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As metal-organic frameworks (MOFs) are coming of age, their structural diversity, exceptional
porosity and inherent functionality need to be transferred into useful applications. Fashioning MOFs
into various shapes and at the same time controlling their size constitute an essential step toward
MOF-based devices. Moreover, downsizing MOFs to the nanoscale triggers a whole new set of
properties distinguishing nanoMOFs from their bulk counterparts. Therefore, dimensionality-
controlled miniaturization of MOFs enables the customised use of nanoMOFs for specific
applications where suitable size and shape are key prerequisites. In this feature article we survey the
burgeoning field of nanoscale MOF synthesis, ranging from classical protocols such as microemulsion
synthesis all the way to microfluidic-based techniques and template-directed epitaxial growth schemes.
Along these lines, we will fathom the feasibility of rationally designing specific MOF
nanomorphologies—zero-, one- and two-dimensional nanostructures—and we will explore more
complex “second-generation” nanostructures typically evolving from a high level of interfacial control.
As a recurring theme, we will review recent advances made toward the understanding of nucleation
and growth processes at the nanoscale, as such insights are expected to further push the borders of
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nanoMOF science.

1. Introduction

Coordination chemistry has lived through a renaissance with the
discovery of highly porous, crystalline framework materials
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composed of metal ions or clusters joined by rigid, polytopic
organic linkers."* The triumphant success and rapid growth of
this class of hybrid materials, dubbed metal-organic frameworks
(MOFs) or porous coordination polymers (PCPs), are largely
based on their elegant yet simple synthesis and their versatility
originating from the use of tailorable linkers and the resulting
high surface areas and porosities. Although the validity of
rational MOF synthesis is not universal and some doubt has been
cast recently on the viability of true secondary building-block
approaches,® MOF chemistry continues to intrigue by offering
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modular and highly rational approaches to sophisticated
network topologies, which is rarely seen in the synthesis of dense
solid-state materials at elevated temperatures under thermody-
namic control. The importance of the concepts “surface” and
“porosity” associated with MOFs, together with their inherent
functionality hosted by both organic and inorganic building
blocks, gives rise to a kaleidoscope of properties and, hence,
applications. The more traditional ones like adsorption,*® gas
storage”® and separation**'® have been complemented in recent
years by a host of emerging applications such as in sensor
design,>'""'*  light harvesting,"*'>  bioimaging,'®"” drug
delivery,'®2° and catalysis.*'>*

Such applications have been propelled by the ongoing down-
sizing of MOFs to the nanoscale and the prospect of amplifying
large internal surface areas by ever increasing external surface
areas and of combining inherent functionality with high sensi-
tivity. The miniaturization of MOFs has already become one of
the most prosperous disciplines in current MOF chemistry as it
bridges the gap between fundamental MOF science and
prospective applications by imprinting MOFs with morphologies
suitable for device fabrication.

Nanosized MOF architectures (nanoMOFs), featuring at least
one dimension at the nanoscale, offer significantly altered
properties and reactivity compared to the bulk material.
Increased textural porosity and external surfaces remove or
diminish the mass transfer limits*® and therefore increase the
activity of catalysts as well as the response time in sensor appli-
cations. Additionally, materials with structures matching visible
light wavelengths may exhibit optical effects based on interfer-
ence and diffraction.? In biological applications, the internali-
zation kinetics as well as blood half-life and the distribution of
the particles throughout the biosystem have been found to be
size-dependent.”” For example, smaller particles have been
shown to exhibit increased plasma circulation times and can even
be transported to the lymphatic system.?®

The exploration of synthesis strategies toward nanoMOFs and
the exploitation of their small size constitute a nascent field that
has materialized already in promising studies on the use of
nanoMOFs, for example in medical applications. However,
apart from size effects, the shape and morphology of nanoMOFs
play a key role and are inherently relevant to the type of appli-
cation that is sought. As R. E. Morris states, “A burgeoning
challenge in the field is therefore to prepare the materials with
shapes tailored for specific purposes, for example as thin films for
membrane applications.”? While spherical shapes ensure
uniform framework degradation and hence, drug release, non-
spherical or anisotropic shapes may be preferred in catalysis or
optics due to the prominence of active sites at edges and corners
or preferred orientation of channel systems. In contrast, MOF
membranes or films exhibit suitable morphologies for gas sepa-
ration or planar sensing platforms in devices such as vapor
sensitive thin films*® or quartz crystal microbalance-based
sensing systems.'*® Taken together, the specific size, shape and
morphology imbue nanoMOFs with functionality and reactivity
that can be tuned in a large range depending on the finesse of the
fabrication procedures.

This feature article is geared towards recent advances in MOF
nanoscale synthesis and nanofabrication that have set the stage
for the rational design of MOF nanomorphologies ranging from
zero-dimensional (0D) and one-dimensional (1D) to two-
dimensional (2D) and other anisotropic and hybrid nano-
structures. The article is designed to focus on benchmark studies
rather than to give a comprehensive account of the rapidly
evolving nanoMOF field, and as such, we will highlight selected
examples that have paved the way toward a better understanding
of nucleation and growth at the nanoscale, or which are trend-
setting with respect to novel strategies in nanoscale MOF
synthesis.

For a more comprehensive overview of emerging applications
of MOF nanomorphologies, the reader is referred to a number of
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excellent reviews that have recently appeared on this topic, such
as those by Lin, Spokoyny,! or Shekhah.*

2. Zero-dimensional nanostructures
2.1 Sonochemical and microwave-assisted syntheses

The synthesis of zero-dimensional MOF nanoparticles has been
achieved by a number of protocols so far, which mainly rely on
the spatial and temporal control of nucleation and growth of
MOF crystals under solvo- or hydrothermal conditions. Along
these lines, the concept of arrested particle growth has been
implemented successfully by adding so-called coordination
modulators, i.e. inhibitors such as monocarboxylic acids,**** or
by the in situ activation of ligands as realized in the deprotona-
tion of 2-methylimidazole to speed up ZIF-8 nucleation.3s3¢ In
general, the most convenient protocols for nanoMOF synthesis
are those that require minimum chemical reaction control
(addition of modifiers, surfactants, reactant ratio), but solely rely
on growth control via physical parameters, such as the type of
energy supply, reaction time and temperature. Therefore,
a number of methodologies have been developed recently,
exploiting either conventional electric (CE),*” ultrasonic (US)3*-*°
or microwave (MW) assisted heating?**' for the synthesis of
nanoMOFs. The use of US irradiation in the synthesis of
nanosized MOFs was first adapted from organic synthesis by Qiu
et al., who were able to synthesize a fluorescent microporous
nanoMOF [Zn;(btc),-12H,0] (btc = 1,3,5-benzenetricarbox-
ylate) by using US treatment at room temperature®® and has since
then been successfully extended to various other systems like
ZIF-8 and HKUST-1.#> US effects originate from acoustic
cavitation, which generate local hot spots with high transient
temperature (5000 K), high pressure (>1000 atm), and rapid
heating and cooling rates (10'° K s7!).#** The nucleation and
growth of the particles preferably take place at these hot spots,
which limits the particle size as the spots cool down to the
temperature of the reaction medium within milliseconds.

