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The compounds CejClyGas and Ln;ClGa, (Ln = La, Ce)

were synthesized from stoichiometric mixtures of Ln,

LnCls, and Ga under Ar atmosphere in sealed Ta ampules at 910-1020 °C for 25—26 days. Ce1oClsGas is isostructural
to LayClsGas (space group 14/mem, No. 140) with lattice constants a = 7.9546(11) A, ¢ = 31.793(6) A. Ln:ClGa,

represents a new structural type, also in the space group

14/mem, with a = 8.1955(8) and 8.1123(11) A, ¢ =

11.363(2) and 11.229(2) A, respectively, for Ln = La and Ce. Cey,Cl,Gas features building blocks of Ga-centered
Ces trigonal prisms and distinctive two-dimensional intermetallic CuAl, and UsSi, type nets. Its electronic structure
falls within the realm of reduced rare-earth halides. Ln;ClGa, also contains the intermetallic CuAl, type nets, but
the interstitials are inverted: The building blocks are Cl-centered Lns octahedra. Its electronic structure is characterized
by strong peripheral Ln—Ga bonding stabilizing the LnsCl octahedron which normally would have its Ln—Ln antibonding

orbitals filled with electrons from interstitials beyond chalcogen
confirm the metallic nature of all three compounds.

. Magnetic susceptibility and conductivity measurements

Introduction

Reduced rare-earth halides are one of the most generou
hosts in solid state chemistry. They can provide accom-
modation for very different interstitials ranging from the main
group atoms H, B, Al, Ga, C, Si, Ge, N, P, As, Sb to
transition metals such as Mn, Fe, Co, Ni, Ru, Os, Rh, Ir,
and P12 Their electronic structure is characterized by the
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existence of “free” electrons residing in molecular orbitals
scentered in the rare-earth metal frameworks, hence “reduc-
ing” the rare-earth halides. For example, inlsR, a simple
electron partitioning of (L&)s(I7)sP* -3e  leaves three
electrons for three La framework atoms, or six electrons in
the by orbitals of the La octahedron in the structuté.
Adding more electrons would fill the antibonding levels of
the La octahedron. In fact, our attempts to synthesize
LnzX3Z (Ln = lanthanide, X= halogen, Z= chalcogen and
halogen interstitials) of the same series have not been
successful.

Intermetallic phases, on the other side, contain extensive
and delocalized metaimetal bonds®° Because of the
delocalized metatmetal interaction, the bonding states can
span a wide range in the energy spectrum, also allowing a
large selection of interstitials. Well-known examples are the
Nowotny phased?>?* A member of these phases, the Mn
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Ce ClsGas and Ln;ClGay

Siz type compound LgMs (Ln = lanthanide, M= main
group metal), can host more than 20 different interstitials -2CIGa, and CeClGa,

Table 1. Crystal Data and Structure Refinement for;€#,Gas,

including Cr to Zn, Al, Ga, C to Pb, P to Sh, O, and Cl to
| 7,25-34
' . I . T(K)

In this contribution, we report two types of metal-rich wavelength (A)
compounds, GgCl,Ga and LiCIGa, (Ln = La, Ce). The
chemical synthesis, structure determination, computational
analysis of their electronic structures, and physical property unit cell dimensions (A)a
measurements are discussed.

Experimental Section

Synthesis.Ln metals (Ln= La, Ce) (sublimed, 99.99%; Alfa-
Aesar, small pieces), Lngland Ga (99.99%; Aldrich) were used
as starting materials. LagWas synthesized from the reaction of
La,O3 with NH4Cl and HCI (37% concentration). CeClas
obtained from the reaction of Ce metal with HCI (37% concentra-
tion). The products LaGland CeC] were purified twice by
sublimation in a Ta tube before being used. All handling was carried
out under Ar atmosphere either in a glovebox or through the Schlenk
technique.

