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The first examples of 3d–4f heterometallic complexes con-
taining picolinic acid ligands were synthesized and charac-
terized. Three series of complexes were obtained by the reac-
tion of presynthesized “metallo ligands” Cu(pic)2 and
Ln(ClO4)3 in 2:1, 3:1, and 4:1 mole ratios. Complexes 1–3 (de-
noted as the first series), [LnCu2(pic)4(H2O)6](ClO4)3·H2O (Ln
= Sm, Nd, and Pr), are isomorphous and exhibit infinite 1D
zigzag chain structures with rare earth ions in tricapped tri-
gonal prismatic coordination. Complexes 4–10 (denoted as
the second series), [Ln2Cu5(pic)10(H2O)8](ClO4)6·2H2O (Ln =
Gd, Nd, Sm, Dy, Eu, Pr, and Yb), are isomorphous too, and

Introduction

Studies on the syntheses, structures and properties of 3d–
4f heterometallic complexes are currently of great interest
because they are good models for the investigation of the
nature of the magnetic interactions between 3d and 4f metal
ions in magnetic materials.[1] The main synthetic strategy
for 3d–4f complexes is to use bridging ligands to link 3d
and 4f paramagnetic building blocks to generate discrete
polynuclear or extended topological complexes of high di-
mensionalities, while the latter may enhance and improve
bulk magnetic properties due to the increased number of
interacting neighbors.[2] Since the Ln and M (M = transi-
tion metal) ions may be connected through bidentate car-
boxylate groups, efforts have been made to use carboxylate
acids and carboxylate-like betaines as ligands. Many such
studies focused on discrete polynuclear complexes such as
LnM, LnM2, Ln2M2, Ln2M4, Ln2M8 etc.[3–7] In compari-
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exhibit extended 2D layered structures constituted by
Cu(pic)2 moieties bridging the zigzag chains. Complex 11
(denoted as the third-type complex), {NdCu(pic)2[CO-
(NH2)2]4(H2O)3}(ClO4)3·[Cu(pic)2]2, exhibits another type of
nearly linear chain structure with additional Cu(pic)2

moieties trapped in the lattice by hydrogen bonds. Tempera-
ture-dependent magnetizations of complexes 2–4, 6, and 11
indicate that these complexes follow the Curie–Weiss para-
magnetic behavior down to 5 K.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

son, multidimensional heterometallic complexes are rela-
tively rare,[8] and the synthesis of the multidimensional 3d–
4f complexes is still a great challenge. An effective strategy
employed is the use of relatively stable metal complexes
containing potential coordinating atoms, that is “metallo
ligands”, to link rare earth ions to form polymeric net-
works. This strategy is called stepwise synthesis.[4b,9] In our
laboratory, we have synthesized a series of polymeric 3d–4f
complexes through the use of carboxylate groups as bridg-
ing units.[10] As an extension of this work, picolinic acid
(Hpic) was used as a chelating ligand to make the
[COH(NH2)2]2[Cu(pic)2(ClO4)2] precursor by reaction with
Cu(ClO4)2;[11] The monomer Cu(pic)2 can be used as a
“metallo ligand” to bind lanthanide metal ions for the prep-
aration of complexes containing rare earth and transition
metals. We have successfully obtained three novel series of
one- and two-dimensional 3d–4f coordination polymers,
namely, [LnCu2(pic)4(H2O)6](ClO4)3·H2O [Ln = Sm (1), Nd
(2), and Pr (3)] (1D), [Ln2Cu5(pic)10(H2O)8](ClO4)6·2H2O
[Ln = Gd (4), Nd (5), Sm (6), Dy (7), Eu (8), Pr (9), and
Yb (10)] (2D) and {NdCu(pic)2[CO(NH2)2]4(H2O)3}-
(ClO4)3·[Cu(pic)2]2 (11) (1D). Although picolinic acid li-
gands were previously used to synthesize a number of metal
complexes with transition metals or rare earths alone,[12] to
the best of our knowledge, mixed multinuclear or multidi-
mensional 3d–4f heterometallic complexes with picolinic
acid ligands have not been reported. Herein, we report the
syntheses and structures of 1–11, as well as the magnetic
properties of 2–4, 6, and 11.
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Results and Discussion