MW-assisted synthesis has turned out to be another promising
technique to achieve the formation of MOF nanoparticles. The
method initially relied on a droplet liquid dispersion protocol
taking advantage of the rapid evaporation of a reactant-con-
taining organic solvent mixed with water by MW heating.*>-*¢
However, this method can be transferred to homogeneous
solvent systems by taking advantage of the high dielectric
absorptivity of polar solvents such as diethylformamide (DEF),
which leads to rapid thermal energy conversion and efficient
local heating of the reaction solution, thereby affording fast
nucleation and crystal growth. Along these lines, Ni et al.
reported the first successful synthesis of IRMOF-1, -2, and -3
nanoparticles by the so-called MW-assisted solvothermal
synthesis, which has since then been picked up successfully by
others to efficiently and size-selectively synthesize various MOF
nanoparticles.*474°

Both sonochemical and microwave syntheses have been found
to significantly accelerate MOF crystallization as compared to
traditional electric heating, while the observed rate enhancement
is typically larger for US than MW irradiation. Recent work has
shown that both the rates of nucleation and crystal growth are
greatly enhanced by US and MW irradiation compared to
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Fig. 1 Increase in crystallinity of MIL-53 (Fe) with time compared for
US, MW and CE heating. Reproduced with permission from ref. 47.
Copyright© 2011 by John Wiley & Sons, Inc.

classical solvo-/hydrothermal syntheses, which is attributed to
increased pre-exponential factors of the Arrhenius equation and
hence, increased reaction probability (Fig. 1).4’

It needs to be pointed out, however, that for different MOF
systems different relative accelerations of nucleation and crystal
growth, respectively, are observed. The impact of nucleation rate
enhancement was found to be dominant in systems such as
Cus(btc),,> while acceleration of crystal growth is more impor-
tant in MIL-53(Fe).*” Taking into account the reaction yield and
monodispersity of the resulting nanoparticles, which are key
factors from a preparative point of view, Chalati et al. have
found that for MIL-88A MW-assisted synthesis is superior to
both conventional hydrothermal and US synthesis. Whilst both
US and MW syntheses excel with respect to the rapid formation
of nanoparticles smaller than 100 nm, US-assisted protocols
require highly dilute solutions and the additional use of coordi-
nation inhibitors such as acetic acid, resulting in very small yields
(<10%). In contrast, MW-assisted synthesis affords MIL-88A
nanoparticles with good size control, being almost unaffected by
the concentration (up to 1 mmol L"), and a relatively high yield
independent of the reaction time."!

2.2 Microemulsion synthesis

Besides size control by different types of energy transduction,
zero-dimensional MOF nanoparticles have been synthesized by
taking advantage of interfacial reactions providing shape control
and confinement of the reaction zone at the same time. For
example, a highly attractive route to MOF nanospheres has
recently been reported by Zhao et al., who used surfactants to
limit the size of the resulting particles and as a template to create
micro-mesoporous MOF structures at the same time.>> Highly
ordered hierarchically porous structures were obtained by
combining the solvating possibilities offered by ionic liquids
(ILs) and supercritical CO, (SCCO,) with the templating prop-
erties of fluorocarbon-type surfactants. The surfactant N-ethyl
perfluorooctylsulfonamide (N-EtFOSA) forms microemulsions
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in a solvent mixture of the IL 1,1,3,3-tetramethylguanidinium
acetate (TMGA) and SCCO,, as the interactions between CO,
and the fluorocarbon tails of the surfactants are strong.**** In
a standard synthesis procedure, Zn(NOj),, 1,4-benzenedi-
carboxylic acid (H,bdc) and N-EtFOSA were added to TMGA
and heated in a high-pressure cell under 16.8 MPa CO, pressure
at 80 °C for 48 h. Transmission electron microscopy (TEM)
images (Fig. 2) show nanoparticles of roughly 80 nm diameter
with a uniform size distribution and a well ordered system of
mesopores. The pore size was found to be 3.0 nm, whereas the
microporous pore walls have a thickness of 2.5 nm. Although the
structure of the pore walls could not be identified by comparison
with known Zn(bdc)-type MOF structures, N,-sorption
measurements reveal well-pronounced mesoporosity along with
moderate microporosity and a bimodal pore size distribution
centered at 3.6 nm and 0.7 nm.

2.3 Interfacial synthesis

A very elegant realization of interfacial control has been put
forward by De Voss and co-workers, who demonstrated the
fabrication of hollow MOF capsules at the interface between two
immiscible liquids.> The inorganic (copper acetate) and organic
(Hpybtc) precursors were separately dissolved in water and
1-octanol, respectively, and both liquids were supplied by syringe
pumps to a T-junction, where water droplets were generated by
breaking-off in the co-flowing organic ligand solution as
demonstrated in Fig. 3. The obtained micron-sized capsules
(~375 um) feature defect-free walls of about 2 pm thickness due
to a self-completing growth mechanism, which has nicely been
demonstrated by the efficient retention of encapsulated Rose
Bengal dyes within the intact walls of the MOF capsules.

While the thickness of the walls is clearly above the nanometre
range, the interfacial formation of nanoscale MOF membranes
based on this biphasic synthesis approach is clearly within reach.

Moreover, the tuning of solvents, MOF precursors, concentra-
tions and flow rates will further broaden the scope of this
methodology and bodes well for the fabrication of freestanding
MOF films as well as versatile MOF nanocontainers with
microporous walls and, hence, size-selective storage and release
properties. This could lead to future applications in catalysis by
trapping molecular catalysts inside MOF capsules to form micro-
or even nanoreactors. An overview of all presented synthesis
strategies discussed in this chapter is provided in Table 1.

