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Abstract

Recent results in the field of oxomercurate(II) chemistry are reviewed. The methods of preparation and the crystal chemistry
of oxomercurates are discussed. The structures of the alkali metal oxomercurates (M,HgO,), alkaline earth oxomercurates
(MHgO,, CdHgO,), rare earth oxomercurates, ternary oxomercurates (BaAg,Hg,O, and Ba,Pt,HgO,,) and the compounds
Ba,Hg,Pd,O,,, HegCr,, Hg,Nb,O, and HgV,O, are presented and analysed. The change in crystal chemical behaviour from

oxomercurates to mercury-oxometallates is discussed.
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1. Introduction

Only a few of the metallic elements reveal cationic
as well as anionic features in the crystal chemistry of
oxides. Of these elements, first and foremost are
copper, silver and mercury. Because of the large
number of copper compounds investigated, these two
aspects of crystal chemistry should be explained with
regard to the copper oxides. Two review articles [1,2]
have reported that the predominant chemical role of
the Cu*, Cu’* and Cu’" ions in oxides formed by
metallic elements (oxometallates) depends, in particu-
lar, on their chemical position in the network of the
solids. The oxocuprates(I) show Cu” in a dumb-bell-
like environment, whereas oxocuprates(II/III) show
Cu’* or Cu’" in mainly square planar coordination
formed by oxygen. The various copper ions form the
anionic part of the crystal structure conjointly with
oxygen ions in compounds called oxocuprates. How-
ever, if there are clearly perceptible polyhedra around
the copper ions with higher coordination numbers,
represented, for example, by capped or simple trigonal
prisms, octahedra, trigonal bipyramids or polyhedra
with irregular shapes, the crystal chemical function of
the copper ions can be categorized as cationic, com-
parable with other metal ions in typical salts con-
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taining complex anionic groups of non-metallic ele-
ments. These compounds should be distinguished from
the first group of oxocuprates by the expression
copper-oxometallates. It has been shown in Ref. [2]
that there is a gradual transition from the first to the
second defined group rather than a gap between
oxocuprates and copper-oxometallates.

The crystal chemistry of mercury-containing oxides
has been investigated extensively over the last few
years. This contribution shows that the crystal chemis-
try of mercury has characteristics which are visibly
analogous to those indicated for the copper com-
pounds. It is shown that mercury-containing oxides
can be classified by the terms oxomercurates and
mercury-oxometallates. Furthermore, it is shown that,
between these two types of mercury-containing com-
pound, a gradual change takes place in the crystal
chemical behaviour of mercury.

Because of the difficulties in preparing mercury
oxides and, in particular, their single crystals, the
essential preparation methods used so far are dis-
cussed first.

As a result of the promising situation in the field of
copper-containing high 7', superconducting oxides, it
has been reported that mercury-containing oxides may
create a new class of non-metallic superconductor. As
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shown here, they belong to the group of oxomer-
curates(II).

2. Preparation techniques

2.1. Preparation under low oxygen pressure up to 100
bar

Due to the relatively low thermal stability and high
volatility of mercury oxide, it is necessary to work in
closed systems. A related problem of these techniques
is the corrosive influence of oxygen on the autoclave
materials with increasing temperature and pressure.
Many of the mercury oxides were prepared in closed
quartz glass ampoules under low oxygen pressure. The
pressure which can be achieved in this manner is
limited by the mechanical stability of the quartz tubes.
It may be improved by taking into consideration the
fact that quartz ampoules are capable of withstanding
high external pressure. The explosion of quartz glass
ampoules can easily be eliminated by ensuring that the
external pressure is always greater than the internal
pressure. This was performed by Rau and Rabenau
[3,5] who introduced a new solvothermal method,
using hydrochloric, hydrobromic or hydroiodic acid,
which involved heating the quartz ampoules inside
steel autoclaves initially filled with solid CO,. In this
way, the external pressure of evaporated CO, was
higher than the pressure inside the quartz glass tubes.
The limits of this method lie in the strong reactivity of
quartz glass with gaseous basic oxides. SiO, glass
either loses its mechanical stability by recrystallization
or is changed to silicates beginning on the inside wall
of the ampoules.

2.2. Preparation under oxygen pressures up to 1500
bar using CO, laser technique

Systems under high-pressure gaseous conditions
have already been described elsewhere [4,5]. All
suffer from the fact that the steel vessels are complete-
ly heated to higher temperatures and the autoclaves
themselves react with the internal high-pressure oxy-
gen atmosphere. A decade ago, we introduced a CO,
laser technique [6] in solid state chemistry. This
special application depends on high pressure for the
preparation of new compounds using oxides that are
more or less thermally unstable [7]. Fig. 1 shows an
autoclave with a CO, laser-permeable window. The
KCl window is sealed by ductile silver and indium
rings. Before starting the heating process, the auto-
clave is filled with a pellet of the oxide mixture and
with oxygen at the pressure of 150 bar of a connected
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Fig. 1. Cross-section of the laser autoclave.

O, bomb. The silver and indium sealing rings, which
are pressed towards the autoclave wall, become more
and more dense with increasing pressure. Higher O,
pressures (up to 2000 bar) can be achieved using a
membrane cOmMpressor.

