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a b s t r a c t

Five new lanthanide supramolecular complexes, namely, [Sm(oqa)2(H2O)4]2 (ClO4)2
. (bpy)2 (1),

[Ln(oqa)3] �2H2O [Ln=Sm(2), Gd(3)] and [Ln(oqa)2(NO3)(H2O)] [Ln=Pr(4), Eu(5)] (oqa=4-oxo-1(4H)-

quinolineacetate, bpy=4,40-bipyridine), have been synthesized under hydrothermal conditions. These

complexes exhibit three typical structure features. Complex 1 possesses a dimeric structure, which is

further connected together through hydrogen bonds and p–p attractions, forming a 3D supramolecular

framework. Compounds 2–3 are isomorphous and contain 1D ring-like chains, which are further

interconnected by the oqa ligands into 2D sheet-like structures. 4 and 5 exhibit eight-connected 3D

network of 424
�64-bcu topology. The various coordination modes of carboxylate ligands and the

selection of the counterions have clearly affected the topological structures. Furthermore, the solid-

state luminescent properties of complexes 1, 2 and 5 were investigated at room temperature and they

show intense, characteristic emissions in the visible region.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The rational design and synthesis of lanthanide–carboxylate
coordination polymers have attracted considerable attention in
the field of supramolecular chemistry and crystal engineering in
recent years, due to the fascinating network topologies and
promising applications as functional materials [1–7]. In order to
obtain lanthanide complexes with different dimensional topolo-
gical structures, for instance, ladder, brick-wall, layer, honeycomb,
non-interpenetrated and interpenetrated 3D networks, etc., a
great many carboxylate ligands with rigidity, such as benzene-,
pyridine- and pyrazole-multicarboxylates [8–13], have been
preferentially selected due to adopting abundant coordination
modes. However, only a limited amount of research has been
reported by using polycarboxylate ligands combining the char-
acteristic of rigidity and flexibility such as benzene- and quinolyl-
oxyacetate [14–16], which will be quite important in generating
the coordination polymers with unprecedented network and
striking functions. In addition, it is well documented that the
choice of the counterions is one of the key factors that has great
effect on the topological structures of the complexes. The
counterions with weak coordination ability such as ClO�4 , BF�4 ,
SiF2�

6 , etc. [17–19] mainly exist in the crystal lattice through
electrostatic forces and hydrogen bonds during the process of
crystallization. On the contrary, those with strong coordination
ll rights reserved.

ng@scnu.edu.cn (W. Zhang).
ability such as NO�3 , N�3 , SO2�
4 , etc. [20–23] usually act as the

favorable donors and even the potential linkers to connect the
isolated or low-dimensional coordination units, leading to the
formation of the complicated high-dimensional frameworks.

Hydroxyl-substituted quinolines and their derivatives have
been already applied in pharmaceutical research [24,25]. More-
over, they have multifunctional coordination sites with chelating
and bridging ability in the field of crystal engineering [26,27]. In
solid structures, weak interactions such as hydrogen bonds and
p–p stacking attractions are often observed. Herein, we present
the synthesis, crystal structures and physical properties of
lanthanide coordination polymers with 4-oxo-1(4H)-quinolinea-
cetate (oqa) under hydrothermal conditions. We also utilized the
counterions such as perchlorate and nitrate to construct un-
precedented lanthanide coordination networks.
2. Experimental

2.1. Materials and general methods

The ligand 4-oxo-1(4H)-quinolineacetic acid (Hoqa) was
prepared according to the literature [28]. Lanthanide nitrate salts
were prepared by dissolving their respective oxides in 1:1 nitric
acid (V/V) followed by drying. All the other reagents were
commercially available and used without further purification.
Elemental (C, H, N) analyses were performed on a Thermo
FlashEA112 elemental analyzer. IR spectra were recorded on a
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Perkin Elmer Spectrum One spectrometer with KBr pellets in the
range 4000�400 cm�1. Thermogravimetric analysis (TGA) ex-
periments were carried out on a Netzsch STA409PC Thermal
Analyzer at a heating rate of 10 1C/min up to 800 1C under air
atmosphere. Solid-state fluorescent spectra were measured with
an Edinburgh FLS920 spectrophotometer at room temperature.

