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a b s t r a c t

Seven lanthanide coordination polymers, namely, {[Ln(BDOA)1.5(H2O)]$H2O}n (Ln ¼ Ce(I), Pr(II),
Nd(III), Sm(IV), Eu(V), Gd(VI), and Tb(VII), H2BDOA ¼ benzene-1,4-dioxydiacetic acid), have been
synthesized through hydrothermal reactions of lanthanide nitrate with H2BDOA ligands and charac-
terized by elemental analysis, infrared spectroscopy and single crystal X-ray diffraction. Findings
indicate that IeVI are isomorphous and isostructural, containing the subunit of cavate 10-membered
cages (Ln2O2(OCO)2), while VII possesses the subunit of cavate 14-membered cages (Tb2(OCO)4), based
on which to assemble into three-dimensional porous architectures via BDOA2� ligands, hydrogen
bonds and CeH/p interactions. I and III present antiferromagnetic behaviors and lanthanide
contraction effect exists in IeVI. Luminescent studies suggest the typical intense emissions of Ln(III)
ions occur in the visible region and therefore the coordination polymers display good selectivity to-
wards some certain metal ions such as Ca2þ and Cd2þ, showing promising potential as selective
luminescent probes of these metal ions.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Metaleorganic frameworks based on lanthanide-containing
coordination polymers have provoked great interest owing to
the combination of organic and inorganic fragments that may
generate a large number of intriguing topological structures [1e
3]. Particularly, lanthanide-containing coordination polymers
allow that rational design strategies for constructing porous ma-
terials with high surface areas, predictable structures, tunable
pore sizes and may find potentially industrial applications in gas
storage and separation, adsorption catalysis, guest exchange, ion
exchange, molecular recognition, molecular magnetism, nonlinear
optics and luminescent, etc [4e14]. In addition, lanthanide ions
own larger radius and higher affinity for hard donor centers and
ligands with oxygen or hybrid oxygenenitrogen atoms, which are
in favor of the construction of coordination polymers [15e18].
What’s more, lanthanide ions with special luminescent and
magnetic properties resulting from 4f electrons, which illustrated
the coordination polymers are intriguing and remarkably suitable
yang@163.com (L. Yang).
for the development of optical devices and magnetic device as
well as probes for chemical species and magnetic targeting drug
system [19e30]. Naturally, multidentate organic ligands like
polycarboxylic acids are recommended as the linkers of metal
ions to polymerize into extended open frameworks, because these
ligands may potentially provide various coordination modes and
favor the construction of multi-dimensional coordination poly-
mers [31e37]. Specifically, flexible linker benzene-1,4-dioxyacetic
acid (H2BDOA) contains carboxylate oxygen atoms and ether ox-
ygen atoms and exhibits several interesting characteristics: (i) it
can be deprotonated to generate HBDOA� and BDOA2� by con-
trolling the pH values carefully, which allows it to display various
acidity-dependant coordination modes; (ii) chelating and
bridging coordination through carboxy oxygen and ether oxygen
atoms benefit its versatile bonding fashions; (iii) it features as a
combination of rigidity (benzene ring) and flexibility (pendant
arms) which is favorable for the construction of multi-
dimensional coordination polymers [38e43]; (iv) the benzene
ring in BDOA2� ligand may transfer the energy to the Ln(III)
centers to enhance the luminescence efficiently [44e47]; (v)
carboxyl groups in BDOA2� ligand can provide the short exchange
pathway to achieve magnetic exchange between the Ln(III) cen-
ters [48e51]. Therefore, acting as the flexible carboxylate linkers,
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BDOA2� ligand may be a potential candidate to fabricate multi-
functional lanthanide-containing coordination polymers.

Following our ongoing efforts towards the synthesis and
isolation of lanthanide-containing coordination polymers [52e
55]. In this work, we describe the synthesis, structures, thermal
analysis and luminescent properties of seven 3D coordination
polymers obtained from the self-assembly of bridging ligands
benzene-1,4-dioxyacetic acid and Ln(III) ions, which are formu-
lated as {[Ln(BDOA)1.5(H2O)]$H2O}n (Ln ¼ Ce(I), Pr(II), Nd(III),
Sm(IV), Eu(V), Gd(VI), and Tb(VII)). The coordination polymers
reported herein, are expounding the structure comparison of the
coordination polymers and lanthanide contraction effect on their
structures.

2. Experimental section

2.1. Materials and physical measurements

All chemicals were commercially purchased and used without
further purification. Elemental analyses (C, H, and N) were per-
formed with a PerkineElmer 240 CHN Elemental Analyzer. IR
spectra in the range of 400e4000 cm�1 were recorded with an
AVATAR 360 FT-IR spectrometer (KBr pellets were used). The crystal
structure was determined with a Bruker Smart CCD X-ray single-
crystal diffractometer. TG analysis was conducted with a Perkine
Elmer TGA7 instrument in flowing N2 at a heating rate of
10 �Cmin�1. Excitation and emission spectrawere obtained with an
F-7000 FL spectrofluorometer at room temperature. Magnetic
susceptibility measurements were conducted with a Quantum
Design MPMS-5 magnetometer in the temperature range of 2.0e
300.0 K.
Table 1
Summary of crystallographic data for coordination polymers IeVII.

Data I II III I

Empirical formula C15H16O11Ce C15H16O11Pr C15H16O11Nd C
Formula weight 512.40 513.19 516.52 5
Temperature/K 296(2) 296(2) 296(2) 2
Wavelength/�A 0.71073 0.71073 0.71073 0
Crystal system Monoclinic Monoclinic Monoclinic M
Space group P21/c P21/c P21/c P
a/�A 12.1598(11) 12.1268(7) 12.1306(4) 1
b/�A 16.8436(15) 16.7341(10) 16.6998(6) 1
c/�A 8.9322(8) 8.9193(5) 8.9406(3) 8
a/(�) 90 90 90 9
b/(�) 109.0400(10) 109.1840(10) 109.281(1) 1
g/(�) 90 90 90 9
Z 4 4 4 4
Density (calculated) 1.968 Mg/m3 1.994 Mg/m3 2.007 Mg/m3 2
F(000) 1008 1012 1016 1
Crystal size/mm3 0.43 � 0.17 � 0.08 0.33 � 0.25 � 0.19 0.54 � 0.36 � 0.14 0
q range for data

collection/(�)
1.77e25.00 1.78e25.00 2.16e25.00 1

Limiting indices �14 � h � 14,
�20 � k � 18,
�10 � l � 9

�14 � h � 10,
�19 � k � 19,
�9 � l � 10

�14 � h � 8,
�19 � k � 18,
�10 � l � 10

�
�
1

Reflections
collected/
unique

11101/3048
[R(int) ¼ 0.0317]

10976/3018
[R(int) ¼ 0.0192]

10990/3015
[R(int) ¼ 0.0212]

1
[

Refinement method Full-matrix least-squares on F2

Data/restraints/
parameters

3048/0/244 3018/0/244 3015/0/244 2

Goodness-of-fiton F2 1.067 1.081 1.048 1
Volume/�A3 1729.4(3) 1709.49(17) 1709.6(1) 1
Final Rindices

[I > 2s(I)]
R1 ¼ 0.0201,
wR2 ¼ 0.0501

R1 ¼ 0.0174,
wR2 ¼ 0.0425

R1 ¼ 0.0171,
wR2 ¼ 0.0424

R
w

Rindices (alldata) R1 ¼ 0.0238,
wR2 ¼ 0.0518

R1 ¼ 0.0194,
wR2 ¼ 0.0433

R1 ¼ 0.0189,
wR2 ¼ 0.0432

R
w

Largest diff. peak
and hole/(e �A�3)