The irradiated energy of the focused laser beam is
absorbed by most solid materials and changed into
thermal energy within a small layer on the top of the
pellet. The autoclave and the laser-permeable window,
as well as the observation windows, remain stable
against the aggressive oxygen atmosphere at the low
temperature. The greatest limitation of this method is
the small stability of the KCl laser window. It is
invariably attacked spontaneously by the high-energy
laser beam and destroyed by heating due to a thin film
of evaporated material condensed on the window. This
takes place, for example, when mercury oxide and a
strongly focused laser beam with a high energy density
are used on the surface of reacting pellets. Another
limitation lies in the resulting deformation of the KCl
window above 1500 bar oxygen pressure. KCl becomes
flexible and the planar polished window surfaces are
bent. As a result of this, the laser beam is scattered
and the power supplied to the surface of the pellet is
strongly diminished.

From these experiments, it was concluded that it is
necessary to increase the oxygen pressure greatly with
increasing temperature in order to prepare single
crystals of mercury-containing oxides. Later, it was
found that the growth of single crystals of ternary
mercury oxides depends on the ability of supercritical
oxygen to act both as a reactant and a solvent.
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2.3. Preparation under oxygen pressures up to 6500
bar

A convenient method for high-pressure experiments
using supercritical oxygen was introduced [8] for the
synthesis of oxoargentates(I) with the composition
SrAg. O, [9] and BaAg,O, [10]. This autoclave
technique was recently extended to oxomercurates. In
brief, an oxygen-resistant autoclave made of ATS steel
is filled with the reacting oxide mixture and liquid
oxygen and heated to 500-700°C. This procedure
results in an internal oxygen pressure of the order of
6000 bar.

In order to handle these extreme conditions, a knowl-
edge of the physical data of pure oxygen under
pressure is required. The density of liquid oxygen as a
function of temperature was reported in Refs. [11-
14]. Fig. 2 shows the isothermic densities of gaseous
oxygen [15,16] calculated with increasing pressure. It
can be seen that, under high-pressure conditions, the
density is of the order of that of liquid oxygen (1.218 g
cm~? [17]). Assuming there is no dead volume either
within the liquid oxygen-filled autoclave or in the
connected capillary system and the outlet valve, an
estimated pressure of 4300 bar [8] at room tempera-
ture is obtained. The lower experimental value of 3000
bar is based on small unavoidable dead volumes
during the filling of the autoclave with liquid oxygen.

The oxygen-filled autoclave should be heated up
rapidly to 150°C and then slowly to the upper limit of
700°C. The internal pressure rises spontaneously and
prevents the continuous loss of oxygen by leakage of
the seals at the beginning of the heating process.
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Fig. 2. Calculated isothermic density of liquid oxygen vs. pressure.

Temperatures higher than 700°C destroy the valuable
steel autoclaves by reaction with the internal oxygen.
All the damage observed starts at the point of the
highly deformed Bridgeman seal and/or the thread
under tension.

3. The crystal chemistry of oxomercurates(Il)
3.1. General remarks

Compounds containing mercury can be roughly
classified into salt-like oxides and oxomercurates. In
the first group, mercury acts as a cation in typical
non-metallic ionic salts. From the viewpoint of crystal
chemistry, mercury ions are the opposite of more or
less complex anionic groups. In the oxomercurates,
which are discussed here, mercury and oxygen can
both be seen as components of the anionic part of the
crystal structure. Considering this aspect of crystal
chemistry, this contribution focuses mostly on com-
pounds in the oxomercurates category.

3.2. Oxomercurates with isolated O-Hg—O dumb-
bells

321 Superconductor-related oxomercurates(Il)
(HgBa,LnCu,0,_ ) and superconducting phases of the
composition HgBa,Ca,, . ,Cu,O,, ..

The enthusiasm for the research of high-tempera-
ture superconducting oxides has recently led to mer-
cury-containing compounds of the composition
HgBa,L.nCu,O,_, (Ln=La, Nd, Eu, Gd, Dy, Y) [18]
showing no superconductivity and superconducting
phases of the composition HgBa,Ca, ,Cu,O,,,,, .
with n =1 [19,20], n=2 [21,22], n =3 [23-25] and
n<3 [2627]. The last two contributions quoted
summarize the research in the field of mercury super-
conductors up to the present time. It should be
mentioned that, under high-pressure conditions, the 7',
value rises by approximately 1 K per gigapascal. The
highest known T, value is of the order of 150 K [25].

