1226 Inorg. Chem.2001,40, 1226-1233

Hydrogen Impurity Effects. AsTtsZ Intermetallic Compounds between A= Ca, Sr, Ba, Eu,
Yb and Tt = Sn, Pb with CrsBs-like Structures That Are Stabilized by Hydride or Fluoride

(2)
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The binary systems Cé&Sn, Ba-Sn, Eu-Sn, Yb—Sn, SrPb, Ba—Pb, and Et-Pb do not contain GBs-like

AsTts phases when care is taken to exclude hydrogen from the reactiorst€ftel, Si-Pb). All form ternary
AsTtsHy phasesX < 1) with “stuffed” CrsBs-like structures instead, and all of those tested;-8a, Ba-Sn,

Sr—Pb, and Ba-Pb, also yield the isostructurakMtsF. The structures and compositions 058aHy, CasSrsFo s,
EusSrsHy, and SgPbsF have been refined from single-crystal X-ray diffraction data and g&@&® from powder
neutron data. The interstitial H, F atoms are bound in a tetrahed?d){&avity in a CgBz-type metal atom
structure. Nine previous reports of binary ‘§5aw”, “Yb sSns”, “SrsPhs”, and “BasPhs” compounds were wrong

and presumably concerned the hydrides. The new ternary phases are generally Pauli-paramagnetic, evidently
with 7* electrons from the characteristic tetrelide dimers in this structure type at least partially delocalized into
the conduction band. The SiSn bonds appear correspondingly shortened on oxidation. Other new phases reported
are CaSn (CrB type), ¥¥SmHy (SmsGey), YbSn (~TITe), BasPhs (~WsSiz), and YhkyPhyg (CasiSrug).

Introduction structure typé.This was the first instance in our work in which
) ) fluoride was utilized as a good stand-in for hydride and which

Compounds formed between alkali, alkaline-earth, or rare- js easily located by modern X-ray diffraction means, although
earth metals and the main group p elements have been majokyis rejationship has been known for much longdihe most
features in the development of some diverse structural and ey ajent sources of hydrogen impurities have been commercial
bonding aspects of solid-state chemistry. The main-group sjine-earth metals, although most active metals can become
components most often feature the tetrels (Si family, Tt), g4 contaminated with careless handling. (Hydrogen is usually
pnictogens (P family principally), and chalcogens. One common | 5ined on their reactions with adventitious water.) Examples
feature of many of these products is the predpmlnance of valence, ihe same MESis-type systems in which the pnictide hydride
or closed-shell compounds, the so-called Zintl phds@s.the s first, or only, by utilizing a well-characterized interstitial
other hand, the earlier triel (Al family) members afford classical |18 in that structure type will be described in a forthcoming
closed-shell anions less often and instead feature more hypo'manuscrip?. Other specific hydride errors have included the

electronic or metallic (electron-rich) exampfe€ontradictions Zintl phases BgGasH, 1 and Ba:M,OsHz2 1« (M = Si, Ge, Ga
or inconsistencies between our results and those in the Ilteraturee,[c_;X =2, 0)11 the structures of which were originally reported

or, equally often, an inability to obtain a reported compound in \,.hout the hydrogen components.

high yield, have repeatedly forced us into a consideration of  gimjjar events have shadowed the chemistry of the related
phase stabilization via unrecognized impurities. Carbon, nitro- AsTt; phases of the tetrel (Tt) elements—$ib. These are
gen, and oxygen are naturally common candm_lates, but hydro‘-:’er\‘requently encountered in a tetragona$stype structure with
has turned out to be a particularly pervasive problem both jis characteristic equal numbers of monomeric and dimeric

because its hpresenCE hahs usually not be‘?n” considered andnisns meaning that those with divalent cations formally meet
because of the fact that the atom is essentially undetected iny. o structural criterion for Zintl phaséd (A2H)s(Tt,5)(Tt)

heavy atom compounds by common X-ray diffraction methods i, terms of oxidation states. One might even anticipate that these

for phase detection or analysis. closed-shell configurations should be immune to oxidation and

The first systematic exploration stemmed from our inability thence to the inclusion of hydride without a necessary change
to sort out the formation of MyBis- from S-YbsShs-type .
pnictides of the alkaline-earth and dipositive rare-earth metals. ) Lfg”‘Escam'”a' E. A; Corbett, J. D). Alloys Compd1994 206
The problem was solved with the discovery that all nine (5 eon-Escamilla, E. A.; Corbett, J. D. Alloys Compd1998 265,
examples of the latter-assigned structure type were in fact 104.

valence hydrides (§sPrgH*° in the orthorhombic CsSlsF (6) Hurng, W.-M.; Corbett, J. DChem. Mater1989 1, 311.
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of structure type. In fact, the problems here are particularly CaH,, are equilibrated in Ta only after their further enclosure
insidious because not only is oxidation of the substrate by in sealed silica jackets to retain the hydrogen. Some additional
hydrogen generally possible but the hydride formed is also hydrogen can still form in smaller amounts from water dis-
readily incorporated into a suitable cavity already present in sociation from the fused silica over longer periods and at higher

the parent GBj; structure. This article will be limited to the
seven instances in which only an example of a stuffesBEr
structure is stable in the new §3xsF structure type (or the

temperatures. (This may also be signaled by an oxide impurity
in the products but not always.) These two routes will hereafter
be designated as dynamic vacuum (dv) and sealed,(SiO

hydride equivalent). These hydride errors have been the sourcecontainer (sc).

of nine erroneous reports of binary tetragong(T)s tetrelide
phases. In these cases, either the truly binat£compositions
occur in another structure type or the composition yields only
a mixture of other binary phases. More complicated instances
in which both the binary and the ternary (hydride) systems occur
with the same heavy atom B structure type will be described

in a later article!® The latter occurrence of parallel stabilities
naturally means that X-ray lattice constant values are probably

Experimental Section

Materials utilized were Ca, Sr, Ba (Ae) from APL Engineering,
distilled and sealed in glass; Sm, Eu, and Yb, Ames Laboratory,
>99.95% total; Sn and Pb, Aesar-9's or better. The Akl phases
were prepared by direct reaction of With the metals in a Mo boat in
a closed vacuum system equipped with a diaphragm manometer.
Reactions were run to completion at 42000 °C under 606-700 Torr

the quickest and best way to tell them apart, and these areH2 the conditions being selected according to dissociation character-

usually the only means available in retrospection, although
comparison of dimensional data from different time periods and
equipment naturally entails some problems. It should be noted
that still six others in this family of ATt compounds, apparently
only for Sm and Yb, form hydrides with a stuffed WBisH-

type structure instead, another future tolsic.

