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UiO-66-NH; ([ZrsO4(OH)4(NH>-bdc)], NH,-bdc = 2-aminoterephthalic
acid) was post-synthetically modified using four strategies to improve
its external hydrophobicity. The modified MOFs exhibited increased
hydrophobicity to water droplets, but their internal hydrophobicity
remained unchanged. This highlights a disconnect between hydro-
phobicity towards vapour and liquid water, referred to as the Gore-
Tex® effect.

Introduction

Since their discovery over 30 years ago, Metal-Organic Frame-
works (MOFs) have been earmarked as a class of materials capable
of revolutionising the CO, capture, storage and removal
industries.™ Their potential applications continue to grow as
new architectures are discovered. Sustained efforts in MOF synth-
eses have enabled experimental internal surface areas of up to
6550 m°g~ " to be reached."” Theoretically, the surface areas of
MOF materials can reach beyond 14000 m’g "> High surface
areas and accessible pore spaces have enabled the pores of MOFs
to play host to a variety of functional chemistries, including fine
chemical production,® sensing” and gas separations.® MOFs are
well studied on the laboratory bench; however, translating their
technology to the industrial scale requires further scrutiny. Of the
90000+ architectures reported to date,” only a few MOFs have
been documented for their commercial use.'®"*

When MOFs are evaluated for their suitability to capture CO,
under laboratory conditions, many industrially relevant condi-
tions are irreplicable or may be overlooked. An important factor
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in the laboratory is the overall CO, capacity that a material may
possess; however, this is normally determined through thermo-
dynamic measurements under equilibrium conditions by slowly
dosing in CO, to an evacuated sample of material."* Selectivity —
the extent in which a material can favour particular analytes in
mixtures without interference from other components®® - is
usually determined in the laboratory from a two-component gas
mixture under dry conditions,"* or from competitive break-
through experiments.">'° In real world conditions, high selectivity
for CO, over multiple gases (N,, O,, H,0, SO,, NO, among others)
is often crucial for the performance of a CO, capture material.
The MOF material may also need to operate under non-ideal
conditions, such as at elevated temperatures, increased pressures
and humid gas streams. A particular industrial challenge is the
competitive binding between CO, and H,O for a solid-state
adsorbent. H,O often adsorbs preferentially to CO, due to its
ability to form extensive hydrogen bonding with the MOF, or with
itself within the MOF pores, thus reducing the capacity for CO,."”
Furthermore, many MOFs suffer from their sensitivity to moisture
and may degrade upon exposure to atmospheric H,O. The arche-
typal framework MOF-5 ([ZnO4(bdc);] bdc 1,4-benzenedi-
carboxylate) has reported surface areas of 3800 m®g " and pore
volumes of 1.55 cm® g~ '; however, its hydrolytic instability makes
it unsuitable in applications involving humid air as the H,O
breaks down the framework.'®'® Improving the hydrophobicity
of a MOF is hypothesised to surmount some of these fundamental
challenges.

Endowing a MOF with innate hydrophobicity, or introducing
a hydrophobic composite material into a MOF may help
diminish the detrimental impact of H,O on a pristine
framework.?>*" Hydrophobic porous materials are gaining
interest for reducing the competition between CO, and H,O
for their deployment into the gas capture and storage field
under humid conditions.®**>* Hydrophobicity can be achieved
via one of three pathways: (1) deliberate pre-synthetic design
using ligands with hydrophobic properties, although pre-
designed hydrophobicity may not guarantee that the resultant
framework will be hydrophobic, since the metal secondary
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building unit (SBU) of the framework may bind H,0;>° (2) in situ
functionalisation of the ligand or SBU to generate an intrinsically
hydrophobic MOF;*” or (3) bestowing hydrophobicity through
post-synthetic modification (PSM)*® via ligand or metal-ion
exchange, ligand functionalisation, or guest introduction.”®
The benefit of PSM is the ability to produce functional MOFs
in a simple, inexpensive and scalable way, which is an enticing
pathway towards their industrial deployment.

