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Four heteronuclear complexes, [Ln2Co2L10(H2O)(phen)2] � n(H2O) (Ln¼La 1, n¼ 2; Ln¼Nd
2, Sm 3, Gd 4, n¼ 0; HL¼ �-methylacrylic acid, phen¼ 1,10-phenanthroline), have been
synthesized and characterized by elemental analysis, IR and X-ray diffraction. The complexes
with a discrete Co–Ln–Ln–Co tetranuclear molecule are isomorphous in the triclinic space
group P�1 and Z¼ 1, in which all metal ions are bridged by bidentate �-methylacrylato groups.
Magnetic measurements of 1, 2 and 3 show antiferromagnetic exchange interaction between
paramagnetic centers.
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1. Introduction

Preparation and structures of heteronuclear complexes containing 4f and 3d ions have

attracted special attention in view of their magnetic and electronic properties.

Magnetism of such compounds is an active field of research involving chemistry,

physics, biology and material science [1–6]. Efforts to obtain molecular magnets with

rare-earth ions is comparatively less numerous because interactions in pairs of

electrons are expected to be small, but the number of new compounds in which rare-

earth ions are magnetically coupled to transition-metal ions and/or organic radicals

is rapidly increasing [7–16]. It is difficult to clarify what contributes most to the

magnetic interaction between rare earth and transition metal ions, because many facts

are related to changes in magnetic properties such as the different ions, the

coordination environments of the ions, etc. Generally, rare earth ions are trivalent

and sometimes isostructural if their central ions possess almost the same coordination,
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propitious to elucidate magnetic properties of different 4f or 3d metallic ions in

heteronuclear complexes.
Here, four isostructural heteronuclear complexes, [Ln2Co2L10(H2O)2(phen)2] � n(H2O)

(Ln¼La,Nd, Sm and Gd), are reported, undertaken in order to determine the

structures and magnetic properties. It is part of our research investigating structures

and properties of heteronuclear complexes of rare earth and transition metals bridged

by carboxylates.

2. Experimental

2.1. General

LnL3 compounds were synthesized according to the literature [17]. All other chemicals

of reagent grade were obtained from commercial sources and used without further

purification. Elemental analyses were performed on a Carlo–Erba 1110 instrument.

IR spectra were recorded using KBr pellets from 4000� 400 cm�1 on a Nicolet 560 IR

spectrophotometer. The variable temperature susceptibility of 1, 2 and 3 were measured

by physical property measurement system PPMS-9 in the temperature range from 5 to

300K at a magnetic field of 20 kOe for 1 and 2 or 10 kOe for 3. The molar susceptibility

was corrected from the sample holder and diamagnetic contributions of all constituent

atoms by using Pascal’s constants.

2.2. Preparation of the title complexes

LnL3 (0.4mmol) and Co(NO3)2 � 6H2O (0.3mmol) were dissolved in 5mL H2O and the

pH adjusted to 4.1 with HL (0.1M). Ethanol (2.5mL) solution of phen (0.3mmol) was

added with stirring. After filtration, the filtrate was allowed to stand at room

temperature and single crystals suitable for X-ray work were obtained after three weeks.

Anal. Calcd for 1, C64H74N4O24La2Co2 (%): C, 45.78; H, 4.44; N, 3.34. Found: C,

46.06; H, 4.41; N, 3.61. IR (KBr, cm�1): �as(COO) 1549, �s(COO) 1419, �(C¼C) 1645,

�(phen ring) 1516. Anal. Calcd for 2, C64H70N4O22Nd2Co2 (%): C, 46.49; H, 4.27; N, 3.39.

