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Modulation of the Physicochemical Properties of

Heteropolynuclear Assemblies Containing Lanthanide

Ions and 2,20-oxydiacetate
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Summary: This work focuses on the polynuclear complexes formed by a lanthanide

ion (Ln), a bivalent cation (M) and oxydiacetate (oda) as bridging ligand, with general

formula [Ln2M3(oda)6(H2O)6] � xH2O. The complexes can adopt more than one poly-

morphic structure, being the hexagonal (P6/mcc) and cubic (Fd3c) the most notice-

able, as determined by x-ray powder diffraction. The influence of Ln and M on the

solid-state structure is discussed. In addition, potentiometric studies are performed

to support the existence of polynuclear species in solution.
Keywords: chemical speciation; inorganic materials; lanthanide complexes; self-assembly;

x-ray powder diffraction
Introduction

The science of open-framework coordina-

tion polymers made from metal ions

connected by bridging organic ligands has

become a challenging issue for chemists,

physicists and nanotechnologists over the

last ten years.[1,2] The important applica-

tions of these supramolecular materials in

the areas of ion-exchange, separation

processes, catalysis and gas storage devices

explain the rapid expansion of the research

in this field.[3–5]

The first approach was the synthesis of

homopolynuclear coordination com-

pounds, containing a single metal ion,
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usually a 3d ion. Many examples of such

compounds and their applications can be

found in the literature.[6–8] The need for

new materials with different solid state-

properties encouraged the design of more

sophisticated structures. Then, the design of

heteropolynuclear complexes built with

two or more metal ions opened new

perspectives in this field. The combination

of different coordination geometries in the

same material produces compounds in

which the structure and the properties

can be modulated. We are interested in

the design, preparation and characteriza-

tion of polynuclear complexes containing a

lanthanide ion (Ln(III)) and a bivalent

metal ion (M(II)). The inclusion of a rare

earth ion in the metal-organic frameworks

gives further attraction because of the

more varied coordination chemistry of

the f-block elements.[9,10]

Among the potential bridges, the poly-

carboxylic acid H2oda (2,20-oxydiacetic

acid, Figure 1) is able to produce an

interesting set of polynuclear complexes.

In 1997, it was reported that a mixture of

Ln(III), Cu(II) and oda in aqueous solution

produces the self-assembling of a neutral

polynuclear complex with general formula
, Weinheim wileyonlinelibrary.com



Figure 1.

2,20-Oxydiacetic acid (H2oda).
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[Ln2Cu3(oda)6(H2O)6] � xH2O.[11] The struc-

ture (hexagonal crystal system, space group

P6/mcc) is made by [Ln(oda)3] building

blocks, assembled by the presence of Cu(II)

ions which connect the blocks in a supra-

molecular structure. The Ln metal ion is

nine coordinated, being surrounded by nine

oxygen atoms from three oda ligands.

Copper atoms are six coordinated, being

surrounded by six oxygen atoms, four from

[Ln(oda)3] units, and two from water

molecules (Figure 2a). The most interesting

feature in the structures is the formation of

a network containing large hexagonal

channels (Figure 3a). The channels contain

crystallization water molecules. Isostruc-

tural complexes were also found for other

M(II) ions, like in [La2Co3(oda)6
(H2O)6] � xH2O.[12] The structures and

properties of these complexes were pre-

viously reviewed.[13]

In 2007, a different self-assembling was

obtained under similar synthetic condi-

tions.[14] The mixture of Gd(III), Mn(II)

and oda in aqueous solution produces a

solid with the same stoichiometry

[Gd2Mn3(oda)6(H2O)6] � xH2O, but the

solid-state symmetry is different (cubic
Figure 2.

Comparative bridged structures of [La2Co3(oda)6(H2O)6] �

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
crystal system, space group Fd3c). The

[Gd(oda)3] units are present, but now there

are inequivalent Mn ions in the structure.

Two out of three are connected to

Gd(III) through a carboxylate bridge

(Figure 2b), and the third one remains as

hexaaquo complex, filling the voids left by

and neutralizing the [Gd2Mn2(oda)6]
2�

anionic network in the solid state. The

complex is then better described as

[{Mn(H2O)6}{MnGd(oda)3}2] � xH2O. The

structure is now cubic, very compact,

without free space or channels (Figure 3b).