Caution! Perchlorate salts of metal complexes with organic
ligands are potentially explosive. They should be handled with
care and prepared only in small quantities.

2.2. Syntheses of the compounds

2.2.1. Synthesis of [Sm(oqa)2(H2O)4]2(ClO4)2-(bpy)2 (1)

A mixture of Sm2O3 (0.174 g, 0.50 mmol), Hoqa (0.102 g,
0.50 mmol), 4,40-bipyridine (0.090 g, 0.50 mmol), HClO4 (0.2 mL)
and distilled water (10 mL) was sealed in a 20 mL Teflon-lined
stainless-steel reactor and then heated to 120 1C for 48 h under
autogenous pressure. After the sample was slowly cooled to room
temperature at a rate of 5 1C/h, light-yellow block crystals of 1
were obtained by filtration and washed with water. Yield: 42%.
Calcd for C64H64Cl2N8O28Sm2 (1764.83): C 43.56, H 3.66, N 6.35;
found: C 43.75, H 3.79, N 6.42%. IR (KBr, cm�1): 3198br, 1645s,
1615vs, 1570s, 1489m, 1470w, 1448w, 1405s, 1312s, 1272m,
1242s, 1220m, 1146w, 1108vs, 1062m, 1000w, 807m, 756m,
622m, 593m.

2.2.2. Synthesis of [Sm(oqa)3]-2H2O (2)

A mixture of Sm2O3 (0.174 g, 0.50 mmol), Hoqa (0.203 g,
1.0 mmol), Cu(OAc)2 �H2O (0.100 g, 0.50 mmol), HClO4 (0.2 mL)
and distilled water (10 mL) was sealed in a 20 mL Teflon-lined
stainless-steel reactor and then heated to 120 1C for 48 h under
autogenous pressure. Light-yellow block crystals of compound 2
were obtained and washed with water. Yield: 35%. Calcd for
C33H28N3O11Sm (792.93): C 49.99, H 3.56, N 5.30; found: C 50.12,
H 3.78, N 5.44%. IR (KBr, cm�1): 3514m, 3432m, 1661m, 1637s,
1615vs, 1557vs, 1487s, 1417m, 1376s, 1324 m, 1284m, 1242m,
1212w, 1085w, 1050m, 968w, 932w, 841m, 779s, 593m.

2.2.3. Synthesis of [Gd(oqa)3]-2H2O (3)

Compound 3 was synthesized in a similar procedure as that
described in 2, except that Sm2O3 was replaced by Gd2O3 (0.180 g,
0.50 mmol). Colorless block crystals of 3 were obtained with a
yield of 44%. Calcd for C33H28GdN3O11 (799.83): C 49.55, H 3.53, N
5.25; found: C 49.37, H 3.28, N 5.06%. IR (KBr, cm�1): 3515m,
3429m, 1662m, 1639m, 1616s, 1557vs, 1487s, 1419m, 1378s,
1325m, 1284s, 1241s, 1212m, 1085w, 1050m, 975w, 933m,
841m, 779s, 594m.

2.2.4. Synthesis of [Pr(oqa)2(NO3)(H2O)] (4)

A mixture of Pr(NO3)3 �6H2O (0.435 g, 1.0 mmol), Hoqa
(0.102 g, 0.50 mmol), triethylamine (0.2 mL) and H2O (10 mL)
was sealed in a 20 mL Teflon-lined stainless-steel reactor and
heated to 120 1C for 48 h under autogenous pressure. Light-green
block crystals of 4 were obtained and washed with water. Yield:
52%. Calcd for C22H18N3O10Pr (625.30): C 42.26, H 2.90, N 6.72;
found: C 42.37, H 3.08, N 6.85%. IR (KBr, cm�1): 3429br, 1618vs,
1559vs, 1487s, 1443w, 1412m, 1320m, 1295m, 1282m, 1240s,
1212m, 1184m, 1147m, 1054s, 969m, 923m, 842s, 765s, 587s.

