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The 2D protuberant-grid-type Zn(II)-organic framework consists of unusual racemic interdigitated
bilayers and is comprised of a 3D intersecting channel system. The framework is thermally stable

and the channels contain multiple water aggregates. Accompanying the migration of guest water

molecules, only the specific channels in the bilayers along the b axis can easily and efficiently

absorb guest benzene molecules in a regular manner.

A significant amount efforts have been expended in exploring new
crystalline materials with host—guest properties in the solid state
over the past decade,' because these materials potentially exhibit
intriguing properties and have promise for use in applications for
selective gas sorption, separation’ as well as sensing® and the
removal of harmful organic molecules in the area of green industry.*
In particular, the elimination or reduction in the levels of
carcinogenic compounds that contaminate drinking water and
environmental toxic substances continues to be one of the most
alarming challenges for sustainable development in the future.’
Despite the fact that zeolites and activated carbon compounds have
porous characteristics and can absorb molecules,’
metal—organic frameworks (MOFs) with their designable, flexible,
and adaptable structural characteristics would have great potential as
more specific and/or more efficient absorbers of harmful chemicals.’
To our surprise, significantly less efforts have been expended in
developing such absorbing MOFs for removing benzene from the
enviroment.®

As part of our ongoing efforts in the exploration of functional
crystalline materials,*®’ we report herein on the production of an
interesting Zn(I)—organic framework: {[Zn(pbc),]-2CH;0H-6H,0},
(1, pbc” = 2-(3’-pyridinyl)-benzimidazole-5-carboxylate) that can
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effectively absorb benzene molecules to produce
{[Zn(pbc),]-Cs¢Hy¢-0.5CH;0H-7.5H,0}, (2, seeFigure 1). The
unusual frameworks feature: 1) specific racemic 2D protuberant-
grid-type networks that consist of four-connected tetrahedral Zn(II)
centers and display a 4*-sql topology; 2) each of the pairs of the
racemic networks is interdigitated and coupled to form a bilayer

Chart 1 The multifunctional Hpbc ligand and its conformational chirality
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Fig. 1 A packing diagram of 2 showing the regular array of benzene
molecules in pink with space-filling representation (along the b axis) and
multiple water aggregates along the ¢ axis (O in yellow and H in green).
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Fig. 2 The structures of 1: (a) showing two 2D racemic protuberant networks were coupled and interdigitated via n---n interactions between the colanar pbc™ ligands
viewed along the a axis; (b) a perspective view of the hydrophilic channels (hightlighted in blue) and hydrophobic channels; (c) showing the =--- interactions in the

3D framework viewed along the b axis.

containing special channels with an interior channel size of 8.5 x 8.1
A? that can accommodate guest molecules; 3) the overall framework
is a 3D intersecting channel system and is thermally stable at
temperatures of up to 295 °C; 4) the complex can be used as an
efficient absorber for benzene molecules, which is accompanied by
the migration of guest water molecules. This interdigitated bilayer
containing channels exhibits a special host—guest encapsulating
effect, which is mediated by the migration of mutiple water
molecules. To the best of our knowledge, such a regular packing
array of absorbed benzene molecules in a MOF with a 3D
intersecting channel system is currently unprecedented.'

The reaction of Zn(ClO,),-6H,0 and the Hpbc ligand in a
solution of MeOH, H,0, and THF at ambient temperature afforded
crystalline 1 as yellow plates. The multifunctional benzimidazole
ligand, Hpbc was deliberately designed and contains pyridyl and
carboxylate groups that provide effective coordination sites and
permit suitable intermolecular interactions. As a result of the free
rotation of the pyridyl and benzimidazole rings of the Hpbc ligand,
two chiral conformations in A and A forms are present (Chart 1).*
This plays a critical role, permitting the formation of the bilayer
framework, rather than the typical dense sheet structure. Compared
with other elongated multifunctional ligands bearing the pyridyl-
benzimidazole moiety,'" the incorporation of a pbc  ligand into
MOFs has not yet been explored.

Single-crystal X-ray diffraction analysis revealed that compound 1
crystallizes in the triclinic space group P—1 and consists of one Zn"
ion, two pbc ligands, and two methanol and six guest water
molecules in the asymmetric unit. Each Zn" center is bound to two
pyridyl nitrogen atoms, three carboxylate oxygen atoms from four
distinct pbc™ ligands in a distorted square-pyramidal manner (Fig.
S1+). One pbe™ ligand adopts a coplanar structure manner and uses
the 5'-carboxylate and the 3-pyridyl motifs to coordinate to two
Zn(II) centers. The other pbc ligand is in a twisted form, and adopts
its #%-anti-syn-carboxylate and pyridyl motifs to bridge two Zn(II)
centers. In particular, the Zn" atom is connected to four u,-pbc”
ligands in a tetrahedral fashion. Thus, the structure has an unusual
2D protuberant grid-layer network with a sql-type topology (Fig.
S2+). Each of the two grid networks containing the twisted pbc
ligand in A and A comformations, respectively, are mutually coupled
to form a bilayer assembly. As shown in Fig. 2a, this bilayer
structure is comprised of two 2D racemic protuberant networks,
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Fig. 3 Structures of 2: (a) the interlayers are filled with methanol and guest
water aggregates; benzene molecules are encapsulated in channels along the
b axis in a space-filling model, (b) the included benzene molecules are
aligned in a 1D array, resembling a pea pod.

which are coupled and interdigitated via 7---m interactions between
the coplanar pbc™ ligands. It is interesting that there are two kinds of
channels in the framework and the overall structure resembles two
hands holding something together (Figs. 2b,c). Such a special MOF
containing tetrahedral nodes and 2-connected linkers is very
interesting.'? In the case of the adjacent nonplanar pbc~ ligands, the
bilayers are further stacked via m--m interactions, resulting in the
formation of a 3D supramolecular framework (Fig. 2c).

