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ABSTRACT

Here we propose to modify the hydrophilicity of metal-organic framework (MOF) particles by
an interfacial assembling route, which is based on the surface-active nature of MOF particles. It
was found that hydrophilic UiO-66-NH> particles can be converted to hydrophobic particles
through an oil-water interfacial assembling route. The underlying mechanism for the conversion
of UiO-66-NH> was investigated by X-ray photoelectron spectroscopy and FT-IR spectroscopy.
It was revealed that the close assembly of UiO-66-NH. particles at the oil-water interface
strengthens the coordination between organic ligands and metal ions, which results in a decrease
in the proportion of hydrophilic groups on UiO-66-NH: particle surfaces. Hydrophobic UiO-66-
NH: particles show improved adsorption capacity for dyes in organic solvents compared with
pristine UiO-66-NH particles. It is expected that the interfacial assembling route can be applied
to the synthesis of different kinds of MOF materials with tunable hydrophilicity or

hydrophobicity required for diverse applications.



1. INTRODUCTION

Recently, metal-organic frameworks (MOFs) have become of great interest in the field of
materials because of their unique properties such as tunable composition, differing structures and
morphologies, ultrahigh porosity and huge surface area:? which confer on them potential
applications in gas storage,>* gas absorption and separation,® drug delivery®’ and catalysis.?°
Up to now, the majority of MOFs have high affinity towards water, which largely restricts their
open-air applications as promising materials.!! To solve this problem, many efforts have been
devoted to reduce the affinity towards humidity and water and increase the hydrophobic
character of MOFs. The commonly adopted methods are either functionalizing the MOF surface
with hydrophobic ligands (e.g. alkyl functional groups'*? or fluoro ligands!**4) or mixing MOFs
with hydrophobic compounds (e.g. carbon,*> %’ polydimethysiloxane,® silica!® or alumina®).
Unfortunately, the introduction of functional ligands or a second phase in MOFs inevitably
affects their structure, porosity and the accessibilty to the catalytic sites of the pristine MOF, thus
lowering the adsorption capacity and catalytic activity.

Owing to the hybrid chemical compositions, MOFs have recently been shown to exhibit
surface-activity. It has been reported that some MOFs can emulsify two immiscible liquids, like
water and oil, water and hydrophobic ionic liquid, water and supercritical CO3, to produce
particle-stabilised Pickering emulsions.??” Analogous to traditional emulsifiers, the MOF
nanoparticles can assemble at the interface of the two immiscible phases to stabilize the emulsion
droplets against coalescence. Interestingly, the structures and properties of the emulsions can be
easily modulated by adjusting the metal ions and organic ligands of MOFs owing to their

designable and tunable features. More interestingly, the MOF-stabilized emulsions provide a



novel interfacial templating route for fabricating MOF materials. The MOF superstructures (e.g.
3D network and capsules)???® and MOF/polymer composites have been prepared from MOF-
stabilized emulsions.?2?® For all these studies, researchers focus their attention on the MOF
morphologies as templated by emulsion droplets. No attention has been paid to tuning the
hydrophilicity or hydrophobicity of MOFs by such a route. As is well recognized for surfactant-
stabilised emulsions, surface-active particles located at the oil-water interface have a distinct
orientation in close proximity,?3 different from their molecular dispersions in a single solvent.
It is expected that the interfacial assembling of MOF particles with desirable amphiphilicity
would exert an influence on the wettability of MOF particle surfaces, possibly through the
interactions between particles and water, particles and oil and between particles.

