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Metal-organic frameworks (MOFs) comprise a broad class of
crystalline materials defined as porous networks consisting of
metal ions or clusters interconnected through polytopic
organic linkers. Due to their intriguing structural and topolog-
ical characteristics which usually offer high surface areas and
tunable pore size, MOFs are excellent candidates for a great
variety of applications, such as gas adsorption and separation,
catalysis, magnetism, photoluminescence and many others.
Although attractive, traditional bulk crystalline MOF materials
do not always fulfill the specific needs for some applications,

Introduction
Nanocrystals

A nanocrystal is a solid particle presenting at least one
dimension in the nanometric scale or, most specifically,
between 3 and 100 nm (1 nm=10"° m). At this range of size,
solids usually show intriguing and unusual properties, which
differ from the properties at the macroscopic level, also known
as bulk properties. These outstanding properties are of great
interest for the development of many new technologies in
fields like medicine,” biotechnology,” energy® and environ-
mental remediation,” to give a few examples. Although very
important, the size is not the only characteristic of the
nanocrystal that affects the properties of solids at the nano-
scale. Morphology and state of agglomeration are similarly
relevant. The morphology is related to the form of the crystals
and how the size varies in the three dimensions of the volume
of the solid. Sometimes those nanocrystals, independent of
their morphology, may be found in an agglomerated state
forming a polycrystal.”) The term nanoparticle is very often
used to designate both polycrystals and single-crystals.

From a historical point of view, the effects of the nano-
crystals size on the properties of solids have been observed for
a long time. One of the most known examples is the Lycurgus
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such as smart membranes, thin films devices, and drug delivery.
Moreover, nanocrystals display properties that differ from the
bulk material due to the high surface-to-volume ratio and
quantum size effects. Thus, MOF nanocrystals will possibly
present new and exciting properties or at least enhance the
already known ones. With this view, it is necessary to develop
efficient strategies towards the synthesis of MOF nanocrystals.
This review provides general concepts of MOF nanocrystals and
a critical summary of synthetic approaches with the focus on
recent progress in the fabrication of MOF nanocrystals.

Cup, a 1.600-year-old glass chalice that bears a scene involving
King Lycurgus of Thrace.” This chalice appears jade green
when reflecting sunlight and red when transmits the light of a
source placed inside of the cup. Other interesting case was
reported first by Michael Faraday in 1857,”) who observed the
changing in color of gold when forming a colloidal suspension
of particles. This work marks the beginning of the modern
nanotechnology. However, neither the Romans nor Faraday
had a real understanding of those intriguing optical properties.
Only later, in XX century, based on the well-established
fundamentals of modern chemistry and physics as well as the
development of advanced characterization techniques such as
the electron microscope, it was possible to understand and
explain the unusual properties of some materials. Nowadays,
we know that the Lycurgus cup was impregnated with silver
and gold nanocrystals as small as 50 nm in diameter while the
particles in Faraday’s colloidal suspension were smaller than
10 nm.1°#

Metal-Organic Frameworks (MOFs)

MOFs are a new class of hybrid crystalline materials composed
of inorganic and organic units. In these compounds, the
inorganic components, ions or metal clusters, are connected
through polydentate organic linkers, giving rise to porous
frameworks that extend in two- or three-dimensions.”'” The
vast number of different types of inorganic and organic units
leads to almost infinite possibilities of design and synthesis of
new hybrid structures. In the last years, the number of new
MOF structures deposited in the Cambridge Structural Data-
bases (CSD) has increased exponentially, reaching over 81.000
entries in the update of May 2017."" Because of their structural
and chemical diversity that allows the control over size, shape,
and functionality of the pores, MOFs have achieved the highest
porosities of all known materials and pore sizes in the range of
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0.3 to 6 nm."? Indeed, it is possible to design frameworks with
adjustable pores size and shape as well as specific chemical
environments through functionalization of the organic linkers.
The fundamental principle of the MOFs design lies in the
concept previously used for zeolites (porous inorganic frame-
works) and next extended to hybrid structures by Hoskins and
Robson,™' the building-block strategy. This strategy considers
the assembly of organic and inorganic moieties into an
extended array using the mutual interactions between those
units, encouraging the formation of extended arrays rather
than discrete species."*"* The possibility to design frameworks
with such freedom is an excellent advantage of MOFs over their
inorganic correlates, the zeolites. In the case of zeolites, the
restricted number of inorganic building-blocks limits the design
of new frameworks.

The unique physicochemical properties exhibit by MOFs
have attracted considerable attention over the past decades.
The scientific development of these materials involves different
disciplines, as well as implies in several potential applications in
many fields, including magnetism,'® gas adsorption and
separation,”” drug delivery,"® catalysis,"” sensors®” and lumi-
nescent materials.”” However, in some cases, the use of MOFs
faces some technical limitations. For example, in the field of
biomedicine, often small size of particles is a fundamental
requirement to ensure the necessary interaction with living
cells. Thus, particles smaller than 500 nm usually enter the cells
by endocytosis against likely phagocytosis for larger ones, or in
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other words, without destroying the cell.?**¥ Furthermore, the

combination of the unique features of the hybrid porous
materials with the benefits of nanoscale structures may
promote the improvement of the properties already well
known from bulk-MOF materials.”® Therefore, this review aims
to provide a general overview of this new class of porous
materials and their intrinsic properties, as well as to present the
progress in synthetic pathways to prepare MOF nanocrystals.
Also, the fundamental concepts involved in the nucleation/
growth of nanocrystals and the control of their size and shape
are analyzed.

