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3D coordination polymers of {[Ce2(PDA)3(H2O)3]*0.25(H2O)}n and {[Ce2(PDA)(HPDA)(H2O)5SO4]
*2H2O}n, (H2PDA ¼ pyridine-2,6-dicarboxylic acid,) have been prepared under hydrothermal conditions
and characterized by elemental analyses, IR spectroscopy, thermal analyses and single crystal X-ray
diffraction. In the dihydrate polymer the SO2�

4 - anions serve as bridges between 1D wavelike chains and
the adjacent parallel pyridine rings are connected through pep interactions. The striking feature of the
dihydrate polymer is that 1D nanosized cavities are observed, which house guest water molecules. Weak
interaction exists between Ce(IV) center and S atom(Ce.S) due to the connection of chelate SO2�

4 anion.
A magnetic study of the dihydrate polymer confirms that it presents antiferromagnetism. Thermogra-
vimetric and differential thermogravimetric analyses reveal that both polyers are stable at high tem-
perature. Luminescent emissions of complexes demonstrate that they display selectivities towards Zn2þ,
Hgþ, Pb2þ Mn2þ and Cd2þ or Cu2þ ions.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The lanthanide-based metaleorganic frameworks (Ln-MOFs)
have attracted special attention because of their intriguing structure
and tremendous potential applications in catalysis, molecular
recognition, optoelectronic devices, sensors, luminescence, molecu-
larmagnetism, gas absorption and ion exchange aswell as inmaterial
sciences [1e7]. A great number of Ln-MOFs have been synthesized
and characterized [8e10]. Lanthanide ionspossess a larger radius and
higher affinity for hard donor centers and ligands with oxygen or
hybrid oxygenenitrogen atoms, particularly multicarboxylate li-
gands, which are in favor of the construction of Ln-MOFs [11e19].
Especially, the highly localized f electrons of lanthanide compounds
allow fef transitions, which relate to the emission behavior of
lanthanide ions within a narrow wavelength range and with high
quantum yields. Consequently, the Ln-MOFs are intriguing and
remarkably suitable for the fabrication of optical devices and tunable
luminescent sensors as well as probes for chemical species [20e30].
One feasible strategy involving the use ofmulticarboxylate ligands as
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the organic building block, such as pyridine-2,6-dicarboxylic acid
(H2PDA) and its deprotonated anions (HPDA- and PDA2� tuned under
appropriate pH value) which adopt flexible, multidentate coordina-
tion sites, and thereforemaypotentially providevarious coordination
modes which are beneficial to the construction of higher-
dimensional Ln-MOFs [31e37]. Following our ongoing efforts to-
wards the synthesis and isolation of Ln-MOFs and hoping to validate
whether the new Ln-MOFs can be used for luminescent probes for
certainmetal ions, herewedesign and synthesize a series of Ln-MOFs
possessing functional sites for specific luminescent selectivity
recognition. We report the hydrothermal synthesis, characteristics,
thermal analysis and the crystal structures of the coordination
polymers formed between Ce centers and H2PDA ligands. Particular
attention is focused on the emission spectra of the complexes in the
presence of Pb2þ, Cd2þ, Hgþ, Zn2þ, Fe3þ Cu2þ andMn2þ ions and they
are compared with those of the corresponding complexes.

2. Experimental

2.1. Materials and measurements

Reagents were readily available from commercial sources and
were used without further purification. Elemental analysis was
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performed with a PerkineElmer 240C elemental analyzer. Fourier
transform infrared (FT-IR) were recordedwith an AVATAR 360 FT-IR
spectrometer (KBr pellets, in the region of 4000 w 400 cm�1). The
crystal structure was determined with a Bruker Smart CCD X-ray
single-crystal diffractometer. Fluorescent data were collected with
an F-7000 FL spectrophotometer at room temperature. Thermog-
ravimetric (TG) and differential thermogravimetric (DTG) analyses
were conducted with a PerkineElmer TGA7 system under flowing
N2 stream (flow rate 40mL/min) from room temperature to 1000 �C
at a heating rate of 10 K/min. Magnetic susceptibility measure-
ments were carried out by using a Quantum Design MPMS-5
magnetometer in the temperature range of 2e300 K.

2.2. Synthesis of the complexes I and II

2.2.1. Synthesis of {[Ce2(PDA)3(H2O)3]$0.25H2O}n (I)
The complex was synthesized from the reaction mixture of

pyridine-2,6-dicarboxylic acid (83.6 mg, 0.5 mmol), cerium sulfate
(201.7 mg, 0.5 mmol) and water (10 mL). The mixture was ho-
mogenized by stirring for 30 min, then transferred into 20 mL
Teflon-lined stainless steel autoclave under autogenous pressure at
160 �C for 4 days. After cooling the reaction system to room tem-
perature at a rate of 5 �C/h, yellow-green block crystals were iso-
lated. Calcd. for the complex C21H15.50N3O15.25Ce2 (%)C, 30.24; H,
1.87; N, 5.04%. Found: C, 30.19; H, 1.92; N, 4.78%, 3431(br), 1619(s),
1587(s), 1568(s), 1444(s), 1392(s), 1361(s), 1290(m), 1278(m),
762(m), 730(m), 1178(w), 1077(w), 1018(w), 926(w), 829(w),
762(w), 697(w), 660(w), 595(w), 524(w), 432(w).