2.2.5. Synthesis of [Eu(oqa)2(NO3)(H2O)] (5)

The synthesis of 5 was similar to the above description as 4
except that Pr(NO3)3 was replaced by Eu(NO3)3 (0.446 g,
1.0 mmol). Colorless block crystals of 5 were obtained with a
yield of 56%. Calcd for C22H18EuN3O10 (636.35): C 41.52, H 2.85, N
6.60; found: C 41.69, H 2.96, N 6.73%. IR (KBr, cm�1): 3402s,
1650m, 1616s, 1567vs, 1495m, 1463m, 1411s, 1312s, 1270w,
1239s, 1208w, 1181m, 1147m, 1058m, 1037s, 971m, 929m, 839s,
761s, 585m.

2.3. X-ray crystallographic analysis

Diffraction data of compounds 1–5 were collected on a Bruker
APEX II Smart CCD diffractometer equipped with graphite-
monochromated MoKa radiation (l=0.71073 Å) using the o-scan
technique. Multi-scan absorption corrections were applied with
the SADABS program [29]. The structures were solved by direct
methods using the SHELXS-97 program and all the non-hydrogen
atoms were refined anisotropically with the full-matrix least-
squares on F2 using the SHELXL-97 program [30]. The hydrogen
atoms of water molecules were located in the difference Fourier
maps and the other hydrogen atoms were generated geometri-
cally and refined as riding atoms with isotropic thermal factors. In
complex 1, four oxygen atoms (O7–O10) of perchlorate anion are
disordered into two positions with site occupancy factors of
0.463(17) and 0.537(17), respectively. Crystallographic data and
structure determination summaries for 1�5 are given in Table 1
and the selected bond lengths are listed in Table 2. The hydrogen
bonds and selected bond angles for 1�5 are listed in Supporting
Information, Tables S1 and S2, respectively. CCDC-743545 (1),
743546 (2), 743547 (3), 743548 (4) and 743549 (5) contain the
supplementary crystallographic data for this paper. Copies of
these data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
3. Results and discussion

3.1. Synthesis

All the compounds 1–5 have been synthesized under hydro-
thermal conditions. These crystalline solids are stable in air and
insoluble in water or common organic solvent such as chloroform,
ethyl acetate, ethanol and acetone. Scheme 1 summarized the
coordination modes of the oqa anion in 1–5.

For compounds 1–3, lanthanide oxides (Ln2O3) were used as
the metal sources and adding a small quantity of HClO4 was of
advantage to dissolving these oxides and coordinating with the
organic ligands. In addition, lanthanide nitrates were selected as
the metal sources for 4–5 and triethylamine molecules acted as
the proton acceptors. The Hoqa molecules were deprotonated
after adding some Et3N, which were confirmed by IR spectra.

In this work, we tried to mix Ln(III) ions (Ln=Gd, Eu and Sm,
etc.) and transition metal ions (Zn2 +, Co2 + and Cu2 +, etc.) with the
Hoqa molecules in order to synthesize some 3d–4f bimetallic
compounds under hydrothermal conditions. Unfortunately, our
efforts failed and only the Ln–oqa complexes were obtained in
these reaction mixtures, which revealed that the coordination
between Ln3 + ion and the oqa molecule might have a greater
tendency than transition metal ion.

Obviously, some factors such as the starting materials and the
pH value of the reaction mixture have greatly influenced their
topological structures, indicated by the X-ray crystallography
analyses.

3.2. IR spectra

The IR spectra of these compounds show characteristic
absorptions for the carboxylate stretching vibrations. The char-
acteristic bands of carboxylate groups are shown in the range

www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
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Table 1
Crystallographic data and structure refinement summary for 1–5.

