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In order to tailor metal-organic framework (MOF) materials for a myriad of potential applications, recent studies have

expanded on the advantages of using MOF particles in the nano-size regime. These so-called nanoMOFs may be prepared

DOI: 10.1039/x0xx00000x

using a variety of synthetic methodologies; many analogous to those used for the preparation of their bulk counterparts.

www.rsc.org/

However, many of these techniques lack the refinement to consistently produce monodisperse particle sizes. Here we

discuss recent advances in some of these synthetic methods with a particular emphasis on methods exhibiting increased

levels of size-control while producing crystallites ranging in size from 10s to 100s of nanometers. Additionally, we highlight

some specific  appplications  that

1. Introduction

Nano-sized crystals, typically with dimensions in the range 5-
500 nm," 2 can offer unique opportunities for enhancing the
physical and/or chemical properties of their bulk
counterparts,g'5 or for generating novel properties for new
applications.e' Classically, photo/electroluminescent or
surface properties of nanocrystals have been examined for
potential applications as chromophores3'5’ & % or as
heterogeneous catalysts.s’ 7101 h the former case,
confinement effects based on crystal size (in the nano-regime)
engender unique optical properties in the crystals; effects
which can be fine-tuned by adjusting their size and
morphology.lz'14 In heterogeneous catalysis, nano-sizing the
crystalline catalysts can 1) present a higher density of catalytic
sites on the surface due to significant increase in specific
surface area and 2) allow faster and more facile substrate-
catalyst interaction due to lower diffusion barriers and/or
shorter in-crystal diffusion distances.”>*° Consequently, nano-
sized catalysts commonly outperform in their catalytic (kinetic)
rates as compared to their equimolar bulk analogues. More
recently, morphological control, or increasing the external area
of desired crystal facets for catalysis, has been examined via
addition of well-faceted seeds or various surfactants.'®?°
Beyond the aforementioned applications, porous nanocrystals
such as zeolites have been applied to chemical sensing,21'23
bio-imaging and drug delivery.z‘l'26 In biological applications,
nano-zeolites serve as effective encapsulants (trapping target
molecules within the pores), that rapidly diffuse through
capillary vessels or lymphatic systems given their dimensions,
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benefit

from the inherent properties of nano-sized MOFs.

and subsequently release encapsulated molecules at desired
sites.

With large cavities presented in a periodic fashion—leading to
high internal surface area—metal-organic frameworks (MOFs)
constitute one of the most widely studied porous crystalline

27-30

materials. Through careful design of both the inorganic

node and the organic linker, the confined physical and
chemical environment within the pores of a MOF can be
rationally manipulated to create materials with unique
properties.31'38 Further modulation of the framework can be
achieved via post-synthetic where metal
39-43 . 44-53
complexes, metal chalcogenide
functional groups,s‘l'59 or enzymes36'
encapsulated, covalently bound, or associated with the
framework. Given this versatility, MOFs have been exploited
for a wide range of applications including gas storage,zg’ 32,3638,
64-67 . 55, 56, 68-75
gaseous/condensed phase separation,
harvesting,76'80 chemical 8185

biomedical,
52,54,59-61, 63

modifications
clusters, organic

37, 60-63
can be

light

86-90
membranes,
33, 36, 40, 41, 44-48, 51,

sensing,
and heterogeneous catalysis.
While the first synthesis of network structures with
large, repeating channels was presented in 1994°* and the
“MOF” moniker was coined in 1995,95 synthesis and
applications of nanoMOFs (NMOFs)—purpose-synthesized
MOF nano-crystallites—were not realized until more
recently.so’ 61 9699 NMOFs typically retain high porosity (often
mesoporosity where pore size falls within the range of 2-50
nm)GO' 61

materials particularly competent for catalysis where substrates

91-93

as observed in the bulk materials making these

can readily diffuse to the centre of the crystals, thereby
capitalizing on nearly all catalytic sites presented in the MOF
pores to enhance the apparent catalytic rate.

Coupled with synthetic protocols such as hydrothermal, or
microwave/ultrasound-assisted syntheses that have been
traditionally
coordination modulation via additives (modulators)

nano-sized materials,
that
compete for coordination with the secondary building units

reserved for other
(SBUs) have also been proven to yield various MOF crystallites
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in the nano-regime. These crystallites are subsequently
amenable to many potential applications, where herein we
highlight three general categories: 1) catalysis where the MOF
itself serves as the catalyst, or as a support for a post-
synthetically introduced catalyst, 2) bio-imaging and drug
delivery, and 3) chemical sensing. The highlights of this
emerging subclass of porous materials intend to not only
emphasize their advantages compared to their bulk
counterparts, but also to underline how NMOFs may act as
superior substitutes to other well-established nanocrystals.
Several comprehensive overviews exist covering NMOF
syntheses for specific applications, along with general methods
for NMOF preparation.loo'103 This review seeks to augment and
update these works by highlighting some recent studies where
the authors report precise control over the preparation of
MOF crystallite size followed by some example applications
where NMOFs are showing promise.