Properties of MOF nanocrystals

As previously discussed in the Introduction, nanomaterials
often present intriguing and, sometimes, unexpected proper-
ties, different from bulk materials. Indeed, the properties of the
materials depend on the size range over which they are
measured.”” A good example is the changing of gold color
from yellow to ruby when the dimensions change from the
macroscopic to nanoscopic scale. The peculiar behavior of
nanomaterials is also related to the state of agglomeration of
the nanocrystals. In this way, nanocrystals and polycrystals may
show different properties, and therefore it is essential to
establish the differences between both. Although nanocrystals
are nanoparticles, not all nanoparticles are regarded as nano-
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crystals. Nanocrystals are characterized by a single-domain
crystalline lattice, without the presence of grain boundaries.”®

Nanoscale-effects

Why make particles as small as possible? We should address
this question to get a real understanding of the nanoscale-
effects. Although the advantages of nanocrystals have been
widely reported over the years, the reasons behind the unique
properties of these materials are not always well understood.
These properties are size-dependent and can be classified into
two types, surface-dominated and size-dominated.””!

The surface-dominated properties depend on the surface-
to-volume ratio. When the size decreases, this ratio increases
considerably as well as the total available surface area. There-
fore, a most significant number of atoms “matter” is exposed to
the environment, affecting both chemical and physical proper-
ties.”” The catalytic properties are a good example; they
depend on the interaction of molecules with surface atoms.
Thus, nanocrystals with higher surface-to-volume ratio com-
monly show better catalytic properties. On the other hand,
nanocrystals are thermodynamically unstable because the sur-
face atoms are more energetic than those from the volume. As
a result, nanocrystals tend to clump to minimize the energy of
surface atoms. The agglomeration is not desired once
decreases the accessible surface area, mainly in the case of
metallic or ionic dense nanocrystals. Porous nanocrystals are
probably the best option to overcome this limitation. In the
case of MOFs, for instance, the agglomeration of the nano-
crystals not necessarily will decrease the available surface area
because of their porous lattice.

The size-dominated properties are related to the size of the
particles or crystals, and they are particularly fascinating at the
nanoscale due to the quantum size effects.”” The quantum size
effects appear when the size decreases to values smaller than
10 nm. In such a tiny crystals electrons and holes are confined
forming discrete electronic energy levels rather the energy
band structure observed in bulk materials.”® Additionally, the
energy levels separation increases as the nanocrystal size
decreases.” The change from a band structure to a discrete
energy level structure explains, for example, the color of
colloidal gold nanocrystals, ruby, which differs from the bulk
gold, yellow. The effects of quantum confinement are partic-
ularly significant to the optical and electrical properties of the
nanocrystals, but also affects other properties.

Applications

MOF nanocrystals are promising candidates in many advanced
applications due to the synergistic effect of their intrinsic
properties and size. Without any doubt, the most reported
applications of MOFs are those related to their adsorption
properties such as gas separation and storage, enhanced
pollutants adsorption (pesticides and residual drugs).*>*®
However, these materials are much more versatile, and other
kinds of applications are found in the literature. Gadolinium-
based MOF nanoparticles were tested as MRI (Magnetic
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Resonance Imaging) contrast agents by Rieter and co-work-
ers.t" The same authors also studied the performance of
manganese-based MOFs as MRI contrast probes.®? Cadiau and
co-workers studied the use of nanoparticles of Lanthanide-
based MOFs as luminescent nanothermometers.*® Recently, Xu
and co-workers reported the design of a phosphorescence/
fluorescence dual-emissive nanoscale metal —organic frame-
work (NMOF) as an intracellular oxygen sensor.®¥ Mori at al.
reported the photocatalytic activity of the MOF [Ru,(p-bdc),],
(bdc=benzenedicarboxylate) during the hydrogen evolution
from water under visible light irradiation.””

The interest in the development of MOF nanocrystals is
relatively recent, and the opportunities for application in the
most diverse fields of science and technology are numerous. As
a result, the number of works describing the synthesis,
characterization, and the use of nano-MOFs has been growing
exponentially in past years. The studies reported here represent
just a few of those works focusing on the recent progress in
the fabrication of MOF nanocrystals.

Synthesis of MOF nanocrystals
General considerations

MOF nanocrystals may present new or improved properties
different from those observed in bulk materials. However, to
access these unique features, it is essential to have precise
control over the size and shape of matter at the nanoscale.
Therefore, a good understanding of the mechanisms involved
in the nanocrystals formation is fundamental. Two processes
are involved in nanocrystals formation in a liquid medium,
nucleation, and growth. The classical theory, LaMer nucleation
followed by the Ostwald ripening, is often used to describe the
changes in particles size.*

LaMer mechanism

According to the classical theory, the nucleation is the first
stage of all known crystallization processes and begins with the
formation of seeds or nuclei, which play an essential role as
templates for the particles growth.”*** A seed is a group of few
atoms or ions, but in the specific case of MOFs may be better
defined as a group of few ions and molecules.

