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This paper is a review of the preparation and structures of the polymercury cations
Hg2* and Hg?*, the mercury chain compounds, Hg, ;AsF, Hg, ;SbF¢, Hg, ;NbF,
and Hg, ,TaF,, and the mercury layer compounds Hg,NbF; and Hg,TaF,. The
chain compounds Hg, ;MF, are hard, golden yellow insoluble crystals with a shiny
metallic appearance that have linear chains of mercury atoms parallel to the a and
b axes of a tetragonal cell. They are non-stoichiometric because the Hg—Hg distance
is not commensurate with the tetragonal lattice of AsFy octahedra. The layer
compounds have a silver colour with a distinct metallic lustre, but they are quite soft.
They have sheets of hexagonally close-packed mercury atoms separated by a layer
of NbFy or TaFy octahedra. In contrast to the chain compounds the layer compounds
are stoichiometric. The interconversion of the chain and layer compounds is described
and discussed.
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The anisotropic metallic compounds Hg, ;AsF; and Hg,_,SbF, were first prepared over ten
years ago. They have a golden metallic lustre and have structures containing chains of mercury
atoms in two mutually perpendicular directions. Their remarkable electronic and structural
properties have aroused considerable interest among chemists and physicists studying the solid
state. Recently, two new examples of compounds of this type have been prepared, namely
Hg, ;,NbF, and Hg, ,TaF,;. Moreover, these compounds are not stable in contact with liquid
SQO,; they are transformed into another type of anisotropic metallic compound which forms
soft thin silvery crystals containing sheets, rather than chains, of mercury atoms.

In this paper we first describe the preparation of the polymercury cations Hg?* and Hg?*,
because it was during the preparation of salts of these ions in solution in SO, that the formation
of the insoluble golden metallic compounds Hg,_;AsF, was first noticed. We then describe the

- preparation and properties of the four compounds Hg, sMF, (M = As, Sb, Nb and Ta). Finally
;5 S we discuss the transformation of the niobium and tantalum compounds to the silver compounds
® : and the layer structure of these compounds.

=4

1 Q

O FINITE POLYMERCURY CATIONS

= uw

Covalent metal-metal bonds have become a fashionable and popular area of investigation
in inorganic chemistry. The first such bond to be recognized — the mercury—mercury bond — had
been known for a very long time in the mercurous ion Hg2*, and in various covalent mercury (I)
compounds such as mercury(I) chloride, Cl-Hg-Hg—Cl. However, it was not until 1971 that
longer chains of mercury atoms were first made. At that time it was shown that the oxidation
of mercury with AsF; and SbF; in solution in SO, gave the ions Hg2* and Hg?* (Davies et
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106 R.J. GILLESPIE AND OTHERS

al. 1971; Gutforth et al. 19734,6; Cutforth & Gillespie 1979). These were isolated as the
crystalline AsFg and Sb,F7; salts. The reactions may be represented by equations such as

3Hg + 3AsF, — Hg,(AsF,), + AsF,,
4Hg + 3AsF, — Hg,(AsF,),+ AsF,.

At almost the same time Ellison ¢t al. (1972) prepared Hg,(AICl,), by the reaction of mercury
with a molten mixture of HgCl, and AlICI,. Recently this method has been extended,

Hg+ HgCl, +2Al1Cl, — Hg,(AICl,),,

to the preparation of fluoroanion salts of mercury cations by using liquid SO, as a solvent
(Gillespie et al. 1984, unpublished work). For example, Hg,(NbF;), has been prepared by the
reaction

2Hg+ Hg(NbFy), — Hg, (NbF),
and Hg,(Ta,F,,), by the reaction
2Hg +Hg(Ta,Fy,), » Hgy(Tal,,),.

The appropriate Hg(MF,), salt or Hg(M,F,,), salt can be prepared by the reaction of HgF,
with the pentafluoride MF; in solution in SO,. In some cases the reaction can be effected in
one step, that is, by the reaction of the appropriate amounts of HgF,, MF, and Hg in SO,
For example, Hg,(Ta,F,,), can be prepared by the reaction

HgF,+4TaF,+3Hg —» Hg,(Ta,F,,),.

This has proved to be a more general and a more versatile method for the preparation of
polymercury cation salts than the reaction of mercury with pentafluorides because it appears
that very few pentafluorides are capable of oxidizing mercury to polymercury cations.

