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NaSn,, obtained from the reaction of stoichiometric amounts of
the elements, crystallizes in a new structure type, in which two-
dimensional polyanions are separated by Na* cations. The tin
framework is made up of Realgar-type Sng units. The density of
states obtained from the TB-LMTO-ASA calculations with the
implementation of the electron localization function (ELF) reveals
that NaSn, has all characteristics of a Zintl phase. Thus, the title
compound can be written as (Na*); 2[Sng*~]. NaSn, dissolves
readily in ethylenediamine, under the formation of a reddish brown
solution indicative of the presence of [Sng]*~ anions.

The phase NaSmdetected by thermal analysis in 1928
played a key role in the discovery of the first Zintl anion
[Sng]*~ 2 isolated from solution, which was structurally
characterized by Kummer et &lTherefore, in the Na/Sn
phase diagram the composition NaSvas often regarded
as NaSp,s (Na,;Smnp)? which applies for the other alkali metal
stannides ASsps (A = K, Rb, and Cs}. However, with
Na;Sn, (~NaSn 7)° and NaSnz (~NaSng),® two com-
pounds with a Na/Sn ratio close to 1:2 have been isolated.

Depending on the type of the alkali metal and the atomic
ratio A/Sn, the dimensionality of the tin network can vary
from 0 to 3D, and the SASn bonding reaches from localized
two-electron-two-center (2e-2c) bonds to purely metallic
bonding. In the Na/Sn system, the zero-dimensional tin
framework is observed for the compounds Skid and
Na;sSng containing isolated Sn atoms, §&am® with dimeric
Sn units, andf-NaSr with tetrahedral [Sg* anions. A
two-dimensional tin network is found for the compound

*To whom correspondence should be addressed. E-mail:
thomas.faessler@Irz.tum.de.
(1) Hume-Rothery, WJ. Chem. Soc1928 131, 947.
(2) Zintl, E.; Gourbeau, J.; Dullenkoft, WZ. Phys. Cheml931, 154, 1.
(3) Kummer, D.; Diehl, L. Angew. Chem197Q 82, 881.
(4) von Schnering, H. G.; Baitinger, M.; Bolle, U.; Carillo-Cabrera, W.;
Curda, J.; Grin, Y.; Heinemann, F.; Llanos, J.; Peters, K.; Schmeding,
A.; Somer, M.Z. Anorg. Allg. Chem1997 623 1037.
(5) F&ssler, T. F.; Hoffmann, Snorg. Chem.2003 42, 5474.
(6) Vaughey, J. T.; Corbett, J. Dnorg. Chem.1997, 36, 4316
(7) Guein, F.; Richeson, DJ. Chem. Soc., Chem. Comma894 2213.
(8) Miller, W.; Volk, K. Z. Naturforsch.1978 33h, 275.

(9) Miller, W.; Volk, K. Z. Naturforsch.1977 32h, 709.

10.1021/ic048770p CCC: $30.25
Published on Web 12/29/2004

© 2005 American Chemical Society

Na;Sn; as well as for the title compound NaSmoth of
which contain two-dimensional polyanion§Sn;,’-] and
2ISng*], respectively, which are separated by layers of
sodium cations. Finally, a three-dimensional tin network is
found from the NgSm3; compound. According to the Zintl
concept, the valence electrons in the Na/Sn system are
assigned to the tin atoms and are localized either in two-
electron-two-center (2e-2c) bonds between two tin atoms
or as lone pairs at the tin atoms. The 8-N rule of the concept
of Zintl, Klemm, and Busmarifi'*allows a prediction of the
existence of Zintl phases. One of the most famous Zintl
anions is the tetrahedral anion [§f observed in3-NaSn,
As:Sre, (A = K, Cs)}?and A,Sni7 (K, Rb, Cs)® where it
is accompanied in the latter by nido-type §Bn clusters.
Solely nine-atom clusters are observed iy8A phases for
A = K, Rb, Cs*4

[Sng]#~ anions can also be stabilized in solution by sol-
vents such as ethylenediamine or liquid ammonia and by
complexation of the Na counterions with 2,2,2-crypt(4,
7,13,16,21,24-hexaoxa-1,10-diazobicyclo[8,8,8]hexaco-
sane)>The formation of the homopolyatomic aniongdn
which is red-brown in solution does not necessarily require
an exact and pure nominal composition of the starting
material. For example, in solutions of alloys such as LiSn,
LiSn,, NaSn, Na;Snp, NaSn and NaSn in en or N§ the
[Sng]*~ anion can be detected B¥Sn NMR spectroscopy,
or in the synthesis of N&ny(enk-s by Kummer et al® a
Na/Sn ratio between 2:4 and 2:5 was used for the preparation
of the alloy. Although [Sgl*~ anion exists in solution for
the complete series of the alkali metals (Li to €5s)n
contrast no solid phases;8ry have been obtained so far
for A = Li and Na.
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Figure 1. The structure of NaSn(90% probability level for the thermal
ellipsoids). Solid lines: SASn contacts between 2.833(1) and 2.975(2) A.