2. Synthetic methods for NMOF preparation

In recent years, many prevalent synthetic methods have been
developed for preparing MOF materials in nano-, micro- and
larger size regimes.104 Oftentimes, these methods are
analogous to one another without exercising size control.
Conscious modifications to known procedures can be exploited
to generate materials in the nano-regime, improving the
efficiency of known applications while paving the way for new
applications. In this section, the focus will be on significant
recent advances in synthetic methodologies for developing
nano-sized crystals of MOF materials with a focus on the
differences between these methods and those used to prepare
MOF materials without size control. As mentioned at the
outset, general synthetic strategies for NMOF synthesis
include solvothermal, microwave and sonochemical,
microemulsion/reverse  microemulsion, surfactant-
mediated or templated solvothermal/hydrothermal methods.

We note that a variety of experimental techniques have been
evaluated for quantifying the size of NMOF crystallites formed
through these various synthetic approaches.105 Some typical
experimental methods include transmission and scanning

and

HO__ O
DMF
+ZrOCl,8H,0 +  CH;COOH ————
90°C, 18h
0”7 0OH Modulator [M] / Particle size

2.6/~20 nm
4.8/~300 nm
5.8 /~550 nm
6.7 /~700 nm

26M

Figure 1. The effect of modulator (in this case, acetic acid) on the solvothermally
synthesized crystallite size of UiO-66 as reported by Morris et al. Scale bar sizes; A
=100 nm, B = 200 nm, C = 500 nm, D = 500 nm. SEM micrographs reprinted with
permission from Morris, W. et al. ACS Appl. Mater. Interfaces, 2017, 9, 33413-
33418. Copyright 2017 American Chemical Society.
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electron microscopy (TEM and SEM), atomic force microscopy
(AFM), photon correlation spectroscopy (PSC), powder X-ray
diffraction (PXRD) and dynamic light scattering (DLS). Most
commonly, and certainly for those data highlighted in this
overview, particle sizes are reported by way of PXRD and SEM
measurements. We also note that X-ray diffraction methods
(including those involving synchrotron radiation) along with
static light scattering (SLS) and AFM have been used somewhat
extensively to investigate the mechanisms of MOF formation
both ex and in situ.'®®

2.1 Solvothermal methodologies

Solvothermal methods have been most widely explored, and
arguably remain one of the most effective methods for the
preparation of MOF materials in all size regimes. One key
difference in the application of solvothermal methods for
NMOF synthesis is rooted in judicious selection of chemical
modulator, followed closely by controlling key reaction
conditions such as reaction volume, concentration,
temperature (notably, NMOFs have been prepared via room
temperature synthesesms' 107) and time.

In one representative example, Xia et al. synthesized Co-based
ZIF-67 particles of varying sizes simply through controlling the
solvothermal reaction temperature and time.'® Bulk zIF-67
was prepared by combining Co(Ac),4H,0 with 2-
methylimidazole in ethanol and heating the reaction mixture
to 120°C for 3 days, while 800 nm particles were synthesized
from methanol at 60°C (20 h) and corresponding 300 nm
particles were also synthesized from methanol but at 25°C (20
h). Pyrolysis of the smallest particles yielded a material that
acts as a competent catalyst for oxygen reduction, where
catalyst derived from the smallest crystallites is superior to
that derived from the larger particles (likely due to superior
mass- and electron-transport properties coupled with a more
completely exposed nanostructure).

Solvothermal strategies that decouple MOF nucleation and
growth are appealing, as it is generally well understood that
fast nucleation results in small MOF crystallites (nucleation
occurs in parallel to growth). Lan et al. have recently reported
the preparation of Zn-based ZIF-8 as well as ZnCo bimetallic
NMOFs by adding a small amount of pre-formed metal node to
a solution of the organic linker to generate clusters that act as
seeds for follow-on crystal growth.109 This strategy vyields
monodisperse ZIF-8 particles 27 nm in size (the final particle
size may be modulated by varying the amount of pre-formed
node added). Incorporating Pt nanoparticles into the NMOF in
order to quantify internal diffusion rates highlighted the
advantages of using nanoscale materials in catalysis (Section
3.1), as the highest activity for the hydrogenation of 1-hexene
was observed in Pt@ZIF-8 NMOFs 45 nm in size (particle sizes
of 440 nm were found to exhibit an activity that was 11-fold
lower).

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Scanning electron microscope (SEM) micrographs of NU-1000 MOF crystallites of varying size prepared by controlled solvothermal synthesis where two
modulators are introduced at varying concentrations along with carefully selected heating temperatures and times. Unpublished results from our lab.

Introducing varying concentrations of modulators (typically
monodentate competing ligands) results in different crystallite
sizes through a mechanism where competition for metal
binding sites takes place influencing the number of available
nucleation sites.*® In addition, introduction of modulator also
leads to defects (missing linkers or metal clusters) in the final
framework structure, as ligands are replaced by modulator
The importance of defect sites
applications has previously been highlighted,“'
emphasizes that the solvothermal conditions employed for
synthesis may control both the morphology of the bulk crystals
and the sizes of the MOF crystallites.

