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Intermetallic Hydrides as Zintl Phases: AsTtH,; Compounds (A= Ca, Yb; Tt = Sn, Pb)
and Their Structural Relationship to the Corresponding Oxides
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Shiny crystals of the isotypic title compounds are obtained in high yield from suitable proportions,pfnétal

A, and Sn or Pb in welded Ta containers slowly cooled from 1300 These were characterized by single-
crystal X-ray diffraction for CgSnH, and CaPbH; (orthorhombic,Cmcm(No. 63),Z = 4, a = 8.866(1), 8.937-

(1) A, b=11.371(2), 11.470(2) Ac = 5.220(1), 5.2551(7) A, respectively). The structure contains distorted
hcp layers of Cgl't between which hydrogen occupies all tetrahedral voids formed by Ca atoms. These tetrahedra
share three edges to form double chains along tinds that are separated by Tt atoms. Both calcium compounds

are diamagnetic semiconductors, and the family can all be formulated in terms of oxidation states as Zintl phases
(AT2)3Tt=4(H™)2. Their structure may be derived from the hexagonal version of the cubic perovskinGay
distortions that split the octahedral site in the oxide into edge-sharing tetrahedral pairs.

Introduction and BaGasH».1! Here we present the synthesis and character-
) B o ) ization of a new family of hydrogen-stabilized Zintl com-
Hydrogen in transition metals and their intermetallic com- nounds: CgSnH,, CaPbHy, YbsSnHh, and YhPbH. The
pounds has been extensively studied with regard to potential single type of hydrogen atom in the first compound was located
applications for the storage of hydrogeh.The hydrogen atoms a4 refined by X-ray diffraction methods. These compounds
in these materials are generally believed to have acquiredere investigated because they represent the hydride analogues

electrons from the conduction band, i.e., to be hydrides, but of\ye|l-known oxygen contamination products typified by cubic
the compounds are often nonstoichiometric and metallic. The c5gn012

second class of well known solid state materials is complex
transition-metal hydrides that contain complex anionsVtH

in which hydrogen is covalently bonded to a transition ele-
ment*®> These usually show semiconducting or insulating  Syntheses. Sublimed calcium metal (APL Engineered Materials,
properties. Urbana, IL, 99.99 %), ytterbium (Ames Lab;-9’s total), and their

Hydrogen as an interstitial or anionic component in phases binary and ternary hydrides are sensitive to air and moisture, and they
formed between the active metals and the later main-group (p-""el"_e therefore _hagdledto.nly dlﬂ ge- orz-lled g|°\t’egox‘és'l The
block) elements has been relatively ignored. This is particularly calcium as received contained hydrogen, perhapsit. %. Calcium

. . - hydride was prepared from calcium metal and 600 Torr hydrogen
serious for the alkaline-earth metals (Ae) because their COMMON \14heson, 99.999 %) at 8O for 12 h as described elsewhére.

contamination with hydrogen has often gone unrecognized, andThe synthesis of Ybkirequired a higher temperature, 980. Their
hydrogen of course would generally not be discerned during Guinier X-ray patterns indicated only the nominal dihydrides were
an X-ray diffraction study. Synthetic precautions in control present. The Sn and Pb utilized were Baker's Analyzed and Aesar,
reactions with and without hydrogen have proven the most respectively, both labeled as-9’s metal purity.

useful diagnoses. Thus, some so-called “unusual” compounds, Cah,, Ca, and Sn or Pb in various ratios (Table 1) were welded in
which have often been difficult to secure in high yield and Ta containers under Ar, which were then jacketed in evacuated, flamed
contradict Zintl (closed shell) valence rulebave been shown  and sealed SiQtubing to protect them from air. The contents were
to be hydrogen-stabilized phases. Recently, we have learnednelted at 1100C, kept at that temperature for 4 h, and then slowly
how to quantitatively synthesize phases in the series gf Ae cooled at arate of 20C h™. When necessary, pure Ca in an another
PreH (Pn= As, Sb, Bi) (“YbsShy™-type),”8 AesTtzH (Tt = Si, Ta container within the same SiQacket was used to absorb any

