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ABSTRACT: A series of novel one-dimensional (1-D) lanthanide coordination polymers
(CPs), with the general formula {[Ln(bptcH)(H2O)2]·H2O}n (Ln = NdIII (1), EuIII (2),
GdIII (3), TbIII (4), DyIII (5), HoIII (6), or ErIII (7)) have been synthesized by the
solvothermal reactions of the corresponding lanthanide(III) picrates and 2,2′-bipyridine-
3,3′,6,6′-tetracarboxylic acid (bptcH4). These polymers have been structurally characterized
by single-crystal X-ray diffraction, IR, PXRD, thermogravimetric (TGA), and elemental
analysis. Coordination polymers 1−7 are isostructural; they possess the same 3D
supramolecular architectures and crystallize in triclinic space group P1 ̅. The frameworks
constructed from dinuclear lanthanide building blocks exhibit one-dimensional double-
stranded looplike chain architectures, in which the bptcH3− ions adopted hexadentate
coordination modes. The EuIII (2) and TbIII (4) polymers exhibit characteristic photo-
luminescence in the visible region. The magnetic properties of polymers 2, 3, and 5 have been investigated through the measurement
of their magnetic susceptibilities over the temperature range of 1.8−300 K.

■ INTRODUCTION
Crystal engineering of coordination polymers (CPs) has been
the focus of research interest, not only because of the potential
of these compounds as functional materials but also owing to
their flexibility in aspects such as composition and topology.1

Up to now, coordination polymers of various structural motifs
of one-, two-, and three-dimensions (1-D, 2-D, 3-D) have been
synthesized.2−4 One of the focal points for the design and
exploitation of such CPs is the rational choice and assembly of
metal ions and versatile bridging organic ligands. As is well-
known, trivalent lanthanide ions have proven particularly
suitable for the construction of CPs not only due to their
high coordination numbers and flexible coordination geometry
but also for their unique luminescence and magnetic properties.
It is commonly admitted that, for lanthanide compounds, the
excellent photophysical properties are attributed to f−f
transitions with an extremely narrow bandwidth.5 Also, the
magnetic properties of lanthanide compounds are uncommon
due to the presence of strong unquenched orbital angular
momentum originating from f electrons that are shielded by
s and p electrons.6 Many chemists synthesize lanthanide-based

CPs with many different carboxylic acids, such as aromatic
acids,7 aliphatic acids,8 and heterocyclic acids.9 Among these
acids, aromatic polycarboxylic acids are the most widely used
ligands due to the rigidity of the aromatic part, which favors the
formation of great and ordered single crystals, and the high
affinity of carboxylate function and lanthanide ion.10 However,
compared with di- and tricarboxylate ligands, many fewer
complexes with bipyridinetetracarboxylic acids were inves-
tigated. Until now, 4,4′-bipyridine-2,2′,6,6′-tetracarboxylic
acid,11 2,2′-bipyridine-5,5′,6,6′-tetracarboxylic acid,12 and 2,2′-
bipyridine-4,4′,6,6′-tetracarboxylic acid have been synthesized.
For these rigid ligands, various coordination modes can be
adjusted to satisfy the requirements of the assembly process
and interesting structural motifs may result.13−15 For example,
Kruger and co-workers used the 2,2′-bipyridine-4,4′,6,6′-tetra-
carboxylic acid ligand to construct 1-D or 2-D lanthanide-based
CPs.13,14 Investigation has revealed that the structures of
lanthanide CPs based on 2,2′-bipyridine-4,4′,6,6′-tetracarboxylic
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acid ligand are very similar when consideration is given to the
La(III) coordination number and geometry, and each link
together to form topologically identical 1-D polymeric chains
through 4- and 4′-carboxylate group bridging. More recently,
Pruchnik and co-workers reported two transition-metal complexes
(Fe2+ and Co2+) of 2,2′-bipyridine-3,3′,6,6′-tetracarboxylic acid,16