0.399 and �0.441 0.347 and �0.442 0.350 and �0.479 0
2.2. Synthesis of the coordination polymers IeVII

2.2.1. Synthesis of the ligand of benzene-1,4-dioxydiacetic acid (1,4-
H2BDOA)

A mixture of Chloroacetic acid (8 mmol) and 1,4-Benzenediol
(2 mmol) was dissolved in water (20 mL) and stirred at 80 �C for
2 h. The pH value was maintained at 11 by dropwise adding of
sodium hydroxide solution (1.0 mol L�1). Then the reaction mixture
was cooled to room temperature and was adjusted to pH z 3 with
HCl (1.0 mol L�1), simultaneously. The brown powder of benzene-
1,4-dioxydiacetic acid (1,4-H2BDOA) formed immediately, which
was isolated by filtration and washed with distilled water. The
product was dried at 50 �C for 24 h. Yield: 85.40%. Elemental
analysis calculated for C10H10O6 (226.05): C 53.10, H 4.46; Found: C
53.45, H 4.26. MS m/z: 226.21. IR data (KBr pellet, cm�1): 3415(br),
1753(s), 1633(w), 1508(m), 1428(w), 1385(w), 1322(w), 1289(w),
1227(s), 1091(s), 992(w), 993(w), 889(w), 824(w), 799(w), 665(m),
555(w).

2.2.2. Synthesis of the coordination polymers {[Ce(BDOA)1.5(H2O)]$
H2O}n (I)

{[Ce(BDOA)1.5(H2O)]$H2O}n (I) was synthesized from the reac-
tion mixture of benzene-1,4-dioxyacetic acid and cerium nitrate at
a molar ratio of 1:2 (0.1 mmol:0.2 mmol) in 10 mL distilled water
with a drop of DMF. The resultant mixture was homogenized by
stirring for 20 min at ambient temperature and then transferred
into 20 mL Teflon-lined stainless steel autoclave under autogenous
pressure at 180 �C for 4 days and then cooled to room temperature
at a rate of 5 �C/h. After filtration, the product was washed with
distilled water and then dried to afford yellowish block-shaped
crystals suitable for X-ray diffraction analysis. Elemental analysis
V V VI VII

15H16O11Sm C15H16O11Eu C15H16O11Gd C15H16O11Tb
22.63 524.24 529.53 531.20
96(2) 296(2) 296(2) 296(2)
.71073 0.71073 0.71073 0.71073
onoclinic Monoclinic Monoclinic Monoclinic
21/c P21/c P21/c P21/c
2.1121(10) 12.0782(3) 12.0700(9) 12.0280(4)
6.6262(13) 16.5903(5) 16.6000(12) 16.7363(6)
.9174(7) 8.8853(2) 8.8690(6) 8.5719(3)
0 90 90 90
09.361(10) 109.33 109.3410(10) 108.932(1)
0 90 90 90

4 4 4
.049 Mg/m3 2.073 Mg/m3 2.098 Mg/m3 2.117 Mg/m3

024 1028 1032.0 1036
.49 � 0.22 � 0.13 0.41 � 0.21 � 0.20 0.21 � 0.19 � 0.18 0.45 � 0.23 � 0.19
.78e25.00 1.79e24.99 1.79e25.00 1.79e24.99

14 � h � 14,
16 � k � 9,
0 � l � 10

�11 � h � 14,
�19 � k � 17,
�10 � l � 7

�14 � h � 14,
�19 � k � 19,
�9 � l � 10

�13 � h � 14,
�19 � k � 11,
�10 � l � 10

0800/2992
R(int) ¼ 0.0222]

10749/2961
[R(int) ¼ 0.0168]

10598/2952
[R(int) ¼ 0.0186]

9464/2939
[R(int) ¼ 0.0149]

992/0/244 2961/0/244 2952/0/244 2939/0/244

.075 1.112 1.111 1.132
694.2(2) 1680.08(8) 1676.7(2) 1666.49(1)
1 ¼ 0.0174,
R2 ¼ 0.0458

R1 ¼ 0.0156,
wR2 ¼ 0.0418

R1 ¼ 0.0180,
wR2 ¼ 0.0485

R1 ¼ 0.0170,
wR2 ¼ 0.0440

1 ¼ 0.0188,
R2 ¼ 0.0464

R1 ¼ 0.0171,
wR2 ¼ 0.0423

R1 ¼ 0.0193,
wR2 ¼ 0.0491

R1 ¼ 0.0182,
wR2 ¼ 0.0445

.72 and �0.48 0.64 and �0.58 0.790 and �0.644 0.57 and �0.59



Table 2
Selected bond lengths (�A) and bond angles (�) for the coordination polymers IeVII.

Bond long (�A)

I
Ce(1)eO(6) 2.4211(18) Ce(1)eO(5) 2.510(2) Ce(1)eO(1) 2.490(2)
Ce(1)eO(8) 2.4379(19) Ce(1)eO(1W) 2.532(2) Ce(1)eO(3) 2.7074(18)
Ce(1)eO(2) 2.483(2) Ce(1)eO(7) 2.582(2) Ce(1)eO(8A) 2.784(2)
II
Pr(1)eO(6) 2.3992(17) Pr(1)eO(1W) 2.507(2) Pr(1)eO(1) 2.4700(18)
Pr(1)eO(7) 2.4126(18) Pr(1)eO(8) 2.5579(19) Pr(1)eO(7) 2.764(2)
Pr(1)eO(2) 2.4637(18) Pr(1)eO(3) 2.6826(17) Pr(1)eO(5) 2.4842(18)
III
Nd(1)eO(3) 2.6716(17) Nd(1)eO(1W) 2.496(2) Nd(1)eO(2) 2.4608(18)
Nd(1)eO(5) 2.4712(18) Nd(1)eO(1) 2.4610(17) Nd(1)eO(7) 2.7529(19)
Nd(1)eO(8) 2.5471(18) Nd(1)eO(6) 2.3927(17) Nd(1)eO(7a) 2.3990(18)
IV
Sm(1)eO(7) 2.362(2) Sm(1)eO(1W) 2.456(2) Sm(1)eO(1) 2.4378(19)
Sm(1)eO(2) 2.3627(17) Sm(1)eO(8) 2.510(2) Sm(1)eO(7) 2.779(2)
Sm(1)eO(5) 2.4328(19) Sm(1)eO(4) 2.6476(17) Sm(1)eO(6) 2.4434(19)
V
Eu(1)eO(8) 2.3429(19) Eu(1)eO(2W) 2.441(2) Eu(1)eO(5) 2.4190(19)
Eu(1)eO(6) 2.3455(17) Eu(1)eO(7) 2.4855(19) Eu(1)eO(8) 2.803(2)
Eu(1)eO(1) 2.4172(19) Eu(1)eO(3) 2.6323(17) Eu(1)eO(2) 2.4297(18)
VI
Gd(1)eO(2) 2.326(2) Gd(1)eO(1W) 2.430(2) Gd(1)eO(9) 2.410(2)
Gd(1)eO(4) 2.3373(19) Gd(1)eO(3) 2.470(2) Gd(1)eO(2a) 2.836(3)
Gd(1)eO(5) 2.401(2) Gd(1)eO(7) 2.6223(19) Gd(1)eO(8) 2.417(2)
VII
Tb(1)eO(7) 2.281(3) Tb(1)eO(1) 2.396(2) Tb(1)eO(2) 2.393(2)
Tb(1)eO(6) 2.312(2) Tb(1)eO(8) 2.412(2) Tb(1)eO(3) 2.6155(19)
Tb(1)eO(5) 2.375(2) Tb(1)eO(1W) 2.417(2)

