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The new ternary selenostannates Sr,Sn,Seg and Sr,Sn,Seyo have been synthesized by heating the elements at
1023 K in an argon atmosphere. Their structures were determined by single-crystal X-ray methods. Sr,Sn,Seq
crystallizes in a new structure type (Pbam, a = 12.042(2) A, b = 16.252(3) A, ¢ = 8.686(2) A, Z = 4) with
Sn,Ses*™, SnSeq*~, and Se,2~ subunits. Sr,Sn,Seso (P2:2:2, a = 12.028(2) A, b = 16.541(3) A, ¢ = 8.611(2) A,
Z = 4) has a similar structure with Ses?~ triangles instead of Se,?~ dumbbells. Strontium is 8-fold-coordinated by
selenium in both cases. The opening angles between tin and the terminal selenium atoms in the Sn,Ses subunits
are close to 160°, which is nearer a typical Sn** coordination geometry than classical SnSe, tetrahedra. This result
suggests the tin oxidation state in the Sn,Seg units to be lower than the expected Sn**. This question is examined
by self-consistent LMTO and LAPW band structure calculations expanded by the Bader analysis of the charge
density to assign reliable atomic charges.

Introduction study thiostannates and homologue chalcogenides with group
Within our investigations on ternary and quaternary 14 elements of the alkaline-earth metals or europium. Beyond

chalcogenides with complex anions of group 14 elements, the crystal chemistry we are interested in the physical
we reported recently on the structures and properties of newProperties and chemical bonding of these materials.
thiostannates and a selenogermanate with alkaline-earth or | this Article, we report on the synthesis and crystal
europium ions.In general, these solids are built up by either gy ctures of the new selenostannatesS86e and
isolated or condensed B@trahedra (E= group 14 element;  g,5n,56, Common oxidation states of tin in chalcogenides
Q =S, Se), whose terminal chalcogen atoms coordinate theare 4+ and 2+, but unusual geometries in both compounds

:Eetal 'O?SI aapropr:ate%ﬂ?espte tht|s S|mr(JjIetzhstruEtural ImOt'f’ suggest a low oxidation state of tin. This interesting problem
€ crystal chemistry of thiostannates and their NOmologues, recently examined by Gutta and Hoffmanstarting

is rich, and numerous crystal structures are knéwn. . .
from a molecular mixed-valence tin compound. They suggest

Compounds with alkali metals have been investigated morethat weak secondary interactions may be responsible for the
intensively to study mainly the existence and structures of y y P

new complex anions, which are easier to stabilize by soft unusual geometries. Howe_ver, th(_airanalysis was made_from
and polarizable catiorfsOn going to the smaller and higher & Somewhat molecular point of view. To shed further light
charged alkaline-earth cations, the ionic contributions to the N the question of whether a low-valence tin exists in our
lattice energy increase by a factor of about® Thus, the selenostannates, we have analyzed the electronic structure
alkaline-earth metals play a more important role for the and bonding by self-consistent DFT band structure calcula-

structure and the physical properties of the materials tions. Since the customary assignment of oxidation states
compared with alkali metals. One subject of our work is to proves to be difficult in the case of our .SnSe and

~ SiSnSe, compounds, we have calculated atomic charges
dir;.ﬁ)wrr;%r dtgcﬁg.%ﬁ_éﬂgﬁzﬁgﬂz?ce should be addressed. E-mail: from the topological analysis of the charge density in terms
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Crystal Structures of $Sn,Se and SiSn,Seo

Table 1. Crystallographic Data for $8n.Se, and SkSnSejo

SuSnSe SiSnSeo
fw 5194.00 5509.84
space group Pbam(No. 55) P2;2;2 (No. 18)
a, 11.973(2) 12.028(2)
b, A 16.120(3) 16.541(3)
c, A 8.594(2) 8.611(2)
Vv, A3 1658.7(3) 1713.2(3)
z 4 4
temp, K 200(2) 200(2)
2, A 0.71073 0.71073
Pcalca g-CM™3 5.200 5.340
u, mmt 35.45 36.45
Flack parameter 0.60(2)
R(F)2 0.065 0.046
Ru(F3)P 0.155 0.114

aR(F) = S||Fo| — |Fel /3 |Fol for Fe2 > 40(Fo?). P Ry(F?) =[3[W(Fo? —
FAAyw(FA3 Y2 for all data.