Complex 1 2 3 4 5

Empirical formula C64H64Cl2N8O28Sm2 C33H28N3O11Sm C33H28GdN3O11 C22H18N3O10Pr C22H18EuN3O10

Formula weight 1764.83 792.93 799.83 625.30 636.35

Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic

Space group P�1 P�1 P�1 P 21/c P 21/c

a (Å) 10.9501(9) 10.275(2) 10.247(2) 12.4600(8) 12.4029(10)

b (Å) 12.8332(10) 11.698(2) 11.672(2) 8.4616(5) 8.4508(7)

c (Å) 13.8212(11) 14.193(3) 14.180(3) 23.4644 (12) 23.2981(16)

a (deg.) 81.0450(12 67.33(2) 67.53(2) 90 90

b (deg.) 67.6650(14) 81.79(2) 82.10(2) 113.762(3) 113.841(3)

g (deg.) 87.5420(10) 77.89(3) 77.83(3) 90 90

V (Å3) 1774.3(2) 1535.5(5) 1529.0(6) 2264.2(2) 2233.6(3)

Z 1 2 2 4 4

Dc (g cm3) 1.652 1.715 1.737 1.834 1.892

m (mm�1) 1.803 1.982 2.239 2.217 2.874

F(000) 886 794 798 1240 1256

Refl. measured 9202 8008 16334 13704 13395

Unique refl. (Rint) 5796 (0.0183) 5082 (0.0191) 5326 (0.0160) 4252 (0.0347) 4321 (0.0426)

GOF on F2 1.121 1.054 1.087 1.027 1.038

Final R indices [I42s(I)] R1=0.0317 R1=0.0239 R1=0.0312 R=0.0300 R1=0.0307

wR2=0.0856 wR2=0.0560 wR2=0.1107 wR2=0.0621 wR2=0.0713

R indices (all data) R1=0.0355 R1=0.0265 R1=0.0335 R1=0.0408 R1=0.0396

wR=0.0888 wR2=0.0575 wR2=0.1182 wR2=0.0657 wR2=0.0754

Largest diff. peak and hole (e Å–3) 1.327,–1.147 0.466,–0.493 0.653,–0.617 0.560,–0.653 1.061,–0.551

a R1 ¼
P
jjFoj�jFcjj=

P
jFoj.

b wR2 ¼
P
½wF2

o�F2
c =
P
½wðF2

o Þ�
2

� �1=2
.

Table 2

Selected bonds lengths (Å) for 1–5.

[Sm(4–oqa)2(H2O)4]2(ClO4)2 � (4,40-bipy) (1)
Sm(1)�O(1) 2.399(3) Sm(1)�O(2)]1 2.426(3) Sm(1)�O(4) 2.586(3)

Sm(1)�O(5) 2.557(3) Sm(1)�O(5)]1 2.401(3) Sm(1)�O(1w) 2.446(3)

Sm(1)�O(2w) 2.426(3) Sm(1)�O(3w) 2.493(3) Sm(1)�O(4w) 2.488(3)

[Sm(4–oqa)3] �2H2O (2)
Sm(1)�O(1) 2.332(2) Sm(1)�O(3)]1 2.323(3) Sm(1)�O(4) 2.298(2)

Sm(1)�O(6)]2 2.240(2) Sm(1)�O(7) 2.336(2) Sm(1)�O(8)]3 2.587(2)

Sm(1)�O(9)]3 2.504(2)

[Gd(4�oqa)3] � 2H2O (3)
Gd(1)�O(1) 2.318(3) Gd(1)�O(2)]1 2.487(3) Gd(1)�O(3)]1 2.566(3)

Gd(1)�O(4)]1 2.314(3) Gd(1)�O(5) 2.305(3) Gd(1)�O(7)]2 2.277(4)

Gd(1)�O(9) 2.221(4)

[Pr(4�oqa)2(NO3)(H2O)] (4)
Pr(1)�O(1) 2.393(2) Pr(1)�O(1w) 2.600(2) Pr(1)�O(6) 2.436(2)

