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Abstract
A novel mixed barium(II)/silver(I)/chromium(III) oxalate salt, Ba0.5Ag2[Cr(C2O4)3]·5H2O (1), with
open architecture has been synthesized in water and characterized by elemental analysis, vibrational and electronic spectra, and single crystal X-ray structure determination. Compound 1 crystallizes in a monoclinic space group C2/c, with unit cell parameters a = 18.179(3), b = 14.743(2), c
= 12.278(2) Å, β = 113.821(3)˚, V = 3010.34(90) Å3, Z = 8. The structure is characterized by a network of anionic [Cr(C2O4)3]3− units connected through the O atoms of the oxalates to Ba2+ and Ag+
sites, forming a three-dimensional coordination polymer with one-dimensional isolated nanochannels parallel to the c axis, and encapsulating hydrogen-bonded guest water molecules. The
bulk structure is consolidated by O–H···O bridgings within the nanochannels and by coulombic interactions.
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1. Introduction
Open-framework materials have drawn increasing attention over the past few years not only because of the wide
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diversity in structures, but also for their potential applications as functional materials in the areas of catalysis,
magnetism, non-linear optics, gas storage and separation processes [1]-[6]. Amongst multidentate ligands
usually engaged in the construction of this class of materials, the oxalate(2−) dianion ( C2 O 24 − ) occupies an important place, since it is one of the simplest imaginable connectors potentially able to bridge metals ions in the
bidentate chelating manner. Major emphasis in studies employing this highly versatile ligand is associated with
the formation of exotic network structures. Transition metal ion complexes provide useful building blocks for
stereochemistry control. In this process, the well-documented tris(oxalato)chromate(III) ion, [Cr(C2O4)3]3−, plays
a crucial role based on: 1) its remarkable nature as a chiral and paramagnetic building block, 2) its ability to
function as a metalloligand (or auxillary ligand) that can mediate electronic effects between paramagnetic centers (e.g. magnetic interactions), and 3) its ability to form interesting long-range hydrogen-bonded solid-state
networks.
Over the last decade, the family of materials with a variable Ag-Cr-oxalate channel lattice, formulated generally as [(MxAg0.50−x)(H2O)3]@[Ag2.50Cr(C2O4)3] (0 ≤ x ≤ 0.50; M = K, Cs, Ag), has been at the focus of interest
in contemporary research and development [7]. These silver salts generally crystallize in a nonmolecular polymer framework preferentially with flexible deficiencies x of Ag+ ions, thus generating a negatively charged lattice grid. They share in their crystal structures a one-dimensional channel lattice as their characteristic feature.
Along the lines of our progressing research program, we recently reported some closely related channel lattice
networks with chemical compositions [Ag3−xCr(C2O4)3]x−, where the negative charge (−x) is offset by an equivalent fractional charge from protons [8], monoatomic cations (M+) from group 1 elements [9] [10] or from metal(III) ions [11]. In connection with these results, we have been investigating other silver/chromium-oxalate
compounds with a view not only to produce new materials but also to unravel the subtle structural features that
characterize these solids. During the course of these investigations, we have now isolated a novel Ag-Cr-oxalate
channel lattice compound of the formula Ba0.5Ag2[Cr(C2O4)3]∙5H2O (1), in which the negative charge of the lattice grid with chemical composition [Ag2Cr(C2O4)3]− is counterbalanced by a half Ba2+ cation. Herein, we describe the title compound as a useful precursor for the forthcoming metathetic syntheses of new compounds
containing the negative lattice grid [Ag2Cr(C2O4)3]−.