Experimental Section

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (pAP for SSnSe

X y z L

Sr1 0.3868(1) 0.1737(2) 0.2528(2) 148(6)
Sr2 0.2462(2) 0.4280(2) 0.2493(2) 147(6)
Snl  0.0490(2) 0.1039(2) 0 226(7)
Sn2 0.0899(2) 0.1783(2) 12 145(7)
Sel 0.3687(2) 0.3145(2) 0 141(8)
Se2 0 0 0.2269(3) 179(9)
Se3  02543(2)  00748(2) O 145(9)
Se4 0.3780(2) 0.3212(2) 12 147(9)
Se5 0.2404(2) 0.0697(2) 12 146(9)
Se6 0.1308(2) 0.2491(2) 0.2440(2) 182(7)
Se7 0.0414(2) 0.4303(3) 12 209(10)
Se8 0.0379(2) 0.4290(3) 0 217(10)

@ Ueqis defined as one-third of the trace of the orthogonalizdgdensor.

Table 3. Atomic Coordinates and Equivalent Isotropic Displacement
Parameters (pAP for SiuSnSeo

X y z Uyq
; ; sr1 0.1173(1) 0.6792(1) 0.2417(2) 93(2)
t S.yr?.thesfs.sr“snzseb tandetﬁSrtSIe_o Wetr € Sﬁlr'thei'.zeggb)é;eqtmg sr2 0.2541(2)  04205(1)  02421(2)  102(3)
stoichiometric amounts of the elements (all puritre99.5%) in Sr3 0.3851(1) 0.1786(1) 0.2544(2) 90(3)
alumina crucibles, sealed in quartz ampules under atmospheres of g4 0.7525(1) 0.0710(1) 0.2591(2) 90(3)
purified argon. At first the temperature was raised slowly (50 K Snl 0.0528(1) 0.1036(1) 0.4988(2) 174(2)
h™1) to 1073 K and kept there for 15 h. After cooling, the samples ~ Sn2 0.0924(1) 0.1739(1) 0.0139(1) 92(2)
were homogenized in an argon-filled glovebox and heated to 1173 sel 0.0576(1) 0.3912(1) 0.4882(2) 120(3)
; . 3 Se2 0.1186(1) 0.8253(1) 0.0051(1) 89(2)
K for 24 h using the same crucibles. This procedure was repeated gg3 0.1303(2) 0.2387(1) 0.2773(2) 123(3)
once more and resulted in homogeneous, dark red powders (almost Se4 0.2453(1) 0.0696(1) 0.0118(2) 88(2)
black), which are not sensitive to air. Small single crystals, suitable geg 8%31?8; 821328 giégzgg gégg
H : e . . .
for strlucture determinations, have been selected from the powder Se7 0.5606(1) 0.1070(1) 0.0108(2) 130(2)
samples. o Ses 0.6328(2) 0.2518(1) 0.2351(1) 109(3)
Structure Determinations. X-ray powder patterns of Se9 0 1/2 0.1576(2) 122(3)
Sr,SnSe and SESnSe samples (STOE Stadi-P, CuiKradiation, geifl) 8 3/2 82%8(%) iéé((i))
o H H e .
Ge monochromator,°7PSD detector) could be indexed by using Se12 o 0 0.7256(2) 123(4)

the crystallographic data from the single-crystal experiments. Only
small traces of unidentified phases were detected. Single-crystal
data were collected on an Enraf-Nonius Kappa CCD diffractometer
equipped with a rotating anode. Numerical absorption corrections

were performed using the XREDsoftware with crystal faces
obtained by the FACEITsystem and optimized by XSHAPE he
structures were solved with the direct methods program SHELXS
and refined with the full-matrix least-squares program SHELEXL.

All final refinements included anisotropic displacement parameters.

The Flack parameter of §8n,Sein the noncentrosymmetric space
groupP2;2,2 was 0.60(2), and twin refinements were carried out.
Crystal data are reported in TablesA.

Band Structure Calculations. Self-consistent band structure
calculations for $Sn,Se) were performed with the linear-muffin-
tin-orbital (LMTO) method in its scalar-relativistic version. The
TB-LMTO-ASA!112code was used with the crystal orbital Hamil-
ton population (COHP¥ extension implemented by BouchérA
set of 64 irreduciblek points were used for reciprocal space

(6) X-RED data reduction, Rev. 1.19, Stoe & Cie GmbH, 1999.
(7) FACEIT Video System, Stoe & Cie GmbH, 1998.
(8) X-SHAPE, Crystal optimization for numerical absorption correction,
Rev. 1.06, Stoe & Cie GmbH, 1999.
(9) Sheldrick, G. M. SHELXS-A program for crystal structure solution,
Universitd Gottingen, 1997.
(10) Sheldrick, G. M. SHELXL-A program for crystal structure refinement,
Universita Gottingen, 1997.
(11) Andersen, O. K.; Jepsen, O. Tight-Binding LMTO Vers. 47c, Max-
Planck-Institut fu Festkaperforschung, Stuttgart, 1994.
(12) Skriver, H. L.The LMTO method: muffin-tin orbitals and electronic
structure Springer-Verlag: Berlin, New York 1984.
(13) Dronskowski, R.; Bloechl, P. B. Phys. Cheml993 97 (33), 8617.
(14) Boucher, F.; Rousseau, Rorg. Chem.1998 37 (10), 2351.