The stoichiometric mixtures (ca. 1.5 g) of the starting materials

were arc sealed in Ta tubes under Ar atmosphere. The Ta tubesc

empirical formula CeaClsGas LaClGa CeClGay
fwit 1891.60 731.06 734.69
293(2) 293(2) 293(2)
0.71073 0.71073 0.71073
cryst syst tetragonal tetragonal tetragonal
space group 14/mcm 14/mcm 14/mcm
(No. 140) (No. 140) (No. 140)
7.9546(11)  8.1955(8) 8.1123(11)
c 31.793(6) 11.363(2) 11.229(2)
V (A3), z 2011.7(6),4 763.19(18),4 738.9(2),4
D (g/cn®, calcd) 6.246 6.363 6.604
abs coeff (mm?) 29.172 30.544 32.683
indep data/params 481/32 197/16 208/16
GOF onF? 1.275 1.270 1.290
final Rindice$ 0.0380 0.0325 0.0355
[I > 201)], R1
wR2 0.1015 0.0705 0.0812
Rindices 0.0380 0.0335 0.0359
(all data), R1
wR2 0.1015 0.0710 0.0816

AR1= 3 |[Fol — [Fell/ZIFol; WR2 = [F[W(Fo? — F)2/3 [W(Fo)? ]]M2

Table 2. Atomic Coordinates x10* and Equivalent Isotropic
Displacement Parameters{A 103 for Ce;oClsGas, LagClGay, and
eClGagd

were then sealed inside silica glass ampules under a vacuum of ca:

102 mbar. The reaction temperatures and times were the follow-
ing: CeClyGas, 910°C and 25 days; L#IGa,, 1000°C and 26
days; CeClGa, 1020°C and 25 days. After the reactions, the
ampules were opened under Ar atmosphere. Many metallic silvery
thin platelike single crystals were observed in the products gfCe
Cl,Gas and CgGa,Cl, and for LaGa,Cl, the color is golden. EDX

analyses of these single crystals, using a Tescan scanning electron

microscope equipped with an Oxford EDX detector, confirmed the
presence of the component elements in the pertinent ratio within
10% methodical error.

Structural Determination. The reaction products were ground

to fine powders under Ar atmosphere and sealed in glass capillaries

for phase identification by a modified Guinier techniguéCu

Koy: 4 = 1.54056 A; internal standard Si with= 5.43035 A;
Fujiflm BAS-5000 image plate system). Single crystals were
transferred to glass capillaries under Na-dried paraffin oil and sealed
under Ar atmosphere. They were first examined by the Buerger

precession and the Weissenberg camera techniques before beinge

characterized on a Nonius CAD4 diffractometer, a Bruker CCD or
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X y z Ueq)
CewClsGas
Ce(1) 6741(1) 1741(2) 4307(1) 10(1)
Ce(2) 6677(1) 1677(1) 2969(1) 13(1)
Ce(3) 5000 5000 3490(1) 14(1)
Ga(l) 3794(1) 1206(1) 3670(1) 11(1)
Ga(2) 5000 5000 2500 12(1)
CI(1) 0 0 9449(2) 13(1)
Cl(2) 8599(5) 3599(5) 5000 19(1)
LasClGay
La(1) 0 0 2500 12(1)
La(2) 3390(2) 1610(1) 5000 12(1)
Ga 3568(1) 1432(1) 1992(2) 13(1)
Cl 0 0 0 17(2)
CeClGay
Ce(1) 0 0 2500 13(1)
Ce(2) 3392(1) 1609(1) 5000 13(1)
Ga 3566(1) 1434(1) 1982(1) 14(1)
Cl 0 0 0 14(1)

aU(eq) is defined as one-third of the trace of the orthogonalidgd
nsor.

a Stoe IPDS image plate instrument. The structures were solved
with direct methods using the SHELXS and SIR97 progréhis,
Full matrix least-squares refinement 8 was carried out using
the SHELXTL progran®®

