is explained by the fact that it
shares the edge with a nickel tetrahedron. However, the
average Zr(1)-O and Zr(2)-O distances remain the
same, 2.08 A, which corresponds to the standard dis-
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Fig. 3. Characteristic fragment of the M, 5Zr,(PO,4); struc-
ture projected onto the xy plane [6]. Dark and light circles
indicate the positions of M cations located at z01/4 and z O
3/4, respectively.

tance known for such coordination. The P-O distances
of the orthophosphate tetrahedra vary within the con-
ventional ranges. from 1.48t0 1.55 A (theaverage 1.51 A)
in the P(1)-tetrahedron, from 1.49 to 1.52 A (the aver-
age 1.50 A) in the P(2)-tetrahedron, and from 1.49 to
1.57 A (the average 1.53 A) in the P(3)-tetrahedron.

Because of the existence of large voids forming a
system of channels having complicated shapes and the
distortion of the {[Zr,(PO,);]"};, frameworks in the
phosphate structures, the ions compensating the frame-
work charge are characterized by different numbers of
the nearest neighbors. Thus, in analogous phosphates
described by the formula M, sZr,(PO,);, Wwhere M =
Mn, Co, Ni. Cu, Zn, Mg, Ca, Sr, and Ba, the d-transi-
tion metal and magnesium cations fill free tetrahedral
voids, wheresas the akali metal cations are character-
ized by the octahedral coordination [13]. In this case,
the unit-cell symmetry is changed from monoclinic to
trigonal, wheresas the genera features of the structure
are not changed at al.

The range of existence of the rhombohedral
{[L,(PO,);]P }, framework (where L is an octahedral
cation), whose voids can be filled with cations having
different dimensions almost without changing the void
geometry, in the compounds described by the general
formula M, sZr,(PO,);, noticeably decreases in the
transition from akali earth to 3d-transition metals. We
believe that thisis provided by easy deformation of the
oxygen environment of cations with the oxidation
degree +2, considerable flexibility of the frameworks
built by the sharing-vertices Zr and P coordination
polyhedra, and the coordination instability of cations
with the oxidation degree +2.
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STRUCTURES OF COORDINATION COMPOUNDS

Crystal Structure of Dibarium
(Ethylenediaminetetraacetato)cuprate(l1) Diperchlorate
Hexahydrate, Ba,[Cu(Edta)](CIO,), - 6H,0
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Abstract—Compound Bay[ Cu(Edta)](ClO,4), [6H,0 is synthesized and its crystal structureisdetermined [R =
0.0500 for 4439 reflections with | > 20(1)]. The structure consists of the [Cu(Edta)]?~ anionic complexes,

hydrated barium cations, CIO, anions, and molecules of crystallization water, which are interlinked into a

framework. The hexadentate Edta*- ligand coordinates the Cu atom forming the polyhedron in ashape of atet-
ragonal bipyramid, which is asymmetrically stretched along the Og-Cu—Og- axis (Cu-0, 2.262 and 2.532 A).
The mean lengths of the equatorial Cu-N and Cu—O bonds are 2.011 and 1.952 A, respectively. The anionic
complex is bound to six Ba atoms. Two independent Ba atoms have different environments; their coordination
numbers are nine and ten. The Ba-O distances lie in the range 2.669-3.136 A. Layers of Ba atoms parallel to
the x0z plane are distinguished in the structure. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

Ethylenediaminetetraacetic acid H,Edta and its ana-
logues, for example, 1,2-cyclohexanediaminetetraace-
tic acid H,Cdta (in the general case, H,L), form the
[M''L]?> anionic complexes with bivalent metal ions.
A large number of compounds between these anions
and different metal cations M' have been characterized
structurally [1-3]. The majority of compounds with
doubly charged cations of alkaline-earth and transition
metals have the composition M'TML]. Compounds with
theratio M' : M = 3 : 2 are also known. Recently [4],
the structure of acompound withtheratioM': M=2:1
was studied—Ba,[Cu(Edtp)](CIO,), - 5H,0, where
H,Edtp is ethylenediaminetetrapropionic acid. The
present paper reportsthe results of the X-ray diffraction
study of asimilar compound with the Edta*- ion.

EXPERIMENTAL

A portion of dihydrogen complex
[Cu(H,Edta)(H,0)] (5 mmol) and an excess of barium
carbonate were dissolved in water (25 ml) on heating.
After filtration, Ba(ClIO,), (8 mmol) was added to the
hot solution (90°C). A mixture of pale bluish-green and
blue crystals was obtained by slow cooling of the solu-
tioninaDewar flask. The composition of the blue crys-
tals—Ba,[ Cu(Edta)] (ClO,), [16H,0O (I)—was deter-
mined in this study. The second compound was not
identified. Its X-ray powder diffraction pattern differs

from that calculated for Ba] Cu(Edta)] [(4H,0, whose
structure is known [5].

Crystals | (C;oH24N,0,,Cl,Ba,Cu) aretriclinic, a =
9.210(2) A, b = 10.415(3) A, ¢ = 13.622(2) A, a =
84.55(2)°, B = 82.02(2)°, y = 7825(2)°, V =
1263.9(5) A3, p.a= 2.453 g/cmd, Hyo = 4.23 mm,

Z =2, and space group P1.

Intensities of 5240 unique reflections were mea-
sured on a CAD4 automated diffractometer (AMoK,,
graphite monochromator, w scan mode, and 6, =
27°).

The structure was solved by the direct method. All
the hydrogen atoms were located from difference Fou-
rier syntheses. Absorption correction was introduced
with the DIFABS program [6]. The non-hydrogen
atoms were refined in the ani sotropic approximation by
the least-sgquares procedure. The hydrogen atoms were
assigned the U4, values 0.01 A2 larger than the U, val-
ues of the atoms, to which they are attached. The hydro-
gen atoms were refined within the riding-atom model
with fixed thermal parameters. The refinement was
based on 4439 reflections with | > 2a(l). The final dis-
crepancy factors are R = 0.0500, wR = 0.0540 (w = 1),
and GOOF = 2.8455. The residual electron density on
the zero Fourier synthesis lies in the range —4.48 <
Ap < 2.42 /A3, and al the significant peaks are close

to Ba?* ions or CIO, anions.

1063-7745/00/4501-0035%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Atomic coordinates and thermal parameters U, (for H atoms, Ujg,)

Atom X y z Ueg/Uiso: A?l| Atom X y z Ueg/Uiso AZ
Ba(l) | 0.2559(0) | 0.9448(0) | 0.5355(0) | 0.0198(1) |[O0(16) | 0.268(1) | 0.341(1) | 0.826(2) | 0.105(6)
Ba(2) | 0.3701(1) | 0.9969(1) | 0.8655(0) | 0.0496(2) ||O(aw) |-0.0231(7) | 1.1275(6) | 0.5753(5) | 0.036(2)
Cu(l) | 0.8995(1) | 0.7423(1) | 0.6923(1) | 0.0198(3) ||[O(2w) | 0.3643(9) | 0.8958(7) | 0.3332(5) | 0.045(3)
o) | 0.7847(6) | 0.8215(5) | 0.5848(4) | 0.022(2) ||O@wW) | 0.3022(9) | 1.1254(7) | 0.6716(5) | 0.046(3)
02 | 05477(6) | 0.8622(6) | 0.5606(5) | 0.033(2) ||O(aw) | 0.420(2) | 0.734(1) | 0.9303(7) | 0.075(4)
0@ | 1.0717(7) | 0.5731(6) | 0.6301(5) | 0.033(2) ||O(BW) | 0.6112(9) | 0.6186(8) | 0.4253(6) | 0.059(3)
O@4) | 1.0821(8) | 0.3695(6) | 0.5919(6) | 0.047(3) ||O(6W) | 0.3074(9) | 0.6827(6) | 0.5243(7) | 0.057(3)
O() | 1.0532(6) | 0.8486(5) | 0.6853(4) | 0.024(2) ||H(1A) | 0.6829 | 06279 | 0.8518 0.035
O6) | 1.2629(7) | 0.8441(6) | 0.7479(4) | 0.030(2) ||H(1B) | 07346 | 04837 | 0.8201 0.035
O(7) | 0.6833(7) | 0.8790(5) | 0.7957(4) | 0.028(2) ||H(2A) | 09753 | 04997 | 0.8357 0.035
0©®) | 06352(7) | 0.9216(7) | 0.9538(5) | 0.044(2) ||H(2B) | 0.8792 | 05403 | 0.9322 0.035
N(1) | 0.7708(7) | 0.6057(6) | 0.7066(5) | 0.021(2) ||H(3A) | 05548 | 07033 | 0.7301 0.034
N(2) 0.9463(7) | 0.6942(6) | 0.8330(5) | 0.020(2) ||H(3B) 0.5937 0.6197 0.6390 0.034
c(1) | 0.7587(9) | 0.5634(8) | 0.8156(6) | 0.025(2) |[H(5A) | 0.8094 | 04101 | 06736 0.042
C(2) | 0.9057(9) | 0.5616(7) | 0.8550(6) | 0.025(2) ||H(SB) | 0.8068 | 0.5074 | 0.5969 0.042
C(3) | 0.62839) | 0.6764(7) | 0.6708(6) | 0.024(2) |[H(7A) | 11682 | 06168 | 0.8009 0.034
C(4) | 06528(9) | 0.7942(7) | 0.5992(6) | 0.022(2) ||H(7b) | 11388 | 07027 | 0.8899 0.034
C(5) | 0844(1) | 0.4946(8) | 0.6451(7) | 0.032(3) ||H(om) | 09261 | 0.8456 | 0.9064 0.036
C(6) | 1013(1) | 0.4774(8) | 0.6218(7) | 0.03L(3) ||H(9B) | 08509 | 0.7444 | 0.9780 0.036
C(7) | 1.1088(9) | 0.6943(8) | 0.8233(6) | 0.024(2) ||H(1w1) | 0.0035 | 11998 | 0.5786 0.046
C(8) | 1.1450(9) | 0.8052(7) | 0.7484(6) | 0.022(2) ||H(2wa) |-0.0538 | 11210 | 0.6449 0.046
C(9) | 0.8647(9) | 0.7878(8) | 0.9062(6) | 0.026(2) ||H(w2) | 03149 | 09449 | 0.2965 0.056
C(10) | 0.7171(9) | 0.8674(7) | 0.8824(6) | 0.024(2) ||H(2w2) | 0.3643 | 08133 | 0.3116 0.056
Ci(1) | 09332(3) | 0.1580(2) | 0.8695(2) | 0.0440(8) ||H(1wa) | 01953 | 11872 | 0.6833 0.057
0@ | 1070(1) |0.080(1) | 0.8741(9) | 0.098(5) ||H(2wa) | 03524 | 11775 | 0.6618 0.057
O(10) | 0907(2) | 0.275(1) | 0910(1) | 0.124(7) ||H(1w4) | 04495 | 0.7508 | 0.9979 0.085
O(11) | 0.848(2) | 0.100(2) |0959(2) | 0.18(1) ||H(2wa) | 03247 | 0.7144 | 0.9169 0.085
O(12) |0855(2) |0.136(2) |0.799(1) | 0.150(9) ||H(1ws) | 07397 | 06119 | 0.4098 0.069
Cl(2) | 0.4055(3) | 0.3657(2) | 0.8439(2) | 0.0439(8) ||H(2w5) | 0.5998 | 05909 | 0.3609 0.069
O(13) | 0501(2) | 0.247(1) | 0.8588(9) | 0.107(5) ||H(1we) | 0-3829 | 0.6302 | 0.5057 0.067
O(14) | 0.386(2) | 0441(1) | 0.9271(9) | 0.100(6) |[H(2w6) | 0.2424 | 0.6463 | 0.5599 0.067
0(15) | 0463(2) | 0435(2) | 0.7615(9) | 0.156(9)

The caculations were performed with the
SHELX76 [7] and SHELXS86 [8] programs. The
atomic coordinates and thermal parametersarelisted in
the table.

RESULTS AND DISCUSSION

Structure | isbuilt of the [Cu(Edta)]? anionic com-

plexes, hydrated barium cations, ClO, anions, and
crystallization water molecules, which are linked by
multiple interactions into a three-dimensional frame-
work. A fragment of the structureis shown inthefigure.

CRYSTALLOGRAPHY REPORTS Voal. 45

In the anionic complex [Cu(Edta)]?-, the hexaden-
tate ligand coordinates the Cu(1) atom forming the
polyhedron in the shape of atetragonal bipyramid with
theN(1), N(2), O(1), and O(5) atomsin the base and the
O(3) and O(7) atoms in the apices. The base of the
bipyramid is essentially nonplanar: the mean deviation
of four atoms from their plane is 0.244 A. The Cu(1)
atom deviates from the plane of the base by 0.113 A.
The Cu—N and Cu-O bond lengths in the equatorial
plane are equalized (av. 2.011 and 1.952 A, respec-
tively). The axial Cu-O bonds are elongated to differ-
ent extents. The bond with the O(7) atom involved in
the environment of the Ba(2) atom is longer than the
bond with the O(3) atom, which has no additional
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0(5)" A
oG 00
Z O(1w)
0Q2w) o

O(lw)™

A fragment of the structure (hydrogen atoms are omitted). Raised indices correspond to the following symmetry transformations:
i=1-%2-y,1-zii=x-1,y,ziii=—xX2-y,1-ziv=1-X2-y,2—-zv=Xx-1,14y,zVvi=1-X1-y,2-zVvii=x, 1+y,Z

bonds with metal atoms [2.532(6) and 2.262(6) A,
respectively]. The conformation (E, G/R [9]) and the

geometric characteristics of the Edta* ligand are nor-
mal.

Thereviews[1, 2], which were published more than
ten years ago, reported two variants of the deformation
of the octahedron of a Cu(2+) atom into an elongated
bipyramid in chelate complexes of Edta* and its ana-
logues. along the Ox-Cu-Or and Og;—Cu-N axes.
Since that time, new structural data appeared, which,
together with the earlier data, show that the former vari-
ant is characteristic of the complexeswith the hexaden-
tate ligands and the latter variant is observed in the
complexes with pentadentate ligands. Apart from the
Ba,[ Cu(Edta)](ClO,), 06H,0 reported here, the first
group of compounds aso includes K,[Cu(Edta)] -
3H,0 [10], Cu,(Edta)(En), - 6H,0 [11], Cu,(Cdta) -
4H,0 [12], ZnCu(Cdta) - 6H,0 [13], CoCu(Cdta) -
6H,0 [14], Cus(Cdta),(NOs), - 15H,0 [15], and
M'[Cu(Edta)] - 6H,0, where M'(2+) = Mn [16], Zn
[17], or Mg [18]. In dl of these compounds, the ligand
forms six bonds with the central atom and closes five
chelate rings. The second group includes the com-
pounds in which one of the acetate arms does not form
a chelate ring and the octahedron is elongated in the
Og—Cu-N direction: Cu(H,Edta) H,O0 [19],

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1
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Ag[Cu(Edta)] - 2H,0 [20], and M'[Cu(Edta)] - 4H,0,
where M'(2+) = Ca[21], S, or Ba[5].

Crystals | contain two crystallographically inequiv-
alent barium atoms Ba(1) and Ba(2). The Ba(1) atom
(coordination number is ten) coordinates five water
molecules and five O atoms of three Edta*- ligands. The
Ba(2) atom (coordination number is nine) is coordi-
nated by two water molecules, four O atoms of three

Edta* ligands, and three O atoms of different CIO,
anions. The Ba(1)-O and Ba(2)—-O bond lengths are in
ranges 2.689(6)-3.059(6) and 2.669(7)-3.14(2) A,
respectively. Double centrosymmetric bridges formed
by alternating O(1w) and O(2) atoms link the Ba(l)
atoms into chains running along the x-axis

O(1w) 0(2) O(1w)
SBan)l cBamC SBam) SBa) -
O(1w) 0(2) O(1w)

The Ba(2) atoms are linked by the O(8) atomsinto cen-
trosymmetric dimers, and the O(3w) and O(6) atoms
bridge the dimers with the chains of the Ba(1) atoms
into layers parallel to the x0z plane

~

O(3w) 0(8) 0(6)
Ba)L _~Ba@ “Ba2  Ba(l)-
O(6) 0(8) O(3w)
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Thelayer of barium atomsis represented by the follow-
ing scheme
=Iﬁa(1)=Ba(1)=Iﬁa(l)=Ba(1)=Il?a(l)=Ba(1)=Il?a(1)=
Iﬁ%a(Z) Iﬁ’;a(Z) Il?l;a(Z) II:'I’aa(Z)
Iﬁa(Z) Iﬁa(Z) Il?a(Z) Il?a(Z)
=Ba(l)=||?|>a(1)=Ba(l)=|ﬁ>a(1)=Ba(1)=lﬁ>a(l)=Ba(1)=
Iﬁa(Z) Iﬁa(Z) IIE’I>a(2)
Iﬁ)a(Z) Iﬁ;a(Z) Iﬁ»a(Z)
=Ba(1)=Ba(1)=Ba(1)=Ba(1)=Ba(1)=Ba(1)=Ba(l)=".
The [CuEdta]?>~ anionic complexes and CIO, anions
are located between the Ba-layers and bound to them
through the oxygen atoms.

The Edta* ligand forms bonds with six Ba atoms.
To our knowledge, in other meta complexes with
ligands of the Edta* type, the number of outer-sphere
metal ions bound to the ligand does not exceed five.
Five metal ions in the environment of the ligand are
observed, for example, in the structures of
Ba[Cu(Edta)] - 4H,0 [5] and Ba,[Cu(Edtp)](CIO,), -
5H,0 [4]. In compound I, three carboxyl groups link
two Ba?* ions each by the same mode: both oxygen
atoms are bound to one Ba?* ion, and the carbonyl oxy-
gen atom [uninvolved in the Cu(1) coordination] forms
an additional Ba—O bond. The C(3)O(1)O(2) group is
bound to two Ba(1) atoms; the C(10)O(7)O(8) group,
to two Ba(2) atoms; and the C(8)O(5)O(6) group, to the
Ba(l) and Ba(2) atoms. The oxygen atoms of the
C(6)O(3)O(4) carboxy! group are not involved in the
environment of the barium atom. Since these oxygen
atoms can also form bonds with two barium atoms, the
number of outer-sphere ionsin the environment of the
Edta* ligand can be as many as eight.

The structural functions of two Cl O, anionsare dif-
ferent: Cl(1)O, is bound through atoms O(9) and
0O(11) to two Ba(2) atoms, whereas Cl(2) O, formsone
Ba(2)-0O(13) bond.

