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Hierarchical linker thermolysis has been used to enhance the porosity of monolithic UiO-66-based
metal-organic frameworks (MOFs) containing 30 wt% 2-aminoterephthalic acid (BDC-NH,) linker. In this
multivariate (i.e. mixed-linker) MOF, the thermolabile BDC-NH, linker decomposed at ~350 °C,
inducing mesopore formation. The nitrogen sorption of these monolithic MOFs was probed, and an
increase in gas uptake of more than 200 cm® g~ was observed after activation by heating, together
with an increase in pore volume and mean pore width, indicating the creation of mesopores. Water
sorption studies were conducted on these monoliths to explore their performance in that context.
Before heating, monoUiO-66-NH,-30%-B showed maximum water vapour uptake of 61.0 wt%, which
exceeded that reported for either parent monolith, while the highly mesoporous monolith (;onoUiO-66-
NH,-30%-A) had a lower maximum water vapour uptake of 36.2 wt%. This work extends the idea of
hierarchical linker thermolysis, which has been applied to powder MOFs, to monolithic MOFs for the first
time and supports the theory that it can enhance pore sizes in these materials. It also demonstrates the
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Introduction

The issues of global warming and population growth have already
combined to stress populations living in water-depleted areas of
the world. According to the 2023 United Nations World Water
Development Report," more than 80 countries suffer from water
shortages and, by 2025, 2.7 billion people will be lacking reliable
access to clean water. This makes efforts to develop technologies
that can provide safe and clean water to large populations vital.
While water is plentiful on the planet, given that it covers more
than 70% of the surface,” 97% is salty (seawater) and can only be
consumed after purification. Of the 3% fresh water available, only
0.06% can be accessed without problems. Indeed, war and
conflict, climate change, lack of infrastructure, natural disasters
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importance of hydrophilic functional groups (in this case, NH,) for improving water uptake in materials.

and many other crises have contributed to problems in accessing
fresh water.' To purify seawater, desalination technologies have been
employed. The most common of these can be broadly classified into
membrane and thermal (distillation) technologies.>* Membrane
technologies are further subdivided into reverse osmosis (RO),
electrodialysis (ED), and electrodialysis reversal (EDR). Thermal
technologies, on the other hand, can be further categorised as
multi-stage flash distillation (MSF), multi-effect distillation (MED)
and vapour compression distillation (VCD).> Concerning drawbacks,
most desalination methods in current use are energy intensive and
costly;> membrane technologies usually suffer from fouling, whereas
thermal technologies suffer from high energy consumption.? There-
fore, there is a need for both alternative methods of water purifica-
tion and new materials that can more efficiently adsorb water either
from the air or from other sources.

Water sorption is an area that has been intensively studied.
Various classes of material have been tested, including acti-
vated carbon fibres (ACFs),°® zeolites,”'® and polymers."
These materials tend to lack pores that offer appropriate gas
diffusion and water uptake kinetics."> For example, zeolites
show microporosity and very high surface-to-volume ratios,’
reducing their water uptake. Metal-organic frameworks
(MOFs) based on zirconium,*'® aluminium,'*' zinc,'®*?
chromium,*™>> magnesium,>® copper,”” and iron*® have also
been studied. This class of porous, hybrid metal-organic mate-
rials, frequently possess tuneable porosity, significant surface
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areas and ease of functionalisation.”® They comprise metal clusters
joined together by organic linkers to form 3D (or 2D) networks,
potentially with huge pore volumes and large inner surface areas.
However, many MOFs are hydrolytically unstable,>***! due to the
lability of the metal-ligand coordination bonds or the instability of
the metal nodes in the MOF framework.*** This potential draw-
back has been overcome by developing MOFs that use high valent
metals like Zr(wv), Cr(m), and Hf(v) or metals, such as Cu(u), that
can undergo controlled coordinative reduction (e.g., to Cu()) and
have proven to improve hydrolytic stability.***® Nevertheless,
circumspection is required as some zirconium-based MOFs, for
example those based on 4,4-biphenyl-dicarboxylate and 2,2'-
bipyridine-5,5’-dicarboxylate linkers have been proven to be
unstable towards liquid water and water vapour,®® while others,
like UiO-67 and NU1000, though stable in liquid water, collapse
upon activation from liquid water.”” Water-stable MOFs have
already shown great potential in water adsorption, for example
the aluminium-based MOF-303, which demonstrated a high water
uptake of 45% at 90% relative humidity.*® In addition to good
stability, these MOFs have offered scope for being modified,
increasing their hydrophobicity, post-synthetically or in situ.>**>
In this context, Ni,Cl,BTDD (BTDD>~ = bis(1H-1,2,3-triazolato[4,5-
bl,[4',5'-i])dibenzo[1,4]dioxin) MOF was modified by replacing
chloride with bromide to obtain Ni,Br,BTDD, a procedure that
made the MOF more hydrophobic and reduced its volumetric
water uptake by about 15%.*