All of the product compounds crystallize in tetragonal lattices
of the space groupd/mecm (No. 140) withZ = 4. The crystal-
lographic information including the fractional coordinates and
selected bond lengths of these compounds is listed in Tabi8s 1

Computational Study. The molecular orbital energy levels, the
density of states (DOS), and the crystal orbital overlap population
(COOP¥8 curves were computed using both the tight-binding
extended Hokel method (EH¥4° and the self-consistent linear
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Table 3. Selected Bond Lengths [A] for for GeCl,Gas, LagClGay, and Table 4. Extended Huokel Parameters
CeCIG
e orbital  Hj (eV) &P & 2 C2
CeioClsGas?
Ce(1)-CI(1)#1 *2) 2.9737(9) La 6s —r67 214
Ce(1)-Cl(2) 3.037(4) 6p —501 208
Ce(1)-Ga(1)#3 3.0711(18) 5d -821  3.78 1.381  0.7765  0.4586
Ce(1)-Ga(l) *2) 3.1270(15) cl 3s —30.0 2.033
Ce(1)-Ce(1)#4 &«2) 3.9176(17) 3p —15.0 2.033
Ce(1)>-Ce(3) (x2) 3.9213(10) Ga 4s —14.58 177
Ce(1)-Ce(1)#6 &3) 4.1564(7) 4p —6.75 1.55
ggg)tgzﬁg#g 2) 33'.22167072(%159)) a Exponents and coefficients in a douldleexpansion of the d orbital.
Ce(2)-Ga(2) (x2) 3.3159(6)
Ce(2)-Ce(3) (x5) 3.3922(8)
Ce(2)-Ce(2)#9 3.5132(19)
Ce(2)-Ce(2)#4 3.7719(17)
Ce(2)-Ce(2)#10 «2) 4.0029(17)
Ce(3)-CI(1)#2 3.048(5)
Ce(3)-Ga(2) 3.1476(13)
Ce(3)-Ga(l) (x4) 3.2177(9)
LasClGaP
La(1)—Cl (x2) 2.8407(5)
La(1)-Ga (x8) 3.2034(8)
La(1)-La(2) (x2) 4.1867(5)
La(2)-Cl#1 (x2) 3.0756(5)
La(2)—Ga#3 &2) 3.2054(18)
La(2)-Ga#5 c4) 3.3707(16)
La(2)-Ga (x2) 3.4237(18)
La(2)-La(2)#16 3.733(3)
Ga—Gatb x2) 2.615(3)
Ga—Ga#3 2.732(3)
Ga—La(1)#3 3.2034(8)
Ga—La(2)#3 3.2055(18)
Ga—La(2)#13 «2) 3.3707(16)
Cl-La(1)#18 2.8407(5)
Cl-La(2)#3 (x4) 3.0756(5)
La(2)-La(2)#6 (<4) 4.3495(7)
La(1)-La(2) (x4) 4.1867(5)
CesClGayP
8:8)):851 ((i gg g?%égg Figure 1. Perspective of the GeClaGas structure. The large white spheres
Ce(1)-Ce(2) «2) 4‘1416(5) are the Cl atoms, and the small gray spheres are the Ga atoms. §he Ce
Ce(2)-CI#1 (x2) 3:0451(5) cubes are centered by additional Ce atoms.
ge(g)’gazg @‘21) g-%gég(g) the LDA method. The standard WigneSBeitz radii of 3.43, 2.69,
CgEZ))ZG: ((;(2; 3:3952217; and 2.84 bohr units for the La, Cl, and Ga atoms were employed
Ce(2)-Ce(2)#16 3.6906(16) in the LDF computation. The La 6p, Ga 4d, and Cl 4s and 3d states
Ga—Ga#b «2) 2.601(2) were treated as intermediate and downfoldable. Scalar relativistic
gg:g:fl?; 43 %‘12%2()7) equation was used together with the von Baittedin local
Ga—Ce(2)#3 3:1615(15) exchange-correlation potential functibhApproximately 200k-
Ga—Ce(2)#13 &«2) 3.3259(13) points in the irreducible wedge of the Brillouin zone were used in
g::gg%ﬁ? «a) 32(')84%712((5?) the EH computation of the DOS and COOP curves. More than 1000
Ce(2)-Ce(2)#6 &) 4.3064(7) k-points in the whole Brillouin zone were generated in the LDA
Ce(1)-Ce(2) (x4) 4.1416(5) calculations. Thes&-points were then reduced to the irreducible