@ Ugqis defined as one-third of the trace of the orthogonalidgdensor.

Table 4. Selected Bond Lengths (A) and Angles (deg) foiSBsSe

Sri-Sel 3.150(3) Sn2Se6 (%)  2.526(2)
Sri-Se3 3.127(3) Sn2se4 2.538(3)
Sri-Ses 3.244(3) Se7Se7 2.458(8)
Sri-Sed 3.189(3) Se8Se8 2.461(8)
Sri-Se6 3.177(3) Sr2Sel 3.176(3)
Sri-Se6 3.298(3) Sr2Se2 3.259(2)
Sri-Se7 3.278(3) Sr2Se3 3.191(4)
Sri-Se8 3.244(3) Sr2Sed 3.178(3)
Sn1l-Se3 2.503(3) Sr2Se5 3.144(4)
Snil-Sel 2.528(4) Sr2Se6 3.198(3)
Sni-Se2 (%)  2.636(3) Sr2-Se7 3.264(3)
Snl-Se6 (%)  3.359(3) Sr2-Ses 3.288(3)
Sn2-Se5 2.512(4)

Sel-Sni-Se3 159.5(2) Se6Sn2-Se5 () 100.1(1)

Se2-Sni-Se3 (%)  95.7(1) Se6-Sn2-Seb 121.1(2)

Se2-Sn1-Sel (%)  98.1(1) Se4Sn2-Seb 136.0(2)

Se2-Sni-Se2 95.4(1) Se4Sn2-Se6 ()  101.1(1)

integrations by the tetrahedron method. The basis set consisted of
Sr 5s/[5p]/4d/[4f], Sn 5s/5p/[5d]/[4f], and Se 4s/4p/[4d] orbitals
(“downfolded” orbitals are in brackets). All SCF iterations con-
verged to total energy changes smaller than>IRy.
Two-dimensional grids of the electron localization function
(ELF)'5 have been calculated for selected planes in the structure.
Regions in space where the Pauli principle does not increase the
kinetic energy of the electrons (high values of ELF) can be treated
as equivalent to covalent bonds or lone pairs. The COHP method

(15) Savin, A.; Silvi, B.Nature 1994 371, 683.
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Table 5. Selected Bond Lengths (A) and Angles (deg) fosS®sSeo

Sri-Se5 3.136(2) Sn2Ses 2.519(2)
Sri-Se2 3.160(2) Sn2Sed 2.520(2)
Sri-Sel 3.207(2) Sn2Se2 2.539(2)
Sr1-Se8 3.216(2) Sn2Se3 2.550(2)
Sri-Se6 3.232(2) Se9Se7 () 2.401(2)
Sri-Se? 3.276(2) SetoSel () 2.387(2)
Sr1-Se4 3.284(2) Sr3Se6 3.109(2)
Sri-Se3 3.287(2) Sr3se7 3.203(2)
Sr2-Se2 3.139(2) Sr3Se5 3.217(2)
Sr2-Se5 3.179(2) Sr3Ses 3.220(2)
Sr2-Se6 3.182(2) Sr3Se3 3.228(2)
Sr2-Se4 3.186(2) Sr3Se4 3.232(2)
Sr2-Sel2 3.191(2) Sr3sel 3.248(2)
Sr2-Sel 3.237(2) Sr3Se2 3.298(2)
Sr2-Se7 3.245(2) Sr4Se6 3.142(2)
Sr2-Se9 3.352(2) Sr4Se4 3.154(2)
Sn1-Seb 2.520(1) Sr4Se2 3.183(2)
Sn1-Se6 2.535(1) Sr4Se7 3.202(2)
Sni-Sell 2.637(2) Sr4Sell 3.205(2)
Sn1-Sel2 2.675(2) Sr4Se5 3.234(2)
Snil-Se3 3.082(2) Sr4Sel 3.259(2)
Sn1-Ses 3.449(2) Sr4Se8 3.326(2)
Se5-Snl-Se6 160.6(1) Se2Sn2-Se8 99.5(1)

Se5-Sni-Sell 98.02(4) Se2Sn2-Se4  137.1(1)

Se6-Sni-Sell 97.96(4) Se3sn2-Ses8  121.2(1)

Se5-Snl-Sel2 93.93(4) Se3Sn2-Se4 99.5(1)

Se6-Sn1-Sel2 96.14(4) Se3sn2-Se2  101.7(1)

Selt-Snl-Sel2  93.03(5) Se7Se9-Se7  105.7(1)

Se4-Sn2-Se8 100.8(1) SeiSel0-Sel  107.8(1)

was used for the bond analysis. COHP gives the energy contribu-
tions of all electronic states for a selected bond. Since the values
are negative for bonding states, we pta€ OHPE) to get positive
values according to the well-known COOP diagrams.