Syntheses

In order to construct such extended 3d–4f heterometallic
structures, an assembly reaction is designed to have the
Cu(pic)2 complex acting as a 3d-component precursor and
Ln(ClO4)3 as a 4f-component. The Cu(pic)2 complex with
two non-coordinated oxygen atoms of carboxyl groups may
function as a “metallo ligand” to the LnIII component. In
the course of the investigation, the one-dimensional chain
complexes 1–3, [LnCu2(pic)4(H2O)6](ClO4)3·H2O, were ob-
tained by the reaction of a 2:1 mole ratio of Cu(pic)2 and
Ln(ClO4)3 in C2H5OH/CH3CN mixed solution at room
temperature. Structural analyses indicate that the LnIII

atoms in 1–3 are surrounded by three Cu(pic)2 moieties in
a T-shape fashion to form a zigzag chain structure with
large open spaces on the Ln ions (see Figure 1), which sug-
gests that the Ln ions can be further coordinated by more
Cu(pic)2 ligands to form higher dimensional structures. On
the basis of this idea, the mole ratio of Cu(pic)2 to Ln-

Figure 1. The chain structure of 1 extending along the b direction with 35% thermal ellipsoids.

Table 1. Crystal data and structure refinements for complexes 1–3.

Complex LnCu2(pic)4(H2O)6 (ClO4)3·H2O 1 (SmCu2) 2 (NdCu2) 3 (PrCu2)

Formula C24H30Cl3Cu2N4O27Sm C24H30Cl3Cu2N4NdO27 C24H30Cl3Cu2N4O27Pr
Fw 1190.30 1184.19 1180.86
Space group Pcab Pcab Pcab
a [Å] 13.690(2) 13.7095(1) 13.7046(3)
b [Å] 14.8425(6) 14.8578(2) 14.8745(1)
c [Å] 39.3740(6) 39.4425(4) 39.4457(7)
V [Å3] 8000.5(11) 8034.2(2) 8041.0(2)
Z 8 8 8
ρ [g cm–3] 1.973 1.975 1.951
μ [mm–1] 2.635 2.793 2.541
λ [Å] 0.71073 0.71073 0.71073
T [K] 293(2) 293(2) 293(2)
R1,wR2 (obs.) 0.0569, 0.1558 0.0583, 0.1323 0.0666, 0.1553
Goodness of fit 1.023 1.037 1.091

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 1947–19541948

(ClO4)3 was increased to 3:1, and seven expected two-di-
mensional heterometallic isomorphs, [Ln2Cu5(pic)10-
(H2O)8](ClO4)6·2H2O (4–10), were successfully obtained.
However, we failed to synthesize a three-dimensional
heterometallic complex by further increasing the mole ratio
to 4:1 with the addition of more carbamide to maintain the
pH at 5. Instead, a new structure with a nearly linear one-
dimensional chain, {NdCu(pic)2[CO(NH2)2]4(H2O)3}-
(ClO4)3·[Cu(pic)2]2 (11), showed up with “superfluous”
Cu(pic)2 moieties trapped in the lattice. The failure may be
related to the large steric effect of Cu(pic)2 ligands and
competition coordination of carbamide.

Crystal Structures

The crystal structures of 1–11 were determined by single-
crystal X-ray diffraction analyses. The crystallographic data
are summarized in Table 1 for 1–3, Table 2 for 4–6, Table 3
for 7–9, and Table 4 for 10 and 11. Complexes 1–3 and 4–
10 are isomorphous, so we chose complexes 1, 4, and 11 to
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Table 2. Crystal data and structure refinements for complexes 4–6.

Complex [Ln2Cu5(pic)10(H2O)8]·6[ClO4]·2H2O Gd2Cu5 Nd2Cu5 Sm2Cu5

Formula C60H60Cl6Cu5Gd2N10O54 C60H60Cl6Cu5N10Nd2O54 C60H60Cl6Cu5N10O54Sm2

Fw 2630.08 2604.06 2616.28
Space group P1̄ P1̄ P1̄
a [Å] 8.7129(17) 8.721(2) 8.7205 (1)
b [Å] 14.900(3) 14.9145 (1) 14.9373 (1)
c [Å] 16.791(3) 16.8147(2) 16.8181 (1)
α [°] 81.59(3) 81.563(1) 81.612 (1)
β [°] 86.29(3) 86.260(1) 86.449 (1)
γ [°] 84.59(3) 84.621(1) 84.614 (1)
V [Å3] 2143.9(7) 2150.84(3) 2155.14(3)
Z 1 1 1
ρ [g cm–3] 2.037 2.010 2.016
μ [mm–1] 3.043 2.699 2.851
λ [Å] 0.71073 0.71073 0.71073
T [K] 293(2) 293(2) 293(2)
R1, wR2 (obs.) 0.0408, 0.1106 0.0629, 0.1584 0.0386, 0.0926
Goodness of fit 1.027 1.038 1.040

Table 3. Crystal data and structure refinements for complexes 7–9.

