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Fabrication of Oriented Polycrystalline MOF Superstructures
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and Paolo Falcaro*

The field of metal-organic frameworks (MOFs) has progressed beyond the
design and exploration of powdery and single-crystalline materials. A current
challenge is the fabrication of organized superstructures that can harness the
directional properties of the individual constituent MOF crystals. To date, the
progress in the fabrication methods of polycrystalline MOF superstructures
has led to close-packed structures with defined crystalline orientation. By
controlling the crystalline orientation, the MOF pore channels of the
constituent crystals can be aligned along specific directions: these systems
possess anisotropic properties including enhanced diffusion along specific
directions, preferential orientation of guest species, and protection of
functional guests. In this perspective, we discuss the current status of MOF
research in the fabrication of oriented polycrystalline superstructures focusing
on the specific crystalline directions of orientation. Three methods are
examined in detail: the assembly from colloidal MOF solutions, the use of
external fields for the alignment of MOF particles, and the heteroepitaxial
ceramic-to-MOF growth. This perspective aims at promoting the progress of
this field of research and inspiring the development of new protocols for the
preparation of MOF systems with oriented pore channels, to enable advanced

ligands to inorganic metal nodes.'?] Ac-
cording to the IUPAC definition of MOFs,
the coordination network can be organized
as a crystalline structure and can possess
voids.’] This implies that MOFs can be
amorphous and/or non-porous.l**! How-
ever, the majority of MOFs reported in
the literature are comprised of spatially
ordered building blocks: this order un-
derscores their crystalline structure.!*267]
Such an ordered arrangement of build-
ing blocks in a crystalline lattice results
in a geometrically organized network of
pores (Figure 1).3°] When the network of
pores is connected and accessible, it al-
lows for efficient diffusion of gas molecules.
This property contributes to high surface
area and pore volumes.!'12] Furthermore,
the building block approach to their syn-
thesis allows for MOFs to be prepared
with tuneable pore metrics (e.g., accessi-

MOF-based devices with anisotropic properties.

1. Introduction

Metal-organic frameworks (MOFs) are a subclass of coordination
network materials prepared by connecting multitopic organic

ble porosity, narrow pore distributions, and
selected pore windows).[1! The means to
fine-tune the geometry, connectivity, pore
volume, and chemistry of MOF pores
has led to unprecedented performance for
gas storage, catalysis, and separation.['*!*] The solvothermal
method was preferentially chosen as a modular approach for
the design of crystalline frameworks with customized func-
tional properties, demonstrating their potential applications in
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Figure 1. MOF Crystalline structure versus porosity. The pores are represented by yellow capsules.

sensing, microelectronics, optics, biomedicine, and biocatal-
ysis.[1>16] While solvothermal methods have led to the develop-
ment of novel crystalline materials,[®”7] this synthetic approach
yields MOFs in a powdery form that is incompatible with the fab-
rication of many devices and can require a thick polymeric film
to immobilize a limited amount of MOF material.[!>18:19]

1.1. From Powders to the Spatial Positioning of Oriented Crystals

In general, breakthroughs in material technologies combine the
design of materials with enhanced properties and the integration
of their functionalities into spatially controlled architectures.!?’!
The latter is relevant as spatial positioning protocols are essen-
tial for device fabrication.?'?* For crystalline functional ma-
terials, an additional control that has attracted long-term re-
search interest is the alignment of the crystalline lattice over
large domains to afford anisotropic properties:[®! such an en-
gineering of directional functional properties resulted in ma-
terials of interest for optics,?®! sensing,[¥-?°! microelectronics
and charge transport,3*32 fluid and heat transport,** energy
production/storage,l**7] visualization technology, aerospace,
soft robotics, and tissue engineering applications.!?’! We note that
growing single crystalline structures, either as bulk materials or
as films with controlled geometry (e.g., substrate attachment, pat-
terning, controlled thickness) requires sophisticated equipment
and processes.3**2] This limitation offers the opportunity to de-
velop technologies for the alignment of polycrystalline materials.

Oriented MOF Film

Oriented MOF Pattern

These general considerations are also applicable to MOF
materials*’] and we envisage major technological progress of
MOFs in real-world applications when the following two key as-
pects will be sufficiently advanced:

1) the precise positioning of MOF crystals in selected spatial loca-
tions (films and patterns). The development of such fabrication
protocols is essential for their integration into multi-functional
devices;

2) the control over the orientation of MOF crystals, and con-
sequently pore alignment, in both MOF films and patterns
(Figure 2). Such fabrication methods will enable the produc-
tion of a new generation of MOF-based devices with anisotropic
properties (Figure 2).

Of these two key aspects, the positioning of MOF crystals in
selected locations is the most explored one. Indeed, a number of
fabrication protocols have been studied in depth and, for a few
of them, the developed know-how enabled the subsequent de-
position of patterns of oriented MOF crystals. For example, the
fabrication of patterns via conversion from Cu-based ceramics,
later enabled the fabrication of highly oriented Cu-based MOF
films and patterns.[*+*] Cu(OH),, employed as the precursor
crystalline material, possesses an inorganic lattice that matches
the crystal lattice of selected MOFs. This matching and the dis-
solution of the inorganic precursors guide the oriented growth
of the MOF crystals. This process, where different materials with
matching crystal lattices are sequentially grown, is referred to as
heteroepitaxial growth.*6]

Figure 2. Oriented MOF films and patterns enabling the fabrication of MOF-based devices with anisotropic functional properties.
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Figure 3. MOF crystal schematics displaying examples of functional properties at the nanoscale.

The focus of this perspective paper is to examine the current
status of MOF research in the fabrication of superstructures with
pores oriented along the plane of the substrate such as in-plane
oriented (here termed IP-1D) and pores oriented simultaneously
in-plane and out-of-plane (here termed as 3D-oriented MOF su-
perstructures). The aim is to promote the progress of this field of
research and to inspire the development of new protocols/tools
for the preparation of MOF systems with oriented pore channels.
MOF-based devices with precisely oriented pore channels will
capitalize on anisotropic properties including enhanced diffusion
along specific directions, 2! preferential position/orientation
of guest species (e.g., molecules),[**33-5¢] and protection of func-
tional guests (e.g., dyes)l>*>7>8] (Figure 3).

These new directional properties in films and patterns could
be harnessed for applications including microelectronics,>%%!
separations, sensing, optics!?>®1-%] and thus expand the scope
and applications of MOFs for advanced devices. To this end,
this perspective will focus on the few approaches currently avail-
able for the fabrication of IP-1D and 3D-oriented MOF super-
structures and will target specifically the crystalline orientation
of these MOF systems. We note several reviews categorize poly-
crystalline MOF systems and describe the spatial arrangement
of these MOF crystals into clusters by examining their configura-
tions and morphologies.[®-®] Here, we will examine those MOF
superstructures with preferential crystalline orientation analyz-
ing the key parameters that enable control over the orientation,
and we will provide a personal view of the current limitations and
potential of 3D-oriented MOF systems.

1.2. Types of Orientation in MOF Crystalline Superstructures

In this perspective we define the term polycrystalline superstruc-
tures as systems based on a collection of individual crystals. In
“‘mesocrystals”, an abbreviation for mesoscopically structured
crystals, which are ordered superstructures of crystals with meso-
scopic size, the individual constituent crystalline units are typi-
cally named primary particles or primary crystals.|®721 The large
majority of the reported MOF superstructures are formed by pri-
mary nanocrystals that lack preferential orientations: the ran-
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dom orientations (0D-orientation, see Figure 4a) result in a sys-
tem with isotropic macroscopic properties. Examples of 0D ori-
ented MOF systems are typically produced by imprinting of
powdery MOF particles on substrates (Figure 4b),[®] ceramic-to-
MOF conversion methods (Figure 4c),l”*! electrochemical syn-
thesis (Figure 4d),[”* and classical solvothermal crystallization
of MOFs on substrates.”>””] If in a MOF superstructure, crys-
tals are aligned along only one axis, the dominant orientational
direction (1D-orientation, see Figure 4e) can enhance functional
properties along this direction (uniaxial anisotropy). Examples
in the literature report the fabrication of 1D-oriented MOF sys-
tems using different approaches including external shear forces
on MOF crystals with anisotropic shapes (Figure 41)[%4], the seed-
ing MOF method on substrates (Figure 4g),!’% and liquid-phase
epitaxy depositions (e.g., Layer-by-Layer, see Figure 4h).728] It is
worth noting that this 1D-orientation is typically perpendicular
to the substrate used to support the MOF crystals®'; this out-of-
plane (OOP) orientation can be examined with out-of-plane X-ray
diffraction setups (vide infra). However, when the 1D-orientation
occurs along the plane of the substrate, the MOF polycrys-
talline system possesses an in-plane (IP) orientation: this type
of orientation is less common for the current MOF deposition
protocols.

A higher degree of crystalline orientation of MOF superstruc-
tures requires two dominant crystalline directions of the pri-
mary anisotropic MOF crystals (2D-orientation); however, when
two crystalline orientations are shared by the MOF particles of
the same superstructure, the result is the iso-orientation of the
third crystallographic direction (3D-oriented MOF systems). Un-
der these conditions, a 2D-oriented MOF superstructure is equiv-
alent to a 3D-oriented MOF system (3D-orientation). In this per-
spective, we will refer to 3D-oriented MOF superstructures to de-
scribe systems with primary crystals preferentially oriented along
the x, y, and z axes (Figure 4i). Examples of 3D-oriented MOF
superstructures are those prepared by the use of external forces
(Figure 4j),[82] colloidal assembly (Figure 4k),!®¥] and heteroepi-
taxial growth from oriented ceramic precursor films and pat-
terns (Figure 41).14l For systems with 3D-oriented domains, both
OOP and IP alignments should be observed by using dedicated
X-ray diffraction setups. However, to assess the quality of the
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Figure 4. Types of order ((a) random, OD; (e) out-of-plane, OOP-1D; and (i) out-of-plane and in-plane, 3D) in MOF polycrystalline systems with exemplary
micrographs by Scanning Electron Microscopy (b-d), (g-h), and (k,I), Atomic Force Microscopy (f) and Confocal Laser Scanning Microscopy (CLSM) (j).
An alternative 1D-ordered configuration to OOP-1D order is IP-1D order. Video S1 (Supporting Information) illustrates all these configurations. Image
(b) adapted with permission.l’8] Copyright 2013, John Wiley and Sons. Image (c) adapted with permission.[”3] Copyright 2013, Elsevier B.V. Image (d)
adapted with permission.l’#] Copyright 2009, American Chemical Society. Image (f) adapted with permission.[%4] Copyright 2014, Springer Nature. Image
(g) adapted with permission.[78] Copyright 2010, John Wiley and Sons. Image (h) reproduced under terms of the CC-BY 4.0 license.[”®! Copyright 2020,
The Authors, published by John Wiley and Sons. Image (j) reproduced under terms of the CC-BY 4.0 license.[32] Copyright 2022, The Authors, published
by Elsevier B.V. Image (k) adapted with permission.[83] Copyright 2018, Springer Nature. Image (I) adapted with permission.[*4] Copyright 2017, Springer
Nature.
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iso-orientation of the primary crystalline particles, texture anal-
yses are required.

1.3. Analysis Techniques Used for the Identification of the
Crystalline Orientation

To examine the ordered polycrystalline superstructures, two
main analyses are widely used: microscopy and X-ray analysis.

Micrographs, typically collected by scanning electron mi-
croscopy (SEM) or atomic force microscopy (AFM), allow the
morphology of the polycrystalline MOF to be identified. SEM
imaging typically relies on the secondary electrons (SE) emitted
by the atoms of a material after inelastic interactions with a pri-
mary electron beam. These SEs originate at the surface or sub-
surface regions of the sample and are used to reconstruct the
morphology of the surface of the sample. In the case of AFM,
tapping mode is the most frequently used. In this mode, a sub-
micron sized silicon probe oscillates near the surface of the sam-
ple. Changes in the amplitude and phase of the oscillation which
arise from tip-sample interactions (e.g., van der Waals, electro-
magnetic forces or others) can be used to reconstruct the topog-
raphy of the sample surface.®* In the case of fluorescent MOFs
or guest@MOF particles, Confocal Laser Scanning Microscopy
(CLSM) is also widely used for the visualization of micrometric
crystals.[8586] Typically, all these measurements provide local in-
formation on the morphology of the polycrystalline systems. The
maximum size of the investigated areas can be limited by the res-
olution of the individual particles. For the typical particle sizes
involved (ranging from hundreds of nanometers to microns), a
single micrograph could show a few hundred square microns. If
it is possible to distinguish the morphology of the principal crys-
talline particles, then a visual inspection of the micrographs helps
with the identification of domains in which crystals are oriented
in a 0D-, 1D- or 3D- fashion (Figure 4) from the collected images.
Different image analysis tools are also available to assess the lo-
cal degree of orientation of the crystalline particles from this local
morphological information (e.g., Fourier component analysis us-
ing digital image processing software).[32]

Transmission electron microscopy (TEM) is another widely
used microscopy technique that relies on the interactions of an
electron beam transmitted through the sample, typically pre-
pared as ultrathin sections.® TEM is a cornerstone method
for textural analyses of inorganic materials (e.g., metals and
ceramics).%1 However, in 3D-oriented MOF systems, the
limited utilization of TEM for textural analyses can be at-
tributed to the intrinsic sensitivity of MOFs to radiation-induced
damagel®!l and the cumbersome sample preparation demand-
ing thin sections.®? Nonetheless, with the ongoing advance-
ments in microscopy techniques (e.g., the development of low-
dose analyses or the use of cryostatic methods),!”’! we antici-
pate a growing significance of TEM in this field. Currently, TEM
provides localized insights, highlighting features such as local
phase transitions,[***! crystal boundaries, defect sites (e.g., dis-
locations), pore orientation, and host-guest interactions. 139671

X-ray investigations are based on the collection of X-rays
diffracted by the sample. The investigated area depends on the
cross-section of the X-ray beam with the sample and can vary
from tens of square microns (e.g., synchrotron facilities)®® to
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square centimeters (e.g., laboratory diffractometer).*! The lat-
ter is the most common setting and, under these conditions, it
is possible to analyze a larger population of crystals. The out-
of-plane X-ray setup provides information on crystalline planes
either parallel, or with a parallel component, to the substrate.
Typical configurations are those where the X-ray detector moves
along the plane in which the incident and reflected X-ray beams
lie (Figure 5a). Different measurement geometries are available;
however, most diffractometers use Bragg-Brentano geometry for
out-of-plane measurements. In this configuration, the incident
angle (0) between the X-ray source and the sample is main-
tained at 1/2 of the detector angle 26. Either the detector an-
gle or both incident X-ray and detector angles are varied such
that constructive interference is obtained when the path differ-
ence is an integer multiple of the X-ray wavelength (Bragg’s
law).[10101] I this way, the diffraction produced by crystallo-
graphic planes parallel to the substrate, or with a parallel com-
ponent, results in a diffraction pattern. This means that this
setup is sensitive to the OOP orientation of the crystals. When
comparing this plot with the one collected on a random pow-
dery system, the differences (positions of the peaks and rela-
tive intensities) indicate a preferential orientation of the system
with one crystallographic direction perpendicular to the substrate
(Figure 5a).

The evaluation of IP orientation requires an in-plane X-ray
diffraction measurement setup (Figure 5b). This diffraction con-
figuration provides information on crystalline planes perpendic-
ular, or with a perpendicular component, to the substrate. In a
typical configuration, the X-ray detector moves parallel to the sub-
strate. The Bragg-Brentano geometry can also be applied in this
case, with both the detector and source (incident beam) moving
within the plane parallel to the substrate. In MOF polycrystalline
systems, the detection of an IP orientation indicates the pres-
ence of some crystals with one or more crystallographic direc-
tions aligned parallel to the substrate.

