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ABSTRACT: A template-free synthesis of a hierarchical
microporous—mesoporous metal—organic framework
(MOF) of zinc(Il) 2,5-dihydroxy-1,4-benzenedicarboxy-
late (Zn-MOF-74) is reported. The surface morphology
and porosity of the bimodal materials can be modified by
etching the pore walls with various synthesis solvents for
different reaction times. This template-free strategy
enables the preparation of stable frameworks with
mesopores exceeding 15 nm, which was previously
unattained in the synthesis of MOFs by the ligand-
extension method.

he field of mesoporous materials with a well-defined pore

size has grown at a fast pace over the last decades because of
the various applications found for these materials." In contrast,
the investigation of crystalline metal—organic frameworks
(MOFs) with a hierarchical structure of micropores and
mesopores is still in its infancy, and the augmentation of their
channel sizes to the mesoporous range (2—50 nm) still poses
great challenges.”

MOFs are hybrid inorganic—organic crystalline solids formed
by the linking of single metal ions or metal clusters with tunable
oligotopic organic ligands. In particular, this new class of porous
materials has attracted a tremendous amount of interest because
of their fascinating structural topologies and potential uses in gas
storage, gas separation, catalysis, and sensing.3_5 Almost all of the
MOFs reported to date are microporous (pore sizes <2 nm).
Such small pores can restrict diffusion of gaseous and reactive
species and prevent large molecules from accessing the active
metal centers within the bulk of the MOF, thus limiting their
application.

To expand the pore widths of MOFs, the ligand-extension
method, which involves the use of longer organic ligands, has
been demonstrated.® However, the periodic nanostructure or
pores could be retained only for small mesopore sizes, or
constricted cages resulted from this method.” In addition, ligand
extension also resulted in the collapse of the open MOF pores in
the absence of guest molecules. Hence, other methods had to be
developed in order to prepare MOFs with stable mesopores.

Mesoporous MOFs have also been prepared in the presence of
surfactants using a method similar to that previously reported for
the synthesis of various mesoporous metal oxides and silicas.”* ™
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The mesoporous MOFs obtained through this cooperative
template method contain a surfactant along with the organic
ligands,® which requires additional steps to remove the template,
thus adding difficulties in retaining the mesopores. Hence, the
development of template-free and facile methods to make
mesoporous crystalline MOFs are of great interest for their large-
scale preparation and applications.

Herein we demonstrate a surfactant-free methodology for the
template-free room-temperature synthesis of Zn-MOF-74, a
hierarchical microporous—mesoporous MOF having the formula
Zn,(DHBDC)-(guest), (DHBDC = 2,5-dihydroxy-1,4-benze-
nedicarboxylate). In a typical synthesis of a mesoporous Zn(II)—
DHBDC framework, zinc acetate and H,DHBDC were dissolved
in N,N-dimethylformamide (DMF) [see the Supporting
Information (SI)]. The mixture was then stirred for various
reaction times at room temperature, and the product was
subsequently separated by centrifugation and washed with DMF
and methanol. The materials were labeled as Zn-MOF-74/t, in
which ¢ stands for the reaction time in hours. Hierarchical Zn-
MOF-74/t materials could be prepared with as little as 15 min of
stirring at room temperature, in contrast to the coassembly
process of nanosized building blocks and surfactant micelles, for
which the growth of the framework must be slow enough to avoid
phase separation. When the starting zinc acetate was replaced by
zinc chloride, zinc nitrate, or zinc sulfate salts, only clear solutions
were obtained under same reaction conditions. For comparison,
a standard microporous Zn-MOF-74 was prepared according to
a previously reported solvothermal synthesis.

The mesostructure of bimodal Zn-MOF-74 was revealed by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). As observed in the SEM image (Figure 1a),
continuous networks of Zn-MOF-74 particles were formed.
Disordered mesopores with widths of 5—20 nm were formed
between these particles, as shown in the TEM image (Figure 1b).
SEM images of dry Zn-MOF-74/18 also showed a similar
mesostructure with a network morphology, indicating that the
structure was retained after heating at 150 °C under flowing
nitrogen (Figure S1 in the SI). In thermogravimetric analysis
(TGA), this hierarchical microporous—mesoporous material
exhibited a weight change below 200 °C associated with the loss
of solvent guest molecules (Figure S2). The greater decom-
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Figure 1. (a) SEM and (b) TEM images of the bimodal microporous—
mesoporous material Zn-MOF-74/18.

position step above 300 °C corresponds to the decomposition of
the organic ligands used. The relatively high thermal
decomposition temperature shows that Zn-MOF-74/t has
good thermal stability properties.