An early example of modulated solvothermal MOF synthesis
was reported by Schaate et al. where the preparation of Zr-
based MOFs (from the UiO family) was size controlled through
13 Adding up to three
equivalents of benzoic acid was found to result in a broadening
of the powder X-ray diffraction (PXRD) patterns of these
materials, correlating to smaller crystal sizes (ca. 230 nm-1
pm). Small UiO-66 and UiO-67 particles can also be prepared
by simply introducing HCl as a modulator, as reported by Katz
et al'™ Recently, and in a key follow-up study, Morris et al.
systematically evaluated the consequences of a series of

in various
112
and

Lo 111
moieties.

the influence of benzoic acid addition.

carboxylic acid modulators on MOF (specifically Zr-based UiO)
formation in order to elucidate modulator effects on surface
properties at the nanoscale along with colloidal stability.115
Importantly, this work highlighted the consequences of
modulator identity and concentration on the surface charge of
MOF crystallites (an indicator of colloidal stability) and size
dispersity (Figure 1). Varying the identity of modulator acid R-
COOH (where R = H, CHz, CFs;, and CHCl,) leads to the
controlled synthesis of crystallites varying in size (20 nm—-1
pm), while controlling acid concentration leads to different
crystallite morphologies (with low concentrations leading to
quasi-spherical morphologies and higher concentrations
leading to the formation of octahedral morphologies).

This journal is © The Royal Society of Chemistry 20xx

Hu et al. probed the differences in solvothermally formed
morphologies of NH,-MIL-125 (a Ti-based MOF) as a function
of either small monodentate acids (acetic acid, thioglycolic
acid) or “pseudolinker” acids (benzoic acid, p-toluylic acid).116
In the presence of increasing concentrations of pseudolinker
modulators, the crystallite size of NH,-MIL-125 first decreased
and then gradually began to increase (resulting in a “U-
shaped” size versus modulator concentration profile) as the
ratio of modulator-to-linker increased. In the case of p-toluylic
acid, particle sizes decreased from ca. 800 nm (in bulk NH,-
MIL-125) to ~70-90 nm (when the modulator-to-linker ratio
increased to 10), and subsequently grew to ca. 700 nm (as the
ratio approached 20). Presumably this phenomenon is a direct
result of modulator concentration (within a specific range)
increasing nucleation rates (while also impacting the number
of defect sites and pore size distribution). This same trend was
not observed for the small monodentate acid modulators
which (on increasing the ratio of modulator-to-linker) linearly
decreased particle sizes while varying the particle morphology
(in this case from circular plates to truncated octahedrons).

Extending modulator controlled synthetic methods to MOFs
composed of linkers with multitopic ligands is challenging
owing to the possibility of forming different nets and phases
(e.g. a Zrg-based MOF with a tetratopic linker can form
multiple nets including but not limited to ftw and csq).
Ostensibly, the formation of these phases and nets may be
sensitive to the concentration of modulator (among other
conditions). In an illustrative case-study of how modifications
to solvothermal synthesis may be used to control NMOF
crystallite size in even complicated scenarios where multitopic
linkers are used, Li et al. found that preparing NU-1000 from
ZrOCl,-8H,0 and 1,3,6,8-tetrakis(p-benzoic acid)pyrene in the
presence of two modulators enables the controlled formation
of nano-sized crystallites.60 More specifically, lowering the
concentration of benzoic acid conventionally used to promote
the formation of Zrg clusters and adding a second

J. Name., 2013, 00, 1-3 | 3
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monocarboxylic acid modulator, trifluoroacetic acid, results in
the formation of crystallites of NU-1000 with mean sizes
ranging from 75 nm up to 1.2 um (Figure 2). Here, along with

Figure 3. Structures and SEM micrographs of HKUST-1 and MOF-5
crystallites prepared by varying irradiation power, time and solvent effects
during microwave synthesis. SEM micrographs reprinted with permission
from Y.-K. Seo et al. Microporous Mesoporous Mater., 2009, 119, 331-337
and J.-S. Choi et al. Microporous Mesoporous Mater., 2008, 116, 727-731.
Copyright 2009 and 2008 Elsevier Inc.

modulator influences, both the temperature of reaction (100—
120°C) along with reaction time (0.5-1 h) play a concerted
role. As expected, crystallite sizes directly correlate to the
ability of this MOF to drive the hydrolysis of a nerve gas
simulant (Section 3.1). An extension of this synthetic approach
was used to prepare NU-1003 from 1,3,6,8-tetra(6-
carboxynaphthalen-2-yl)pyrene, ZrOCl,-8H,0, benzoic acid,
and trifluoroacetic acid.® Crystallites ranging in size from 300
nm to 10 um are accessed simply through adding increased
equivalents of trifluoroacetic acid with identical reaction times
and temperatures (3 h and 120°C, respectively). These
crystallites were used to stabilize organophosphorus acid
anhydrolase (OPAA) an enzyme that was then used to catalyze
the degradation of another nerve agent simulant (Section 3.1).

