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Abstract: Forming emulsions of carbon dioxide (CO,) and
water can largely expand the utility of CO,. Herein we propose
for the first time the utilization of a metal-organic framework
(MOF) for emulsifying CO, and water. Owing to the hybrid
composition, MOF particles can easily assemble at the CO/
water interface to create a rigid protective barrier around the
dispersed droplet. The MOF-stabilized CO, and water emul-
sion has exceptional stability compared to those emulsions
stabilized by surfactants or other solids. Moreover, the CO, and
water emulsion stabilized by MOF is “tunable” due to the
designable features of MOFs and adjustable character of CO.,.
Such a novel kind of emulsion composed of CO,, water, and
MOF provides a facile route for constructing MOF super-
structures with many advantages. The macroporous networks
and hollow capsules of different kinds of MOFs have been
successfully derived from CO, and water emulsions.

The utilization of carbon dioxide (CO,), which is the second-
most abundant solvent on earth after water, has attracted
much attention.'*! CO, is generally regarded as a green
solvent because it is readily available, inexpensive, nontoxic,
nonflammable, has moderate critical temperature and pres-
sure (31.1°C and 7.38 MPa), and can be easily recaptured and
recycled after use. Moreover, CO, has adjustable solvent
power and excellent mass transfer characteristics that offer
many advantages to replace conventional organic solvents.*!
However, CO, is often a poor solvent because it has no dipole
moment, very low dielectric constant and polarizability per
volume, which restrict its applications in various fields. To
form emulsions of CO, and water with the assistance of
emulsifiers allows the solubilization of different kinds of
compounds within the dispersed phase and continuous phase,
which largely expands the utility of CO, as a solvent.[’]
Moreover, the formation, breakage, and properties of the
CO, and water emulsions can be easily controlled by the
pressure of CO,. These special properties give CO, and water
emulsions promising applications in material synthesis® and
chemical reactions.”)
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The design of amphiphilic (CO,-philic and hydrophilic)
emulsifiers is crucial for the formation of CO, and water
emulsions. Owing to the poor surfactant-tail solvation caused
by the weak van der Waals forces of CO,, the surfactants for
emulsifying CO, and water must have low molecular weight,
little tail overlap, low free volume at the interface or low
cohesive energy densities.[®1°1? Alternatively, the use of solid
particles as emulsifiers can overcome the limitation of poor
surfactant-tail solvation, by absorbing at the liquid-liquid
interface to create a barrier around the dispersed droplet.
Moreover, the solids can be easily separated and recycled by
centrifugation or filtration after use. Emulsions stabilized by
solids have shown potential applications in, for example,
interfacial catalysis,¥ fabrication of superstructures,* prep-
aration of Janus colloids."” Nevertheless, the strong Hamaker
attraction between particles caused by the weak Van der
Waals forces of CO, often leads to droplet flocculation and
coalescence, resulting in poor stability of CO, and water
emulsion. To overcome this difficulty, the silica/polymeric
steric stabilizers!'® or silica particles grafted with various
organic ligands!"”'*l have been proposed for emulsifying CO,
and water. Even so, these emulsions can only provide stability
against coalescence for hours and so the formation of stable
CO, and water emulsions remains a severe challenge. Thus
there is still a need to develop solid emulsifiers with desirable
amphiphilicity to CO, and water, resulting from the intrinsic
properties of solid particles.

Metal-organic frameworks (MOFs) are a class of crystal-
line microporous materials constructed by joining metal-
containing units with organic linkers,"*?"! which have found
wide applications in different fields.” Importantly, the
compositions, structures, and properties of MOFs are easily
adjusted by varying the metal ions and organic ligands. Herein
we propose for the first time the utilization of MOFs for
emulsifying CO, and water. The hybrid composition of MOF
endows it an amphiphilic properties to assemble at the liquid—
liquid interface.”**! Such an emulsion consisting of CO,,
water, and MOF is “tunable” due to both the designable
features of the MOF emulsifier and adjustable character of
solvent CO,. The experimental results confirm that: 1) the
emulsion could be easily prepared by stirring the mixture of
water, CO,, and MOF at room temperature, requiring no
additional additives or high-energy input that are usually
requisite for emulsifying, 2) the CO, and water emulsions are
highly stable against coalescence, 3) the morphologies and
properties of the emulsions can be easily modulated by the
MOF structure and CO, pressure. Interestingly, the MOF-
stabilized CO, and water emulsion provides a unique route
for constructing MOF superstructures. The macroporous
networks and hollow capsules of different kinds of MOFs
were directly obtained from emulsions by removing solvents.
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The formation mechanism for the MOF-stabilized emulsion
and the derived MOF superstructures is investigated.