The presence of a significant tetrahedral cavity in theBer
structure type was first signaled by the serendipitous discovery
of a stuffed CgBs-type structure for LePksO (via a sample of
dirty lead)!* In the presence of these electron-richer cations,
the lead atoms (Pb nominally) are now all monomeric, without

a dimer, and the analogous nitride would appear to be electron-

precise. (A similar disposition of monoanions is also known in
the so-called IgBi3 subfamilyd)

What evolved into a broad examination of thesgBzitype
triels started with a negative situation, the fact that the
composition CgSrs had never been reported, in considerable
contrast to the rest of the family. In the course of this search,
we instead discovered that a novel alternative, the oligomeric
Caz1Smpo, Was stable at a close-lying composition, 60.8 atom
% Ca vs 62.5 atom % for G&rg,16 and on the basis of earlier
experience, we went on to show that onlysSaHx and Cg-
SngF form in a now-stuffed GBs-type structure. We choose
to distinguish the structure of ERIO and the absence of a
dimer from the situation in the new €amsF structure type
where the dimeric anion is retained, although both types occur
in the same space group and are isopointal.

The protocol developed earlier for studies of the s8ligH
vs CaShyF-type phasésvas again used to test for the formation

istics of the particular hydridés.All were treated as stoichiometric
AH; phases except for hexagonal Smlj as verified by their cell
dimensions’8 The AeR, reagents were precipitated from Aeg€O
slurries with excess HF(aq), filtered, washed, and vacuum-dried at 400
°C.

In particular cases, the as-received alkaline-earth metals and Yb were
dehydrogenated after sealing them in Ta containers. These were heated
in silica tubing under high vacuun@0~° Torr), namely, at 650C
for Ca and at 710C for the remainder for~12 h or until the vacuum
fell below that producing a Tesla coil discharge after a small increase
in temperature.

All reactions between the elements with or without fluorides or
hydrides were carried out in welded Ta containers that were heated
either under vacuum or within evacuated, well-flamed, and sealed silica
jackets. All reagents and products were handled in gloveboxes with
0.2-0.4 ppm (vol) HO levels. These techniques as well as those for
Guinier powder pattern measurements (with NIST Si as an internal
standard) and subsequent lattice constant least-squares refinement
methods have been described in more detail béft& A Cu Kal
wavelength of 1.540 56 A was used for the last. The phase distributions
in products were estimated in terms of equivalent X-ray scattering
powers from their patterns with the aid of calculated patterns for known
phases. Although the accuracies of these estimates vary perhaps by
+2—-5%, they are internally more precise than that. All phases seen
are reported.

Single crystals for X-ray diffraction were selected under low
magnification and mounted in thin-walled glass capillaries in a glovebox
for four of the phases reported here. These were first checked for quality
through Laue photographs. Later tables detail data collection and
refinement parameters. Absorption was corrected for with the aid of
threey scans collected gt > 80°, and after isotropic refinement, with
DIFABS. Structural refinements were made with the TEXSAN

of hydride derivatives as well as to ensure the absence of package. Lattice dimensions secured from Guinier powder pattern data

impurity hydrogen in checks for the formation of truesBx
types and other binary phases. Although it is possible to clean

calibrated with Si were used in all distance calculations from single-
crystal results. The anisotropic displacement parameters are available

the alkaline-earth metals, etc. beforehand by careful dissociationin the Supporting Information. These and thgF-. listings are also

of hydrogen in a vacuum, it is generally far easier to simply
load the components in tantalum tubing, weld this shut, and
heat the assembly in high vacuum at, say,-90200°C. The

metals and any hydride compounds will have appreciable H

available from J.D.C. Neutron diffraction data were collected on the
high-resolution powder diffractometer HB-4 at Oak Ridge National
Laboratory at room temperatuf@Approximately 3.0 g of powdered
sample prepared as £31sDx was sealed in an In-gasketed V can. Data
were collected over 1k 20 < 135 over ca. 20 h.

dissociation pressures under these conditions, and tantalum is

permeable to only hydrogen in our systems above—5&D
°C. Subsequent equilibrations in a virtually hydrogen-free

system can then be made at suitable temperatures. On the othe8)
hand, sample containers loaded with hydrogen sources, e.g.

(13) Leon-Escamilla, E. A.; Corbett, J. D. Solid State Chemsubmitted.

(14) Guloy, A. M.; Corbett, J. DZ. Anorg. Allg. Chem1992 616, 61.

(15) Bdtcher, P.; Doert, Th.; Druska, Ch.; Bradtheo, S.J. Alloys Compd
1997, 246, 209.

(16) Ganguli, A. K.; Guloy, A. M.; Leon-Escamilla, E. A.; Corbett, J. D.
Inorg. Chem 1993 32, 4349.

(17) Magee, C. B. IrMetal Hydrides Mueller, W. M., Backledge, J. P.,

Libowitz, G. G., Eds.; Academic Press: New York, 1968; Chapter 6.

Villars, P.; Calvert, L. DPearson’s Handbook of Crystallographic

Data for Intermetallic Phase€2nd ed.; American Society for Metals

’ International: Metals Park, OH, 1991.

(19) Guloy, A. M.; Corbett, J. Dlnorg. Chem.1993 32, 3532.

(20) Leon-Escamilla, E. A.; Hurng, W.-M.; Peterson, E. S.; Corbett, J. D.
Inorg. Chem 1997, 36, 703.