Pr(1)�O(7) 2.589(2) Pr(1)�O(8) 2.680(3) Pr(1)�O(4)]1 2.495(2)

Pr(1)�O(5)]1 2.706(2) Pr(1)�O(2)]2 2.482(2) Pr(1)�O(3)]3 2.380(2)

[Eu(4�oqa)2(NO3)(H2O)] (5)
Eu(1)�O(1) 2.333(3) Eu(1)�O(1w) 2.538(3) Eu(1)�O(6) 2.380(2)

Eu(1)�O(7) 2.535(3) Eu(1)�O(8) 2.640(4) Eu(1)�O(4)]1 2.438(3)

Eu(1)�O(5)#1 2.683(3) Eu(1)�O(2)]2 2.412(2) Eu(1)�O(3)]3 2.324(3)

Symmetry transformations used to generate equivalent atoms: 1: ]1 2�x, 1�y,

�z; 2: ]1�1+x, y, z; ]2 x, �1+y, z; ]3 1+x, y, z; 3: ]1 �1+x, y, z; ]2 x, �1+y, z; 4:
]1 �x, 1/2+y, 3/2�z; ]2 1�x, �y, 2�z; ]3 x, 1/2�y, �1/2+z; 5: #1 2�x, �1/2 +

y, 3/2�z; ]2 1�x, 1�y, 1�z; ]3 x, 1/2�y, 1/2+z.
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1661–1557 cm�1 for asymmetric stretching (nas) and 1495–
1405 cm�1 for symmetric stretching (ns) [31]. The absence of
strong absorption peaks around 1700 cm�1 indicates that all
carboxyl groups (–COOH) are deprotonated. For complex 1, the
signals at 1146, 1108 and 622 cm�1 are the typical stretching
vibrations of the free perchlorate anion. For 4 and 5, the strong
peaks in the regions 1487–1463 and 1320–1312 cm�1 can be
attributed to the characteristic vibrations of the ligated nitrate
anions [31]. In addition, the absence of strong absorptions at ca.
1380 cm�1 indicates that free NO�3 anions do not exist in the
crystal lattice. Moreover, the strong and broad absorption bands
observed in the range 3198–3514 cm�1 are due to the presence of
water molecules in these compounds.
3.3. Crystal structure descriptions

Complex 1 crystallizes in the triclinic space group P�1. X-ray
crystallography analysis reveals the formation of the dinuclear
complex. As depicted in Fig. 1, each Sm(III) ion is nine-
coordinated by five carboxylate oxygen atoms (O1, O2A, O4, O5
and O5A) from four bridging oqa anions and four oxygen atoms
(O1w, O2w, O3w and O4w) from four coordinated water
molecules, showing a distorted tricapped trigonal prism
configuration. The Sm–O bond lengths range from 2.399(3) to
2.557(3) Å, all of which are within the normal ranges [32,33]. In
complex 1, the oqa ligands adopt two kinds of coordination
modes: monodentate bridging (Scheme 1a) and bidentate
bridging (Scheme 1b). Thus, two Sm(III) ions are connected
together with Sm?Sm separation of 4.073(4) Å through the
bridging oqa ligands to form a dimeric unit. To balance the charge,
free perchlorate anions exist in the crystal lattice through the
electrostatic forces. In addition, the bpy molecules are not
engaged in coordinating with the Sm(III) ion and occur in the
lattice as guest molecules. The nitrogen atoms (N3 and N4) from
the bpy molecules and the oxygen atoms (O1w and O2w) from
the water molecules form the typical hydrogen bonding
interactions [N?O distances, 2.696(6) and 2.813(5) Å, Table S1,
Supporting information]. There are also O–H?O hydrogen bonds
between the water molecules and the carbonyl oxygen atoms
from the oqa ligands [O?O distances, 2.635(5)�2.798(5) Å,
Table S1], resulting in the formation of an extended 2D
sheet-like structure (Fig. 2). Moreover, these sheets stack together
via p?p interactions between pyridyl groups and quinolyl groups,
therefore forming a 3D supramolecular network (Fig. S1).

