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Na11Hg52: Complexity in a Polar Metal**
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Amalgams of the alkaline and alkaline-earth metals are
excellent model systems for studies on polar metals. Polar
metals are substances in which the transition from classical
metallic bonding towards ionic bonding can be found, similar
to the transition from covalent to ionic bonding in a polar
atom bond. The interplay of ionic and metallic bonding leads
to structures of high complexity. The most mercury-rich
sodium amalgam represents an outstanding example of
chemistry between salts and metals and is closely related to
a very prominent process of chemical industry: the chlor-
alkali process, an electrolysis on which about 50 % of the total
turnover of the chemical industry is based as a result of the
importance of the base chemicals produced: caustic soda
(soda lye; NaOH) and chlorine.[1, 2] We have synthesized
Na11Hg52 single crystals by combining electrolytic and ther-
mochemical preparation methods. Its crystal structure shows
motifs from closest sphere packing, cluster formation with
metal–metal bonding, and Coulomb interactions between Na
cations and a negatively polarized Hg sublattice. This
structure, in combination with different hierarchies of over-
structures and pseudo-symmetry, results in the typical phys-
ical properties of a “bad” metal.

The mercury in the amalgam plants of Western Europe
(Castner Kellner cells)[3,4] constantly contain around 300–
850 tons of dissolved Na11Hg52 as the most mercury-rich
amalgam.[5–10] Despite its enormous impact, a detailed char-
acterization of this amalgam was not available. In textbooks it
is normally referred to as “NaHgx” or “Na·Hg”. The
description of its synthesis by Berzelius[11] inspired Davy to
prepare the first samples of elemental sodium from it by
distilling off the mercury in 1807.[12] However, the solid phase
which is in equilibrium with liquid mercury was first studied
systematically in the early 1950s.[13,14] Thermoanalytical
investigations[15] gave only very preliminary information
about the mercury-richest sodium amalgam, and its compo-
sition was approximated as “NaHg4”. We have now deter-
mined it to be much closer to NaHg5 by analysis of the single-
crystal structure of Na11Hg52.

The crystal structure of Na11Hg52
[16] is formed from

102 crystallographically independent Hg and 30 Na sites. All
interatomic distances are in very good agreement with those
found for other Na amalgams.[17] The Na atoms are coordi-
nated by polyhedra of 14 to 16 atoms with Na–Hg distances
ranging from 314(4) pm (Na11–Hg63) to 376(4) pm (Na2–
Hg81). The polyhedra can be classified into four groups: four-
capped pentagonal prisms, five-capped pentagonal prisms,
three-capped hexagonal prisms, and double polyhedra from
two interpenetrating Frank–Kasper polyhedra of 16 vertices
containing two Na atoms with a shortest separation of
378(9) pm (Figure 1a).

In the cases of the capped prisms, the Na atoms are
coordinated only by Hg atoms. The Frank–Kasper double
polyhedra form rods parallel to the c axis by sharing common
triangular faces. They are arranged in a slightly distorted

Figure 1. a) Selected coordination polyhedra around Na (upper row,
from left to right: double polyhedron formed by two interpenetrating
Frank–Kasper polyhedra with 16 vertices (centered by Na1), tri-capped
pentagonal prism (Na7), four-capped pentagonal prism (Na4), tri-
capped hexagonal prism (Na14)), and Hg (middle row, from left to
right: double polyhedron from face-sharing centaur polyhedra (Hg5),
interpenetrating (Hg4) and face-sharing Edshammar polyhedra
(Hg25), interpenetrating icosahedra (Hg23), interpenetrating poly-
hedra with 13 (Hg45) and 14 vertices (Hg10); bottom row, from left to
right: isolated Edshammar polyhedron (Hg67), icosahedron (Hg6),
and mono-capped Edshammar polyhedron (Hg89)). b) Projection of
the unit cell parallel to the c axis emphasizing the distorted hexagonal
close packing of rods of the polyhedra around Na1 (red), Na2 (blue),
and Na3 (green) and their respective surrounding. All thermal ellip-
soids are set at the 90% probability level.
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hexagonal rod packing. Three crystallographically independ-
ent rods are present in the unit cell, around Na1, Na2, and
Na3. They show almost identical topology and only differ in
their respective surroundings (Figure 1b). The rod packing
represents a 1/3 superstructure which is also visible in the
diffraction pattern. A second superstructure with a hexagonal
mesh of 1/13 of the real structure unit cell results from the
distorted hexagonal closest packing of Na and Hg atoms. A
view of the unit cell and the diffraction pattern of the hk0
plane with the underlying set of two different quasi-hexagonal
subcells is shown in Figure 2.