Found: C, 46.19; H, 4.23; N, 3.12. IR (KBr, cm�1): �as(COO) 1549, �s(COO) 1421, �(C¼C)
1645, �(phen ring) 1518. Anal. Calcd for 3, C64H70N4O22Sm2Co2 (%): C, 46.15; H, 4.24;

N, 3.36. Found: C, 46.20; H, 4.31; N, 3.28. IR (KBr, cm�1): �as(COO) 1558, �s(COO) 1427,

�(C¼C) 1647, �(phen ring) 1518. Anal. Calcd for 4, C64H70N4O22Gd2Co2 (%): C, 45.77; H,

4.20; N, 3.34. Found: C, 45.92; H, 4.25; N, 3.41. IR (KBr, cm�1): �as(COO) 1558, �s(COO)

1429, �(C¼C) 1647, �(phen ring) 1518.

2.3. Determination of crystal structures

Each crystal was mounted on a glass fiber. Determination of the unit cell and the

intensity data were measured on a Rigaku RIGAKU-RAPID diffractometer with

graphite-monochromated Mo-Ka radiation (l¼ 0.71073 Å) by the !¼ 2� scan

technique at room temperature. Usual Lp and empirical absorption corrections were

applied. The structures were solved by the direct method and then by Fourier syntheses
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expanded using the Fourier technique. The structure refinement was carried out by full-
matrix least-squares procedures on F 2 with anisotropic thermal parameters for all non-
hydrogen atoms using the SHELXTL/PC program package [18]. Some H atoms were
located on a difference Fourier map, others were geometrically fixed and allowed to ride
on the parent carbon atoms with isotropic displacement parameters. Atomic scattering
factors were taken from International Tables for X-ray Crystallography [19]. Crystal
data collection and refinement parameters are summarized in table 1.

3. Results and discussion

3.1. IR spectra

Published infrared data for ligands and unsaturated carboxylates [20] are used to
assign the IR spectra of the complexes. A comparison between the spectrum of
CH2C(CH3)COOH and those of the complexes reveals considerable changes due to
coordination. A peak assigned to C¼O at 1710 cm�1 in CH2C(CH3)COOH disappears.
Carboxylate groups give rise to very strong IR absorptions, which can be used to
distinguish between different coordination modes of the ligands (ionic, monodentate or
bidentate) [21]. The stretching vibration of carboxylate was observed about 1549–
1558 cm�1 [�as(COO)] and 1419–1429 cm�1 [�s(COO)] for 1–4. The separation between
�as(COO) and �s(COO) is about 130 cm�1, similar to the previously reported (127 cm�1)
[22], indicative of bidentate coordination of the carboxylate because it is smaller than
the 146 cm�1 value for the corresponding sodium salt. However, spectroscopic
techniques could not correctly identify the bridging or chelating bidentate coordination.

3.2. Crystal structures

Complexes 1–4 are triclinic space group P�1 and Z¼ 1. Selected bond distances and
angles are listed in table 2. Figures 1 and 2 show the ORTEP diagrams of 1 and 2; the
ORTEP diagrams of 3 and 4 are the same as 2 with different lanthanides. Complex 1

consists of a discrete tetranuclear Co–La–La–Co because the coordination of phen
ligands with Co ions prevents formation of an infinite structure. The Co and La ions are
bridged by three carboxylates with �-2(COO)-mode, and the symmetry-related La ions
are linked by two carboxylates. Each La(III) has a distorted square antiprism
environment with one O from water and seven oxygens from one chelating and five
bridging carboxylates. Each cobalt(II) is five-coordinate by three oxygens from three
bridging carboxylates and two N atoms from a phen. The configuration around Co ion
is a slightly distorted pyramid. N2, O1, O3 and O5 occupy the square, while N1
occupies the vertex of the pyramid. The carboxylato groups in 1 exhibit the chelating
and bridged bidentate modes with corresponding average La–O distances of 2.618 and
2.430 Å, respectively. The former is longer because of the strain in the four-member
La/O7/C51/O8 ring with the O–La–O angle of 50.51�. The Co–O bond distances are
similar at 2.029(2), 2.059(2), 2.018(2) Å, respectively, but the Co–N bond lengths differ
significantly [Co(1)–N(1) 2.162(2) and Co(1)–N(2) 2.095(2) Å]. The separation of
4.484 Å in La–La is significantly longer than that of 4.046 Å in [La(CH2C(CH3)COO)3
(phen)(HL)]2, in which there are four bridging carboxylates between La ions [20].
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The Co–La separation is 3.989 Å and exceeds the sum of the corresponding ionic radii.
Uncoordinated water molecules are linked to the complex via O(12)–H(122)–O(3) and
O(12)–H(111)–O(11) hydrogen bonds at 2.908(5) and 2.817(5) Å (table 3), respectively,
forming a two-dimensional network structure along the b axis. Except for lacking

