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ABSTRACT: A metal—organic framework (MOF) with a
specific construction and pores was demonstrated to have
many advanced properties, but still limited to having unique
aspects arising from the combination of different MOFs in a
single body. Here, we report a facile method to produce MOF-§
crystals with nanocrystalline HKUST-1 (nHKUST-1) embedded
into them in what is termed the “nHKUST-1CMOEFE-5”
structure. The results show that the nHKUST-1CMOFEF-5
structure is capable of molecular encapsulation by trapping dye

nHKUST-1C MOF-5

HKUST-1 MOEF-5

molecules in nHKUST-1 particles and embedding them in MOF-5 crystals. Moreover, the gravimetric uptake capacity of
nHKUST-1CMOF-$ for methane (CH,) was found to be enhanced as compared to that of MOF-S or nHKUST-1 alone such
that the nHKUST-1CMOE-S structure exhibits a volumetric capacity of 250% for fuel storage deliverable by the CNG tank at
room temperature and 80 bar. Furthermore, it showed robust capacity retention for reversible CH, uptake cycles at room

temperature.

B INTRODUCTION

The design and synthesis of a crystalline nanoporous
framework usually originate from a combination of single
constituents into an underlying matrix to form its own
properties.' * For example, a metal—organic framework
(MOF) uses a specific organic linker and the secondary
building unit (SBU) of a metal—oxide constituent t}épically to
realize its unique crystalline and porous structure,”® whereas
modification by a different organic linker or an inorganic
moiety can tune the underlying structure to have various
properties.” '® This hierarchy allows facile control of the
structure and its properties, but some challenges remain when
one pursues the goal of developing a simple means of creating
new aspects arising from a combination of completely different
MOFs in a single body.

Here, we report a new method in which completely different
MOFs are combined into a single crystalline particle. This
method can introduce many opportunities to form a series of
heterogeneities in MOFs by embedding other nanocrystals of
MOFs (nMOFs) with special constructions and micropores, as
illustrated in Figure 1. This unique construct is expected to
generate new interfaces of two MOFs, thus providing unusual
properties that differ from those observed using only a single
type of MOF. In this study, we demonstrate how to produce
crystals of MOF-5 [Zn,O(BDC); (BDC = 1,4-benzenedicar-
boxylate)],'' which embed nanocrystalline HKUST-1
[nHKUST-1, Cuy(BTC), (BTC = 1,3,5-benzenetricarboxy-
1:;1te)],12 known as nHKUST-1CMOE-5, hereafter. Moreover,
we find that this construct is able to encapsulate guest
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molecules such as molecular dyes in nHKUST-1, with these
molecules subsequently embedded into MOF-5 crystals. In
addition, nHKUST-1CMOEF-5 shows a high CH, uptake
capacity (197 mg/g, 80 bar) at room temperature, correspond-
ing to 250% of the deliverable volumetric capacity by a
commercially available CNG (compressed natural gas) tank. It
is notable that the methane (CH,) has a high specific energy
density (15400 Wh/kg).

Previous studies have reported synthetic approaches to coat
metal nanoparticles with organic/inorganic materials'>~'"” and
to disperse heterogeneous atoms in nanomaterials,"®™>' but
none of these nanomaterials are porous. Some efforts have been
made to combine MOFs with metal nanoparticles by
impregnation followed by reduction,”** coating,**** and
embedment,**?” while core/shell types of MOFs have been
made using two different functional linkers but with the same
SBUs.”®*” However, no study has shown nanocrystalline MOFs
embedded in other MOF crystals having completely different
linkers and SBUs.

