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Two isostructural lanthanide-organic frameworks (1 and 2) with
2-fold interpenetrating nets have been synthesized based on
1,4-benzenedicarboxylic acid (H2BDC). By application of an organic
ligandwith hindrance groups and a terminal chelating ligand to replace
BDC and coordinated solvates, interpenetration has been effectively
controlled. The gas-sorption properties of the noninterpenetrating net
have been studied.

The rational design and synthesis of porousmetal-organic
frameworks (MOFs) received a great deal of attention
because of their fascinating structures and intriguing poten-
tials in applications such as separation, gas storage, etc.1-5

Almost all of the applications are highly determined by the
porosity and stability of the porousMOFs. One effective way
to increase the porosity of anMOF is to extend the size of the
ligand sustaining the framework.6 However, extending the
size of the ligand may lead to interpenetration of the frame-
work and/or partial collapse of the framework upon guest
molecule removal.7 Hence, how to control interpenetration
to synthesize stableMOFswith high porosity becomes one of
the most compelling challenges to chemists.
Although several examples on controlling the interpene-

tration of MOFs have been reported,8 two mainly efficient
methods can be achieved: one is to apply an organic ligand
containing large hindrance groups to prevent the formation
of interpenetration (Scheme1), which has been reported less
in the literature; the other is to use in situ generated rod-
shaped secondary building units (SBUs). Recently, Yaghi
and co-workers have reported a series of porousMOFsbased
on rod-shaped SBUs,9 in which the rigidity of the rod-shaped
SBUs has efficiently avoided interpenetration and thus
improved the porosity of the resulting frameworks. Very
recently, temperature and concentration control over
interpenetration in a cadmium-organic framework has been
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reported by the Zaworotko group,10 and control over cate-
nation via the rational design of an organic building block
has also been reported by Hupp and co-workers.11 Control
over interpenetration in lanthanide-organic frameworks has
never been explored, although many lanthanide-organic
frameworks have been widely reported.12-14 In this Com-
munication, we mainly focus on the construction of porous
lanthanide-organic frameworks, Er2(BDC)3(phen)2 3 3H2O
(3), Tm2(TBDC)3(DMF)2(H2O)2 3 4H2O (4; DMF = N,N-
dimethylformamide), andEr2(TBDC)3(phen)2 3 4DMF 3 2H2O
(5), through control over the interpenetrating nets, Ln-
(BDC)1.5(DMF)(H2O) [Ln= Er (1), Tm (2)], via the first
strategy mentioned above.
The solvothermal reaction of 1,4-benzenedicarboxylic acid

(H2BDC) and ErCl3 3 6H2O or Tm(NO3)3 3 3H2O in DMF/
EtOH/H2O resulted in the formation of a large amount of
prismatic crystals of 1 or 2. Single-crystal X-ray diffraction
reveals that complexes 1 and 2 are isostructural and both
crystallize in triclinic space group P1. The following discus-
sions on the structural aspects will mainly be focused on com-
plex 1. The asymmetric unit of 1 consists of one erbium ion,
three halves of BDC ligands, one coordinatedDMFmolecule,
and one coordinated H2O molecule. The central erbium ion is
eight-coordinated by six oxygen atoms from different BDC
ligands, two oxygen atoms from one coordinated DMF
molecule, and one coordinated H2Omolecule with an average
Er-O distance of 2.366(3) Å. Two erbium ions are bridged by
two carboxylate groups to generate a binuclear SBU, which is
further coordinated by four carboxylate groups from different
BDC ligands in a chelating mode. Thus, the binuclear SBUs
are further bridged by BDC ligands in different directions to
give rise to a 3D porous framework containing 3D channels.
The dimensions of the channels are 11.3� 14.7 Å. Because of
the existence of large channels in1, the final structure is a 2-fold
interpenetrating framework. Two such porous nets interpene-

trate each other, providing a 3D nonporous framework
(Figure 1). If the binuclear SBU can be considered as a single
node and the BDC ligand as a linear linker, then complex 1
would be a 2-fold interpenetrating pcu net.
Interpenetration in 1 has limited porosity and application

such as in gas storage, etc. To improve the porosity of the
framework, the key is to control interpenetration to cons-
truct a noninterpenetrating MOF. Interpenetration may
derive from the existence of large channels without any
sustenation.15

After careful analysis of the structure of 1, we found that
the coordinatedH2OandDMFmolecules locate in a position
adjacent to the OH2O

-Er-ODMF angle of 78.56�. Hence, to
control interpenetration, the following strategies can be
achieved: (i) replacing the coordinated solvates by other
chelating ligands such as phen, (ii) replacing the BDC ligand
by another analogical ligand with a hindrance group, or (iii)
their combination.
Thus, the solvothermal reaction of H2BDC or H2TBDC

and ErCl3 3 6H2O or Tm(NO3)3 3 3H2O in DMF/EtOH/H2O
gave rise to complexes 3-5 (Figure 2). Compared to complex
1, complex 3 is synthesized by replacing coordinated DMF
andH2Omolecules in complex 1with chelating phen ligands,
and complex 4 is based on H2TBDC, instead of H2BDC, but
the coordinated solvates are unchanged, while in complex
5, both H2BDC and coordinated solvates are replaced by
H2TBDC and chelating phen ligands, respectively. Com-
plexes 3-5 possess the same topology with complex 1, but
no interpenetrating frameworks. The following discussions
on the structural aspects willmainly be focused on complex 5.