The crystal structure of HgBa,L.nCu,O, . strongly
resembles the well-known TI-1212 (T1Ba,CaCu,0.)
superconductor, but shows mercury within a strictly
linear oxygen coordination as can be seen in Fig. 3(a).
The closest O°~ neighbours along the ¢ axes of the
tetragonal crystal structure show distances to mercury
of 220 A. The next adjoining oxygen sphere of the
positions x,y,z = 1/2,1/2,0 enlarges the polyhedron to
an octahedron of the type 4L + 2S (four long, two
short) by distances of the order of 2.75 A. In addition,
Fig. 3(b) shows the spectacular mercury/copper super-
conductor HgBa,CuO [19]. The most significant

4+x
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Fig. 3. Perspective views of the crystal structures of (a) HgBa,LnCu,0,_, (square pyramids around copper, hatched; spheres with black
segment, Hg®"; large open spheres, Ba®'; large spheres with a cross, rare earth; the Hg—O bonds are emphasized) and (b) HgBa,CuO,, , (CuO,

octahedra, hatched; other symbols as in (a)).

differences with respect to HgBa,LnCu,O,_, are as
follows: firstly, only one copper layer is obviously
responsible for the superconductivity and, secondly,
the coordination of mercury is practically reduced to a
stretched O-Hg—-O dumb-bell because of the small
occupancy factor (SOF) of O(3) (SOF =0.1) in the
position x,y,z =1/2,1/2,0.

322, Oxomercurates(ll) of the alkaline metals:
M,HgO, (M =Li-Cs)

Alkaline oxomercurates with the composition
M,HgO, [28] (M=Li-Cs) have been well known
since 1964. These compounds were prepared by heat-
ing intense mixtures of HgO and the oxides of alkaline
metals (MO,; 0.5=<x=2) in closed glass or quartz
tubes. The crystal structure was determined with
reference to single crystals of Na,HgO, and verified
by powder and single crystal work of K,HgO,. The
other compounds with M =Li, Rb and Cs were iden-
tified by powder techniques. The Na,HgO, type shows
tetragonal symmetry. A typical feature of the crystal
structure is the square pyramidal coordination of the
alkaline metals by oxygen. Fig. 4 shows two-dimen-
sional edge-shared MO, polyhedra, forming layers of
O’” in square planar arrangements. Every square is
completed to form a pyramidal polyhedron by a fifth
O’ ion along the ¢ axis. As can be seen from the
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Fig. 4. Perspective view of the crystal structure of Li,HgO,-
Cs,HgO,. The square pyramids of O°  around Li"'-Cs' are
hatched; large spheres with a black segment, Hg”"; small spheres,
O?”; the Hg-O bonds are emphasized.

enlarged structure section of Fig. 4, there are also
further square pyramids with an orientation of the
apical oxygen in the [00 — 1] direction placed into the
open area of the polyhedral arrangement discussed
above. The polyhedral layers are staggered and con-
nected along [001] by Hg”" ions. The resulting coordi-
nation of Hg"" can be described as a dumb-bell-like
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O-Hg-O environment. The distances of the eight
remote oxygen atoms (3.93 A) of the second coordina-
tion sphere are so far away with respect to the shortest
two (1.96 /o\) that they cannot be counted as belonging
to the resulting deformed coordination sphere.

It took more than 20 years to prepare single crystals
of the alkaline earth mercury oxides first mentioned in
1969 [29] and to analyse the hitherto unknown crystal
structures.

3.2.3. Oxomercurates(ll) of the alkaline earth metals
BaHgO,, Ba, ,sSr, ,HgO, and SrHgO,

Due to the relatively high reactivity of BaO (with
respect to the other alkaline earth oxides), the ternary
oxide BaHgO, [30] was the first example of the single
crystal preparation of alkaline earth oxomercurates(I)
under high oxygen pressure. Using dry oxygen
(BaHgO, is extremely sensitive to traces of moisture),
BaO and HgO, amber-coloured single crystals are
formed within a reaction time of 5 days using 6000 bar
oxygen pressure and a temperature of 700°C. X-Ray
investigations led to an interesting crystal structure
which can be explained step by step as shown in Fig. 5.
It can be seen from Fig. 5(a) that the two barium
positions Ba(l) and Ba(2) are coordinated sixfold by
oxygen. The polyhedron can be described as strongly
deformed trigonal prisms of different sizes and differ-
ently positioned Ba’" ions. Ba(l) is placed in the
centre of the oxygen polyhedron (6 x2.59 A), while
Ba(2) obviously prefers an out-of-centre position (3 x
2.61 A, 3x2.74 A). The Ba(2)O, polyhedron is more
distorted than the other polyhedron.

The Ba(1)O, prisms are connected by Hg”" ions in
the [001] direction, thus forming one-dimensional
infinite chains as shown in Fig. 5(b). The other prism
type, Ba(2)O,, is partly connected in the same manner,
resulting in groups of the sequence O,Ba(2)O,—(Hg),—
0,Ba(2)O,, but without infinite connection straight
along the ¢ axis as demonstrated in Fig. 5(c). These
significant differences in the connection of BaO,
prisms and O-Hg-O dumb-bells are responsible for
the in-centre and off-centre positioning of Ba’" as
described previously. The repulsive Coulomb action of
the Hg’" ions on Ba®" works equally in both direc-
tions (—z and + z) along the infinite chains. As a
consequence of this, Ba’ " is fixed in the middle of the
Ba(1)O, prisms. In addition, the interrupted chains of
Fig. 5(c) show the divergent orientation of the
peripheral O-Hg~O dumb-bells. The repulsive action
of the three more distant peripheral Hg** ions on
Ba’" is weaker than that of the three centred Hg’".
Consequently, Ba®" is shifted to the outer prism plane.
Finally, Fig. 5(d) shows layers of edge-shared BaO,
prisms parallel to (110), whereas Fig. 5(e) demonstrates
the torsion of the triangular prism planes relative to
each other due to the corner connection by Hg’" ions.