A material with a high water adsorption performance can be
harnessed in pervaporation processes that allow water purification
by separating mixtures of water and organic solvents,” and
desalinating salty water.* In a similar vein, water extraction from
the atmosphere (atmospheric water harvesting, AWH), since the
atmosphere contains approximately 1.3 x 10 litres of water
vapour,* is another field underpinned by materials with high
gravimetric water uptake.*'***” AWH is commonly used in
condensation systems, where air is forced through a heat exchan-
ger that cools it and condenses its water content.*® However, these
systems suffer from high energy consumption.”> AWH, driven by
solar energy and waste heat, can significantly reduce energy
consumption and constitute a more sustainable infrastructure.
In other applications, materials with high water uptake can be
used in heat transmission, such as in cooling and in the produc-
tion of heat.'®®?>*° Underpinning applications development,
water sorption studies also provide information on the pore
volume, and pore size and show the hydrophobicity or hydrophi-
licity and stability of materials toward moisture.”* Three mechan-
isms of water adsorption in MOFs have been identified:**>* (1)
capillary condensation, which is usually reflected by hysteresis in
the isotherm, and manifests in mesopores at room temperature;
(2) in the hydration layer, as identified by a lack of hysteresis, water
clusters grow with increasing relative humidity; (3) water clusters
forming in and filling the pores of hydrophobic MOFs, with which
they display only weak interactions.>®

The requirements that must be satisfied for water sorption by a
MOF include hydrolytic stability, S-shaped or stepped adsorption
isotherm at lower than 30% relative humidity (RH),> fast loading
and unloading kinetics and facile regeneration conditions.”®””
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MOFs that can capture water vapour at lower RH (0-40%) can
potentially be used in atmospheric water harvesting, heat transfer
mechanisms and dehumidification.’®

A range of MOFs have been tested as sorption materials for heat
transfer processes.’”**®* Zirconium-based MOFs (ZrMOFs) have
held particular appeal since they are in general highly stable
thermally and chemically.*® Despite this, it has been reported
that, though they possess most of the requirements for water
adsorption, including high surface area and porosity,” they may
lack long-term hydrolytic stability.***® This notwithstanding,
ZrMOFs of the UiO, NU, DUT, Zr-fumarate and MOF-801 types
have been extensively studied for water adsorption, and they have
proven to be outstanding candidates in heating, ventilation and air
conditioning (HVAC) systems and water treatment.®””> However,
these materials have so far all been powders, which suffer from
dustiness, limited mechanical strengths and low densities that
reduce their volumetric working capacities and water vapour and
gas uptakes.”* To address the drawbacks of these powder MOFs,
techniques of shaping or pelletising into desired shapes, sizes and
densities using chemical binders and high pressures have been
introduced. However, these come with major shortcomings,
mainly in reducing porosity, adding chemical complexity and
inducing structural collapse of the frameworks.”>”® Therefore
effort has recently been redirected towards finding other ways of
conforming and densifying MOFs. In this regard, monolithic
monoZIF-87° and 11,40 HKUST-17® were synthesised with high micro-
porosity and density. However, while densification meant that
monoHKUST-1 exhibited benchmark volumetric natural gas sto-
rage, its deficient working capacity prompted Connolly et al.”* to
develop the sol-gel synthesis of mesoporous i,onoUiO0-66 MOFs.
These monolithic MOFs are conformed materials that exhibit a
single-phase appearance on both the macro and micro scale. In
their synthesis, washing of the intermediate gel with solvent,
which is then slowly evaporated from primary nanocrystallite
surfaces, coupled with the presence there of residual precursors,
has been argued to facilitate the epitaxial growth and closer
interaction of these primary particles by effectively extending the
reaction time.”® In this case, the use of a solvent with relatively
high surface tension and boiling point (DMF) facilitates slow
drying, thereby encouraging retention of the gel macrostructure
throughout the drying process. The result is a 1onoMOF with high
density, stability and rigidity.”® They have recently gained popu-
larity due to their very high gas uptake levels compared to their
powder counterparts. Moreover, their size makes them easy to
handle and stable for industrial applications. Specific to water
handling, Cumar et al.® recently used three high-density mono-
liths, UiO-66, UiO-66-NH, and Zr-fumarate, in water adsorption
studies for HVAC applications.

Linker thermolysis has been used to create mesopores in
microporous materials.®>*> However, the method has only been
applied to powder MOFs. The current work extends the idea to
monolithic MOFs for the first time and supports the theory that
it enhances pore sizes in these materials. The work translates
the recent introduction of ,,n,UiO systems to the field of water
sorption®® by post-synthetically modifying monolithic UiO-66
MOFs incorporating 30 wt% 2-amino benzene-1,4-dicarboxylate

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(BDC-NH,) linker. Adapting a protocol developed by Feng
et al.,*" monolithic MOFs were heated to enhance mesoporosity
by decomposition of the thermolabile BDC-NH, linker. The
resulting 1,0noMOFs have then been studied for their water
adsorption capabilities using Dynamic Vapour Sorption (DVS).

Experimental section
General

Materials and chemicals. Zirconyl chloride octahydrate
(zrOCl,-8H,0), 98%, and 2-aminoterephthalic acid (H,BDC-
NH,), 99%, were purchased from Thermo Scientific, while
terephthalic acid (H,BDC), 99+%, was from Acros Organics.
Acetic acid (glacial) and methanol (AR grade) were supplied by
Fisher Chemicals. Hydrochloric acid, 37%, was from Honeywell
Fluka, and dimethyl formamide (DMF), 99.5%, was purchased
from Thermo Scientific. All chemicals were used as received.

