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New Open-Framework Mixed-Valence Chromium(III) Cerium(III)/(IV)
Sulfate: CrCem7CeIV6(HSO4)6(SO4)21'75H20
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The title compound, synthesized from CrV! and Ce'V species,
crystallizes in the space group P6; with a = 19.3015(2), ¢ =
25.2684(4) A, and Z = 2. The structural design of the title
compound differs essentially from structures of known
mixed-valence cerium compounds which all form three-
dimensional networks. In the title compound the cerium
atoms, interlinked by sulfate groups, extend to form layers
held together by hydrogen-bonding contacts. Perpendicular

to these layers there are 10 A wide channels. One third of
the channels host solvent water only, while the other two
thirds of the channels also host [Cr(H,O)s]** and [Ce-
(SO4)3(H,0)6]% units, blocking each of these channels once
per unit cell, resulting in 14 A long voids.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Currently, there is interest in rare-earth compounds be-
cause of their important physical properties and advances
achieved in the syntheses of new materials!!! with interesting
applications.”) Rare-earth materials are intriguing due to
the complexity of their structural arrangements with high
coordination numbers and a variety of coordination geome-
tries. Structural investigations on hydrated rare-earth sul-
fates are quite numeroust®! and many of these compounds
are isomorphic, with the ninefold coordinated rare-earth
atoms interlinked by sulfate groups. There is structural in-
formation on anhydrous as well as hydrous ternary rare-
earth sulfates with all alkaline ions for nearly all of the lan-
thanide series,! but not much work has been done combin-
ing transition metals with rare-earth metals to form double
salts. Cerium compounds attract research attention owing
to their applications as ion conductors, catalysts, magnetic
and fluorescence materials. The existence of alterable oxi-
dation states for the cerium ion will result in compounds
with new structural frameworks and interesting proper-
ties. There are six mixed-valence cerium compounds in
the ICSD Database (version 2006-2):51 Ce 0,85,
Ce;038,,1"! CelO(GeO4)3(G6207)2(Ge3O10),[8] (H30)[Ce>-
(Se04)4],”! KCey (S04 and Cep.o6sH 1043201292482,
Here we present an open-framework structure of a new
mixed-valence chromium(III) cerium(III)/(IV) sulfate.
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Results and Discussion

Synthesis of CrCe™;Ce!Y¢(HSO,)¢(SO4),;°75H,0

The title compound was synthesized from Cr¥! and Ce!Y
species in diluted sulfuric acid. Cerium(IV) in acidic aque-
ous solutions is metastable with respect to the oxidation of
water. The attainment of equilibrium is kinetically con-
trolled, and the reaction is observed only in the presence of
a catalyst.['?l Added ions or even the glass vessel may act
as the catalytic agent.!'?l Thus, in acidic aqueous media ce-
rium(III) will be formed. Cerium(III) is known to inhibit
chromium(VI) oxidation of organic compounds, and this
effect is attributed to the chromic acid oxidation of the ce-
rium(IIT) species!'¥] encountered also in our previous
work.'"" The chromium system is able to produce a variety
of transient and intermediate species, and several competing
redox reactions can take place,['314! but the redox equilibria
involved in this case can be written as the following total
reactions:

2Ce*" + H,0—-2Ce*" +2H"+ 120,
[CrO4* + 3 Ce** + 8 HY — Cr** + 3 Ce** + 4 H,0

Purbaix diagrams on cerium and chromium species have
been revised recently!’>] showing that the first reaction oc-
curs in acidic solutions, while the second reaction is domi-
nant in neutral and basic solutions. Hence, in acidic aque-
ous solutions mixed-valence cerium species as well as
mixed-valence chromium species may form.

Structural Description of CrCe™,Ce!Y¢(HSO4)6(SO4)21*
75H,0

The title compound crystallizes in the space group P63
with a = 19.3015(2), ¢ = 25.2684(4) A, and Z = 2. There
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are two atoms, Cr'™" and Ce'™, in special positions (on the
threefold axis) while the remaining content of the asymmet-
ric unit, two Ce'™ atoms, two Ce'V atoms, two HSO,
groups, seven SO,> groups, and approximately 25 water
molecules, are in general positions. The structure is nonce-
ntrosymmetric mainly due to Cel™ and Cr'™ atoms that do
not respect an additional mirror plane leading to space
group P6s/m. The crystal was centrosymmetrically twinned
with the twin volume ratio refined to 0.692(10):0.308(10).