Topologies of interatomic surfacésd’were calculated from the
charge density distributiop(r) obtained by DFT-based calculations
with the WIEN2k program package®using the FP-LAPW method
within the GGA approximation. The total energies and charge
densities of the preceding SCF cycles converged to changes smalle
than 10“. The basis set consisted of 955 plane waves up to a cutoff
RniKmax = 7. The atomic sphere radi; were 2.6, 2.3, and 2.2 au
for Sr, Sn, and Se, respectively. A total of B@oints were used
in the irreducible wedge of the Brillouin zone. To get a good charge
density for the Bader analysis, we usel values for the lattice
harmonics expansidhup toL = 9 for all atoms. Atomic charges
were assigned by integrations of the charge density within the
interatomic surfaces (IASs) (which is the zero-flux surfacepof
whereVp-n = 0 holds), and subtracting the nuclear charge of the
corresponding atom.

Results

Crystal Structures. As seen from Figure 1, both ternary
compounds form similar orthorhombic structures with four
SnSe* and two SpSe* selenostannate subunits per unit
cell. SpSnSe contains moreover four $e diselenide and
SiSnSe, four Se?~ triselenide groups with SeSe dis-
tances of 2.4042.461 A and angles SeSe-Se of
105.7(1y and 107.8(1), respectively. This leads to the

(16) Bader, R. F. WAtoms in moleculesa quantum theoryClarendon
Press: Oxford, 1994.

(17) Popelier, PAtoms in moleculesan introduction Pearson Education
Ltd.: Vienna, Austria, 2000.

(18) Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvasnicka, D.; Luitz, J.
WIEN2k-An Augmented Plane Wavé Local Orbitals Program for
Calculating Crystal Properties, TU Wien, 2001.

(19) Schwarz, K.; Blaha, RComput. Mater. Sci2003 28, 259.

(20) Kara, M.; Kurki-Suonio, KActa Crystallogr.1981 A37, 201.
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Figure 1. Covalently bonded S8e*~, SnSe*~, Se?, and Se?~ subunits
in the unit cells of SISnSe (a) and SISnSep (b). All strontium atoms
and the second $8e*~ group in the cell are not shown for clarity.

formulas Sg(SnSe;)(SnSa)x(Se). and S§(SnSe)(SnSe).-
(Se)., and the full names of these compounds are strontium
diselenostannate selenostannate diselenide and strontium
diselenostannate selenostannate triselenide, respectively.
The structure of SBnSe, is isotypic to that of
Eug(SniSe4)(Se), reported by Evenson and Dorhddfrhe

latter compound was already mentioned as,$h&¢" by
Flahaut et al?? who assigned the structure mistakenly to the
La,SnS type® with trivalent europium. The same authors
implied also the existence of the corresponding strontium
compounds, but structural data were not reported.

Figure 1 emphasizes the arrangements of the covalently
bonded subunits in the unit cells of ,SnSe (a) and
SiSnSep (b). Tin is 4-fold-coordinated by selenium atoms
in the first coordination sphere, and the-Se bond lengths
vary between 2.503 and 2.675 A, which is in the range of
the sum of the covalent radii for tin and selenium of 2.57 A.

(21) Evenson IV, C. R.; Dorhout, P. K. Anorg. Allg. Chem2001, 627,
2178.

(22) Flahaut, J.; Laruelle, P.; Guittard, M.; Jaulmes, S.; Pouzol, M. J,;
Lavenent, CJ. Solid State Cheni979 29, 125.

(23) Jaulmes, SActa Crystallogr 1974 B30, 2283.



Crystal Structures of SISn,Sg and SiSn,Seo

Figure 2. Coordination geometries of the §8& subunits in (a) SSn-
Se and (b) S§SnSep (black spheres, Sn; gray spheres, Se; light gray
spheres, Sr; all distances in angstroms).

