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In recent years, the construction of metal-organic coordina-
tion polymers has attracted considerable attention in supra-
molecular and materials chemistry due to the formation of
fascinating structures and potential applications as optoelec-
tronic, magnetic, and porous materials.[1] However, most of
the work has so far focused on the assembly of the d-block
metal-organic open frameworks,[2] while the analogous
chemistry of the lanthanides remains less developed.[3] This
is attributed to the tendency of the lanthanide ions for high
coordination, which favors the formation of condensed
structures with[4] or without guest species.[3b,5] To date, no
systematic investigation on lanthanide-based porous materi-
als with luminescent properties has been documented.[6] In
addition, lanthanide-organic frameworks with channels from
which the guest species can be removed and reintroduced
reversibly without collapse of the framework are rare.[7]

Among the reported network lanthanide carboxylates,
4,5-imidazoledicarboxylic acid (H3ImDC), which remains
largely unexplored,[8] was chosen as the multidentate ligand

for the following reasons: 1) The flexible, multifunctional
coordination sites provide a high likelihood for generation of
structures with high dimensions. 2) It can be deprotonated to
generate H2ImDC� , HImDC2�, and ImDC3�, which allow
various, acidity-dependent coordination modes. 3) The skew
coordination orientation of the carboxy groups is favorable
for constructing a helical structure.

Accordingly, our aim was to synthesize novel lanthanide-
organic open frameworks by using the H3ImDC ligand. Here
we report the syntheses, structures, and luminescent and
magnetic properties of two novel lanthanide-organic coordi-
nation polymers of [Ln2(ImDC)2(H2O)3]·1.625H2O (Ln=Eu
(1) and Dy (2)). The structures of 1 and 2 not only display one-
dimensional achiral channels, but also contain alternately
arranged left- and right-handed helical tubular channels.

White prism crystals of 1 and 2 were obtained by the
hydrothermal reaction of Ln2O3 and H3ImDC in water in the
presence of HNO3 at pH 2 and 170 8C. The X-ray crystal
structure analyses reveal that 1 and 2 are isostructural and
crystallize in the high symmetry tetragonal space group
I41/a.

[9] Therefore, only the structure of 1 is described in detail.
In the asymmetrical unit of 1, there are two crystallograph-
ically independent Eu3+ ions and two unique ImDC ligands
with two different coordination modes (Figure 1 and see the
Supporting Information). The Eu1 ion (mode I, Scheme 1) is
eight-coordinate and is described as a dodecahedron (see the
Supporting Information): Two imidazole nitrogen (NIm) and
four carboxylate oxygen (OCOO�) atoms from three ImDC
moieties as well as two terminal water molecules. The
coordination geometry for the nine-coordinate Eu2 ion
(mode II in Scheme 1) is close to that of a tricapped trigonal
prism (see the Supporting Information): six OCOO� and two

Figure 1. The coordination environments of Eu1 and Eu2 atoms in 1.
Atoms with “A” or “B” in their labels are symmetry-generated.

Scheme 1. Coordination modes of the ImDC ligands in 1.
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NIm atoms from four ImDC units as well as one terminal water
molecule. The O7 and O8 atoms in mode II are simulta-
neously coordinated to two Eu3+ ions, while the O3 and O4
atoms in mode I are not further coordinated (Scheme 1).
Thus, the O7/O8 atoms play a key role in the formation of 1
with an open framework. The Eu�O bond lengths range from
2.328(9) to 2.702(8) <, whereas the Eu�N distances vary from
2.432(11) to 2.572 (10) <.

The most striking features of 1 are the linkages between
the Eu3+ ions and the two unusual coordinate modes of the
ImDC moieties to form a unprecedented three-dimensional
framework with achiral channels and two types of helical
tubes with opposite chirality (Figure 2a and see the Support-

ing Information). The helical tubes of 1 can be understood in
terms of two distinct parts: The helical tubular walls and the
fillers. Thus, the Eu3+ ions linked through four carboxyl
groups of two types of ImDC units form the achiral channels
and the helical tubular walls that are made of triple-helical
chains and double-helical chains (Figure 2b,c and see the
Supporting Information). In the structure, the left- and right-
handed helical channels, which are made of triple-helical
chains, are further weaved by double-helical chains having the

