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Single-crystal X-ray structural determinations for the Mgss124)CU2sGasssse) and Mgss e ClasGasyese refined
compositions (Fd3m, Z = 4) reveal empty (Cu,Ga), icosahedra and centered MgGays icosioctahedra that are
interconnected at every vertex to a compact three-dimensional anion network. A small range of variable occupancy
exists on one of three Ga and one of four Mg positions. The clusters are well-bonded and held in different sized
cavities, in which they are also directly bonded to a Mg cation network. The two networks thus interpenetrate each
other, and there are no spacers. The new phase is isostructural with Ksglngy, Ki7Ins, and the electron-poorer
NassCda4Gasg, all of which contain clathrate-ll-type cation frameworks. Electron counting using the classic (MO-
based) cluster assignments indicates that the refined structure is substantially ideal and closed-shell. The symmetry
of the present structure does not suggest a ready conversion to an icosahedral quasicrystal or its approximants.

Introduction building blocks such as icosahedra and dodecahedra. Their
compositions lie close to those of quasicrystals, and they

intermetallic compounds with rotational symmetries in their '€ commonly used as models of quasicrystal structures.
diffraction patterns that are incommensurate with translational  Studies of alkali-metal compounds of the t”?' eIemenFs
periodicity? They are generally recognized as electron phasesG&, In, and Tl have demonstrated that these intermetallics
that may be described by Hume-Rothery stabilization fes, afford a rich collection of isolated, centered, interbridged,
with restricted ranges of valence electron counts per atom@nd fused icosahedra, among other polyhédiéhese
and with band gaps or pseudogaps at or near their Fermicompounds evidently exist with relatively flexible structures
energie$. Known quasicrystals and their presumed approxi- that enable the alkali-metal countercations to be accom-
mants are extensively employed to generalize experience andnodated in voids, but they also open promising avenues of
to search for new quasicrystals. Approximants are transla- &xploration for new quasicrystals through substitution of
tionally normal crystalline compounds, generally with large Petter network-forming cations, such as Mg, Ca, Cu, Zn, etc.,

unit cells, that contain condensed intrinsically high-symmetry that also lie among the so-callécosogeri elements. We
have been attempting to synthesize derivatives ofavig-
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occurs in this structure type, in which three formula units, Table 1. Loaded Compositions, Lattice Parameters, and EDS Analyses
Cus octahedra, and Ga@@ticosahedra are interconnected ©f the Title Phase Therefrom

by GasMges networks? Furthermore, electronic structure EDS
calculations for MgCuGas show that a pseudogap exists _°aded composition a(A) VA Mg/Cu/Ga (%)

just above the Fermi energy and that all pairwise covalent Mgsevﬁw,lGaas.f 19.8742(8) 7850.0(5)  31.0(3)/21.3(4)/47.7(9)
interactions (COOPs) remain bonding to energies above thatmgjzéﬂizﬁz‘; gzggg?gg ;ggg:gg gg:ggggi:ggg%:gg;
point. These factors suggest that the compound is hypoelec-Mgs; CuosGaso ~ 19.8615(9) 7834.9(6)

tronic with a four-electron deficiency per unit cell, and such mgsocgculoGgo ig-ggggggg ;ggi-ggg; 30.2(2)/21.5(3)/48.3(7)
a derivative with Sc substituting for Mg yields the desired ' 00&-17-7>%1s ' average . 30.6(3)/21.5(4)/47.9(9)
body-centered-cubic (bcc) quasicrystal —approximant normalized  34.2(3)/24/53.5(10)
SeMgo.16Clho 587 50 This article repor_t_s’ on the result of aCell parameters were refined from about 50 observed peaks irfthe 2
our alternate attempts to tune the primitive structure of the range of 5-80°; 2 = 1.540 598 A, 23C. b Source of single crystals studied.
ternary MgCusGa; phase to a quasicrystalline approximant

by modifying the ratio of Cu and Ga in order to gain four keptin the ranges of (3637):(9-17):(50-60) atom %. Examina-
electrons. Instead, this unexpectedly leads to the title tion of the as-grown crystals under a microscope inside a glovebox
compound with a face-centered-cubic (fcc) structure, for revealed a metallic luster and a regular morphology with crystal
which we here report the synthesis, structure, and bondingg:;""’th terraces evident, the largest being about>0.8.4 x 0.4

analysis.

Samples of the new phase were originally handled in the
glovebox or in sealed capillaries, but it later turned out that they
were quite inert in air at room temperature, so this was discontinued.

