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Three porous lanthanide-organic frameworks, [Ln4(OH)4(3-SBA)4(H2O)4] 3 nH2O [Ln = EuIII (1), n = 10; GdIII (2), n =
10; TbIII (3), n = 8; 3-SBA = 3-sulfobenzoate], have been prepared by a hydrothermal synthesis method. They are
isomorphous and crystallize in a tetragonal system with space group P 421c. The structure can be considered to be
built up by cubanelike [Ln4(OH)4]

8þ secondary building units, which are further connected by 3-SBA to form a 3D
coordination framework with 1D pores along the c direction for accommodation of novel T8(3) water tapes or zigzag
water chains. Furthermore, in these compounds, the [Ln4(OH)4]

8þ units and 3-SBA ligands serve as 12-connected
and 3-connected nodes, respectively, resulting in a unique (3,12)-connected framework with the Schl€afli symbol of
(43)4(4

20.628.818). The luminescent properties of the EuIII (1) and TbIII (3) complexes have been studied, showing
characteristic emissions at room temperature. Variable-temperature magnetic susceptibility studies indicate that the
GdIII complex 2 displays weak antiferromagnetic coupling through μ3-OH

- pathways.

Introduction

In recent years, metal-organic frameworks have been
developed rapidly because of their fascinating structures
and potential applications as functional materials, in adsorp-
tion,1 ion exchange,2 chirality,3 catalysis,4 luminescence5 and
magnetism.6 Among them, porous networks7-11 that allow

the reversible passage of molecules through their structures
via holes in their surface have attracted particular interest
because they provide a goodopportunity for the construction
of multifunctional materials such as porous magnetic8a-f or
luminescent materials,8g which are in the current forefront
of molecular-based materials. A common approach for
the construction of porous frameworks is to employ organic

*To whom correspondence should be addressed. E-mail: xiali@
mail.cnu.edu.cn (X.L.), haolingsun@bnu.edu.cn (H.-L.S.), dumiao@
public.tpt.tj.cn (M.D.).

(1) (a) Park, Y. K.; Choi, S. B.; Kim, H.; Kim, K.; Won, B. H.; Choi, K.;
Choi, J. S.; Ahn,W. S.;Won,N.; Kim, S.; Jung, D.H.; Choi, S. H.; Kim,G.H.;
Cha, S. S.; Jhon, Y. H.; Yang, J. K.; Kim, J. Angew. Chem., Int. Ed. 2007, 119,
8378. (b) Ghosh, S. K.; Zhang, J. P.; Kitagawa, S.Angew.Chem., Int. Ed. 2007, 119,
8111. (c) Han, S. S.; Goddard, W. A. J. Am. Chem. Soc. 2007, 129, 8422.
(d) Hasegawa, S.; Horike, S.; Matsuda, R.; Furukawa, S.; Mochizuki, K.; Kinoshita,
Y.; Kitagawa, S. J.Am.Chem.Soc. 2007, 129, 2607. (e) Dong,Y.B.; Zhang,Q.; Liu,
L. L.;Ma, J. P.; Tang, B.; Huang, R. Q. J. Am.Chem. Soc. 2007, 129, 1514. (f ) Hu, S.;
He, K. H.; Zeng, M. H.; Zou, H. H.; Jiang, Y. M. Inorg. Chem. 2008, 47, 5218.

(2) Zhang, J.; Liu, R.; Feng, P. Y.; Bu, X. H.Angew. Chem., Int. Ed. 2007,
119, 8540.

(3) (a) Bradshaw, D.; Claridge, J. B.; Cussen, E. J.; Prior, T. J.; Rosseinsky,
M. J. Acc. Chem. Res. 2005, 38, 273. (b) Milon, J.; Daniel, M. C.; Kaiba, A.;
Guionneau, P.; Brand�es, S.; Sutter, J. P. J. Am. Chem. Soc. 2007, 129, 13872.
(c)Xiong,R.G.;You,X. Z.;Abrahams,B. F.;Xue, Z.; Che, C.M.Angew.Chem., Int.
Ed. 2001, 40, 4422. (d)Kesanli, B.; Cui, Y.; Lin,W.Angew.Chem., Int. Ed. 2005, 44,
72. (e) Li, G.;Yu,W.; Ni, J.; Liu, T.; Liu, Y.; Sheng, E.; Cui,Y.Angew.Chem., Int. Ed.
2008, 47, 1245. (f) Ma, L.; Abney, C.; Lin, W. Chem. Soc. Rev. 2009, 38, 1248.

(4) (a) Seo, J. S.;Whang,D.; Lee, H.; Jun, S. I.; Oh, J.; Jeon,Y. J.; Kim,K.
Nature 2000, 404, 983. (b) Han, J. W.; Hill, C. L. J. Am. Chem. Soc. 2007, 129,
15094. (c) Lee, J.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.; Hupp,
J. T. Chem. Soc. Rev. 2009, 38, 1450.