a Symmetry transformations used to generate equivalent atomsx #1, wedge Of the Br',lloum zone. The EH parallmete.rs used in the
1,2y, —Up #2, X + Yo,y + Yo, 2 — Yo #3, —y + 1, X, Z, #4, —x + 1, computation are literature valfés*® and are listed in Table 4.
—Y, Z #6, -y + 1,x— 1,Z #9, =X + 3/p, =y + Yo, =z + Y, #10,y + 13, . .
—X 4 Yy, —z+ Y. ® Symmetry transformations used to generate equivalent Results and Discussion
atoms: #1-X,Y, —z+ Yy #3, =X + Y, =y + Yy, —z+ Y #5, =y + s, L.
X — Up, —z+ Uy #6,y, =%, Z, #13,y + Ya, =X + Up, —z + Uy, #16, —x Crystal Structure. CeoCl4Gas is isostructural to LaCls-

+1,-y, —z+ 1, #18,—x —y, —2 Ga.%0 Its lattice features Ce-centered (Gribes connected
by Ga-centered Gérigonal prisms along thel00 directions
muffin-tin orbital local density approximation method (LDA) as and by Ga-centered @square antiprisms a|0ng (Figure
implemented in the Stuttgart-TB-LMTO-ASA progréfh.The 1) The Cf jons separate these prism-based-Ga layers.
electron localization function (ELE 46 was also calculated using The La—Ga layers are characterized by the La (or Ga)
3?2434 and La (or Ga) 4sheets in Scfifd notation. The

(40) Hoffmann, RJ. Chem. Phys1963 39, 1397.

(41) Andersen. O. K.. Jepsen, Bhys. Re. Lett. 1984 53, 2571. details of the structure have been described previddsly.
(42) Faessler, T. F.; Savin, &Zhem. Unserer Zeit997, 31, 110.
(43) Alikhami, M. E.; Bouteiller, Y.; Silvi, B.J. Phys. Chem1996 100, (47) Zheng, C.; Hoffmann, Rnorg. Chem.1989 28, 1074.
16092. (48) Underwoord, D. J.; Hoffmann, R.; Tatsumi, K.; Nakamura, A.;
(44) Becke, A. D.; Edgecomb, K. B. Chem. Phys199Q 92, 5397. Yamamoto, Y.J. Am. Chem. Sod.985 107, 5968.
(45) Savin, A.; Nesper, R.; Wengert, S.; Faessler, Rrigew. Chenil997, (49) Canadell, E.; Eisenstein, O.; RubioQrganometallics1984 3, 759.
109,1892; Angew. Chem., Int. Ed. Endl997, 36, 1808. (50) Zheng, C.; Simon, A.; Mattausch, Hj. Alloys Compds2002 338
(46) Silvi, B.; Savin, A.Nature 1994 371, 683. 165.
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Figure 2. (a) Side view of the LgCIGa structure characterized by Cl-centeredChoctahedra. The spheres are the Ga atoms. (b) Top view (along [001])
of the LisCIGa, structure. Each L4Cl octahedron is rotated by 3%vith respect to the one below.