LaMer and co-workers [8] were the first to propose the
conceptual separation between nucleation and growth [6]. The
LaMer’'s mechanism tries to explain the crystallization process
in three steps.’®**3” |n the first step, the dissolution of the
monomers (ions and organic linkers in the case of MOFs) is
considered; consequently, their concentration increases with
time. The second step is characterized by the supersaturation
of the solution, promoting the interaction between the
monomers and allowing the self-nucleation. As a result, the
concentration of the monomers in solution drops below the
level of supersaturation, and no further nucleation occurs; this
is the third step. The seeds grow into nanocrystals until the
equilibrium state is reached between the monomers on the
surface of the nanocrystal and the monomers in the solution.”®
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Ostwald ripening and digestive ripening

The Ostwald ripening mechanism considers that the particle
growth is based on the changes of solubility of the nanocrystals
as a function of their size.®® Smaller nanocrystals with high
surface energy redissolve and release their monomers into
solution. These monomers, in turn, allow that larger nano-
crystals grow still more. On the other hand, in some cases, the
opposite effect may be observed when smaller particles grow
from the dissolution of larger particles.*® This mechanism is
known as digestive ripening.

Indeed, the nucleation and growth mechanisms of MOF
nanocrystals may be much more complicated if we consider
other parameters beyond a concentration. Moreover, nowa-
days, there are different theories for the nucleation and growth
of nanocrystals such as the coalescence, the orientated attach-
ment, and the interpenetrated growth.’® However, these
mechanisms are beyond the goals of this section.

MOF synthesis

During the last decade, considerable attention has been paid
to design and prepare nanoscale MOFs due to their potential in
a variety of applications like imaging, biosensing, biolabeling,
and drug delivery. To destine MOF nanocrystals for biomedicine
applications, good colloidal stability in an aqueous environ-
ment of these nanomaterials is required for efficient intra-
cellular uptake. Typical synthesis procedures, however, result in
the formation of bulk MOF powders with commonly large
crystal sizes, a wide range of particle size distribution, and
irregular shapes.

The preparation of water-stable well-dispersed nano-MOFs
remains a synthetic challenge, mostly because the synthesis of
MOFs is significantly affected by even subtle variations in
reaction conditions. Among the most influencing factors are
solvent, temperature, metal precursor, reagents ratio, and
concentration. For instance, different metal precursors may not
only furnish structurally different frameworks®” but may also
affect the nucleation rate and speed up the formation of MOFs
nanocrystals.?” Temperature effect on the size and distribution
of MOF nanoparticles has frequently been studied. For
example, Tsai and Langner have reported that as the synthesis
temperature was increased from —15°C to 60°C, the average
particle size on nano-ZIF (ZIF =Zeolitic Imidazolate Framework)
decreased (from 78 nm to 26 nm) and narrow particle size
distribution was achieved.* Nanoscale Eu-btc frameworks
(btc=benzenetricarboxylate) with various morphologies, in-
cluding particle-like, rod-like, straw-sheaf-like nanostructures
have been obtained by Dang et al.*” merely controlling the
concentrations of the starting reactants. The choice of an
appropriate solvent might be the critical factor in tuning the
size of MOF particles. Most commonly used solvents include
water, DMF (dimethylformamide), ethanol, and methanol,
although more recently acetone has been successfully used in
the synthesis of highly porous UiO-66 (UiO=Universitetet i
Oslo, University of Oslo) nanocrystals.””
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This review presents an overview of synthetic techniques
and approaches to provide nanoscale MOFs and mostly
contains more recent reports from 2017 to 2018. Earlier
rapports were partially reviewed in 2015" and 2016.""

Spontaneous precipitation

Although direct precipitation is one of the simplest methods
for the synthesis of MOFs, little has been reported on MOF
nanocrystals preparation via this approach.”” Often, the use of
additives is required for the control of size and shape of MOF
particles.”® Our group has prepared nanocrystals of [Cu(1,3-
bdc)] MOF (1,3-bdc=1,3-benzenedicarboxylate) by the rapid
precipitation method at room temperature using copper
acetate as a precursor source. The synthesis conducted under
the same conditions but in the presence of copper nitrate
instead of acetate, led to square plate-like microcrystals of the
MOF within six months (Figure 1).%”

Figure 1. SEM images of Cu(1,3-bdc) MOF prepared using a) copper acetate
and b) copper nitrate as a metal source. The inset shows TEM of MOF
nanocrystals. Partially adapted from reference.”” Copyright 2013, Royal
Society of Chemistry.

Modification of the direct precipitation called a freeze-
drying method is efficient not only in removing solvents
without collapse or shrinkage of the structure but also is the
promising approach for the preparation of nanocrystals. Wee at
al. have first obtained HKUST-1 (HKUST =Hong Kong University
of Science and Technology) with narrow particle size distribu-
tion in the range of 100 nm - 5 um from cooled reagents in
ethanol-water solvent mixture followed by immediate freezing
in liquid nitrogen (-196 °C) and subsequent drying via lyophili-
zation."® More recently, Li et al. applied the gel-like cooperated
with a freeze-drying method to the synthesis of POM-based
MOF (POM = polyoxometalate), MIL-53(Al) (MIL=Materials of
Institute Lavoisier) and ZIF-8."