The structure of NaSnwas determined by single-crystal
X-ray diffraction. Shiny single crystals were obtained from
the stoichiometric reaction of Na with ShThey crystallize
in a monoclinic unit cell, space grou@2/m, with Z = 161°
The X-ray powder diagram of the crude product shows the

presence of two impurities, namely Nz a.nd Sn. The Figure 2. The tin framework of the?[Sng*~] polyanion with one layer of
SFrUCtur_e of the novel _compou_nd NaSconsists of two- Na cations (cross), in (001) projection. Dark and white circles denote (3b)-
dimensional Sn-polyanions, which are stacked up along theSn and (4b)-Sn atoms, respectively. The; 8nits are drawn with bold

c direction (Figure 1). The Na cations separate these Sheetéj”eS' and the connection between the Bnits is drawn with lighter lines.
) A and B indicate the five- and six-membered rings, respectively. Below:

of two-dimensional polyanions. The tin framework is formed 4y isolated Saunit, distances are given in &ngstroms.

by five crystallographically independent Sn atoms, which

form five-membered rings and are connected alongkthe

direction, thereby forming empty channels. The channels areSn]4[(4b)Si]s. The bonding SrSn distances in the poly-
connected along to form a two-dimensional net. As a  anion vary between 2.833(1) and 2.975(2) A; the shortest
consequence, the structure contains the same number of triNa—Sn and Na-Na distances are 3.121(3) and 3.42(1) A,
and tetracoordinated (3b and 4b) tin atoms. Thus, the formularespectively, and are in agreement with distances found in

of the new Zintl phase NaSian be written as (N&.[(3b)- other binary systems. The (3b)S(b)Sn-(3b)Sn angles
within the Si unit are very close to the ideal tetrahedral

(18) Details of the synthesis follow: Nagwas synthesized by reacting ~ angle with values of 108.09(2and 107.76(2) for Sn(3)-

stoichiometric amounts of pure elements in a niobium container which Sn(2)-Sn(5) and Sn(3)Sn(1)>-Sn(4), respectively.
was closed by arc-welding under argon and transferred to a quartz . .9 4T 41 .
tube. The mixture was heated at 580 for 100 h and then slowly The polyanionic;[Sng*7] tin framework arises from the

cooled to 275C at the rate of 3C/h. This temperature was maintained  connection of [55147 units. which are linked in two
for2d d then slowl led {6/h) t t ture. Singl . . .’ .
C?{,Stagyifaﬂasﬂehnaz %Veﬁﬁg ﬁstter. ) to room temperature. Single directions by the tetracoordinated Sn atoms (Figure 2). Each
(19) Details of the structure determination follow: A shiny single crystal [Sng]4~ unit, formed by both tetra- and tri-coordinated Sn
was sealed in a capillary. X-ray data were collected at 150 K on a ; ; ; ;
Enraf-Nonius KappaCCD at the window of a rotating anode (Nonius, atoms, is connected tO. SIX others- units b.y e'ght external
FR591) and graphite monochromated Ma. Kadiation ¢ = 0.71073 bonds. Thus, the formation of two kinds of rings is observed
A). The structure was solved by direct methods and refined by least- in theab plane: a five-membered ring A with an envelope

squares with SHELX-97%2 Crystal data include the following: . . . . .
monoclinic, space group2/m, a = 13.3916(3) Ab = 6.88541(2) A, and a six-membered ring B with an armchair conformation.