Porous materials possess two types of hydrophobicity: inter-
nal and external hydrophobicity.*>*! Internal hydrophobicity is
defined by the adsorption of water vapour to the internal pore
surface of a porous material (as influenced by the competition
between weak favourable enthalpic water-surface interactions
and unfavourable adsorption entropies), while external hydro-
phobicity concerns the interaction of liquid H,O at the surface
of the material (relating principally to the dominance of water-
water over water-surface interaction enthalpies). External
hydrophobicity acts on a macroscopic scale compared to inter-
nal hydrophobicity and is generally characterised by a water
contact angle measurement. Their distinction is essential given
that hydrophobic porous materials are used for applications
concerning both liquid and gaseous H,O. A challenge arises
when measurements for external hydrophobicity are extra-
polated to make assumptions about the internal hydrophobicity
of a material.***> Computational studies performed by Snurr et al.
suggest that hydrophobicity indicated by the external water con-
tact angle does not correlate with the hydrophobicity of the
internal pore environments, indicated by vapour sorption.*® Por-
ous materials may exhibit external hydrophobicity without exhi-
biting internal hydrophobicity, similar to Gore-Tex®** - the
material used in hydrophobic clothing.*

External hydrophobicity, as measured by the water contact
angle, is frequently assumed to be a reliable metric for character-
ising the performance of MOFs under humid conditions;****”
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however, this is not the case. To the best of our knowledge, we
present here the first study which practically demonstrates the
differences between internal and external hydrophobicity in
MOFs. We explore and apply four hydrophobic PSMs to UiO-66-
NH, - a readily scalable MOF that can be synthesised via green
pathways.*® These hydrophobic PSMs include: (1) Enteric coatings
- a widespread, cheap class of polymers used in the pharmaceu-
tical industry to protect medications as they pass through the
human digestive system,**™' and have recently found effective-
ness in imparting hydrophobicity to MOFs;** (2) Long-chained
alkanes with a terminal group enabling post-synthetic modifica-
tion to the SBU of a MOF or reaction with a ligand - these have
been well studied in their improvement in the stability of MOFs to
water;**** (3) Organosilicon infiltration - where cheap, commer-
cially available organosilicone-based materials®** can create a
hydrophobic layer on the exterior surface of the MOF to improve
its stability to water; and (4) SBU modification, which may proceed

by dative coordination of molecules to unsaturated SBUs.>**®

Results and discussion
Development of PSM strategies and synthesis of UiO-66-NH,

UiO-66-NH, was successfully synthesised according to the
literature methodology, with PXRD and Le Bail data matching
that previously reported (Fig. S1 and Table S1, ESIf). SEM
images are also consistent with previously reported micrograms
(Fig. S2, ESIY).*® Each of the four strategies (Fig. 1) were tested
on the same batch of UiO-66-NH,, allowing for their direct
comparison.

Strategy one: external hydrophobicity using enteric coatings.
Four enteric polymers were evaluated for improving the hydro-
phobicity of MOFs: hydroxypropyl methylcellulose phthalate
(HPMCP), Acryl-Eze®™, Sureteric® and Eudragit RL®. The best

UiO-66-NH,/PA

palmitic acid

UiO-66-NH,/Eu

Eudragit RL
methacrylic acid r-copolymer

Fig. 1 The four post-synthetic modification strategies used to endow UiO-66-NH, with hydrophobicity.
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performing enteric polymer coating was Eudragit RL® (Fig. S3,
ESIT), which exhibited a hydrophobic contact angle of ~134°.
Solutions of Eudragit RL® (0.5, 1, 2, 5 and 8 wt%) were
prepared to determine the optimal coating of Eudragit RL"™,
which coated the UiO-66-NH, over three hours. The concen-
tration of Eudragit RL® did not affect the contact angle but
increased the time the droplet remained intact on the surface
(Fig. S4, ESIt). The 5 wt% sample was the lowest concentration
of enteric coating that enabled the water droplet to remain
intact for the longest period, which is attributed to a more
uniform hydrophobic coating. Minimising the enteric coating
thickness while maintaining hydrophobicity allowed for pre-
servation of gas adsorption properties. Spectroscopic character-
isation confirmed the presence of Eudragit RL®™ on the
framework surface (Table S2 and Fig. S5-S8, ESIt). This mate-
rial will be referred to herein as UiO-66-NH,/Eu.

Strategy two: external hydrophobicity using long-chained
alkane PSM. The long-chained alkanes octadecyl amine, mag-
nesium stearate and palmitic acid (PA) (Fig. S9, ESIt) were
chosen as candidates to improve the hydrophobicity of UiO-66-
NH,.”"* PA was the only candidate which yielded a hydro-
phobic contact angle (129°). The duration of coating was varied
between 30 minutes and 16 hours; however, no time depen-
dence of coating duration on the contact angle was observed. A
coating time of three hours was chosen to ensure a sufficiently
uniform composite layer coating of 2%. The inclusion of PA was
confirmed through the structural characterisation of the mate-
rial (Table S3 and Fig. S10-S13, ESIf). This material will be
referred to herein as UiO-66-NH,/PA.