2.2.2. Synthesis of {[Ce2 (PDA)2(H2O)5SO4]$2H2O}n (II)
Amixture of pyridine-2,6-dicarboxylic acid (83.6mg, 0.5mmol),

cerium sulfate (201.7 mg, 0.5 mmol) and water (10 mL) was ho-
mogenized by stirring for 30 min, then transferred into 25 mL
Teflon-lined stainless steel autoclave under autogenous pressure at
160 �C for 3 days. After cooling the reaction system to room tem-
perature at a rate of 5 �C/h, clear block crystals were isolated. Calc.
Table 1
Summary of crystallographic data for the complexes.

Compound I

Empirical formula C21H15.50N3O15.25Ce2
Formula weight 834.10
Temperature (K) 296(2)
Wavelength (�A) 0.71073
Crystal system Monoclinic
Space group P21/c
a �A 11.0071(9)
b �A 17.5297(15)
c �A 13.4570(12)
a� 90
b� 100.9820(10)
g� 90
Z 4
Density(calculated) 2.174 Mg/m3

F(000) 1602
Crystal size/mm3 0.51 � 0.40 � 0.36
Range for data collection/(�) 1.88 to 25.00
Limiting indices �11 � h � 13, �18 � k � 2
Reflections collected/unique 12628/4488 [R(int) ¼ 0.0205
Refinement method Full-matrix least-squares on
Data/restraints/parameters 4488/0/379
Goodness-of-fit on F2 1.050
Volume �A3 2549.0(4)
Final R indices [I > 2s(I)] R1 ¼ 0.0226, wR2 ¼ 0.0582
R indices (all data) R1 ¼ 0.0269, wR2 ¼ 0.0597
Largest diff. peak and hole/(e$�A�3) 0.644 and �0.729
for C14H6N2O19Ce2S (%): C, 20.54; H, 0.74.; N, 3.42. Found: C, 20.51;
H, 0.76; N, 3.45. IR data (KBr pellet, cm�1): 3424(b), 3086(w),
1623(s), 1592(s), 1560(s), 1477(w), 1438(s), 1389(s), 1367(m),
1277(m), 1160(m), 1125(s), 1095(s), 1077(s), 1014(m), 978(w),
930(m), 863(w), 846(w), 821(w), 772(m), 741(m), 729(m), 699(m),
655(m), 607(m), 523(w), 465(w), 433(m).
3. Results and discussion

3.1. The IR spectra of the complexes

Complexes I and II are stable in the solid state upon exposure to
air and insoluble in common solvents such as CH3COCH3,
CH3CH2OH, CH3OH CHCl3, CHCl2, CH3CN, THF or DMF. The broad
bands around 3436 and 3424 cm�1 and peaks at 926 and 928 cm�1

in complexes I and II are due to water molecules in coordination
and lattice forms [38,39]. The strong infrared absorption bands at
about 1620 and 1380 cm�1 in complex I and 1621 and 1388 cm�1 in
complex II are contributed to the coordinated carboxylates [40].
The IR absorption bands at 1563 and 729 cm�1 in complex I and
1592 and 729 in complex II represent the characteristic skeleton
vibrations of the pyridine ring. In complex I, the dOeCeO vibration in
plane occurs as sharp peaks in the range of 660e760 cm�1. The
absence of the characteristic bands ranging from 1690 to 1730 cm�1

indicates that the H2PDA ligands are completely deprotonated in
the form of PDA2� anions upon reactionwith the metal ions [41]. In
complex II, the absorptions related to the SO2�

4 ions are also pre-
sented in the infrared spectrum. Three bands appearing at 607, 655,
and 699 cm�1 are particularly evident for the y4 mode of SO2�

4 , and
three bands at higher wave numbers (1159, 1189, and 1277 cm�1)
could be related to y3. The two bands observed at 1013 and
929 cm�1 reflect the y1 stretching mode of SO2�

4 , the one at
929 cm�1 may be assigned to either y1 or y3 [8]. The absorption
related to the CeeN and CeeO stretching vibrations of the com-
plexes were observed at 523e433 cm�1 [38,39].
II

C14H6N2O19Ce2S
818.51
296(2)
0.71073
Orthorhombic
Pna21
18.754
6.5583(16)
18.754(5)
90
90
90
4
2.357 Mg/m3

1552
0.40 � 0.28 � 0.20
2.43 to 25.00

0, �15 � l � 15 �22 � h � 22, �7 � k � 7, �19 � l � 22
] 28874/5124 [R(int) ¼ 0.0268]
F2 Full-matrix least-squares on F2

2663/1/344
0.0814
2306.6(9)
R1 ¼ 0.0316, wR2 ¼ 0.0635
R1 ¼ 0.0365, wR2 ¼ 0.0646
0.911 and �0.799



Table 2
Selected bond lengths(�A) and band angles(�) for the complexes.