The hierarchical Zn-MOF-74/t materials prepared with
different reaction times were crystalline but exhibited broader
powder X-ray diffraction (XRD) peaks than in the simulated
XRD pattern of a single crystal or the pattern for the microporous
Zn-MOF-74 reference material (Figure S3). The XRD patterns
for the mesoporous materials were further compared with the
simulated pattern of the single crystal, where additional
reflections indicated the presence of other unidentified phases
present in the Zn-MOF-74/t and Zn-MOF-74 samples (Figure
S3). Furthermore, nanocrystalline Zn-MOF-74 samples were
prepared with other polar aprotic solvents, including N,N-
dimethylacetamide (DMA) and N-methylpyrrolidone (NMP),
and they exhibited morphologies and pore structures similar to
those of the materials prepared in DMF (see the XRD patterns
and SEM and TEM images in Figures S4 and SS). However,
crystalline phases were not obtained using water or methanol as
the solvent.

Five members of the Zn-MOF-74 series obtained with
different reaction times all exhibited accessible porosity, as
confirmed by N, adsorption—desorption isotherms (Figure 2).
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Figure 2. (2) N, isotherms at —196 °C and (b) corresponding pore size
distributions (PSDs) calculated by NLDFT assuming a slitlike pore
geometry for the microporous Zn-MOF-74 and bimodal Zn-MOEF-74/t
samples. For clarity, the PSDs have been vertically offset in increments
of 0.2 cm?/ g

Prior to the gas sorption measurements, lattice guest molecules
were removed by solvent exchange followed by thermal
activation at 150 °C under flowing N,. In contrast to the type-I
isotherm for the microporous Zn-MOF-74, type-IV isotherms
with hysteresis loops characteristic of large constricted
mesopores were observed for all of the Zn-MOF-74/t samples
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(Figure 2a).” Furthermore, for the Zn-MOF-74/0.25 and Zn-
MOEF-74/1 samples, a second desorption step indicative of
additional constrictions was observed. In general, such large
constricted pores form between aggregates of microporous
particles. The pore-size distribution (PSD) of the micropores in
Zn-MOF-74/1 was calculated using nonlocal density functional
theory (NLDFT) assuming a cylindrical pore geometry and
compared with that of Zn-MOF-74 (Figure S6). While the gas
uptake at low relative pressure (p/p,) was significantly lower than
for the microporous reference solid (Figure S6a), the calculated
PSDs revealed distributions of micropores for both materials
with maxima at ~1.1 nm, in good agreement with the results of
single-crystal XRD analysis.”® Moreover, the mesopore width
was as large as 9 nm in Zn-MOF-74/0.2S (Figure 2b and Table
S1 in the SI). The maximum of the PSD indicated that the
mesopores were finally enlarged to nearly 15 nm in the case of
Zn-MOF-74/240. The specific surface area systematically
decreased as the ratio of the micropore volume to the total
pore volume (from the ag-plot analysis) decreased (Table S1).
The latter result indicates that the fraction of mesopores
increased at the expense of a decrease in the fraction of
microporous particles in the framework walls (Table S1). At very
long reaction times, as for Zn-MOF-74/240, the mesopores were
greatly enlarged and the micropore volume reached its minimum
value. Finally, the adsorptive and structural properties of these
materials were also influenced by postsynthesis hydrothermal
treatments. For instance, after Zn-MOF-74/18 was heated in
water for 6 h at 150 °C using an autoclave, the crystallite sizes
were larger than 100 nm (Figure S1). In addition, the micropore
volume increased from 0.03 to ~0.18 cm?/g, and the specific
surface area increased by ~100 m’/g. Also, the shape of the
adsorption isotherm after hydrothermal treatment (not shown)
largely resembled that of the microporous material but had a
condensation step above p/p, = 0.9. The latter indicated that
upon recrystallization of the pore walls into large microporous
particles, the textural mesopores were converted into very large
mesopores and small macropores (>50 nm).

SEM images showed that relatively larger particles built up the
framework of Zn-MOF-74/240. However, the broadening of the
powder XRD peaks of the products after long reaction times
further suggested that the MOF crystals forming the pore walls
were smaller or had a lower degree of periodicity (Figure S3 and
Table S1). The calculated crystallite sizes for the other materials
decreased by ~2 nm in going from Zn-MOF-74/0.15 to Zn-
MOF-74/24. Furthermore, the lowest number of micropores
was found for Zn-MOF-74/240, for which the smallest
crystallites (8.9 nm) were observed. Hence, the smaller
crystallites must be interconnected by residual material with a
considerably lower degree of periodicity and lower micropore
volume. This was also supported by high-resolution TEM
(HRTEM), as shown in Figure 3 for Zn-MOF-74/18. Lattice
fringes were observed for some of the aggregated particles, but
particles having disordered structures were also present. The
spacing of such fringes varied from 0.7 to 2.0 nm. The sensitivity
of this material to the electron beam prevented the observation of
more lattice fringes.

On the basis of the above results and literature precedents, a
possible mechanism for the formation of bimodal porous Zn-
MOF-74 is summarized in Scheme 1. In the initial stages of the
reaction between the Zn precursors and ligands at room
temperature, the bidentate-acetate-bridged [Zn,(CH;COO),]
units form.*™'® Upon the addition of the ligand precursor
H,DHBDC, nanosized MOF-74 crystals precipitate in addition
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Figure 3. HRTEM images of Zn-MOF-74/18 showing two regions of
the same sample. In addition to the textural pores, lattice fringes
(highlighted in yellow) were seen for several particles. Amorphous and
less-periodic particles were also present. The scale bar in (b) applies to
both images.