A comparison between the relative intensities of the reflections
observed in OOP and IP measurements can provide a qualitative
assessment of the preferred orientation of a polycrystalline sam-
ple. However, for a full and quantitative characterization of the
orientational distribution of the crystal population with respect
to a specific direction, texture analysis is required.!*!] This anal-
ysis is obtained by mapping the intensity of a specific reflection,
or more than one, as the sample is rotated. In this configuration,
the source and detector are typically kept at fixed 6—26 angles
for a specific crystallographic reflection within a plane parallel
to the substrate. The sample is rotated about the axis perpen-
dicular to the substrate (azimuthal scan, see Figure 5b) and the
intensity is recorded. For a highly textured polycrystalline sys-
tem (i.e., 3D-oriented polycrystalline MOF superstructures be-
having similarly to a monocrystalline-like system), for a given
reflection, high-intensity maxima can be found at specific rota-
tion angles. The number and position of the maxima depend on
the unit cell symmetry. The narrower the full width at half maxi-
mum (FWHM) and the more intense the maximum is, the more
aligned the crystals are. For a disordered polycrystalline system
(0D-oriented), the intensity of the X-ray will be constant for all the
scanned angles. Typical texture analyses are conducted by collect-
ing pole figures and azimuthal scans. For additional information
on the mentioned X-ray setups and measurements, we invite the
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Figure 5. Schematic showing the measurement configuration for out-of-plane (OOP) (a), in-plane (IP), and azimuthal investigations (¢-rotation) (b).

reader to consult articles and books dedicated to X-ray diffraction
of thin films.[101:99.102,103]

1.4. From Random to In-Plane Orientation

Pioneering methods in MOF positioning employed solvother-
mal growth, heterogeneous nucleation, interfacial syntheses, and
ceramic-to-MOF conversion for the preparation of 0D-oriented
MOF films and patterns.[186873.104105] Sy hsequently, more sophis-
ticated approaches have been developed for controlled growth
and to improve the overall order in MOF superstructures. Pre-
dominantly, these methods afford a crystalline orientation per-
pendicular to the surface of the substrate (z-direction) used to
support the polycrystalline system (Figure 3e). The structure-
property relationship can be confirmed by observing specific di-
rectional properties along the z-directions (OOP orientation). For
example, by matching the orientation of squared-like Cu,(BDC),
crystals with the direction of the pore channel, MOF-based mem-
branes with enhanced mass transfer along the z-direction have
been prepared by Gascon and co-workers.[®! Such a 1D-oriented
MOF superstructure was used to enhance the mass transfer
of CO, while acting as an effective molecular separator for a
CO,/CH, mixture.l® For the fabrication of this Cu,(BDC),-
based membrane, shearing forces applied to a colloidal poly-
meric solution of MOF crystals with an anisotropic shape (i.e
nanosheet with cuboid morphology) resulted in a preferential
orientation of the nanosheet within the polymeric matrix. This
methodology is known to align different nanostructured ma-
terials with anisotropic shapes (nanotubes,!%! nanowires,!'%!
nanosheets,!'%! etc.).

Occasionally, 1D-oriented MOFs have been prepared with gel-
layer growth,[10%119] electrochemicall!'!] and vapor phase deposi-
tion methods.['12113] These methods usually afford OOP orien-
tation in MOF films. Furthermore, MOF patterns prepared via
evaporation often result in the crystallization of MOF particles
with OOP orientation.[''*] As the focus of this perspective is the
development of 3D-oriented MOFs, we will mainly describe the
most used fabrication methods that have a high potential to max-
imize anisotropic functions in polycrystalline MOF superstruc-
tures. Specifically, the seeding and layer-by-layer (LbL) methods
are dominant approaches for the fabrication of high-quality MOF
membranes with preferential OOP orientation. Below we briefly
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summarize some of the results achieved in the orientation of
MOF crystals; however, for an in-depth discussion about these
methods, we point the readers to other comprehensive and au-
thoritative reviews on the topic.!''>-117]

The seeding method is a two-step approach: the deposition
of pre-synthesized particles as crystalline seeds and the sec-
ondary crystal growth that will result in a preferential crys-
talline orientation.!”®1!8] This deposition method has been used
for decades in zeolite technology to prepare oriented porous
membranes.['">] A typical deposition results in a homogeneous
spatial distribution of crystalline seeds on a substrate (e.g., glass,
alumina); the seeds could be deposited with a dominant crystal-
lographic orientation perpendicular to the support'**! or could
be randomly oriented.’#!'8] The deposition of these crystalline
seeds is followed by exposure to a crystal precursor mixture: this
process promotes crystal growth (secondary growth) preferen-
tially on the seeds. When examining the secondary growth step,
an “evolutionary selection” mechanism relates the crystalline ori-
entation to the probability of survival of the growing particles
given by the direction of fastest growth.l'"®120] In this process,
crystals are overgrown Dby other adjacent crystals, limiting the
growth in the direction parallel to the substrate. In the case of
a film, only those crystals with their fastest growth direction per-
pendicular to the substrate surface will survive, growing on top
of neighbour particles with different orientations (i.e., slower-
growth speed).'’®! Upon film thickening, only a few favoured
crystalline orientations survive. Thus, the growth during the
last stage results in a partially oriented structure. This seed-
ing approach was effectively applied to MOFs: crystalline seeds
with desired chemical composition, topology and pore proper-
ties are pre-synthesized and then deposited on supports by dif-
ferent techniques (e.g., by means of electrostatic interactions, co-
valent chemical anchoring, or capillary forces during dip- or spin-
coating).l7#119121122] This method can produce continuous, well-
intergrown MOF membranes with OOP orientation of the pore
channels. When compared with a membrane of randomly ori-
ented MOF crystals, OOP 1D-oriented membranes show supe-
rior selectivity, a crucial property for separation applications.!'?3]
For example, Caro and co-workers produced OOP-1D oriented
ZIF-7 membranes on alumina supports.’8] The same approach
has been extended to the preparation of several MOF membranes
based on ZIF-8,12!] ZIF-67,11241 Z1F-69,[12] ZIF-L,[126] NH,-MIL-
125(Ti),|27) Ni(HBTC) (bipy),?® and Ui066.11!
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The Layer-by-Layer (LbL) approach, first reported in 2007, af-
forded the deposition of pinhole-free MOF films with compar-
atively low roughness, low defect density, and with preferential
OOP orientation.B11613%] [n 3 typical LbL deposition, a substrate
is chemically functionalized with a self-assembled monolayer
(SAM) that exposes specific functional group termination (e.g.,
—COOH, -OH or pyridyl groups) to the solution. The SAM is
used to improve the chemical compatibility of the support and
promote the anchoring of the inorganic MOF building units.
Then the substrate is sequentially exposed to the different MOF
building blocks: during these repetitive cycles, the reaction oc-
curs predominantly at the interface of the SAM and then at the
surface of the MOF polycrystalline film crystals, which is grown
one layer at a time.l®! By selecting the number of cycles, this
deposition method affords exquisite control over the film thick-
ness, from a few nm up to micrometers.[#*1161 1bL deposition is
typically performed at moderate or room temperatures.['*] For
example, in 2007, Woll, Fischer and co-workers demonstrated
for the first time the step-by-step synthesis of HKUST-1 films
by the LbL method on SAM-functionalized Au substrates.8!]
Homogeneous HKUST-1 thin films with high crystallinity and
OOP orientation were obtained. The same method was later
used to grow MOF-508 (Zn(BDC)-(4,4'-bipyridine), ) as a single
lattice without interpenetration which is typically found during
solvothermal synthesis of this MOF.!3!] Interestingly, the use of
an appropriately functionalized substrate breaks the bulk MOF’s
symmetry, and thus the formation of interpenetrated networks
is suppressed.*!! This method for the fabrication of surface-
mounted MOF (SURMOFs) is a powerful tool to control the
chemistry of the MOF film and to synthesize MOF structures
that are not typically accessible by conventional solvothermal
methods.[3%]

When referring to a possible 3D crystal orientation of MOF
films, this was defined as hypothetically possible with the
Langmuir-Blodgett deposition method (air-liquid interface self-
assembly).[133134] Indeed, IP orientation has been observed first
by using synchrotron facilities and then by using laboratory X-ray
diffractometers.[%0134135] The simultaneous IP and OOP orienta-
tions have become progressively more common in LbL deposi-
tion obtained on functionalized substrates through different fab-
rication methods (e.g., LbL-Liquid Phase Epitaxy (LPE),['**! com-
binations of Langmuir-Blodgett and LbL,!'33] continuous flow dy-
namic LbL,[3] spray and spin-coating depositions).[8%138] Textu-
ral analyses have confirmed, in a few cases, the existence of ori-
ented polycrystalline systems.['**13] However, with the exception
of rare cases, the general lack of textural analyses or morpho-
logical evidence of extended 3D domains does not allow a de-
tailed discussion about the 3D-order in these systems. Another
important aspect is the mechanism of formation that has been
disclosed for the OOP order!'*?); however, for the IP orienta-
tion, a mechanism is yet to be revealed. Overall, these studies
on 1D- towards 3D-oriented SURMOF systems demonstrate that
the progress in MOF film fabrication is crucial to advance the
control over crystalline orientation. Further progress is expected
to demonstrate the full potential of LbL deposition methods. For
a more detailed comprehension of the literature on MOF films
with OOP and IP orientation, we suggest consulting review pa-

pers of renowned groups for their substantial contribution to the
field [116117,135,141-143]
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1.5. Recent Methods to Prepare 3D-Oriented Superstructures

In recent years, a few different methods have afforded the
fabrication of extended domains of MOF crystals with 3D-
orientation (Figure 6). The first strategy we will discuss is based
on the control over the assembly of pre-formed particles (see
Figure 6a and Video S2, Supporting Information). This wet
method can efficiently stack pre-synthesized MOF crystals into
ordered superstructures by controlling their attractive and repul-
sive interactions.[%*1*] The second method we will examine uses
external forces (e.g., external electromagnetic field) to align pre-
formed anisotropic MOF crystals suspended in a solvent (see
Figure 6b and Video S3, Supporting Information).[8286145] The
third and last approach we will describe is a specific ceramic-to-
MOF conversion; via heteroepitaxial growth, this wet approach
enables the fabrication of 3D-oriented MOF crystals in the cen-
timeter range (see Figure 6¢ and Video S4, Supporting Informa-
tion). At the moment, these methods are in their infancy and we
posit that further progress is needed to unlock their full potential.
Other emerging methods will be discussed in the final section.

2. Oriented polycrystalline MOF superstructures
by assembly processes

2.1. Introduction

The assembly of colloidal MOF particles enables the fabrication
of extensive domains of MOF superstructures with 1D or 3D
orientation.®31%6] This method is based on the spontaneous orga-
nization of colloidal MOF particles into ordered superstructures,
mirroring the natural phenomenon of atoms forming molecules.
To explore assembled MOF superstructures, it is essential to first
understand the fundamental requirements that underlie the as-
sembly of MOF particles.[®] Firstly, the preparation of monodis-
perse colloidal MOF particles stands as a pivotal prerequisite for
their subsequent assembly in an ordered fashion. Achieving such
control over MOF size and shape monodispersity requires a deli-
cate balance of synthetic parameters, including precursors, mod-
ulators, reaction time and temperature, among others.['*’] The
colloidal stability of MOF particles is another aspect that signif-
icantly affects their assembly into ordered superstructures. Col-
loidal stability is often compromised by attractive forces such as
van der Waals interactions, leading to particle flocculation.!14814]
Steric and electrostatic stabilization strategies have been reported
to enhance the colloidal stability of MOF particles. These strate-
gies involve tethering molecular chains to the MOF surface
to establish a steric barrier or manipulating the charge of the
MOF surface through electrostatic interactions.['>%-152] Finally, it
should be noted that the interaction of various forces ultimately
governs the final arrangement of MOF particles during their as-
sembly. In brief, assembly is a thermodynamic process,!'>}! in
which colloidal MOF particles aggregate in equilibrium states
(minima of Gibbs or Helmholtz free energies). The equilibrium
states are obtained by the balance of attractive (e.g., van der Waals,
depletion, hydrogen bond, z— stacking, etc.) and repulsive (e.g.,
electric double-layer, electrostatic repulsion, etc.) forces. In this
section, we explore the diverse approaches (solvent evaporation-
based assembly, depletion-assisted assembly, air-liquid interface
assembly, DNA-assisted assembly, anisotropic pattern-assisted
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Figure 6. Main different approaches used to obtain aligned MOF polycrystalline superstructures with 3D-orientation.

assembly, and ice-templated assembly) that have been devel-
oped to date for the assembly of MOF particles into 1D- and
3D-oriented MOF superstructures.['>*1>%] The orientation of the
MOF particles in the superstructures with respect to the OOP di-
rection is elucidated; however, we note that — to date — the limited
size of the aligned domains did not allow for textural analyses
with laboratory X-ray diffractometers. In the protocols summa-
rized below, we focus on the assembly of the MOF particles into
oriented superstructures while the synthesis of the specific MOF
particles can be found in the original papers.

2.2. Solvent Evaporation-Based Assembly

In the early stages, the assembly of MOF particles into super-
structures focused on regulating the evaporation of their colloidal
solutions (Figure 7a). As the solvent evaporation process works
against entropy, MOF particles tend to adopt an ordered phase
to optimize entropy and consequently minimize free energy.
Through this method, both the Eddaoudi group and the Granick
group were pioneers in the assembly of MOF particles with a
3D orientation, forming two-dimensional layers.>¢157] Specifi-
cally, through the solvent evaporation approach, Eddaoudi and co-
workers accomplished the assembly of cubic, edge- and corner-
rounded cubic, and (110)-truncated cubic In-soc-MOF particles,
as well as cubic Ga-soc-MOF particles, resulting in 3D-oriented
two-dimensional films. Cubic and corner-rounded cubic parti-
cles assembled in simple cubic lattices, while (110)-truncated cu-
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bic particles could arrange in both hexagonal close-packed (hcp)
and square close-packed (scp) assemblies (Figure 7b-d).[>®! Sim-
ilarly, Granick and co-workers reported the assembly of rhombic
dodecahedral ZIF-8 (RD-ZIF-8) particles into two-dimensional
hexagonal lattices. This assembly was achieved by the grad-
ual evaporation of the colloidal solvent N,N-dimethylformamide
(DMF) over a silicon wafer. Drying 1 wt% dispersions resulted
in 3D-oriented two-dimensional hexagonal lattices, where the
crystals were aligned in the (111) direction. However, dry-
ing 0.05 wt% dispersions led to 1D-oriented two-dimensional
loose hexagonal lattices with the RD-ZIF-8 particles aligned in
the (110) direction.!’>”] Remarkably, the first three-dimensional
MOF-based superstructures were also realized through the pro-
cess of solvent evaporation.['*] In particular, PVP-modified oc-
tahedral UiO-66 (O-UiO-66) particles dispersed in water slowly
settled due to gravity within a glass capillary, and the subsequent
drying of the solvent led to the arrangement of MOF particles,
forming (111)-oriented hexagonal layers that stacked to create
three-dimensional superstructures with 3D orientation.[14?]