The dotted lines indicate possible weak secondary interac-
tions with a Sm--Se distance of 3.359 A in §8n,Se, which
splits to 3.082 and 3.449 A in 8@nSe,. Thus, allimportant

Sn—Se bond lengths and angles are as expected for typical

Srft—Se bonds in SnGé¢etrahedra. This does not hold true
for the Se-Sn—Se bond angle between tin and the axial)Se
atoms of the Si8e; groups (Sel and Se3 in Figure 1a), which
is 159.5(2j in Si,SnSe and 160.6(1)in SuSnSep. Figure

2 shows detailed geometries around the tin atoms in the
SnSe; groups, together with the neighboring Sr atoms. In
both cases, the $eSn—Se, bond angles are-46% larger
compared to the tetrahedral angle (109)4But differ from

a linear coordination by only~11%. At first sight, the
coordination around the Sn atoms in Figure 2 looks like a
distorted octahedron. But the question arises of whether we
have to consider the two selenium atoms~a&.36 A as
(weakly) bonded to tin. First, in usual g&* units as
found, for example, in GSnSe,?* we have Sfir—Se
distances of 2.472.65 A and axial angles o116, as
expected for tetrahedrally bonded*SnFrom the literature
data we find that selenostannates never fortf S8e bonds
longer than~2.85 A, not even in the case of 5-fold
coordination. Longer SnSe distances are exclusively ob-

(24) Sheldrick, W. S.; Braunbeck, H. @. Naturforsch 1988 44h, 851.

Figure 3. Part of the KSnSe; structure with tin in 5-fold coordination.

served in true Stf compounds, for example, in orthorhombic
SnSe (3.46 A¥ or the mixed-valence compound:8n,Se;
(3.13 A)26 Nevertheless, we can assume some electrostatic
interaction between the tin atoms in our,Se units and
the Se6 atoms, and one may argue whether this could be a
reason for the opening of the axial angle. However,
comparable selenostannates with suchde23(coordination
are not known, but at least one additional selenium coming
from the equatorial direction obviously causes no large
Se—Sn—Se angles. This becomes evident from the structure
of K,SnSe;,?” shown in Figure 3. Tin is 5-fold-coordinated
with Srt*—Se bond lengths of 2.5+2.857 A. Although
the “SnSeSe,,” subunits in KSnSe are connected, the
structure could easily open the angle by changing the position
of the terminal Se atom. But the angle of concern is still
124.97, as depicted in Figure 3. Thus, the long S&e bond
between our Si8&* and SnSg~ units is probably not the
reason for the geometry of our SB&* subunits.
Nevertheless, such wide angles suggest the oxidation state
of this tin site to be lower than 3h because this geometry
is reminiscent of typical S compounds with a lone pair
as the fifth ligand. This has been found in3Se;, which
contains besides 3iSe tetrahedra also one Bnsite with
a pseudo-bipyramidal coordination of four seleniums and the
tin lone pair. The axial Se-Sn—Se, angle is 177, but the
more important fact is that the 3n-Se, distances in KSn;-
Seyare 3.132 A, as typical and expected foSnn contrast
to this, all axial and equatorial St8e bonds in the SBe
subunits of SSnSe are around 2.6 A. From this we can
rule out the presence of pure Bnand SaSe’" groups.
Consequently, the long SASe contacts probably play no
decisive role if the tin atoms are Sn But the question of
an intermediate oxidation state such ag'Semains open.
In their recently published paper, Gutta and Hoffnfann
pursued just this question of a potential*Sichemistry in
our compounds. The authors used DFT calculations on
different molecular models of $8e"~, a set of extended
Huckel band structure calculations, and detailed MO con-
siderations, but all methods did not yield a conclusive answer.

(25) Wiedemeyer, H.; von Schnering, H. B.Kristallogr. 1978 148 295.
(26) Klepp, K. O.; Fabian, FZ. Naturforsch.1992 47h, 406.
(27) Klepp, K. O.Z. Naturforsch.1992 47h, 197.
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In the end, they suggested a normaf‘Smay still be an
appropriate description. They also suspect that the above-
mentioned secondary interactions may be responsible for the
unusual geometry. But according to our argumentation, these
two results exclude each other, because such longSn
bonds are reasonable only with?SnwWe will come back to

this question later on. Before we do this, we want to
emphasize another important part of our structures, namely,
the SP* ions, which surround all selenium atoms of the
SnSe*” and SnSg- subunits. As seen from Figure 2, the
axial Sg atoms are bonded to four Sr atoms. Any decrease
of the Sg—Sn—Se, angle must alter the SiSe contacts
dramatically and would require a rearrangement of the
structure. We think that the energy for such a structural
reorganization is probably much larger than the energy loss
by opening the Se-Sn—Se angle from 109.47 to
160.6(1y. However, this cannot be proved here. But it seems
the more probable explanation, if no other conclusive proof
can be derived from the electronic structure.