Bond angle (�)

I
O(6)eCe(1)eO(8) 70.43(7) O(2)eCe(1)eO(7) 129.24(7) O(8)eCe(1)eO(7) 120.19(6)
O(6)eCe(1)eO(2) 73.66(7) O(2)eCe(1)eO(3) 70.62(6) O(8)eCe(1)eO(3) 149.34(6)
O(6)eCe(1)eO(1) 138.49(7) O(2)eCe(1)eO(8) 138.77(6) O(8)eCe(1)eO(8) 74.35(7)
O(6)eCe(1)eO(5) 132.89(6) O(1)eCe(1)eO(5) 72.30(6) O(2)eCe(1)eO(1) 114.07(7)
O(6)eCe(1)eO(1W) 139.46(7) O(1)eCe(1)eO(1W) 74.10(8) O(2)eCe(1)eO(5) 134.81(7)
O(6)eCe(1)eO(7) 73.05(7) O(1)eCe(1)eO(7) 71.77(7) O(2)eCe(1)eO(1W) 69.48(7)
O(6)eCe(1)eO(3) 88.48(6) O(1)eCe(1)eO(3) 59.77(6) O(1W)eCe(1)eN(7) 145.65(8)
O(6)eCe(1)eO(8) 66.84(6) O(1)eCe(1)eN(8) 103.37(7) O(1W)eCe(1)eN(3) 94.68(7)
O(8)eCe(1)eO(2) 81.94(7) O(5)eCe(1)eN(1W) 75.00(7) O(1W)eCe(1)eO(8) 140.75(7)
O(8)eCe(1)eO(1) 148.61(6) O(5)eCe(1)eN(7) 95.77(7) O(7)eCe(1)eO(3) 71.29(6)
O(8)eCe(1)eO(5) 77.44(7) O(5)eCe(1)eN(3) 132.05(6) O(7)eCe(1)eO(8) 48.04(6)
O(8)eCe(1)eO(1W) 88.05(8) O(5)eCe(1)eN(8) 71.97(6)
II
O(6)ePr(1)eO(2) 138.52(7) O(5)ePr(1)eO(8) 95.70(7) O(1)ePr(1)eO(1W) 69.42(6)
O(7)ePr(1)eO(2) 148.39(6) O(1W)ePr(1)eO(8) 145.90(8) O(5)ePr(1)eO(1W) 70.15(7)
O(6)ePr(1)eO(1) 73.36(6) O(6)ePr(1)eO(3) 87.88(6) O(6)ePr(1)eO(8) 73.12(7)
O(7)ePr(1)eO(1) 82.04(6) O(7)ePr(1)eO(3) 149.18(6) O(7)ePr(1)eO(8) 119.99(6)
O(2)ePr(1)eO(1) 114.18(7) O(2)ePr(1)eO(3) 60.23(6) O(2)ePr(1)eO(8) 71.89(7)
O(6)ePr(1)eO(5) 133.05(6) O(1)ePr(1)eO(3) 70.49(6) O(1)ePr(1)eO(8) 129.32(7)
O(7)ePr(1)eO(5) 77.18(6) O(5)ePr(1)eO(3) 132.54(6) O(1)ePr(1)eO(7) 138.56(6)
O(2)ePr(1)eO(5) 72.31(6) O(1W)ePr(1)eO(3) 95.03(7) O(5)ePr(1)eO(7) 71.74(6)
O(1)ePr(1)eO(5) 134.83(7) O(8)ePr(1)eO(3) 71.38(6) O(1W)ePr(1)eO(7) 140.49(6)
O(6)ePr(1)eO(1W) 139.15(7) O(6)ePr(1)eO(7) 67.09(6) O(8)ePr(1)eO(7) 48.32(6)
O(7)ePr(1)eO(1W) 87.90(8) O(7)ePr(1)eO(7) 73.83(7) O(3)ePr(1)eO(7) 118.62(6)
O(2)ePr(1)eO(1W) 74.23(8) O(2)ePr(1)eO(7) 103.65(7)
III
O(3)eNd(1)eO(5) 132.75(6) O(1W)eNd(1)eO(1) 69.44(6) O(8)eNd(1)eO(1) 129.48(6)
O(3)eNd(1)eO(8) 71.46(6) O(3)eNd(1)eO(6) 87.38(6) O(2)eNd(1)eO(1) 114.57(6)
O(5)eNd(1)eO(8) 95.31(7) O(5)eNd(1)eO(6) 133.16(6) O(7)eNd(1)eO(1) 81.90(6)
O(3)eNd(1)eO(2) 60.58(5) O(8)eNd(1)eO(6) 73.17(6) O(7)eNd(1)eO(2) 148.31(6)
O(5)eNd(1)eO(2) 72.18(6) O(2)eNd(1)eO(6) 138.30(6) O(7)eNd(1)eO(3) 148.99(6)
O(8)eNd(1)eO(2) 71.71(7) O(1W)eNd(1)eO(6) 139.04(7) O(7)eNd(1)eO(8) 119.95(6)
O(3)eNd(1)eO(1W) 95.19(7) O(1)eNd(1)eO(6) 73.10(6) O(6)eNd(1)eO(7) 67.12(6)
O(5)eNd(1)eO(1W) 70.45(7) O(3)eNd(1)eO(7) 118.87(5) O(7)eNd(1)eO(5) 77.23(6)
O(8)eNd(1)eO(1W) 145.93(7) O(5)eNd(1)eO(7) 71.49(6) O(7)eNd(1)eO(6) 70.88(6)
O(2)eNd(1)eO(1W) 74.45(8) O(8)eNd(1)eO(7) 48.61(5) O(7)eNd(1)eO(1W) 87.85(8)
O(3)eNd(1)eO(1) 70.50(6) O(2)eNd(1)eO(7) 103.80(7) O(7)eNd(1)eO(7) 73.42(7)
O(5)eNd(1)eO(1) 135.09(7) O(1W)eNd(1)eO(7) 140.40(6) O(1)eNd(1)eO(7) 138.13(6)
IV
O(7)eSm(1)eO(2) 71.41(7) O(1)eSm(1)eO(8) 94.08(7) O(5)eSm(1)eO(1W) 74.14(9)
O(7)eSm(1)eO(5) 147.99(6) O(6)eSm(1)eO(8) 129.94(7) O(1)eSm(1)eO(1W) 71.25(7)
O(2)eSm(1)eO(5) 138.08(7) O(1W)eSm(1)eO(8) 145.30(8) O(6)eSm(1)eO(1W) 69.65(7)
O(7)eSm(1)eO(1) 77.12(7) O(7)eSm(1)eO(4) 148.71(6) O(7)eSm(1)eO(8) 120.17(7)
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Table 2 (continued )

Bond long (�A)