but its lanthanide complexes have been unexplored up to now.
However, the presence of four potential coordinating carboxylate
groups in the bipyridinetetracarboxylate anion together with the
variety of coordination numbers of the metal ions accounts for
the difficulties in the structural predictions of the corresponding
complexes. Therefore, further research is necessary to enrich and
develop this field.
In this work, the selection of 2,2′-bipyridine-3,3′,6,6′-

tetracarboxylic acid ligand (bptcH4) was based on the following
considerations: (1) under appropriate conditions, bptcH4 can
completely or partially deprotonate and adopt various
coordination modes when it coordinates to metals and thus
may produce various structural topologies; (2) due to the
instinctive high oxophilicity of the lanthanide ions, the bptcH4

is an ideal ligand in constructing lanthanide CPs; (3) the
pyridine ring and two carboxylic groups on 6- and 6′-positions
can chelate the lanthanide ions safely to afford stable structures,
while the other two carboxylic groups on 3- and 3′-positions
can bridge the other metal center to form chain-like units with
Ln−O−Ln connectivity; (4) the carboxylate groups can act not
only as a hydrogen bond acceptors but also as hydrogen bond
donors, depending on the degree of deprotonation; and (5)
bptcH4 is a polydentate ligand with a scissor-shaped backbone,
and this allows a certain degree of rotation to modulate the
intermetallic distances so as to develop potential magnetic
materials. Herein, we use 2,2′-bipyridine-3,3′,6,6′-tetracarboxylic
acid (bptcH4) as a multidentate bridging ligand to construct novel
lanthanide CPs under hydrothermal conditions. The syntheses,
crystal structures, and properties of seven 1-D lanthanide CPs
{[Ln(bptcH)(H2O)2]·H2O}n (Ln = Nd (1), Eu (2), Gd (3), Tb
(4), Dy (5), Ho (6), or Er (7)) will be presented.

■ EXPERIMENTAL SECTION
Materials and Physical Techniques. 2,2′-Bipyridine-3,3′,6,6′-tetra-

carboxylic acid (bptcH4) was synthesized according to the literature
method.16 Hydrated lanthanide picrates were prepared by the
reactions of the corresponding lanthanide oxides and picric acid.
The result of elemental analysis indicated that the stoichiometric
formula of lanthanide picrates is Ln(Pic)3·11H2O. All other chemicals
were commercially purchased and used without further purification.
The IR spectra were recorded as KBr pellets on a Nicolet Avatar-360
spectrometer in the 4000−400 cm−1 region. Elemental analyses for C,
H, and N were carried out on a Flash 2000 elemental analyzer. Powder
X-ray diffraction (PXRD) measurements were performed on a Bruker
D8-ADVANCE X-ray diffractometer with Cu Kα radiation (λ =
1.5418 Å). Thermogravimetric analyses were carried out on a SDT
Q600 thermogravimetric analyzer. A platinum pan was used for
heating the sample with a heating rate of 10 °C/min under a N2
atmosphere. Luminescent spectra were recorded with a Hitachi
F4500 fluorescence spectrophotometer. The magnetic measure-
ments in the temperature range of 1.8−300 K were carried out on a
Quantum Design MPMS7 SQUID magnetometer. Diamagnetic
corrections were made with Pascal’s constants for all samples.

