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ABSTRACT

Hydrothermal reactions of rare-earth metal acetates and nitrates with oxalic acid (H2C2O4)
and 3,5-pyridinedicarboxylic acid (H2pddc) in triethylamine/water solutions have yielded five
isostructural polymers with the general formula: [Ln(pddc)(C2O4)1/2(H2O)2]⋅H2O. [Ln = La(1),
Pr(2), Nd(3), Eu(4) and Er(5)]. These compounds crystallize in monoclinic crystal system, space
group P21/n, Z = 4, with only slight variations in their unit cell parameters: 1 a = 7.747(2), b =
9.954(2), c = 15.134(3) Å, β = 98.64(3)o, V = 1153.8(4) Å3;  2  a = 7.707(2), b = 9.895(2), c =
15.006(3) Å, β = 98.54(3)o, V = 1131.7(4) Å3; 3  a = 7.688(2), b = 9.897(2), c = 14.955(3) Å, β =
98.43(3)o, V = 112 5.6(4) Å3; 4  a = 7.638(2) , b = 9.842(2) , c = 14.809(3) Å, β = 98.42(3)o, V =
1101.2(4) Å3;  5  a = 7.573(2) , b = 9.761(2) Å, c = 14.630(3) Å, β = 98.10(3)o, V = 1070.7(4)
Å3.  The structure of these compounds is composed of 2D Ln(pddc) layers that are
interconnected by chelating oxalate. Within the layer, each rare-earth metal forms a monodentate
bond with each of the four pddc groups. The metal centers in the neighboring layers are bridged
through µ4-oxalate, resulting in a three-dimensional framework.  The remaining two sites around
the eight-coordinate Ln are occupied by water molecules. Compounds 2, 3, and 5 exhibit
paramagnetic behavior and 1 is diamagnetic. They are thermally stable up to 250°C.

INTRODUCTION

The demand for new materials with practical applications has promoted research in the
design and synthesis of functional coordination polymers that possess attractive properties, such
as zeolite-like characteristics, catalytic activity, magnetism and non-linear optical behavior [1,
2].  Suitable choices of metals and ligands based on their coordination habits and geometric
preferences often produce novel structures with interesting and specific properties. Recently,
others and we have investigated a number of systems involving multi-ligands, for example,
magnetically active systems containing transition metals and oxalate/4,4'-bipyrdrine [3, 4]. Rare
earth metals are attractive as metal centers for construction of magnetically interesting
coordination polymers that also exhibit other interesting and advantageous properties, such as
high dimensionality, optical activity, and thermal stability. In this study, we report a novel three-
dimensional framework built upon lanthanide metals and two ligands, oxalate and 3,5-
pyridinedicarboxylate.

EXPERIMENTAL DETAILS

Chemicals and Reagents. All chemicals were used as purchased without purification.
La(O2CCH3)3⋅1.5H2O (99.9%), Pr(NO3)3⋅6H2O (99.9%), Nd(NO3)3⋅6H2O (99.9%,),
Eu(NO3)3⋅6H2O (99.9%), Er(NO3)3⋅xH2O (99.9%), oxalic acid (H2C2O4⋅2H2O, 97%), Et3N
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(99+%) were purchased from Alfa Aesar.  3,5-pyridinedicarboxylic acid (H2pddc, 98%) was
purchased from ACROS.

Synthesis of La(pddc)(C2O4)1/2(H2O)2]⋅⋅⋅⋅H2O (1). The reactions of La(O2CCH3)3⋅1.5H2O
(0.0686 g, 0.2 mmol), and H2C2O4⋅2H2O (0.0252 g, 0.2 mmol), H2pddc (0.0167 g, 0.1 mmol),
Et3N (0.35 ml, 0.25 mmol) and H2O (10 mL) in the mole ratio of 2:2:1:2.5:5555 in a 23 mL acid
digestion bomb at 150°C for a period of six days resulted in long clear needle crystals of 1.  The
product was washed with water and acetone and dried in air.  Compound 1 was obtained in
relatively high yield (0.0549 g, 68.3%).