9 _ hydrogen excess. The ¥htH, phases (Table 1) synthesized in a
Ge, Sn, Pb) and §TI3H® (stuffed CgBs or LaPBO-type?), parallel manner were obtained in-505 % yields along with YBrt

- - and Ybh. Further reaction of these in the presence of 300 Torr H
® Abstract published ihdvance ACS Abstractguly 1, 1997. increased the yields of 85 and 90 %. The products were silvery and,
(1) This research was supported by the Office of the Basic Energy \yit ca, sensitive to air. Guinier patterns were obtained from ground
Sciences, Materials Sciences Division, U.S. Department of Energy. . . .
samples mounted between pieces of cellophane tape with the aid of an

Experimental Section

The Ames Laboratory is operated by lowa State University under

Contract No. W-7405-Eng.82. Enraf-Nonius Guinier Camera, Cuokradiation § = 1.540 56 A) and
(2) Hydrogen in Metals |, II. Topics in Applied Physi¢sAlefeld, G., NIST silicon @ = 5.43088 A) as an internal standard. Table 2 gives
Volkl, J., Eds.; Springer: Berlin, 1978; Vols. 28, 29. the cell parameters refined from indexed lines and théirvalues

(3) Hydrogen in Intermetallic Compounds |, ITopics in Applied Physics min ith the aid of a nonlinear fi h itions of the Si
Schlapbach, L., Ed.; Springer: Berlin, 1988, 1992; Vols. 63, 67. determined with the aid of a nonlinear fit to the positions of the Si

(4) Bronger, W.Angew Chem, Int. Ed. Engl. 1991, 30, 759. lines.
(5) Yvon, K. In Encyclopedia of Inorganic Chemistriing, R. B., Ed.; Structural Studies. The relatively simple pattern of the first €a
Wiley: New York, 1994; Vol. 3, p 1401. SnH, sample (Table 1) was well indexed tc€acentered orthorhombic
(6) Kauzlarich, S. EdChemistry, Structure and Bonding of Zintl Phases
and lons VCH Publishers: Boca Raton, FL, 1996.
(7) Leon-Escamilla, E. A.; Corbett, J. D. Alloys Compd 1994 206, (10) Guloy, A.; Corbett, J. DZ. Anorg Allg. Chem 1992 616, 61.
L15. (11) Henning, R. W.; Leon-Escamilla, E. A.; Zhao, J.-T.; Corbett, J. D.
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Table 1. Synthesis Conditions and Products i 1A 1 1A 5
loaded principal phase,
compn  methotl yield® second phase, yietld

CaSnHs | CaSnH, >95% noné

CaSnH, I CaSnH,, >95% none

CaSnhHs | CaSnH, >95% none

CaSnH, I CasSnH, 90% CaSn, 10%

CaSn 1 CaSn, 85% Ca

CaPbHs | CagPbH, >95% none

CaPbH, | CaPbH, >95% none

CaPbH; | CagPbH, >95% none

CaPbH, | CagPbH, 90% CaPb, 10%

CaPb Il CaPb, 85% Ca

YbsSnH 1 Yb 3SnH;, 85% YhSn, 10 %; YbH, 5 %
YbsPbH 1} Yb sPbH,, 90% YkPb, 7 %; YbH, 3 %

a|: Ta container enveloped by a sealed silica jacket. The Ca was
used as received, and Ca in a second Ta container absorbed the excess
hydrogen. 1l: Welded Ta container under dynamic high vacuum. IlI:
As with |, except that the products were ground and reacted with 300
Torr H; at 1100°C for 4 h. Visually estimated from X-ray Guinier
films in terms of equivalent scattering poweEstimated detection limit
is <5 mol %.

Table 2. Lattice Dimensions of ATtH, Phases@mcm) (A, A3)2 Figure 1. X-ray difference electron density map for{SaH, as phased
a b c v by Ca and Sn, revealing the H atom locations (0.13e¢dntour
intervals).