Table 2. Selected bond lengths (Å) and angles (�) for 1–4.

Bond lengths 1 2 3 4

Co(1)–O(1) 2.029(2) 2. 069(3) 2.068(3) 2.070(4)
Co(1)–O(3) 2.059(2) 2.057(2) 2.054(3) 2.058(4)
Co(1)–O(5) 2.018(2) 2.004(2) 2.003(3) 1.998(4)
Co(1)–N(1) 2.162(2) 2.133(3) 2.126(3) 2.122(4)
Co(1)–N(2) 2.095(2) 2.101(3) 2.093(3) 2.100(4)
Ln(1)–O(2) 2.505(2) 2.390(2) 2.361(3) 2.333(3)
Ln(1)–O(4) 2.430(2) 2.345(2) 2.310(3) 2.290(3)
Ln(1)–O(6) 2.476(2) 2.517(2) 2.490(3) 2.474(3)
Ln(1)–O(7) 2.618(2) 2.562(2) 2.530(3) 2.505(3)
Ln(1)–O(8) 2.529(2) 2.471(2) 2.435(2) 2.418(3)
Ln(1)–O(9) 2.558(2) 2.454(2) 2.414(2) 2.388(3)
Ln(1)–O(10) 2.452(2) 2.384(2) 2.322(3) 2.298(3)
Ln(1)–O(11) 2.594(2) 2.561(2) 2.520(2) 2.489(4)