In structure |, five of the six water molecules are
involved in the environment of the barium ions and one
[w(5)] is a crystallization molecule. Two bound water
molecules [w(1) and w(3)] bridge barium ions. All the
water molecules are proton donors in weak hydrogen
bonds [OMD distances are 2.79(1)-3.12(1) A], in
which the oxygen atoms of the Edta* ligand, CIO,

anions, and water molecules w(5) and w(2) serve as
acceptors.
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Abstract—The crystal structures of K[M(Dtpa)] [BH,O (M = Zr or Hf) and NH,[Sn(Dtpa)] [H,O are studied
by X-ray diffraction. The coordination number of the metal atom in all the compounds is eight. The
NH,[Sn(Dtpa)] [H,O complex isisostructural to the (HsO,)[M(Dtpa)] [H,O (M = Sn or Hf) compounds stud-

ied earlier. © 2000 MAIK “ Nauka/Interperiodica” .

Diethylenetriaminepentaacetic acid (H,Dtpa) forms
the stable complexes with tetravalent metals. The data
ontheir structures are few in number. The synthesisand
X-ray diffraction datafor pairsof theisostructural com-
pounds K[M(Dtpa)] O3H,O (M = Zr or Hf) and
{C(NH,)3}[M(Dtpa)] (BH,O (M = Zr or Hf) are pre-
sented in [1]. The crysta structure of
{C(NH,)3} [Hf(Dtpa)] 3H,O was determined in [2].
The structures of the isostructura compounds
(H50,)[M(Dtpa)] (H,0O (M = Sn or Hf) aredescribed in
[3, 4]. The coordination number of the central atom is
eightinthe (HsO,)[M(Dtpa)] [H,O complexesand nine
in the [C(NH,);][M(Dtpa)] CBH,O compounds.

To reveal the factors affecting the structures of the
octadentate diethylenetriaminepentaacetates, we deter-
mined the crystal structures of K[Zr(Dtpa)] (BH,O (1),
K[Hf(Dtpa)] 0O 3H,O (1), and NH,[Sn(Dtpa)] O
H,O (I11) by X-ray diffraction anaysis.

EXPERIMENTAL

Compounds | and Il were synthesized according to
the procedure described in [1]. To prepare compound
[11, the (Hs0O,)[Sn(Dtpa)] - H,O complex was dissolved
in water upon heating and stirring. Small portions of
NH4(HCO3) were added to the resultant solution until
pH = 5. Then, the solution was filtered in order to
remove suspension and evaporated. The crystals suit-
able for X-ray diffraction analysis were obtained by
isothermal evaporation at room temperature. Com-
pound I 11 was also obtained by the direct interaction of
SncCl,, HsDtpa, and NH,(HCO,) in an aqueous solution
followed by evaporation and crystallization.

Themain crystal data, data-collection and structure-
refinement parametersfor |11 arelistedin Table 1. In
structure |, the positions of K and Zr atoms were found
from the Patterson synthesis (SHEL X S86 [5]), and the
remaining non-hydrogen atoms were located in a series
of Fourier syntheses. The coordinates of the non-hydro-
gen atoms of structure | were taken as the starting set
for theisostructural compound I1. Complex |11 isisos-
tructura to (Hs;0,)[M(Dtpa)] (H,O (M = Sn or Hf), and
the refinement of |11 started from the model of the tin
compound (excluding the dioxoniumion). The position
of theammoniumionin 111 wasfound from the Fourier
synthesis.

The coordinates of the aiphatic hydrogen atomsin
all the structures were calculated from geometric con-
siderations. The ammonium hydrogen atomsin 11 and
a part of water hydrogens in 1-111 were located from
the difference Fourier syntheses. The structures were
refined anisotropically by the full-matrix least-squares
procedures with the SHEL X 76 program [6]. The posi-
tional and thermal parameters of the hydrogen atoms
were fixed.

The atomic coordinates and the thermal parameters
are listed in Table 2. Selected bond lengths are pre-
sented in Table 3.

RESULTS AND DISCUSSION
Structures |-111 consist of the anionic complexes
[M(Dtpa)]~ (M = Zr, Hf, and Sn, respectively), cations
(K*, K*, and NH;, respectively), and molecules of

crystallization water. In all the cases, the coordination
number of complex-forming metalsis eight.

1063-7745/00/4501-0039$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Table 1. Main crystal data, data-collection and structure-refinement parameters for structures 111

K[Zr(Dtpa)] [(BH,O K[Hf(Dtpa)] (BH,O NH,[Sn(Dtpa)] [H,O

Compound

| Il 11
Crystal system Triclinic Triclinic Orthorhombic
a A 8.522(1) 8.516(2) 13.645(3)
b, A 8.717(1) 8.714(2) 12.106(2)
c, A 15.626(2) 15.596(3) 23.411(4)
a, deg 96.05(1) 96.04(1)
B, deg 104.91(1) 104.92(1)
y, deg 108.28(1) 108.17(1)
Space group P1 P1 Pbca
z 2 2 8
Vv, A3 1043.0(3) 1040.6(4) 3867(1)
Pealcar /M3 1.824 2.106 1.865
p, mmL 0.80 5.29 1.39
26/, deg 56 56 60
N 5047 4796 4932
Ny 4805 3814 3941
N; 289 290 271
R** 0.028 0.038 0.032
WR** 0.034 0.041 0.037
Gof** 0.92 2.59 2.81
w 1 Va?(F) 1

Note: The experimental data for compounds |11 were obtained on a Syntex P2, diffractometer (for al the crystals, AMoK, graphite
monochromator, and w26 scan mode); the Y correction of the data set was performed.

* N,isthe number of the measured unique reflectionswithF > 0, N, is the number of reflectionswith F > 4o(F), and Ny, is the number

of parameters in the refinement.

** R=Z|Fol — [FlVZIFol; WR = [ZW{ [Fol — [Fel} 7Z{W{ Fo} 2112 Gof = [Z{w][Fol - IFcl P} /(N-Np)] V2.

The position of a diethylenetriamine chain in the
HsDtpa complexes can be described in terms of merid-
ional (mer) and facia (fac) isomers, even though these
complexes have nonoctahedral structures[7]. Applying
these terms to the compounds with coordination num-
bers larger than six, we say that the complexes are
mer(N) isomers if the metal atom and three nitrogen
atoms of the diethylenetriamine fragment are approxi-
mately coplanar; otherwise, the complexes are fac(N)
isomers—atoms M and 3N essentially deviate from
their mean plane. The apparent ambiguity of this defi-
nition (the absence of an exact quantitative criterion for
coplanarity) is easily avoided when the conformations
of both ethylenediamine rings are considered. The
gauche conformation of therings, together with the tet-
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rahedral environment of nitrogen atoms, unambigu-
ously determinestheidentical chirality of bothringsin
fac(N) isomers and their different chirality in mer(N)
isomers (in the scheme given below, the diethylenetri-
amine fragment is projected aong the M—N(central)
bond):

N
| {

N/\/N\/\N N/\/N\
mer (N) fac(N)

The dihedral angles between the NMN planesin the
octadentate diethylenetriaminepentaacetates studied

No. 1 2000
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Table 2. Atomic coordinates and Uy, = 1/3%%Usiig " a)* (for H atoms, Ujg) in structures [ 11
Atom| X | y | z | Ue/Uiso: AZ|| Atom X y z Ue/Uiso AZ

I C(1) |-0.096(1) 0.2670(7) | 0.1233(4) | 0.025(2)
Zr(1) | 0.04046(3)| 0.08558(2)| 0.26752(1)| 0.0127(1) || C(2) |-0.273(1) 0.1744(8) | 0.1306(4) | 0.027(2)
K(1) | 0.26927(7)| 0.47487(7)| 0.48744(4)| 0.0278(2) || C(3) |-0.1349(9) | 0.3095(7) | 0.3364(4) | 0.024(2)
O(1) | 0.0268(2) | 0.2149(2) | 0.1576(1) | 0.0274(7) || C(4) |-0.2953(9) | 0.1669(7) | 0.2810(4) | 0.025(2)
O(2) |-0.0782(3) | 0.3795(3) | 0.0808(1) | 0.0344(8) || C(5) |-0.3772(9) |-0.0944(7) | 0.1726(4) | 0.025(2)
O@3) | 0.0113(2) | 0.3013(2) | 0.3304(1) | 0.0256(6) || C(6) |—-0.3055(9) |-0.1830(8) | 0.1111(4) | 0.029(2)
O(4) |-0.1428(3) | 0.4260(3) | 0.3842(2) | 0.047(1) || C(7) | 0.160(1) |-0.0402(7) | 0.1169(4) | 0.025(2)
O(5) | 0.2166(2) | 0.0439(2) | 0.1984(1) | 0.0230(6) || C(8) |-0.028(1) |-0.1570(8) | 0.0838(4) | 0.027(2)
O(6) | 0.2495(3) |-0.0294(3) | 0.0656(1) | 0.0405(9) (| C(9) |-0.114(1) |-0.3049(7) | 0.1996(4) | 0.028(2)
O(7) | 0.2774(2) | 0.1947(2) | 0.3724(1) | 0.0230(6) || C(10)| 0.0718(9) |-0.2800(7) | 0.2558(4) | 0.027(2)
O(8) | 0.5398(2) | 0.1989(3) | 0.4485(1) | 0.0342(7) || C(11)| 0.3917(9) | 0.1267(7) | 0.3978(4) | 0.023(2)
0O(9) |-0.1108(2) |-0.0303(2) | 0.3463(1) | 0.0257(7) || C(12)| 0.3327(8) |-0.0584(7) | 0.3610(4) | 0.022(2)
0(10)| -0.1831(3) |-0.1886(3) | 0.4421(1) | 0.0351(8) || C(13)|-0.0861(9) |-0.1295(6) | 0.3991(4) | 0.022(2)
O(11)| 0.5393(3) | 0.4158(3) | 0.6301(2) | 0.056(1) || C(14)| 0.078(1) |-0.1663(7) | 0.4077(4) | 0.027(2)
0O(12)| 0.5501(4) | 0.5955(4) | 0.8051(2) | 0.069(1) || H(1) | 0.452 0.307 0.604 0.08
O(13)| 0.7404(3) | 0.4328(4) | 0.9111(2) | 0.066(1) || H(2) | 0.539 0.458 0.680 0.08
N(1) [-0.2590(3) | 0.0816(3) | 0.2053(1) | 0.0207(7) || H(3) | 0.604 0.726 0.806 0.08
N(2) |-0.1176(3) |-0.1617(2) | 0.1547(1) | 0.0207(7) || H(4) | 0.592 0.546 0.776 0.08
N(3) | 0.1416(3) |-0.1293(2) | 0.3287(1) | 0.0194(7) ||H(5) | 0.764 0.397 0.970 0.08
C(1) |-0.0958(3) | 0.2664(3) | 0.1220(2) | 0.0235(9) || H(6) | 0.869 0.493 0.922 0.08
C(2) |-0.2718(3) | 0.1752(3) | 0.1306(2) | 0.0267(9) [l
C(3) |-0.1337(3) | 0.3110(3) | 0.3364(2) | 0.0250(9) || Sn(1) | 0.91146(2)| 0.20740(2)| 0.36874(1)| 0.0197(1)
C(4) |-0.2957(3) | 0.1670(3) | 0.2812(2) | 0.0249(9) || O(1) | 1.0474(2) | 0.1395(3) | 0.3358(2) | 0.036(1)
C(5) |-0.3756(3) |-0.0944(3) | 0.1730(2) | 0.0254(8) || O(2) | 1.1856(3) | 0.1904(5) | 0.2937(3) | 0.094(2)
C(6) |-0.3045(3) |-0.1822(3) | 0.1109(2) | 0.0275(9) || O(3) | 0.8527(3) | 0.0865(3) | 0.3126(1) | 0.036(1)
C(7) | 0.1604(3) |-0.0410(3) | 0.1163(2) | 0.0241(9) || O(4) | 0.8389(3) | 0.0128(3) | 0.2263(2) | 0.046(1)
C(8) |-0.0267(3) |-0.1569(3) | 0.0841(2) | 0.0272(9) || O(5) | 0.7594(2) | 0.1753(2) | 0.3933(1) | 0.0301(8)
C(9) |-0.1121(3) |-0.3062(3) | 0.1992(2) | 0.0256(9) || O(6) | 0.6023(2) | 0.2198(3) | 0.3783(2) | 0.039(1)
C(10)| 0.0722(3) |-0.2802(3) | 0.2558(2) | 0.0248(9) || O(7) | 1.0287(2) | 0.3260(3) | 0.3895(1) | 0.0295(9)
C(11)| 0.3923(3) | 0.1250(3) | 0.3985(2) | 0.0221(8) || O(8) | 1.1303(3) | 0.3995(4) | 0.4532(2) | 0.054(1)
C(12)| 0.3336(3) |—0.0584(3) | 0.3606(2) | 0.0229(8) || O(9) | 0.9338(2) | 0.0648(3) | 0.4182(1) | 0.0316(9)
C(13)| -0.0861(3) |-0.1297(3) | 0.3992(2) | 0.0232(8) || O(10)| 0.8828(3) |-0.0348(3) | 0.4927(2) | 0.042(1)
C(14)| 0.0784(3) |-0.1655(3) | 0.4071(2) | 0.0249(9) || O(11)| 0.4598(2) | 0.3821(3) | 0.3690(2) | 0.036(1)
H(1) | 0.447 0.306 0.616 0.08 N(1) | 0.9367(2) | 0.2772(3) | 0.2742(1) | 0.0237(9)
H(2) | 0541 0.462 0.676 0.08 N(2) | 0.8298(2) | 0.3765(3) | 0.3661(2) | 0.0220(8)
H(3) | 0.510 0.511 0.833 0.08 N(3) | 0.8997(3) | 0.2577(3) | 0.4676(1) | 0.0236(9)
H4) | 0.637 0.722 0.815 0.08 N(4) | 0.7256(4) |-0.0095(5) | 0.1232(2) | 0.070(2)
H(5) | 0.774 0.375 0.966 0.08 C(1) | 1.0977(4) | 0.2020(5) | 0.3020(3) | 0.047(2)
H(6) | 0.882 0.497 0.918 0.08 C(2) | 1.0447(3) | 0.2933(4) | 0.2714(2) | 0.033(1)

[ C(3) | 0.8634(3) | 0.0844(4) | 0.2582(2) | 0.028(1)
Hf(1) | 0.03848(3)| 0.08364(3)| 0.26728(1)| 0.0164(1) || C(4) | 0.9086(4) | 0.1902(4) | 0.2321(2) | 0.033(1)
K(1) | 0.2691(2) | 0.4746(2) | 0.48726(9)| 0.0284(4) || C(5) | 0.8819(3) | 0.3819(4) | 0.2650(2) | 0.030(1)
O(1) | 0.0270(7) | 0.2164(6) | 0.1590(3) | 0.029(2) || C(6) | 0.8721(3) | 0.4465(3) | 0.3200(2) | 0.026(1)
O(2) |-0.0774(8) | 0.3798(6) | 0.0808(3) | 0.034(2) || C(7) | 0.6910(3) | 0.2426(4) | 0.3770(2) | 0.026(1)
O(3) | 0.0112(7) | 0.2991(5) | 0.3309(3) | 0.026(2) || C(8) | 0.7236(3) | 0.3544(4) | 0.3556(2) | 0.028(1)
O(4) |-0.1404(9) | 0.4271(7) | 0.3848(5) | 0.045(2) |[|C(9) | 0.8428(3) | 0.4326(3) | 0.4227(2) | 0.027(1)
O(5) | 0.2160(6) | 0.0441(5) | 0.1989(3) | 0.024(1) || C(10)| 0.8313(3) | 0.3531(4) | 0.4724(2) | 0.028(1)
O(6) | 0.2477(8) |-0.0308(8) | 0.0659(3) | 0.038(2) || C(11)| 1.0585(3) | 0.3427(4) | 0.4407(2) | 0.031(1)
O(7) | 0.2752(6) | 0.1948(5) | 0.3713(3) | 0.022(1) || C(12)| 1.0001(3) | 0.2860(4) | 0.4872(2) | 0.032(1)
O(8) | 0.5377(7) | 0.2005(6) | 0.4476(4) | 0.035(2) || C(13)| 0.8955(3) | 0.0543(4) | 0.4989(2) | 0.028(1)
O(9) |-0.1116(6) |-0.0306(5) | 0.3459(3) | 0.024(1) || C(14)| 0.8636(3) | 0.1590(4) | 0.4983(2) | 0.030(1)
0O(10)| -0.1843(8) |-0.1891(6) | 0.4425(4) | 0.035(2) || H(1) | 0.495 0.325 0.369 0.05
O(11)| 0.539(1) 0.4164(9) | 0.6302(5) | 0.057(3) |[|H(2) | 0.496 0.439 0.373 0.05
0(12)| 0.551(1) 0.596(1) 0.8055(6) | 0.066(3) || H(3) | 0.769 —0.050 0.094 0.08
0O(13)| 0.740(1) 0.432(1) 0.9108(6) | 0.066(3) || H(4) | 0.685 -0.073 0.129 0.08
N(1) |-0.2577(7) | 0.0813(6) | 0.2056(3) | 0.021(2) |[|H(5) | 0.760 0.026 0.157 0.08
N(2) |-0.1176(7) |-0.1608(5) | 0.1552(3) | 0.020(1) |(|H(6) | 0.704 0.050 0.098 0.08
N(3) | 0.1415(7) |-0.1299(5) | 0.3291(3) | 0.020(2)
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Table 3. The M-L bond lengths (A) in structures |-l 11

ILYUKHIN et al.

Structures
Bond

I [ [l

M Zr Hf Sn
M(1)-O(1) 2.150(2) 2.144(5) 2.170(3)
M(1)-0(3) 2.143(2) 2.136(5) 2.124(3)
M(1)-0(5) 2.155(2) 2.149(5) 2.188(3)
M(1)-O(7) 2.105(2) 2.098(5) 2.204(3)
M(1)-O(9) 2.111(2) 2.098(5) 2.100(3)
M(1)-N(1) 2.474(2) 2.450(6) 2.394(3)
M(1)-N(2) 2.393(2) 2.369(5) 2.332(3)
M(1)-N(3) 2.476(2) 2.474(5) 2.398(3)

are 17.2°-21.5° and 38.7°—44.7° (Table 4) for the
mer(N) and fac(N) isomers, respectively.

Complexes | and Il have a fac structure (Fig. 1a),
and complex 111 exhibits amer structure (Fig. 1b).