Syntheses Experience shows that Ga intermetallic compounds ~ Powder X-ray Diffraction. These studies were performed on a
generally cannot be readily obtained directly from a synthesis with Huber 670 Guinier powder camera equipped with an area detector
the nominal composition sought; rather, a shift of product stoichi- and Cu Ku radiation ¢ = 1.540598 A). Ground powder was
ometries is generally observed toward compounds poorer in Ga. homogeneously dispersed on the flat Mylar support with the aid of
This likely has to do with Ga’s particularly low melting point and ~ petrolatum grease. The step length was set at 0,083d the
the physical segregation that results. Therefore, we have used &Xposure time was 1 h. Data acquisition was controlled via the in
self-flux method to grow crystals and an internal sieve in the Situ program. The peak search, indexing, and least-squares refine-
container tube to separate crystals from the melts, as has beerinents were done with the aid of Winplotr and its built-in
described elsewhefél programs-3 Some refined cell parameter results for the title phase

Syntheses were performed via reactions of the as_receivedsecuredlflrom differ'ent reactions are given in Table .1. $ome small
elements Mg (turnings), Cu (powder), and Ga (chunks) (all 99.9%, COMPOosition variation of the phase seems to be |nd|cate_d. Cell
Alfa). These were weighed in a glovebox under a nitrogen Parameters for the first two were later used in the calculations of
atmosphere and weld-sealed under an argon atmosphereato ~ Pond distances from the refined structures. .
mm-diameter tantalum containers, into which perforated Ta disks EDS Analyses.The elemental compositions of several single
had been sealed near the midpoint. These were, in turn, held withincrystals were determined via semiquantitative energy-dispersive
an evacuated Sigacket to avoid air oxidation. The mixtures were ~ X-ray spectroscopy (EDS) on a JEOL 840A scanning electron
heated to 800C for 2 h tohomogenize them, cooled to 57C in microscope with an IXRF X-ray analyzer system and a Kevex
6 min, and then cooled to 40T at a rate of ZC/h for crystal Quantum light-element detector. A beam of 20 kV and 0.3 mA

growth. The assembly was then inverted and rapidly centrifuged Was used to gain count rates of about 2508 3o increase the
to filter the crystalline products from the excess mel. accuracies, measurements on flat, clean surfaces of small, crushed

single crystals were attempted. Results are also listed in Table 1.
Structure Determinations. Single crystals were selected and
inserted into thin-walled glass capillaries for singularity checks with
the aid of Laue photographs. Single-crystal data were collected from

a crystal taken from the MgCuw 1Gass 5 composition at 296 K
with the aid of a Bruker APEX Platform CCD diffractometer and
graphite-monochromatized MooKradiation. The data were col-
lected over a full sphere of reciprocal space up to 28i810.
The individual frames were measured with arrotation of 0.3
and an acquisition time of 10 s. SMART software was used for
the data acquisition, and SAINT was used for the data extraction
and reduction. The absorption correction was performed using
SADABS. Diffraction data from a second crystal taken from the
Mga3.€Cus.Gaso reaction were collected at room temperature on a
Rigaku AFC6R diffractometer, and the structure was also deter-
. mined and refinedsy scans were employed for the absorption
(9) Lin, Q. S.; Corbett, J. Dinorg. Chem.2003 42, 8762. S .
(10) Lin, Q. S.; Corbett, J. D. Unpublished research. correction in this case.

(11) Fisk, Z.; Remeika, J. P. IHandbook on the Physics and Chemistry
of the Rare EarthsGschneider, K. A., Eyring, L., Eds.; Elsevier: (13) Roisnel, T.; Rodriguez-Carvajal, J. Proceedings of the $enth

Experimental Section

Exploratory experiments with stoichiometric compositions such
as MgCu 34585 67(MJ15 LlUs3 5as1.9 and Mg 33U 67535 (MPzs 6
Cugs Gagg were first loaded with the aim of synthesizing a
compound in which the bonding states would be optimized
according to the electronic structure analysis of,@igGas.° The
reactions instead led to the formation of either other known phases
or the new, then-unidentified phase described here, or both. For
example, the former gave60% MgCusGas and~30% MgCuG#?
and a small amount of an unknown phase, according to powder
diffraction. To track the unidentified phase, a reaction run with
Mg/Cu/Ga proportions near 33.3:16.7:50.0 gave, as filtered prod-
ucts, ~60% MgCuGa and~40% as the title phase. Further
experiments showed that high yields of the title phas@006) were
obtained by the same method if the Mg/Cu/Ga compositions were