Synthesis of the Complexes. All seven complexes were prepared
by the same method, as follows: a mixture of Ln(Pic)3·11H2O (Ln =
Nd, Eu, Gd, Tb, Dy, Ho, and Er, 0.2 mmol), bptcH4 ligand (0.2
mmol), and H2O (10 mL) was sealed in a 23 mL Teflon-lined stainless
steel container and heated at 150 °C for 3 days, then cooled to room
temperature at a rate of 5 °C h−1. Crystals of 1−7 suitable for a single-
crystal X-ray diffraction study were isolated by filtration and washed
with DMF several times. For 1, yield: 0.080 g, 76% based on Nd. Anal.
Calcd (%) for C14H11NdN2O11: C, 31.88; H, 2.10; N, 5.31. Found: C,
32.07; H, 2.31; N, 5.16. IR (KBr, cm−1): 3494(m), 3438(m), 2918(w),
1715(w), 1644(s), 1596(s), 1461(m), 1402(s), 1362(s), 1308(m),
1232(m), 1181(m), 1083(m), 796(m). For 2, yield: 0.071 g, 66%
based on Eu. Anal. Calcd (%) for C14H11EuN2O11: C, 31.42; H, 2.07;
N, 5.23. Found: C, 31.53; H, 2.19; N, 5.07. IR (KBr, cm−1): 3499(m),
3422(m), 3081(m), 2920(w), 1716(m), 1650(s), 1597(s), 1462(m),
1404(m), 1363(m), 1306(m), 1233(m), 1181(m), 1084(m), 773(m).
For 3, yield: 0.079 g, 73% based on Gd. Anal. Calcd (%) for
C14H11GdN2O11: C, 31.11; H, 2.05; N, 5.18. Found: C, 31.34; H, 2.13;
N, 5.01. IR (KBr, cm−1): 3501(m), 3427(m), 3082(m), 2919(w),
1714(m), 1653(s), 1593(s), 1459(m), 1401(m), 1367(m), 1302(m),
1219(m), 1180(m), 1087(m), 779(m). For 4, yield: 0.073 g, 67%
based on Tb. Anal. Calcd (%) for C14H11TbN2O11: C, 31.01; H, 2.04;
N, 5.17. Found: C, 30.89; H, 2.10; N, 4.99. IR (KBr, cm−1): 3503(m),

Table 1. Crystallographic Data and Structure Refinement Summary for Complexes 1−7

1 2 3 4 5 6 7

formula C14H11NdN2O11 C14H11EuN2O11 C14H11N2GdO11 C14H11N2TbO11 C14H11N2DyO11 C14H11HoN2O11 C14H11ErN2O11

M 527.49 535.21 540.50 542.17 545.75 548.18 550.51
cryst syst triclinic triclinic triclinic triclinic triclinic triclinic triclinic
space group P1̅ P1̅ P1̅ P1̅ P1̅ P1̅ P1̅
a (Å) 9.2072(12) 9.2247(11) 9.2249(11) 9.236(6) 9.2185(11) 9.1986(11) 9.1813(11)
b (Å) 9.3200(12) 9.2792(11) 9.2640(11) 9.236(6) 9.2289(11) 9.2305(11) 9.2376(11)
c (Å) 9.4981(12) 9.4629(11) 9.4434(11) 9.447(6) 9.4132(11) 9.3993(12) 9.3885(11)
α (deg) 86.1740(10) 86.1680(10) 86.2070(10) 87.255(6) 87.1670(10) 86.9970(10) 86.8560(10)
β (deg) 88.2810(10) 87.7610(10) 87.6560(10) 86.232(6) 86.2270(10) 86.2330(10) 86.2240(10)
γ (deg) 84.7320(10) 85.2170(10) 85.3200(10) 85.446(6) 85.6640(10) 85.7400(10) 85.8460(10)
V (Å3) 809.56(18) 804.92(16) 802.06(16) 800.8(8) 796.02(16) 793.24(17) 791.45(16)
Z 2 2 2 2 2 2 2
Dcalc(g cm−3) 2.164 2.208 2.238 2.248 2.277 2.295 2.310
μ (mm−1) 3.277 3.967 4.205 4.486 4.765 5.059 5.374
F(000) 514 520 522 524 526 528 530
data/params 6232/3001 6174/2978 6149/2972 6149/2968 6085/2944 5926/2931 5910/2925
GOF on F2 1.048 1.054 1.022 1.037 1.062 1.042 1.020
R1 (I > 2σ) 0.0223 0.0258 0.0166 0.0167 0.0182 0.0181 0.0177
wR2 (I > 2σ) 0.0495 0.0631 0.0424 0.0428 0.0456 0.0443 0.0448
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3418(m), 3079(m), 2924(w), 1708(m), 1649(s), 1592(s), 1464(m),
1398(m), 1362(m), 1300(m), 1215(m), 1176(m), 1081(m), 774(m).
For 5, yield: 0.076 g, 69% based on Dy. Anal. Calcd (%) for
C14H11DyN2O11: C, 30.81; H, 2.03; N, 5.13. Found: C, 31.07; H, 2.15;
N, 5.01. IR (KBr, cm−1): 3491(m), 3415(m), 3226(m), 2919(w),
1714(m), 1650(s), 1598(s), 1464(s), 1408(m), 1364(s), 1308(m),
1234(m), 1182(m), 1086(m), 772(m). For 6, yield: 0.083 g, 75%
based on Ho. Anal. Calcd (%) for C14H11HoN2O11: C, 30.67; H, 2.02;
N, 5.11. Found: C, 30.49; H, 2.16; N, 5.23. IR (KBr, cm−1): 3416(m),
3415(m), 3088(w), 2926(w), 1715(m), 1650(s), 1598(s), 1463(m),
1409(s), 1364(s), 1308(m), 1234(m), 1182(m), 1086(m), 773(m).
For 7, yield: 0.077 g, 70% based on Er. Anal. Calcd (%) for C14H11-
ErN2O11: C, 30.54; H, 2.01; N, 5.09. Found: C, 30.31; H, 2.19; N,
4.93. IR (KBr, cm−1): 3488(m), 3432(m), 2925(w), 1713(w), 1650(s),
1600(s), 1463(m), 1408(s), 1365(s), 1308(m), 1235(m), 1182(m),
1086(m), 774(m).
X-ray Structural Studies. Crystallographic data for 1−7 were