O(2)eSm(1)eO(1) 132.76(6) O(2)eSm(1)eO(4) 86.80(6) O(2)eSm(1)eO(8) 73.39(7)
O(5)eSm(1)eO(1) 72.12(6) O(5)eSm(1)eO(4) 61.11(6) O(5)eSm(1)eO(8) 71.41(7)
O(7)eSm(1)eO(6) 81.81(7) O(1)eSm(1)eO(4) 133.23(6) O(5)eSm(1)eO(7) 104.03(7)
O(2)eSm(1)eO(6) 73.02(7) O(6)eSm(1)eO(4) 70.24(6) O(1)eSm(1)eO(7) 71.18(6)
O(5)eSm(1)eO(6) 114.79(7) O(1W)eSm(1)eO(4) 95.07(7) O(6)eSm(1)eO(7) 137.58(6)
O(1)eSm(1)eO(6) 135.88(7) O(8)eSm(1)eO(4) 71.85(6) O(1W)eSm(1)eO(7) 140.88(7)
O(7)eSm(1)eO(1W) 87.90(9) O(7)eSm(1)eO(7) 73.51(8) O(8)eSm(1)eO(7) 48.39(6)
O(2)eSm(1)eO(1W) 139.42(8) O(2)eSm(1)eO(7) 66.68(6) O(4)eSm(1)eO(7) 118.73(6)
V
O(8)eEu(1)eO(6) 71.54(7) O(5)eEu(1)eO(7) 93.24(7) O(5)eEu(1)eO(2W) 71.49(7)
O(8)eEu(1)eO(1) 147.79(6) O(2)eEu(1)eO(7) 130.30(7) O(2)eEu(1)eO(2W) 69.91(7)
O(6)eEu(1)eO(1) 138.13(7) O(2W)eEu(1)eO(7) 145.13(8) O(8)eEu(1)eO(7) 120.21(7)
O(8)eEu(1)eO(5) 77.12(7) O(8)eEu(1)eO(3) 148.51(6) O(6)eEu(1)eO(7) 73.54(7)
O(6)eEu(1)eO(5) 132.30(6) O(6)eEu(1)eO(3) 86.66(6) O(1)eEu(1)eO(7) 71.33(7)
O(1)eEu(1)eO(5) 72.06(6) O(1)eEu(1)eO(3) 61.43(6) O(1)eEu(1)eO(8a) 104.07(7)
O(8)eEu(1)eO(2) 81.70(7) O(5)eEu(1)eO(3) 133.48(6) O(5)eEu(1)eO(8a) 70.88(6)
O(6)eEu(1)eO(2) 73.09(6) O(2)eEu(1)eO(3) 70.12(6) O(2)eEu(1)eO(8a) 137.37(6)
O(1)eEu(1)eO(2) 114.92(7) O(2W)eEu(1)eO(3) 95.40(8) O(2W)eEu(1)eO(8a) 140.78(7)
O(5)eEu(1)eO(2) 136.38(7) O(7)eEu(1)eO(3) 72.18(6) O(7)eEu(1)eO(8a) 48.10(6)
O(8)eEu(1)eO(2W) 87.59(9) O(8)eEu(1)eO(8a) 73.68(8) O(3)eEu(1)eO(8a) 118.60(6)
O(6)eEu(1)eO(2W) 139.65(7) O(6)eEu(1)eO(8a) 66.38(6)
VI
O(2)eGd(1)eO(4) 71.73(8) O(9)eGd(1)eO(3) 71.39(8) O(5)eGd(1)eO(1W) 71.89(8)
O(2)eGd(1)eO(5) 77.10(8) O(8)eGd(1)eO(3) 130.49(8) O(9)eGd(1)eO(1W) 73.91(9)
O(4)eGd(1)eO(5) 131.71(7) O(1W)eGd(1)eO(3) 144.90(9) O(8)eGd(1)eO(1W) 70.19(7)
O(2)eGd(1)eO(9) 147.70(7) O(2)eGd(1)eO(7) 148.47(7) O(2)eGd(1)eO(3) 120.09(8)
O(4)eGd(1)eO(9) 138.00(8) O(4)eGd(1)eO(7) 86.63(7) O(4)eGd(1)eO(3) 73.37(8)
O(5)eGd(1)eO(9) 72.11(7) O(5)eGd(1)eO(7) 133.61(7) O(5)eGd(1)eO(3) 92.42(8)
O(2)eGd(1)eO(8) 81.81(8) O(9)eGd(1)eO(7) 61.52(6) O(5)eGd(1)eO(2a) 70.66(7)
O(4)eGd(1)eO(8) 73.36(7) O(8)eGd(1)eO(7) 69.92(7) O(9)eGd(1)eO(2a) 104.23(8)
O(5)eGd(1)eO(8) 137.02(8) O(1W)eGd(1)eO(7) 95.42(8) O(8)eGd(1)eO(2a) 137.15(7)
O(9)eGd(1)eO(8) 114.83(7) O(3)eGd(1)eO(7) 72.53(7) O(1W)eGd(1)eO(2a) 140.98(8)
O(2)eGd(1)eO(1W) 87.59(10) O(2)eGd(1)eO(2a) 73.81(9) O(3)eGd(1)eO(2a) 47.70(7)
O(4)eGd(1)eO(1W) 140.17(8) O(4)eGd(1)eO(2a) 65.81(7) O(7)eGd(1)eO(2a) 118.39(6)
VII
O(7)eTb(1)eO(6) 73.51(11) O(1)eTb(1)eO(8) 70.98(9) O(7)eTb(1)eO(8) 121.90(12)
O(7)eTb(1)eO(5) 76.81(9) O(7)eTb(1)eO(1W) 85.26(14) O(6)eTb(1)eO(8) 73.65(9)
O(6)eTb(1)eO(5) 128.60(7) O(6)eTb(1)eO(1W) 142.35(9) O(5)eTb(1)eO(8) 88.31(9)
O(7)eTb(1)eO(2) 80.46(10) O(5)eTb(1)eO(1W) 73.29(8) O(2)eTb(1)eO(8) 132.57(9)
O(6)eTb(1)eO(2) 74.66(7) O(2)eTb(1)eO(1W) 71.34(8) O(2)eTb(1)eO(3) 69.53(7)
O(5)eTb(1)eO(2) 139.11(8) O(1)eTb(1)eO(1W) 73.08(10) O(1)eTb(1)eO(3) 61.46(7)
O(7)eTb(1)eO(1) 146.10(9) O(8)eTb(1)eO(1W) 143.18(10) O(8)eTb(1)eO(3) 75.12(8)
O(6)eTb(1)eO(1) 138.03(9) O(7)eTb(1)eO(3) 148.21(8) O(1W)eTb(1)eO(3) 94.59(9)
O(5)eTb(1)eO(1) 72.19(7) O(6)eTb(1)eO(3) 88.25(7) O(5)eTb(1)eO(3) 133.58(7)
O(2)eTb(1)eO(1) 115.16(8)
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calculated (mass fraction, the same hereafter, %) for C15H16O11Ce
(512.40): C, 35.16; H, 3.15. Found: C, 35.68; H, 3.76. IR data (KBr
pellet, cm�1): 3634(w), 3336(br), 2921(w), 2852(w), 1652(s),
1582(s), 1512(s), 1453(s), 1434(s), 1353(m), 1332(m), 1290(w),
1252(w), 1238(w), 1208(s), 1117(w), 1076(w), 1066(w), 1035(w),
954(w), 839(w), 826(m), 741(w), 714(w), 677(w), 619(w), 601(w),
572(w), 531(w), 501(w), 397(w).

2.2.3. Synthesis of the coordination polymers {[Ln(BDOA)1.5(H2O)]$
H2O}n (IIeVII, Ln ¼ Pr(II), Nd(III), Sm(IV), Eu (V), Gd (VI), Tb(VII))

Coordination polymers IIeVII were prepared by the identical
experimental procedures to that of I except that cerium nitrate was
replaced by praseodymium nitrate, neodymium nitrate, samarium
nitrate, europium nitrate, gadolinium nitrate and terbium nitrate,
respectively.

