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(Received 14 August 2000, In final form 28 February 2001)

Single crystal X-ray crystal diffraction, IR and TGA-DTA data and searches in the Cambridge
Structural Database (CSD) have been used to analyze coordination binding modes of Cd(II)
in dicarboxylate complexes with anions of different length. The results, discussed in this paper,
show that Cd(II) presents a range of coordination geometries. Six, seven and eight coordination
with different degrees of departure from regular polyhedra are observed. The length of the ions
influences the availability of donor oxygens and induces bidentate, six or four member chelating
rings, and monodentate binding, which produces polymerization of different dimensionality.

Keywords: Cadmium(II) dicarboxylates; Coordination polyhedra; Vibrational behavior;
Dehydration process

INTRODUCTION

Ca(II) is involved in a wide variety of metalloproteins in biological systems.
In some calcium-binding proteins, modified aminoacid residues can be
identified and several workers have modeled these residues by the use of
malonate or a-substituted malonate ions [1, 2].

*Corresponding author. Tel.: +54(2652)423789 (int. 117), Fax: + 54(2652)430224, e-mail:
gnarda@unsl.edu.ar
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Metallosubstitution is useful for studying metal sites in proteins and their
model compounds. Usually, Cd(II) is applied as a metallic probe of Ca(II)
and Zn(II) sites due to its chemical similarity [3—5]. To this end, several
techniques, i.e., ''>Cd NMR spectroscopy [6-9], are employed. However,
the use of this technique is strongly dependent on the availability of single
crystal X-ray structural data to correlate the spectroscopic information with
the cation environment.

Several Cd(II) carboxylates have been reported in the literature i.e.,
cadmium(II) diacetate dihydrate [10], cadmium(II) malonate monohydrate
[11] and dihydrate [12], tetraaquobis(malonato)dicadmium(IT) [13] and
diaquasuccinatocadmium(II) hemihydrate [i4]. In the acetate compound
Cd is seven coordinate, whereas in the malonate complexes Cd is seven
coordinate in the first two cases and six and eight in the latter. Seven co-
ordination has also been observed in the succinate complex. The molecular
packing in these compounds reveals the existence of polymeric structures of
different dimensionality, geometry and packing modes.

Within a research program focused on understanding the factors that
influence binding, formation and stability of polymeric structures, a struc-
tural, spectroscopic and thermal analysis of Cd(II) succinate was previously
performed [15].

On this basis it was found interesting to extend this study to other
dicarboxylates in order to analyze the effect of anion size and water content
on the cation coordination sphere and degree of polymerization. The results
for Cd(II) giutarate and adipate along with their comparison with pre-
viously reported structures of malonate [11-13] and succinate [15] are
presented here.

EXPERIMENTAL

The Cd(II) compounds were prepared by dissolving 1mmol of
Cd(NOa,), - 4H,0 (Baker’s Analyzed) in a 50 mL aqueous solution contain-
ing 2mmol of the corresponding acid (Sigma) previously neutralized with
NaOH to pH 7, under stirring, except in the case of Cd(II) glutarate, where
CdO (Merck) was used and the final pH was 6.

The solutions were left to evaporate slowly at room temperature. A large
number of colorless prismatic single crystals, suitable for crystallographic
study, was obtained after about 10 days, then filtered, washed with distilled
water and dried on P40y, in all cases. The products were then characterized
by IR spectroscopy, XRD powder diagrams, TG-DTA measurements



14:16 23 January 2011

Downl oaded At:

POLYMERIC Cd(II) DICARBOXYLATE 4N

and elemental analysis. The following stoichiometries were obtained:
CdC3H405, CdC4H306, CdC5H1609 and CdC5H12O6.

A survey of Cd(II) dicarboxylates in the October 1999 Cambridge
Structural Database V5.18 {16] render five Cd(IT) dicarboxylate complexes.
The molecular structure study of the other complexes analyzed have been
previously performed for us. The details will be reported elsewhere [17]. The
molecular graphics were done with ORTEP [18].

FTIR spectra were recorded on a Nicolet PROTEGE 460 spectrometer
in the 4000—225cm ~! range with 32 scans using the KBr pellet technique.
Raman spectra were scanned on a Bruker IFS 66 Fourier Transform optical
bench provided with the FRA 106 Raman accessory operating with a Nd-
YAG laser at 1064 nm; the scattering geometry was 180° and 50 scans were
usually accummulated. Spectral resolution was 4cm ~! in both cases.

TG-DTA curves were obtained with a Shimadzu TGA-50H/DTA-50
thermal analyzer apparatus using flowing oxygen at S0mLmin~! at a
heating rate of 10°Cmin~"'. The dehydration process was followed while
heating the sample at selected and controlled temperatures in a Thermolyne
47900 furnace according to the information obtained from the thermo-
grams. Appropriate combinations of X-ray powder diffraction and FTIR
spectroscopy were used for further characterization of the anhydrous
compounds.