collected on a Bruker Smart Apex-II CCD area detector equipped with
a graphite-monochromatic Mo Kα radiation (λ = 0.71073 Å) at room
temperature. An empirical absorption correction was applied. All
structures were solved and refined by a combination of direct methods
and difference Fourier syntheses, using SHELXTL.17,18 Anisotropic
thermal parameters were assigned to all non-hydrogen atoms. The
hydrogen atoms were set in calculated positions and refined as riding
atoms with a common isotropic thermal parameter. The crystallo-
graphic data for 1−7 are listed in Table 1; CCDC 809308 (1), 809309
(2), 809310 (3), 809311 (4), 809312 (5), 809313 (6), and 809314
(7) contain the supplementary crystallographic data. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Center, 12 Union
Road, Cambridge CB2 1EZ, UK. Fax: (44) 1223 336-033. E-mail:
deposit@ccdc.cam.ac.uk).

■ RESULTS AND DISCUSSION
Synthesis. The coordination polymers of 1−7 were success-

fully synthesized by the reaction of bptcH4 and the corres-
ponding lanthanide picrates under hydrothermal conditions.
However, suitable crystals were not obtained when we tried to
synthesize these complexes by the use of traditional methods

such as slow evaporation and diffusion at room temperature.
This may be attributed to the competitive advantage of hydro-
thermal synthesis, a special environment with high temperature
and pressure, which induced the generation of large crystals.
The structural evidence demonstrates that the multidentate
bptcH4 ligand is capable of binding trivalent lanthanide atoms
into polymeric Ln3+ prisms. The carboxylate ligand, as a hard
Lewis base, is able to form strong bonds with lanthanide ions.
Additionally, as a polydentate chelator, such ligands are
sufficient to satisfy the high (8, 9, or more) coordination
numbers usually required by Ln3+ ions.

