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Metal-organic frameworks (MOFs) are architected via coordination bonds between inorganic metal nodes and organic

ligands. They have become emerging advanced porous materials and gained ever-increasing attention in the past decade.

In particular, overwhelming studies have been devoted to those hydrostable MOFs which are suggested to be highly

promising for industrial applications. UiO-66 is such a unique MOF because of its superior thermal/chemical stability and

structural tunability. However, its repeatable, green, and scale-up synthesis remain a challenge for its commercialization

and implementation in industrial applications. This perspective mainly summaries the recent development in the synthesis

of Ui0-66-type MOFs and their related composites. From a scale-up viewpoint, we also present some important advances

in batch and continuous reactor synthesis toward their massive production (226 references).

1. Introduction

Metal-organic frameworks (MOFs), architected via coordination
bonds between inorganic metals and organic ligands, have become
emerging advanced porous materials and gained ever-increasing
attention recently.1'3 Until now, more than 100,000 MOFs® with
different constituent, pore geometry, pore size, and functionality
have been reported, largely because of the availability of various
metal nodes, organic ligands, and rich coordination modes.* So far,
major investigations have been devoted to the synthesis and
possible applications of new MOFs, and several critical reviews have
already addressed their synthesis,A'11 structure design,lz'20 and
applications.a’ 2123 However, a big challenge is that most of the
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reported MOFs suffer from critical problems of inherently weak
hydrothermal and chemical stabilities that prevent their industrial
applications.“’ »
have been identified as robust and moisture-resistant, such as
MILs,ZG'28 Zr—MOFs,Zg'34 ZIFs,35'37 pyrazolate-bridged MOFs,38 F-
containing MOFs,gg’ “* Al and Fe MOFs,“’ 2 PDMS coated MOFs,43
etc. Among these MOFs, Uio-66% and UiO-66-type MOFs have been
recently identified to own superior chemical and hydrothermal
stability.ao’“" * Since its discovery in 2008, UiO-66 has been widely
investigated in the areas of isostructural synthesis, synthetic
method, and potential application. The importance can be readily
seen from the large number of studies. Until now, more than 300

Luckily, there are still several types of MOFs that

relevant publications have been devoted to disclosing the synthetic
methodologies, post-modifications, and potential applications of
this MOF.*® This is probably because of its mild synthetic conditions
that make it easy to be repeated and functionalized for various
applications.

Dan Zhao PhD
degree A&M
University in 2010 under the
guidance of Professor Hong-Cai

received his

from  Texas

Zhou. After completion of a two-

year postdoctoral work at
Argonne National Laboratory
with Dr Di-Jia Liu, he joined

National University of Singapore

in 2012 as an Assistant Professor.
His research interests include advanced porous materials and their
and

applications in storage,

membrane technologies.

separation, sensing, catalysis,

J. Name., 2013, 00, 1-3 | 1



Dalton Transactions

Dalton Transactions

This perspective will mainly focus on addressing the synthetic
approaches and post-synthetic modifications of UiO-66-type MOFs
whereas their applications will not be fully covered herein. Firstly,
we will delineate the constructing units, ligands, and crystal
structures of pristine UiO-66. Secondly, we will discuss the basic
solvothermal synthesis of UiO-66 and factors that play major roles.
Thirdly, we will introduce the recently developed scale-up methods
and post-synthetic approaches devoted to developing, optimizing,
and functionalizing UiO-66-type MOFs, especially those new
approaches toward the green, repeatable, and scalable synthesis.
UiO-66-containing membrane materials will also be discussed due
to their important applications in separation. After that, we will
briefly discuss a new research field regarding the defects in UiO-66.
Last but not least, we will highlight the challenges and possible
trends in the future development of UiO-66-type MOFs.

2. Briefing of UiO-66-type MOFs

Ui0-66 (Zr) is composed of zirconium (Zr) clusters as secondary
building units (SBUs) and BDC (1, 4-benzenedicarboxylic acid) as the
linkers.2 7 % Belonging to the same IV group, titanium (Ti) and
hafnium (Hf) should also be able to form isostructural UiO-66 MOFs.
However, Ti-BDC MOF has been reported as MIL-125 instead of
UiO—66—type.49’ *n 2012, UiO-66 with Hf as the metal nodes was
synthesized and identified.”’ Since Hf-MOFs possibly own stronger
Brgnsted acid sites than Zr—MOFs,Sl’ *2 several attempts have been
devoted to the synthesis of Hf-MOFs. >’ Recently, cerium (Ce).58
uranium(1V, U),59 % thorium (Th),61 have been also reported capable
of forming UiO-66-type structure via a solvothermal approach. The
UiO-66(Ce) and UiO-66(Th) showed good surface area (Table 1) but
Ui0-66(U) is quite fragile and usually collapses during activation
process. Due to the limited reports and requirement of further
demonstration of potential applications, they will not be covered in
detail in the following sections. In view of the fact that traditional
solvothermal synthesis containing Hf or Ti usually ends up with
either amorphous solids or viscous gels,6 the synthesis of UiO-
66(Hf/Ti)-type MOFs remains challenging. Therefore, the
development of new synthetic approaches is especially desired for
disclosing their structural properties and potential applications.

Fig. 1 lists all the commercially available or synthetically feasible
BDC-type ligands. The first two ligands are not BDC-type but linear
similar to BDC-type ligands, and their according MOFs have been
recently reported.?’l’ %2 The rest ligands are all with the similar
structure but different functionalities indicating different reactivity
and coordination capability. In addition, other bidentate ligands,
such as 4, 4'-biphenyl-dicarboxylate (BPDC), terphenyl dicarboxylate
(TPDC), etc., can also form similar but extended structures, called
Ui0-67 and Ui0-68.%° The discussion of these MOFs is beyond the
scope of this perspective.

This journal is © The Royal Society of Chemistry 20xx

UiO-66(Zr) contains SBUs of ZrgO,(OH), cluster (Fig. 1a) in which
the triangular faces of the Zrg-octahedron are alternatively covered
by ps-O and ps-OH groups.zg’ & Furthermore, all of the octahedron
edges are bridged by carboxylates from BDC ligands (Fig. 1b) to
form the overall crystal structure (Fig. 1c). It has a coordination
number of 12 which is among the highest of all the reported MOFs
so far.”’ This high degree of network connection is believed to
account for its exceptional stability.64 In the literature, the
framework structure can often be simplified as an octahedron to
clearly indicate the chemical structure of ligands (Fig. 1d).
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Fig. 1 lllustration of Ui0-66: (a) secondary building units (SBUs); (b)
BDC ligand; (c) crystal model; (d) a simplified form; (e) commercially
available or synthetically feasible BDC-type ligands. Ligands labeled
as blue indicate their according MOFs have been attempted.
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Table 1 summarizes several representative recipes and surface
areas for solvothermally synthesized pristine UiO-66 (Zr or Hf). The
calculated theoretical surface areas for pristine UiO-66(Zr) and UiO-
66(Hf) are 1550 m’ g'1 and 1050 m’ g'l, respectively.65 We have
recently obtained the highest BET surface area of UiO-66(Zr) (1730
m’ g'l) synthesized using 100 equivalent formic acid as the
modulator.®® For UiO-66(Hf), although several papers have reported
its synthesis, the crystallinity and surface area remain to be further
optimized.”’  The highest BET surface area of UiO-66(Hf) reported
in the literature is 750 m? g'l,67 lower than that of UiO-66(Zr).
However, we have recently applied modulated hydrothermal
method to synthesize UiO-66(Hf)-NH, with a much higher BET
surface area of 1067 m’ g'1 (vide infra).68 Table 2 summarizes gas
sorption properties of all the reported UiO-66-type MOFs up to
now. Their CO, separation performance is also included because
these MOFs have been widely attempted for CO,-related gas
separations.69

3. Solvothermal synthesis

3.1 The state of the art progress
(a) Py ﬁﬁ
@ oo @ j

A Mechanochemical
Electrochemical

Normal oven
(b) m, q
|
DMF solution " [
Zr or Hf salts )
Modulators e
|
~—
Autoclave with teflon

‘Small vial with sealed cap

25 mL vial

Fig. 2 Scheme of solvothermal synthesis: (a) energy sources; (b)
apparatus; (c) morphologies of MOF products.

