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Macroscopic alignment of metal—organic
framework crystals in specific
crystallographic orientations

Jonghoon Park,® Hoi Ri Moon (2 *° and Jin Yeong Kim*©

With the growing interest in metal-organic frameworks (MOFs) and their potential applications, it has become
crucial to discover novel MOFs and modify their constituent components. One promising strategy for enhan-
cing the properties of MOFs is the alignment of crystals in specific orientations, which induce anisotropic prop-
erties in particular facets. The integration of oriented MOFs at the macroscopic level can be achieved through
two main approaches: the direct growth in an oriented manner and the alignment of pre-formed crystals.
Direct growth methods involve the adsorption of precursor molecules on substrates, initiating the guided
growth based on factors like lattice parameters, surface interactions, and differential growth rates of crystal
facets. Integrating MOFs with other substrates in an oriented manner generates novel architectures with unique
properties. Another approach is to create alignment using pre-formed MOF crystals, which mainly involves
external forces, interfaces of synthetic media, and their assembly. This strategy offers greater flexibility in
material selection because of the wide range of pre-existing MOF structures of different compositions.
Furthermore, it enables the fabrication of highly ordered alignment over large areas. Ideally, perfectly aligned
MOF crystals can mutually synchronize with each other to act like a large single-crystal, ultimately facilitating
the full utilization of the directional anisotropic properties over a large area. This review focuses on the
preparation strategies and examples of macroscopically oriented MOFs.
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to their fascinating properties and versatile applications,
including molecular separation and storage,® >’ catalysis,** 2°
optics,>”?° and sensing.*** The combination of metal nodes
and organic linkers allows for the creation of customizable pore
structures within ordered arrangements,'>?> catering to
specific application requirements.**® Over the past three
decades, researchers have developed various strategies to tailor
the properties of MOFs, such as exploring novel MOF
structures,® conducting post-synthetic modifications,**™*’
and incorporating composites.*® Recently, a promising method
called MOF crystal alignment has emerged, enhancing MOF
properties without the need for new structural designs or post-
synthetic reactions. By assembling and aligning individual
crystallites, the inherent anisotropic properties can be synchro-
nized and extended, resulting in overall performance enhance-
ment. Consequently, in the past two decades, there has been a
growing research interest in MOF crystals that demonstrate
directional orientation during growth or assembly.

Typically, oriented MOFs with a specific direction can be
achieved through direct growth on substrates or by aligning
pre-formed crystals.”®*® Substrate-assisted methods involve
precursor molecule adsorption on substrates, guiding the
growth of MOF crystals based on factors like substrate lattice
parameters,” surface interactions,”> and differential growth
rates of crystal facets.>>** This approach assembles building
blocks directly onto functional substrates, yielding tailored
structures and novel architectures when integrated with other
substrates. Another approach utilizes external forces like elec-
tric and magnetic fields, interfacial tension, and capillary and
depletion forces to guide the orientation of pre-formed MOF
crystals.**%%® Using pre-formed crystals offers flexibility in
material selection and ensures consistent starting points for
size, shape, and morphology, enabling the fabrication of highly
ordered orientations in large quantities.**>> Self-assembly of
polyhedral MOF particles with distinct facets leads to the
formation of oriented structures, allowing full utilization of
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directional anisotropic properties over a large area. Precise
arrangement of pre-formed MOF crystals enhances their func-
tionalities, expanding their applications.*’

Aligned MOF crystals selectively expose specific facets, max-
imizing their anisotropic properties and leading to improved
characteristics, such as permeability, diffusivity, selectivity,
conductivity, catalytic properties, optical properties, and
wettability.**>° One prominent example is the improved mole-
cular separation achieved through controlled alignment.>®™®
By aligning MOF crystals in a specific direction, precise path-
ways for guest molecules can be engineered, resulting in super-
ior selectivity and mass transport. Catalysis also benefits from
the ordered alignment, as it enhances accessibility to active
sites, leading to improved catalytic activity and selectivity.>**°
Additionally, the aligned MOFs enable enhanced pathways
for ions and electrons, which is advantageous for applications
such as sensors, electrochemical catalysts, and electronic
devices.®"®* Although research on directional MOFs is still in
its early stages, these examples illustrate the vast potential of
macroscale aligned MOFs in tailoring and enhancing their
properties for various technological applications.