RESULTS AND DISCUSSION

The main features of the crystal structure, the vibrational spectra essential
data and the thermal dehydration process of this series of Cd(Il) di-
carboxylate hydrate compounds are detailed in this section. The interpreta-
tion of the FTIR and Raman spectra is supported by their comparison with
the spectroscopic data of each acid and related compounds found in the
literature [19-22]. Structural, vibrational and thermal data are reported in
Tables 1, IT and III, respectively, in order to simplify comparative analysis.

Diaquasuccinatocadmium(II) [15]

Figure 1 shows that the Cd atoms are seven-coordinated to O atoms, five of
them belonging to three succinate moieties and the remaining ones to the
two crystallographically inequivalent water molecules. Two of the succinate
ligands bind the Cd ions through a bidentate four member ring interaction,
while the third one shows a monodentate interaction.
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TABLE III DTA peaks temperature for the dehydration course of Cd(II)

dicarboxylates (°C)
Compounds Temperatures
CdC;H,0,4-H;0 60

154
[CA(CsH,04)(H0)s] 149
[Cd(CsHO4)(H,0)5] - 2H,0 72
[CA(CsHgO4)(H20)s] 1?3

FIGURE 1 ORTEPII [18] view of the Cd(II) coordination polyhedron in diaquasuccinato-
cadmium(IT).

Analysis of the geometry of the coordination polyhedron indicates that it
can be classified as a distorted pentagonal bipyramid with the Cd and the O
of the succinate ions in the equator and the O of the water molecules out of
that plane.

The oxygen atom (O4b) participates in a bidentate and in a monodentate
interaction and bridges two Cd atoms, which are located at a distance of
4.3342(7) A.

In accordance with the structural analysis, the FTIR spectrum shows both
carboxylate stretching modes split into two components; coincidentally the
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Raman spectrum shows a line at 1330cm ™! assigned to the v,(OCO) mode.
The splitting of these modes can be attributed to the existence of two
different types of interaction between the carboxylate groups of the
succinate ion and Cd(II).

The coordination strength of the two crystallographically inequivalent
water molecules to Cd(II), as determined from their distance to the ion, is
similar. The water molecule W2 is hydrogen bonded to two O atoms be-
longing to the succinate moiety, while the W1 water molecule is involved in
one hydrogen bond with a succinate group and is weakly hydrogen bonded
to W2.

In the FTIR spectrum one slightly asymmetric broad band is assigned
to ¥(O—H). This band is centered at lower frequency than expected for free
water stretching vibrations whereas the spectrum does not show the bending
and librational modes, indicating that water molecules are tightly bound to
the structure.

Thermal behavior supports the features mentioned above. Dehydration
yielding the amorphous anhydrous compound is associated with an endo-
thermic DTA signal; it occurs as a broad and asymmetric peak indicating
that water molecules are lost at different but close temperatures. This fact
suggests some thermal stability dependence between both molecules which
is compatible with the similar strength of their coordination bonds and with
the existence of a hydrogen bond linking both molecules. TG curve presents
the corresponding experimental weight loss of 13.4% (theoretical, 13.6%).

Triaquaglutaratocadmium(IT) Dihydrate

The crystal structure has been previously determined by Antsyshkina et al.
[23] who did not report H atom positions. We have revisited it to get more
accurate data.

Figure 2 illustrates that Cd(II) is seven-coordinated to seven O atoms,
four of them belonging to the carboxylate groups and the remaining ones to
water molecules. The glutarate ligands bind the Cd(II) through a bidentate
interaction forming infinite chains developed along the (101) direction.
These chains interact through hydrogen bonds.

The geometry of the coordination polyhedron is best described as
distorted pentagonal bipyramidal with four O atoms from the glutarate ions
and one from a water molecule, Ow3 approximately coplanar and the
remaining water molecules located nearly axial. Cd —O3a exhibits one of the
longest coordination distances, 2.713(3)A, observed for the M—O bond in
this series of cadmium dicarboxylate compounds (see Tab. I).
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FIGURE 2 ORTEPII (18] view of the Cd(II) coordination polyhedron in triaquaglutarato-
cadmium(IT) dihydrate.

The carboxylate group stretching modes appear in the FTIR spectrum,
as a unique and very strong band for the asymmetric mode whereas the
symmetric one is split into two components. This is expected for chelating
OCO groups where the Cd—O distances vary quite markedly. No water
modes are present except for those corresponding to the stretching ones,
which exhibit a broad, asymmetric band shifted to lower frequencies in
relation to free water stretching vibrations. This observation supports the
existence of different kinds of water molecules: coordinated water involved
in hydrogen bonding and water of hydration.

The thermal process indicates that all water molecules are lost within a
wide range of temperature which starts relatively low, according to the
endothermic DTA signal; this fact suggests that they are involved in
different kinds of interactions. TG tracing presents the corresponding
experimental weight loss of 26.9% (theoretical, 27.06%).

Diaquaadipatocadmium(IT)

Structural analysis [17] reveals the presence of two inequivalent Cd(II) ions
located on the C, axis each of which is coordinated to six O atoms, four
from the adipate ions and the remaining ones from two crystallographically
inequivalent water molecules. The carboxylate groups link Cd(II) ions
through bidentate bonds. The coordination spheres for both Cd(II) ions are
similar, the main differences are in the Cd—Ow distances. For clarity in
Figure 3 only one of the two inequivalent coordination polyhedra has been
included. The figure shows that the polyhedron presents a highly distorted
octahedral geometry.
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FIGURE 3 ORTEPII [18] view of one of the two inequivalent Cd(II) coordination polyhedra
in diaquaadipatocadmium(II).