Solvothermal synthesis is a typical method to grow crystals from
solutions in autoclaves or glass vials under high temperature and
autogenous pressure.s’ 7072 Fig. 2 shows the typical energy input
and apparatus set-up for solvothermal synthesis. As is often seen in
the literature, ohmic heating dominates the energy input while
other kinds of energy forms, such as microwave heating,
mechanochemical energy, electrochemical energy, etc., are good
supplements for a faster and scalable synthesis.73 The synthesis can
be carried out either in glass vials or Teflon-lined autoclaves
depending on the scale and experimental conditions. The
solvothermally synthesized UiO-66 usually takes the form of small
spherical nanoparticles (200~500 nm, Fig. 2c) while modulators,
such as formic acid, are usually required in order to obtain

This journal is © The Royal Society of Chemistry 20xx

crystalline products with well-defined octahedral shape (Fig. 2c).62’
"7 Given the amphiphilicity of some ligands, the MOF products
sometimes exhibit other interesting morphologies such as flower,
rod, etc.”®”®

3.2 Factors influencing synthesis of UiO-66

In order to successfully synthesize MOFs with high crystallinity and
surface area, we have to understand the underlying dominant
factors, which could possibly influence the homogeneity of the
system and reaction kinetics. There are many factors (Fig. 3) that
may influence solvothermal synthesis, such as solvent type,
temperature, modulators, addition order, apparatus set-up, etc.
Temperature is among the initial several factors that need to be
optimized for better MOF products.79 For UiO-66-type MOFs, 120 °C
is most widely applied while in some cases 135 °C,8° 150 "C,81 and
220 °C* are adopted. When it comes to water-based synthesis, 100
°C is a dominant and energy-saving option wherein the whole
system will be under reflux at 1 atm. In rare cases, 80 °C is applied
possibly because some functional ligands, such as sodium 2-
sulfoterephthalate, may exhibit amphiphilicity boosting the
coordination reactions.”® As for solvent, dimethylformamide (DMF)
and water are most frequently used for solvothermal and
hydrothermal  synthesis, respectively. In  some cases
diethylformamide (DEF)80 and N, N’'-dimethylacetamide (DMA)81
were also applied. Another factor is modulator, which can play an
important role in synthesizing UiO-66-type MOFs.”* Recently,
researchers have expanded the scope of modulator into
trifluoroacetic acid (TFA), hydrochloride acid (HCl), formic acid (FA),
or even water for the solvothermal synthesis of UiO-66-type MOFs
hoping to get better crystallinity and surface area.”™ ¥ for
example, Farha and his co-workers used HCl as the modulator and
obtained a UiO-66 with a high BET surface area of 1580 m? g'l,65
almost doubled compared with that of the original one (800-900 m?
g'l).29 Another exciting example is done by our group. We have used
formic acid and successfully obtained a hierarchical porous UiO-66
with a BET surface area of 1730 m? g'1 and a mesopore of 3.9 nm
just as mentioned above.®®

Temperature
80 °C

Modulator
Formic acid

100 °C Acetic acid
120 °C Hydrochloric acid
135 °C Sulfuric acid

20°C

Apparatus

DEF Vial
Water Flask
Addition order\ Autoclave

Modulators,
Metal salts, Ligands

Fig. 3 Factors influencing the solvothermal synthesis of UiO-66-type
MOFs.
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Table 1. Representative recipes for solvothermal synthesis of UiO-66-type MOFs.

Items vio-66(zr)® | Uio-66(zr)* | Ui0-66(zr)* Uio-66(zr)® Uio-66(zr)® Uio-66(Hf)* Uio-66(Hf)®
ZrC|4 ZrC|4 ZrC|4 ZrC|4 ZrC|4 ch|4 ch|4
Metal salts (mg/mmol) (53/0.227) (57/0.3) (125/0.54) | (51300/220) (116/0.5) (150/0.47) (960/3)
Ligand amount (me/mmol) BDC BDC BDC BDC BDC BDC BDC
e & (37/0.227) (80/0.3) (123/0.75) (35600/220) (83/0.5) (87/0.52) (498/3)
Modulators NA Acetic acid HCI Formic acid Formic acid H,0 Formic acid
o (0.5 mL) (1 mL) (829 mL) (1.89 mL) (0.01 mL) (20 mL)
DMF (mL) 26 20 15 2000 18 5 40
Modulator/Ligand molar NA. 30 15.5 100 100 1.06 177
ratio
Temperature (K) 393 393 353 393 393 373 393
Time (h) 24 24 12 24 24 24 24
Product tvpes Cubic Octahedral Spherical Octahedral Octahedral Soherical Irregular
P (~100 nm) (~200 nm) (~200 nm) (~3 um) (~300 nm) P (~500 nm)
BET/La ”g’Z‘n‘q‘irgs_i‘)rface area |\ /1187 1400/N.A. 1580/N.A. 1367/N.A. 1730/2047 655/N.A. 750/N.A.

Table 2. Gas sorption properties of representative UiO-66-type MOFs.

Ui0-66-type MOFs BET SA? Langmuir SA*Y | Pore volume® €O, uptake, 298 K Q, of CO," IAST C.O.Z/'\:)Z
0.15 bar” 1 bar? selectivity
ZrFMAS? % 89 856/809°" 0.34%" 1.82%°
zrsqu?! 179 s
vio-66(zr)" 1525/1290% 1757 0.66 0.37 1.79 26> 225 272 19.4
Ui0-66(Zr), optimized™ 1730 2047 0.80 0.56 2.20 233 19.1
Ui0-66(Zr)-NH, " 1123 12507 0.52 1.11 ~2.80 ~28.0/28.6" 323
Ui0-66(Zr)-OH® 1000/946%
Uio-66(zr)-F’ 919 0.26
Uio-66(zr)-CI® 430 766 0.25”/0.23
Uio-66(zr)-Br”° 801/640% 899%°/886 ~0.75 ~2.90 ~24.0/28.4%