Structural comparison of complex anions in
K[Hf(Dtpa)] [(BH,O and { C(NH,),} [Hf(Dtpa)(H,0)] O
2H,0 [2] reveals a similarity in their configurations
(Fig. 2). An imaginary conversion of the anion in
K[Hf(Dtpa)] (BH,0 to that in{ C(NH,)s} [Hf (Dtpa)(H,0)] O
2H,0 proceeds by drawing off the diethylenetriamine
chain from the metal atom. The solid angle between the
M-0O bonds increases, and a coordination water mole-
cule occupies the vacancy formed.

Zirconium and hafnium diethylenetriaminepentaac-
etates can form eight-vertex complexes of both mer(N)
and fac(N) structures; that is, the thermodynamic char-
acteristics of the two isomers are apparently close. The
existence of both eight- and nine-vertex complexes of
zirconium and hafnium diethylenetriaminepentaace-
tates is a more remarkable fact. In solution, the zirco-
nium (hafnium) complexonates with coordination
numbers equal to eight and nine most probably exist in
equilibrium, and, under the effect of the counterion,
only one form with one or another configuration of the
diethylenetriamine chain is isolated in the course of
crystallization (eightfold- and ninefold-coordinated

Fig. 1. Structures of the complex anions (&) [Zr(Dtpa)]”in | and (b) [Sn(Dtpa)]~in111.
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Table 4. Eightfold-coordinated diethylenetriaminepentaacetates characterized structurally

petwen e pegeg) | NNy | Refeence

Na,[In(Dtpa)] ["H,O mer [8]
{C(NH,)3} ,[In(Dtpa)] (RH,O mer (18.8) 55.3; —60.6 [9]
(HsO,)[Sn'V(Dtpa)] (H,0 mer (17.7) 52.5; -57.6 [3, 4]
NH,[Sn'V(Dtpa)] (H,0 mer (21.5) 52.9; -55.9 Il
(HsO,)[Hf(Dtpa)] H,0 mer (17.2) 51.4; -56.9 [3]
K[Zr(Dtpa)] [(BH,O fac (38.9) 53.7; 60.4 |
K[Hf(Dtpa)] (BH,O fac (38.7) 52.0; 61.1 I

{ C(NH,)} [Hf(Dtpa)(H,0)] [(2H,O* fac (44.7) 54.9; 57.9 [2]

* In{C(NH Hf(Dtpa)(H,0)] [(PH-0, the coordination number of hafnium is nine.
p 2 2

diethyl enetriaminepentaacetates with both mer and fac ~ ammonium ion in |11 replaces the disordered H5O,
structures are known [7]). o (H,;0*--H,0) group.
As noted above, complex Il is isostructural to
(H;0,)[M(Dtpa)] - H,O (MY = Sn or Hf), and the
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Abstract—The crystal structure of [Co(Ox)(NH;),][Bi(Edta)] - 3H,O is determined. The crystals are mono-
clinic,a=9.291 A, b=22.275A,c=11.402 A, 3 = 105.79°, V = 2270.7 A3, Z = 4, and space group P2,/c. The
[Bi(Edta)]~ anionic complexes are linked into polymeric chains through two Bi—O bonds with the neighboring

complexes. © 2000 MAIK “ Nauka/Interperiodica” .

The crystal structure of [Co(Ox)(NH,),][Bi(Edta)] -
3H,0 (Ox is oxalate, and Edta is ethylenediaminetet-
raacetate) was determined by X-ray diffraction.

The crystals are monoclinic, a = 9.291(2) A, b =
22.275(4) A, ¢ = 11.402(3) A, B = 105.79(2)°, V =
2270.7(8) A3, Z = 4, space group P2,/C, Peyed =
2.242 g/lem3, and p = 8.56 mm™. A set of observed
intensities was obtained on an Enraf-Nonius CAD4

diffractometer (AMoK,, graphite monochromator,
Y correction of data set, w/26 scan mode, 26,,,, = 56°).

A total of 5118 unique nonzero reflections was mea-
sured.

The structure was solved by the direct method
(SHELXS86 [1]). The hydrogen atoms of crystalliza-
tion water and coordinated ammonia molecules were
located from difference Fourier syntheses, and the
coordinates of the aliphatic hydrogen atoms were cal-

Atomic coordinates and Ug, = 1/3%,%U;;a8; af aﬁ (Ui for H atoms) in the structure of [Co(Ox)(NHs),][Bi(Edta)] - 3H,O

Atom X y z Ueq/Uiso A9| Atom X y z Ueg/Uiso: AZ
Bi(1) | 0.06651(2)| 0.27541(1)| 0.80593(1)| 0.0143(1) || N(2) | 0.1869(4) | 0.3660(2) | 0.7574(3) | 0.018(2)
Co(1) | —0.41438(6) | 0.37037(3)| 0.35396(5) | 0.0167(2) || N(2) | -0.0721(4) | 0.3622(2) | 0.8557(3) | 0.018(2)
O(1) |-0.0198(4) | 0.3017(2) | 0.5972(3) | 0.023(1) || N(3) | -0.3253(5) | 0.2976(2) | 0.4333(4) | 0.023(1)
0@ | 0.0631(5) | 0.3279(2) | 0.4390(3) | 0.034(1) || N(4) | —0.5455(5) | 0.3267(2) | 0.2186(4) | 0.027(2)
O@3) | 0.3408(4) | 0.2680(2) | 0.8595(4) | 0.029(1) || N(5) | -0.5638(5) | 0.3669(2) | 0.4451(4) | 0.024(1)
O(4) | 05366(5) | 0.3201(2) | 0.9683(4) | 0.045(2) || N(6) | —0.2631(5) | 0.3742(2) | 0.2642(4) | 0.030(2)
O(5) |—-0.2022(4) | 0.2602(2) | 0.7522(4) | 0.027(1) || C(1) | 0.0754(5) | 0.3266(2) | 0.5490(4) | 0.021(1)
O(6) | -0.4261(4) | 0.3019(2) | 0.6814(4) | 0.035(1) || C(2) | 0.2114(5) | 0.3552(2) | 0.6369(4) | 0.022(2)
O(7) | 0.1541(4) | 0.3035(2) | 1.0136(3) | 0.024(1) || C(3) | 0.4115(5) | 0.3167(3) | 0.8958(5) | 0.027(2)
0@®) | 0.0763(5) | 0.3264(2) | 1.1750(3) | 0.033(1) || C(4) | 0.3314(5) | 0.3750(2) | 0.8504(4) | 0.024(1)
0(9) | -0.2860(4) | 0.4173(2) | 0.4813(3) | 0.027(1) || C(5) | 0.0860(6) | 0.4188(2) | 0.7500(4) | 0.022(1)
0(10) | —0.2475(6) | 0.5132(2) | 0.5370(4) | 0.050(2) || C(6) | 0.0156(6) | 0.4182(2) | 0.8558(4) | 0.022(1)
O(11) | —0.4938(4) | 0.4454(2) | 0.2866(3) | 0.027(1) || C(7) | -0.2906(5) | 0.3050(2) | 0.7307(4) | 0.022(2)
O(12) | —0.4799(5) | 0.5424(2) | 0.3367(5) | 0.043(2) || C(8) | -0.2215(5) | 0.3662(2) | 0.7674(4) | 0.023(1)
0(13) | —0.0415(7) | 0.5566(2) | 0.7434(5) | 0.062(2) || C(9) | 0.0594(6) | 0.3254(2) | 1.0643(4) | 0.020(2)
O(14) | 0.2460(7) | 0.0353(3) | 0.6076(5) | 0.065(2) || C(10)| —0.0839(5) | 0.3513(2) | 0.9812(4) | 0.022(1)
O(15)| 0.6398(9) | 0.0442(4) | 0.5442(7) | 0.105(4) || C(11)| —0.3113(6) | 0.4736(2) | 0.4690(5) | 0.028(2)

C(12)| —0.4397(6) | 0.4906(2) | 0.3559(5) | 0.025(1)

1063-7745/00/4501-0044%$20.00 © 2000 MAIK “Nauka/Interperiodica’
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A fragment of the [Co(Ox)(NH3)4][Bi(Edta)] - 3H,0 structure.

culated from geometric considerations. The refinement
of 316 parameters by the full-matrix |east-squares pro-
cedure with consideration for fixed positional and ther-
mal parameters of the hydrogen atoms (SHELX76 [2])
ledto R=0.031, wR=0.042 (w = 1/(c*(F) + 0.0004F?)),
and Gof = 1.64 for 4659 reflections with F > 40(F).

The atomic coordinates and thermal parameters are
listed in the table.

The structure consists of cationic and anionic com-
plexes and molecules of crystallization water.

The cobalt atom in the [Co(Ox)(NH;),]* cation has
an octahedral environment (Co-N, 1.931-1.953 A;
Co-O, 1.918 and 1.903 A). The [Bi(Edta)]- anions are
linked into polymeric chains (figure) through the two

CRYSTALLOGRAPHY REPORTS Vol. 45 No. 1

2000

bridging bonds Bi—O(2) and Bi—O(8) (2.762 and
2.729 A respectively). The lengths of the main Bi-O
bonds are 2.368-2.459 A, and the Bi—N bond lengths
are 2.443 and 2.473 A.
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Abstract—Two cadmium halide complexes with 1,2-bis]2-(diphenyl phosphinylmethyl)phenoxy] ethane (L1)
and 1,3-big[2-(diphenyl phosphinylmethyl)phenoxy] propane (L), namely, CdBr, (1. (1) and Cdl, L (I1), have
been synthesized. An analysis of their vibrational spectrais carried out. The structures of |1 and 11 are deter-
mined by X-ray diffraction. Crystals| are monoclinic, a=31.562(6) A, b=13.548(3) A, c=18.733(4) A, B =
91.28(3)°, space group C2/c, Z = 8, and R=0.051 for 3776 reflections. Crystals|| aretriclinic, a= 11.803(2) A,
b=12.554(3) A, c = 14.686(3) A, o = 90.30(3)°, B = 90.29(3)°, y = 106.08(3)°, space group P1 , Z=2, and R
= 0.043 for 4916 reflections. Compounds | and || exhibit a polymeric chain structure. The potentially tetraden-

tate ligands L* and L are coordinated to the metal atoms only through two phosphoryl oxygen atoms and fulfill
the bidentate bridging function. The environment of the Cd atom is completed to the tetrahedral coordination
by two Br atoms in complex | and two | atoms in complex I1. The mean distances are as follows. Cd-Br,

2.526(2) A; Cd, 2.695A; and Cd-0, 2.243(8) A in| and 2.210(4) A in 1. The L' and L ligandsin complexes

| and Il adopt an S-shaped conformation. © 2000 MAIK “ Nauka/Interperiodica” .

Our systematic investigations into the structure and
complexing properties of the podands with terminal
phosphoryl-containing groups of the general formula
Ph,P(O)CH,PhO(CH,CH,0),PhACH,P(O)Ph, (L")
have been demonstrated that the L* podand is an effi-
cient complexing agent [1-3]. The L! podand can form
complexes with some alkali, alkaline-earth, and transi-
tion metals and rare-earth elements. In these com-
plexes, the studied podand, as arule, acts as a bidentate
bridging ligand, which is coordinated through two
phosphoryl oxygen atoms irrespective of the nature of
the metal and acido ligand. The exception is the
Ba(NCS), - L' - H,0 complex, in which the L* ligand
exhibits the maximum (tetradentate) coordination
capacity and can be coordinated viathe phosphoryl and
anisole oxygen atoms[2].

Degspite virtualy the same coordination (bridging)
mode, the complexes with the L podand can have dif-
ferent (island or polymeric) structures. Moreover, the
polymeric chains form layers or networks through the
bridging acido ligands or hydrogen bonds [3].

Earlier [4], it was shown that the specificity of com-
plex formation, structure, and stability of complexes
with the L" podands depend, among other factors, on
the length of the ethylene glycol chain. It can be

expected that an increase in the length of a chain link-
ing the terminal phosphoryl-containing groups through
the replacement of the ethylene glycol fragment by the
propylene glycol chain unit produces a specific effect
on the complex-forming properties of the new podand
L and the structure of complexes on its base.

In thiswork, we synthesized the complexes CdBr, -
L (1)and Cdl, - L (1), analyzed their vibrational spec-
tra, and determined the structures of the prepared com-
plexes by X-ray diffraction analysis.

EXPERIMENTAL

Complexes | and Il were synthesized in an alcohol
solution according to the procedure described in [2].
Specifically, an anhydrous ethyl acohol was used to
synthesize the bromide complex |.

The main crystal data and data collection parame-
ters for structures | and Il are listed in Table 1. In the
processing of experimental data, corrections were
made for the Lorentz and polarization factors. No
absorption corrections were introduced.

Structures | and | were solved by the direct meth-
ods and refined in the full-matrix | east-squares approx-
imation. In structure |1, the carbon atoms of the propy-

1063-7745/00/4501-0046$20.00 © 2000 MAIK “Nauka/Interperiodica’
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Table 1. Main crystal data and data collection parameters for structures| and 11

Parameter I [

Empirical formula CoH36BroCdO4P, Cy1H35CdI,0,4P,

Formulaweight 914.85 1022.85

Color, crystal habit White needles Green needles

Sample size, mm 0.2x0.2x0.5 0.15x0.15% 0.5

Crystal system Monaclinic Triclinic

Space group C2/c P1

Unit cell parameters

a, A 31.562(6) 11.803(2)

b, A 13.548(3) 12.554(3)

c, A 18.733(4) 14.686(3)

a, deg 90 90.30(3)

B, deg 91.28(3) 90.29(3)

y, deg 90 106.08(3)

v, A3 8008(3) 2090.9(7)

z 8 2

Oeaicar 9/CM3 1518 1.625

i, mm=t 2.658 2.09

F(000) 3648 1000

Diffractometer Syntex P2; Enraf-Nonius CAD-4

Radiation, A, A MoK, (0.71073), graphite monochromator

Scan mode 626 w/20

Scan range, deg 1.29-26.88 2.10-24.96

No. of measured reflections 3875 5784

No. of unique reflections 3776 4916

R(int) 0.060 0.019

Solution method Direct methods (SHEL X S86)

Refinement method Full-matrix |east-squares method (SHEL XL 93)

No. of parameters refined 191 388

GOOF for F? 1.067 0.925

R (I > 2a(1)) R1 = 0.0513, 0.0425
wR2 = 0.1303 0.1091

R (for all reflections) R1 =0.1120, 0.0425
WR2 = 0.1556 0.1091

lene glycol chain and the benzenerings at the P(2) atom
are statistically disordered and occupy two positions
each. The refined occupancies are as follows. 0.65(6)
for the C(8), C(9), and C(10) atoms of the propylene
glycol chain; 0.35(6) for the C(8X), C(9X), and C(10X)
atoms of the propylene glycol chain; 0.50(2) for the
C(30)—C(35) and C(30X)—C(35X) atoms of benzene
rings 3 and 3x; 0.65(6) for the C(36)—C(41) atoms of
benzene ring 4; and 0.35(6) for the C(36X)—C(41X)
atoms of benzene ring 4x. All the benzene rings in
structure| and the statistically disordered rings 3, 3x, 4,
and 4x in structure |l were refined in the isotropic

approximation according to a “rigid body” model. The
C atoms of the propylene glycol chain in structure 11
were aso refined in the isotropic approximation. The
remaining non-hydrogen atoms in structures | and |1
were refined in the anisotropic approximation. The
positions of hydrogen atoms in | and Il were deter-
mined geometrically (C-H, 0.93 A for the aromatic
atoms and 0.97 A for the remaining H atoms) and
refined by ariding-atom model in the isotropic approx-
imation. The hydrogen atoms at the statistically disor-
dered C atoms in structure |1 were not located. All the
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Table 2. Atomic coordinates and thermal parameters U;q/Ug, in structures | and 11

