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Synthesis and crystal structure of Fe6Ca2(SeO3)9Cl4 –

a porous oxohalide†

Shichao Hu and Mats Johnsson

A porous oxohalide, Fe6Ca2(SeO3)9Cl4, has been synthesized by

solid state reactions using concentrated HCl as the Cl-source. It

crystallizes in the hexagonal space group P63/m with unit cell para-

meters a = 12.118(2) Å, c = 12.703(4) Å, Z = 2. The crystal struc-

ture is an open framework having one-dimensional channels

extending along [001] that the chlorine atoms and lone pairs on

Se4+ are facing. The channels in this framework structure are un-

usually large compared to other oxohalide compounds and also

accessible to guest molecules. Water vapor sorption measure-

ments show an uptake of 9 wt% at 293 K.

Oxohalide compounds containing p-block elements in low oxi-
dation states carrying a stereochemically active lone-pair are a
group of compounds rich in unusual crystal structures.
Examples of such lone-pair elements are Se4+, Te4+, Sb3+, Bi3+,
etc., that all adopt an asymmetric or one-sided coordination.
The non-bonding lone-pair electrons occupy a volume similar
to that of oxygen resulting in open non-bonding volumes in
the crystal structure.1–3

When introducing a late transition metal cation into the
system the lone-pair cations most often form bonds only to
oxygen due to their high Lewis acid strength and small radius
while the transition metal cations bond to both oxygen and
halide ions. The combination of stereochemically active lone-
pair cations and halide ions that often are terminating in the
crystal structure act both as “chemical scissors” to open up the
structures and to increase the possibilities for low-dimensional
arrangements of transition metals.4,5 A number of compounds
with unusual crystal structures have been synthesized by utilizing
this synthesis concept. This kind of compound may show inter-
esting physical properties such as magnetic frustration because
of the increased possibility for metals to adopt low-dimensional

arrangements in the crystal structure6,7 or nonlinear optical
second harmonic generation (SHG) because of the increased
possibility to form noncentrosymmetric crystal structures due to
the one-sided coordination of the lone-pair cations.8–10

There are two main structure types for this family of oxo-
halide compounds: (i) layered compounds with strong covalent/
ionic bonds within the layers and weaker van der Waal inter-
actions between the layers, e.g. Cu3(TeO3)2Br2, Co2TeO3Cl2 and
FeTe3O7X (X = Cl, Br),4,11,12 and (ii) open framework structures
having channels where the lone-pairs and halide ions
are located, e.g. Fe3Te3O10Cl, Ni5(SeO3)4Br2 and
Ni15Te12O34Cl10.

13–15 The sizes of such channels are 3–4 Å in
diameter at maximum and thus similar to the pore size in
many zeolites; however they are not accessible for e.g. gas-
uptake because a substantial part of the pore volume is occu-
pied by the lone-pair electrons and terminating halide ions. It
is therefore interesting to further increase the pore size in oxo-
halide compounds to explore if the voids can be utilized for
catalytic reactions or gas uptake. In the present study an alka-
line earth metal was included in addition to a transition metal
and a new compound Fe6Ca2(SeO3)9Cl4 was found that exhibits
channels with a diameter of ∼6.4 Å. To the best of our knowl-
edge this is the largest pore diameter described for such an
oxohalide compound, see Fig. 1.

The compound Fe6Ca2(SeO3)9Cl4 1‡ was synthesized from
solid state reactions.16 The crystal structure was solved from
single crystal X-ray diffraction and it crystallizes in the hexago-
nal space group P63/m with unit cell parameters a = 12.118(2)
Å and c = 12.703(4) Å. EDS-analysis confirms the chemical
composition and bond valence sum (BVS) calculations support
that the oxidation states of the cations are Ca2+, Fe3+ and Se4+,
respectively, see ESI.† Small single crystals of the isostructural
Br-analogue Fe6Ca2(SeO3)9Br4 2 were also synthesized following
the same procedure except that HBr was used as the transporting
agent instead of HCl. Compound 2 has unit cell parameters a =
12.201(10) Å and c = 12.860(9) Å; however, the obtained crystals
were too small to collect single crystal data good enough for an
accurate crystal structure refinement. Attempts were made to
synthesise also the Te-analogue but those attempts failed.