Here we propose an interfacial assembling route for modifying the wettability of MOF
particle surfaces. UiO-66-NH2, which is a prototypical Zr-MOF with excellent thermal, aqueous,
acid stability and potential applications in a variety of fields,3-3 was studied. By an oil-water
interfacial assembling route, hydrophilic UiO-66-NH: particles can be converted to hydrophobic
particles. The possible mechanism for this interesting phenomenon was investigated by X-ray
photoelectron spectroscopy (XPS) and FT-IR spectroscopy. The hydrophobic UiO-66-NH>
particles have been utilized as absorbent for dyes in organic solvents, which show improved
adsorption capacities compared with pristine UiO-66-NH; particles. It is worth noting that the
interfacial assembling route only changes the surface properties of MOF particles and involves
no additional compounds or functional ligands in the modified MOF. Consequently, the intrinsic
properties of MOF can be retained, which is very important for their applications in different

fields.

2. EXPERIMENTAL



2.1. Materials. 2-aminoterephthalic acid (99%) was purchased from Alfa Aesar. Zirconium
tetrachloride (99.5%) was produced by Strem Chemicals. Sudan Orange G (97%) was supplied
by J & K Scientific Co., Ltd. N,N-dimethylformamide (DMF, 99.7%), cyclohexane (99.7%),
hexane (99.5%) and deionized water were provided by Beijing Chemical Works.

2.2. UiO-66-NH:2 synthesis. For the synthesis of UiO-66-NHa, ZrCls (0.240 g) and 2-
aminoterephthalic acid (0.186 g) were added into DMF (60 mL), followed by water (0.19 mL).
The above mixture was sealed and heated at 120 "C for 24 h. The product was obtained by
filtration, washing with DMF and methanol and drying in vacuum at 60 C for 12 h.

2.3. Emulsion formation and characterization. Emulsification was performed using a
Shanghai Zhisun JYD-150 sonicator. The desired amount of UiO-66-NH> powder was added
into a mixture of water and cyclohexane (v/v 1:1) in a glass vial. The sonic frequency was 20
kHz with the output power at 45 W. 5 min sonication was applied for emulsification. To avoid
localized overheating, a 20 s break after each 5 s of sonication was applied. The emulsion was
characterized using an Olympus FVV1000-1X81 confocal laser scanning microscope (CLSM) with
an excitation wavelength of 559 nm. 5 pL of freshly prepared emulsion containing Rhodamine B
(10*mol L) was carefully placed on a 0.7 mm thick cover slip at room temperature, and the
images were captured by a digital CCD.

2.4. Characterisation of modified particles. The vessel containing a cyclohexane-in-water
emulsion was placed into liquid nitrogen (-196 °C) and the liquids were removed using Freeze
Drier FD-1A-50 (Beijing Tianlinhengtai Technology Co., Ltd.). The solid obtained was
characterized by scanning electron microscopy (SEM) using a Hitachi S-4800 instrument and X-
ray diffraction (XRD) performed on a Rigaku D/max-2500 diffractometer with CuKa radiation

(L=1.5418 A) at 40 kV and 200 mA. The porosity properties were derived from N adsorption-



desorption isotherms at 77 K using a Quadrasorb SI-MP system. Contact angle measurements
were performed at 25 °C using a contact angle meter (Harke-SPCAX1) by placing a water
droplet (10 uL) on the surface of the UiO-66-NH> film in air. The UiO-66-NH> film was
prepared by a tablet machine at a pressure of 10 kPa for 20 sec with a 30 mg sample. XPS data of
the pristine and modified UiO-66-NH. particles were obtained with an ESCALab 220i-XL
instrument from VG Scientific using 300 W AlKa radiation. The base pressure was 3x10™° mbar.
The binding energies were referenced to the C1s line at 284.8 eV from adventitious carbon. FT-
IR spectra of the pristine and modified UiO-66-NH. particles were obtained using a Bruker
Tensor 27 spectrometer.

2.5. Dispersion of modified UiO-66-NH: particles in water-hexane mixture. The desired
amount of the modified UiO-66-NH. particles was added to a water and hexane mixture (v/v 1:1)
in glass vials. The UiO-66-NH; concentration was 1.71 mg mL™? relative to the total volume. The
mixture was stirred using a magnetic stirrer for 3 min and the phase behavior was observed.