B EXPERIMENTAL SECTION

Synthesis of nHKUST-1. Copper acetate monohydrate (215 mg)
and 1,3,5-tricarboxylic acid (125 mg) were dissolved in 75 mL of a
1:1:1 mixture of DMF/EtOH/H,0 in a round-bottomed flask. The
mixture was then stirred for 1 h at room temperature. The product was
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Figure 1. (a) Schematic procedures for creating the nHKUST-
1CMOF-S structure, and (b) schematic diagram of the nHKUST-
1CMOFEF-S structure.

collected by a centrifuge (9000 rpm for 10 min), washed two times
with DMF, and immersed in EtOH for 3 days. The solvent was
exchanged for fresh solvent three times. Finally, the nHKUST-1 was
activated to remove the solvent under a vacuum for 24 h at 100 °C.

Synthesis of MOF-5. Zinc nitrate tetrahydrate (392 mg) and
terephthalic acid (83 mg) were first dissolved in DEF (S mL) in a 20
mL vial. The tightly capped vial was placed on a hot plate at 150 °C for
3 h to yield clear crystals. After being cooled, the yellow solution was
decanted and the crystals were washed with 20 mL of DMF three
times. The product was then immersed in chloroform for 3 days,
during which time the activation solvent was decanted and freshly
replenished three times. Finally, the MOF-S was activated to remove
the solvent under a vacuum for 24 h at 120 °C.

Synthesis of nHKUST-1CMOF-5. Zinc nitrate tetrahydrate (1764
mg) and terephthalic acid (375 mg) were dissolved in DEF (16 mL) in
a 30 mL vial. nHKUST-1 fabricated by the above-mentioned method
was then dispersed in DEF (20 mL). Subsequently, the nHKUST-1
solution (4 mL) was put into a mixed solution of zinc nitrate
tetrahydrate and terephthalic acid. The color of the solution was
changed from blurry blue to transparent bluish by sonication for 20
min. The vial was then put into an oven at 110 °C for 7 h for the
growth of the crystals. The products were washed with DMF two
times and immersed in chloroform for 3 days, exchanging the solvent
three times. Finally, the nHKUST-1CMOF-5 was activated to remove
the solvent under a vacuum for 24 h at 120 °C.

Characterization of the Materials. The resulting products were
characterized by experiments using optical microscopy, PXRD,
transmission electron microscopy (TEM), high-angle annular dark-
field (HAADF), scanning transmission electron microscopy (STEM),
SEM, nitrogen gas adsorption, inductively coupled plasma atomic
emission spectroscopy (ICP-AES), and NMR measurements, which
demonstrated their crystallinity, permanent porosity, embedment, and
the composition of nHKUST-1 nanocrystals in the MOEF-S. Full
characterization details are provided in the Supporting Information.

B RESULTS AND DISCUSSION

HKUST-1 and MOF-5 were chosen as examples because both
are typical MOFs and are composed of completely different
structures, space groups, linkers, and SBUs. nHKUST-1 was
prepared using a mixture of Cu(OAc),H,O and 1,3,5-
benzenetricarboxylic acid and a 1:1:1 mixture of N,N-
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dimethylformamide(DMF)/EtOH/H,O at room temperature,
which led to the creation of nanocrystals (ca. 100 nm) of
HKUST-1 after washing with DMF and EtOH and drying
under a vacuum. The crystallinity of nHKUST-1 was examined
by the PXRD (powder X-ray diffraction) method, which gave
sharp diffraction peaks matching those of the simulated patterns
(Figure 2a). The permanent porosity was also confirmed by
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Figure 2. Structural analyses of the nHKUST-1 samples: (a) X-ray
diffraction patterns of the crystalline powder of the precipitated
nHKUST-1, the synthesized nHKUST-1, and the simulated HKUST-
1. (b) N, gas-adsorption isotherm of nHKUST-1. (c) SEM image of
nHKUST-1. (d) Dynamic light-scattering (DLS) analysis of nHKUST-
1.

measuring the nitrogen gas sorption isotherm. It showed a
shape similar to that observed for this MOF (Figure 2b) and
gave a BET surface area of 1470 m?>/g. The SEM image of
nHKUST-1 showed an average crystal size of 100 nm (Figure
2¢).