Synthesis of 11,0noUiO-66-NH,-30%

The synthesis procedure involved a modified literature method.”*
ZrOCl,-8H,0 (1.61 g, 4.97 mmol), H,BDC (1.31 g, 7.89 mmol) and
H,BDC-NH, (0.393 g, 2.17 mmol) (30 wt% with respect to H,BDC)
were weighed into a 150 mL pyrex Schott bottle, and 30 mL of
DMF was added. It was stirred vigorously for a minute, and then
2 mL glacial acetic acid and 1.5 mL concentrated HCI were added
and stirred until well mixed. The mixture was then heated in a
conventional oven at 100 °C for two hours. The gel formed was
cooled overnight. 50 mL of DMF was added to the cooled gel and
remixed. Approximately 10 mL portions of the mixture were
centrifuged at 5500 rpm for 3 minutes. The samples were
washed with 30 mL DMF and centrifuged at 5500 rpm for
10 minutes before drying at 30 °C in an oil bath. The dry monoliths
were soaked in methanol for 24 hours, followed by activation at
110 °C for 8 hours in a vacuum oven to give ,0,,Ui0-66-NH,-30%-B.
To convert this t0 onoUi0-66-NH,-30%-A, the monolith was
heated to 350 °C for two hours in a muffle furnace under
normal air.

Powder X-ray diffraction (PXRD)

PXRD data were collected on a PANalytical Empyrean diffract-
ometer fitted with an X’celerator detector and using a Cu-Kal
(4 =1.5406 A) source. X-rays were generated with a current flow
of 40 mA and a voltage of 40 kV. The monoliths were gently
crushed to a powder and then placed on a zero background
silicon wafer for analysis.

Thermogravimetric analysis (TGA)

TGA was performed using a TA Discovery Instrument TA-Q50
with a heating rate of 10 °C min~" from 25-500 °C under a dry

nitrogen purge gas flow of 50 mL min~".

Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded in the 400-4000 cm™ ' range on a
PerkinElmer FTIR spectrometer (Model BX II) fitted with an
attenuated total reflectance (ATR) probe.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Scanning electron microscopy (SEM)

SEM images were collected on a TESCAN MIRA3 FEG-SEM. The
voltage was 5.0 keV, and various magnifications were used. The
images were processed using the Oxford Instruments AzTec
Suite. The samples were sputter-coated with a 5 nm layer of
chromium before placing in the instrument. The acquisition
and analysis of EDX was performed on an Oxford Instruments
X-maxN 80 EDS system.

Transmission electron microscopy (TEM)

A Talos F200X G2 FEG Scanning TEM with a 200 keV accelerat-
ing voltage was used. The instrument has a Schottky X-FEG
electron source. It has a Ceta 16M camera with speed enhance-
ment designed for imaging and diffraction applications. This
allowed 4k x 4k images to be acquired at 40 frames per second
(and 512 x 512 pixels at 320 fps). HAADF, DF2, DF4 and BF
STEM detectors were used. 2 mg of the monolith was crushed to
a fine powder and dispersed in 2 mL hexane. A 4 pL aliquot was
then transferred to a continuous carbon-coated Cu grid, and
the solvent evaporated before the sample was mounted in the
instrument.

Nuclear magnetic resonance (NMR) spectroscopy

A Bruker Avance III 500 MHz DCH Cryoprobe Spectrometer was
used (500.200 MHz for 'H and 125.775 MHz for **C). Spectra
were obtained at 27 °C using deuterated solvent stored over
molecular sieves (3 A). Chemical shifts were internally refer-
enced to deuterated solvent and calculated relative to tetra-
methylsilane. Results were processed using Bruker TOPSPIN
3.0 software. For sample preparation, ~13 mg of material was
treated with 5 drops of D,SO, at room temperature. The
mixture was sonicated at 70 °C until dissolution was complete.
The sample was then diluted with 1 mL DMSO-de.

Elemental analysis

An Exeter Analytical CE-440 Elemental Analyzer was used for C,
H, and N analysis, and approximately 2 mg of each sample was
used per analysis.

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES)

A Thermo Fisher Scientific iCAP 7400 Duo ICP spectrometer
was used for Zr analysis against ICP standards from Sigma-
Aldrich or Acros of tetramethyl ammonium hydroxide. Approxi-
mately 2 mg activated MOF was digested in 5 mL trace metal
grade nitric acid and this was diluted with 5 mL trace metal
grade water. An aliquot of 0.5 mL of this sample was then diluted
to 10 mL with water. Standard curves were also prepared in the
concentration range of 0.01-10 ppm. For this, the commercial
standard was diluted with 2% nitric acid solution.

Gas adsorption studies

An Anton Parr Autosorb iQ-XR at 77 K was used in gas adsorption
studies. Adsorption and desorption isotherms were collected
using N, gas. The sample was loaded in an oven-dried, type A

Mater. Adv., 2024, 5, 7679-7689 | 7681
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long cell, 9 mm outer diameter, LG bulb, which was tarred before
loading. Degassing at 110 °C for 12 h followed, then the evac-
uated tube was weighed to find the sample mass. Isotherms were
collected over 24-30 hours, after which samples were reweighed
for accurate mass readings. AsiQwin version 5.21 software was
used to evaluate the sorption isotherms, which facilitated the
calculation of the BET surface area using the BET equation and
Rouquerol’s consistency criteria.