2.3. Depletion-Assisted Assembly

The assembly process through solvent evaporation can be further
controlled by introducing depletants (such as small nanoparti-
cles, micelles, polymers, salts, etc.) along with the colloidal par-
ticles, resulting in a method referred to as depletion-assisted as-
sembly (Figure 7e).["*8 This approach harnesses the short-range

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U80]7 SUOLULLIOD BA (TR0 3(edl|dde ayy Aq peusenob a1e sejoie YO ‘8sn Jo Sa|nJ Joj Afiq1T8UlUO A8]IA UO (SUORIPUOD-PUR-SWBIALI0D" A8 |1 Ae.q)1|BU 1 [UO//:SANY) SUORIPUOD pue SWLB | 8L 88S *[7202/90/90] U0 AkeidiTauluo Ae|im ‘(‘ouleAnde ) agnopesy Aq S960£202 BUIPe/Z00T 0T/I0pAL0D" A8 | M Ake.q1puluo//:Sdny Woly pepeojumod ‘T %202 ‘S607TZST



ADVANCED
SORNCF NS JAATERTALS

www.advancedsciencenews.com www.advmat.de

Incorporating the particle Self-assembly at the
suspension air-liquid interface

a)

functionalization  hybridization XL « .| Patchy
L4 particles

Figure 7. (a) Schematic of the solvent evaporation-based assembly. SEM images of (b) edge- and corner-rounded cubic and (c,d) (110)-truncated cubic
In-soc-MOF particles. Adapted with permission.['¢] Copyright 2012, American Chemical Society. (e) Schematic of the depletion-assisted assembly.
SEM images of (f) (111)-, (g) (100)-, and (h) (110)-oriented fcc supercrystals of TRD ZIF-8 particles. Adapted with permission.l'8"l Copyright 2019,
John Wiley and Sons. (i) Schematic of the air-liquid interface assembly. (j,k) SEM images and (l) TEM image of TRD-ZIF-8 particles assembled into
monolayers. Adapted with permission.[152] Copyright 2019, American Chemical Society. (m) TEM image of ZIF-8 monolayer membranes obtained by
interfacial assembly. Adapted with permission.l"”] Copyright 2023, American Chemical Society. (n) SEM image of the bottom surface of an aligned MIL-
96-PDMS thin film assembly. Adapted with permission.['®3] Copyright 2021, American Chemical Society. (0) Schematic of the DNA-assisted assembly.
(p) Cryo-STEM BF image of PCN-222 nanorods with complementary DNA linkers forming 1D-oriented two-dimensional close-packed hexagonal lattices.
Reproduced under terms of the CC-BY 4.0 license.l'”2] Copyright 2020, The Authors, published by Springer Nature. (q) Schematic of the anisotropic
pattern-assisted assembly. (r) SEM image of a chain made of assembled MOF-based patchy particles. Adapted with permission.['”] Copyright 2021,
John Wiley and Sons. (s) Schematic of the ice-templated assembly. (t) SEM image of a TRD-ZIF-8-based bilayer 2D quasi-ordered two-dimensional
superstructures. Adapted with permission.!'7°] Copyright, 2022 American Chemical Society.
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attractive force among colloids, facilitated by the depletion
interaction.['**1] In a pioneering demonstration from Maspoch
and co-workers,!®3] 3D-oriented superstructures composed of
truncated rhombic dodecahedral ZIF-8 (TRD-ZIF-8) or O-UiO-66
particles were assembled by evaporation of water in the presence
of cetyltrimethylammonium bromide (CTAB), which acted as a
depletant. Different 3D-oriented superstructures were obtained
depending on the shape of the MOF particles: TRD-ZIF-8 par-
ticles with a truncation below 0.66 arranged into an fcc crystal,
those with a higher truncation formed the densest rhombohedral
packing, and O-UiO-66 particles adopted a hexagonal lattice.!]
In addition, TRD-ZIF-8 particles with a truncation value of 0.63
could form different (111)-, (100)-, and (110)-oriented fcc su-
perstructures by adjusting the amount of surfactant in the col-
loidal solution. To be more specific, (111)-oriented fcc superstruc-
tures were observed at low CTAB concentrations (1.00 mg mL™1).
Upon increasing the CTAB concentration to 2.00 mg mL™", (100)-
oriented domains began to form alongside the existing (111)-
oriented domains. As the CTAB concentration was further in-
creased to 3.00 mg mL~!, these (100)-oriented domains contin-
ued to grow, eventually resulting in the formation of homoge-
neous (100)-oriented fecc superstructures. (110)-oriented domains
began to appear when increasing the CTAB concentration up to
3.25 mg mL~'. However, purely (110)-oriented superstructures
could not be obtained, even at a CTAB concentration of 4.00 mg
mL! (Figure 7f-h).[161]

In a recent study, Wang and co-workers have further in-
vestigated the role of surfactants in the assembly process of
MOF particles.['®! Ordered superstructures with different di-
mensionalities were created by inducing instability in aque-
ous colloidal solutions using the depletion interaction within a
capillary. In their research, 0.9-um RD-ZIF-8 particles assem-
bled into a mixture of 3D (111)-, (100)-, and (110)-oriented
quasi-three-dimensional fcc superstructures with the assistance
of cetyltrimethylammonium chloride (CTAC) micelles as deple-
tants. Conversely, by adding CTAC, 2.6 um-RD-ZIF-8 and 1.2 pm-
TRD-ZIF-8 particles rearranged into 3D-oriented chains with par-
ticles aligned in the (110) direction. Therefore, while preserv-
ing order, the dimensions of the final superstructures are in-
fluenced by the size and shape of the MOF particles. Likewise,
when CTAC was present, hexagonal bipyramidal MIL-96 parti-
cles exhibited distinct arrangements depending on their trun-
cation values. Particles with a truncation of 0.24 formed a 3D-
oriented two-dimensional square lattice, while those with a trun-
cation of 0.52 organized into 3D-oriented centered rectangular
lattices with an axial angle of 108°. The interplay between the
MOF particles and the substrate was also observed to exert an in-
fluence on the final superstructure. Thus, aided by cetyltrimethy-
lammonium chloride (CTAC) micelles as depletants, O-UiO-66
particles were found to organize into 3D (111)-oriented two-
dimensional hexagonal lattices or quasi-one-dimensional stripe-
like superstructures, depending on the smoothness or rough-
ness of the substrate, respectively. Similarly, by using sodium
dodecyl sulfate (SDS) as a depletant, the assembly of MIL-88A
hexagonal rods varied based on the substrate. On smooth sub-
strates, MIL-88A hexagonal rods formed one-dimensional chains
with 3D orientation, while on rough substrates, these particles
rearranged into two-dimensional snowflake-like superstructures
with 1D-orientation.[!>®]
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2.4. Air-liquid Interface Assembly

An alternative approach to assemble colloidal MOF particles
into superstructures employs the air-liquid interface (Figure 7i).
This method begins by spreading an insoluble monolayer of
MOF particles over an interface between air and liquid. Fol-
lowing this strategy, the interface is manipulated to facilitate
particle assembly and organization. Among the different mod-
ifications of the interface, the increase in the surface tension
of the liquid can favour the contact and assembly of the MOF
particles.[1*¢162] Cohen and co-workers illustrated the formation
of 1D (111)-oriented two-dimensional superstructures by assem-
bling monodisperse TRD-ZIF-8 particles at an air-liquid interface
(Figure 7j-k).11%) First, core-shell ZIF-8 particles were created by
coating ZIF-8 particles with a poly(methyl methacrylate) (PMMA)
layer (PMMA@ZIF-8). PMMA@ZIF-8 particles dispersed in
toluene were spread on water. Subsequently, as toluene evapo-
rated, the particles assembled into 1D-oriented two-dimensional
films at the air-liquid interface, forming free-standing films
through the fusion of their PMMA@ZIF-8 shells.'%?] The same
research group has also explored how different casting sol-
vents (n-butanol, tetrahydrofuran, ethyl acetate, CH,Cl,, CH,Cl,
toluene, hexane, and cyclohexane) modify the surface tension
of the interface and, consequently, the assembly of MOF par-
ticles (hexagonal bifrustum MIL-96, O-UiO-66 and O-UiO-66-
NH, particles).!3] Heat-curable polydimethylsiloxane (PDMS)
was also added to the casting solvents to immobilize the oriented
MOF particles in large-area polymeric films. Briefly, the casting
dispersion, which contained MOF particles, casting solvent, and
PDMS, spread rapidly over the water interface. As the casting sol-
vent spread, the suspended MOF particles aligned, while the dis-
solved PDMS diffused freely throughout the casting solvent layer.
Evaporation of the casting solvent concentrated the PDMS, in-
creasing its viscosity and retaining the MOF alignment. Finally,
MOEF-PDMS films were heated to cure the PDMS. The use of
solvents that result in low interfacial tension (n-butanol, THF,
or ethyl acetate) led to films with the trapezoidal facets of MIL-
96 facing upward (alignment along the (102) direction). Con-
versely, as the interfacial tension increased (CH,Cl, and CH,Cl),
the alignment of the MIL-96 particles with the hexagonal facets
upward became dominant (alignment along the (002) direction).
An interfacial tension higher than 36.1 mN m™' caused an un-
even spreading of the solvent on the water surface and an ag-
gregation of MOF-PDMS. Similar behaviours were found for the
0-UiO-66 particles.!163]

Monodispersed O-UiO-66 particles were also observed to form
1D (111)-oriented two-dimensional superstructures at an air-
liquid interface. Specifically, octahedral UiO-66 particles were ini-
tially dispersed over water, and then the introduction of SDS al-
tered the surface tension, resulting in the consolidation of UiO-
66 particles into a disordered two-dimensional hexagonal mono-
layer. The disorder was attributed to the rapid packing of octahe-
dral UiO-66 particles following the addition of SDS.!"#¢! Recent
research has explored the influence of attached molecular chains
on O-UiO-66 particles during their assembly into UiO-66 mono-
layers at the air-water interface.['**l Initially, O-UiO-66 particles
of varying sizes (80 nm, 120 nm, and 250 nm) were modified
with different polymers (poly-[methyl acrylate] [PMA], PMMA,
and poly-[benzyl methacrylate] [PBnMA]), followed by their
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assembly at the air-water interface. While consistently maintain-
ing the 1D orientation, the degree of order in these monolay-
ers was influenced by various factors, including the length and
hydrophilicity of the graft, and the size of the O-UiO-66 parti-
cles. For example, extending the graft length or intensifying hy-
drophilicity led to a loss of order. Furthermore, in terms of par-
ticle dimensions, larger particles facilitated the development of
ordered, two-dimensional hexagonal lattices.[**

A different modification of the air-liquid interface is to
compress the MOF particles floating on the liquid subphase,
a process known as Langmuir-Blodgett (LB).'**1] This ap-
proach is exemplified in the study by Kitagawa, Furukawa,
and coworkers, where they reported the assembly of HKUST-
1, AL,,0(OH)(H,0),(AL,(OH),)(BTC),, and Cu,(BDC), (bipy))
particles into two-dimensional superstructures using the LB
process.[133] First, MOF particles suspended in dry methanol
were spread over water, forming a temporary bilayer of al-
cohol and water. MOF particles were then compressed along
the air-liquid interface to assemble into two-dimensional
superstructures.['*3] The assembly of MOF particles on the water
sub-phase was proposed to be driven by interparticle attractive
forces and capillary forces.[1%1%9] Two-dimensional superstruc-
tures with 1D orientation were also formed through the assembly
of thombic dodecahedral (RD), slightly truncated cubic (TC) and
TRD ZIF-8 particles using the LB process. While the RD and TC
ZIF-8 particles were aligned along the [110] and [100] directions,
respectively, the TRD-ZIF-8 particles did not show a specific ori-
entation within the monolayers.['’?l An extension of the inter-
facial synthesis concept to liquid/liquid interfaces was recently
demonstrated by Qiu et al., who obtained OOP-oriented mono-
layer membranes composed of RD ZIF-8 particles, by assembly
at the interface between two immiscible liquids (hexadecane and
MeOH-H,0 mixtures) aided by a superlyophilic substrate.['”!]
The authors obtained ZIF-8 membranes oriented in two differ-
ent directions, <110> and <111>, which were controlled by the
solvent composition of the MeOH—H, O mixtures.

2.5. DNA-Assisted Assembly

An alternative approach to prepare 3D-oriented superstruc-
tures involves the assembly of oligonucleotide-patterned
MOF particles, harnessing their complementary interactions
(Figure 7m).['72173] Examples of this method include the as-
sembly of DNA-functionalized O-UiO-66 particles and PCN-222
nanorods, as reported by Mirkin and co-workers.['7?] In their
study, before DNA functionalization, the MOF surface was pro-
tected from unmodified DNA using a set of heterobifunctional
polyethylene glycol (phosphate/phosphonate-PEG,-N;) ligands
with three different PEG chain lengths (ethylene, PEG,, and
PEG,). The PEGs,-based ligand proved to be most effective in
stabilizing the MOF colloid and making the particles susceptible
to subsequent DNA functionalization. Following that, the MOF
particles terminated with azide groups underwent a reaction
with terminal diarylcyclooctyne-modified DNA (5" DBCO-TEG
modifier) through the strain-promoted azide-alkyne cycloaddi-
tion reaction.”* Specifically, UiO-66 particles, functionalized
with complementary DNA sticky ends (5'-GCGC), were found
to assemble into 3D-oriented fcc lattices. In contrast, when
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two sets of UiO-66 particles possessed complementary DNA
sticky ends (5'-AAGGAA and 5-TTCCTT), they arranged into
3D-oriented bec lattices. Likewise, DNA-functionalized PCN-222
nanorods formed 1D-oriented two-dimensional close-packed
hexagonal lattices when the particles featured complementary
DNA linkers (Figure 7n), and they assembled into tetragonal
lattices when particles with complementary DNA sticky ends
were involved.[17?]

2.6. Anisotropic Pattern-Assisted Assembly

Another strategy to govern the assembly of MOF particles is
through their anisotropic patterning, which facilitates both their
orientation and arrangement (Figure 70). Anisotropically pat-
terned MOF particles, also known as MOF-based patchy parti-
cles, must incorporate crucial bonding information, including
the quantity and directionality of bonds per particle, for pre-
cise assembly guidance.l'’>17%l Indeed, the interactions among
these MOF-based patchy particles must be both strong and
short-ranged, while still allowing particles to adjust their po-
sitions and orientations as needed. This method has been
exemplified by the assembly of UiO-66-on-MIL-96 particles
into 3D-oriented one-dimensional chains.!'”’] Initially, uniform
micrometer-sized truncated hexagonal dipyramidal MIL-96 par-
ticles were solvothermally synthesized. Subsequently, UiO-66
was selectively grown on the (0002) facets of truncated hexag-
onal bipyramidal MIL-96 particles. The alignment between the
(0002) planes of MIL-96 and the (111) planes of UiO-66 sup-
ported this heteroepitaxial growth. The UiO-66 patches exhib-
ited a hexagonal appearance, resembling the shape of the MIL-96
facets. Following that, in the presence of a dimethylformamide
(DMF)/H,O co-solvent, nucleation of 3-(trimethoxysilyl)propyl
methacrylate oligomers (o-TPM) occurred on the UiO-66 patches,
whereas o-TPM nucleation on the MIL-96 surface was completely
inhibited. This inhibition was proposed to occur because MIL-
96 electrostatically repels o-TPM. It should be noted that, while
0-TPM nucleated on both MIL-96 and UiO-66 surfaces in pure
water solvent, nucleation on the MIL-96 surface was completely
suppressed in the presence of 50 v/v% DMF/H, O co-solvent. Fi-
nally, UiO-66 patches, which had a thin layer of o-TPM, bonded
to each other when subjected to stirring. The patches adhered
to each other, producing a strong, reconfigurable capillary force
that aimed to improve contact between them. Therefore, the o-
TPM merged from the patches of two particles, maximizing their
contact and thereby forming the 3D-oriented one-dimensional
chains (Figure 7p).l"”’]

2.7. Ice-Templated Assembly

Recently, ice-templated assembly, also known as freeze
casting,!'”8] which relies on assembly within confined spaces
formed between ice crystals (Figure 7q), has been employed
to assemble MOF particles into superstructures with 1D
order.'”’l Aqueous suspensions of MOF particles (TRD-ZIF-8,
C-ZIF-8, O-UiO-66 or MIL-88B(Fe)-NH, hexagonal nanorods)
were first frozen in liquid nitrogen, resulting in polycrystalline
ice that forced the MOF particles into gaps between neigh-
bouring ice crystals. Following that, MOF particles underwent
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assembly through the freeze-drying process. Van der Waals
forces played a crucial role in preserving the cohesion of the
MOF particles once the ice templates sublimated. This innova-
tive approach resulted in the formation of MOF-based mono-
and bilayer 2D quasi-ordered two-dimensional superstructures,
with the specific configuration dependent on the initial concen-
tration of the MOF colloids (Figure 7r).1'”] Notably, unlike other
methods, the ice-templating approach does not require MOF
particle size and shape monodispersity. However, it is impor-
tant to recognize that the degree of control over monolayered
superstructures depends on the degree of control over the ice
formation. Thus, fluctuations in controlling the ice formation
can result in subsequent misalignments of crystalline domains.