The dried nHKUST-1 was then placed in a MOF-5
preparation solution with Zn(NO;),-6H,0 and 1,4-benzenedi-
carboxylic acid in N,N-diethylformamide (DEF). When
nHKUST-1 was initially mixed with the chemicals in DEF,
the mixed solution was opaque due to the suspension of the
nHKUST-1 particles (Figure la). After 10 min of ultra-
sonication, the solution became transparent blue and no
suspensions were observed. To show that nHKUST-1 particles
were not dissolved out but were solvated in the solution, we
measured the particle sizes by means of dynamic light-
scattering (DLS). Figure 2d demonstrates that there were
particles about 100 nm in size, indicating that the particles were
not dissociated. The particles in the solution then were
precipitated out by adding an excess amount of acetone and
washing with DMF, and then measured with the PXRD
method. We found that the PXRD results of the particles
matched those of the nHKUST-1 structure (Figure 2a), thus
supporting the finding that the nHKUST-1 particles were not
dissociated but remained as solvated nanocrystalline particles in
the MOEF-S preparation solution. Next, this solution was heated
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in an oven at 110 °C, which induced the formation of
nHKUST-1CMOF-$ (Figure 1b).

The crystallinity of the nHKUST-1CMOE-5 structure was
proven from the sharp diffraction lines of its PXRD patterns
(Figure 3a). The coincidence of diffraction lines with those of
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Figure 3. Structural analyses of nHKUST-1CMOF-$ samples: (a) X-
ray diffraction patterns of crystalline powders of the MOF-S,
nHKUST-1, and nHKUST-1CMOF-S samples. (b) Nitrogen gas-
adsorption isotherms of the MOEF-5, nHKUST-1, and nHKUST-
1CMOF-S samples. (c) 'H NMR spectra of the digested nHKUST-
1CMOF-5 sample.

the MOF-S indicates that its overall structure is identical to that
of the MOEF-5, but the diffraction lines for nHKUST-1 particles
were not observed in the pristine form of the nHKUST-
1CMOE-S sample. When the samples were ground into fine
powers, the diffraction lines for the nHKUST-1 particles
appeared (Figure 3a). These results support the contention that
the nHKUST-1 nanocrystals are located in the interior rather
than on the surface of the MOF-S. In addition, the permanent
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porosity of the nHKUST-1CMOF-5 sample was determined
through nitrogen (N,) gas-adsorption isotherm measurements,
which exhibited Type I behavior similar to that observed in the
MOF-S$ (Figure 3b). However, its pore-size distribution showed
two different pores: one (6 A) from nHKUST-1 and the other
(9 A) from MOF-S, as shown in Figure S1 of the Supporting
Information. The Langmuir surface area of nHKUST-1CMOEF-
5 was 3400 m*/g.

Furthermore, the chemical composition of the sample was
obtained from the 'H NMR spectra of its HCl-digested
solution (Figure 3c) and from an ICP-AES analysis. The 'H
NMR peaks corresponding to the linkers of HKUST-1
(H,BTC) and MOF-5 (H,BDC) were used to determine the
ratio of nHKUST-1 in nHKUST-1CMOF-5. The molecular
ratio (H,BTC:H,BDC = 1:9.3) of the linkers indicated that the
11 wt % of nHKUST-1 is embedded into the nHKUST-
1CMOFEF-S sample. Also, the ICP-AES data for the metals of
nHKUST-1 (Cu, 10 wt %) and MOF-5 (Zn, 90 wt %) indicate
that the ratio of nHKUST-1 embedded in the nHKUST-
1CMOE-S sample is 11 wt %, consistent with the data obtained
by the '"H NMR analysis. Thermogravimetric data of nHKUST-
1CMOEF-5 were measured to determine thermal stability.
Figure S2 in the Supporting Information indicates that
nHKUST-1CMOE-S is stable above 400 °C.

