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NaK,,Hg is a new silver metallic, air-sensitive ternary alkali
metal amalgam with metallic properties. It crystallizes in space
group Pm3n (No. 223, Z=2, a=1685.3(2) pm) and shows
a superconducting phase transition at 2.5 K. Its crystal structure
is characterized by novel icosahedral Hg,, clusters centered by
Na atoms and hexagonal antiprismatic Hg,, clusters (‘“‘drums”)
centered by K atoms. Both cluster types are embedded in
a matrix of K atoms. With respect to the topology of the cluster
centers the three-dimensional arrangement corresponds to the
A15 structure type (Nb,Sn). The crystal structure of NaK,,Hg
is closely related to that of the complex intermetallic phases
A;Naylng (A=K, Rb, Cs) and others. It is an unexpected
electron deficient borderline case with respect to electron count-
ing rules (Wade’s rules and Zintl-Klemm concept), which were
successfully applied to explain the occurence of icosahedral and
hexagonal antiprismatic In,,/Tl,, clusters in the latter two com-
pOllﬂdS- © 1999 Academic Press
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INTRODUCTION

The complex and puzzling cluster chemistry of inter-
metallic compounds formed by alkali metals, group 13 ele-
ments (Ga, In, TI) like K3Na,elngg, KuoTlips (1-3), and
others like Na,3K Tl 35, 4;5Tl,5 (A = Rb, Cs), NaK Tl 3,
CsTl, and Na,Iny, g (4-14, 29) synthesized in recent years
could be rationalized elegantly by presuming an electron
transfer from the alkali metals to the group 13 element
atoms and applying two successful classical concepts: (1) the
Zintl-Klemm concept (15-17, 29) and (2) Wade’s rules
(18-20). Both concepts are based on specific valence electron
counting using mainly p- and/or d-electrons and either
“pseudo-elements” (Zintl-Klemm) or suitable molecular or-
bitals (Wade’s rules) as helpful arguments for rationalizing
the variety of cluster geometries formed by the group 13
elements in those solids

With NaK,oHg,g we present a new compound, in which
the group 13 metal (In) of K3Na,¢Ingg is completely re-
placed by a group 12 metal (Hg). As a consequence of this
replacement one should expect structural differences due to
the fact that the number of available valence electrons is
drastically reduced (In, three; Hg, two valence electrons).
Surprisingly, however, the two solids are isostructural (ex-
cept an additional centering of one of the polyhedra) and
differ only slightly in their structural characteristics (lattice
constants, interatomic distances, etc.).

This unexpected contradiction serves as a main back-
ground in this paper for discussions based on comparisons
between NaK,oHg,s and the above mentioned
AsNa,oHg,s. It can be taken as an occasion to reexamine
or modify the above mentioned rules with respect to those
intermetallics containing Ga, In, or Tl, which seemed to be
good candidates for a successful application. It might be
that other important arguments have been missed.

EXPERIMENTAL
Preparation

A few crystals of NaK,oHg,s were first obtained in the
course of systematic studies on potassium amalgams by
erroneously assuming the chemical composition to be
K,oHg,s. Intensive efforts, however, to synthesize greater
quantities of “K,9Hg,s” showed peculiarly low yields. Sub-
sequent careful analyses (21) based on different methods
soon showed that the starting potassium sample was slight-
ly contaminated with sodium. Further experiments now
adding stoichiometric quantities of Na (see below) yielded
NaK,oHg,s free of impurities, which can be shown clearly
by high-resolution X-ray diffraction (Fig. 1).

NaK,oHg,s can be obtained using a special experimental
glass setup described elsewhere (22) by mixing stoichiomet-
ric quantities of Na (Merck > 99%), K (Fluka > 99%,
purified by segregation), and Hg (Degussa, 99,999%) and
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FIG. 1.

heating the mixture up to 520 K to ensure the formation of
a homogeneous melt. The sample is subsequently cooled
down to 450 K and kept at this temperature for 4 weeks.
The product that appears is silver metallic, is highly air
sensitive, and contains regularly shaped crystals (Fig. 2)
suitable for single-crystal investigations. Crystals were se-
lected under inert gas by using an optical microscope and
were mechanically fixed in X-ray glass capillaries. Diffrac-
tion data for single crystals of NaK,oHg,5 were collected on
a CAD4 diffractometer at 290 K with monochromatized
MoKuo radiation (20,,,, = 50°). Relevant X-ray data and
positional and isotropic displacement parameters are sum-
marized in Tables 1 and 2. A selection of interatomic distan-
ces is given in Table 3. Magnetic measurements were carried
out in a SQUID magnetometer (MPMS-7, Quantum
Design, San Diego, CA) by filling the microcrystalline
NaK,o,Hg,s samples in gelatin containers under He gas.
Figure 3 shows the results of magnetic measurements for
two different temperature ranges.