Both interactions from the carboxylate residues related by the C, axis
are nearly perpendicular forming infinite corrugated chains. The structure is
stabilized by a tridimensional network of hydrogen bonds, where water
molecules belonging to one of the chains interact with two neighboring
chains.

No splitting of carboxylate group stretching modes is observed in the
FTIR spectrum, as expected from the structural data which report only
bidendate coordination for the adipate ligands. A Raman line at 1310cm ~/,
is assigned to the v{(OCO) mode.

The strength of the coordination of the two crystallographically
inequivalent water molecules (W1 and W2) to Cd(II), as determined from
their distance to the ion, is similar, but they are involved in hydrogen bonds of
different strength. This is consistent with the vibrational behavior of water
molecules, i.e., v(O—H) appears as a broad, asymmetric band centered at a
lower frequency in comparison with free water and no deformation mode is
observed; these features indicate the presence of a strong hydrogen bond
network where water molecules have distinct degrees of participation.

These facts are also in agreement with thermal data: two endothermic
DTA peaks, associated with the dehydration process. TG curve shows a
slightly irregular decay in this step which is accompanied by two signals in
the corresponding DrTG tracing. The experimental weight loss found is
12.28% (theoretical, 12.3%).



14:16 23 January 2011

Downl oaded At:

478 E. V. BRUSAU et al.

Comparison of Cd(II) Coordination Modes and Molecular Packing

Metal-dicarboxylate interactions and the main structural features reported
for the different cadmium(Il)malonate hydrates and diaquasuccinatocad-
mium(IT) are markedly different from those observed in triaquaglutarato-
cadmium(II) dihydrate and diaquaadipatocadmium(II). This suggests that
different availability of donor oxygens induced by hydrocarbon chain length
plays an important role in the binding modes and in polymerization dimen-
sionality. When the anion hydrocarbon chain length is large and/or only
two donor oxygen atoms are available, as in acetate, only unidimensional
polymers are observed.

From the literature [11~13] we found two kinds of bidentate binding
modes, four member and six member chelate rings for Cd(II) malonate
compounds. Those binding modes allow the compounds to build two [13]
and three-dimensional polymers [11, 12].

The diaquasuccinatocadmium(II) crystal structure consists of a two
dimensional polymeric array developed perpendicular to the crystal-
lographic axis b. These (010) layers contain two sets of chains of cadmium
coordination polyhedra running approximately perpendicular. The hydro-
gen bonds link the corrugated layers of polymers stabilizing the tri-
dimensional structure. Similar type of polymerization is observed for
diaquasuccinatocadmium(II) hemihydrate, where the hydration water
molecule further links successive layers and eliminates corrugation.

Triaquaglutaratocadmium(II) dihydrate and diaquaadipatocadmium(II)
structures can be described as polymeric chains. Similar layer structure and
packing have been observed in lithium hydrogen adipate [24], calcium
glutarate monohydrate [25] and calcium adipate monohydrate [26], indicat-
ing this to be a common structural feature of long-chain dicarboxylates.

No systematic changes are observed in the FTIR spectra for the carbo-
xylate groups stretching modes, except for a slight shift to lower frequencies
for the asymmetric stretch when hydrocarbon chain length increases. The
splitting of the band assigned to the symmetric OCO stretching mode in
diaquasuccinatocadmium(lI) and triaquaglutaratocadmium(Il) dihydrate
is in agreement with the unsymmetrical coordination mode found for the
succinate ligand and the dispersion evidenced in the Cd—O bond distances
for the glutarate complex.

In addition, the difference between the frequency values for both modes
(Av) is larger than the corresponding ionic values, ie., sodium salts.
According to a spectroscopic criterion the Av values observed correspond to
the presence of different kinds of interaction of the carboxylate ligands such
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as unsymmetrical bridging bidentate or chelating coordination modes
[20,27, 28].

The existence of coordinated water molecules which are in the different
lattices involved in hydrogen bonding and polymerization can also be
assessed from vibrational and thermal information.

The position and shape of the corresponding stretching vibration band
and the absence of deformation and librational modes show the presence of
tightly bound water molecules, There are no significant differences in the
OH stretching zone when going from succinate to adipate; considering that
all Cd—Ow bond distances of the cited complexes are in the same range,
therefore coordination is the main effect that governs this feature. However,
hydrogen bonding and polymerization have influence on the shape and
position of the DTA signal during the dehydration process. The highest
temperature is needed for the succinate compound where polyhedra
interactions create a two dimensional polymer. The loss of water molecules
occurs as a broad DTA peak at lower temperatures in the unidimensional
polymer triaquaglutaratocadmium(Il) dihydrate. The adipate complex,
instead, shows two endothermic peaks and their positions account for its
unidimensionality.
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