X-ray diffraction analyses indicate that 2–3 are a pair of
isomorphous compounds; thus 2 is selected as the representative
to be described in detail. Complex 2 exhibits a 2D sheet-like
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Scheme 1. Coordination modes of the oqa anions in compounds 1–5.

Fig. 1. ORTEP view of 1 with 30% thermal ellipsoids. All hydrogen atoms are omitted for clarity.
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structure, crystallizing in a triclinic fashion with space group P�1.
As illustrated in Fig. 3, each asymmetric unit consists of one Sm(III)
ion, three oqa ligands and two lattice water molecules, in which
the Sm(III) ion coordinates with seven oxygen atoms from six
bridging oqa anions: seven donor atoms form a distorted
pentagonal bipyramid configuration. The distances of Sm–O
bonds range from 2.240(2) to 2.587(2) Å and the O–Sm–O bond
angles are in the range from 50.71(8) to 179.09(10)1, similar to
those reported for the Sm(III) complexes [32–33]. In the structure
of 2, three oqa ligands exhibit two kinds of coordination modes:
one acts as a m2-bridge to connect two Sm(III) ions with the
carboxylate group adopting a bidentate chelate mode and the
carbonyl oxygen atom adopting a monodentate mode (Scheme 1c);
the others also act as m2-bridges to link two Sm(III) ions through
the carbonyl oxygen atom and the monodentate carboxylate group
(Scheme 1d). Further investigation indicates that two adjacent
Sm(III) ions are connected together with the separation of Sm?Sm
(10.275 Å) through two bridging oqa anions, resulting in the
formation of a 1D ring-like chain parallel to the a-axis (Fig. 4a);
then, the adjacent 1D chains are further pillared by the oqa anions
(Sm?Sm distance, 11.698 Å) along the b-axis to generate a 2D
sheet-like framework (Fig. 4b). In complex 2, Sm(III) ions act as the
four-connected nodes and the oqa ligands can be described as two-
connected rods. On the basis of this simplification, this 2D
structure can be described as a (4,4) topological network (Fig.
S2). In addition, there are abundant O–H?O hydrogen bonds
[O?O distances, 2.837(4)�2.883(4) Å] in complex 2 (Table S1).
Thus, these 2D layers further extend to a 3D supramolecular
network through these hydrogen bonds and p–p packing attraction
[centroid–centroid distance =3.419(2) Å] (Fig. S3).

Compounds 4 and 5 are isomorphous, so only complex 4 is
chosen as a representative. Complex 4 exhibits an eight-
connected 3D framework constructed from dinuclear praseody-
mium building blocks [Pr2(oqa)4(NO3)2(H2O)2]. As shown in Fig. 5,
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Fig. 2. View of a two-dimensional sheet structure of compound 1.

Fig. 3. ORTEP view of 2 with 30% thermal ellipsoids. All hydrogen atoms are omitted for clarity.
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the asymmetric unit of 4 contains one crystallographically
independent Pr(III) ion, two oqa ligands, one nitrate anion and
one ligated water molecule. Each Pr(III) ion is nine-coordinated in
an O9 donor set with the coordination geometry of a distorted
tricapped trigonal prism by six oxygen atoms from five bridging
oqa ligands, two oxygen atoms from bidentate nitrate and one
oxygen atom from the water molecule. The Pr–O bond distances
are in the range from 2.380(2) to 2.706(2) Å, all of which are
comparable to those reported for the Pr(III) complexes [34, 35]. In
complex 4, the oqa molecules exhibit two kinds of coordination
modes: m2-bridge (Scheme 1d) and m3-bridge (Scheme 1e). Thus,
two crystallographically equivalent Pr(III) ions are bridged by the
carboxylate groups of the oqa anions to form a dinuclear building
block [Pr2(oqa)4(NO3)2(H2O)2] with the Pr?Pr separation of
5.149 Å (Fig. 6a). Then, these dinuclear units are further
connected through the bridging oqa anions to generate an
extended 3D infinite framework (Fig. 6c). The topological
analysis approach was employed to better describe the
structure characteristic of 4. The network topology of the 3D
coordination polymer can be simplified by considering the
dinuclear Pr(III) building units as the eight-connected nodes and
the oqa ligands as two-connected linkers between the cluster
nodes. As a result, a 3D network structure of 424

