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ABSTRACT: It is increasingly apparent that porous liquids (PLs) have
unique use cases due to the combination of ready liquid handling and
their inherently high adsorption capacity. Among the PL types, those with
permanent porosity are the most promising. Although Type II and III PLs
have economic synthetic methods and can be made from a huge variety of
metal−organic frameworks (MOFs) and solvents, these nanocomposites
still need to be stable to be useful. This work aims to systematically
explore the possibilities of creating PLs using different MOF modification
methods. This delivered underpinning insights into the molecular-level
influence between solvent and MOF on the overall nanocomposite
stability. Zirconium-based metal−organic frameworks were combined
with two different solvents of varying chemistry to deliver CO2 sorption
capacities as high as 2.9 mmol g−1 at 10 bar. The results of the study could
have far-reaching ramifications for future investigations in the PL field.
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■ INTRODUCTION

Porous liquids (PLs) are a new class of material possessing the
fluidity and mass transfer properties of fluids combined with
the permanent porosity and molecular sieving properties of the
porous solid.1 PLs attract interest from both academia and
industry in various applications such as homogeneous catalysis,
novel reaction media, and gas adsorption due to their
exceptional physicochemical properties.2−4 PLs can be
classified into three categories based on the composition and
nature of the porous host, namely: Type I PLs, which are neat
liquids consisting of a single molecule with permanent pores;
Type II PLs, which contain dissolved porous host in excluded
solvent from the pores; and the Type III PLs, which are porous
host dispersed in a solvent where the solvent is sterically
hindered from occupying the pores.5−8 The Type II and III
PLs hold the most promise among all types of PLs for
industrial applications.9

Porous hosts such as metal−organic frameworks (MOFs),
zeolites, porous carbon, silica nanoparticles, and molecular
cages have been studied to form PLs.10−13 In each case, the
porous hosts are prioritized, where their window size is large
enough for guest species penetration but too small for solvent.
Since MOF structures possess molecular-sized pores along
with a high degree of tunability, they have become the most
utilized porous host in PL formation.14 As a subset of MOFs,
zirconium-based metal−organic frameworks (UiOs) are
particularly interesting in PL formation as their surface

functional groups tunability enables a wider range of solvents
to be considered.15 Besides, solvents with large molecular
dimensions such as an ionic liquid, liquid polymer, or deep
eutectic solvents often are used to reduce the likelihood of the
solvent penetrating the porous host.16−19

Type II and III PLs have facile synthetic methods and can be
made from a huge variety of MOFs and solvents, which give
rise to nearly infinite variations of MOF-based PLs.9 However,
solubility and dispersion stability, which are governed by the
interaction between the solvent and the porous host, are key
parameters for process integration, as settling of the solid
porous host would prevent the use of PLs in most existing
solvent circulation systems.5,6,20 Furthermore, MOF solubility
or dispersion in solvents can be limited, leading to fewer stable
variations of MOF-based PLs. Thus, it is essential to consider
how MOF particle surface chemistry will impact the stability of
MOF-based PLs.21 Several works have shown that the stability
of MOF-based PLs can be improved through postsynthetic
modifications.22−33 However, these MOF-based PLs suffer
from significant viscosity increments and adverse effects on
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pore accessibility.34−36 Thus, it is important to systematically
explore the possibilities of creating PLs using alternative MOF
modification methods.21,37−39

This work focuses on exploring a systematic modification
synthetic strategy to make PLs using polar and nonpolar
modified MOFs and nonpenetrating solvents. The competitive
hydrophilicity/phobicity and van der Waals interactions
between the porous host and solvent of the resulting
nanocomposites have been investigated using Zr MOFs in
two solvents with varying chemistry. All of the 18 candidate
porous liquids (Type II/Type III) were prepared at four
different porous host concentrations (1−10 wt %) to
understand the impact of loading on colloid stability. The
studied MOFs were recovered to confirm they were not
adversely affected by extended exposure to solvents. High-
pressure (10 bar) gas sorption measurements were undertaken
for each solvent and compared to the corresponding porous
liquid at 10 wt % as an indication of the porosity. We find that
UiO-66-Calix10%-TPB and UiO-66-SO3H10%-CE have an
exciting combination of stability and good sorption properties
for use in CO2 gas scrubbing applications.