(5) (a) Rieter, W. J.; Taylor, K. M. L.; Lin, W. J. Am. Chem. Soc. 2007,
129, 9852. (b) Bettencourt-Dias, A.; Viswanathan, S.; Rollett, A. J. Am. Chem.
Soc. 2007, 129, 15436. (c) Chen, W. T.; Fukuzumi, S. Inorg. Chem. 2009, 48,
3800. (d) Lan, A.; Li, K.; Wu, H.; Olson, D. H.; Emge, T. J.; Ki, W.; Hong, M.; Li,
J. Angew. Chem., Int. Ed. 2009, 48, 2334. (e) Allendorf, M. D.; Bauer, C. A.;
Bhakta, R. K.; Houka, R. J. T. Chem. Soc. Rev. 2009, 38, 1330.

(6) (a) Akhtar, M. N.; Zheng, Y. Z.; Lan, Y. H.; Mereacre, V.; Anson,
C. E.; Powell, A. K. Inorg. Chem. 2009, 48, 3502. (b)Wang, X. Y.;Wang, Z.M.;
Gao, S.Chem. Commun. 2008, 281. (c) Zeng,M. H.;Wu,M. C.; Liang, H.; Zhou,
Y. L.; Chen, X. M.; Ng, S. Inorg. Chem. 2007, 46, 7241. (d) Kurmoo, M. Chem.
Soc. Rev. 2009, 38, 1353.

(7) (a) Kitagawa, S.; Kitaura, R.; Noro, S. I.Angew. Chem., Int. Ed. 2004,
43, 2334. (b) Ferey, G. Chem. Soc. Rev. 2008, 37, 191.

(8) (a) Halder, G. J.; Kepert, C. J.; Moubaraki, B.; Murray, K. S.; Cashion,
J. D.Science 2002, 298, 1762. (b)Wang, Z.; Zhang, B.; Fujiwara, H.; Kobayashi, H.;
Kurmoo, M.Chem. Commun. 2004, 416. (c) Kurmoo, M.; Kumagai, H.; Chapman,
K. W.; Kepert, C. J. Chem. Commun. 2005, 3012. (d) Kurmoo, M.; Kumagai, H.;
Akita-Tanaka, M.; Inoue, K.; Takagi, S. Inorg. Chem. 2006, 45, 1627. (e) Zhang,
X. M.; Hao, Z. M.; Zhang, W. X.; Chen, X. M. Angew. Chem., Int. Ed. 2007, 46,
3456. (f) Zeng, M. H.; Feng, X. L.; Zhang, W. X.; Chen, X. M.Dalton Trans. 2006,
5294. (g) Zhu, W. H.; Wang, Z. M.; Gao, S. Inorg. Chem. 2007, 46, 1337.

(9) (a) Belanger, S.; Hupp, J. T.; Stern, C. L.; Slone, R. V.; Watson, D. F.;
Carrell, T. G. J. Am. Chem. Soc. 1999, 121, 557. (b) Rowsell, J. L. C.; Yaghi,
O. M. Microporous Mesoporous Mater. 2004, 73, 3.



1866 Inorganic Chemistry, Vol. 49, No. 4, 2010 Li et al.

bridging ligands to link metal centers to obtain special struc-
tures, such as pillar-layered structures with voids within the
solid, inwhich the pore size can be controlled to some content
by changes in the length of the spacer. However, the pore size
of these frameworks cannot be as large as we expect because
of the fact that when the pore size is large enough, two or
more identical frameworks are usually interwoven at the
expense of the pore volume, resulting in the occurrence of
interpenetration.9 In order to overcome this obstacle, metal
clusters are used as secondary building units (SBUs) for
the construction of coordination frameworks with large
pore sizes because the bulked metal clusters can increase
the critical pore size for interpenetration.10 As well as the
increase of the pore size, the metal clusters can also serve as
high-connected nodes, which can produce high-connected
frameworks with unique network topology.10

Lanthanide-organic frameworks have attracted interest
because of their ability to incorporate both photoluminescent
and magnetic properties, making them ideal for developing
new multifunctional materials.10d,11,12 However, porous lan-
thanide-organic frameworks are relatively rare.11 One possi-
ble reason is that the lanthanide ions adopt high coordination
numbers and versatile coordination behaviors, which make
the coordination spheres of lanthanide cations more difficult
to control, in the absence of design strategies for such crystal-
line solids. Thus, it is significantly more difficult to achieve the
targetmaterialswith specific properties.Furthermore, thehigh
affinity of lanthanides for oxygen donor atoms makes the
oxygen-containing ligands excellent candidates as bridging
ligands for the preparation of stable architectures.11,12 Until
now, many lanthanide coordination frameworks with inter-
esting topology and various pore structures including cages