2. Experimental Procedure
2.1. Chemical Preparation
The purchased salts, silver nitrate (Riedel-de Haën, 99.5%) and barium nitrate (Riedel-de Haën, 99.5%) were
used as received; the precursor salt K3[Cr(C2O4)3]∙3H2O was prepared using a literature method [12]. A mixture
of AgNO3 (1.36 g, 8 mmol) and Ba(NO3)2 (0.53 g, 2 mmol) was dissolved in water (50 mL). The precursor salt
K3[Cr(C2O4)3]∙3H2O (1.95 g, 4 mmol) was dissolved in water (60 mL). This latter solution was added dropwise
into the former. The mixture was stirred at 60°C for 2 h. The resulting violet solution was filtered and left to
stand undisturbed in the hood at room temperature. After five days, elongated dark-violet crystals were harvested. Yield: 0.77 g (55.9%) based on K3[Cr(C2O4)3]∙3H2O salt. M.P.: >250°C. Elemental analysis: Calc. for
C6H10Ag2Ba0.50CrO17 (690.55 g∙mol−1) C, 10.44; H, 1.46. Found: C, 10.42; H, 1.41. These crystals are readily
soluble in water. IR (KBr, cm−1): 3417 (broad), 1623 (sharp), 1375 (sharp), 1258 (sharp), 901 (sharp), 800
(sharp), 543 (sharp) and 409 (sharp). UV-Vis (H2O solution, nm): 416; 568.

2.2. Investigation Techniques
2.2.1. Elemental Analysis
Elemental analysis (C, H) was performed on a VARIO EL (Heraeus) CHNS analyzer.
2.2.2. Infrared Spectroscopy
The infrared spectrum was recorded using a Nicolet Avater 360 FT-IR spectrometer in the range 4000 - 400
cm−1 with KBr (500 mg KBr/0.5 mg sample).
2.2.3. Ultraviolet-Visible Spectroscopy
The UV-Vis spectrum was recorded on an AQUALYTIC spectrophotometer, in water solution, in the range 300
- 800 nm.

100

C. E. Tanke et al.

2.2.4. X-Ray Single Crystal Structural Analysis
A shining violet crystal with approximate dimensions 0.20 × 0.18 × 0.12 mm3 was carefully selected in oil at
room conditions and attached to the tip of a nylon loop. It was mounted in a stream of cold nitrogen and centered in X-ray beam by using a video camera. Crystal evaluation and X-ray data collection were performed on a
model Xcalibur 3 diffractometer, equipped with Mo Kα (λ = 0.71073 Å) radiation. The reflections obtained were
indexed by an automated indexing routine built in the SMART program [13]. The highly redundant data sets
were corrected for Lorentz and polarization effects. The collected data were reduced with SAINT [14] and an
empirical absorption correction was carried out by using the SADABS program [15]. The crystal structure was
solved by direct methods and refined by full-matrix least squares refinement [16], based on F2. Crystal data and
structure refinement parameters for 1 are given in Table 1, and selected bond lengths and angles in Table 2.
Table 1. Crystal data and structure refinement parameters for 1.
Crystal data
Chemical formula

Ba0.5Ag2[Cr(C2O4)3]·5H2O

Mr

690.55

Crystal system, space group

Monoclinic, C2/c

Temperature (K)

293(2)

a, b, c (Å)

18.179(3), 14.743(2), 12.278(2)

β (˚)

113.821(3)

V(Å3)

3010.34(90)

Z

8
3

Dcalc (Mg/m )

2.979

Radiation type

MoKα

μ (mm−1)

4.38

F(000)

2468

Crystal size (mm)

0.20 × 0.18 × 0.12
Data collection and refinement

Diffractometer

Bruker AXS SMART Xcalibur 3 diffractometer

Absorption correction

Multi-scan with SADABS

θ Range for data collection (˚)

1.84 - 28.40

Index ranges

−23 < h < 23, −19 < k < 17, −16 < l < 16

Reflections collected

15502

Independent reflections (Rint)

4870 (0.0532)

Completeness to θ = 28.40˚ (%)

98.9

Max. and min. transmission

0.661 and 0.472

Refinement method

Full-matrix least squares on F2

Data/restraints/parameters

4870/1/247

2

Goodness-of-fit on F

1.012

Final R indices [I > 2sigma(I)]

R1 = 0.0433, wR2 = 0.0901
R1 = 0.0532, wR2 = 0.0976

R indices (all data)
−3

Largest diff. peak and hole (eÅ )

2.499 and −1.879
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3. Results and Discussion
3.1. Elemental Analysis of Compound 1
Elemental and full X-ray structure analyses converge to support the formulation of compound 1 as Ba0.5Ag2
[Cr(C2O4)3]∙5H2O. This fact of matter unambiguously demonstrates that the single crystal used for the X-ray
structure determination is representative of the entire complex synthesized.