■ EXPERIMENTAL SECTION
Nanosized UiO-66 and functional derivatives were synthesized
according to literature reports (see Supporting Information S2 for
details). In this work, we modified only the linker between different
syntheses to reduce variables. Unmodified MOFs, UiO-66, UiO-66-
NH2, UiO-66-SO3H, and UiO-66-(COOH)2 were prepared in this
way. Then, to investigate additional surface modifications and their
effect on being PL candidates, some of these MOFs were modified
further. Therefore, the effectiveness of different polar and nonpolar
modification methods on stable PL formation was explored. Based on
these various methods, amine, sulfonic acid, and dicarboxylic acid

surface functional groups were introduced through presynthetic
variation of the organic ligand of UiO-66, while short and long
aliphatic, and aromatic surface functional groups through UiO-66-
NH2 underwent three different postsynthetic amidation reactions with
acid chlorides to give surface-modified UiO-66-NH-valeoryl, UiO-66-
NH-phenyl, and UiO-66-NH-decane modification of the external
surface of UiO-66-NH2, and supramolecular amphiphilic macrocyclic
surface functional groups through postsynthetic surface grafting using
4-tert-butylcalix[6]arene on the external surface of UiO-66, and
redistributing the framework’s mixture of bound linker/modulator
species through postsynthetic annealing of UiO-66 at room
temperature in DMF (the synthesis solvent) have been provided
(Figure 1). Successful synthesis and modifications were confirmed by
Fourier transform infrared (FTIR) spectroscopy, powder X-ray
diffraction (PXRD), thermogravimetric analysis (TGA), X-ray
photoelectron spectroscopy (XPS), proton nuclear magnetic reso-
nance (1H NMR), low-pressure gas sorption, and scanning electron
microscopy (SEM) images in S5−S11. Besides, 15-crown-5 (CE) (Bp
93−96 °C) and 1,3,5-triisopropylbenzene (TPB) (Bp 232−236 °C)
were chosen as solvents due to their differing physicochemical
properties (Table S1). A portion of each UiO was added to each
solvent at loadings of 1, 2.5, 5, and 10 wt % and sonicated to form an
initial dispersion/dissolution. Further details on the solvents used and
the preparation of the UiO-based PLs are included in S3 and S4,
respectively.

Dispersion/dissolution stability and resistance to particle settling of
each of the 18 possible UiO-based PLs were assessed by observing the
Tyndall scattering of light and monitoring the natural settling of each
UiO−solvent combination left undisturbed overnight. As a result of
these screening tests, two PL candidates were evaluated as liquid
adsorbents and compared based on the stability and viscosity,
avoidance of solvent penetration into MOF pores, sorption capacities,
and kinetics for gas sorption. A portion of the MOFs from 10 wt %
liquid system of these two candidate PLs was recovered after a solvent
exchange with methanol, centrifugation, and washing in triplicate,

Figure 1. Images of nanosized UiO-66 and its functional derivatives.
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followed by overnight vacuum drying under 100 °C. After recovering
the MOFs, they were characterized and compared to their synthesized
counterparts to check their morphology, surface area, chemical
bonding, thermal stability, and pore size by exposure to the solvents.
For clarity, this manuscript follows the naming convention of “UiO-66
functionalityLoading solvent” (e.g.,: UiO-66-Calix10%-TPB) for the
prepared liquids, while UiOs recovered from combinations are
denoted as “UiO-66-functionalityEX‑Solvent” (e.g., UiO-66-CalixEX‑TPB).