and channels have been constructed by usingmulticarboxylate
ligands.11 However, relatively rare lanthanide coordination
frameworks containing other oxygen-containing groups, such
as sulfonate, have been reported,13 in which a few sulfonate-
containing porous lanthanide-organic frameworks were
documented.13h,i In addition, our recent results based on
3-sulfobenzoate (3-SBA) give us a clue on how to rationally
construct such porous materials by using this ligand and
multinuclear lanthanide clusters.13b Herein, we present the
hydrothermal synthesis, X-ray crystal structural characteriza-
tion, and luminescent and magnetic properties of three novel
isostructural lanthanide-organic frameworks by using the
multidentate ligand 3-SBA. These coordination frameworks
with 1D channels are constructed by 12-connected cubanelike
[Ln4(OH)4]

8þ units and 3-connected 3-SBA ligands, resulting
in unique (3,12)-connected frameworks with the Schl€afli
symbol of (43)4(4

20.628.818).

Experimental Section

Elemental analyses of carbon, hydrogen, and nitrogen
were carried out with an Elementar Vario EL. FTIR spectra
of the three compounds were obtained in the range of
4000-400 cm-1 on a Nicolet Magna 750 FT/IR spectro-
meter. The fluorescence spectra and fluorescence decay life-
times of the solid samples 1 and 3 were recorded on an
Edinburgh Analytical Instruments FLS920 spectrometer at
room temperature. Variable-temperature magnetic suscept-
ibility measurements of 2 were performed on an MPMS-7
SQUID magnetometer. The experimental susceptibilities
were corrected for the diamagnetism of the constituent atoms
(Pascal’s tables)14 and the background of the sample holder.
Thermogravimetric analyses (TGA) were carried out using a
HCT-2 thermal analyzer under air, from room temperature
to ca. 1000 �C, with a heating rate of 10 �C/min. Powder
X-ray diffraction (PXRD) patterns were collected in the
range of 5�<2θ<50� at different temperatures on bulk sam-
ples with a Bruker AXSD8ADVANCE diffractometer with
Cu KR radiation in flat-plate geometry. The experimental
PXRDpatternsmatchwell the calculatedonesobtained from
the single-crystal structures, confirming the phase purity of
the bulk samples.

Synthesis. All of the starting materials were commercially
available reagents for analytical grade and were used without
further purification. Lanthanide nitrates were produced from
lanthanide oxides and nitric acid.

[Ln4(OH)4(3-SBA)4(H2O)4] 3 nH2O [Ln= Eu (1), n=10; Gd

(2), n=10; Tb (3), n=8].Amixture of Ln(NO3)3 3 6H2O [Ln=
Eu (1), Gd (2), and Tb (3)] (0.6 mmol), 3-sulfobenzoic acid (0.6
mmol), 2,20-bipyridine (0.4mmol),H2O (10mL), and an aqueous
solution of NaOH (1.0 mmol) was heated in a 25-mL-capacity
stainless steel reactorwith aTeflon liner at 150 �C for 3 days under
autogenouspressure and then cooled slowly to room temperature.
Block crystals of the title complexes suitable for XRD analysis
were obtained. Yield: about 44%. Anal. Calcd for C28H48Eu4-
O38S4 (1): C, 19.45; H, 2.80. Found: C, 19.50; H, 2.86. Selected IR
(KBr pellet, ν/cm-1): 3556br, 1596s, 1555vs, 1453s, 1400vs,
1210vs, 1169s, 1107s, 1056s, 769m, 665m, 610s, 575m, 442w.
Anal. Calcd for C28H48Gd4O38S4 (2): C, 19.22; H, 2.76. Found:
C, 19.65;H, 2.60. Selected IR (KBr pellet, ν/cm-1): 3492br, 1597s,
1556s, 1435s, 1400vs, 1212vs, 1169s, 1107s, 1057s, 769m, 665m,
610s, 575m, 444w. Anal. Calcd for C28H48Tb4O36S4 (3): C, 19.55;
H, 2.58. Found: C, 19.68; H, 2.35. Selected IR (KBr pellet,
ν/cm-1): 3491br, 1597s, 1556vs, 1435s, 1401vs, 1213vs, 1169s,
1106s, 1075m, 769m, 666m, 611s, 576m, 446w.
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Crystallography. Intensity data for crystals of 1-3 were
collected on a Bruker Smart Apex II CCD diffractometer with
graphite-monochromated Mo KR radiation (0.710 73 Å) at 293
K. The structures were solved by direct methods and refined
with the full-matrix least-squares technique based on F2 using
the SHELXL program.15 All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms of the water molecules were
located from the difference Fourier maps and refined with
restraint of the O-H and H 3 3 3H distances (0.96 and 1.52 Å,
respectively). Other hydrogen atoms were placed at the calcu-
lated positions. The details of crystallographic data and selec-
ted bond parameters for compounds 1-3 are listed in Tables 1
and 2, respectively.