(21) TEXSAN, Single Crystal Structure Analysis Softwamrsion 5.0;
Molecular Structure CorpThe Woodlands, TX, 1989.

(22) Dervenagas, P.; Leon-Escamilla, E. A.; Stassis, C.; Corbett, J. D.
Unpublished research.
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Table 1. Stuffed CgBs-Type Phases Stabilized by Interstitial H or F

approximate yield, % CrsBs-type lattice dimensioris

loaded composition/ref  conditiohs  C CB other a, A b, A vV, A3 alc
CaSns dv1 0 5 90P, ox
CaSnsHoo scl 0 10 85P, ox
CasSrsHy o scl 65 5 25P, ox 8.1433(6) 15.096(4) 1001.1(3) 0.539
CasSrsHa.0 scl 95 5 8.1472(3) 15.093(2) 1001.9(1) 0.540
Ca;SnsF dv 2 >05 <5 8.1331(4) 15.175(2) 1003.8(1) 0.536
CasSrsDy fg 3 95 5 8.1450(3) 15.073(1) 999.97(9) 0.540
BasSns dv1 0 65CS~30CB, ox
BasSneH2.0 scl 80 20 ox 8.9491(5) 17.037(3) 1364.4(2) 0.525
BasSnsF dv1 80 15 5Baf 8.9470(5) 17.014(3) 1361.9(2) 0.526
ref 26 9.02(1) 16.78(2) 1365(3) 0.537
ref 27 8.959 16.941 1359.7 0.529
EusSrs sc4 0 90WS, un
EusSneH20 scl 90 5 un 8.4645(3) 15.589(1) 1116.9(1) 0.543
YbsSng dv1 0 95YS, 5NI
YbsSrgH20 sc5 10 85YS 8.080(1) 14.682(3) 958.5(3) 0.550
YbsSryDa o scl 15 80SG, 5GC 8.0952(4) 14.695(1) 963.0(1) 0.550
ref 28 7.939 14.686 925.6 0.540
SPhs dv1 95P
SPhsH;.0 scl 95 5 8.6674(5) 15.932(1) 1196.7(1) 0.544
SrsPhsF dv1 >95 <5 8.6679(5) 15.958(2) 1196.2(2) 0.542
ref 27 8.67 15.94 1198 0.544
ref 29 8.680(2) 15.935(8) 1200.6(9) 0.545
BasPhs dvi 0 >95WS, ox (14.148(2) 6.4288(9) 1286.8(3) (0.45%)
BasPkyH2 0 scl 15 80WS, ox 9.076(13) 16.524(25) 1361(3) 0.549
BasPhsF dv1 20 70WS, 5BafF 9.0538(5) 16.845(1) 1380.8(2) 0.537
ref 30 9.04(1) 16.943(7) 1376(2) 0.537
ref 31 9.040 16.816 1364.2 0.538
ref 29 9.055(1) 16.757(4) 1374.1(4) 0.540
EusPhs dv1 0 100WS
EusPhsH2 0 scl 30 70WS ~8.58 —16.3% 1204

a Conditions: dv= dynamic vacuum; se sealed silica jacket; fg= flowing D,. 1: ~1150°C for 6—8 h, 10°C/h to 650°C, cool in furnace.
2: 1200°C for 6 h, 1100°C for 8 h, 10°C/h to 650°C. 3: 1000°C dv for 1 h, under Bat 1200°C for 6 h, cool to 85C°C at 5°C/h, hold 3d,
to 650°C at 10°C/h. 4: As for condition 1 but annealed 34 d at 80 5: 1150°C for 2 h, 5°C/h to 900°C, 3d, quenched. Structural types:
C—CrsB3, P—Pus;Pto, CB—CrB (orthorhombic), CSCa,Si, YS—YbzeSmnps, NI—Nizln, SG-SmsGe;, GC-AuCu, WS-WsSis. ox: cubic CaTtO.
un: unknown ¢ Lattice dimensions from Guinier powder patterns with Si as internal standar;.23Semiquantitative.

Magnetic susceptibility data were secured from weighed samples intermetallic or other studies with these sources may result in
held between two fused silica rods that fit smugly ies&@5 mmo.d. the formation of unrecognized ternary or higher hydrides. The
tube in an apparatus sealed under He. The measurements were madgeyen tin and lead systems reported here; &8 Ba-Sn, Eu-
with the aid of a Quantum Design MPMS superconducting quantum Sn, Yb-Sn, SPb, Ba-Pb, Eu-Pb, all form stuffed GiBs-
interference device (SQUID) magnetometeBa and between 6 and type structures or, better, €3ngH-type hydrides and, where

300 K. The data were corrected for the susceptibilities of both the . - D
apparatus and the atomic cores in the sample. Band structure calcula—teSted' the GgSreF isotypes as well. The additional binding of

tions for CaSnsH were performed at 45 k-points using the extended H™ or F~ thus tips the scale of stability, whereas all of the

Hiickel tight-bonding approximatioff. The atom parameteid; (eV) corresponding ATts binary compositions exhibit other structures
and¢ (from Alvare24) were the following: Ca 4s;-7.00, 1.10; Ca 4p, or, in one case, only a mixture of other phases. Four of these
—4.00, 1.10; Sn 5s716.16, 2.12; Sn 5p-8.32, 1.82; H 1s-13.60, have been misreported to formsBg-type binary phases: Ba
1.30. Sm’26,27 YbssrkIZB Srspkh,27,29 and B%pm_29731

None of the C4Bs-like phases reported here exhibits a
distortion to a primitive tetragonal cell known as thesBg

