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ABSTRACT: Making metal—organic frameworks
(MOFs) that are stabilized in nonpolar media is not as
straightforward as making their inorganic nanoparticle
counterparts, since surfactants penetrate through the
porous structures or dissolve the secondary building
units (SBUs) through ligand-exchange linker modulator
mechanisms. Herein, we report that calixarenes stabilize
UIO-66 nanoparticles effectively by remaining outside the
grains through size exclusion, without pores becoming
blocked, all the while providing amphiphilicity that
permits the formation of stable colloidal dispersions
with much narrower size distributions. Using the UIO-66
dispersed solutions, we show that smooth films from an
otherwise immiscible polystyrene can be made feasibly.

S table colloidal dispersions of nanoparticles are prerequisite
to applications where active nanomaterials are expected to
be uniformly distributed." Metal—organic frameworks (MOFs)
are now well-known to feature highly desired properties™ such
as very high surface areas,"® accessible and tunable pores,”*
morphology control,”~"" high thermal stability,">~"* chemical
stability for catalysis'>~'® and drug delivery applications.'*’
MOFs are almost exclusively hydrophilic because they are
made from positively charged nodes of secondary building
units (SBUs) combined with negatively charged organic
linkers.”" This molecular arrangement leads to the necessity
for using modulators to control their aqueous colloidal
dispersions.””** Dispersing MOFs in nonpolar media without
altering linker coverage, however, is still an outstanding
challenge.

A few groups have attempted the functionalization of MOF
surfaces using hydrophobic ligands or by mixing with
hydrophobic compounds, such as polydimethylsiloxane.
Another approach entails carbonization through pyrolysis to
provide shells for encapsulation.”*~*° These suspended MOFs
suffer, however, from decreased adsorption capacity, loss of
colloidal properties, lower catalytic activity, and adverse effects
on their structures such as blocking of pore channels.””** To
solve these problems, we sought to find the right chemical
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agent that protects the porosity and accessibility of MOFs
while giving them colloidal stability in nonpolar solvents. To
the best of our knowledge, there is no generalized
postsynthetic colloidal stabilization procedure to disperse
MOFs in nonpolar media.

Macrocycle-based MOFs have been investigated by several
groups. It is desirable to bring the macrocyclic and MOF
components together because of the new properties that may
result. Frameworks based on crown ethers, cyclodextrins,zc)’30
calixarenes,”" cucurbiturils, pillararenes, and other macrocycles
are commonly encountered.”” ** These materials have found
various applications in heterogeneous catalysis, gas capture and
storage, templated synthesis of inorganic porous materials, and
molecular recognition, such as the selective capture of even
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Figure 1. Inverting the polarity of UIO-66 by calixarene coating.

Calix[n]arenes (Cx)—well-known macrocycles with intrin-
sic pores—are easily and sustainably synthesized from
formaldehyde and para-substituted phenols. Calix[n]arenes
have basket-shaped conformations and different ring sizes,
which depend on the synthetic conditions. In a typical
calixarene, the lower rim is hydrophilic in nature mainly
because of the phenolic functionalities. The upper rim is
usually a dedicated hydrophobic cavity populated by aromatic
functions and aliphatic side groups. If calixarenes could be
stationed on the open metal sites of the external surfaces of

Received: April 18, 2019
Published: June 11, 2019

DOI: 10.1021/jacs.9b04198
J. Am. Chem. Soc. 2019, 141, 12182-12186


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b04198
http://dx.doi.org/10.1021/jacs.9b04198

Journal of the American Chemical Society

Communication

MOFs through the interaction with phenolic groups, the
hydrophobic upper rims could provide desired oleophilicity,
rendering a stable colloidal dispersion. The calixarene cavity
would then permit facile transport of guests.

Here, we show a mild surface modification route, potentially
applicable for any MOF, to disperse the coated MOF in
nonpolar media while at the same time effectively refining the
particle-size distribution below a stability maximum. We
focused on UIO-66 with 4-tert-butylcalix[n]arenes since the
size of the calixarene surfactants were comfortably larger than
the pore openings (Figure 1). As-synthesized UIO-66 particles
coated with different amounts of calix[n]arene (0 to 30 wt %)
were investigated in nonpolar solvents, in this case, toluene.
The resulting particles were characterized using gas adsorption
isotherms, particle dispersities, and particle size distributions.