This review focuses on advancements in preparing macro-
scopically oriented MOFs in a specific direction (Fig. 1). It
emphasizes the alignment of MOF crystals at the macroscopic
level rather than the directional growth at the single crystal
level such as core-shell structures. Single-crystalline core-shell
crystals were successfully obtained by sequentially synthesizing
MOFs after preparing single-crystalline MOF substrates, in
which the crystal lattice parameters of these substrates are
crucial for guiding the growth of the desired MOF. However,
studies on synthesis of single-crystalline core-shell crystals are
beyond the scope to be covered in this review, and the recent
advancements in this area have been well-summarized in the
review papers.®*® This review covers various preparation
strategies and provides examples based on the alignment-
driving approaches, including substrate-assisted methods,
external forces, interfaces, and assembly techniques. The aim
of this review is to provide insight into the construction of
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Fig. 1 Schematic illustration of a variety of methods for preparing macro-
scopic aligned MOFs.
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oriented MOFs to enable the realization of advanced applica-
tions in this field.

2. Alignment of MOF crystals on
substrates

In direct growth of MOFs in ordered manner, the substrates
play an important role in determining the alignment directions
of MOFs. By carefully controlling the synthesis conditions and
precisely arranging the building blocks, these strategies provide
a promising way to tailor the crystallographically prepared
orientations of MOFs and enable the design of advanced
structures with enhanced functionality. The promotion of
orientation in MOF crystals can be achieved through the
epitaxial growth on substrates possessing lattice matching or
by employing covalent or non-covalent interactions between the
substrate and MOF constituents.”™>* Even in the absence of
specific interactions, MOFs grown on substrates tend to exhibit
competitive growth, resulting in the formation of oriented
structures.”** Two-dimensional (2D) architectures obtained
from the crystal growth on the substrates can provide signifi-
cant advantages in device fabrication such as MOF films and
membranes.**%¢7!

An approach to achieving macroscopic epitaxial growth of
oriented 2D film of MOFs involves initially depositing seed
MOF crystals onto substrates, followed by subsequent growth of
these identical crystals (Fig. 2a). In the study conducted by Liu
et al. seed crystals of ZIF-69 were densely deposited on an
alumina substrate using a dip coating technique (Fig. 2b,
left).”> The hexagonal prism-like crystals are aligned in [001]
axis nearly parallel to the out-of-plane direction on the sub-
strate, with a slight tilt. The seed-coated substrate was then
immersed in a precursor solution to facilitate secondary
growth. Due to the guidance of the ZIF-69 seeds, the resulting
ZIF-69 film exhibited preferential growth (Fig. 2b, right), evi-
denced by the distinct (002) peak in the X-ray diffraction (XRD)
pattern. On the other hand, precise control over the seed
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ZIF-69
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Fig. 2 (a) Schematic illustration of the process for synthesizing an
oriented ZIF-69 film on an a-alumina substrate by seeding ZIF-69 crystals
and subsequent secondary growth. (b) SEM image of ZIF-69 seeds on the
substrate (left) and cross-section of the oriented ZIF-69 film grown
through secondary growth (right). Adapted with permission (part of figures)
from ref. 72. Copyright 2011, Elsevier.
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morphology and the creation of a consistent layer via oriented
seeding can lead to the effective epitaxial growth of crystals
during the secondary growth for highly oriented films. As an
illustration, highly oriented NH,-MIL-125(Ti) and ZIF-7 films
were cultivated via this approach, where finely developed seeds
of them were dynamically assembled, facilitating even deposi-
tion onto a substrate.”””?