Both the bright- and the dark-field optical microscopic
images of nHKUST-1CMOEF-5 were compared to show the
light-scattering from small particles inside the sample (Figure
4a). While the bright-field image in the inset of Figure 4a shows
a clear and transparent cubic crystal, the dark-field image shows
a glittering and multicolored crystal, which is attributed to the
light-scattering of the HKUST-1 nanocrystals embedded in the
MOF-5. Also, the SEM images of the crystal surface and the

Figure 4. (a) Dark-field optical microscopic image of nHKUST-
1CMOE-S, where the inset is an image obtained from a bright-field
optical microscope. (b) HAADF STEM image of the broken piece of
nHKUST-1CMOF-5. (c) HAADF STEM image under high
magnification of the part marked in (b); the inset is an elemental
analysis of nHKUST-1CMOF-S. (d) Elemental mapping of nHKUST-
1CMOE-S.

DOI: 10.1021/acs.chemmater.5b01786
Chem. Mater. 2015, 27, 5088—5093


http://dx.doi.org/10.1021/acs.chemmater.5b01786

Chemistry of Materials

interior of nHKUST-1CMOF-5 demonstrate that nHKUST-1
particles were embedded in MOF-S (Supporting Information
Figure S3). The interior of nHKUST-1CMOF-S exhibited
nanocrystals (ca. 100 nm) of nHKUST-1, while its surface was
smooth, similar to a typical MOF-S crystal (Supporting
Information Figure S3). These optical and electron microscopy
images coupled with observations of PXRD and nitrogen gas-
adsorption isotherm measurements provide evidence of
nHKUST-1 crystals embedded in MOEF-S, thus resulting in
the formation of nHKUST-1CMOFE-S.

Moreover, to provide further evidence of the embedment of
nHKUST-1 particles in the MOF-5 crystals, the crystals of
nHKUST-1CMOEF-5 were broken into small pieces and
analyzed by HAADF STEM. Figure 4b and the enlarged
image of a local part in Figure 4b (Figure 4c) give clear
evidence that the nHKUST-1 particles (ca. 100 nm) are
embedded and well distributed in the MOF-5 matrix. In
addition, an elemental analysis (EA) of the entire area in Figure
4c shows the existence of Cu (6.4 and 8.9 keV) from nHKUST-
1 as well as Zn (8.2 and 10.8 keV) from MOF-5.3*" These
findings clarify that the small particle shown in Figure 4b is an
nHKUST-1 crystal embedded in MOF-5 (Figure 4c).
Furthermore, the elemental mapping result shows the
distribution of Cu from nHKUST-1 and that of Zn from
MOF-S (Figure 4d). We also observed the interface of
nHKUST-1 and MOEF-S closely from two randomly selected
spots on the nHKUST-1CMOF-S sample (Supporting
Information Figure S4). In the HRTEM images of the two
spots (Supporting Information Figure S4a and c), the darker
area in the middle is nHKUST-1 (100 nm in size) and the
surrounding area is MOF-S. The enlarged image of Supporting
Information Figure S4a is also shown in Supporting
Information Figure S4b, while the HAADF STEM image in
Supporting Information Figure S4c is shown in Supporting
Information Figure S4d. As observed in all images in
Supporting Information Figure S4, there are no spaces between
the two different MOFs. This indicates that the compartments
of MOF-5 and HKUST-1 are directly linked at their boundary,
which creates the unusual interface that contributes to the
enhanced gas uptake properties.