3. One-dimensional nanostructures
3.1 Surfactant-assisted synthesis in reverse microemulsions

While the synthesis of MOF nanoparticles has been rather widely
explored, the search for a generalized approach to the synthesis of
anisotropic and especially one-dimensional nanostructures such
as wires and rods has received less attention. Nevertheless, prog-
ress has been made with respect to interfacial synthesis procedures
in heterogeneous phase mixtures. Among these approaches,
surfactant-assisted syntheses in reverse microemulsion systems
have shown potential in controlling the shape and aspect ratio of
nanoMOFs, although the direct correlation between emulsion
composition and the resulting shapes is elusive in most cases.
Lin and co-workers developed a synthetic strategy utilizing the
size limiting effects of reverse microemulsions to synthesize MOF
nanostructures.®*** Both shape and size of the micelles can be
altered by adjusting the surfactant to water ratio w, resulting in
surfactant-stabilized water reservoirs in a continuous organic
phase, which can be used as nanoreactors for MOF synthesis.
The authors prepared Ln(bdc), 5(H,0), (Ln = Eu**, Gd** or
Tb**) in a microemulsion system consisting of the cationic
surfactant cetyltrimethylammonium bromide (CTAB), isooc-
tane, 1-hexanol and water, using LnCl; and dimethylammo-
nium-1,4-dicarboxylate as MOF precursors. By varying the

Fig. 2 (a) Scanning electron microscopy (SEM) and (b—f) TEM images of hierarchically micro- and mesoporous MOF nanoparticles. Reprinted with

permission from ref. 52. Copyright© 2011 by John Wiley & Sons, Inc.
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Fig. 3 Left: cut-away view of the T-junction showing details of the emulsification step. The metal-ion containing aqueous phase (blue) flows through
a tapered capillary in the tubing, and the ligand-containing organic solution (purple) flows around it. Growing droplets detach when the force due to
interfacial tension is exceeded by the drag force of the surrounding organic phase. Middle: SEM micrograph showing several capsules and their
monodispersity. Scale bar 500 pm. Right: SEM micrograph of a capsule crushed with a needle tip showing its hollow interior. Scale bar 25 pm. Reprinted
with permission from ref. 55. Copyright© 2011 by Nature Publishing Group.

Table 1 Overview of various synthesis approaches towards 0D nanostructures and the resulting morphology and sorption properties of the formed

particles in comparison to the respective bulk material

0D nanostructures Bulk
Synthesis method References Selected examples Properties Properties
Coordination 33,35,36,40 and 56-58 ZIF-8 9 nm (&), rhombic Micrometre sized rhombic
modulation dodecahedra, 1617 m?* g~' (for dodecahedra, 1630 m*> g~!
18 nm sized particles) (ref. 35) (ref. 59)
Ultrasonic 36,42 and 47 HKUST-1 10 nm (@), spherical particles, Micrometre sized octahedra,
synthesis 1075 m? g=' (ref. 42) 2260 m? g~ (ref. 60)
Microwave 34,39,41,46 and 47 IRMOF-3 (Sub)micrometre sized cubic Micrometre sized cubes,
crystals® (ref. 41) 2160 m? g~ (ref. 61)
Interfacial 55 HKUST-1 375 pm (9), hollow capsules, Micrometre sized octahedra,
synthesis 620 m? g~! (ref. 55) 2260 m? g~! (ref. 60)
Tonic liquids/ 22 Gd,(bdc)3(H,0)4 100 nm (@) x 35 nm, Blade-like crystals, no
microemulsion irregularly shaped platelets” sorption observed for N,(g)

“ No sorption data available.

(ref. 22)

and CO,(g) (ref. 62)

w-value from 5 to 10, the aspect ratio of the resulting MOF
nanorods could be altered from 100-125 nm length and 40 nm
diameter (w = 5) up to 2 um length and a diameter of 100 nm (w
= 10). While increasing the concentration does not affect the
aspect ratio of the nanocrystals, it decreases the particle size,
possibly due to the increased number of nucleation sites present
in the higher concentrated synthesis solution. Additionally, the
presence of the surfactant, which creates a shell-like structure
around the growing particles, seems to enhance the stability of
the particles against agglomeration."” These nanoMOFs could
lead to applications in bioimaging due to the high concentration
of highly paramagnetic metal ions such as Gd**, which are
administered to enhance magnetic resonance image contrast by
increasing proton relaxation rates.*®

The above synthesis scheme was extended to MOFs with
higher biocompatibility, while retaining MRI contrast enhancing
properties, by the synthesis of Mn?*-based MOFs with bdc
and btc linkers. The resulting rod-shaped nanoMOFs of
Mn(bdc)(H,O), crystallize in the bulk crystal structure and
feature tuneable aspect ratios with lengths up to several microns.
In contrast, nanoMOFs of composition Mny(btc)3(H,0)g exhibit
an unusual spiral rod morphology with a crystal structure not
corresponding to previously known Mn**-bizc-based phases
(Fig. 4).%

3.2 Interfacial control in a microfluidic environment

In recent years, “Lab-on-a-Chip” devices for the synthesis of
1D-nanostructures have entered the focus of synthetic chem-
ists.®*® An elegant method for the preparation of 1D nanowires
of coordination polymers that exploits interfacial chemistry in
a microfluidic environment has recently been presented by Dit-
trich and co-workers.® The reactant solutions are injected
parallel into a microfluidic chip creating a laminar flow of the
reactant solutions, thereby enabling superior control of the
interface region acting as a reaction zone.

Fig. 4 (a) SEM and (b) TEM images of Mnj(bzc),(H,O) spiral nano-
rods synthesized at room temperature. Reprinted with permission from
ref. 65. Copyright© 2008 American Chemical Society.

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Top: schematic drawing of the laminar flow of the reactants in
a microfluidic device. Bottom left: microscopic image of the formed
nanowires at the interface between both reactant flows; bottom right:
SEM image of a bundle of Cu(m)-Asp nanowires. Reprinted with
permission from ref. 69. Copyright© 2011 American Chemical Society.

In Dittrich’s setup, two aqueous solutions of Cu(NO;), and
L-aspartate (Asp) in NaOH were injected into a microfluidic
device with four input channels at a flow rate of 100 uL min—"'. At
the interface of both streams, nanowires formed within micro-
seconds, which were identified as Cu(i)-Asp by XRD analysis.
Scanning electron microscopy (SEM) measurements proved the
formation of bundles of well-aligned nanowires (Fig. 5).

The scope of this synthesis scheme has been extended to
nanofibers of Ag(1)-cysteine (Cys) and Zn(i)-4,4'-bipyridine
(4,4’ -bipy) coordination polymers with rather uniform diameters
in the sub-100 nm range. Although this intriguingly simple
microfluidic scheme has not yet been used to produce porous
MOF nanowires, it can in principle be utilized to fabricate a wide
range of different 1D MOF nanostructures. A major drawback,
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however, is the lack of scalability, rendering this technique in its
present form unsuitable for preparative chemistry and industrial
production schemes.

3.3 Coordination modulators

Capping agents have proven valuable in restricting particle
growth by reacting with the surface of the particles and pre-
venting further molecular addition from the mother liquor.
Suitable capping agents, among others, are molecules having
a single functionality able to form a bond with the metal ions of
the metal-organic framework, termed monolinkers. The possi-
bility to terminate the growth of nanoparticles by coordination
modulation has been successfully demonstrated by Kitagawa
and co-workers using [Cus(btc),] as a model system.*® Notably,
the addition of such growth inhibitors may permit valuable
insights into MOF growth and can even be used to modulate the
shape of nanosized MOFs.