RESULTS AND DISCUSSON

In NaK,,Hg,s as well as A3Na,¢lngg (1,2) icosahedral
closo-clusters (two per unit cell) and hexagonal antipris-
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X-ray powder diagram of NaK,oHg,s (CuKa,, STOE StadiP, 0.02°/step).

matic arachno-clusters (“drums,” six per unit cell) are re-
garded as main building units (Fig. 4). They are embedded
in a matrix of alkali metal atoms.

In contrast to the icosahedral closo-In;, in A3;Na,¢lngg
the corresponding icosahedral closo-Hg,, in NaK,oHg,g
are centered by Na atoms thus forming NaHg;, units.The
hexagonal antiprismatic arachno-In;, clusters, which are
centered by Na atoms in the case of A;Na,¢In,g (Nalny,)
and by K atoms in the case of NaK,,Hg,s (KHg,), can be
derived from a hypothetical (centered) closo-icosatetra-
hedron KHg;, (Naln,,) by removing two apical Hg (In)
atoms.

All 12 vertices of both Hg;, cluster types are bonded via
short intercluster bonds, Hg-Hg, to neighboring clusters
(Figs. 4 and 5) thus forming a complete three-dimensional
network of Hg-Hg contacts. The lengths of these contacts
correspond roughly to the avarage dy, , in elemental «-Hg
(23) and to typical dy, ng in other alkali metal amalgams
(24). The arrangement of clusters corresponds to the A15
structure (NbsSn) with Nb/Sn replaced by the hexagonal
antiprisms/icosahedra. Corresponding statements are valid
for the A3Na,qlngg compounds.

NaK,oHg,s appears metallic and is diamagnetic with
a slight temperature dependence. It shows a steep decrease
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FIG. 2. A selected single crystal of NaK,oHg,s with the shape of a truncated octahedron viewed in the scanning electron microscope.

of the diamagnetic susceptibilty below 2.9 K (Fig. 3) indicat-
ing superconductivity (“Meissner effect”).

As mentioned above, NaK,o,Hg,s differs from
AsNa,glngg only in so far as the closo-Hg; , icosahedra are
centered by Na atoms whereas the closo In, icosahedra are
not. In all further topological aspects the structures of
NaK,oHg,s and A3;Na,¢ln,g are identical.

In particular we find the intracluster distances dy,_p, to be
longer than the intercluster ones (exo-bonds) in complete
accordance with the corresponding situation in
A;3Na,elngg.

Each icosahedron NaHg;, is connected to twelve neigh-
bored hexagonal antiprisms KHg;, by 12 contacts
dyg ne = 291.7 pm (dy, 1, = 291.2 pm). These are the shortest
dyg ne 1n the structure but are, however, still significantly
longer than typical covalent single bonds Hg-Hg in, e.g.,
Hg(I) halides (255 + 10 pm (25)). Each hexagonal antiprism
KHg;, is connected to four icosahedra with dy, p, =

291.7 pm (diy1n = 291.2 pm) and to eight antiprisms with
dugng = 318.1 pm (dyy1n = 305.3 pm).

Intracluster distances dy, y, for the icosahedra (Hgl only,
Fig 4) are 307.1 pm (292.7, 1 x) and 326.3 pm (300 pm, 4 x )
per Hgl atom (corresponding values dy, 1, for K;Na,clngg
and multiplicity in parentheses). In addition one intercluster
bond of 291.7 pm (291.2) extends from every Hgl to a neigh-
bored icosahedron as already mentioned above.