The Cr'" atom is sixfold coordinated to water molecules,
as in known structures of chromium alums.['®) The Ce'!
atoms are in contact with nine oxygen atoms belonging to
three corner-sharing sulfate groups and six water molecules.
The Ce™™ coordination polyhedra are best described as
tricapped trigonal prisms for the Ce™ atom in a special
position and as singly capped tetragonal antiprisms for the
two Ce™" atoms in general positions. The Ce!'Y atoms are
ninefold coordinated to oxygen atoms belonging to three
edge-sharing and three corner-sharing sulfate groups. The
CeV!  coordination polyhedra are slightly distorted
tricapped trigonal prisms. Coordination numbers such as
nine are expected for the large Ce'! ion but are rarely en-
countered for the smaller Ce!Y ion.l'”? The Cr'"-O, Ce''-
O, and Ce'V-O distances average to 1.97(1), 2.53(4), and
2.39(9) A, respectively (Table 1) as in known Cr', Ce'™,
and Ce!V' compounds.'®!'”l The bond-valence sums for
Cri'l Cel™M, Ce2M Ce3"V, Ced!V, and Ce5™ are 3.13, 2.85,
2.95, 4.00, 3.98, and 2.95 valence units, respectively (using
parameters from Brese and O’Keefe!'8] for Cr and Trzesow-
ska et al.l"! for Ce). The SO distances within the nine
sulfate groups average to 1.48(2) A (Table 1), and as ex-
pected, due to the restrained bite angle, the edge-sharing
sulfate groups (S6, S7, S8, S12, S13, and S14) show a depar-
ture from the ideal tetrahedral symmetry, the angles ranging
from 102.4(2) to 111.7(2)°. One of the sulfate groups is
partly disordered (S9A, O91A, 092A and S9B, O91B,
092B) occupying 0.563(7) and 0.437(7) of two sets in a ge-
neral position. All the sulfate groups link two cerium atoms,
except for the S3 sulfate unit that is bridging by corner shar-
ing from Cel™ to Ce3" and Ce4!™. It is difficult to distin-
guish by analyzing the terminal S—O bond length which two
of the nine sulfate groups may be protonated to give hydro-
gen sulfate groups. Hence, the location of these protons may
be disordered.

The structural design of the title compound differs from
structures of known mixed-valence cerium compounds, all
of which form three-dimensional networks.*~'! In the title
compound the cerium atoms, interlinked by sulfate groups,
extend to form layers parallel to the ab plane (Figure 1a).
These layers (ca. 11.5 A thick) are held together by hydro-
gen-bonding contacts (Figure 1b). Perpendicular to the lay-
ers, in the ¢ direction, there are channels (ca. 9.7 A in dia-
meter), shown in Figure la. One of the channels, at (0,0,z),
hosts solvent water only, while the other two channels, at
(1/3,2/3,z) and (2/3,1/3,z), also host [Cr(H,O)¢]’* and
[Ce(SO,)5(H,0)g]* units, blocking each of these channels
once per unit cell. Thus, there are voids in the latter two
channels, approximately 14 A long. The [Cr(H,O)q]*" cat-
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Cel-O11 2.511(4) Cr-0l 1.975(5)
Cel-O11i 2.511(4) Cr-Ol¥ 1.975(5)
Cel-012 2.492(4) Cr-Ol" 1.975(5)
Cel-O12i 2.492(4) Cr-02 1.955(5)
Cel-O12i 2.492(4) Cr-02 1.955(5)
Cel-O11i 2.511(4) Cr-02" 1.955(5)
Cel-0101 2.636(4) S6-061 1.463(4)
Cel-0101 2.636(4) S6-062 1.461(4)
Cel-0101i 2.636(4) S6-063 1.497(4)
Ce2-021 2.512(4) S6-064 1.502(4)
Ce2-022 2.522(4) $7-071 1.447(4)
Ce2-023 2.559(4) S7-072 1.476(4)
Ce2-024 2.521(4) S7-073 1.509(4)
Ce2-025 2.547(4) S7-074 1.496(4)
Ce2-026 2.541(4) S8-081 1.465(4)
Ce2-062 2.492(4) S8-082 1.457(4)
Ce2-072i 2.530(4) S8-083 1.492(4)
Ce2-O8lii 2.540(4) S8-084 1.495(4)
Ce3-063 2.383(4) SOA-O91A  1.480(8)
Ce3-064 2.519(4) SOA-092A  1.449(8)
Ce3-073 2.391(4) S9A-093 1.516(5)
Ce3-074 2.455(4) S9A-094 1.513(5)
Ce3-083 2.409(4) S9B-091B 1.458(10)
Ce3-084 2.478(4) S9B-092B 1.453(10)
Ce3-094 2.267(4) S9B-093 1.459(5)
Ce3-Ol11 2.270(4) S9B-094 1.472(5)
Ce3-0104 2.330(4) S10-0101 1.456(4)
Ced-093 2.272(4) S10-0102 1.498(4)
Ced-0102 2.255(4) S10-0103 1.469(3)
Ced 0114 2.294(4) S10-0104 1.484(4)
Ced 0122 2.503(4) S11-O111 1.490(4)
Ced-0124 2.409(4) S11-0112 1.460(3)
Ced-0133 2.431(4) S11-0113 1.462(3)
Ced-0O134 2.509(4) S11-0114 1.500(4)
Ced-0143 2.385(4) S12-0121 1.460(4)
Ced-0144 2.490(4) S12-0122 1.482(4)
Ce5-051 2.519(5) S12-0123 1.475(4)
Ce5-052 2.508(4) S12-0124 1.500(4)
Ce5-053 2.529(4) S13-0131 1.460(4)
Ce5-054 2.488(4) S13-0132 1.461(4)
Ce5-055 2.587(4) S13-0133 1.505(4)
Ce5-056 2.534(4) S13-0134 1.491(4)
Ce5-0121i 2.528(4) S14-0141 1.460(4)
Ce5-0132i 2.541(4) S14-0142 1.463(4)
Ce5-0141 2.509(4) S14-0143 1.504(4)
S14-0144 1.486(4)

