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We report a facile strategy to fabricate two-dimensional (2D)
MOF-5 with a thickness of 4 nm by 2-methylimidazole (2-Ml) as a
coordination regulator. 2-MI can inhibit the growth of MOF-5 in
the vertical direction by competitive coordination to obtained 2D
MOF-5. A series of test results revealed that 2-MI can present in
the crystal structure of MOF-5 nanosheets by coordination or
adsorption. In addition, more exposed catalytically active sites
and the presence of weak basic sites (-NH) in MOF-5 nanosheets is
benefit to enhance its catalytic performance in the
Knoevenagel condensation.

Two-dimensional (2D) materials have attracted much research
interest due to their unique two-dimensional (2D) geometry,
nanoscale thickness and high surface-area-to-volume ratio, as
well as their diverse applications such as in electrocatalysis,1
chemical gas sensor,2 energy storage,3 and biomedical
techniques.4 As a promising branch of 2D materials, 2D metal-
organic framework {MOF) nanosheets perform better than
traditional bulk MOF materials.” On the one hand, the ultra-
thin nanosheets are favoured in gas molecule transport,
revealing the potential of MOFs in gas storage.6 On the other
hand, a large number of active sites are exposed on the
surface of the 2D MOF nanosheets, and consequently
increasing their performance in catalysis,Eb'SC separation,7 and
sensing.8 Compared with the extensive application of bulk
MOF in catalysis,9 however, to the best of our knowledge,
applications of 2D MOFs in catalytic oganic reactions are
rare.”"% Therefore, the design and synthesis of 2D sheet
MOFs materials have been of particular importance since it not
only can improve the performance of existing MOF materials,
but also can be extended to develop novel materials with
proposed functions.

Common methods for synthesizing 2D MOF nanosheets
include sonication exfoliation,10 interfacial syntheses,Sb'11
three-layer syntheses,7 templated syntheses12 and surfactant-
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assisted syntheses.13 Exfoliation is the most preferred method
for the preparation of 2D MOF nanosheets, which usually need
to break the weak interlaminar forces caused by hydrogen
bonds or van der Waals forces, etc. For other methods,
however, some special reagents or treatments are usually
needed to control the growth rates of MOF materials in the
third direction (Z) for obtaining nanosheets.” Despite all the
recent achievements in the synthesis of 2D MOF nanosheets
used as a catalyst,14 there remains great challenges to develop
new surfactants or assistance compounds, which not only can
regulate the morphology of MOFs, but also can act as a
catalyst to improve its catalytic performa nce.”

MOF-5 is a typical MOFs prepared by Yaghi and co-
workers.”” It is built from [Zn40]6+ clusters and H,BDC ligands
forming a porous cubic framework.'® This unigue structure
gives MOF-5 remarkably large pore volume, large surface area,
and relatively high thermal stability.17 Although MOF-5 exhibits
considerable potential applications in many ﬁelds,18 it has few
applications in catalytic organic reactions, due to its large
crystal size and weak base catalytic sites. Rational design and
synthesis of the MOF-5 catalyst with more active sites will
greatly expand the application prospects of MOF-5 in catalysis.
In our previous research,19 we serendipitously found that the
2-Ml is an efficient modulator for tuning crystal morphology
and size of Co-MOF-74, and the MOFs regulated by 2-Ml
exhibit enhanced catalytic activity for oxidizing of benzylic C—H
bonds.

In continuation of our efforts to develop efficient and
reusable heterogeneous for green synthetic methods,19'20
herein, a 2D MOF-5 catalyst with enhanced catalytic activity
was synthesized by addition of 2-MI as a coordination
modulator and Lewis basic site. The mechanism of 2-MI
affecting the crystallization process during the growth of MOF-
5 crystals has been elucidated, and these MOF nanosheets
have excellent catalytic activity in the Knoevenagel
condensation reaction. We believe that this approach toward
the size/morphology-controlled synthesis of 2D catalysts, and
the reveal of the formation mechanism will be helpful for
controlling morphologies of MOFs and improving their
catalytic properties.