Atom | X | y | z | Uis/Ueg AZ
I
cd(1) 0.13003(2) 0.20934(6) 0.36131(4) 0.0449(3)
Br(1) 0.05445(4) 0.23871(1) 0.3214(1) 0.1000(6)
Br(2) 0.18274(4) 0.1508(1) 0.2703(1) 0.0938(6)
P(1) 0.1391(1) 0.4498(2) 0.4317(2) 0.0410(7)
P(2) 0.1412(1) 0.0384(2) 0.5160(2) 0.0525(8)
o(1) 0.1500(2) 0.3428(5) 0.4253(4) 0.047(2)
02 0.1335(3) 0.1033(6) 0.4526(4) 0.078(3)
o(3) 0.0505(2) 0.6038(5) 0.5439(4) 0.066(2)
0(4) 0.0893(3) 0.7926(6) 0.5279(6) 0.088(3)
cV) 0.0834(3) 0.4702(8) 0.4467(6) 0.048(3)
c2) 0.0672(2) 0.4387(5) 0.5222(3) 0.046(3)
c@) 0.0686(2) 0.3400(5) 0.5424(4) 0.062(3)
C(4) 0.0536(3) 0.3117(5) 0.6086(5) 0.088(4)
c(s) 0.0374(3) 0.3820(7) 0.6546(4) 0.100(5)
C(6) 0.0361(2) 0.4807(6) 0.6344(4) 0.086(4)
c(7) 0.0510(2) 0.5091(4) 0.5682(4) 0.053(3)
c(®) 0.0468(5) 0.680(1) 0.598(1) 0.105(6)
c(9) 0.0480(5) 0.7741(9) 0.559(1) 0.118(7)
c(11) 0.0930(3) ~0.1930(7) 0.4562(4) 0.075(4)
c(12) 0.0661(3) ~0.2379(7) 0.4063(6) 0.108(5)
C(13) 0.0719(3) _0.2227(8) 0.3338(5) 0.132(6)
C(14) 0.1046(4) 0.1625(9) 0.3112(4) 0.144(7)
C(15) 0.1316(3) ~0.1175(7) 0.3611(6) 0.102(5)
C(16) 0.1258(3) —0.1328(6) 0.4336(5) 0.065(3)
c(17) 0.1550(3) _0.0856(8) 0.4904(7) 0.062(3)
C(18) 0.1696(2) 0.5064(5) 0.5053(3) 0.039(2)
C(19) 0.1573(2) 0.5949(5) 0.5361(4) 0.061(3)
C(20) 0.1824(3) 0.6378(5) 0.5897(4) 0.084(4)
c(21) 0.2197(2) 0.5921(6) 0.6123(4) 0.080(4)
c(22) 0.2320(2) 0.5036(6) 0.5815(4) 0.068(4)
C(23) 0.2070(2) 0.4608(4) 0.5280(4) 0.056(3)
C(24) 0.1495(3) 0.5179(6) 0.3474(4) 0.049(3)
C(25) 0.1744(3) 0.6026(6) 0.3491(4) 0.089(4)
C(26) 0.1819(3) 0.6538(5) 0.2863(5) 0.098(5)
c(27) 0.1646(3) 0.6202(7) 0.2219(4) 0.086(4)
C(28) 0.1398(3) 0.5355(7) 0.2203(4) 0.103(5)
C(29) 0.1322(2) 0.4843(5) 0.2830(5) 0.074(4)
C(30) 0.1840(2) 0.0796(5) 0.5742(4) 0.052(3)
C(31) 0.1980(2) 0.1762(5) 0.5670(4) 0.067(4)
c(32) 0.2311(3) 0.2111(4) 0.6103(5) 0.081(4)
C(33) 0.2502(2) 0.1492(6) 0.6607(4) 0.075(4)
C(34) 0.2361(2) 0.0526(6) 0.6679(4) 0.082(4)
C(35) 0.2030(2) 0.0177(4) 0.6247(4) 0.076(4)
C(36) 0.0944(2) 0.0297(6) 0.5719(4) 0.049(3)
c(37) 0.0958(2) ~0.0071(6) 0.6411(4) 0.068(4)
C(39) 0.0589(3) ~0.0133(6) 0.6800(3) 0.086(4)
C(39) 0.0205(2) 0.0173(6) 0.6495(4) 0.084(4)
C(40) 0.0191(2) 0.0542(6) 0.5803(5) 0.081(4)
C(41) 0.0560(3) 0.0604(6) 0.5414(3) 0.083(4)
I
Cd() 0.10698(4) —0.17496(4) 0.28102(4) 0.0546(2)
) 0.04137(5) —0.06344(5) 0.14376(5) 0.0875(2)
12) 0.00624(4) —0.20392(5) 0.44703(4) 0.0840(2)
P() 0.3970(1) ~0.0197(2) 0.2692(1) 0.0461(4)
P(2) 1.0974(2) 0.5505(1) 0.2669(1) 0.0489(4)
o(1) 0.3004(4) ~0.1178(4) 0.2998(3) 0.059(1)
o) 0.1058(4) ~0.3384(3) 0.2256(3) 0.055(1)
o(3) 0.6399(4) 0.0176(4) 0.0962(4) 0.067(1)
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Atom X y z | Uis/Ueq AZ
I
O(4) 0.8457(6) 0.3078(5) 0.2196(5) 0.110(2)
c(1) 0.4111(5) —0.0180(6) 0.1466(4) 0.051(1)
c(2) 0.4554(5) ~0.1094(5) 0.1079(4) 0.049(1)
c(3) 0.3832(6) ~0.2155(6) 0.0980(5) 0.062(2)
C(4) 0.4246(8) ~0.3008(7) 0.0653(6) 0.077(2)
c(5) 0.5406(8) ~0.2776(7) 0.0383(6) 0.078(2)
c(6) 0.6154(7) ~0.1719(6) 0.0476(5) 0.068(2)
c(7) 0.5731(6) ~0.0879(5) 0.0828(4) 0.053(2)
c(8) 0.765(1) 0.047(1) 0.0783(8) 0.054(3)
C(8X) 0.771(2) 0.024(2) 0.110(2) 0.052(5)
c(9) 0.819(2) 0.168(1) 0.1007(9) 0.074(3)
C(9X) 0.825(2) 0.138(2) 0.164(2) 0.078(6)
C(10) 0.794(1) 0.191(1) 0.2010(9) 0.077(3)
C(10X) 0.780(2) 0.226(2) 0.134(2) 0.066(5)
C(11) 0.7983(8) 0.3937(8) 0.2079(6) 0.083(3)
C(12) 0.7008(9) 0.392(1) 0.1544(7) 0.114(4)
C(13) 0.6587(9) 0.481(1) 0.1513(7) 0.113(4)
C(14) 0.7121(8) 0.5768(9) 0.1977(6) 0.090(3)
C(15) 0.8087(7) 0.5790(7) 0.2505(5) 0.070(2)
C(16) 0.8525(6) 0.4891(6) 0.2580(5) 0.063(2)
C(17) 0.9560(6) 0.4912(6) 0.3197(5) 0.063(2)
C(18) 0.5355(5) ~0.0198(5) 0.3213(4) 0.051(1)
C(19) 0.5825(6) ~0.1079(6) 0.3054(5) 0.065(2)
C(20) 0.6899(8) ~0.1072(8) 0.3434(6) 0.086(3)
C(21) 0.7484(8) ~0.0213(8) 0.3980(6) 0.085(2)
C(22) 0.7012(8) 0.0628(8) 0.4179(7) 0.094(3)
C(23) 0.5946(7) 0.0638(7) 0.3783(6) 0.076(2)
C(24) 0.3703(5) 0.1086(5) 0.3014(5) 0.052(2)
C(25) 0.4302(8) 0.2086(6) 0.2616(7) 0.086(3)
C(26) 0.416(1) 0.3078(7) 0.2940(8) 0.105(3)
C(27) 0.341(1) 0.3093(9) 0.3617(8) 0.096(3)
C(28) 0.281(1) 0.213(2) 0.3986(7) 0.103(3)
C(29) 0.2934(7) 0.1106(7) 0.3697(5) 0.077(2)
C(30) 1.2201(8) 0.565(1) 0.3448(8) 0.061(5)
C(31) 1.335(1) 0.593(1) 0.3129(6) 0.071(4)
c(32) 1.4291(8) 0.614(1) 0.3740(8) 0.086(5)
C(33) 1.408(1) 0.607(1) 0.4671(8) 0.098(6)
C(34) 1.293(2) 0.578(1) 0.4991(6) 0.122(8)
C(35) 1.1990(9) 0.557(1) 0.4379(9) 0.092(5)
C(30X) 1.1964(8) 0.5557(8) 0.3622(6) 0.044(4)
C(31X) 1.304(1) 0.6368(7) 0.3582(6) 0.072(4)
c(32X) 1.3853(8) 0.6477(8) 0.4287(8) 0.093(5)
C(33X) 1.3594(9) 0.578(1) 0.5033(7) 0.089(5)
C(34X) 1.2521(9) 0.4964(8) 0.5073(6) 0.070(4)
C(35X) 1.1705(7) 0.4855(7) 0.4368(6) 0.054(3)
C(36) 1.119(1) 0.4619(7) 0.1737(5) 0.050(4)
C(37) 1.1399(9) 0.3607(7) 0.1921(5) 0.065(3)
C(38) 1.1512(9) 0.2910(6) 0.1208(6) 0.074(3)
C(39) 1.1411(9) 0.3227(7) 0.0313(6) 0.067(3)
C(40) 1.1197(9) 0.4239(8) 0.0129(5) 0.078(4)
C(41) 1.108(2) 0.4935(6) 0.0841(6) 0.067(4)
C(36X) 1.117(2) 0.449(1) 0.1905(9) 0.042(6)
C(37X) 1.129(2) 0.348(1) 0.2199(8) 0.056(5)
C(38X) 1.141(2) 0.269(1) 0.157(2) 0.062(5)
C(39X) 1.141(1) 0.291(1) 0.0642(9) 0.052(4)
C(40X) 1.129(2) 0.393(1) 0.0348(8) 0.064(5)
C(41X) 1.117(2) 0.472(1) 0.0979(9) 0.054(5)

Note: The coordinates of H atoms are avail able from the authors.
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Fig. 2. A chain fragment in the CdI, - L (II) structure (the second positions of the statistically disordered fragments of propylene

glycol chain and the 3v and 4x benzene rings are omitted).

calculations were carried out on an IBM PCAT 386 by
using the SHEL XL 93 software package [5].

The atomic coordinates are listed in Table 2.

RESULTS AND DISCUSSION
Sructural Description of the Complexes

Crystals of compounds | and 11 have a polymeric
chain structure. Structural fragments of the CdBr, - L*
and Cdl, - L chainsaredepictedin Figs. 1 and 2, respec-
tively. The potentially tetradentate ligands L* in com-
pound | and L in compound |1 join the cadmium com-
plexesinto the chains and fulfill the bidentate bridging
function. Note that only two phosphoryl oxygen atoms
participate in the coordination with the metal, and the
anisole oxygen atoms are not coordinated to the metal.
A similar polymeric structure is observed in the com-

pounds Cdl, - L (I11) and Znl, - L (1V) studied earlier
in[1].

The coordination polyhedron of the Cd atoms in |
and |1 is atetrahedron formed by two phosphory! oxy-
gen atoms of two podand ligands and aso by two Br-
ions in structure | or two I~ ions in structure I1. The
polyhedraof the Cd atomsin | and || are distorted. The
angles at the metal atom fall in the range from 95.7° to
118.8° in complex | and from 94.9° to 124.8° in com-
plex Il (from 91.9° to 124.9° in complex I11). The
OCdO angle is smallest, and the HalCdHal angle is
largest. The ICdl anglesin structures |1 and 111 are vir-
tually identical. The replacement of the I=ioninthe Cd
tetrahedron (structure 111) by the Br=ion (structure 1)
brings about a decrease in the HalCdHal angle by 6°
(the angle decreases from 124.8° to 118.8°), which is
likely due to a decrease in the size of halogen ion. The
OCdO angle insignificantly changes from structure to
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Table 3. Torsion anglesin structures I-1V

Angle | I I v
O(L)P(L)C(1)C(2) —70.4 —68.0 —64.9 —60.0
C(24)P(1)C(1)C(2) 1685 169.4 171.2 177.3
C(18)P(1)C(1)C(2) 52.1 54.8 56.4 59.1
P(1)C(1)C(2)C(7) ~117.2 ~100.9 ~1015 -915
C(1)C(2)C(NO(3) 05 0.2 21 6.1
C(2)C(7)O(3)C(8) 160.9 175.8 156.0 ~161.4
C(7)0(3)C(8)C(9) ~178.7 -178.6 1753 -170.8
O(3)C(8)C(9)C(10) 57.2(-39.2*)
0(3)C(8)C(9)O(4) 67.5 69.4 -59.1
C(8)C(9)C(10)0(4) —179.2(171.4)

C(9)C(10)0(4)C(11) 87.7(-172.2)

C(10)O(4)C(11)C(16) 160.0(~167.4)

C(8)C(9)O(4)C(11) ~124.3 ~114.8 -173.0
C(9)O(4)C(11)C(16) ~150.2 ~147.9 179.8
O(4)C(11)C(16)C(17) 1.0 -0.1 4.0 -13
C(11)C(16)C(17)P(2) 95.5 95.7 99.6 -95.3
C(16)C(17)P(2)0(2a) 49.0 51.3 56.1 —729
C(16)C(17)P(2)C(36) —74.0 —66.4(~74.9) —65.1 474
C(16)C(17)P(2)C(30) 1732 174.4(173.0) 177.0 165.0

* Torsion anglesin the second fragment of the propylene glycol chain and in the second positions of benzenerings at the P(2) atom in structurel I.

structure. The mean bond lengths are as follows:
Cd-Br, 2.526(2) A; Cd-l, 2.695(1) A; and Cd-O,
2.243(8) A in structure | and 2.210(4) A in structure |1
[Cd-l, 2.685(2) A and Cd-O, 2.210(2) A in structure
[11]. The Cd-O bond lengths are close to the sum of
covalent radii of the cadmium and oxygen atoms
(2.21 A). The Cd-Br and Cd-l distances are approxi-
mately 0.1 A less than the corresponding sums of cova-
lent radii (Cd and Br, 2.62 A; Cdand |, 2.81 A).

In the studied ligands, the P atoms exhibit atetrahe-
dral coordination. The mean P=0 bond lengthsin com-
plexes | and |1 are equal to 1.496(7) and 1.502(4) A,
respectively. Within the limits of triple standard devia-
tion, the P-C(sp?) and P-C(sp?) bond lengths in both
compounds are close to each other: 1.806(10) and
1.834(6) A in complex | and 1.810(6) and 1.797(8) A
incomplex | 1. The mean OPC anglesin structures| and
[l are equal to 112.0(4)° and 110.1(3)°, respectively.
The mean CPC anglesin | and Il are 106.8(4)° and
108.7(4)°, respectively. With allowance for the second
orientation of the benzene rings in structure 11, the
mean OPC angle is equal to 113.7(3)°, and the mean
CPC angleis 104.8(5)°. In the P tetrahedron, the angles
involving the O atoms are larger than the CPC angles,
which is characteristic of the RR'R"P=X-type com-
pounds [6] and is observed in all the studied com-
pounds with phosphoryl-containing ligands [1, 7, 8].
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Within the limits of triple standard deviation, the
geometric parameters of the phosphoryl-containing
podands L' and L in structures| and | | are closeto each
other and to the standard values: C(sp?*)-C(sp?), 1.48(2)
and 1.505(9) A; C(sp*)-C(sp?), 1.55(1) and 1.51(1) A;
O-C(sp®), 1.46(2) and 1.53(2) A; and O-C(sp?),
1.36(1) and 1.36(1) A; COC, 118(1)° and 115. 2(9)
and OC(sp*)C(sp?*) angles, 109(1) and 103(2)°
structures | and |1, respectively.t

Table 3 presents the torsion angles in structures 1—
I'V. The angles were calculated in the same orientation
for all the compounds. The L ligands in compounds |
and 111 and the L ligand in Il take an S-shaped confor-
mation, and the L! ligand in compound |V adopts a
C-shaped conformation. The L! ligand changes its
shape upon rotation about the C(8)—-C(9) bond, which
is accompanied by the change in sign of the torsion
angle with respect to this bond (the relevant signs are
positive in compounds | and |1 and negative in V).
The C-shaped conformation of the ligand is character-
ized by identical signs of the torsion angles around the
bonds that are symmetric relative to the C(8)—C(9)
bond. In the Sshaped conformation, these torsion
angles differ in sign. This most clearly manifests itself
in the sign of the angle around the C(1)—C(2) bond and
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L For structure 11, the presented data are averaged over two posi-
tions of the propylene glycol chain.
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Table4. Angles between the planes of benzene rings in
compounds I-1V

Plane | I 11 v
1-2 104.1 77.3 100.5 92.3
34 65.6 78.9 68.0 57.6

34X 107.7
56 115.6 51.1 56.8 35.6

the C(16)—C(17) bond symmetric relative to the C(1)—
C(2) bond. The signs of thetorsion angles closeto 180°
are lessinformative. Therefore, it can beinferred that a
particular type of conformation (C-shaped or S-shaped)
adopted by the L* ligand containing one ethylene glycol
chain depends on the sign of the O(3)C(8)C(9)C(10)
torsion angle and a combination of the signs of the
C(11)C(16)C(17)P(2) and P(1)C(1)C(2)C(7) torsion
angles. Although the ligand in | is lengthened by one
methylene group, the signs of the torsion angles around
the C(8)—C(9), C(16)—C(17), and C(1)—C(2) bonds are
similar tothosein structures| and |11 and aretypical of
the S-shaped conformation of the ligand.

The O(3)C(8)C(9)O(4) ethylene glycol chain in
complex | adoptsthe gauche conformation with respect
to the C(8)—-C(9) bond and the trans conformation rel-
ative to one of the C-O bonds. The conformation rela-
tive to the second C-O bond is intermediate (124°)
between the trans and gauche conformations. Conse-
guently, the ethylene glycol chain can be described by
the TGS conformation. In the O(3)C(8)C(9)C(10)O(4)
propylene glycol chain of complex 11, the C-C bonds
exhibit different conformations, namely, the energeti-
cally favorable gauche conformation and trans confor-
mation. The trans and gauche conformations are
observed in the C-O bonds. As awhole, the propylene
glycol chain is characterized by the TGTG conforma-
tion.

The angles between the benzene rings in structures
-1V are given in Table 4. It should be mentioned that,
in structures | and 111 with the S-shaped conformation
of the L* ligand, the angle between the planes of phenyl
rings 5 and 6 issubstantially larger than that in structure
IV with the C-shaped conformation of this ligand. As
can be seen from the table, in structures|, 111, and 1V,
the angles between rings 3 and 4 at the P(2) atom are
less than those between rings 1 and 2 at the P(1) atom.
In 11, the angles between two planes of statistically dis-
ordered benzenerings are equal to 37.9° for the C(30)—
C(35) and C(30X)—C(35X) rings and 4.6° for the
C(36)—C(41) and C(36X)—C(41X) rings.

In compounds 1V, the P=O bonds are directed
“outward” with respect to the ligand rather than
“inward,” asin the Na and Li mononuclear complexes
with 1,8-big[2-(diphenyl phosphinylmethyl) phenoxy]-
3,6-dioxaoctane [7, 8]. Only with this orientation, the

CRYSTALLOGRAPHY REPORTS Voal. 45

L"and L ligands can act as a bridge between two metal
atoms.

The polymeric chains in structure | are formed by
the trandation along the y-axis. In structure |1, the
chains are produced by the diagonal trandation in the
xy plane. Only the van der Waals interactions are
observed between the chains.

Vibrational Spectra

The vibrational (IR and Raman) spectra of the L!
podand were discussed and interpreted in detail in the
earlier work [2]. The assignment of the main vibra-
tiona bands in the spectra of lithium, barium, and mer-
cury complexes with the L! podand was also made in
[2]. The IR spectra of the L* podand and the Cdl, - L*
and Znl, - L* complexes were reported in [1]. In these
works, we formulated the spectral criteriafor determin-
ing the coordination mode of the L ligand in metallo-
complexes.

The IR spectra of complexes| and 111 are virtually
identical. According to the coordination mode of the L*
ligand, the v(P-0) band in the IR spectrum of complex
| is shifted by 57 cm toward the low-frequency range
as compared to the corresponding band in the IR spec-
trum of the L podand, whereas the band of the v(Ph—
0) stretching vibrations retains its location at about
1250 cm™ (Table 5).

Since the conformation of the ethylene glycol chain
in the coordinated podand L* in complex | is identical
to that in complex |11 (namely, the TGS conformation),
the absorption pattern in the conformationally sensitive
range 800-1000 cm~ remains unchanged when going
from the iodide complex (936, 922, and 828 cm™) to
the bromide complex (932 sh, 921, and 831 cm™).