Please do not adjust margins
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Uio-66(zr)-1* 799 0.27
Ui0-66(2r)-Naphthyl™ 757 N.A. 0.42 0.41 ~1.40 ~25.8 22.2
UiO-66(zr)-CH5 > 1 760 856 0.34
99 65 99
Uio-66(zr)-NO,> 869 /7/98260 /98850695 0.40 0.58 ~2.55 ~32.5/30.9% 25.5
Ui0-66(Zr)-(0CH,)”’ 763 0.25
Ui0-66(2r)-CF5”’ 739 0.27 ~34.1
Ui0-66(Zr)-COOH™ 842 0.29 ~33%
Ui0-66(Zr)-SO;H®" 769/339™" 0.26 ~33.8%
Uio-66(zr)-(F),” 836 0.28
Uio-66(zr)-(Cl),” 609 0.21
Ui0-66(zr)-(Br),” 339 0.12
96 98
Ui0-66(2r)-(0H),"™ 814 /7/07555 1011 1.08 0.65 1.95 23;).419/3 34.2
Ui0-66(Zr)-(SH),"™ 308 ~0.45 ~1.10
Uio-66(2r)-(NH,),* 540
UiO-66(2r)-(CH,), > ™ 868 968 ~1.30 ~3.79 ~38.0 ~58
UiO-66(Zr)-(OCHs), " 868 N.A. 0.38 0.89 ~2.60 ~31.5 29.8
Ui0-66(2r)-(CFs),” 503%/334 ~0.22 ~34.1
Ui0-66(Zr)-(SO5H)," " 35 ~0.22 ~0.54
. 102 494/441"" 106 106
Ui0-66(2r)-(COOH), 1428195 608 0.29/0.26 0.62 1.82 34.8'%/33.6 35.4
Ui0-66(Zr)-(OCH,CH5),™ 405 575 0.41 0.18 0.65 26.2 24.9
Uio-66(zr)-(F),"* 833 1040 0.62 0.26 1.22 18.7 16.0
Ui0-66(zr)-(COOH),™ 212 342 0.42 0.21 0.53 30.5 25.8
Uio-66(Hf)" 655 849
UiO-66(Hf)-NH,™ 1067 1291 0.52 0.93 2.90 25.6 32
UiO-66(Hf)-(OH),™ 922 1018 0.40 1.81 4.06 31.0 93
UiO-66(Hf)-(COOH),™ 378 491 0.26 0.40 1.20 28.2 27
Ui0-66(Hf)-(F), 4 25 . . . 4
i0-66(Hf)-(F),> 329 26 0.2 0.28 0.82 23.9 2
CeFMA™® 732 0.30
Uio-66(Ce)™ 1282 0.50
Ui0-66(Ce)-F>* 1075 0.42
Ui0-66(Ce)-CH5™" 985 0.39
Uio-66(Ce)-CI*® 770 0.31
Ui0-66(Ce)-NOys® 727 0.29
UiO-66(U)5§ 7, collapsed
Uio-66(Th)® 730 868 0.27

Tm2gh Tem gL, Tmmol g7, T kI mol™, ¥ CO,:N, = 15:85, 298 K, 1 bar.

Please do not adjust margins
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Besides the species of chemical reagents, the order to add them
is another important empirical factor for the successful synthesis of
UiO-66-type MOFs. There are no general rules and the optimized
adding order may vary from case to case. The reason is that
different metal salts and ligands may have different reaction
kinetics and coordination modes.” Last but not least, using
different synthetic apparatus may provide different temperature,
pressure, and reaction media for MOF growth. In general, the
synthesis of UiO-66 is not only rational but also empirical, which
requires both theoretical prediction and experimental confirmation.
3.3 Activation process of UiO-66-type MOFs

The vyield of solvothermal synthesis varies from 30% to 60% and
6, 107, 108 Therefore, the
subsequent purification and activation process are of vital
importance to obtain MOFs with high yield and surface area. In a
typical process, the crude MOF product is firstly recovered by
centrifuge and washed with solvent (e.g. DMF) to remove residual
ligands trapped inside the framework.”® After that, it is soaked in
anhydrous volatile solvent (e.g. methanol) for an extended period
of time (e.g. 3 days) to replace the non-volatile solvents used during
synthesis with volatile one. Finally, the sample will be heated under
afford fully activated product for further
characterization and application.

strongly depends on the purification process.

vacuum to

4. Advanced scale-up approaches
4.1 The art of “Cooking Hotchpotch”-Batch MHT synthesis

To develop a “universal approach” for the synthesis of UiO-66-type
MOFs is exciting but also very challenging. Much work has been
done toward this direction. For example, Maurin and his co-workers
have reported pure water-based reflux synthesis of MOFs, such as
Ui0-66(2r)-(COOH),, "%  MIL-53(AI)-FA,'® etc. Inspired by this
strategy, we have further developed it into a modulated
hydrothermal (MHT) synthesis that can be used to synthesize UiO-
66-type MOFs in a green, repeatable, and scalable way. We have
found that by using acetic acid/water mixed solvent and zirconium
nitrate as the metal salt, a series of UiO-66(Zr)-type MOFs can be
facilely obtained with excellent crystallinity and gas uptake
performance.102 Our MHT synthesis is featured by three aspects: (1)
metal salts and modulators are water-soluble while ligands are
usually suspended in water, leading to heterogeneous reaction
systems which might help to eliminate the “self-inhibition effect”
the ligands (2) water is used as an
environmentally benign solvent; (3) controlled reaction kinetics

from themselves;
through reversible reactions between solid ligand phase and
aqueous solution phase mediated by modulators. Though the MHT
synthesis, we have obtained some new UiO-66-type MOFs, such as
Ui0-66-(F),;, UiO-66-(0OCH,CHs),, etc., which cannot be directly

This journal is © The Royal Society of Chemistry 20xx

synthesized through traditional solvothermal synthesis according to
our initial experimental results. Meanwhile, we have also optimized
the surface area and crystallinity of UiO-66-(OH), and UiO-66-
(COOH)Z.102 In addition, we have recently proven that MHT can be
used to synthesize new UiO-66(Hf)-type MOFs. This is in a sharp
contrast with solvothermal reactions which usually result in gel-like
glues or clear solutions.®®

(a) L
Cooling System

Temperature Control
System (353 K-378 K)<

Metal salts/Ligands
—~» \Water/Modulator
Mixture

(b)

Modulator o

Metal salts

Pre-MOF cluster

UiO-66 Framework

Fig. 4 Apparatus (a) and proposed mechanism (b) of modulated
hydrothermal (MHT) approach for the synthesis of UiO-66-type
MOFs.'®

A simple reflux system often equipped in any synthetic labs can
be used for the MHT synthesis (Fig. 4a). Based on our current
understanding, the reaction may take place in two steps (Fig. 4b):
metal salts initially react with modulators (both soluble in water) to
followed by a reversible ligand
exchange process to form extended frameworks. Experimental

110
form “pre-MOF” clusters,

verification of this proposed mechanism is undertaking in our
laboratory.
4.2 Continuous flow reactor synthesis

Compared to batch synthesis, the continuous synthesis of MOFs
through flow reactors is more promising due to its faster heat and
mass transfer leading to higher production throughput.111 However,
the precise control of mixing reagents can be quite challenging.m'
> Walton et al. utilized a “countercurrent mixing reactor” and
showed that countercurrent mixing at 300 °C could rapidly prepare
HKUST-1 with excellent crystallinity and surface area comparable to
the commercially available counterpart Basolite €300.1% 7 Chang
and his co-workers reported a solvothermal synthesis of HKUST-1

J. Name., 2013, 00, 1-3 | 6
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through a continuous-flow micro-reactor that can be finished within
5 min with a high yield.118 However, the synthesis of UiO-66 via
continuous flow reactors is more difficult because Zr salts are
moisture sensitive leading to zirconia precipitation blocking the
reaction pipes. Recently, Hill et al. reported a flow reactor synthesis
of Ui0-66(Zr) with a production rate of 60 g/h at extremely high
space-time yields (Fig. 5).119 This is an inspiring result which
suggests a new realm of scale-up synthesis of UiO-66(Zr) MOFs.
However, it needs to be pointed out that the surface area (1186 m?
g'l) and crystallinity of the UiO-66 product remain to be further
optimized. More recently, Ahn et al. systematically conducted a
pilot-scale (100 L) solvothermal synthesis of UiO-66 and achieved a
BET surface area as high as 1387 m? g'1 and a high yield of 93%.'%°
However, the usage of large amount of organic solvent (DMF) and
high temperature largely increases the MOF production costs and
remains the major challenge needs to be further resolved.

:_ﬂﬁ <@E= Residence time E=Ep> SR
il \‘1 S — @R

ﬁ Solution

Fig. 5 A setup of flow reactor for the continuous production of
MOFs. ™ Reprinted with permission from Nature Publishing Group
Copyright 2014.

solvents

organic metallic
ligand salt
reaction time

°'-—»(“dT) 0GRS -

DROPLET
GENERATION

Uio-66 NOTT-400

SOLVOTHERMAL

SYNTHESIS
Fig. 6 Scheme of a microchemical process for ultrafast MOF
synthesis.121 Reprinted with permission from American Chemical
Society Copyright 2013.