The distances dy, ng1 = 306.5 pm between the center Na
and surface Hg atoms (Hgl) in the NaHg,, icosahedra are
relatively short in comparison to dy, u, in other sodium
amalgams ((24), NagHg;, dn.ne > 314.6 pm; NaHg,
dna-ng > 314.8 pm; NaHg,, dn, u, > 316 pm), which, how-
ever, never contain this unique cluster. In summary one can
state that there is a tendency for the intracluster bonds
dug ne Of the icosahedra to be slightly longer than dj, 4,
although indium atoms are larger than mercury atoms
(metallic radii are 167 pm for In and 155 pm for Hg (30)).
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TABLE 1
Summary of Relevant X-Ray Data for NaK, Hg,s"
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TABLE 2b
Displacement Parameters U;* for NaK,Hg,s (10* pm?)

Formula/Pearson code
Space group

NaK,oHg,s [cP156]
Pm3n, No. 223
Lattice constant (pm) a =1685.3(2)
Volume (pm?) 4787.25 x 108
Formula units 2

Crystal size (mm?) 0.1 x0.1x0.2

Density (g/cm?) 7.748

Linear absorption coefficient 778.94

ok (Mm ™)

Temperature (K) 298

Diffractometer Enraf-Nonius CAD4 MoKo
(4 =0.71073 A), graphite mono-
chromator, scintillation counter

Data range —20<h <20, —20 <k <20,
0<l1<20

20 () 50

Scan type w-scan

Absorption correction Y scans

Refinement NRCVAX (28)

Number of reflections 12,880

Number of reflections used 789

Number of reflection with I, > 25(I,) 440

R (Io > 20(1,))/RF (all reflections) 0.0618/0.0618

Ryw (Iy > 2a(1y))/Rw (all reflections) 0.0791/0.0791

Extinction coefficient 0.00772

Residual electron density 4.49/—3.81

AP/ Aprmin (€/A%)

“Further details of the crystal structure investigations are available on
request from the Fachinformationszentrum Karlsruhe (D-76344 Eggen-
stein-Leopoldshafen, Germany), on quoting the depository numbers CSD-
410570 (NaKoHgys).

This may be taken as an indication for the significantly
lower number of valence (bonding) electrons available in
NaK,oHg,s in comparison to K;Na,¢In,g (see “Electron
Counting and Critical Discussion of Interatomic Distances”
below). It is, however, difficult to separate this effect from

TABLE 2a
Atomic Coordinates and Displacement Parameters for
NaKyHg,s (10* pm?)

Site

Atom Site symmetry X y z Ueq

Hgl 24k m.. 0.1575(1)  0.0911(1) 0 0.039(1)
Hg2 24k m.. 0.3140(1)  0.1652(1) 0 0.046(1)
Hg3 481 l 0.3274(1)  0.3273(1) 0.0961(1) 0.036(1)
Na 2a m3. 0 0 0 0.069(4)
K1 6b mmm.. 0 1 1 0.054(5)
K2 24k m.. 0.3671(2) 4 0.2048(2)  0.046(5)
K3 16i 3. 0.3119(3) X X 0.062(1)
K4 6d dm.2 1/2 0 1 0.046(4)
K5 6¢c dm.2 0 3 1 0.069(4)

Atom Uiy U,, Uss Ui, Uis Uzs
Hgl 0.0335(5) 0.0378(4) 0.0447(5) —0.0045(4) 0 0

Hg2 0.0443(4) 0.0441(6) 0.0511(5) 0.0106(3) 0 0

Hg3  0.0526(4) 0.0452(3) 0.0428(4) 0.0036(2) —0.0015(3) —0.0023(3)
Na 0.069(8) Uy, Uy, 0 0 0

K1 0.048(5)  0.056(7)  0.059(7) 0 0 0

K2 0.046(2) 0.066(3) 0.026(2) 0 0.011(1) 0

K3 0.063(1) Uy, Ut 0.019(1) Uy, Uy,
K4 0.058(4) Ut 0.029(5) 0 0 0

K5 0.026(3) Ut 0.087(8) 0 0 0

“Uy; is defined as exp[ — 2n%(Uq h*a*? + - + 2hka*b*Uy, + ).

the distance expansion triggered by the Na atoms centering
the Hg,, icosahedra but not the In;, icosahedra.
Intracluster distances dy, . (Hg2 and Hg3) for Hg2 in the
hexagonal antiprisms (Fig. 4) are dyg ne3 = 318.6 pm
(304.7, 2x) and 328.2 pm (314.8, 2x). In addition one
intercluster bond dygs g1 = 291.7 pm (291.2) to a neighbor-
ing icosahedron exists. The corresponding distances for Hg3