The v, (COC) vibrations are also sensitive to
changes in the conformation of the OCH,CH,O frag-
ment [9]. Although, as mentioned above, the TGS con-
formation of the ethylene glycol chainisretained in the
cadmium bromide complex, the torsion angle around
one of the C-O bondsincreases up to 124° as compared
to 115° in theiodide complex (Table 3). In thiscase, the
V.(COC) vibration in the IR spectrum of complex | is
observed at about 1000 cm™, whereas the v,(COC)

vibration in complex 11 is found at 1110 cm™. The
observed changein thev,(COC) frequency isin agree-
ment with the dataobtained in[10]. Asfollowsfrom the
structural analysis of some podands and complexes on
their base [10], a decrease in the torsion angle around
one of the C-O bonds is attended by an increasein the
V.(COC) frequency.

The most substantial differencein the geometries of
the coordinated podand L in complexes | and 111 lies
in the angle between benzenerings 5 and 6: itsvaluein
the bromide complex is larger than that in the iodide
complex (Table 3). Apparently, this discrepancy can be
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Table5. Assignment of vibrational bands (cm™) inthe IR spectraof the L and L podands and the Cdl, (1. and CdBr, [1.* complexes

Vibration CdBr, [1.* Lt L Cdi, L
1598 m 1600 m 1596 m
Vpn 1592 m 1595 m 1589 m
1500 s 1500 s 1500 s 1496 s
o(CH,) 1457 s 1461 s 1458 s 1455 vs
v(P—Ph) 1442 s 1441 s 1440 s 1438 s
1408 w 1413 w
1385w 1400 sh 1402 m 1394 m
W(CHy) 1333 m
1321w 1325w 1320 w 1318 w
v(P—Ph) 1304 m 1302 sh
1298 m 1297 m 1294 m 1290 m
1265 sh 1260 s
v(Ph-0) 1250's 1250 s 1250 vs 1250 vs
1230s 1231 vs 1230 sh 1240 s
(CH,) 1220 m
1193 s 1187 sh 1189 m
1180 w
v(P=0) 1140 vs 1197 vs 1190 vs 1140 vs
5 1167 m 1165w 1163 w 1160 vs
Ph 1152 s 1151s
Sph(p) 1130 sh 1123s 1120s 1120 vs
v.(COC) 1110 sh 1107 sh
as 1100 s 1099 s 1095 s 1095 vs
Sen(p) 1075 m 1080 w 1069 m 1071 m
1064 s
v¢(COC) + v(CC) 1055 w 1051 w 1054 m 1050 s
1040 w 1037 w 1032 w 1030 m
Sph(p) 1003 w 1006 w 1000 m 1000 m
980 m 976 w
950 s 949 m
932 sh 937 m 940 w 940 sh
921m 914 m 910 sh 908 sh
p(CH,) + v(CO) + v(CC) 863 m 868 m 863 sh
859 sh 850 w
848 m 843w
831 m 834 m 829 m 830vs
810 m 804 w
V(PC) 788 w 782 m 795 vw 790 sh
775m 775m 770 m 776 m
756 s 753 vs 753 vs 758 vs
744 s 746 sh
Opn 725s 722 vs 720 vs 722 vs
700s 698 vs
685s 689 vs 688 vs
616 w 614 w 616 vw 615w
600 w 605w 602 w 602 sh
0(COC), d(CCO) 594 s 587 m 595w
576 w 574 m 574w
553w 545 w 554 w
541 m
535 sh 532s 532 m
526 s 520s 522 vs
515s 515vs
o(PhPO), 3(CPO) 505s 510vs 505 sh
490 m 490 sh 493 sh
482 m
460 w 468 m 465 m 460 w
437 w 424 m
CRYSTALLOGRAPHY REPORTS Vol.45 No.1 2000
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responsible for some differences observed in the IR
spectraof complexes| and || in the spectral range 400—
500 cm?, which, as shown in [7], is very sensitive to
changesin the mutual arrangement of benzene rings.

Degspite an additional methylene group in the com-
position of the L molecule, the number of bandsin the
IR spectrum of this podand is substantially less than
that in the IR spectrum of the L! podand. Nonetheless,
the main absorption bands retain their location
(Table 5). In the case of the L! molecule with only one
ethylene glycol unit, we assumed in the earlier work [1]
that the multiplet character of bands in the conforma-
tionally sensitive spectral ranges stems from the con-
formational heterogeneity of this podand in the free
state [1]. Thisis supported by the fact that the IR spec-
tra of the zinc and cadmium complexes with a certain
conformation of the L* molecule exhibit aless complex
vibrational structure owing to the disappearance of the
splitting of many bands. On this basis, with allowance
made for the character of the IR spectrum of the L mol-
ecule, it can be concluded that, unlike the L podand,
the L podand in the free state is conformationally
homogeneous. However, the conformation of the pro-
pylene glycol chain in the L podand cannot be judged
from the spectral data, because the conformation of the
OCH,CH,CH,0 fragment is determined by a set of
four torsion angles, whereas we have used the correla-
tions between the conformationally sensitive frequency
and the conformation of the OCH,CH,O fragment,
which is described by three torsion angles.

It follows from Table 5 that the location of bands
and the ratio of their intensities in the range 1300—
1600 cm™ inthe IR spectraof the L' and L podands are
virtually identical. The only difference is that the IR
spectrum of the L podand contains the singlet bands
rather than the doublet bands at about 1595, 1402, and
1294 cm. In the range 1200-1300 cm™, the spectra of
the L' and L podands differ essentially. The spectrum of
the L* podand exhibits two intense bands, namely, the
V(Ph—0) doublet at 1260 and 1250 cm~ and the T(CH,)
singlet near 1231 cm™?, whereas the spectrum of the L
podand involves one intense band near 1250 cm~ with
ashoulder at 1230 cm™. In the range 1100-1200 cm™,
the spectra of the L* and L podands are closely similar
to each other with the only exception residing in the
splitting of the v(P=0) vibration band (1197 and
1187 cm™) inthe case of the L* podand. It isreasonable
that the distinctions are more pronounced in the fre-
guency ranges of the v (CO) + v(CC) stretching vibra-
tions of the OCCO and OCCCO fragments (1000~
1100 cm™) and the CH,p(CH,) bending vibrations of
the CH, groups (800-1000 cm™). These distinctions
are caused, on the one hand, by the difference between
the OCCO and OCCCO fragments themselves and, on
the other hand, by the conformational heterogeneity of
the L* molecules. By contrast, the Ph,P=0 terminal
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groups in both podands are identical, and the differ-
ences can be observed only in the mutual arrangement
of the benzene rings. Therefore, the absorption spectra
of the L! and L podands in the range 700-800 cm that
involves the bands associated with the out-of-plane
bending vibrations of benzene rings are close in char-
acter. The spectral patterns for the L and L podands
show individual features in the range 450-550 cm™
corresponding to the &(PAPO) and &(PhPC) vibrations
that are sensitive to the orientation of the P rings. The
same is true for the 3(COC) and &(CCO) vibrationsin
the range 550-650 cm™. The number of bands in this
range in the spectrum of the L* podand is appreciably
larger than that in the spectrum of the L podand, which
islikely accounted for by the conformational heteroge-
neity of the L* podand.

As aready mentioned, the above conformational
heterogeneity of the noncoordinated L' podand is
responsiblefor amore complex structure of its IR spec-
trum as compared to the spectra of the zinc and cad-
mium complexes. A different situation is observed for
the L podand and Cdl, - L complex: the IR spectrum of
the iodide complex contains a larger number of bands
(Table 5). This fact can be explained in the following
way. According to the X-ray diffraction analysis, the
carbon atoms in the propylene glycol chain and the
benzene rings at the P(2) atom are statistically disor-
dered. Thisimplies that molecules of two types should
contribute to the spectrum of the Cdl, - L complex.
However, the main bands or groups of bands are
observed in the frequency ranges typical of the coordi-
nated podands of thistype. The coordination leadsto a
decrease in the v(P=0) frequency from 1190 cm for
the L podand to 1140 cm for the Cdl, - L complex. The
bands of the v(P4-0O) and v,(COC) vibrations retain
their locations at about 1250 and 1095 cm, respec-
tively. The assignment of the remaining bands is evi-
dent from Table 5. Consideration of the conformational
rearrangement of the L molecule as aresult of the com-
plex formation is beyond the scope of the present work,
first, for the lack of the corresponding spectral—struc-
tural correlations and, second, in view of a peculiar
“conformational heterogeneity” of the Cdl, - L com-
plex, dueto statistical disordering of some atomsin the
L molecule.

The results obtained in this work indicate that the L
podand in the Cdl, - L complex exhibits an S-shaped
conformation. The “shorter” podand L* in the Cdl, - L*
complex adopts the same conformation [1]. Conse-
quently, the replacement of the L podand by the L*
podand in the cadmium iodide complex does not
change the shape of the bidentate bridging ligand L*.
Moreover, the S-shaped conformation of the L* ligand
is retained upon replacement of the acido ligand, i.e.,
when going from the Cdl, - L* complex to the CdBr, -
L' complex. Only the replacement of the central cad-
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mium atom with the zinc atom brings about the change
in shape of the bidentate bridging ligand L: the C-
shaped conformation rather than the S-shaped confor-
mation isrealized in the Znl, - L* complex.

ACKNOWLEDGMENTS

We would like to thank G.G. Sadikov for helpful
discussions of the results.

REFERENCES
1. L.Kh. Minacheva, I. S. lvanova, |. K. Kireeva, et al., Zh.
Neorg. Khim. 39 (7), 1143 (1994).

2. 1. S lvanova, |. K. Kireeva, V. E. Baulin, et al., Zh.
Neorg. Khim. 40 (5), 792 (1995).

3. I. S lvanova, |. K. Kireeva, V. E. Baulin, et al., Zh.
Neorg. Khim. 42 (3), 454 (1997).

CRYSTALLOGRAPHY REPORTS Vol. 45 No.1 2000

4.

5.

10.

V. P. Solov'ev, L. V. Govorkova, O. A. Raevskii, €t al.,
Izv. Akad. Nauk SSSR, Ser. Khim., No. 3, 575 (1991).

G. M. Sheldrick, SHELXL93: Program for the Refine-
ment of Crystal Sructures (Univ. of Géttingen, Gottin-
gen, 1993).

N. G. Bokii, Yu. V. Struchkov, A. E. Kalinin, et al., ltogi
Nauki Tekh., Ser.: Kristallokhim. 88 (1977).

L. Kh. Minacheva, I. S. lvanova, |. K. Kireeva, et al.,
Koord. Khim. 19 (3), 185 (1993).

L. Kh. Minacheva, I. S. Ivanova, |. K. Kireeva, et al., Zh.
Neorg. Khim. 37 (10), 2185 (1992).

O. A. Raevskii, V. V. Tkachev, A. O. Atovmyan, €t al.,
Koord. Khim. 14 (2), 1697 (1988).

I. K. Kireeva, Yu. E. Gorbunova, |. S. lvanova, et al.,
Koord. Khim. 23 (11), 853 (1997).

Tranglated by O. Borovik-Romanova



Crystallography Reports, Vol. 45, No. 1, 2000, pp. 56-63. Translated from Kristallografiya, Vol. 45, No. 1, 2000, pp. 61-68.

Original Russian Text Copyright © 2000 by Ilyukhin, Poznyak.

STRUCTURES OF COORDINATION COMPOUNDS

Ster eochemical Activity of aL oneElectron Pair in Antimony(I11)
and Bismuth(l11) Chelates: Crystal Structures
of Ca[Sb(Edta)], - 8H,0 and Ba{[Bi(Edta)],H.O} - H,O

A. B. llyukhin* and A. L. Poznyak**

*Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences,
Leninski pr. 31, Moscow, 117907 Russia
** | nstitute of Molecular and Atomic Physics, Belarussian Academy of Sciences,
pr. F. Skoriny 70, Minsk, 220072 Belarus
Received April 1, 1998

Abstract—The crystal structures of Ca[Sh(Edta)], [BH,O (I) and B&{[Bi(Edta)],H,0} [H,O (II) are deter-

mined by X-ray diffraction. Crystals | are monoclinic, a=7.132 A, b =21.906 A, c = 10.896 A, B = 91.13°,
Z =2, and space group P2;/n. Crystals || aretriclinic,a=8.995A, b=12750 A, ¢ = 13577 A, a = 77.42°,

B =73.90°, y=86.53° Z =2, and space group P1. In structure |, the coordination number of the antimony atom
is6 + LEP (lone electron pair), and the polyhedron is a y-pentagonal bipyramid with the lone electron pair at
an equatorial position. In structure 11, two crystallographi cally independent complexes Bi(Edta)~ and the coor-
dination water molecule form tetranuclear associates. The environments of two independent bismuth atoms (the
coordination number is eight) are similar, and their polyhedra can be described as distorted dodecahedra. The
effect of the lone electron pair on the structures of polyhedra of antimony and bismuth is discussed. © 2000

MAIK “ Nauka/lInterperiodica” .

In studies of the complexes of p elementsin [ow oxi-
dation states, we came up against the problem concern-
ing the stereochemical behavior of alone electron pair
(LEP). The main structural characteristics of these
compounds are adequately described within the model
of the valence shell electron pair repulsion (VSEPR)
[1]. However, in the case when the coordination num-
ber of metal is6 + LEP, specifically in the complexes of
polydentate chelate ligands, the shape of the metal
polyhedron or the stereochemical behavior of the lone
electron pair are unpredictable within the VSEPR
model [1]. Solution of this problem requires accumula-
tion of experimental data on the structures of the com-
plexes under discussion.

In this paper, we report the X-ray crystal structures
of antimony(l11) and bismuth(l11) ethylenediaminetet-
raacetates, Ca[Sb(Edta)], O 8H,0 (I) and
Ba{ [Bi(Edta)],H,O} [H,O (II).

EXPERIMENTAL

The main crystal data, data collection and structure
refinement parameters for | and Il are summarized in
Table 1. Structures | and 11 are solved by the direct
method using the SHEL X S86 program [2]. The atomic
coordinates and thermal parameters are listed in
Table 2. The positions of the aliphatic hydrogen atoms
in complexes| and I and hydrogen atoms of the coor-
dination water molecule in complex |1 were calculated

geometrically. The hydrogen atoms in one of the crys-
tallization water moleculesin | werelocated from adif-
ference Fourier synthesis. Two other molecules of crys-
tallization water in | are statistically disordered over
two [O(11)] or three [O(12)] positions. In 11, the posi-
tions of crystallization water molecules O(2) and O(3)
are half occupied. The occupancies were refined at the
fixed isotropic thermal parameters (U;,, = 0.10 A?). The
resulting occupancies were fixed in further calcula
tions. Structures| and |1 wererefined by the full-matrix
least-squares procedures in the ani sotropic approxima-
tion of thermal vibrationsof all the atoms, except O(11)
and O(12) in |. The positional and thermal parameters
of the H atomsin | and 11 were fixed. The refinement
was performed with the SHEL X 76 program [3].

RESULTS AND DISCUSSION

Structure | consists of the [ Sbh(Edta)]~ anionic com-
plexes (Fig. 1a), calcium cations, and water molecules.
The coordination number of the antimony atom is 6 +
LEP, and the polyhedron is a y-pentagonal bipyramid
with the lone electron pair in the equatorial plane and
the O(3) and O(5) atoms in the axial positions. The
O(6") atom closely approaches (the distance is 3.17 A)
the antimony atom of the neighboring complex. There-
fore, we can consider that the coordination number of
theSbatomis6+ 1+ LEP Thecalcium atomislocated

1063-7745/00/4501-0056$20.00 © 2000 MAIK “Nauka/Interperiodica’
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at the inversion center and has an octahedral coordina-
tion.

Structure | contains two crystallographically inde-
pendent Bi(Edta)~ complexes, which, together with the
coordination water molecule O(1), form tetranuclear
associates (Fig. 1b). The environments of two indepen-
dent bismuth atoms (the coordination number is eight)
are very similar, and the polyhedra can be described as
severdly distorted dodecahedra. The coordination num-
ber of the barium atom is ten, and the polyhedron is a
pentagonal antiprism.

By now, eight antimony(l11) complexes with diami-
nocarboxylates are structurally characterized, namely,
[Sb(HEdta)] - 2H,0 [4], Na[Sb(Edta)] - 3H,O [5],
Ca[Sb(Edta)], - 8H,0 (1), { C(NH,); }[Sb(Edta)] - 2H,O
[6], [Sb(HPdta)] [7], Na[Sb(Pdta)] - H,O [8],
NH,[Sb(Pdta)] - H,O [8], and [Sb(Hedtra)] (two crys-
talographically independent complexes) [9], where
H,Pdta is propylene-1,2-diaminetetraacetic acid and
H;Hedtra is N-hydroxyethylethylenediaminetriacetic
acid. In al the complexes with diamine ligands, the
shape of the antimony polyhedron is a severely dis-
torted Y-pentagonal bipyramid, in which the lone elec-
tron pair can be situated at one of two different posi-
tions shown schematically in Fig. 2: in the equatorial
plane (A) or at the axial position (B).

The structures of seven-vertex complexes with
diamine ligands were discussed in review [10]. It was
assumed that the proper symmetry of the complex is 2
(the axis passes through the midpoint of the ethylenedi-
amine C—C bond, the metal atom, and the monodentate
ligand). Such astructure is observed in the A-type com-
plexes (with allowance for the replacement of the lone
electron pair by a monodentate ligand) and complexes
with polyhedron in the shape of a single-capped trigo-
nal prism (with a monodentate ligand as a cap). Later,
it was shown that the polyhedron can exist in the form
of a single-capped trigonal prism in which the mono-
dentate ligand is situated in one of the bases of the
prism; it is not described by the proper symmetry 2
[11]. The B type compounds have not been observed
among the seven-vortex complexes with the hexaden-
tate ligands. The B-type structure was first found in
{C(NH,);}[Sb(Edta)] - 2H,O; however, the metal
polyhedron was inadequately described in [6]. Similar
structures were later observed in each of the three
H,Pdta complexes [7, 8]. In [§], the structures of the
polyhedrain all antimony(l11) complexes with diamine
ligands were considered, and the polyhedron in
{C(NH,);}[Sb(Edta)] - 2H,0 was described correctly.
However, asin the original paper [9], the metal polyhe-
dron in [Sb(Hedtra)] was described inadequately, and
only one of the two independent complexes was con-
sidered [§].