Nanoindentation

A KLA iMicro nanoindenter equipped with a 50 mN force
actuator and a Berkovich diamond tip was used for nano-
indentation. Continuous Stiffness Measurements (CSM) were
performed by measuring the indentation modulus (E) and
indentation hardness (H) as a function of surface penetration
depth.®? Four sets of sixteen indents were performed per sample
in different areas. Two sets of indents were performed at a
maximum depth of 1000 nm and another two sets at 2000 nm. A
constant indentation strain rate of 0.1 s~ ' was used. To quantify
creep, the maximum load was held for 1 second before unload-
ing. The load was held at 10% maximum load for 3 minutes
upon unloading to quantify thermal drift and correct the
recorded value of depth and load. Prior to nanoindentation
studies, the monoliths were cold-mounted in an epoxy resin
(Struers Epofix) and the sample surfaces were flattened by
polishing with sandpapers and diamond suspensions.

Dynamic vapour sorption (DVS) measurements

The Adventure dynamic vapour sorption analyser (from Surface
Measurement Systems, UK) was combined with in situ preheat-
ing/drying of samples and two sample balances to allow simul-
taneous analysis of two samples. The system included a sample
preheater option to heat a sample to 160 °C under in situ preheat-
ing/drying (heating rate programmable up to 10 °C min"). It
could cool/heat the sample from 10 °C to at least 70 °C (precision
+0.02 °C) during dynamic DVS analysis and covered a broad range
of RH (ie., 0 to 98% from 10 °C to 70 °C). The RH range accuracy
from 10 °C to 60 °C was + 0.5%, while from 60 °C to 70 °C was +
1%. An accurate zero drying at 0.0% RH of the sample (with dry
carrier gas) was considered. The two balances allowed simulta-
neous parallel analysis of two samples. The instrument included
highly accurate digital mass flow controllers (i.e., two mass flow
controllers automatically deliver wet and dry flow 0-200 sccm,
£0.1 sccm), RH sensors, and all required regulators for the dry air
used as carrier gas during analysis. Accurately, the instrument
determined vapour across a range of sample weights, from ca.
1 mg to 1 g with high resolution/precision (mass change +150 mg;
balance resolution or precision 0.1 pg; balance noise <0.3 pg)
(peak to peak, RMS); drift <5 pg over 24 hours (0% RH and 25 °C).
The instrument ran at ambient pressure conditions. The control
software fully controlled RH, times, and temperatures; sorption
and desorption cycles; isotherm and kinetics; choice of timed or
mass stability measurement points; and real-time plot of experi-
mental data. The system had a water reservoir with a 0.25 L
capacity. Pure water (HPLC Gradient Grade, Fisher Chemical)
was used for the experiments. The analysis software includes all
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pertinent processing and built-in calculation capabilities to gen-
erate water vapour sorption and desorption isotherms and kinetics
information. Water vapour sorption analysis was measured at
27 °C for the samples using 10-20 mg.

Results and discussion

Ui0-66 MOF comprises octahedral clusters of ZrsO,(OH), con-
nected 12-fold by 1,4-benzene-dicarboxylate (BDC) linkers, form-
ing a fcc crystal structure. This MOF has been reported to have a
high surface area of >1200 m® g ! and is highly thermally and
chemically stable.”**® The primary source of this stability is the
strength of the Zr(iv)-O bonds formed between the linker and
metal cluster.®* Additionally, the Zrg cluster cores can reversibly
rearrange on addition or removal of the p;-OH groups with no
change in the structure. While it was originally fabricated as a
powder,**® UiO-66 is one of the few MOFs developed as a
densified monolith.” Achieving a monolithic formulation
yielded improvements in mechanical properties and surface area,
with a density approaching that of the ideal single crystal.
Significantly, 1,0noUiO-66 offers the advantage of more significant
and more tractable particle size (centimetre scale). In this work,
we sought to produce a monolithic variant based on UiO-66 by
introducing 30% (by weight with respect to H,BDC) H,BDC-NH,.
This would represent, so far as we are aware, the first example of
a multivariate monolithic MOF. In the event, ,ono,UiO-66-NH,-
30%-B was synthesised by modifying the literature synthesis for
monoU10-66.”* A mixture of H,BDC and 30 wt% H,BDC-NH, were
used to obtain 4 UiO-66-NH,-30%-B. After slow drying at ambient
temperature to give 1,onoUiO0-66-NH,-30%-B, thermal treatment
was employed to hierarchically degrade the BDC-NH, linkers and
change pore structure. As shown in Scheme 1, orange ,on0UiO-
66-NH,-30%-B turned black after heating at 350 °C to give
monoU10-66-NH,-30%-A.

ZrOCl,-8H,0 HCI, AcOH
+ —_—

H,BDC + H,BDC-NH, DMF, -
100 °C, 2 h

4elUi0-66-NH,-30%-B

i) DMF wash
ii) Dry 30 °C

* T '
—

monoUi0-66-NH,-30%-A monoUi0-66-NH,-30%-B

Scheme 1 Synthesis of 1onoUiO-66-NH,-30%-B (orange) and monoUiO-
66-NH5>-30%-A (black) from 4UiO-66-NH>-30%-B. H,BDC-NH, used
was 30% by weight with respect to H,BDC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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—— monoUi0-66-NH,-30%-A
—— monoUi0-66-NH,-30%-B
— Ui0-66

/

B | —

5 15 25 35 45 55
Angle 26

Fig. 1 Experimental PXRD patterns of nonoUiO-66-NH»-30%-B and mono-
UiO-66-NH,-30%-A and the simulated pattern for UiO-66.