Strategy three: external hydrophobicity using commercially
available silane-based hydrophobic agents. Hydrophobic silane
coating materials are ubiquitous in the literature, with many
commercial waterproofing sealants on the market.”****” Due
to its ready commercial availability, DOWSIL™ 1-2577 Confor-
mal (DC) coating was chosen as a candidate silane to coat UiO-
66-NH,. The active hydrophobic agents in DC (Fig. S14, ESIt)
are large and unlikely to infiltrate the pores of UiO-66-NH,;
therefore, the coating is only expected to interact with the
external MOF surface via van der Waals forces.*** The 8 wt%
loading of DC was chosen to minimise layer thickness and
maximise external hydrophobicity without impacting on acces-
sible surface area. Structural characterisation of the composite
material indicated that DC could coat the MOF without impacting
its structural features (Fig. S15-S18, ESIT). This material will be
referred to herein as UiO-66-NH,/DC.

Strategy four: internal hydrophobicity using phenylsilane
grafting. Phenylsilane (Fig. S19, ESIt) has previously been grafted
onto the SBU of UiO-66-NH,, which occurred via a silylation reaction
performed in acetonitrile and Cs,CO; under a CO, atmosphere.”>
The silylation reaction was confirmed by a colour change of the
pristine UiO-66-NH, from pale yellow to a bright yellow upon
grafting. Preservation of the structure of the grafted MOF following
phenylsilane incorporation was confirmed (Fig. S20-S23, ESIt). This
material will be referred to herein as UiO-66-NH,/ph.

Gas sorption studies. The porosity of the optimised hydro-
phobic samples was evaluated through N, gas sorption
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measurements performed at 77 K (Fig. 2). Pristine UiO-66-
NH, and all derivatives except UiO-66-NH,/DC exhibited Type
I(b) isotherms, which is typical for microporous materials.”"
UiO-66-NH,/DC exhibited a Type IV(a) isotherm with hysteresis.>*
Hysteresis is typically associated with the filling of wide pores
through a narrow surface opening - it may be that the DOWSIL™
coating blocks the entrance to the pores of the framework,
hindering the adsorption and desorption of N,.

Brunauer-Emmett-Teller (BET) surface areas were calcu-
lated for each sample.>” Pristine UiO-66-NH, had a BET surface
area of 1054 + 19 m’g ™', which is consistent with literature
reports (Table S4, ESIT).”>** Post-synthetic modifications of the
framework caused the reduction in surface area to varying
degrees. The most significant reduction in surface area was to
Ui0-66-NH,/ph, where a BET surface area of 66 + 1 m’g ' was
determined. It is likely that the phenylsilane grafting onto
the zirconium SBU caused blocking of the framework pore
windows from the aromatic ring. This was supported by pore
volume measurements, which indicate a reduction from 0.44 to
0.03 cm® g~ '. The DOWSIL™ coating resulted in a surface area
reduction to 465 + 6 m> g !, which is attributable to pore
infiltration of the smaller active hydrophobic agents. The pore
volume reduced from 0.44 to 0.19 cm® g~ ', confirming a degree
of pore blocking by the organosilicon. The polymeric deriva-
tives, UiO-66-NH,/Eu and UiO-66-NH,/PA, yielded surface areas
of 779 + 9 m* ¢ " and 759 + 9 m® g, respectively, with
respective pore volume reductions to 0.30 and 0.31 cm?® g™ .
This suggests that the long-chained nature of the coating
agents still allows for adsorption to occur.

Pore size distribution data from gas sorption measurements
demonstrate the impact of PSM on the parent UiO-66-NH,
framework (Fig. S24, ESIT). The pristine UiO-66-NH, exhibits
two different sized micropores (16 A and 18.5 A). UiO-66-NH,/
Eu and UiO-66-NH,/DC both reveal a reduction in the larger

J—=-Uio-66-NH,
—o— Ui0-66-NH,/DC

Ui0-66-NH,/Eu
16 | = UiO-66-NH,/PA
—— Ui0-66-NH,/ph

- N
o (o=
1

vy

Quantity Adsorbed (mmol/g)
® ®» © N> »

0.0 0.2 0T4 OTG 0.8 1.0
Relative Pressure {p/p°)