2.2 Sonochemical and microwave approaches

In the use of solvothermal methods for MOF synthesis, it is
well established that employing elevated temperatures
eliminates rapid precipitation of product affording increased
crystallization while solubilizing precursors. Microwave heating
allows short reaction times coupled with increased kinetics of
crystal nucleation through rapid energy transfer and high
instantaneous temperature.117 Thus, accelerated synthesis,
phase selectivity, and most importantly, the desire for crystal
size reduction has led to the adoption of microwave synthesis
for the preparation of NMOF materials.'*®*%

4 | J. Name., 2012, 00, 1-3

One of the earliest examples of both modulated and
microwave NMOF synthesis was reported by Diring et al.
where HKUST-1 [Cus(btc),] (btc = benzene-1,3,5-tricarboxylate)
was prepared in a microwave reaction (140°C, 10 min) in the
presence of n-dodecanoic acid modulator.**® Depending on
modulator ratio (with respect to tricarboxylic acid linker),
different particle morphologies and sizes were recorded. At
low ratios (i.e. low concentrations of modulator) particles with
sizes of ca. 20 nm formed, while increasing the ratio yielded
crystallites 2 um in size. By controlling the nucleation process
in crystallite formation, addition of modulator not only
afforded the ability to finely tune NMOF particle size but
resulted in materials with an improved degree of crystallinity.
Recently, the role of both reaction solvent and basic
modulator addition probed in
benzenetriazolate Zn-based MFU-4 in both solvothermal and
microwave synthetic procedures.105 Solvothermal synthesis of
this MOF in the absence of modulator resulted in particles with
sizes outside the nano-regime (ca. 1.2 um) unless a base,
lutidine, was added to the reaction mixture (resulting in
particles 119 nm in size, as observed by DLS). A similar
observation was made for the microwave-assisted synthesis
where particle sizes of ca. 1.2 um were observed—albeit with
a much shorter reaction time; 2-10 min versus 1 day of
solvothermal synthesis. However, introducing alkali
hydroxides (NaOH and KOH) into the reaction resulted in
crystallites ranging in size between 25-36 nm (as determined
by TEM). As opposed to many of the studies mentioned in this
overview, the additive here is expected to interact with the
free organic linker (a weak acid) via a mechanism where the
additive is responsible for linker deprotonation resulting in
higher nucleation rates and smaller crystallite
Conversely, adding coordination modulators triethylamine,
diethylamine and n-hexylamine also gave rise to smaller
crystallite sizes (54—188 nm as observed by TEM) as expected.
This expansive study also highlighted the differences between
the various techniques of NMOF size quantification where
particle sizes determined by DLS and PXRD were ca. 9-17 nm
larger than those observed directly via electron microscopy
methods.

The multitude of variables (from irradiation power and time to
solvent effects) associated with microwave synthesis of
NMOFs has been thoroughly evaluated for ubiquitous MOFs
such as HKUST-1 (resulting in 1-20 um crystallites) and MOF-5
(resulting in larger 20-25 um crystallites, Figure 3).122’ 123 yio-
66 has also been prepared by microwave methods, and Taddei
et al. have demonstrated the scalability of this synthetic
approach by employing a multi-mode apparatus that affords
the irradiation of eight 30 mL reaction chambers at one
time.'?*

Sonochemical synthetic methods also encourage rapid kinetics
while influencing particle morphology and phase selectivity by
promoting nucleation through the growth and collapse of
acoustic cavitations resulting in high local temperatures
(>5000 K) and pressures.125 This is somewhat in contrast to
microwave syntheses where the applied electric field results in
a rapid heating of the liquid phase

was the formation of

sizes.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Schematic representation of the ionic liquid microemuslion induced growth mechanism of NMOF HKUST-1 prepared in an ionic liquid microemulsion.

Adapted from ref. 138.

Much like microwave syntheses sonochemical methods have
also successfully been used to prepare NMOF materials.'2¢*%°
In an illustrative example, Li et al. prepared core-shell
nanoparticles of HKUST-1@SiO, in the 200—400 nm size regime
by sonochemical methods.”®! These hybrid materials are
accessed by combining precursors (linkers, metal salts, and a
silicate) for both components in one ultrasonic solution. In a
typical reaction, HKUST-1 nanocrystals form initially, followed
by growth of a SiO, shell resulting in a core-shell arrangement
where the SiO, shell encompasses a single MOF core. The
resulting materials were evaluated and confirmed as
competent catalysts for photocatalytic phenol degradation.