2.6. Dye adsorption. A desired amount of Sudan Orange G solution in hexane (5 mL,
4.6x10° mol L) was placed in a 50 mL centrifuge tube, followed by adding UiO-66-NH; solid
(10 mg). Then the mixture was stirred for different times. After centrifugation, the concentration
of dye in the supernatant was determined using a Shimadzu UV-2450 UV-Vis spectrophotometer.
The concentration of dye adsorbed was calculated from the absorbance of Sudan Orange G using
the calibration curve. Using pseudo-first order and pseudo-second order kinetic models, the
experimental data were fitted by eq. (1) and (2) to explore the potential rate-controlling step in

the adsorption of Sudan Orange G onto UiO-66-NH: particles,*

In(ge —qt) = In(qe) — kit (1)

t/oe = 1/(kaQe?) + t/qe (2)



where ge and g: denote the amounts of dye adsorbed by the adsorbent (mg g*) at equilibrium and

at time t, respectively. ky and k, are first and second order rate constants respectively.

3. RESULTS AND DISCUSSION

3.1. Emulsion formation. The pristine UiO-66-NH particles were first prepared by a
hydrothermal method.® Then the desired amount of the pre-formed UiO-66-NH, was added into
a mixture of equal volumes of water and cyclohexane (14.29, 7.27, 4.69, 1.94 and 1.58 mg mL"
1, followed by ultrasonication. Figure 1a-e shows the photographs of the as-prepared
emulsions stabilized by UiO-66-NH- particles, which have a turbid and milky appearance.
The morphologies of the emulsions were characterized by CLSM using Rhodamine B as a probe
(Figures 1f-j). The spherical droplets were identified as oil-in-water. It is easily understood that
the Ui0O-66-NH: particles are more hydrophilic, favoring the formation of a water-continuous
emulsion. It is noted that for the emulsion with UiO-66-NH, concentration 14.29 mg mL™,
Rhodamine B molecules are completely adsorbed at the interface of droplets (Figure 1f) due to
the strong adsorption of UiO-66-NH. to Rhodamine B at such a high concentration.®® The
droplet sizes of the emulsions range from 2-25 um and roughly decrease with increasing UiO-
66-NH- concentration. As the particle concentration becomes lower than 1.58 mg mL™, water

and oil cannot be emulsified by UiO-66-NH> particles.



Figure 1. Photographs and CLSM images of cyclohexane-in-water emulsions stabilised
by UiO-66-NH; particles at concentrations (mg mL™) of (a, f) 14.29, (b, g) 7.27, (c, h)

4.69, (d, i) 1.94 and (e, j) 1.58. Scales bars: 20 um.

3.2. Morphologies of the modified UiO-66-NH: particles. The pristine UiO-66-NH>
particles prepared by a hydrothermal method consist of polyhedral nanocrystals around 100 nm
in size (Figures 2a and b). The SEM images of the UiO-66-NH> particles derived from the
emulsion stabilised at a particle concentration of 1.58 mg mL* are shown in Figure 2c-e.
Capsules of diameter approx. 20 um were formed, with thin walls composed of nanoparticles of
around 80 nm in a single layer. The formation of UiO-66-NH capsules from the pristine
dispersed particles can be ascribed to the templating effect of emulsion droplets,?®?° which are
stabilized by UiO-66-NH: particles assembled at the oil-water interface. Comparing Figure 2e
with 2b, it is evident that the modified UiO-66-NH> nanoparticles are a little smaller and
smoother than the pristine polyhedrons. The results show that the interfacial templating route not
only induces the assembly of UiO-66-NH> particles into capsules, but also influences the particle

size and morphology. The XRD pattern of modified UiO-66-NH: particles is identical with that



of pristine particles (Figure 3), indicating that the crystalline structure of UiO-66-NH. remains
unchanged. The N2 adsorption-desorption isotherms reveal that modified UiO-66-NH> particles
have similar Brunauer-Emmett-Teller (BET) surface area and pore volume as those of pristine
UiO-66-NH: particles (Figure S1 in Supporting Information), proving the absence of additional

compounds or functional ligands in the modified MOF.