�64-bcu topology
decorated by the dinuclear Pr(III) SBUs is formed (Fig. 6d), which
corresponds to a bcu topology that is rare for the MOFs [36–43].
To the best of our knowledge, the reactions of Ln(III), Mo(IV) and
W(IV) ions with potential eight coordination spheres with
bridging ligands lead to the construction of eight-connected bcu
nets, which may be described as the straightforward approach
[36–40]. In addition, utilizing the polynuclear secondary building
blocks as the eight-connected nodes such as the formation of
compounds 4–5 and other reported species [41–43] has been
another promising strategy for the bcu net. Moreover, this 3D
structure is further stabilized by the rich hydrogen bonds [O?O
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Fig. 4. (a) View of 1D ring-like chain in complex 2 and (b) the 2D layer-like structure constructed by Sm(III) ions and the oqa anions. Lattice water molecules and all

hydrogen atoms are omitted for clarity.

Fig. 5. ORTEP view of 4 with 30% thermal ellipsoids. All hydrogen atoms are omitted for clarity.
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distances, 2.910(3)�2.938(4) Å] (Table S1) and p–p stacking
attractions.

For five lanthanide complexes reported in this work, X-ray
diffraction studies reveal that they can be classified into three
kinds of structure features: a dinuclear structure for 1, the (4,4)-
2D sheet-like networks for 2–3 as well as the eight-connected 3D
frameworks for 4–5. The possible explanation for this change
might be the combination of the versatile coordination behavior
of the oqa anion and the choice of the counterion.

The oqa ligands exhibit five kinds of coordination modes in the
formation of compounds 1–5. In complex 1, only the carboxylate
oxygen atoms of the oqa ligand take part in the coordination with
Sm(III) ions (Scheme 1a, b), whereas the carbonyl oxygen atoms of
the oqa ligands do not coordinate with metal ions and act as the
hydrogen bonding acceptors to form the strong intermolecular O–
H?O hydrogen bonds, resulting in the formation of a 2D sheet. In
addition, the free ClO�4 anions and the bpy molecules exist in the
crystal lattice and also act as the acceptors to engage in the
formation of O–H?O and O–H?N hydrogen bonds (Table S1),
further linking these adjacent 2D sheets to generate a 3D
supramolecular framework. For 2–3, no additional counterions
are present in the lattice except for the oqa anions. All the oqa
anions act as the m2-bridges (Scheme 1c, d) through the
carboxylate and carbonyl oxygen atoms to connect the adjacent
coordination units [Ln(oqa)3] and the 2D sheet is formed by these
connection. In 4–5, the nitrate anion exhibits bidentate chelating
mode. The eight-connected 3D frameworks are composed of the
dinuclear lanthanide building block [Ln2(oqa)4(NO3)2(H2O)2],
which are further constructed through the connectivity of
carboxylate bridges from the oqa anions.
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Fig. 6. (a) Ball and stick (b) polyhedral representation of dinuclear building block [Pr2(oqa)4(NO3)2(H2O)2] in 4. (c) View of a 3D framework in 4. (d) Schematic

representation of the eight-connected framework of 4.
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3.4. Thermal behaviors

Owing to the similarity of the structures for 2–3 and 4–5,
compounds 3 and 5 were selected for thermogravimetric analyses
to examine the thermal stabilities. TGA curves have been obtained
under air atmosphere for crystalline samples of 1, 3 and 5 in the
temperature range from 50 to 800 1C (Fig. S4).