Fig. 2 N, gas sorption measurements performed at 77 K for pristine UiO-

66-NH; (red) and its post-synthetically modified derivatives. UiO-66-NH,/

Eu (yellow), UiO-66-NH,/PA (green), UiO-66-NH,/DC (blue) and UiO-66-

NH,/ph (purple). Adsorption and desorption isotherms are denoted by
filled and hollow symbols, respectively.
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18.5 A pore size, implying that it is filled with fragments of the
enteric and organosilicon coatings. A broader Gaussian peak
shape in the pore size at 16 A indicates less gas entering the
pores. The two micropores are preserved upon coating with a
long-chain alkane, indicating that the coating of the alkane mostly
occurs on the surface of the material. Unlike in the case of
Eudragit RL® or DOWSIL™ coating, there are no bulky moieties
in the PA, which may only result in a partial blockage of the larger
pores. UiO-66-NH,/ph demonstrates the greatest variation in pore
size, with micropores of 13 A, 16 A, 18.5 A and 21-24 A deter-
mined. n-n stacking from the phenylsilane moieties may be
creating additional pores within the framework material.

The interaction of the frameworks with CO, was examined
using CO, adsorption experiments at 288, 298 and 308 K (Fig. 3
and Fig. S25, ESIt). At atmospheric pressure (1013.2 mbar),
the adsorption of CO, was 1.99 mmol g™ ', which is comparable to
that observed in the literature.>>*® The isosteric heat of adsorp-
tion for pristine UiO-66-NH, was found to be 27.47 k] mol . Of
greatest interest is the improvement of CO, uptake in the UiO-66-
NH,/Eu sample. The adsorption of CO, at 1000 mbar increased to
2.19 mmol g~ " and the isosteric heat of adsorption increased to
29.12 k] mol ', which indicates moderate physisorption of CO,. It
is likely that the trimethylammonium moiety within the Eudragit
RL® structure provides an additional site of interaction for CO,.
Although the highest heat of adsorption was recorded for the
phenylsilane grafted derivative (31.57 kJ mol '), the significant
reduction in CO, uptake to 0.61 mmol g~ " precludes its use as an
enhanced CO, capture material.

Real time CO, separation from N, for each composite
material was examined via fixed-bed column breakthrough
experiments in a custom-made breakthrough rig, using a binary
CO,/N, mixture (50:50) (Fig. S26, ESIt). The GC was calibrated
for the N, and CO, signal (Fig. S27, ESIt). N, breakthrough was
first observed, prior to CO, (Fig. 3 and Fig. S28, ESI}). For
pristine UiO-66-NH,, the breakthrough point of N, was 6-8
min, with saturation reached at 10 min (Fig. S28a, ESI). For
CO, the breakthrough point was 8-10 min, while CO, satura-
tion was reached at 26 min. UiO-66-NH,/DC (Fig. S28b, ESIY),
Ui0-66-NH,/Eu (Fig. 3), and UiO-66-NH,/PA ((Fig. S28c, ESI{) all
demonstrated improved separation between N, and CO, com-
pared to the parent material. For UiO-66-NH,/Eu, N, took
longer to pass through the column than in the parent material,
breaking through at 8-10 min and reaching saturation at
18 min. In comparison, the breakthrough point of CO, was
16-18 min, and saturation was reached at 22 min. The
increased separation in the UiO-66-NH,/Eu sample is consis-
tent with the behaviour observed in the CO, isotherm. UiO-66-
NH,/Eu consistently demonstrated a higher uptake of CO, in
the thermodynamic adsorption isotherm compared to the
parent material, while functional quaternary amine groups in
the enteric coating promoted improved interactions with CO,. A
practical CO, capacity of 0.98 mmol g~ * was calculated from the
breakthrough curve. For UiO-66-NH,/DC, the breakthrough
point of N, was at 6-8 min, while saturation was reached at
14 min. The CO, breakthrough point was at 10-12 min while
saturation was slowly reached at 32 min. A practical CO,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 CO, adsorption isotherms at 298 K of UiO-66-NH, (red), UiO-66-
NH,/DC (blue), UiO-66-NH,/Eu (yellow), UiO-66-NH,/PA (green) and
UiO-66-NH,/ph (purple) (above). Breakthrough calculations for UiO-66-
NH>/Eu for N, (black) and CO, (red). Inset: Water contact angle for UiO-
66-NH,/Eu (below).

capacity of 0.59 mmol g~' was calculated from the break-
through curve. The silyl functional groups improved the inter-
action of CO, with the material and did not greatly impact the
CO, capacity of the composite at low partial pressures. UiO-66-
NH,/PA only demonstrated a small improvement in separation
compared to the parent material. A practical CO, capacity of
0.54 mmol g ' was calculated from the breakthrough curve.
Each modified sample measurement displayed a roll-up
feature,” indicating the concentration of the weaker sorbent
-N, - briefly exceeds that of the feed. This is a common
phenomenon in breakthrough curves for pure sorbent beds.>”