Figure 2. SEM images of (a, b) pristine UiO-66-NH particles and (c-e) modified UiO-66-NH>
particles after freeze drying a cyclohexane-in-water emulsion containing 1.58 mg mL™ of
particles relative to the total volume of oil plus water. Scale bars: 1 um in a and d, 500 nmin b

and e, 5 uminc.

The UiO-66-NH2 hollow capsules covered by nanoparticles were also obtained from other
emulsions with different particle concentrations (Figure S2 in Supporting Information). All the
XRD patterns of the modified UiO-66-NH particles are identical with that of pristine UiO-66-

NH: particles (Figure 3).
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Figure 3. XRD patterns of (a) pristine UiO-66-NH> particles and (b-f) modified UiO-66-
NH: particles obtained from emulsions at particle concentrations (mg mL™?) of (b) 14.29,

(c) 7.27, (d) 4.69, (¢) 1.94 and (f) 1.58.

3.3 Wettabilities of modified UiO-66-NH: particles. The wettabilities in air of the
different UiO-66-NH> particles were measured through the aqueous phase by static contact angle
measurements. Pristine UiO-66-NH> exhibits a contact angle of around 29° (Figure 4a),
indicative of a reasonably hydrophilic surface. For the modified UiO-66-NH., the contact angle
increases as the initial concentration of particles in the emulsion decreases (Figures 4b-f),
implying increased hydrophobicity. The contact angles of modified UiO-66-NH. from emulsions
with particle concentrations of 1.94 and 1.58 mg mL* reach values higher than 90°, showing that

these two modified MOFs are relatively hydrophobic.
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Figure 4. Photos of water drops in air on films of UiO-66-NH; particles for (a) pristine particles

and (b-f) modified particles obtained from emulsions with UiO-66-NH. particle concentration of

14.29,7.27, 4.69, 1.94 and 1.58 mg mL%, respectively.

3.4 Dispersion of modified UiO-66-NH2 particles in oil plus water mixture. The
hydrophilic-to-hydrophobic conversion of UiO-66-NH> nanocrystals can be further proved by re-
dispersing them in a 1:1 water and n-hexane mixture (Figure 5). The pristine UiO-66-NH>
particles are preferentially dispersed in water as expected (photo a). For photos b and ¢, a small
percentage of particles transfer to the upper oil phase because of the increased hydrophobicity.
For photo d, similar amounts become dispersed in both oil and water phases, while UiO-66-NH>
particles become completely dispersed in the oil phase for photos e and f. The transfer of UiO-
66-NH> nanocrystals from water to oil is in agreement with their progressive hydrophilic-to-

hydrophobic conversion.
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Figure 5. Appearance of particle dispersions in 1:1 water-hexane mixture at equilibrium for (a)
pristine UiO-66-NH> particles and (b-f) modified UiO-66-NH- particles obtained from emulsions
with UiO-66-NH: particle concentration of 14.29, 7.27, 4.69, 1.94 and 1.58 mg mL™,
respectively. The particle concentration is 1.71 mg mL™ relative to the total volume of water plus

hexane.

3.5. XPS study. To probe the mechanism of the hydrophilic-to-hydrophobic conversion of
UiO-66-NH: particles, XPS was performed on pristine and modified UiO-66-NH> particles
(Figures S3 and S4 in Supporting Information). As an example, Figure 6a shows the XPS
spectrum of the modified UiO-66-NH; particles from the emulsion prepared with 1.58 mg mL*
of particles (the most hydrophobic), from which the elemental content of the particle surface can
be determined. As shown in Figure 6b, the contents of elemental zirconium, oxygen and nitrogen
on the surface of modified particles are lower than those in pristine particles and decrease with
an increase in their hydrophobicity (i-v). Meanwhile, the content of elemental carbon displays an
opposite trend. By fitting C1s XPS spectra, three types of carbon bond can be derived, i.e. C-C or
C=C (284.8 eV), C-O or C-N (286.3 eV) and COOH (288.7 eV) (Figure 6c).2”* The percentages
of each bonding state of carbon in pristine and modified UiO-66-NH particles are shown in
Figure 6d. The contents for C-C/C=C of the modified UiO-66-NH> are higher than that of
pristine UiO-66-NH: and increase with an increase in their hydrophobicity, while the contents
for C-O/C-N and COOH show an opposite trend. Particularly, the proportion of hydrophilic
groups C-O/C-N and COOH on the surface of the modified UiO-66-NH. particles from an