Along these lines, Tsuruoka ef al. have shown that the addition
of monolinkers with a functionality identical to that of the
framework constituents can yield crystals with anisotropic
shapes (Fig. 6).3® In the three-dimensional layer-pillar-type
framework [Cuy(ndc),(dabco),] (ndec = 1,4-naphthalene dicar-
boxylate; dabco = 1,4-diazabicyclo[2.2.2]octane), the ndc-linkers
connect the copper clusters in the [100] and [010] directions, while
dabco connects the clusters in the [001] direction of the crystal.
This inherent framework anisotropy based on two different
coordination modes (copper-ndc and copper—dabco), which is
imprinted in the tetragonal crystal structure, can be exploited to
create different dimensionalities of the formed crystals. By add-
ing a monocarboxylic acid such as acetic acid to the reaction
mixture, further addition of ndc to the network is inhibited,
leading to the formation of square-rod shaped nanocrystals with
average lengths of 392 + 210 nm and thicknesses of 82 4+ 23 nm,
respectively. The major axis of the nanorod was found to be
coincident with the [001] direction of the framework, indicating
preferred crystal growth along the copper—dabco interactions.
The addition of a competitive linker to dabco should hence lead
to the formation of nanosheets, but this hypothesis is yet to be
proven. Interestingly, by studying the time evolution of the
reaction by TEM, the growth mechanism was found to proceed
by oriented attachment of medium-sized nanocubes (80 nm), as
evidenced by the constant diameter of the formed nanorods of
roughly 80 nm and the stepwise increase of the aspect ratio. This

Bulk crystal

Nanosheet

Fig. 6 Conventional synthesis of metal-organic frameworks contrasted with the coordination modulation method to produce anisotropic nano-
structures. Reprinted with permission from ref. 33. Copyright© 2009 by John Wiley & Sons, Inc.
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Fig. 7 Schematic of the proposed bonding between BFG and MOF via
COOH groups along the [220] direction, and the proposed assembly into
nanowire structures with incorporated BFG. Reprinted with permission
from ref. 71. Copyright© 2010 American Chemical Society.

is, perhaps not too surprisingly, the first strong evidence that the
classical oriented attachment growth model familiar from
a range of other nanomaterials™ likewise can occur in MOF
systems.

3.4 Growth templates

An intriguing, yet unusual approach to grow MOF nanowires
utilizes appropriately functionalized surfaces akin to SURMOFs
grown from suitable organically modified substrates (see Section
4.3). Recently, Jahan et al. elegantly transferred this concept to
“freestanding surfaces”, i.e. to the use of chemically modified
graphene nanosheets acting as nucleation sites for MOF-5
nanocrystals.”" Firstly, by modifying reduced graphene oxide
(GO) sheets with benzoic acid, carboxylic acid groups were
introduced on both sides of the graphene sheets. The so-called
BFG (benzoic acid functionalized graphene) was then mixed with

1,4-bdc and Zn(NOs),, forming a hybrid material consisting of
MOF-5 and BFG sheets. Notably, at 5 wt% BFG a clear trans-
formation into nanowire morphology was observed, which was
accompanied by profound changes in the MOF crystal structure.
Interestingly, the attachment of BFG to the tip of the resulting
nanowires along with its integration into the body of the wire as
evidenced by micro-Raman analysis attests to a dual interaction
between BFG and MOF and, hence, points to the following
growth mechanism (Fig. 7): on the one hand, the average
diameter of the graphene sheets amounts to roughly 300 nm,
which coincides well with the diameter of the MOF nanowires.
Hence, BFG acts as a nucleation template, providing a high
density of carboxylic acid anchoring sites. On the other hand,
TEM analyses reveal that the wires grow along the [220] direction
with their (220) faces exposed. These facets incidentally exhibit
the highest concentration of Zn4O clusters, thus resulting in
strong metal-carboxylate binding interactions favoring growth
in this particular direction as well as the integration of BFG into
the body of the growing MOF nanowire. Even if this discovery
may have been driven by serendipity, it is trendsetting in
revealing the potential of template-directed heterogeneous
nucleation and growth for the design of anisotropic MOF
nanostructures. An overview of all presented synthesis strategies
discussed in this chapter is provided in Table 2.

4. Two-dimensional nanostructures

The fabrication of 2D-MOF nanostructures, i.e. thin films and
membranes tailored to the need of specific applications, has
dramatically picked up pace in recent years. This is because
a number of complementary growth schemes has been devised
that each address and imply different morphologies and
substrate requirements. So far, MOF thin films have been
obtained by six different synthetic schemes, including (a) direct
oriented or non-oriented growth from preconditioned sol-
vothermal mother liquors,®’*7” (b) electrochemical growth of
MOF films on suitable metal substrates, including Galvanic
displacement,” (c) deposition from colloidal MOF suspen-
sions,*** (d) deposition of MOF films based on a gel-layer
approach,”®! (e) stepwise growth of thin MOF films utilizing
a layer-by-layer (LbL) methodology,®>® and (f) top-down

Table 2 Overview of the synthesis approaches towards 1D nanostructures and the resulting morphology and sorption properties of the formed

structures in comparison to the respective bulk material

1D nanostructures Bulk

Synthesis method References Selected examples Properties Properties

Coordination modulation 33 Cuy(ndc),(dabco), 392 nm x 82 nm rods® Microcrystalline powder,
(ref. 33) 1891 m? g! (ref. 72)

Surfactant-assisted synthesis/ 22,52,64 Gdy(bdc);(HyO)4 125 nm x 40 nm rods® Blade-like crystals, no

reverse microemulsion and 65 (ref. 22) sorption observed for N(g)

and CO,(g) (ref. 62)

Interfacial synthesis/ 69 Zn(11)-4,4'-bipyridine 10-75 nm (©) fiber bundles” Micrometre sized needle-like

microfluidics (ref. 69) crystals” (ref. 69)

Templating 71 MOEF-5 300 nm (©) wires, 809 m? g~! Millimetre sized cubes, 2900

“ No sorption data available.

(ref. 71) m? g~! (ref. 73)
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fabrication of freestanding, atomically thin MOF layers.®® As
a number of comprehensive reviews surveying each of the above
growth methods exists,’**”* we will focus our attention to those
schemes that furnish nanoscale thin films (primarily methods (c),
(d), (e) and (f)), rather than micron-scale layers typically
obtained by methods (a) and (b).