Symmetry transformations for equivalent atoms: (i): —x + y + 1,
x+1,z@0):—y+ 1L, x—ypyzG)x+y+I1, —x+2 z (@{v):
x+y—x+lLz:y+Lx-yp+1 z

ions, located in the channels (Figure 2), are situated be-
tween the layers participating in the hydrogen-bonding net-
work that are connecting one layer to an adjacent layer,
shown in Figures 1b and 2.

There are four crystallographically different water mole-
cules inside the voids, OW1-OW4. We believe that the OW1
water molecule acts as a hydrogen-bond donor towards
0122 (S12 sulfate oxygen atom) and towards O53 (a water
molecule attached to Ce5), the OW2 molecule acts as a hy-
drogen-bond donor towards O72 (S7 sulfate oxygen atom)
and towards O11 (a water molecule attached to Cel), the
OW3 water molecule acts as a hydrogen-bond donor
towards O12 and OS55 (water molecules attached to Cel and
Ce5, respectively), and that the OW4 water molecule acts
3515
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Figure 1. Packing diagrams of the title compound, the Ce!"! polyhe-

dra are shown in light shades and the Ce!V polyhedra are shown
in dark shades. The solvent water molecules are not shown. (a) One
single layer extending through sulfate bridges forming channels. (b)
There are two layers per unit cell. Adjacent layers are held together
by hydrogen-bonding contacts from [Cr(H,O)¢]** and from water
molecules coordinated to Ce™ towards terminal sulfate oxygen
atoms.

as a hydrogen-bond donor towards O91 and O103 (oxygen
atoms belonging to the S9 and S10 sulfate groups, respec-
tively), in addition, it acts as a hydrogen-bond acceptor
from 024 and O53 (water molecules attached to Ce2 and
Ce5, respectively). The water molecules coordinated to the
Cr'™ and Ce'™ ions all participate in the hydrogen-bonding
network connecting adjacent layers. Furthermore, there are
approximately five additional water molecules that are dis-
ordered (see Experimental Section) within the open channel
and the two voids, corresponding to 18 water molecules per
unit cell in the channel (volume: 861 A3) plus 12 water
molecules per unit cell in the two voids (volume:
2X 257 A3).

According to the Robin and Day classification,?? this
compound could belong to Class II since the oxidized and
reduced cerium ions occupy sites of similar geometry. The
structure of the title compound can be regarded as con-
sisting of six [Ce™(H,0)6(SOy4)3], six [CeV(HSOy)s-
(804)1/3(S04)32]*, [Ce™(H0)6(SO4)3]", [Cr(HL0)],
and solvent water molecules as the main structural units.
3516
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Figure 2. View through one of the channels showing one [Cr(H,-
0)¢]*" ion, solvent water molecules, and part of the hydrogen-bond-
ing network. The Ce'! polyhedra are shown in light shades and the
Ce'V polyhedra are shown in dark shades.