Figure 4 emphasizes the coordination polyhedra of the
strontium atoms in the crystal structure of;SnSe and
SrSnSeo. Eight selenium atoms coordinate the strontium
atoms in a bicapped trigonal prismatic arrangement, and the
Sr—Se distances are 3.158.322 A. Each SrSegrism has
four face-, one edge-, and two corner-sharing neighbors. This
dense three-dimensional polyhedral linkage leaves square and
rhombic channels along [001]. The square channels are filled
with the Sn atoms, and the short diameters of the rhombic
channels represent the short-S distances of the di-
selenide units or contain the central Se atom of the triselenide
groups in the case of @nSeo.

Chemists tend to find molecules in solid-state compounds
by classifying bonding interactions. This is often appropriate
and meaningful, but one must be aware of favoring covalent
interactions (chemists like them most) over all other contri- rig,re 4. Crystal structures of $8nSe (a) and SiSnSao (b). The
butions, especially in close-packed and substantially ionic coordination polyhedra of strontium are emphasized. All tin atoms are in
solids. In our case, the tirselenium and S£Se subunits square channels running along [0(_)1]. Thick black lines represent the bonds
are the covalently bonded “molecular” entities inSpSe of the Se and Sg groups, respectively.
and SESnpSe. But there are 3 times more -SBe than Si however, raises the question of whether in the structure there
Se bonds (24:8) in our structures, and for that reason aloneexists any atom or group which could be able to provide
the electrostatic forces between thé"@md the S& ) ions electrons for (at least) a partial reduction of tin. To shed
contribute main parts to the bonding energy. Therefore, it is light on this and other questions of chemical bonding in
in our opinion not reasonable to assume that the geometriesSi,SnSe, we have performed self-consistent DFT band
of the SnSgand SnSe; subunits are independent from the structure calculations.
coordination of the strontium ions. It is worthwhile to note Electronic Structure, Chemical Bonding, and Elec-
that we have a comparable situation in,8&nS.! The tronic Populations. The main features of the electronic band
thiostannate tetrahedra are likewise distorted-$8-S structures of SSnSe and SESnSeo are very similar;
angles up to 139, and the tin atoms are also in square therefore, we confine our discussion to the centrosymmetric
channels within a network of comparable By®lyhedra. compound $Sn,Se. The total density of states (DOS) and
These similarities support the idea that one reason for theselected DOS projections are shown in Figure 5. A gap is
unusual bond angles in $w&* may be the optimal discerned at the Fermi level, as expected from the ionic
coordination of the Sr ions rather than a question of the formula splitting (St#)4(Srt),(S€7)7(Se)?. SuSnSe is
oxidation state of tin or weak secondary interactions. a semiconductor with a calculated energy gap-6t8 eV.

So far it seems probable that the driving force for the large This value is underestimated by the LDA, but a gap smaller
Se—Sn—Se, angle in the SgBe subunits is no electronic  than 1.5 eV is consistent with the deep red, almost black
effect coming from the “molecule” itself. But nevertheless color of the compound. The valence band betwee&neV
the resulting geometrfavors a lower oxidation state in terms  and the Fermi level consists mainly of the-S®e bonding
of a higher electronic population of the tin atoms. This, Se 4p states and also a significant contribution of Sr 4d states.
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Crystal Structures of SISn,Sg and SiSn,Seo
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(E-Ef) [ev Figure 6. COHP diagrams of selected bonds inSpSe. Numbers in

) ) ) parentheses are ICOHP values in electronvolts per bond (COHP integration
Figure 5. Total and partial DOS of $8nSe. The energy zero is taken up to Ep).
at the Fermi level.

_ . At the same time, we see the antibondirigorbitals of the
The latter already implies that the real charge of the strontium Se?~ subunits occupied in the vicinity of the Fermi level
atoms is lower than the formak2 However, the DOS does One might speculate that any oxidation of,Sewould '

not permit the calculation O.f rellab_le values for atomic transfer electrons to reduce the oxidation state of Sn1 atoms.
charges, because from DOS Integrations one gets merely theI'his should result in stronger and shorter-& bonds. But
amount of charge inside the atomic spheres. The lowest part '

. i as already shown by Gutta and Hoffmanthere is no
of the conduction band betweeBr and ~2.5 eV is indication){[oward shgrter SeSe bonds in S& or Se?
interestingly enough dominated by the Sn 5s and the Se 4pso this mechanism cannot be proved ’
states from the Sesubunits (Se7/Se8) and the Se6 atoms. The ELF can be a suitable tool to track a lower valence
Figure 6 shows the bonding features of selected pairs. As