Complex [Ln2Cu5(pic)10(H2O)8]·6[ClO4]·2H2O Dy2Cu5 Eu2Cu5 Pr2Cu5

Formula C60H60Cl6Cu5Dy2N10O54 C60H60Cl6Cu5Eu2N10O54 C60H60Cl6Cu5N10O54Pr2

Fw 2640.58 2619.50 2597.40
Space group P1̄ P1̄ P1̄
a [Å] 8.71790(10) 8.7140(2) 8.68860(10)
b [Å] 14.9062(3) 14.8939(3) 14.8669(1)
c [Å] 16.8218(3) 16.7935(4) 16.7575(3)
α [°] 81.5480(10) 81.6600(10) 81.5770(10)
β [°] 86.2290(10) 86.3550(10) 86.315(1)
γ [°] 84.4550(10) 84.5680(10) 84.6630(10)
V [Å3] 2149.19(6) 2144.07(8) 2129.16(5)
Z 1 1 1
ρ [g cm–3] 2.040 2.029 2.037
μ [mm–1] 3.231 2.959 2.652
λ [Å] 0.71073 0.71073 0.71073
T [K] 293(2) 293(2) 293(2)
R1, wR2 (obs.) 0.0412, 0.0889 0.0519, 0.0989 0.0650, 0.1499
Goodness of fit 1.062 1.071 1.080

represent the three series for detailed structure discussions.
The structural details of the other complexes, 2, 3, and 5–
10, are deposited with the CCDC.

Table 4. Crystal data and structure refinements for complexes 10
and 11.

Complex Yb2Cu5 NdCu

Formula C60H60Cl6Cu5Dy2N10O54 C40H46Cl3Cu3N14NdO31
Fw 2661.66 1660.12
Space group P1̄ P21/c
a [Å] 8.67570(10) 10.514(2)
b [Å] 14.8466(3) 22.311(5)
c [Å] 16.7580(1) 25.781(5)
α [°] 81.346(1) 90
β [°] 85.909(1) 96.35(3)
γ [°] 84.322(1) 90
V [Å3] 2119.96(5) 6011(2)
Z 1 4
ρ [gcm–3] 2.085 1.835
μ [mm–1] 3.719 2.133
λ [Å] 0.71073 0.71073
T [K] 293(2) 293(2)
R1, wR2 (obs.) 0.0334, 0.0732 0.0614, 0.1709
Goodness of fit 1.064 1.016
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[LnCu2(pic)4(H2O)6](ClO4)3·H2O [Ln = Sm (1), Nd
(2), and Pr (3)]

Complex 1 consists of one-dimensional chain {[SmCu2-
(pic)4(H2O)6]3+}� cations, [ClO4]– anions, and lattice water
molecules, as shown in Figure 1. The coordination polyhe-
dron of the nine-coordinate Sm atom can be described as a
distorted tricapped trigonal prism, which is constructed by
three carboxylic oxygen atoms from Cu(pic)2 moieties and
six water oxygen atoms. The two trigonal surfaces are both
defined by two water O atoms and one carboxylic oxygen
atom of one Cu(pic)2 moiety (O2W, O6W and O12 atoms
for the top surface, and O3W, O5W and O32 atoms for the
bottom surface), while the three capping atoms are occu-
pied by the remaining three coordinated oxygen atoms
(O1W, O4W and O22), the SmIII atom deviating from the
plane by 0.034(1) Å. The O(cap)-Sm-O(cap) bond angles
are 119.41(6) ° for O1W–Sm1–O22, 124.8 ° for O1W–Sm1–
O4W, and 115.72(6) ° for O22–Sm–O4W; these are close to
120 ° in a regular triangle. The average Sm–O(prism) bond
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lengths of 2.471(2) Å are shorter than average Sm–O(cap)
bond lengths of 2.556(2) Å, as in the case found in Ln com-
plexes.[13,10] The Ln–O bond lengths in 1–3 become shorter
with increasing atomic number of Ln, because of the lan-
thanide contraction.

The Cu(pic)2 moieties are nearly coplanar with a maxi-
mal deviation of 0.093(4) Å of Cu(2) in the Cu(2)(pic)2 moi-
ety, in which the CuII atom possesses an approximate
centro-symmetric square-planar coordination environment,
chelated by two picolinic acid ligands through the nitrogen
atoms and carboxylic oxygen atoms of pic ligands. Four
donor atoms N2O2 of pic ligands form a rectangle with
angles close to 90 ° (88.01–92.48 °). The average Cu–N and
Cu–O bond lengths are 1.972(3) and 1.940(2) Å, respec-
tively; these lengths are consistent with those found in the
Cu(pic)2 complex reported previously.[11]