Figure 3. (a) The 3434 net formed the by basal Ln of thedGi octahedra Figure 4. (a) The 48 nets formed by the Ga atoms in the s0iGay
in the LnsClGay structure. (b) The 4net formed by the apical Ln atoms of  structure stacked along thadirection. (b) A LrCl octahedron in the La
the LnCl octahedra in the L4CIGa, structure. ClIGay structure. The 8 faces and 8 of the 12 edges are capped by Ga atoms.

LnsClGa, crystallizes in a new structural type. The atoms form 48nets parallel to (001), with two sets of Ga
arrangement of Ln atoms is easily described as a 3D networkGa distances (Figure 4a). The one within the, Gquare,
of corner-sharing Lyoctahedra each centered by a Cl atom 2.615 A, is shorter than the other between &guares, 2.732
(Figure 2). The apical atoms belong to‘anét whereas the ~ A. Thus, each Ga atom is coordinated by three Ga atoms at
atoms in the octahedral basis, parallel to (001), forn?-a 3 distances which come near to a distance of 2.5 A as from
434 net in Schli notation (Figure 3). Such nets frequently  the single bond radiu®.The 48 net is significantly puckered,
occur in structures of intermetallic phases (see ref 51). In the angle in the octagon is 112,&nd that in the square is
LasClGa,, the La—La distance (La2La2 in Table 3) in the 78.8. The sum of angles around each Ga atom is 30ds6
octahedral basis is 4.350 A, slightly longer than the distance compared to the sum of angles around a tetrahedrally co-
between basal and apical atoms (Ed®2 in Table 3) of ordinated center of X 109.47= 328.4. A unit cell contains
4.187 A. CgClGa, follows the same trend, with the E€e two Ga 48 nets, each puckered toward the other with a
distances and the lattice constants slightly shorter due to theclosest approach of 4.528 A between atoms of adjacent nets,
lanthanide contraction. well beyond the range for G&Ga bonding. The structural

The 3434 nets are rotated by approximately 33¢lative feature of a puckered net with covalent bonding to three
to each other, reminiscent of the “3fbtation found in the neighbors corresponds to the presence ¢f 3soelectronic
structure of CeClsGas. The large voids in the LgCl to As, and within the ZinttKlemm concept of the general-
framework of LiClGg, are occupied by the Ga atoms, their ized 8— nrule, LaClGa can be formulated as a polyanionic
La—Ga distances ranging from 3.203 to 3.424 A. The Ga valence compound according to @)eCl~(Ga& ), Of

(51) Pearson, W. BThe Crystal Chemistry and Physics of Metals and (52) Pauling, L. Die Natur der chemischen Bindung; Verlag Chemie
Alloys Wiley-Interscience: New York, 1972. GmbH: Weinheim, 1973.
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La,ClGa,
+ |
|
d) | //J\/M/\A/‘/\/
| Ga-Ga
| d=261A
| OP =0.32
Figure 5. EH DOS plot for LaClGa. The solid line is the total DOS, * :
the dashed line is the integrated DOS, and the shaded area is the contribution
from the component indicated in the panel. The horizontal dashed line
indicates the Fermi level.
c) Ve
course, this strict formulation in the ionic limit hides all \/\/ | Lal-Ga
covalency effects and incomplete electron transfer which | s i‘gozf
could even allow for some LaLn bonding. In that context, - ! '
it is interesting to note that the octahedralsCh unit is . |
surrounded by Ga atoms above edges and faces as a kind of |
mixture between MXi, and M;Xg type cluster topology |
(Figure 4b). |
Electronic Structure. The electronic structure of Lg b) M
Cl,Gas has been analyzed previousWlt is characterized I La1-Cl
by features typical of a reduced rare-earth halide compound. | e 2‘342’2
Hence, we will focus on the bonding of the news0hGa, - ! '
structure. N e |
Figure 5 shows the total density of states (DOS) and the |
contribution from the La and Ga atoms, calculated by the |
EH method for LgCIGa,. The Cl s state is low in energy VAN
and thus not included in the plot. The lowest peak around a) |
—15 eV is the CI p orbital. Continuing up in energy is the I Lai-La2
Ga s state, smeared betweet6 and—11 eV. The states ! ‘é; i‘g)?oé
between—10 eV and the Fermi level are a mixture of Ga - '