■ RESULTS AND DISCUSSION

Recovered MOF Characterization. The two PL
candidates were then recovered and analyzed by the same
techniques to investigate the effects of immersion and removal
(see Supporting Information S5−S11 for details). FTIR
spectra indicate little change to the overall MOF structures,
as their characteristic transmittance peaks remain unchanged.
Interestingly, PXRD patterns of UiO-66-CalixEX‑TPB show
higher relative peaks at ∼12.5 and 14.5°, indicating a change
in growth from octahedral crystals to preferential combination
along the [220] and [222] axis. The slight broadness of UiO-
66-SO3HEX‑CE PXRD pattern peaks is due to a reduction in
crystallinity. There are no significant changes in thermal
stability, binding energies, and chemical structure of both
samples using TGA, XPS, and 1H NMR, respectively.
However, a proportion of 4-tert-butylcalix[6]arene and sulfur
groups was reduced relative to the terephthalic proton but
remained in the same binding energy in XPS and chemical
shifts in 1H NMR. The UiO-66-CalixEX‑TPB also showed greatly
increased maximum adsorption capacity for N2 and a slight
decrease in surface area. This is confirmed by SEM images that
also indicate recovered rod-shaped crystals rather than
octahedral as PXRD predicted. The UiO-66-SO3HEX‑CE
presented a strong reduction in adsorption capacity for N2
and surface area as PXRD patterns display crystallinity
decrement. The recovery of the UiO-66-SO3H from CE
requires the strong intermolecular bonds between them to be
broken, which may result in pores collapsing. In addition, the
UiO-66-SO3H pores are sensitive to the removal of solvents
and typically show collapse under mild drying conditions.
Therefore, after drying, the pores can collapse to give mostly
amorphous material.
Stability. The results of the dispersion/dissolution of each

UiO−solvent combination were measured using laser light for
the appearance of sediment after sonication and allowing the
combinations to stand (Figure 2). Based on the Tyndall effect,
laser light was used to determine whether a mixture was
colloidal or not. UiO-66-Calix10%-TPB was found to cause
minimal scattering of light, whereas the greatest scattering was
observed for UiO-66-SO3H10%-CE. There have been no
sedimentations in UiO-66-Calix10%-TPB or UiO-66-SO3H10%-
CE, showing that UiO-66-Calix10%-TPB is a highly stable
colloid, while UiO-66-SO3H10%-CE is a highly stable
suspension, and with the presence of empty pores (vide
inf ra), a Type II PL and a Type III PL, respectively. According
to the findings, 1,3,5-triisopropylbenzene is a particularly
compatible media for the hydrophobic UiOs’ modification
methods. 15-Crown-5, on the other hand, is a better
compatible media for the hydrophilic UiOs’ modification
methods. Other UiO−solvent combinations also exhibited
varying levels of scattering and sedimentation, indicating the
potential to form Type III PLs. The stability of each UiO−
solvent combination is presented in Figure 3. As a result of
these screening experiments, two UiO−solvent combinations

(UiO-66-Calix10%-TPB and UiO-66-SO3H10%-CE) were tested
further to see what happens when a combination of UiO and
solvents does not precipitate.

Mechanistic Insights to Design. Economic synthesis
methods and the range of MOFs and solvents allow almost
infinite MOF-based PLs formulations to be explored. However,
MOFs’ solubility or dispersibility in solvents is generally
limited. To achieve stable MOF−solvent combinations with
acceptable viscosity, open porosity with suitable capacities, and
kinetics for guest solubility, these formulations are the key tool
to overcome the fundamental challenge of instability. The
influence of different MOF modification methods on the
competitive hydrophilicity/phobicity and van der Waals
interactions between MOF and solvent were systematically
investigated to expand the parametric space where functional

Figure 2. Photographs of select UiO−solvent (1 wt %) combinations
(a) immediately following sonication, (b) after allowing to settle, and
(c) when exposed to laser light. In addition, we find a gallery of the
samples used in the screening process in the Supporting Information
(Figure S19).
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PLs can be generated. The study’s findings might have far-
reaching implications for future research into the PL field.
Viscosity. Viscosity is a crucial parameter as it affects the use

of PLs in liquid handling settings. The unstable suspended
MOFs tend to increase viscosity. The result is that non-
modified UiO-66 in both solvents leads to unreliable results
due to a large standard deviation, which comes from low
dispersion or dissolution and indeed incompatibility between
UiO-66 and solvents. In comparison, viscosities of modified
UiOs are reliable and consistent and higher than pure solvents
as presented in Figure 4 (Figure S20, and Table S6). Although
UiO−solvent combinations are increasingly viscous, UiO-66-
Calix10%-TPB and UiO-66-SO3H10%-CE viscosities are still low

(7.58 and 1.46 mPa s, respectively), owing to their high
compatibility with the respective solvents.