2.3 Microemulsion and surfactant-mediated syntheses

Employing surfactants to control supramolecular structure has
been used in template-directed synthesis of mesostructured
hierarchical materials such as metal oxides and silicas."**™* In
an early adaptation and translation of this synthetic strategy to
MOF materials, Qiu and coworkers synthesized HKUST-1
around micelles formed from cetyltrimethylammonium
bromide (CTAB) surfactant in EtOH/H,0 with little control over
crystallite size.”® In an elaboration of this early work, and
incorporating crystallite size control, Zhao et al. prepared MOF
nanospheres (averaging just 80 nm in diameter) by reacting a

Zn salt, 1,4-benzenecarboxylic acid, ionic liquid 1,1,3,3-
tetramethylguanidinium acetate, and surfactant N-ethyl
perfluorooctylsulfonamide, in supercritical COZ.136 The

resulting NMOF materials form through a mechanism where
the surfactant molecules self-assemble into cylindrical micelles
with fluorocarbon chains pointed towards a central CO, core
surrounded by a continuous phase of the ionic liquid, Zn salt
and linker. Subsequently, the metal ions, linker, and ionic
liguid assemble into a microporous framework with cavities
built around the micelles.

lonic liguid microemulsions have also been used to prepare
lanthanum-based NMOFs (crystallite sizes approaching 200

nm),137 and most recently, the favorable templating properties

This journal is © The Royal Society of Chemistry 20xx

of ionic liquids have been taken advantage of by Zheng et al. to
prepare  ZIF-8 and ZIF-67.*®* The H,0/1-butyl-3-
methylimidazolium hexafluorophosphate/4-octylphenol
polyethoxylate microemulsion can be exploited to enable
dissolution of the organic linkers of ZIFs (2-methylimidazole)
which are water soluble. The subsequent coordination
reaction takes place in (nano)water droplets (Figure 4). Adding
EtOH to the microemulsion mixture enables the formation of
HKUST-1, a MOF where the organic linker benzene-1,3,5-
tricarboxylate is not readily soluble in water. Using this
approach, mean crystallite sizes of 2.2 nm, 2.3 nm and 1.6 nm
for ZIF-8, ZIF-67 and HKUST-1, respectively, are obtainable;
particle sizes that are two orders of magnitude smaller than
those previously reported using analogous ionic liquid
microemulsion techniques. Particles this small are comprised
of one or less crystallographic unit cells (assuming a lack of
defect sites), a particularly intriguing observation. Indeed, 1.6
nm particles of HKUST-1 are comprised of slightly more than
half of one unit cell (the unit cell of HKUST-1 measures 26.30 A
across each cubic face), while 2.2 nm and 2.3 nm particles of
ZIF-8 and ZIF-67 represent just over one unit cell (where these
MOFs have cubic unit cells measuring 14.74 A and 16.96 A
respectively).

In order to generate a hierarchical composite structure using
surfactant-mediated synthesis, Seoane et al. have shown that
it is possible to prepare Al-based MIL-96, MIL-100 and MIL-110
in the presence of CTAB where varying the solvent and pH
governs which MIL topology is formed (Figure 5).139 Small
crystallites of MIL-100 (ca. 30 nm) are obtained in synthetic
conditions where the solvent (H,O/EtOH) molar ratio is 3.4 (pH
2.6 in the presence of CTAB). Under these conditions, an
increased concentration of EtOH reduces the size of the CTAB
micelles (driving faster exchange between a hydrophilic metal
ion-containing phase, and the hydrophobic linker-containing
phase) while improving the solubility of the organic linker. This
dynamic interaction (increased exchange kinetics) leads to the
formation of smaller MIL-100 crystallites generating a

J. Name., 2013, 00, 1-3 | 5§
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secondary mesoporosity in the resulting composite. Long-
range hierarchy is created through the combination of the
mesoporosity resulting from the packing of the crystallites and
the microporosity inherent to the MOF.

A surfactant-mediated synthetic strategy was also used to
prepare truncated rhombic dodecahedral (TRD) ZIF-8 particles
(178-227 nm) in the presence of CTAB by Avci et al.; particles

HO. 0

AI(NO;);*9H,0 + CTAB +

1
>
F4
"
o
(]
"
(2]

@_

B

MIL-110

MIL-100

MIL-96

Figure 5. Varying the reaction pH during the synthesis of MIL MOFs in the
fpresencfe of CTAB enables control of which MIL topology is formed. Adapted
rom ref. 139.

that were subsequently found to self-assemble into millimeter-
size three-dimensional superstructures on evaporative
drying.140 The resulting NMOF-based superstructures exhibit
angle-dependent opalescence owing to the formation of a
photonic bandgap enabling the use of these materials as
optical sensors for various chemical vapors.

2.4 Alternative methods

MOFs and NMOFs have also been prepared using synthetic
routes that fall outside of those considered as traditional
including spray-drying,141 centrifugation,142 hydrothermal
syntheses on substrates,”® '* diffusion-mediated™** and self-
exfoliation techniques to yield nanosheets." Of interest are
synthetic methods that employ benign reaction conditions,
lower energy processes, and methods that may be readily
scaled upwards for eventual industrial and commercialization
applications.

Preparation of a porous MOF via mechanochemistry was first
reported in 2006,146 and this synthetic methodology has since
been expanded to include multicomponent reactions to
prepare cocrystals, polymers and other metal-organic
materials.**’ Owing to the limited predictability of
mechanically breaking intramolecular bonds to instantiate a
chemical reaction, few examples exist of controlled NMOF
synthesis via mechanochemistry. Trobs and Emmerling have
reported the preparation of a Bi-based NMOF in a
conventional ball mill, work that represents a tantalizing new
synthetic approach.148 Bi(NO3)3, benzene-1,4-dicarboxylic acid,

6 | J. Name., 2012, 00, 1-3
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and imidazole were ground together and the product MOF was
found to form (via lab scale X-ray diffraction) after a reaction
period of 2 min with a corresponding particle size of 108 nm.
The reaction proceeds via a mechanism where protonation of
the imidazole followed H,0 and NO, release, resulting in an
intermediate Bi species surrounded by a coordination sphere
of H,0 that readily reacts with benzene-1,4-dicarboxylic acid.