CaSnh, 8.866(1) 11.371(2) 5.220(1) 526.3(3)
CaPbH, 8.937(2) 11.470(2) 5.2251(7) 538.7(3) Table 3. Crystallographic Data for G&nH, and CaPbH:
YbsSnH, 8.833(3) 11.296(3) 5.234(2) 522.2(5)

formula CaSnH CaPbH;
YbsPbH, 8.901(3) 11.399(3) 5.254(2) 533.1(5) fw 240 95 3204
a From Guinier powder diffraction with Si as an internal standard, space groupZ? Cmcm(No. 63), 4 Cmcm(No. 63), 4
= 1.540562 A, 22°C. dearc (g/cn?) 3.041 4.062
R R.° 0.015, 0.019 0.023, 0.025

a| attice parameters in Table 2R = S||Fo — |F||l/S|Fol, Ry =

cell by TREOR®® A few crystals were sealed in glass capillaries and
7 ) . ¢ [SW(Fol — IF)¥IWFAYZ w = 02

checked for singularity by oscillation film techniques. An octant of
intensity data was collected from one on a Rigaku AFC-6R rotating
anode diffractometer (Mo & radiation, graphite monochromator) at

room temperature with am—26 scan mode for & up to 50. Physical Property Measurements. The electrical resistivities of
Assignment .Of space grOL(pmcm(l\!o._ 63) was r_nade_ on the baS'_S Of. the two calcium compounds were measured with an electrodeless high-
the systematic absences and a statistical analysis of intensity d'smbunonfrequency “Q” method. The samples were ground, and a fraction with
and this choi_ce was _supported by the s_ubsequent s_uccessful refinem_en%m average particle diameter of 34t was separateld and mixed with
Metal atomic positions were established by direct methods via . omatographic AD; in order to reduce contact between the sample
SHELXS* Substantial absorption effects for the platelike crystal were particles. The mixture was loaded into a glass ampule and sealed under
corrected empirically according to the average of thpescan curves vacuum. The Q measurements were made over-206 K with

at differentf values and later, after isotropic refinement, by DIFABS. readings every 15 The magnetic susceptibilities of the same
Pfeliminary anisotropic refinement of the me_tal positions iRSPéth compounds were measuret & T over the range 6300 K on a

with the TEXSAN packagé on a VAX station converged at the o ,0n1m Design MPMS SQUID magnetometer. The special con-
reSIduals_R(F) =19 %’RW =2.8%. Hydrc_Jgen positions were Ioce_lted tainef” was constructed of fused-silica tubing such that a 50-mg sample
on the difference Fourier map (peak height: 1.1%#&produced in 2 "hold between the faces of two fixed silica rods. The assembly
Figure 1. (There are no further cavities in the structure suitable for was evacuated. backfilled with He. and sealed. Data were corrected
hydrogen.) Preliminary refinement gave a hydrogen occupancy factor ¢ "tha container and for core dian;agnetism.

of 1.12(6) U fixed), and this was thereafter fixed at unity for the final

refinements. The final refinements, including the atomic position and Results and Discussion
isotropic thermal amplitude parameters of hydrogen, converge(Fat ) o
= 1.5 %,R, = 1.9 % (283 independent reflections, 16 variables). The ~ Syntheses.CaSnH and CgPbH; are obtained quantitatively

Supporting Information, and these plus the structure factor data are
also available from J.D.C.

largest residual peaks in the final Fourier map were 0.56 at40.0, from reactions of Caklwith Ca plus Sn or Pb at 110tC
0.383,%,) in the vicinity of Ca2 atom£1.79 A) and—0.69 e/& at followed by slow cooling (see Table 1). Reactions in the
(0.292, 0.386/4), respectively. absence of hydrogen give only a mixture of the binary