With hindsight, the case for hydrogen as a common impurity type. The weak extra lines indicative of this can be distinguished
in the more active metal components and therefore possibly inin good quality Guinier films if one knows what to look f&t.
their compounds is compelling, even obvious. These metals Table 1 contains a selection of the experimental reactions,
generally react with traces of water either at room temperature results, and lattice constants that support these conclusions. The
(for the more active) or at elevated temperatures with retention first, Ca—Sn, received the most extensive investigations. The
of the hydrogen as hydride, and ordinary vacuum sublimation CaSns composition that reacted under dv (dynamic vacuum)
or distillation of the alkaline-earth metals (Ca, Sr, Ba) mainly conditions produces mainly the &8 phase. When this
separates them from the oxide unless a prior dehydrogenationwas run neat with as-received materials but in a sealed system
is done with some care. But it remains poorly appreciated that
most of these available commercially have over the years (26) Dorrscheidt, W.; Widera, A.; S¢fex, H. Z. Naturforsch 1977, 325,

Results and Discussion

contained noteworthy amounts of hydroger,2® atom % H - }3?97- ne. G.; Franceschi, E.. Merlo, F.Less-Common Met978
over the group being reported in 1987and therefore that ¢ )eouéé? € &, Franceschi, £, erlo, &.Less-Common Me
(28) Palenzona, A. Cirafici, Sl. Less-Common Me1976 46, 321.
(23) Whangbo, M. H.; Hoffmann, R.; Woodward, R. Broc. R. Soc. (29) Druska, Ch. Ph.D. Dissertation, Heinrich Heine Universitys$zidorf,
London1978 100, 3686. Germany, 1995.
(24) Alvarez, A. Tables of Parameters of Extendettkl Calculations, (30) Sands, D. E.; Wood, D. H.; Ramsey, WARta Crystallogr.1964
Parts 1 and 2, Barcelona, Spain, 1987. 17, 986.

(25) Peterson, D. TJ. Met. 1987, 39, 20. (31) Bruzzone, G.; Franceschi, E. Less-Common Me1977 52, 211.
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(sc) instead, reaching as high as 128&0in the process, small
amounts of the contaminant cubic4SaO (inverse perovskit8,
presumably from water evolved from the silica, and the new
calcium-poorer orthorhombic CaSn (CrB type from the
stoichiometry upset were also seen. Fives$gH, reactions
incrementing hydrogen over 0.25 y < 2.0 (sc) produced
regularly decreasing amounts of 8 and increasing
amounts of CgSrgHy, from 20% of the latter ay = 0.25 to
>95% fory = 2.0 (We do not know the Hdissociation
characteristics of this new phase at 880 the final equilibration

Inorganic Chemistry, Vol. 40, No. 6, 20011229

extremeUszz Uy ratio of about 22: 23 Clearly this must represent
only an approximation to some “real” structure.

On the other hand, a ¥Br; composition gives primarily the
recently reported Y&Snps2° (plus a little Ykpln, Nialn type),
while two hydride (deuteride) reactions (Table 1) yielded-10
15% of YlsSrsHx plus either YReSrps at 900°C or, with more
hydrogen and at 650C, YbsSn, (SmsGey type). (The latter
suggested some hydride chemistry is involved fogSfth, and
this has subsequently been confirmed bySfih reactions with
and without hydrogen. The former gave the s8yHy

temperature, but the reduced yields are consistent with some(SmsGe, type), and the latter gave principally the new YbSn

loss.) A 0.11% (3.0) increase in the hydride cell volumes over
this range is very marginal evidence for a nonstoichiometry.
Otherwise, the regular increases in yields of a dimensionally
fixed hydride with increased hydrogen content are quite
consistent with expectations for a product of nearly fixed
composition that precipitates after some minimum activity of
hydride and P(k) are reached. Synthesis of the analogous
fluoride from the composition G&nsF (dv) was achieved in
high yield. Additionally, variations of the reaction stoichiometry
over CgSrsor0.3 (dv) produced nothing unusual; a $SahR s
composition also yielded CaRlong with the requisite CaSn,
and the stoichiometry G&rsOp 5 gave~70% Ca;Srpo, ~25%
CasSn, and cubic G&nO.

Combined X-ray and neutron diffraction studies of the hydride
(deuteride) yielded a refined composition ofs@&rs odH~1.0and,
for the fluoride (X-ray only), C&ooSrs.od-o.89¢1)With occupancy
of the same tetrahedral site by H or F (details later).

Other Stannides The compound B#Sns does not exist, at
least at 650°C or above, such a composition yieldirgs5%
Ba,Sn (CoSi type'®) and~30% BaSn (CrB), while BsBrgH. o
(sc) and BagSmsF (dv) yield ~80% of the corresponding
tetragonal ABsZ phases plus principally BaSn. Clearly the two
reports of “BaSrny”26:27” must have pertained to the hydride,
although the dimensional differences from our results, particu-
larly in c and oneV, suggest some range of hydrogen content

(TITe type,a= 12.4602(5)Ac = 6.0810(5) A). These synthesis
conditions are not optimal; ¥&Smn3 and YhSnHy must be
relatively competitive with YESrnsHyx at 900 and 650°C,
respectively. More details will appear laf®r.

The earlier report of a GBs-type “YbsSng” presumably
originated from a hydride impurity as did their “¥®n” as
well.28 However, the distinctly smaller volume reported for the
former must mean either that they had substantially more bound
hydride, the usual trend when [H] is a variabi€,or that there
was an appreciable error in thee dimension. Their phase
diagrams also exhibit some complications. TheBzilike
version was always found mixed with another phase, which was
only tentatively assigned as a WBi3 type because of an
uncertain fit of the powder pattern. The latter was probabhysYb
Smps instead, and its comixture with “¥Brg” is reasonable
because the two phases would not have the same composition.
But the assignment of a 109C thermal effect to a transition
between the two supposed 38m; polytypes, with the GB3
type being stable at higher temperature, is now left open and
may pertain to other synthetic problems. The peritectic decom-
position at 1235C assigned to the gBs-type phase probably
applies to YhsSrps. (They later noted that the Yb used had not
been very puré®)

Plumbides The known SgPbyo (PusiPo 1) is the stable
product near a 5:3 composition, whereagP®sH, o and Sg-

may have been present, especially in this case in which there isPsF compositions each yieldet95% of the tetragonal §r
no nearby phase in competition. On the other hand, there is Pbs(H,F) (CaSnsF type). Two earlier claims of only tetragonal
always an uncertainty as to how accurate the reported 1977 and'SrsPbs” in this system must have again originated with

1978 lattice dimensions were.
The existence of the E8rsHx phase is clear (Table 1), and

substantial hydrogen impurities. Another recent report of this
supposed compound indicated that it was a component of the

its X-ray structure has been refined (below). The absence of ternary Sr-Pb-0 system, without any detait$.The structure

hydrogen affords the ¥Bis-like EusSrg, although we were able
to obtain a powder pattern in good agreement with that
calculated for the structure reported by Palenzona &aily

for a sample that had been slowly cooled from 12GQ(Table

1, condition 1) but annealed at 81°C for several weeks.

of the fluoride has been refined (below).