Microfluidic control, confining the reactants or target substrates
within micro- or nano- liter droplets, is a newly emerging strategy
to generate uniform emulsions in order to achieve exquisite control
of crystallization or reaction processes,m'124 Compared to
conventional methods, microfluidic technologies could realize more
precise control over the droplet size and uniformity of emulsions
with better reaction kinetics and yieId.m'124 In 2011, De Vos et al.
utilized this method to conduct an interfacial synthesis of HKUST-1
films and hollow capsules.125 From then on, microfluidic devices
have been increasingly applied for continuous synthesis of MOFs.
For example, Kim et al. demonstrated a nanoliter droplet based
microfluidic strategy for continuous and ultrafast synthesis of MOF
crystals  with  core-shell heterostructures.'?* Representative
experimental set-up is shown in Fig. 6. It has a biphasic system with
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a T-junction polydimethylsiloxane (PDMS) chip to generate
droplets. Both organic ligands and metal salts are initially co-
dissolved in a polar organic solvent, and then encapsulated in
nanoliter droplets subsequently transported by the nonpolar silicon
oil inside perfluoroalkoxyalkane (PFA) tubes. Finally, the whole PFA
tube is heated in a silicon oil bath or an oven at a constant
temperature (50-160 °C). The reaction time, which corresponds to
the retention time, can be easily controlled by the flow rate or the
length of tubes. Coronas and his co-workers also applied similar
strategy and successfully obtained MIL-88b-type MOFs.'? Although
the microfluidic approach could provide an easy and fast synthesis
of MOFs, the low throughput and compromised quality of the
products are the major issues and how to conduct a precise control
of the temperature, mixing, solvent evaporation, and to prevent
droplet aggregation remain the key challenges.

5. Post-synthetic modification (PSM) of UiO-66-
type MOFs

5.1 Sulfonation

One of the most prominent characteristics of MOFs is their
tunability, especially the capability to incorporate active sites
suitable for catalysis and other applications.3 For example,
coordinative unsaturated sites (CUSs) or unsaturated metal centers
(UMCs) generated by removing solvent molecules from metal
cluster SBUs have been reported to act as Lewis acid sites useful in
gas storage, gas separation, and catalysis."””’"*® However,
introducing Bronsted acid sites into MOFs is quite difficult because
most of the MOFs cannot survive under acidic conditions, not to
mention coexisting with strong acidic groups such as sulfonic
acid.”® UiO-66-type MOFs may be exceptions because of their extra
high chemical stability. Kitagawa and his co-workers reported the
direct synthesis of UiO-66(Zr)-SOs;H and found that the framework
collapsed upon activation possibly because of the pendent sulfonic
groups that may attack and thus degrade the Zr SBUs.™*! Post-
synthetic sulfonation is an alternative and effective option to
prepare MOFs tethered with sulfonic acid groups (Fig. 7). 132
example, Chen et al. used chlorosulfonic acid to prepare sulfomc
acid-functionalized MOFs (MOF-SO3H) and found that UiO-66-SO;H
could act as solid acids to catalyse fructose transformation to 5-
hydroxymethylfurfural (HMF) with a high yield of 85% and a full
fructose conversion at 120 °C for 60 min in DMSO. 101

b=

s b b [ ) [
CISO,H, CHCl,
RT,12h

2 z oz z 2 7z EA

Ui0-66 Structure Ui0-66 Framework Ui0-66-SO;H-X
Fig. 7 Synthetic route of Ui0-66-SO3H-X.
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Fig. 8 Synthetic route of UiO-GG—(SO_:,H)Z.103 Reprinted with
permission from John Wiley and Sons Copyright 2015.

Likewise, bisulfonic acid attached UiO-66(Zr)-(SOsH), could not
be directly synthesized but can also be obtained by post-synthetic
method. Hong et al. successfully developed UiO-66(Zr)-(SOsH),
through a two-step process (Fig. 8).103 Ui0-66(Zr)-(SH), was initially
prepared by solvothermal synthesis and then underwent a
complete in situ thiol oxidation process to be converted into UiO-
66(Zr)-(SO3H)2.133 The high density of sulfonic acid groups gave this
MOF an ultrahigh proton conductivity of 8.4x102 'S cm™ However,
its thermal stability and cycle performance still remain to be further
optimized.

Based on the above discussion, post-synthetic sulfonation
remains a dominant and effective way to tether Bronsted acid
groups into UiO-66-type MOFs. Nevertheless, this method has
several limitations and straightforward strategies are highly desired
in the future to synthesize sulfonated MOFs for the applications
such as catalysis or proton conductivity.

5.2 Functionalization with bioactive molecules

UiO-66-N,

+

MNV>—

DBCO-DNA

MOF-DNA-Conjugate

Fig. 9 Scheme for DNA functionalization of UiO-66(Zr)-N;
nanoparticles.134 Reprinted with permission from American
Chemical Society Copyright 2014.

. Microwave irradiation .
y 423K, 10 min |

Ui0-66(Zr)-NH-(peptide)-Boc Ui0-66(Zr)-NH-(peptide)

Coupling agent, base
Microwave irradiation
353K, 20 min

Ui0-66(Zr)-NH;

Fig. 10 Simplified scheme for two-step process of peptide grafting
into UiO-66(Zr)-NH,.

Tethering bioactive molecules on or into MOFs for highly value-
added applications should be of potential interest because the
tethered bioactive molecules can introduce new properties, such as
confined microenvironment, bio-specific interactions, and localized
heterogeneity.135 However, handling bioactive molecules is not
easy. Any processes containing thermal treatment, polarity change,
or pH change may jeopardize or even completely destroy their bio-
activities. In 2014, Mirkin and his co-workers reported the first
example of MOF nanoparticle-nucleic acid (DNA strand) conjugates
(Fig. 9).134 They have successfully attached oligonucleotides onto
the surface of UiO-66(Zr)-N3; nanoparticles via click chemistry. They
have also proven that the stability of MOF nanoparticles had been
largely increased, which is highly promising for intracellular gene
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regulation applications. Canivet and his co-workers covalently
anchored enantiopure peptides into UiO-66(Zr)-NH, cavities
through microwave-assisted post-synthetic modification (Fig. 10).1?’6
Their results have provided a paradigm to design a library of
peptide/MOF composites with confined and asymmetric active
groups for possible bio-catalytic applications. However, for the
modification of UiO-66-type MOFs with biomolecules, pore size can
be an important limitation. It would be more feasible if other stable
UiO-type MOFs with prolonged ligands and enlarged pore size (e.g.
Ui0-67, UiO-68) can be applied to broaden the applications in host-
guest chemistry.

5.3 Surface coating

The surface properties of MOFs (e.g. hydrophobicity) may affect
their performance in some applications such as post-combustion
CO, capture, where a hydrophobic surface is preferred to minimize
the effect of moisture.”’ Coating MOF particles with hydrophobic
polymers may be a feasible way to adjust the surface properties of
MOF particles. For example, Son et al. applied Sonogashira coupling
between tetra (4-ethynylphenyl) methane with 1, 4-diiodobenzene
or 4, 4'-diiodobiphenyl to form a hydrophobic microporous organic
network (MON) coating outside of UiO-66(Zr)-NH, (Fig. 11).138 They
have shown that water contact angle (an indicator of the
hydrophobicity of material surface) could be gradually tuned from
0° (highly hydrophilic, UiO-66(Zr)-NH,) to as high as 145° (highly
hydrophobic, MOF@MON-3) by a simple control of the thickness of
MON layers. This work has proven that the external surface
properties of MOFs can be chemically tuned. It also suggests a new
way to design MOF/polymer core-shell composites as well as to
prepare hollow microporous polymers if the MOF cores can be
removed later on. Besides, a lot of research has been devoted to
the surface functionalization of UiO-66,l?’9 UiO-66(Zr)-NH2.95’ 140,
UiO-66-NH-PNIPAM, ™" AS-Ui0-66-Pd.'*?