†Electronic supplementary information (ESI) available: Experimental details,
crystal structure refinement parameters, bond valence sum (BVS) calculations,
EDS-analysis data, sorption isotherms, PXRD-data. See DOI: 10.1039/c3dt50952d
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The crystal structure of 1 can be described as a three-
dimensional open framework with channels extending along
[001], see Fig. 1.

The symmetry of this structure means that Se(1) is at a site
with m symmetry, Fe(2) is on an inversion centre, Fe(1) is on a
mirror plane, Ca(1) is on a threefold axis, Cl(2) is at a site with
−6 symmetry, and Cl(1) is at a site with m symmetry. There are
two crystallographically different Se4+ ions that both have the
common tetrahedral [SeO3E] coordination, where E represents
the stereochemically active lone-pairs occupying a non-
bonding orbital. The Se–O bond distances range from 1.658(9)
Å to 1.751(5) Å. The [SeO3E] polyhedra are isolated from
each other, which is in analogy with observations that such
polyhedra seldom polymerize.17 The crystallographically
unique Ca-atoms bond to six oxygen atoms to form [CaO6]
octahedra with Ca–O bond distances in the range 2.361(4) Å to
2.378(5) Å. Two such octahedra connect to each other by
sharing (O2–O2–O2) faces to form [Ca2O9] dimers with Ca–Ca
distances of 3.443(4) Å.

The bonding preferences of metal cations depend e.g. on
the Lewis acidity and the softness. The hard Fe3+ ion tends to
bond to only oxygen in oxohalides7,12,13 while the weaker
Lewis acids Cu2+ and Ni2+ tend to bond to both oxygen and
halide ions and Cu+ tends to bond only to halide ions.5,6,14

There are also two crystallographically different Fe3+ positions
in 1. Fe(1) is bonded to six O atoms at distances in the range
1.969(7) Å to 2.032(3) Å forming a slightly distorted [Fe(1)O6]
octahedron. However, Fe(2) is surrounded by four O atoms and
two crystallographically different Cl atoms to form a highly dis-
torted [Fe(2)O4Cl2] octahedron with Fe–Cl distances of 2.332(3)
Å for Cl(2) and 2.896(2) Å for Cl(1). The BVS values of Cl(1) and
Cl(2) are only 0.34 and 0.52 respectively, indicating that they
rather take the role of counter ions than being fully integrated

in the covalent/ionic network; it is common that Cl− ions show
low BVS values in oxochlorides and thus form only weak
bonds to cations.18,19

The [Fe(1)O6] and [Fe(2)O4Cl2] polyhedra are connected via
corner sharing to form wave-like chains with the simplified
formula [FeO4Cl]∞ running along [001]. Three such chains are
connected to each other via a common Cl(1) atom to form a
three-fold column having the formula [Fe6O24Cl4]∞ where the
[Ca2O9] dimers are located and bond via corner sharing to
[Fe(1)O6] octahedra to form [Fe6Ca2O27Cl4]∞ building units that
make up the 3D framework, see Fig. 2. The [SeO3E] tetrahedra
are connected to those building units via corner sharing so
that the lone-pairs on Se4+ and Cl(2) coordinated to Fe(2) pro-
trude into the channels.

In the center of the channels there is a weak electron
density observed from the Fourier map that emanates from
water molecules introduced during synthesis, see the inset in
Fig. 1. This was confirmed by powder X-ray diffraction (PXRD)
carried out first on as-prepared powder and later on the same
powder dried under vacuum. An intensity enhancement was
observed for the 100 and the 110 peaks respectively after
drying the powder. This is also observed in calculated PXRD
patterns from the single crystal data when the residual electron
density in the channels is included and excluded respectively,
see ESI.†