Solvothermal method

In a solvothermal method the reaction precursors are heated
up in a sealed autoclave in a high-boiling organic solvent or
water; in the latter case, it is called the hydrothermal method.
The thermal energy transfer from the heating source to the
reaction mixture depends on the thermal conduction of the
vessel, and normally the long time of reactions are needed to
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achieve the desired temperature. Typically, elevated temper-
atures and moderate pressures are also required. Such con-
ditions favor the formation of single microcrystals rather than
nanocrystals mainly due to the slow nucleation together with
fast crystal growth promoted by higher temperatures. Control
over precursor ratio and concentration, pressure, time, and
temperature can allow the formation of homogeneous nano-
crystals. Oveisi et al. have prepared a series of MIL—Ti nano-
MOFs by the hydrothermal method.” The size and morphol-
ogy of the particles could be tuned using different molar ratios
of bdc/NH,-bdc linkers (Figure 2). Mixed bdc/NH,-bdc Ti-MOFs

Mags 21 00KE  Somids 5B
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Figure 2. SEM images of the synthesized MILs with different bdc/NH,-bdc

ratio. (a) MIL-125(Ti) (0/100), (b) MIL—X1 (75/25), (c) MIL—X2 (50/50), and (d)
NH,-MIL-125(Ti) (100/0). Adapted with permission from reference.*® Copy-
right 2017, Elsevier.

presented morphology change from tetragon (Figure 2b) to
circular (Figure 2c) plates with the decreased concentration of
the bdc linker.

One of the serious disadvantages of the solvothermal
method (and any high-temperature MOFs synthesis in general)
is the facilitated oxides formation what impairs the quality of
the final MOF product.®" Careful control of synthesis parame-
ters, especially the temperature of reaction, may avoid the
formation of oxide impurities, yet it is a challenging task.
Generally, the approaches based on a non-conventional heating
source such as microwave or ultrasound, do not face the
problem of oxide or salts impurities.

Microwave-assisted synthesis

The particle morphology can be greatly influenced by the
concentration and temperature gradient within the reaction
medium. These parameters are practically impossible to control
during the conventional solvothermal heating. On the other
hand, the use of non-conventional heating provided by micro-
wave irradiation is one of the well-known techniques to
produce uniform nanocrystals. In this case, two mechanisms,
dipole rotation, and ionic conduction are responsible for
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energy transfer, and so the heating process does not occur
through a vessel as in a conventional method.®? Therefore, the
rapid temperature increase causes local superheating providing
a huge number of hot spots which can serve as nucleation
seeds for crystal growth. Such conditions lead to the formation
of small uniform particles. A significant number of papers on
nano-MOFs preparation by the microwave-assisted method has
been published®** since the first communication in 2005.5
For instance, Wang et al. have prepared nano-sized (< 100 nm)
NH,-functionalized Zr-MOF (UiO-66-NH,) via a rapid microwave-
promoted synthesis and first used in the adsorptive removal of
Pb(ll) and Cd(l).* More recently, Huang el at. have observed
that the temperature of microwave-assisted method influenced
the morphology and stability of UiO-66-NH,.*" With the
increase of the synthesis temperature up to 150°C, the
formation of more regular and larger polyhedral nanocrystals
could be observed (Figure 3). Further increase of temperature

200 nm

Figure 3. SEM images of the UiO-66-NH, prepared by microwave heating for
30 min at a different temperature: (a) 100°C, (b) 125°C, (c) 150°C, (d) 175°C.
Adapted with permission from reference.®” Copyright 2018, Elsevier.

to 175°C, led to a slight particles aggregation attributed to a
high crystal growth rate.®¥

Benzimidazole-functionalized Zr-UiO-66 (UiO-66-Bl) octahe-
dral nanocrystals with a diameter smaller than 200 nm have
been successfully fabricated via microwave synthesis by Dong
etal.® The authors demonstrated that UiO-66-Bl showed
excellent selective luminescent sensing of Fe** ions in water.

Microwave irradiation of DMF solution containing 0.25 mL
of formic acid and Ni(NO;),.6H,0 (0.284 g) led to the formation
of nickel-based metal-organic framework [Ni;(HCOO)l. The
optimized synthesis conditions, DMF content (20 mL) and
microwave power (300 W), furnished nano-MOF with high
crystallinity and uniform particle size (around 140 nm). The
material showed remarkable high specific capacitance
(1196.2 F/g) demonstrating its potential application in super-
capacitors.”® Because microwave irradiation interacts only with
molecules being polar or ionic, the efficiency of this method

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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depends greatly on the polarity of solvents and reagents and
may present some limitations in non-polar solvents.”? More-
over, the non-thermal effects of the microwave irradiation on
reactions, especially on tuning the morphology of nanomate-
rials, is still undiscovered and controversial. The non-thermal
effects include i.e. the direct interaction of microwave radiation
with specific components of the reaction medium. Since both
thermal and non-thermal effects exist simultaneously under the
microwave irradiation, the influence of the latter one should
not be neglected. Therefore, the analysis of microwave
irradiation on tuning the morphology of MOF nanocrystals is a
much more complex task. This challenging issue has been
recently addressed by Laybourn etal. who managed to
synthesize well-known MOF material MIL-53 within few seconds
(4.3 sec.) via microwave irradiation.”® The authors examined
the effect of an average absorbed power with a constant total
absorbed energy and defined a selective heating mechanism
that allows the control over MOF particle size range and
morphology by altering the microwave power.

Electrochemical method

There are two main electrochemical methods for obtaining
MOFs described as cathodic and anodic. In anodic dissolution,
the organic linker is present in the electrolyte solution, and the
metal cations are supplied by the oxidation of electrode
material. In the cathodic method, metal cations and an organic
ligand are both present in the electrolyte solution. During the
process, the increased pH causes deprotonation of the organic
ligand and subsequent MOF formation. Electrochemical meth-
ods have several advantages over conventional MOFs synthesis
approaches such as shorter reaction times (typically from a few
minutes to 2 hours), milder conditions (usually performed at
ambient conditions), no need of using metal salts (in the case
of the anodic method), or specialised equipment, and allow
controlling the reaction in real-time.