While many of the preparative methods discussed herein,
including mechanochemistry, can vyield gram-quantities of
MOF and NMOF materials, batch-to-batch and particle size
reproducibility remain challenging. Droplet-based microfluidic
syntheses have been previously explored to alleviate the
shortcomings of some conventional MOF synthetic
methods."**™** One noteworthy advantage of microfluidic
synthesis, depending on system design, is the ability to
integrate framework  synthesis  with post-synthetic
modification and particle size control as illustrated by
Jambovane et al. who reported the continuous preparation
and post-synthetic modification of amino-modified Uio-66."*
Combining all the components of the MOF in an oil phase to
yield droplet nanoreactors which are then subjected to a
residence time in a temperature controlled oven yielded NH,-
UiO-66 crystallites 80-100nm in size. Crystallite size is
established through the addition of modulator as one of the
reagents at the beginning of the process, in a de facto
solvothermal synthetic arrangement, something that previous
microfluidic systems have lacked. In an additional testament to
the versatility of this approach, functionalization of the amino
groups on the organic linkers was achieved by incorporating

= Substrate

Figure 6. Schematic ref)resenting diffusion of a substrate through a NU-1000
NMOF crystallite. Small particle sizes afford larger external surface areas and

Ba fid access to internal catalytic active sites by reducing reactant and product
iffusion rates.

either acetic acid or fluorescein isothiocyanate in the reaction
to yield functionalized NMOFs ca. 100—-150 nm or 20-30 nm in
diameter, respectively (although reproducible small particles
were observed in this work, it remains unclear as to why the
fluorescein derivatives are so much smaller than the
unfunctionalized analogs).

3. Select applications of NMOFs

3.1 Catalysis

This journal is © The Royal Society of Chemistry 20xx
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Employing the metal node and/or organic linker of a MOF as a
catalyst or catalyst support is of interest due to the ability to
achieve site-isolated catalytic activity of controlled
composition.30 Furthermore, while the permanent porosity of
MOFs is advantageous for catalytic applications, accessibility of
the active sites can still be a challenge, especially if the
catalytic reactions involve large substrates that suffer from
increased diffusion rates to internal catalytic sites (Figure 6).
One way to accelerate the diffusion of substrates and/or
products in a catalytic MOF material is to synthesize NMOFs,
which feature greater external surface area and
diffusion barriers.

Li et al. have reported the modulator controlled solvothermal
synthesis of nano-sized NU-1000 (Section 2.1), a Zr-based
mesoporous MOF, and demonstrated the effect of crystallite
size on hydrolysis of a nerve agent simulant, dimethyl 4-
nitrophenylphosphate (DMNP).60 As expected, catalytic activity
increased significantly upon decreasing crystallite size since,
intuitively, the smaller particles demonstrate larger external
surface areas (enabling access to more surface-based catalytic
sites) and facilitate faster access to the Zrg-nodal active sites
within NU-1000. In a related example, Li et al. also designed a
Zr-based MOF, NU-1003, that possesses large mesopores (ca.
4.5 nm) which allow for the immobilization of the nerve agent
hydrolyzing enzyme, organophosphorus acid anhydrolase
(OPAA).61 In addition to designing a MOF with large pores for
enzyme encapsulation, NU-1003 was also prepared on the
nanometer scale to facilitate faster diffusion of the nerve
agent, soman (GD) throughout the MOF-enzyme composite.
The nano-sized enzyme carrier not only led to enhanced
stability of the enzyme but due to enhanced diffusion, the
composite activity was found to exceed that of the free
enzyme. It should be noted that maintaining or exceeding the
activity of free enzymes with composite materials
challenging task.’® '°® The use of nano-sized MOF-enzyme
systems is of particular interest for biomedical applications
where the size of crystallites can be crucial for achieving facile
transport through the circulatory system as well as allowing for
cellular uptake.