2.8. Conclusions and Perspectives

The assembly of colloidal MOF particles facilitates the formation
of MOF-based superstructures, offering control over their spa-
tial geometries and, consequently, their anisotropic properties.
Advances in synthesizing stable, monodisperse colloidal MOF
particles have positioned them as a distinguished class of poly-
hedral particles for assembly into oriented superstructures. This
progress is expected to expand the range of attainable superstruc-
tures, which could lead to intricate and unconventional-oriented
assemblies. Nonetheless, it is essential to acknowledge that the
assembly of MOF particles remains a complex and challenging
task. There exists a demand for continued advances in synthetic
methodologies aimed at precisely regulating MOF particle inter-
actions and their interactions within their environment. Another
important aspect to consider regarding oriented MOF-based su-
perstructures prepared using reported assembly methods is their
weak cohesion, which limits their practical applicability. The sta-
bility of the superstructures can be improved by using a poly-
mer to bind the oriented MOF particles together. However, this
methodology faces the combined challenges of simultaneously
enhancing the mechanical stability of the superstructures while
preserving the order and intrinsic porosity of the MOF particles
in larger domains. Despite the challenges, we are confident in the
ongoing advancement of oriented MOF superstructures through
assembly. The anticipated developments and growth in this field
suggest exciting progress on the horizon.

3. Oriented polycrystalline MOF superstructures
by external forces

3.1. Introduction

Besides spontaneous colloidal assembly, the orientation of MOFs
and generation of their superstructures can be achieved via the
imposition of external forces through magnetic, electric and/or
gravitational fields. Magnetic or electric field alignment to gener-
ate oriented MOF superstructures is attractive as it represents a
robust, yet easily tuneable method to control MOF orientation,
circumventing some of the challenges associated with sponta-
neous particle assembly such as the prerequisite of monodis-
perse MOF particles and the delicate balance of particle and envi-
ronmental interactions.['®] In contrast, external field alignment

Adv. Mater. 2024, 36, 2309645 2309645 (12 of 34)

www.advmat.de

relies upon the introduction of dipoles along a specific crystal-
lographic direction of the selected MOF particles, and their sub-
sequent alignment along the imposed field direction due to po-
tential energy minimization.!"811821 However, to ensure selective
particle orientation, the dipole alignment energy of the particles
for the desired orientation must be sufficiently high compared to
that of the undesired orientations along the imposed field. Ad-
ditionally, it should be robust enough to overcome thermal ran-
domization and counteract rotational inertia arising from ma-
trix viscosity.183184] Therefore, the generation of oriented MOF
arrangements via external fields is typically limited to aniso-
metric particles!!®] where the length exceeds (L) the width (D),
see Figure 8a; for these systems, the ratio between the afore-
mentioned dimensions is referred to as the aspect ratio (AR).
When the AR of the MOF crystals is greater than 1, a sufficient
energetic differentiation can be induced with an external field.
When employing a uniaxial external field, the achieved orien-
tation is predominantly 1D-oriented, whether it is in the OOP
or IP direction. As demonstrated in Section 2, achieving 3D-
orientation necessitates particles with high monodispersity in
size and shape to establish robust interparticle facet-to-facet in-
teractions or another compelling force that enforces crystal ori-
entation in more than one direction. In the following section,
we examine the main examples of these approaches and in-
clude considerations to expand the degree of orientational con-
trol via the external force approach to obtain 3D-oriented MOF
superstructures.

3.2. Magnetic-field Assisted Alignment

Typically, the usage of magnetic fields for material manipulation
is limited to materials that possess ferromagnetic or paramag-
netic properties, which excludes most classes of MOFs. To bypass
this limitation, Cheng et al. ' focused on a general method to
magnetize rod or needle-shaped MOF crystals by exploiting elec-
trostatic attractions between the MOFs and oppositely charged
Fe,O, nanoparticles to attach the Fe;O, onto the external crys-
tal surfaces of the MOFs. The zeta potentials of colloidal parti-
cles in aqueous media depend upon the pH of the dispersion
— two types of particles in a colloidal dispersion can thereby be
rendered oppositely charged by selecting a pH in between their
isoelectric points. NH,-MIL-53(Al) was selected as a representa-
tive MOF crystalline system; these particles with AR = 21 were
coated with poly(acrylate)-stabilized iron oxide nanoparticles. The
utilized Fe;O, nanoparticles bear a negative electrostatic charge
above pH 2.8 whereas the NH,-MIL-53(Al) microneedles are
positively charged below pH 10.5 due to the protonation of the
amine group. Briefly, a buffered solution of 10 wt% of Fe,O,
nanoparticles at pH 3.5 was added to a buffered suspension of
MOF at the same pH, leading to magnetized NH,-MIL-53(Al) mi-
croneedles. The resulting materials were characterized by XRD
showing that the NH,-MIL-53(Al) microneedles retain their XRD
patterns after treatment with iron oxide particles. The presence
of Fe;0, nanoparticles was confirmed by ICP-MS and thermo-
gravimetric analysis. When exposed to a magnetic field, magne-
tized particles experience a torque to align their magnetic dipoles
along the field (Figure 8a).'8!] Optical microscopy showed that
when aqueous suspensions of the magnetized NH,-MIL-53(Al)
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Figure 8. (a) Schematic showing an anisotropic particle, the torque () related to an external field (EF) and the definition of aspect ratio (AR) with
examples. (b) Random orientation (left); alignment along the direction of the applied magnetic field (middle); alignment perpendicular to the major
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crystals were placed in a magnetic field, the randomly oriented
MOF crystals rapidly aligned in the [001] direction along the
field, dynamically responding to changes in the field direction
(Figure 8b). We note that the dynamic response of this class of
composites (aka magnetic framework composites)¥! was pre-
viously used for dynamic positioning but not for the alignment
of MOF crystals.I'®] In the case of Fe;0,-coated NH,-MIL-53(Al)
crystals, to fix them in their aligned state, the magnetized MOFs
were dispersed in a methacrylate-based, photocurable resin. Mag-
netic alignment of NH,-MIL-53(Al) crystals readily took place
even in the viscous resin (dynamic viscosity of 900 cP at 25°C;
that of deionized water is 0.89 cP at 25°C). The versatility of this
approach was demonstrated by aligning Fe,0O,-coated NU-1000
with AR = 5.9.%] NU-1000 exhibits unique optical properties
along the c-crystallographic axis. Thus, its fluorescence response
to 405 nm linearly polarized radiation when magnetically aligned
was investigated showing different behaviors with respect to the
unaligned NU-1000. The highest fluorescence response occurred
when the incident light polarization was in alignment with the
[001] direction of the NU-1000 crystals. In both MOF examples,
[P-1D-oriented three-dimensional systems were obtained, and
the orientation distributions of MOF particles were assessed via
optical microscopy coupled with Image] directionality analysis. A
detailed XRD analysis of particle orientation was not carried out,
as the low MOF loading and high polymer content prevented ac-
curate quantification. More recently, van Essen et al.['¥8 used a
similar procedure to magnetize and align ZIF-8 in a polyimide
(Matrimid) membrane for CO, separation from N,, magnetizing
the ZIF-8 particles with PEG-coated Fe,O, nanoparticles. Mag-
netically aligned films were then prepared by adding the desired
quantity (wt%) m-ZIF-8 to a Matrimid/DMF suspension. The
suspension was then dried under a magnetic field resulting in
the solidification of the film. SEM cross-sectional analysis of the
films showed that instead of a homogeneous ZIF-8 distribution
throughout the Matrimid matrix, the magnetic field induced the
m-ZIF-8 to arrange into bands of higher particle density, which
in turn were generally oriented perpendicular to the membrane
plane. However, it should be noted that the crystallographic orien-
tation of the m-ZIF-8 particles themselves was not demonstrated.
Nevertheless, the aligned m-ZIF-8 doped Matrimid membranes
showed an improved permeability without compromising the
CO, selectivity up to 15 bar, due to the increased ZIF—8 interpar-
ticle connectivity in the aligned versus the unaligned composites.
The CO, selectivity is caused by the different kinetic diameters of
CO, (3.30 A) and N, (3.64 A), the former being smaller than the
pore aperture of ZIF-8 (3.4 A), while the latter is bigger. Arrange-
ment of ZIF-8 into banded regions with higher particles density
therefore promotes CO, over N, diffusivity in the aligned mem-
branes.

www.advmat.de

It is increasingly recognized that major technological break-
throughs of MOFs in device fabrication are tied to the control
over MOF crystalline orientation, and consequently pore align-
ment, in both MOF films and patterns."®] Magnetic function-
alization and alignment of MOF prior to their fixation in poly-
mers offer a practical way to address this challenge. Most studies
on magnetic orientation of particles relies upon uniaxial static
fields; however, there are examples of biaxial nematic particle as-
semblies achieved via rotating magnetic fields, where the primary
particles are oriented along two axes (2D-oriented system).[189-191]
We note that, for these 2D-oriented systems, the primary parti-
cles require a biaxial rather than a uniaxial symmetry in addition
to more complex experimental designs. Nevertheless, such ap-
proaches could conceivably be extended to certain biaxial MOF
materials, thereby imposing a greater degree of control and po-
tentially leading to 3D-oriented MOF assemblies.

3.3. Electric-Field Assisted Alignment

In 2013, Yanai et all'® reported the use of an electric
field (E-field) to align MOF particles. Monodispersed, rhombic
dodecahedra-shaped ZIF-8 crystals have been oriented to form
facet-to-facet contacts by applying an E-field. Particles attach to
one another within seconds showing, via optical microscopy,
elongated hexagons indicating the (110) crystal orientation, par-
allel to the direction of the E-field. Within a few minutes, succes-
sive growth led to the formation of 1D-oriented one-dimensional
superstructures (i.e., chains) aligned in the direction of the im-
posed field (Figure 8c). This configuration minimizes the center-
to-center separation between particles, likely serving to maximize
the dipole—dipole interaction as well as van der Waals interac-
tions between the {110} facets of adjoining crystals. Two fre-
quencies were investigated, 1 kHz and 1 MHz, both leading to
the formation of 1D-oriented MOF chains. Interestingly, chained
alignment collapsed after switching off the E-field for chains
constructed at a frequency of 1 MHz whereas it remained sta-
ble when constructed under a 1 kHz field. At high frequency,
the dominant mechanism of attraction is the dielectric polariza-
tion of the crystal particle while at low frequency, the polariza-
tion of the double layer dominates, favoring direct surface-to-
surface contact between particles and overcoming electrostatic
repulsion.['®] The latter mechanism allows particles sufficiently
close to each other to adhere through van der Waals attraction.
However, when moving to truncated rhombic dodecahedral ZIF-
8 crystals possessing both {110} and {100} facets, it was found
that although 1D-oriented chains of the ZIF-8 crystals could
form, the crystals showed a mixture of (110) and (100) orienta-
tion due to non-selective facet-to-facet adhesion, indicating that

plane of the sample, along the direction of the magnetic field (the microneedles appear as dark spots) (right). Adapted with permission.!! Copyright
2017, John Wiley and Sons. (c) Schematic illustration of the electric-field-assisted (E-field assisted) assembly of rhombic dodecahedra-shaped ZIF-8
crystals (sodalite ZIF-8). Adapted with permission.['2] Copyright 2012, American Chemical Society. Confocal microscope images of NU-1000g; crystals
in bromobenzene (d), (e) without and with the presence of an electric field, respectively. Adapted with permission.[3¢] Copyright 2019 American Chemical
Society. (f) lllustration of sedimentation experiment in a glass capillary with alternating E-field parallel to gravity (left); Top to bottom: CLSM images of
NH,-MIL-53 (Al) assembly at the top, middle and bottom of the sedimentation layer, in the absence of E-field (middle); Top to bottom: CLSM images of
NH,-MIL-53(Al) assembly at the top, middle and bottom of the sedimentation layer in presence of E-field parallel to gravity (right). (g) SEM image of
opened capillary sample containing MIL-68(In) sedimented in a vertical E-field showing the long-range order of the particles. Reproduced under terms
of the CC-BY 4.0 license.®2] Copyright 2022, The Authors, published by Elsevier B.V.
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particle orientation within the chains largely derives from van der
Waals interactions.

Chin and co-workers(®®! recently reported the E-field-assisted
alignment of NU-1000 microrod crystals with AR = 6.1. NU-1000
was functionalized with trimethoxy(octadecyl)silane (TMODS) to
form NU-1000; by sonicating a suspension of NU-1000 in a mix-
ture of TMODS, butylamine, and dried toluene (1/1/10, v/v/v)
for 4 h, thereby improving its dispersibility in organic solvents.
XRD indicates that the NU-1000g; retains its crystalline frame-
work structure after silanization, whereas the presence of Si was
confirmed by ICP-MS. When no E-field was applied, the MOF
crystals were randomly oriented in the solvent and underwent
Brownian motion and rotation (Figure 8d). Upon application of
the E-field, the NU-1000g; rapidly aligned along the [001] direc-
tion parallel to the imposed E-field (Figure 8e). Unlike in the ear-
lier example with ZIF-8, the alignment of the NU-1000g; micro-
rods was suggested to happen through Maxwell-Wagner-Sillars
and O’Konski interfacial polarization.!'1%I It was hypothesized
that the E-field-assisted alignment of the microrods resulted from
the electromigration of ions that were present within the MOF
channels and in the electrical double layers.['] This electromi-
gration induced dipoles in the MOF crystals, thereby facilitating
their alignment. The ions found within the MOF channels origi-
nated from the adsorbed water and polar groups, as well as from
the sample preparation process. It is important to note that the
repulsion between particles prevented the chaining of NU-1000g;
particles. The birefringent MOF particles allowed for light trans-
mission through crossed polarizers, whereby the light transmis-
sion through aligned MOFs was minimized in the utilized set-up.
Therefore, the NU-1000g; alignment could be assessed via polar-
ized optical microscopy coupled with a photodetector, showing
an alignment response time of 0.1 seconds. As previously men-
tioned, one significant characteristic of NU-1000 is its enhanced
photoabsorption (and consequently its fluorescence response) in
the [001] crystallographic direction, along the major axis of the
microrod crystals. To investigate the fluorescence response, stud-
ies were conducted on NU-1000; suspensions. Similarly, as ob-
served with NU-1000 under magnetic field alignment, the fluo-
rescence properties are highly dependent on the particle orienta-
tion. The highest fluorescence intensity was observed when the
angle was 0°, while the lowest fluorescence occurred at an angle
of 90°.