Crystal Structures of 1−7. The X-ray structure analyses
reveal that polymers 1−7 are isostructural, so only the structure
of 1 is described in detail. Framework 1 is a 1-D chainlike
coordination polymer consisting of dinuclear lanthanide
building blocks, similar to the previous reports.7a The atomic
numbering scheme and atom connectivity for 1 are shown in
Figure 1a. Polymer 1 crystallizes in triclinic P1 ̅ space group, and
crystallographic data are shown in Table 1. The asymmetric
unit contains one crystallographically independent Nd(III)
atom, one bptcH3− ion, two coordination water molecules, and
one lattice water molecule. The Nd(III) center coordinated to
five O atoms [O(4), O(6)i, O(7)ii, O(10), and O(10)iii]
belonging to four symmetry-related bptcH3− ions and two
bipyridyl nitrogen atoms [N(1) and N(2)] belonging to one
bptcH3− ion, plus two O atoms of two water molecules [O(1)
and O2]. As is well-known, the pH value plays a crucial role in
the structure formation.19 Under the experimental conditions,
for each bptcH4 ligand, there is one carboxyl group that is not
deprotonated. As a result, each Nd atom is linked with four
bptcH3− ligands, and in turn, each bptcH3− ligand is linked with
four Nd atoms. O(10) coordinates one Nd(III) ion and also
participates in unidentate bridging of another Nd(III) ion. This
leads to a nine-coordination sphere, {NdN2O7} [Figure 1a;
symmetry operations: ((i) = −x + 1, −y + 1, −z + 1; (ii) = x,
y + 1, z; (iii) = −x + 1, −y + 2, −z + 1)], which resembles a

Figure 1. (a) The coordination environments and atomic numbering scheme for 1 with symmetry equivalents of Nd1 given to show further
coordination of the carboxylate oxygen atoms. Bipyridyl and water molecule hydrogen atoms omitted for clarity. Symmetry operators: a = x, y + 1, z;
b = −x + 1, −y + 1, −z + 1; c = −x + 1, −y + 2, −z + 1. (b) Polyhedral representation and (c) ball and stick of dinuclear building block in 1. (d)
View of a one-dimensional double-stranded looplike chain structure in 1. Bipyridyl hydrogen atoms, water molecule hydrogen atoms, and lattice
water molecule omitted for clarity. (e) Three-dimensional network in 1. The extensive hydrogen bonds are colored red.
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highly distorted tricapped trigonal geometry (Figure 2b). The Nd−
O bond lengths are in the range from 2.426(2) to 2.575(2) Å, and

the Nd−N bond distances are 2.616(3) and 2.634(3) Å, which are
similar to the reported Nd−O and Nd−N bond distances.7a,10 The
average distance of Nd−O is 2.355 Å, which is strikingly shorter
than that of Nd−N (2.554 Å) (Supporting Information, Table S1).
Additionally, the distortion of the lanthanide coordination sphere is
clearly reflected by the internal (N,O)−Nd−(N,O) bond angles:
while the O−Nd−O angles range between 66.80(8)° and
152.36(2)°, the O−Nd−N angles can be found in the 64.09°−
150.06(8)° range, and the N−Nd−N angle is 60.01(8)°
(Supporting Information, Table S1). The dihedral angle between
two pyridyl rings is 28.63°, whereas the three 6, 6′, and 3 carboxylate
groups (centered about C1, C12, and C13), which participated in
coordination with Nd are twisted by 3.97°, 10.14°, and 23.59°,
respectively, with respect to the pyridyl rings to which they are
attached. The 3′ carboxylate group (centered C13), which remained
uncoordinated and in a protonated state, is twisted by 36.32(3)°.
In the crystal structure, two crystallographically equivalent

Nd atoms are bridged by four carboxylate groups form four
bptcH3− ions in dimonodentate and monodidentate fashions to
give a dinuclear lanthanide building block [Nd2N4(CO2R)6]
with shorter separations of Nd···Nd (3.999 Å). The dinuclear
lanthanide building blocks are connected to each other through
bptcH3− leading to a 1-D double-stranded looplike chain
(Figure 1d). Considering that there are two coordinated water
molecules and a lattice water molecule within the structure,
the packing of compound 1 in the crystal lattice is worth
mentioning. Each 1-D double-stranded looplike chain interacts
with neighboring ones via O−H···O hydrogen bonds, forming
extended 3-D structures. First, O−H···O hydrogen bonds
formed between coordinated water molecules (O2) of one
chain and carboxylate oxygen atoms of an adjacent chain (O11)
(O···O, 2.810(4) Å), which link each chain to two adjacent
chains into a 2-D hydrogen-bonded network. Finally, unco-
ordinated water molecules (O3) hydrogen bond to three
carboxylate oxygen atoms (O4, O5, O9; O···O 2.800(3),
2.695(3), 2.592(3) Å, respectively) and coordinated water
molecules (O1; O···O, 2.871(4) Å) of adjacent sheets, and
coordinated water molecules (O1) hydrogen bond to carboxylate
oxygen atoms (O8; O···O, 2.807(4) Å), thereby linking adjacent
sheets to form a complicated 3-D hydrogen-bonded network, as