While many NMOFs can be synthesized to have monodisperse
particle sizes, there are still many more MOFs that have been
shown to crystallize in a polydisperse fashion. Given that the
size of the NMOF crystallite has significant implications with
respect to catalytic competence, it is important to ensure that
samples contain monodisperse particle sizes before drawing
conclusions about catalytic activity. The importance of particle
monodispersity was illustrated by Janiak et al. in a study where
the Brgnsted acidity of 2-nitro-, and 2-amino-terephthalate-

lower

is a
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functionalized MIL-101Cr NMOFs was leveraged to catalyse
diacetilization of benzaldehyde with methanol.™’ Nano-regime
MOF particles (<200 nm in this example) were determined to
be the primary contributor to catalytic reactivity after removal
(by filtration) of the bulk MOF particles from the reaction
mixture and post leaching analysis. It was found that the nano-
sized MOF particles were responsible for ca. 67% of the
observed overall activity despite much lower molar amounts of
NMOF being present in the mixture. Perhaps more
significantly, less than 1 mg of NMOF 2-nitro-MIL-101Cr
(particle diameters of 245 + 117 nm) isolated from the bulk 2-
nitro-MIL-101Cr sample through ultracentrifugation was found
to enable a conversion of 68% (90 min reaction) where 10 mg
of a bulk sample of nonfunctionalized MIL-101Cr (particle
diameters of 479 + 150 nm) produces nearly the same
conversion (albeit with comparable turnover frequencies and
numbers). While the Brgnsted acidity of the functional group
on the linker is expected to play a significant role in this
catalysis (hence the higher catalytic activity of the nitro-
substituted frameworks), it was also determined that a
comparable increase in activity was observed when the
particle size of the amino-functionalized MIL-101Cr was
decreased, unequivocally providing evidence for particle-size
enhancements independent of framework functionalization.

3.2 Sensing and Imaging

MOFs have been studied for their potential in sensing
applications and as alternative materials to metal-oxide,
nanoparticulate, and quantum-dot based sensors.”*® Rieter
and coworkers have shown that nano-sized Gd(lll)-based MOFs
prepared via (water-in-oil) microemulsion methods (Figure 7)
can be utilized as contrast agents for magnetic resonance
imaging (MRI) where the paramagnetic nature of Gd(lll) ions
improve image contrast by increasing water proton relaxation
rates.’ Gd(lll)-based MOF nanorods (ranging in length from
100-1000 nm and in diameter from 40-100 nm), as positive
(T,-weighted) contrast agents, demonstrate an order of
magnitude of enhancement in relaxivity (R1 = 1.6 x 10" s per
mM of nanorod) compared to Gd(lll)-bearing liposomes and
Omniscan™ (gadodiamide), a clinically used small molecule
contrast agent. Size-dependent relaxivity values were
observed where nano-sized MOF particles showed larger
relaxivity values attributed to higher Gd-bound water
exchange rates due to large surface-to-volume ratios of the
particles, suggesting that Gd(lll) centers near the surface are
primarily responsible for the enhancement. As expected,
increasing the nanorod size results
dependence in relaxitivity (per mM Gd).

in an inverse size
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Figure 8. Structures of Fe-based MIL-100, MIL-101 and anti-cancer drug
Busulfan. Busulfan@MIL-100 composite has been found to retain the
activity of Busulfan with respect to human leukemia and multiple myeloma.
Adapted from ref. 96.

Using a reverse microemulsion approach, Rieter et al
synthesized Ln-MOF@SiO,, Ln = Eu(lll), Gd(lll), Th(lll), core-
shell adducts via Ln-MOF nanoparticles functionalized with
polyvinylpyrrolidone (PVP). The PVP coated NMOFs were
prepared in a nanorod morphology (ca. 100 nm in length, 40
nm in width) while the subsequently prepared silica coated
particles had silica shells ranging in thickness from 2—9 nm
(dependent on the reaction time employed in the sol-gel
preparation method). While guarding the NMOF against
dissolution, the silica shell of a Eu-doped Gd-NMOF was

functionalized with a silated Tb-derivative to afford
lumine
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Figure 7. Structure and Ti1-weighted magnetic resonance images of bacteri
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water/surfactant molar ratios. Reprinted with permission from W. J. Rieter et a
al. J. Am. Chem. Soc., 2006, 128, 9024-9025. Copyright 2006 American d

Chemical Society. enaosp

ores,

with a

detection limit of ~48 nM.**® In a somewhat related example,

Xu et al. showed that highly selective luminescence sensing of
DPA, in the presence of other carboxylic acid based aromatic
compounds and inorganic anions, is enhanced by using nano-
sized Eu(lll)-fumarate-oxalate-based NMOFs (200-400 nm)
prepared by a microemulsion method.®* Upon increasing the
amount of CTAB added during MOF preparation, particle sizes
decreased from the macro regime (2-4 um) to the nano.
Perhaps most significantly, it was determined that the Bravais—
Friedel-Donnay—Harker (BFDH) method can be applied to this
synthetic scheme to simulate crystallite growth and predict
morphology with reasonable accuracy opening the door to
predictive synthetic methodologies where specific

8 | J. Name., 2012, 00, 1-3

nanomorphologies and crystallite sizes can be targeted
depending on the desired application.