TABLE 3
Main Interatomic Distances (pm) in NaK,Hg,s

Hgl-Hg2* 291.7(1) 1x KI1-K2  4114(2) 4x
Hgl-Hgl  307.1(1) 1x KI-Hg2  419.2(1) 4x
Hgl-Hgl  3263(1) 4x KI1-Hg3 421.2(1) 8x
Hgl-Na 306.5(1)  1x K1-K4 421.3(1) 4x
Hel-K2  3464(4) 1x
Hgl-K2  3572(2) 2x K2-Hgl  3464(3) 1x
Hgl-K3  3604(7) 2x K2-Hg3  350.3(3) 2x

K2-Hgl  357.2(4) 2x
Hg2-Hgl® 291.7(1) 1x K2-Hg2  358.6(3) 2x
Hg2-Hg3  318.6(1) 2x K2-Hg3  369.7(4) 2x
Hg2-Hg3  3282(1) 2x K2-K3  3764(7) 2x
Hg2-K5 344.6(1) 2x K2-K4 397.74) 1x
Hg2-K2 358.6(3) 1x K2-K1 411.4(3) 1x
Hg2-K2  375.7(4) 2x K2-K2  4478(9) 1x
Hg2-K3  383.3(1) 1x
Hg2-K5 419.2(1) 1x K3-Hgl 360.3(7) 3x

K3-K3  361(1) 1Ix
Hg3-Hg3*  318.1(2) 1x K3-Hg3  365.6(4) 3x
Hg3-Hg3  318.5(1) 1x K3-Hg3  366.4(4) 3x
Hg3-Hg2  318.6(1) Ix K3-K2  3764(3) 3x
Hg3-Hg3  323.9(1) 1x K3-Hg2  3834(1) 3x
Hg3-Hg2  328.2(1) 1x
Hg3-K2  3503(2) Ix K4-Hg3  357.7(1) 8x
Hg3-K4 357.5(1) 1x K4-K2 397.7(4) 4x
Hg3-K5  357.7(1) 1x K4-K2  421.3(1) 2x
Hg3-K3  365.6() Ix
Heg3-K3  366.5(4) 1x K5-Hg2  344.6(6) 4x
Hg3-K2 369.7(4) 1x K5-Hg3 357.5(1) 8x

K5-K1  421.3(1) 2x
Na-Hgl 306.5(1)  12x

“Intercluster exo-bonds.
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FIG. 3. The magnetic susceptibilty of NaK,oHg,s in two different
temperature ranges. (a) magnetic field (H: 1 T<H <7T; (b) 0.001 T,
cooling in field (Meissner effect), cooling without field (shielding).

are dygs pgz = 323.9/318.5 pm (314.8/304.7, 1 x each) and
dygsngz = 328.2/318.1 pm (312.1/306.2, 1 x each). Again an
additional intercluster bond dyg3 .3 to a neighbored hexa-
gonal antiprism exists.

The distances between K5 in the center of the hexagonal
antiprism and the peripheral Hg atoms are dgs g, = 344.6
pm (323.3, 6 x) and dgs_pgz = 357.5 pm (339.2, 6 x). They
are in accordance with typical distances dg g, (24) in KHg
(g ng > 356pm), KHg, (dxg,>352pm), KsHg,
(dxng > 352pm), K-Hgs; (dxwe>345 pm), K,Hg;
(dx_ng > 355 pm), KHg;; (dg_pe > 364 pm), although none
of these solids contains such unusual clusters.

Further structural discussions including the K atoms (K 1
to K4) and analyzing various topological aspects of the
highly complex and fascinating structure as, e.g., the rela-
tionship to the clathrate-I type and to the Samson poly-
hedra in Li;3CusGa,; are given elsewhere (1,2) for
K;Na,sIngg and can be fully transferred to NaK,oHg,s by
replacing In with Hg and taking into account that the Hg;,
icosahedra are centered by Na atoms whereas the Iny,
icosahedra are not. The same holds for the individual coord-
ination polyhedra of the K and Hg atoms.
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FIG. 4. Closo-NaHg;,, icosahedra (a) and arachno-KHg,, hexagonal
antiprisms (b) in NaK,oHg,s (solid and empty atom connection lines
indicate different bond lengths).