Bond lengths
I
Ce(1)-O(1) 2.353(3) Ce(2)-O(11) 2.466(3)
Ce(1)-O(8) 2.369(3) Ce(2)-O(7) 2.491(2)
Ce(1)-O(9) 2.396(3) Ce(2)-O(10) 2.548(2)
Ce(1)-O(2) 2.478(3) Ce(2)-O(6) 2.561(3)
Ce(1)-O(2W) 2.494(3) Ce(2)-O(6)a 2.579(2)
Ce(1)-O(3) 2.535(2) Ce(2)-O(1W) 2.590(3)
Ce(1)-O(3W) 2.561(3) Ce(2)-N(3) 2.608(3)
Ce(1)-N(1) 2.593(3) Ce(2)-N(2) 2.643(3)
Ce(2)-O(4) 2.463(2)
II
Ce(1)-O(17) 2.349(8) Ce(1)-O(3) 2.919(7) Ce(2)-O(10) 2.635(7)
Ce(1)-O(16) 2.492(8) Ce(1)-O(1) 2.928(9) Ce(2)-N(2) 2.643(11)
Ce(1)-O(14) 2.537(8) Ce(2)-O(13) 2.619(7) Ce(2)-O(11) 2.671(7)
Ce(1)-O(4) 2.540(9) Ce(2)-O(6) 2.455(9) Ce(2)-N(1) 2.691(11)
Ce(1)-O(15) 2.541(8) Ce(2)-O(2) 2.504(8) Ce(2)-O(12) 2.716(7)
Ce(1)-O(18) 2.551(9) Ce(2)-O(3) 2.569(7) Ce(1)-O(7) 2.669(8)
Ce(1)-O(2) 2.574(7) Ce(2)-O(7) 2.610(8) Ce(2)-O(13) 2.619(7)