The difference in size of the Ba(1)O, and Ba(2)O,
prisms gave rise to the idea of replacing Ba®" partly by
Sr’". Experiments in this direction led to a mixed
compound of the composition Ba, ,.Sr,,HgO, [31].
The substituted quantity of Sr*" is precisely correlated
with the thorough replacement of Ba(2) by S’ at the
point position (2a). It results in the occupation of the
bigger and stronger deformed trigonal prism by Ba*"
and the smaller one by Sr°".

A complete replacement of Ba’" by Sr** or Ca’
led to the compounds SrHgO, and CaHgO, [29].
Both were prepared and investigated using powder
techniques [32] and the former was also independent-
ly investigated using single crystal techniques [33].
Due to the decreasing basicity in the row of oxides
BaO, SrO and CaO, it has been impossible, so far, to
prepare X-ray-relevant single crystals of CaHgO,.

Yellowish single crystals of StHgO, can be prepared
by heating SrO and HgO for 6 days above 600-620°C
using high oxygen pressures of 6000-6100 bar [33].
Analogous to the preparation of BaHgO,, the equally
moisture-sensitive crystals of STHgO, should be placed
in glass capillaries, together with a small piece of
metallic sodium in order to collect X-ray data. Disre-
garding some differences in the symmetry determined,
powder and single crystal investigations of SrHgO,
[32,33] originally described this solid in accordance
with the well-known Delafossite structure. A typical
feature of this structure (Fig. 6(a)) is an edge sharing of
SrO, octahedra in layers parallel to (110), which are
connected along [001] by Hg’" ions. After publi-
cation, a detailed look at the orientation of the
’[SrO,] planes relative to each other showed that
SrHgO, 1is isotypic to the mineral Crednerite
(CuMnO,) [34].

Finally, Fig. 6(b) demonstrates the change from
trigonal prismatic (BaHgO,) to octahedral (SrHgO,)
coordination of the alkaline earth ions produced by
increasing the torsion of the opposite triangular prism
faces relative to each other.

It should be mentioned that a second form (obvious-
ly a low-pressure modification) of BaHgO, belonging
to the Delafossite type has been discovered recently
[35].

"

3.2.4. Oxomercurates of subgroup elements

3.2.4.1. Cadmium oxomercurate(ll): CdHgO,. High-
pressure reactions of CdO and HgO have recently led
to the formation of single crystals of the first cadmium
oxomercurate(Il) with the composition CdHgO, [36].
The original oxides react within 8 days at temperatures
of the order of 600-620°C and 4200 bar oxygen
pressure. Due to leakage of the autoclave, the pressure
decreases to 3600 bar at the end of the reaction time.
Orange-coloured single crystals, examined by X-ray
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methods, show a crystal structure closely related to the
Crednerite type. Figs. 7(a) and 7(b) display the main
differences from the above described compound
SrHgO,. The strictly orthogonal orientation to each
other of the octahedral layers and O-Hg-O dumb-
bells (Fig. 7(c)) in StHgO, is altered by a parallel shift
of the 2[CdO,] planes. This results in an angle
between the linear O-Hg-O dumb-bells and the
octahedral layers of the order of 59° (Fig. 7(d)). The

idealized differentiation into 2S + 121 (1.96 A and 43
A) Hg-O distances in StHgO, (undoubtedly coordina-
tion number two) shows a tendency towards a coordi-
nation number of six in CdHgO, exemplified by 28 +
4L (2.00 A and 3.12 A) Hg-O distances. The resulting
polyhedron can be specified as a compressed octahed-
ron of O~ around Hg®". In the compound CdHgO,,
the characteristic dumb-bell-like coordination of Hg"
ions in oxomercurates(II) (Hg”" is part of the anionic
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Fig. 6. (a) Perspective view of the crystal structure of StHgO, (the in-plane edge-shared SO, octahedra are hatched; large spheres with a cross,
Hg®'; small spheres, O°"). (b) Orientation of O-Hg-O dumb-bells with respect to a trigonal BaO, prism (BaHgO,) and an SrO, octahedron

(SrHgO,).

CdHgO,
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Fig. 7. Comparison of the orientation of CdO, and SrO, octahedral
layers relative to each other in CdHgO, (a) and SrHgO, (b) and
with respect to the O-Hg-O dumb-bells in SrHgO, (c¢) and
CdHgO, (d) (spheres with crosses, Hg’‘; open spheres, O°").

component of the solids) shifts towards a more cat-
ionic behaviour of the Hg>* ions which is discussed
later.

It is of interest here to look at the crystal structures
of HgMoO, and HgWO,, prepared from HgCl, and
Na,MO, by heating to 700°C under a hydrostatic
pressure of the order of 3000 bar. The isotypic com-
pounds show octahedral layers very similar to
CdHgO, connected by Hg”" ions. Figs. 8(a) and 8(b)
show two orientations of the O-Hg—O dumb-bells

between the MoO, octahedral layers. The slanted
orientation of O—Hg—O with respect to the octahedral
layers gives four adjacent (2 x2.67 A, 2x277 A) and
two distant (3.14 A) members in addition to the
nearest oxygen neighbours (2 X 2.03 A). With respect
to the resulting polyhedron around mercury, the
preceding discussion for StHgO, and CdHgO, is also
valid here. Finally, the reader’s attention should be
drawn to the unusual coordination number of six of
molybdenum in oxides. The change from a mostly
tetrahedral environment to an octahedral environment
is due to the high-pressure preparation.