The change of structure produces dif-

ferent properties. The hexagonal phases

exhibit H2 uptake (up to 1.2wt % at 77K)

after removing of the crystallization water

molecules,[15] and at low temperatures, an

antiferromagnetic coupling M(II)-M(II) is

detected.[16,17] On the other hand, the more

compact cubic phases do not show hydro-

gen uptake and at low temperatures the

magnetic interactions Ln(III)-M(II) are

ferromagnetic.[14]

Another important point in these poly-

nuclear complexes is that they exist in

aqueous solution. The potentiometric studies

show that in many mixed-ion systems, the

polynuclear species [Ln2M3(oda)6(OH)n]
n�

are predominant at pH values near neu-

trality.[18]

With this in mind, and following our

previous works, we expanded the solution

studies for the systems containing oda, a

bivalent M(II) ion and Yb(III) or Gd(III).

In addition, the formation of the different
xH2O (a), and [Gd2Mn3(oda)6(H2O)6] � xH2O (b).

, Weinheim www.ms-journal.de



Figure 3.

Comparative packing of hexagonal (a, [La2Co3(oda)6(H2O)6] � xH2O) and cubic (b, [Gd2Mn3(oda)6(H2O)6] � xH2O)

structures in [Ln2M3(oda)6(H2O)6] � xH2O complexes.
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solid state structures for many heterobime-

tallic solids is studied by x-ray powder

diffraction.
Experimental Part

Potentiometric Titrations

Solutions of the metal ions were standar-

dized according to standard techniques.[19–21]

All the solutions were freed of carbon

dioxide by boiling the solvent, and subse-

quent cooling under Ar atmosphere. The

standard HCl solution was prepared from

Merck standard ampoules. The titrant

solution (0.1M solution of Me4N(OH) in

0.50MMe4NCl) was prepared by dissolving

Me4N(OH) � 5H2O (Fluka), and standar-

dized with potassium biphthalate. The

hydrolysis constant of Yb3þ and Gd3þ,

and the formation constants of Ln3þ–oda

species were measured in the same condi-

tions, by potentiometry. The protonation

constants of the ligand oda, and the

formation constants of M2þ–oda systems

were taken from our previous reports.

In a typical procedure, Ln3þ-oda systems

were analyzed through three potentio-

metric titrations (ca.150 experimental

points each), at concentrations ranging

from 3 to 15mM, and Ln3þ:oda molar

ratios ranging from 1:1 to 1:3. Then, the
Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
formation of the mixed species was tested

by at least three other potentiometric

titrations with Ln:M:oda molar ratios

between 1:1:1 and 2:3:6, and different total

concentrations of the components.

In all cases, the solutions were poured

into a 20mL titration cell. After thermal

equilibrium was reached, hydrogen ion

concentrations were determined in succes-

sive readings, each performed after a small

incremental addition of standard 0.1M

Me4N(OH) solution (carried out with the

help of a Crison 2031 piston buret).

Electromotive force values were recorded

with the help of a Radiometer 85 pHmeter,

using a glass electrode and a Ag/AgCl

reference electrode. The experimental data

were collected automatically as previously

described.[22] The ionic strength was kept

constant throughout the titrations by using

solutions containing 0.50M Me4NCl and

relatively low concentrations of the metal

ions. Pre-saturated argon (free of CO2) was

bubbled through the solutions during titra-

tions to eliminate the effect of atmospheric

carbon dioxide, and the temperature was

kept at 25.0 (�0.1) 8C. The cell constants E8,
and the liquid junction potentials were

determined by means of a strong acid-

strong base titration using the GLEE

program.[23] Data were analyzed using the

HYPERQUAD program,[24] and species
, Weinheim www.ms-journal.de
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distribution diagrams were produced using

the HySS program.[25] The fit of the values

predicted by the model to the experimental

data was estimated on the basis of the

parameter s, corresponding to the scaled

sum of square differences between pre-

dicted and experimental values.

