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A low-temperature ionothermal method for the facile synthesis of the halide carbonate, Ba3Cl4CO3, in

single-crystalline form has been developed. This has enabled the first determination of the crystal

structure of this material to be carried out. Analysis of single-crystal X-ray diffraction data indicates that

barium chloride carbonate crystallises in the orthorhombic space group Pnma (Z ¼ 4), with a ¼ 8.4074(11),

b ¼ 9.5886(12), c ¼ 12.4833(15) Å (Rw ¼ 0.0392). It exhibits a complex structure in which a three-

dimensional network is formed from cross-linking of chains of anion-centred octahedra that share faces.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Low-temperature synthetic methods are increasingly being
explored as alternatives to conventional high-temperature pro-
cesses for the preparation of inorganic materials. Reactions carried
out at relatively modest temperatures frequently afford access to
novel materials that may be kinetically stabilised and therefore
not accessible at elevated temperatures. Amongst the range of
approaches that has been adopted are intercalation, sol–gel
methods, ion exchange, reactive fluxes and solvothermal synthesis
[1]. Solvothermal methods in particular have proven to be an
extremely versatile technique for the synthesis of a diverse range
of novel materials including, silicates, phosphates, oxides, sele-
nides and sulphides [2].

More recently, researchers have begun to exploit ionic liquids
as reaction media for the synthesis of inorganic materials. Ionic
liquids [3,4] may be defined as salts that melt below 100 1C. Their
solvent properties are determined by the ability of the salt to act
as a hydrogen-bond donor and/or acceptor and by the degree of
localisation of the charge on the anion. Their unique properties,
which include high polarity, conducting nature, low vapour
pressure and viscosity, have already led to their adoption as
‘green’ solvents for conventional organic synthesis [5,6]. They
have also been exploited in electrochemistry, batteries, fuel cells,
photovoltaic devices and electrodeposition processes [3,7–9].
Extension to inorganic systems [10], including the preparation of
nanoparticulate fluorides [11] and sulphides [12] has been
reported. Furthermore, the tailored synthesis under ionothermal
ll rights reserved.

l).
conditions of materials containing nanopores and channels [13],
including hierarchical ZnO nanostructures [14], mesoporous
SrCO3 spheres, CaCO3 hollow spheres [15] and mesoporous silica
and Ru–SiO2, [16] has recently been described. The first report [17]
of the synthesis of an aluminophosphate in the presence of an
ionic liquid has stimulated efforts to create new microporous
materials in such reaction media. By contrast with conventional
solvothermal reactions, the ionic liquid in ionothermal synthesis
acts as both solvent and template, and therefore greater control of
the templating process may be achieved. In addition to a number
of aluminophosphates and zeolites [18], ionothermal methodol-
ogies have recently been used to facilitate the synthesis of
coordination polymers [19] and metal-organic frameworks [20].

In an extension of our established programme of solvothermal
synthesis of inorganic materials, we have recently begun to
explore the use of ionic liquids as reaction media for low-
temperature synthesis. During the course of efforts to extend the
oxy-anion chemistry in ionic liquids to transition-metal carbo-
nates, we have prepared Ba3Cl4CO3 in 1-ethyl-3-methylimidazo-
lium bromide (EMIB) at 170 1C. This appears to be the first
ionothermal synthesis of a mixed-anion material. Although
BaCl4CO3 was first reported by Frit et al. [21] as arising from the
high-temperature (850 1C) reaction of BaCl2 and BaCO3 in a CO2

atmosphere, the polycrystalline nature of the product has
prevented determination of the crystal structure for over 40
years. Remarkably, low-temperature synthesis in EMIB at 170 1C
yields good-quality single crystals, allowing the first structure
determination of this category of mixed-anion material to be
accomplished. The results demonstrate that BaCl4CO3 adopts a
structure of surprising complexity, which may be described in
terms of chains of anion-centred polyhedra.

www.elsevier.com/locate/jssc
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2. Experimental