Bond lengths
I
O(1)-Ce(1)-O(8) 100.09(12) O(11)-Ce(2)-O(10) 123.75(8)
O(1)-Ce(1)-O(9) 85.57(11) O(7)-Ce(2)-O(10) 83.12(9)
O(8)-Ce(1)-O(9) 152.88(10) O(4)-Ce(2)-O(6) 84.04(8)
O(1)-Ce(1)-O(2) 162.10(10) O(11)-Ce(2)-O(6) 154.99(9)
O(8)-Ce(1)-O(2) 89.82(10) O(7)-Ce(2)-O(6) 122.45(8)
O(9)-Ce(1)-O(2) 92.39(10) O(10)-Ce(2)-O(6) 76.85(8)
O(1)-Ce(1)-O(2W) 89.91(12) O(4)-Ce(2)-O(6)a 129.80(8)
O(8)-Ce(1)-O(2W) 132.99(10) O(11)-Ce(2)-O(6)a 107.29(8)
O(9)-Ce(1)-O(2W) 72.98(11) O(7)-Ce(2)-O(6)a 150.53(8)
O(2)-Ce(1)-O(2W) 72.53(11) O(10)-Ce(2)-O(6)a 69.96(8)
O(1)-Ce(1)-O(3) 72.94(9) O(6)-Ce(2)-O(6)a 63.75(9)
O(8)-Ce(1)-O(3) 78.55(9) O(4)-Ce(2)-O(1W) 70.91(8)
O(9)-Ce(1)-O(3) 77.85(10) O(11)-Ce(2)-O(1W) 74.08(8)
O(2)-Ce(1)-O(3) 124.03(8) O(7)-Ce(2)-O(1W) 139.65(9)
O(2W)eCe(1)-O(3) 147.17(10) O(10)-Ce(2)-O(1W) 136.79(8)
O(1)-Ce(1)-O(3W) 77.57(10) O(6)-Ce(2)-O(1W) 81.02(8)
O(8)-Ce(1)-O(3W) 69.16(9) O(6)a-Ce(2)-O(1W) 67.01(8)
O(9)-Ce(1)-O(3W) 137.65(10) O(4)-Ce(2)-N(3) 140.93(9)
O(2)-Ce(1)-O(3W) 92.33(9) O(11)-Ce(2)-N(3) 62.47(9)
O(2W)eCe(1)-O(3W) 68.49(10) O(7)-Ce(2)-N(3) 72.77(9)
O(3)-Ce(1)-O(3W) 131.06(9) O(10)-Ce(2)-N(3) 61.40(9)
O(1)-Ce(1)-N(1) 134.06(10) O(6)-Ce(2)-N(3) 134.08(9)
O(8)-Ce(1)-N(1) 77.68(10) O(6)a-Ce(2)-N(3) 83.64(8)
O(9)-Ce(1)-N(1) 79.44(10) O(1W)eCe(2)-N(3) 116.36(8)
O(2)-Ce(1)-N(1) 62.48(9) O(4)-Ce(2)-N(2) 70.14(9)
O(2W)eCe(1)-N(1) 125.42(11) O(11)-Ce(2)-N(2) 135.38(9)
O(3)-Ce(1)-N(1) 61.56(9) O(7)-Ce(2)-N(2) 61.80(9)
O(3W)eCe(1)-N(1) 138.37(9) O(10)-Ce(2)-N(2) 70.90(8)
O(4)-Ce(2)-O(11) 85.63(9) O(6)-Ce(2)-N(2) 60.69(8)
O(4)-Ce(2)-O(7) 79.01(8) O(6)a-Ce(2)-N(2) 117.07(8)
O(11)-Ce(2)-O(7) 77.48(9) O(1W)eCe(2)-N(2) 127.10(8)
O(4)-Ce(2)-O(10) 141.04(8) N(3)-Ce(2)-N(2) 116.49(9)
II
O(17)-Ce(1)-O(16) 124.9(3) O(14)-Ce(1)-O(3) 69.0(2) O(6)-Ce(2)-N(2) 60.7(3)
O(17)-Ce(1)-O(14) 129.6(2) O(4)-Ce(1)-O(3) 46.9(2) O(2)-Ce(2)-N(2) 116.9(3)
O(16)-Ce(1)-O(14) 71.3(3) O(15)-Ce(1)-O(3) 97.9(2) O(3)-Ce(2)-N(2) 123.6(3)
O(17)-Ce(1)-O(4) 90.8(3) O(18)-Ce(1)-O(3) 67.8(2) O(7)-Ce(2)-N(2) 59.9(3)
O(16)-Ce(1)-O(4) 140.1(3) O(2)-Ce(1)-O(3) 156.4(3) O(13)-Ce(2)-N(2) 72.1(3)
O(14)-Ce(1)-O(4) 71.9(3) O(7)-Ce(1)-O(3) 137.8(3) O(10)-Ce(2)-N(2) 109.2(3)
O(17)-Ce(1)-O(15) 73.0(2) O(17)-Ce(1)-O(1) 140.6(2) O(6)-Ce(2)-O(11) 77.4(3)
O(16)-Ce(1)-O(15) 134.0(3 O(16)-Ce(1)-O(1) 89.5(3) O(2)-Ce(2)-O(11) 128.9(3)
O(14)-Ce(1)-O(15) 134.1(3) O(14)-Ce(1)-O(1) 75.4(3) O(3)-Ce(2)-O(11) 71.5(2)
O(4)-Ce(1)-O(15) 68.2(3) O(6)-Ce(2)-O(2) 153.2(2) O(7)-Ce(2)-O(11) 88.6(2)
O(17)-Ce(1)-O(18) 70.6(2) O(6)-Ce(2)-O(3) 70.1(3) O(13)-Ce(2)-O(1) 144.5(3)
O(16)-C(e1)-O(18) 69.9(3) O(2)-Ce(2)-O(3) 119.5(3) O(10)-Ce(2)-O(1) 152.9(2)
O(14)-C(e1)-O(18) 73.9(3) O(6)-Ce(2)-O(7) 120.5(3) N(2)-Ce(2)-O(11) 72.5(3)
O(4)-Ce(1)-O(18) 113.2(3) O(2)-Ce(2)-O(7) 62.4(3) O(6)-Ce(2)-N(1) 121.6(3)
O(15)-Ce(1)-O(18) 143.5(3 O(3)-Ce(2)-O(7) 155.4(2) O(2)-Ce(2)-N(1) 60.0(3)
O(17)-Ce(1)-O(2) 124.9(2) O(3)-Ce(1)-O(1) 110.9(2) O(3)-Ce(2)-N(1) 59.6(2)
O(16)-Ce(1)-O(2) 66.9(3) O(4)-Ce(1)-O(1) 66.7(3) O(7)-Ce(2)-N(1) 117.6(3)
O(14)-Ce(1)-O(2) 105.4(3) O(15)-Ce(1)-O(1) 68.8(3) O(13)-Ce(2)-N(1) 105.6(3)
O(4)-Ce(1)-O(2) 109.6(3) O(18)-Ce(1)-O(1) 147.2(3) O(10)-Ce(2)-N(1) 71.3(3)
O(15)-Ce(1)-O(2) 69.0(3) O(2)-Ce(1)-O(1) 46.7(2) N(2)-Ce(2)-N(1) 176.8(3)

(continued on next page)
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Table 2 (continued )

O(18)-Ce(1)-O(2) 134.1(3) O(7)-Ce(1)-O(1) 106.5(2) O(11)-Ce(2)-N(1) 109.8(3)
O(17)-Ce(1)-O(7) 73.7(2) O(6)-Ce(2)-O(13) 83.0(3) O(6)-Ce(2)-O(12) 71.4(3)
O(16)-Ce(1)-O(7) 69.9(3) O(2)-C(2)-O(13) 71.6(3) O(2)-Ce(2)-O(12) 85.8(3)
O(14)-Ce(1)-O(7) 141.1(3) O(3)-Ce(2)-O(13) 128.3(2) O(3)-Ce(2)-O(12) 77.3(2)
O(4)-Ce(1)-O(7) 145.7(3) O(7)-Ce(2)-O(13) 76.3(2) O(7)-Ce(2)-O(12) 126.4(2)
O(15)-Ce(1)-O(7) 78.0(3) O(6)-Ce(2)-O(10) 128.2(3) O(13)-Ce(2)-O(1) 52.1(2)
O(18)-Ce(1)-O(7) 90.6(3) O(2)-Ce(2)-O(10) 78.5(2) O(10)-Ce(2)-O(1) 141.7(3)
O(2)-Ce(1)-O(7) 60.7(3) O(3)-Ce(2)-O(10) 80.4(2) N(2)-Ce(2)-O(12) 109.1(3)
O(17)-Ce(1)-O(3) 65.2(2) O(7)-Ce(2)-O(10) 75.9(2) O(11)-Ce(2)-O(1) 141.6(2)
O(16)-Ce(1)-O(3) 128.0(2) O(13)-Ce(2)-O(1) 146.1(2) N(1)-Ce(2)-O(12) 70.6(3)