The 2D MOF-5 nanosheets catalyst was synthesized by using
the 2-Ml-assisted synthetic method. For 2-MI, the lone pair on
the nitrogen atom is easy to compete with that of H,BDC linker
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for the coordination of the metal ions. 2-MI can also acts as a
base for the deprotonation of thecarboxylic acid ligands. Thus,
it will affect crystal nucleation and growth by both competitive
coordination and deprotonation equilibria. Furthermore, the
2-Ml can be selectively attached to the surface of the MOFs,
which stabilizes the MOF-5 nanosheets and restricts their
growth along the vertical direction,E""'21 leading to the
formation of ultrathin MOF-5 nanosheets (Fig. 1).

ZIn(1l)

COOH

Fig. 1 Simplified figure illustrates the synthesis process of MOF-5
nanosheets.

In MOF-5, the slowest growing directions are along the
(100) zone axes, affording cubic morphology. 2 5Em (Fig. 2a, b)
and TEM (Fig. 2c) analysis revealed that 2-MI had a
pronounced influence on the morphology of MOF-5. In the
absence of 2-Ml, the MOF-5 crystals had a cubic morphology
with a diameter of approximately 40 um, which was identical
to those synthesized by using a classical solvothermal
method.” In the presence of 4 mM 2-MI, MOF-5 nanosheets
were obtained (Fig. S1). The TEM measurements also reveal
that the samples exhibit flaky layered morphologies with a
smooth surface. PXRD (Fig. 2d) of the MOF-5 nanosheets
obtained with 2-Ml fully matches with the MOF-5 pattern and
the theoretical simulation spectrum derived from single-crystal
structure data,15 indicating that the MOFs structure was not
affected by 2-Ml. The infrared (IR) spectroscopy results further
confirmed the crystal structure of MOF-5 catalyst almost
retained its inherent nature after treated with 2-Ml (Fig. 2e).
The selected area electron diffraction (SAED) pattern showed
that the as-synthesized MOF-5 is polycrystalline (Fig. 2f). It
gives well-defined reflections corresponding to the [100] zone
axis orientation of MOF-5, further confirming the crystal
structure.”*
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Fig. 2 a) SEM of cubic MOF-5; b) SEM of MOF-5 nanosheets; ¢) TEM of
MOF-5 nanosheets; d) PXRD of MOF-5 nanosheets and theoretical
simulation; e) IR of MOF-5 nanosheets and cubic MOF-5; f) TEM graphs
and SAED patterns of MOF-5 nanosheets.
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Atomic force microscopy (AFM) was conducted to
determine the thickness of the MOF-5 nanosheets. The height
difference between an H,BDC unit and a surface zn® ion is
0.85 nm.”*® The full monolayer possesses a height of 1.3 nm
revealed by Attfield and co-works,22b which is equivalent to the
d,oo crystal spacing (1.28 nm). The measured height at the
highest point of the nucleus is around 4 nm (Fig. 3), indicating
a pile of three monolayers.
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Fig. 3 AFM topography and corresponding h
MOF-5 nanosheets.

According to relevant report521'22 and our results, a plausible
crystal growth mechanism of MOF-5 is proposed (Fig. 4). The
framework of MOF-5 was established by a process of
nucleation and spreading of different sub-layers of
nanoplatelets. These nanoplatelets aggregated with the
connection of H,BDC molecules to form microplates, which
further loosely gathered together to form a cubic MOF-5
crystal with the assistance of H,BDC. The addition of 2-Ml into
the growth solutions affected the morphology in crystals by
rapid deprotonation and competitive intercalation increasing
the nucleation rate. At the first stage of the formation of
Zns{OH)g{NOs),#2H,0 nanoplatelets, H,BDC ions inserted into
the nanoplatelets via anion exchange. With the NO; anions
fully replaced by H,BDC ions, a phase transformation would
occur to form MOF-5 nanoplatelets. If no 2-Ml presented in
the environment of crystal growth, the resulting MOF-5
nanoplatelets would accumulate with the connection of H,BDC
molecules until large cubic crystals were formed. However, by
introducing 2-MI into the crystal growth system, single
coordinate 2-MI could compete with H,BDC and coordinate
with zn** on the surface of MOF-5 nanoplatelets, which
prevented further linking of nanoplatelets and restricted their
growth along the vertical direction, leading to the formation of
ultrathin MOF-5 nanosheets.

