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In the systems Ba/Mg/(Si, Ge), two new ternary Zintl phases with the compositions SaNMgd BaMgGe;

were found and structurally characterized. Both compounds are isotypic and crystallize with a new structure type
[BaM@,Siz, PAimmm Z = 1, a = 4.6115(9) A,c = 8.615(2) A; BaMgGe;, PA/mmm Z = 1, a = 4.6335(8) A,

¢ = 8.746(2) A]. The anionic partial structure is built 0§% dumbbells and isolatedX ions (X = Si, Ge), and

the structure can be described according to the ZiKkmm-Busmann concept with the formulation
(Ba2M)(Mg?M)4[X5][X *7]. The BaMgX3 structure can also be described as a result of the fusion of the structures
of Mg,X and BaM@X. In this regard, BaMgSi; and BaMg@Ge; are very striking examples of chemical twinning.

Introduction Experimental Section

One of the most important and demanding tasks for a chemist  The compounds were synthesized from the pure elements (Mg pieces,
is to ascertain the essential features of struetpreperty Fluka, 99.8%; Ba rods, Alfa, 99.9%; Si powder, Alfa, 99.99%; Ge
relationships. A very simple structure can be described in severallumps, Alfa, 99.9999%), which were sealed under argon atmosphere
ways. The chemist has to choose the best one, depending o niobium ampules and transferred to a furnace under vacuum.
which microscopic feature he wants to point out. For example, ~BaMgiSis decomposes peritectically above 1300 K taBg:Shs
rock salt has a very simple structure but it can be described inand a melt of Mg/Si. Consequently, pure phase material was not
at least three different ways: as two interpenetrating fcc produced from stoichiometric amounts of the elements. The maximum
networks of sodium and chlorine, as an fcc packing of sodiums Y1€!d Of crystalline BaMgSis is obtained by cooling a melt of the

ith th tahedral hol ied by chlori d vi composition Ba:Mg:Si= 1:2:4 from 1350 K at 8 K 1 h. The XRD
wi € octanedral holes occupied by chiorines and vice Versa’powder pattern indicates the presence of Ba&part from the main

and as edge-sharing octahedra of sodium filled with chlorines ,,quct BamgSis. The brittle material has a silvery metallic luster and
and vice versa. All descriptions are equivalent, but each one s sensitive to air and moisture.

points out a different characteristic of the rock salt structure.  gamg,Ge; decomposes peritectically above 1180 K talBgisGers
The different descriptions should be simple and general; thus, and a melt of Mg/Ge. The highest yield of BaM®g; is obtained by
they should show as many relationships as possible to relatedheating a stoichiometric mixture of the elements up to 1120 K. After
structures, and they should be useful in explaining physical the system is cooled at about 200 K/h, a brittle material having a silvery
properties. Andersson and Hydé as well as Parthgin their metallic luster is produced. The XRD powder pattern indicates the
pioneering work, have shown that complex structures can be Presence of traces of BaM8e,, apart from the main product BaMg
described by combining simple building blocks in a manner Ge;. The prod_uct is exceptionally sensitive to air and moisture ar_ld
that is reminiscent of the twinning of crystals, though on a decé’”g'fosest".‘ a few Sﬁcondé g’ a yellow-orange powder, which
smaller scale. This approach is called “chemical twinntray” probably contains amorphous 5ew).

: o . . The single crystals of BaM&i; and BaMgGe; (black fragments
3
intergrowth? The building blocks, which are part of the unit with a metallic luster) were examined on STOE IPSD and STADI4

cells, are combined according to “twinning laws” as translation, four-circle diffractometers, respectively, both operating with graphite

reflection, and rotatiof. o monochromators and Mo & radiation. The diffraction data were
We have collected some examples where this simple approachcollected in the angular ranges 5 26 < 50° (oscillation methodg

can be used in describing the structures of Zintl ph48da. =0-181, Ap = 1.0°) and 2 < 20 < 60° (w—6 scan, 40 stepshaw

this work, we will report a very beautiful and illustrative = 0.03), respectively. The diffraction data of BaMge; were

example of “chemical twinning” using the two new Zintl phases empirically corrected for absorptiony(scan). The Laue symmetry is
BaMg,Sis and BaMgGe;, which crystallize in a novel structure 4/mmm and there are no systematic extinctions allowing for the space
type groupsP4mm P422, P42m, PAm2, andP4/mmm The refinement of
' . the unit cell yielded the following lattice parameters:= 4.6115(9)
The new phase Ba extends the hitherto known ternar ;
compoundspBaMg)QJ El\sl{agl\Zggxz 8.9 BagMg:16X 13,0 and BaMga- y A, c = 8.615(2) A for BaMgSi; anda = 4.6335(8) A,c = 8.746(2)
Sigtt of the system Ba/Mg/X (X= Si, Ge) by one other

(5) Zurcher, F. Ph.D. Thesis No. 12546; ETH iz, 1998.