Synthesis of the Complexes

The complexes [Ln2M3(oda)6(H2O)6] � xH2O

were obtained following the procedure

previously reported.[12,17] The strategy is

based in the mixture of stoichiometric

amounts of LnX3 (Ln¼La, Ce, Nd, Sm,

Eu, Gd,Dy, Ho, Er, Yb; X¼Cl, NO3),MX2

(M¼Mg, Ca, Mn, Co, Ni; X¼Cl,

CH3COO, NO3) and H2oda in aqueous

solution. The pH was adjusted to pH 6–7

with ammonium hydroxide, and the solu-

tion was allowed to evaporate slowly at

room temperature. After 3–15 days, a

polycrystalline solid was obtained. The

purity was checked by elemental analysis

(Carlo Erba EA 1108 instrument), IR

spectra (Bomen MB FT-IR spectrophot-

ometer) and thermal analysis (Shimadzu

TGA-50 instrument with a TA 501 inter-

face, using a platinum cell and nitrogen

atmosphere). For the novel compounds, the

analytical data are presented in Table 1.

X-ray Powder Diffraction

X-ray powder diffraction data were col-

lected for all the polycrystalline solids
Table 1.
Elemental analysis and water content of the novel com

Compound Anal. Calcd

C H

[Ce2Co3(oda)6(H2O)6] � 12H2O 18.3 3.8
[Gd2Ca3(oda)6(H2O)6] � 4H2O 20.2 3.1
[Gd2Co3(oda)6(H2O)6] � 12H2O 17.9 3.8
[Gd2Ni3(oda)6(H2O)6] � 12H2O 17.9 3.8
[Dy2Ca3(oda)6(H2O)6] � 4H2O 20.3 3.1
[Ho2Mg3(oda)6(H2O)6] � 4H2O 20.2 3.1
[Ho2Ca3(oda)6(H2O)6] � 4H2O 20.2 3.1
[Er2Mg3(oda)6(H2O)6] � 4H2O 20.2 3.1
[Er2Ca3(oda)6(H2O)6] � 4H2O 20.2 3.1
[Yb2Mg3(oda)6(H2O)6] � 4H2O 20.7 3.2
[Yb2Ca3(oda)6(H2O)6] � 4H2O 20.0 3.1
[Yb2Mn3(oda)6(H2O)6] � 4H2O 19.4 3.0
[Yb2Co3(oda)6(H2O)6] � 4H2O 19.3 3.0

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
obtained as previously described using a

Rigaku ULTIMA IV, 285mm radius,

powder diffractometer. CuKa radiation

(l¼ 1.5418 Å) monochromatized with a

diffracted beam bent germanium crystal

was used to collect data over the 3–100 deg

2u range in steps of 0.02 deg using a

scintillation detector. Fixed slits 1/3 deg

were used for data collection to prevent

beam spillage outside the 2 cm long sample

(along the beampath) at low angles. Peak

positions were extracted from the difracto-

gram using the program POWDERX[26]

and peak indexing and unit cell determina-

tion was performed with DICVOL04[27] to

determine the unit cell and space group

symmetry of the solid.
Results and Discussion

Tables 2 and 3 compile the stability data at

25.08, I¼ 0.50M NMe4Cl, for the systems

under study, including those obtained in

this work and those previously reported.

The full description of these systems

includes the Ln(III) hydrolysis, the proto-

nation of the ligand, the formation of

M(II)-oda and Ln(III)-oda species and

finally, the polynuclear species.

The comparative analysis of stability

constants in Table 3, reveals that poly-

nuclear species with 2:3:6 molar ratio

(Ln:M:oda) can be detected in solution,
plexes obtained.

. (%) Found (%)

water C H water

20.6 17.8 3.9 20.9
12.8 21.5 3.5 12.6
20.1 17.9 3.7 20.1
20.1 18.0 4.0 19.5
12.7 20.4 3.3 13.1
12.6 20.7 4.1 12.0
12.7 19.7 3.4 12.5
12.7 18.6 3.5 12.5
12.6 20.4 3.4 12.2
12.9 21.8 3.4 12.0
12.5 21.2 3.4 12.3
12.1 20.9 3.1 11.2
12.0 20.1 3.1 12.3

, Weinheim www.ms-journal.de



Table 2.
Hydrolysis of Ln cations and overall formation constants for Ln-oda complexes at 25.0 8C, I¼ 0.50M Me4NCl.