C=l 252;15589(41) Ap= 132958%9(2‘), V3=T%]38f7-8?(6)f,/3; Z=t16%ﬂ” Similar eight-atoms units are also found in the mineral
= 14. cm; peaicd = 4. g cn13. The final refinement of a 21 : : ) P_D_
atoms with anisotropic displacement parameters convergedudrR Realgarﬁ-A_s4S4, a”O_' in Hittorf's phOSphorus[ Ps—P,
(I'= 207) = 0.036/0.086 and RwR; (all data)= 0.037/0.086 for 1721 Pg—P,—]?? with [Pg] units. Indeed, the (4b) and (3b)Sn atoms
reflections and 63 variables; GGF 1.20. The presence of residual it ;
electron density (5 effat 1.48 A from Na(2)) is probably due to take the positions of the S and the As atqm§+As4S4. In
some Na disorder. No superstructure was observed, but diffuse the compounds N&ni. and NaSn, the tin frameworks
scattering contributions are present, indicating incommensurable contain structurally related units of 9 tin atoms which show
behavior. (a) Sheldrick, G. MSHELX-97 Program for Crystal
Structure DeterminationUniversity of Gdtingen: Gitingen, Ger-
many, 1997. (21) Mullen, D. J. E.; Nowacki, WZ. Kristallogr. 1972 136, 48.
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the same connectivity pattern as observed inS&8 and in
Hittorf’'s phosphorus.
So far, isolated [Sg}*?~ units which are isoelectronic with
the Realgar-type structure have not been described in the
literature. The compoundsRi,Srs (A = K, Rb)** which
contain isolated cluster anions of 8 tin atoms,g$n form
square prismatic arachno clusters.
The LMTO density of states pl$tof NaSn shows a small
gap of only 0.2 eV around the Fermi level which is indicative
of semiconducting behavior. Bond analysis using the electron
localization function (ELPF has recently been used suc-
cessfully for bond analyses of other binary stannides, for
example, semiconducting Man,° and KsSrps?” and metallic
SrSn.?8 For NaSn, ELF shows strong covalent contributions
for all nearest SnSn contacts (see in Figure 3; localization
regions®, ®, ®, ®, and®) and the presence of lone pairs
at the (3b)Sn atoms (lone pair regiods ®, and@). The
bond attractors (ELF maxima) are not always located on the
bond vector, but are shifted, as can be seen by re@af
the 2D diagram in Figure 3b. Due to additional repulsion,
the shift is even more pronounced in an all-electron calcula-
tion (Figure 3d-f) as compared to the valence-electron
calculation (Figure 3ac). Interestingly, the two bond regions
® and between the t!‘ICOOI‘dInat(.Ed atoms Sr{&n(s) Figure 3. LMTO-ELF representation of Nagn(a—c) Valence ELF and
and Sn(3)-Sn(3), respectively, are different. The larger area (4 all-electron calculations. (a) 3D plot with ELF 0.75 of a Realgar-
® corresponds to the shorter contact and most probablytype unit, (b) 2D plot through the Sn(zBn(3) bond vector in thac plane
originates from different Na/Sn coordinations and therefore g'gg;g:;'g%ﬁc(’g)“;%m‘sezr'fd"ir: t%gglgﬂg %Sﬁ’é&ffg g‘nghg_g'g‘_”é;’f
from a more efficient charge compensation of the 3-fold 3p ELF = 0.50, structure detail as in part a including Na atoms, green
bonded Sn(4) and Sn(5) anions. For Sn(3), there are only  spheres at atom positions reflect core shells of Sn and Na atoms. For parts
two short Na-Sn distancesd < 3.23 A), whereas for Sn- e and f, all-electron ELF plots as in parts b and c, respectively. The color
of each pixel corresponds to a specific ELF value as indicated in the color
(4)/Sn(5) there are three of themh £ 3.13 A (2x) and 3.39 bar at the bottom of part c.
A). All other Na—Sn contacts are longer than 3.5 A. A 2D
view through the Sn(2)Sn(3) bond vector in thac plane Rb, Cs and E= Si—Pb were identified as Mg and A;:M;7,
shows that there are direct contacts between the lone pairgespectively. The title compound represents a novel structure
at the Sn(3) atoms without Na cations between them (Figuretype containing two-dimensional Sn polyanions. Dissolution
3b,e). of this phase in ethylenediamine results in a reddish brown
It has been shown that the phase Na&@pserved for the  solution?? indicative of the presence of the polyanion {8n
first time in 1928 by thermal analysis does not correspond The formation of soluble Zintl anions originates rather from
to Na,Sn, although the phases ABnd AFE; with A = K, an oxidation of NaSn 9,Sn*~ — 2[Sny]*~ + 1€, than from
a phase which contains preformed clusters.
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