UIO-66 was synthesized according to a literature proce-
dure® in which § mmol of terephthalic acid, 4 mmol of
zirconium chloride (5:4 ratio), and 3 mL of HCI (35.5%) were
mixed in 80 mL of dry DMF within a glass vial before being
sealed with Teflon tape and heated at 120 °C for 24 h. We
decided to evaluate UIO-66 as a suitable MOF system because
it is known to be very stable (eliminating unwanted
degradation during optimizations) and features pores of 0.8
and 1.1 nm, safely smaller than those of the tested calixarene
molecule.’” In a typical dispersion experiment, toluene
solutions of 0—30% (w/w) calix[n]arene (where n = 4, 6 or
8) were mixed with different amounts of as-synthesized UIO-
66 powders. After sonication, the particles were washed with
toluene and centrifuged prior to characterization. Finally, the
filtered calix[n]arene-coated UIO-66 particles were rinsed with
toluene and dried under vacuum in the oven.

Among the calixarenes we tested, calix[6]arene came out as
the expected optimal coating agent since its structure has larger
pores than calix[4]arene while preserving its hollow conical
shape without bending. Calix[8]arene is known to form more
flexible structures than calix[4]arene and calix[6]arene, and
metal complexes (transition and lanthanide) formed with
calix[8]arene showed three special conformations: pleated
loop,”® double-cone,” and shell type, which wraps around a
small cluster.”’ It is also evident from our initial testing that the
use of calix[6]arene gave more suspended particles of UIO-66.
Other MOFs, namely, HKUST-1 (Basolite C300) and MIL-
53(Basolite A100), gave no detectable suspensions with
calix[6]arene because of their larger-than-the-surfactant pore
openings (Figure S1). The calix[6]arene-coated UIO-66 was
found to be stable over 3 days whereas uncoated UIO-66
settled in just 5 min (Figures $2—S3, Supporting Movie).

When UIO-66 was suspended in calix[6]arene, it showed
the characteristic Tyndall effect with a passing green laser
beam (Figure 2). Upon variation of the calix[6]arene amount
(0 to 30 wt %), we found that particle size distribution was the
most uniform at 7.5 wt % with an average size of 132.2 + 45.1
nm. Dynamic light scattering (DLS) profiles revealed that from
2.5 up to 15 wt %, calix[6]arene can suspend nanoparticles of
UIO-66 (Figure S4). The particle size distribution follows a
nonlinear trend that is best explained by the concentration
dependence of the colloidal stability. The observed activity
started after the addition of calixarenes (>1%), where large
aggregated particle groups were coated with limited amounts
of calixarenes, leading to a large particle-size distribution. The
continued addition of calix[6 ]arene resulted in a maximum for
the stabilized group (2.5%) but was still not enough to separate
them to the smaller, more stable particle dispersion. The use of
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Figure 2. Characterization of calix[6]arene (Cx)-coated UIO-66
particles. (a) Typical Tyndall effect revealing colloidal disper-
sions (pure describes UIO-66 mixed with solvent only, while UIO-
Cx denotes UIO-66 solution with 5% calix[6]arene), (b) particle size
distributions measured with DLS after filtration through a 0.5-um
syringe filter, (c) XRD data of UIO-66 particles before and after
coating with Cx, (d) BET specific surface areas using a N, probe at 77
K, (e) respective pore size distributions, and (f) zeta potential analysis
of UIO-66 in the presence of increasing concentrations of the
calixarene in toluene.

5~7.5% calixarene provides sufficient coverage to stabilize
many particles and also partially fragment the larger aggregates.
In the plateau region (10—12.5%), there is a compromise
between trying to stabilize more particulates vs multilayer-
coated calixarenes for the already-stabilized particles. At 15%,
there is enough calixarene to cover all the stabilized particles
and to force a good amount of them to settle. Once the
calixarene concentration reaches 20%, all stabilization is lost to
a pure calixarene solution. As expected, the crystallinity of
UIO-66 was not hindered or altered with calix[6]arene
treatment (Figure 2c).