Symmetry transformations used to generate equivalent atoms for complex I.
a �x þ 1,�y þ 1,�z.
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3.2. X-ray structures of complexes

3.2.1. X-ray crystallographic analysis and data collection
Single-crystal diffraction data I and II were collected from

suitable single crystals of the complexes 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 1.88e25.00� for complex I and
2.43e25.00� for complex II (determined in the subsequent refine-
ment). Multi-scan empirical absorption corrections were applied to
the data using 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-square cycle of
refinement gave R1 ¼ 0.0226, wR2 ¼ 0.0582 for I and R1 ¼ 0.0316,
wR2 ¼ 0.0635 for II, the weighting scheme w ¼ 1/
[s2(F02)þ(0.1999P)2 þ 0.0000P], for complex I and w ¼ 1/
[s2(F20 )þ(0.0000P)2þ 0.0000P] for complex II, where P¼ (F20þ2F2c )/
3. The crystallographic data, selected bond lengths and bond angles
for complexes I and II are listed in Tables 1 and 2, respectively.

3.2.2. Structure analysis of I
The single-crystal analyses reveal that complex I exhibits a

binuclear cerium entity connected by carboxylic oxygen with two
types of coordination environments (see Fig. 1a). Namely, Ce1
shows 8-coordination with the N1O7 donor and Ce2 shows 9-
coordination with the N2O7 donor, respectively (see Fig. 1b and
c). Four kinds of coordination modes a, b, c and d exist in the
structure (see Scheme 1). The Ce1 ion shows 8-coordination with
Fig. 1. (a) Coordination environment of complex I; the asymmetric unit and the related coo
(b) Highlight of the coordination polyhedra for the two crystallographically independent C
distorted trigonal dodecahedron, four PDA anions act as one
tetradentate mode (a mode) and three pentadentate modes (two
of them adopting c mode, one of them adopting d mode) and two
molecules of water. The Ce2 ion shows 9-coordination with a
tricapped trigonal prism, four PDA anions act as two tetradentate
modes (b mode) and two pentadentate modes (d mode and c
mode). The framework of I is built upon the building block of
Ce4(CO2)4 unit (18-membered ring) among which the neigh-
boring Ce ions are linked by OeCeO groups in m2-bridging
fashion, and Ce2 and Ce2A are bridged by O6 and O6A using m2-
bridging fashion, in which an approximate rhombic Ce2O2 (Ce2e
O6eCe2AeO6A) grid is observed with the distance Ce2$$$Ce2A
of 4.365(2) �A and the corresponding interior angles of 63.75(9)�

for :O6eCe2eO6A and :O6eCe2AeO6A, 116.24(1)� for :Ce2e
O6eCe2A :Ce2eO6AeCe2A, respectively (see Fig. 2a). The
adjacent tetranuclear homometallic Ce4(CO2)4 units with 18-
membered motifs assembled by two carboxylate bridges (OeCe
O) to propagate an infinite 1D chain (Fig. 2b) and the neighboring
chains are connected via carboxylate bridges (OeCeO) to form a
2D layer (Fig. 2c), which are further linked up and down through
hydrogen bonds (OeH$$$O) (see Table 3) to construct a 3D
polymer architecture, as illustrated in Fig. 3. It is noteworthy that
within the 2D homonuclear layer, octagonal rings (O12eH3WBe
O3WeH3WAeO120eH3WB’eO3W0eH3WA’eO12) constructed
from coordinated water molecules and O atoms from different
ligands among the building blocks of Ce4(CO2)4 above and below
the middle layer (Fig. 3). Obviously, these intralayer weak in-
teractions contribute to the additional stability of the 3D struc-
ture [42].
rdination atoms are labeled; lattice water and hydrogen atoms are omitted for clarity.
e(IV) ions.