The structural refinement for @RbH, started with the atomic intermetallics CgSn or CaPb (CgSi-type®) and Ca. The
parameters for the stannide, and this proceeded with fixed position andpehavior of Yb is quite parallel. Comparable reactions dem-
displacement amplitude for hydrogen from the first study to convergence gnstrated that isotypic compounds are not formed in the presence
atR(F) = 2.3 %,Ry = 2.5 % (271 reflections- 3o, 14 variablesy of hydrogen by Ca plus Si or Ge or with Sr or Ba plus Sn or
= 342 cntl). Some data collection and refinement parameters are Pb, only mixtures of other known phases

summarized in Table 3. Additional collection and refinement informa- Crvstal Struct Struct f the isotvpi d

tion and the anisotropic displacement parameters are available as rystal structure. - ructures 0_ €150 )_/plc Qﬁn_HZ an
CasPbH; were both refined. The final atomic coordinates, the

isotropic-equivalent temperature factors, and their estimated

standard deviations are listed in Table 4, and important distances,

(13) Werner, P. E.; Eriksson, L.; Westdahl, MAppl. Crystallogr. 1985

18, 367.
(14) Sheldrick, G. M. SHELXS-86, Universit&ottingen, Germany, 1986.
(15) Walker, N.; Stuart, DActa Crystallogr 1983 A39, 158. (17) Guloy, A. M.; Corbett, J. DInorg. Chem 1996 35, 4670.

(16) TEXSAN, Version 6.0, Molecular Structure Corp., The Woodlands, (18) Eckerlin, P.; Leicht, E.; Wolfel, EZ. Anorg Allg. Chem 1961 307,
TX, 1990. 145.
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Table 4. Positional and Isotropic-Equivalent Displacement
Parameters for GatH, (Tt = Sn, Pb)

Wyckoff Uiso (x 107,

atom type X y z Aza
CaSnH,

Cal 4&m2m O 0.1105(1) Y, 1.38(5)

Ca2 g§m 0.2021(1) 0.38853(7) . 1.81(4)

Sn £m2m 0 0.69299(3) Y, 1.37(2)

H 8e2 0.149(5) O 0 1.8(9)
CaPbH

Cal 4£m2m O 0.1099(2) Y, 1.4(1)

Ca2 §m 0.2026(2) 0.3884(2) Y, 1.32(8)

Pb £m2m O 0.69275(4) Y, 0.98(2)

HP 8e2 0.149 0 0 1.8

3 Uiso = (1/3)3:YjUja* a*ag;. P Values refined for CéSnH.

Table 5. Important Bond Distances and the Shortest{Ca] and
[H—H] distances (A) in C&TtH, (Tt = Sn, Pb)

atom—atom CasnhH, CaPbH,

H—Cal () 2.24(2) 2.26

%_—%121 (é?) g-zzlg(529)(8) %31%8 @ Figure 3. View down [001] of the structure of G&nH, to show the
Tt—Ca2 (4) 3.2987(7) 3'324(1) double calcium hydride chains surrounded by isolated Sn anions. A
Tt—Ca2 () 3'453(1) 3'478(2) 2-fold axis through H lies vertical.

Cal-H (4x) 2.24(2) 2.26

Cal-Tt (2x) 3.4359(8) 3.468(2)

Ca2-H (2x) 2.25(2) 2.26

Ca2-Tt (2x) 3.2987(7) 3.324(1)

Ca2-Tt (1x) 3.453(1) 3.478(2)

H—H 2.6100(5) 2.63

Cal-Cal 3.623(2) 3.641(3)

Cal-Caz 3.634(1) 3.672(3)

Ca2-Ca2 3.583(2) 3.621(4)

2 In-plane separation.

Figure 4. Ca environments of H and Sn atoms in;8aH; (Ca, open,
Sn, gray, and H, black, ellipsoids at 99 % probability levels).

tetrahedra along that are separated by isolated Sn atoms. The
center of Figure 4 shows how the Sn atoms (anions) are
surrounded by eight Ca atoms in a distorted bicapped trigonal
prism, with no hydrogen neighbors. These Sn-centered poly-
hedra share faces in thé direction and are connected to
H-centered tetrahedra by edge-sharing through calcium. A
2-fold axis parallel taa that runs through the hydrogen pairs
describes the stacking of adjacent layers, Figures 2 and 4. The
in Table 5. These, Y48nH, and YPbH, are members of a  structural details of these layers and their packing will be
new structure type as both Zintl phases and ternary metal described later in connection with an analysis of the relationship
hydrides. As shown by the [100] view in Figure 2, the parent of this structure to perovskite examples.