Amsterdam, The Netherlands, 1989; Vol. 12, p 53. European Powder Diffraction Conference (EPDIC; Delhez, R.,
(12) Mel'nik, E. V.; Kinzhibalo, V. V.lzy. Akad. Nauk SSSR, Méa©981, Mittenmeijer, E. J., Eds.; Trans Tech Publications, Inc.: Uetikon-
154. Zurich, Switzerland, 2000; p 118.
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Structure solutions and refinements for both crystals were Table 2. Some Data Collection and Refinement Parameters of the Title
performed using the SHELXTL package of crystallographic Compounds

programs'* The assignment of the space grdeg3m (setting 2) refined comp. Mgs1CUiGabsass M5 06CUuGasz 66
was made on the basis of th88m Laue symmetry determined by space grougy Fd3m(No. 227),4  Fd3m(No. 227), 4
the diffractometer, the systematic absences, and the Wilson statistics, lattice parameters

anq it was confirmed by the subsequent successful solution and \a/ A)3) %2'5807. 3%5(? %35886?22.5)7 )
refinement of the structure. The structures of the two samples were g, (g/cn?) 5175 5125

both solved by direct methods. For the first crystal, the first four  u«(Mo Ka) (mm?) 24.648 24.376
heavy-atom positions were initially assigned to Ga atoms and two residuals R1, wR2(%)  2.44,5.71 2.61,4.65

light ones to Mg on the basis of both peak heights and bond  aRr1 = y||F,| — |F||/S|Fol; WR2 = [SW(IFol2 — |FelDIW(F2)]Y2
distances. Subsequent least-squares refinements and differenceR2 = { J[w(Fo? — FAY/ 3 [W(FAA} Y2 w = Lot

Fourier syntheses quickly gave two more Mg positions. Refinements
with isotropic thermal parameters proceeded smoothly to=R1
5.90%, wR2= 16.91%, and GO 1.151, but Ga3 on the 8Zx,

Table 3. Positional &10% and Displacementx(10%) Parameters for
Mg3s.124CU24G 353 586) AN M5 06(4fC U24G352.66 (65

X, X; 3m) and Mg4 on & (¥g,Yg,s; 43m) exhibited anomalously Wyckoff  site , occupancy 1
large thermal parameters. This suggested, tentatively, that these Mg2lo™ _Symbol symmetry  x z Beq (%)
and Ga positions might be partially occupied, and refinements of Cu 96y -m 399(1) 3781(1) 8(1)
both of their occupancies gave values in the neighborhoodb6f6 398(1)  3783(1) 11(1)
. Gal 96 .m 786(1) 2673(1) 12(1)

(see below). The refinements converged to-R#4.21% and wR2 785(1) 2676(1) 14(1)
= 9.99%, and the thermal parameters were then reasonable. Becausesa2 9§ .m 801(1) 4873(1) 8(1)
mixing of Cu and Ga on the same site occurs in other compounds 801(1) 4872(1) 10(1)
(e.g., MgCwGal? and CyGal9), the Ga/Cu proportions in each ~ Ga3 32 -3m ggggg gggg gg-igg
of the three 9§ positions initially assigned as pure Cu or Gf_;l were  \g1 ogg m 3159(1) 1300(1) 12(1) '
allowed to vary separately (with the total occupancies fixed at 3157(1) 1300(2) 14(1)
100%) along with a single isotropic displacement parameter. This Mg2 32 .3m 2809(1) 10(1)
gave a 6:94(10) proportion for Ga/Cu for the first position dhd 2808(2) 12(1)

T . . Mg3 8b —43m 3/8 3/8 10(1)
~ 3.89%, indicating that a Cu assignment was probably correct, Y, £ 11
whereas allowance of Cu mixing at the two Gag3tes yielded Mgd 8 —43m  Yg g 11 56(2)
either negative Cu occupancies or unstable refinements. In the final Yg g 11 53(2)

stage, uncertainties in thigq values for the fractional Mg4 sites at 2 Data for Mass 1:£CpGasa ss are listed first for each parametar= x
x= g were relatively large [17(5) and 6(6)] in the two refinements;  for all atoms.” Begis defined as one-third of the trace of the orthogonalized
therefore, these occupancies were then refined B¢k 11, which Ujj tensor.

is the average of the values for the other three Mg positions, and ) )

then fixed. The final refinement, with anisotropic displacement able 4. Bond Distances (A) in Mg 1 LUp4Gasass

parameters and an extinction parameter, converged at R44%, Gal-Cu 2.455(1) CuCu 2x 2.7978(9)
wR2 = 5.71%, and GOF= 1.429 for 35 variables and 512 Gal-Gal 2.610(1) CuGal 2.455(1)
Gal-Gal % 2.696(1) Cu-Ga2 2.446(1)

independent reflections in the APE)_( dataset_ and the composition Gal-Ga3 2 2.967(1) Ci-Ga2 o 2.5831(7)
M935A12(4pU24Ga53_53(6) The Ga3 atom in the &ite was concluded Gal-Mgl 2% 3.079(2) Cu-Mgl Ax 2.912(1)