The diffraction patterns of the superstructures and the
actual structure are tilted towards one another by 1/13. Again,
this tilt is visible both in the real-space structure and the
diffraction pattern. The Hg atoms have quite sharply defined
first coordination spheres with Hg–Hg distances ranging from
275.6(8) pm (Hg76–Hg78) to 377.5(6) pm (Hg10–Hg10). The
coordination polyhedra can be classified as centaur polyhedra
(coordination number CN = 10), Edshammar polyhedra
(CN = 11), and icosahedra (CN = 12). They can occur isolated
or as face-sharing or interpenetrating double polyhedra. In
addition, some polyhedra with CN = 13 or 14 are found.
Representatives of these polyhedra are compiled in Fig-
ure 1a. The only case of a monocapped Edshammar poly-
hedron (CN = 12) is the surrounding for Hg89, which is one of

three out of 102 Hg atoms having only Hg and no Na atoms in
their first coordination spheres: Hg89, Hg100, and Hg102 (the
latter two are coordinated by 11 Hg atoms in Edshammar
polyhedra).

In the complex structure of Na11Hg52 yet another feature
of complexity enters with these polyhedra composed only of
Hg. In the case of Hg89, a considerable mixed occupation
with the refined ratio Hg:Na = 0.48(2) is found, common to all
the crystals studied from different batches and measured at
different temperatures. On the position of Hg100 a much
lower Na fraction (88(5)% Hg) is found, and on the position
of Hg102 no significant mixed occupation was observed. The
mixed occupation occurs only in those cases where Hg atoms
are coordinated only by other Hg and no Na atoms, and the
most pronounced mixed occupation is found for the Hg atom
with the largest coordination polyhedron. This results in the
refined sum formula Na11+xHg52�x with x = 0.19.

The extraordinary complexity of this crystal structure can
be rationalized in a model utilizing a newly developed
mathematical approach[18] which simplifies the structure
description by considerably reducing the amount of param-
eters in a slightly idealized picture. Work on a detailed report
on this approach to structure descriptions based on number
theory is in progress.

Na11Hg52 shows the typical behavior of a “bad” metal. As
depicted in Figure 3, the metallic conductivity is combined
with an especially low limit resistance. Following the Ioffe–

Regel law,[19] this behavior can be interpreted as being due to
a small scattering length of the conducting electrons because
of the long translational period in this low-symmetric
structure with a large unit cell. The amalgam NaHg2 with
AlB2 structure also shows metallic behavior, but the limit
resistance only influences the thermal dependence of the
conductivity at much higher temperature.

Alkali-metal amalgams with high Hg content are model
systems for structures with polar metal–metal bonding. The

Figure 2. a) Projection on the unit cell of Na11Hg52 parallel to the
c axis. The fine lines depict the distorted hexagonal closest sphere
packing of Na and Hg atoms (small green 1/13 subcell), the gray
polyhedra depict the distorted hexagonal closest rod packing (red 1/3
subcell). All ellipsoids are set at 90% probability. b) Diffraction pattern
(hk0 plane). The corresponding reciprocal supercells to the subcells in
Figure 2a are outlined in red and green, and the actual a*c* unit mesh
is given by the hexagonal pattern defined by the weak reflections.

