4316

Inorg. Chem.1997,36, 4316-4320

NasSms A New Zintl Phase with a Complex Network Structure Constructed from Tin

istry, lowa State University, Ames, lowa 50011

The compound Ngsny 3 forms in the sodiurrtin system in high yield following prolonged reaction of a quenched

und exhibits a complex three-dimensional structure (29 independent

atoms) built mainly of 4-bonded tin atoms in interbonded pentagons (orthorhombic, spac&gnoagNo. 63);
a=8.979(1) A ,b = 19.448(6) A,c = 50.43(2) A,Z = 16). According to Zint-Klemm electron-counting

electronic configuration with the number of 3-bondagli§hto

the number of sodium cations. Property measurements show that the compound is diamagnetic.
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J. T. Vaughey and John D. Corbett*
Ames Laboratoryand Department of Chem
Receied March 18, 1997
mixture at 28C¢°C in a Ta container. The compo
formalisms, the compound has a closed-shell
Introduction

The recent observation of record thermoelectric properties
in the skudderite type phase LaBi ? has increased interest
in main-group framework structures. The need to better
understand what factors are important in the formation of such

pounds as well as two with oligomeric tin components, formally
Sn-, Sns'2-, and Sg!4,%10 highlight the extent to which
bonding in tin compounds can vary to meet the Ziklemm
criteria of octet (closed-shell) bonding of the p-block eleméhts.
This has encouraged us to search for other examples, and this
paper reports another such product8ias, which was previ-

framework structures has led us in recent years to study theseous|y labeled as “NaShin the phase diagram.

types of materials. Recently we reported on the new compound
NaGaSs, an all-tetrahedral Zintl phase possessing large one-
dimensional channels reminiscent of known microporous ma-
terials® As a continuation of these goals, we have started
looking for structures with mixtures of 3- and 4-bonded
constituents in new frameworks. Using Zintl's rules as a
predictive tool, we have chosen to study the tin-rich side of the
sodium-tin system where a mixture of the these bonding
geometries would be postulated.

The sodium-tin phase diagram was first reported in 1928
by Hume-Rothery. Of the nine compounds reported to date,
only those on the sodium-rich side of the phase diagram have
been identified and studied in detéilyhile the four compounds
deduced on the tin-rich side have received little attention.

Several presumably related framework compounds were recently

identified in other alkali-metattin systems. One, Sy, for

A = K or Rb, has a sodalite or clathrate-1 type structure in
which a random distribution of tin vacancies on one site in an
all-tetrahedral framework provide the charge compensation
necessary for it to be a Zintl phase(A wide variety of
isoelectronic and isotypic ternary analogues have also been
characterized, e.g.,d6aSms.8) Another KsSrps phase repre-
sents a new structural type as it is built from rare pentagonal-
faced dodecahedra of tin that share fatesd the structure
again meets the requirements of a Zintl phase. These com-
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Experimental Section

Syntheses. The general techniques employed were as previously
described? All materials were handled only in a Milled glovebox
with a moisture level below 0.1 ppm (volume). An initial sample of
composition “NaSgl was prepared by weighing stoichiometric amounts
of the elements sodium (Alfa, 99t36) and tin (Johnson-Matthey,
99.999%) into a tantalum tube, one end of which had been previously
welded. The other end of the tube was then crimped, welded, and
placed inside a silica jacket that was evacuated and sealed. The mixture
was heated to 808C, held for 1 day, quenched, then annealed at 280
°C over a 3-week period, and quenched into a water bath. This cycle
was chosen in accordance with the phase relationships proposed for
the composition NaSt