The BaPh; composition was found to afford a new example
of the well-known tetragonal ¥&is-type structure (for which
the lattice dimensions are given in Table 1 in parentheses),
whereas inclusion of hydrogen or fluorine gave-%% of the

Samples treated in the more usual way gave related but clearlyCaSmsF-type BaPhsZ. This hydride product was particularly

different patterns with both missing and extra lines and could réactive, and we were not able to obtain good lattice constant
not be accounted for by the neighboring phases in the binary data, although the phase was clearly evident in the powder
system. We were not able to align a single crystal from the Pattern. The syntheses achieved are again not optimal perhaps
product on the diffractometer with a tetragonaéSi-like cell because of the lack of sufficient excess. Hhe CgBs-type
either. There must be one or more additional structures involved Pinary compound that has been reported three fifnésin this
in this system. These may relate to a serious problem associateyStem was presumably the hydride, and the hydrogen con-
with the refinement of WSis-type structures, at least for tamination in two casé%3l must have been severe enough to
compounds in this regio#;34including BaPbs below. These preclu_de recognition of the y$i3-type BaPhs. (Our attempts
all show a substantial disorder (or misplacement) of the cation 0 refine the tetragonal “¥5is" structure of BgPh were
bound in the string of Sn, Pb, etc. tetrahedra that run atong |n.complete because of the gwdently generic disorder of tpe W
In the present case, their refinement of this Eu atom gave anSis Structure type as described above fos&u.) _

The EwPh; results are similar; the known 38i; type is
formed for the binary and the analogoussEixHx (CasSrsF

(32) Widera, A.; Scher, H. Mater. Res. Bull198Q 15, 1805.
(33) Palenzona, P.; Manfrinetti, P.; Fornasini, MJLAIlloys Compd1998

280, 211. (35) Leon-Escamilla, E. A.; Corbett, J. Inorg. Chem.1999 38, 738.
(34) Ganguli, A. K.; Leon-Escamilla, E. A.; Corbett, J. D. Unpublished (36) Palenzona, A.; Cirafici, SI. Phase Equilib1991, 12, 482.
research. (37) Jacob, K. T.; Jayadevan, K. €hem. Mater200Q 12, 1781.



1230 Inorganic Chemistry, Vol. 40, No. 6, 2001 Leon-Escamilla and Corbett

Table 2. Some Crystallographic Data for Refined X-ray Structures  Table 4. Important Interatomic Distances (A) in €3rs(H,F)x
CaSrHh CaStbFossy EWSTEHx SEPhF (X-ray Data) and in Cs8nsD (Neutron Data)

fw 557.47 575.47 111687 107867 _domtatom2  CeSnH. ~ CaSmfos ~ CaSnD
space group, Z 14/mcm(No. 140), 4 Sn2-Sn2 2.9034(8) 2.9105(6) 2.883(6)
density calcd (g/c)2  3.703 3.807 6.635 5.975 Snl-Cal 3.7733(5) 3.7939(5) 3.7676(2)
abs coeff (cm?) 98.8 98.8 342.3 636.7 Sn1-Ca2 8« 3.3941(5) 3.3990(4) 3.396(1)
Ravd (%) 3.32 2.99 11.1 16.0 Sn2-Cal 3.2154(2) 3.2071(2) 3.219(1)
R/R.¢ (%) 1.7/1.9 1.4/15 3.5/4.3 4.6/5.1 Sn2-Ca2 2< 3.342(1) 3.3381(8) 3.370(4)
a L attice parameters obtained from Guinier powder patterns, Table ggi:gzg g gg?ggggg gé?ﬂg gggg;
1.0 Al d«‘;\/tzal > 0. °5= YIIFol = [Fll/Z|Fol; Rw = [XW(IFol — [Fcl) Ca2-Ca2 3.591(2) 3.625(1) 3.599(5)
YW(FoYM% w = oe 2 Ca2-Ca? 3.746(2) 3.732(1) 3.697(6)
Table 3. Refined Positional (and Displacement) Parameters for Caz-Caz 4.575(2) 4.578(2)
Ca2-CaZ 2x 3.981(2) 4.003(1) 3.941(4)
CaSny(H,F)« Phases (X-ray Data) and for €D and CaSn Ca2—Ca2 4« 4.3157(4) 4.3099(4) 4.326(1)
(Neutron Data) Ca2-7 2.3006(9)  2.3972(7) 2.365(3)
2\b .
atont X y z Bq(A)° 10Uko° aUnshared edge of (A2)° Top of tetrahedron, Figure 2BHeight
CaSrs(Hy) of trigonal prism alongt. ¢ Side edges of tetrahedrohTo centroid.
cal o0 0 0 1.81(4)
Ca2 0.16254(7) x+ Y, 0.15156(6) 1.31(2) Table 5. Some Neutron Crystallographic Data forsSaD and
Snl O 0 Yy 1.22(1) CaSn (Impurity Phase)
Sn2  0.37401(4) x+ Y, 0 1.07(2)
H 0 " " / Cag,(SrbD ) C?Sn )
space group 14/mem(No. 140)  Cmcm(No. 63
CaSrFos a(A) 8.1453(4) 4.813(8)
cal o0 0 0 1.62(4) b(A) 11.54002)
Ca2 0.16222(6) x+ Y, ?.15082(4) 1.21(1) c(A) 15.0703(8) ) '349(1)
Snl 0 0 I 0.97(1) ' :
Sn2  0.37401(4) x+% 0 0.801(8) vo! (A:) d (ol 399.8(1) 2415
= Y, 2 0.2(1) ensity caled (g/ct) - :
refined @ region (deg) 16-140
CasSnD total no. of points 2424
Cal O 0 0 2.3(1) weighted fraction (mol %)  79.539(7) 20.461(7)
Ca2 0.1605(2) x+%¥  0.1521(2) 1.25(7) R, (%) 5.12
snl 0 0 Yy 0.9(1) Rup (%) 6.54
Sn2  0.3749(2) x+ Y, 0 0.40(7) reducedy? 1.871
D 0 Y Y 2.2(1
? ¢ @) aGuinier X-ray lattice parameters for CaSn are= 4.8121(5) Ab
CaSn (CrB type) = 11.544(1) Ac = 4.3502(4) AV = 241.65(5) &.
Cal O 0.1334(9) Y4 2.1(3)
Sn2 0 0.4157(7) Y4 0.8(2)