3.24.2. Oxomercurates with rare earth elements:
Ln,HgO, (Ln = La, Nd, Sm, Eu, Gd, Ho). The history
of the oxomercurates Ln,HgO, shows the same dupli-
cation of discovery. They were prepared independent-
ly by low-pressure powder techniques [37] with the
elements Ln=La, Nd-Gd using closed quartz tubes
and by high-pressure techniques for the synthesis of
single crystals of Ho,HgO, [38]. For the preparation
of single crystals, it is necessary to maintain the
oxygen pressure at 6200 bar and the temperature at
above 620°C for over 1 week. The light yellowish
single crystals are also sensitive to moisture. The
crystal structure of this family is more complicated
than the structures described so far. The structure is
dominated by a network of trigonal prisms around the
Ln’" ions. Fig. 9(a) shows that the Ho(1)O, and
Ho(2)O, prisms are monocapped by a seventh o>
ion. The Ho’ " ions are positioned out of the prism
centre, nearly in the plane of one of the rectangular
prism faces. Fig. 9(b) shows details of the entire
structure. There are chains of edge-connected trigonal
prisms comparable with those of the Sr,CuQO, struc-
ture [39]. These ![Ho,0,] double prism chains are
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Fig. 8. Perspective drawing of MoO, octahedral layers (a) along [0107] and (b) along [100] in the high-pressure oxide HgMoO, (large spheres

with crosses, Hg“; small open spheres, o

connected by the seventh capping O°” neighbour
forming infinite layers which at first seem isolated
from each other. However, Fig. 9(c) completes the
structural section of Fig. 9(b) to form a three-dimen-
sional prism network. It shows that the prism layers
displayed so far are connected by additional LnO,
prisms in a complicated way. A sequence of two LnO,
prisms is required to connect the neighbouring layers
of Fig. 9(b) to each other. Finally, it can be seen in Fig.
9(c) that the Hg’® ions (segmented spheres) are
incorporated in the remaining small holes of this
voluminous polyhedral network resulting in the
characteristic O—Hg—O dumb-bell coordination of the
oxomercurates(II) described above.

3.2.4.3. Barium—silver oxomercurate(ll):

BaAg,Hg,0,. Ag” ions, as well as Hg’" ions, are
often coordinated by two oxygen ions in a dumb-bell-
like arrangement as mentioned in Section 1. It was of
great interest to prepare an oxide containing silver and
mercury in order to investigate the crystal chemistry of
both ions within the same solid. Under high-pressure
conditions (6000 bar oxygen, 630°C), we prepared
single crystals of BaAg,Hg,O, [40]. Fig. 10(a) shows
that the crystal structure of this barium-silver-mer-
cury oxide is characterized by layers of edge-con-
nected BaOg cubes. This results in a planar net of
filled and empty cubes. The Hg’" ions are incorpo-
rated along the diagonals of the empty cubes, leading
to the well-known O-Hg-O dumb-bell coordination.
In order to achieve the usual bond distances between
mercury and oxygen, the diagonals of the empty cubes
are shortened. As a consequence, the BaQO, cubes are
distorted. The 2 ~[BaHg,0,] layers (see F1g 10(b)) are

; the Hg—O bonds are emphasized).

stacked along [001] and connected by the Ag™ ions. It
should be mentioned that, in spite of the identical
crystal chemical behaviour of Hg*" and Ag”, there is
no exchange at the different crystal positions. The
structural segment in Fig. 10(c) again shows the
orientation and bond length of O-Ag-O and O-Hg-
O dumb-bells with respect to the distorted BaO,
cubes.

3.244. Barium oxoplatinate(ILV Fmercurate(I1):
Ba,HgPt,0,,. Despite the fact that this oxide may be
classified as an oxoplatinate, it is discussed here from
the viewpoint of mercury oxides showing mercury as a
part of the anionic structural component. Single crys-
tals of this mixed oxide were prepared from the
intermetallic phase PtHg, and BaO reacting under
high-pressure conditions [41]. During a reaction time
of 8 days at 620°C, the original oxygen pressure of
4200 bar decreased to 3600 bar due to leakage of the
Bridgeman seal. Finally, the synthesis resulted in black
single crystals of good X-ray quality. The problems of
solving the crystal structure with three heavy elements
with almost the same X-ray scattering are described in
Ref. [41].