interesting representative. (6) Eisenmann, B.; Scifer, H.; Weiss, A.Z. Naturforsch.197Q 25B,
651-652.
T Dedicated to Prof. Dr. Peter ‘Boher on the occasion of his 60th (7) Eisenmann, B.; Scler, H.; Weiss, A.Z. Anorg. Allg. Chem1972
birthday. 391, 241-254.
(1) Andersson, SAngew. Chem1983 95, 67—79; Angew. Chem., Int. (8) Eisenmann, B.; Scffer, H. Z. Anorg. Allg. Chem1974 403 163—
Ed. Engl.1983 22, 69-81. 172.
(2) Hyde, B. G.; Andersson, $organic Crystal Structureslohn Wiley (9) Eisenmann, B.; May, N.; Mler, W.; Schider, H.; Weiss, A.; Winter,
& Sons: New York, 1963. J.; Ziegleder, GZ. Naturforsch.197Q 25B, 1350-1352.
(3) ParthieE.; Chabot, B. irHandbook on the Physics and Chemistry of  (10) Wengert, S.; Zieher, F.; Currao, A.; Nesper, Rhem—Eur. J, in
Rare Earths Gschneidner, K. A., Eyring, L., Eds.; Elsevier: Am- press.
sterdam, 1985; pp 113334. (11) Wengert, S.; Nesper, Z. Anorg. Allg. Chem1998 624, 1801~
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Table 1. Crystallographic Data for BaM@is and BaMgGe;

chem. formula BaMgfis BaMg:Ge;
fw 318.85 452.35
space group P4/mmm(No. 123) P4/mmm(No. 123)
a, 4.6115(9) 4.6335(8)
b, A 4.6115(9) 4.6335(8)
c A 8.615(2) 8.746(2)
cell vol. A3 183.21(6) 187.77(7)
z 1 1
temp., K 298 298
wavelength, A 0.71073 0.71073
Pealca §'CM™3 2.890 4.000
abs coeff, mm? 6.135 17.282
reliability factorg

R(Fo) 0.017 0.022

Ru(Fd?) 0.040 0.054

*R= 3 |IFol — IFell/Z[Fol- * Ru(Fo?) = [TW(Fo® — F/ Y w(Fo?)]M2

Table 2. Wyckoff Sites, Atomic Coordinates, and Equivalent
Isotropic Displacement Parameters’(Aor BaMg:Sis

atom Wyckoff site X y z Uiso)
Ba la 0 0 0 0.0108(4)
Mg 4 0 Y, 0.3176(2) 0.0121(5)
Si(1) b 0 0 Y, 0.0103(7)
Si(2) 2h Y, Y, 0.1426(2) 0.0099(5)

Table 3. Selected Interatomic Distances (A) for Bali

Ba—Si(2) 3.4847(9) x8 Mg-Si(2) 2.755(2) x2
Ba—Mg 3579(2) x8 Mg-Si(1) 2.790(1) x2
Si(1)-Mg  2.790(1) x8 Mg—Mg  3.142(4)
Si(2)-Si(2)  2.458(4) Mg-Mg  3.2608(6) x4
Si(2-Mg ~ 2.755(2) x4 Mg-Ba  3579(2) x2
Si(2)-Ba  3.4847(9) x4

Table 4. Wyckoff Sites, Atomic Coordinates, and Equivalent
Isotropic Displacement Parameters®’lAor BaMg,Ge;

atom Wyckoff site x y z Uiso)
Ba la 0 0 0 0.0149(2)
Mg 4 0 Y,  0.3188(2) 0.0164(4)
Ge(1) b 0 0 Y, 0.0134(3)
Ge(2) h Y Y, 0.14723(6) 0.0138(2)

Table 5. Selected Interatomic Distances (A) for Balbe;

Ba—Ge(2) 3.5204(6) x8 Mg—Ge(2) 2.7602(9) x2
Ba—Mg 3.625(1) x8 Mg—Ge(l) 2.8070(8) x2
Ge(1)-Mg 2.8070(8) x8 Mg—Mg 3.170(3)
Ge(2-Ge(2) 2.576(1) Me-Mg 3.2764(6) x4
Ge(2)-Mg 2.7602(9) x4 Mg—Ba 3.625(2) x2
Ge(2)-Ba 3.5204(6) x4

A for BaMg,Ge;. The structure of BaMgis was solved irP4/mmm
using direct methods and refined by full-matrix least-squé&es he

structure of BaMgGe; was refined irP4/mmm(full-matrix least-squares

F?) using the parameters of the isotypic Baj8g. All atoms were

Zircher et al.