Density. The fact that the measured density is lower than
the predicted density indicates more porosity in the MOF−
solvent combinations compared to the associated solvent.40

Figure 4 shows the measured and predicted densities (see
Figure S21 and Table S7 for more information). Despite being
similar, the measured values are below the confidence interval
for the predictions, indicating permanent porosity and avoiding
solvent penetration into UiO pores. There were no significant
differences observed between the behavior of two samples.

Positron Annihilation Lifetime Spectroscopy (PALS).
Positron annihilation lifetime spectroscopy (PALS) gives an
accurate and deep intuitive understanding of pore architecture
within nanoporous materials. Ortho-positronium (o-Ps, bound
state between a positron and electron of opposite spin) is
established in the empty spaces; the size of the empty spaces
can change this species’ life span due to annihilation with an
electron from the sample of opposite spin. The relative
concentrations of the pores are obtainable and given as a
percentage (I3). The PALS results of UiO-66-Calix10%-TPB
and UiO-66-SO3H10%-CE are presented in Figure 5 (Table
S8). Based on the PALS results, the suggested structural
mechanism is in strong agreement with the density findings. As
UiO loading increases, the number of void spaces (intensity)
increases in both samples under investigation. In all cases, the
lifetimes tended to be shorter than what would be expected for
simple additive mixtures. The results demonstrate that the
combinations have more, and smaller, void apertures on
average than they would have based on the individual
components.

High-Pressure Gas Sorption. The permanent porosity in
PLs can allow them to possess significant sorption capabilities
due to providing extra free volume. Figure 6 shows that these
observations are in good agreement with the CO2 adsorption
measurements for PLs. The CO2 adsorption of TPB and UiO-
66-Calix10%-TPB at 10 bar were 1.0 and 1.2 mmol g−1,

Figure 3. Porous liquid stability index for the prepared UiO−solvent combinations (1 wt % loading), based on Tyndall scattering of light and the
natural settling of the UiO overnight.

Figure 4.Measured viscosity and ideal and measured densities of UiO
porous liquids (10 wt % of UiO to solvent mass; besides, the order of
standard deviations values is <5%).
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respectively, 20% higher than the native materials. There is a
lower amount of adsorption than the theoretical value due to
the partial filling of pores.5 The CO2 adsorption of CE at 10
bar was 2.2 mmol g−1, and UiO-66-SO3H10%-CE showed a 32%
enhancement (2.9 mmol g−1). As a result of extra free volume
between UiO-66-SO3H and CE, the adsorption is higher than
expected.24 All of the samples investigated have improved gas
adsorption capacity, providing sufficient evidence of solvents
with guest accessible porosity.
Comparison of the Current State-of-the-Art Type II

and III PLs with This Study. As presented in Table S9, UiO-
66-Calix10%-TPB and UiO-66-SO3H10%-CE provide high
adsorption capacities compared to most other Type II and
III studies. Furthermore, UiO-66-Calix10%-TPB and UiO-66-
SO3H10%-CE both have low viscosities, high stability, and high
solubility and homogeneous dispersity. The combination of all
of the aforementioned cases points to the advantages of these
PLs over other Type II and III PLs.
Porous Hosts Polar and Nonpolar Modifications Effects

on Competitive Hydrophilicity/Phobicity Interactions. The
possible interactions of UiO−solvent combinations are
strongly dependent on the surrounding solvent and the surface
of the MOF.40 The exterior surface of UiO-66 contains
terephthalate linkers and coordinatively unsaturated Zr centers.
It is likely that the imperfect termination of either the metal
ion or organic ligands of the alternating framework structure
causes the adjacent MOF particles to aggregate under the

influence of electrostatic attraction.41 Hence, the UiO-66
interaction with adjacent MOFs, as well as their flotation or
sedimentation in the solvent, must be overcome through
intermolecular interactions. Thus, if there is stronger solvation
or chemical binding between UiO and solvent than UiO−UiO,
when two UiOs become very close to each other, the van der
Waals forces between UiO and UiO emerge as repelling forces
that lead to stable dispersions/dissolutions.42 Strong inter-
molecular interactions lead to the dissolution of the porous
host in solvent (Type II PL), while weaker interactions cause
dispersion of the porous host in solvent (Type III PL).5 It is
quite interesting that despite the similarity in the base chemical
structure of the UiOs, the stabilities of the dispersions/
dissolutions prepared in each solvent differ significantly. The
hydrophobic TPB and hydrophilic CE solvents can effectively
solvate the organic ligands, containing more and stronger
hydrophobic and hydrophilic surface functional groups,
respectively.43