There is a continuous weight loss that adds up to 6 wt%
when heating 1 from room temperature to 400 °C that seems
to be attributed to loss of water located in the channels of the
crystal structure (Fig. 3). The high temperature needed before
all water has left the sample means that the water molecules
are quite strongly attracted. Decomposition of the material
takes place in two main steps. In the first step a weight loss of
∼46 wt% in the range 410–560 °C corresponds to the loss of
seven molecules of SeO2 from the formula Fe6Ca2(SeO3)9Cl4.
EDS analysis of powder from a decomposition experiment
interrupted at 700 °C confirms that both Cl and also some Se
are left in the solid material. A second decomposition step
takes place in the temperature range 790–890 °C where the

Fig. 1 Overview of the crystal structure of Fe6Ca2(SeO3)9Cl4 along [001]. Chan-
nels ∼6.4 Å in diameter extend along [001] that Cl− and the lone-pair on Se4+

are facing. The inset shows a channel and the electron density in the center rep-
resents adsorbed water molecules.

Fig. 2 (a–b) [FeO4Cl]∞ chain built by corner sharing of [Fe(1)O6] and [Fe(2)-
O4Cl2] octahedra viewed along [010]. (c–d) Three single chains are connected
via a common Cl(1) to form columns having the formula [Fe6O24Cl4]∞. Those
columns host the [Ca2O9] dimers to form the complex building unit
[Fe6Ca2O27Cl4]∞ that connects to make up the framework structure.
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remaining Se and Cl leave the sample as confirmed by EDS,
see ESI.† The total weight loss during the decomposition from
400 to 950 °C is 63 wt%, which is close to the expected weight
loss (67 wt%) corresponding to nine formula units of SeO2

plus two formula units of Cl2 leaving the starting compound.
It was possible to identify the presence of α-Fe2O3 from
powder X-ray diffraction and in addition there is at least one
unidentified phase that contains both Fe and Ca.

Gas sorption experiments were performed to confirm if the
pores in 1 are accessible for gas uptake. Water vapour sorption
measurements yield a slight uptake around a relative pressure
of P/P0 ∼0.1 followed by saturation until ∼0.85. At a relative
pressure of ∼0.89 an instant and significant uptake followed
by saturation was observed, see Fig. 4. The saturation at high
pressure eliminates the possibility that it is water conden-
sation on the particle surfaces that takes place as it then
should be a continuous uptake without saturation when P/P0
approaches 1.20 It was confirmed by PXRD that there was no

phase transition of 1 associated with the water uptake, just the
intensity changes due to water uptake discussed above.

The adsorbed amount of water saturated at 5 mmol g−1 cor-
responds to a weight gain of 9 wt%. With decreasing water
vapour pressure, the adsorbed water slowly desorbed forming
an apparent hysteresis loop. There was still a water uptake of
about 1.4 mmol g−1 left at the end of the desorption process,
meaning that water molecules are confined to the channels,
which is also in good agreement with the TG experiment
where a slow weight loss takes place when heating from 100 to
400 °C. The CO2 isotherm also shows an apparent hysteresis
loop and yields a Langmuir surface area of 25.3 m2 g−1, see
ESI.† The sorption hysteresis exhibited in the above two
measurements suggests constricted pores in the framework.
Only a very small surface area was observed when performing
adsorption experiments with N2. Similar results of CO2 and N2

sorption are obtained also for the porous framework com-
pound [M2(UO2)6(PO3CH2CO2)3O3(OH)(H2O)2]·16H2O (M =
Mn, Co, Cd).21

In summary, compound 1 has been obtained by solid state
reactions. The crystal structure can be described as an open
3D-framework containing unusually large channels having a
diameter of ∼6.4 Å. The framework structure is built by corner
sharing [Fe(1)O6] and [Fe(2)O4Cl2] polyhedra. The [Ca2O9] and
[SeO3] groups are connected to the framework. The accessi-
bility of channels to guest molecules has been confirmed by
gas sorption measurements and PXRD. The title compound
gained a weight of 9 wt% during water vapor sorption exper-
iments and the CO2 isotherm shows a Langmuir surface area
of 25.3 m2 g−1.

Notes and references

‡Further details on the crystal structural investigation of 1 can be obtained from
the Fachinformationszentrum Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leo-
poldshafen, Germany (fax +49-7247-808-666; E-mail: crysdata@fiz-karlsruhe.de)
on quoting the depository number CSD 425846.
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