Scheme 1. Typical coordination modes of the PDA2� anions in the complexes.
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3.2.3. Structure analysis of II
The molecular structure of complex II is shown in Fig. 4,

exhibiting a binuclear cerium entity connected by carboxylic oxy-
gen with two types of coordination environments, namely, Ce1
shows eight-coordination with the O8 donor set, while Ce2 shows
ten-coordination with the N2O8 donor set, respectively. Two kinds
of coordinationmodes b and e exist in the structure (see Scheme 1).
Five molecules of water together with three carboxylic oxygen
Fig. 2. (a) Diagram showing the building block of the coordination polymer (lattice wate
sinusoid-shaped (CeeOCOeCeeO2eCeeOCOeCe)N chain, (c) view of the 2D packing struct
atoms make up the coordination sphere of the Ce1 center with a
geometry of dodecahedron. The Ce2 ion shows 10-coordinated
environment with a double-capped cubic prism configuration,
where two PDA2� anions adopt one tetradentate (b mode) and one
adopts tetradentate (emode) ligands chelating to Ce2 occupying six
coordination sites of the Ce2 ion, and two sulfate anions act as
bidentate fashion to fill the remaining four coordination sites.
Unchelated PDA ligands around Ce1 ion are observed. The CeeO
r molecules and hydrogen atoms are omitted for clarity), (b) figure showing the 1D
ure of the polymer.



Table 3
Hydrogen bond geometry (�A) in the complex I.

D-H.A d(D-H) d(H...A) d(D...A) :(DHA)

O(4W)eH(4WA).O(4W)d 0.85 2.14 2.760(3) 129.9
O(3W)eH(3WB).O(12)c 0.85 1.95 2.793(4) 171.5
O(3W)eH(3WA).O(12)e 0.85 2.18 2.905(4) 142.8
O(2W)eH(2WB).O(1W)c 0.85 2.48 3.087(4) 129.2
O(2W)eH(2WB).O(5)f 0.85 2.45 2.914(5) 115.2
O(2W)eH(2WA).O(4W) 0.85 1.98 2.811(13) 165.9
O(1W)eH(1WB).O(2)b 0.85 2.59 3.153(4) 124.3
O(1W)eH(1WB).O(3) 0.85 2.14 2.870(4) 144.2
O(1W)eH(1WA).O(10)a 0.85 1.96 2.806(4) 170.7

Symmetry transformations used to generate equivalent atoms.
a �x þ 1,�y þ 1,�z.
b x, �y þ 1/2,z�1/2.
c x, �y þ 1/2,z þ 1/2.
d �x þ 1,�y,�z.
e �x, y�1/2,�z�1/2.
f �x þ 1,y�1/2,�z þ 1/2.

Fig. 4. Coordination environment of complex II; the asymmetric unit and the related
coordination atoms are labeled; lattice water and hydrogen atoms are omitted for
clarity.
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bond lengths are from 2.349(8) to 2.928(9) �A (Table 2), while the
bond lengths of CeeN are from 2.643(1) to 2.691(1) �A. The bond
length observation in the present work is consistent with the
previous work for the lanthanide involved polymers [9]. The
average bond length of CeeOPDA is longer than that of CeeOW. It is
noteworthy that the bond distances of Ce.S1 and Ce.S1A are
3.283(2) and 3.276(2) �A, respectively, which is particularly rare in
the similar complexes, considering the sum of the van der Waals
radii of Ce and S atoms, which is slightly longer than 3.4 �A. As a
result, it is reasonable to assume that there is certain interaction
between Ce and S atoms [43]. The dihedral angle between pyridine
rings connected to the Ce2 centers is 24.29(4)�, which is a small
deviation from the coplanar case. Actually, from the point view of
stereochemical effects, the closer the dihedral angle is to 90�, the
more stable the configuration of complex II. Obviously, the
chelating coordination of SO2�

4 anions to Ce2 ion from both above
and below defines the certain dihedral angle. Two sets of oxygen
atoms of the SO2�

4 anion in I, namely, (O10, O11) and (O12, O13), in
company with S1 atom define two planes with a dihedral angle of
nearly 90� between them (88.94(3)�), and the bond lengths of SeO
are nearly equal (1.446(9)e1.471(8)�A). The angles of :OeSeO in a
sulfate anion are slightly deviated from those of an ideal tetrahe-
dron, which are sufficient to reduce the local environmental sym-
metry from Td to C2v for the S atom [40].

The coordination polymer II consists of the building block of
[Ce2(PDA)(HPDA)(H2O)5 SO4]$2H2O(II). Ce1 and Ce2 are connected
through two carboxylic oxygen (O2, O7) from two PDA2� ligands.
Fig. 3. Hydrogen-bonding interactions in complex
The bond lengths are 2.574(7)�A for Ce1�O2, 2.669(8)�A for Ce1eO7,
2.504(8)�A for Ce2�O2 and 2.610(8)�A for Ce2eO7. Consequently, an
approximate rhombic Ce2O2 grid is formed with the corresponding
angles of 60.65(2)� for:O2eCe1eO7, 62.36(2)� for:O2eCe2eO7,
122.02(3)� for :Ce1eO2eCe2 and 114.55(3)� for :Ce1eO7eCe2,
respectively. Two Ce(IV) ions are well-separated with the
distance of 4.441(8) �A (Ce1$$$Ce2). The coordination polymer
is connected between the adjacent building block of
[Ce2(PDA)(HPDA)(H2O)5SO4]$2H2O through carboxylate bridges
(OeCeO). An infinite 1D (CeeO2eCeeOCOeCeeO2eCe)N wavelike
chain motif along the a axis is formed through the bridges of
carboxylate (OeCeO) and double oxygen alternately. The distances
between CeeO2eCe, CeeOCOeCe and CeeOSOeCe are observed as
4.441(8), 5.264(8) and 6.558(2) �A in the 1D chain, respectively.
Furthermore, the adjacent 1D chains are jointed through SO4