to be substantially free of Cu, in view of the agreement of the X-ray Gal-Mgl  2x 3.139(2) Cu-Mg2 2.774(1)
refinements with EDS analyses (see below). The maximum and Gal-Mg2 3.089(3)
minimum peaks in the final difference Fourier map were 0.7Be/A  Gal~Mg4 3.1153(7)  Mg*Cu 2x 2.912(1)
Mgl-Gal 3.079(2)
(0.62 A from Gal) and-1.14 e/& (0.89 A from Gal). The only Gaz_Cu 2 25831(7) MghGal 2 3.139(2)
faint indication of any problem with the structure might be a slightly  Ga2-cu 2.446(1) MgtGa2 2.983(2)
larger thermal parameter for the Ga3 atom, but this is plausible Ga2-Ga2 2.525(1) Mg+Mgl 3.180(2)
because the position is70% occupied and lies in a large hexagonal ~Ga2-Gaz ~ 2< 2.608(1)  Mgl-Mgl 3.322(2)
) . 4 ) Gaz-Mgl 2x  2.983(2) Mg+Mg2 3.156(2)
channel with the longest G&a neighbor separations in the Gaz-Mg2 2« 3.056(2)
structure (Figure S1, Supporting Information). The principal aniso- Ga2-Mg3 3.0139(7) Mg2-Cu 3x 2.774(1)
tropic components are generally quite uniform for each atom type Mg2—Gal 3« 3.089(3)
for which variation is allowed. Ga3-Gal 6  2.967(1) Mg2Gaz 6  3.056(2)
Y _ ) Ga3-Ga3 2.680(4)  Mg2Mgl  3x 3.156(2)
Very similar situations were encountered during refinement of  Ga3-mga 2.963(2)
the dataset from the second crystal for the compositiogs gy Mg3—Ga2 12 3.0139(7)
Clp4Gasz.e6y Complete data collection parameters and details of Mg3—-Mg3  4x 3.235(1)
the two structure solutions and reflr!ements for _the two compounds Mgd—Gal 12  3.1153(2)
are given in Table S1 of the Supporting Information, and a summary Mg4—Ga3 4« 2.963(2)

is listed in Table 2. The refined positional parameters and isotropic- N o
equivalent displacement ellipsoids are listed in Table 3, and the ~Syntheses and CompositionThe filtration-at-temperature tech-
important atom separations, according to the first APEX dataset, Nique was utilized to isolate six apparently single-phase samples

are given in Table 4. The remainder are given in the Supporting O_f this cubic phase, MgsClrGaszs from a variety of ?OmPOSi'_
Information. tions at 400°C. Data in Table 1 show that the six reactions studied

covered a range of Mg, generally in excess, and an excess of Ga
(14) SHELXTL Bruker AXS, Inc.: Madison, Wi, 1997 flux, whereas Cu was limiting. A range of cubic lattice parameters

(15) Stokhuyzen, R.; Brandon, J. K.; Chieh, P. C.; Pearson, WAdEa of <0.022(1) A was evident largely because of the superior
Crystallogr., Sect. BL974 30, 2910. precision of the results from the Huber Guinier camera, with
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Figure 1. [110] section of the structure of MgCw4Gass, which is built

of CusGas icosahedra (orange) and Mg-centered icosioctahedra (green). The
flattened icosahedra lie behind and are seen from the side. All bonds to
Mg (light blue) are omitted for clarity.

standard deviations of only 1 part in (2:8.5) x 1075, According

to EDS data, these samples yielded a rather narrow range of single-

phase compositions for the four samples analyzed. The average of

these compositions has been normalized to 24 Cu atoms per formula

unit because the Cu content appears to be determined fairly

unambiguously by crystallography. The normalized average for Mg/ Figure 2. (a) Icosioctahedral Mg@Ge(green) and (b) CiBas icosahe-

Cu/Ga of 34.2(3):24:53.5(10) for all samples compares quite well dron (orange), shown with exo bonding and the respective surroundipg Mg.
. . . and Mgy polyhedra. A few of the Mg atoms are numbered. Cu, dark blue;

with the crystallographic results from the APEX and Rigaku G orangered; Mg, light blue.

diffractometer datasets for the first two of the sampleszdMgay

ClhaGass s36)aNd MGis 064 UaGas2.66(6) respectively. The normal-  scombl6 the overlap between radial orbitals on cluster atoms
ized average of the EDS analyses for the data-crystal samples is anaturally becomes less as the diameter of the cluster
litle closer, Mg ¢CLbdGas2 s6) The quality of these agreements i, oa5e5 and this may be alleviated somewhat by the
led us t(.’ _the conclusion that the p?m'fa.' Ga content refined for the encapsulation of another atom in the center of the cavity,
32e position could not reflect a significant amount of Cu. The S . -

which in this case is Mg4, but only at about 56% occupancy.