To confirm the existence of 2-MI molecules in the crystal
structure, Thermogravimetric Analysis (TGA) and Energy-
Dispersive X-Ray Spectroscopy (EDS) elemental mapping, X-ray
Photoelectron Spectroscopy (XPS), N, adsorption/desorption
isotherms and Temperature Programmed Desorption {NH;-
TPD and CO,-TPD) were performed. The EDS (Figure 5a, b)
results confirm that the corresponding metal elements are
evenly distributed on the whole surface. Importantly, the
content of nitrogen on the surface of exposed facets is more
than on cubic MOF-5, proving the 2-MI being present on the
surface of the MOF-5 nanoplatelets. TGA results show that
MOF-5 nanosheet has similar thermal stabilities compared
with cubic MOF-5, and the crystal structure decomposes at
higher than 400 °C (Figure 5c). The first weight loss stage is
attributed to the release of physically adsorbed solvent

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Schematic drawing of a proposed formation mechanism of MOF-5 nanosheets by regulation of 2-MI.
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5 a) EDS mapping images of cubic MOF-5; b) EDS mapping images of
MOF-5 nanosheets; ¢) TGA images of MOF-5 nanosheets; d) The 2-MI
absorbed within the pores of the MOF-5 nanosheets; e} The 2-MlI
attached to the surface of the MOF-5 nanosheets.

molecules in the MOF framework (such as H,O and EtOH). The
second stage, ranging from 300 to 400 °C, is due to the further
release of DMF absorbed within the pores or on the surface of
the unreacted ligands. The third weight loss stage at
temperatures higher than 400 °C comes from the
decomposition of the crystal structure.”* Notably, the third
weight loss of cubic MOF-5 is about 30% corresponding to the
decomposition of H,BDC, resulting in the final composition of
ZnO. While the third weight loss of MOF-5 nanosheets
increases to 50%, which further confirms the existence of 2-Ml
molecules in the crystal structure of MOF-5 nanosheets (Figure
5d, e), which is consistent with the hypothesis that the 2-Ml
coordinates with the zn** to prevent further aggregation of
nanoplatelets. The XPS results indicated that there is no peak
of N 1s was observed in cubic MOF-5, while a distinct N 1s
peak appeared in the MOF-5 nanosheets due to the existence
of 2-MlI (Fig. 6). The N, adsorption/desorption isotherms of the
2D MOF-5 were characterized at 77 K (Fig. S2). The 2D MOF-5
exhibited a lower specific surface areas of 550 mzog'1 (Table
S1), which may be due to the fact that 2-MI occupies the pore
of MOF-5 nanosheets. In addition, NH5-TPD and CO,-TPD (Fig.
S3) were performed on cubic MOF-5 and MOF-5 nanosheets to
compute the number and strength of acidic and basic sites.

Form the CO,-TPD result of MOF-5 nanosheeets can been seen,

a weak site located at 193 °C appears in the spectra of MOF-5
nanosheets, and a moderate acid site also appears at 270 °C,
which make the MOF-5 nanosheets has distinctively higher
concentration of weak basic sites. This indicates the presence

This journal is © The Royal Society of Chemistry 20xx

of uncoordinated 2-MI molecules in MOF-5 nanosheets, which
is beneficial for base catalyzed reactions. All above results
confirmed that 2-MI exists in the crystal structure of MOF-5
nanosheets in two forms: one is directly present in the surface
or pore of the nanosheet just as a guest molecule (Figure 5d);
the second is present in the crystal structure of MOF-5 via
coordination with the metal (Figure 5e).
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Fig. 6 XPS Zn 2p, C 1s, N 1s and O 1s spectra of the cubic MOF-
5 and MOF-5 nanosheets.

Furthermore, we have been systematically studied the
catalytic properties of MOF-5 nanosheets for the Knoevenagel
condensation reaction of aldehyde and malononitrile (Scheme
1), which is mainly catalyzed by MOFs with Lewis basic sites in
heterogeneous catalysis.24 In this situation, catalysts (such as
amide functionalized MOFs) with adequate acid-base pairs are
more active than fully acidic/basic catalysts.25 Our newly
synthesized MOF-5 nanosheets have both Lewis acidic sites
(Zn2+) and basic sites {2-Ml). Therefore, the nanosheets
possibly can serve as a catalyst for the Knoevenagel
condensation reaction (Scheme 1). Before the catalytic
reaction, MOF-5 nanosheets were soaked in methanol for five
days to exchange the guest molecules. Evaluation of the
catalytic abilities was performed at room temperature under
solvent-free condition by comparing different groups (Fig. S4).
It was found the Knoevenagel condensation did not process in
the absence of a catalyst, and the combination of 2-
MI/H,BDC/zinc salts only afforded 37% vyield of 2-
benzylidenemalononitrile. These indicated that the active sites