) state of the tin atoms in the 8e&* units by uncovering
expected, all SnSe bonding states of the $$k* and | . . .
. . . lone pairs. Figure 7a shows the contour diagram of the ELF
Sn2Seg* subunits are occupied and well below the Fermi pal 19u . ur diag

level. Their ICOHP bond energies ar€2.32 t0—2.97 eV/ topology in the equatorial plane of Sn:Se, showing the

bond, as marked in Figure 6. The energy values for the shortsnl_seeq bonds in SeSe and the Sp-Se, bonds of the

Sn—Se bonds scale approximately with the distances, while Snse units, The short covalent StSe bonds are clearly
' isibl h imilar ELF topologies. W indica-
the computed ICOHP 0f-0.22 eV for the Sni-Se6 visible and have similar opologies. We see no indica

int tion is 1 order of itud ller. It is k ; tion for a Sn1--Se6 bond in the ELF. Figure 7b depicts the
It?w erggﬁg 'S tﬁrde:hotmagr?' u e”small er-iis n?wr:_ %rl axial plane of the Si$e; subunit with the Sg-Sn1-Se,
duee to (smarlgede(:)end:n;lég ofstrr:lzl H\ell?nLijI(taosngﬁ onr:)threefss bonds. Within the StSe; group, we discern high ELF values

. . in the bonding region between Sn and, 8ed also the lone
sphere radif® Thus, we cannot decide from the COHP ! ng reg! W d

ot heth h anificant bondina betw th pairs at Se. This picture is not much different from that of
Ei)lr?autgarn\évo? Snears\g’;_ a?]\(/jethségg:eg:g?omsgf 't?]ge ngigheti)r;inge a normal tetrahedral $hSe; group shown in Figure 7a. We
o : L h I Icul he ELF within th ial pl f th

Sn2Sg*. But it is clear that, if any Sni-Se6 bonding is ave also calculated the within the axial plane of the

L trigonal-bipyramidal S#Se, unit in K,SnSes, shown in
pre§ept, itis very weak. On the qther hand, the bond a.mgleFigure 7c. The differences between tin in,Se& and the
deviation of more than 45s certainly very large. Thus, in

inion. the COHP it o Ui d true St are evident. We discern the distinctive lone pair
our opinion, the resulis permit no coNCIUSION regard- ot the tin site. More important, we see no localization
ing the wide Sg-Sn1-Se, angle.

. ) between the tin and selenium nuclei, which means that the

Nonethele;s, the COHP reveals a plausible mecha_msm toSn”—Se bonds are considerably more ionic (and longer)
reduce the tin atoms.'The lowest lying S@e ant!bondmg than the tetrahedral $h—Se bonds. Thus, from the ELF
states of the conduE:tlon band'are from the axial-Sbd topology we receive also no hint for a low oxidation state
bonds of the Si8&* groups with strong Sn 5s character. of tin in the SnSe; subunits of SISLSe

(28) Boucher, F. Institut des Materiaux de Nantes, IMN-CMRS, Nantes, Although all re;qlts so far point clearly K_’W"’“d Srin
France, Private communication, 1999. our compounds, it is clear that the almost lineag-S&n—

Inorganic Chemistry, Vol. 43, No. 21, 2004 6835



Pocha and Johrendt

Figure 7. Contours of the electron localization function (ELF0.6—

0.92) in SgSrpSe: (@) equatorial plane of the g, subunit with the Snt Figure 9. Bader IASs around selected atoms, represented by multitudes

Seq bonds (dotted lines indicate the Sn3e6 interactions) and the Sna2 of small spheres: (a) Sn2 in the SaSabunits of SISSe, g(Q) = +1.23;

Seb6 bonds of the Sngeetrahedra; (b) axial plane of the & subunit . . _ . :
with the Sn1t-Se, bonds; (c) axial plane of the pseudo-bipyramidat'sn gb;zztg&r?icti;a(l)lgl ;g?gggaf(g;sin +Slr?255e-,q(9) +0.84; () Snlin Sp

Se in K,SnySes.