reverse orientation to the triple-helical chains to make the
tubular walls with opposite chirality (Figure 2b,c and see the
Supporting Information). These tubular walls are further
linked together by O7 and O8 atoms frommode II to form the
achiral channels (Figure 2a, and Figures S5 and 6b in the
Supporting Information). In addition, the helical channels
constructed from the triple-helical chains have a 32-mem-
bered ring opening along the [001] direction (Figure 3). In
fact, there is no closed 32-membered ring present in the
structure. The open 32-membered ring consisting of four
repeating O2-C4-O1-Eu2-O7-C10-O8-Eu1 linkages—which
are built up from the Eu1 and Eu2 atoms as well as two
bridging carboxy groups containing C4 and C10 atoms—gives

rise to two types of helical ribbons of three equivalent helical
chains with opposite chirality (Figure 2b,c and see the
Supporting Information). The separation between the adja-
cent chains in the helical ribbon is the same as the length of
the c axis (16.176 <). The pitch of the helical ribbon running
along the c axis is three times the length of the c axis. In
contrast, the double-helical chain consists of two distinct
helical chains with a 16-membered ring made of four
repeating Eu1-O3-C5-O4 (Eu2-O5-C9-O6) linkages, which
are only built up from Eu1 (Eu2) atoms and one carboxy
bridge containing C5 (C9) atoms (see the Supporting
Information). The shortest Eu···Eu distance, bridged by
carboxy groups, is 4.24 <.

Remarkably, the two types of imidazole rings of the ImDC
ligands that act as the fillers are alternately trapped inside the
helical tubes and coordinated to adjacent Eu1 and Eu2 atoms
from the walls through NIm atoms to form a pair of helical
chains with the same helical orientation as the triple-helical
chain (see the Supporting Information). The shortest Eu···Eu
distance, bridged by an imidazole ring, is about 6.96 <.

The guest water molecules are suspended in the achiral
channels (dimensions 4.58 @ 4.58 <; see the Supporting Infor-
mation), and the coordinated water molecules point away
from the Eu–ImDC hybrid framework and into the achiral
channels. There are strong hydrogen bonds between the
guests, as well as between the guests and the oxygen atoms
from the ImDC moieties and the coordinated water mole-
cules (O···O 2.168(22)–3.344(15) and 2.735(19)–2.976(13) <,
respectively).

Complex 1 displays intense red luminescence (Figure 4a,
and see the Supporting Information) and exhibits the
characteristic transition of 5D0!7FJ (J= 0–4) of the Eu3+

Figure 2. a) The framework of 1 viewed along the c axis, showing two
types of helical tubular and achiral channels arranged alternately along
the a and b axes. A: achiral channel, L and R indicate the left- and
right-handed helical tubular channels. Hydrogen atoms are omitted for
clarity. b) View of the helical tubular combination with opposite chiral-
ity, constructed from channels of triple-helical chains weaved by
double-helical chains with the reverse helical orientation (b axis). The
triple-helical chains are marked yellow, green, and cyan. The double-
helical chains are displayed with red and white helical chains. The imi-
dazole rings are omitted for clarity. c) The helical ribbon representation
for the aggregate of triple-helical chains in the helical tube with oppo-
site chirality along the [001] (left) and [00�1] directions (right). The
white and red helical chains present two distinct helical chains of
double-helical chains weaved across the ribbon.

Figure 3. Views of the two types of helical channels containing triple-
helical chains in 1 along the [001] (left) and [00�1] directions (right).
L and R indicate the left- and right-handed helical channels.
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ion with a decay lifetime of 251.2 ms. The appearance of the
symmetry-forbidden emission 5D0!7F0 at 580 nm indicates
that the Eu3+ ions in 1 occupy sites with low symmetry and
have no inversion center,[10] which is further confirmed by the
intensity ratio of about 5.5 for I(5D0!7F2)/I(