Analysis of the silvery sample by Guinier powder diffraction methods
revealed only Sn and the lines of the phase later identified aSriNa
Once the unit cell and structure had been established by single-crystal
X-ray diffraction methods, the lattice constants were refined with the
aid of 33 indexed lines from the powder pattern, Si as an internal
standard, and a nonlinear least-squares method. The powder pattern
calculated for the new phase agreed very well with that observed for
this sample. The compound was obtained in high yiel®5%) by
direct reaction of the elements in the correct stoichiometry in a manner
similar to that described above, except the quenched sample was
annealed at 280C for 10 weeks. The long annealing time appears
necessary to allow for complete diffusion of the elements into a
homogeneous material and for crystal growth at such low temperatures.
Reactions attempted under the same conditions that were loaded tin-
rich showed a mixture of N&nz and elemental tin, while sodium-
richer reactions (e.g., N&ni3) produced a nonequilibrium mixture of
NasSnys, unreacted tin, and an unidentified phase that, according to
the phase diagram, is labeled as Na&md has an unknown structure.
Lattice constants from indexed powder patterns of samples in which
NasSni3 was the dominant phase are given in Table 1. These show
little variation with composition, indicative of a line phase.
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Table 1. Lattice Constants from Indexed Powder Patterns for Table 4. Bond Distances in N®ms?
a
NasSri3 atom  atom dist, A atom  atom dist, A
compn _ no.oflines aA  bA cA VA Snl  Sn6  2.843(5) Sni5 _sSn4 _ 2.879(4)
“NagSns’ 24 8.981(3) 19.465(8) 50.50(2) 8828(2) Sn9 2.869(4)<2 Sni2  2.865(4)
NasShs 31 8.983(3) 19.446(8) 50.53(1) 8826(1) Snl6  2.927(5) Snl5  2.934(4)
NasShns® 33 8.979(1) 19.448(6) 50.43(2) 8806(2) SN2 Sn5 2.857(5) Snl8  2.931(3)
NasStis 18 8.974(2) 19.450(6) 50.48(2) 8811(2) ggﬁ g-gggg{z Nggl 331-‘71?2()2)
NasSns 17 8.974(3) 19.479(9) 50.43(2) 8815(2) sn3 oo 5.861(8) Na6  3.46(2)
a L east-squares results from Guinier powder pattern data with Si as Sn9 2.907(4)x2  Snil6 Snl 2.927(5)
internal standardi = 1.540 562 A, 22°C.  Data crystal. “ag ggzgg ) SSr11161 228%812(54;92
al . X n .
Table 2. Selected Data Collection and Refinement Parameters for ~ Sn4 Snl0  2.837(5) Na4 3.45(2)
NaSn Snl5  2.879(4x2 Snl7  Sné 2.911(4)
Na6  3.20(1) sn7 2.875(4)
fw 1658.06 rel transm 0.3351.00 Na9 3.24(2)x2 Snil  2.959(3)
crystal systerh  orthorhombic coeff range Snb5 Sn2 2.857(5) Sn13 2.938(4)
space groupZ Cmcm(No. 63), 16 residuals 6.7/8.2 Snl8 2.853(4x2 Na4 3.26(2)
eatc g/cm® 5.022 RIRW? (% Na8  3.25(2)x2 Na7  3.31(2)
X 9 o ) o ) Na9  3.52(2x2  Snl18  Sn5 2.853(4)
Lattice dimensions are given in Table?IR= ¥ ||Fo| — |F¢/|/3 |Fol; Sn6 Snl 2.843(5) Sns 2.888(4)
Ru = [ZW(IFol — IF)¥ZWFAY2 w = or 2 Sn17  2.911(4k2 Sni5  2.931(3)
_ _ N , ) Na5 3.46(3) Sn19  2.910(3)
Table 3. Refined Atomic Positions and Isotropic-Equivalent Na8 3.30(2)x 2 Nal 3.292(8)
Thermal Parameters for b3 sSn7 Sn3 2.861(5) Na2 3.26(1)