In a subsequent study, Chin and co-workers extended
the E-field-assisted alignment to NH,-MIL-53(Al) and MIL-
68(In) crystals, and incorporated gravitational sedimentation
to pack and generate 1D-oriented three-dimensional MOF
superstructures.(®2! As described by Onsager,*’! for rod-shaped
particles, their aligned packing into a nematic phase is ther-
modynamically favored when their particle volume fraction is
sufficiently high, for particles with AR > 4.7.11%] Nevertheless,
by applying an E-field during MOF sedimentation, highly 1D
aligned three-dimensional MOF assemblies were achieved, even
for MOF crystals with low AR of 1.2. 8wt% NH,-MIL-53(Al) (AR
ranging from 5 to 15 due to particle size polydispersity), 10 wt%
photopolymerizable trimethylolpropane triacrylate (TMPTA) and
1 wt% diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide (TPO)
photoinitiator were dispersed in DMF, selected as a solvent for
its high dielectric constant, then loaded in a glass capillary by
diffusion. Upright positioning of the glass capillary allowed the
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particles to sediment. Subsequently, the sample was photopoly-
merized to fix the assemblies for confocal microscopy and SEM.
In the absence of an applied E-field, when observing the sam-
ple from the top of the capillary toward the bottom, the increas-
ing particle packing density led to an enhanced alignment of the
MOFs along the capillary, forming an oriented nematic phase at
the bottom of the sediment layer. However, in the case of parti-
cle sedimentation in the presence of an external alternating E-
field approximately parallel to gravity (1 MHz, 400 V., E-field
~14V-mm™ ), NH,-MIL-53(Al) microneedles showed vertical
alignment along the [001] direction throughout the sedimenta-
tion layer, forming a nematic phase. In this instance, as the E-
field imposes a supplementary driving force for alignment, MOF
alignment was observed even at lower packing density towards
the top of the sedimentation layer (Figure 8f) where entropic in-
teractions would otherwise be insufficient to form a classic ne-
matic assembly. Similar conditions were applied to MIL-68(In)
displaying a slightly lower AR of 6.8. Unlike NH,-MIL-53(Al),
MIL-68(In) particles show a low degree of directional order when
in the absence of an E-field due to their lower AR. Nonethe-
less, when the particles were aligned under an alternating po-
tential applied to the electrodes (1 MHz, 400 V,,, E-field ~ 14
V:mm™ ), the resulting assemblies again show [001] alignment
of the MOF microrods into a nematic phase throughout the sed-
iment layer (Figure 8g). The relatively small dimensions of the
ordered MOF domains, as well as their encasement within a poly-
mer matrix and glass hindered their precise orientational assess-
ment via conventional XRD analysis. Therefore, particle orien-
tation was assessed via optical microscopy or SEM coupled with
Image] software directionality analysis instead. The authors then
investigated NU-1000 displaying an AR of 3.4, which is below
the expected AR of 4.7 to undergo nematic phase formation via
purely entropically driven assembly.['®] Due to the tendency of
NU-1000 to adhere to the capillary glass walls, arising from the
presence of unsaturated Zr, nodes able to bind to Si-OH groups
of the glass surface, the experimental conditions were modified.
Difluorobenzene (DFB) instead of DMF was used, but as DFB
polarity is lower than DMF, increased interparticle electrostatic
repulsion is expected. To mitigate this effect, 0.01 wt% tetrabuty-
lammonium bromide (TBABr) was added to screen the inter-
particle electrostatic repulsion and allow dense particle packing.
When the mixture was loaded in a glass capillary and allowed to
sediment in the absence of an E-field, the microrods were largely
disordered across the sedimentation layer. However, the applica-
tion of an E-field markedly improved alignment in the [001] direc-
tion from the top to the bottom of the sedimentation layer. A sim-
ilar observation was made when moving to MIL-68(In) crystals of
yet lower AR of 1.2, demonstrating the utility of E-field imposi-
tion to control the alignment even of particles with ARs closer to
unity. In the aforementioned instances, the uniaxial external field
induces a pronounced [001] alighment in all particle systems (IP-
1D-oriented system). However, in the case of NU-1000, the uni-
formity of the MOF particles enhances their packing interactions,
whilst the robust crystal facet-to-capillary glass and interparticle
facet-to-facet interactions contribute to achieving a heightened
degree of orientation. In fluorescence microscopy, when employ-
ing polarized excitation methods like in CLSM, the orientation
of MOF particles can be qualitatively evaluated based on their
emission characteristics, provided that the MOFs bear oriented
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Figure 9. (a) CLSM image of NU-1000 assembly showing the well-packed particle; (b) CLSM tilted Z-stacked image of the NU-1000 assembly
edge and the aligned layers below the top layer. Reproduced under terms of the CC-BY 4.0 license.l82] Copyright 2022, The Authors, published by

Elsevier B.V.

fluorophores either within their pores!'>®! or integrated as part

of the MOF lattice, such as in the case of NU-1000. Examina-
tion of NU-1000 assemblies via confocal microscopy reveals that
the particles predominantly appear as uniformly bright rectan-
gular structures. This observation suggests the formation of ex-
tended 3D-oriented superstructures, with the rectangular {100}
facets of NU-1000 crystals facing the boundary glass wall towards
the viewing direction (Figure 9). However, it should be noted that
quantitative assessment via XRD analysis is missing. To effec-
tively generate 3D-oriented MOF assemblies by integrating field-
assisted MOF orientation with interparticle interactions, maxi-
mizing facet-to-facet interactions is crucial. The success with this
objective depends on the particle uniformity and particle mor-
phology. For instance, the contact areas between individual facets
are expected to be enhanced in board or lath-shaped particles
compared to the hexagonal rods of NU-1000.

More recently, Chin, Wuttke and co-workers have focused their
efforts on maximizing the solvent-responsive anisotropic breath-
ing properties of MIL-88A:[11 Mellot-Draznieks et al. demon-
strated the decrease of the crystalline unit cell parameter ¢ from
15.31 to 12.66 A coupled with the increase of the a parameter
from 9.26 to 12.66 A when going from the dry as-synthesized
MIL-88A to its hydrated form.?® The Maspoch group first
showed the applicability of MIL-88A breathing properties in the
conception of MIL-88A/PVDF actuating composite films,[201:202]
which was subsequently expanded upon by Jia and co-workers
to generate films with responsive structural color.[?!] However,
to fully exploit the anisotropic breathing of MIL-88A for actua-
tion, a highly ordered MOF @polymer film is necessary. Indeed,
when randomly oriented, the swelling/shrinkage of different par-
ticles in multiple directions cancels out to some extent. To ad-
dress this problem, monodispersed MIL-88A microparticles (AR
of 10.5) were aligned via an external E-field and then fixed in
PEGDA. The MOF particles (18 wt%) were dispersed in a mix-
ture 0of 9:9:1 (v/v/v) PEGDA,;,, PEGDA,,, TMPTA with a 0.5wt%
TPO photoinitiator. The MOF containing mixture was then dis-
persed in N,N-dimethylacetamide solvent (dielectric constant,
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¢ = 37.8) and placed under an E-field (500 kHz, 100 V/mm).
Cross-sectional analysis of the resulting film by SEM showed the
successful 1D-alignment of the MOF particles along the [001]
direction, forming an IP-1D-oriented three-dimensional system.
The actuation properties of both aligned and unaligned MIL-
88A@PEGDA films were investigated, whereby the film bearing
aligned particles showed a significantly stronger response to hu-
midity, with a strong curling behaviour as humidity increased
and vice versa, while the unaligned-gradient large film showed
inconsistent curling behaviour.

3.4. Conclusions and Perspectives

The use of external magnetic or electric fields opens up additional
avenues for the manipulation of MOF particle assembly, allow-
ing precise and tunable control over IP-1D-oriented MOFs and
packing whilst relieving some of the general constraints associ-
ated with self-assembly of colloidal MOF particles such as parti-
cle homogeneity and the delicacy of procedures involved. How-
ever, magnetic field usage suffers from the limited types of in-
herently magnetic MOFs, thereby requiring additional synthetic
steps to render the MOF magnetic (e.g., the preparation of mag-
netic framework composites). Nevertheless, magnetic fields can
Dbe easily applied across macroscopic areas to form centimeter
scale structures with oriented MOFs.!'*! In contrast, E-fields can
be directly applied to as-synthesized MOF crystals, without the
need for post-synthetic modification. However, the generation of
sufficiently strong E-fields across large areas requires cumber-
some set-ups and entails safety concerns due to the high voltages
required. In cases where field-assisted alignment of MOFs relies
upon the orientation of magnetic or electric dipoles along the
imposed field, sufficient energetic differences between aligned
and unaligned particles must be present to promote reliable
MOF alignment over thermal randomization. Typically, these ap-
proaches are therefore limited to anisotropically shaped particles
and control of MOF orientation in one direction (1D-oriented

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

8518017 SUOWILIOD A1) 3|qeol dde 8Ly Aq peusenob ke sajole YO '8sN JO S9INJ 0§ kg1 8UIIUO A8 |1 UO (SUOIPUOD-PUR-SLLIBY/WI0D A8 | 1M AlRIq U1 |UO//SNL) SUORIPUOD pUe Swie | 8U3 89S *[¥202/90/90] Uo AreiqiTauliuo Ao|im ‘(-ouleAnde ) aqnopesy Ad Sroe0EZ02 eWPpe/Z00T 0T/I0p/Lod A 1M AIq Ul |uoy/sdny Wwoiy papeojumod ‘T *v20Z ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

MOF superstructures). Preliminary results have shown poten-
tial for the fabrication of 3D-oriented superstructures. We believe
that the 3D-oriented domain size could be enlarged via the judi-
cious design of the MOF particle morphology and by combining
the effect of external fields with pre-patterned substrates.

4. Oriented polycrystalline MOF superstructures
by heteroepitaxial ceramic-to-MOF conversion

4.1. Introduction

Ceramic materials are useful precursors for the fabrication of
MOF polycrystalline superstructures. In 2010, ceramics were
used for their MOF seeding properties that allowed the pref-
erential growth of randomly oriented MOF crystals on ceramic
particles.l1%2041 However, more recently, ceramics have been
explored as they can function as feedstock material (source
of the metal precursors) and for their architecture-directing
properties.*] This approach is appealing because ceramics of-
fer straightforward means of controlling the structuralization
of MOFs, which encompasses factors such as the superstruc-
ture’s morphology, and, in certain instances, the alignment of
the constituent crystals. Kitagawa, Furukawa, and co-workers
first described this concept by employing alumina structures
as a template to form the MOF [Al(OH)(NDC)],.[?%! Follow-
ing this report, other ceramic substrates, such as Ni(OH),,[2]
Cu,CO,4(0OH),,21 and Co(OH),[2%] were used as sacrificial
metal sources. Furthermore, ZnO is a well-studied precursor for
the formation of zeolitic imidazolate frameworks (ZIFs).[11220]
For example, fractal ZnO nanoparticle networks were shown
to produce ZIF-8 crystal structures preserving the initial frac-
tal arrangement.21% Although many of these examples result in
MOF crystals with random crystalline orientation, the progress in
the ceramic-to-MOF conversion has been successfully applied to
the fabrication of oriented MOF films. In the following sections,
we discuss the progress of this research field focusing on sig-
nificant demonstrations of the growth of OOP 1D-oriented MOF
films from ZnO substrates up to the most recent advances in fab-
rication protocols of 3D-oriented MOF coatings from Cu(OH),
nanostructures. In the following section, films and coatings are
used to describe extended two-dimensional MOF superstruc-
tures supported by substrates (e.g., silicon, glass, polymers).

4.2. Ceramic-to-MOF conversion from ZnO substrates

Oriented ZIF-8 thin films were prepared using one-dimensional
ZnO as a sacrificial template by Zhou et al.[?!!] Titanium sheets
were selected as a substrate for the electrodeposition of ZnO
nanorods perpendicular to the support surface. In a one-pot pro-
cedure, the ZnO substrate was then immersed in a methanolic
solution of ZIF-8 precursors (ZnCl, = 0.08 M; HmIM = 0.16 M)
and sodium formate (0.08 M) and held at 100°C for 10 h. XRD
analysis of the obtained ZIF-8 films identified the (002) reflec-
tion as the dominant peak of the sodalite phase, indicating a pre-
ferred orientation of the {001} ZIF-8 crystal planes parallel to the
substrate surface. SEM images showed ZIF-8 crystals consistent
with thombic dodecahedral particles aligned along the (001) crys-
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tal direction, confirming the OOP orientation suggested by X-
ray diffraction. The authors hypothesized that the rapid coordi-
nation of Zn?* released from ZnO by the HmIM ligand results
in ZIF-8 crystals growing in an oriented fashion; thus, aligned
ZnO nanorod-like structures could act as directing agents for the
fabrication of 1D-ordered ZIF-8 films. The same method was ap-
plied to the fabrication of oriented ZIF-67 by exposing the ZnO
nanorods to a methanolic solution of CoCl, (0.08 M), HmIM
(0.16 M) and sodium formate (0.08 M) for 12 h. Next, the authors
attempted to prepare oriented ZIF-8 membranes using a porous
stainless steel net (SSN) as substrate. However, due to the radial
distribution of ZnO nanorods on the cylindrical shape of the SSN
fibers, a ZIF-8 film with preferential orientation could not be ob-
tained. The authors used a similar method for the one-pot con-
version of ZnO nanorod-modified SSN substrates to ZIF-67, by
exposing the sacrificial substrates to a solution containing Co**
and HmIM (vide supra) at 100°C for 12 h. When attempting this
strategy, they observed a different behavior with respect to ZIF-8:
ZIF-67 exhibited OOP alignment. The orientation was explained
by an “in situ seeding” process. In this process, the aligned ZnO
nanorods gradually dissolve and release Zn?* during solvother-
mal growth, which are coordinated by mIM~ forming primitive
ZIF-8 particles anchored on the SSNs. These particles act as nu-
cleation sites for ZIF-67 crystal growth. A time-resolved study in-
cluding XRD, SEM and EDS measurements, showed the appear-
ance of an initial ZIF-8 phase, which gradually decreases while
ZIF-67 increases until the pure phase is reached, supporting this
hypothesis. Furthermore, the intensity of the (002) reflection was
observed to increase compared to the typical dominant (011) peak
in bulk ZIF-8 until a preferred orientation was reached after 12 h.
The authors explained the MOF growth process by using the Van
der Drift model:1?) laterally neighboring ZIF-67 crystals over-
grow each other along the fastest growth direction of (001) form-
ing a top layer of OOP-1D-oriented crystals.

A direct growth technique of oriented Zn,bIm, membranes
(HbIm = benzimidazole) using ZnO coated a-Al,O; porous
tubes as substrate and ammonium hydroxide as a crystal growth
modulator was presented by Zhang and co-workers.[2!?! Initially,
the ceramic substrate was placed in a solution of HbIm (1.0 M),
NH,OH (1.0 M), methanol (45 M) and toluene (45 M). After
30 min at 60°C, nucleation sites were generated on the ZnO
nanoparticle layer. An intermediate washing step with methanol
was found to be critical after this activation to remove MOF de-
posits with differently oriented crystallographic planes and pre-
vent multidirectional growth. In the second growth step, a tem-
perature of 100°C was then applied between 1 and 5 h to form
continuous ZIF membranes with a thickness of 50 to 450 nm,
respectively. In this step, the authors show that an ammonia con-
centration above 0.5 M is required to form 1D-oriented films.
At lower concentration, tetrahedral ZIF crystals form deposited
on the ZnO-modified substrate; the related X-ray diffraction pat-
tern can be ascribed to randomly oriented crystals. However, at
ammonia concentrations between 0.5 to 1.0 M, multilamellar
nanosheets were observed to form on the substrate resulting in
a homogenous MOF film. XRD measurements show that the
MOF nanosheet film has a preferential OOP orientation along
the [002] direction. This fabrication technique allows the depo-
sition of 1D-oriented MOF films on porous substrates of any
size.
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Figure 10. Ceramic-to-MOF conversion from Cu(OH), substrates to oriented Cu-MOF films. (a) Schematics of Cu(OH), nanobelt substrate transfor-
mation to Cu-BDC MOF after exposure to a solution containing the ligand (H,BDC), insets show the epitaxial matching between the lattice of Cu(OH),
and the MOF. (b) Schematic of the automated transfer setup for the fabrication of oriented Cu(OH), nanobelt substrates. (c) XRD measurements per-
formed in OOP and IP configurations for the Cu, (BDC), MOF, (d) Azimuthal profile of the intensity of the (100) MOF and (002) Cu(OH), NB reflections,
showing the successful heteroepitaxy and 3D-orientation. (e), (f) SEM images of the NB substrate before and after conversion to the MOF. (g) Azimuthal
profile for the (100) Cu, (BDC), peak of three films obtained from NBs with different orientation degrees, corresponding to @ = 0.49, a = 0.64 and a =
0.77. (g) Scaling up of substrate size allowed by the automatic method shown in (b). Images (a),(c)-(f) adapted with permission.[*4! Copyright 2017,
Springer Nature. Images (b), (g), (h) reproduced under terms of the CC-BY-NC 4.0 license.[?2] Copyright 2021, The Authors, published by John Wiley

and Sons.