Ln hydrolysis Ln-oda complexes

Ln3þþH2O! [Ln(OH)]2þþHþ s b110 b120 b130 s

Yb(III) �7.22(3) 1.0 3.90(8) 7.93(6) 10.7(1) 0.7
Gd(III) �7.816(9) 1.1 5.92(3) 10.91(4) 13.73(5) 0.1

Table 3.
Overall formation constants for Ln-M-oda complexes, 25.0 8C, I¼ 0.50M Me4NCl. The data for Ce, La, and
Sm were taken from J. Torres et al.[18] bpqrs corresponds to the equilibria: pLn3þþ qM2þþ rL2�þ
sHþ$ [LnpMqLrHs]

(2r-3p-2q-s)� (s> 0); pLn3þþ qM2þþ rL2�þ sH2O$ [LnpMqLr(OH)s]
(2rþs-3p-2q)�þ sHþ (s< 0).

L denotes fully deprotonated oda.

Ln M Equilibrium formation constant (log bpqrs) s

[Ln2M3L6] [Ln2M3L6(OH)3]
3� [LnML3]

� [LnML3(OH)]
2� [LnML3H2]

þ

La Mn2þ 30.32(4) 18.40(8)
Fe2þ 17.11(4) 12.54(3)
Co2þ 29.6(2) 7.72(8)
Ni2þ 30.49(5) 8.31(5)
Cu2þ 32.52(6) 11.19(2)
Zn2þ 31.6(1) 9.78(3)
Cd2þ 30.5(1) 8.92(4)

Ce Mg2þ 10.49 (3)
Ca2þ 11.91(2)
Mn2þ 12.18(7) 7.45(6)
Fe2þ 16.75(7) 13.04(2)
Co2þ 30.04(6)
Ni2þ 13.63(2) 19.49(2)
Cu2þ 13.05(4) 18.09(8)
Zn2þ 31.81(8) 10.73(3)
Cd2þ 7.79(4)

Sm Mn2þ 24.6(1) 11.76(3)
Fe2þ 24.1(1) 12.11(3)
Co2þ 23.46(5)
Ni2þ 22.80(6)
Cu2þ 24.60(7)
Zn2þ 24.35(5)
Cd2þ 22.88(7)

Gd Mg2þ 12.5(1) 9.87(2) 1.5
Ca2þ 20.14(9) 1.3
Fe2þ 30.68(9) 8.10(3) 1.1
Co2þ 22.08(4) 1.4
Ni2þ 23.47(6) 1.9
Mn2þ 32.49(5) 22.84(3) 10.78(2) 0.6
Cu2þ 10.94(3) 0.7
Zn2þ 23.73(2) 1.0
Cd2þ 21.85(4) 1.9

Yb Mg2þ 34.78(2) 17.25(9) 0.4
Ca2þ 11.55(9) 1.6
Fe2þ 35.83(7) 15.98(2) 11.78(2) 0.3
Co2þ 34.64(4) 0.2
Ni2þ 35.19(6) 1.0
Mn2þ 34.38(4) 19.33(9) 0.3
Cu2þ 16.46(3) 0.7
Zn2þ 24.31(9) 15.60(5) 0.9
Cd2þ 9.13(4) 0.2

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de
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regardless Ln and M. The species appear as

neutral complexes [Ln2M3(oda)6] or in a

deprotonated form [Ln2M3(oda)6(OH)3]
3�,

being OH groups originated in the depro-

tonation of coordinated water molecules.

It should be mentioned that other

models (excluding the polymeric species)

were tried, but they did not fit properly

with the experimental data. This fact,

together with the isolation of the poly-

nuclear species at solid state (see below)

support the existence of these species in

solution.

The isolation of the polynuclear com-

plexes does not depend only on the

existence of these species in solution. They

should, at least, be predominant in

certain pH range. This can be visualized

through a species distribution diagram.

Figure 4 shows two diagrams for the

systems Gd-Mn-oda and Yb-Ni-oda

under similar conditions. Over pH 5,

[Gd2Mn3(oda)6(OH)3]
3� is the dominant

Gd species, and the isolation of the poly-

nuclear compound would be a probable

task. However, the Yb�Ni�oda system

exhibits the predominance of mononuclear
Figure 4.

Species distribution diagrams of Yb-Ni-oda (a) and Gd-M

constant products of Ln(OH)3(s)
[28,29] were also include

Me4NCl, [Ln
3þ]¼ 10mM, [M2þ]¼ 15mM, [oda]¼ 30mM.