observed distances are a reasonable cause, judging from

#Wyckoff designations for Cal, Ca2, Snl, Sn2, and Z (H or F) atom Ca2-Ca2 distances in the range 3.8.7 A. The respective
posng;s arzleT1 ) 1%_361, 8h, andt_bllagg the (38'52/?)/;?6"'93 araW/  gn2-Sn2 dimer distances of 2.9034(8) and 2.9105(6) A are
M, 422,m.2m, and &, reSpectively.” Beq = i2,Uia" 8" aa. appreciably less than the 3.063.158 A values in the more
¢T = exp(—812Uis, Sinf(0/2?)). ¢ Occupancy was refined to 0.89(1). cgr?lplex s)émiconducting Zintl phase £8rbo ™5 but perhaps
for good reasons (below). Other distance differences between
the two CaSreZ structures are no more than 0.03 A.

One characteristic in both X-ray diffraction refinements of
all relatively more stable at these hydrogen loadings and 650 g;gs; csémgmrgzr;?:gt:rt 2?5; ftgr Egiv;%s i rzagle?: g n_:_shoi:tsroplc
°C. . . . 117 e = .

is likely just a reflection of the elongated octahedron of tin

Structures. The X-ray structures of G&ri(H,) and CaSrsF neighbors about it~3.78 A (x2) to Sn1 plus 3.21 A%4) to
were refined from single-crystal diffraction data obtained from Sn2 in the dimer A similar effect has been noted fogGes-
the products of the high-yield synthes_es as well as thosesf Eu (Hy®), Usg/Uss ~ 4.9, which was concluded to represent a static
SngHx and SgPksF. The crystallographic parameters for all four disorder®® and in the related L®hO, where Lal could be
studies are given in Table 2, and the results and distances forrefined (:,IS split atoms 0.33 A apaft '
the calcf|_um phasesf akze reported in Tabl_e_s 3 and 4. The heavy The presence of hydrogen in this interstitial site was firmly
atom refinements of these gave coMpOSitionsde@Srs.ooo(sy established by a neutron diffraction study of the powdered
(Hy) and C8.00465Ms 000(zf0 sew With the Cal occupancies held 4o 1orige (Tables 3 and 5) mixed with the new CaSn (CrB), an
at unity. (All of the metal positions were reset to unity in the impurity at the~20 mol % level. The distance data are in Table
final refinements.) Interestingly, the largest residual electron 4. The residuals without inclusion of deuterium in the refinement
density in a Fourier difference map for the hydride was 1.%e/A were unacceptably highRyRu, = 11.07/15.27%), but they
at the center of the tetrahedron where fluoride is bound. This - 0 "\1ich lower when D[\)Nas in(.:luded.(S 12}6 54%). The
was not refineable With. good statistics, byt a fixeq occupancy n, occupancy was refined to 1.04(2). The calculated fit to the
_gaveB_ ~ 1.7(8). The distance from the fixed position of th_e observed neutron diffraction pattern is illustrated in the Sup-
interstitial (2m) to the surrounding Ca2 tetrahedron is porting Information
2.3906(9) A in the hydride and 2.3972(7) A in the fluoride, The structure of Gny(H,D,F), etc. according to the manifold

cogpared W'.th estlmatepl crystal radii sums of 23._%nd 2.33 investigations is shown in Figure 1 with the tetragonal axis
A,39 respectively. Matrix effects that would increase the

type) with hydrogen, the conditions used in the survey yielding
only ~30% of the latter and poor-quality powder patterns.
Evidently the WSi; forms of BaPhs, EusPhs, and EySrg are

(39) Shannon, R. DActa Crystallogr.1976 A32 751.
(38) Marek, H. S.; Corbett, J. Dnorg. Chem.1983 22, 3194. (40) Pdtgen, R.; Simon, AZ. Anorg. Allg. Chem1996 622 779.
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Figure 1. Perspective view off-[100] of the centered tetragonal
structure of CgSns(H,F), with € vertical. Larger golden and medium

red spheres represent Ca and Sn, respectively, and the interstitial H
and F are centered in the shaded green tetrahedra. Red bonds mark the
characteristic (Sn2)dimers.

vertical. The larger gold atoms are calcium, and the medium
red ones represent tin. The heavy lines mark the Sn2 dimers,
while the necessary H, D, or F atoms center the shaded z=1/4

tetrahedra. A useful description that helps one to understandFigure 2. [001] projections of the alternating slabs in the;S(H,F)
the structure is in terms of a 1:1 intergrowth betweeySiy structure (compare Figure 1). Top: TheSi-like slab centered at
like and CuA}-like slabs* which are shown separately in Figure = 0, Y, (with alternate orientations). Large open and medium solid

. . : spheres mark Ca and Sn, respectively, and the highlighted area marks
2 in [001] sections. The former (top) is centered aroard0, the trigonal prismatic pair of Ca2 that surrounds the dimer. Bottom:

!/ (with alternate orientations) and contains the (Sni2ners CuAly-like slab centered at = Y,, 3, (with alternate orientations).
inside face-sharing trigonal prisms of calcium together with Cal- The tetrahedra about the H or F atoms a¥/§), s, etc. are shaded.
centered cubes of Ca2. The CuAype portion (bottom) at = ] -

1/, 314 contains square antiprisms of Ca2 centered by isolated Table 6. Refined Positional Parameters fordSusHy and SgPbiF

Snl atoms, the former generating the tetrahedral cavities for atom X y z Bq(A?)