Result and Discussion

Description of the Structures. Structure of [Eu4(OH)4-
(3-SBA)4(H2O)4] 3 10(H2O) (1). Single-crystal X-ray de-
termination reveals that complex 1 contains hydroxyl-
bridged tetranuclear clusters [Eu4(μ3-OH)4(H2O)4]

8þ,
which are further connected via 3-SBA ligands to result
in a 3D coordination framework with 1D channels along
the c axis. The asymmetric unit of 1 consists of one EuIII

ion, one SBA ligand, one μ3-hydroxyl, one coordination
watermolecule, and 2.5 lattice watermolecules. The coor-
dination environment of EuIII in 1 is depicted in Figure 1.
Each EuIII ion is eight-coordinated by two carboxylate
oxygen atoms [Eu-O=2.370(2) and 2.378(2) Å] from
two 3-SBA ligands, two sulfonate oxygen atoms [Eu-
O=2.403(2) and 2.404(2) Å] from two 3-SBA ligands,
three oxygen atoms [Eu-O = 2.410(2), 2.414(2), and

2.442(2) Å] from μ3-OH groups, and one water mole-
cule [Eu-O=2.499(3) Å] (Figure 1). The EuO8 poly-
hedron can be described as a distorted square antiprism.
All bond lengths around the metal center are comparable
to those found in other reported EuIII complexes. Each
EuIII and its three nearest EuIII ions are connected
together by four μ3-hydroxyl bridging ligands, forming
a cubanelike cluster [Eu4(μ3-OH)4]

8þ with Eu 3 3 3Eu dis-
tances of 3.828 and 4.012 Å, in which four EuIII ions
are located at the corners of the tetrahedron. All trian-
gular faces of the tetrahedron are capped by the μ3-OH-

ligands. Namely, the EuIII ions and triply bridging

Table 2. Selected Bond Lengths (Å) and Angles (deg) for 1-3

1
a

Eu1-O1 2.403(2) Eu1-O2c 2.404(2)
Eu1-O4b 2.378(2) Eu1-O5a 2.370(2)
Eu1-O6 2.410(2) Eu1-O7 2.499(3)
Eu1-O6d 2.414(2) Eu1-O6e 2.442(2)
Eu1-Eu1d 3.828(1) Eu1-Eu1e 4.012(1)
Eu1-Eu1f 3.828(1)

Eu1-O6-Eu1e 111.52(8) Eu1f-O6-Eu1e 104.02(8)
Eu1-O6-Eu1f 105.00(8)

2
b

Gd1-O1 2.391(3) Gd1-O2c 2.390(3)
Gd1-O4b 2.366(3) Gd1-O5a 2.354(3)
Gd1-O6 2.400(3) Gd1-O6d 2.408(3)
Gd1-O6e 2.436(3) Gd1-O7 2.493(3)
Gd1-Gd1f 3.811(1) Gd1-Gd1d 3.811(1)
Gd1-Gd1e 3.994(1)

Gd1-O6-Gd1f 104.88(10) Gd1f-O6-Gd1e 103.76(10)
Gd1-O6-Gd1e 111.37(10)

3c

Tb1-O5a 2.344(4) Tb1-O4b 2.357(4)
Tb1-O2c 2.372(4) Tb1-O6 2.379(4)
Tb1-O1 2.379(4) Tb1-O6d 2.387(4)
Tb1-O6e 2.413(4) Tb1-O7 2.482(5)
Tb1-Tb1f 3.784(1) Tb1-Tb1d 3.784(1)
Tb1-Tb1e 3.972(1)

Tb1-O6-Tb1e 111.94(14) Tb1f-O6-Tb1e 104.08(15)
Tb1-O6-Tb1f 105.14(15)

aSymmetry codes: a,-yþ 3/2,-xþ 3/2, z þ 1/2; b,-xþ 3/2, y- 1/2,
-zþ 1/2; c, y,-xþ 1,-z; d, y,-xþ 1,-zþ 1; e,-xþ 1,-yþ 1, z; f,-y
þ 1, x,-zþ 1. b Symmetry codes: a,-y- 3/2,-x- 3/2, z- 1/2; b,-x-
3/2, yþ 1/2,-z- 1/2; c, y,-x- 1,-z; d, y,-x- 1,-z- 1; e,-x- 1,-y
- 1, z; f,-y- 1, x,-z- 1. cSymmetry codes: a,-yþ 1/2,-xþ 1/2, z-
1/2; b,-xþ 1/2, yþ 1/2,-zþ 3/2; c, y,-xþ 1,-zþ 2; d, y,-xþ 1,-zþ
1; e, -x þ 1, -y þ 1, z; f, -y þ 1, x, -z þ 1.