Synthesis of Ln(pddc)(C2O4)1/2(H2O)2]⋅⋅⋅⋅H2O [Ln = Pr (2), Nd (3), Eu (4), Er (5)]. Similar
reactions as described for 1 were carried out for other lanthanides compounds, yielding
transparent yellow plate crystals for 2; brownish-yellowish plate crystals for 3; irregular-shaped
clear crystals for 4; and transparent flat pink crystals for 5. The yields were calculated to be
72.5% (0.0586 g), 85.7% (0.0698 g), 73.3%(.0609 g), and 37.9% (0.0364 g), for 2, 3, 4, and 5,
respectively.

Crystallographic Studies. A column-like colorless transparent crystal of 1 (0.25 × 0.04 × 0.005
mm), a plate-like yellow transparent crystal of 2 (0.20 × 0.11 × 0.005 mm), a plate-like
brownish-yellowish transparent crystal of 3 (0.15 × 0.15 × 0.04 mm), a column-like colorless
transparent crystal of 4 (0.30 × 0.06 × 0.02 mm), and a plate-like pinkish crystal of 5 (0.22 ×
0.12 × 0.03 mm) were selected for the crystal structure analysis.  Each crystal was mounted on a
tip of a glass fiber in air and placed onto the goniometer head of an Enraf-Nonius CAD4
automated diffractometer. Using graphite-monochromated Mo Kα radiation, the unit cell data
were refined by 25 well-centered reflections. Raw data were corrected for Lorentz and
polarization effects, and an empirical absorption correction based on ψ-scan data [5] was applied
in each case. The structures were solved using the SHELX-97 program [6]. The non-hydrogen
atoms were located by direct phase determination and subsequent difference Fourier synthesis
and subjected to anisotropic refinement.  The hydrogen atoms were located from difference
Fourier maps but were not refined. The full-matrix least-square calculations on F2 were applied
on the final refinements. The unit cell parameters, along with data collection and refinement
details, are given in Table I.  Selected bond lengths are reported in Table II. Crystal drawings
were generated by SCHAKAL 97 [7]. X-ray powder diffraction analyses were performed on a
Rigaku D/M-2200T automated diffraction system (Ultima+). All measurements were made
between a 2θ range of 5 and 80° at the operating power of 40 kV/40 mA.

Thermal Analysis.  Thermogravimetric analyses (TGA) of the compounds 2, 3, and 5 were
performed on a computer-controlled TA Instrument 2050 TGA analyzer.  Samples were loaded
into platinum pans and heated with a ramp rate of 10°C/min from room temperature to 800°C.

Magnetic Measurements. Magnetic susceptibility χ(T) and magnetization M(H) measurements
on polycrystalline samples of 1, 2, 3, and 5 were performed using a Quantum Design SQUID
magnetometer.  In χ(T) measurements, the temperature was varied from 2 K to 300 K.  Magnetic
fields of 500 G and 5 kG were applied in χ(T) measurements for each compound.  M(H) was
measured at 2 K for all samples. In the M(H) measurements, the applied magnetic field was
increased from 0 to 50 kG and then decreased back to 0.

GG6.12.2



Table I. Crystallographic data for 1-5.
1 2 3 4 5

formula C16H18La2N2O18 C16H18Pr2N2O18 C16H18NdN2O18 C16H18Eu2N2O18 C16H18Er2N2O18

fw 804.14 808.14 814.80 830.24 860.84
Space group P21/n (No.14) P21/n (No.14) P21/n (No.14) P21/n (No.14) P21/n (No.14)
a(Å) 7.747(2) 7.707(2) 7.688(2) 7.638(2) 7.573(2)
b(Å) 9.954(2) 9.895(2) 9.897(2) 9.842(2) 9.761(2)
c(Å) 15.134(3) 15.006(3) 14.955(3) 14.809(3) 14.630(3)
β(o) 98.64(3) 98.54(3) 98.43(3) 98.42(3) 98.10(3)
V(Å3) 1153.8(4) 1131.7(4) 1125.6(4) 1101.2(4) 1070.7(4)
Z 2 2 2 2 2
T, K 293(2) 293(2) 293(2) 293(2) 293(2)
λ, Å 0.71073 0.71073 0.71073 0.71073 0.71073
ρcalc, gcm