4.1 Deposition of MOF colloids

Though being a rather recent approach, the deposition of MOF
thin films from colloidal suspensions is one of the key methods
for film fabrication owing to its simplicity and facile production
of films with high optical quality on various substrates. Horca-
jada et al. reported on the fabrication of thin films processed by
dip-coating of an iron muconate (MIL-89) colloidal sol con-
taining nanoparticles between 20 and 40 nm in size.3* The optical
quality of the resulting films allowed in situ characterization
by environmental ellipsometry, demonstrating the reversible
increase in cell volume of the highly flexible MOF by adsorption
of polar liquids and the resulting decrease in the refractive index
of the layer from 1.65 to 1.45 upon swelling. Similar films have
been produced based on MIL-101 (Cr) and other MOFs,
featuring layer thicknesses typically below 80 nm, which could be
increased by multiple dipping steps (Fig. 8).*°

Owing to the deposition from colloidal suspensions, the films
feature bimodal porosities resulting from both structural and
textural porosity, the latter being introduced by inter-grain voids
typically in the mesopore range. Hierarchical micro- and meso-
porosity may turn out beneficial in applications where fast
diffusion into the MOF micropores through mesoporous inter-
particle voids is key, such as in catalysis or size-selective
adsorption from vapor mixtures. This increased sensitivity to
guest molecules can be used to enhance MOF-based Fabry—
Pérot sensor devices, which have already been synthesized via
direct growth.?® Another advantage of the colloidal deposition
method, which can easily be extended to spin- or spray-coating
protocols, lies in its indiscriminate nature with respect to
substrate requirements, as no surface modification prior to the
coating step is necessary.

4.2 Gel-layer approach

Colloidal deposition routes result in random orientation of the
nanoparticles on the surface, hence not allowing for oriented
MOF growth along specific crystallographic directions. In

Fig. 8 TEM (left) and atomic force microscopy (right) images of
nanoparticles and a thin film of MIL-101 (Cr) made by nanoparticle
deposition, respectively.” Reproduced by permission of The Royal
Society of Chemistry.

contrast, oriented MOF growth has been observed in the
gel-layer approach developed by Bein and co-workers,*® and is
inherent to the LbL protocol that has been pioneered by the
groups of Woll and Fischer.®?' In the novel gel-layer approach,
a gold substrate primed by self-assembled monolayers (SAMs) as
nucleation-directing templates™ is loaded with the metal-salt-
containing poly(ethyleneglycol) gel layer and subsequently
covered with a solution containing the linker molecules. Highly
oriented and uniform submicron thick layers have successfully
been grown with HKUST-1 and the flexible framework
Fe-MIL-88B_NH, within reaction times of typically two days.
As the layer thickness is tunable by adjusting the metal ion
concentration in the gel layer, this approach represents a simple,
yet highly efficient approach toward oriented MOF films with
variable thicknesses. Although highly oriented films have also
been grown from preconditioned mother solutions in a direct
fashion,” the gel approach allows for a more subtle control of the
growth zone and hence layer thickness.

4.3 Layer-by-layer growth (liquid phase epitaxy)

The technology of MOF thin film synthesis affording the highest
level of control in terms of composition, crystallographic orien-
tation and structure, thickness and even post-modification by
selective pore loading, relies on the stepwise LbL growth chris-
tened “liquid phase epitaxy” (LPE) owing to the unique orien-
tation control possible with this technique.

The stepwise growth of surface immobilized MOFs (dubbed
SURMOFs) was first introduced by Shekhah et al. in 2007, who
were able to demonstrate the feasibility of controlling not only
the orientation, but also the number of MOF layers grown on the
surface.® Instead of the single-pot solvothermal synthesis used
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Fig. 9 Top: generalized scheme of a LbL synthesis of MOF thin films on
SAM terminated surfaces. Bottom: SPR signal as a function of time
recorded in situ during the stepwise treatment of two different SAMs
(11-mercaptoundecanol (MUD) in red, 16-mercaptohexadecanoic acid
(MHDA) in black) with Cu(OAc),, H3btc, and Cu(NO3),. Reprinted with
permission from ref. 87. Copyright© 2009 by John Wiley & Sons, Inc.
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by Fischer and Bein,?*8' HKUST-1 was grown in a LbL fashion
by repeated immersion cycles using two precursor solutions, each
containing one reactant (Fig. 9). As with each immersion cycle
another layer is added to the structure, the thickness of the
resulting MOF film can be controlled by limiting the number of
immersion cycles. Intriguingly, each immersion cycle can directly
be observed in situ via quartz crystal microbalance analysis by
monitoring the change in resonance frequency, or by surface
plasmon resonance spectroscopy,®” demonstrating the precise
growth of the film with sub-monolayer resolution.

The effect of different SAMs on the orientation of the MOF
layers has been demonstrated by Shekhah et al. who studied the
influence of COOH- and OH-terminated SAMs on the orienta-
tion of HKUST-1.8” By functionalizing gold substrates with
those SAMs, it could be shown by out-of-plane XRD measure-
ments that COOH terminated surfaces lead to (100) oriented
HKUST-1 films by strong interactions between exposed Cu,
dimeric units and the carboxylic acid termini, while OH-groups
provide a better surface for (111) orientation owing to beneficial
Cu?*-OH interactions.

Recently, the same groups proposed a new and faster
synthesis route towards MOF thin films using a modified layer-
by-layer approach. In contrast to previous LPE procedures, the
reactants were now deposited via spray-coating on a surface
modified with SAMs, thereby allowing for a significantly faster
deposition speed as well as the fabrication of micron thick
monolithic films. Washing steps between the sequential spray-
coating of the individual reactant solutions have turned out to
be crucial as they ensure that no additional substructures can be
formed from excess reactants and the subsequently deposited
reactant solution. Nevertheless, a substantially increased
SURMOF thickness per deposition cycle is observed with spray
coating as compared to the traditional LPE method, which is
likely due to incomplete reactant removal by the washing steps.
Though being beneficial for rapid film growth (20 full cycles
afford 200 nm film thickness in 30 min), these observations
render the exact growth mode in the spray process still subject
to debate.®

The LPE surface growth of MOFs transcends classical LbL
schemes introduced by Decher and others for oppositely charged
polyelectrolytes®® in that it furnishes crystalline order both
perpendicular and parallel to the substrate, combined with an
exceptionally high level of compositional control at the atomic
scale. It should be noted, however, that these achievements are
intrinsically connected with the use of high quality SAM-modi-
fied substrates, as the crystalline order of the particular SAM
chosen will be directly imprinted into the MOF film grown on
top. Furthermore, it remains to be shown that the LPE scheme
can be generalized to MOF compositions other than the typically
used HKUST-1 and layer-pillar MOFs. An important step in this
direction has recently been taken by the selective growth of a so
far unknown, non-interpenetrated MOF-508 structure based on
Zn**, bdc and 4.4'-bipyridine building blocks by the LPE
approach.®? The formation of the interpenetrated bulk structure
is likely suppressed by the presence of the substrate, thus lifting
the equivalence of the otherwise identical sublattices. This result
bodes well for a more generalized approach toward surface-
induced formation of new framework topologies via the LPE
method.

[nm]

. 0.00 5.00
0 [nm) 2505 O [nm] 4913

Fig. 10 Tapping-mode AFM images of delaminated MOF-2 nanosheets
deposited on a mica substrate showing (left) a MOF-2 nanosheet with
the thickness of ~1.5 nm and (right) a profile of two neighbouring
overlapped layers of delaminated MOF-2 nanosheets with a distance of
~0.7 nm between both layers.?® Reproduced by permission of The Royal
Society of Chemistry.