functionality of this site supports this notion. Hereafter, we will .
17
generally cite data only from the somewhat more precise refinementcemered deltahedra are also found iggldno 331G a esd101

of Mgss ClhiGass s from the APEX data. and NasCd»Gass'® and in some In and Tl cluster phasés?
but this is apparently the first triel example in which the
Results and Discussion centered position is clearly not fully occupied. ThezNa

CdyyGass isotype is remarkably similar in composition to the

Structure Description. A convenient way to describe the  present compound, but that compound is about five electrons
structure of intermetallic compounds of this variety is to poorer per formula unit. It shows large EGa mixing on
identify the unique structural building blocks and then to one 96) and one 32site and contains sodium cations, which
describe the assembly of the three-dimensional (3-D) struc-are less likely participants in general network bonding.
ture in terms of these fundamental units. The main building The Ga-Ga bond distances within the icosioctahedral
blocks in the M@sCuwsGas, Structure are the more anionic  cluster are typical of those in delocalized systems, all in the
Mg4-centered Gg icosioctahedra and the empty Q& range of 2.610(1y2.967(1) A, with the longer distance being
icosahedra, both somewhat distorted from the ideal figures, associated with the fractional Ga3 atoms. The distance from
which are bonded to and encased within a continuous 3-Dthe central (fractional) Mg4 atom to 12 Gal [3.115(1) A] is
network of Mg atoms. The present arrangement is unusually ~0.15 A greater than the distance to the four fractional Ga3
compact in that all Ga and Cu atoms in the clusters are exo-atoms [2.963(2) A] that cap the larger hexagonal faces. Each
bonded directly to an atom in another cluster (Figures 1 and of the Ga3 atoms nominally has six more-distant (2.967 A)
2) and there are no isolated or spacer Ga or Cu atoms. ThisGal neighbors within the faces of the cluster and a 2.680 A
is an evidently important basis for the formation of quasi- bond to a Ga3 atom in an adjacent cluster, whereas each
crystals as well. Gal atom has five Ga neighbors (3 Gal and 2 Ga3) within

The Mg@Gas icosioctahedra (Figure 2a) are regular :
- (16) Brown, L. D.; Lipscomb, W. NInorg. Chem 1977, 16, 2989.
deltahedra (3m) ge_nerated from 12 Gal, a truncated (17) Tillard-Charbonnel, M.; Chouaibi, N.; Belin, C.; Lapasse€Eur. J.
tetrahedron, on which 4 Ga3 atoms cap the four large Solid State Inorg. Cheni991, 29, 347.
hexagonal faces. The internal angles on the triangular faces%lg) Tillard-Charbonnel, M.; Belin, CMater. Res. Bull1992 27, 1277.

. 19) Sevov, S. C.; Corbett, J. Inorg. Chem.1992 31, 1895.
vary between 52 and 84As noted by Brown and Lip-  (20) Dong, Z.-C.; Corbett, J. DI. Am. Chem. Sod.995 117, 6447.
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the cluster and a shorter bond to a Cu atom in an adjacent
CuGas icosahedron (2.455 A).
The empty icosahedra withn8 (Dsg) Ssymmetry are
generated by equal numbers of Cu and Ga2 atoms (Figure
2b). The distortion from the ide&l symmetry to a symmetry
of 3m differentiates the two kinds and sizes of atoms, or
vice versa, with a compression along the 3-fold axis of the
Gaz antiprism, which lies roughly vertical in Figure 2b. This
places Ga2 0.40 A closer to the centroid than Cu. Each atom
of the icosahedra naturally has five neighbors within the
cluster in addition to an exo bond; the Cu atoms are bonded
to Gal in an adjacent MgGapolyhedron at 2.456 A, and
the Ga2 atoms are bonded to a like atom in an adjacent
icosahedron with, by 0.09 A, the shortest-@aa separation
in the structure (2.525 A). These intercluster distances agree
fairly well with about the only general reference values one
has, the sums of Pauling’s single bond metallic radii: 2.42 Figure 3. [110] section of the Mg network (light blue), with small orange
A (vs 2.46 A observed) for CuGa and 2.49 A (vs 2.52 A) and green circles marking the centers of the icosahedral and icosioctahedral
for Ga-Ga2! Only in the mixed icosahedron do the clusters, respectively. The framework is that of the clathrate-Il structures
(compare to Figure 1).
homoatomic bond lengths follow the generality that the