For the formation of the water continuous emulsion,
Mn;(BTC), (BTC = 1,3,5-benzenetricarboxylate) was synthe-
sized (Figure 1a,b) and dispersed in water. Then CO, was
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Figure 1. Water-continuous emulsion stabilized by Mn;(BTC), and derivation of the
Mn;(BTC), network. a,b) Photograph and SEM image of p-Mn;(BTC),. c) Photograph
of the emulsion at 7.5 MPa. d) Electrical conductivities of CO,/H,0/Mn;(BTC),
mixture at different pressures. e) Photograph of the frozen emulsion after releasing
CO,. f)—j) Photograph, SEM, and TEM images of r-Mn;(BTC),. Scale bars, 1 um

in (b), 50 um in (g), 5 um in (h), 200 nm in (i), and 50 nm in (j).

added to the stirred aqueous Mn;(BTC), dispersion at 25°C.
As CO, pressure is higher than the vapor pressure of CO,
(6.4 MPa at 25°C), a uniform milky-white emulsion was
formed (Figure 1c¢). The microstructure of the emulsion was
identified by electrical conductivity®®! (Figure 1d). The aque-
ous dispersion of Mny(BTC), is highly conductive (ca.
2.4 mscm™') because of the partially ionized MOF in water.
With the addition of CO,, the electrical conductivity first
increases dramatically, which is caused by the carbonation of
dissolved CO, in water,” and then keeps nearly unchanged
(ca. 29 mscm ™). It confirms that the emulsion shown in
Figure 1c corresponds to a CO,-in-H,O emulsion, that is, CO,
droplets are dispersed in water continuous phase. It is notable
that the MOF-stabilized emulsion is very stable
and no phase separation was observed in at least
6 months after stopping stirring.

The CO,-in-H,O emulsion provides a novel
way for deriving macroporous MOF solid just by
removing the liquids. To preserve the microstruc-
ture of the emulsion and avoid the macropore
collapse during solvent removing process, the
emulsion formed at 7.5 MPa was frozen in liquid
nitrogen and then CO, was released by depressu-
rization. The obtained ice block preserved the
morphology of the emulsion (Figure 1e). Then
water was removed by freeze drying and the solid
of restructured Mn;(BTC), (r-Mn;(BTC),) was
obtained. Remarkably, the volume of r-Mns-
(BTC), expands tremendously (Figure 1f) com-
pared with the pristine Mn;(BTC), (p-Mn;(BTC),;
Figure 1a). The r-Mn;(BTC), presents a three
dimensional network with macropores in the
range of 4-30 um (Figure 1g), as templated by
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the CO, droplets dispersed in emulsion. Interestingly, the
network is assembled from nanofibers of width of 50 nm and
length of 15 um (Figure 1h-j), much thinner than the p-
Mn;(BTC), bars (Figure 1b). It indicates that the CO,-in-H,O
emulsion has a dual effect on MOF, that is, downsizing p-
Mn;(BTC), to ultrafine nanofibers and conducting
their assembly to macroporous network. The r-
Mn;(BTC), has a porosity of 87.4 % and total pore
volume of 6.98 cm’®g~', much higher than those of
p-Mn3(BTC), (74.6 % and 2.51 cm’g~" for porosity
and pore volume, respectively). The CO,-in-H,O
emulsions stabilized by Mny(BTC), were also
formed at 10.0 MPa and 12.0 MPa, and the macro-
porous Mn;(BTC), networks made up of ultrafine
nanofibers were derived from the emulsions (Fig-
ure S1 in the Supporting Information). The r-
Mn,(BTC), produced at higher pressure has
a larger porosity, which can be attributed to the
volume expansion of emulsion at higher CO,
pressure.