Among the nine complexes with diamine ligands,
there are four complexes with the lone electron pair at
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Table 1. Main crystal data, data collection and structural re-
finement for | and 11
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Ca[Sb(Edta)], -  |Ba{[Bi(Edta)],H,O} -
Compound 8H,0 (1) H,0 (1)
Formula CooH40CaN405,Sh, | CooHogBaN,04BI»
Crystal system Monoclinic Triclinic
a, A 7.132(2) 8.995(2)
b, A 21.906(5) 12.750(2)
c, A 10.896(3) 13.577(3)
a, deg 77.42(2)
B, deg 91.13(2) 73.90(2)
A\, deg 86.53(2)
Space group P2,/n P1
Z 2 2
v, A3 1702.0(8) 1460.1(6)
Peacar 9/CM3 1.959 2.656
g, mmt 1.84 13.45
26,00 dEg 52 50
N 2997 4176
N, 2148 3410
N, 235 415
R** 0.036 0.034
WR** 0.040 0.040
Gof** 1.26 1.02
w 1/{ 6%(F) + 0.0001F?} |1/{ 0*(F) + 0.0001F%}

Note: For both crystals, the data were collected on an Enraf—Nonius
CAD4 diffractometer (AMoK, graphite monochromator,
w/20 scan mode), and the absorption correction was intro-
duced by ) scans.

* N is the number of unique reflections with F > 0, N, isthe
number of reflections with F > 40(F), and N, is the number
of parametersin the refinement.

** R=Z|Fol - [Fl ZIF ol WR = [Zw{ [Fo| - [Fel} 2Z{ w{ Fo} 2] V2,
Gof = [Z{WIIFo ~ IFclP}/(No — NI 2.

the axial position and five complexes with the lone
electron pair in the equatoria plane.

Structures of three antimony(I11) complexes with
diethylenetriaminepentaacetic acid (HsDtpa) were
determined for different hydrate compositions
[Sb(H,Dtpa)] - nH,O0 (n=0[12],n=1[13],and n=2
[14]). In the first two compounds (Fig. 3a), the lone
electron pair is stereochemically active and occupies
one of the axial positions in the pentagonal bipyramid
of the metal (the coordination number is 6 + €). How-
ever, the coordination number of the metal in the dihy-
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Table 2. Atomic coordinates and thermal parameters Ugq = 1/3%;%U;; 83 af a’; in structures| and |1

ILYUKHIN, POZNYAK

Atom xla y/b Zc Ugq A2

|
Sh(2) 0.21115(6) 0.76492(2) 0.24632(4) 0.0284(1)
cal) 12 0 0 0.0297(6)
o) 0.3227(6) 0.8629(2) 0.1838(5) 0.051(2)
o) 0.2508(7) 0.9435(2) 0.0677(5) 0.056(2)
o) 0.1078(6) 0.7843(2) 0.4259(4) 0.036(1)
o(4) ~0.0309(7) 0.8513(3) 0.5445(5) 0.060(2)
o(5) 0.1321(6) 0.7461(2) 0.0540(4) 0.040(2)
0(6) 0.0176(7) 0.6763(3) ~0.0751(4) 0.052(2)
o) 0.2836(7) 0.6622(2) 0.3362(5) 0.047(2)
o®) 0.1606(7) 0.5845(2) 0.4348(5) 0.050(2)
0(9) 0.6558(8) 0.9978(3) 0.1925(5) 0.060(2)
0(10) 0.487(1) 0.9519(3) 0.3959(6) 0.102(3)
O(L1A)* 0.008(2) 0.0455(7) 0.220(2) 0.099(5)**
O(11B)* ~0.040(3) 0.072(1) 0.237(2) 0.096(6)**
O(12A)* ~0.146(5) 0.998(2) 0.541(4) 0.16(1)**
O(12B)* ~0.21(1) 0.966(3) 0.562(8) 0.22(3)**
O(120)* ~0.150(8) 0.990(3) 0.595(6) 0.15(2)**
N(1) ~0.0364(7) 0.8314(2) 0.2131(4) 0.028(2)
N(2) ~0.0531(6) 0.7015(2) 0.2494(4) 0.026(2)
c(1) 0.2104(9) 0.8968(3) 0.1232(6) 0.038(2)
c) 0.0089(9) 0.8752(3) 0.1146(6) 0.036(2)
c@) 0.0065(9) 0.8325(3) 0.4441(6) 0.037(2)
C(4) ~0.061(1) 0.8657(3) 0.3307(6) 0.037(2)
C(5) ~0.2076(8) 0.7962(3) 0.1771(5) 0.029(2)
c(6) —0.2222(9) 0.7400(3) 0.2537(6) 0.033(2)
c(7) 0.0398(8) 0.6976(3) 0.0280(5) 0.035(2)
c(8) ~0.0470(9) 0.6650(3) 0.1356(5) 0.035(2)
c) 0.147(1) 0.6327(3) 0.3771(6) 0.038(2)
C(10) —0.0454(9) 0.6597(3) 0.3566(5) 0.032(2)
H(1) 0.580 0.980 0.260 0.08**
H(2) 0.772 0.999 0.193 0.08**

I
Bi(1A) 0.20446(5) 0.29882(3) 0.17341(4) 0.0172(2)
Bi(1B) 0.35575(6) 0.16782(3) ~0.12337(4) 0.0191(2)
Ba(1) 0.7552(1) 0.25903(6) 0.00844(7) 0.0270(3)
O(1A) 0.179(1) 0.1714(5) 0.3286(7) 0.022(3)
0(2A) 0.270(1) 0.1037(7) 0.4657(9) 0.051(5)
0(3A) 0.471(1) 0.3458(5) 0.1090(7) 0.023(3)
O(4A) 0.660(1) 0.4485(6) 0.1115(7) 0.026(4)
O(GA) ~0.052(1) 0.2603(7) 0.1476(8) 0.034(4)
O(6A) —0.298(1) 0.2095(6) 0.2316(7) 0.030(4)
O(7A) 0.167(2) 0.4782(6) 0.1225(7) 0.028(4)
O(8A) 0.005(2) 0.6030(7) 0.0898(8) 0.042(4)
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Atom x/a ylb Zc Ugq A2
O(1B) 0.595(1) 0.2551(6) —0.1328(7) 0.027(4)
O(2B) 0.836(1) 0.3046(8) ~0.2302(9) 0.049(5)
0(3B) 0.420(1) —0.0254(6) —0.0933(8) 0.036(4)
0(4B) 0.606(1) —0.1408(7) ~0.0910(8) 0.037(4)
O(5B) 0.3600(9) 0.3051(5) ~0.2610(7) 0.019(3)
O(6B) 0.284(1) 0.3760(7) ~0.3992(8) 0.041(4)
o(7B) 0.076(1) 0.1654(6) ~0.0727(7) 0.027(4)
o(8B) ~0.129(2) 0.0796(6) ~0.0703(7) 0.025(3)
o) 0.251(1) 0.3364(6) ~0.0387(7) 0.029(4)
oQ)* 0.597(3) 0.422(2) 0.484(2) 0.07(1)
o) 0.987(4) 0.038(3) 0.580(3) 0.12(2)
N(1A) 0.297(1) 0.3731(7) 0.2996(8) 0.021(4)
N(2A) ~0.024(2) 0.3575(7) 0.2994(9) 0.024(4)
N(1B) 0.573(1) 0.1195(8) —0.2653(9) 0.028(4)
N(2B) 0.242(1) 0.1089(7) —0.2454(8) 0.019(4)
C(1A) 0.251(2) 0.179(1) 0.391(1) 0.040(6)
C(2A) 0.356(1) 0.2813(8) 0.368(1) 0.021(5)
C(3A) 0.525(1) 0.4160(9) 0.149(1) 0.022(5)
C(4h) 0.422(1) 0.4533(9) 0.245(1) 0.023(5)
C(5A) 0.161(2) 0.4351(9) 0.367(1) 0.034(6)
C(6A) 0.014(2) 0.3685(9) 0.393(2) 0.028(5)
C(7A) ~0.166(2) 0.247(1) 0.228(1) 0.030(6)
c(8A) ~0.154(2) 0.2757(9) 0.325(1) 0.027(5)
C(9A) 0.035(2) 0.5168(9) 0.149(1) 0.033(6)
C(10A) ~0.081(2) 0.467(1) 0.243(2) 0.041(7)
C(1B) 0.707(1) 0.2580(9) ~0.220(2) 0.020(5)
C(2B) 0.686(1) 0.2128(8) —0.306(1) 0.023(5)
C(3B) 0.544(1) ~0.0526(9) ~0.127(2) 0.027(6)
C(4B) 0.656(2) 0.0279(8) ~0.215(1) 0.027(5)
C(5B) 0.524(2) 0.0997(8) ~0.355(1) 0.028(5)
C(6B) 0.360(2) 0.0390(9) ~0.313(1) 0.028(5)
C(7B) 0.297(2) 0.3021(9) ~0.329(2) 0.027(5)
C(8B) 0.190(2) 0.1998(8) ~0.315(2) 0.022(5)
C(9B) 0.004(2) 0.0921(9) ~0.102(1) 0.027(5)
C(10B) 0.111(1) 0.0407(8) —0.186(1) 0.022(5)
H(1) 0.316 0.387 —0.066 0.08**
H(2) 0.167 0.358 ~0.053 0.08**

* In compound I, the site occupancies of the O(11A), O(11B), O(12A), O(12B), and O(13C) atoms are 0.58(1), 0.42(1), 0.44(2), 0.26(2),
and 0.28(2), respectively; in compound |, the O(1) and O(2) sites are occupied by 0.50(1).
** The values of U, are given.
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Fig. 1. Structure of (a) the [Sb(Edta)]™ anionic complex in Ca[Sb(Edta)], - 8H,0 and (b) {[Ba(Edrta)],H,0} g_ tetranuclear associ-

atein Ba{[Bi(Edra)],H,0} - H,0.

drate (Fig. 2b) is 5 + 3; that is, the lone electron pair
exhibits a partial stereochemical activity.

In the centrosymmetric binuclear complex
[Sby(U-Ttha)(H,0),] [15] (where HiTtha istriethylene-
tetraaminehexaacetic acid), the polyhedron isbest of all

Fig. 2. Schematic drawing of the -pentagonal bipyramid
with two different positions of the lone electron pair (e):
(A) in the equatorial plane and (B) at the axial position.

CRYSTALLOGRAPHY REPORTS Voal. 45

approximated by a -octahedron. According to the
description of the antimony polyhedron given in [15],
the oxygen atom of the water molecule is included in
the first coordination sphere (the Sh—O distance is
2.94 A), and the polyhedron is considered as a y-pen-
tagonal bipyramid; however, the mean atomic deviation
from the rms plane of this baseis 0.37 A.

Considering the shapes of the polyhedrain the com-
pounds mentioned above, we come across the problem
of assigning the ligands to the first and second coordi-
nation spheres. The ranges of the Sb—O and Sb-N dis-
tances in the compounds discussed are 2.02—-3.25 and
2.25-2.78 A, respectively. It is reasonable to assign
both the oxygen atoms of the protonated carboxyl
groups in [Sb(HEdta)] - 2H,0 and [Sb(HPdta)] and the
oxygen atoms of the alcohol groupsin [Sb(HEdtra)] to
the first coordination sphere, since their consideration,
within good accuracy, results in reasonable polyhedra.
The atoms, which are separated from the antimony
atom by more than 3 A, and also (in our opinion) the

No. 1 2000



STEREOCHEMICAL ACTIVITY OF A LONE ELECTRON PAIR 61

oxygen aom of water molecule in the
[Sb,(u-Ttha)(H,0),] complex should be assighed to the
second coordination sphere.

Division of the metalHigand bond lengths into two
rangesin the [Sb(H,Dtpa)] - 2H,O compound is rather
arbitrary, even though it adequately reflects the struc-
ture of the complex.

Note a considerable nonequivalence of the Sb-N
bond lengths in diamine ligands of the A and B struc-
tural types: the mean differences in lengths of two
bonds are 0.05 and 0.23 A, respectively. This clearly
illustrates the different stereochemical behavior of two
nitrogen atomsin the B-type complexes and the change
from the proper symmetry m (B type, Fig. 4a) to the
proper symmetry 2 (A type, Fig. 4b). A substantia dif-
ferencein the structures of the pentagonal —bipyramidal
complexes with the lone electron pair at the equatorial
and axial positions is also observed in the bulk occu-
pied by the lone electron pair. Inthe complexeswith the
B-type structure, we can draw aplanein such away that
all the coordinating atoms of the ligand appear on the
same side of this plane (Fig. 4a), whereas, in the A-type
complexes, the sector free of donor atoms is smaller
(Fig. 4b). The m symmetry is retained in the
[Sb(H,Dtpa) - nH,O compounds, wheren=0o0r 1 (itis
clear that the replacement of the ligand results in the
changesin metal coordination), in which the lone elec-
tron pair is in the axial position in the -pentagonal
bipyramid; it is the proper symmetry of the complex in
the monohydrate and the crystallographic symmetry in
the anhydrous compound.

Thus, among the thirteen antimony(l11) complexes
(twelve compounds), four structural types of polyhedra
are observed (without regard for distinctionsin the sec-
ond coordination sphere). In the twelve compounds, the
lone electron pair is stereochemically active, and, only
in one compound, namely, ([Sb(H,Dtpa)] - 2H,0), the
lone electron pair exhibits a partial stereochemical
activity.

It can be expected that the antimony(l11) compounds
are most similar in the behavior of lone electron pair to
the Sn(11) complexes. The structures of two Sn(I1) ami-
nocarboxylates are known: Sn[Sn(Edta)] - 2H,0 [16]
and [Sn(H,Edta)] [17]. In the former compound, the
polyhedron of the complex-forming lead atom has the
shape of a Y-pentagonal bipyramid with the lone elec-
tron pair in the equatorial plane. The lead polyhedronin
the latter complex is a severely distorted -single-
capped trigona prism (with the lone electron pair as a
cap). Hence, we meet one more type of metal coordina-
tion, which has not been found for the antimony che-
lates.

It isknown [18, 19] that the stereochemical activity
of the lone electron pair decreases within the group
from the top down [in our case, from Sb(l11) to Bi(Il1)].
Bismuth aminocarboxylates confirm this thesis. none
of the eighteen complexes characterized structurally
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Fig. 3. Structure of the [Sb(H,Dipa)] complex in
(a) [Sb(HyD1pa)] - H,O and (b) [Sb(H,Dipa) - 2H,0.

(seventeen compounds) [20-31] exhibits the stere-
ochemical activity of the lone electron pair.

In some compounds, for example [(NH,);[Bi(Nta),]
[21] and [Bi(HEd!ta)],, [25], the spread of bond lengths
in the bismuth polyhedron is minimum (0.20 and
0.22 A); that is, the lone electron pair is completely
delocalized around the complex-forming atom (in the
terms accepted in [1, p. 179], the lone electron pair
occupies the s-type orhital). However, the Bi—O bond
lengths are unequal in many complexes. In al the com-
pounds, the longest Bi—O distances correspond to the
bonds either with the coordination water molecules or
with the bridging oxygen atoms of neighboring ligands.
The only exception is provided by [Bi(HEdta)], -
2nH,0 [26], in which one of the longest bonds is
formed by the carbonyl oxygen atom of the protonated
carboxyl group. The distribution of Bi—L bond lengths
is commonly characterized by the difference (~0.2 A)
between the “short” and “long” bonds, whereas the
spread of the “short” bonds is 0.1-0.3 A. Hence, the
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Fig. 4. Structure of the [Sb(Edta)]™ anionic complex in
(8@ {C(NH,)3}[Sb(Edta)] - 2H,0 and (b) Na[Sb(Edta)] -
3H,0.

first and second coordination spheres are indistinguish-
able. We note a wide spread of Bi—O bond lengths in
compounds [C(NH,); },[Bi(Heida)(Heida—H)] - 3H,0
[20], [Ca(H,O)1[Bi(Edta)], H,0 [28], and
Ba{[Bi(Edta)],H,0} - H,O (complex B); itis0.71, 0.68,
and 0.71 A, respectively.

Now, we dwell on the coordination number of bis-
muth; it is eight in fifteen compounds and nine in three
compounds. The coordination number of a metal nor-
mally increases with the potential coordination capac-
ity of ligands, so that the coordination number of nine
in bismuth diethylenetriaminepentaacetates is not sur-
prising: the relatively compact ligand pulls together its
donor sites, thus allowing the penetration of an addi-
tional ligand.

We do not consider the shapes of coordination poly-
hedra of the bismuth atom, because adequate descrip-
tion of the polyhedra with widely differing metal—
ligand bond lengths is ambiguous.

By and large, the structural variety of antimony
complexes is greater than that of similar bismuth com-
pounds. Based on the data discussed in this paper and
those on other compounds of trivalent antimony and
bismuth [32, 33], we expect the existence of antimony
complexes with a lower stereochemical activity of the
lone electron pair. On the other hand, thereis reason to
hope that bismuth aminocarboxylates with a greater
degree of thelone electron pair localization will be syn-
thesized.
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Abstract—The effect of termination on the structural parameters of the radia distribution function of atoms
has been analyzed with the use of the structure factor calculated for the model of soft spheres. It is shown that
in the range of the experimentally attainable magnitudes of the diffraction vector s,,,,, the position R; and the

area Zf/m of the first maximum of the radial distribution function of atoms linearly depends on 1/s,,,,. The
method is suggested for taking into account the effect of termination on the structure parameters. © 2000 MAIK

“Nauka/Interperiodica” .

The termination effect in diffraction studies of dis-
ordered materials is caused by the limitation imposed
on the reciprocal space because of a finite wavelength
of the radiation used. The radia distribution function
(RDF) of atoms with the errors caused by the effect of
termination (termination errors) shown in Fig. 1isan
oscillating curve with the maximum amplitude being in
the vicinity of the first maximum and affecting both its
position and shape. Thus, since the position of the first
maximum determines the most probable closest dis-
tance between the atoms in the melt, R,, whereas its
area determines the coordination number, Z,, used in
the model interpretation of the structures of disordered
materials [1], the termination effect should necessarily
be taken into account.

All the known methods allowing for the termination
effect can conditionally be divided into two groups.
(1) the use of afactor of the type exp(—bs?) or the Lanc-
zos's o-factor [2, 3] in the Fourier transform of the
radial distribution function and (2) the representation of
the experimental scattering factor as an expansion into
a series with respect to the system of orthogonal func-
tions with its subsequent extrapolation to the region s>
Shax (Where sisthe diffraction vector) [2, 4, 5].

These methods are successfully used in the method
of smal-angle scattering. However, they are almost
neglected in the diffraction studies of disordered sys-
tems over a wide range of scattering angles. The only
exception is the introduction of a temperature factor,
which, unfortunately, reduces the RDF resolution,
especially in the vicinity of the first maximum and,
thus, also distorts the extracted information. The sec-
ond approach seemsto be more attractive, but the pres-
ence of various errors in the experimental curve does
not alow the reliable extrapolation of the scattering
curve beyond the range of experimentally measurable
scattering angles.

