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ABSTRACT: Creating ordered two-dimensional (2D)
metal—organic framework (MOF) nanosheets has at-
tracted extensive interest. However, it still remains a
great challenge to synthesize ultrathin 2D MOF nano-
sheets with controlled thickness in high yields. In this
work, we demonstrate a novel intercalation and chemical
exfoliation approach to obtain MOF nanosheets from
intrinsically layered MOF crystals. This approach involves
two steps: first, layered porphyrinic MOF crystals are
intercalated with 4,4'-dipyridyl disulfide through coordi-
nation bonding with the metal nodes; subsequently,
selective cleavage of the disulfide bond induces exfoliation
of the intercalated MOF crystals, leading to individual
freestanding MOF nanosheets. This chemical exfoliation
process can proceed efficiently at room temperature to
produce ultrathin (~1 nm) 2D MOF nanosheets in ~57%
overall yield. The obtained ultrathin nanosheets exhibit
efficient and far superior heterogeneous photocatalysis
performance compared with the corresponding bulk MOF.

wo-dimensional (2D) nanomaterials with atomic or

molecular thickness have received broad interest in recent
years because of their unique dimension-related properties and
promising applications in energy storage, separation, catalysis,
and nanoelectronics." Recently, 2D metal—organic framework
(MOF) nanosheets have emerged as a new class of 2D
nanomaterials for molecular sieving, sensing, and catalysis.2
Highly ordered ultrathin MOF nanosheets formed via
coordination bonding require precise control of structure and
functionality over extended length scales. MOF nanosheets are
of significant importance not only for fundamental structure—
property investigations but also for technological develop-
ments.” Nonetheless, the rational synthesis of MOF nanosheets
with diverse structures and tailored properties while keeping
them down to atomic thickness is still a great challenge.

The top-down method has been demonstrated to be a
formidable approach for efficient and scalable production of
various 2D nanomaterials.” Exfoliation of 3D layered MOFs
into their 2D constituents is very attractive if appropriate
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exfoliation methods can be developed. For example, layered
MOFs are diverse sources of ultrathin crystalline nanosheets for
molecular sieving if they can be efficiently exfoliated while
retaining their structure and morphology.lc’d Recent studies on
exfoliation of MOFs exclusively focus on exfoliating 2D
frameworks held together by interlayer van der Waals
interactions or hydrogen bonding in bulk crystals.” Insufficient
control over the mechanical or solvent-mediated exfoliation
process by weakening of interlayer interactions in MOF crystals
often leads to 2D nanosheets with various thicknesses and low
yields (typically <15%).”>>" To circumvent this problem, a
more reliable exfoliation route using controllable chemical
reactions to regulate the interlayer interactions is highly desired.
Exfoliation of chemically preintercalated layered inorganic
solids is an efficient method to synthesize ultrathin 2D
inorganic nanosheets.” Unfortunately, the chemical intercala-
tion method generally used for inorganic solids is not applicable
to exfoliating MOFs into 2D nanosheets.

Here, for the first time, we demonstrate a new strategy for
the high-yield synthesis of 2D MOF nanosheets via chemical
exfoliation from intercalated MOF crystals. The overall
fabrication process is schematically illustrated in Figure 1. In
order to obtain chemically responsive MOFs, we incorporate a
chemically labile dipyridyl ligand, 4,4'-dipyridyl disulfide
(DPDS), into the layered MOF crystals to form new
intercalated MOFs. Because the interlayer interactions between
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Figure 1. Schematic illustration of the overall process developed to
produce 2D MOF nanosheets via an intercalation and chemical
exfoliation approach.
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expanded 2D layers are weakened after scissoring of DPDS by
chemical reduction of the disulfide bond using trimethylphos-
phine (TMP), MOFs can be easily exfoliated into ultrathin (~1
nm) nanosheets in high yield (~57%). Furthermore, we
demonstrate that the as-prepared nanosheets exhibit very high
efficiency in singlet oxygen ('O,) generation for heterogeneous
photocatalysis.

Tetrakis(4-carboxyphenyl)porphyrin (TCPP) is an exten-
sively used organic linker to construct a variety of 2D and 3D
MOFs.” Thus, a known MOF (PPF-1) containing porphyrin
sheets with Zn dinuclear paddlewheel secondary building units
(SBUs) was initially used here.** The 2D layers can be inserted
in the third dimension by coordination of the metal centers
within the paddlewheels and inside the porphyrin rings.” As a
result, the pyridyl ligands can be inserted into the interlayers to
form a new crystal (Figure S1). Unfortunately, the diffractions
were too weak for the overall structure to be determined. We
then tried other metallo-TCPP (M-TCPP) species (M = Pd,
Ni, Co) and obtained stronger-diffraction crystals when
PATCPP was used (Figures S2 and S3 and Table S1).
Therefore, the MOF containing PATCPP was used as a model
structure for this proof-of-concept study.

