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The Hume — Rothery Compound
MngGa,;,Zn,;4: Separated Zn,;-Clusters
Interspersed in a Primitive Cubic Host
Lattice™*

Ulrich Haussermann,* Per Viklund, Christer Svensson,
Sten Eriksson, Pedro Berastegui, and Sven Lidin

The interpretation of structural stability and chemical
bonding in intermetallic compounds is a continuous challenge
in chemistry because metallic systems evade the simple and
powerful rules developed by chemists which allow the linking
of electron counts to particular geometrical arrangements of
atoms.!2l However, there exists a number of intermetallic
compounds where the valence electron concentration (VEC,
average number of valence electrons per atom) plays a
decisive role for structural stability, and these compounds are
usually classified as electron compoundsP®! or Hume — Rothery
compounds.l One group of such Hume — Rothery compounds
comprises E-rich systems T,E, (n/m>3) where T is a
transition metal from the V-Co groups and E is preferably
Al or Ga. In these compounds the transition metal atoms
appear uniformly distributed in a matrix of E atoms, and the
resulting structures (e.g., VAly,, WAIL,, MnAls, Co,Aly,
MnGa,, VGay, V;Alys) are very often large and complex.
Remarkably the T atoms are separated by the largest distance
possible and, thus, are only coordinated by E atoms in the first
coordination sphere. The resulting TE, coordination polyhe-
dra are rather regular (p =8-12) and appear as discrete
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entities (VAl,,, WAl,,), as vertex-linked (Co,Aly, MnGa,,
VGay), or as edge-linked (MnAls) networks. Many of these
T, E, Hume — Rothery compounds were prepared and char-
acterized 20 years ago, but have experienced a renaissance
recently with the discovery of further examples such as
MoAl;,, WA, MosAl,,, and the ternay Mo,Sn;,Zn,, by
Hillebrecht et al.l!

The origin of the important role of VEC for the stability of
this group of Hume - Rothery compounds lies in the occur-
rence of a pronounced pseudo gap in the density of states
(DOS) which is a result of strong bonding between T and E
atoms.l’l We want to exemplify the characteristic features of
the electronic structure of these compounds with the DOS of
VyGay[ shown in Figure 1a: At low energy the density of
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Figure 1. a) Total density of states (DOS (states/eV cell)) together with the
d orbital contribution from V (dotted lines) and the s orbital contribution
from Ga (dashed lines) of the compound VGa,, as obtained from LMTO —
ASA calculations. b) Schematical construction of the DOS of the T,E,
Hume - Rothery compounds as a perturbation of free-electron like states
of the E atom matrix by T atom d states.

states is dominated by approximately parabolically distrib-
uted (free-electron like) states stemming from the sp bands of
the E atom matrix, which at higher energy are perturbed by
the T atom d states. The strong d—sp interaction in these
compounds opens up a pseudo gap (or sometimes even a
narrow band gap) at or close to the Fermi level (Eg) which
separates d—sp bonding and antibonding states. Figure 1b
summarizes in a simplified manner how the DOS of the T, E,
Hume — Rothery compounds is built up by this perturbation
process. As a consequence the TE, coordination polyhedra
represent strongly bonded entities, and the position of the
pseudo gap determines the optimum VEC, or in the case of
broad pseudo gaps a range of optimum VEC:s, for a particular
Hume - Rothery compound. In VyzGa,® only one kind of TE,
polyhedron—corresponding to a VGa,, unit—occurs. This
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VGa,, coordination polyhedron represents a hybrid com-
posed of one half of a cube (VGag,) and one half of an
icosahedron (VGay,,)®! and is depicted in Figure 2a. In the
V;Gay, structure these polyhedra exclusively share corners
(Figure 2b) and are arranged in such a way that one triangular

Figure 2. a) The hybrid coordination polyhedron of the V atoms in VyGay
consisting of one half of a cube (lower part) and one half on an icosahedron
(upper part). b) The structure of VyGa,, along [001] build up by corner-
sharing VGa,, polyhedra (red). ¢) The cuboctahedron in VyGa,, defined by
eight VGa,, hybrid polyhedra (only four of them are shown for clarity).['"]

face of each polyhedron is at the same time part of a
cuboctahedron which is centered by an additional Ga atom.
Thus such a cuboctahedron is defined by eight VGa,, polyhedra
(Figure 2¢) which yields the stoichiometry Ga(VGayy,)s=
VsGay; for this compound.