Although very attractive, mostly for the formation of thin
MOF films on the electrode surface,® studies concerning the
cathodic approach in the electrosynthesis of MOFs are less
frequent. On the other hand, the anodic dissolution (Figure 4)
pioneered by BASF in 2005 is the most common electro-
chemical method for MOFs preparation.*’*"

Electrosynthesis parameters such as potential, current
density, distance between the electrodes, synthesis time,
solvent and electrolyte concentration, all significantly affect the
size and shape of MOF particles. Higher values of applied
potential promote rapid dissolution and increase metal ion
concentration what affords fast nucleation and consequently
smaller crystals. Since metal ions are highly hydrated in water,
the nucleation rate may be lowered by the presence of
increased amount of water in the reaction medium. Conse-
quently, larger crystals might be formed. Therefore, varying the
electrosynthesis conditions, the crystal size may be tuned.®?
Commonly, particles obtained by the electrochemical method
are smaller than those produced under solvothermal or slow
diffusion methods.”” As a consequence, electrosynthesized
MOFs often possess much larger surface area than those
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Figure 4. Scheme of the electrosynthesis setup for the preparation of [Cu-
1,3-bdc] via anodic dissolution. Reproduced with permission from refer-
ence.”” Copyright 2013, Royal Society of Chemistry.

obtained by conventional methods. MOFs prepared via electro-
chemical method up to 2014 was reviewed in.*? Since then, a
significant number of electrochemically synthesized MOFs has
been announced.®**® More recently Zhang et al. have reported
the preparation of interesting proton-conductive HKUST-1 films
via an electrochemical method.®® The proton conductivity was
provoked by the presence of phosphotungstic acid (PTA)
molecules inside the MOF cavities. The authors found that MOF
films with different thickness and crystal sizes could be
prepared by applying different voltages and reaction times
(Figure 5).

Contrarily to what should be expected, the crystal sizes
increased from 400 nm at 1.0 V to 2.5 pm at 2.0 V as well as the
film thickness due to the combination of both, fast nucleation
and rapid crystallization considering a high concentration of
Cu?* ions between electrodes as the potential increases.

Although the use of electrosynthesis methods for the
formation of MOFs is growing rapidly, some critical issues
should be concerned. For instance, little is known about the
mechanism of the electrosynthesis process, and frequent
formation of significant amounts of by-products has been
observed. For instance, to avoid the reduction of metal cations,
some additives may be used and reduced instead of the ions
what prevents the formation of impurities. Also, the use of
protic solvents ensures the evolution of hydrogen instead of
metal ions reduction what eliminates impurities formation.
Although anodic dissolution dispenses the use of metal salts,
preventing their adsorption on the surface or incorporation in
the MOF pores, conducting salts should be carefully removed
from the obtained powders to prevent their entrapment.

Ultrasound-assisted synthesis

Ultrasound (US) is a cyclic mechanical vibration of a frequency
between 20 kHz and 10 MHz. When such high-energy radiation
interacts with liquids, a phenomenon of acoustic cavitation is
observed. This process is based on the formation, growth, and
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Figure 5. Typical SEM images of the HKUST-1/PTA films prepared on the
copper substrates for (a) 0.5 h, (b) 1 h, and (c) 8 h at a given voltage of 2.0V,
respectively; the corresponding SEM images (d-f) of the cross-section views.
Reproduced with permission from reference.*® Copyright 2017, Elsevier.

collapse of bubbles (called cavities). The bubbles grow under
alternating pressure through diffusion of solute vapor to
bubble volume (when the product is formed), and once they
reach their maximum size, they become unstable and collapse
immediately (bubble lifetime is around a few microseconds)
forming hot spots with temperatures up to 5000 K and 500 atm
pressures. Such conditions favor the formation of small and
uniform crystallites mostly due to the rapid formation of
crystallization nuclei.

Ultrasound-assisted synthesis of MOFs has been performed
since 2008 when Zns(btc),.12H,0 was first obtained.*” Interest-
ingly, the reaction of zinc acetate with H;btc under the same
conditions but without ultrasonic irradiation failed in producing
MOF structure. Not only the ultrasound must play an important
role during the formation of MOFs, but the particle shape could
also be controlled. The authors showed dimensionality of MOF
nanocrystals could be tuned under different reaction time (5 to
90 min) furnishing particles with a diameter ranging from 50 to
900 nm, respectively.

These first results reveal that ultrasonic synthesis is a simple,
mild, efficient (high yield, short reaction time), cost-effective,
reproducible and environmentally friendly approach (mild
conditions) to nanoscale MOFs. Application of ultrasound for
the synthesis of nanoscale MOFs was the topic of an extensive
review in 2015.%¥ Since then, the number of ultrasound-
assisted syntheses of MOFs has been increased. It has been
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reported that the shape and size of Zn(ll)-based MOF
[Zn(oba)(4-bpdh),;],:(DMF), s (oba=4,4-oxy bis(benzoate), 4-
bpdh = 2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene) could be effi-
ciently tuned by the initial reagents concentration and ultra-
sonic irradiation time.*® Unlike in the previous example, in this
case, longer exposition on ultrasonic irradiation (90 min) did
not provoke the change in morphology, but the separation of
microspheres constructed from uniform nanorods was ob-
served (Figure 6).