Fig. 11(a) shows a polyhedral network of face-shared
PtO, octahedra, square planar PtO, polygons and
O-Hg-O dumb-bells. With respect to the Ru,O,
double octahedra shown in Fig. 11(b), there is a crystal
chemical relationship between Ba,HgPt,O,, and the
precious metal 6L-perovskite Ba;CaRu,O, [42-45],
as well as the tantalum perovskite Ba,SrTa,O, [46].
In these perovskites, the M,0, double octahedra are
connected by single MO, octahedra, which are formal-
ly replaced in Ba,HgPt,O,, by square PtO, polygons
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Ho(l)Oo,| and Ho(2)O(,+|polyhcdr0n

HOgHgO4

Fig. 9. (a) Single monocapped trigonal prisms of O°  in Ho,HgO,
around Ho(l) and Ho(2). (b) Edge connection of trigonal HoO,
prisms by double prisms forming cords and their two-dimensional
connection by the seventh oxygen. (c) Three-dimensional network
of trigonal HoO, prisms and O-Hg-O dumb-bells (large spheres
with black segment, Hg"').

and O-Hg—O dumb-bells. The spaces inside the poly-
hedral network of Fig. 11(a) are filled by barium ions.

Ba(l) shows a cuboctahedral oxygen environment
(Fig. 11(c)) with immediate contact to the faces of
three Pt,O, groups (Fig. 11(d)). It is interesting that
the coordination sphere of Ba(2) is identical to that of
Fig. 12(d) (Ba,Hg,Pd,O,,). Figs. 11(e) and 11(f) reveal
an infinite polyhedral chain of face- and edge-con-
nected Ba(2)O,, polyhedra. The face-shared Ba(2),0,,
double polyhedron of Fig. 11(e) is also connected by
three Pt,O, double octahedra. It is worth pointing out
that Ba,HgPt,O,, represents the rare oxidation state
of Pt"" in platinum oxides [41].

3.3. Oxomercurates(I1) with linked O-Hg-0O
dumb-bells

3.3.1. Barium oxopalladate(I1.IV Fmercurate(1l):
Ba,Hg;Pd,0,

In accordance with the definition of the barium-
platinum-mercury oxide described above, the pal-
ladium-rich compound Ba,Hg,Pd,O,, may be as-
cribed to the palladium oxides as well as to the
oxomercurates. It will be discussed here from the
viewpoint of mercury oxides, showing mercury as part
of the anionic structural component, as well as in
terms of the crystal chemical role of salt-like mercury
cations. The crystal structure can be described using
single polyhedra, structural sections and the entire
polyhedral network summarized in Fig. 12(f). Fig. 12(a)
shows the octahedral environment of Pd** and Fig.
12(b) illustrates the expected square planar polygons
around Pd’’. In the latter figure, it can be seen that
the two opposite edges of a central square planar
PdO, polygon are bridged by two additional PdO,
polygons. The resulting small triangles are, simultan-
eously, faces of PdO, octahedra within the crystal
structure. The edge sharing of PdO, polygons in the
enlarged structural section of Fig. 12(b) leads to
°[PdO] layers as can be seen in Fig. 12(e). The total
view of Fig. 12(f) demonstrates the above described
linkage of Pd'"O, octahedra with Pd’"O, polygons
and mercury ions. A specific detail of Fig. 12(f)
involves the corner connection of two opposite PdO,
octahedra (distinguished by the symbol Pd*") by
square planar PdO, polygons along [001] at z = 0.5.
Polygons of this square planar type in the middle of
the ¢ axis form one-dimensional zig-zag chains as is
well known from the first high 7, superconductor
YBa,Cu,0,. ., for example. Fig. 12(f) also shows the
linkage of opposite PdO, octahedra (symbol Pd*") by
Hg’" ions. This linkage results in adjacent oxygen ions
firstly in a stretched O-Hg(1)-O coordination (spheres
with a cross) and secondly in a so far unknown one-
sided surrounding of Hg(2) by O(2) and O(5) (spheres
with black segments in Fig. 12(f)). The six additional
oxygen ions (2 X O(1) and 4 X O4)) on the opposite
sides of the coordination sphere of Fig. 12(c) show
distinctly larger distances from mercury of the order of
2.79-3.29 A. The resulting extended Hg(2)O, ., poly-
hedron can roughly be compared with the barium
environment of Fig. 12(d). The great similarity of the
Ba,0O,, group to parts of the Ba,O,, chains (Fig. 11(f))
should be pointed out. The polyhedron around barium
may be accepted as a damaged cuboctahedron with
the loss of one oxygen ion. Two of them are connected
in the outlined manner.

A look at Fig. 12(f) shows a connection of mercury—
oxygen polygons which occurs in the mercury oxides
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BaOg cubes and O-Ag-O dumb-bells
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0-Hg-O + BaOg + O-Ag-O

Fig. 10. (a) Projective drawing of one layer of BaO, cubes and in-plane O-Hg~O dumb-bells in BaAg,Hg,O,. (b) Perspective drawing of
stacked BaO, layers connected by Ag” ions. (¢) Orientation of O-Hg-O and O-Ag-O dumb-bells with respect to the BaO, cubes (large
spheres with black segment, Hg®"; large spheres with crosses, Ba’"; small spheres with crosses, Ag"; small open spheres, 0*).

described to date. In this case they form Hg,O, groups
isolated from each other. The claim made above that
O-Hg-O dumb-bells are typical of oxomercurates(II)
and that higher coordinated Hg’" ions lean towards
cationic behaviour implies here a direct connection of
both properties in the Hg,O4 groups.