structure CgSnH, is made up of layers of mixed Sn and Ca Another interesting feature of the §€8nH, structure is the

Figure 2. ~[100] view of the layered structure of €&nH, with hcp-
like layers stacking normal ©and hydrogen in tetrahedral interstices.

atoms. These are ordered and stacked hcp normélstech environments of the two Ca atoms, Figure 4. The Cal is bound
that hydrogen atoms lie in all nominally tetrahedral voids formed to both four H atoms within the hydride chain that define a
by Ca atoms and so generate chains of tetrahedra &ltimaf rectangle and to two tin atoms between the chains, while each

share Cal, Ca2 edges. (Cal and Sn lie on sitasmgymmetry Ca2 has two H neighbors within the chain and three Sn atoms
while Ca2 hasn, and H, 2 symmetry.) In addition, pairs of between the chains.

these H-centered Gl tetrahedral chains share CaCal edges The four effectively equal CaH bond distances in G&nhb,

in the a direction, Figure 3, to produce double chains of two each at 2.24(2) and 2.25(2) A (and 2.26 A insRatH,
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Figure 5. Temperature dependencies of the molar magnetic suscep-
tibilities (ym) of CaSnH, and CaPbH; at 3 T.

without hydrogen refinement), are very consistent with both the . O 69 .
sum of crystal radii of C& (1.14 A9 and H- (1.10 A2% and » N
the average GaD distance in CgBisD (CasShsF-type), 2.26 ~/
A.® Bond valence calculations were performed around the ¢ O *

hydrogen site using bond length parameters derived by Brese

and O’Keeffé! from a limited number of hydrides. These gave

Ca—H bond orders of 0.33 (Cal) and 0.31 (Ca2) and bond order b)
sums about H of 1.32 and 1.24 for $SmH, and CaPbH,
respectively, close to the expected value of unity. (The size of _
hydride is known to depend significantly on the countercation Py ( @ Py
size and charg®) The average SnaCa and Pb-Ca distances

of 3.37 and 3.40 A (CN8) are quite comparable to those @ 4
estimated about the nine-coordinate Tt in the binary,8to L O @9

[ ]
type) compounds G8n, 3.36 A, and G#b, 3.40 A, from O @ O @

powder dat&# when a pair of longer+3.7 A) distances are b <

included in the later. Figure 6. [001] view of (a) hexagonal G&nO (inverse perovskite)
. R - igu . view X inv vski
Properties. An oxidation state count for GatH, indicates and (b) CaSnH; on the same scale. Lettering or not distinguishes the

these are structurally Zintl phases, i.ex 2 (Ca?) — 4 (Tt %) bilayers, which are related by vertical 2 andaXes. The equivalent

— 2 x 1 (H7) = 0. The electronic conduction and magnetic C-centered supercell is also outlined in the top view. The transition
properties of Cg&nH, and CaPbH; are all consistent with this from (a) to (b) is accomplished by horizontal compression of the trigonal
assignment. The expected semiconducting behavior of both wasantiprismatic Cg;O chains to yield the observed double chains of edge-
confirmed by “Q” measurements, which gave resistivities at Sharnng tetrahedra.

room temperature of about 3@acm with negative temperature ) i
coefficients for both. Both compounds are diamagnetic, as WO compounds is of note since they would be analogous were

illustrated in Figure 5. The G8nH phase has gy value of Cag%n to be formulated with an improbable?4gf closed-shell
about —1.5 x 10> emu/mol over about 106300 K after Zn. ) o .
correction for core contributions-@.2 x 10-5 emu/mol). The More comparable isoelectronic Zintl phases, ones that in fact
CaPbH as synthesized exhibited a weakly positive susceptibil- Prompted the present study, are the familiasSl0 and its

ity of +5.0 x 106 emu/mol over a 108300 K range after ~ @nalogues. These crystallize in a cubic antiperovskite type
core correction €5.1 x 1075 emu/mol). A temperature- structure PmBm).12 The structure contains the customary mixed
independent impurity contribution-2.5 x 10-5 emu/mol) was layers of composition G&n ordered and stacked ccp so that O
estimated from the zero field intercept kfvs H data at 100  occupies all octahedral voids defined by only Ca atoms. Thus
and 300 K, and correction for this left the sample diamagnetic C&Snht differs from CaSnO, and other isotypes, by the