In 2016, Ameloot and co-workers!'?] reported the successful
application of the chemical vapor deposition (CVD) technique
to convert ZnO into uniform ZIF-8 films with controlled thick-
ness. Atomic layer deposition (ALD) was used to deposit precur-
sor ZnO films with thickness in the range 3-15 nm, which were
then transformed to ZIF-8 by exposing them to HmIM vapour
at 100°C for 30 min. The method allowed the deposition of ho-
mogeneous ZIF-8 films (thicknesses between 52 nm and 124 nm
and low average roughness ca. 25 nm) on flat silicon substrates;
however, the same approach can be used to coat high-aspect ra-
tio silicon and PDMS pillars. This solvent-free method is com-
patible with existing microfabrication infrastructure and manu-
facturing protocols.213112214] More recently, the authors showed
that the randomly oriented ZIF-8 films prepared via gas phase
could be oriented.[?"*] In this work, the authors deposited ZnO
precursor layers by ALD with different thicknesses (ca. 1-10 nm)
and densities (4.6 g cm™3 and 5.2 g cm™®). From these starting
materials, they used the MOF-CVD method to convert them to
ZIF-8 films with varying conversion times, and studied the sam-
ples by grazing incidence X-ray diffraction (GIXRD). The authors
found that by converting thinner and lower density ZnO films,
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they could obtain a preferential (100) 1D-orientation OOP, while
thicker and denser ZnO films resulted in a broad preferential
(111) 1D-orientation OOP.1?"] Thus, by controlling the proper-
ties of the sacrificial ZnO layer, the authors were able to obtain
1D-oriented ZIF-8 films by MOF-CVD. We note that such MOF-
CVD conversion techniques have also been successfully applied
for the growth of 1D-oriented Cu-MOF polycrystalline films, by
conversion of Cu and CuO layers.[21¢]

4.3. Ceramic-to-MOF conversion from Cu(OH), substrates

In 2016, Falcaro, Takahashi and co-workers explored the use
of Cu(OH), as feedstock material for the growth of MOFs.[*!]
Cu(OH), nanostructures (nanotubes and nanobelts) were ex-
posed to an ethanolic solution of H,BDC (Figure 10a). The au-
thors found that Cu(OH), crystals were acting as a templating
agent for the oriented growth of Cu,(BDC), MOFs. The oriented
growth was attributed to the matching between the crystal lattice
of the Cu(OH), and Cu, (BDC), (heteroepitaxial conditions), con-
sidering that the a and ¢ parameters of the Cu(OH), nanobelts
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(a=2.95A,b=1059 A, c = 5.26 A)!?'7 match within 99.1% the
a and b parameters of the copper paddle-wheel MOF Cu,BDC,
(a=10.61 A b=58A, c=10.61 A)* (Figure 10a). Initially,
a film of aligned Cu(OH), nanobelts was deposited onto a sili-
con substrate. In this configuration, the (020) plane of Cu(OH),
nanobelts aligns parallel to the substrate (i.e., preferred IP align-
ment), as confirmed by the XRD azimuthal profiles (Figure 10d).
Next, the films of aligned Cu(OH), nanobelts were immersed in
a solution of H,BDC (4.65 mM) prepared in a mixture of EtOH
(9.34 mL) and H,O (3.6 mL) to yield Cu,BDC, MOF coatings.
Within 5 min at room temperature, Cu,(BDC), crystals were ob-
served to grow perpendicular to the nanobelts on the substrate
(Figure 10d-f). OOP-XRD measurements of the resulting films
showed preferential orientation of the (00l) MOF planes paral-
lel to the substrate (Figure 10c). Azimuthal angle dependence
measurements in an IP-XRD geometry revealed 1) that (h00) and
(0k0) MOF crystal faces are aligned perpendicularly to each other
and normal to the film surface, and 2) that the azimuthal angle in-
tensity profile of the (100) MOF plane coincides with that of the
(002) plane of the Cu(OH), substrate, indicating that the latter
directs the MOF growth (Figure 10d). Thus, this study demon-
strated that extended 3D-oriented Cu-based MOF films can be
prepared starting from a film of aligned ceramic Cu-based nanos-
tructures via heteroepitaxial growth in a rapid one-step fabrica-
tion process.

To expand the understanding on this process, Doonan, Huang
and co-workers developed a high-throughput screening algo-
rithm to identify MOF candidates that can undergo heteroepi-
taxial growth on metal-hydroxide substrates.[?!®] The authors lim-
ited the search to MOFs containing copper nodes and carboxylate
functional groups, where each oxygen is bound to a copper atom.
The procedure was based on a three-step screening process, con-
sisting of (1) selection of candidate MOFs based on chemistry
(MOF with copper-bound carboxylate functionalities); (2) refine-
ment of the data set based on lattice matching; and (3) ranking
of MOFs by interfacial bonding. For this purpose, the authors
screened MOF structures from three different databases (CORE
MOF, TOBACCO and hMOF), comprising over 20 000 different
tested MOF structures. For the lattice matching, a high mismatch
tolerance was considered (10% supercell vectors, 2% angle mis-
match, 15% maximum area mismatch), due to the flexible na-
ture of MOFs.[2"] When considering surface chemical compat-
ibility, substrate-MOF lattice matching and interfacial bonding,
the screening of the multiple MOF databases revealed that the
best candidates for the heteroepitaxial growth on aligned copper
hydroxide substrates are composed mostly of MOFs with rectan-
gular lattice symmetry in the plane of the substrate. It was found
that the rectangular symmetry of the Cu(OH), (010) plane pref-
erentially selects MOFs with at least one Miller plane with rect-
angular symmetry, which is also consistent with experimental
data. This finding highlights a substrate-directing effect, wherein
the substrate surface’s symmetry dictates the symmetry of the
MOF binding sites, consequently influencing the orientation of
the MOF binding plane.

The degree of orientation and the size of the resulting MOF
films thereby depend almost exclusively on the orientation of
the Cu(OH), substrate. In order to overcome the limitations of
the originally reported manual deposition procedure of Cu(OH),
nanobelts, Linares et al. recently implemented a semi-automatic
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deposition procedure.l??%] By using a dip-coater setup, deposition
conditions are described for the consistent fabrication of high-
quality oriented Cu(OH), films (Figure 10b). For this, different
deposition parameters were studied: the film homogeneity and
orientation of the resulting samples were optimized. The film
homogeneity was described as the percentage of the substrate
fully coated by the films (coverage%). The order of the nanobelt
film was described by the orientation parameter defined as @ = 1-
FWHM 7!, where FWHM is the full width at half-maximum (ra-
dians) of the azimuthal profile corresponding to the (002) plane
of Cu(OH),. A value of a = 1 represents a full, uniaxial orienta-
tion of the sample, while a = 0 already describes a randomly ori-
ented system (Figure 10g). Using a leveled setup, an immersion
depth of 1.5 mm, an immersion speed of 10 mm s7!, and 69 uL
of ethanolic nanobelt dispersion injected onto a 63x34 mm water
surface, 100% yield of Cu(OH), nanobelt films with a coverage
> 99% and an orientation of @ = 0.75 + 0.01 was achieved. Fur-
thermore, the substrate size could be upscaled to 10 cm? increas-
ing the original substrate dimensions (i.e., 1 cm?),l** by a 10-fold
(Figure 10h). This upgraded method allowed for the deposition of
oriented homogeneous multilayers (up to 5 consecutive layers).
The heteroepitaxial growth approach using Cu(OH), nanobelt
films as sacrificial substrates could be extended from Cu,(BDC),
to other 3D-oriented Cu-MOFs, such as Cu,(BPDC), and
Cu,(NDC),. The formation of pillar-layered MOF thin films
of the type Cu,linker,DABCO (linker = H,BDC, H,BPDC,
H,NDC; DABCO = 1,4.diazabicyclo[2.2.2]octane) grown from
Cu(OH), nanobelt substrates was investigated by Okada, Taka-
hashi and coworkers.[**] The authors found that the direction of
the unidimensional nanopore channels created by the square-
shaped arrangement of the linkers in the pillared MOFs can be
controlled through the linker:DABCO molar ratio (Figure 11a) .
Under linker-rich conditions (e.g., linker:DABCO = 4:1; linker =
16 mM, DABCO = 4 mM), the carboxylic acid functional groups
of the linker lowered the pH to acidic (pH 4) resulting in the grad-
ual dissolution of Cu(OH),. The released Cu?* ions yield two-
dimensional MOF sheets of the type Cu,linker,, which grow per-
pendicular to the substrate surface (OOP) via the pillar DABCO
ligand (Figure 11d). MOF films prepared following this “disso-
lution and precipitation” mechanism, show intense diffraction
peaks associated to the (00]) planes in OOP XRD measurements
(1D-orientation OOP, see Figure 11b,d), but lack azimuthal an-
gle dependence in the (h00) and (0kO0) intensity profiles, mea-
sured by IP-XRD. The rapid dissolution of the Cu(OH), causes a
loss of the epitaxial relationship between the Cu(OH), nanobelt
film and the nascent MOF layer, resulting in OOP monodirec-
tional pore channels that are formed, perpendicular to the sub-
strate surface. On the other hand, at low linker:DABCO molar
ratios (e.g., linker:DABCO = 1:64; linker = 16 mM, DABCO =
1024 mM; pH 9), Cu(OH), is stable and the surface-located “Cu-
OH” moieties afford epitaxial growth of the MOF (Figure 11c,e).
Films grown under these conditions show a clear 3D-orientation,
demonstrated by an intense (0kO) diffraction signal in OOP-
XRD measurements and distinct IP-angular dependence for the
(h00) and (001) faces of the MOF crystals confirming the epitax-
ial growth mechanism (Figure 11c). Due to the growth parallel
to the substrate via the pillar ligand, DABCO, the nanochannels
are also IP-oriented, parallel to the substrate surface. The authors
showed that these findings were independent of the carboxylate
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Figure 11. Ceramic-to-MOF conversion from Cu(OH), substrates to oriented Cu-MOF films. (a) Schematic of the growth of Cu, (L), DABCO pillar-layered
MOFs in two different conditions: dissolution and precipitation, and epitaxial growth. XRD characterization by out-of-plane and in-plane measurements
for samples obtained with the dissolution and precipitation method (b) and with the epitaxial growth (c). (d) Top view SEM image corresponding to (b).
(e) Top view SEM image corresponding to (c). Images reproduced under terms of the CC-BY-NC 4.0 license.[>3] Copyright 2020, The Authors, published
by Royal Society of Chemistry. (f) Lattice matching between two different Cu-MOFs, Cu, (BDC), and Cu, (BPDC),, grown on Cu(OH), nanobelts using a
MOF-on-MOF strategy. (g) Top view SEM of the first MOF grown on the NBs, Cu, (BPDC),. (h) Top view SEM of the second layer MOF Cu, (BDC),, grown
on (g). (i) Corresponding azimuthal profile of the MOF-on-MOF structure following the (100) of Cu, (BDC), and Cu, (BPDC),, and (002) of Cu(OH),

showing the heteroepitaxial growth. Images adapted with permission.[?22] Copyright 2019 John Wiley and Sons.

linker and therefore present a general concept for the orien-
tation of monodirectional nanochannels in Cu,linker, DABCO
MOF films. These results provide insight into the ceramic-to-
MOF mechanism in the case of pillar-layered MOFs and the
role of the pH during the conversion reaction. Okada, Takahashi
and co-workers have observed that polarized IR can also provide
angle-dependent absorption spectra.l?2!l Thus, vibrational modes
have been directly correlated to the crystallographic orientation of
the 3D-oriented MOFs, suggesting that vibrational spectroscopy
could be used to probe the alignment of MOF crystals.

The potential of oriented MOF films grown from Cu(OH),
nanobelt substrates was expanded to multi-layered MOF sys-
tems, typically referred as MOF-on-MOF films.[?2] In this case,
the first MOF layer is prepared using the one-pot approach
discussed above. Additional MOF layers are then deposited on
top using the liquid phase epitaxy concept.®2!%] Doonan, Taka-

Adv. Mater. 2024, 36, 2309645 2309645 (20 of 34)

hashi and co-workers showed the successful synthesis of 3D-
oriented MOF films with up to three different MOF layers
(Figure 11f). The Cu, (NDC),-on-Cu, (BDC),-on-Cu, (BPDC),-on-
Cu(OH), films were prepared by subsequent LbL treatments of
the Cu, (BPDC),-on-Cu(OH), MOF film alternating Cu** (1 mM)
and linker (H,BDC = 1 mM), H,NDC = 1 mM) solutions pre-
pared in ethanol (Figure 11gh). The thickness of the individ-
ual layers was controlled by the number of LbL cycles, but was
shown to plateau after ca. 50 cycles. The crystallinity and struc-
tural alignment of all layers was confirmed by OOP, IP, and az-
imuthal XRD measurements, showing that the (h00) and (0k0)
faces of the three MOF layers (Cu,(NDC),, Cu,(BPDC), and
Cu,(BDC),) are aligned orthogonally to each other and perpen-
dicularly to the Cu(OH), substrate (Figure 11i). These measure-
ments indicate a 3D-orientation of the multilayered MOF super-
structures. By applying the LbL approach, the authors also grew
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3D-oriented MOFs that cannot be grown directly from Cu(OH),
substrates. This includes MOFs with non-copper metal nodes,
such as Zn, (BDC), or Co,(BDC),, which could crystallize on ori-
ented Cu, (BDC),-on-Cu(OH), films. Additionally, it was demon-
strated that H,BPYDC (bipyridyl dicarboxylic acid), which does
not react with Cu(OH), in the one-pot approach presumably
due to the metal binding interference of the bipyridine moi-
ety, could be used to deposit a 3D-oriented Cu,(BPYDC), MOF
layer on a Cu,(BPDC),-on-Cu(OH), film. This study on the het-
eroepitaxial growth of MOFs from aligned Cu(OH), nanobelt
substrates followed by LbL deposition affords 3D-oriented MOF
films with building blocks that would not spontaneously grow
on Cu(OH), nanobelts. Thus, it was possible to expand the
scope of linkers and metal nodes for the synthesis of multifunc-
tional MOF films with anisotropic properties. The MOF-on-MOF
approach was combined with the immobilization of a photo-
responsive guest molecule (azobenzene) into the pores of 3D-
oriented MOF superstructures (Zn,(BDC),DABCO/Cu, (BDC),)
to obtain stimuli-responsive 3D-oriented MOF films.?23] This
development highlights the potential of photo-switchable 3D-
oriented MOF films for sensing, energy storage and cargo uptake
and release applications.[22422%]