Scheme 1. Schematic Illustration of a Possible Mechanism for
the Formation of the Bimodal Microporous—Mesoporous
MOF Material and the Morphology Transformation by
Solvent Etching (I—III)

Organie linker

"

to amorphous metal complexes, since the organic linkers
compete with the carboxylate bridging ligands. At this stage,
the formation of nanosized MOF-74 crystals possibly occurs via
deprotonation of the linker precursors by the acetate groups. The
latter process would not be expected to happen with the
conjugate bases of strong acids (e.g, Cl7, SO,*”, and NO;7).
Thus, the acetate accelerates the MOF crystal formation through
a ligand-exchange process.'" The precipitated material is
composed of discrete nanosized Zn-MOF-74 particles embed-
ded in an amorphous matrix. The latter exhibits thick pore walls
and large mesopores formed between particle aggregates (Figure
4a). The high micropore volume of 0.22 cm?/g for the sample
obtained after a short reaction time provides evidence of the large
quantities of crystalline particles forming the pore walls in
comparison with amorphous compounds. When the synthesis
time is extended to 1 h, the solvent bearing a ketone functional
group partially etches the crystalline pore walls and induces
recrystallization of a less-ordered crystal lattice. This leads to a
60% decrease in microporosity, whereas the pore walls are still
relatively thick (Figure 4b) and the mesopore widths still lie
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Figure 4. SEM images for bimodal Zn-MOF-74 series synthesized with
different reaction time (a) 0.25 h, (b) 1 h, (c) 24 h, and (d) 240 h.
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within the 6—8 nm range. Upon further stirring of the precipitate,
the etching of the crystalline framework proceeds, systematically
reducing the micropore volume and increasing the number of
mesopores (Figure 4c). After 10 days, this process is even more
pronounced, and the resulting Zn-MOF-74/240 material has
almost discrete interconnected particles (Figure 4d). The latter
are less crystalline and consequently exhibit ~10% of the
micropore volume of Zn-MOF-74/0.25 along with the largest
mesopore width and mesopore volume (0.48 cm®/g).

The effect of other solvents (DMA and NMP) on the MOF
structure and porosity was also verified (Table S1 and Figures S4,
SS, and S7). After 18 h of reaction time, smaller crystals were
obtained in the mesoporous Zn-MOF-74 materials prepared
from DMA and NMP than in those prepared in DMF. The
smallest crystallites (~6.5 nm) were obtained in NMP (Table
S1). The latter sample also exhibited slightly larger mesopores
and higher mesopore volume than Zn-MOF-74/18-DMA.
Hence, in addition to the reaction time, the adsorption and
structural parameters are influenced by solvent."

To assess the improvement in the adsorption capacity of these
hierarchical porous materials, a dye uptake study was performed
using a large dye molecule, Brilliant Blue R-250 (BBR-250), with
Zn-MOF-74/18 or microporous Zn-MOF-74 as the sorbent.
The adsorption study was conducted by soaking freshly made
sorbent materials in concentrated methanol solutions of BBR-
250, which has molecular dimensions of ~1.8 nm X 2.2 nm,"?
making it larger than the microporous cavities of standard Zn-
MOFE-74. After separation of the saturated solid materials, UV—
vis analysis showed that the supernatant solutions contained
different amounts of BBR-250 (Figure S8): Zn-MOF-74/18
adsorbed 17.9%, in contrast to only 2.7% adsorbed by
microporous Zn-MOF-74. The observed results can only be
explained by the presence of mesopores in Zn-MOF/18, whereas
the dye probably adsorbed on the small external surfaces of Zn-
MOFEF-74. The remarkable difference in the dye uptake abilities of
the bimodal and microporous MOF materials indicates that the
additional mesopores allow large molecules in solution to access
less coordinately saturated surface metal centers.'*

In summary, a facile template-free synthesis of hierarchical
microporous—mesoporous Zn-MOF-74 materials is reported.
Materials having nanocrystalline pore walls, high surface areas,
and large mesopores were obtained after as little as 15 min of
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reaction at room temperature. The morphology of the material
varied with reaction time, from rugged smooth surfaces formed
by large crystallites to interconnected small MOF particles.
Finally, the crystallinity and the adsorption properties of these
materials could also be controlled by using different solvents.
Compared with their microporous MOF-74 counterparts, this
hierarchical crystalline Zn-MOF-74 is of great scientific and
technological interest because of its ability to transport guest
molecules larger than the microporous cavities of Zn-MOF-74.
Short diffusion pathways resulting from the textural mesopores
and the more exposed metal coordination sites make these
potential materials for applications in separations, drug delivery,
heterogeneous catalysis, and sensing.
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