Figure 3. Temperature dependence of the electrical resistance of
Na11Hg52 and NaHg2. Heating and cooling curves are plotted for both
amalgams (Na11Hg52: triangles, NaHg2: circles). The curves for
Na11Hg52 show the additional effect of freezing and melting of a very
thin surface film of elemental mercury with a large hysteresis.
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competitive interplay of three chemical bonding principles
forms a structure of extremely high complexity. Only a few
examples of binary compounds with such large unit-cell
volumes are known, most of them of high symmetry[20] (e.g.
Rb8Sn44 and Cs8Sn44 in the clathrate-I structure type).[21]

Others demonstrate highly polar intermetallic structure
types in the sense of Zintl phases (e.g. Cs52Sn82,

[22] K12Si17,
[23]

and K17In41,
[24]) or representatives of approximations for

quasi-crystalline structures (e.g. the Samson phases b-
Mg2Al3 and Cd3Cu4, Ca13Cd76, or Ta97Te60).[25]

The structural motif of a hexagonal closest packing of Na
and Hg metal atoms which differ only by less than 10% in
their respective atomic radii can clearly be discerned in the
structure of Na11Hg52 and is typical for structures with metallic
bonding. However, this feature is remarkable as the large
difference in the respective electronegativities of Na and Hg
suggests an electron transfer from Na to Hg resulting in strong
Coulomb interactions between Na+ ions with a considerably
smaller ionic radius and a negatively charged Hg sublattice.
Clearly, the electron transfer is incomplete in the case of the
Na amalgam, in contrast to amalgams of K, Rb, or Cs.[26] The
same holds for the aurides AAu (A = Na, K, Rb, Cs)[27] where
metallic behavior and hence incomplete electron transfer is
found for NaAu, but complete electron transfer can be
detected in the red transparent crystals of CsAu. Never-
theless, the electron transfer is pronounced enough that the
resulting Coulomb interactions between the negatively polar-
ized Hg sublattice and the positively polarized Na atoms lead
to the formation of Hg coordination polyhedra around Na
and vice versa. The third building principle results from the
tendency of negatively polarized Hg atoms to behave as a p-
block metal with a low valence-electron concentration and
the tendency to cluster formation with metal–metal bonds.[28]

In mercury-rich alkali-metal amalgams these three influences
are in a delicate balance and cause high complexity as well as
the typical “bad” metal character, making them ideal model
structures for studies on polar metallic behavior.

Experimental Section
When a small portion of metallic sodium is added to an excess of
liquid mercury, NaHg2 is formed with a flash, and mercury (boiling
point: 630 K) evaporates. Annealing a mixture of NaHg2 and Hg
(with a small excess of Hg) just below the peritectic decomposition
temperature of 157 8C[15] does not yield the desired product over
a period of weeks due to kinetic problems in nucleus formation.

However, electrolyzing a solution of dry NaI in N,N-dimethyl-
formamide at 50 8C with a drop of mercury suspended in an
amalgamated copper spoon as cathode and a platinum foil as anode
under argon atmosphere (Figure 4a) results in the formation of
phase-pure Na11Hg52 in the form of dendritic crystals (Figure 4b,
inset).

This method already has been shown to be a convenient synthetic
approach towards amalgams with especially high mercury content
and low peritectic decomposition temperatures.[29, 30] The quality of
these primary crystals is insufficient for X-ray structure analyses, but
they can be used as seeds in the synthesis of Na11Hg52 from Hg and
NaHg2 as starting materials. Annealing NaHg2 and Hg while
oscillating the temperature by � 5 8C just below 157 8C in the
presence of the Na11Hg52 seeds results in the consumption of NaHg2

within minutes and growth of large crystals of Na11Hg52 of very high

quality (Figure 4b). The starting material NaHg2 can easily be
prepared by allowing stoichiometric mixtures of sodium metal and
mercury to react at 470 8C under Ar.
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