Wvckoff Snl7  2.875(4x2 Na9 3.39(2)
ycko i Ro Na3  3.23(2) Snl9  Snis  2.910(8p
atom  position X y z Rea)? A sn8  Snl0  2.877(5) sSnl9  2.97(1)
Snl g 0 0.4023(2) 0.44909(7) 1.5(2) Snl8  2.888(4x2 Na2 3.34(3)
Sn2 g 1, 0.5008(2) 0.34764(7) 1.3(2) “aS 3-%(3) ) NNaG 3'229 X
sSn? 8f 1, 0.3701(2) 0.41908(7) 1.5(2) Nag g'se(z)x ’\?910 33525 %x
Sné 8f 0 0.5832(2) 0.30908(7) 1.3(2) a :56(2) a 49(3)
sn® & Y 0.3609(2) 0.33038(7)  1.5(2) Sn9  Snl  2.869(4) Nal — Sni5 34563
2 Sn3 2.907(4) Sn18  3.292(8y
Sné 8f 0 0.2802(2) 0.41811(7) 1.4(2) Sl 2.054(3) Na2 Shis 3172
sn? 8f 1, 0.2718(2) 0.46127(7) 1.7(2) snld  2.924(3) Snis  3.26(in
Sng af 0 0.3414(2) 0.32173(7) 1.2(2) Na3  3.3002) Sn19 334032
Sn9 16 0.2668(4) 0.4689(1) 0.43122(5)  1.4(1) Nad  3.20(1) Na3  Sn3  3.27(2)
sni0 8 0 0.4745(2) 0.34664(6)  1.3(2) Na7  3.34(2) sn7 32302
Sn12 8f Y, 0.5936(2) 0.30301(7) 1.5(2) sSns 2.877(5) Snil 3.53(%)2
Sn1? 16h 0.1612(4) 0.6722(1) 0.37787(5) 1.6(1) Snl4  2.848(4x2 3.18(2)x2
Sni14 16 0.2368(4) 0.5277(1) 0.37812(4)  1.3(1) Snil  Sn9 2.954(3) Na4 Sn9 3.20642
Snl5 16 —0.2464(4) 0.5291(1) 0.27909(4) 1.2(1) Sn16 2.982(4) Sn11l 3.46(%)2
Snl16 8 0 0.4285(2) 0.50624(7)  2.4(2) Sn17  2.959(3) Sn13  3.36(2)2
sSn17 16 0.2641(4) 0.2028(1) 0.43334(5)  1.6(1) Snll  3.606(8) Snl4  3.34(32
Sni18 164 0.2644(4) 0.3833(1) 0.29340(4)  1.3(1) Na3  3.18(2) Snl6  3.45(2)
Sn1®  8g 0.3345(6) 0.2901(2) Y, 1.4(2) 3.53(2)x2 Sn17  3.26(2x2
Nal & 0 0.416(2) Y4 3(2) Na4  3.46(1) Na5  Sné 3.46(3)
Na2 & Y, 0.444(2) Y, 3(2) Na7 3.29(2) Sn8 3.32(2)
Na3 g 1, 0.431(1) 0.4795(4) 3(1) Snl2  sSn2 2.885(5) Sn12  3.40(3)
Na4 g 0 0.577(1) 0.4254(4) 2(1) Snl5  2.865(4kx2 Sn13  3.252(9x2
Nes €0 OLHD 0373 30 N dmdke " o an
al . . .
N 0 o.ogsglg 0.0859(5) (3()1) Nal0  3.36(3) Sn19 - 3.22(32
Na8 16  0257(3) 0.1579(8) 0.6247(3)  4(1) Snl3  Snl3  2.894(7) Na7. Sn9 334623
Sn14  2.892(3) Sn1l  3.29()2
Nag 16 0.285(3) 0.2166(8) 0.1872(3) 3(1) Sni7  2.938(d) Snid 326202
Nalo & 0 0.198(3) s 7 Nad  3.36(2) Snl7  3.31(32
aBe, = (87%/3)y5;Uja*a*a3, P 3-bonded Sn atoms. “gg 322(22(?) Na8 55;153 332247((22))
Structurgl Stu_dies. The single crysta!s_(_)f thg compound used_ N gn14 '\5192 32483é;1%4) SS?r?S 3324?7(2)
the X-ray diffraction measurements were initially isolated from reactions Sn9 2.924(3) Sn13 3.42(2)
loaded as “NaS#i. Several were sealed into thin-walled capillary tubes, Snl10 2.848(4) Na9 Sn4 3.24(2)
and Laue photographs were used to determine which crystal was most Sn13  2.892(3) Sns 3.52(2)
suitable for structural determination. Diffraction data were collected “aé, ggg(g) g”?z %gi(%)
at room temperature on an Enraf-Nonius CAD4 diffractometer with a 26(2) Snri3 3 43(%))
Mo Ka radiation. Cell constants and an orientation matrix for data Sn18 3:39(2)
collection were determined from a least-squares refinement of the setting Sn19 3.50(2)
angles of 25 centered reflections. In total, 8059 reflections were Nal0  Snl2  3.36(3k2
measured for th€-centered cell in thech k| octants up to @ = 50°; Snl9  3.49(3)x2
of these, 4552 reflections were observe(() > 3). (A previous aThe distance cutoff for the data listed is 3.56 A. The shortest Na