4.4. From MOF positioning to microfabrication of 3D-oriented
MOF patterns

The simultaneous control over particle orientation and po-
sitioning would enable the fabrication of integrated systems
with enhanced electric,!??%] optical,[®*] or magnetic functional
properties,!??’] to name a few. For example, in polymers, pat-
terns of oriented crystalline semiconductors permitted the fab-
rication of organic field-effect transistors (OFET) with unprece-
dented charge-carrier mobility.??82?] Similarly, patterned poly-
mers with oriented lamellar microstructures can be used in pho-
tonic crystals featuring solvatochromic response.l?*°l The precise
control over the location and dynamic positioning (alignment)
of liquid crystalline elastomers has been used to fabricate mi-
crostructural actuators with amplified stimuli-induced mechan-
ical response.[231232] Additionally, in ceramics, there are several
examples of aligned patterned systems.[23*-235] These include ori-
ented perovskite patterns that enable mechano-optical sensors
and optical display fabrication.[?3¢] We anticipate that directional
properties observed in those organic and inorganic materials can
be judiciously hybridized into oriented organic-inorganic micro-
and nano-patterns by using MOFs. Furthermore, the combina-
tion of micropatterning with porous materials can even enhance
their functional properties.[”-23%1 However, to take full advan-
tage of the directional-dependent properties of different MOF
materials, it is crucial to develop micropatterning protocols that
allow the positioning of oriented MOF crystals without compro-
mising the MOF crystals’ chemical structure, orientation, and
porosity.[+3:240]

In general, some MOF micropatterning protocols report
the use of photolithography to control the spatial location
of crystals.?*'-243] This micropatterning method is technolog-
ically appealing as it is compatible with the processes cur-
rently implemented for the fabrication of modern devices (e.g.,
microelectronics).2*~247] Typical photolithography processes re-
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quire a light-sensitive material (e.g., polymer resins) that un-
dergoes a solubility change after the exposure of selected ar-
eas to radiation with specific wavelengths. When the proper ra-
diation dose is used and an optimized etching protocol is de-
signed (i.e., choice of the etching solution, time, and tempera-
ture), the contrast between the insoluble and the soluble areas
affords the fabrication of well-defined patterns.['>**248] The im-
plementation of resist-based photolithography with MOFs has
been conducted by using mainly two distinct approaches!*l:
the deposition of a MOF film first and a photoresist layer after
(here the patterned resist is used to expose selectively MOF ar-
eas to MOF etching solution)!?*?] and the deposition of a pho-
toresist first as a primer to immobilize MOF crystals (here the
photoresist is dissolved to release the MOF crystals from se-
lected areas).!"”] However, the use of resist-based lithography for
the micropatterning of porous materials, such as MOFs, could
lead to structural decomposition of the porous material dur-
ing the resist removal and/or pore blockage caused by resist
contamination.[24-252]

To overcome these issues, Ameloot and co-workers reported
a resist-free photolithography strategy for micropatterning films
of zeolitic imidazolate frameworks comprised of halogenated or-
ganic linkers based on the use of deep X-ray lithography and
e-beam lithography.?>2] Using X-ray photoelectron spectroscopy
(XPS), the authors observed that the photoelectrons generated
upon X-ray exposure induce the homolytic cleavage of the C-X
bond (X = Cl or Br). The radical species generated trigger the
chemical decomposition and solubility switch of the exposed ar-
eas, which can be easily removed via dimethylsulfoxide (DMSO)
dissolution. Thus, the authors demonstrated that the halogen
substituent of the organic linker imparts sensitivity to the MOF
film towards X-rays. The radiation-induced solubility switch al-
lows for using the MOF film as a positive tone resist for the direct
lithography of MOF films with halogen functionalization (e.g.,
ZIF-71). This resist-free lithography technique was used to pat-
tern films of ZIF-71 with excellent sub-50-nm resolution. The au-
thors explored the application of these porous ZIF-71 micropat-
terns as a responsive diffraction grating for methanol vapour
sensing. When a 650 nm laser illuminates these samples, diffrac-
tion patterns with red spots can be observed. Then, the exposure
of the MOF pattern to organic vapours causes a change in the
refractive index: this results in changes in the red diffraction pat-
tern, which can be easily monitored with a camera.[??! This con-
tribution represents an important step towards integrating MOFs
into miniaturized devices.

The implementation of patterning techniques into oriented
MOF films represents a significant milestone for the fabrica-
tion of next-generation devices. The spatial localization of aligned
pore channels in selected areas engenders the possibility of con-
trolling the collective anisotropic properties that emerge from the
preferential crystalline orientation at micro- or nano-meter scales
(i-e., spatially defined two-dimensional MOF superstructures).[**]
In this context, it is worth noting that the ceramic-to-MOF strat-
egy has been applied to the fabrication of MOF patterns of mostly
disordered MOF superstructures.[104112:213.241.253.254] Congidering
that well-established technologies are already available for thin
film deposition and lithography of ceramics, the transformation
of pre-patterned ceramic substrates to MOFs provides a simple
bottom-up approach for the fabrication of MOF micropatterns.
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Figure 12. Bottom-up and top-down patterning approaches for the fabrication of oriented MOF patterns. (a) Schematic representation and optical image
of an oriented Cu(OH), nanobelt pattern. (b) Schematic representation and optical image of the oriented MOF pattern obtained from the ceramic to
MOF transformation into Cu, (BPDC),DABCO. (c) Schematic representation and polarization optical microscope image of the oriented AZB@MOF
pattern collected at the same position as that of the optical microscope image (left panel) and after rotating the sample 135° clockwise (right panel).
(d) Azimuthal angle dependence of intensity profiles of (100) and (001) crystallographic planes corresponding to a Cu, (BPDC), DABCO MOF with 3D-
orientation obtained from aligned Cu(OH), NBs. Images (a)-(d) reproduced under terms of the CC-BY-NC 4.0 license.[>3] Copyright 2020, The Authors,
published by Royal Society of Chemistry. (e) Scheme illustrating the resist-free patterning of oriented MOF films, where the MOF film is exposed to
deep X-rays through a lithography mask (upper panel). SEM image of the oriented MOF film B94 (lower panel). (f) MOF patterns obtained after the
selective dissolution of the exposed areas; SEM of the hexagonal micrometric patterns obtained by DXRL. (g) Schematic illustration and CLSM image of
the fluorescent patterns of BPY@B94 (upper panel). Fluorescence microscopy images were obtained by rotating the polarization of the excitation laser
(lower panel). (h) Azimuthal angle dependence of intensity profiles of the (100) and (001) reflections of the oriented MOF film B94, and the reflection
(002) of the aligned Cu(OH), NBs used as sacrificial template. Images (e)-(h) reproduced under terms of the CC-BY 4.0 license.[*?] Copyright 2023, The
Authors, published by John Wiley and Sons.

For example, Okada et al. have used Cu(OH), nanotubes
grown from pre-patterned Cu substrates (e.g., printed electronic
circuit board) for the subsequent conversion into HKUST-1
micropatterns.[*!] Another example is the use of pre-patterned
ZnO substrates to obtain ZIF-8 patterns with a resolution of tens
of microns by a solvent-free conversion, reported by Ameloot
and co-workers.[?"*l These methods typically afford OD- or, in
some cases, 1D-oriented MOF micropatterns. Thus, the combi-
nation of the ceramic-to-MOF transformation with heteroepitax-
ial growth from oriented anisotropic ceramic substrates (see Sec-
tion 4.3), would be an ideal next step towards 3D-oriented MOF
micropatterns.

Adv. Mater. 2024, 36, 2309645 2309645 (22 of 34)

Currently, methods for fabricating 3D-oriented MOF pat-
terns are still in their infancy.?*") In this direction, Okada
et al. recently reported the fabrication of millimetre-scale pat-
terns of 3D-oriented Cu-based MOF crystals (Figure 12).1°%] The
spatial control over the MOF growth was achieved following
a bottom-up approach, i.e., using a pre-patterned ceramic as
metal feedstock for confining the MOF crystal growth in pre-
defined locations (vide supra). Specifically, the authors used
a patterned coating of Cu(OH), NBs as a sacrificial template
for the heteroepitaxial growth of Cu,(BPDC),DABCO crystals
(Figure 12a). The Cu(OH), pattern was obtained by using the
scotch tape technique,1?>>! where the deposition of Cu(OH), was
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accomplished in two steps: 1) Deposition of the smaller trian-
gle where the outside region of the triangle was covered with
scotch tape; 2) deposition on the outside of the larger triangle
where the inside was covered with scotch tape. The alignment
direction of the pre-deposited Cu(OH), NBs in both substrate re-
gions, i.e., outside of the large triangle and inside of the smaller
triangle differs by 45° (Figure 12a). That is, the longitudinal di-
rection of the Cu(OH), NBs deposited in the outside region of
the large triangle aligns in a diagonal line from upper left to
lower right, whereas for the Cu(OH), NB deposited inside of
the small triangle aligns in a vertical line. The pre-patterned
Cu(OH), NB substrate was immersed in a methanolic solution
of H,BPDC (4 mM), DABCO (256 mM), and acetic acid (35 mM)
at 60° for 3 h. The latter results in the heteroepitaxial growth
of Cu,(BPDC),DABCO crystals, with 3D-orientation, exclusively
in the regions where the Cu(OH), NBs were pre-deposited
(Figure 12b). The orientation of the aligned Cu(OH), NBs dic-
tates the orientation of the Cu, (BPDC),DABCO crystals and, con-
sequently, the direction of the nanochannels of the MOF net-
work. The macroscopically aligned monodirectional nanochan-
nel arrays can be used to accommodate guest molecules in an
oriented manner granting access to the anisotropic properties of
the MOF crystals. To prove this concept, the authors infiltrated a
dye molecule, trans azo-benzene (AZB), within the channels of
the oriented MOF crystals (Figure 12c). The integration of guest
molecules within the pore network was achieved by exposing the
oriented MOF patterns to AZB vapors.?°¢ Then, the researchers
ascertained the alignment of AZB molecules by monitoring the
polarization-dependent UV-Vis absorption. In this test, the po-
larization of the incident light was rotated every 15°, and strong
absorption at 360 nm was observed when the light polarization
was parallel to the direction of the nanochannels in the oriented
MOF crystals. This polarization-dependent absorption was not
observed in poorly oriented films. This study shows that by com-
bining the ceramic-to-MOF conversion with the bottom-up pat-
terning method, it is possible to control the direction of macro-
scopically aligned nanochannel arrays at specific locations on the
same substrate (Figure 12¢). This proof-of-concept enabled the
confinement of the ON-OFF response of the AZB@MOF crys-
tals, with 3D-orientation (Figure 12d), within millimeter scale ar-
eas of the substrate.

The integration of MOFs into miniaturized devices demands
an improved resolution of the 3D-oriented patterns (micro- or
nano-patterns). To improve the resolution of 3D-oriented MOF
patterns, Velasquez, Linares, et al. implemented a resist-free deep
X-ray lithography method for the top-down micropatterning of
3D-oriented MOF films (Figure 12€).*"} In this study, the au-
thors combined the heteroepitaxial ceramic-to-MOF conversion
approach!*] with a mixed-linker strategy!?®’] to design a resist-
free patternable 3D-oriented MOF film (Figure 12f). Specifically,
Cu(OH), nanobelts were exposed to a mixture of H,BDC and
its halogenated counterpart (i.e., H,Br,BDC) and DABCO yield-
ing the heteroepitaxial growth of an oriented Cu-based MOF film
with nominal formula Cu,[(Br,BDC),(BDC) 140, DABCO. In-
spired by the previous report from Ameloot and co-workers!?>?],
the authors envisioned that integrating the brominated dicar-
boxylic ligand (H,Br,BDC) in the reticular network would pro-
vide sensitivity to the MOF coating towards the X-ray radiation
while keeping the preferential 3D crystalline orientation.[*l The
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authors found that the non-brominated MOF (x = 0) possessed
low sensitivity to the X-rays, while a fully brominated Cu-MOF
(x = 100) did not afford homogeneous coatings. In contrast, sam-
ples prepared with 94% H,Br,BDC (x = 94, B94) afforded homo-
geneous and 3D-oriented polycrystalline films. Thus, the use of a
mixed-linker strategy previously used for SURMOFs(?°7] enabled
the synthesis of radiation-sensitive homogeneous oriented coat-
ings. The ceramic-to-MOF conversion for B94 was carried out
by immersing a film of aligned Cu(OH), NBs into a methano-
lic mixture of DABCO (26.74 mM), H,Br,BDC (6.22 mM), and
H,BDC (0.42 mM) at 70°C for 1 h. The preferential orienta-
tion of the MOF crystals was evaluated by the OOP-XRD and
IP- XRD azimuthal profile analysis of the MOF films. The OOP-
XRD pattern of sample B94 exhibits an intense diffraction peak
at 20 = 8.2° ascribed to the (010) planes, while the peak as-
sociated with the (001) planes is essentially absent. This result
suggested that the MOF crystals exhibit preferential IP orien-
tation, and thus 3D-orientation. To confirm the epitaxial rela-
tionship between the Cu(OH), substrate and the MOF crys-
tals, the authors investigated the azimuthal angle dependence
in the intensity profiles of the (002) reflection from Cu(OH),
and the (100) and (001) reflections of the MOF film. The az-
imuthal scan profiles evidenced that the two maxima of the MOF
planes (100) match the maxima of the (002) reflection of the
Cu(OH), NBs (Figure 12h). This observation confirms the het-
eroepitaxial growth of the mixed-linker 3D-oriented MOF crys-
tals, where the pore nanochannels are oriented parallel to the sub-
strate surface.>>] The X-ray sensitivity of the 3D-oriented MOF
film B94 was examined by exposing samples to different X-ray
doses, and monitoring the chemical and structural changes by
FT-IR spectroscopy and XRD (dose matrix analysis). This analy-
sis was used to determine the surface radiation dose (1748 ] cm™2)
required to induce a sufficient MOF decomposition and the sol-
ubility switch of the exposed regions. Thus, upon exposing the
B94 film to deep X-rays under a photomask, the MOF undergoes
chemical and structural changes that allow for the selective dis-
solution of the exposed areas in a mixture of MeOH/H,O/AcOH.
This top-down approach enables the patterning of large areas of
MOF films with micron-level resolution (Figure 12f). Remark-
ably, the quality of the micropatterns is evidenced by their abil-
ity to produce clear optical diffraction patterns upon illumina-
tion with a 650 nm laser, both in transmission and reflection
configuration.!*! Finally, the authors integrated a fluorescent dye
(BODIPY) within the oriented pore channels of the MOF crystals
to investigate the anisotropic photonic response of the aligned
dye molecules in the 3D-oriented MOF patterns (Figure 12g). The
analysis demonstrated that the alignment of the dye molecules
within the pores engenders a spatially controlled anisotropic flu-
orescent response when rotating the polarization angle of the ex-
citation laser (Figure 12g). This approach highlights how imple-
menting micropatterning techniques to oriented MOF films with
anisotropic physical properties could progress the integration of
MOFs into miniaturized switchable photonic devices.

4.5. Conclusions and Perspectives
Compared to other methods, the heteroepitaxial growth of ori-

ented MOF films from ceramic substrates has several advantages
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for scalability: methods to align 1D-nanoobjects, such as
nanorods, nanobelts, nanowires and nanofibers are well-
established,!?%8] thus, the oriented ceramic films can be prepared
with different approaches; the fabrication and ceramic-to-MOF
conversion occurs rapidly at moderate temperatures; the result-
ing 3D-oriented crystalline domains are in the centimeter scale.
However, the main bottleneck of this method is its lack of versatil-
ity that can only be applied to MOFs whose crystalline structure
matches that of the ceramic. So far, the heteroepitaxy approach
was primarily investigated for the preparation of 3D-ordered
MOF films starting from Cu(OH), substrates that are converted
to Cu-based MOFs. To expand the 3D-oriented MOF scope, a
MOF-on-MOF approach was successfully applied.[2222°92%° How-
ever, we note that, Cu-based MOFs could be used as a tem-
plate only for other MOFs that can be prepared under mild syn-
thetic conditions. Advances in expanding the direct heteroepi-
taxial transformation of ceramic-to-MOFs to chemically robust
MOFs will be beneficial for the progress of 3D-oriented MOF
films. We note that, at the moment, there is a limited under-
standing of the variables involved in the conversion process.[>*261]
In situ investigations of the ceramic-to-MOF conversion kinetics
could possibly provide a know-how that could be translated to ce-
ramic and MOF systems with different chemical compositions
and properties. An additional key tool that could expedite the
progress of heteroepitaxial MOFs is the computational screen-
ing of ceramic structural databases and compatible MOFs.[218.262]
We envision the expansion of this study towards other ceramics
could expand the scope of 3D-oriented MOFs that can be grown
with this approach.