emulsion with a particle concentration of 1.58 mg mL* is much less than that on pristine
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particles. The XPS results reveal that the surface compositions of the UiO-66-NH> particles were

changed by the interfacial templating route, which has a direct consequence on their wettability.
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Figure 6. (a) Wide-range XPS and (c) C1s XPS spectra of modified UiO-66-NH. particles
obtained from an emulsion with particle concentration 1.58 mg mL™. (b) Surface element
contents and (d) three style carbon bond contents for (i) pristine UiO-66-NH. and (ii-v) modified

Ui0-66-NH. from emulsions with particle concentrations of 14.29, 7.27, 4.69 and 1.58 mg mL™,

respectively.

3.6. FT-IR spectra. To better understand the underlying mechanism for the elemental
changes on particle surfaces, FT-IR spectra of the pristine and modified UiO-66-NH; particles

were measured (Figure 7).The absorption bands at 3358 and 3460 cm of the pristine UiO-66-
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NH2 correspond to the symmetric and asymmetric vibrations of -NH2 groups on the organic
linker. For the modified UiO-66-NH., these two bands shift to higher wavenumbers, especially
for that obtained from the emulsion with the lowest particle concentration of 1.58 mg mL™, e.qg.
3371 and 3465 cm™ in spectrum e. It implies that some bonding between the amino groups in the
coordinated acid with C=0 groups of free organic ligand are broken.3%4° This is consistent with
the strengthened interaction between COO- and Zr**. The intensity of the absorption band at
1573 cm corresponding to the interaction of COO™ with Zr** increases gradually for the
modified particles of increased hydrophobicity relative to the intensity of the absorption band at
1656 cm*, which results from the carboxyl group of non-bound aromatic carboxylic acid.* It
indicates that more COO" interact with Zr** for the modified UiO-66-NH: particles, especially
for the modified UiO-66-NH2 obtained from the emulsion at lower concentration. Therefore, the
hydrophilicity of the modified UiO-66-NH: particles is reduced due to a progressive reduction in

the amount of free aromatic carboxylic acid on particle surfaces.
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Figure 7. FT-IR spectra of (a) pristine UiO-66-NH2 and (b-e) modified UiO-66-NH> particles
obtained from emulsions with particle concentrations of 14.29, 7.27, 4.69 and 1.58 mg mL™,

respectively.

3.7. Proposed mechanism. Based on the above results, a mechanism for the hydrophilic-to-
hydrophobic conversion of UiO-66-NH: particles induced upon assembly at the oil-water
interface is proposed (Scheme 1). The structure of UiO-66-NH> consists of an inner ZrsO4(OH)a
core.*? Bridged by carboxylates (-COQ") from 2-aminoterephthalic acid, all of the polyhedron
edges form a ZrsO4(OH)4(CO2)12 cluster. Each zirconium atom is eight-coordinated forming a
square-antiprismatic coordination consisting of eight oxygen atoms (a in Scheme 1). UiO-66-
NH: particles are hydrophilic due to the existence of many hydrophilic groups, e.g. -NHz and -
COOH on particle surfaces which are charged. By forming emulsions at low enough UiO-66-
NH: concentrations (e.g. 1.58 and 1.94 mg mL™?), all the UiO-66-NH2 nanocrystals assemble
closely at the oil-water interface of emulsion drops (b in Scheme 1). The immense interface
caters for the super-refinement demand of the MOF, 3 which in turn can stabilize the emulsion in
a better fashion. Therefore, the modified UiO-66-NH nanoparticles are smaller and smoother
than the pristine polyhedrons, as evidenced by TEM images. none of this makes sense and ref.
43 is on exfoliation which has nothing to do with MOFs? what do you want to say? Such a
modification of nanoparticles at the interface favors the close connection between particles and
the coordination of -COO" groups with Zr** ions. As a consequence, the availability of
hydrophilic groups on particle surfaces is reduced, which results in the conversion from
hydrophilic to hydrophobic particles (c in Scheme 1). At higher concentration of UiO-66-NH>