3.3.2. Nets of O—Hg-O dumb-bells. A mercury
oxochromate(IV): Hg,0,CrO,

High-pressure reactions led by chance to red single
crystals of Hg,CrO, [47]. Crystals of good quality
have been prepared by heating a mixture of HgO and
CrO, up to 600°C for more than 8 days. If we look at
the chemical formula, it may seem that this compound
belongs to the group of ordinary salts with Hg™"
cations and CrO; anions. Contrary to this impression,
the crystal structure demonstrates a mixed oxide with

shifts from the typical anionic group O-Hg-O (a
feature of the oxomercurates(Il)) to salt-like higher
coordinated mercury. Fig. 13(a) indicates (in projec-
tion) two-dimensional nets of six-membered O-Hg-O
rings, disregarding the distances longer than 2.2 A.In
reality these nets are somewhat twisted, as can be seen
in the perspective drawing of Fig. 13(b). Each (HgO),
ring is filled by a CrO, tetrahedron. The large tem-
perature factors of some oxygen positions, found
during parameter refinement, were interpreted by split
positions [47]. Thus there are evidently two “frozen”
orientations of the CrQO, tetrahedron expressed by the
hatched and unshaded tetrahedra of Fig. 13(c).

The neighbourhood of the Hg(1) and Hg(2) positions
merits further discussion. In addition to the short
distances of 2.16-2.17 A (Hg(1)-O) and 2.08 A
(Hg(2)-0), Figs. 13(d) and 13(e) show four more
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Ba(2),0,9 group

L —

ﬂ Ba(2),0,5 chain

+ 3xPt(2),04

Fig. 11. Structural sections of Ba,Pt,HgO,, (a, c~f) and comparison with Ba,CaRu,0, (b). (a) Perspective drawing of the connection of Pt,0,
double octahedra, square planar PtO, polygons and O-Hg-O dumb-bells. (c) Oxygen environment of Ba(1). (d) Linkage of the BaO,,
polyhedron with three Pt,O, groups. (¢) Ba,O, group. (f) Connection of Ba,O,, group with Pt,0, double octahedra.

distant oxygen ions in the range 2.36-2.88 A. The
O-Hg(1)-O dumb-bell is completed to form a dis-
torted octahedron (Fig. 13(d)) and O-Hg(2)-O
achieves an irregular environment (Fig. 13(e)) by
adding the more distant oxygen ions. When taken
together, both the longer and shorter neighbours
result in an HgO, polyhedron that is characteristic of
cationic mercury in salts.

This viewpoint can also be applied to the crystal
chemistry of mercury oxide. HgO exists in two modi-
fications. The orthorhombic form [48-51] shows
I [HgO] zig-zag chains (Fig. 14(a)) situated in layers
parallel to the a/b plane (Fig. 14(b)). The Hg-O
distances are of the order of 2.02 A. The hexagonal
modification [52,53] is characterized by a coil of
infinite~O-Hg-O-connections along the hexagonal ¢
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Fig. 12. Structural details of Ba,Hg,Pd,O,, (a~e) and the barium-free network (f). (a) Pd*’ O, octahedron. (b) Bridging of opposite edges of
the square planar Pd** O, polygon by two additional planar PdO, groups. (c) Nearly one-sided open coordination of Hg(1). (d) Coordination
sphere of barium and its connection to Ba,0,, groups. (¢) Layers made of corner-connected PdO, polygons. (f) Three-dimensional network of

polygons around paliadium and mercury.

axis (Fig. 14(c)). A look along [001] (Fig. 14(d)) shows
what are almost triangular coils due to the small
deviation of the O-Hg-O angles from 180°. There can
be no doubt about the correlations in the third
dimension, although the next sphere of oxygen neigh-
bours is far away (2X2.8—2.9 A, orthorhombic; 2 X
2.8-2.9 A, hexagonal) in both modifications. The
coordination number two is, however, ascribed to
mercury in its pure oxides.

3.3.3. Framework of O—Hg—O dumb-bells: Hg,Nb,O,,
Hg,Ta,0, and Hg,Sb,0,

As shown above, the O—-Hg—O dumb-bells may be
connected to each other forming groups and chains.
All of these cases show oxygen surrounded by two
Hg’" ions. The next step towards two-dimensional
nets and three-dimensional networks evokes a
threefold oxygen coordination by mercury. This is
observed for the compound Hg,0,CrO,, the Pyro-
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Fig. 13. Features of HgCrO,. (a) Two-dimensional nets of O—Hg—O dumb-bells and incorporated CrO, tetrahedra. (b) Demonstration of
twisting of the mercury-oxygen nets including the CrO, tetrahedra. (c) Separation of oxygen split positions into two tetrahedral orientations
(d) and (e) O-Hg—O dumb-bells (emphasized bonds) completed by more distant oxygen neighbours.

chlor-related compound Hg,Nb,O, and its isotypic
counterparts Hg,Ta,O, and Hg,Sb,0, [54]. Fig. 15(a)
shows the three-dimensional network of linear O-Hg-
O dumb-bells and Fig. 15(b) illustrates the superposi-
tion of NbO, octahedra in a Pyrochlor arrangement
on the network of Fig. 15(a). Attention should be paid
to the fact that the Hg—O distances fluctuate within a
small range from 2 X 2.26 to 4 X 2.62 A. We should be
sceptical about the simplification of coordination num-
ber two and the classification of these compounds as
oxomercurates(II) in general. Hg,M,O, (M =Nb, Ta,
Sb) may just as well be classified as salt-like mercury
oxides (see below).