Scheme 1. Schematic Representation of the Interpenetrating Net
(Left) and the Noninterpenetrating Net Constructed with an Organic
Ligand with a Large Steric-Hindrance Group (Right)

Figure 1. Single net (left) and the 2-fold interpenetrating net (right) of
complex 1 along the [1 0 1] direction.

Figure 2. Binuclear SBUs in complexes 1-5 showing coordination
environments similar those of the erbium or thulium ions. The atoms
with yellow color in complexes 3-5 represent the hindrance groups to
prevent the formation of interpenetrating nets.
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The asymmetric unit of 5 consists of one erbium ion, three
halves of TBDC ligands, and one coordinated phenmolecule.
The coordination environment of the central erbium ion re-
mains unchanged with that in complex 1, except that the two
coordinated solvates in complex 1 are replaced by the chelat-
ing ligand of phen in complex 2 (Figure 2), with theN-Er-N
angle being 65.7�, which is smaller than the OH2O

-Er-ODMF

angle in complex 1. The coordination modes of carboxylate
groups of TBDC also remain unchanged with those of BDC
in complex 1.
As expected, because of the steric hindrance of the methyl

groups in the TBDC ligand as well as the rigid phen ligand,
complex 5 is a noninterpenetrating porous framework with
themethyl groups of TBDCand the coordinated phen ligand
pointing toward the pores to partly block the channels
(Figure 3). The resulting dimensions of the channels are
6.9� 5.09, 6.0� 5.09, and 8.1� 5.13 Å� (from atom to atom)
along the [1 0 0], [0 1 0], and [0 0 1] directions, respectively,
with a solvent-accessible volume of 38.9% calculated with
PLATON.
In order to check the permanent porosity of complex 5,

various gas-adsorption studies havebeenperformed (Figure 4).
The gas-adsorption behaviors of the activated complex 5,
which had been vacuum-dried at 120 �C after soaking in me-
thanol, have been studied for N2, Ar, and H2 at 77 K and for
CO2 at 195 K. The N2 and Ar (kinetic diameter: 3.64 Å for N2

and 3.54 Å for Ar) sorption isotherms did not indicate any
appreciable amount of adsorption, presumably because of the
limited pore size.However, the activated complex 5 can adsorb
a moderate amount of CO2 (51 cm

3 g-1) and H2 (56 cm
3 g-1,

0.49% wt%), with type I behavior. Derived from the CO2

adsorption data, complex 5 has aLangmiur surface area of 141
m2 g-1. Considering the kinetic diameters of 2.89 Å for H2, 3.3
Å forCO2, and 3.54 Å forAr, it can be speculated that the pore
opening of activated 5 should fall into the range from 3.3 to
3.54 Å, which only allows CO2 and H2 to enter the channels.
In summary, we have synthesized two 3D interpenetrating

lanthanide-organic frameworks (1 and 2) with pcu nets
based on binuclear lanthanide SBUs. By application of steric
hindrance effects, three types of porous noninterpenetrating
lanthanide-organic frameworks (3-5) have been construc-
ted. To the best of our knowledge, this is the first systemic

research on control over interpenetration in lanthanide-
organic frameworks. The results and conclusions of these
investigations are summarized as follows: (i) the replacement
of 1,4-benzenedicarboxylic acid with its derivative 2,3,5,6-
tetramethyl-1,4-benzenedicarboxylic acid containing hin-
drance groups or coordinated solvates with chelating phen
ligands has effectively controlled the interpenetration with-
out changing the original topology; (ii) owing to the use of a
carboxylate ligand with a hindrance group and the large
terminal ligand in the construction of complex 5, the pore
opening is limited to a narrow scale, which makes complex 5
possess adsorption selectivity of CO2 andH2 overN2 andAr,
although the selectivity is lower compared to other reported
results.16 Our research provides an effective strategy on con-
trol over interpenetration in MOFs. In particular, the strat-
egy of using ligands with hindrance groups to block inter-
penetration may generate porousMOFs with wavy channels
and a limited size of free passage, whichmay possess excellent
gas storage capability or selectivity.17

The gas-adsorptionmeasurement for complexes 3 and 4, as
well as synthesis of other noninterpenetrating lanthanide-
organic frameworks with high thermal stability, is currently
underway and will be reported in a full paper.
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Figure 3. 3D porous framework of 5 along the c axis.

Figure 4. Gas-sorption isothermof complex 5: black,N2; red,Ar; green,
CO2; blue, H2.
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