data set collected on the same crystal withouGkeentering restrictions Na separation is 3.38(4) A.

showed no violations.) The systematic absences indicated either space

groupCmcm(No. 63) orCme2; (No. 36). Intensity statistics indicated  was taken into account during the refinement. The initial absorption
a centrosymmetric space group, and the refinement proceeded succorrection was based on fiye scans, and DIFABS was applied after
cessfully inCmcm The structure was solved by direct methods with the isotropic refinement, as recommended by the authors of the
the aid of the program package TEXSAN.Anomalous dispersion programt* as an improved absorption correction for the crystal with a
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Figure 1. The structure of NgSns looking down the 8.98 A& axis. (The long axis is.) The open spheres are sodium cations, while the darkened
spheres represent tin atoms. The thermal ellipsoids are drawn at 98% probability.

5:1 aspect ratio. The data were averaged and reduced to 4325
independent observationRy(, = 12.1% forl/o(l) > 3) of which 2152
were observed. The anisotropic refinement of all atoms result&l in
Ry values of 6.7, 8.2% at convergence. Summary data are given in
Table 2.

The maximum and minimum peaks in the final difference Fourier
map were 4.5 e/A(3.1 A from Sn7) and-3.5 e/&. The largest peak
is only ~1 e/A% above the background level and sits only 1.1 A from
an inversion center. Attempts to refine this as a sodium cation were
unsuccessful, giving large isotropic thermal parameters as well as
unusually short distances (2.2 A) to neighboring cations. The high
background is probably a result of the slight peak overlap observed to
occur along the long axis, 50.43 A. Long exposure>(1 h) axial
photographs confirmed the repeat lengths of the two larger dxe} (
and the expected mirror symmetry. The use of smaller alternative unit
cells or lower symmetry orthorhombic or monoclinic space groups failed
to produce a reasonable structural refinement. The only faint indication
of any problem might be a slight asymmetry of the anisotropic thermal
ellipsoid observed for Sn1&J4./Us3 ~ 2.3). As will be seen, this atom
has the three of the longest S8n bonds in the structure (2.927 A, Figure 2. A segment of NgSn; viewed alonga that highlights the
2.982 A x 2) as well as some of the most divergent angles in its approximate repeat unit of the structure shown in Figure 1. The
flattened quasi-tetrahedral geometry (87,300.27 x 2, 113.77 x 3-bonded tin atoms are the black circles. The letters A, B, C, D mark
2, 128.62) owing to its location at the base of the central ring. With the different pieces of the structure described in detail in the text. The
its flattened coordination polyhedron and long bonds, the observed slightcolumns of A units lie on a vertical mirror plane.
elongation of its anisotropic thermal ellipsoid toward the central void
it borders is not a likely indication of any crystallographic error. Hoffmann’s group at Cornell University. The tin parameters were the

Additional crystallographic data and the anisotropic displacement default values from the standard tables. Seven well-spaced k-points
parameters are given in the Supporting Information. These and the were used in the calculations.
Fo/F. data are also available from J.D.C.