MRAN TESCAN SEM HY: 1500kV  WD:
View fied: 2167 pre  Dot: inBloam 00 nm i
rostll senn w00 Caterony sswsn2 wost U

SEMHV: 14,00 k¥
Wiewfeld: 4334 ym Dol nBean
SEMUAG:50.00kx  Ditomdsy: G308/12

Figure 6. SEM images of nanorods of [Zn(oba)(4-bpdh), ], (DMF), s synthe-
sized by sonochemical reaction for (a) 30 min, (b) 60 min, (c) 90 min.
Reproduced with permission from reference.*” Copyright 2016, Elsevier.

However, the increase of initial reagent concentration led to
the formation of larger non-uniform nanorods, whereas the
opposite was true for lower initial reagents concentration.
Similar conclusions were recently drawn based on a sonochem-
ical synthesis of [Zn,(oba);(DMF),1."” Kim et al.,, have revealed
the formation of the non-interpenetrated PCN-6 framework
(PCN=Porous Coordination Network) at lower power levels
(150 W) and corresponding interpenetrated PCN-6" at higher
power levels (300 W). At intermediate level (200 W), the mixture
of both phases was obtained.”” The US power level also
affected the size of MOF particles; somehow, the interpenetra-
tion produced larger crystals. It is well known that inter-
penetration drastically reduces the surface area of MOFs
impairing adsorption features; therefore, the control of this

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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phenomenon is of significant importance. To our best knowl-
edge, such characteristic has never been observed or inves-
tigated using another synthesis method.

Ultrasound-assisted synthesis can be easily combined with
other methods and approaches to provide MOFs with desirable
properties. Among these combinations, sonoelectrochemical
method merges benefits furnished by both approaches such as
short reaction time, small and uniform particles, no need of
using metal salts, etc. Although technically more sophisticated
than US method, sonoelectrochemical synthesis is more
environmental-friendly approach and meets the requirements
of green chemistry. The first example of the sonoelectrochem-
ical synthesis of MOF was reported by G. G. da Silva et al. in
2016.7 The nanocrystals of HKUST-1 synthesized by sonoelec-
trochemical approach were much smaller (crystallites average
size of 22-47 nm) than octahedral microcrystals obtained by a
conventional solvothermal method with a size around 2-
15 um.

Synthesis of MOFs in the presence of ionic liquids

lonic liquids (ILs) have attracted considerable attention in the
synthesis of MOFs for more than one decade and have been
used as solvents, framework structure component,”® modu-
lators or adsorption-enhancement agents.” The increased
interest in the use of ionic liquids is mainly attributed to the
unique and interesting properties of these compounds. lonic
liquids are salts composed of organic cations and anions
counterparts. These solvents are liquids at room temperature,
have low volatility, high ionic conductivity and polarity. Never-
theless, their high viscosity and cost are still considered as
major obstacles for their use in MOFs synthesis. Liu et al. have
obtained ellipsoid-like crystals of NH,-MIL-53 MOF with a
particle size of around 30 nm using 1-ethyl-3-methyl-imidazo-
lium ionic liquid.” Sang et al. have revealed the accelerated
formation of Zr-based metal-organic frameworks UIO-66 at
room temperature in the presence of ionic liquid 1-hexyl-3-
methylimidazolium chloride ([Omim]Cl). The reaction time was
shortened from at least 120 h (normally required in the
synthesis using conventional DMF solvent) to 30 minutes at
which time, the samples exhibited good crystallinity.”® More-
over, this approach led to the formation of nanoscale materials
with the particle size of about 80 nm after 60 min crystalliza-
tion.

MOFs synthesis in the presence of additives
Presence of surfactants

One of the methods to promote small and uniform particles
consists of the addition of surfactants or block copolymers.
Surfactants are amphiphilic organic compounds containing
both water-soluble and water-insoluble components. There are
two mechanisms of surfactants action; they can act as capping
agents or inhibitors of growth or at certain conditions, they
may self-assemble forming micelle-like microreactors. Also,
some reports have revealed that surfactants may act as
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supramolecular templates”” to obtain metal-organic frame-

works with hierarchical porosity. In most cases, by tuning the
synthesis conditions, i.e., a surfactant to ligand ratio, smaller
nanocrystals further aggregate to mesoporous MOFs. In the
other case, the presence of surfactant provoked the conversion
of precipitate into a crystalline material.

In each case, care should be taken to posteriorly remove
surfactants from MOFs surface. Otherwise, their presence may
be a significant interferent, especially for some applications like
sensing or drug delivery. The removal of surfactants may
become a very laborious procedure including multiple wash-
ings and can require severe conditions.

Surfactants as capping agents

Surfactants which act as capping agents adhere to the surface
of MOF material hindering the reagents attachment to the
surface thus slowing the rate of crystal growth. Park et al. used
a triblock copolymer composed of two poly(ethylene glycols)
at both of the termini of the poly(propylene oxide) known as
Pluronic F127 as a surfactant to enhance the colloidal stability
of Tb-MOF nanocrystals in water. The authors found that simple
grinding of Tb-MOF with the surfactant in water, followed by
sonication furnished Tb-MOF nanocrystals with the average size
of 120 nm.7®

Another widely used surfactant, cetyltrimethylammonium
bromide (CTAB), together with a second capping agent, tris
(hydroxymethyl)aminomethane (TRIS), were used to obtain ZIF-
8 nanocrystals with morphology control in aqueous media.”
The idea behind this approach is that both surfactants adsorb
onto different surface facets of ZIF-8 promoting a variety of
morphologies from cubic to octahedral, hexapods, burr puzzles
and flower-like shapes by varying the quantity of both agents.