In the course of our investigation of the stability ranges of
Hume - Rothery compounds we obtained the new phase
MngGay_,Zn, from Zn/Ga melts!'”! with a rather narrow
homogeneity rangel'! which can be regarded as a T,E,_E;
Hume — Rothery compound. The X-ray structure determina-
tionl'?] of a single crystal from a sample with the nominal
composition Mn,Zn;,Gag, exhibited a rhombohedral struc-
ture for a compound MnyGa.,,Zn.,, which at first sight
appeared as a simple ternary variant of the VyGa,, structure
where Ga atoms in the E atom matrix have partly been
replaced by Zn atoms. When counting Zn as an E atom that
only contributes to bonding with its 4s electrons one might
consider a random replacement of Ga with the neighboring
element Zn as a means to balance the increase of VEC due to
the electron richer T component in MngGa,,_,Zn,. Then VEC
yields a value of 3.367 in MngGa,,Zn,,, which is slightly higher
than that in V¢Ga,, but the Fermi level would still be within
the pseudo gap of VyGa, when assuming a rigid-band
behavior of the band structure (Figure 1). In order to be able
to discriminate reliably between Ga and Zn atoms and to
investigate their distribution in the E atom matrix we
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performed a neutron powder diffraction study.'3 The Riet-
veld refinement (Figure 3) revealed an average composition
MngGayry)Znys6q) of the crystals from the sample
Mn,Zn;,Gag, and an intriguing segregation of the Zn and
Ga atoms in the E atom substructure of MngGay,,Zn ;.Y
This, together with some small but decisive geometric

diA —»

Figure 3. The Rietveld-fitted profile and difference plot (time-of-flight
neutron powder diffraction data) for MngGa,;,Zn;,. The vertical axis
shows counts per us.

deviations from the parent ViGa, type turns the ternary
MnyGa,s,Zn ;¢ into a very remarkable structure. The most
remarkable feature of MngGa,;,Zn;4 is the occurrence of
separated Zn,E cluster entities; that is, the two atomic
positions defining the cuboctahedron are exclusively occupied
by Zn atoms (positions Zn1 and Zn2), and the center of these
clusters represents the only significantly detected random
occupied atomic position in this structure (position E: 61(9) %
Zn and 39(9)% Ga). Moreover, the distances between
neighboring atoms in the Zn;,E clusters are in the very
narrow range between 2.754 and 2.814 A (d(E-Zn1) 2.790
(6x), d(E-Zn2) 2.779 (6 x), d(Znl-Znl) 2.790 (6 x),
d(Zn1-7Zn2) 2.780 (6 x ), 2.814 (6 x ), d(Zn2-Zn2) 2.754 A
(6 x )) compared to the range of 2.885 to 3.034 A between the
corresponding pairs of Ga atoms in VyGa,.®l As a conse-
quence of this idealization of the cuboctahedral units in
MngGa,,;,Zn, ;4 the distances between Mn and the Zn atoms of
the cuboctahedra are enlarged and the MnE,, polyhedra
appear as more distorted than their VGa,, counterparts in
ViGa,;. Thus the Zn,E clusters in MngGa,;,Zn,54 can be
regarded as small volumes of face-centered cubic metal which
are separated by at least 3.929 A as the shortest distance
between Zn atoms belonging to neighboring cuboctahedra;
the distance between the centers of the clusters is 9.240 A.
The mean distance between neighboring atoms in the
centered cuboctahedra is 2.785 A, which compares very well
with the mean interatomic distance of 2.789 A between
nearest neighbors in the elemental structure of Zn. Thus,
MnyGa,,;,Zn ;¢ appears not only as an ordinary variant of the
binary Hume - Rothery compound VyGa, where the ex-
change of Ga by Zn supplies an optimum value of VEC, but
exhibits a subtle ordering tendency of Ga and Zn in the
flexible E atom substructure which accounts for the different
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bonding behavior of these elements: the tendency of
Ga to form homonuclear E-E and heteronuclear
T-E bonds and the tendency of Zn to segregate into
more metallic bonded entities. In contrast to the
V;Ga,, structure in which strong-bonded VGa,
polyhedra are the essential building units, for
MnyGa,;4Zn; ;¢ we assign this role to the centered
cuboctahedra Zn;,E. When focussing on these
cluster entities as the central structural units it is
possible to define a large three-shell building block
consisting of 77 atoms. The interior of such a
building block (Figure 4a) is formed by a Zn,E
cluster, and eight Mn atoms which coordinate the
triangular faces of the cuboctahedron constitute its
second shell. Thus the Mn atoms are arranged as a
cube, which is slightly distorted, and the average
distance between two Mn atoms is 5.21 A. The outer
shell or surface of the large building block consists
of 56 E atoms (54 Ga atoms and two Zn atoms
(position Zn3)) and has also the shape of a (slightly
distorted) cube, exhibiting the same orientation as
the inner cube formed by the Mn atoms.
This large “supercube” is equivalent in volume
el and shape to the primitive rhombohedral unit cell of
01,23 0,1,2.3 MngGay,,Zn, s with a=9.240 A and a = 95.80°, but
T T ' T with a different orientation (cf. Figure 4b). On each
face of a supercube 16 E atoms are located which
divide the area into 3 x 3 smaller arrays. The two
Zn3 atoms sit on opposite corners ((0,0,0) and
(1,1,1)) along a body diagonal (cf. Figure 4a) and the
distance between these atoms and the closest Zn
- atoms of the Zn,E clPster in the center of the
[ building block is 5.269 A. The total composition of
: ' the stuffed supercube is TgE¢ and such building
blocks composed of three shells might even occur in
the formation process of the compound in the Zn/
. o Ga (E atom) melt, starting off the centered cuboc-
/’? U—G/ * '#‘ A tahedra Zn,E as nucleation centers. In the hexag-
onal setting of the MngGa,;4Zn 34 structure the
o o stuffed supercubes are oriented along the body