intercluster connections appear to be more nearly normalthus consists of strongly and directly interlinked (Cu.Ga)
two-center-two-electron bonds and that they are shorter than jcosahedra and (Mg)Ggisosioctahedra that are also bonded
the intracluster bonds in electron-deficient clusters, as seenmostly through face capping) within dual interlinked g
in RbGa?> and Na,Gas?® The normal intracluster bonds  and Mgs polyhedra, respectively. The present phase is also
in the present situation are generally 802 A longer, but isostructural with cubic NaGapglnis, Ki7na1,2* and Nas
more surprisingly, the CuCu intracluster lengths of 2.80  Cd,,Gase, 8 in which differences in stoichiometry arise from
A are 0.45 A longer. The reason for this is not clear, but it different mixed and fractional occupancies. The [110] view
may be related to the compressive distortion of the Ga of the present cation structure (Figure 3) can be recognized
antiprism. Overall, the distortions may not be very unusual as the clathrate-lI-type framework as w#llAlso to be
considering the complex intercluster bonding achieved in this included in this family are Klng, and two neighboring
structure without any spacers or interbridging atoms (Figure pinary phases in which three different kinds of clusters are
1). accommodated within the same cation netwilk. this case,
The Mg1, Mg2, and Mg3 atoms generate a characteristic the [111] view of the present Mg framework may be more
counternetwork structure in this assembly; one of each typefamiliar (Figure S3, Supporting Information). The breadth
is marked in Figure 2. Each Mgl simultaneously caps & Cu  of the clathrate-ll organization among diverse compounds
Cu—Ga2 face on a (Cu,Gg)icosahedron and bridges a has now been found to extend to a total of nearly two dozen
Gal-Gal edge on (Mg)Ga and Mg2 caps both a Cu examples of the foregoing types of triel cluster compoufids.
Ga2-Ga2 face on the icosahedron and a 6&hl-Gal We will consider a possible derivation of a quasicrystal
trigonal face on the (Mg)Ga polyhedron. The Mg3 atoms  and its approximants from this complex network after
cap four Ga2z-Ga2-Gaz2 trigonal faces on the icosahedra. electronic and bonding considerations.
(Drawings of the Mg environments are given in Figure S2  Electron and Bonding Requirements.There are four
of the Supporting Information.) These Mg atoms are also (Cu,Ga), icosahedra and two (Mg)Gaicosioctahedra in
directly bonded to three or four other Mg atoms at 3:16  one formula unit of the title compound. ExtendeddKel
3.24 A (theds, distance in the metal is 3.20%8, which molecular orbital calculation resutésfor the isolated sto-
generates a framework featuring pentagonal and hexagonalchiometric CyGaH1,>~ and Mg@GasH:2~ clusters are
faces. A [110] projection of the resulting Mg network is  gjven in the Supporting Information (Figures S4 and S5).
shown in Figure 3. This contains two types of polyhedral (Ga 4s energies were employed for the terminating H-like
cavities, with the smaller defined by a regular Mg  atoms.) In agreement with Wade'si 2~ 2 skeletal rulé®
pentagonal dodecahedron built of 12 Mgl, 6 Mg2, and 2 for closo polyhedra, the isolated icosahedron, even with the
Mg3 atoms and the larger defined by a Méamework of  mixed composition and the compression along the 3-fold
24 Mgl and 4 Mg2 atoms. These encapsulate the icosahedrayis; still requires 26 skeleton electrons below a gap of ca.
and icosioctahedra, the centers of which are marked by
orange and green circles, respectively. Further similarities (24) Cordier, G.; Miler, V. Z. Naturforsch.1994 49b, 721.

; i (25) Sevov, S. CJ. Solid State Chen200Q 153 92.
to Figure 1 are clear. Overall, this rather remarkable structure (26) Li. B Corbett, J. Dinorg. Chem 2003 42 8768.

(27) Li, B.; Corbett, J. D. Unpublished research.

(21) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell (28) Howell, J.; Rossi, A.; Wallace, D.; Haraki, K.; Hoffmann,@uantum
University Press: Ithaca, NY, 1960; p 403. Chemistry Program Exchange (QCPEPyogram No. 344 Forticon 8;

(22) Henning, R. W.; Corbett, J. . Alloys Compd2002 338 4. Department of Chemistry, Cornell University: Ithaca, NY.

(23) Ling, R. G.; Belin, CActa Crystallogr., Sect. B982 38, 1101. (29) Wade, K.Adv. Inorg. Chem. Radiochem 976 18, 1.