Microporous Organic Network
(MON) Coating

P

Sonogashira Coupling

Ui0-66-NH,

& >
—_—
Adsorbate

Adsorbents Floating on Water
with Hydrophobic Surface

Fig. 11 Scheme for microporous organic network (MON) coating on
UiO-66-NH2.138 Reprinted with permission from American Chemical
Society Copyright 2014.

5.4 Nanoparticle embedment

One of the fundamental strategies to enhance the catalytic activity
of metal-based catalysts is to decrease their particle size to
nanometer range or even single atom form for the sake of exposing
as many surface atoms as possible.143 Embedding metal
nanoparticles on porous supports is an important method in the
design of new catalysts. Because of their small pore size (0.3-10
nm), MOFs are ideal platforms to confine metal particles into
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Page 8 of 22



Page 9-of 22—

nanometer or nanocluster range and suppress their aggregation.
For example, Somorjai et al. reported a growth of a series of
nanocrystalline MOFs incorporating platinum metal nanocrystals
(NCs).144 They have proven that PtcnMOF could act as a highly
efficient and selective catalyst for methylcyclopentane (MCP)
hydrogenative Meanwhile, it has also been
demonstrated to be capable of lowering the temperature of C-C
and C-H bond activation reactions by 100 °C. More recently, in
order to tune the chemical microenvironment of the resultant
catalysts, they systematically controlled the Pt nanoparticles
embedment inside UiO-66(Zr)-type MOFs with functional acidic
and/or basic groups (Fig. 12).145 They have proven that a
combination of more than one functional group was not just a
simple superposition of the product but also demonstrated some
synergistic effect. Their results provided an incisive and
enlightening perspective for not only the design of MOF-supported
metal nanoparticle catalysts but also the extension of MOFs as
porous platforms for anchoring other kinds of nanoparticles.
Besides, other kinds of functional moieties, such as drug,146 metal
17150 complex,151'153 ionic quuid,154 metal nanoparticles
(e.g. Pt,llss'159 Au,leo'162 Ag, Ru,164 Ni and Mglss), acid or base
tags,lee'168 etc. have also been reported to be tethered inside UiO-
SG-type MOFs for drug deliver or catalysis applications.

Pt Nanoparticles

conversion.

oxides
163

- Jvs - 25 %

nMOF Pt-on-nMOF PtCnMOF
B coo Ccoo coo Ccoo coo
i SOH i NH,* i SO,Na i NH,
Zr,0,(OH),(-CO,),, COO COO [efe]e] [efe]e] COO
S N s* N*
PtCnUIO-66
L 1 J
PtCnUiO-66-S
L 1 J
PtCnUiO-66-N
L | 1 J
PtCnUiO-66-SN
L |
PtCnUiO-66-S*
L |
PtCnUiO-66-N*

L | | J
PtCnUiO-66-S*N
L 1 1 J
PtCnUiO-66-S*N*

Fig. 12 Schematic representation for the preparation of nMOF and
Pt-loaded nMOFs.** Reprinted with permission from American
Chemical Society Copyright 2015.

5.5 Cation exchange

TiCl,(THF),, DMF
? 5~15 days

Uio-66(zr) Ui0-66(Zr)-Ti-X

Fig. 13 Scheme for metal cation exchange of UiO-66(Zr) with Ti(IV)

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

salts.®* 170 Reprinted with permission from The Royal Society of

Chemistry Copyright 2013.

Introducing extra metal cations into MOFs is an effective way to
generate heterogeneity inside MOFs because different metals have
different coordination modes and affinity toward guest molecules.?
Metal cation exchange is such a way to endow MOFs with different
metals. This approach has been applied to the synthesis of
isostructural MOFs that cannot be directly synthesized, such as
cr/Ti¥" substituted MOF-5,"""  Ti**/Hf"*/ce®™ substituted or
functionalized UiO-66(Zr).17°‘ 172474 particular, it may be applied
to Group IV elements such as Ti, Zr, and Hf for UiO-66-type MOFs.
Both Zr®® and Hf* can form Ui0-66-type MOFs, while reacting BDC
ligand with Ti metal sources can only afford MIL-125 which does not
belong to the UiO-66 series.* Theoretically speaking, UiO-66 with Ti
as the metal nodes should be of great interests because it can
potentially exhibit both high stability and photoactive activity
serving as an excellent photocatalyst,49 Nevertheless, to the best of
our knowledge, UiO-66(Ti) has not been reported yet. Recently, Hill
et al. have used TiCl,(THF), DMF solution to conduct Ti metal cation
exchange with UiO-66(Zr) and successfully obtained Ti-substituted
UiO-66(Zr) with the substitution percent as high as 56% (Fig. 13).169
They have also demonstrated that Ti-substituted UiO-66 has smaller
pores with increased gravimetric CO, uptake capacity partially due
to the reduced crystal density as Ti is lighter than Zr. This study
suggests a promising future of UiO-66(Ti) with wide applications in
gas separation and catalysis.

5.6 Ligand exchange

Unlike cation exchange, post-synthetic ligand exchange (PSLE)
refers to ligand substitution instead. Cohen and his co-workers have
carried out comprehensive studies of the mechanism, operation,
and applications of this approach.A‘ 57 AL A75178 Harein, we will focus
on the discussion of PSLE in UiO-66(Zr). The first example of PSLE
study in UiO-66(Zr) originally regarded as “inert” was reported in
2012.77%° A series of BDC-type functional ligands were exchanged
with the BDC inside UiO-66(Zr) affording new bi or tri-functional
UiO-66(Zr)-type MOFs (Fig. 14). Recently, UiO-66(Zr)-type MOFs
containing metal binding groups such as hydroxylmo‘ 181 (for Fe*,
cr**) and thiol**? (for Pd*) groups were also synthesized using PSLE
approach. When bound with metals, these MOFs could act as highly
efficient catalysts for oxidation and selective C-H functionalization
reactions. In a short summary, PSLE has been proven to be a facile
and mild approach to endow UiO-66-type MOFs with various
functional groups to broaden their applications in gas sorption,
heterogeneous catalysis, etc.

COOH
Ry Ry
Ry R,

COOH E

R1, Rz, R3, & R4 could be
any functional groups

UiO-66 Framework UiO-66-R1/R2/R3/R4-X

Fig. 14 Scheme for post-synthetic ligand exchange of UiO-66-type
MOFS.HO' 179, 181, 183
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5.7 Crosslinking

In polymer chemistry, crosslinking refers to the formation of bonds
(covalent or ionic) that link one polymer chain to another."™® Given
the rich functional groups within MOFs that can be cross-linked,
such as carboxylic, amine, and hydroxyl groups, crosslinking may be
another approach to tune the porosity and functionality of the
frameworks. For example, Clet et al. used a simple thermal heating
method to crosslink UiO-66(Zr)-(COOH)y (x = 1 or 2) via the
formation of anhydride bonds (Fig. 15).185 They have demonstrated
that water molecules could be easily and reversibly stored and
released within the cross-linked MOF, which may find applications
in water storage, electric dehumidifiers, and thermal batteries.>
Admittedly, the crosslinking chemistry of MOFs remains rarely
explored and challenging. This is probably because the introduction
of external stimuli such as heat, vacuum, and chemicals may
undermine the stability of MOFs.2° However, this approach has the
potential to be further developed for the fabrication of smart
device.'®®

Ui0-66(Zr) -(COOH), Ui0-66(Zr) -Anhydride

I | | |
o O
—_—
—

(o)

Intra-framework
Cross-linking -+

Fig. 15 Acid-functionalized UiO-66(Zr) MOFs and their evolution
after intra-framework t:ross—linking.185 Reprinted with permission
from The Royal Society of Chemistry Copyright 2015.