3.3 Drug Delivery

Nano-sized MOFs have gained significant attention as non-
toxic nanocarriers which have the potential to overcome issues
associated with low drug loading and/or payload loss through
Ieat:hing.162 Horcajada et al. have shown that iron carboxylate
based nano-sized MIL MOFs (with mean diameters <200 nm)
prepared via conventional solvothermal or microwave
synthetic methods can be employed for the encapsulation of
challenging therapeutic agents as biocompatible nanocarriers
(where the cytotoxicity of the NMOFs was determined to be
comparable to that observed for other conventional
nanoparticulate delivery systems).96 In one representative
example from this wide ranging study, nanosized MIL-100 was
shown to adsorb 25 wt% busulfan (an anticancer drug, Figure
8), representing a loading that is 5-fold higher than that of
known polymer nanoparticles, and marks a 60-fold
enhancement over liposome loading. Busulfan is a particularly
challenging chemotherapy target owing to its poor stability in
aqueous solution and hepatic toxicity. Achieving high loading
of a target drug in a nanocarrier is crucial since it facilitates the
use of lower amounts of the carrier material to deliver the

needed dose (actual intravenous dosage of MIL-100
encapsulating busulfan is anticipated to be around 20 mg kg'1
and avoid the use organic solvents such as N,N’-

dimethylacetamide reducing hepatic toxicity). Importantly, the
activity of the busulfan@MIL-100 composite was tested
against human leukemia and human multiple myeloma cells
resulting in the preservation of the activity of busulfan (where
the activity was the same as that observed for the free
busulfan) with a total absence of MIL-100 cytotoxicity. To
further confirm the biodegradability and cytotoxicity of NMOF
nanocarriers, Baati et al. performed in vivo toxicity
experiments in rats using the same Fe(lll)-based nanosized
MILs.*®® Low acute toxicity was confirmed and the MOF
nanoparticles were rapidly sequestered in the liver and spleen.
Components of the NMOFs such as iron and organic linkers
were subsequently detected in urine and feces samples.

One potential approach to using NMOFs in therapeutic
applications involves the preparation of MOFs that incorporate
photosensitizer-based organic linkers to generate singlet
oxygen (a prerequisite of photodynamic therapy). To avoid
non-productive excited state deactivation through
chromophore aggregation, MOFs may be used to facilitate a
rigid spatial distribution of immobilized photosensitizers. To
this end, porphyrin-based PCN-222/MOF-545 NMOFs (with
average sizes ranging from 50-800 nm) prepared via acetic
acid modulator controlled solvothermal methods have been
evaluated in the context of photodynamic therapy.164
uptake (with Hela cells) experiments with these materials
determined that larger particles were bound to cell
membranes but less efficiently internalized than smaller
crystallites. No size-dependent preference for association of
NMOFs with cells was apparent from confocal microscopy
analysis. In these materials, superior phototoxicity of the

Cellular

This journal is © The Royal Society of Chemistry 20xx
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NMOFs over the free linkers is attributed to the controlled
mechanism of tumor cell apoptosis due to oxidative stress in
the former while the latter predominantly causes traumatic
cell death. Serendipitously, NMOF decomposition in biological
media (stability of Zr-based MOFs in the presence of
phosphates is a known shortcoming) after 20 h in cells leads to
a deactivation of phototoxicity affording an auspicious
pathway for eliminating post-treatment issues.

4. Conclusions and Outlook

Although all the synthetic methods described herein may be
used to generate NMOFs, it is clear that no one synthetic
strategy is all encompassing. Solvothermal methods offer the
greatest flexibility in terms of linker selection as practical
solubility considerations can be overcome with judicious
reaction condition selection. This comes at the cost of long
reaction times, the need for systematic optimization of
reaction conditions to improve crystallite polydispersity, and
rudimentary (albeit well understood) control over crystallite
size. Sonochemical and microwave methods improve on the
logistical aspects of solvothermal syntheses with shorter and
controlled reaction times, often at the cost of scalability.
Meanwhile, surfactant-mediated and microemulsion type
methodologies offer the possibility for hierarchical design of
composite MOF materials, where control over the long-range
hierarchy is exercised through the nature of the templating
micelles formed as part of the emulsification process.
However, solubility considerations greatly limit the
applicability of this approach, as large organic linkers often
require common organic solvents for dissolution and are
sparingly, or not at all soluble in water and ethanol, obviating
the possibility for synthesis within the water phase of the
microemulsion.

The use of smaller particle sizes engenders many advantages in
potential applications. Increased external surface areas
coupled with shorter diffusion pathways for reactants,
mediators and products translate to improvements in catalytic
reactions. Conversely, small particle sizes are often desirable
for biomedical applications where molecular drug delivery and
imaging systems must traverse a complex physiological
roadmap where vessels, tissue, and biological membranes all
have varying levels of permeability. Thus, the retained porosity
of NMOF crystallites must be leveraged to store and protect
payloads while the small crystallite size facilitates biological
transport and in some cases biodegradability. One additional
consideration is control over particle nanomorphology. While
discussion of morphology falls outside of the scope of this
overview, it stands to reason that varying the morphology of
the crystallites discussed in this overview (from rods to plates,
for example) will also impact the performance of these
materials in many of these applications.

It is clear that efforts to optimize size-controlled syntheses of
MOFs are of importance, particularly due to the multitude of
applications that benefit from the inherent properties of
smaller crystallites. Many recent studies have confirmed the

This journal is © The Royal Society of Chemistry 20xx

unique utility of NMOFs, and we firmly believe that there are
still many potential applications that remain underexplored. -
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