The other very intriguing and significant feature of 1 is that the
overall framework contains a 3D intersecting channel system, which
contains many water and methanol molecules, as observed along the
b, ¢, and a axes, respectively (Fig. S5). When the crystals of 1 were
filtrated from mother liquid, their transparency was quickly reduced.
This phenomenon showed that the guest molecules were easily
escaped from the 3D intersecting channel system. A
thermogravimetric analysis (TGA) of 1 showed that the water and
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Fig. 4 The perspective view of 1D arrays of guest benzene molecules
encapsulated within the channels in the 2D bilayer.

methanol molecules are eliminated from the channels of the
framework (calcd 24.2%; found 18.5%) sooner or later at a
temperature of about 100 °C, after which it was thermally stable at
temperatures of up to 295 °C (Fig. S12}). Powder X-ray diffraction
(PXRD) patterns showed that the crystallinity of 1 does not change
appreciably upon the removal of the guest molecules at temperatures
of up to 200 °C. In spite of the 3D interesting channel system, this
framework remains robust and is relatively thermally stable.” This
phenomenon is very rare and shows interesting host—guest properties
that could have numerous applications."® Therefore, compound 1
would be expected to be available for further investigations of the
exchanging behaviors of the included guests and may serve as a
suitable candidate for adsorbing certain types of small organic
molecules.

After submersing crystals of 1 in benzene at room temperature,
the yellow colored crystals changed to a light-yellow color (as noted
for compound 2). Compound 2 continued to show crystalline
characteristics. A single-crystal X-ray diffraction analysis revealed
that compound 2 had a quite astonishing framework, which was
similar to that of 1, except that the absorbed guest benzene
molecules were now located and regularly arrayed in the specific
channels along the b axis.

Thus, the formula of 2 was determined to be
{[Zn(pbc),]-C¢Hs-0.5CH30H-7.5H,0},. The water and methanol
molecule aggregates in 1 migrated and were now located in the
channels along the a and ¢ axes. The retrapped guest benzene
molecules in 2 were regularly packed and effectively aligned with a
translation distance of 6.5 A per benzene unit, analogous to a pea
pod. To further illustrate the unique structure of 2, as shown in Fig.
3a, the benzene molecules were only included in the channels along
the b axis, and the other water and methanol molecules migrated to
the channels along the a and ¢ axes. As shown in Figure 4, the
racemic bilayer trapped the benzene molecules in such a regular
array. The intriguing migration of the guest water is responsible for
its interior channel window sizes with 8.5 x 8.1 A? within the
adaptable MOF, which could provide the suitable channel size and
n---7 interactions between benzene and the framework. Furthermore,
the interdigitated bilayer, containing hydrophobic channels, could
exhibit a special host—guest effect, therefore, it would be the ideal
candidate for use in capturing toxic pollutants. To the best of our
knowledge, a 2D MOF with a 3D intersecting channel system that

This journal is © The Royal Society of Chemistry 2014
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can efficiently reabsorb benzene molecules and also contains
numerous migrating water aggregates is currently unprecedented.

After submersing crystals of 1 in toluene, the final crystallinity
remained intact (noted as compound 3). As revealed in the single-
crystal X-ray diffraction analysis, compound 3 contains the regular
arrays of toluene molecules that are arranged in the channels only
along the b axis (Figure S11, in the Supporting Information) and has
the formula {[Zn(pbc),]-0.5C;Hg-0.5CH;0H-6.5H,0},. It is
interesting that, in both compounds 2 and 3 the guest water and
methanol molecules underwent an unusual migration upon the guest
exchange. Furthermore, this bilayer not only provided potential
channels for absorbing simple aromatic solvents, but also was able to
accommodate hydrophilic guests in their inter-bilayer cavities.

Because of the intrinsic nature that upon the exchanges of the
guest molecules, the window sizes of the channels along the b axis
for 1, 2, and 3 undergo slight changes (8.53 x 8.13, 8.75 x 7.82, and
8.76 x 7.62 A, respectively), the PXRD patterns and EA data would
show larger uncertainties. In addition, the amount of adsorbed
toluene molecules in 3 is half that of benzene in 2. This is attributed
to the hindrance arising from the methyl group of toluene. These
results indicate that this unique framework readily accommodates
the notorious benzene.

In conclusion, we report on the preparation of a thermally stable
Zn(I)—organic framework that consists of 2D protuberant-grid-type
bilayers. The overall framework contains a 3D intersecting channel
system, which offers unique 1D channels that can absorb benzene.
This interdigitated bilayer containing channels exhibits a special
host—guest effect that is mediated by the migration of mutiple water
molecules. We believe that this intriguing 2D network has great
potential for applications related to environmental aromatic
pollutants in the future. Further research is currently underway.

We are grateful to National Taipei University of Technology,
Academia Sinica, and the Ministry of Science and Technology of
Taiwan for financial support.
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Benzene Absorption in a Protuberant-Grid-Type Zinc(II)-Organic Framework
Triggered by the Migration of Guest Water Molecules

Tien-Wen Tseng,** Tzuoo-Tsair Luo,” Chang-Hsiu Tsai,” Chun-Chi Chen,” Gene-Hsiang Lee,® Chih-Chich
Wang,** and Kuang-Liech Lu*"

Benzene molecules have been reported to be easily and regularly absorbed into specific channels in a 2D protuberant-grid-type
Zn(II)-organic framework, which consists of racemic interdigitated bilayers. In addition, the overall framework is comprised of a 3D
intersecting channel system and could be used as a benzene absorber.
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