For {[Pr(BDOA)1.5(H2O)]$H2O}n (II). Elemental analysis calcu-
lated (%) for: C15H16O11Pr (513.19): C, 34.78; H, 3.10. Found: C, 35.11;
H, 3.14. IR data (KBr pellet, cm�1): 3632(w), 3493(w), 3423(br),
2918(w), 1653(s), 1581(s), 1512(s), 1454(s), 1434(s), 1353(m),
1333(m), 1290(w), 1252(w), 1239(w), 1208(s), 1116(w), 1076(m),
1034(m), 954(w), 839(w), 826(m), 742(w), 713(w), 669(w), 620(w),
602(w), 572(w), 533(w), 391(w), 376(w).
For {[Nd(BDOA)1.5(H2O)]$H2O}n (III). Elemental analysis calcu-
lated (%) for C15H16O11Nd (516.52): C, 34.88; H, 3.12. Found: C,
35.27; H, 3.14. IR data (KBr pellet, cm�1): 3631(w), 3496(w),
3316(br), 2933(w), 1655(s), 1581(s), 1512(s), 1454(s), 1434(s),
1353(m), 1333(m), 1290(w), 1252(w), 1237(w), 1206(s), 1117(w),
1064(m), 1035(m), 955(w), 934(w), 839(w), 826(m), 742(w),
714(w), 687(w), 620(w), 602(w), 572(w), 533(w), 519(w), 502(w),
396(w), 378(w).

For {[Sm(BDOA)1.5(H2O)]$H2O}n (IV). Elemental analysis calcu-
lated (%) for C15H16O11Sm (522.63): C, 34.47; H, 3.08. Found: C,
35.02; H, 3.16. IR data (KBr pellet, cm�1): 3551 (w), 3478(w),
3415(w), 3238(w), 1639(s), 1618(s), 1511(s), 1454(w), 1427(s),
1353(w), 1334(w), 1190(w), 1206(w), 1118(w), 1065(w), 1033(w),
826(w), 621(s), 623(w), 601(w), 576(w), 529(w), 517(w), 499(w),
479(s), 405(s).

For {[Eu(BDOA)1.5(H2O)]$H2O}n (V). Elemental analysis
calculated (%) for C15H16O11Eu (524.24): C, 34.22; H, 3.01. Found:
C, 34.37; H, 3.08. IR data (KBr pellet, cm�1): 3630 (br), 3496 (w),
3297 (s), 2933(s), 1660(s), 1585(s), 1512(s), 1456(w), 1435(s),
1354(w), 1336(w), 1291(w), 1208(s), 1118(w), 1064(w), 958(w),
936(w), 836(w), 745(w), 621(w), 571(w), 535(w), 503(w), 397(s),
376(s).



Table 3
Hydrogen-bond lengths (�A) and angles (�) for coordination polymers IeVII.

DeH/A d(DeH) d(H/A) d(D/A) :(DHA)

I
O(1W)eH(1WA)/O(1) 0.85 1.969 2.728 148.21
O(1W)eH(1WB)/O(2W) 0.85 1.967 2.752 153.26
O(2W)eH(2WA)/O(4) 0.85 2.211 2.987 151.86
II
O(1W)eH1(WB)/O(2) 0.85 2.09 2.723(3) 131.0
O(1W)eH1(WA)/O(2W) 0.85 2.20 2.743(3) 121.2
O(2W)eH2(WA)/O(4) 0.85 2.25 2.976(3) 142.9
III
O(1W)eH(1WA)/O(2) 0.85 1.98 2.719(3) 144.5
O(1W)eH(1WB)/O(2W) 0.85 1.90 2.741(3) 168.4
O(2W)eH(2WB)/O(4) 0.85 2.48 2.977(3) 117.8
IV
O(1W)eH(1WA)/O(5) 0.85 2.08 2.710(3) 130.2
O(1W)eH(1WB)/O(2W) 0.85 1.93 2.757(3) 165.4
O(1W)eH(1WB)/O(3) 0.85 2.13 2.959(3) 166.6
V
O(1W)eH(1WB)/O(4) 0.85 2.17 2.955(3) 154.0
O(2W)eH(2WA)/O(1W) 0.85 1.92 2.752(3) 165.2
O(2W)eH(2WB)/O(1) 0.85 1.95 2.709(3) 148.7
VI
O(1W)eH(1WA)/O(5) 0.85 2.08 2.710(3) 130.2
O(1W)eH(1WB)/O(2W) 0.85 1.93 2.757(3) 165.4
O(1W)eH(1WB)/O(3) 0.85 2.13 2.959(3) 166.6
VII
O(1W)eH(1WB)/O(4) 0.85 2.17 2.955(3) 154.0
O(2W)eH(2WA)/O(1W) 0.85 1.92 2.752(3) 165.2
O(2W)e H(2WB)/O(1) 0.85 1.95 2.709(3) 148.7

Fig. 1. (a) Diagram showing the coordination environments for Ce(III) centers in I (30%
probability displacement ellipsoids); (b) The connection mode of Ce(III) ions in cavate
10-membered cage Ce2O2(OCO)2; (c) Polyhedrons for the two crystallographically in-
dependent Ce(III) ions.
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For {[Gd(BDOA)1.5(H2O)]$H2O}n (VI). Elemental analysis calcu-
lated (%) for C15H16O11Gd (529.53): C, 34.05; H, 3.02. Found: C,
34.02; H, 3.04. IR data (KBr pellet, cm�1): 3629 (br), 3495 (w), 3296
(s), 2932(s), 1660(s), 1584(s), 1512(s), 1456(w), 1433(s), 1354(w),
1333(w), 1291(w), 1208(s), 1120(w), 1064(w), 958(w), 937(w),
836(w), 745(w), 622(w), 571(w), 535(w), 504(w), 397(s), 376(w).

For {[Tb(BDOA)1.5(H2O)]$H2O}n (VII). Elemental analysis
calculated (%) for C15H16O11Tb (531.20): C, 33.92; H, 3.04. Found: C,
34.02; H, 3.14. IR data (KBr pellet, cm�1): 3662 (s), 3494(s),
2967(w), 2932(s), 1673(s), 1589(s), 1513(s), 1457(w), 1434(s),
1356(w), 1296(w), 1239(s), 1209(w), 1119(w), 1065(w), 1033(w),
827(w), 752(w), 714(w), 609(w), 566(w), 537(w), 524(w), 506(w),
397(s), 379(s).

2.2.4. Crystallographic data collection and refinement
Single-crystal diffraction data IeVII were collected Suitable

single crystals of the coordination polymers on a Bruker Smart CCD
X-ray single-crystal diffractometer with graphite monochromated
MoKa-radiation (l ¼ 0.71073 �A) at 296(2) K. All independent re-
flections were collected in a range of 1.77e25.00� for I, 1.78e25.00
for II, 2.16e25.00 for III, 1.78e25.00 for IV, 1.79e25.00 for V, 1.79e
25.00 for VI, and 1.79e25.00 for VII (determined in the subsequent
refinement). Multi-scan empirical absorption corrections were
applied to the data using the SADABS. The crystal structure was
solved by direct methods and Fourier synthesis. Positional and
thermal parameters were refined by the full-matrix least-squares
method on F2 using the SHELXTL software package. The final least-
Scheme 1. Coordination modes of BDOA2�
square cycle of refinement gave, R1 ¼ 0.0201, wR2 ¼ 0.0501 for I,
R1 ¼ 0.0174, wR2 ¼ 0.0425 for II, R1 ¼ 0.0171, wR2 ¼ 0.0424 for III,
R1 ¼ 0.0174, wR2 ¼ 0.0458 for IV, R1 ¼ 0.0156, wR2 ¼ 0.0418 for V,
R1 ¼ 0.0180, wR2 ¼ 0.0485 for VI, and R1 ¼ 0.0170,wR2 ¼ 0.0440 for
VII. The weighting scheme, w ¼ 1/[s2(F20 ) þ (0.0180P)2 þ 0.62P] for
I, w ¼ 1/[s2(F20 ) þ (0.0187P)2 þ 1.29P] for II, w ¼ 1/[s2(F20 )
þ (0.0211P)2 þ 1.63P] for III, w ¼ 1/[s2(F20 )
þ (0.0313P)2 þ 0.25P] for IV,w ¼ 1/[s2(F20 ) þ (0.2000)2 þ 0.00P] for
V, w ¼ 1/[s2(F20 ) þ (0.0252)2 þ 0.00P] for VI, and w ¼ 1/
[s2(F20 ) þ (0.0192)2 þ 2.12P] for VII, Where P ¼ (F20 þ 2F2c )/3. A
summary of the key crystallographic information is given in Table 1.
Selected bond lengths and band angles for the coordination poly-
mers IeVII are listed in Table 2. Hydrogen-bond lengths (�A) and
angles (�) for IeVII are listed in Table 3.