Ba3Cl4CO3 was synthesised from a mixture of the ionic liquid
1-ethyl-3-methylimidazolium bromide (Aldrich, 0.5 g,
2.62 mmol), BaCO3 (Johnson Matthey, 99.9%, 0.065 g, 0.33 mmol)
and CoCl2 �6H2O (Aldrich, 98%, 0.084 g, 0.66 mmol) with a molar
composition BaCO3:CoCl2 �6H2O:EMIB of 1:2:8. The mixture was
placed in a Pyrex tube and the contents frozen with liquid
nitrogen. The tube was evacuated to 1 Torr prior to sealing. The
sealed tube was placed in an oven, heated at 170 1C for 3 days and
then cooled to room temperature at a rate of 1 1C min�1. The
product was filtered, washed with methanol and acetone and
dried in an oven at 90 1C in air at room temperature. The solid
product appears to consist of a mixture of colourless needles,
identified by single-crystal X-ray diffraction as Ba3Cl4CO3, and an
inhomogeneous powder, identified by powder X-ray diffraction
(Bruker D8 Discover, CuKa radiation, l ¼ 1.5418 Å) as a mixture of
starting materials, BaCO3 and CoCl2 �2H2O. Efforts to produce a
phase-pure sample by exploring a wide range of reaction
parameter space were unsuccessful. Longer reaction times led to
a solid product which consisted only of BaCO3. Subsequently, in an
effort to produce a single-phase product, a series of reactions, in
which the CoCl2 �6H2O was omitted, was performed for a range of
BaCO3:BaCl2:EMIB molar ratios. In all cases only BaCO3 powder
was present in the solid product, indicating that the transition-
metal chloride is essential for the formation of the title
compound. A similar feature has been observed previously in
the synthesis, under solvothermal conditions, of [C6H20N4][Sb4S7],
for which the presence of either cobalt [22] or zinc [23] ions is
required to produce the product phase. As it was not possible to
remove the BaCO3 contaminant, conventional analytical techni-
ques such as thermogravimetry and combustion analysis provide
no additional useful information.

A crystal of Ba3Cl4CO3 (dimensions 0.18�0.18�0.20 mm) was
mounted on a glass fibre using cyanoacrylate adhesive. X-ray
intensity data were collected at 293 K using a Bruker X8-APEX
CCD diffractometer [24] with graphite monochromated Mo-Ka
radiation (l ¼ 0.71073 Å). Data were processed using the manu-
facturer’s standard routines [25]. Full crystallographic details are
given in Table 1. The structure was solved using the direct
methods program SIR92 [26], which located barium and chloride
ions. Subsequent Fourier calculations and least-squares
refinements against F were carried out with the CRYSTALS suite
Table 1
Crystallographic data for Ba3Cl4CO3.

Formula Ba3Cl4CO3

Mr 613.84

Dimensions (mm) 0.18�0.18�0.20

Crystal habit Colourless block

Crystal system Orthorhombic

Space group Pnma

T (K) 293

a (Å) 8.4074(11)

b (Å) 9.5886(12)

c (Å) 12.4833(15)

V (Å3) 1006.3(2)

Z 4

m (mm�1) 12.628

rcal (g cm�3) 4.05

Measured data 25 333

Unique data 1540

Observed data (I43s(I)) 933

Residual electron density (min, max) (eÅ�3) �1.71, 4.70

Rmerg 0.0405

R 0.0346

Rw 0.0392
of programs [27]. The carbon and oxygen atoms were located in
difference Fourier maps. In the final cycles of refinement,
anisotropic thermal parameters were refined for all atoms. A
three-term Chebyshev polynomial was applied as a weighting
scheme [28].
3. Results and discussion

The local coordination and atom labelling scheme for Ba3Cl4

CO3 is shown in Fig. 1, whilst fractional atomic coordinates are
given in Table 2. Selected bond distances and valence sums [29]
are presented in Table 3. Each of the two crystallographically-
distinct barium ions is effectively nine-coordinate. Ba(1) has six
chloride neighbours at ca. 3.15 Å, with a seventh at the longer
distance of 3.467(2) Å. Two carbonate ions, one acting as a
monodentate ligand, the other as a bidentate ligand, at Ba–O
distances of ca. 2.75 Å, complete the first coordination sphere of
Ba(1). The second barium ion, Ba(2), also has six neighbouring
chloride ions, at distances in the range 3.265(2)–3.371(2) Å,
together with three oxygen atoms associated with two
carbonate ions, one monodentate, the other bidentate, at Ba–O
distances in the range 2.751(6)–2.800(6) Å. The Ba–Cl distances
are generally comparable with those reported for BaCl2 [30] and
consistent with the sum of the ionic radii (3.16 Å) [31]. The
additional chloride ion, Cl(1), at a longer distance of 3.467(2) Å;
contributes only 0.12 valence units to the valence sum. Ba–O
distances are consistent with those in BaCO3 [32], but somewhat
Cl(3) Cl(3)

Cl(1)

Fig. 1. Local coordination of Ba3Cl4CO3 showing the atom labelling scheme and

thermal ellipsoids at 50% probability.