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
species. The complex [Yb2Ni3(oda)6] only

represents 13% of the total amount of Yb

between pH 4 and 8.

We have also begun a systematic study

of the solid phases that can be obtained in

the mixed ion systems. The solids obtained

by slow evaporation of aqueous solutions

containing stoichiometric amounts of

Ln(III), M(II) and oda at pH 7, were

analyzed in composition (C, N and H

percentages) and water content (Table 1).

The IR spectra of the complexes follow a

common pattern with the characteristic

peaks of the oda ligand at 1605, 1439, and

1124 cm�1. The TGA diagrams show a

weight loss corresponding to the water

molecules in the range 50 to 120 8C.
Decomposition of the solids became evi-

dent over 200 8C.
The solids were also studied by x-ray

powder diffraction. This method provides the

unambiguous differentiation of the hexagonal

and cubic phases of the polynuclear com-

plexes. As an example, the powder diffracto-

grams of [Gd2Co3(oda)6(H2O)6] � xH2O

(Hexagonal, P6/mcc, a¼ 14.807(6) Å,

c¼ 15.676(11) Å, V¼ 2976.71 Å3) and
n-oda (b) systems. Hydrolysis constants and solubility

d in the calculations. Conditions: 25.0 8C, I¼ 0.50M

, Weinheim www.ms-journal.de



Figure 5.

Indexed x-ray powder diffractograms for [Gd2Co3(oda)6(H2O)6] � xH2O (a) and [{Ca(H2O)6}{CaGd(oda)3}2] � xH2O.

Vertical lines below the pattern correspond to peak position. The insets show the detail of the peaks at

intermediate values of 2u.
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[{Ca(H2O)6}{CaGd(oda)3}2] � xH2O (Cubic,

Fd3c, a¼ 26.6408(11) Å, V¼ 18907.84 Å3)

are shown in Figure 5 a and b respectively.

The solids, according to the composition,

can be divided in two groups. Some of

them, fit the composition [Ln2M3(oda)6-

(H2O)6] � xH2O, being the structure either

hexagonal or cubic. The second group

corresponds to monomers (NH4)[M(H2O)6]-

[Ln(oda)3] � xH2O. The existence of this

group of complexes is consistent with the

potentiometric results which foresee some

unstable mixed-ion compounds. In addi-
Figure 6.

Structural characteristics of the solids obtained from 3:2:6

structure; C: cubic structure; N: monomeric structure, M

cells correspond to untested compositions. a)Structu

previously reported.[11,14,16,17,30–34]

Copyright � 2011 WILEY-VCH Verlag GmbH & Co. KGaA
tion, some solids appear as a mixture of

phases different from the hexagonal, cubic

or monomeric ones. This information is

summarized in Figure 6, which includes the

solids studied in this work as well as those

previously reported.

The comparative analysis of the solid

state structures, shows that the hexagonal

(channelled) structures seem to be

favoured for large lanthanide ions and

bivalent cations with a marked tendency

towards 4þ 2 distorted octahedral coordi-

nation (like Cu, Ni and sometimes Co),
(M:Ln:oda) solutions as described above. H: hexagonal

: phase mixture not including H, C or N phases. Empty

res studied by single crystal x-ray diffraction, and

, Weinheim www.ms-journal.de
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while cubic (compact) structures are found

for small lanthanides and isotropic M(II)

cations. Cu(II) complexes are a particularly

special case, in which the cation forces the

hexagonal structures due to its anisotropy

for all Ln cations. The hexagonal structure

allows the presence of an elongated Cu(II)

octahedron with two coordinated water

molecules in the apical direction.

There are other parameters which could

influence the preference for a given struc-

ture. For example, the more favorable

hydration enthalpy of theM(II) ions (which

could favor cubic structures), and the

tendency to form hydrated ions with

coordination numbers different than 6.

They are expected to be important, but

they are more difficult to evaluate.
Conclusion

The complexes of general composition

[Ln2M3(oda)6] � xH2O present a very reach

solid-state chemistry. Different architec-

tures can be found depending on Ln andM,

being the cubic and hexagonnal structures

the most remarkable ones. The full analysis

of the crystal structures, as well as the solid-

sate transformation of one into the other,

are now under way and will be published

elsewhere.
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