5.8 lonization/Metalation

Introducing free metal cations into MOFs, a process called
ionization or metalation, may change the polarity of MOFs to
endow them with new features. This operation can be easily
achieved by a simple acid-based reaction between metal hydroxide
solutions and MOFs with dangling acid groups (e.g. sulfuric acid,
carboxylic acid). In our previous research, we have adopted this
strategy to functionalize UiO-EiG(Zr)-SO3H91 and UiO-66(Zr)-
(COOH),'® with different alkaline metal cations, such as Li*, Na*, K,
and Rb" (Fig. 16). The prepared MOFs have been demonstrated to
have largely improved gas separation performance possibly due to
stronger gas-MOFs interactions. Although relying on the
development of MOFs with dangling acidic groups and fine control
of the acid-base neutralization reactions, the simple operation and
effectiveness make this approach an important one for the post-
synthetic modification of UiO-66-type MOFs.

LiOH/NaOH/KOH/RbOH

o S
p *“;’*Aqueous solution, pH=2 *
= £3 —
z o R RT, 2h :

Ui0-66(Zr)-(COOH), Ui0-66(2r)-(COOM),
Fig. 16 Scheme for direct ionization or metalation of functional UiO-
66(Zr)-(COOH), to produce ionized MOFs. %
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5.9 Mixed ligand strategy
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Fig. 17 Scheme of mixed ligand approach for the synthesis of multi-
functional UiO-66-type MOFs, 87 188

Employing two or more ligands with different functional groups
to conduct isostructural MOF synthesis could potentially introduce
asymmetry, heterogeneity, and possible synergistic effects into the
resultant MOFs."®” 9% \ixed ligand strategy has thus been
applied to endow UiO-66-type MOFs with dual functionalities (Fig.
17). The first study on using mixed ligands in UiO-66(Zr) was
conducted by Cohen and his co-workers, where a mixture of BDC-
NH, and BDC-Br was used to form UiO-66-Br-NH2.122 They have
found that mixed ligand-based MOF was more thermally stable
than pristine UiO-66-NH,. Recently, Bordiga et al. also applied this
strategy to prepare a series of UiO-66-type MOFs with different
ratios of BDC over BDC-NHZ.187 They have also demonstrated that
the chemical stability of the resultant MOFs could be increased.
Moreover, the porosity could be tuned by varying the feed ratio
between BDC-NH, and BDC. Based on the above results, mixed
ligand strategy can not only tune the porosity, but also enhance
both thermal and chemical stability of the resultant MOFs. Given a
rich library of BDC-type ligands shown in Fig. le, a large
combination of ligands can be visualized and readily available for
the design of dual/multi-functional UiO-66-type MOF hybrid
materials.

5.10 Two/multi-step PSMs

coH
(1) zrcl,
H solvothermal reactions

+
coM (2) HCI/CF ,COOH

(E])O.u. 1% PSM
#H . . . .
Ui0-66-SO,H-X Ui0-66-SO,M-X

Fig. 18 Synthesis of UiO-66-SO3;M-X involving mixed ligand and post-
synthetic metalation.” Reprinted with permission from John Wiley
and Sons Copyright 2014.

. (3)MOH
2 PSM

The combination of any two or more strategies mentioned
above, also called two/multi-step PSMs, may be promising for the
design of multifunctional MOF hybrid materials. For example, in our
previous study, we have adopted a combination of mixed ligand
strategy and metalation (Fig. 18) to prepare a series of UiO-66-
SO;M-X (M=Li, Na, K, Rb).91 The resultant MOFs showed largely
enhanced CO, uptake, CO,/N, and CO,/CH, selectivity. Recently,
Cohen and his co-workers adopted continuous two-step PSM
(ligand exchange followed by metalation) to synthesize a series of
transition metal based UiO-66-type MOFs (Fig. 19).180’ 182 They have
demonstrated that this two-step PSM could be a great add-up to
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single-step PSM, and can facilely incorporate active metal sites
inside MOFs which are originally without binding sites. The
resultant materials are highly promising for gas separation and
catalysis applications.

COOH

A RH
L
T R Metal salts
COOH
Ligand exchange Metalation
R=0OorS

M=Fe?, Cr**, Pd?, etc.

Uio-66

Ui0-66-M-X

Ui0-66-(RH),-X

Fig. 19 Synthesis of functional UiO-66-type MOFs involving post-
. e . 180, 182

synthetic ligand exchange and metalation.

6. UiO-66-type MOF membranes

Because of the features such as continuous operation, high
efficiency, and relatively low cost, membrane technology has been
widely used in industry for gas and liquid separation processes, such
as steaming gas reforming, natural gas upgrading, etc.”® ™ In this
section, we will introduce some significant advances in UiO-66-type
MOF membranes and composite membranes that can complement
pure MOFs for separation applications.

6.1 Pure UiO-66 membranes

The concept of pure MOF membranes is appealing as their
structural features such as uniform yet tunable pore size and pore
functionalities may endow the resultant membranes with large
throughput and excellent selectivity.198 Since 2005, a lot of pure
MOF membranes, such MOF-5,"° HKUST-1,°° MIL-53,”" zIF-8,°"
etc. have been synthesized and tested for gas separation. However,
it is still quite challenging to prepare continuous MOF membranes
on porous supports without defects by direct solvothermal
synthesis. This is because of the heterogeneous nucleation of MOF
crystals on the surface of support that may not be sufficient to
evenly cover the whole surface."® This issue is more challenging for
UiO-66-type MOF membranes because of the slow growth kinetics
of these MOFs.2® Initially, researchers are trying to grow UiO-66-
type MOF thin films on flat silicon substrates by solvothermal
approach204 and on electrodes through eIectrodeposition.ZOS’ 206
However, the procedures are complex and potential applications
remain to be explored thoroughly. Recently, a major breakthrough
has been made by Li and his co-workers.” In this work, continuous
UiO-66(Zr) polycrystalline membranes were fabricated on alumina
hollow fiber supports by in situ solvothermal synthesis (Fig. 20). The
obtained MOF membrane exhibited excellent multivalent ion
rejection separation performance (e.g., 86.3% for Caz+, 98.0% for
Mg2+, and 99.3% for A|3+), moderate permeance (0.14 L m> h?
bar_l), good permeability (0.28 L m= h™ bar™ um), and excellent
recyclability, which can be quite promising for sea water
desalination. Considering the wide choice of ligand used in UiO-66-
type MOFs, we can expect more pure UiO-66 membranes to be
reported in the near future.
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Fig. 20 Scheme for
membranes supported on porous ceramic hollow fibers.
Reprinted with permission from American Chemical Society
Copyright 2015.