The SmIII centers act as two-connected nodes and are
bridged by two uncoordinated carboxylic O atoms of
Cu(1)(pic)2 moieties to form an infinite zigzag 1D chain
extending along the b direction with the angle Cu1–Sm–
Cu1 = 78.474(4) ° and Sm–Cu1–Sm = 174.89(1)° (Fig-
ure 1). Simultaneously, there exists a kind of intramolecular
hydrogen bond between the atoms O21 and O2W
(O2W···O21#A = 2.725(2) Å, symmetry code #A: x, –0.5
+ y, 0.5 – z) as shown in Figure 2. The Cu(2)(pic)2 moiety
acts as a terminal ligand coordinated to the SmIII ion
through one of two uncoordinated carboxylic oxygen
atoms. The SmIII and CuII ions in the chain are nearly co-
planar. The shortest intrachain Sm···Cu, Cu···Cu, and
Sm···Sm separations are 5.8524(6), 7.4301(3), and
11.7349(5) Å, respectively. The adjacent chains are linked
into two-dimensional structure along the c direction by
intermolecular hydrogen bonds of O1W···O42#B and
O5W···O42#B (symmetry code #B: –x, 1 – y, –z) with an
average length of 2.837(3) Å, as shown in Figure 2. In each
layer, there also exist π–π stacking interactions between the

Figure 2. The hydrogen bonding and π–π stacking interactions link
the chains into a layer-like structure in 1 along the c axis. The
intermolecular hydrogen bonds are represented by the thin dashed
lines and the intramolecular hydrogen bonds by the thick dashed
lines.
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pyridine rings of the terminal coordinated Cu(2)(pic)2 moi-
eties from the adjacent chains with the centroid-centroid
distance of 3.766 Å and the dihedral angle of 2.39 °. The
lattice water molecules and ClO4

– anions with hydrogen
bonds among them are located between the layers
(O7W···O16#C = 3.046 Å; O7W···O33#C = 3.051 Å, sym-
metry code #C: x – 1, y, z). These lattice molecules form
hydrogen bonds with the coordinated water molecules in
the layer. These hydrogen bonds bridge the layers to form
a three-dimensional framework along the a direction. Such
π–π stacking and hydrogen bonding interactions lead to the
stabilization of the crystal structure.

[Ln2Cu5(pic)10(H2O)8](ClO4)6·2H2O [Ln = Gd (4), Nd
(5), Sm (6), Dy (7), Eu (8), Pr (9) and Yb (10)]

Figure 3 shows the structure of 4 with the asymmetric
atoms labeled. The coordination polyhedron of eight-coor-
dinate GdIII can be viewed as a distorted square antiprism,
formed by the four carboxylic oxygen atoms from four pico-
linic acid ligands and four neutral water molecules. One
square plane is defined by three water O atoms and one
carboxylic oxygen atom of one Cu(pic)2 moiety (O1W,
O2W, O3W and O2) with a maximal deviation of 0.059 Å
of the O2 atom, while the other square plane is defined by
one water O atom and three carboxylic oxygen atoms from
three different Cu(pic)2 moieties (O4W, O22, O32, and O42)
with a maximal deviation of 0.145 Å of the O22 atom. The
O–O–O bond angles in the two square planes range from
81.31 to 98.45 °, they are close to 90 ° for a regular square.
The two square planes are nearly parallel with the dihedral
angle of 6.63 °. The Gd–O bond lengths are almost iden-
tical with a maximal difference of 0.14 Å.

Figure 3. Basic structure unit of 4 with 30% thermal ellipsoids.

There are four Cu(pic)2 units around each GdIII, as
shown in Figure 3. The GdIII atoms are linked by the unco-
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ordinated carboxylic O atoms of the Cu(4)(pic)2 and the
Cu(3)(pic)2 moieties to form a pseudozigzag chain along
the b direction. These chains are further bridged by
Cu(2)(pic)2 moieties through their two uncoordinated car-
boxylic O atoms along the c direction to form extended
two-dimensional layers (Figure 4). The Cu(1)(pic)2 moiety
acts as a terminal ligand to GdIII through coordination by
one of its two uncoordinated carboxylic oxygen atoms. The
closest intralayer separations of Sm···Cu, Cu···Cu, and
Sm···Sm are 5.755, 7.45, and 11.510 Å, respectively. The ad-
jacent layers are indirectly connected by hydrogen bonds
consisting of coordinated water molecules and oxygen
atoms of perchlorate anions or lattice water molecules lo-
cated between layers, with O···O distances ranging from
2.743(5) to 3.002(6) Å. Simultaneously, the lattice water
molecules and oxygen atoms of perchlorate anions form hy-
drogen bonds among themselves with an O···O distance of
2.933(6) Å.

Figure 4. The layer sketch structure of 4 with the zigzag chain rep-
resented by dashed lines. Terminal Cu(1)(pic)2 moieties were omit-
ted for clarity.