Table 2

Fractional atomic coordinates and equivalent isotropic thermal parameters (Å2) for

Ba3Cl4CO3.

Atom x y z Uiso

Ba(1) 4(c) 0.95666(8) 3
4

0.96465(5) 0.0165

Ba(2) 8(d) 0.05228(5) 0.99295(4) 0.31929(4) 0.0188

Cl(1) 4(c) 0.0455(3) 3
4

0.51399(15) 0.0084

Cl(2) 4(c) �0.1601(3) 3
4

0.20467(19) 0.0152

Cl(3) 8(d) 0.1973(2) 0.54076(18) 0.07696(15) 0.0201

C(1) 4(c) 0.7224(13) 3
4

0.7134(8) 0.0154

O(1) 8(d) 0.6557(7) 0.6331(5) 0.6876(4) 0.0195

O(2) 4(c) 0.8584(11) 3
4

0.7588(7) 0.0216
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Table 3

Selected bond distances (Å) and bond valences (v.u.) for Ba3Cl4CO3.

Atoms Bond distances na

Ba(1)–Cl(1) 3.467(2) 0.122

Ba(1)–Cl(2) 3.153(3) 0.286

Ba(1)–Cl(3) 2�3.176(2) 2�0.269

2�3.118(2) 2�0.315

Ba(1)–O(1) 2�2.770(5) 2�0.274

Ba(1)–O(2) 2.699(8) 0.332

Valence sum 2.456

Ba(2)–Cl(1) 3.367(1) 0.160

3.329(1) 0.178

Ba(2)–Cl(2) 3.265(2) 0.211

3.371(2) 0.159

Ba(2)–Cl(3) 3.269(2) 0.209

3.278(2) 0.204

Ba(2)–O(1) 2.800(6) 0.252

2.751(6) 0.288

Ba(2)–O(2) 2.755(4) 0.284

Valence sum 1.945

C(1)–O(1) 2�1.294(7)

C(1)–O(2) 1.276(14)

a Bond valence and their sums calculated using parameters from Ref. [29].

Fig. 2. A single chain of carbonate centred CBa6 octahedra. (a) Ball and stick

representation and (b) polyhedral representation. (O, small open circles; C, small

solid circles; Ba, large solid circles).
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Fig. 3. Local coordination and atom–atom distances of the three crystallographi-

cally distinct ClBan polyhedra that serve to link individual CBa3 chains.

Fig. 4. Cross-linking of barium carbonate chains by linear chains of Cl(1)-centred

square-based pyramids directed along [010] and zigzag chains of Cl(2)-centred

square-based pyramids. (Cl, large open circles; Ba, large solid circles; O, small open

circles; C, small solid circles; Cl(1) square-base pyramids, grey and Cl(2) square-

based pyramids, white).
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longer than the average Ba–O distance (2.52 Å) in the oxy-chloride
Ba4OCl6 [33].

The barium and carbonate ions define a chain directed along
[100], in which each oxygen atom of the carbonate ion exhibits m3

coordination to two Ba(1) and one Ba(2) ions (Fig. 2a). The carbon
atom of each of the carbonate ions resides at the centre of a
distorted octahedron of barium ions and the chains can thus be
considered to consist of carbon-centred CBa6 octahedra that share
common faces (Fig. 2b). The CBa3 chains of face-sharing CBa6

octahedra are cross-linked by chloride ions, the local coordination
polyhedra of which, together with bond distances to the barium
ions are shown in Fig. 3.

Neighbouring CBa6 chains in the [011] and ½011� directions are
linked by Cl(1) ions. Each Cl(1) is coordinated to five Ba2+ ions in a
square pyramidal geometry. Ba(2) in a given chain is at the apex of
the Cl(1)Ba5 pyramid, whose base is formed from Ba(1) ions, two
from the same CBa3 chain, and one from each neighbouring chain
in two perpendicular directions. The Cl(1)Ba5 square pyramids
share basal edges to form chains directed along [010] in which the
direction of the apex alternates along the chain direction (Fig. 4).
Cl(2) also has a square-pyramidal coordination, having a Ba(2)
apex that is shared with the Cl(1)-centred polyhedral chain and a
base again formed from Ba(1) ions in neighbouring CBa3 chains
(Fig. 4). Cl(2)Ba5 square-based pyramids form a zigzag chain
directed along [100], which shares both edges and faces with the
Cl(1)-containing chains that are aligned in a perpendicular
direction. Four-coordinate (2�Ba(1) and 2�Ba(2)) Cl(3) ions,
complete the cross-linking (Fig. 5): each tetrahedron containing
three barium ions from one CBa3 chain, with the fourth, located in
a neighbouring chain, providing a common vertex that serves to
link tetrahedra into a chain along [010]. The complex three-
dimensional structure of Ba3Cl4CO3 that results is represented in
Fig. 6.