J. Name., 2013, 00, 1-3 | 3
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coordinated in MOF have superior catalytic activity. The
mixture of 2-MI with cubic MOF-5 although can effectively
improve the catalytic performance of cubic MOF-5, this
combination still showed a lower catalytic efficiency compared
with 2D MOF-5 catalyst, and its cyclic utilization was difficult to
achieve. On the contrary, the as-synthesized MOF-5
nanosheets catalyst can be recycled at least for five times
without a significant degradation in catalytic activity (Fig. S5).
XRD result of the reused catalyst implied that the MOF-5
nanosheets well maintains the crystal structure of MOF-5
during recycling, showing good stability (Fig. $6). The superior
catalytic performance of 2D MOF-5 can be attributed to the
following three aspects: Firstly, the formation of nanosheets
can expose more catalytically active sites; secondly, the
presence of crystal defects in the nanosheets is beneficial to
the contact of the reaction substrate with catalytically active
sites; finally, the uncoordinated 2-MI in the crystal structure
can act as a base catalytic site to enhance the catalytic
performance of MOF-5 nanosheets.

In order to further demonstrate the applicability of the
current 2D MOF-5 catalyst, gram-scale experiments were
carried out under modified reaction conditions. As shown in
Scheme 1b, 2-benzylidenemalononitrile was obtained
successfully in 99% vyield at room temperature for 48 h. It is
worth mentioning that 50 mg of the catalyst was sufficient in
this gram scale reaction, which proved the applicability of this
protocol in large scales.

H_.O NC.__CN
I
CN Catalyst
_—
CN  259¢, 30 min a)
A (1.2 mmol) B (1.0 mmol) c

A B 25°C,48h [+ b
{12.2 mL, 0.12 mol) + (6.6 9, 0.1 mol) 2p MOF-5 (50 mg) (15-2 8, 99%) )

Scheme 1 a) Knoevenagel condensation reaction catalyzed by MOF-5
and other catalysts; b) Gram scale reaction of Knoevenagel
condensation catalyzed by 2D MOF-5 nanosheets.

A mechanism for the 2D-MOF-5-catalyzed Knoevenagel
condensation reaction of aldehyde and malononitrile was
proposed (Scheme 2). The reaction initiates from the

o]

Zn(l)-MOF/2-MI ©)'LH

Scheme 2 Proposed catalytic mechanism for Knoevenagel
condensation reaction catalyzed by 2D MOF-5.
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activation of an aldehyde with the Lewis acid site zn®" ion
center of MOF-5. Uncoordinated 2-MI adsorbed in MOF-5
serves as a base to promote the deprotonation of the active
methylene group for the generation of a carbanion
intermediate Il. Next, the newly formed carbanion Il reacts
with the activated carbonyl group | on the aromatic aldehyde
via nucleophilic attack. Lastly, the addition intermediate Ill can
be quickly converted to the 2-benzylidenemalononitrile
product after obtaining one proton and losing water, at the
same time with regeneration of the 2D MOF-5 catalyst.

In summary, a novel and facile strategy was developed for
the synthesis of 2D MOF-5 catalyst, which employs 2-MI not
only as a regulation reagent to control the crystal morphology,
but also as a Lewis basic site to form a 2D Zn(ll)/2-MI catalyst.
The 2-MI can promote deprotonation of carboxylic linkers to
accelerate crystal nucleation in the crystal growth process, and
also restrict crystal growth along the vertical direction by
competitive intercalation with H,BDC. Multi-technique
characterizations revealed that 2-MI may directly exist in the
surface or pore of the nanosheet as a guest molecule, or
present in the crystal structure of MOF-5 via coordination.
While, XRD demonstrated that the existent of 2-MI did not
change the crystal structure of MOF-5. The as-prepared
nanoplates exhibit much higher catalytic activity than that of
bulk MOF-5 for the Knoevenagel condensation reaction of
aldehyde and malononitrile under solvent-free and mild
conditions. We hope that this strategy will become a useful
archetypical template for researchers designing 2D MOFs with
unique performance in various fields.
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A novel and facile strategy was developed for the synthesis of dual-functionalized 2D MOF-5
catalyst with 2-methyimidazole as a regulation reagents and Lewis basic sites, which showed
excellent catalytic activity in Knoevenagel condensation.
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