Hydrophobicity studies. External hydrophobicity was tested
through water contact angles onto the surface of a compacted
sample. Pristine UiO-66-NH, yielded a contact angle of 0°,
whereas the hydrophobically-modified samples demonstrated
water contact angles of 134°, 129°, 138° and 112° for UiO-66-
NH,/Eu, UiO-66-NH,/PA, Ui0-66-NH,/DC and UiO-66-NH,/ph,
respectively (a, Fig. S28, ESIT)). The modified materials were

Mater. Adv,, 2024, 5,1868-1874 | 1871
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Fig. 4 Water vapour adsorption measurements performed at 298 K on

pristine UiO-66-NH, (red), UiO-66-NH,/DC (blue), UiO-66-NH,/Eu (yel-
low), UiO-66-NH,/PA (green) and UiO-66-NH,/ph (purple).

shown to be externally hydrophobic, with the water droplet
holding its shape for up to one hour after its placement on the
compacted surface. N, gas sorption measurements were re-
measured on wetted samples at 77 K to verify changes in
surface area (Fig. S29, ESIt).

Internal hydrophobicity was initially tested through vapour
sorption experiments (Fig. 4). Of all the materials, UiO-66-NH,/
ph demonstrated the lowest vapour uptake of 4.85 mmol g~ * at
76% relative humidity; however, this may be due to the reduced
porosity calculated by the BET surface area and pore volume.
Furthermore, there is a very gradual water uptake at low
humidities, with typical S-shaped behaviour not observed.*®
The other candidate materials all showed similar H,O vapour
uptake performances as the pristine UiO-66-NH,, which
implied that the external hydrophobic coating does not
improve the performance of the MOF under humid conditions.
In some cases, the water vapour uptake increased from
20.4 mmol g~" at 35% relative humidity in the pristine UiO-
66-NH, to 23.5 mmol g ' and 25.7 mmol g" ' in UiO-66-NH,/Eu
and UiO-66-NH,/DC at 35% relative humidity, respectively. UiO-
66-NH,/PA demonstrated slight improvements in hydrophobi-
city at higher relative humidities. The water vapour uptake was
reduced to 18.3 mmol g ' at 35% relative humidity. There is
little variation in hydrophobicity at low humidities. Interest-
ingly, the increased uptake in vapour for Eu and DC may be due
to the interactions displayed by the pristine polymers. Vapour
sorption of these materials indicate H,O uptake of up to
2.5 mmol g~ at 80% relative humidity (Fig. S30, ESI{).

Conclusions

This project sought to investigate the impact of post-synthetically
modifying UiO-66-NH, with hydrophobic functionalities to reduce
the competition between CO, and H,O in more industrially
relevant conditions. Four broad, facile strategies (enteric coatings,
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long-chained alkane, organosilicon infiltration and phenylsilane
grafting) were chosen, which led to four representative candidate
materials of interest (UiO-66-NH,/Eu, UiO-66-NH,/PA, UiO-66-
NH,/DC and UiO-66-NH,/ph). The post-synthetic modifications
occurred under mild conditions and with short reaction times,
which are conducive to a scalable process implementable in an
industrial scenario. The post-synthetic modification was con-
firmed not to interfere with the structure of the parent material,
as determined by PXRD, FT-IR, TGA and SEM characterisation.

Given that hydrophobicity in MOFs is generally charac-
terised using water contact angles, alternative methods need
to be developed to characterise hydrophobicity to vapour.
Although these post-synthetically modified materials demon-
strated external hydrophobicity, vapour sorption measure-
ments revealed minimal impact on hydrophobicity when
compared to the parent framework. Despite endowing the
parent framework with an external hydrophobicity to liquid
water, the modified frameworks were not sufficiently hydro-
phobic in the presence of humid air. The materials studied in
this work demonstrate behaviour akin to that seen in Gore-
Tex™; therefore, we propose the Gore-Tex™ effect as a descrip-
tor of this phenomenon.”® Of the studied materials, the best
coating performance was achieved using UiO-66-NH,/Eu. Until
now, MOF literature tends to use the water contact angle as a
sufficient predictor of overall hydrophobicity.® This study
indicates that such an assumption is not valid and that alter-
native methods are required to correctly characterise MOF
hydrophobicity in an industrial setting. Nevertheless, we have
demonstrated that we can improve the hydrophobicity of a
MOF to liquid water, with efforts underway to expand the
candidate MOFs that can be tested. There is also further
interest in studying these materials which possess varied
hydrophobicity for membranes where vapour transport is
essential, e.g., particular aquaporins.
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