3. Results and discussion

3.1. The IR spectra of the coordination polymers

Coordination polymers are insoluble in common solvents such
as CH3COCH3, CH3CH2OH, and CH3CH2OCH3CH2, but they are slight
soluble in CH3OH, DMSO, and DMF. The structures of the coordi-
nation polymers are identified by satisfactory elemental analysis as
well as FT-IR and X-ray analyses. High yield of the products indicate
that the title coordination polymers are thermodynamically stable
under the reaction conditions. The FT-IR spectra of the six as-
synthesized coordination polymers are similar. The strong and
broad absorption bands in the ranges of 3456e3318 cm�1 and 917e
907 cm�1 in IeVII are assigned to the stretching vibrations of n(Oe
H) in water molecules in coordination and lattice forms [56e58].
ligand in coordination polymers IeVII.



Fig. 2. (a) Diagram showing the 2D framework connected through OeCeO (m1-h1:h1) linkers between the adjacent cavate 10-membered cages (Ce2O2(OCO)2) in I; (b) View of the
2D (6, 6) sheet in I; (c) Diagram showing the 1D-cavity-containing 3D architecture in I; (d) Topological graph of I showing the 3D architecture connected through BDOA2� linkers
between the adjacent 2D layers in I. All hydrogen atoms are omitted for clarity.
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The features present in the range of 1076e1064 cm�1 can be
ascribed to the stretching vibrations of n(CeOeC) in BDOA ligands.
Another features in the region of 1673e1511 cm�1 and 1457e
1332 cm�1 may be ascribed to the asymmetric (COO�) and sym-
metric (COO�) stretching of carboxyl groups of BDOA ligands in Ie
VII. The values of D[nas � ns] are about 199e216 and 157e180 cm�1,
which indicate that the carboxyl groups are coordinated with the
metal ions via both bidentate-chelating andmono-chelatingmodes
[59,60]. The sharp peaks of dOeCeO vibration in plane emerge in the
Fig. 3. (a) Hydrogen bonds (light green dotted line) and CeH/p interactions (blue dotted l
the 3D architecture of I; (c) Two kinds of CeH/p interactions (indicated as blue dotted line a
in I. (For interpretation of the references to color in this figure legend, the reader is referre
range of 660e760 cm�1. The absorption bands at 1064 cm�1 is
attributed to stretching vibration of the AreOeCH2. The absorption
at about 826 cm�1 is related to the p-disubstituted benzene
stretching vibration [61]. The absence of the characteristic bands
around 1700 cm�1 indicates that the H2BDOA ligands are
completely deprotonated in the form of BDOA2� anions upon re-
action with the metal ions [62,63]. The same conclusions are also
supported by the results obtained from X-ray diffraction
measurements.
ine) in the 2D layer in I; (b) Diagram showing the embedded guest water molecules in
nd red dotted line, respectively) between the adjacent benzene rings of BDOA2� ligands
d to the web version of this article.)



Fig. 4. Schematic representation of the interpenetrated network topology of I.
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3.2. Structural description of the coordination polymers

The BDOA2� ligands display three different types of coordina-
tion modes, which are exhibited in Scheme 1. Namely, mode a
adopts the fashion of m1-h1:h1, m2-h1:h1:h1, while mode b andmode
c take the fashions of m1-h1:h2, m2-h2:h1 and m1-h1:h1, m2-h1:h1,
respectively. The single-crystal analyses reveal that coordination
polymers IeVII are isomorphous and that IeVI are isostructural,
crystallizing in monoclinic space group P21/c. The prominent
feature of their structure is a cavity-containing 3D framework
consisting of cavate 10-membered cages (Ln2O2(OCO)2) bridged by
BDOA2� ligands. As a representative example, the fabrication of 3D
structure of coordination polymer {[Ce(BDOA)1.5(H2O)]$H2O}n (I) is
described here in detail. The 9-coordinated Ce(III) center is sur-
rounded by eight oxygen atoms from four molecules of the ligand
withmode a, twowithmode b, and onewater molecule to furnish a
bicapped trigonal antiprism geometry (Fig. 1a and c). Namely,
Ce(III) is nine-coordinated with nine oxygen donors containing one
O atom (Ow) coming from the terminal water, one O atom coming
from ether oxygen atoms (Oether) and others belong to carboxylic
oxygen atoms (Ocarboxyl). The average distance of CeeOcarboxyl is
2.529 �A, which is significantly shorter than that of CeeOw bonds
(2.532�A). The bond length data in the present work are consistent
with those in previous work covering lanthanide coordination
polymers [64,65].
Fig. 5. (a) Diagram showing the coordination environment for Tb(III) centers in VII
(30% probability displacement ellipsoids); (b) The connection mode of Tb(III) ions in
cavate 14-membered cage Tb2(OCO)4; (c) Polyhedron for the two crystallographically
independent Tb(III) ions in a binuclear unit. All hydrogen atoms and lattice-water
molecules are omitted for clarity.
The adjacent two crystallographically equivalent Ce(III) ions
(Ce/Ce) are bridged by two oxygen atoms (i.e. O(8)) in m2-h2

fashion and two carboxy groups (i.e. O(5)eC(10)eO(6)) in m1-
h1:h1 fashion with the nonbonding distance of 4.166 �A to form a
cavate 10-membered cage (Ce2O2(OCO)2) which serves as the
subunit in the architecture (see Fig. 1b). In terms of the framework
of coordination polymer I, every four neighboring 10-membered
cages are linked into approximate hexagon grids through the
carboxy groups in m1-h1:h1, m2-h1:h1:h1 (mode a) fashion and are
further connected into an infinite 2D (6, 6) sheet, as illustrated in
Fig. 2a and b. In the hexagon grid, the interior angles
(:Ce/Ce/Ce) are 144.309�, 121.636� and 89.590�, the length of
sides (Ce/Ce) are 4.166�A and 6.339�A, respectively. Furthermore,
acting as connectors, the BDOA2� ligands are in anticonformation
such that the carboxy groups at each end of the benzene rings
point in opposite direction. The twist angles of 50.119�, 28.935�

(for mode a) and 80.486�(for mode b) between corresponding
benzene ring and carboxy groups are observed, respectively,
which define that the 2D (6, 6) sheet presents an undulating 2D
framework. Findings indicate that coordination polymer I displays
a cavity-containing (with an approximate dimension of
6.339 � 12.521 �A2) 3D architecture constructed based on the
subunit of cavate 10-membered cages (Ce2O2(OCO)2) between the
2D (6, 6) sheet via two types linkers of the BDOA2� ligands in
mode a (m1-h1:h1, m2-h1:h1:h1) andmode b (m1-h1:h2, m2-h2:h1), as
shown in Fig. 2c and d.