Gao et al. prepared nanosheets of Zn/ibuprofen-based MOF
by a solvothermal method using sodium dodecylbenzene
sulfonate as a surfactant. Compared to bulk MOF, the obtained
MOF nanosheets, with the thickness of about 150 nm (Fig-
ure 7), show remarkable pH-controlled ibuprofen release.”

Figure 7. SEM images of Zn-based MOF (a) bulk material, (b) MOF nano-
sheets. Adapted with permission from reference.® Copyright 2017, Elsevier.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Surfactants-assisted synthesis in microemulsions

Surfactant-assisted synthesis in microemulsions is a promising
method to control the size and shape of MOF nanocrystals.
Increasing number of publications has appeared since the first
use of microemulsion approach for the synthesis of
Cu,[Fe(CN)s] nanoparticles has been reported.®’” Zheng et al.
have prepared nanoscale zeolitic imidazolate frameworks
(NZIFs) in the ionic liquid microemulsion (ILME) system of H,0/
BmimPF,/TX-100 (BmimPF¢= 1-butyl-3-methylimidazolium hex-
afluorophosphate, TX-100=Triton X-100) by a direct mixing
method at room temperature as shown in Figure 8.%?

Q}J!&
D P, S,
ILME-1A Collide :—A’;:_‘ § Nucleate % . §
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53 ZE 2> I
"?}’H\:‘:\ Separation
ILME-1B
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..:.. Demulsification -:} éf o Erawik ,__?;:\..'%:‘»
“ “?fmﬁ s
® TX-100 Metal ionics ® Organic ligands @ Products

Figure 8. The growth mechanism of ZIFs nanoparticle synthesized in H,0/
BmimPF¢/TX-100 (ILME-1). Reproduced with permission from reference.®”
Copyright 2017, American Chemical Society.

The prepared ZIFs nanocrystals had an extremely small size
of ca. 2.3 nm and narrow particle distribution of less than
0.5nm (Figure 9). This approach was also useful in the
preparation of nanocrystals of [Cus(btc),(H,0);], (HKUST-1)
containing poor water-soluble ligand by the addition of ethanol
to the system (ILME-2).

Recently, Sargazi etal. have reported the use of reverse
micelle (RM) and ultrasound-assisted reverse micelle (UARM)
approaches to synthesize Th-nano MOFs.® In a typical reverse
micelle method, a surfactant (in this case sodium dodecyl
sulfate) is dissolved in an organic solvent (n-hexane) promoting
the formation of reversed micelles. The subsequent addition of
an aqueous solution of precursors (metal salt and organic
ligand) promotes the MOF growth inside of reverse micelles
nanoreactors. The authors revealed that the Th-MOF sample
synthesized by UARM method had higher thermal stability,
smaller mean particle size (27 nm), and larger surface area than
samples prepared by RM method. Smaller particle size may be
attributed to the fast nucleation rate promoted by ultrasound
irradiation. Moreover, the size and shape of Th-MOF samples
could be tuned by varying synthesis conditions such as
surfactant content, ultrasound duration, temperature and
power of ultrasound-assisted reverse micelle method (Fig-
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Figure 9. TEM images of (a) NZIF-8 synthesized in ILME-1, (b) NZIF-67
synthesized in ILME-1, (c) NHKUST-1b synthesized in ILME-2, and (d) NHKUST-
1a synthesized in ILME-1. Reproduced with permission from reference.®®”
Copyright 2017, American Chemical Society.

ure 10).%¥ The synthesis parameters of the UARM method were
designed by 2* factorial design. For each factor (A - surfactant
content [mmol], B — US duration [min], C — temperature [°C], D
- US power [W] three levels (superior + 1, central point 0, and
inferior —1) were established: A - 0.136 (+1), 0.077 (0), 0.018
(-1); B=30 (+1), 21 (0), 12 (-1); C = 55 (+1), 40 (0), 25 (-1); D -
240 (+1), 175 (0), 110 (-1).

Analysis of variance (ANOVA) showed that several factors,
including surfactant content, ultrasound duration, temperature,
ultrasound power, and interaction between these factors,
considerably affected different properties of the Th-MOF
samples. For instance, the optimal conditions for obtaining
minimum particle size and uniform morphology were provided
when all these factors were on the central point level
(surfactant content 0.077 mmol, US duration 21 minutes,
temperature 40°C, US power 175 W, Figure 10e). When the
time of reaction, irradiation time and US power were at the
superior level (US duration 30 minutes, temperature 55°C, US
power 240W, and the surfactant content at low level
(0.077 mmol) the particles were strictly agglomerated, and their
sizes were in the bulk form (Figure 10b).

Modulators
Non-coordination modulation

Among non-coordinating modulators, basic modulators are the
most frequently reported, and their role in the formation of

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 10. SEM micrographs of Th-MOF samples synthesized under different conditions of ultrasound-assisted reverse micelle method. a) A (+1), B (-1), C (0), D
(-1);b) A (-1), B (+1), C(+1), D (+1); 0) A(0), B(-1), C(-1), D (+1); d) A (+1), B (0), C(0), D (+1); &) A (0), B (0), C(0), D (0); f) A (-1), B (+1), C(+1), D (0); 9) A (0),
B (-1), C (0), D (0); h) A (-1), B (0), C (0), D (0); i) A (0), B (-1), C (-1), D (0). Reproduced with permission from reference.®” Copyright 2017, Elsevier.

small MOFs particles is mostly associated with the acceleration
of the nucleation rate. Basic modulators increase pH of the
reaction medium, what causes faster deprotonation of the
organic linker, and consequently faster MOF formation.