The most reliable and detailed studies of this prob-
lem for disordered systems were performed in [6-8],
where various methods for taking into account the ter-
mination effect for the RDF were suggested. Thus,
Hosemann et al. [6] derived the following relationship:

L1z e = Lin+ (TUSm)’, (1)

where L, ., and L,, are the hafwidths of the first
maximum of the function Rg(R) obtained experimen-
tally and calculated theoretically with due regard for

ARDF

Fig. 1. Theerror in the RDF caused by the termination effect
at three values of 5, (1) 9.7, (2) 125, (3) 180 A%

1063-7745/00/4501-0006$20.00 © 2000 MAIK “Nauka/Interperiodica’
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the termination effect, respectively, and s,,,, isthe max-
imum experimental magnitude of the diffraction vector.
Equation (1) allows one to take into account the depen-
dence of the half-width of the first RDF maximum on
Sq.x and to correct the coordination number appropri-
ately. A similar equation but with a somewhat different
angular coefficient was suggested and successfully
tested in an electron diffraction study of amorphous
films[7]. An origina approach suggested in [8] seems
to lead to the somewhat ambiguous restoration of the
intensity curveintheregion s> s,,,. It should be noted
that the recommendations given in [6, 7] are reduced
mainly to the allowance for the effect of termination on

the coordination number Z’™ determined by the sym-
metric resolution of the first RDF maximum.

Unfortunately, the aforementioned results have
found no application in X-ray diffraction studies of dis-
ordered systems, which, we believe, is associated with
an insufficiently developed theory of this problem.
Thus, the dependence of R, on s, has not been studied
at al; there are no recommendations for taking into
account the termination effect in disordered materials.
Most researchers are interested, first of al, in answer-
ing the question at which s,,,-value the termination
error inthe Z, and R; would not exceed the total exper-
imental error. The answer to this question can be
obtained from analysis of the structural parameters of
the RDF calculated from the structure-factor curve at
various values of s,,, and of the dependences of R;,

z?™, andL,,, on's,,,. Such astudy can be successfully

performed with the use of the model structure factor
containing no experimental errors and readily calcu-
lated for any s,,,,-value.

In the present study, we used the model of soft
spheres in the Hoshino modification [9], which ismore
advantageous than the model of hard spheres because
the “softness’ of the interparticle potential provides
considerable damping of far oscillations, thus making
the model structure factor closer to the real one at large
scattering angles. To solve the above formulated prob-
lem, calculate the RDF in the form

4nR2p(R) = 4T[R2po + %?Is[ a(s) —1]sin(sR)ds
0

Smax
= 4T[R2p0 + 2—5 I s[a(s) — 1] sin(sR)ds )
0

2R .
+ o I s[a(s) — 1] sin(sR)ds,
Stax
where p(R) is the atomic-density function, p, is the
macroscopic density of the specimen, s = 41tsin6/A is
the magnitude of the diffraction vector, A is the radia-
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Fig. 2. Dependences of () (1) Ry and (2) 2" and (b) Ly

on s, for the structure factor with the amplitude a(s;) =
2.56.

tion wavelength, and a(s) is the structure factor. Two
first terms in (2) determine the RDF at the finite s,
value, whereas the third term determines the error
caused by the termination effect whose form at differ-
ent s,,,.-valuesis shownin Fig. 1. It iswell known that
the structure factor of melts is characterized by differ-
ent degrees of oscillation damping with an increase in
s, which is associated with a different character of
atomic disordering. Thus, the termination effect for lig-
uid germanium and iron differently affects the struc-
tural parameters obtained at the same s,,,. In our
model, this fact is taken into account by the introduc-
tion of aspecial coefficient of packing density, n, which
determines the height (amplitude), a(s,), of the first
maximum of the structure factor and, thus, also the
amplitudes of far oscillations. Therefore, we used three
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Fig. 3. (a) Dependences of (1) Ry and (2) Ziym on 1/S.x

and (b) Lf,z on l/srfqax for the structure factor with the
amplitude a(s;) = 2.56.

structure factors with different heights of the first max-
ima, namely, a(s,) = 2.11, 2.56, and 3.17. The normal-
ization coefficient of the structure factor was checked
for each s,,,,-value.

The dependences of the position R;, the area 77",
and the halfwidth L, of the firss RDF maximum
described by the Gaussian function of s, are shownin
Fig. 2 for the structure factor of the height a(s,;) = 2.56.
It is seen that in all cases, the limiting values of all
the parameters with due regard for the determination
error [10] are attained at s,,, 017 AL In the region
Snax < 17 AL, the values of the structure parameters R,
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Fig. 4. Dependences of (1) R, and (2) lem on 1/s,,, for
liquid germanium at 1253 K.

and Z7™ are described by the corresponding linear
dependence on 1/s,,, with the correlation coefficient
exceeding 0.999 (Fig. 3a). TheL,, valuesin thisregion
of the diffraction vector are described by an equation of
type (1) (Fig. 3b). The limiting values of the structure
parametersin theregion s, > 17 A~ are explained by
small oscillations of the structure factor in this region,
so that neglecting these oscillations amost does not
affect the structural parameters. For the structure fac-
tors with a(s;) = 2.11 and 3.17, the limiting values of
the structural parameters are attained in the regions ~14
and ~26 A1, respectively. Thelatter fact was confirmed
experimentally. For example, amorphous alloys based
on the 3d-transition metals (Fe-B, Pd-Si, etc.) are char-
acterized by a considerable height (exceeding 3) of the
first maximum of the structure factor [11]. Therefore,
the diffraction study of such alloys should necessarily
be performed up to high s,,-Vvalues, which can be
attained in a time-of-flight neutron diffraction experi-
ment.

The linear dependence of R, and Z" on /s, can

be used for introducing the correction for the termina-
tion effect into the experimental values of the structural
parameters obtained from the RDF at low s,,,.-values.
With this aim, one has to construct the dependences of

R, and Z7™ on1/s,,, in the attainable region of scatter-

ing angles and then to extrapolate the obtained lines to
the corresponding s,,..-value in order to determine the

refined structural parameters. The Lf,z valueisrefined

No. 1 2000
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in the similar way by constructing the 1/sr2nax depen-
dence. This method was successfully tested on liquid
Ge (Fig. 4). Taking into account that in this case, a(s))
= 1.60, the limiting values of the structural parameters
independent of s, are attained at s, 012.5 A, the
value that can be attained in the X-ray diffraction
experiment with the use of the MoK a-radiation.

Concluding the article, emphasize once again that
the values of the structural parameters corrected for
the termination effect are obtained by extrapolating
the experimental data to a certain s,,,,-value deter-
mined in each concrete case from the degree of damp-
ing of structure-factor oscillations. The role of the cri-
terion of the degree of oscillation damping can be
played by the height of the first maximum of the struc-
ture factor.
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Specific Structural Features of 1-Hydroxyethane-1,1-
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and Alkali-metal Cations
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Abstract—Specific structural features of 1-hydroxyethane-1,1-diphosphonic acid (HEDP, HyL) and its ten
saltswith organic and alkali-metal cations are discussed. The following problems are addressed: (1) the depen-
dence of the P-O bond lengths on whether the oxygen atom is protonated or not and on the total charge of the

H,L"~* anion; (2) the variants of the statistical distribution of the shared protons; (3) the modes of connection
of the H,L"~* anions by hydrogen bonds into dimers or polymeric chains; (4) coordination modes of polyden-
tate H,L"~* ligands in the salts of alkali-metal cations. © 2000 MAIK “ Nauka/Interperiodica” .

INTRODUCTION

A number of 1,1-diphosphonic acids H,O;P-
CR(R)-PO;H, differing in the nature of the R and R
substituents are presently known [1]. Among these
acids, 1-hydroxyethane-1,1-diphosphonic acid (HEDP,
R=OH and R = CHy) is, perhaps, of the greatest inter-
est. Its central carbon atom bears, in addition to two
acid phosphonic groups, a hydroxy group, which
exhibits basic properties. The combination of these
groups makes it possible to classify the H,L acid with
organophosphorus complexones. The combination of
acid and basic functional groupsin H,L determines its
specific properties and its pronounced ability to form
complexes with different metals, from alkali metals to
rare-earth elements.

A great number of different metal complexes and
salts with organic cations formed by 1-hydroxyethane-
1,1-diphosphonic acid have been characterized struc-
turally. The compounds of this class show awide vari-
ety of structures. they differ in structural type (oligo-
merization or polymerization degree), the functions
and coordination capacity of the H,L"~-* ligand, the
type of geometric isomer of the complex, etc.

Earlier [2], we discussed the specific features of the
crystal structures of the oxo complexes of Mo(VI) and
W(VI) with HEDP. In this review, the structures of the
compounds of 1-hydroxyethane-1,1-diphosphonic acid
with organic and alkali-metal cations are considered.

STRUCTURE OF 1-HYDROXYETHANE-
1,1-DIPHOSPHONIC ACID MONOHYDRATE

In the structure of 1-hydroxyethane-1,1-diphospho-
nic acid monohydrate H,L - H,O, where H,L =

(PO3H,),COH(CH5) (1) [3], separate H,L molecules
(Fig. 1) are linked into columns through hydrogen
bonds involving hydroxy COH and phosphonate POH
groups. Water molecules, involved in donor and accep-
tor hydrogen bonds with one another and with H,L
molecules, are also arranged in columns. In structure |,
we observe a distinct correlation between the P-O(H)
bond lengths and the O(H) I distancesin two pairs of
hydrogen bonds. Actually, the stronger hydrogen bonds
(av. OIID is 2.465 A) are formed by the shorter P-O(H)
bonds (av. 1.539 A), whereas the relatively weaker
hydrogen bonds (av. OMD is 2.615 A) are formed by
the longer P-O(H) bonds (av. 1.555 A).

The planar O=P-C—P=0 fragment has a cis config-
uration (the WHlike shape). Two phosphonyl atoms
O(H) at both P atoms, as well asthe OH and CH; sub-
stituents at the C atom, are situated on either side of the

0(7)

/\

\ / p2)

P(1)

.(‘2(2)/. ]
[ 4

0(2) 0(6)

o) O()

Fig. 1. Molecular structure of HyL inl.
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Table1. Mean P-O distances in the structures of compounds HyL - H,O and A, _,, [H,L] - mH50 (A = H,Pip, HPhen,
NHoMey, NHy, Na, K, Rb, or Cs; n=2, 2.5, or 3; and m= 0-4)

PO,HY 2 Distance, A
No. Compound gr(l)_%l? c())r( ;)1, -0 b OH P_OH Reference

I H,.L - H,0 PO3H, 1.506(2) +£0.001 |1.547(2) +0.012 [3]

[ (HoPip)(H3L), PO;H, 1.488(1) 1.557(1) £ 0.002 [5]
POgH 1.508(1) £ 0.003 |1.572(1)

[l (HPhen)(HsL) - 2H,0 PO3H, 1.477(2) 1.549(2) + 0.004 [6]
PO;H 1.505(2) £ 0.001 |1.566(2)

1V (NH,Me,)(HaL) - H,0 PO;H, |1.486(2) 1.544(2) + 0.012 (7]
POgH 1.508(2) £ 0.005 |1.583(2)

Vv (NH4)(HsL) - 2H,0 PO;H;5 [1.490(2) + 0.003 |1.569(2) + 0.003 1.525(2) + 0.005 [8]

VI K(H4L) - 2H,0 POsH;5 [1.490(3) £ 0.003 |1.568(3) + 0.003 1.527(3) £ 0.001 [8]

Vila* |Rb(HsL) - 2H,0 POsH,5 [1.486(6) £ 0.007 |1.565(6) + 0.010 1.526(5) + 0.003 [9]

VIIb* |Rb(H4L) - 2H,0 POsH;5 [1.490(3) +0.003 |1.563(3) + 0.009 1.529(3) + 0.001 [10]

Vilc*  |Rb(HsL) - 2H,0O(n)** POsH,5 [1.485(3) £ 0.002 |1.566(3)+ 0.008 1.524(2) £ 0.003 [11]

VIl Cs(Hs4lL) - 2H,0 PO3H, 1.497(3) 1.550(3) + 0.009 [9]
PO;H 1.506(3) £ 0.011 |1.583(3)

IXa Na(HsL) - H,O POsH;5 [1.498(2) £ 0.010 |1.561(2) + 0.008 1.526(2) + 0.007 [12]

IXb Na(HsL) - H,O POgH;5 [1.492(4) £ 0.009 |1.555(4) + 0.004 1.520(4) £ 0.007 [13]

X (NH)15(Ho5L) - 2H,0 POsH;5 |[1.492(2) 1.555(2) 1.531(2) [14]
POgH 1.506(2) £ 0.009 |1.563(2)

XI Nay(H,L) - 4H,0 POgH 1.505 + 0.006*** 1.580+ 0.004*** [15]

* Based on the data of three independent studies.
** n denotes a neutron diffraction study.

*** For compound X1, the o(P-O) range is 0.003-0.006 A, and the individual errors are omitted in [15].

above plane; this minimizes the repulsion between the
H(O), H(C), and phosphonic O atoms. Two PO; groups
in structure | have an eclipsed conformation relative to
the P-P axis. On the other hand, in the structure of
methylene-1,1-diphosphonic acid (H/MDP, R = R =
H), the PO; groups are “ skewed,” that is, rotated by 35°
relativeto the P—P axis[4]. In the opinion of the authors
in [3], different conformations determine the different
acidity of H,L and H,MDP in aqueous solutions. the
eclipsed conformation of the molecule, which is due to
the OH and Me substituents attached to the C atom, is
responsible for the weaker acidity of H,L.%

STRUCTURES OF THE SALTS OF HEDP
WITH ORGANIC AND ALKALI-METAL CATIONS

The following ten compounds of 1-hydroxyethane-
1,1-diphosphonic acid with organic and akali-metal
cations have been characterized structuraly by now
(Table 1, [5-15]): piperazinium, phenanthrolinium, and

11t is supposed [3] that in solution, both H,4L and H4MDP have the
same conformations asin the crystal phase.
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the dimethylammonium salts (H,Pip)(H;L), (I1),
(HPhen)(H,L) - 2H,0 (111), and (NH,Me,)(H,L) - H,O
(1V); the two ammonium salts (NH,)(H;L) - 2H,0 (V)
and (NH,), s(H, sL) - H,O (X); three alkali-metal com-
pounds of the general formula Cat(HsL) - 2H,0, where
Cat =K* (VI), Rb* (VII), or Cs* (VIII), which areiso-
structural toV; and the two sodium salts Na(H;L) - H,O
(1X) and Nay(H,L) - 4H,0 (X1).

The O=P-C—P=0 fragmentsintheH,L"~* anions of
compounds | 1-XI areroughly planar and have atypical
W ike shape, similar to that inthe starting acid H,L (1);
the O—P-C—P torsion angles range between 170° and
177°. The O(P) atoms at both phosphorus atoms, as
well as the OH and CH; substituents at the carbon
atom, are situated on either side of the plane passing
through the above five atoms.

The mean values of the phosphorus-oxygen dis-
tances in compounds |-X| arelisted in Table 1.

The P-O distances in the compounds under consid-
eration depend mainly on whether the oxygen atom is
protonated or not and on the total charge of theHL"-#
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Fig. 2. Dimeric anionic fragment Hs Lg_ of structure X.

anion (and, in particular, on the charge of the phospho-
nic groups PO;H %)

For compounds | 1-1 X containing the singly charged
H;L- anion, two variants of charge distribution are pos-
sible. In the first variant, which is observed in com-
pounds I 1-1V [5-7], two PO;H}~? groups are inequiv-
aent: one of them (the phosphonate group) is mono-
protonated, and the other (the phosphonic group) is
biprotonated

0 OH
7 _ /
HO-P{(, HO-P_ .

@) 0
POH" PO3H,

The second variant is observed in structures V-1 X [8-
13]: Both PO, H;>> groups are equivalent, and each of

them contains a protonated oxygen atom and the so-
called “half-protonated” oxygen atom OH,s, whose
proton is shared by the neighboring anions in a strong
O—HI[IOD or OMHMD hydrogen bond.

In compound X [14] (Fig. 2), two PO3H§_2 groups

of theH, sL!"~anion areinequivalent and have different
formal charges, —0.5 for POgH, s and —1 for PO;H.
Compared to structures V-1 X, in which the anions are
linked in pairsthrough double hydrogen bridges, asym-
metric to some degree or another (for details, see
below), theanionsin X arelinked into dimersby single
nonlinear symmetric hydrogen bridges (the H atom is
located at a specia position on the twofold axis). In
structure X1 [15], two phosphonic groups PO;H- of the
H,L? anion are equivalent.

It is evident from Table 1 that the P-O distances in
the structures considered are divided into three groups:
(1) short bonds (1.477-1.508 A) involving terminal
oxygen atoms (P=0 or P=0), (2) long bonds (1.543—
1.583 A) involving protonated oxygen atoms (P-OH),
and (3) bonds of intermediate length (1.525-1.531 A)
involving bridging half-protonated oxygen atoms
(P-OH,5). A more detailed analysisreveal sthat, within
agroup, the distances dightly increase with increasing
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charge of the PO;H™> group in going from PO;H,
through PO;H;%> to PO;H-. On the whole, the mean

phosphorus—-oxygen bond lengths in compounds |-XI
decrease in the following sequence:

P-OH(PO3H) > P-OH(PO3H, 5) > P-OH(PO3H,)
1575+0.012 1.563+0.008 1.550* 0.007

> P-OH,5(PO3H; 5) > P=O(PO3H)
1.526 + 0.006 1.506 + 0.002

> P=0O(PO3H, 5) = P=O(PO3H.).
1490+ 0.008 1.490+ 0.016

We should keep in mind that the understanding of
the formal charge of aPO;H)~ 2 group is conventional,

since hydrogen atoms are, as a rule, located by X-ray
diffraction with poor accuracy. Moreover, the symmet-
ric position of the bridging H atom between two phos-
phonic groups of neighboring H,L"-# anions (or of the
same anion, as in the complexes of transition metals
with HEDP) often results from averaging two equally
probable hydrogen positions at two PO; groups. The
disordering of two protons H[O(2)] and H[O(5)] (two
equally probable positions for each proton) in different

PO3H§_2 groups of the same anion is observed in
structuresV and VI (Fig. 3).