Relative Intensity

The PXRD patterns of ,onoUiO-66-NH,-30%-B and 1,0,,,UiO-
66-NH,-30%-A matched, suggesting that, despite the colour
change and some decomposition after thermolysis, the remain-
ing material had the same structure and crystallinity as UiO-66.
The phase of the material (before and after heating to 350 °C) is
compared to the calculated pattern of UiO-66 in Fig. 1. Sig-
nificant peak broadening is seen in the experimental patterns.
Connolly et al”® have previously reported this behaviour,
attributing it to the non-convergence of diffraction peaks in
nanocrystallites. In that study, the authors noted that these
monolithic materials comprise densified MOF nanoparticles
where particle interstitial space is reduced compared to the gel,
contributing to peak broadening.”

The morphology of either monolith prepared here was
studied using SEM and TEM. These studies suggested that
the synthesised materials are indeed monoliths. Representative
SEM imaging for .,0noUi0-66-NH,-30%-B reveals densely
packed nanocrystallites, as shown in Fig. 2(a) (also Fig. Sla
and S2a, ESIt). These densely packed nanocrystallites were not
retained after heating, as can be seen in the ;,ono,UiO-66-NH,-
30%-A image in Fig. 2(b) (also Fig. S1b and S2b, ESIt). Instead,
monoUi0-66-NH,-30%-A displayed a surface decorated with
agglomerated particles and more prominent pores. Previous
TEM studies on 1,0n0Ui0-66 and ,0on,Ui0-66-NH, by Connolly
et al.”* revealed that these materials comprise densified pri-
mary nanoparticles approximately 10 nm in diameter.
TEM images of the current monolith before and after heating

SM:RESOLUTION | WD: 6.45mm
SEMMAG: S5.4kx  View fleld: 5.00 ym 1 pm
Det: SE SEM HV: 5.0 kV.

Bigger pores created.

Fig. 2 Representative SEM images for (a) monoUiO-66-NH>-30%-B and
(b) monoUiO-66-NH,-30%-A.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S3 and S4, ESIt) also support the formation of such
~10 nm nanoparticles.

FTIR analysis of ,onoUiO-66-NH,-30%-A demonstrated the
degradation of the BDC-NH, linker as evidenced by the loss of
N-H stretching peaks at ~3350 cm™ " and 3450 cm™ ', and more
clearly the N-H bending peak at ~1650 cm™ " and C-N stretch-
ing peak at ~1250 cm ' from the enoUi0-66-NH,-30%-B
spectrum (Fig. 3). This view was substantiated by elemental
analysis, which showed a significant increase in the Zr content
and losses of C, N, and H in ;,,0,,,Ui0-66-NH,-30%-A (Table 1).
These data are consistent with the suggestion by Feng et al.,*'
of a dehydration mechanism manifest during thermolysis at
250 °C followed by a decarboxylation above 300 °C, whereby the
initial elimination of H,O from all nodes is followed by loss of
CO, from BDC-NH, but not BDC, leading to the gradual
eradication of BDC-NH, linkers from the structure. This was
suggested to occur to an incomplete extent based on analysis of
nitrogen content after annealing. However, we speculate that
the presence of aromatic amines generated in situ and subse-
quently entrapped by the MOF structure may complicate that
analysis. The thermal induction of missing-linker defects was
finally argued to engender the formation of small zirconium
oxide nanoclusters. In the current study, experimental elemen-
tal compositions were lower than the theoretical elemental
composition of UiO-66 in the literature.”* This could be attrib-

After thermolysis

Before thermolysis

N-H stretching

N-H bending

Relative Transmittance

2399 1399 399

Wavenumbers (cm™')

Fig. 3 FT-IR spectra of nonoUiO-66-NH,-30%-B (blue) and onoUiO-66-
NH>-30%-A (orange).

3399

Table 1 Elemental composition of 1onoUiO-66-NH,-30%-B and mono-
UiO-66-NH,-30%-A compared with values calculated for UiO-66 and
UiO-66-NH,

Substance %C %H %N %Zr
monoUi0-66-NH,-30%-B 30.2 2.8 2.7 24.3
monoUi0-66-NH,-30%-A 28.8 2.5 1.4 29.3
UiO-66 (theoretical) 346 1.7 0.0 32.9
UiO-66-NH, (theoretical) 32.9 2.0 4.8 31.2
monoUI0-66-NH,-30%-B (theoretical)*  34.3 1.8 1.1 32.5
monoUI0-66-NH,-30%-A (theoretical)’  32.0 1.4 0.0 38.6

@ Z160,4(OH),(BDC),.71(BDC-NH,), 59. © Zr¢04(BDC), 71, assuming com-
plete eradication of BDC-NH,.
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uted to mainly missing-linker defects in the case of ;;,0n,UiO-66-
NH,-30%-B, and the decomposition of a fraction of the thermolabile
linker in 1,onoUiO-66-NH,-30%-A. SEM-EDX results (Fig. S5-S8, ESIt)
also confirmed the decrease in the carbon analysis. From these
results, the Zr: C weight ratio was calculated to be 0.18 for 11,0,,UiO-
66-NH,-30%-B and 0.54 for 1,0,0,Ui0-66-NH,-30%-A. The Zr/C weight
ratio for the defect-free structure was found from the literature to be
0.06 for both UiO-66 and UiO-66-NH,.** This figure was lower than
the experimental ratio, which is in line with the literature expecta-
tion, suggesting that even in the densified monolith prior to heating
there are some missing linker defects.”* The ratio for ,,noUiO-66-
NH,-30%-B was, however, comparable to what was found by Camur
et al,® who reported ratios of 0.11 for both ,0,0Ui0-66 and
monoUiO-66-NH,.