H, D, F at their interconnections (green). The overall assembly EWSmH,

involves alternate sharing of square faces of cubes and anti- gy1 0 0 0 1.81(5)

prisms along 0,@, and /,,Y/,,z (compare with Figure 1), a Eu2 0.16820(7) x+ 1, 0.14967(5) 1.19(3)

common feature in other structures as WeR%35 Gel 0 0 Y4 1.02(5)
The structural refinements of ESngHy and SgPhyFy were Gez  0.3795(1)  x+% 0 0.80(3)

also accomplished from single-crystal X-ray data. The heavy H 0 fa &)

atom composition of the first was previously unreported. The SrsPhsF

refined atom positions and distances for both are given in Tables Srl 0 0 0 1.6(2)

> ; - Sr2 0.1616(2) X+ 1, 0.1504(2) 1.23(6)

6 and 7. The very similar A2Z distance within the tetrahedra Pb1 0 0 y, 1.06(6)

are now 0.14 and 0.05 larger than the respective sum of six- Ppb2 0.3733(1) X+ Y, 0 0.74(4)

coordinate crystal radii of & and four-coodinate Z3%-3%similar F2 0 Y, Yy 1.3(6)

to what was noted above for the two §SazZ versions. The aQccupancy is unity.

appreciable A"—AZ2* coordination numbers and repulsions are

again presumably responsible for the increase. It also seemsTable 7. Important Interatomic Distances (A) in EsngH, and
clear that the ExH (centroid) distance is much closer to that SfEPF Structures (ATtsZ)

for EL?™ rather than E¥". The Sn-Sn distance in the former atom atom

is 0.02-0.03 A less than that in the €2rs(H,F) phases, whereas atom2  E¢SrsHx SwPhF ~ atom2 ~ EwSmHx SwPhF
the only Pb-Pb dimer distance to compare with the present Tt2-Tt2 2.884(3) 3.106(3) AZA2(8x) 3.9190(6) 4.040(2)
3.106(3) A value seems to be the 3.05(3) A distance from an Tt1—Al (2x) 3.8972(3) 3.9895(5) A2A2%  3.691(2) 3.848(6)

old film study of the isotypic BgPhs(Hy).2® The shortest Pb Tt=A2 (8x) 3.5158(4) 3.619(2) Afﬁg f’l:gg% 2:?83%

Pb distance in LgPk0, where the dimer is judged to be absent, Ti2-a1 (2x) 3.3704(8) 3.4170(6) A2A2 (2x) 4.230(2) 4.238(6)
is 3.550(1) Al* A broader treatment of the distances in the Tt2-A2 (2x) 3.441(2) 3.534(3) A2A2 (4x) 4.4530(4) 4.597(1)
stuffed CgBs-type phases and some interpretations will appear Tt2—A2 (4x) 3.403(1) 3.478(3) A2Z 2.5497(9) 2.540(3)
in a forthcoming articlé? _ _ aQOrdered as in Table £.To centroid.

General Considerations This article reports on what are _ ) ) N
seemingly the most egregious of the errors committed or possible for C¢Bs-like phases, those that are uniquely stabilized
by hydride (or fluoride). Chloride has not been tried, but the
(41) Zhao, J.-T.; Corbett, J. D. Alloys Compd1994 210, 1. sizes of the cavities in structures of true binaries of this type
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0.003

would not encourage this prospect, this anion being much better
bound in the larger trigonal antiprismatic sites in Mafipe
hosts, LaGeCl, CaSksCl, and BaSkCl, for instance:® (On
the other hand, hydride but not fluoride has been incorporated
into some M@Sis-type (A')s(PnkZ.9) It is again worthwhile to
note that such errors originating from impurity stabilization
could probably have been avoided if high-yield syntheses from
on-stoichiometry reactions had been a standard expectation.
Also, it will be noted that none of the phases described in the
present article are silicides or germanides, all of those with
CrsBs-based structures occurring both with and without a small
interstitial, whereas only one instance with a heavier tetrel, Sr
Sng, falls in the “both” category (below) as far as we know.
For completeness, it is useful to list here the character of the
products in other A—Tt—H systems that will be reported in
subsequent articles. Those in which both theBgtype (or Ba-
Siz-type) binary and a stuffed @ansF-type (or BaSisF-type)
ternary hydride phase are stable occur for-Ga Sr—Si, Ba—
Si, Eu-Si, Ca—Ge, SGe, Ba-Ge, Eu-Ge, and SrSn13The
majority of the literature on these appears to pertain to the
hydride. These more troublesome either/or cases are signalediot correct in the sense that at least some, and perhaps all, are
principally by clear lattice constant changes. However, the ratesmetallic. Starting from this point, the oxidation ofF; phases
of change with and the limits of interstitial hydrogen content to hydride or fluoride derivatives is not so unusual or problem-
are generally unknown. Comparisons with lattice constants from atic. A good deal more magnetic susceptibility as well as some
the literature can then become more problematic because ofresistivity data in support of these conclusions are available for
uncertainties or variations originating with other factors. Several those compounds that havesBs-type structures for both binary
fluorides and a larger number of X-ray structural studies are and ternary (stuffed) productdFor example, CsGe; and Ca-
also included in this group, and relative hydricioride effects ~ Ge&H have Pauli-like magnetic susceptibilities and metal-like
are better considered with theSe. resistivities of~50 and~130u<Q cm, respectively, at 290 K.