The CO, continuous emulsion is more difficult
to be stabilized than water continuous emulsion
because of thermodynamic and transport limita-
tions for CO,.["! Herein we propose the utilization
of fluorinated MOF for stabilizing CO, continuous
emulsion. Mn(hfbba)(3-mepy)(H,O) (Mn-
HFMOF-W) was synthesized using 4,4'-(hexafluoroisopropy-
lidene) bis(benzoic acid) (C,,H;(F¢O,; H,hfbba) as the main
ligand and 3-methyl pyridine as a coligand®!! (Figure S2). It
can emulsify CO, and water if the pressure is higher than
6.4 MPa at 25°C. The emulsion presents dispersive and
spherical droplets (Figure 2¢), distinctly different from the
CO,-in-H,O emulsion which had a uniform milky-white
appearance (Figure 1c). The electrical conductivities of the
H,0/CO,/Mn-HFMOF-W mixture (Figure 2d) increase grad-
ually with CO, pressure in the lower pressure range, which
can be attributed to the acidity of carbonic acid generated by
dissolved CO, in water.® A sharp decrease of conductivity
(about 2 orders of magnitude) occurs in the pressure range of

Figure 2. CO, continuous emulsion stabilized by Mn-HFMOF-W and derivation of
Mn-HFMOF-W capsules. a,b) Photograph and SEM image of p-Mn-HFMOF-W.

c) Photograph of the emulsion at 7.5 MPa. d) Electrical conductivities of CO,/H,0O/
Mn-HFMOF-W mixture at different CO, pressures. ) Photograph of the frozen
emulsion after releasing CO,. f)—j) Photograph, SEM and TEM images of r-Mn-
HFMOF-W. Scale bars, 10 pm in (b), 2 mm in (c), 300 pm in (e), 15 um in (g),

1.5 um in (h), 300 nm in (i), 3 pm in (j).
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6.0-7.0 MPa and then the conductivity drops to essentially
zero at higher pressure, indicating non-conducting CO, is the
continuous phase of emulsion. Further, the emulsion was
dyed with hydrophilic indicator methyl orange and the result
confirms that water droplets are dispersed in continuous CO,
(Figure S3). The emulsion is highly stable and no phase
separation was observed over at least 6 months. The restruc-
tured Mn-HFMOF-W (r-Mn-HFMOF-W) derived from the
emulsion has hollow micron-sized capsules (Figure 2 f-h),
which are assembled by nanoparticles of the size of hundreds
of nanometers (Figure 21,j). In comparison with the irregular
agglomerates of p-Mn-HFMOF-W in microns (Figure 2b), it
is evident that the emulsion can not only downsize p-Mn-
HFMOF-W to ultrafine nanoparticles but also conduct their
assembly to hollow capsules. The Mn-HFMOF-W-stabilized
emulsions were also formed at 10.0 MPa and 12.0 MPa
(Figure S4). The droplet size of the emulsion decreases with
increasing pressure, resulting from lower interfacial tension at
higher pressure.’**! The Mn-HFMOF-W capsules assembled
by ultrafine nanoparticles were synthesized from the emul-
sions (Figure S5).

By comparison of Figure 2c,e,g, it is interesting to find
that the size of -Mn-HFMOF-W capsules is much smaller
than that of the emulsion droplets. Since -Mn-HFMOF-W
capsules are templated by emulsion droplets, such a decrease
by orders of magnitude is abnormal. It attracts our attention
to further investigate the droplet microstructure of the
emulsion. Owing to the high pressure, the CO, and water
emulsion cannot be characterized insitu by conventional
techniques. In this case one of the ice particles in Figure 2e
was picked up (Figure 3a) and characterized separately by
optical microscope photograph. A secondary structure was
observed in the single ice particle (Figure 3b). Moreover, the
single ice particle was dried separately and the solid obtained
(Figure 3c¢) presents hundreds of hollow capsules assembled
by nanoparticles (Figure 3d,e). It indicates that in the
emulsion, one droplet contains lots of inner droplets of
much smaller size. To get further evidence, the emulsion
stabilized by Mn-HFMOF-W was dyed by a fluorescent
indicator Rhodamine B, then frozen. One frozen ice particle
was dried separately and the dyed Mn-HFMOF-W particle
was characterized by confocal laser scanning microscopy
(CLSM) image. Figure 3 f-h clearly shows that many dyed
hollow capsules are included inside the single particle, further
proving the formation of multiple CO,-in-H,0-in-CO, emul-
sion stabilized by Mn-HFMOF-W.