The use of other modulators like HF (currently prohibited in
Europe due to the safety reasons) and HCl has also been
reported. For instance, Vakili etal. have observed that the
presence of HCl in the microwave-assisted synthesis of Zr-
based framework UlO-67 led to the accelerated formation of
MOF intergrown small crystals. The authors explained that the
increased HCl solution used in the UiO-67 synthesis, provided
more water in the reaction medium, enhancing the hydrolysis
of zirconium precursor and the formation of more Zr-SBUs
(SBU=Secondary Building Units) and, consequently the for-
mation of Ui0-67.°% Similar conclusions have been drawn
earlier by Katz etal® who have observed the decreased
amount of HCl slowed down the UiO-67 MOF formation and
decreased the surface area.

Polyethylene glycol 20000 (PEG 20000) and/or MeOH were
used as a surfactant to control the size and morphology of
nanocrystals of y-cyclodextrin metal —organic frameworks (y-
CD-MOFs) obtained by the microwave-assisted method by Liu
etal.k®
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Coordination modulation

Coordination modulation is one of the most practiced methods
for morphology control of MOF nanocrystals. This approach
relies on the addition of modulators containing only one
functional group able to coordinate to the metal center.
According to the proposed coordination modulation mecha-
nism, during the synthesis, modulators (monodentate ligands)
compete with polytopic ligand by coordination to metal ions
and then, the ligand exchange yields the desired framework. A
monodentate ligand that competes with the polydentate linker
can limit to a certain extent the growth of the crystal. Thus, the
modulator can sometimes act as a capping agent. Commonly
used coordination modulators include acetic acid,"” benzoic
acid®’ or dodecanoic acid.®® Nevertheless, it should be high-
lighted that the coordination modulation method is not limited
to modulating agents with identical functionalities to the
organic linker. For instance, Cravillon et al. have employed an
excess of the bridging bidentate ligand and various auxiliary
monodentate ligands with different chemical functionalities
(carboxylate, N-heterocycle, alkylamine) in tuning the size and
shape of ZIF-8 crystals.””)
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Nanocrystals of [Zn,(1,4-bdc),(dabco)] (dabco =1,4- diazabi-
cyclo[2.2.2]octane) named as DMOF-1-Zn were successfully
prepared by the electrochemical method.®® The authors found
that the size and morphology of DMOF-1-Zn is strongly current
dependent. Lower current densities promoted the formation of
nanorods, which changed to nanoplates upon the current
density up to 0.8 mA cm™ Further increase of current density
up to 1.6 or 48 mA cm? furnished micro-particles. Moreover,
the combination of the electrochemical method with the
coordination-modulation approach using acetic acid led to the
morphology change from microplates to uniform nanorods.

Leite et al. have shown that a gradual increase in acetic acid
concentration led to the morphology change from micro-rods
to flower-like small particle agglomerates of Mixed Lanthanide-
Organic Frameworks (MLOFs). Interestingly, the addition of
acetic acid also eliminated the formation of a secondary phase
caused by the use of higher total reactants concentrations
(Figure 11)."" Phase-selective surfactant-assisted synthesis of
MOFs has also been reported in.®”

5.
,
8
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8
o
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%
g

Figure 11. SEM images of [Ln(HCOO);],, MOF samples prepared using the
following amounts (in mmol) of Tb**:La’*:1,3-H,bdc, (a) 0.02:0.9:1, (b)
0.01:0.49:0.5, (c) 0.002:0.098:0.1 and different acetic acid / distilled water
ratios (in mL); (d) 2.0:1.0, (e) 1.5:1.5 and (f) 0.5:2.5."

It should be born in mind, however, that the use of
modulators may provoke the formation of structural defects
created mainly by the partial ligand-exchange between the
polydentate linker and monodentate ligand (modulator). Such
phenomenon has already been observed, and those defects
may even lead to the higher permanent porosity and enhanced
surface area.*”

Conclusions and Outlook

Nowadays, Metal-Organic Frameworks are among the most
studied porous materials. The increasing interest in these
materials has been caused by their unique properties such as
high surface area, tunable porosity, structural and topological
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diversity, and others, which allow the utilization of MOFs in a
wide range of applications. However, traditional bulk materials
are not always appropriate for some uses. Thus, efforts have
been made to reduce the size of MOF particles to the nanoscale
range. MOF nanocrystals not only may enhance the already
known properties of bulk MOFs but also promote new features
as a consequence of high surface-to-volume ratio and quantum
size effects. Nevertheless, to establish factors leading to the
controllable synthesis of MOF nanocrystals is a great challenge.

This review provides an overview of the different routes to
synthesize MOF nanocrystals and to control their size and
shapes. Many synthetic approaches such as direct precipitation,
a solvo/hydrothermal method, an electrochemical method, and
non-conventional approaches like a microwave or ultrasound-
assisted synthesis were presented, and some of them were
more indicated to prepare nanocrystals than the others. Among
the reviewed synthetic methods, microwave and ultrasound-
assisted methods are one of the most promising approaches to
obtain uniform and well-dispersed MOF nanocrystals with
narrow size distribution. Also, the use of additives, mainly
coordinating modulators and surfactants plays a critical role in
tuning the morphology of MOF nanocrystals. The control over
the morphology of MOF particles is of utmost importance
especially in medical applications such as drug delivery and
imaging, and we believe that the synthesis of MOF nanocrystals
will be a growing field in the MOF research in the near future.
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