O(1)–Co(1)–O(3) 163.72(8) 164.93(9) 164.60(11) 164.10(13)
O(1)–Co(1)–N(1) 87.24(9) 85.47(10) 85.57(12) 85.75(15)
O(1)–Co(1)–N(2) 104.07(9) 101.02(10) 101.47(11) 101.86(14)
O(3)–Co(1)–N(1) 85.54(8) 86.57(10) 86.29(11) 86.18(14)
O(3)–Co(1)–N(2) 88.67(8) 89.94(10) 89.73(11) 89.95(14)
O(5)–Co(1)–O(1) 94.97(9) 95.05(11) 95.32(12) 95.37(16)
O(5)–Co(1)–O(3) 93.34(9) 93.99(11) 93.97(12) 94.00(16)
O(5)–Co(1)–N(1) 175.29(8) 174.98(10) 174.82(12) 174.37(14)
O(5)–Co(1)–N(2) 97.46(9) 96.22(10) 96.01(12) 95.66(14)
N(1)–Co(1)–N(2) 77.95(8) 78.79(10) 78.82(12) 78.71(14)
O(2)–Ln(1)–O(7) 67.45(7) 71.59(9) 71.99(9) 72.16(12)
O(2)–Ln(1)–O(8) 80.32(7) 83.15(9) 83.34(9) 83.72(12)
O(2)–Ln(1)–O(9) 135.59(7) 143.83(9) 144.88(10) 145.45(12)
O(2)–Ln(1)–O(11) 140.17(7) 138.86(9) 139.41(10) 139.71(13)
O(4)–Ln(1)–O(2) 84.53(7) 86.21(9) 87.56(10) 88.08(13)
O(4)–Ln(1)–O(6) 79.24(8) 74.95(9) 75.50(9) 75.82(12)
O(4)–Ln(1)–O(7) 79.31(7) 76.00(8) 76.40(9) 76.41(11)
O(4)–Ln(1)–O(8) 129.64(7) 127.23(8) 128.07(9) 128.43(11)
O(4)–Ln(1)–O(9) 75.47(7) 78.61(8) 79.82(9) 80.51(11)
O(4)–Ln(1)–O(10) 157.47(7) 156.11(8) 155.69(9) 155.50(13)
O(4)–Ln(1)–O(11) 79.68(7) 84.95(8) 84.99(9) 85.22(12)
O(6)–Ln(1)–O(2) 69.22(8) 74.80(9) 75.28(10) 75.35(13)
O(6)–Ln(1)–O(7) 132.96(8) 136.47(8) 137.27(9) 137.49(11)
O(6)–Ln(1)–O(8) 135.97(8) 147.82(10) 147.69(10) 147.67(12)
O(6)–Ln(1)–O(9) 141.08(8) 130.48(9) 131.17(9) 131.55(13)
O(6)–Ln(1)–O(11) 72.00(8) 64.10(9) 64.22(10) 64.48(12)
O(8)–Ln(1)–O(7) 50.50(6) 51.59(7) 52.15(8) 52.60(10)
O(8)–Ln(1)–O(9) 82.73(8) 80.47(8) 79.19(9) 78.37(11)
O(8)–Ln(1)–O(11) 136.72(6) 132.56(7) 131.13(9) 130.09(11)
O(9)–Ln(1)–O(7) 70.07(7) 72.95(8) 73.22(9) 73.47(11)
O(9)–Ln(1)–O(11) 74.70(8) 72.58(8) 72.28(10) 71.99(12)
O(10)–Ln(1)–O(2) 100.28(7) 91.83(9) 91.05(10) 90.97(13)
O(10)–Ln(1)–O(6) 81.95(7) 81.55(9) 80.71(10) 80.26(12)
O(10)–Ln(1)–O(7) 122.95(6) 125.82(8) 126.04(9) 126.38(12)
O(10)–Ln(1)–O(8) 72.86(6) 75.95(8) 75.73(9) 75.68(12)
O(10)–Ln(1)–O(9) 113.33(6) 114.82(8) 113.44(9) 112.48(12)
O(10)–Ln(1)–O(11) 82.82(7) 80.93(8) 80.34(10) 79.75(13)
O(11)–Ln(1)–O(7) 142.44(7) 143.20(9) 143.09(9) 143.01(12)
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non-coordinated water, the structures of [Ln2Co2L10(H2O)(phen)2] (Ln¼Nd, Sm,Gd)

are the same as 1. Distances of 4.514, 4.566 and 4.615 Å are observed for Ln–Ln in 2, 3

and 4, respectively, along with the distances of 3.943, 3.904 and 3.885 Å for Co–Ln.

These Co–Ln (Ln from La to Gd) heteronuclear complexes are isostructural with

central ions possessing the same coordination, allowing comparison of their

Figure 1. ORTEP plot of [La2Co2L10(H2O)2(phen)2] � 2H2O. The hydrogen atoms have been omitted for
clarity. Thermal ellipsoids are at the 30% level.

Figure 2. ORTEP plot of [Nd2Co2L10(H2O)2(phen)2]. The hydrogen atoms have been omitted for clarity.
Thermal ellipsoids are at the 30% level.

Table 3. Hydrogen bonding geometry for 1.

D � � �A H � � �A D � � �A D–H � � �A

O(11)–H(112)–O(8)(I) 0.83 1.96 2.757(3) 161.22
O(11)–H(111)–O(12)(I) 0.93 1.90 2.817(5) 166.24
O(12)–H(122)–O(3)(II) 1.04 1.88 2.908(5) 169.48

Symmetry code: (I) �x, 1� y, 1� z; (II) x, 1þ y, z.
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magnetic properties. The phenanthroline ligands always coordinate with transition

metal ions rather than with rare earth ions, as observed in other bidentate aromatic

amine Ln–Cu, Ln–Zn heteronuclear complexes [23–27].
In the four complexes, a partially overlapped arrangement is observed between

parallel phen ligands, with face-to-face separation of 3.595, 3.524, 3.531 and 3.540 Å for

1, 2, 3 and 4, respectively, suggesting the existence of 
–
 stacking.