In order to verify the porosity of suspended UIO-66, we
checked BET N, surface areas at 77 K. Interestingly, the
nanoparticulate UIO-66 with calix[6]arene coating showed a
higher surface area (1385 m’/g) than native UIO-66 (1245
m’/g) (Figure 2d). Since most modifications end up
decreasing surface areas by either filling up the pores or
blocking the openings, the preserved (or in this case even
increased) surface area reveals the unperturbed nature of the
framework. We verified this behavior further by using benzoic
acid and oleic acid as common surfactants to produce colloidal
dispersions of UIO-66 (Figure 2d). BET surface areas
decreased 27.8% and 42.1% for benzoic acid and oleic acid,
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respectively. Pore size distributions were also found to be
preserved in each case for calixarene-coated particles (Figure
2e), adding further proof of untouched interiors. The FT-IR
spectra remained identical, with 1398, 1577, 3469 cm™
(Figure SS), 1398, and 1577 cm™' peaks from COO™ groups
and 3469 cm™' from OH groups. It is important to note that
the contribution of the —OH band resulting from calixarene
coverage displayed a lower intensity than the structural
carboxylates and also overlapped with them. Zeta potential
measurements (Figure 2f) indicated considerable increase in
particle dispersity upon addition of calixarenes, confirming the
DLS measurements. In addition, dispersion stability analysis
(Turbiscan) of the solutions provided no transmittance of the
880 nm light for the calix[6]arene-containing samples,
indicating a highly saturated supernatant (Figure S6).
Although all the characterizations point to the coating of the
MOF grains with calixarenes, we wanted to obtain further
proof for the presence of calix[6]arene coating on the UIO-66.
For that, we first dissolved the composites in sulfuric acid
(Figure S7) and recorded 'H NMR spectra in DMSO-dj
(Figure S8). Peaks observed at 7.1 and 7.4 ppm correlate
only to the pure calix[6]arene. Another proof came from XPS
characterization of the composites. Upon the increased
addition of calix[6]arene, carbon content increased accordingly
(Figure S9 and Table S1) while the presence of Zr and oxygen
decreased.

Electron microscopy images of pure and calix[6]arene-
treated solutions revealed suspended particles up to 15 wt %
(Figure 3). When calix[6]arene exceeded 20 wt %, film-like
deposits of calix[6]arene became dominant, also explaining
why the optimal concentration is around 7.5 wt %. TEM
images before and after coating also show a significant
reduction in agglomeration (Figure S10). This result was
also verified by Cryo-EM where a toluene solution that was
frozen in liquid ethane showed individual particles widespread
over a grid (Figure S11).

The colloidal suspension of UIO-66 with calix[6]arene is
highly stable and, therefore, it could be cast as a mixed film
using a polymer such as polystyrene, a scenario not previously
possible with uncoated UIO-66.

When we mixed the stable suspension with toluene solutions
of polystyrene, we achieved continuous films with high
uniformity (Figure 4). In the absence of calixarene, however,
the films formed cracks immediately and were extremely
brittle. The distribution of MOF particles was also nonuni-
form. The EDX was used to identify elemental compositions of
selected regions on the films (Figure S12). In this technique,
particles observed by light contrast were confirmed to be UIO-
66 and the darker areas were polystyrene. To further evaluate
the polymer-MOF composites, we measured the tensile
strength of the films and found that coating of UIO-66
increased the strain resistance of the polystyrene film by a
factor of two (Figures S13—S15).

Gas (CO,, CH,, N,) uptake properties of Cx-coated UIO-66
at 273 and 298 K were found to be in line with the BET
surface areas (Figure S16). TGA analysis of calix[n]arene-
coated UIO-66 also showed no noticeable changes when
compared with the parent structure (Figure S17). In the case
of oleic acid, however, a significant deviation in the thermal
profile was observed. The lower stability of the structures
followed the same pattern as UIO-66, demonstrating that the
calix[n]arene does not hinder gas adsorption on UIO-66.
Interestingly, benzoic acid-coated particles followed a similar

Figure 3. Electron microscopy images of calix[6]arene-coated UIO-
66 particles. Scanning electron microscopy (SEM) images show
uniform distribution through a wide area (scale bars are SO um).
Transmission electron microscopy (TEM, insets) reveals individual
particles that are consistent with the DLS measurements (scale bars
are 1 ym, Pure means UIO-66 only, and Cx represents calix[6]arene-
coated UIO-66 particles with wt % as shown with the arabic
numerals).

stability curve as did the calixarene derivatives. Because oleic
acid decomposes at a lower temperature, it is not a suitable
surfactant. Retained weight percentage is lower in the case of
linear surfactants since the carbon content is higher compared
to calixarene versions.

In conclusion, we have shown that supramolecular
amphiphilic macrocyclic structures can form stable colloidal
dispersions of MOFs, provided that their hydrodynamic sizes
are larger than the pore openings. The strategies employed
here follow well-established practices”" with precise tuning for
the emerging materials. Our findings could lead to a universal
methodology to form stable nonpolar dispersions of MOFs,
particularly for use in mixed-matrix membranes.**
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Figure 4. SEM images of UIO-66 and polystyrene (two molecular
weights) mixed-matrix films with or without calix[6]arene coating.
Scale bars are 30 ym.
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