The TGA curve of complex 1 displays three obvious steps
weight losses. The first weight loss of 7.99% from 90 to 140 1C
corresponds to the removal of all the water molecules (calcd:
8.17%) in the asymmetric unit. The second weight loss of 17.22%
between 150 and 300 1C is attributable to the loss of the bpy
molecules (calcd: 17.69%). The further weight loss above 350 1C is
attributable to decomposition of the whole coordination frame-
work. Seen from the TG curve of complex 3, the first weight loss of
4.01% is ascribed to removal of the water molecules (calcd: 4.54%)
below 220 1C. The major weight loss occurs in next step above
315 1C, which may correspond to the collapse of the coordination
structure. Above 600 1C, the TGA curve does not change with
temperature, suggesting that a residue (Gd2O3) has been obtained
in 22.90% yield (calcd: 22.67%). For complex 5, the coordinated
water molecule is removed in the temperature range 120–200 1C
(calcd/found: 2.88%/3.35%). The decomposition of the coordina-
tion framework occurs above 320 1C. The remaining weight of
27.35% corresponds to the percentage (27.65%) of Eu and O
components, indicating that the final product may be Eu2O3.

Thermal analysis results revealed that the removal of the
ligated/free water molecules and the guest molecules was easily
observed in the lower temperature, compared with the decom-
position of the coordination framework. In addition, the com-
plexes with complicated framework show higher thermal stability
than those with low-dimensional structure.
3.5. Photoluminescent properties

Owing to the promising luminescent properties of Eu(III) and
Sm(III) ions in the visible region, the solid-state luminescent
properties of complexes 1, 2 and 5 were investigated at room
temperature.

The emission spectra of complexes 1 (Fig. 7a, lex=345 nm) and
2 (Fig. 7b, lex=356 nm) exhibit the characteristic emission of
Sm(III) ions in the solid state. The emission at 563, 599,
and 646 nm is attributed to the characteristic emission of
4G5/2-

6HJ(J=5/2, 7/2, 9/2) transition of the Sm3 + ion [44]. In
complex 2, the emission at 599 nm from the 4G5/2-

6H7/2

transition is the strongest among these peaks.
As shown in Fig. 7c, compound 5 exhibits an intense,

characteristic red emission upon the excitation at 394 nm. The
emission bands observed at 578, 589, 615, 651 and 699 nm can be
ascribed to be the characteristic emission 5D0-

7FJ(J=0–4) transi-
tion of Eu(III) ion [33]. The dominant band at 615 nm is the
hypersensitive 5D0-

7F2 transition of Eu(III) ion, which is very
sensitive to site symmetry. The intensity of the 5D0-

7F2

transition is about 5 times stronger than that of the 5D0-
7F1

transition at 589 nm, indicating the absence of an inversion center
at the Eu(III) site. In addition, the triple splitting of the 5D0-

7F1

transition has also suggested the low symmetry site of the Eu(III)
ion. This observation is in good accordance with the result of the
crystal structure analysis.
4. Conclusion

In summary, the reactions of 4-oxo-1(4H)-quinolineacetate
(oqa) with varied lanthanide ions resulted in the formation of five
new lanthanide complexes, namely, [Sm(oqa)2(H2O)4]2-(ClO4)2-
(bpy)2(1), [Ln(oqa)3]-2H2O [Ln=Sm(2), Gd(3)], [Ln(oqa)2(NO3)
(H2O)] [Ln=Pr(4), Eu(5)]. X-ray crystallography analyses reveal
that the coordination modes of the carboxylate ligands and the
choice of the counterions could promote different topological
structures. These compounds exhibit three typical structure
features, such as a dimeric structure (1), the 2D sheets (2–3)
and the eight-connected 3D frameworks (4–5). Moreover, com-
plexes 1, 2 and 5 at the solid state exhibit strong and
characteristic emission of Ln(III) ions in the visible region at room
temperature.
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Fig. 7. The solid-state emission spectra of complexes 1 (a, kex=345 nm), 2 (b, kex=356 nm) and 5 (c, kex=394 nm).
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