A second group have MBis-type binary as well as ternary Magnetic properties of a few of the oxidized products described
hydride phases with shifted lattice constants for the latter, herein have also been measured and also found to exhibit Pauli-
namely, Sm-Si, Sm-Ge, Sm-Sn, Sm-Pb, Yb-Si, Yb—Ge, like susceptibilities. Figure 3 shows susceptibility data fog-Ca
and Yb-Pb. (But the Yb-Ge system lacks the M8is-type SrgHx and CaSrsFo .o, While SEPsF gives very similar results,
binary.) Most of the data in the literature are again probably xmo decreasing slowly from 5.8 to 3.5<(0"* emu mof™)
those of the hydrides. It will be noted that this group presumably between 6 and 300 K.
involves at least some trivalent cations as well because of the From a more general viewpoint, the oxidation leading to these
greater electronic requirements of the characteristically isolated products would be expected to deplete the highest-lying and
anions in both the MgBi; structure and its stuffed version, hominally filled 7*4 levels of an ideal isolated rf, etc. if
presuming of course that octet configurations still apply to the such an assignment were valid. The effect is reflected in the
anions (and this is also a questidninally, the Ca-Pb and extended Haokel band calculation results for §&sH shown

—_

Ca58n3H

——

| Ca5Sn3F
0.002

0.001
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Figure 3. Molar magnetic susceptibilities of €arsHx and CaSnky o
as a function of temperature at 3 T.

200 250 300

Yb—Pb systems involve complex and incompletely understood
As+«Phs superstructures evidently related to and8ip parent,
plus the new YgPlyo compound in the lattera(= 12.5270(8)

A, ¢ =40.453(4) A), and hydrogen may be incorporated in the
former as well243 No CrBs-like examples have been found
in these CaPb or Yb—Pb systems. Also, we were unable to
gain the reported MySiz (substructure) form of YéPhy** except
when the sample was quenched from 825 to 900ather than
cooled at 16-12 °C/h.

We have also explored some electron-pooré{Fr; systems
for the Ga, In, Tl triels, confirming that reported §Bg-type
binaries CaGa; and Sglns as well as the new S§&a; are not
hydrides but that the thallide is, s3i3H~;. These systems will
also be reported separatélyrhe distances in the Tdimers
are of interest with respect to their bonding configurations.

Properties and Bonding In this connection, understanding

in Figure 4, where the Fermi level falls in the upper reaches of
the 7* band (see the Sn2Sn2 COOP curve). However, this
calculation used default valence energy values for the atoms,
and the large gap obtained is not very realistic in terms of the
evident metallic character of @argH. In other words, some

z* electrons must have spilled over into the conduction band.
Furthermore, as will be detailed later, the FRt2 (and Tr2-

Tr2) bond lengths in the dimers in general do appeahtarten
ass* electrons are removed, although matrix effects from the
lattice may complicate this issie3?

For the moment, interpretation of the present-Sm dis-
tances, 2.882.91 A, is somewhat complex because they appear
to be influenced by three different electronic factors. First, the
loss of a singler* electron from the oxidation by H or F is the
simplest. This would produce a net-S8n bond order of 1.5
in an isolated species if we lumpandz bonding together, as

more about these compounds and their properties needs to stais commonly done with, and is better justified for, lighter main-

with the recognition that the structural classification of thé)gA
Tt(Tty) compounds as electron-precise Zintl phases is in fact

(42) Gul
199

(43) Leon-Escamilla, E. A. Ph.D. Dissertation, lowa State University, Ames,
1A, 1996.

(44) McMasters, D. T.; Gschneidner, K. A., Jrans. Metall. Soc. AIME
1967 239, 781.

oy, A. M. Ph.D. Dissertation, lowa State University, Ames, IA,
2.

group elements. A second factor, which also would formally
enhance the SnSn bonding, is further delocalization of some
* electron density, as reflected in the Pauli-like paramagnetism
observed for the ternary samples. Third is the effect of “charge
repulsion” in the dimers that serves to lengthen the bdhis,
opposition to the other effects. The first two appear to be real

(45) Nesper, RProg. Solid State Cheni99Q 20, 1.
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Figure 4. Results of extended Hikel band calculations for G&rsH: (left) total DOS (density of states) with the Sn2 contributions projected out;
(right) COOP (crystal orbital overlap population) curves for S&»2 (dimer) and total CaSn interactions.

when the 2.88-2.91 A distances here are compared with those the increased absence of formai bonding electrons perhaps
in a classical Zintl phase, 3.68.16 A in the dimers in being major factors in the stability of these unusual compounds.

semiconducting GaSry and very similar values in the linear Note Added in Proof. An evident hydride of GsSrs has

formal Si'2~ anion in which charge repulsion should be 1&5ss. N -
- - o recently been reported: Palenzona, A.; Manfrinetti, P.; Fornasini,
The similar (but poorly metallic) Y§Sns exhibits very M. L. J. Alloys Compd200Q 312, 165.

comparable distances, 3:18.16 A in the dimers and 3.62
3.11 A within the hexameric S#~.34 On the other hand, the Acknowledgment. We thank P. Dervengas and C. Stassis

absence of both charge repulsion and strong Coulombic effectsfor the neutron diffraction data and refinements, and we thank
in general gives still shorter SrBn (single bond) distances:  j. Ostenson for the magnetic susceptibility measurements. All

2.84 Ain gray tin, 2.822.86 A in KgSrps, where the 3b-Sn are affiliated with the Condensed Matter Physics Program, Ames
atoms are isolated, and 2:82.87 A in the defect chlathrate-| Laboratory, DOE.

structure of RESm4 when distances to those defect positions

are omitted’s Thus, a set of consistent effects can be envisioned ~ Supporting Information Available: Tables of additional X-ray

if the comparisons are limited just to those among similar crystallographic data, positional and anisotropic cﬂsplacement param-
compounds. This becomes increasingly important and evidentEterS for four X-ray structures, and crystallographic data and a plot of

amond the triels and presumably even more so for the “diels” the results for the neutron diffraction study. This material is available
9 P y ' free of charge via the Internet at http://pubs.acs.org.

(46) Zhao, J.-T.; Corbett, J. Dnorg. Chem.1994 33, 5721. 1C0010306