Table 1. Crystal Data and Structure Refinement for 1-3

1 2 3

formula C28H48Eu4-
O38S4

C28H48Gd4-
O38S4

C28H44Tb4-
O36S4

fw 1728.74 1749.90 1720.55
cryst syst tetragonal tetragonal tetragonal
space group P421c P421c P421c
a, Å 17.2009(2) 17.1743(3) 17.1205(7)
b, Å 17.2009(2) 17.1743(3) 17.1205(7)
c, Å 8.5389(2) 8.5106(2) 8.4672(6)
V, Å3 2526.41(7) 2510.26(9) 2481.8(2)
Z 2 2 2
Dcalcd, g/cm

3 2.273 2.315 2.302
μ (Mo KR), mm-1 5.171 5.491 5.903
cryst size, mm3 0.40 � 0.40

� 0.20
0.3 � 0.3

� 0.18
0.08 � 0.06
� 0.05

Tmax and Tmin 0.356, 0.214 0.4381, 0.2897 0.7568, 0.6496
θmin, θmax, deg 1.67, 27.56 3.36, 27.61 3.38, 27.63
F(000) 1672 1680 1648
data collected 19 336 6186 5558
unique data 2914 2679 2866
obsd data

[I > 2σ(I)]
2859 2541 2606

Rint 0.0268 0.0195 0.0262
no. of param 197 197 185
R1a [I > 2σ(I)] 0.0152 0.0188 0.0270
wR2b [I > 2σ(I)] 0.0379 0.0395 0.0553
R1a [all data] 0.0157 0.0203 0.0317
wR2b [all data] 0.0381 0.0400 0.0569
GOF 1.114 1.013 0.995
ΔFc, e/Å3 þ0.453, -0.437 þ0.506, -0.363 þ0.750, -0.496
Flack parameter -0.004(10) -0.013(11) 0.007(16)

aR1=
P

||Fo|-|Fc||/
P

|Fo|.
bwR2=[

P
w(Fo

2-Fc
2)2]/

P
w(Fo

2)2]1/2.
cMaximum and minimum residual electron densities.

Figure 1. Coordination environment of Eu1 in 1.

(15) (a) Sheldrick, G. M. SHELXTL, version 5.1; Bruker Analytical X-ray
Instruments Inc.: Madison, WI, 1998. (b) Sheldrick, G. M. SHELX-97, PC
Version; University of G€ottingen: G€ottingen, Germany, 1997.
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μ3-hydroxyl groups alternatively occupy the vertexes of
the cubane (Figure 2). The cuboidal [Eu4(μ3-OH)4]

8þ core
is distorted, with Eu-O-Eu angles of 104.02�, 105.00�,
and 111.52�, which are similar to those found in other
[Ln4(μ3-OH)4]

8þ clusters.10d,16

In 1, each 3-SBA ligand acts as the three-connected node
and links one [Eu4(μ3-OH)4]

8þ SBU through the carbox-
ylate groupand theother two through sulfonate.Also, each
[Eu4(μ3-OH)4]

8þ SBU is connected to 12 3-SBA ligands to
form an infinite framework (Figures 3 and 4). The asym-
metric μ3-bridging mode of 3-SBA results in the overall
acentric framework (Figure 2a). Alternatively, the struc-
ture of 1 can be viewed as comprising infinite SBUs, in
which each sulfonate is linked to two [Eu4(μ3-OH)4]

8þ

clusters and each cluster to eight sulfonates, producing a
1D chain along the c axis (Figure 2b). The adjacent chains
are further connected by the 3-SBA ligands to form a 3D
framework. The 3D framework has channels along the
[001] direction (Figure 3), which are occupied by lattice
water molecules (10 per formula unit). Calculations from
theX-ray structure data show that the frameworkpossesses

a solvent-accessible volume of ca. 297 Å3, corresponding to
12% of the unit cell. The lattice water molecules are
hydrogen-bonded to the channels with O 3 3 3O distances
of 2.628-2.898 Å (Figure 3b and Table 3). To our surprise,

Figure 2. (a) Bridgingmodeof 3-SBA. (b) 1D chain structure in 1 linked
by the Eu4O4 tetranuclear unit and μ-SO3 bridges.

Figure 3. (a) 3D network constructed by the Eu4O4 tetranuclear SBUs
and 3-SBA bridges with 1D channels along the c axis (the coordination
and guest water molecules are omitted for clarity). (b) View of the
channels in 1. The coordination and guest water molecules that occupy
the channels are shown as space-filling atoms.

Figure 4. 1D T8(3) water tape constructed by the edge-sharing cyclic
octatamers residing in the channels of 1.