5D0!7F1).
[11] This

is in agreement with the result of the single-crystal X-ray
analysis. Complex 2 is yellow-luminescent in the solid state
with typical Dy3+ emissions at 480, 573, and 622 nm (decay
lifetime 1.21 ms), corresponding to the characteristic emission
4F9/2!6HJ transitions of the Dy3+ ion (J= 15/2, 13/2, and 11/2;
Figure 4b and Figure S11b in the Supporting Information).
The yellow emission of the 4F9/2!6H13/2 transition has a
stronger intensity than the blue emission of 4F9/2!6H15/2 for 2,
while the red emission of the 5D0!7F2 transition is the most
intense for 1, suggesting that the ImDC ligand is suitable for
the sensitization of yellow and red luminescence for Dy3+ and
Eu3+, respectively. With respect to H3ImDC, the strongest
emission peak is located at 490 nm (lex= 296 nm; see
Figure S11c in the Supporting Information). The absence of
the ligand-based emission in the fluorescence spectra of 1 and
2 suggests that the energy transfer from the ligand to the
lanthanide center is very effective and can sensitize the
lanthanide emission to a large extent.

The magnetic susceptibilities of 1 and 2 were measured in
the temperature range 5–300 K. For 1, the room temperature
value of cMT is 2.77 cm3Kmol�1, slightly less than the value of
3.0 cm3Kmol�1 for two Eu3+ ions calculated from the van
Vleck equation allowing for population of the excited state
with higher values of J at 293 K.[3d] As the sample is cooled,
cMT continuously decreases due to the depopulation of the
Stark levels for a single Eu3+ ion, and tends to a value very
close to zero as the temperature approaches absolute zero,
which indicates a J= 0 ground state for the Eu3+ ion (7F0) at
the lowest temperature (see Figure S12a in the Supporting
Information). The cMT value per molecule of 2 is
30.37 cm3Kmol�1 at room temperature, comparable to the
expected value of 28.34 cm3Kmol�1 for two free Dy3+ ions
with a 6H15/2 ground state. As the temperature is lowered, the
cMT product increases slightly to a maximum of
31.91 cm3Kmol�1 at about 120 K, and then decreases gradu-
ally to 24 cm3Kmol�1 at 5 K, suggesting a dominant ferro-
magnetic interaction between adjacent Dy3+ ions. The fitting

above 100 K to Curie–Weiss equation yields a positive Weiss
constant q= 7.12 K, which confirms a ferromagnetic coupling
between Dy3+ centers (see Figure S12b in the Supporting
Information). The further decrease of cMTat low temperature
is mainly attributed to the splitting of the ligand field of the
Dy3+ ion because of strong spin-orbital coupling.[12]

In summary, we have successfully constructed two novel
lanthanide metal coordination polymers with an open frame-
work under hydrothermal conditions from lanthanide oxide
as the source of lanthanide and multidentate ImDC as a
bridging ligand; the synthetic procedure has been well
established.[13] The linkages between Ln centers through the
ImDC ligands in two unique coordination modes result in a
series of unusual lanthanide-organic open frameworks con-
taining not only two types of helical tubular channels with
opposite chirality but also achiral channels. To the best of our
knowledge, this is the first time lanthanide metal coordination
polymers with ImDC ligands have been prepared.

Experimental Section
1 and 2 : A mixture of Ln2O3 (0.5 mmol; Eu2O3, 0.176 g; Dy2O3,
0.187 g), H3ImDC (1 mmol, 0.156 g), and H2O (8 mL) in the presence
of HNO3 (0.33 mL 8.4 wt%) in a molar ratio of about 1:2:889:0.92
(pH 2) was sealed in a 30-mL stainless steel reactor with a Teflon liner
and heated at 170 8C for 10 days, and then cooled to room temper-
ature. White prismatic crystals of 1 and 2 were recovered by filtration,
washed with distilled water, and dried in air.

1: Yield: 60% (based on Eu2O3); elemental analysis (%) calcd for
C10H11.25Eu2N4O12.63 : C 17.32, H 1.64, N 8.08; found: C 17.31, H 1.63, N
8.14; IR (KBr pellet): ñ= 1573, 1389, 1108 cm�1.

2 : Yield: 37% (based onDy2O3); elemental analysis (%) calcd for
C10H11.25Dy2N4O12.63 : C 16.79, H 1.59, N 7.84; found: C 16.30, H 1.61,
N 7.59; IR (KBr pellet): ñ= 1579, 1392, 1111 cm�1.
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