4.4 Top-down fabrication

The final and most recent fabrication method for MOF thin films
may be considered as a “top-down” or “deconstruction” method
starting out from a bulk MOF material. Li et al. produced
atomically thin MOF layers by delamination of a dried sample of
bulk MOF-2 by ultrasonication in acetone.®® MOF-2, a 2D
network constructed by paddle-wheel Zn,-clusters and tere-
phthalates held together by hydrogen bonds,** lends itself ideally
as a model system for exfoliation studies owing to its weak
interlayer forces. The as-produced nanosheets were shown by
AFM to have thicknesses between 0.7 and 6.0 nm and lateral
dimensions between 100 nm and 1 um (Fig. 10), corresponding
well to the theoretical thickness of a single MOF-2 sheet
(0.75 nm). Restacking in the presence of amines led to interca-
lated aggregates with increased layer spacings, yet more quanti-
tative data will be needed in order to gauge the adsorption/
intercalation capacities of MOF nanosheets and potential
applications as sorption and storage media. An overview of all
presented synthesis strategies discussed in this chapter is
provided in Table 3.

5. Hybrid nanomorphologies

While shape already imparts functionality to MOF nanocrystals,
the level of functionality can significantly be raised by tuning the
composition or by integrating different properties within one
single MOF platform. This may be done by various schemes, the
most prominent being post-synthetic modification (PSM) of the
linkers in as-obtained frameworks and the surface-modification
of as-formed MOF nanoparticles. The former synthesis strategy
can be used for materials having functional groups attached to
the linker molecules, which can be modified with the desired
reactant in the functionalization step. As a requirement, the
frameworks must be stable under functionalization conditions as
well as to by-products formed during the functionalization
process. In contrast to surface modification schemes, the
framework must exhibit pores, being large enough for the
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Table3 Overview of the synthesis approaches towards 2D nanostructures and the resulting morphology and sorption properties of the formed layers in

comparison to the respective bulk material

2D nanostructures Bulk
Synthesis method References Selected examples Properties Properties
Coordination modulation 33 Cuy(ndc),(dabco), ¢ Microcrystalline powder,
1891 m? g=! (ref. 62)
Colloidal MOF-suspensions 34 and 90 MIL-101 (Cr) 22 nm spherical Microcrystalline powder,
particles/48 nm thin film, 5900 m? g~! (ref. 90)
4200 m? g~!' (ref. 90)
Gel-layer deposition 74-77 and 79 HKUST-1 600 nm thin film (after 112 h)¢ Micrometre sized octahedra,
(ref. 79) 2260 m* g~ (ref. 60)
Layer-by-layer growth/liquid 81 and 85-87 HKUST-1 200 nm thin films after 20 full Micrometre sized octahedra,
phase epitaxy cycles” (ref. 87) 2260 m? g~ (ref. 60)
Top-down fabrication 88 MOF-2 200 nm x 300 nm x 1.5 nm Micrometre sized prisms,

“ No sorption data available.

sheets” (ref. 88) 270 m? g~ (ref. 73)

reactants to enter in order to allow for a complete functionali-
zation of the framework. The feasibility of PSM was already
pointed out in 1990 by Hoskins et al., who stated that “relatively
unimpeded migration of the species throughout the lattice may
allow chemical functionalization of the rods subsequent to the
construction of the framework.”®* To date, a variety of possible
PSM approaches have been explored, with the two main foci
being on biomedical applications®*®* and the exploration of
otherwise inaccessible MOF compositions.”® However, PSM on
nanoMOFs is still a surprisingly scarce topic in state-of-the-art
MOF science and, hence, we will turn our focus on surface-
modification of nanoMOFs rather than PSM.

5.1 Core-shell particles

The groups of Férey and Lin have carried out pioneering works
in the exploitation of biomedical applications based on surface-
modified nanoMOFs, which have shown great potential for the
encapsulation and controlled release of drugs.®*° In order to
ensure maximum biocompatibility, optimal blood circulation
times and release kinetics, as well as suitable administration of
the drugs, MOFs have been coated by hydrophilic polymers such
as poly(ethylene glycol) (PEG), or thin silica shells that can
further be modified by grafting functional molecules on the
exposed surface.?***

For example, in a seminal study Férey and co-workers were
able to prove the general concept of using nanosized MOF
particles as efficient carriers for anti-cancer drugs. To this end,
protocols for the synthesis of MIL-100 (Fe) nanoparticles via
microwave synthesis were developed,” and the sub-200 nm
particles were loaded with up to 25 wt% of busulfan, a commonly
used anti-cancer drug. To enhance the stability of the MOF
particles in biological systems, the authors coated the particles
with bifunctional PEG (CH3;-O-PEG-NH,, 5 mg per mL of
water). Studies on human cell cultures showed that busulfan in
nanosized MOFs and free busulfan exhibit the same activity,
thereby paving the way for the use of suitably modified nano-
MOFs as possible anti-cancer drug vehicles.

Lin and his group put forward studies on the biocompatibility
of nanosized MOFs, thereby designing ways to enhance the

stability of the particles inside biological systems.®® By adding an
ethanolic solution of tetraethylorthosilicate (TEOS) containing
4% aqueous ammonia to as-synthesized MIL-101 (Fe) nano-
particles, a silica shell is formed around the framework particles
with thicknesses between 2 and 9 nm, depending on the reaction
time (2-3 nm: 2 h, 8-9 nm: 7 h). As a consequence of the stabi-
lizing shell, the half-life in phosphate buffered saline (PBS)
solution at 37 °C is increased from 2.5 hours to 16 hours.
Furthermore, Lin and his group proved the possibility to
functionalize nanoMIL-101 (Fe) particles (Fe** connected by
NH,-bde and 1,4-benzenedicarboxylate linkers) with organic
fluorophores such as 4,4-dibromo-4-bora-3a,4a-diaza-s-indacene
(Br-BODIPY). This modification enables the use of the nano-
particles as imaging vehicles, using the fluorophore as a visible
marker. The functionalisation with a prodrug of cisplatin
(ethoxysuccinatocisplatin, ESCP) showed the possibility of using
the particles also as drug carriers, as the cytotoxicity of the
ESCP-functionalized particles on HT-29 human colon adeno-
carcinoma cells was comparable to other Pt drugs.'® The
combination of drug cytotoxicity with the increased biostability
renders the nanoparticles capable of acting as targeted drug
vectors with a controllable release rate due to the slow diffusion
of metal and organic constituents through the silica shell, thus
boding well for a new generation of “nanobioMOFs” (Fig. 11).