(16) (a) Kajiwara, T.; Katagiri, K.; Hasegawa, M.; Ishii, A.; Ferbinteanu,
M.; Takaishi, S.; Ito, T.; Yamashita, M.; Iki, N. Inorg. Chem. 2006, 45, 4880.
(b) Chen, X. M.; Wu, Y. L.; Tong, Y. X.; Sun, Z.; Hendrickson, D. N. Polyhedron
1997, 16, 4265. (c) Gerasko, O. A.; Mainicheva, E. A.; Naumova, M. I.; Yurjeva,
O. P.; Alberola, A.; Vicent, C.; Llusar, R.; Fedin, V. P.Eur. J. Inorg. Chem. 2008, 41,
416. (d) John, D.; Urland,W.Z.Anorg. Allg. Chem. 2007, 633, 2587. (e) Rohde, A.;
Urland,W.Dalton Trans. 2006, 2974. (f)Wang, R.; Liu, H.; Carducci,M. D.; Jin, T.;
Zheng, C.; Zheng, Z. Inorg. Chem. 2001, 40, 2743. (g) Kong, X. J.; Long, L. S.;
Zheng, L. S.; Wang, R.; Zheng, Z. Inorg. Chem. 2009, 48, 3268.

http://pubs.acs.org/action/showImage?doi=10.1021/ic902241n&iName=master.img-001.jpg&w=239&h=324
http://pubs.acs.org/action/showImage?doi=10.1021/ic902241n&iName=master.img-002.jpg&w=240&h=471
http://pubs.acs.org/action/showImage?doi=10.1021/ic902241n&iName=master.img-003.jpg&w=218&h=71


Article Inorganic Chemistry, Vol. 49, No. 4, 2010 1869

the latticewatermolecules in the channels of the framework
show interesting characteristics. Besides forming hydrogen
bonds with the oxygen atoms from the sulfonates and the
coordinated water of the host framework, the lattice water
molecules themselves form cyclicwater octamers, and these
octamers are further connected into awater tape by sharing
the edges (Figure 4). According to Infantes’ theory,17 this
water tape is the “T8(3)” type (“T” means “tape”, “8”
represents the number of water molecules in an individual
ring, and “3” means three shared water molecules).
Although some examples of octameric water clusters with
cubane, open cube, rings, and booklike structures [denoted
as “T8(0)”] have been reported,18 to the best of our knowl-
edge, this is the first example of a T8(3) water tape.
The construction of coordination frameworks by using

metal clusters will produce interesting structures with
high-connected topology and fascinating properties,
which has already been proven.10 In this paper, the in
situ synthesized cubanelike tetranuclear units are further
connected by the 3-SBA ligands, resulting in the interest-
ing structure and unique topology. Actually, in this 3D
framework, each cubanelike [Eu4(μ3-OH)4]

8þ cluster is
connected to 12 organic ligands of 3-SBA, and each
ligand is linked to three such tetrameric SBUs, which
thus serve as the 12-connected and 3-connected nodes,
respectively (Figure 5). As a consequence, the resulting
3D network can be assigned to an unusual two-nodal
(3,12)-connected topology (see Figure 5) with the Schl€afli
symbol of (43)4(4

20.628.818), which, notably, is equivalent
to that of the Au4Ho crystalline lattice19 and has not been
observed in a coordination framework.

Structures of [Ln4(OH)4(3-SBA)4(H2O)4] 3 nH2O [Ln=
Gd (2), n= 10; Tb (3), n= 8]. The crystal structures of 2
and 3 are very similar to that of 1, and it is worth noting
that the Ln 3 3 3Ln separations bridged by μ3-OH- are
3.811/3.994 Å for 2 and 3.784/3.972 Å for 3. The solvent-
accessible volumes are ca. 293 and 279 Å3 for 2 and 3,
respectively. The gradual decrease of the Ln 3 3 3Ln se-
paration and the solvent-accessible volume should arise
from the lanthanide contraction effect. Compared with 1,
the solvent-accessible volume in 3 decreases by 18 Å3,
which decreases the number of water molecules in the
channels and breaks the water tape structure, resulting in
1D zigzag water chains (Figure S1, Supporting Infor-
mation).

TGA and Temperature-Dependent PXRD. The open
channels in the 3Dnetworkof [Ln4(OH)4(3-SBA)4(H2O)4] 3
nH2O make it possible to generate porous frameworks by

Table 3. Hydrogen Bond Lengths (Å) and Angles (deg) Associated with Water Molecules

D-H d(D-H) d(H 3 3 3A) —DHA d(D 3 3 3A) A

1

O7-H3W 0.918 1.838 170.49 2.747 O8 [-x þ 3/2, y - 1/2, -z þ 1/2]
O7-H4W 0.951 2.010 154.63 2.898 O3 [y, -x þ 1, -z]
O8-H5W 1.007 1.678 155.50 2.628 O9 [x þ 1/2, -y þ 3/2, -z þ 3/2]
O8-H6W 0.994 1.879 150.22 2.786 O3
O9-H7W 1.013 1.890 145.25 2.783 O8 [-y þ 1, x, -z þ 1]
O10-H9W 0.972 2.021 132.06 2.768 O9 [-x þ 1, -y þ 1, z - 1]