The fabrication of oriented MOF micropatterns provides di-
rect control over the spatial localization of the anisotropic prop-
erties of the MOF crystals at the micrometre scale. However, to
date, only a few examples of success have been reported, leav-
ing substantial room to explore new protocols: at the moment,
the fabrication of high-resolution 3D-oriented patterns requires
a synchrotron facility. For example, developing photochemically
degradable oriented MOFs in the UV spectral region or micro-
contact printing protocols for the deposition of oriented Cu(OH),
nanobelts will enable the preparation of oriented patterned MOF
systems by different research laboratories. Additionally, by test-
ing the integration of 3D-oriented patterns with other MOFs
would help in understanding the versatility of the system towards
the fabrication of multi MOF-based devices.

5. New methods

In this section, we will discuss emerging promising methods
for the fabrication of 3D-oriented MOF superstructures. These
methods showcase new synthetic approaches and could pave new
ways for the preparation of 3D-oriented superstructures.
Medina, Bein and co-workers demonstrated that MOF films
with both OOP and IP preferential orientation can be prepared
by using a vapor-assisted synthesis (Figure 13a).1263264] The vapor-
assisted conversion (VAC) method relies on the deposition of
a precursor solution layer on a substrate and the subsequent
exposure to a vapor source in a closed vessel at a controlled
temperature.’*l By using this method, the authors demon-
strated the growth of 1D-oriented Zr-MOF films of the UiO and
PIZOF families (Ui0-66, Ui0-66(NH,), Ui0-67, UiO-68 (NH,)
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and PPPP—PIZOF).[26*] This method was further explored for the
deposition of MOF-74(M) films (M = Zn?*, Mg?*, Ni**, Co*")
with controlled orientation. A precursor solution was prepared
by dissolving the ligand 2,5-dihydroxyterephthalic acid, the metal
salt and benzoic acid as modulator (in some cases) in different
DMF/EtOH/H,0 solvent mixtures; the precursor solution (50-
100 uL) was cast on a substrate (gold, glass, quartz or silicon) ar-
ranged horizontally near the top of a closed vessel. For the VAC
process, at the bottom of the closed vessel, a DMF/EtOH/H,0
solvent mixture was added. The sealed vessel was kept at 100°C
for 18 h. Under these conditions, ca. 500 nm thick films of MOF-
74 were obtained. The versatility was proven by preparing differ-
ent MOF-74 with different metal nodes (M = Zn?*, Mg?*, Ni’*,
Co?"). The authors then used 2D grazing-incidence wide-angle
scattering (GIWAXS) to determine the orientation of the result-
ing films. The authors found that the crystals of MOF-74(Zn),
space group R-3[2652%] were preferentially aligned along the crys-
tallographic axis (c-axis parallel to the substrate). The combina-
tion of top-view and cross-sectional SEM images with the data
collected by 2D GIWAXS on different regions of the sample
suggests that this method is suitable for the fabrication of 3D-
oriented MOF polycrystalline films (Figure 13b). However, to ex-
amine the macroscopic alignment of the MOF crystals, the films
should be studied with a textural analysis (e.g., polar figures or
azimuthal scan, vide supra).

3D-oriented MOF superstructures can also be obtained via
a heteroepitaxial MOF-to-MOF transformation (Figure 13c).
The first example of the formation of a 3D-oriented three-
dimensional superstructure from a different MOF single crystal
was reported by Shao et al.l?’] In this work, the authors prepared
[Cu(H,DOBDC)(H,0),]-(DMF),] (pristine MOF crystal, PMC) by
dripping a DMF/CH,CN/H,O solution of Cu(OAc), into a so-
lution of 2,5-Dihydroxyterephthalic acid (H,DOBDC), which re-
sulted in the formation of ca. 300 um single crystals. Immer-
sion of the MOF crystals in methanol induced the transformation
from the initial PMC to a 3D-oriented superstructure of MOF-74
nano-needles. XRD and FT-IR analysis showed that the transfor-
mation occurs via an intermediate phase (PMC-m) via removal
of DMF. During a period of 14 days, XRD patterns eventually
transitioned from the intermediate phase into the final MOF-74.
Selected area electron diffraction (SAED) analysis of the MOF-74
shows that the nano-needles grow along the (300) planes of the
PMC. The authors explained this result by suggesting a possi-
ble dissolution and heteroepitaxial recrystallization mechanism.
Due to the similar crystalline lattices (mismatch < 3%) of PMC-
m and MOF-74, the (100) plane of the PMC-m phase could di-
rect the growth of the final MOF crystals as an ordered nano-
needle superstructure. The 3D-orientation of the MOF-74 super-
structure was then confirmed by optical means, measuring the
azimuthal dependence of the intensity upon illumination of the
superstructure with a collimated white light source (Figure 13d).
This method revealed two intensity maxima, indicating the co-
herent scattering character of the aligned nano-needles. We note
that in this case, the size of the 3D-oriented domains is limited to
the size of the original PMC MOF crystal before heteroepitaxial
MOF-to-MOF transformation.

Recently, Brandner et al. demonstrated a similar concept
for the MOF-to-MOF transformation from 3D-oriented films of
Cu,(BDC),DABCO to 3D-oriented Cu,(BDC), (Figure 13e).[268]
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Figure 13. Schematic representation of new methods for the fabrication of 3D-oriented superstructures. (a) Vapor-assisted conversion process, (b)
top view and cross-section of the IP-oriented MOF film (left) and GIWAXS measurement showing preferential orientation on the same film (right).
SEM image reprinted with permission from ref.[263] Copyright 2021 American Chemical Society. (c) Epitaxial MOF-to-MOF transformation from one
MOF crystal into an oriented MOF superstructure, (d) SEM micrograph of the obtained oriented MOF superstructure (left) and polar figure of refracted
optical intensity showing anisotropy (right). Images adapted with permission.[?67] Copyright 2023, Royal Society of Chemistry. (e) Epitaxial MOF-to-MOF
transformation from a 3D-oriented superstructure into a different 3D-oriented superstructure, (f) SEM image of the transformed MOF superstructure
(left), azimuthal angle dependence of IP-XRD intensity profiles of (100) and (001) reflections of the transformed MOF. Reproduced under terms of the
CC-BY-NC 4.0 license.[2%8] Copyright 2023, The Authors, published by Royal Society of Chemistry.

The Cu,(BDC),DABCO films were prepared via the heteroepi-
taxial growth from sacrificial Cu(OH), nanostructures and ex-
posed to different water loadings. Specifically, when films were
exposed to 80% relative humidity (RH) and liquid water, SEM
images displayed a change in morphology from cuboid crystals
(Cu,(BDC),DABCO) to smaller plate-like crystals of Cu,(BDC),
(Figure 13f). After exposure to the humid environment, IR-
spectroscopy revealed the absence of the DABCO pillar lig-
and and COO~ bands matched with the Cu,(BDC), phase.
The authors monitored the MOF-to-MOF transformation via
OOP and IP XRD. The reported IP azimuthal intensity pro-
files showed that the maxima of the (100) reflection of pristine
Cu,(BDC),DABCO coincided in position with the maxima of the
(100) reflection of newly formed Cu,(BDC),. Using in-situ GI-
WAXS, it was noted that the MOF-to-MOF transformation oc-
curs within a few minutes at 80% RH. The authors performed
in-situ AFM measurements at 80% RH, which revealed that the
morphological changes start at Cu,(BDC),DABCO crystal cor-
ners, showing first terrace-like steps and subsequently ordered
growth of the plate-like Cu,(BDC), crystals. The MOF-to-MOF
transformation was attributed to a dissolution-recrystallization
mechanism due to the high lattice matching of the two frame-
works showing that the heteroepitaxial recrystallization mech-
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anism can occur in both, single-crystal?®’] and polycrystalline
systems.[268]

5.1. Conclusions and Perspectives

While the previously mentioned emerging methods have demon-
strated promising results in preparing oriented MOF systems,
it is worth drawing inspiration from established fabrication pro-
cesses that are already employed for creating in-plane oriented
systems. Here, we selected three methods that could be tested in
the lab without the need for specialized equipment.

5.1.1. Shearing coating method

Shearing coating method via capillary assembly?®! typically in-
volves the controlled movement of two flat substrates at a spec-
ified speed. In this approach, a solution containing either par-
ticles or molecular precursors is sandwiched between the sub-
strates, and by regulating the speed, the deposition rate can be
precisely adjusted. The presence of pillared structures with spe-
cific morphologies can enhance the IP alignment of crystals. This
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method has been successfully used to orient particles with high
aspect ratios (AR)[27271] or to induce the IP orientation of crys-
tals (e.g., polythiophenes and silver nanowires) from molecu-
lar precursors.[?28272] Recently, solution shearing has also been
applied for the fabrication of MOF thin films with promising
results,?”3] even showing hints of OOP-1D-orientation of the
MOF crystals.?’#27%] Thus, it seems plausible that this method
could be applied to solutions with pre-formed MOF crystals
and/or with MOF building blocks, and optimized for the fabrica-
tion of 3D-oriented MOF superstructures, or even be combined
with an additional orienting force along a secondary crystallo-
graphic direction.

5.1.2. Templated substrates

Another unexplored method with MOFs is the assembly by tem-
plated substrates. These substrates are typically templated by pat-
terns (e.g., embossed channels or wrinkles) that are used to selec-
tively constrain the deposition of particles with high AR to spe-
cific orientations in selected areas.[?’%] The substrates are exposed
to suspensions of the particles that will accommodate within
the patterns while those outside the channels will be removed
by subsequent washing. By matching the size of the channel
with those of the high aspect ratio particles, IP aligned Au and
CdSe nanowires were obtained.[?”7?78] When considering MOF
crystals, typically in the micrometer range, the fabrication of
microchannels that could fit the MOF particle size distribution
seems an affordable and versatile strategy.

We note that excellent results in both positioning and aligned
nanocrystals have been obtained by combining shearing meth-
ods with templated substrates as nanocrystals can be preferen-
tially deposited on patterns with customized shapes.[?%]

5.1.3. Strain deformation

Another method that has been widely explored with polymers
and their composites, as well as other inorganic materials, is the
application of strain to induce IP alignment.[?”*] The concept has
been successfully applied for the alignment of particles with high
AR. Silver, Silicon, ZnO, and PbZr,, Ti, ;O; nanowires have been
deposited on an elastomeric substrate; by temporarily stretching
the polymer along a specific direction, the angular distribution of
the nanowires changes: the nanowires align along the direction
of deformation of the polymer.[28-283] Subsequently, the aligned
anisometric superstructure can be transferred to a different sub-
strate via contact printing.[?’"]

While contact printing has been used to prepare patterns of
randomly oriented MOF crystals, to date, the transfer of mechani-
cally stable, oriented MOF superstructures has yet to be reported.

Other methods to orient nanostructures have been shown
for different materials that have not been included in this
perspective:228¢ we encourage the readers to be inspired by
these developments to bring progress to the field of oriented
MOF superstructures.

6. Conclusions and outlook

When comparing the emerging methods suitable for the fabrica-
tion of 3D-oriented MOF superstructures, we can identify com-
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mon major challenges. The first is the need for precise control
over the morphology and size of the MOF crystals. Both the
assembly and the external-field methods (Section 2 and 3 re-
spectively) are based on the assembly of pre-synthesized MOF
particles into oriented MOF superstructures. For the assembly
method, the monodispersity of the MOF particle size is an impor-
tant parameter to afford large 3D-oriented domains, indeed di-
mensional variations in particle size result in highly defective or
disordered superstructures. External field-assisted methods ne-
cessitate MOF particles with a high degree of anisometry to gen-
erate a robust response (i.e., torque) to magnetic or electric fields,
resulting in well-oriented domains. In the case of heteroepitaxial
growth of MOFs from ceramics (Section 4), the resultant MOF
film homogeneity and roughness depend on the control over the
morphology of the constituent crystals. Thus, progress with the
development of knowledge and methods for precise control over
the MOF particle size (size and size distribution) and morphol-
ogy (shape, aspect-ratio)?#’-2% will benefit all methods dealing
with the fabrication of oriented MOF superstructures.

Another intrinsic problem of MOF superstructures is their
stability; this could be split into two components: 1) the intrin-
sic chemical and structural stability of the constituent MOF par-
ticles (intraparticle stability) and 2) the mechanical stability of
the superstructure (interparticle stability), such as cohesion of
the superstructure and adhesion to a substrate. The use of sur-
face functionalization strategies, either to improve the stability
of the crystals (e.g., hydrophobic coating to prevent environmen-
tal degradation)!®'-2%] or modifying the substrates to improve
the adhesion of the superstructure,*! could greatly improve the
practical applications of these MOF assemblies. Other chemical
methods including cross-linking or surface binding of the crys-
tals could improve the interparticle interactions, and thus the co-
hesion of the superstructure.['®* Encasing MOF superstructures
in a polymer matrix is also a stabilizing strategy that is worth
exploring; however, the challenges of this method are the preser-
vation of the order and porosity of the MOF assembly. In this
regard, effective secondary growth methods could explore the
use of oriented MOF structures as seeds for the fabrication of
larger (or less defective) single-crystalline domains.[''*] Although
chemical methods are mostly associated with MOFs, we posit
that physical methods, such as plasma surface functionalization,
could be valuable approaches to improve adhesion to a given sub-
strate.

To further expand the range of application of the oriented MOF
superstructures, the opportunity to implement ordered MOF
structures with functional particles (e.g., magnetic NP doping or
magnetic functionalities,[1#2%52%] photoluminescent or conduc-
tive guests incorporated in the MOF pores!?*’-3%]) would greatly
expand the available anisotropic functionalities.

A final input for the progress of the field is the need for a
method that will quantify the degree of order achieved by the
different protocols developed. In this regard, we suggest using
— when possible — textural analysis to present quantitative data
about the ordered domains present in the investigated volume
of the sample. Additionally, we believe advancements in mi-
croscopy, such as TEM, will benefit this field providing accurate
textural maps showcasing both local crystal domain and pore
orientation. For example, in the case of heteroepitaxial growth,
electron diffraction performed with transmission electron
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microscopy (TEM) has been used to assess local heteroepitaxial
relationships at the interface of ceramics-to-MOF** or MOF-to-
MOFI(2%8] heterostructures. We note that TEM-based techniques
such as orientation and phase mapping!®%°! have been success-
fully applied to metals, oxides and semiconductors to analyze
nanoscale crystal orientation and construct orientational maps
in areas of tens of microns. In comparison to these established
materials, MOFs possess a higher sensitivity to electron beam
irradiation, which can result in damage of the samples, present-
ing a bottleneck for the application of advanced TEM techniques
in these systems.[°!] However, recent developments of cryo-TEM
and low-energy protocols have enabled the application of these
techniques for the characterization of short to medium-range or-
der in sensitive polymers.>°3%2] Based on these promising ad-
vances, we envisage that the field of oriented MOF superstruc-
tures will benefit from these techniques. The detailed local in-
formation provided by TEM together with textural analysis per-
formed by using XRD can provide powerful tools to character-
ize the alignment of oriented polycrystalline systems at different
scales.

While we have addressed several pivotal points and explored
equivalently valuable results, we firmly assert that the ability to
create 3D-oriented MOF superstructures will be a transformative
advancement for technology. This integration will unlock their
functional properties across diverse systems, encompassing ap-
plications in sensing, microelectronics, and optics.
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