To further elucidate the decomposition of the thermolabile
BDC-NH, linker, proton (*H) and carbon (**C) NMR spectro-
scopic studies were carried out on our monoliths before and
after heating. However, like many MOFs, they could not be
directly dissolved in most common NMR solvents. Hence, they
were digested with D,SO, and then diluted with DMSO. Sub-
sequent analysis revealed that the BDC-NH, linker was indeed
eliminated upon heating. Fig. S9 (ESIt) shows that the "H NMR
spectrum for ;,,0n0UiO-66-NH,-30%-B retains signals for both
the BDC and BDC-NH, linkers, consistent with expectation for
a multivariate system. Specifically, the resonance at 7.92 ppm
originates from the BDC linker, with signals between 7.93-
7.64 ppm corresponding to the aromatic signals of the BDC-
NH, linker. In apparent contrast, the "H NMR spectrum for
monoUiO-66-NH,-30%-A (Fig. S10, ESIt) superficially shows a
resonance only due to BDC (7.87 ppm). However, a closer
inspection of the aromatic region in this latter figure reveals
very weak signals attributable to the retention of some fraction
of BDC-NH,, helping to explain the observation of nitrogen
content for ;,0n,0,UiO-66-NH,-30%-A in Table 1. These data tally
with the *C NMR spectroscopic results, which show the
spectrum of 1,on0,UiO-66-NH2-30%-B in Fig. S11 (ESIf) being
simplified to retain only three singlets due to BDC in that of
monoU10-66-NH,-30%-A in Fig. S12 and S13 (ESI{), any signals
due to remnant aminated linker now being vanishingly small.

View Article Online
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With NMR spectroscopy and compositional analysis backing
up previous data (see both Fig. S22, Table 1 and ref. 81) and
pointing to the method of degradation of a fraction of the
aminated linker to form more mesopores being successful, BET
analysis of surface area and porosity by nitrogen gas adsorption
at 77 K was next conducted. Results are shown in Fig. 4 (for low
pressure data see Fig. S14, ESIT). High surface areas of 1074 + 20
m? g~ for powder UiO-66-NH, and 1200 + 20 m* g~ * for UiO-66
have been reported before.***® These surface areas, however,
hitherto reduced slightly in monoliths as reported by Camur
et al® and Connolly et al,”* who measured surface areas of
988 m* g " and 822 m” g~ fOr 1,0,0,Ui0-66-NH, and 1223 m* g~ *
and 1069 m? g for enoUi0-66, respectively. In this work,
monoUi0-66-NH,-30%-B exhibited a surface area of 785 m? g~ %,
which was reduced upon heating to 724 m? g " in 1,0n0UiO-66-
NH,-30%-A. These values were both low, probably due to struc-
tural defects induced by the inclusion of the aminated linker in
the framework even before thermolysis. As hoped for based on
the observations of Feng et al,®' thermolabilisation of the
aminated linker saw the total pore volume increase from
0.8 em® g7' in 0noUi0-66-NH,-30%-B to 1.1 cm® g ' in
monoUi0-66-NH,-30%-A. This increment was attributed to the
porosity created by linker decomposition. Both ,0n0UiO-66-
NH,-30%-B and menoUiO-66-NH,-30%-A exhibited Type IV
adsorption-desorption isotherms with hysteresis showing that
they were both mesoporous.® The pore size distribution, calcu-
lated using the Barrett-Joyner-Halenda (BJH) method is shown
in Fig. 5. Data reinforce the presence of mesopores in both
composites, with the mean pore width increasing from 5 nm
fOr 11onoUiO-66-NH,-30%-B to 12 nm fOr 1,0noUiO-66-NH,-30%-A
and full-width-half-maximum (FWHM) analyses for each
system returning values of 13 nm and 11 nm, respectively. The
pore sizes also improved, as shown in Fig. 5, in the sense
that, before heating, the most prominent pores had averaged
widths of approximately 63 nm, whereas, upon heating,
this average went up to approximately 90 nm. Overall, BET data
reveal an increase in the N, gas uptake of 216 cm® g™ '
N menoUiO-66-NH,-30%-A, the greater N, uptake seen at higher
relative pressure in this monolith supporting the thesis that

(b)
800
500 .
700 i -/'
o 400 600 4 / o
; :
= ~ 500
o ° [ ]
& 300 4 g /
I S 400 )
3 3 /"
< < L
22004 4 23001 N n = B
z g .114|l1nlll'1‘~"'
g S 200 4 ="
C 100 o
BET Surface Area = 785 m? g™ 1001 BET Surface Area = 724 m? g’
o Single point adsorption total pore volume = 0.8 cm® g”' o Single point adsorption total pore volume = 1.1 cm® g”!
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Fig. 4 N, gas adsorption isotherms measured at 77 K for (a) monoUiO-66-NH,-30%-B (solid triangles represent adsorption, and open triangles denote
desorption); (b) monoUiO-66-NH,-30%-A (solid squares represent adsorption, and open squares denote desorption).
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Fig. 5 The BJH pore distribution with FWHM analysis for (a) monoUiO-66-NH>-30%-B and (b) monoUiO-66-NH,-30%-A.

thermally-induced ligand degradation has afforded increased
mesoporosity.®!