TaBLE 1. Hg3t saLts

d(Hg-Hg)/At  v(Hg-Hg)/em™

Hg,(AsF), 2.55 140
Hg,(SboF},), — 133
Hg,(AICL,), 2.56 123
Hg,(NbFy), e 125
Hgs(TayFy,y). — 128
Hg,;(NbCly), — 130

+ 1A=10""nm =10 m.

The reactions involved in the preparation of polymercury cation salts from an Hg(m) salt
and mercury are, however, more complex than indicated by the simple equations given above.
In the preparation of an Hg?" salt a mixture of soluble Hgj* and Hg3" salts is normally obtained
together with a small amount of the insoluble golden metallic compound of composition
Hg, ;MF,. When the solution is removed from the insoluble ‘gold’ compound and then
crystallized, a mixture of a yellow Hg2" salt and a deep red-black Hg}* salt is obtained. These
crystals must then be separated by hand. The known Hg3* and Hg}" salts are listed in tables
1 and 2. The MFj salts, with the exception of the Asky salts, are generally insoluble in SO,,
whereas the M,F;; salts are generally very soluble. None of these salts is stable in aqueous
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CHAIN AND SHEET MERCURY COMPOUNDS 107

TasLe 2. Hg?" saLts

d(Hg-Hg)/A  v(Hg-Hg)/cm™

Hg,(AsFg), 2.59, 2.62 80, 104
Hg, (Sb,Fy,). - 116
Hg,(NbyFyy)s - 120

solution or even in the atmosphere as they disproportionate very rapidly to the element and
Hg?2* salts. The preparations were therefore made in dry SO, as solvent and the crystals can
only be handled in a very dry atmosphere.

Structures of Hg2t and Hgd™*

Determination of the crystal structures of Hg,(AsF), and Hg,(AICl,), has shown that the
Hg?2* ion has a linear, or very nearly linear, structure with two Hg-Hg bonds of equal length
(figure 1) (Ellison et al. 1972; Cutforth et al. 19734, b).

Hg;(AsF), Hg,(AICL),

180° 174°
Hg ( H w Hg Hg ( H \' Hg

g g
2.55A 2.55A 2.56A 2.56A

Frcure 1. The structure of Hg™.

The structure of the Hgi* ion has been determined in the compound Hg, (AsF,), (Cutforth

etal. 1983 a, b). It has an almost linear structure. The terminal Hg—Hg bonds are slightly longer
than the central Hg-Hg bond and both bonds are slightly longer than in Hg?* (figure 2).

Hg,(AsFg),

176°
Hg 2.62A Hg 2.59A (Hg Yy 2624 Hg

Frcure 2. The structure of Hg}™.

Although the structure can be approximately described as consisting of independent Hg?™ and
(AsFg ions the distance between two adjacent Hg2* ions (2.99 A) is close to the shortest
Hg---Hg distance in metallic mercury. Thus the Hg?" ions may be considered to be
associated together in long zigzag chains. No evidence has been obtained for soluble compounds
containing chains of more than four mercury atoms.

INFINITE MERCURY GCHAIN GCOMPOUNDS

In the reactions of mercury with AsF;, SbF; and Hg(MFy), golden crystals with a shiny
metallic appearance appear on the surface of the liquid mercury within 10-15 min (Gillespie
& Ummat 1971). Some time later the SO, solution becomes yellow or orange-red in colour
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108 R.J. GILLESPIE AND OTHERS

as Hg3" and Hg2" are formed. In the presence of sufficient oxidizing agent the golden crystals
are completely converted to Hg2", but with less oxidizing agent some of the insoluble golden
crystals remain at the end of the reaction and can be isolated. Like the Hg?" and Hg?* salts
these compounds are not stable in the presence of even a trace of moisture.

Room temperature structure

X-ray precession photographs of the golden crystals isolated from the reaction of mercury
with AsF; showed unusual sheets of diffuse intensity perpendicular to the ¢ and & axes of a

tetragonal crystal (figure 3) (Brown et al. 1974). These arise from non-intersecting chains of
mercury atoms running in two mutually perpendicular directions through tunnels in a