particles (e.g. 7.27 and 14.29 mg mL™?), excess particles appear in the continuous phase?® and
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their surfaces cannot be modified without the aid of an interface. Therefore, the hydrophilicity

decrease of the UiO-66-NH. particles obtained at higher concentration is smaller.
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Scheme 1. Mechanism of the (a) hydrophilic to (c) hydrophobic conversion of UiO-66-NH>

particles by interfacial assembly (b).

3.8. Adsorption capability. MOFs have been widely used for the adsorption of pollutants in
water due to their hydrophilicity.**4> As is well known, there is a lot of demand for the clean-up
of organic waste produced from various industrial processes. Here modified UiO-66-NH>
particles can be considered as an adsorbent in organic solvents owing to their increased
hydrophobicity. The adsorption of Sudan Orange G in hexane (4.6x10° mol L) by modified
UiO-66-NH: particles as well as pristine particles was studied. After a set time, the concentration
of free Sudan Orange G in hexane was determined using UV-vis spectrophotometry® (Figures
S5-S7 and Table S1 in Supporting Information). As seen, the adsorption capability of modified

UiO-66-NH. particles is higher than that of pristine particles and increases with an increase in
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their hydrophobicity (Figure 8a). For example, 93% of Sudan Orange G can be adsorbed by the
modified UiO-66-NH particles obtained from an emulsion containing 1.58 mg mL™* of particles
within 3 min, while only 38% Sudan Orange G was adsorbed by the pristine particles. The
adsorption of Sudan Orange G on UiO-66-NH: follows pseudo-second order Kinetics (Figure
8b). The rate constant k in the case of the most hydrophobic modified UiO-66-NH: is 1.98 g mg™*
mint, which is three times higher than that of pristine particles (0.48 g mg* min™). Upon
adsorption equilibrium, the adsorption capacity (i.e. the amount of dye adsorbed per gram of
adsorbent) of the most hydrophobic modified UiO-66-NH, reaches 4.61 mg g, much higher

than that of pristine particles (2.11 mg g™?).
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Figure 8 (a) Percentage of Sudan Orange G adsorbed onto UiO-66-NH> particles in hexane

versus time for (i) pristine UiO-66-NH> and (ii-iv) modified UiO-66-NH. obtained from

emulsions with particle concentration of 14.29, 4.69 and 1.58 mg mL™, respectively. (b) Pseudo-

second order plots for the same particles.

4. CONCLUSIONS

In summary, we propose an interfacial assembling route to adjust the wettability of MOF
particles, which is based on their surface-active nature and ability to assemble at an oil-water
interface. It was found that hydrophilic UiO-66-NH> can be converted to hydrophobic by this
interfacial assembling route. The mechanism of the conversion was revealed to be related to the
strengthened coordination between organic ligands and metal ions at the interface, which results
in a decrease in the proportion of hydrophilic groups on UiO-66-NH> particle surfaces. The
modified UiO-66-NH; particles have shown predominantly improved adsorption capacity for

dyes in an organic solvent. We anticipate that this facile, easily controlled and versatile route can
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be applied to the synthesis of different kinds of MOF materials with tunable hydrophilicity or

hydrophobicity required for applications in chemical reactions and adsorption processes.
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