[ diagonal defined by the two Zn3 atoms. This
) _ orientation corresponds to the ¢ axis, and the
/"’O [ ; \ A p

Figure 4. a) The stuffed “supercube” building block in MngGa,;4
Zn,5¢. The inner shell represents a centered Zn,E cuboctahedron
(yellow), the second shell corresponds to a cube of eight Mn atoms
(red circles), and the outer shell to a cube with 56 E atoms (54 Ga
(green circles) and two Zn atoms (blue circles)) on its surface.
b) Layer of hexagonally arranged stuffed supercubes, oriented along
a body diagonal (c direction) and not connected, in MngGa,;,Zn, .
c) ABC stacking of layers of stuffed supercubes yield the total
structure of MngGa,;,Zn,;4. d) Two condensed stuffed supercubes
in two consecutive layers AB of MngGa,;,Zn ;. ¢) From the PtHg,
structure (MnGa,) to the stuffed “supercube” building block in
MngGa,;,Zn ;6. Black circles represent Mn atoms, lighter circles E
atoms. The heights of the atoms are indicated. f) Generation of a
cuboctahedron from a cube after Hyde and Andersson.I! g) Left:
part of the structure of MngGa,;,Zn,;5 which corresponds to the
PtHg, type (red circles: Mn atoms (Pt), green circles: E atoms
(Hg)); right: MngGa,;,Zn,;¢-interspersed Zn,,E clusters (yellow) in
a primitive cubic host lattice.
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distance between the two Zn3 atoms is the repeating unit in
this direction. The supercubes are arranged in hexagonally
packed layers as indicated in Figure 4 b, but are not connected
within such a layer. The complete structure of MngGa,;,Zn;;
results from an ABC stacking of such layers in the ¢ direction
(Figure 4c). Within the sequence ABC, supercubes are
condensed in the ab plane by sharing 9 of the 16 E atoms
located on each face, equivalent to 4/9 of the area of the face
(Figure 4d). Thus each building unit is surrounded octahe-
drally by six neighbors in such a partly face-sharing way. The
shared atoms are always Ga atoms, whereas the remaining
(Zn3) atoms situated at opposite corners at the heights z =0,
%, % are used to connect supercubes in the ¢ direction.

The structural description of MngGa,;,Zn; ;¢ in terms of
stuffed supercubes reveals the close connection of this
structure with the PtHg, type in which also the compound
MnGa, crystallizes. The cubic PtHg, type can be regarded as a
defect CsCl structure where % of the Cs atoms have been
removed in such a way that an array of corner-connected
cubes [PtHgg] ([MnGay)) is formed (Figure 4¢). The stuffed
supercube in MngGay,4Zn,;, corresponds to a volume 1.5°
times that of the body-centered unit cell of MnGa, of which
the atoms defining the central cube [MnGag] has been
replaced by the Zn,,E cluster. The transformation process
from a cube to a cuboctahedron is simple and was described
by Hyde and Andersson!"! (Figure 4 f): First a square of four
more (Zn) atoms is added at the height of the center of the
cube. Then the cube is elongated in the direction perpendic-
ular to the plane defined by the additional atoms and its
remaining two square faces are rotated by 45° to yield a
cuboctahedron. The generation of a cuboctahedron from a
cube raises the coordination number of the surrounding Mn
atoms from 8 to 10, which results in the hybrid coordination
polyhedron shown in Figure 1a. Beyond this the PtHg, type
host structure of MnGa, is unaffected and the Zn,E cluster in
MnyGa,;,Zn ;¢ appear as separated, interspersed entities in a
primitive cubic array in which the Ga atoms are segregated
(Figure 4 g).