As shown in Figure 2, the corresponding unit cell parameter
(¢, perpendicular to the porphyrin planes) increased from
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Figure 2. Experimental PXRD patterns of Zn,(PdTCPP) before and
after insertion of DPDS along with simulated results considering the
preferred orientation in the (001) direction. The unit cell parameters
were obtained from single-crystal X-ray crystallography.

19.604 to 45237 A after intercalation, indicating that the
interlayer distance varied from 9.8 to 22.6 A, which is larger
than the longitudinal length of the DPDS ligand (~10 A). This
observation indicates that only one pyridinic N from each
DPDS ligand coordinates to Zn from a Zn,(COO), SBU and
that the other N is not coordinated. From the structure solved
from single-crystal data for the intercalated MOF,
Zn,(PdTCPP)(DPDS), (Figure S4 and Table S1), the
PATCPP layers are clearly observed whereas the inserted
DPDS linkers are incomplete because of the random
orientation of the linkers caused by free rotation of single
bonds.” However, X-ray photoelectron spectroscopy (XPS)
(Figure SS), elemental analysis, mass spectra (Figure S6), and
energy-dispersive X-ray spectroscopy (EDX) (Figure S7)
results indicate the presence of DPDS in the crystals. Powder
X-ray diffraction (PXRD) patterns (Figure S8) further agree
that the DPDS ligands must be coordinated to the unsaturated
Zn sites instead of flowing in the layers. The structure was
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therefore confirmed by using a similar ligand, 4-(phenyldithio)-
pyridine (PDTP), in place of DPDS for the intercalation
reaction (Figure S9). Moreover, the '"H NMR spectrum of the
digested MOF crystals shows a 1:2 ratio between PdTCPP and
DPDS (Figure S10), which is consistent with the theoretical
value. After intercalation, the MOF crystals retained the layered
structure (Figure S11). Taking the preferred orientation into
consideration,”’ the experimental PXRD pattern coincides
with the pattern simulated from the structure solved with
single-crystal XRD data (Figure 2). The proposed structure
describing coordinated DPDS ligands (Figure S12) was further
verified using synchrotron-based PXRD (Figure S13). Thus,
our results indicate that DPDS can be intercalated into the
layered MOF crystals to form new MOF crystals with an
expanded interlayer distance.”

The disulfide intercalating reagent, DPDS, has an absorption
peak at 245 nm (Figure S14). After reduction by TMP, a new
peak at 341 nm corresponding to 4-mercaptopyridine appears,
suggesting that the DPDS is chemically scissored into 4-
mercaptopyridine. Subsequently, after addition of TMP into an
ethanol solution containing Zn,(PdTCPP)(DPDS), crystals,
new peaks at 341 and 425 nm corresponding to 4-
mercaptopyridine and PdTCPP appear (Figure 3a), implying
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Figure 3. (a) UV—vis absorption spectra of PATCPP, 4-mercaptopyr-
idine, and the intercalated MOF crystals after reduction by TMP. (b)
Time-course measurement of the exfoliation process by UV—vis
absorption spectroscopy. Inset: the absorbance at 341 nm as a function
of exfoliation time.

that the dipyridyl intercalating agents are cleaved (Figure S15).
As shown in Figure 3b, upon addition of TMP, the absorption
peak at 341 nm increases, and after ~10 h, the absorption
intensity reaches its maximum value. Consequently, exfoliation
of the MOF crystals into ultrathin nanosheets was carried out
by adding a 20-fold excess of TMP into the crystal solution at
room temperature with gentle stirring. Excess TMP was used to
ensure that crystals were exfoliated in the highest yield. The
exfoliation process occurred immediately and was evidenced by
the Tyndall effect upon irradiation with a laser beam (Figure 4a,
inset). The exfoliated nanosheets were characterized by
transmission electron microscopy (TEM) and atomic force
microscopy (AFM) (Figure 4). Both characterization methods
indicated that freestanding nanosheets with sizes of up to
micrometers were obtained after exfoliation (Figure S16a).
Wrinkled or ruptured sheets were observed from TEM (Figure
4a,b), suggesting the ultrathin nature of the exfoliated
nanosheets. As shown in Figures 4c and S16b, the height of
as-exfoliated nanosheets was measured to be ~1.0 nm with
slight variations, roughly corresponding to the thickness of
single-layer PATCPP nanosheets (Figure S12).