Figure 5. The nearly linear chain structure of 11 with 30% thermal ellipsoids.

Eur. J. Inorg. Chem. 2005, 1947–1954 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1951

{NdCu(pic)2[CO(NH2)2]4(H2O)3}(ClO4)3·[Cu(pic)2]2

(11)

Complex 11 consists of {NdCu(pic)2[CO(NH2)2]4-
(H2O)3}� cationic chains, ClO4

– anions, and two lattice
Cu(pic)2 species. The coordination polyhedron of NdIII can
be viewed as a slightly distorted square antiprism, formed
by two carboxylic oxygen atoms of two Cu(pic)2 moieties
(O2, O12), four oxygen atoms of carbamide (O13, O23,
O33, O43), and two water oxygen atoms (O1W, O2W). One
of the square planes consists of O12, O33, O43, and O2W
atoms with a mean deviation of 0.01 Å from the least-
squares plane, while O2, O13, O23, and O1W atoms form
the other square plane with a mean deviation of 0.004 Å.
The two square planes are nearly parallel with a dihedral
angle of 5.75 °. The O–O–O bond angles in the two square
planes range from 84.34 to 95.123 °. The Nd-O(pic) bond
lengths are 2.496 Å for O2 and 2.537 Å for O12, which are
longer than those in the reported NdIII complex with the
pic ligand (2.400–2.454 Å).[14] The Nd-O(carbamide) bond
lengths are nearly identical, spanning a narrow range of
2.381–2.413 Å. The NdIII ions are alternately bridged by
Cu(1)(pic)2(H2O) moieties through the O2 and O12 carbox-
ylic oxygen atoms of picolinic acid ligands to form a nearly
linear chain with a Cu–Nd–Cu angle of 171.32 ° and an
Nd–Cu–Nd angle of 171.32 ° extending along the a direc-
tion, as shown in Figure 5. The closest intrachain Nd···Cu,
Cu···Cu, and Nd···Nd separations are 5.326, 10.514, and
10.514 Å, respectively. Unlike the Cu(pic)2 moieties in 1–10,
the Cu1 ion in 11 is five-coordinate by the four donor atoms
of pic ligands, O1, O12, N1, and N11, and one water mole-
cule (O3W) with a longer distance of 2.413(3) Å due to the
Jahn–Telller effects of the CuII atom. The O1, O12, N1, and
N11 atoms form roughly a planar N2O2 with a maximal
deviation of 0.145 Å and the copper ion is displaced from
this plane toward the axial O3W by 0.183 Å. The average
Cu1–O and Cu1–N bond lengths are 1.949 and 1.975 Å,
respectively; these are also comparable with the normal
value for copper(ii) coordinated by pic ligands.[11]

The lattice Cu(2)(pic)2 moieties and ClO4
– ions are lo-

cated between the chains. The lattice Cu(2)(pic)2 moieties
bridge the adjacent chains to form a double-chain structure
through the hydrogen bonds of O21···O1W [2.914(2) Å],
O32···O2W [2.738(3) Å] and O22···O3W [2.849(3) Å], while
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the Cl(3)O4

– ions are anchored to the chains by hydrogen
bonds of O34···O2W (2.797 Å) and O34···O3W (2.986 Å),
as shown in Figure 6. In addition, there exist intramolecular
hydrogen bonds between the N atom of one of coordinated
urea molecules and O3W [N13···O2W = 3.023(3) Å] (Fig-
ure 6). The Cu(3)(pic)2 moieties are located at two sides of
the double chains.

Figure 6. The double chain structure of 11 linked by the hydrogen
bonds between lattice Cu(2)(pic)2 moieties and carboxylic O atoms
of single chains; the hydrogen bonds are represented by dashed
lines.

The relations of mole ratios of different reactants and
structures in the three series of complexes are shown in
Scheme 1. The layered structures of the second series of
complexes may be considered as being composed of the
Cu(pic)2 moieties bridging the zigzag chains in a similar
manner to that of the first series complex. The Cu–Gd–Cu
and Gd–Cu–Gd bond angles of the zigzag chain in 4 are
79.504 and 180.00 °, respectively, which are comparable to

Scheme 1. The relations of mole ratios of different reactants and
structures.

Table 5. Magnetic fitting data of complexes 2, 3, 4, 6, and 11.