Hence, a possible donor-acceptor couple could be [Ce™-
(H20)6(SO4)32]  and  [Ce"(HSO4)2/2(SO04)1/3(SO4)32]**
which are linked by one sulfate bridge, Ce"'-O-S-O,—Ce!Y.
The geometrical distance between the metal sites (>6.5 A)
is sufficiently large to decline direct overlap of the electronic
wave functions. Prior to an electron transfer, the nuclear
configurations of the reactants and the surrounding me-
dium must adjust to an intermediate configuration with no
energy change when the electron moves from the donor to
the acceptor.”!l For metal complexes in a polar solvent, the
nuclear configuration changes involve adjustments in the
metal-ligand bond lengths and angles, and changes in the
orientations of the surrounding solvent molecules.”!! Sim-
ilar adjustments are also required in the stiffer inorganic
solid state. Therefore, due to the difference in bond lengths
at the donor and acceptor sites, a substantial energy barrier
to their interconversion exists, and since electronic coupling
with orbitals of appropriate symmetry in the sulfate bridge
probably is negligible, this mixed-valence cerium compound
presumably is a Class I compound. If there is no electronic
interaction between the acceptor and donor sites then the
properties of this compound are essentially those of the
separate acceptor and donor sites. However, a small portion
of Class II character cannot be completely dismissed since
the geometry of the donor site, [Ce(H,0)s(SO4)3/], is
quite flexible due to the coordinated water molecules and
further, the oxidizing ability of the acceptor site,
[CGIV(HSO4)2/2(SO4)1/3(SO4)3/2]2/37, may increase if it be-
comes protonated by the adjacent slightly acidic [Cr-
(H>O0)¢]** species. Class 11 compounds generally possess
new optical and electronic properties in addition to those
of the separate sites and might be semiconductors or ionic
conductors.

There are two structurally related compounds
H9Nd7C€6(SO4)27'72.33H20[22] and H9Tb7CC6(SO4)27‘

Eur. J. Inorg. Chem. 2007, 3514-3518
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72.2H,0.%1 These compounds contain channels and voids
of comparable dimensions but they are not mixed-valence
compounds and do not contain any hydrated transition-
metal ions participating in the hydrogen-bonding network.
One compound containing chromium(IIT) combined with a
rare-earth element is samarium chromium silicon oxyni-
tride®¥ (space group P63), but its crystal structure differs
from the title compound as it is apatite-like and extends
through silicate bridges forming a compact three-dimen-
sional network.

Experimental Section

Sample Preparation: Ce(SO,4),-4H,O (0.50 g, 1.27 mmol), CrO;
(0.38 g, 3.8 mmol), and water (5.0 mL) were mixed in a round-bot-
tomed microflask connected to a reflux water condenser. The reac-
tion mixture was refluxed for 24 h until orange crystals of Ce-
(Cr0O4),(H,0), were formed. These crystals were dissolved in sulfu-
ric acid (4 m). Concentration at room temperature gave light yellow
crystals shaped as hexagonal needles. The title compound may also
be produced from Ce(OH)4 and CrOj in diluted sulfuric acid solu-
tion but the best single crystals were achieved with the former de-
scription.

Single Crystal X-ray Analysis: Data were collected with a Siemens
SMART CCD diffractometer equipped with a Siemens LT-2A low-
temperature device at —100 °C. A full sphere of the reciprocal space
was scanned by 0.3° steps with a crystal-to-detector distance of
3.97 cm and an exposure time per frame of 2's. A preliminary ori-
entation matrix was obtained using the SMART software.*! The
collected frames were integrated with the orientation matrix which
was updated every 100 frames. Final cell parameters were obtained

Table 2. Crystal data and structure refinement.

Empirical formula
Formula mass
Temperature
Wavelength

Crystal system

Space group

Unit cell dimensions
Volume

z

Density (calcd.)
Absorption coefficient
F(000)

Crystal size

0 range for data collec-
tion

Index ranges
Reflections collected
Independent reflections
Completeness to 0 =
31.00°

Absorption correction
Max./min. transmission
Refinement method
Data/restraints/param-
eters

Goodness-of-fit on F2
Final R indices [/>20(1)]
R indices (all data)
Twin volume ratio
Largest diff. peak/hole

H56Ce13Cr0 53857
5824.48

173(2) K

0.71073 A

hexagonal

P63

a=193015Q2) A, ¢ = 25.2684(4) A
8152.49(18) A3

2

2.395 Mg/m®

4.106 mm™!

5720

0.40 X 0.10 X 0.08 mm
2.11-33.02°

29<=h=28, 26=k=29,-38=/<38
102247

19680 [R(int) = 0.0406]

99.9%

Multi-scan

0.7347/0.2904

Full-matrix least squares on I
19680/1/657

1.006
R, = 0.0362, wR, = 0.0930
R, = 0.0460, wR, = 0.0997

0.692(10):0.308(10) on 9462 Friedel pairs

2.603/-2.104 e/A3
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by refinement from 8192 reflections with 7> 10a(/) after integra-
tion of all the data using the SAINT software.>>) The data were
corrected empirically for absorption and other effects using the SA-
DABS software.[?! The structure was solved by direct methods and
refined by full-matrix least squares on F? using the SHELXTL soft-
ware package.*”] Disordered solvent water molecules (five water
molecules in the asymmetric unit) were removed using the PLA-
TONI8] (version 1.10) squeeze instruction. All non-hydrogen atoms
were refined anisotropically. Details on data collection and refine-
ment are given in Table 2. Further details of the crystal structures
may be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany, on quoting the de-
pository number CSD-417583. Molecular graphics were drawn
with the DIAMOND software package.l*’]
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