A more or less asymmetric position of the bridging
H atom relative to the O atoms in structures V111X
(the short O-H bonds lie in the range 1.09-1.20 A, the
long bonds are 1.22-1.36 A, and the A{(O--H) — (O-
H)} differences are 0.02-0.25 A; see Table 2) does not
exclude the averaging of two hydrogen positionsin two
switching groups PO;H~ and PO3H,. We suppose that
the symmetric position of the proton in structure X
exactly midway between the oxygen atoms [O[IH is
1.28(6), O is 2.508(2) A, and angle OHO is
160(6)°] also results from the superposition of the
PO;H- and PO;H, groups of neighboring anions; that
is, the H,L?> and H;L- anions in the structure occupy
two positions randomly, in an equal ratio. This conclu-
sion is supported by the coincidence of the mean P-OH
(PO5H, 5) bond length (1.563 A) with the average of the
P-OH (PO;H,) and P-OH (PO;H) bond lengths (1.550
and 1.575 A, respectively). An additional support is
provided by the equality of the mean lengths of the
half-protonated P-OH, 5 bond (1.526 A) to the average
of the P=O (1.490 A) and P-OH (1.563 A) bond

lengths in the PO, H2~ groups (see Table 1).

Now, we return to the isostructural series of four
compounds V-VIII of general formula Cat(H;L) -
2H,0. Based on the analysis of the phosphorus-oxygen
distances in structure V111 [9], the authors concluded
that both the phosphonic PO3;H, and phosphonate
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o)

Fig. 3. Dimeric anionic fragment (HsL"), in structuresV and V1.

PO;H- groups occur in the crystal. The ordering of the
H atomsin the PO3H§_2 groups in this compound, in

contrast to their random positioning in the remaining
three structures V-V 1, is attributed to the large radius
of thealkali metal. However, evenin the structure of the
cesium salt VII1, the P=O bond (1.517(3) A) adjacent
to the bridging H atom is distinctly longer than the two
other P=0 bonds [1.495(3), 1.497(3) A], and the corre-
sponding P-OH bond [1.541(3) A] is shorter than the
two other P-OH bonds [1.559(3), 1.583(3) A]. Hence,
the geometry observed can be alternatively interpreted

as the averaging of two PO;H;%> groups (similar to
structuresV-V11), in which the mean P=0, P-OH, and
P-OH, 5 distances are 1.496 + 0.001, 1.571 + 0.012,
and 1.529 + 0.012 A, respectively.

It was concluded in [9] that the nature (and size) of
a metal atom affects the mutual arrangement of two
phosphonic groupsinthe H,L"~* anions. Aswas shown
in [16], the WHlike configuration and the eclipsed posi-

tion of the PO, Hﬁ_z groups favor the minimization of

steric interactions between the H(Me) atoms and termi-
nal oxygens of the planar O—-P-C—P-O fragment and

Table 2. Geometric parameters of intermolecular O—HIID hydrogen bonds between the “ half-protonated” POSH%E_ groups

in structures V—X

Distance, A
No. Compound OHO angle, deg| Reference
00 OH H--O
V (NH4)(HaL) - 2H,0 2.454(3) 0.64(6) 1.82(6) 173(6) [8]
2.454(3) 0.76(6) 1.70(6) 175(5)
VI K(HaL) - 2H,0 2.437(3) 0.76(8) 1.82(9) 164(6) [8]
2.437(3) 0.88(6) 1.57(6) 162(6)
Vila* Rb(H4L) - 2H,0 2439(8) 1.16(8) 1.28(8) 166(5) [9]
VIlb* Rb(H4L) - 2H,0 2.415(5) 1.20(6) 1.22(6) 171(4) [20]
Vlilc* Rb(H4L) - 2H,0 (n)** 2.433(3) 1.174(3) 1.261(3) 175.8(2) [11]
VIII Cs(HjL) - 2H,0 2.453(4) 1.12(8) 1.36(8) 167(7) [9]
I Xa Na(Hsl) - H,0O 2.415(3) 1.09(5) 1.34(5) 166(4) [12]
IXb Na(HiL) - H,O 2.426(5) 117 1.29 164 [13]
X (NH,); 5(H, L) - H,O 2.508(2) 1.28(6) 1.28(6) 160(6) [14]
* Based on the data of three independent studies.
** n denotes a neutron diffraction study.
CRYSTALLOGRAPHY REPORTS Vol. 45 No.1 2000
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Table 3. Interatomic M—O distances (M = Na, K, Rb, or Cs) in the HEDP salts of alkali-metal cations
No. Compound M-O distances, A m;%nn é\g_g CN of themetal | Reference
Vi K(HgL) - 2H,0 2.701(3)-3.109(4) 2.880 7 [8]
Vila* Rb(H,L) - 2H,0 2.889(4)-3.224(6) 3.028 7 [9]
VIIb* Rb(HL) - 2H,0 2.887(2)—3.230(3) 3.030 7 [10]
Vilc* Rb(H,L) - 2H,0 2.888(3)—3.226(4) 3.028 7 [11]
VIl Cs(Ha4lL) - 2H,0 3.070(3)-3.678(3) 3.366 11 [9]
IXa Na(HsL) - H,O 2.294(2)-2.463(2) 2.393 6 [12]
IXb Na(HsL) - H,O 2.300(4)-2.471(4) 2.390 6 [13]
XI Nay(H,L) - 4H,0 2.303(3)—2.453(6) 2.39%4 6: Na(l) [15]
2.302(3)—2.453(6); 2.857(5) 2471 4+ 1:Na(2)

* Based on the data of three independent studies.

restrict rotation about the P-C bonds. In [16], it was
assumed that the metal—-oxygen interactions partly lift
the restrictions imposed on the rotation about the P-C
bonds. This supposition is confirmed by structures V—
VIIl: the vaues of the torson angles about the
P(1)P(2) vector increase with an increase in the
metal-atom size. The values of the O—-P—-P-O anglesin
the Cat(HsL) - 2H,0 structuresliein the ranges +9.6°—

13.4° for Cat = NHj, (structureV), +11.8°~15.4° for K*
(VI), #13.0°—22.0° for Rb* (V11), and +16.0°-26.0° for
Cs" (V1) [9].

Note that in structures V-X, sharing the proton by
neighboring anions resultsin the formation of different
associates. In the series of isostructural compounds V—
VIII, Cat(H;L) - 2H,0 [8-11], the double hydrogen
bridgeslink the anionsinto centrosymmetric dimers. In
structure 1 X, Na(H;L) - H,O [12, 13], pairs of diphos-
phonic anions are linked by single hydrogen bridges
into zigzag polymeric chains. Finally, in structure X,
(NH,), 5s(H,sL) - H,O [14], the HsL5 dimers are
formed through the single hydrogen bridges.

Distinguishing the dimers in structures V-VI11 (or
polymeric chains in structure |1X) seems reasonable,
since the O distances in the O—Hi;iqging 1D bondsiin
the five structures (2.415-2.454 A, Table 2) are notice-
ably shorter than similar contacts in other O-H[ID
hydrogen bonds (theinterval that isnext in length of the
OMID contacts in structures V- X is 2.544-2.556 A).
The only exception is provided by structure X: the
OMD contact of 2.508(2) A in the arbitrarily distin-
guished dimer is even dightly longer than one of the
“interdimer” OMID contacts [2.499(2) A].

On the whole, the structural units in al the struc-
tures considered (11-XI1) are interlinked by extensive
networks of hydrogen bonds (H,L)O-HOIO(H,L),
(H,O0)O—H---O(H,L), (H,L)OH--O(H,0), (H,O)O-
H---O(H,0), N-H---O(H, L), and N-H---O(H,0) involv-
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ing amost al active protons of the H,L"-* anions,
water molecules, and organic or ammonium cations.

COORDINATION OF ALKALI-METAL ATOMS
IN HEDP SALTS

The M-O distances (M = Na, K, Rb, Cs) in the salts
of HEDP with akakine-metal cations VI-X and XI
[8-13, 15] are listed in Table 3. All five compounds
were isolated as crystal hydrates. In the isostructural
compounds VI-VI11, the metal atoms (K, Rb, Cs) are
coordinated only by oxygen atoms of the HEDP
anions; water molecules do not take part in metal coor-
dination.

The seven-vertex polyhedra of the akali metals in
the compounds M(H;L) - 2H,0, where M = K (V1) or
Rb (VI1), are described in [8, 9] as “an irregular trian-
gle over a square.”2 In structure VI1, according to the
datain [9], the eighth oxygen atom is situated at adis-
tance of 3.571(6) A from rubidium. The local valence
balance for VII (calculated according to the procedure
in [17]) indicates that the contribution of the eighth O
atomisinsignificant (S§; = 0.029 val. units vs. the total
vaue 2§; =0.932 val. units). Thus, according to [9], it
is reasonable to consider the coordination of the Rb
atom as sevenfold. The angle between the square and
triangle coordination planes is 4.5° in VI and 1.5° in
VII. The metal atom deviates from these planes by
-1.103 and 1.420 A in structure VI and —1.023 and
1.443 A in structure VII. Smaller distortions of the
rubidium polyhedron in structure VI1 as compared to
the potassium polyhedron in VI are, according to [9],
due to the larger ionic radius of the metal.

Going from rubidium to cesium in the structure of
Cs(Hs5L) - 2H,0 (VII1) leadsto an increase in the coor-

2 The seven-vertex polyhedron of Rb in compound V11 is described
in [10] as a severely distorted pentagonal bipyramid in which the
deviations of five equatorial oxygen atoms from the mean plane
liein the +0.13-0.51 A range.
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dination number of the metal to eleven, which isrelated
in[9] to theincreased ionic radius. The Cs-O distances
are distinctly divided into two groups: seven distances
lie in the 3.07-3.43 A range, and the remaining four
distances are within 3.56-3.63 A. With consideration
for only the seven oxygen atoms closest to the metal,
the polyhedron of Csin VIl issimilar to that of Rbin
structure V1. However, thelocal valence balance indi-
cates the better coincidence of the total bond valences
for the coordination number of Cs equal to eleven
(ZS; =1.007 val. units).

The sodium atom in compound Na(H,L) - H,O (1 X)
has atypical distorted octahedral coordination. One of
the coordination sitesis occupied by awater molecule.
One of the two independent sodium atoms, Na(1), in
the structure of Na,(H,L) - 4H,0 (XI) has exactly the
same octahedral coordination: 50(HEDP) + O(H,0).
The second atom, Na(2), has an elongated tetragonal-
pyramidal coordination (4 + 1) with the O(P) atom of
the HEDP ligand at the axial position (at a Na—O dis-
tance as long as 2.86 A) and two O(H,0) atoms in the
equatorial plane [the Na-O,, distances range between
2.30and 2.45 A).

Table 3 shows that the spread in Na—O bond lengths
in structures 1X and XI (omitting the axial Na(2)-O
bond in the latter compound) is significantly smaller
than the spread of the K—O distances in VI, Rb-O in
VI, and, especially Cs-O in VIII. This fact can be
attributed to the increasing contribution of the covalent
component to theionic M—O bond in the Cs, Rb, K, and
Nasequence. Actually, the differencein theionic radii
of cesium and sodium is0.70 A, whereas the mean Cs—
Odistancein structure V111 (3.37 A) and the Na-O dis-
tance in the octahedral complexes of structures I X and

X1 (2.39 A) differ by 0.98 A; that is, on going from Cs
to Na, the shortening of the M—O distances is sharper
than the decrease in theionic radii of the alkali metals.

COORDINATION MODES OF POLYDENTATE
HEDP LIGANDS IN THE SALTS OF ALKALI
METALS

1-Hydroxyethane-1,1-diphosphonic acid (H,L) con-
tains seven active coordination sites. three O(P) [or
(H)O(P)] atoms in each of the two phosphonate groups
and the O(C) [or (H)O(C)] atom of the a-hydroxy
group.

In compounds of transition metas, the H,L"~*
ligands (n = 0-3)* of 1-hydroxyethane-1,1-diphospho-
nic acid deprotonated to some degree or another act as

flexidentate: from two to six oxygen atomsareinvolved
in metal coordination. The oxygen sitesthat coordinate

3 The following ionic radii (A) are used: 0.97 for Na&", 1.33 for K*,
1.47 for Rb*, and 1.67 for Cs' [18].

4 For the acid deprotonated at the oxygen atom of the a-hydroxy
group, the formula of the ligand is(H,L*)" > (n=0o0r 1) [2].
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ameta are, asarule, deprotonated.5 Thisistruefor all
phosphonic (P)O- atoms (without exceptions) and for
most of the (C)O- atoms of the a-hydroxy groups
[in complexes of Mo(VI) and W(VI)]. Only in two
compounds, K Na,[Cu(L),] 12H,0 [19] and
[Cuy(HL),(H,0),] - 2H,0 [20], the copper atoms are
coordinated by protonated (C)O(H) atoms.

In the salts of HEDP with akali-metal cations, the
metal-oxygen bonds are principally ionic. As men-
tioned above, the notions of coordination number and
polyhedron, as well as the coordination capacity of
anions H,L"-4, are indistinct for heavy akali metals.
On the other hand, the ionic character of the M—-O
bonds in the compounds considered eliminates the
advantage of metal coordination by acido atoms O~
over neutral OH groups:. in the HEDP salts with alkali-
metal cations, the M—-O- and M-OH contacts are
equally possible.

Thus, in salts M(H;L) - 2H,0, where M = K (V1) or
Rb (VI11), the H;L- anion acts as a pentadentate tetrach-
elate p,-bridging ligand.® It coordinates four metal
atoms by four phosphonic oxygens—one (of the two)
deprotonated (P)O- atoms, both “half-protonated”
(P)O(Hy )~ atoms, and one (of the two) protonated
(P)O(H) atoms—and the protonated (C)O(H) atom of
the a-hydroxy group. One (P)O- atom and one (P)O(H)
atom do not coordinate the M atoms. Coordination of a
metal by four H;L anionsisaccompanied by the forma-
tion of one six-membered and three five-membered
chelaterings (Fig. 4a).

In the cesium salt VIII, the H;L- anion acts as a
hexadentate heptachelate ps-bridging ligand (Fig. 4b);
one of the three protonated phosphonic (P)O(H) atoms
remains free of coordination (“termina”). Totally, the
H;L~ anion coordinates five cesium atoms and closes
seven chelate rings: two of them are six-membered,
four are five-membered, and one is four-membered.’

In the structure of sodium sat monohydrate
Na(H;L) - H,O (1X), the H;L~ ligand performs a penta-
dentate tetrachelate p,-bridging function: tridentate
chelate and bidentate chelate relative to two metal
atoms. Two (of the three) protonated (P)O(H) and
deprotonated (P)O- phosphonic atoms coordinate the
metal, and the remaining (P)O~ and (P)O(H) atoms are
not involved in coordination. In 1X and the four other
structures considered in this chapter, the (C)O(H) atom
of the a-hydroxy group coordinates the akali-metal

5 Since the terminal P-O and P-O™ bonds in the HEDP compounds
have equal lengths (are delocalized), we conventionally consider
them in this context as deprotonated R(O).

6 By “coordination capacity,” a number of atoms bound to a metal
(rather than a number of bonds formed by the H,L" ~ 4 anion with
ametal is meant).

7" Recall that if only seven (of eleven) oxygen atoms closest to the
metal are considered, the coordination mode of the H;L™ ligand in
structure V111 issimilar to that in structuresVI and VII.
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Cs

~

(b) Cs
Cs X
‘vd

(d)
O—P—OH
/

./—C— O—eNa(l)

Na(l)e
N4
o—1>>0
OH ®Na(2)

Fig. 4. Coordination modes of polydentate HnL'“’4 ligands (n = 2 or 3) in the structures of (a) K(HsL) - 2H,0, (b) Cs(HsL) - 2H,0,

(©) Na(HsL) - H,0, and (d) Nay(H,L) - 4H,0.

atom. Metal chelation results in the formation of four
chelate rings; two of them are six-membered and two
are five-membered (Fig. 4c).

In the structure of sodium salt tetrahydrate
Na,(H,L) - 4H,0 (XI), the doubly charged H,L*" ligand
performs a pentadentate pentachel ate p,-bridging func-
tion. One protonated (P)O(H) and one deprotonated
(P)O- oxygen atoms remain terminal, and the second
protonated phosphonic atom (P)O(H) bridges two inde-
pendent atoms Na(l) and Na(2). The coordination
results in the formation of five chelate rings; two of
them are six-membered, two are five-membered, and
oneis afour-membered bimetal ring (Fig. 4d).
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Abstract—The structure of the [(DCH-6A - NH,)(H,0)I], complex obtained by the reaction between the cis—
syn—cis isomer of dicyclohexano-18-crown-6 (DCH-6A) and NH,I has been determined by X-ray diffraction
analysis. The crystals are triclinic, a = 9.314(3) A, b = 11.951(2) A, ¢ = 12.040(1) A, a = 77.36(1)°, B =

81.59(1)°, y = 80.41(2)°, space group P1,Z =2, and thefina R factor is0.044. The structure is built up of the

(DCH-6A - NH,)" cationic complexes, iodide anions, and water molecules. The ammonium ion forms three

hydrogen bonds of the NH type [N, 2.881(5)—2.890(5) A] with the oxygen atoms of the crown ether
molecule. The organic cations are joined together into centrosymmetric dimers through the system of hydrogen

bonds of the NHIIOH [type. The IO distances (where the O atom belongs to the bridging water molecule)
fall in the range 3.558(4)-3.610(4) A. © 2000 MAIK “ Nauka/Interperiodica’ .

INTRODUCTION

At present, a considerable amount of experimental
information on the complexes of crown etherswith cat-
ions of alkali, alkaline-earth, transition, and post-tran-
sition metal's has been accumulated. Much attention of
researchers has been given to the complexes with tripo-
dal “guests’ of the—XH; type, specifically with the salts
of ammonium and its substituted derivatives. Com-
pounds of this type are of fundamental interest as
model systems formed by cooperative hydrogen bonds
between components [1, 2]. Investigations of various
interactions in these aggregates open up fresh opportu-
nities for the understanding of more complex macro-
molecular systems, including proteins and amino acids.

The crown ether complexeswith salts of ammonium
and its substituted derivatives have been studied by var-
ious physicochemical techniques, among them gas-
phase methods and mass spectrometry [3, 4]. It was
found that the affinity of unsubstituted crown ethersfor
the ammonium ion increasesin the order: 12-crown-4 <
15-crown-5 < 18-crown-6 < 21-crown-7 3, 4]. Accord-
ing to the molecular mechanics calculations [5] and the
experimental data, the affinity of ammonium ionsfor a
crown ether decreases in the order: primary > second-
ary > ternary. The introduction of substituents into the
crown ether molecule and an