body-centred tetragonal array of AsF; octahedra (figure 4). The mercury—mercury distance
in the chains of 2.67 A is not commensurate with the tetragonal AsFy lattice, which has
a=0b=754A. Thus the compound has the non-stoichiometric formula Hg, ,,AsF,. The
structure has been confirmed by a detailed neutron diffraction study (Schultz et al. 1978). The
reaction of SbF, with mercury gave the analogous compound Hg, ,,SbF, and very recently
from the reaction of Hg(MF), with mercury we have obtained the new compounds Hg, s Nb[I,
and Hg, ,;TaF; (Tun et al. 1984). All three compounds have the same golden metallic ap-
pearance as Hg, ;,AsF¢ and X-ray determination of their structures has shown that they have
essentially the same structure as the Asly compound (table 3) (Tun & Brown 1982; Tun et
al. 1984). Because the anions have slightly different sizes the corresponding lattice dimensions
differ slightly and since the Hg—Hg distance is 2.67 A in all three compounds their compositions
differ slightly from that of the AsF; compound. Because of some uncertainty regarding the exact
stoichiometry of these compounds, which we refer to later, they are usually designated by the
general formula Hg, ;MF.

TABLE 3. SELECTED STRUCTURAL DATA FOR Hg, ;MF saLts

Hg, sAsFg Hg, ,SbF, Hg; ;NbF, Hg, ;Tak
space group I4,/amd 14,/amd 14,/amd 14,/amd
(a= by/A 7.534 7.11 7.692 7.711
/A 12.395 12.641 12.679 12.714
Vienn/A® 703.6 751.6 750.2 756.0
) 0.178(6) 0.10(2) 0.119 0.116
Hg-Hg separation/A 2.670(5) 2.66(2) 2.670(3) 2.674(4)

The lack of structure in the diffuse sheets of diffracted intensity at room temperature shows
that there is no correlation between the positions of the Hg atoms in one chain an those in
another chain; in other words there is complete disorder between the positions of the mercury
atoms in one chain and those in another chain. The chains can be regarded as one-dimensional
liquids that can move freely in the tunnels in which they are accommodated.

An infinite covalently bonded chain of mercury atoms could, in principle, be built up from
neutral mercury atoms

Hg-Hg-Hg-Hg-Hg-Hg-Hg-Hg-Hg-Hg-Hg-Hg.
The bonding in such a chain may be conveniently described in terms of two collinear 6s6p

hybrid orbitals on each mercury atom. However, in the mercury chain compounds each
mercury atom carries a positive charge of 1/(3—4) or approximately +0.33. This deficiency
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Ficure 3. X-ray precession photograph of the (kh0) plane of Hg,SbF,. The lattice of Bragg peaks is associated
: with the SbFy lattice, the lines with the Hg chains.
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Froure 4. The structure of the chain compounds HggMF, (M = As, Sb, Nb, Ta). The octahedra represent the
MFy anions and the circles the Hg atoms.
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110 R.]J. GILLESPIE AND OTHERS

of electrons implies that the bonding in the chain is metallic rather than covalent and each
chain can be regarded as a one dimensional metal. The crystals exhibit metallic conductivity
which, as expected, is considerably greater in the ab plane than in the ¢ direction.

An interesting feature of all four structures is that the chains are not exactly straight but
they undulate with a periodicity equal to the lattice spacing of the host lattice. The undulation
is such as to slightly increase the contact distance between the chains where they cross so that
this distance becomes 3.22-3.24 A in all four compounds. The maximum displacement of the
chain from the straight configuration is largest for the AsF; compound (0.07 A) and smallest
for the NbF; compound (0.026 A).

Low-temperature structures

Because of the incommensurability between the Hg-Hg distance in the chains of the MFg
lattice, it is impossible for the chains to order relative to the AsFy host lattice; the Hg atoms
will necessarily occupy different positions in each unit cell. However, it is possible for the chains
to order relative to each other.

From the width of the diffuse sheets it can be shown that there is long-range ordering within
the chains that extends over more than 400 A or 150 Hg-Hg spacings. However, there is very
little, if any, ordering between the chains at room temperature. Figure 5 shows that as the
temperature is decreased some modulation of the sheets of uniform intensity is observed and
broad peaks grow in intensity and become sharper with decreasing temperature. These
observations indicate an onset of a short-range ordering between parallel chains.

1-6 1448
v

—

3000

2000

intensity

1000

(number of counts in 6 min

[ 1 W hp‘,‘
~10 —05 0 0.5 1.0
7 (af units)

Ficure 5. Neutron diffraction scans at various temperatures along the line (3—4,%,0) in the plane of the
diffuse scattering (from reference 14) for Hgy_sAsFy.