shown in Figure 1e. Details of the hydrogen bond interactions
are reported in Table S2, Supporting Information.

Structural Features of the Polymers 1−7. For the seven
novel lanthanide CPs reported in this study, the same structural
feature is that the frameworks are constructed by one kind of
dinuclear lanthanide building blocks (Supporting Information,
Figure S1−S7), and they possess the same 3D architectures and
crystallize in triclinic space group P1 ̅. Because the structures of
the dinuclear building blocks in 1−7 are very similar to each
other, the polymers 1−7 display very similar crystal cell param-
eters (Table 1). In 1−7, the bptcH4 ligands adopt the same
coordinated modes (Scheme 1), and this should be the main

role in the formation of 1-D double-stranded looplike chain.
Moreover, the coordinated or crystalline water molecules and
carboxylate oxygen atoms are the main part of hydrogen-
bonded motifs. The lattice water molecules of all seven
complexes contribute to bridge the adjacent sheet to a 3-D
network with hydrogen bonds. Thus, the strong O−H···O
hydrogen bonds play an important role in contributing to the
stability of the 3-D framework solids. It is noted that the lanthanide
contraction effect is observed in the seven lanthanide CPs. We
have compared the average Ln−N and Ln−O bond lengths
among the complexes 1−7 (Supporting Information, Table S1).
The average lengths between the lanthanide and N atoms
decrease continuously from 2.625(3) to 2.528(2) Å, and the
average lengths between the lanthanide and O atoms also
decrease continuously from 2.491(2) to 2.406(2) Å. This result
is similar to previous reports.10a,b Furthermore, in the dinuclear
lanthanide building blocks, the Ln−Ln distances also decrease
continuously from 3.999 Å in 1 to 3.949 Å in 2, 3.933 Å in 3,
3.918 Å in 4, 3.900 Å in 5, 3.886 Å in 6, and 3.874 Å in 7.

Thermal Stability and Powder X-ray Diffraction. The
thermal stability of polymers 1−7 was examined by thermo-
gravimetric analyses (TGA) in the 30−900 °C range.
Thermograms show similar profiles and are provided as Figure 2.
The compounds are thermally stable up to 150 °C, with the first
weight loss between 152 and 210 °C (10.58% for 1, 10.45% for 2,
10.32% for 3, 10.26% for 4, 10.05% for 5, 10.03% for 6, and
10.02% for 7), corresponding to the release of one lattice water
molecule and two coordinated water molecules (calcd 10.23% for
1, 10.08 for 2, 9.99 for 3, 9.96 for 4, 9.87% for 5, 9.85% for 6, and
9.84% for 7). The second weight loss, between 290 and 610 °C
(62.28% for 1, 61.79% for 2, 61.39% for 3, 61.22% for 4, 60.26%
for 5, 60.32% for 6, and 60.15% for 7), is attributed to the thermal
decomposition of the organic components (calcd 62.37% for 1,
61.38% for 2, 60.87% for 3, 60.68% for 4, 60.14% for 5, 60.04%
for 6, and 59.93% for 7), leading to the formation of the
corresponding Ln2O3.

Figure 2. Thermogravimetric analyses (TGA) curve of polymers 1−7.