When polar acidic/basic functional groups are introduced,
the side chain becomes more hydrophilic.44 As presented in
Figure 7a,b, despite the hydrophilic CE solvent’s incompati-
bility with hydrophobic organic linkers, the added sulfonate
group enhances the compatibility of the resulting combination.
Therefore, CE can solvate the UiO-66-SO3H weakly. Besides,
the CE is sufficiently nucleophilic and possesses good chemical
binding affinity for hydrophilic UiO ions and surface functional
groups. This implies that the effective van der Waals
interactions between Zr4+ ions of the UiO and sulfur atoms
of sulfonate groups with electron-rich oxygen atoms of CE
occur at the interface, and consequently, a stable dispersion
formation is established (Type III PL).21,45,46 On the other
hand, the combination of CE and other hydrophilic modified
UiOs show weaker behavior in terms of solvation and chemical
binding strength.
In contrast, as nonpolar surface functional groups are added,

the side chain becomes more hydrophobic.44 As presented in
Figure 7c,d, the hydrophobic TPB solvent can effectively
solvate the UiO-66-Calix due to the high compatibility with
the hydrophobic groups including organic ligands’ benzene
ring and also hydrophobic functional groups. Solvation leads to
electron cloud and long-range charge density oscillations
around UiO-66, which prevent interpenetration through steric

Figure 5. PALS analysis of (a) UiO-66-Calix-TPB and (b) UiO-66-SO3H-CE PLs (10 wt % of UiO to solvent mass). *UiO-66-SO3H powders
exhibited charging, which affects the measured intensity.

Figure 6. CO2 sorption capacity of the PLs and solvents at 298 K (10
wt % of UiO to solvent mass).
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repulsion. Moreover, weak chemical binding between Zr4+ ions
of the UiO-66 and electrons of the benzene causes weak van
der Waals interactions, which also contribute to a better
dissolution.36,41,42,46 As a result, 4-tert-butylcalix[6]arene is a
macrocyclic supramolecule that renders UiO-66 form a stable
Type II PL. However, the solvation and chemical binding
strength of other hydrophobic-modified UiO−solvent combi-
nations are weaker.

■ CONCLUSIONS

While Type II and III PLs attract wide interest due to
combining the fluidity and mass transfer properties of fluids
with the permanent porosity and molecular sieving properties
of the porous host; their stability is generally limited, lessening
the possible use cases. Therefore, to expand the parametric
space where functional PLs can be generated, a fundamental
understanding of how the different MOF modification
methods help PL formation is critical. In the foregoing, we
reported that the MOF polar and nonpolar modifications
influence stable PL formation through hydrophilicity/phobic-
ity and van der Waals interactions between the porous host
and solvent.
The hydrophobic TPB solvent can effectively solvate the

UiO-66-Calix due to its high compatibility with the hydro-
phobic groups. Moreover, weak chemical binding causes weak
van der Waals interactions, which also contribute to a better
dissolution in a stable Type II PL. Although the hydrophilic
CE solvent is not compatible with organic ligands, the added
sulfonate group of UiO-66-SO3H enhanced compatibility and
therefore solvation. Besides, the high nucleophilicity and
chemical binding affinity of CE toward UiO-66-SO3H lead
to van der Waals interactions and consequently a stable
dispersion of Type III PL. In contrast, the other UiO−solvent
combinations exhibit weaker behavior. Some characteristics of

the modified UiOs were affected by exposure to the solvents
due to strong interactions. The measured densities of UiO-
based PLs were less than the ideal mixture density. The CO2
sorption capacities of the UiOs PLs were enhanced than the
pure solvents over the entire measured pressure range.
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