It is noteworthy that there exist two types of 2D layers along b
and a axis in the ordered 3D skeleton. Hydrogen bonds (i.e. O(1W)e
H(1WA)/O(1), 2.728�A, 148.21�, O(1W)eH(1WB)/O(2W), 2.752�A,
153.26�, and O(2W)eH(2WA)/O(4), 2.987 �A, 151.86�) stabilize the
embedded guest water molecules in the 2D corrugated layer (see
Fig. 3a and Table 3). Structural characterizations and thermogra-
vimetric analyses have also manifested the presence of embedded
guest water molecules in these coordination polymers (Fig. 3b)
[66]. Simultaneously, CeH/p interactions occur between the
adjacent benzene rings of BDOA2� ligands (i.e. C(6)eH(6)/
p ¼ 3.239 �A and C(3)eH(3)/p ¼ 3.203 �A) which reinforce the
structure effectively, as depicted in Fig. 3a and c. Thus, these non-
bonding weak interactions aforementioned actually drive the
Table 4
Comparison of the corresponding distances (average) for coordination polymers Ie
VII.

I II III IV V VI VII

LneOw (�A) 2.532 2.507 2.496 2.456 2.441 2.4303 2.417
LneOcarboxyl (�A) 2.529 2.507 2.497 2.476 2.463 2.422 2.370
Ln.Ln (�A) 4.166 4.144 4.136 4.127 4.127 4.139 4.220
LneOether (�A) 2.707 2.683 2.675 2.647 2.632 2.622 2.615
Dimensions of

the cavities (�A2)
79.367 78.665 78.606 78.016 77.501 77.265 76.617
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Fig. 7. The TG curves for coordination polymers IeVI.
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self-assembly of the 3D architecture. As a result, these structural
features may help us to understand how the bulk water plays an
important role to stabilize the conformation of coordination poly-
mer in the self-assembly process as well as diversified non-covalent
weak interactions. Interestingly, the as-synthesized coordination
polymer I features a peculiar interpenetrated 3D topological
structure (see Fig. 4).

3.3. Structure comparison of the coordination polymers

As the results aforementioned, IeVI and VII were synthesized
under similar hydrothermal conditions, yet the coordination
environment around Tb(III) in VII consists of four molecules of
the ligand with mode a (m1-h1:h1, m2-h1:h1:h1), two with mode c
(m1-h1:h1, m2-h1:h1), and one water molecule which is different
with those around Ln(III)(Ln ¼ Ce(I), Pr(II), Nd(III), Sm(IV), Eu(V),
and Gd(VI)). Namely, Tb(III) ion is eight-coordinated with O8
donor set containing six BDOA2� ligands (O(1), O(2), O(3), O(5),
O(6), O(7), and O(8)) and one terminal water molecule (O(1W))
to complete the coordination geometry. The TbeO bond lengths
range from 2.281 to 2.616 �A (average 2.400 �A), which are in
agreement with those reported earlier of other Tb(III) coordina-
tion polymers [67,68]. By comparison, in the structures of IeVI,
the Ln(III) centers adopt nine-coordinated (Ln1O9) coordination
environments and present bicapped trigonal antiprism geome-
tries, whereas Tb(III) ion takes eight-coordinated (Tb1O8) coor-
dination environment and demonstrates a distorted
dodecahedron configuration in VII, which is mainly due to the
obvious decrease in cationic radii of Tb(III) by comparison to
those of Ce(III), Pr(III), Nd(III), Sm(III), Eu(III), and Gd(III) to
connect with fewer metallic nodes, which cause the reduction of
the coordination number (see Fig. 5). The most obvious structural
difference between IeVI and VII is as follow: The adjacent two
Tb(III) ions (Tb/Tb) are bridged by four carboxy groups (i.e.
O(5)eC(10)eO(6)) and (O(7)eC(11)eO(8)) in m2-h1:h1 fashion
with the nonbonding distance of 4.220 �A to form a cavate 14-
membered cage (Tb2(OCO)4) differing from those cages in IeVI
which serves as the subunit in the 3D architecture (see Fig. 5b).
In addition to structural difference of the cages, features of the
approximate hexagon grid and infinite 2D (6, 6) sheet in VII are
similar to those in IeVI. Although structures of III and V had
been reported, these coordination polymers were also obtained
independently by us by simply tuning the Ln(III)/H2BDOA ratio,
with different solvent system, different temperature and shorter
reaction time. Furthermore, the lanthanide contraction, experi-
ments on luminescent probers, as well as thermogravimetric
analyses are systematically studied, which did not appear
elsewhere.

3.4. Lanthanide contraction

As discussed above, coordination polymers IeVI are isomor-
phous and isostructural. Simultaneously, IeVI exhibit obvious
lanthanide contraction effect, which is evidenced by their crystal
lattice constants. As shown in Table 4, the average distances of
LneOw, LneOcarboxyl in IeVI decrease slightly following the order
of Ce, Pr, Nd, Sm, Eu, and Gd, consistent with lanthanide
contraction, which may be ascribed to the crystal field contrac-
tions of the rare earth ions lacking of spherical symmetry [69,70].
Fig. 6. (aeg): Emission spectra of I in water (10�4 M) at RT (excited at 348 nm) in the presen
red, H2BDOA; blue, Ce(NO3)3$6H2O (10�4 M); b: Cu2þ; c: Zn2þ; d: Hg2þ; e: Pb2þ; f: Ca2þ, and
intensity of I at 524 nm at room temperature upon the addition of 3 equiv.Cu2þ, Zn2þ, Hg2þ,
the reader is referred to the web version of this article.)
The similar trend is occurred in Ln/Ln separations, which
decrease from 4.166 to 4.139 �A. As a result, dimensions of the
cavities in the 3D architectures in IeVI decrease progressively
and the densities increase by degrees along with lanthanide
contraction (from 79.367 to 77.265 �A2 and from 1.968 to
2.098 Mg/m3, respectively). The 4f electrons of lanthanide in the
coordination polymers are shielded by the outershell 5s2 and 5p6

orbitals and therefore are scarcely available for covalent inter-
action with the organic ligands. As a result, electrostatic in-
teractions are dominant in the Ln(III) coordination polymers, and
the geometries of the coordination polymers are determined by
steric factors rather than electrostatic effects [71].

3.5. Luminescent properties

To examine the possibility of modification of the luminescent
properties through cations exchange, the solid sample of I, II, V,
and VII were immersed in water (10�4 M) containing various
metal cations to generate solutions at room temperature. Note-
worthy, the emission intensity of I (Fig. 6) increases significantly
upon adding 1e3 Cd2þ (Cd(CH3COO)2) equivalents with respect
to I. The highest peak at 524 nm is nearly quintuple, ninefold
and twelvefold as intense as the corresponding band in the so-
lution without Cd2þ. To further understanding of this phenom-
enon, the same experiments were performed for the
introduction of Cu2þ (Cu(CH3COO)2), Zn2þ (Zn(CH3COO)2), Hg2þ

(HgSO4), Pb2þ (Pb(CH3COO)2), and Ca2þ (CaCl2) into the system.
Interestingly, the luminescence quenched when adding 3
equivalents of Ca2þ to the solution of I. The emission intensity at
524 nm of the coordination polymer is two and a half times
enhanced at the presence of 3 � 10�4 M Hg2þ (HgSO4) in
contrast to I. Comparatively, the emission intensities at 524 nm
did not change obviously at the introductions of Cu2þ, Zn2þ, and
Pb2þ ions with respect to the coordination polymer. These re-
sults suggest that coordination polymer I shows selectivity to-
ward Ca2þ and Cd2þ and it can be considered as selective
luminescent probes for these metals. The mechanism accounting
for the luminescent feature of the coordination polymers along
ce of Cu2þ, Zn2þ, Hg2þ, Pb2þ, Ca2þ, and Cd2þ ions with respect to I; a: black, I (10�4 M);
g: Cd2þ (black, no addition; red, 1 equiv; blue, 2 equiv; green, 3 equiv); (h): Luminescent
Pb2þ, Ca2þ, and Cd2þ. (For interpretation of the references to color in this figure legend,



Fig. 8. (a) Thermal variation of cM and cMT for coordination polymer I. Insert: Plot of thermal variation of cM�1 for coordination polymer I; (b) Thermal variation of cM and cMT for
coordination polymer III. Insert: Plot of thermal variation of cM�1 for coordination polymer III.
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with its dependence on the co-existing metal ions is still under
investigation.