direct preparation of pure UiO-66(Zr)
203

6.2 Mixed matrix membranes

Mixed matrix membranes (MMMs), comprising inorganic functional
fillers and continuous polymer matrices, have emerged as a
promising technology combining both the easy processability of
polymers and high separation performance of inorganic fillers, and
are highly beneficial to overcome the trade-off between
permeability (throughput) and selectivity (efficiency) of pure
polymeric membranes.'”’ By nature, MOFs can act as ideal
inorganic fillers to be embedded into polymer matrices because the
pore size, shape, and functionality of MOFs can be tuned over a
large range in order to meet different separation requirements. For
this application, UiO-66-type MOFs have at least three advantages:
(1) inherently suitable MOF particle size within 100 nm to 500 nm
that makes it easy to be mixed with polymers; (2) wide tunability of
the pore size and functionality, which can be readily realized by
ligand selection and PSMs; (3) excellent mechanic and chemical
stability that allow the MOFs to survive during membrane
preparation and in harsh working conditions. The first example of
UiO-66-containing MMMs was reported by Kaliaguine in 2012.2
They used synthetic polyimide [4,4'-
(hexafluoroisopropylidene)diphthalic anhydride(6FDA)-4,4’-
oxydianiline(ODA)] as the continuous polymeric matrices and found
that by incorporating both UiO-66(Zr) and UiO-66(Zr)-NH,, the
CO,/CH, perm-selectivity of the membranes could be largely
enhanced compared to the neat polyimide (6FDA-ODA)
membranes. However, the separation performance is not satisfied
because the as-prepared membranes cannot surpass the 2008
Robinson upper bound which represents state-of-the-art
performance of pure polymeric membranes.”®?* Later on, several
other MMMs containing UiO-66-tye MOFs were reported to have
high gas separation performance.m‘ — Recently, Hill and his co-
workers have prepared pristine and Ti-exchanged UiO-66(Zr)@PIM-
1 (PIM stands for polymers of intrinsic microporosity) MMMs. They
have found that Ti incorporation helped to increase the gas
permeability more than doubled without a loss in selectivity (Fig.
21).2*? This could be possibly attributed to an increased affinity of
CO, and stronger interactions between polymer matrices and Ti-
MOFs. As a result, a slight loading (5 wt%) of MOFs could improve
the membrane performance dramatically to surpass the 2008
CO,/N, Robeson upper bound.
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Fig. 21 Scheme for Ti-loaded UiO-66@PIM-1 MMMSs.”*? Reprinted
with permission from Nature Publishing Group Copyright 2015.

b Ee 2R

Fig. 22 Scheme for drawdown coating process for the fabrication of
freestanding UiO-66@PVDF MMMs. 22 Reprinted with permission
from John Wiley and Sons Copyright 2015.

Cohen group has prepared a series of MMMs containing high
loading amounts of various MOFs including UiO-66 (Fig. 22).213 They
have proved that the surface area of incorporated MOFs within
MMMs remained unaffected. In addition, post-synthetic
modification and post-synthetic exchange processes can be readily
applied to the MOFs within MMMs, opening up new directions
toward the functionalization of MOF-containing MMMs.
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Fig. 23 Scheme for the preparation of flexible stand-alone
membranes by copolymerization of methacrylic anhydride
functionalized UiO-66(Zr)-NH, nanocrystals with butyl methacrylate
(BMA) under UV light irradiation.”™* Reprinted with permission from
John Wiley and Sons Copyright 2015.
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Wang and his co-workers adopted a photo-induced postsynthetic
polymerization (PSP) strategy to covalently link methacrylic
anhydride functionalized UiO-66(Zr)-NH, nanocrystals with butyl
methacrylate (BMA) through polymerization (Fig. 23).214 After a
delamination from Teflon mould, an elastic and standalone
membrane could be obtained, which had been proven to be
capable of removing heavy metal contaminants such as cr' ions
from water. One advantage of this method that differentiates it
from other MMM fabrication processes is that it could endow
embedded MOF powders with certain elasticity, processability, and
flexibility.

One of the major remaining issues for MMM study is the
compatibility between MOF fillers and polymeric matrices. In
addition, the effect of MOF morphology on the performance of
membrane is an interesting topic to be studied. Last but not least, a
further development of novel UiO-66-type MOFs with high stability
and required functionality is another direction to pursuit.

7. Defects of UiO-66-type MOFs

Defects in MOFs have received a lot of attention recently because
these defects may weaken the stability of MOFs but on the other
hand could possibly bring some advantages such as extra porosity
and Lewis acid sites that are useful in various applications.m'217 In
principle, a perfect UiO-66 crystal should have a 12-connected
framework structure. However, it may not always be the case in
reality. Lamberti et al. firstly addressed the presence of defects in
UiO0-66 by using thermogravimetric analysis (TGA).64 They have
found that around 1/12 missing BDC ligands occurred randomly in
the framework. Nevertheless, it is still a rough estimation of the
defect concentration inside UiO-66 frameworks. Directly
visualization of defects through crystallographic methods is thus
highly desired but more challenging due to the random distribution
of defects as well as the small crystal size of UiO-66-type MOFs. In
2013, Zhou and his co-workers firstly confirmed the structural
evidence of defects inside UiO-66(Zr) using neutron diffraction
technique.218 According to their refined linker occupancies, an
average of 1/12 BDC ligands were found missing, which is in
excellent agreement with Lamberti’s results. The presence of
defects effectively reduced the network connection from 12 to 11,
possibly accounting for compromised framework stability.
Moreover, they have demonstrated that these defects could
increase the porosity of MOFs from 0.426 to 0.502 cm’® g'1 and
surface area from 954 to 1433 m’ g'l. Besides, they were able to
tune the defect concentration by varying the ratio of modulators
thus to adjust the porosity from 0.44 to 1.0 cm’® g'1 and BET surface
area from 1090 to 1617 m’ g'l. Enlightened by these pioneering
studies, many research efforts have been devoted recently to the
characterization and control of defects as well as the applications of
defect-present UiO-66-type MOFs. Lillerud et al. utilized
synchrotron single-crystal X-ray diffraction to disclose the structure
of both UiO-66(Zr) and Ui0—67(Zr).219 They have disentangled the
Ms-O position of the prismatic faces of the Zrg octahedron into two
distinct p3-O and p3-OH, with occupancy of 0.5 each. Snurr et al.
studied the effect of location of defects on water sorption in UiO-
66(Zr) and found that the missing linkers could make UiO-66(Zr)
more hydrophilic.220

This journal is © The Royal Society of Chemistry 20xx
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Fig. 24 Schematic illustration of defect sites in UiO-66 single
crystals. The missing BDC ligand is replaced by water molecule and
overall charges are counterbalanced by hydroxide anions hydrogen
bonded within the pores of the framework. Reprinted with
permission from John Wiley and Sons Copyright 2015.%°

More recently, Yaghi and his co-workers conducted a single-
crystal X-ray diffraction study of the defects in UiO-66 single crystals
with a size of ~300 um.so They have proven that the water
molecules primitively coordinated to the zirconium centers were
responsible for the missing linker defects and replaced the BDC
linkers, whereas overall charges were counterbalanced by
hydroxide anions hydrogen bonded within the pores of the
framework (Fig. 24). This is a pioneering characterization of defects
in UiO-66-type MOFs with molecular level precision, and has
opened up a new realm of studying point defects in similar MOFs of
microcrystalline nature.

Fig. 25 Structural description of defect nano-regions in UiO-66(Hf).
(a) Polyhedral representation of a single-unit cell of the ordered reo

This journal is © The Royal Society of Chemistry 20xx
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defect structure; (b) atomistic model representative section; (c)
atomistic representations of defect nano-regions in UiO-66(Hf).
Nano-domains corresponding to each of these four orientations are
represented by blue, green, orange and magenta regions. Grey-
colored regions correspond to defect-free fcu framework.®”
Reprinted with permission from Nature Publishing Group Copyright
2014.