Scheme 1. The Coordination Modes of bptcH3−
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PXRD patterns were measured on bulk crystalline powders from
the large-scale syntheses of the lanthanide complexes suspended in
their mother liquor. The experimental PXRD patterns of com-
plexes 1−7 are in agreement with that simulated from the single-
crystal data, as shown in Figure 3. This result shows the phase
purity of the bulk samples.

IR Spectrum. The IR spectra of complexes 1−7 have been
measured. It is noted that the IR spectra of 1−7 are fully
identical, suggesting that the seven complexes may be

isostructural and the bptcH3− ions are in the same coordination
modes, which was further confirmed by the X-ray diffraction
analysis. The characteristic bands of the carboxylic acid groups
in 1−7 are shown in ca. 1714 cm−1 for asymmetric stretching
and ca. 1363 cm−1 for symmetric stretching. The features at ca.
1650 and 1597 cm−1 are attributed to the asymmetric stretching
vibrations for carboxylate groups (νas(COO−)), and the
characteristic bonds observed at ca.1463 and 1408 cm−1 can be
regarded as the symmetric stretching vibrations of carboxylate
groups (νs(COO

−)),20 which suggests that the carboxylate groups
are in differing coordination environments. Indeed, the peak
separation between νas(COO

−) and νs(COO
−) of the carboxylate

groups has a value of Δ = 187 cm−1 and may be due to the
presence of a bridging carboxylate group.14 In addition, for 1−7, a
narrow band is visible above 3400 cm−1 (maximum peaking at
3499 cm−1) associated with the highly defined environment of the
H-bonded water molecules as depicted by the crystal structures.

Photoluminescence Studies. Taking into account the
excellent luminescent properties of Eu3+ and Tb3+ ions, the
luminescence of their polymers and bptcH4 were investigated.
As shown in Figure 4a, the free bptcH4 ligand shows an
emission band at 508 nm (λex = 400 nm) and 535 nm (λex =
340 nm), which is attributed to the π → π* transitions. Upon
excitation at 400 nm, compound 2 exhibits typical emission
bands of Eu3+ ions, whereas the emission band from the free
ligand is not observed, indicating energy transfer from the
ligand to the Eu3+ center during photoluminescence. The emission
bands in compound 2 arise from of 5D0 →

7FJ (J = 0−4) of Eu3+ at
the peaks of 580, 594, 616, 650, and 697 nm, respectively, as
shown in Figure 4b. The symmetry-forbidden transition of
5D0 →

7F0 (580 nm) indicates that the Eu
3+ ions in 2 possess a

noncentrosymmetric coordination environment.21 The intensity of

Figure 3. Comparison of the experimental and simulated PXRD
patterns. In each group, the top is the experimental pattern, and the
bottom is the simulated one.

Figure 4. Emission spectra of the ligand bptcH4 (a) and complexes 2 (a) and 4 (c).
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the 5D0 → 7F2 transition (electric dipole) is ca. 3.5 times the
intensity of the 5D0 → 7F1 transition (magnetic dipole), which
suggests low symmetry of the Eu center5a,22 and is consistent with
the results from crystallographic analyses. In addition, the red
emission of 5D0 →

7F2 transition is the most intense, which suggests
that the ligands are suitable for the sensitization of red luminescence
for Eu3+ ion under the experimental conditions, as observed in the
previous report.21b Upon excitation at 340 nm, the emission spec-
trum of 4 (Figure 4c) exhibits the four characteristic emissions of
Tb3+. They are assigned to the 5D4 →

7FJ (J = 3, 4, 5, 6), 5D4 →
7F6

(491 nm), 5D4 → 7F5 (546 nm), 5D4 → 7F4 (584 nm), and
5D4 →

7FJ (620 nm) transitions. However, there is a very intense
broad background in the excitation spectrum of 4, which means
there exists intramolecular π → π* transition of ligands.
Magnetic Properties. Variable-temperature magnetic sus-

ceptibility measurements were performed on powder samples
of 2, 3, and 5 in the temperature range of 1.8−300 K. Figure 5