The reduction of disulfide bonds is a chemical reaction that
can be quantitatively controlled by varying the amount of TMP
used along with the reaction time. Generally, in order to
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Figure 4. (a) TEM image of the exfoliated MOF nanosheets. Inset:
Tyndall effect (left) before and (right) after exfoliation. (b) TEM
image of an individual exfoliated MOF nanosheet. (c) AFM image of
the exfoliated MOF nanosheets with corresponding height profiles. (d)
High-resolution TEM image of an exfoliated multilayer MOF
nanosheet. The corresponding FFT pattern is shown in the inset.

exfoliate MOF crystals into 2D nanosheets as much as possible,
excess TMP was required. However, when the reaction time
was shortened to 4 h and the amount of TMP used was 10-fold
higher than that of the disulfide groups present in the crystals,
the majority of the obtained products were multilayer
nanosheets with heights of ~4 nm (Figure S17), indicating a
controllable exfoliation process. More importantly, high-
resolution TEM (HRTEM) clearly showed the lattice fringes
of the exfoliated multilayer MOF nanosheets with an
interplanar distance of 1.65 nm, which belongs to the (100)
plane of the intercalated crystals (Table S1). Meanwhile, the
corresponding fast Fourier transform (FFT) image also displays
fourfold symmetry (Figure 4d). These results directly prove
that the crystalline structure was still maintained after
exfoliation. Thus, our results show that cleavage of DPDS can
efficiently lead to the formation of ultrathin MOF nanosheets
from intercalated MOFs. Control experiments involving
addition of TMP or 4-mercaptopyridine to the Zn,(PdTCPP)
crystals did not lead to the spontaneous exfoliation process
(Figure S18), confirming that exfoliation starts with the
reduction of DPDS ligands. The exfoliation is likely caused
by the significantly decreased interlayer interactions after
removal of part of the intercalating a%ent, an extraction process
similar to the synthesis of MXenes.’

Recently, the Zhang group reported a novel surfactant-
assisted synthetic method to prepare ultrathin 2D MOF
nanosheets in high yields.”® This method can conveniently
produce multilayer nanosheets (<10 nm), but it is difficult to
achieve single-layer nanosheets. Moreover, a liquid exfoliation
method was used to exfoliate layered Zn,(PdTCPP) crystals for
comparison. Although irregular nanosheets with thicknesses in
the range of 1.5—3.5 nm could be obtained, the majority of the
nanosheets were 30—120 nm in height (Figures S19 and $20).
More importantly, the overall yield was ~10% with a large
portion of small fragmented pieces (Figure S20). Therefore,
selective chemical exfoliation from predesigned MOFs
potentially allows for efficient and controllable formation of
2D MOF nanosheets.

9138

Ultrathin 2D nanosheets typically exhibit superior photo-
responsivity and enhanced photocatalytic activity with more
easily accessible reaction sites.'’ Porphyrin derivatives are
widely used for 'O, generation because of their unique
photochemistry and high efficiency in light harvesting.”"'
We thus further investigated the potential application of as-
exfoliated nanosheets in 'O, generation for heterogeneous
photocatalysis. 1,3-Diphenylisobenzofuran (DPBF) was used to
detect the 'O, evolution upon visible-light irradiation (4 > 420
nm). As shown in Figure Sa, the absorption at 410 nm
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Figure 5. (a) UV—vis absorption spectra of DPBF upon visible-light
irradiation in the presence of chemically exfoliated MOF nanosheets.
(b) Absorbance decays of DPBF with different catalysts. (c)
Photooxidation of DHN in CH;CN catalyzed by chemically exfoliated
nanosheets. (d) Absorbance of juglone (4 = 419 nm) as a function of
reaction time with different catalysts.

decreases in the presence of exfoliated MOF nanosheets,
indicating the formation of 'O,. The chemically exfoliated
nanosheets exhibit better performance in 'O, generation
compared with other samples (Figure Sb). As a result, the
chemically exfoliated 2D MOF nanosheets are more efficient in
photooxidation of 1,5-dihydroxynaphthalene (DHN) to form
the corresponding oxidized product juglone (Figure Sc,d).

In conclusion, we have successfully demonstrated a versatile
approach for synthesizing 2D MOF nanosheets in high yields.
This novel strategy relies on the incorporation of a chemically
scissable intercalating agent, 4,4'-dipyridyl disulfide, into the
intrinsically layered MOF crystals. The cleavage of intercalated
disulfide groups occurs rapidly and, to a certain degree, is
capable of controlling the thickness of the exfoliated MOF
nanosheets. Considering the vast number of available organic
ligands and metal nodes in MOFs, the approach demonstrated
here holds great promise for synthesizing various ultrathin 2D
metal—organic nanosheets with desired structures and proper-
ties.
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