Properties. Magnetic measurements on 46.6 mg of a single-phase Results and Discussion
sample were carried out on a Quantum Design MPMS SQUID .
susceptometer. The sample was loaded into an improved fused-silica 1"€ compound Ngbns represents a new structure type in
susceptibility container in a He-filled glovebéx.Measurements were  the Zintl chemistry of the group 14 elements; with 19
made over 5300 K in a 3 Tfield. The data were corrected for core  independent tin and 10 sodium atoms, a surprising complexity
diamagnetism and for a small paramagnetic tail evident bel@@ K for a binary compound. The atom positions and isotropic-
with the aid of a simple mode$ = ¥/, spin system as employed by  equivalent ellipsoid values are listed in Table 3, and the bond
Hendrickson et al. in recent yedfs. The source of this small  distances appear in Table 4. A [100] projection of the contents
paramagnetic impurity is unknown, but possible sources include the of gphout one cell is shown in Figure 1. The main structural

S”T;ace.goatt'.ngsiatlégg‘s between the sample and th;: Ta dcé’”t_a'"ercomponents are infinite chains of interconnected clusters built

wall (evident in ' experiments) or impurities introduced during of tin pentagons stacked along theaxis of the compound,

grinding and handling of the sample in the glovebox. AR S o .
Extended Huakel calculations on the anion lattice were done using labeled “A _|n the detall_ In Flgure 2. (A copy of this figure in

a local variant of the EHMACC program written and modified by R.  the Supporting Information includes labels for the atoms.) These

pentagons contain four formally neutral and nearly coplanar

(13) TEXSAN version 6.0; Molecular Structure, Corp.: The Woodlands, 4-bonded tin (4b-Sn) atoms and a 3-bonded apex tin atom
TX, 1990. (black) at the bottom that is formally Sn These central

8‘51'3 \é’j'(')‘;frAN',\?AS,tg%rrtsgf%tal)?r%f;a'g%g#gfg‘gg?s 15(?7'0 pentagons are connected to each other in two different manners.

(16) (a) Jameson, D. L.; Xie, C.-L.; Hendrickson, D. N.; Potenza, J. A,;
Schugar, H. JJ. Am. Chem. S0d.987 109 740. (b) Felthouse, T. (17) (a) Zintl, E.Angew. Cheml939 52, 1. (b) Klemm, W.; Busmann, E.
R.; Dong, T. Y.; Hendrickson, D. N.; Shieh, H. S.; Thompson, M. R. Z. Anorg. Allg. Chem1963 319 297. (c) Schfer, H. Annu. Re.
J. Am. Chem. S0d.986 108, 8201. Mater. Chem1985 15, 1.
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Figure 5. A segment of the structure highlighting the tin atoms in
two central rings D and the four adjoining pentagonal stacks C (Figure
2). The alternation alon@ of bonded and nonbonded interactions
between the projecting 3b-Sn atoms in ring C is marked.

the compound to approximately 51 A reflects the banana-shaped
channels and their ordering and orientation within the unit cell.
The smaller open D channels through the center of the cell are
lined mainly by neutral tin atoms, but for a central belt of three

€. This view retains the highlighted pentagons from Figure 3 and shows 3b-Sn7 aFoms (Figure 2). 'Howev'er, these would provide gvery
their relationship to one another from chain to chain along the vertical POOF €nvironment for sodium cations, so the D channel is left
b axis. empty.
One of the more intriguing questions aboutsSa; and the

In the first, direct bonds between the 3b-Sn apices at the bottomseparation of 3b- and 4b-Sn is the-S8n distance that should
of the central pentagon alternate with 6.00-A-long contacts be considered nonbonding. The-S8n bond distances in this
along thea axis, as shown close up in a slightly different view compound are easily segregated into two types, those at-2.80
in Figure 3. A normal [001] view in Figure 4 illustrates that 2.98 A and those around 4 A. There is only one distance in
this bonding arrangement also alternates along bhaxis the middle, a Sn11Sn11 contact in the D ring at 3.61 A. If
between adjoining columns of stacked pentagons so that twothis represents a bond, then the Sn1l atoms have tetrahedral
apices bonded in one pentagonal column are not bonded incoordination, while if the distance is too long, then these are
adjoining columns and vice versa. The second connection of both 3b-Sn with a lone pair of electrons pointing more or less
these A columns is through a parallel series of edge-bridging at each other. Extended "ekel molecular orbital (band)
pentagons B (Figure 2) that also run along ¢haxis. These calculations were carried out in order to address this question.
contain three 4b-Sn atoms and two 3b-Sn atoms and are showrOverlap populations for each of the three bond distance groups
in lighter shading in Figure 3. This ordering results in the show that the typical overlap populations fe@.9 A bonds is
doubling of the unit cell in both tha andb directions. 0.46 and the 3.6 A Sn1iSn11 bond has a significant positive