TGA was used to verify the stability of our samples before and
after heat treatment (Fig. 6). The TGA data for both ;,0n0UiO-66-
NH,-30%-B and 1,,0noUiO-66-NH,-30%-A displayed an initial weight
loss of around 12.7% in the temperature range of 60 °C to 160 °C,
which was attributed to the loss of moisture absorbed from the air,
and residual AcOH (boiling point = 117.9 °C) also seen in the
"H NMR spectrum of each (Fig. S9 and S11, ESI}). From this
temperature range up to approximately 525 °C, 1,0noUiO-66-NH,-
30%-A showed no further weight loss, a sign of high thermal
stability after thermolysis. However, ,,onoUiO-66-NH,-30%-B
demonstrated another weight loss of around 13% from the
temperature of 205 °C, which could be attributed to the decom-
position of BDC-NH,. It aligns with the literature,”**® which also
revealed the gradual decomposition of UiO-66-NH, from tempera-
tures of approximately 200 °C upwards. Both monoliths finally
decomposed at temperatures above 525 °C, consistent with the
degradation of ,,4,0Ui0-66 (ca. 550 °C).”*5°

Lastly, the mechanical properties of both MOFs were studied
using nanoindentation. The elastic and plastic properties of

——Before Thermolysis

——After Thermolysis

Weight (%)

40

20

0

25 125 225 325 425 525
Temperature (degree C)

Fig. 6 TGA plots of onoUiO-66-NH,-30%-B (blue) and monoUiO-66-
NH,-30%-A (orange).

© 2024 The Author(s). Published by the Royal Society of Chemistry

monoUi0-66-NH,-30%-B and ,,,on,UiO-66-NH,-30%-A were deter-
mined, as shown in Table S1 (also Fig. S15-526, ESIt). The
monoliths were indented to depths of 1000 nm and 2000 nm,
and their modulus of elasticity and hardness were recorded. At a
depth of 1000 nm, 1,0noUiO0-66-NH,-30%-B had an indentation
modulus of 6.1 & 0.2 GPa and hardness of 185 + 10 MPa; and at
2000 nm, the indentation modulus was 6.0 + 0.2 GPa and
hardness was 180 + 14 MPa. These values were comparable to
previously reported mesoporous ;,,on0UiO-66 (E = 4.3 £+ 0.9 GPa,
H =0.11 + 0.02 GPa),”* lending weight to the view that monolith
formation was being observed here. After thermolysis, the indenta-
tion modulus and hardness of 1,,no,UiO-66-NH,-30%-A reduced to
4.8 + 0.3 GPa and 169 & 16 MPa at 1000 nm and 4.6 + 0.2 GPa and
155 + 13 MPa at 2000 nm, respectively. This result was expected
since materials tend to weaken and become brittle when exposed to
high temperatures, and the monoliths are no exception.

Water sorption studies

An Adventure DVS was used to analyse the water sorption
capabilities of 1,0n0UiO-66-NH,-30%-B and 1,,onoUiO-66-NH,-
30%-A. Before water sorption analysis, the samples were acti-
vated at 160 °C for 6 hours at 0% RH. The method used for
collecting the isotherms at 27 °C had a dm/d¢t = 0.001. The
kinetics plots of the two monoliths, 10n0UiO-66-NH,-30%-B
and 1onoUiO-66-NH,-30%-A, were measured using a dm/d¢
lower than 0.001 to ensure equilibrium in each step (Fig. 7(a)
and 8(a)). The time to complete the adsorption-desorption
process was 224 h.

Monolithic UiO-66 MOFs have not been widely applied to
water sorption studies. However, Camur et al®® recently
achieved exciting results with monolithic UiO-66 and UiO-66-
NH,. That study focused on comparing monolithic UiO-66 and
UiO-66-NH, to their powder counterparts. In this work, we go a
step further to explore the effects on water sorption of creating
bigger pores in monoliths through linker thermolysis. Fig. 7(b)
and 8(b) give the mean sorption isotherms for ;,,,,UiO-66-NH,-
30%-B and ,on0Ui0-66-NH,-30%-A, respectively (mean values
of triplicate cycles, as shown in Fig. S28 and S29, ESIt). Mean-
while, Fig. 7(a) and 8(a) (also Fig. S27 and S30, ESI}) give the
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Fig. 8 DVS plots for monoUiO-66-NH,-30%-A; (a) kinetic plot and, (b) water sorption isotherm.