3.3. Magnetic properties

The temperature dependences of the magnetic susceptibilities for 1–3 were examined

from 5 to 300K. The plot of �MT versus T for 1 is presented in figure 3, where �M is

molar magnetic susceptibility and T is temperature. The experimental �MT value at

room temperature is 5.27 cm3mol�1Kmol�1 and the corresponding magnetic moment

is 6.52mB, which is larger than that (5.47 mB) calculated for independent spins for two

Co(II) ions (S¼ 3/2). Comparing the values between the experiment and calculation in

1, significant paramagnetic interactions between the metal ions may be precluded due

to the diamagnetic La(III) ions and large separations between Co(II) ions. Thus, excited

states of Co(II) in 1 are occupied at room temperature and the effective magnetic

moment comes from spin (S¼ 3/2) and orbital contributions of Co(II). When the

temperature lowers, the �MT value of 1 decreases slowly, reaching to 3.05 cm3Kmol�1

at 5K. This value deviates from expectation, likely due to the spin-orbit coupling of the

Co(II). The values of � and C for 1 are obtained from the least squares fit of the data

sets, which appear to follow the Curie–Weiss law. The low negative value (�2.693K) of

� indicates weak antiferromagnetic interaction between metal centers.
The plots of �MT versus T for 2 and 3 are also in figure 3. The �MT values at room

temperature are 8.95 and 5.64 cm3mol�1Kmol�1 and the corresponding magnetic

moments are 8.50 and 6.72 mB, respectively. These values are much more than those

(7.50 and 5.63mB) calculated for the sum of independent spins for two Co(II) ions

(S¼ 3/2) and spin-orbit coupling for two Ln(III) ions (S¼ n/2) (n¼ 3, 5 for Nd, Sm,

respectively). The differences of ��eff (�eff 2��eff 1 or �eff 3��eff 1) at room

temperature are 1.98 and 0.20mB, respectively, close to the corresponding calculated

values (2.03 and 0.16 mB), implying that paramagnetic interaction is very weak between

Co and Ln ions or Ln and Ln ions, and that the effective magnetic moments for the two

Figure 3. Plots of �MT and 1/�M vs. T for 1, 2 and 3.
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complexes arise from electronic spins and spin-orbit coupling of Co(II), Sm(III) and
Nd(III) ions, respectively. Magnetic properties of 1, 2 and 3 at room temperature
basically exhibit the magnetic behavior of each metal ion, although magnetic behavior
is generally complicated in heteronuclear complexes. When the temperature lowers, the
�MT values of 2 and 3 decrease slowly, reaching 4.67 and 3.33 cm3Kmol�1 at 5K,
respectively. The plot of 3 is between 1 and 2 rather than over 2, because the direction of
orbit magnetic moment is reversed to that of spin magnetic moment for Sm(III) [28].
Complexes 1, 2 and 3 have analogous magnetic behavior with a weak antiferromagnetic
interaction between metal centers.

4. Conclusion

Four Ln–Co (Ln¼La,Nd, Sm and Gd) tetranuclear complexes are synthesized, Co–Ln
(Ln from La to Gd) and are isostructural. Magnetic studies indicate that the
interactions between Co(II) and Ln(III) (Ln from La to Sm) in the complexes are
antiferromagnetic; at room temperature they are basically the magnetic behavior of
each metal ion. Further studies for lanthanide and transition metal complexes are in
progress in order to fully understand the 3d-4f interaction.

Supplementary material

Crystallographic data have been deposited with the Cambridge Crystallographic Data
Centre, CCDC Nos. 673660, 624630, 189348 and 191287 for 1, 2, 3 and 4, respectively.
Copies may be obtained free of charge from The Director, CCDC, 12 Union Road,
Cambridge, CB2 1EZ, UK (Fax: t44-01223-336033; Email: deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).
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