The central A,B clusters of pentagons are further connected overlap population of 0.26, while all more distant interactions
in the a—c plane by single bonds to another series of stacked display nonpositive populations, indicative of no bond formation.
pentagons labeled “C” in Figure 2, and these connect directly Inclusion of the 3.6 A Sn12Sn11 bond makes N&@n; closed-
into the empty central 9-ring “D”. These two fragments are shell; that is, the numbers of 3b-Sand N& are equal. The
highlighted in Figure 5. As with the series of tin pentagons contrast with conventional metallic bond lengttond order
(A) that stack along tha axis, bonds between the C pentagons relationships, which would fall off by a factor of 12 here, is
at the apices (which project into the cation channel) also alternatenotable but scarcely surprising in view of the obviously
in this direction with long and short separations. However, the directional bonding.
arrangement of bonds along between the 3b-Sn here are Magnetic measurements on 4%m3 show it to be diamag-
opposite to that in the other (A) pentagon stack such that whennetic. The uncorrected data have a small (and not uncommon)
one pentagonal stack is bonded, the other is not. paramagnetic tail that changes the net signal to positive below

The overall alignment of these pentagonal tin subunits and about 20 K. Although this event would not change the
D rings along theb direction results in the formation of large  conclusions, the tail was well fit as &= 1/, system, and the
banana-shaped channels. All of the sodium countercations arempurity contribution was subtracted from the data (Experi-
found either in these or in the A and C columns. As might be mental Section). Both data sets are shown in Figure 6. Even
expected from electrostatic arguments, the edges of thesethough it is a very complex structure with 208 tin atoms in the
channels are nearly all defined by 3b=Sitoms, and the sodium  unit cell, the compound is electron precise; DS go)(SrP129),
cations are closest in proximity to the charged tin atoms rather according to both simple ZintlKlemm formalisms and its
than the formally neutral 4b-Sn. The doubling of thaxis in diamagnetic behavior.

Figure 4. An adjoining pair of A, B columns viewed roughly along
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0.00015 : — pentagonal units as Nan 3 although connected in a simpler
0.0001 manner and with a smaller unit cell to accommodate the different
framework charges. The present structure is especially remark-

s

g oE05 1 able for the complexity that is necessary to fill space well and
v L — to conform precisely to the ZintlIKlemm electron-counting

§ _5E-05 formalisms, yet it also further highlights the very simplicity of

these valuable guidelines. These rules of course never predict
a structure, but they are very useful guidelines for ratifying the

-0.00015 plausibility of a new structural result.
0 50 100 150 200 250 300
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netic impurity. In both cases, the data indicate a diamagnetic compound.
Supporting Information Available: An illustration with the atom-

Compared with other polar intermetallic alkali-metéih numbering scheme (1 page). Listings of crystallographic details and
phases reported to date, the new compoungbNg exhibits a atom displacement parameters, in CIF format, are available on the
new structural type in that the main building blocks are clusters Internet only. Ordering and access information is given on any current
built of simple tin pentagons. The last units are also components masthead page.
of the pentagonal dodecahedra that appeagBnik.® Although 1C9703181
the structure of LiGe;, has not been fully reported in the
literature, general ideas about its structure published in review (1gy (a) Gruttner, A.; Nesper, R.; von Schnering, H.ABta Crystallogr.
articled® show that it too consists of layers built of stacked 1981, 37A C161. (b) Nesper, Rerog. Solid State Chemi99Q 20, 1.
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