corresponding kinetic plots for the two materials, respectively.
Both monoliths were highly stable during the analysis, as
evidenced by the similar sorption and desorption paths mean-
ing the samples underwent no phase change during these two
operations. Fig. 7(a) and 8(a) show the step-wise sorption and
desorption in the samples. The time taken for the mass change
per minute reveals the kinetic information of the samples, like
the water uptake per given time, and the change of mass at the
end of each humidity step plotted against RH gives the iso-
therm plots (Fig. 7(b) and 8(b)). The water uptake was reported
in wt%, and this was calculated using the formula given in
eqn (1):

mass(water)

wtlo = [mass(water) + mass(MOF)]

x 100 (1)

The water sorption isotherms for both samples were sigmoi-
dal or S-shaped and demonstrated hysteresis loops, typical of
mesoporous materials. They both had low water uptake levels
at 10% RH compared to literature®® (Table 2). This low intake
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Table 2 Gravimetric water uptake of 1,onoUiO-66-NH2-30%-B, monoUiO-
66-NH,-30%-A, and reported menoUiO-66 and menoUiO-66-NH,°

Gravimetric water vapour uptake at 27 °C
(% mass change)

Monolith 10% RH 30% RH 90% RH
monoUi0-66-NH,-30%-B 3.3 15.6 61.0
monoUi0-66-NH,-30%-A 3.7 9.3 36.2
monoUi0-66° 7 20 41
monoU10-66-NH,*® 10 18 48

indicated that the water affinity to the surface of these mono-
liths was limited. It could be linked to the hydrophobicity of the
BDC linker. To prompt pore filling, higher vapour pressure was
needed.'* The presence of the hydrophilic NH,-incorporating
functional groups accounts for ,0n,UiO-66-NH,-30%-B demon-
strating a higher uptake of 15.6% at lower relative humidity
(30% RH) compared tO 1onoUiO-66-NH,-30%-A. At 90% RH,
monoUIO-66-NH,-30%-B adsorbed 61.0 wt% water vapour,
whereas the adsorption by 1,onoUiO-66-NH,-30%-A was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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36.2 wt%. Compared to pure enoUiO-66 and ,onoUiO-66-
NH,,%® the ,0noUiO-66-NH,-30%-B data is excellent, showing
significantly better water uptake. While the result is compar-
able to that reported by Jeremias et al.®* on powder UiO-66-NH,,
the more tractable nature of conformed ,,,,,UiO-66-NH, and
its relatives is noteworthy. This result was attributed to the
defects induced by the multivariate linkers coupled with the
presence of hydrophilic amine groups. The importance of this
combination is borne out by ,0noUiO-66-NH,-30%-A data,
which showed a lower overall uptake than either parent mono-
lith, attributed to the relative lack of hydrophilic NH, func-
tional groups in the thermolyzed composite. In this work, the
presence of both defects and hydrophilic groups in ,0noUiO-66-
NH,-30%-B superseded additional mesoporosity regarding water
vapour uptake, highlighting the important role of interaction
between the hydrophilic NH, groups and water molecules. The
maximum uptake was achieved at higher RH values, which signifies
that the water vapour molecules were not just on the surface but
also permeating through the pores into the interior of the
monolith.”* To evaluate the monoliths’ stability, recyclability, and
applicability in water sorption studies, water isotherms were col-
lected on the same sample for up to 3 cycles, pretreating the sample
at 40.0 °C before each cycle. Both monoliths remained stable
during this process, as shown by Fig. S27-S30 (ESIY).

Conclusions

Monolithic MOFs have been reported to be high-density, shaped,
centimetre-scale materials with excellent gas adsorption capabilities
and high thermal, chemical and mechanical stability. In this work,
linker thermolysis has been used to enhance the formation of
mesopores in monolithic UiO-66 MOF samples that contained
30% by mass of monoaminated BDC linker. By thermally decom-
posing the BDC-NH, linker in a multivariate, monolithic context,
pore volumes were increased from 0.8 cm® g~ to 1.1 cm® g™, while
pore widths improved from a mean of 5.2 nm to 11.5 nm. In line
with this, gas adsorption properties were enhanced by more than
200 cm® g~'. The monoliths were subsequently examined for
gravimetric water sorption using DVS.

Interestingly, before heating, the monolith of multivariate
UiO-66-NH,-30% had lower gas adsorption properties and
smaller pores than its thermolabile derivative in which degrada-
tion of the aminated linkers had been shown. In DVS studies,
however, it exhibited a high water vapour uptake of 61.0% at
90% RH, and so outperformed previously reported MOF-303
and also the conformed species 1onoUi0-66 and onoUiO-66-
NH,.% This was attributed to the defects induced by the mixture
of linkers used here coupled to hydrophilicity of the NH, groups
in the BDC-NH,. However, when compared to the monolith after
heating, which had higher gas adsorption and larger pores, a
water vapour uptake of 36.2% was seen at 90% RH - reinforcing
the importance of linker hydrophilicity in this field.

Overall, this work extends for the first time the idea of linker
thermolysis that has been recently applied to powder MOFs®" to
monolithic MOFs and supports the theory that it enhances pore

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sizes in these materials. It further demonstrates the importance
of both defects and hydrophilicity in water sorption studies. It
goes on to illustrate that these must be carefully balanced, since
creating more defects at the expense of hydrophilicity results in
worse performance. Based on these data, the investigation of
multivariate MOFs formed using a higher wt% of H,BDC-NH,
has been initiated, since the overall water sorption capabilities
displayed by the monoliths reported here suggests they may be
useful materials in the long term if an appropriate balance
between pore volume and hydrophilicity can be achieved.
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