Complexes C [cm3mol–1K] θ [K] χ0 [cm3mol–1] μeff(exp.) (μB) μeff(cal.) (μB)

NdCu2 (2) 2.19(1) –12.2(3) 7.7(4)×10–4 4.19(1) 4.371
PrCu2 (3) 2.27(7) –20.5(2) 2(2)×10–5 4.27(7) 4.333
Gd2Cu5 (4) 17.22(1) –0.58(4) 7(5)×10–5 11.735(3) 11.873
Sm2Cu5 (6) 2.262(2) –1.79(3) 8.2(1)×10–4 4.253(2) 4.047
NdCu (11) 2.091(7) –3.0(2) 5.1(3)×10–4 4.261(7) 4.701

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 1947–19541952

those of the first series of complexes [78.474(4) and
174.89(1) °, respectively]. The third series complex is very
different from the former two series, in the sense that the
Cu(pic)2 moieties bridge lanthanide atoms in a nearly linear
chain, with additional Cu(pic)2 moieties serving as lattice
molecules located in the lattice.

Magnetic Properties of Complexes 2–4, 6, and 11

The variable-temperature magnetic susceptibilities for
crystalline samples 2–4, 6, and 11 were measured in the 6–
300 K temperature range with an applied field of 1 T.
Table 5 shows the non-linear fitting data to χM = C/(T – θ)
+ χ0 above 50 K and the effective magnetic moments, μeff,
of all complexes, in which μeff is defined as 2.828C1/2 μB, χM

the molar magnetic susceptibility, C the Curie constant, θ
the Weiss constant, and χ0 the background susceptibility. A
Curie–Weiss paramagnetic behavior is observed for all these
compounds. The observed effective magnetic moment for
each compound is very close to the theoretical value at
293 K, expected for a coupling-free system of isolated LnIII

and CuII ions, which confirms the assignment of oxidation
states as judged by the neutrality requirement. As shown in
Figure 7, upon cooling, the χM�T, where χM� = χM – χ0,
decreases gradually from 300 to 15 K for all complexes. The
nature of such antiferromagnetic-like behavior remains to
be clarified for 4f–3d compounds, but it may be related to

Figure 7. Thermal dependence of χM�T for complexes 2–4, 6 and
11.
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the progressive thermal depopulation of the LnIII Stark
components and a possible the LnIII–CuII interaction.[15]

Because of the large separation between the LnIII ions and
the well-shielded 4f orbitals by the outer shells of 5s and 5p
orbitals as well as relatively low covalence of the lantha-
nide-to-ligand bonds, the Ln–Ln interactions are expected
to be negligibly small. The origin of the small bumps
around 15 K for 2, 4, 6, and 11 is still unclear, though the
possibility of a systematic error cannot be completely ex-
cluded. To date, the understanding of the magnetic interac-
tions containing rare-earth ions in molecular magnets is still
a challenge, particularly when the contribution of the first-
order orbital momentum is involved. Further experiments
are needed for better understanding of the nature of the 4f–
3d magnetic interactions in these systems.

Conclusion

In summary, we have demonstrated a facile and control-
lable approach to 3d–4f heterometallic extended framework
complexes. Firstly, we obtain one-dimensional array com-
plexes in a T-shape fashion with a large open space on the
other side. The introduction of more Cu(pic)2 precursors
into this open space leads to the formation of higher dimen-
sional structures. A series of two-dimensional 3d–4f hetero-
metallic complexes have been obtained in this way by in-
creasing the mole ratio of metal complex precursor to LnIII

from 2:1 to 3:1. However, increasing the mole ratio further
to 4:1 failed to yield three-dimensional heterometallic com-
plexes, probably because of large steric effects of Cu(pic)2

precursors and the competitive coordination of carbamide.
Instead, an unexpected nearly linear heterometallic chain
emerged. The present work may provide a useful approach
to tuning structural dimensionality and thus magnetic
properties through reactant mole ratios.

Experimental Section
Materials and Measurement: All starting reagents, except for
Ln(ClO4)3 and Cu(ClO4)2, were commercial grade materials and
used as received. Ln(ClO4)3 and Cu(ClO4)2 were prepared by the
reactions of Ln2O3 or CuO and perchloric acid in aqueous solu-
tion. Elemental analyses (C, H, N) were performed with an Ele-
mentar Vario ELIII analyzer. IR spectra were measured on KBr
pellets with a Nicolet Magna 750 FTIR spectrometer in the range
of 400–4000 cm–1. Magnetic susceptibilities of complexes 2–4, 6,
and 11 were measured by using a Quantum Design SQUID magne-
tometer in the temperature range 6–300 K at a field of 1 T. The
raw data were corrected for the magnetization of the sample holder.

Syntheses: Caution! Although we have experienced no problems in
handling metal perchlorates, these should be handled with great
caution because of the potential for explosion.