516 Inorganic Chemistry, Vol. 44, No. 3, 2005



Mg3sCuy4Gaess. A Three-Dimensional Cubic Network

Table 5. Electron-Counting Scheme for the Intermetallic Phases
M@3s.1CUaGas3 58 aNd Mgss 06CL24Gas2 660 Per Formula Unit (fu)

Mg351CaGaszss MJss.0dCaGas2.66

(Cu,Ga) 26x 4= 104 26x 4= 104
skeleton electrons (fa}

(Cu,Ga)2 12x 4= 48 12x 4= 48
exo bonding

MgGas 36x 2= 72 36x 2= 72
skeleton electrons

MgGays exo bonding 148 2= 29.60 143x2= 287

bonding electrons fu 253.6 252.7
required: cell 1014.4 1010.6

electrons from fu 255.0 252.1
composition: cell 1019.9 1008.4

difference/cell +5.5 —2.2

Figure 4. Samson polyhedron around the centrakGa cluster with its

. : : Mgz envelope, a large Gapolyhedron, and the (Cu,Ga)ullerene. All
2 eV. A clear switch in the sign of the COOP data also occurs bonds to Mg are omitted for clarity. The outward facing (Cudpantagonal

at this point. Likewise, the closo icosioctahedron is most pyramids at the surface are sections of other icosahedra. Cu, dark blue;
stable with 36 skeletal electrons, which gives a gap-8f9 Ga, red-orange; Mg, light blue.

eV. This polyhedron is generally elongated, not spherical, .
and @ + 4 electrons are typically requirdd This count total occupancy. The Cu site changes to all Ga, whereas the

. Mg4 site becomes 50% occupied by Na. Differences in the
remains unchanged whether the clusters are centered or no 9 o P y

.tIVIuIIiken electronegativities for the CtGa and Cd-Ga pairs
as long as electrons on the centered atoms are counted i e nearly the same (for the neutral atodisput Cd is

Verte romoved rtain the same number of skelealelecirons PPrECiably arger than Cu, 1.38 versus 1.18 A in metalic
tadii. This may be responsible for the rather different

a condition that would seem to apply fairly well to the refined distributions of the minor components Cu and Cd, although

icosioctahedra in which an average of either 1.2 or 1.7 out . .
. .~ .~~"acomplete calculation would be necessary to check the site
of 8 Ga3 are missing. The only other effect of the missing . . L
) 4 . 2 populations. Electron counting for the Cd phase indicates
Gag3 is to lessen the exo bonding of each to a like atom in o : . .
. : . that it is a good deal less ideal. For the more precisely refined
an adjacent cluster, and so the only assumption made in o
. . . ) composition NgCdy3 (Gass s, there are now 20 fewer elec-
tabulating the cluster requirements is that pairs of Ga3 . .
vacancies be correlated between adioining clusters trons per cell relative to the ideal EdGa polyhedral network.
! 9 ' Clearly, changes in the electron counts associated with the

AS. summarized in Table 5, the two refined crysFaIs would switch from Cu to Cd are insufficient to compensate for the
require 253.6 and 252.7 electrons per formula unit or 1014.4Iarger change associated with the switch from Mg to Na as

22) ?cﬁ?olrg.e?rij:(g;f%?gl Egrlg egnai d4i,0v(;lgiree?s;rr](?nrseﬂgfgell the more cationic component. Na is certainly more electro-
: i P 'positive and is generally believed to be less effective than

respectively. These comparisons correspond to small differ- Mg in its participation in complete network bondifigs also

ences o~5.5 and—2.2 electrons for the two structures, or : .

appears to be the case in the electron-deficient Bergman
+0.54% and-0.22% of the total electron counts. Of course, 3 a1

flm3) phase N@(Cdojo-no_go)y.

these phases may be metallic, in which case the closed shel How Far to a Quasicrystalline Phase?As alluded to

Coggﬁg:d'isnpr; bggmiﬂo’tgmrf:{;'mgf;lﬁ le bond radii of Cu before, three facts make the present structure interesting in
9 9 . ) this respect. First, the compound contains condensed icosa-
and Ga (1.176 and 1.246 A), single bond lengths for-Cu o . .
hedra and icosioctahedra without any isolated or weakly
Ga should be around 2.418 A, 6&a~ 2.490 A, and Cu _ o
bonded spacers; second, bonding in the structure tends to
Cu ~ 2.346 A. The observed GaZa2 bonds between . ) : :
. be fairly homogeneous; and third, the electron concentration
icosahedra are~2.52 A, the Cu-Gal bonds between . : : ..
. e can be varied (at least slightly) by changing the composition.
icosahedra and icosioctahedra ar2.45 A, and the (frac- o :
) S All of these seem to be characteristics of quasicrystals, or at
tional) Ga3-Ga3 bonds between icosioctahedra are 2.680 : o .
. X . least of their better quantified approximahtsiowever,
A. Certainly, the first two comparisons are reasonable for . . .
2¢—26 bonds. whereas the third is lona both here and reIativeWhether the title compound is really close to the quasicrystal
to those in o,ther Ga intermetallic %ases None of these phase or not is unknown because no quasicrystal phase has
P i been discovered in the MgCu—Ga ternary phase to date.