2

O7-H3W 0.919 1.854 162.20 2.743 O8 [-x - 3/2, y þ 1/2, -z - 1/2]
O7-H4W 0.943 2.038 150.60 2.897 O3 [y, -x - 1, -z ]
O8-H5W 0.995 1.654 154.17 2.586 O9 [x - 1/2, -y - 3/2, -z - 3/2]
O8-H6W 0.992 1.929 143.25 2.788 O3
O9-H7W 1.000 1.933 138.38 2.762 O8 [-y - 1, x, -z - 1]
O10-H9W 0.958 2.175 120.49 2.786 O9 [-x - 1, -y - 1, z þ 1]

3

O7-H3W 0.950 1.816 161.71 2.735 O8 [-x þ 1/2, y þ 1/2, -z þ 3/2]
O7-H4W 0.951 2.165 132.57 2.895 O3 [y, -x þ 1, -z þ 2]
O8-H5W 0.968 1.677 144.92 2.532 O9 [x - 1/2, -y þ 1/2, -z þ 1/2]
O8-H6W 0.965 1.823 170.81 2.780 O3
O9-H7W 0.974 1.755 157.47 2.680 O8 [-y þ 1, x, -z þ 1]

Figure 5. (3,12) network topology of 1. The 12-connected purple nodes
represent the tetranuclear units of Eu4O4, while the 3-connected blue ones
represent the 3-SBA bridges.

(17) Infantes, L.; Motherwell, S. CrystEngComm 2002, 4, 454.
(18) (a) Blanton, W. B.; Gordon-Wylie, S. W.; Clark, G. R.; Jordan,

K. D.; Wood, J. T.; Geise, U.; Collins, T. J. J. Am. Chem. Soc. 1999, 121,
3551. (b) Doedens, R. J.; Yphannes, E.; Khan, M. I. Chem. Commun. 2002, 62.
(c) Atwood, J. L.; Barbour, L. J.; Ness, T. J.; Raston, C. L.; Raston, P. L. J. Am.
Chem. Soc. 2001, 123, 7192. (d) Ma, B. Q.; Sun, H. L.; Gao, S.Chem. Commun.
2005, 2336.

(19) McMasters, O. D.; Gschneidner, K. A., Jr.; Bruzzone, G.; Palenzona,
A. J. Less-Common Met. 1971, 25, 135.
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removing the guest water and/or coordination water mole-
cules. Thermogravimetric analysis (TGA) indicates that 1
loses all water molecules at 217 �C, with a weight loss of
13.6% (calcd 12.8%). Above this temperature to 480 �C,
there is no further weight loss, which indicates that the
dehydrated framework is thermally stable over awide range
of temperature (Figure 6). Above 480 �C, the TGA curve
exhibits a second step of weight loss. The remaining weight
of 26.8% indicates that the final product is Eu2O3 (calcd
28.8%). The PXRD measurements support the thermal
behavior (Figure 7). The measured PXRD pattern closely
matches the simulated one obtained from the single-crystal
diffraction data. The PXRD patterns at 50, 100, 200, 300,
and 400 �C are very similar to that at the room temperature
(25 �C). However, the PXRD pattern at 500 �C is clearly
different, suggesting a structural change or collapse of the
framework. The results of TGA for complexes 2 and 3 are
similar to that of complex 1 (Figure S2, Supporting In-
formation). These results indicate the high stability of the
frameworks.

Photoluminescent Properties of 1 and 3. The excitation
spectrum of 1monitored at the EuIII 5D0f

7F2 transition
(614 nm) consists of a broad band and several narrow
bands. The broad band peaking at 286 nm is attributed to
the π-π* ligand transition, and the narrow bands are
assigned to the transitions of EuIII intra-4f6 ion, from 7F0

to 5H4 (318 nm), 5G6 (362 nm), 5G0-4 (377-384 nm), 5L6

(395 nm), and 5D3 (416 nm) (Figure S3, Supporting
Information).20 The emission spectrum of 1was recorded
under the maximum excitation wavelength at 286 nm
(Figure 8a). The emission spectrum is composed of the
first excited state, 5D0, and the ground septet, 7FJ (J =
0-4) of EuIII. The transition 5D0f

7F0 is veryweak and is
situated at 579 nm. The strong transition 5D0f

7F1 splits
into three peaks at 587, 594, and 597 nm. The hypersensi-
tive transition 5D0f

7F2 consists of the strongest band at
614 nm with weaker shoulders at 620 and 623 nm,
resulting in red fluorescence. The peaks at about 651
and 655 nm correspond to the characteristic 5D0 f