(—2.0 x 1075 emu/mol). The YBTtH, isotypes presumably doubled number of nonmetal anions that need to be accom-
contain Yb(Il) and have comparable properties. modated and, as usual, in tetrahedra rather that octahedral Ca

environments, avoiding in both cases*Smeighbors. There
are no Ca tetrahedral sites in the cubic €8n substructure,
only unsuitable Cg5n types. But a very close analogue of the
new structure can be found in the inverse version of the
hexagonal perovskite structure of BaNi®63/mmg2*in which
single interstitial sites (Ni) would be centered within confacial
trigonal antiprismatic chains of calcium (O) atoms with tin (Ba)
atoms between them. One then needs only a way to split the
single octahedral sites into pairs of tetrahedral cavities. To do
so, the parenP6s/mmcstructure needs to distort into one with
the observed maximal non-isomorphic subgr@mpcm The

’ Q ca2

Structural Comparisons. Some interesting relationships
between the structure of the new{TtH, and those for related
phases can be found. First,Za has a ReB-type structure
with the same space groupmcm but the 8-fold Ca set is now
situated in an B(0, y, 2) site?® and this generates a related
structure with layers normal ta but with the calcium atoms
farther apart. Notwithstanding, the zinc is again found in a
bicapped trigonal prism of calcium atoms. Comparison of the

(19) Shannon, R. DActa Crystallogr 1976 A32 751.

(20) Marek, H. S.; Corbett, J. Dnorg. Chem 1983 22, 3194.
(21) Brese, N. E.; O'Keeffe, MActa Crystallogr 1991 B47, 192.
(22) Bronger, WZ. Anorg Allg. Chem 1996 622, 9. (24) Takeda, Y.; Kanamaru, F.; Shimada, M.; Koizumi, Atta Crystal-
(23) Fornasini, M. L.; Merlo, FJ. Less-Common Mef981 79, 111. logr. 1976 B32 2464.




3734 Inorganic Chemistry, Vol. 36, No. 17, 1997 Huang and Corbett

process is shown in Figure 6 for (a) hexagonad$teD and (b) symmetry, each containing distorted squares and two types of
orthorhombic CgSnH,, where the atom lettering or not distin-  triangles in a 1:4 ratio which stack with Cal on the squares.

guishes the two layers. (Vertical 2-fold rotation andsrew This distortion appears to be a remarkably direct means of
axes are the most useful symmetry operations.) As can be seeRjoubling the interstitial count in a structural regime dominated
in the figure, the hydride structure (b) is generated directly from by more-or-less close-packed §Sa layers. The principal
that of the perovskitic G&nO (a) by radial (horizontal)  symmetry losses are the 3-fold axes along which the Sn atoms
compression of the trigonal antiprismatic chains until the jie in hexagonal Cg8nO. But there is little reason to believe

diagonal Ca-Ca distances across the antiprisms equal the the change could take place in a concerted manner.
interplanar separation, which process generates a pair of Ca

tetrahedra sharing CalCa2 edges. This means the basal faces  Acknowledgment. We thank J. E. Ostenson for the magnetic
of the antiprisms need to be compressed into isoceles trianglesmeasurements.

A pair of the “before and after” polyhedra are outlined in the

center of the respective parts of Figure 6. The largest Supporting Information Available: More details on crystal-
dimensional changes are a substantial expansiagnas the lographic studies of _QSnI—b. and CanI—_Iz and anlsotrqplc dlspl_ace_mept
two tetrahedra are “squeezed out”, which also causes puckerindaarameters are available in two CIF files. Access information is given
of what were horizontal Ca rows in the upper sketch. Thg Ca on any current masthead page.

Sn nets in the hydride now have a topology with relatively low 1C970289U