Synthesis of the Cu(pic)2 Complex Precursor: The mononuclear pre-
cursor [COH(NH2)2]2[Cu(pic)2(ClO4)2] was obtained according to
the literature.[11]

Preparations of [LnCu2(pic)4(H2O)6](ClO4)3·H2O [Ln = Sm (1), Nd
(2), and Pr (3)]: A mixture of Cu(pic)2 precursor (0.630 g, 1 mmol)
and Ln(ClO4)3 aqueous solution (0.5 mL, 1 m) was added into
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C2H5OH/CH3CN (volume ratio 1:1) solution (40 mL), followed by
the addition of carbamide to adjust pH = 5, and the solution was
stirred thoroughly at room temperature for 12 h and then filtered.
The filtrate was concentrated to 20 mL and allowed to stand at
room temperature. Deep-blue prismatic crystals were obtained after
a few days. Yield: 52.5% (based on Sm) for 1; 59.3% (based on
Nd) for 2; 62.8% (based on Pr) for 3. IR (KBr): 1626 (vs), 1598
(vs), 1572 (s), 1481 (w), 1450 (w), 1404 (s), 1386 (m), 1298 (w),
1269 (w), 1144 (vs), 1115 (vs), 1089 (vs), 1053 (m), 1032 (w), 860
(w), 766 (m), 694 (m), 660 (w), 626 (m), 561 (w), 463 (w) cm–1 for
1; 1625 (vs), 1598 (vs), 1569 (vs), 1481 (w), 1450 (w), 1404 (s), 1297
(w), 1269 (w), 1141 (vs), 1113 (vs), 1091 (vs), 1051 (m), 1031 (w),
860 (w), 767 (m), 692 (m), 659 (w), 626 (m), 561 (w), 461 (w) cm–1

for 2. 1629 (vs), 1598 (vs), 1569 (s), 1481 (w), 1450 (w), 1404 (s),
1297 (m), 1268 (w), 1143 (vs), 1114 (vs), 1089 (vs), 1051 (m), 1030
(w), 858 (w), 765 (m), 694 (m), 657 (w), 626 (m), 563 (w), 460
(w) cm–1 for 3. 1: calcd. C 24.22, H 2.54, N 4.71; found C 24.25,
H 2.58, N 4.70. 2: calcd. C 24.34, H 2.89, N 4.73; found C 24.11,
H 2.60, N 4.69. 3: calcd. C 24.41, H 2.90, N 4.74; found C 24.32,
H 2.57, N 4.67.

Preparations of [Ln2Cu5(pic)10(H2O)8](ClO4)6·2H2O [Ln = Gd (4),
Nd (5), Sm (6), Dy (7), Eu (8), Pr (9) and Yb (10)]: The second
series complexes were prepared as mentioned above but the mole
ratio of Cu(pic)2 to Ln(ClO4)3 was changed to 3:1. Deep-blue pris-
matic crystals were obtained after a few days. Yield: 43.5% (based
on Gd) for 4; 48.3% (based on Nd) for 5; 41.7% (based on Sm)
for 6; 35.6% (based on Dy) for 7; 56.9% (based on Eu) for 8; 42.6%
(based on Pr) for 9; 51.2% (based on Yb) for 10. IR (KBr): 1631
(vs), 1599 (vs), 1570 (vs), 1481 (m), 1452 (w), 1404 (vs), 1390 (vs),
1352 (m), 1298 (s), 1267 (w), 1242 (w), 1144 (s), 1117 (vs), 1088
(vs), 1053 (s), 1033 (m), 864 (w), 831 (w), 771 (w), 762 (m), 713
(m), 696 (m), 659 (w), 626 (m), 565 (w), 469 (w) cm–1 for 4; 1632
(vs), 1599 (vs), 1570 (vs), 1481 (m), 1452 (w), 1402 (s), 1389 (s),
1352 (m), 1298 (m), 1269 (w), 1242 (w), 1142 (s), 1115 (vs), 1090
(vs), 1051 (s), 1032 (m), 864 (w), 831 (w), 762 (m), 713 (m), 696
(m), 660 (w), 625 (m), 563 (w), 469 (w) cm–1 for 5; 1627 (vs), 1599
(vs), 1570 (vs), 1481 (m), 1452 (w), 1402 (vs), 1389 (s), 1352 (s),
1297 (s), 1269 (m), 1242 (w), 1112 (vs), 1089 (vs), 1051 (s), 1032
(m), 863 (w), 831 (w),773 (m), 762 (m), 711 (m), 696 (m), 657 (w),
624 (m), 561 (w), 470 (w) cm–1 for 6. 1627 (vs), 1602 (vs), 1569 (vs),
1482 (m), 1451 (w), 1402 (s), 1385 (s), 1354 (m), 1299 (m), 1265
(w), 1241 (w), 1143 (vs), 1115 (vs), 1088 (vs), 1052 (s), 1032 (m),
865 (w), 833 (w), 772 (m), 762 (m), 713 (m), 696 (m), 658 (w), 624
(m), 563 (w), 468 (w) cm–1 for 7. 1630 (vs), 1600 (vs), 1570 (vs),
1480 (m), 1455 (w), 1402 (s), 1388 (s), 1354 (m), 1295 (m), 1267
(w), 1240 (w), 1145 (vs), 1110 (vs), 1092 (vs), 1054 (s), 1032 (m),
867 (w), 829 (w), 772 (m), 762 (m), 715 (m), 696 (m), 658 (w), 627
(m), 561 (w), 467 (w) cm–1 for 8. 1633 (vs), 1598 (vs), 1571 (vs),
1481 (m), 1452 (w), 1401 (s), 1390 (s), 1352 (m), 1299 (m), 1269
(w), 1243 (w), 1154 (vs), 1111 (vs), 1091 (vs), 1052 (s), 1033 (m),
864 (w), 831 (w), 773 (m), 762 (m), 713 (m), 697 (m), 659 (w), 623
(m), 562 (w), 469 (w) cm–1 for 9. 1632 (vs), 1601 (vs), 1573 (vs),
1479 (m), 1450 (w), 1410 (s), 1386 (s), 1286 (m), 1267 (w), 1242
(w), 1144 (vs), 1113 (vs), 1086 (vs), 1051 (m), 1032 (w), 862 (w),
837 (w), 762 (m), 694 (m), 650 (w), 625 (m), 561 (w), 463 (w) cm–1