Between 125 and 120 K the intensities of the broad peaks diminish rapidly and are replaced
by a new set of Bragg reflections (figure 5). These arise because interactions between
perpendicular chains cause the [100] chains to form an ordered monoclinic lattice and the
[010] chains to form another monoclinic lattice sharing a common dimension in the (110)
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direction. These scatter X-rays and neutrons like a normal crystal. The mercury atom lattices
are still, however, incommensurate with the AsF; lattice. Thus the fully ordered phase consists
of three interpenetrating lattices: the tetragonal host lattice and the two monoclinic mercury
chain lattices. All four compounds show similar ordering phenomena, but the long-range
ordering occurs at slightly higher temperatures than for the Hg, ;AsF,.

Composition

A particularly interesting feature of these compounds is that although the MFg lattice
contracts with decreasing temperature by 1 9, between room temperature and 10 K, the Hg-Hg
distance remains constant (Pouget et al. 19778). This would appear to imply that the composition
of these compounds changes with temperature, the percentage of mercury decreasing slightly
(table 4). For Hg, ;AsF, the parameter § decreases from 0.18 at room temperature to 0.21
at 80 K. Presumably mercury must be eliminated from the structure with decreasing
temperature. In a few experiments the formation of a very small amount of mercury has been
observed on the surface of the crystal when it is cooled to low temperature, but this could always
be due to slight sample decomposition. However, it has been found in differential thermal
analysis experiments (Datars et al. 1978) that if a crystal is cooled below a certain threshold
temperature and then warmed to room temperature an endotherm at 235 K 1s observed
corresponding to the melting of solid mercury. The threshold temperature varied somewhat
from sample to sample but was normally in the range 200-210 K. It appears that on cooling
a crystal below 200-210 K some solid mercury separates from the crystal and on warming this
mercury melts and is reabsorbed by the crystal. The cooling-warming cycle can be repeated
with the same results. It is not clear, however, why no mercury is formed above 200-210 K.

TABLE 4. TEMPERATURE DEPENDENCE OF THE STRUCTURE OF Hg,  AsF,

293 K 0K
(a=by/A 7.534(7) 7.44
¢/A 12.395(8) 12.248
v/A3 703.6 678.0
Hg-Hgseparation/A 2.670(5) 2.267(5)
B 0.178(6) 0.210(4) (80 K)

TaBLE 5. DENsITY OF Hg,_;As®F

density/(g cm™3)

observed 7.07
calculated for:
Hg, g2AsF 7.16
Hg,AsFg(Hg, 4,AsF¢+0.18 Hg) 7.49
Hgs 52 (AsFg) .94 7.05

Another problem with respect to the composition is that chemical analysis gives a composition
that is much closer to the stoichiometric value Hg,AsF, than that obtained from the crystal
structure (Gillespie & Ummat 1971 ; Miro et al. 1978). It appears that either the crystal contains
additional mercury or it has a deficiency of anions. The latter explanation is more consistent
with the observed density of the crystals (table 5). The measured density (Miro ¢t al. 1978)
is 7.06 g cm™3, which compares with a calculated value of 7.16 g cm™ for Hg, 4,AsF, and
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112 R.J. GILLESPIE AND OTHERS

7.49 g cm™3 for Hg,AsF,; that is, Hg, ¢,AsF¢+0.18 Hg in interstitial sites. However, if there
are 6%, anion vacancies to give the composition Hg, o,(AsF¢),,,, the calculated density is
7.05 g cm™3. These anion vacancies provide sites that could accommodate mercury that is
extruded from the structure as the temperature is decreased. Only after all or a certain fraction
of these sites have been filled with mercury, presumably at around 200 K, can bulk mercury
be detected in d.t.a. experiments.

INFINITE MERCURY SHEET COMPOUNDS

The recent preparation of the golden chain compounds Hg, ;NbF and Hg,_sTaF led also
to the discovery of an entirely new type of mercury compound containing sheets of mercury
atoms. If the golden crystals of Hg, ;NbF; and Hg,_,TaF, are not removed from the reaction
mixture, which contains unreacted mercury and the ions HgZ" and Hg2* in solution, they are
transformed in a few hours to thin flexible silvery plates that resemble aluminium foil (Brown
et al. 1984). If the reaction is effected at — 35 °C no golden crystals are observed and the silver
crystals appear to be formed directly. These crystals have a completely different diffraction
pattern from the golden crystals. Precession photographs show hexagonal symmetry (figure 6).

Ficure 6. The #kO precession photograph of Hg,NbF,.