The ability to embed nanocrystals of one MOF into the
crystals of another MOF would open many opportunities to
create valuable applications. As an example to demonstrate this
potential, we initially included molecular dyes in the pores of
nHKUST-1 by adding rhodamine at an amount of 10~ mol %
to its synthesis solution. Given that the diameter of rhodamine,
approximately 1 nm in size, is smaller than the pore size of 1.35
nm of nHKUST-1 and larger than its pore aperture of 0.6 nm,">
we found that rhodamine molecules could be encapsulated
inside the pores of nHKUST-1, as demonstrated by the UV
measurements. The dyeCnHKUST-1 crystal was then
embedded in a MOF-S crystal to form the (dyeCnHKUST-
1)CMOF-S structure. In addition, confocal microscopy
measurements were performed to show the existence as well
as the distribution of the dyes in the MOF-5, dyeCnHKUST-1,
and (dyeCnHKUST-1)CMOF-S structures (Figure S). The
luminescence was not obtained from MOF-S crystals (Figure
Sa), while being obtained from dyeCnHKUST-1 (Figure Sb).
The (dyeCnHKUST-1)CMOEF-S sample showed homogene-
ous luminescence throughout the crystals. These findings
support that the dyeCnHKUST-1 particles are successfully
embedded and well distributed inside the MOF-5 crystals. In
addition, these data for molecular inclusion are also evidence
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Figure S. Image obtained using confocal microscopy measurements of
the MOF-S, dyeCnHKUST-1, and (dyeCnHKUST-1) CMOF-S
structures.

that the nHKUST-1 particles were embedded in the crystals of
MOF-S.

nHKUST-1CMOE-S showed a high uptake capacity as an
energy-carrier of CH, at room temperature. The uptake
capacity was measured with a magnetic suspension balance
(MSB, Rubotherm). It was determined that the uptake capacity
of CH, in nHKUST-1CMOF-5 was 197 mg/g, which was 14%
and 36% higher than those of nHKUST-1 and MOEF-5 at room
temperature, respectively (Figure 6a). Also, the deliverable
volumetric capacity of nHKUST-1CMOE-5 from 5.8 to 80 bar
is 184 Vgrp/V. When compared to a CNG tank,>* this finding
demonstrates that nHKUST-1CMOEF-5 can deliver up to the
250% of the deliverable volumetric capacity of fuel delivered by
a CNG tank at 80 bar. Moreover, Figure 6b shows that
nHKUST-1CMOEF-S samples synthesized from different
batches gave identical CH, uptake results. It is important to
note that the experimentally tested error for a nonporous
sample was within 0.0003 mg/g (Figure 6b). In addition, we
tested the cyclic performance of CH, adsorption at room
temperature, finding that nHKUST-1CMOE-S shows robust
performance for reversible cycles (Figure 6c). Moreover, the
larger was the amount of nHKUST-1 embedded in MOE-S, the
higher was the methane uptake (Supporting Information Figure
SS). This implies that the combination of two different MOFs
provides new interfaces that are responsible for enhancing the
gas uptake capabilities. We speculate that new types of defects
formed at the interface of the two MOFs can contribute to
enhanced methane uptake capacity. These results support the
claim that the embedded nanocrystals of one MOF into
another MOF crystal can provide a new route to realize the
performance required for advanced applications.

B CONCLUSIONS

In summary, we developed a synthetic method for embedding
the nanocrystals of one MOF into the crystals of another MOF
with different structures and microspore moieties, where
nHKUST-1 was synthesized to a size of about 100 nm and
then embedded in the crystals of MOF-5. The crystal
structures, porosities, the embedded constructs, and the
chemical compositions were fully characterized. Moreover, as
examples to explore the potential of the nHKUST-1CMOEF-5
structure, we demonstrated guest dye molecules in nMOFs,
which were then embedded into other MOF crystals.
Furthermore, we showed that nHKUST-1CMOE-S at room
temperature and 80 bar has an enhanced gravimetric capacity
for CH, uptake as compared to that of pristine HKUST-1 or
MOEF-5 alone, corresponding to 250% of the volumetric
capacity for fuel storage deliverable of a commercial CNG tank.
Robust capacity retention with no hysteresis was also noted.
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Figure 6. Adsorption performance for methane (CH,) at room

temperature: (a) the gravimetric adsorption uptake capacity of

nHKUST-1CMOF-5, MOF-S, and nHKUST-1, (b) the adsorption

performance with different batch experiments, and (c) the perform-

ance with regard to reversible adsorption cycles on nHKUST-
1CMOE-S.
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