The control of ordered defects in UiO-66-type MOFs should be
helpful to understand their structural imperfection and potential
applications. The starting point of controlled imperfection is to see
if the defects can be completely eliminated to get perfect UiO-66
crystals. Lillerud and his co-workers have carried out such a study
and successfully “ironed out” all the defects by increasing the
synthetic temperature from 120 to 220 °C and adjusting BDC to Zr
molar ratio from 1 to 2.2 The resultant ideal UiO-66(Zr) was found
to be of unsurpassed thermal stability. Secondly, the establishment
of a correlation between defects is of great significance. In 2014,
Goodwin and his co-workers have demonstrated that correlations
between defects can be introduced and further controlled within
UiO-66(Hf), which was co-evidenced by a combination of diffuse
scattering, electron microscopy, anomalous X-ray scattering, and
pair distribution function (Fig. 25).67’ 221 specific, the nano-region
was dominated by eight connecting clusters to form a short-range-
ordered defects leading to a reo topology.223 Afterwards,
Speybroeck et al. used both experimental and theoretical
techniques to intentionally generate defects (active sites) inside
UiO-66(Zr) by adding strong modulators such as HCl and TFA
They have found that well-tuned UiO-66(Zr) could largely enhance
catalytic citronellal cyclization toward isopulegol.

More recently, Kitagawa and his coworkers exquisitely tuned the
defects in UiO-66(Zr) with a range of defect concentration in order
to create Lewis acidic sites.?? It is proposed that the exposed Lewis
sites, when attached by water (pKa < 0.3), could act as a highly
acidic proton source. They have demonstrated that by controlled
generation of defects, the proton conductivity can be exponentially
increased by nearly 3 orders of magnitude from 1.30 x 10° s ecm™
t06.93x 107 S cm™ at 65 °C and 95% relative humidity. In contrast,
they systematically studied the role of 3D ordered defects on the
physical properties of UiO-66-SO3H.226 In detail, by tuning the defect
concentration, they achieved a much higher proton conductivity of
5.62 x 10° S cm™ at the same testing conditions. Their results are
not only important for exploring MOFs for proton conduction
applications but also insightful in unveiling the stability and
limitations of MOFs with ordered defects.

8. Summary and outlook

In this perspective, we have reviewed the de facto
methodologies toward the synthesis and scale-up production
of UiO-66-type MOFs and membrane materials. Compared to
the synthesis of other MOFs, the synthesis of UiO-66-type
MOFs is more empirical, complicated, and unpredictable.
Although the current modulator-based (both solvothermal and
hydrothermal) approach has been proven to be helpful, the
repeatable and scale-up synthesis of UiO-66-type MOFs with
excellent crystallinity and surface area still remains as a
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challenge. Therefore, novel synthetic approaches toward the
repeatable, scalable, and green production of UiO-66-type
MOFs, especially those containing Ti and Hf, are highly desired
and worth of further study. Besides, multivariate (MTV)189 Uio-
66-type MOFs with different metals or ligands are of great
interest because they may exhibit synergistic effects useful in
separation and catalysis applications. Further study in this
direction needs to be developed as well.

Apart from synthesis, the microstructure-property
relationship is also worth of comprehensive studies for UiO-66-
type MOFs. The importance of growing large single crystals
suitable for X-ray diffraction studies has been demonstrated in
Yaghi’s work.®® With the single crystal X-ray diffraction data,
the details of precise atom positions, bond twisting angles, and
coordination numbers could be facilely disentangled and
soundly set. Normally, defects are unwelcome in typical
material research as they may undermine the macroscopic
properties of materials such as stability and mechanical
properties. Admittedly, defects may also compromise the
thermal or chemical stability of UiO-66-type MOFs to a certain
degree, but they would also generate porosity and introduce
extra Lewis acid sites which are highly beneficial for gas
sorption and heterogeneous catalysis applications. Although in
its infant stage, studies regarding the manipulation or even
precise control of defects within MOFs especially UiO-66-type
MOFs will continue and prosper in the near future.

Although not being covered in this perspective, the study of
macroscopic properties of UiO-66-type MOFs such as electric,
optical, and mechanical behaviour is at least an equally
important research direction because further study of UiO-66-
type MOFs will finally lead to their commercialization and
large-scale applications. In that case the macroscopic
properties of materials will start to dominate their final
applications. Considering their high stability, versatile
functionality, and relatively mild synthetic conditions, we
believe UiO-66-type MOFs are among those MOFs that are

most promising to be commercialized for large-scale
applications.
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Abbreviations

MOFsmetal-organic frameworks
UiOuniversity of Oslo

MILMatérial Institut Lavoisier

Ti Titanium

Zr zirconium

Hf hafnium

CUSscoordinative unsaturated sites
UMCsunsaturated metal centers
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DMFN, N’-dimethylformamide

DEFN, N’-diethylformamide

DMAN, N-dimethylacetamide

AA acetic acid

FA formic acid

HClhydrochloride acid

TFAtrifluoroacetic acid

FMAfumaric acid

SA squaric acid

BDC1, 4-benzenedicarboxylic acid

BPDC4, 4'-biphenyl-dicarboxylate

TPDCterphenyl dicarboxylate
BDC-F2-fluoroterephthalic acid
BDC-CI2-chloroterephthalic acid
BDC-Br2-bromoterephthalic acid
BDC-I12-iodoterephthalic acid
BDC-OH2-hydroxyterephthalic acid
BDC-SH2-mercaptoterephthalic acid
BDC-CH32-methylterephthalic acid
BDC-NO,2-nitroterephthalic acid
BDC-NH,2-aminoterephthalic acid
BDC-Naphthylnaphthalene-1, 4-dicarboxylic acid
BDC-SO3H2-sulfoterephthalic acid
BDC-CF;2-(trifluoromethyl) terephthalic acid
BDC-COOHbenzene-1, 2, 4-tricarboxylic acid
BDC-2, 3-(OH), 2, 3-dihydroxyterephthalic acid
BDC-2, 3-(SH),2, 3-dimercaptoterephthalic acid
BDC-(F),2, 5-difluoroterephthalic acid

BDC-(Cl),2, 5-dichloroterephthalic acid
BDC-(Br),2, 5-dibromoterephthalic acid

BDC-(1),2, 5-diiodoterephthalic acid

BDC-(OH),2, 5-dihydroxyterephthalic acid
BDC-(SH),2, 5-dimercaptoterephthalic acid
BDC-(CH3),2, 5-dimethylterephthalic acid
BDC-(NH,),2, 5-diaminoterephthalic acid
BDC-(CF3),2, 5-bis (trifluoromethyl) terephthalic acid
BDC-(OCHj3),2, 5-dimethoxyterephthalic acid
BDC-(COOH),benzene-1, 2, 4, 5-tetracarboxylic acid
BDC-(SO3H),2, 5-disulfoterephthalic acid
BDC-(OCH,CH3),2, 5-diethoxyterephthalic acid
BDC-(CH(CH3),),2, 5-diisopropylterephthalic acid
BDC-(F)42, 3, 5, 6-tetrafluoroterephthalic acid
BDC-(OH),42, 3, 5, 6-tetrahydroxyterephthalic acid
BDC-(CH3)42, 3, 5, 6-tetramethylterephthalic acid
BDC-(CF3),42, 3, 5, 6-tetrakis (trifluoromethyl) terephthalic acid
BDC-(COOH),benzene-1, 2, 3, 4, 5, 6-hexacarboxylic acid
MHTmodulated hydrothermal

HKUSTHong Kong University of Science and Technology
PDMSpolydimethylsiloxane
PFAperfluoroalkoxyalkane

SBUssecondary building units
HMF5-hydroxymethylfurfural

MONmMmicroporous organic network
nMOFsnanocrystalline metal-organic frameworks
NCsnanocrystals

MCPmethylcyclopentane

THFTetrahydrofuran
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MMMsMixed matrix membranes

6FDA4, 4’-(hexafluoroisopropylidene) diphthalic anhydride
ODAA4, 4’-Oxydianiline

PIMpolymers of intrinsic microporosity
PVDFpolyvinylidene fluoride

BMADbutyl methacrylate

SXRDsingle-crystal X-ray diffraction

MTVmultivariate
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