and La states. Around the Fermi level, the majority states —r Tt
are La d orbitals, but there is significant mixing with the Ga 4 6 8 A0 12 -4 -16
p state. Figure 6 presents the COOP curves for some Energy (eV)
representative bonds in t@Ga, computed by the EH  Figure 6. EH COOP plot for representative bonds insCéGa. The +
method. It can be seen that, below the Fermi level, many region is _bonding area, and the region is antibo_nding area. Th(_a bond
. . .. type, its distance, and integrated overlap population to the Fermi level are

states contribute to bonding due to the strong mixing between;qicated in the panel.
the La and Ga states. The dominating interactions are the
short La-Cl, La—Ga, and Ga Ga contacts, as indicated by are drawn in the figure. From this figure, it is clear that a
the overlap population values integrated to the Fermi level significant amount of electron density accumulates on Ga
shown in the graphs. The Eda interaction is only  as |one pair. A decomposition of the Ga states in Figure 5
secondary because of the large-la distances, yetthe Fa  showed that a large portion of the lone pair state is localized
La interaction is stabilizing, contributing to positive COOP  ground the—12 eV region, while the rest of the Ga state
values. The significant amount of La states below the Fermi interacts with the La atoms more strongly. As is known in
level as shown in Figure 5 suggests rather incomplete the EH method, the Slater orbital exponents used here were
electron transfer to the surrounding Ga atoms. The LDA originally derived for molecular entities and are likely too
calculations showed similar trend. diffuse for extended solid state systems. More contracted

The question of whether Ga has to be described & Ga orbitals showed increase localization of the Ga lone pair state
cannot be answered by the EH or the LDA methods as thein our calculations.
computed charges strongly depend on the choice of basis If we started the bonding analysis using the cluster model
set or Wigner-Seitz radii for the atoms. However, the ELF shown in Figure 4b, we would arrive at a molecular orbital
surface, calculated by the LDA method, shows significant diagram with several energy states around the Fermi level
electron density localized on the Ga atoms. Figure 7 thatare of La-Ln bonding. These states are mixtures of La
demonstrates the ELF surface plotted for an isovalue equald and Ga p orbitals and can accommodate a number of
to 0.8, viewed down thé&-axis. For clarity, only Ga atoms  electrons. This is in contrast to a normal octahedral cluster

3134 Inorganic Chemistry, Vol. 42, No. 9, 2003
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Figure 8. Resistivity of LaClGas measured in the temperature range

5-300 K.
Cl, Br) and LaClGa, showed temperature-independent Pauli
paramagnetism. The resistivity of $GlGa, measured in the
temperature range-3300 K shows a metallic behavior in
Figure 7. ELF surface at isovalue of 0.8, computed by the LDA method. Figure 8'_ This corrobprates the DOS_a_nd band structure
For clarity, only Ga atoms are drawn. features in that there is strong £&a mixing, large band
dispersion at the Fermi level, and incomplete electron
transfer, as a complete electron transfer would result in a
closed-shell electron configuration and a semiconductor. It
should also be noted that the conductivity was measured for

compound for which only a§ set is usually available for
Ln—Ln bonding interaction, limiting the number of skeleton
electrons to 14 or 16. Nonetheless, since the primary

interaction in our compounds is between the Ln atoms and ressed power pellets. Single crystals would likely show

halogens, we can classity these compounds as reduced halid onductivity anisotropy, as the band structures calculated by
systems. The r_neta_metal interaction, especially that be-_ both the EH and the LMTO methods demonstrate larger
tween Ln species, is only secondary. The electron—preusedispersion in theab-plane than along the-axis.

nature of these compounds also supports our argument.
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