shows χMT and χM vs T plots for compound 2. The χMT value at
room temperature is 2.62 cm3 K mol−1 per Eu(III)2, close to what is
previous reported in the free-ion approximation,23 and χMT decreases
gradually upon cooling the sample and reaches 0.039 cm3 K mol−1 at
1.8 K. The shape of these curves is a typical characteristic occurrence
of thermally populated excited states. For Eu3+, the 7F ground term is
split by the spin−orbit coupling (Ĥ = λL·S) into seven states 7FJ (J =
0, 1, ..., 6). The 7F0 ground state is taken as the origin, and λ is small
enough for the first excited states to be thermally populated; in
addition, the gJ factors are equal to 1.5, except g0 which is equal to 5,
and the magnetic susceptibility can be expressed as

χ = β
− θ
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+ − + −
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+ + + +
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with x = λ/(kT), where N is Avogadro’s number, β is the Bohr
magneton, k is the Boltzmann constant, and the Weiss constant
θ accounts for the magnetic interactions between neighboring
Eu3+ ions. The best fit, shown as the solid line in Figure 5, gives
parameters λ = 349 cm−1, θ = −1.14 K. The negetive θ value

confirms the presence of weak antiferromagnetic interactions
between Eu3+ ions.
The measurements performed on compound 3 are shown in

Figure 6. The SQUID measurement shows a χMT value at room

temperature of 15.76 cm3 K mol−1, corresponding to the value
expected for two Gd(III) ion, which has a S = 7/2 ground state. The
value remains roughly constant until about 50 K, where an abrupt
decrease is clearly visible, reaching a value of 11.52 cm3 K mol−1 at
1.8 K. The spin-exchange integral of the compound 3 was analyzed
using a spin-only expression described by the spin Hamiltonian Ĥ =
−2JS1·S2. The experimental data were fit using the following
equation:

χ =
β

− θ
× +

+ + +
+ +

+ + +
+ + + +

Ng
k T
2
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θ is a correction term for the magnetic interactions between
neighboring Gd3+ ions. The best fit gives parameters g = 2.003,
J = −0.04 cm−1, and θ = −0.008 K. The negetive θ value
confirms the presence of weak antiferromagnetic interactions
between Gd3+ ions.
In Figure 7, the plot of χMT vs T for a powder sample of 5 is

presented. At room temperature, the χMT value is equal to

Figure 5. Plots of χMT and χM vs T for 2.

Figure 6. Plots of χMT and χM vs T for 3.

Figure 7. Plots of χMT and χM vs T for 5.
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29.46 cm3 K mol−1, which corresponds to the value calculated
for two isolated Dy3+ (J = 15/2, gJ = 4/3). As the temperature is
lowered, the χMT gradually increases to reach a dispersed
maximum of 30.25 cm3 K cm−1 at T ≈ 52 K and then abruptly
decreases to the value of 21.07 cm3 K mol−1 at 1.8 K. The maxi-
mum χMT value may be related to a ferromagnetic exchange
between the magnetic centers.

■ CONCLUSIONS
In summary, we have successfully assembled the lanthanide(III) ions
and bptcH4 into seven lanthanide coordination polymers: {[Ln-
(bptcH)(H2O)2]·H2O}n (Ln = Nd (1), Eu (2), Gd (3), Tb (4), Dy
(5), Ho (6), or Er (7)). Single-crystal X-ray diffraction analysis
revealed that the same coordination modes of the organic bridge
ligand and the same coordination numbers of lanthanide atoms
could promote the same topology structures, which are constructed
from similar dinuclear lanthanide building blocks. The coordination
polymers 1−7 possess 1-D double-stranded looplike chain structures
that are further interlinked into a 3-D supramolecular network based
on hydrogenbonding interactions. Compound 2 exhibits strong red
emission, and 4 has pure green luminescence and thus can be a good
candidate for green-light emitting diode devices.24 Furthermore,
polymers 2, 3, and 5 display antiferromagnetic interactions, suggest-
ing that these compounds may be efficient solid emitting and
antiferromagnetic materials.
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