2�

anions from both above and below to construct a highly ordered 2D
layer along the c axis [8], as illustrated in Fig. 5. The repeat unit in
the 2D layer represents a motif consisting of a hexanuclear
homometallic 20-membered Ce6C2O10S2 ring with a size of
10.665(1) Å � 12.350(2)�A (distances of diagonals). In addition, the
parallel pyridine rings of PDA2- ligands between adjacent 2D layers
are partly overlapped (zipper-like) with distances of 3.556 and
3.505 �A (centroid to centroid distances between the adjacent pyr-
idine rings), which indicate that the strong pep interactions exist
by which the 3D framework is fabricated. The distance between the
adjacent layers is 9.506 E (see Fig. 6). It’s noticeable that the Ce(IV)
ions, carboxylate oxygen atoms andpep stacking pyridine rings act
I presenting 3D network viewed along c axis.



Fig. 5. 2D layer of complex II constructed by 1D wavelike chains exhibiting the repeat unit consisting of Ce6C2O10S2 ring and the bi-bidentate coordinated mode of SO2�
4 anion;

Ce$$$S weak interaction. Cyan, Ce; yellow, S; blue, N; red, O; gray, C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Zipper-like structure in complex II constructed by pep stacking interactions.
Uncoordinated water and hydrogen atoms were omitted for clarity. Cyan, Ce; yellow, S;
blue, N; red, O; gray, C. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 8. TG and DTG curves of complex I.
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as the inner wall of the cavities, inside which the lattice water
molecules are occupied. Within the infinite 1D nanosized cavities,
the embedded guest water molecules are arranged as linear clus-
ters [29,30], as described in Fig. 7.
Fig. 7. Perspective view of the 3D supramolecular network in complex II, highlighting the infi
atoms were omitted for clarity). Cyan, Ce; yellow, S; blue, N; red, O; gray, C. (For interpreta
version of this article.)
By comparison, the complex I and II are different from those of
the similar complexes {[Pr2(PDA)3(H2O)3]∙H2O}n, and
{[Pr2(PDA)2(H2O)5SO4]∙2H2O}n, H2PDA¼ pyridine-2,6-dicarboxylic
acid) in the corresponding reference in the respects of coordination
environments around Ce1 and Ce2, the building blocks and packing
diagrams [8,43]. The extent of the difference depends on the ster-
eoelectronic molecular information encoded in the components
(i.e., the ligand and the central metal ions) and the external con-
ditions (temperature, solvent system and materiel ratio).
3.3. Thermal analysis

The TG and DTG curves are shown in Fig. 8 and Fig. 9. In the TG
and DTG curves of I, The first weight loss stage has a decomposition
nite 1D parallel cavities with guest water molecules being embedded inside (hydrogen
tion of the references to color in this figure legend, the reader is referred to the web



Fig. 9. TG and DTG curves of complex II.
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temperature range of 109e230 �C, with a weight loss of 7.69%,
which corresponding to the loss of part of three point five molecule
of water (theoretical loss is 7.01%). The complex does not decom-
pose until 634 �C which indicates the high thermal stability of its
3D network, and above 634 �C, the complex starts to decompose
gradually. Nevertheless the final remnants of 50.72% suggests that
the complex does not decomposed completely under the experi-
mental temperature (theoretical residue of CeO2 41.34%). The TG
and DTG curves of the complex II indicate that the complex de-
composes in three steps. The first weight loss stage has a
Fig. 10. Luminescent intensity of II at 310 nm in CH3OH at room temperature upon the addit
no addition; blue, 10�4 M; red, 2 � 10�4 M; green, 3 � 10�4 M). (For interpretation of the re
article.)
decomposition temperature range of 25e157 �C, with a weight loss
of 10.93% (theoretical loss 10.99%), which can be assigned to the
loss of two molecules of lattice water and three molecules of co-
ordinated water. The second weight loss stage has a decomposition
temperature range of 157e228 �C, with a weight loss of 4.42%. This
can be assigned to the loss of the remaining two coordinated water
molecules (theoretical loss is 4.39%). The third weight loss stage has
a decomposition temperature range of 400e935 �C, with a weight
loss of 42.62%, which is due to the loss of two molecules of PDA2-

ligands (theoretical loss is 41.05%). The final mass remnant of
42.02% is indicative of deposition of CeO2 (theoretical loss is
42.03%).
3.4. Luminescent properties

To examine the possibility of modification of the luminescent
properties through cations exchange, the solid sample of complex I
was immersed in CH3OH (10�4 M) containing various metal cations
to generate solutions at room temperature. Emission spectra of the
complex (excited at 225 nm) in the presence of Fe3þ, Cd2þ, Cu2þ,
Mn2þ, Pb2þ, Hgþ and Zn2þ ions with respect to the complex are
listed in Fig. 10, respectively. The complex exhibits intense broad
emission bands with the maximum at 303 nm upon excitation at
ion of Hgþ, Cu2þ, Ca2þ, Zn2þ, Cd2þ, Pb2þ, Fe3þ and Mn2þ ions (excited at 225 nm) (black,
ferences to color in this figure legend, the reader is referred to the web version of this