crystallographic positions may vary easily By0.1 due to
different spatial environments. The strontium atoms show
the highest cation charge gt = +1.46, almost equal at
both Sr sites as expected from the identical coordination.
But in contrast to this, we find also the same charges for the
tin atoms in SnSewith gsp, = +1.23 and in the Si%6
subunits withgs,; = +1.25 despitetheir very different
geometries. The charges of the selenium atoms-&r&1
in the Sg dumbbells and-0.89 for the bridging Se2 in $n
Se and range from-0.97 to—1.04 for all terminally bonded
Se. These results reflect the trend expected from the chemist’s
Figure 8. AIM charges of the atom sites in SnSe obtained by gyiqation numbers (3f, Sri*, Sé-, Se), but the values
integration ofp(r) in the atomic basin$2. . _
for the selenium and the tin atoms are much smaller because
of the strong covalent contributions in the-S8e and Se
Se, geometry still favors an accumulation of electrons in a Se ponds.
more or less distinct lone pair at the tin site. Thus, the  As the other methods, also the AIM analysis shows clearly
chemist's useful concept of assigning oxidation states by that the electronic populations of the two different tin atoms
considering electronegativities and electron counts is obvi- in Si,SnSe) are practically identical, and consequently, we
ously inconsistent with the observed geometry. We can can record the fact that tin in our $w&* subunits has the
consider the present case as a typical example for thechemist’s oxidation state# But the different geometry still
weakness of the term “oxidation state”, whose definition is finds expression in the electronic state of tin. This becomes
not very precise. Instead of this we can ask for the atom’s apparent from the topology of the IAS, i.e., the “shapes” of
electronic populatioMN(2) = fqp(r) dr within the atomic the tin atoms, which we compare in Figure 9. Figure 9a
basin€, i.e., the amount of charge in the portion of space shows the IAS of tin in the Sngsubunit. The topology is
the atom occupies. Within AIM theory, the boundaries of rather complex; within its boundaries we integrate a charge
the atomic basins are defined by the IASs. The IAS or zero of gs, = +1.23. In contrast to this, we show the topology of
flux surface is a topological manifold constructed from a a true 6-fold-coordinated $hin SnSe with a NaCl-type
bundle of gradient paths of the electron densify). The structure (a high-pressure variant of SnSe). The IAS is of
atomic charge of an atom A is then defined as course a cube, but the important point is that the integrated
ga = Na—Za. Figure 8 shows the result of the charge charge isgs, = +0.84, i.e.,much smallethan for both Sn
integrations for all unique atom positions in,Sn.Se. The atoms in our compounds, which hagg = +1.23 or+1.25.
sum of charges in all atomic basins of the unit cell is 0.0067e, If we compare the St (gs, &~ +1.24) and S#" (gsp =
and we estimate an error 8f0.01e for each value, keeping +0.84) topologies with the corresponding surface around the
in mind that absolute values of equal atom types at different tin atom in the SgSe; subunit in Figure 9c, we find both
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differences and similarities. Obviously, this topology re- observed in St selenide chemistry. Next, the AIM analysis
sembles a distorted cube similar to that of SnSe in Figure shows that the Sn atoms in our Se*~ units are indeed
8b, but the amount of charge therein is almost exactly the Srf+, despite their pseudooctahedral coordination. Conse-
same as found in the Sntopology of Figure 9a. From this  quently, we do not consider the long“Sn-Se interactions
we conclude that there is indeed a distinct difference betweenig pe significant. Also the ELF and COHP analyses do not
the electronic states of tin in the & and SnSgsubunits reveal any definite proof for weak secondary bonding
of SrSn:Se, but it concerns not the charge nor the oxidation jteractions, nor can they give a convincing explanation for

state. Both values are almost equal for both tin atoms, 4 . large bond angle in $8e. All these results together

whgtr;_er Wte tcallsﬁffhe_rph a':jqfrplc char_gqs.ihz ;;1%4) (I)r allow only the conclusion that the reason for the unusual
oxidation state (Sf1). The difference is rather the topology fgeometry comes not out of the |®* ion itself and,

of the atoms, which describes their shape and the volume o . . ;
according to our results, not from secondary interactions.

space they occupy. Of course, this shape is always a . .

reflection of the environment or coordination of the atom. It Thus, A'E does pot seem appr'oprlate fo treat the covglent
describes the deformation of the electron cloud from spherical Snzs_es subunits as if _they exist independently, especially
symmetry that it would have as a free atom. The sum of all N0t in close-packed solids such agSpSe and SgSreSew.

interactions such as chemical bonding, crystal packing, etc. !N our opinion, the special $8e;"~ geometry is more likely

generates this unique topology. a result of the close packing of the covalent subunits with
_ the strontium ions and the optimization of electrostatic forces
Conclusion between St and Sri* cations and Se*”) anions.

The crystal structures of 8rn.Se and SESn.Se contain
besides the usual SnBealso SaSe* subunits with unusual - ] '
large axial Se-Sn—Se angles up to 160.6¢1)Secondary mformatpn for .SESnZSe\, and SnSr}ZSe_LO. in CIF format. This
interactions from two selenium atoms in the equatorial plane material is available free of charge via the Internet at http://
of SnSe* are suggestive of a 6-fold octahedral coordination pubs.acs.org.
of tin, but long bond distances of 3.36 A have never been 1C049663Y

Supporting Information Available: X-ray crystallographic
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