The principal features of the X-ray diffraction pattern can be explained by a model in space
group P31m (table 6 and figure 7) in which layers of close-packed NbFy octahedra are
separated by sheets of mercury atoms arranged on a hexagonal net. Each mercury atom has
six mercury neighbours at 2.90 A separation within the sheet and three fluorine neighbours’
from each of the adjacent NbFy layers at distances of 3.2 A. The mercury and fluorine atoms
form a cubic close-packed lattice with niobium atoms occupying one-third of the octahedral
holes between fluorine atoms. In some samples the Nb atoms randomly occupy different
positions in different layers. The Hg—Hg distance in these sheets is larger than in the chains
in which each mercury atom is bonded to two others but is smaller than in metallic mercury
in which each mercury atom has ten or twelve neighbours.
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CHAIN AND SHEET MERCURY COMPOUNDS 113

Ficure 7. The structure of Hg,NbF,. The Hg, F and Nb atoms are represented by grey, white and black atoms
respectively.

TABLE 6. PRoPOSED MODEL FOR Hg,NbF
(Hg,NbF,, M, = 808.67, trigonal, space group P31m, Z = 1, a = 5.02(1) A c=168(7) A, D,=80(1) Mgm™.)

atomic coordinates

atom site x y z
Hg(1) 1b 0 0 1/2
Hg(2) 2d 1/3 2/3 1/2

Nb 1a® 0 0 0

F 6k 0.309® 0 0.143®

(1) In some samples the Nb atom is disordered over the three sites 1a and 2c¢ (1/3, 2/3, 05 2/3, 1/3, 0).
(2) Calculated assuming an undistorted NbF, octahedron with Nb-F distance = 1.90 A.

Unlike the golden crystals from which they are formed the silver crystals have the exact
stoichiometric composition Hg,MF that is determined by the close-packed structure.

Transformations between the chain and sheet compounds

If the silver crystals are heated to 120 °C they are rapidly transformed to the golden crystals
(Brown ¢f al. 1984). This transformation can easily be observed visually and it was confirmed
by X-ray powder photographs. However, the golden crystals can be cooled to room
temperature and below without reverting back to the silver form. But if the golden crystals
are cooled to room temperature or below in the presence of liquid SO, they are transformed
back to the silver form. The role played by the liquid SO, in this transformation is not clear
since both the golden and silver forms are completely insoluble in SO,. Perhaps the
transformation proceeds via the formation of small amounts of Hg2* and Hg?2*.

It appears that the silver form is the thermodynamically stable form of Hg,NbF, and
Hg,TaF, but no silver form of either Hg, ;AsF, or Hg, ;SbF; has yet been obtained. The fact
that the golden and silver forms of Hg,NbF, and Hg,Tal’, are so readily interconverted despite
that fact that they apparently have different compositions, and the mercury is not observed

8 Vol. 314. A
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114 R.J. GILLESPIE AND OTHERS

to be formed in the transformation of the silver to the golden form again raises the question
of the composition of the golden form. This facile interconversion lends some support to the
suggestion that the Hg: M ratioisin fact 3:1 and that the apparent non-stoichiometry indicated
by the X-ray crystal structure is compensated by an appropriate number of anion deficiencies.
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Discussion

A. G. MacDiarwmib (Department of Chemistry, Unwersity of Pennsylvania, Philadelphia, U.S.A.). Does
Professor Gillespie have elemental analyses of the very interesting new compounds he has
reported? To rationalize the difference in composition of Hg,_;AsF as determined by elemental
analyses (Hg,AsF,), and by neutron diffraction studies (Hg, 4,AsF;), we have combined the
results of these studies with density measurements and have come to the conclusion, as Professor
Gillespie noted, that these apparently different compositions can be understood if one assumes
AsFy defect sites in the crystal lattice. To ascertain the generality of this lattice defect
phenomena it would appear desirable to make similar studies on the fascinating Hg, ;MF,
(M = Nb, Ta, Sb) compounds he has described.

R.J. Girespig, F.R.S. The analytical and density measurements that you suggest are clearly
very desirable as they would almost certainly increase our understanding of these compounds.
We have recently commenced such studies, but they have not yet been completed.
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IGURE 3. X-ray precession photograph of the (kk0) plane of Hg,SbF,. The lattice of Bragg peaks 1s associated
with the SbF lattice, the lines with the Hg chains.
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URE 6. The AkO precession photograph of Hg,Nblk,.
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