Fig. 12. Thermal variation of cM and cMT for compound II. Insert: Plot of thermal
variation of cM�1 for compound II.
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350 nm, which may be due to the p* / n transition. According to
the above results, the emission of the complex may be assigned to
the ligand-to-metal-charge-transfer bands (LMCT) [19,40,44]. The
emission intensity of the complex decreased gradually upon the
addition of 10�4e3 � 10�4 M of Pb2þ(Pb(NO3)2) or Fe3þ(Fe2(SO4)3)
with respect to the complex. As the concentration of Hgþ (HgNO3)
was controlled at 3 � 10�3 M, the emission spectra at 310 nm
(excited at 225 nm) for the complex I basically quenched. On the
contrary, the emission intensities at 303 nm of the complex are
significantly enhanced by the presence of Cd2þ(Cd(CH3COO)2).
Interestingly, the significant enhancement of the emission intensity
of the complex caused by Zn2þ or Mn2þ is much more sensitive to
its concentration of 2� 10�3 M (other than 10�3 M and 3� 10�3 M)
than those of any other ions tested at the equivalent concentration,
which presents its character of concentration-dependent selec-
tivity, whereas the higher selective concentrations of Pb2þ

are10�4 M and 2� 10�3 M (as indicated in Fig. 10). The luminescent
properties of complex II was studied in H2O (10�4 M) at room
temperature. As for complex II, when transition metals (Cd2þ:
Cd(CH3COO)2, Zn2þ: Zn(CH3COO)2, Pb2þ: Pb(CH3COO)2, Hgþ:
(HgNO3), Cu2þ: Cu(CH3COO)2) are added, the emission intensities
at 350 nm (excited at 252 nm) enhanced (Fig. 11). The emission
intensities at 351 nm of complex I is significantly enhanced in the
presence of Pb2þ(2 � 10�4 M, Pb(CH3COO)2) ion for about twelve
times as strong as that without Pb2þ ion, while it is enhanced in the
presence of Cd2þ(3 � 10�4 M, Cd(CH3COO)2) ion for about three
times as strong as that without Cd2þ ion. Strikingly, the significant
enhancement of the emission intensity of complex II caused by Hgþ

is much more sensitive to its concentration of 2 � 10�4 M (other
than 10�4 M and 3�10�4M). The emission intensities of complex II
increased significantly upon the addition of 3 � 10�4e10�4 M
(other than 10�4 M-3 � 10�4 M) of Zn2þ. The mechanism of the
luminescent feature of the complexes alongwith its dependence on
the co-existing metal ions is still under investigation.
Fig. 11. Luminescent intensity of II at 350 nm in CH3OH at room temperature upon the ad
10�4 M; red, 2 � 10�4 M; green, 3 � 10�4 M). (For interpretation of the references to color
3.5. Magnetic properties

Variable-temperaturemagnetic susceptibilityof IIwasmeasured
in the 2.0e300 K temperature range. The variation of the inverse of
the magnetic susceptibility, cM�1 and cMT of II are shown in Fig. 12.
The thermal evolution of cM�1 obeys the CurieeWeiss law, cM ¼ C/
(T�q) in the range of 2e300 Kwith aWeiss constant, q, of�14.540 K
andaCurie constant,CM, of 1.311 cm3mol�1 K, respectively. At 300K,
the cMT value is 1.286 cm3 mol�1 K. On lowering the temperature,
the cMT value decreases smoothly to a minimum of
0.757 cm3mol�1 K at 2 K. The negative q value and thecMT vs Tcurve
reveal typical antiferromagnetic interactions between the Ce(IV)
centers. The structural determination indicates that two magnetic
dition of Cd2þ, Pb2þ, Hgþ and Zn2þ ions (excited at 252 nm)(black, no addition; blue,
in this figure legend, the reader is referred to the web version of this article.)
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interaction pathways can be considered in II. The Ce$$$Ce distances
across the Ce$$$OCO$$$Ce and Ce$$$SO4$$$Ce bridges are 5.2637(8)
and 6.5583(18) �A, respectively, suggesting that the observed anti-
ferromagnetic interaction should arise from the magnetic super
exchange through these two types of bridges [45,46].

4. Conclusion

We have successfully synthesized {[Ce2(PDA)3(H2O)3]$H2O0.25}n
(I) and {[Ce2(PDA)2(H2O)5SO4]$2H2O}n (II) by a hydrothermal
method. 3D structures of complex I and 3D structures of complex II
are formed through pep interactions and hydrogen bonds. Both I
and II are stable at high temperature. The magnetic study of II
confirms that it presents antiferromagnetic behavior. The lumi-
nescent properties of complex I showed selectivity toward Cu2þ,
Zn2þ, Cd2þ and Mn2þ ions and the luminescent properties of
complex II showed selectivity toward Pb2þ ions. Therefore, both
complexes may be considered as selective luminescent probe for
these metals.
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