-3 2.315 2.372 2.404 2.504 2.670
µ(mm-1) 3.748 4.351 4.659 5.743 7.887
Ra (I>2σ(I)) 0.0263 0.0392 0.0321 0.0281 0.0325
Rw

b 0.0512 0.0901 0.0867 0.0676 0.0809
aR = Σ Fo - Fc /Σ Fo .  b Rw = [Σ[w(  Fo

2 - Fc
2  )2]/Σw(Fo

2)2]1/2 .
Weighting: 1, w = 1/σ2[Fo

2+(0.02P)2], where P = (Fo
2 + 2Fc

2)/3. 2, w = 1/σ2(Fo
2+(0.05P)2). 3, w = 1/σ2(Fo

2+(0.06P)2).
4, w = 1/σ2(Fo

2+(0.04P)2). 5, w = 1/σ2[Fo
2+(0.03P)2+ 10.0P].

Table II.   Selected bond lengths (Å) for 1-5.

bond 1 2 3 4 5
M-O(2)i 2.418(4) 2.369(5) 2.360(3) 2.314(4) 2.262(5)
M-O(1) 2.425(3) 2.373(5) 2.358(3) 2.326(4) 2.261(5)
M-O(3)ii 2.433(3) 2.398(5) 2.388(3) 2.339(4) 2.292(5)
M-O(4)iii 2.480(3) 2.437(5) 2.418(3) 2.381(4) 2.316(5)
M-O(6)iv 2.536(3) 2.499(5) 2.483(4) 2.441(4) 2.391(5)
M-O(5) 2.559(3) 2.534(5) 2.516(3) 2.481(4) 2.439(5)
M-O(8) 2.567(3) 2.531(5) 2.510(4) 2.467(4) 2.407(5)
M-O(7) 2.580(3) 2.532(5) 2.522(3) 2.475(4) 2.412(6)

Symmetry codes: i -x+1,-y+1,-z    ii -x+1/2,y-1/2,-z+1/2  iii x,y-1,z    iv -x,-y+1,-z

DISCUSSION

Structures.  Compounds 1-5 are isostructural and crystallize in the monoclinic system, space
group P21/n, Z = 4. The local coordination of the metal is shown in Figure 1. Each metal (Ln) is
coordinated to eight oxygen atoms, two of which are from one oxalate (O5, O6), four from four
different pddc (O1, O2, O3, O4), and the remaining two from two water molecules (O7, O8).
Every µ4-pddc connects to four different metals to form a 2D network extending along the [10-1]
direction and the b axis (Figure 2).  The two-dimensional layers of [Ln(pddc)]+ are cross-linked
by oxalate ligands via chelating modes to lead to a three-dimensional structure. One pair of
oxygen atoms of oxalate chelate to one metal of one layer and the other pair of oxygen atoms
chelate to another metal of the adjacent layer.  As shown in Figure 2, the shortest metal-metal
distances within the [Ln(pddc)]+ layer are 5.15 (i) and 6.34 Å (ii) for 1; 5.11 (i) and 6.29 Å (ii)
for 2; 5.10 (i) and 6.28 Å (ii) for 3; 5.06 (i) and 6.24 Å (ii) for 4; and 5.01 (i) and 6.17 Å (ii) for
5, respectively. The shortest metal-metal separations between the adjacent layers are 6.53, 6.46,
6.43, 6.35 and 6.26 Å, for 1-5, respectively.  The average bond length between Ln and the
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oxygen of pddc is shorter than that between Ln and the oxygen of oxalate, which in turn is
shorter than the bond length between Ln and the oxygen of water. Interestingly, the nitrogen of
pddc does not participate in bonding in contrast to the Co-pddc compound in which nitrogen and
two chelating carboxylate groups connecting three cobalt metals in three directions to give rise to
a 2D structure [8].