The cubic primitive lattice is a perfect host for cuboctahe-
dral units where square antiprims of flexible size serve as an
interface and thus also allow some flexibility in the size of the
cuboctahedra (cf. Figure 4¢). For MngGa,,,Zn,5¢, the distri-
bution of the centered cuboctahedra formed by Zn atoms in
the MnGa, host structure ensures for all Mn atoms the same
coordination, but one could also think of a structural series
T,E,, (PtHg, type host) —T, El,, sE2,3 where T atoms
occupy E,, hybrid polyhedra as well as cubes and E1 atoms
participate in the cubic primitive lattice into which centered
cuboctahedra (small volumes of face-centered cubic metal)
formed by the E2 atoms are distributed. MngGa,;,Zn s
(Mng[Ga,;Zn]Zn,E) would be the first member with n=09.
Such a homologous series with the same structural principle
based on the fluorite type as host structure is, for example,
known for the ionically bonded system CaF,/YF;, including
the mineral tveitite Ca,,YsF,;, where “excess” fluoride ions
form the centered cuboctahedra.')
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Helical Coordination Polymers with
Large Chiral Cavities™*

Kumar Biradha, Corey Seward, and
Michael J. Zaworotko*

The concept of crystal engineering!’? owes much to recent
advancements in supramolecular chemistry and recognition,
understanding, and exploitation of supramolecular syn-
thons.®! Crystal engineering offers the intriguing promise of
facile development of a new generation of functional solids
that have been designed from first principles. Therefore, a
degree of control over substrates, structure and, ultimately,
bulk properties that is not inherently present in naturally
occurring compounds is potentially offered. Furthermore, it is
already clear that the construction of architectures that are
unprecedented in naturally occurring solids becomes feasible.
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In the context of metal-organic solids, infinite molecular brick
walls,*l ladders,! bilayers,®) and helices!” ® represent just four
examples of this new generation of solids. Of particular
current interest are these and other examples of open
framework metal-organicl® 'l and organicl'* 'l zeolite mimics
which incorporate organic guests and “organic clay mimics”
which are able to exchange metal cations.['¥l Herein we report
on a new class of host compound, helical coordination
polymers that spontaneously resolve to generate chiral
cavities that are large enough to contain supramolecular
complexes of organic guest molecules. Significantly, these
chiral architectures are generated from simple and inexpen-
sive achiral building blocks.

A weak but commonly encountered supramolecular syn-
thon is the T-shape or edge-to-face stacking interaction.!'!
This type of C—H -+ ;w interaction!**l occurs, for example, in the
crystal structure of benzene and appears to be the key driving
force for the architecture that is exhibited by the simple and
facile to synthesize compound 1. Crystals of 1 were grown by
dissolving [Ni(acetate),] and benzoic acid in MeOH and
layering with a solution of 4,4'-dipy in MeOH [Eq. (1); 4,4"-
dipy = 4.4'-bipyridine].

ArCOOH, MeOH
_—

Ni(CH;COO),-4H,0 + 4.4'-dipy
[{Ni(4.4-dipy)(ArCOO),(MeOH),},] (1)
1: Ar=CyH;

2: Ar=2-(OH)C.H,
3: Ar=3-(NO,)C¢H,

An X-ray structure analy-
sisl'®l reveals that 1 acts as a
host compound if crystals
are grown in the presence
of the guest molecules nitro-
benzene, benzene, veratrole,
phenol, chloroform, and di-
oxane to generate the inclu-
sion compounds la-f, re-
spectively. These exhibit iso-
structural helical architec-
tures with large chiral cav-
ities. The helices are gener-
ated around crystallographic
4, or 4; screw axes and each
coil of the helix therefore
contains four residues (Fig-
ure 1). The distance between
coils corresponds to the unit
cell length, which ranges
from 2702 to 2791 A. As
revealed by Scheme 1, this
architecture is one of at least
three possible architectures
that might reasonably exist
for 1. Square boxes based
upon 4,4'-dipy have attract-
ed considerable recent at-
tention,'’! but we are un-

Figure 1. A portion of the helical
structure exhibited by compounds
la-f.
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