for 10. 4: calcd. C 27.40, H 2.30, N 5.33; found C 27.35, H 2.31,
N 5.31. 5: calcd. C 27.67, H 2.32, N 5.38; found C 27.64, H 2.35,
N 5.35. 6: calcd. C 27.55, H 2.31, N 5.35; found C 27.53, H 2.34,
N 5.30. 7: calcd. C 27.29, H 2.29, N 5.30; found C 27.30, H 2.25,
N 5.34. 8: calcd. C 27.51, H 2.31, N 5.35; found C 27.52, H 2.30,
N 5.29. 9: calcd. C 27.75, H 2.33, N 5.39; found C 27.67, H 2.30,
N 5.33. 10: calcd. C 27.08, H 2.27, N 5.26; found C 27.15, H 2.30,
N 5.23.
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Preparation of {NdCu(pic)2[CO(NH2)2]4(H2O)3}(ClO4)3·[Cu(pic)2]2
(11): The procedure of synthesis for the third series complex is sim-
ilar to that for the first series compounds, but the mole ratio of
Cu(pic)2 to Ln(ClO4)3 is 4:1. Deep-blue prismatic crystals were ob-
tained after a few days. Yield: 46.1% (based on Nd). IR (KBr):
1700 (m), 1660 (s), 1633 (vs), 1604 (vs), 1572 (m), 1480 (m), 1448
(w), 1406 (w), 1371 (s), 1358 (m), 1300 (m), 1290 (w), 1267 (w),
1242 (w), 1146 (s), 1117 (s), 1086 (s), 1049 (m), 1032 (w), 858 (w),
769 (w), 762 (w), 714 (w), 694 (m), 660 (w), 627 (m), 461 (w) cm–1.
Calcd. C 28.94, H 2.79, N 11.81; found C 28.89, H 2.77, N 11.78.

X-ray Crystallographic Studies. The crystal structures of the com-
plexes were studied by single-crystal X-ray diffraction analyses.
Data collections were performed at 293(2) K with a Siemens
SMART CCD diffractometer for 1–3, and 5–10 with graphite mo-
nochromatic Mo-Kα radiation (λ = 0.71073 Å),[16] with a Rigaku
AFC7R diffractometer for 4 with graphite-monochromatic Mo-Kα

radiation (λ = 0.71073 Å),[17] and a Rigaku Mercury CCD for 11
with graphite monochromatic Mo-Kα radiation (λ = 0.71073 Å).[18]

The structures were solved by direct methods, the positions of the
metal atoms were calculated by using the SIEMENS SHELXTL
Version 5.0 package of crystallographic software.[19] The remaining
non-hydrogen atoms were located by successive different Fourier
syntheses. Hydrogen atoms were added according to theoretical
models. The structures were refined using full-matrix least-squares
refinement on F2. All non-hydrogen atoms were refined anisotropi-
cally. Pertinent crystal data and structure refinement results for the
complexes are listed in Table 1 for 1–3, Table 2 for 4–6, Table 3 for
7–9, and Table 4 for 10 and 11.

CCDC-237564 to -237574 (for 1–11), contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.
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