4. Salt-like mercury-containing oxometallates
4.1. Mercury oxovanadate: HgV,O

At the end of this brief paper on the crystal
chemistry of oxomercurates(II), one example is intro-

duced of a mercury oxovanadate HgV,O, [55] with
mercury in a cationic function analogous to that seen

for Hg,Nb,O,. Fig. 16 exhibits three characteristic
parts of the complete crystal structure. Fig. 16(a) shows
fields of VO, polyhedra in the unit cell area x =0.25
and x =0.75. The value of n depends on the distances
between V" and O®~ (1.56, 1.62, 2.10, 2.25, 2.37, 2.56
and 2.74 A) and cannot be defined exactly. The
emphasized Hg’" ions and O-Hg-O bonds connect
the VO, polyhedra along [100]. The inner sphere
bond distance from mercury to oxygen is 2.03 A, but it
can be seen in Figs. 16(b) and 16(c) that an octahedral
coordination of mercury is created by additional
oxygen neighbours (2x2.42 and 2 X247 A). The
differences between the distances of the compressed
HgO, octahedra are of the order of those in
Hg,Nb,O,. This implies that a pure dumb-bell-like
coordination is out of the question.

5. Conclusions
The classification postulated here into oxomer-

curates(II), containing more or less stretched O-Hg-O
dumb-bells with the coordination number two typical
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hexagonal HgO

Fig. 14. Hg-O junction in mercury oxide: (a,b) orthorhombic; (c,d) hexagonal. Large sphere, Hg”"; small open sphere, O>".

Hg:NbgO7

Fig. 15. (a) Idealized picture of the inner sphere environment of Hg>* in Hg,Nb,O, neglecting more distant oxygen. (b) Combination of the

NbO, octahedra and the O-Hg—-O dumb-bells of (a).

of mercury, and mercury oxides, containing Hg’" ions
with a cationic crystal chemical function, arose from
the crystal chemistry of oxocuprates [2] as mentioned
in Section 1. It can be shown that the coordination
spheres of Cu” (O—Cu-O dumb-bells), Cu®* (square
planar coordination and square pyramids with copper
nearly in the centre of the square face of these
pyramids) and Cu’" (square planar polygons) are
typical features of copper in the anionic part of the
crystal lattice. The chemistry of copper oxides is full of
examples showing distinct steps from the oxocuprates
to the copper oxometallates. The chemistry of mercury

oxides described here also shows clearly perceptible
shifts from the crystal chemistry of the oxomercurates
to mercury oxometallates.

As can be seen from the alkaline and alkaline earth
mercury oxides, compounds such as M,HgO, (M =Li-
Cs) and MHgO, (M= Ca-Ba) undoubtedly show a
coordination number two of mercury in relation to
oxygen. Both Hg?" and O are components of the
anionic part of these solids. The same insight goes for
compounds with large cations of high basicity repre-
sented by the rare earth elements (see Section 3.2.4.2).
It is of great interest that the different ions Ag’ and
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HgV,0¢ inner sphere: O-11g-0

extended sphere: 1gQg octahedra

Fig. 16. (a) Idealized linear O-Hg—-O environment (emphasized) in HgV,O, connected to the vanadium-oxygen polyhedra. Polyhedra around
mercury of the more distant oxygen neighbours in an open (b) and shaded (c) drawing.

Hg’", which both prefer dumb-bell-like coordination,
act together on the doubtless cationic barium as parts
of the anionic substructure. The large, but usually
more covalently bonded, Cd*” ion alters the chemical
behaviour of mercury in a more cationic direction.
This observation may be extended to compounds with
small amounts of strongly basic ions, as demonstrated
for Ba,Hg,Pd,O,,. Both mercury and palladium take
part in the anionic structure by forming O-Hg-O
dumb-bells and square planar PdO, polygons. The
strength of the individual tendencies of the Hg2+ and
Pd*" ions to stay in the anionic part of the structure is
an open question in this context. The unusual one-
sided open coordination of Hg?" in Ba,Hg,Pd,O,,
shows clearly that the loser in the competition to be
part of the anionic lattice is one of the two mercury
positions, namely Hg(2). A small, but obvious, shift
from the pure anionic to the more cationic behaviour
of Hg(2) is established by the HgO, . polyhedron in
Ba,Hg,Pd,O,,. The other examples given in this
review show moderate changes from the coordination
number of two to higher values, corresponding to
shifts in the direction of cationic Hg”" in the definition
of oxomercurates(II).

It should be mentioned once again that the crystal
chemistry of mercury in its simple binary oxides is also
relevant to the more complicated ternary and quater-
nary oxides.

6. Comments

All calculations were performed using IBM RS/
6000 at the Institute of Inorganic Chemistry of Kiel

University. The figures were prepared using a modi-
fied orTEP [56,57] program.
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