The chloride carbonate whose low-temperature synthesis and
structure determination is reported here represents an example of
a comparatively rare class of mixed-anion compounds. Amongst
the small number of halide carbonates whose structures have
been determined are phosgenite, Pb2Cl2CO3 [34] and its bromide
analogue [35]. However, in contrast to the complex three-
dimensional structure of Ba3Cl4CO3 reported here, phosgenite
adopts a pseudo-layered structure in which two-dimensional
Pb2Cl2

2+ slabs are connected by CO3
2� ions. The fluorinated

analogue of phosgenite, Pb2F2CO3 [36], exhibits a different
architecture from that of the layered chloro- and bromo
derivatives and is isostructural with the mineral Brenkite,
Ca2F2CO3 [37]. In common with Ba3Cl4CO3 reported here, this
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Fig. 5. Chains of edge-sharing ClBa5 square pyramids and ClBa4 tetrahedra,

showing the cross-linking in the structure of Ba3Cl4CO3. (Cl(1) square-based

pyramids, grey; Cl(2) square-based pyramids, white; Cl(3) tetrahedra, black).

Fig. 6. Three-dimensional network of Ba3Cl4CO3. (Cl, large open circles; Ba, large

solid circles; O, small open circles; C, small solid circles).
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lead fluoride carbonate also adopts a complex structure, although
in this case the fundamental building units are infinite spiral
chains of edge-sharing FPb4 tetrahedra, linked through common
vertices to form a cationic three-dimensional network, in the
tunnels of which are located the carbonate ions. This contrasts
with Ba3Cl4CO3 in which the carbonate ions are an integral part of
the polyhedral chain-like building units. Anion-centred polyhedra
are also found in Tl3FCO3 [38], which may be considered to
comprise chains of face-sharing fluoride-centred octahedra, with
cations residing in seven-coordinate sites of capped octahedral
geometry. In contrast with Ba3Cl4CO3, rare-earth fluoro-
carbonates, which represent perhaps the structurally best-
characterised members of this family of materials, tend to exhibit
layered structures [39]. For example, the structure of CeFCO3

consists of alternating [CeF] and [CO3] layers, whilst the
structurally related CaCe2(CO3)3F2 and CaCe(CO3)2F contain
[Ce(CO3)2F] layers separated by Ca2+ cations [39,40].

Many of the known halide carbonates have been prepared
under supercritical hydrothermal conditions [35,39] or by high-
temperature reactions in a CO2 atmosphere [21]. In the present
work, the first determination of the crystal structure of Ba3Cl4CO3,
and hence on the basis of powder diffraction data, those of the
analogous bromides and chlorides [41] has been made possible
through the provision of good-quality single crystals via the low-
temperature synthetic technique of ionothermal synthesis.
Reaction under ionothermal conditions offers considerable scope
for the production of inorganic materials. However, the role
played by the ionic liquid in such reactions is poorly understood at
present. In particular, it is unclear whether the ionic liquid acts
solely as a solvent or plays a structure-directing role. In the
reaction described here, clearly the EMIB is not incorporated into
the final product so does not act as a conventional templating
agent; however, a more subtle structure-directing role cannot be
ruled out. It is perhaps notable that during the course of efforts to
optimise the synthetic procedure the use of high-quality anhy-
drous reagents did not permit the synthesis of Ba3Cl4CO3,
suggesting that trace amounts of water, either present in the
ionic liquid or as water of crystallisation in the transition-metal
salt are required for the reaction to proceed. Water has been found
to play a crucial role in the ionothermal synthesis of microporous
materials when present in reagent quantities [42] and it has been
suggested that it may act as a mineraliser [18]. At low levels, water
may promote hydrolysis reactions [42], facilitating the production
of solution-active species, thereby accelerating the kinetics of
crystallisation.
Supporting information

X-ray crystallographic information file (CIF), selected angles for
Ba3Cl4CO3 and powder X-ray diffraction data can be found in the
on-line version.
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