g':flii?ucrzz d(CGhZgggazggggzzgﬁs?ﬁzwniggt tglli ;W gnlregnBed (One is not certain that the system has even been searched.)
» DUL DY Oniyoe. The present structure can also be described as a condensed
as the Ga3 occupancy decreases 11(1)%. Disordered frac-

tional occupancies of the Ga3 positions in this structure seempaekm.g of the so-called. samson .polyhe%fr.avhlch are

1o be intrinsic. sometimes used. as guides to this phem|stry. Figure 4
The isotypic Na:CthGasel® s rather different in both atom represents the hierarchy of such a giant cluster, namely,

distributions and electron count relative to the substantially (30) pearson, R. Gnorg. Chem.1988 27, 735.

ideal bonding in the present compound. The present Gal(31) Li, B.; Corbett, J. DInorg. Chem 2004 43, 3582. _

and Ga3 sites in the icosioctahedra become heavily admixed©2) Samson. S. Itructure Chemistry and Molecular Biolaggich, A.,

. - Davidson, N., Eds.; Freeman and Co.: San Francisco, CA, 1968; p
with Cd, 71 and 85%, respectively, for an assumed 100% 687.
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successive concentric polyhedra from a (Cussigpsahe- phase that was synthesized 10 years3agas a similar
dron, the Mgo pentagonal dodecahedron framework, a larger structural motif and elemental composition and has an
Gay; icosahedron, and the (Cu,GaBuckminster fullerene.  electron concentration (2.05) close to that of theliRCuAls
However, in this case, the polyhedra cut through recognizable(2.11f7 crystalline approximant and the-LisCuAlg (2.20)
clusters, for example, the icosahedra around the outer shelicosahedral quasicryst&iput no corresponding quasicrystal
that appear here as pentagonal pyramids. Hence, thisphase with Ga has been reported. Once again, it may be that
representation does not really fit in with the customary “first comes the synthesis”, as undirected as that may be.

cluster-based descriptions. Conclusions.In this paper, we present the synthesis and
The electron content per atore/gd) might be a useful structure of the title compounds. Single-crystal structure
indicator. Thee/a value of the title compounds is2.26, determinations reveal that the compounds crystallize in the

which is within the generally considered favorable range of cubic space groupd3m, with Z = 4. They contain two kinds
2.0-2.3 for icosahedral quasicrystdls?:33(The e/a value of building blocks, empty (Cu,Ga)icosahedra and centered

of the unique Ga quasicrystal M@ns;Gas is 2.1634) MgGaye icosioctahedra. These are bonded in different sized
Attainment of an idea¢/a value for the title phase might be  cavities within a 3-D Mg framework to the clathrate-II host
achieved by changing the proportion of Mg and Ga. In this structure. Some of these features appear to be related to
case, the correct direction toward icosahedral quasicrystalsstructure tuning to quasicrystal phases.

should probably be via a structural evolution from the
icosioctahedra. The limited composition variations studied
(Table 1), largely with limited Cu, suggest that Ga variation

may be the more likely method, but one should presumably [111] view of the Mg network, and MO calculational results for

look for a Cha”ge in the structure type as well. As a matter the isolated clusters. This material is available free of charge via
of fact, fcc lattices have not proven to be favorable for ihe |nternet at http://pubs.acs.org.

crystalline icosahedral approximants; rather, symmetry-
breaking bcelfn3) lattices93335should be more interesting,
or even lattices with as low &3 symmetry, which have a 5) Li. C.-S.. Miller, . JJ. Am. Chem. So@000 122 4937,

common subgroup relationship to both cubic space groups,(3e) Tillard-Charbonnel, M.; Belin, CI. Solid State Chen1991, 90, 270.

Supporting Information Available: Structural data as cif files.
Tables of crystallographic details, anisotropic displacement ellipsoid
parameters, drawings of the GaGa3 and Mg environments, a

1C040075U

may prove more favorable. The cubic1iCusGap, (|m3) (37) Audier, M.; Pannetier, J.; Leblanc, M.; Janot, C.; Lang, J. M.; Dubost,
B. Physica B1988 153 136.

(33) Lin, Q. S.; Corbett, J. Dinorg. Chem.2004 43, 1912. (38) Audier, M.; Guyot, P. IrExtended Icosahedral Structurekaric, M.

(34) Ohashi, W.; Spaepen, Rature 1987, 330, 555. V., Gratias, D., Eds.; Academic Press: San Diego, CA, 1989; p 37.
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