The possibilities of emulsifying
CO, and water with other MOFs
were investigated. Cuy(BTC), can
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Figure 3. Characterization of multiple the CO,-in-H,0-in-CO, emulsion
stabilized by Mn-HFMOF-W. a,b) Photograph and optical microscope
photograph of one frozen droplet from Figure 2e. c)—e) Photograph
and SEM images of one dried droplet. f)-h) CLSM images of one
dried droplet dyed with Rhodamine B. Scale bars, T mm in (a), 200 pm
in (b), 1 mm in (c), 15 um in (d), 300 nm in (e), 200 pm in (f), 100 um
in (g), 100 um in (h).

obtained, which are both assembled by nanoparticles (Fig-
ure S6,S7). Compared with the p-MOFs, r-Cu;(BTC),, and r-
Co-HFMOF-W have significantly lower densities and signifi-
cantly increased porosities and pore volumes (Table 1). The
results confirm that MOFs are versatile in emulsifying water
and CO, to form different emulsions, which provide a promis-
ing way for producing MOF superstructures with tunable
properties.

The hydrophilicity of the four MOFs was measured
through aqueous phase by static contact-angle instrument.
Mn,(BTC), and Cuy(BTC), particles have contact angles
much less than 90° (Figure 4a,b), indicating a strong hydro-
philicity. Hence the water—CO, interface stabilized by Mnj;-
(BTC), and Cus(BTC), particles bends around CO, phase,
leading to the formation of CO,-in-H,0O emulsion (Fig-
ure 4¢.f). Conversely, the Mn-HFMOF-W and Co-HFMOF-
W particles with contact angles greater than 90° (Figure 4¢,d)
are less hydrophilic and more CO,-philic owing to the fluoric
ligand,P! favoring the formation of CO, continuous emulsion.
However, the above results show that the multiple CO,-in-
H,0-in-CO, emulsion is formed with the aid of Mn-HFMOF-
W (Figure 4¢). It is well established that forming a multiple
emulsion is usually difficult and requires two kinds of
surfactants,®!  two-step emulsification process,*! high
energy input® or utilization of specially designed facilities."*”!

Table 1: Morphologies, densities and porosity properties of the pristine MOFs (p-MOFs) and the
restructured MOFs (r-MOFs).

stabilize the CO,-in-H,O emulsion

: g 3 MOFs Morphology Density Porosity Viore
(Figure S6), while the fluorinated [gem %] [cm’g™]
MOF  Co(hfbba)(3-mepy)(H,0) p-Mn, (BTC), bars 0372 74.6 2.51
(Co-HFMOF-W) stabilizes the g7y, network 0.018 87.4 6.9
CO,-in-H,0-in-CO, emulsion simi- ¢y (8TC), agglomerates 0.335 75.4 2.20
lar to that stabilized by Mn- r.Cu,(BTC), network 0.022 86.9 6.87
HFMOF-W  (Figure S7). After p-Mn-HFMOF-W agglomerates 0.468 50.1 1.08
removing SolventS, the macropo_ r-Mn-HFMOF-W capsules 0.025 74.0 3.71
rous Cuy(BTC), network and Co- p-Co-HFMOF-W agglomerates 0.370 69.8 1.98

r-Co-HFMOF-W capsules 0.021 74.6 3.13

HFMOF-W hollow capsules were
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Figure 4. Mechanism studies on the emulsions stabilized by different
MOFs. a)—d) Contact angles of a) Mn;(BTC),, b) Cu;(BTC),, c) Mn-
HFMOF-W, and d) Co-HFMOF-W with H,0 droplets. €),f) CO,-in-H,0O
emulsion stabilized by Mn;(BTC), at interface. g,h) CO,-in-H,0-in-CO,
emulsion stabilized by Mn-HFMOF-W at interface. i) Mechanism of the
ligand substitution.

Herein the multiple emulsion can be attained simply by
stirring the mixture of CO,, water and Mn-HFMOF-W at
room temperature. The formation mechanism for the multi-
ple emulsion was investigated by FT-IR spectra, X-ray
photoelectron spectroscopy, X-ray absorption spectroscopy,
elemental analysis and inductively coupled plasma optical
emission spectrometer (see detailed discussion in Fig-
ures S10-14 and Table S1). All the results reveal that the
coligand 3-methyl pyridine of p-Mn-HFMOF-W is partially
substituted by carbonic acid during restructuring process in
emulsion, as illustrated in Figure 4i. The Mn-HFMOF-W
without ligand substitution is more CO,-philic and absorbs at
the outer CO,-water interface, while the Mn-HFMOF-W with
ligand substitution by carbonic acid is more hydrophilic and
distributes at the inner water—-CO, interface (Figure 4h).
Therefore, the multiple CO,-in-H,0-in-CO, emulsion that
the water droplets dispersed in CO, contain some smaller
inner CO, droplets is stabilized with the cooperation of the
two MOFs.