Electron Counting and Critical Discussion
of Interatomic Distances

On the basis of the assumption of a significant electron
transfer from Na/K to In in the sense of the Zintl-Klemm
concept and according to the application of Wade’s rules as
discussed in (1) and (2) each of the two closo-Hg;, per unit
cell in NaK,,Hg,s requires 26 skeletal and 12 exo-bond
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electrons. On the other hand, each of the six arachno-Hg; ,
requires 30 skeletal and 12 exo-bond electrons. In this
picture all exo-bonds are assumed to be classical 2-elec-
tron-2-center bonds. The total number of necessary valence
electrons to fill all cluster orbitals and 2-electron-2-center
exo-bonds thus becomes 328 (232 ¢~ for 116 skeletal and 96
e~ for the 48 intercluster bonds) which has to be compared
with 252 valence electrons provided by the sum of all alkali
metal and mercury atoms (one per alkali metal atom, two
per mercury atom). The complementary calculation for
AzNa,glngg (counting three valence electrons per indium
atom) results in 346 available valence electrons. This num-
ber is more than sufficient to fill all inter- and intracluster
bonds. The 18 excess electrons can be regarded as
delocalized in a conduction band consistent with the ob-
served metallic properties of 43Na,¢In,g. But how to treat
the deficiency of 76 valence electrons in NaK,oHg,s?

Indeed from the above discussion of interatomic distances
small but significant differences between the two com-
pounds become obvious. Although the atomic radius of Hg
is slightly smaller than that of In (Hg, 150.3 pm; In, 162.6
pm) the distances Hg-Hg in NaK,,Hg,s tend, with one
exception, to be greater than In-In in A3;Na,¢Ingg. The
exception concerns the intercluster distances between
icosahedra and hexagonal antiprisms, which are nearly
equal for In-In and Hg-Hg. All other comparable distances
dy, ng are significantly greater than dj, y,. The situation is
particularly puzzling for the NaHg;, and In;, icosahedra,
respectively. One has to wonder whether the inter cluster
distances dy, p, are greater than dy,;, due to the central
Na or whether the electron deficiency weakens the Hg-Hg
cluster bonds to an extend, that a central Na atom now fits
into the enlarged Hg,, clusters! Similarly puzzling is the
comparison of interatomic distances for the hexagonal anti-
prisms Hg;, and In;,. Again one could argue that the
Hg-Hg cluster bonds are so weak that large K atoms fit into
the enlarged Hg,, clusters in contrast to the In,, clusters
where only small Na atoms fit.

Moreover, it is difficult to estimate the effect of the matrix
of K atoms in NaK,oHg,s embedding the clusters in com-
parison to the matrix of Na atoms in A;Na,¢In,g. Gener-
ally one would expect a stabilizing effect for both types of
highly electron deficient Hgy, clusters due to the greater
tendency to transfer electrons from K to Hg than from Na
to In. Due to earlier studies of the system Na- K (26) and
our present knowledge of the system K-Hg the existence of
binary NazoHg,g or K3oHg,s (M sHge) is most unlikely.

One objection against the simple model for chemical
bonding in A3Na,sIn,g and NaK,o,Hg,s based on the elec-
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tron counting rules discussed above comes from preliminary
theoretical calculations of the electronic structure (27) for
the latter compound. These calculations give significant
evidence for the s-valence states of K as well as the p-valence
states of Hg to be partly populated by electrons. Thus the
assumption of a complete electron transfer from K to Hg
cannot be valid.

CONCLUSIONS

NaK,oHg,s is a unique ternary amalgam that consists of
centered NaHg;, icosahedra and centered KHg,, hexag-
onal antiprisms (“Wade clusters”) embedded in a matrix of
K atoms. In contrast to a series of indium compounds
(A3Nayglngg: A = K, Rb, Cs), which are structurally very
similar, the application of Wade’s rules to NaK,oHg,g is
questionable and predicts a significant deficiency of valence
electrons. The deficiency is reflected in geometrical details of
the atomic arrangement in particular with respect to se-
lected interatomic distances.
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