Moreover, emission spectra of II (excited at 323 nm), V (excited
at 321 nm), and VII (excited at 322 nm) in the presence of Cu2þ,
Hg2þ, Zn2þ, Cd2þ, Mn2þ, and Ca2þ ions with respect to original
coordination polymers are depicted in Fig. S1, Fig. S2, and Fig. S3,
respectively. Except for II, the luminescent intensity enhances with
Cd2þ. The others luminescent intensities of II, V, and VII are either
unchanged or smaller changed.

3.6. Thermogravimetric analysis

Thermogravimetric analysis of IeVI performed in the N2 stream
from room temperature to 1000 �C shows that all the coordination
polymers decompose in three steps and their TG curves are almost
similar (see Fig. 7). The first stage weight losses of as-synthesized
coordination polymers IeVI (3.96%, 3.66%, 3.68%, 3.63%, 3.45%,
and 3.32%, respectively) take place covering the temperature
ranges of 25e115, 25e116, 25e117, 25e118, 25e118, and 25e120 �C
corresponding to the destruction of one lattice water molecule,
which are close to relevant calculated weight loss of 3.52%, 3.51%,
3.49%, 3.46%, 3.45%, and 3.43% and consistent with the crystal
structure analysis. The second weight loss stage has a decomposi-
tion temperature range of 134e229, 143e231, 147e251, 133e194,
122e172, and 129e174 �C, with aweight loss of 5.04%, 3.58%, 3.63%,
3.80%, 3.27%, and 3.07%, respectively. This can be assigned to the
loss of one coordinated water molecule that calculated weight loss
is 3.52%, 3.51%, 3.49%, 3.46%, 3.45%, and 3.43%, respectively. A stable
plateau emerges around 247e319, 251e318, 229e340, 209e355,
192e334, and 182e360 �C in the TG curves, followed by the third
stage weight loss at 324, 326, 342, 362, 344, and 369 �C owing to
the decomposition of BDOA2� ligands, giving the final residual
products of Ln2O3 (Pr6O11 for II). The remnants of coordination
polymers IeVI after the third stage are 39.01%(I), 46.66%(II),
47.93%(III), 46.67%(IV), 49.66%(V), and 47.46%(VI), which suggests
that they do not decompose completely under the experimental
temperature (calculated values of Ln2O3 for coordination polymers
IeVI are 32.02% (Ce2O3), 33.17% (Pr6O11), 32.57% (Nd2O3), 33.36%
(Sm2O3), 33.57% (Eu2O3), and 34.54% (Gd2O3)). Moreover, it is
worthy to note that the dehydration and decomposition tempera-
tures of coordination polymers IeVI rise with the increase of the
atomic number of lanthanide elements, corresponding to the
lanthanide contraction in association with the decrease of LneOw,
LneOcarboxyl, Ln/Ln distances and dimensions of the cavities (see
Table 4) [72e74].
3.7. Magnetic properties

Variable-temperature magnetic susceptibility of
{[Ce(BDOA)1.5(H2O)]$H2O}n (I) and {[Nd(BDOA)1.5(H2O)]$H2O}n (III)
are measured in the 2e300 K temperature range. The variation of
the inverse of the magnetic susceptibility, cM�1 and cMT of I and III
are shown in Fig. 8a and b. For I, the cMT value at 300 K is
1.754 cm3 K mol�1 (3.745 mB), which is higher than the expected
value (0.1378 cm3 K mol�1, 1.050 mB) of an isolated spin-only Ce(III)
ions (S ¼ 1/2, g ¼ 6/7). the cMT value of {[Ce(BDOA)1.5(H2O)]$H2O}n
decrease very slowly until it reaches a minimum of
0.2514 cm3 K mol�1 about 2 K. This behavior indicates a dominant
antiferromagnetic interaction between the Ce(III) ions in the
structures. The cM

�1 versus T plot of I is in correspondence with the
CurieeWeiss constant determined in the range of 2e300 K with
C ¼ 1.970 cm3 K mol�1 and q ¼ �96.593 K.

For III, the magnetic behavior is similar with that of I. the cMT
value at 300 K is 0.5992 cm3 K mol�1 (2.189 mB), which is closed to
the expected value (0.4959 cm3 K mol�1, 1.991 mB) of an isolated
spin-only Nd(III) ions (S ¼ 3/2, g ¼ 8/11). With the decrease of
temperature, the cMT value decrease very slowly until it reaches
0.1866 cm3 K mol�1 about 52 K, and the cM

�1 versus T plot of III is in
correspondence with CurieeWeiss constant determined in the
range of 2e300 K with C ¼ 1.680 cm3 K mol�1 and q ¼ �29.614 K.
Then the cMT increases to 0.1947 cm3 K mol�1 at 45 K, finally, the
cMT value decrease rapidly a minimum of 0.0306 cm3 K mol�1. This
indicates that the magnetic interaction of Nd(III) is antiferromag-
netic, and it is also in accordance with the literature.

4. Conclusion

Summarily, seven lanthanide-containing coordination polymers
based on the flexible BDOA2� ligands were successfully synthesized
under hydrothermal conditions. The ligands exhibit three different
coordinationmodes in the coordination polymers, and result in two
different structural types, which demonstrate the lanthanide
contraction effect in IeVI. The Ln(III) centers adopt 9-coordinated
coordination environment to furnish bicapped trigonal antiprism
geometries in IeVI, while it takes 8-coordinated coordination
environment to present a distorted dodecahedron configuration in
VII. Coordination polymers IeVI are isomorphous and isostructural,
containing the subunit of cavate 10-membered cages
(Ln2O2(OCO)2), while VII possesses the subunit of cavate 14-
membered cages (Tb2(OCO)4), based on which to assemble into
3D porous architectures via BDOA2� ligands, hydrogen bonds
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together with CeH/p interactions. Moreover, the thermal stability
of the coordination polymers was evaluated by thermogravimetric
analysis, suggesting that the dehydration and decomposition
temperatures of coordination polymers I to VI are approximately
rising with lanthanide contraction. Besides, coordination polymer I
and III present antiferromagnetic behaviors. Particularly, lumines-
cent studies suggest the efficient energy transfer from BDOA2� li-
gands to the corresponding Ln(III) ions, exhibiting the typical
intense emissions of Ln(III) ions in the visible region and therefore
the lanthanide coordination polymers display good selectivity to-
wards some certain metal ions such as Ca2þ and Cd2þ. The results
suggest that some of these coordination polymers may be potential
multifunctional materials in selective luminescent probes and
magnetism.
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