Fig. 11 TEM micrographs of disuccinatocisplatin (DSCP)-loaded
nanoMOFs (top left). TEM (right) and SEM (bottom left) micrographs
of silica coated DSCP nanoMOF particles. Reprinted from ref. 100 with
permission from Elsevier.
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5.2 MOF-on-MOF heteroepitaxy

The concept of MOF surface modification and protection can be
taken to a higher level by precisely controlling the interfacial
interactions between core and shell, that is, by epitaxial growth
of the shell material on a well defined single crystal MOF core.
This modified core-shell concept has been cast into a creative
MOF-on-MOF growth scheme developed by Kitagawa and
co-workers, which allows for the design of single-crystal MOF
heterostructures with spatially modulated composition, porosity
and, hence, functionality.’**'** These growth schemes have so far
been demonstrated only based on micron-scale MOF single
crystals and hence fall outside the nanoMOF focus adhered to in
this review. Nevertheless, such aesthetic MOF@MOF architec-
tures deserve to be discussed in some detail as they offer, in
principle, a generic scheme for the design of multifunctional
MOF heterostructures with spatial control of the composition
down to the nanoscale.

The hybridization of a MOF core single crystal by epitaxial
growth of a single crystalline shell with different structural and
porosity properties has been demonstrated successfully based on
the archetypal series of tetragonal layer-pillar MOFs with
formula  {M,(dicarboxylate),(diamine)},.'> The authors
convincingly demonstrate the implementation of well-resolved,
spatially separated functionality by the presence of core and shell
MOFs with distinct framework topologies and pore surfaces.
For example, sequential functionalization was achieved by
growing a {Zny(adc),(dabco)}, shell (ade = 9,10-anthracene
dicarboxylate) on top of a {Zny(bdc),-(dabco)},, core framework,
resulting in heterostructures featuring size selective uptake of
bulky hydrocarbons owing to the small apertures of the shell
crystal and high storage capacities owing to the large pore
volume of the core crystal.

The scope of framework topologies was extended by Koh ez al.
who were able to grow various core—shell architectures of the
isoreticular cubic MOF-5 and IRMOF-3 using MOF-on-MOF
heteroepitaxy.'**

The compatibility of both linkers was demonstrated by
immersing single crystals of MOF-5 into a growth solution
containing the IRMOF-3 building blocks, yielding crystals with
a colorless core and an orange shell on the outer side (Fig. 12,
left), and vice versa (Fig. 12, right). Quite evidently, the hetero-
epitaxial growth scheme is well transferable to planar systems
such as MOF thin films, if the lattice parameters and in-plane

(&,

Fig. 12 Optical micrographs of core-shell MOFs: (a) IRMOF-3(shell)
@MOF-5(core) and (b) MOF-5(shell) @IRMOF-3(core). Scale bar: 200
um.'** Reproduced by permission of The Royal Society of Chemistry.

connecting groups are identical, as Woll and co-workers could
show by growing [Zny(ndc),(dabco)] on [Cuy(ndc)y(dabeo)]
crystals via the LPE procedure.®®

This modular synthesis scheme holds great promise for the
judicious and spatially well-defined integration of various func-
tionalities in one single, yet heterogenecous MOF monolith,
without sacrificing desired properties of the core framework,
such as high surface area and pore volume.

6. Mechanistic insights and dimension control—a
case study

As outlined in the previous chapters, the variety of nano-
morphologies that has been synthesized to date is impressive, as
is the variety of synthetic methodologies employed. Since
a deeper insight into the nucleation and growth stages of nano-
MOF formation is pivotal for the directed design of particular
nanomorphologies, the complexity of the parameter space in
nanoMOF synthesis necessitates radical simplification, and
in situ techniques adept at monitoring the early stages of nucle-
ation and growth need to be made available. Equally important
though, the diversity of systems studied may complicate the
elaboration of common underlying themes in the growth mech-
anisms of different MOF systems. Therefore, rational access to
MOF nanomorphologies should be gained by exploring a suffi-
ciently representative system in all its facets, and by subsequently
transferring generally applicable motifs to other, more complex
systems.

Owing to their stability, ease of synthesis, and rather
straightforward solution chemistry, zeolitic imidazolate frame-
works (ZIFs), a subclass of MOFs and already among the
“drosophilas” in MOF science, lend themselves very well as
model systems for an in-depth study of controlling morphology
and crystal growth 615:26:105-109

Both ZIF-8 and ZIF-7, first synthesized by Yaghi and
co-workers, are composed of Zn ions joined by imidazolate
ligands (ZIF-8: 2-methylimidazole (mim) and ZIF-7: benzimid-
azole (bim))."** The frameworks with composition Zn(mim/bim),
are composed of zeolite-like tetrahedral nets with sodalite
topology owing to the geometrical similarity between Zn—mim/
bim—Zn and Si—O-Si bond angles. Whereas ZIF-8 crystallizes in
the cubic space group /43m and hence is expected to form
isotropic nanocrystals, ZIF-7 (hexagonal, space group R3)
features an anisotropic channel network and therefore is ideally
suited to study not only the size, but also shape selective synthesis
of ZIF-7 nanocrystals. In the following, we will briefly discuss the
insights recently gained into the growth mechanism of ZIF-8
nanocrystals and complete this review by surveying recent
achievements in the shape-selective synthesis of ZIF-7
nanomorphologies.

6.1 Growth mechanism of ZIF-8 nanoparticles

The first steps toward ZIF-8 nanoparticles were made in the
seminal work by Wiebcke and co-workers, who were able to
synthesize ZIF-8 nanoparticles of ~45 nm with a narrow size
distribution in a room temperature synthesis by adding the
bridging ligand 2-methylimidazole (Hmim) in eightfold excess
with respect to the Zn source.?® This protocol was later on refined
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Fig. 13 Top: time resolved WAXS pattern during the formation of ZIF-
8 nanocrystals between 1 s and 800 s. The time interval between suc-
ceeding patterns is 1 s. Bottom: species occurring during nucleation and
growth of ZIF-8 nanocrystals under conditions of high supersaturation.
Two possible alternative crystallization pathways (a) and (b) are
considered. Reprinted with permission from ref. 58. Copyright© 2011 by
John Wiley & Sons, Inc.

by the addition of modulating ligands that modify both
coordination and deprotonation equilibria during nucleation
and growth, thereby liberating the “active” linker methyl-
imidazolate.® Interestingly, although extremely small ZIF-8
nanocrystals (<10 nm) were obtained in the presence of
n-butylamine, the authors concluded that the most efficient size
limiting effect is exerted by the bridging ligand, whose concen-
tration must be high. The ZIF-8 growth process without
modulating ligand (solution composition Zn/Hmim/MeOH =
1:4:1000) was monitored by time-resolved in situ static light
scattering (SLS) and SEM.3% Careful correlation between the
time-dependent size and number distribution of the solution

species with the particles observed ex situ confirms that ZIF-8
nucleation is continuous and comparatively slow, whereas
crystal growth is rapid in the early stages of nanocrystal
formation. A similar nucleation-controlled crystallization
behaviour with continuous formation of nucleation sites over the
timescale of minutes has been observed in other systems such as
HKUST-1, studied by in situ WAXS and light scattering.!**-''2
Somewhat unintuitively, for ZIF-8 a narrowing of the particle
size distribution is evident after 1 h, resulting in rather mono-
disperse particles with an average size of 40 nm. The observed
size focusing is rationalized by the termination of fast particle
growth at a radius of gyration around 20 nm, which in turn is
attested to colloidal stabilization of the primary particles by
surface-attached Hmim ligands, in line with the measured zeta
potential of £ = +55 mV. Although size defocusing by Ostwald
ripening subsequently broadens the particle size distribution,
rhombic dodecahedral nanoparticles of only 65 nm are obtained
even after a reaction time as long as 24 h at RT.