3.2. IR Spectrum of 1
The FTIR spectrum of compound 1 (Figure 1) shows a broad absorption band around 3417 cm−1 which is assigned to water molecules within the channels. The bands centered at 1623 cm−1 and 1375 cm−1 are attributed to
Table 2. Selected bond distances (Å) and angles (˚) of the anionic complex [Cr(C2O4)3]3− in 1.
1.977 (5)

Cr4-O6

1.970 (6)

Cr4-O3

1.982 (6)

Cr4-O7

1.977 (6)

Cr4-O4

1.964 (6)

Cr4-O8

1.965 (6)

O6-Cr4-O1

91.3 (2)

O4-Cr4-O6

93.8 (3)

O7-Cr4-O1

81.7 (2)

O8-Cr4-O6

94.5 (2)

O4-Cr4-O3

93.3 (3)

O4-Cr4-O7

93.6 (3)

O8-Cr4-O3

174.7 (2)

O8-Cr4-O7

91.5 (3)

O6-Cr4-O3

82.4 (2)

O6-Cr4-O7

171.0 (2)

O7-Cr4-O3

92.1 (2)

O4-Cr4-O1

173.6 (3)

O1-Cr4-O3

91.2 (2)

O8-Cr4-O1

93.2 (2)

O4-Cr4-O8

82.5 (2)
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Figure 1. Infrared absorption spectrum of compound 1.
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ν(C=O) and ν(C-O) stretches respectively [8]-[11]. The bands centered at 900 cm−1 and 800 cm−1 are attributed
to C-C stretches. The sharp band observed at 543 cm−1 can be assigned to the Cr-O vibration [8] [9] and the
band at 409 cm−1 to the Ba-O vibration [17].

3.3. Ultraviolet-Visible Spectrum of 1
The UV-Vis spectrum of compound 1 (Figure 2) displays two absorption bands centered at 416 and 568 nm,
which are due to d-d electronic transitions within the octahedral complex ions [Cr(C2O4)3]3− contained in 1 [8] [9]
[17]. It is obvious that the present electronic absorption spectrum is virtually superimposable with that reported
since the spectral informations thus obtained solely relate to the [Cr(C2O4)3]3− species.

3.4. Crystal Structure of Compound 1
The X-ray structure determination of 1 reveals the chemical formulation Ba0.5Ag2[Cr(C2O4)3]∙5H2O. Compound
1 is a nonmolecular material that crystallizes in a nanoporous structure in which infinite one-dimensional channels run parallel to the crystallographic c-axis, each channel (diameter ca. 8.27 Å) being well isolated from its
nearest neighbors by thick walls of the three-dimensionally connected network of Ba2+ and Ag+ cations and
[Cr(C2O4)3]3− complex anions. Hydrogen-bonded water molecules are found in the channels. Figure 3 is a balland-stick representation of the unit cell of 1, projected onto the ab-plane highlighting water molecules within the
channels and showing clearly that the host lattice consists exclusively of Ba2+ and Ag+ cations and [Cr(C2O4)3]3−
complex anions. Compound 1 represents a new member of the broad family of silver-deficient oxalatometalate(III) salts with water-filled nanochannels generally formulated as [(MxAg0.50−x)(H2O)3]@[Ag2.50Cr(C2O4)3] (0
≤ x ≤ 0.50; M = K, Cs, Ag) [7].
The constitutive ionic building blocks of the structure of 1 – the [Cr(C2O4)3]3− complex, the Ag and Ba atoms
—are depicted in Figure 4. The anionic building stone, [Cr(C2O4)3]3−, functions as a metalloligand, or else, as
an internetting bridge. Hence, this internetting bridge interconnects, across its O atoms, the three independent
sites Cr, Ag1/Ba1 and Ag2/Ba2 into a three-dimensional polymeric neutral host lattice network that surrounds
water-filled channels.
The Cr center (Figure 4(a)) is pseudo-octahedrally chelated by three oxalato ligands with helical orientation,
coordination to the metal occurring across the six deprotonated “internal” (hydroxylato) O atoms (O1, O3, O4,
O6, O7, O8), and giving rise to Cr-O bond lengths and O-Cr-O bond angles which fit well within the ranges of
previous results [8]-[11] [17].
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Figure 2. Electronic absorption spectrum of compound 1.
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b
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Figure 3. Ball-and-stick representation of the unit cell of 1 projected down [001] highlighting the water molecules within the
tubular channel and showing that the host lattice consists exclusively of Ag and Ba cations and [Cr(C2O4)3]3− complex
anions.