Figure 2. Coordination of the St~ dumbbells (a) and isolated “Si
anions (b) in BaMgSis.

a distorted square antiprism Béag, is formed around the X
atoms of the dumbbells. This basic building unit is quite typical
for the coordination of terminal silicon or germanium atoms in
even more extended Zintl anions found in compounds of the
phase systems EA/Mg/(Li)/(Si, G&§:1011At 2.46 and 2.58 A,
the X—X distances are in the range of typical single-bond
lengths for silicon and germanium, respectively. The isolated
X atoms, formally X~, are coordinated by eight magnesium
atoms, forming a cube (Figure 2b), as in the structure of
Mg.X.14~17 Again the strong preference of magnesium for the
coordination of highly charged silicon or germanium centers is
evident. From a number of investigations, we already know that
magnesium acts quite differently on Zintl anions than the heavier
alkaline-earth metals Ca, Sr, and Ba. Thus, it is not surprising
that, compared to the valence isoelectronic compoundX8a
(CrsB3 type; X = Si, Ge)181%a novel structure type is realized
in BaMasX3, just because of the different functionalities of the
cation types.

Although both structures of BX3 and BaMgX3 are built
of X, dumbbells and isolated X atoms, BalMg shows a much
greater relationship to the structures of BaMg and MgX
than to that of BgXs. Actually, it is possible to derive the
structures of BaMgX3 just by fusing the structures of Bal,
and MgX (Figure 3). The lengths of the tetragorebxes of

anisotropically refined and the displacement parameters are all s.altisfat:13a|\/|gzx2 and BaMgX3 are nearly identical (4.65 and 4.61 A
tory in both structures. The final refined agreement parameters for the {5 the S;j compounds; 4.67 and 4.63 A for the Ge compounds)

BaMg:Sis; and BaMgGe; structures are given in Table 1. Atomic
coordinates and selected interatomic distances are listed in Tabes 2

Structure and Discussion

BaMg,Si; and BaMgGe; are isotypic and crystallize within

and the values for the axes of BaMgXz (8.62 and 8.75 A
observed for the Si and Ge compounds, respectively) calculated

(12) Klemm, W.; Busmann, EZ. Anorg. Allg. Chem1963 319 297—
311.

a novel structure type (Figure 1). The anionic partial structure (13) Schier, H.; Eisenmann, B.; Mier, W. Angew. Chenil973 85, 742—

is built of X, dumbbells and isolated X ions (% Si, Ge).
According to the Zint-Klemm—Busmann conceptl3BaMgX3
can be described by the formulation BBEMg2)4[X 571[X 4].

The dumbbells, formally ¥~, show a cation coordination
(Figure 2a) comparable to that found in the structure of

BaMgX, (X = Si, Ge)8° The center of the %X bond is

760; Angew. Chem., Int. Ed. Endl973 12, 694-712.
(14) Bol'shokov, K. A.; Bul'onkov, N. A.; Rastorguev, L. N.; Tsirlin, M.
S.Russ. J. Inorg. Chem. (Engl. Transl)63 8B, 1418-1421.
(15) Glazov, V. M.; Glagoleva, N. Ninorg. Mater. 1965 1, 989-995.
(16) Makarov, E. S.; Muntyonu, S.; Sokolov, E. B.; Slesareva, Gnétg.
Mater. 1966 2, 1830-1833.
(17) Grosch, G. H.; Range, K.-J. Alloys Compd1966 235, 250-255.
(18) Zurcher, F.; Nesper, RZ. Kristallogr. 1999 214, 20.

coordinated by a square of Ba atoms. Together with magnesium,(19) Zircher, F.; Nesper, RZ. Kristallogr. 1999 214, 22.
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Figure 3. The BaMgX; structure (X= Si, Ge) showing chemical
twinning. The marked sections of the Bapkg and MgX structures
(top) fuse together, retaining the original dimensions (middle) and
forming the daughter structure Balig (bottom).

by adding the lattice parameters of Bapdg and MgX
according toc(BaMgyX3) = 1,a(MgoX) + Yoc(BaMgpXo)
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(leading to 8.71 and 8.86 A, respectively) are equal within 0.1
A to those observed. The discrepancy is due to a slight
compression of the Mg block along thec axis @a'=1.03,
compared with 1.0 for cubic M&). Thus, BaMgX3 is a very
nice example of chemical twinning in the sense of the descrip-
tions of Andersson and Hyde, and Parthé

The “chemical twinning” reported for BaM§i; and
BaMg,Ge; is a very beautiful example of how Nature can
form complex structures by combining simple building blocks.
The fusion of these building units retains the original dis-
tances, and it is possible to calculate the new lattice param-
eters simply by adding the original lengths of the parent
structures. The structure of BalW®j; and BaMgGe; is the
almost perfect topological fusing of the structures of,Bligand
BaMg.Si, and of MgGe and BaMgGe, respectively. MgX
and BaMgX; can be called thparent structure®f BaMg.X3
(X = Si, Ge), which is therefore thdaughter structureWe
have shown that the “chemical twinning” approach is very
powerful and intuitive and it can be used for predicting new
structureg.
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