Complementary in situ SAXS/WAXS studies on ZIF-8
nucleation and growth by Cravillon et al. (Fig. 13) are largely in
line with the previously reported SLS data. Owing to the excel-
lent time resolution, prenucleation clusters of approximately
2 nm in size could be detected, suggesting a rather complex
crystallization process familiar from the topologically related
class of zeolites. Importantly, periodic ZIF-8 particles are formed
after 22 s by a monomer/cluster addition mechanism, but not by
coalescence. Finally, an important, yet previously somewhat
controversial finding reveals the phase-pure formation of ZIF-8
nanocrystals without passing through another transient crystal-
line phase.'3

6.2 Morphology control of ZIF-7 nanostructures

The control of size and shape of ZIF-7 nanocrystals has recently
been presented in a comprehensive study by Caro and
co-workers. This study nicely demonstrates that particular MOF
systems may act as a “morphological chameleon” based on the
premise that the reaction parameters are adjusted in a suitable
way.” For the synthesis of spherical ZIF-7 nanocrystals with
uniform sizes tunable between 40 and 140 nm the authors
proposed a simple “one-pot” strategy using stoichiometric
amounts of zinc nitrate and bim (molar ratio 1:2) in a poly-
ethyleneimine-dimethylformamide (PEI-DMF) solution at
room temperature (Fig. 14, left).”® PEI is acting as a base for bim,
thus leading to a high nucleation rate which is critical for the
formation of nanoparticles. In order to alter the growth kinetics

e
— - »

Fig. 14 Nanoparticles synthesized from Zn(NOs), as a metal source (left), nanorods grown in the presence of ZnCl, (middle), and ZIF-7 membrane on
alumina disk (right). Reprinted with permission from ref. 76 and 77. Copyright© 2010 by John Wiley & Sons, Inc.
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of the different crystal faces and, hence, increase the aspect ratio
of the nanoparticles, the authors employed zinc chloride instead
of zinc nitrate as a precursor. As a rationale, the authors invoke
the “hard soft acid base” theory (HSAB), which classifies zinc
and chloride as “intermediate” acids and bases, respectively,
indicating strong interactions between them. Therefore, the
differences in growth kinetics of the low index faces, character-
ized by the attachment energy,'™* will be more distinct in the
presence of chloride ions, resulting in enlarged differences in the
growth rates of the {003} and {110}/{101} faces and thus, pris-
matic hexagonal crystals with high aspect ratios (Fig. 14,
middle). When adding diethylamine (DEA), the size and aspect
ratio of the ZIF-7 crystals could further be adjusted by varying
the amount of DEA acting as a deprotonation agent for the bim
linker. Having established protocols for tailoring the crystal size
and morphology, the authors succeeded in growing highly
oriented ZIF-7 membranes starting from randomly oriented seed
layers, which exhibit a clear morphological relation to the
nanorods observed by non-supported growth (Fig. 14, right).

In a previous report by the same authors, the growth of
randomly oriented ZIF-7 membranes had been analysed.””
Permeation measurements through both oriented and non-
oriented membrane types demonstrate the gas-separation capa-
bilities of such ZIF films via a molecular sieving effect with an
increased selectivity at elevated temperatures. Interestingly, the
permeance of H, was found to be lower for the highly oriented
membrane as compared to the randomly oriented layer, which
the authors attribute to the anisotropic pore structure, as
“neither the pyramidal termination {101} faces nor the prismatic
{110} faces of the columnar crystals possess direct entrances for
guest molecules.””® The observed membrane performances
further substantiate the efficiency of morphology tuning to
enhance the functionality of nanoMOFs and devices made
thereof.

7. Conclusion

This feature article has attempted to distil off the essence of state-
of-the-art approaches toward nanoscale MOF architectures with
different dimensionalities. Recent advances in the field have been
highlighted with a particular focus on protocols (a) allowing for
a high level of control with respect to composition and structure
at the nanoscale, (b) enabling reliable tuning of the nanoscale
morphology and, hence, dimensionality, or (c) elaborating
conceptually new fabrication strategies to achieve the above
goals. Besides, we have gathered insights into the mechanism of
nucleation and growth processes in nanoMOF synthesis of
representative MOF systems such as ZIF-8, which ultimately
may be generalized to other MOF systems and enable a more
purposeful fine-tuning of the reaction parameters in nanoMOF
synthesis.

While the development of new nanoMOFs has considerably
quickened its pace, thanks to a plethora of different synthesis
strategies that have significantly matured over the past few years,
many of the reported approaches are still essentially trial and
error-based. Therefore, many nanoMOFs have been obtained by
serendipity rather than rational design, yet a number of
encouraging approaches has recently been developed that point
toward more directed morphology control. Among these,

templating strategies enabling crystallographically oriented
growth and interfacial control such as those in microfluidic
environments excel by their straightforward concept, yet highly
reproducible and tunable size and shape control. Also, the step-
by-step liquid layer epitaxy for the immobilization of ultrathin
MOF films allows for an unprecedented level of control of
composition, topology and film thickness at the nanoscale.
However, future MOF nanomorphologies will inevitably gain
complexity—hollow and hybrid MOF spheres as well as hierar-
chically micro-mesoporous MOFs have given us a flavor of what
is already possible.

As a perspective, the integration of different functionalities
into one “hybrid” MOF platform will be a key asset. Highly
oriented MOF-on-MOF heteroepitaxy on planar and curved
surfaces has been trendsetting in this respect. Once this tech-
nology is adapted to nanofabrication protocols, the stage is set
for the design of tailor-made, multifunctional MOFs with
spatially distinct porosity and surface properties.

The inherent shape-dependent properties of nanomaterials
and the prospect of a vast spectrum of nanoMOF applications,
ranging from drug delivery, catalysis and sensing to smart
membranes, leave the synthetic chemist with the challenge to
create various nanomorphologies of one and the same material.
A look into the toolbox of modern nanoscale synthesis may do
the trick—the tools are at hand.
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