(a)

(b)

(c)

Figure 4. Coordination polyhedra around the different metallic centers in 1: Cr (a), Ag1/Ba1 (b) and Ag2/Ba2 (c).

The coordination geometry around Ag1/Ba1 (Figure 4(b)) is a severely distorted octahedron involving four
carbonyl O atoms (O9, O9i, O17, O17i) in the equatorial plane and two O atoms (O8, O8i) in the axial positions.
Ag1 and Ba1 ions are statistically disordered [ratio 0.667(6):0.333(6)] on the same crystallographic site. All the
Ag-O lengths of this octahedron are different with the values ranging from 2.328(3) to 2.559(4) Å but are comparable with reported values [8]-[10].
The Ag2/Ba2 site (Figure 4(c)) experiences pentacoordination—not tetracoordination like in the structures
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reported by Dean et al. [7]—due to one chelation via the O atoms (O10, O16), and to three monodentate linkages across O5, O7 and O13. Bond lengths and bond angles for the coordination sphere around Ag2 diverge markedly from one another just as previously reported [9] [10]. Ag2 and Ba2 ions are statistically disordered [ratio
0.667(8):0.333(8)] on the same crystallographic site.
The bulk structure of 1 is consolidated by O-H···O bridgings within the nanochannels and by coulombic interactions.
In this new member of open framework silver-oxalatochromate(III) compounds, Ba0.5Ag2[Cr(C2O4)3]∙5H2O
(1), cancellation of the negative charge of the lattice grid with chemical composition [Ag2Cr(C2O4)3]– is realized
by 0.5 Ba2+ ion. This Ba2+ ion can be easily replaced by other cations and even by protons through metathetic
syntheses. Such materials in which Ba2+ cations are solely replaced by protons are expected to exhibit very high
proton conductivity provided that the intervening H3O+ ions are incorporated within the nanochannels and not
into the Ag-Cr-oxalate host lattice [8] [18]. Work on this theme is now one of our main focuses.

4. Conclusion
The compound, Ba0.5Ag2[Cr(C2O4)3]·5H2O, isolated from aqueous solution as dark-violet needles, is a novel
nanostructured silver-deficient salt hosting H2O-guest molecules. Following these results which confirm the
great flexibility of synthetic manoeuvres for the construction of silver-oxalatometalate(III) assemblies, our future works will doubtless target the synthesis of other members of this family of open-framework coordination
polymers, with the main objective of cancelling the negative charge of the host lattice grid [Ag2CrIII(C2O4)3]– by
hydronium (H3O+) ions solely. Evidence of the protonic charge allowed to migrate very fast up and down within
the “water-streams” in the channels opens the door into the fascinating family of materials that may be dubbed
Nanochannelled One-dimensional Proton Conducting Solids (1D-PCS). Progress in this research line will likely
continue in the near future.
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