7F3

transition. It is also observed that the four splitting peaks
of the 5D0f

7F4 transition occur at 691, 697, 700, and 705
nm.The 5D0 lifetime of the EuIII ionwasmonitored under
excitation at 286 nm and the more intense emission at 614
nm (5D0 f 7F2). The emission decay curve reveals a
single-exponential behavior, yielding the lifetime value
of 0.135 ms (5D0).
The excitation spectrum of complex 3 was monitored

under the intense 5D4 f
7F5 transition (545 nm) of the

TbIII ion. A wide absorption band at around 288 nm is
attributed to the π-π* transition of the ligand, and the
narrow excitation bands arise from the intra-4f8 transi-
tion of the TbIII ion at 351 (5G2), 359 (

5D3), 369 (
5D2), and

377 (5D3) nm (Figure S3, Supporting Information).20 The
characteristic emission of the TbIII ion from the emitting
level (5D4) to the ground multiplet (7F6-3) is observed
upon excitation at 350 nm (Figure 8b). The strongest
emission is the hypersensitive transition, 5D4f

7F5, which
consists of an intense peak at 545 nm with a shoulder

Figure 6. TGA curve of complex 1.

Figure 7. PXRD patterns of 1 at different temperatures.

Figure 8. Solid-state emission spectra of 1 (a) and 3 (b).

(20) Girginova, P. I.; Paz, F. A. A.; Soares-Santos, P. C. R.; S�aFerreira,
R. A.; Carlos, L. D.; Amaral, V. S.; Klinowski, J.; Nogueira, H. I. S.;
Trindade, T. Eur. J. Inorg. Chem. 2007, 4238.
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at 549 nm. The second maximal peak at 489 nm corres-
ponds to the 5D4 f

7F6 transition. The
5D4 f

7F4 transi-
tion consists of weak bands between 582 and 590 nm,
while the 5D4f

7F3 transition is the weak peak at 622 nm.
The TbIII ion (5D4) lifetime of compound 3 under excita-
tion of 350 nm and emission of 545 nm is measured to be
1.035 ms.

Magnetic Properties of 2. The variable-temperature
magnetic susceptibility χMT per Gd4 for a collection of
crystals of 2 in the temperature range of 2-300 K was
measured in a field of 1000 Oe, and the results are shown in
Figure 9. The value of χMT at room temperature, 33.94 cm3

mol-1 K, is slightly larger than the spin-only value (31.50
cm3 mol-1 K) expected for four uncoupled S=7/2 spins.
The χMT value remains nearly constant at about 50 K and
thendecreases rapidly to 19.75 cm3mol-1Kat 2K,which is
similar to that found in otherGd4O4 clusters. Themagnetic
susceptibilities of 2 can be fitted well by the Curie-Weiss
lawχ=C/(T- θ),withθ=-1.4KandC=34.17 cm3mol-1

K. The small negative θ value suggests a very weak anti-
ferromagnetic interaction mediated by the μ3-OH- path-
ways. A more detailed analysis shows that the molar
magnetic susceptibility can be expressed by the model
for cubanelike tetranuclear GdIII compounds provided by
John and Urland16d with the spin Hamiltonian of H=
-2J(SGd1SGd2 þ SGd1SGd3 þ SGd1SGd4 þ SGd2SGd3 þ
SGd2SGd4 þ SGd3SGd4). The best fitting provides J =
-0.031(1) cm-1, g=2.08(1), and R=5.4 � 10-5 (R is

defined as
P

[(χM)obs - (χM)calcd]
2/
P

[(χM)obs]
2). The J

value is comparable to those found in the reported tetra-
nuclear GdIII complexes.16d,e

Conclusions

Three 3D lanthanide-organic frameworks, [Ln4(OH)4(3-
SBA)4(H2O)4] 3 nH2O [Ln= Eu (1), n= 10; Gd (2), n= 10;
and Tb (3), n=8], have been hydrothermally synthesized by
reacting lanthanide nitrates with 3-sulfobenzoic acid. The
coordination frameworks show a unique (43)4(4

20.628.818)
topology with 12-connected [Ln4(μ3-OH)4]

8þ and 3-con-
nected 3-SBA nodes. Those tetranuclear metal centers are
interconnected through 3-SBA ligands to generate 1D chan-
nels along the [001] direction, and these channels are occupied
by novel T8(3) water tapes or zigzag water chains. Photo-
luminescence spectrawere collected for 1 and 3, andmagnetic
susceptibility data for 2 show weak antiferromagnetic cou-
pling between the GdIII ions. Furthermore, the TGA and
temperature-dependent PXRD measurements demonstrate
their high thermal stability after removal of the guestmolecules
by heating. Our successful construction of porous lanthani-
de-organic frameworks by using 3-SBA provides another
ligand choice for the design and synthesis of such porous
materials, which will be devoted to further finding new porous
lanthanide-organic systems and investigating the relationship
between their porous and magnetic/fluorescent properties.
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Figure 9. Temperature dependence of χMT, and 1/χM per Gd4 unit, for
2. The full lines represent the best fit to a Curie-Weiss law (see the text).
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