Magnetic Properties. As expected, the χ(T) data for [La(pddc)(C2O4)1/2(H2O)2]·H2O (1) is
diamagnetic with a magnitude of χdia =  − 2 × 10−4 emu per mole of La3+.  However a tiny small
paramagnetic component shows up in the low temperature region, which may come from a non-
detectable impurity in the sample.  The χ(T) data for [Nd(pddc)(C2O4)1/2(H2O)2]·H2O (3) and
[Er(pddc)(C2O4)1/2(H2O)2]·H2O (5) are essentially the same in shape, exhibiting typical Curie-
paramagnetic behavior.  The χ(T) data for [Pr(pddc)(C2O4)1/2(H2O)2]·H2O (2) looks Curie-
paramagnetic like, except for a noticeable deviation from it for the temperatures below 20 K.  In
the data of dχ/dT vs. T, slope changes below 20 K are seen.  Because the χ(T) values for 2 and 3
are much smaller than that of 5, we only show χ(T) of 5 as a representative in Figure 3.  The
insert in Figure 3 shows the χT vs. T plots for 2, 3, and 5. The χ(T) data for 5 can be fit with a
simple Curie law very well for all temperatures, and a paramagnetic effective moment of Er3+

µeff = 9.1 µB is obtained from the Curie constant.  For compounds 2 and 3, the χ(T) data above 50
K were fit to an equation: χ(T) = C/(T + θ). The paramagnetic effective moments, µeff = 3.6 µB

for Pr3+ and µeff = 3.4 µB for Nd3+, were obtained.  The fitted θ values for 2 and 3 are –41 K and
–30 K, respectively. The effective moments of Pr3+, Nd3+, and Er3+, obtained from fitting, are
very close to the theoretical values for trivalent lanthanide group ions (3.58 µB for Pr3+, 3.62 µB

for Nd3+, and 9.59 µB for Er3+). Isothermal magnetization M(H) measured at 2 K for 2, 3, and 5
are shown in Figure 4.  At 50 kG, the M value of 5 reaches 4.9 µB and the M(H) curve starts to be
saturated at 15 kG.  In contrast, the M value of 2 only reaches 0.42 µB at 50 kG, and an upturn in
the slope around 30 kG is observed.  The observations in M(H) of 2, together with the slope
change observed in dχ/dT vs. T of 2, indicate a possible long range antiferromagnetic ordering of
Pr3+ in this compound.  The M(H) curve for 3 seems to begin a saturation above 40 kG and a M
value of 1.1 µB is reached at 50 kG. Furthermore, small hysteresis effects are seen in M(H) of

Figure 1.  Coordination polyhedron of a
metal ion in [Ln(pddc)(C2O4)1/2(H2O)2]·H2O
(Ln = La, Pr, Nd, Eu and Er).

Figure 2.  View of the two-dimensional network of
[Ln(pddc)(C2O4)1/2(H2O)2]·H2O (Ln = La, Pr, Nd, Eu and
Er). Metal atoms are shown as larger dark gray circles.
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both 2 and 3. The observed magnetic behavior of the [Ln(pddc)(C2O4)1/2(H2O)2]⋅H2O series
suggests that the 4f-electrons of the rare-earth ions in these compounds are very much localized.
The rare-earth ions are pretty much evenly separated from each other in a range of 5.0-6.5 Å
throughout the 3D network. However, there is a connection between every pair of Ln ions by the
oxalate units along the [101] direction.  It is interesting to compare the effect of the oxalate
bridging in this series of compounds, with its strong bridging functions to the magnetic
interactions exhibited in many transition-metal molecular magnetic compounds [9].  For 5, the
simple Curie-paramagnetic behavior seems to suggest that the effect of oxalate bridging is at its
minimum. Yet the antiferromagnetic coupling between the rare-earth ions, indicated by the fitted
θ values for 2 and 3 (–41 K and –30 K, respectively) may be related to the oxalate bridging.

Thermal Stability. The weight loss curves show that compounds 2, 3, and 5 start to collapse at
450°C. Each compound underwent a three-step decomposition process. The three water
molecules per formula were lost around 250°C. This was confirmed via percent loss calculations.
In all compounds, the loss of pddc and oxalate were completed before the temperature reached
800°C.  The residues of each of these compounds were a mixture of elemental metal and metal
oxides.

CONCLUSIONS

In this study, we have successfully obtained a new three-dimensional lanthanide framework
constructed by oxalate and 3,5-pyridinedicarboxylic acid via hydrothermal synthesis.  Unlike the
Ln-pdc systems, where the lanthanide contraction leads to several different structures [10], the
Ln-pddc compounds crystallize in the same structure. Magnetic studies show that Compounds 2,
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GG6.12.5



3, and 5 are primarily paramagnetic, while Compound 1 is diamagnetic. These compounds are
thermally stable up to 250°C.
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