The experimental results show that the CO, and water
emulsion has a dual effect on MOF, 1) downsizing the pristine
MOFs to ultrafine nanocrystals, and 2)conducting the
assembly of these nanocrystals to superstructures. The
mechanism of downsizing effect of emulsion on the MOF is
very interesting. It has been recognized that high-pressure
CO, favors the formation of ultrafine particles by the
viscosity-lowering effect.® Herein, to detect whether high-
pressure CO, is relevant to the MOF fragmentation, p-
Mn;(BTC), and p-Mn-HFMOF-W were dispersed in liquid
CO, at 7.5 MPa and 25°C for 2 h. No morphological differ-
ence was found for the as-treated MOFs as compared with the
pristine MOFs (Figure S15), indicating that the MOF frag-
mentation is nothing to do with the high-pressure CO,.
Further, the effect of the acidity change caused by the
carbonation of dissolved CO, in water was investigated by
dispersing the pristine MOFs in HCI aqueous solution (pH 3)
at 25°C for 2 h. Rods with diameters of hundreds of nano-

Angew. Chem. 2016, 128, 1154411548

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Zuschriften

meters were obtained for Mn;(BTC),, which are much thicker
than the r-Mn;(BTC), obtained from emulsion (50 nm); the
as-treated Mn-HFMOF-W remains in the same morphology
as p-Mn-HFMOF-W (Figure S16). These results reveal that
the acidity change is not relevant for MOF fragmentation. It is
well established that the formation of emulsion induces the
fast creation of new interfaces .*” The immense interface
caters for MOF fragmentation,“! which in turn can stabilize
the emulsion in a better fashion. Therefore, the MOFs are
downsized during the emulsification process to produce
nanocrystals (e.g. Mn;(BTC), nanofibers and Mn-HFMOF-
W nanoparticles).

Based on the above results, a possible mechanism for
constructing MOF superstructures in CO, and water emul-
sions is proposed in Scheme 1. For the hydrophilic MOF (e.g.
Mn;(BTC),), the MOF nanofibers adsorbed at CO,—water
interface are probably contiguous with those dispersed in

Scheme 1. Schematic illustration for constructing MOF superstructures
in CO, and water emulsions. a)—c) Derivation of macroporous MOF
network assembled by nanofibers from a CO,-in-H,O emulsion. d)—

g) Derivation of MOF capsules assembled by nanoparticles from CO,-
in-H,0-in-CO, emulsion.

water continuous phase (Scheme 1b). After removing sol-
vents, the MOF nanofibers are crosslinked into a 3D network
with a macroporous structure templated by CO, droplets
(Scheme 1c). For the fluorinated MOF (e.g. Mn-HFMOF-
W), the multiple CO,-in-H,O-in-CO, emulsion is formed.
Each water droplet dispersed in CO, (Scheme 1e) contains
some smaller inner CO, droplets (Scheme 1 f). The ultrafine
MOF nanoparticles are easily adsorbed at the CO,—water
interface, forming a dense film (monolayer or multilayer)
around the droplets to stabilize them. Therefore, the hollow
MOF capsules assembled by nanoparticles are produced from
the multiple emulsion after removing solvents (Scheme 1g).

In conclusion, we demonstrate for the first time that CO,
and water emulsions are stabilized by MOFs. The emulsion
could be easily prepared by stirring the mixture of water, CO,,
and MOF at room temperature and is highly stabile against
coalescence. The MOF nanocrystals assembled at the CO,—
water interface create a rigid protective barrier around
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dispersed droplet, thus inhibiting droplet coalescence effec-
tively. Moreover, the emulsion is “tunable” as a result of to
both the variability associated with MOFs which are uses as
the emulsifier and the adjustable character of solvent CO,.
This novel kind of emulsion provides a unique way for
producing MOF superstructures. The macroporous network
and hollow capsules assembled by ultrafine MOF nano-
crystals were directly obtained from emulsions after releasing
solvents. We anticipate that the CO, and water emulsions
stabilized by MOFs may be utilized in the in situ synthesis of
MOF composites, for example, MOF/MOF, MOF/polymer,
MOF/metal, MOF/metal oxide. It is also promising to find
their potential applications in other fields, for example,
chemical reaction, deposition.
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