The seed guiding the orientation of crystal growth does not
necessarily have to be a MOF crystal itself; it can also be a
metallic precursor that serves the dual role of the sacrificial
agent and the inorganic substrate. Takahashi et al. reported
centimetre scale of oriented Cu,(BDC), (BDC: 1,4
benzenedicarboxylate) MOF films by the heteroepitaxial growth
on Cu(OH), nanobelts assembled on a Si wafer.”* Cu(OH),
nanobelts were assembled in a 2D manner along both the in-
plane and out-of-plane directions at the water-air interface and
then transferred onto the Si wafer. Because the a- and b-axes
(a =10.61 A and b = 5.80 A) of Cu,(BDC), are twice the ¢- and
a-axes of Cu(OH),, respectively, the synthesized Cu,(BDC), film
epitaxially grown on the substrate exhibited a full orientation in
both out-of-plane and in-plane directions resembling that of
the Cu(OH), substrate (Fig. 3a). Scanning electron microscopy
(SEM) and XRD analysis revealed that the aligned growth of
MOFs where (00]) plane of Cu,(BDC), were observed in the out-
of-plane direction of the substrate, while the (200) and (0k0)
plane were observed in the in-plane parallel and perpendicular
directions, respectively, demonstrating a three-dimensional
(3D) orientation (Fig. 3b-d). The same orientation trend was
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Fig. 3 (a) A schematic illustration inducing the heteroepitaxial growth of
Cu,(BDC), on 2D substrate of Cu(OH), by reacting H,BDC solution with
Cu(OH),. SEM images of (b) 2D substrate of Cu(OH), and epitaxially grown
Cu,(BDC), film on Cu(OH), with (c) low and (d) high magnification.
Adapted with permission from ref. 74. Copyright 2017, Springer Nature.
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observed for Cu,(BDC),(DABCO) (DABCO: 1,4-diazabicyclo-
[2.2.2]octane), where DABCO was added as a pillar to the
MOF structure. Other Cu-MOFs with different ligands, such
as 2,6-NDC and BPDC (NDC: 1,4-naphthalenedicarboxylate;
BPDC: biphenyl-4,4’-dicarboxylate), which have lattice mis-
matches of less than 2% with Cu(OH), substrates, also exhib-
ited the same orientation trend. This method allows to produce
MOF films with a three-dimensional alignment on a centimetre
scale. In order to demonstrate the distinctive anisotropic
characteristics of the MOFs grown heteroepitaxially, a fluores-
cent dye capable of aligning with a particular crystallographic
plane of the MOF film was employed. The brightness of the
fluorescent response was dependent on the angle formed
between the linearly polarized excitation radiation and the
crystal lattice planes. As a result, simply by modifying the
rotation of the MOF film, it was possible to switch the fluor-
escent signal ‘ON’ or ‘OFF’.

This strategy can be extended to applications of epitaxial
growth of photosensitive MOF films on Cu(OH), and patterning
of oriented MOF films via photolithography. Velasquez-
Hernandez et al reported the fabrication of an oriented
photosensitive Cu,[(Br,BDC),(BDC); ,],DABCO ((Br,BDC: 2,5-
dibromo-1,4-benzenedicarboxylate) film on Cu(OH), (Fig. 4a).”
The inclusion of Br,BDC in the MOF film facilitated the homolytic
cleavage of the C-Br bonds, making the film sensitive to X-ray
radiation. A uniformly oriented MOF film containing a high
concentration of photosensitive ligands is obtained at a Br,BDC:
BDC ratio of 0.96: 0.04. Consequently, using a photomask under
X-ray exposure, the oriented MOF film was decomposed in the
irradiated areas and kept intact in the unexposed areas, thus
creating diverse micropatterns (Fig. 4b).

Even in the absence of matching lattice parameters, it is still
feasible to achieve directional growth of a MOF by utilizing a
substrate surface with a high concentration of interaction sites.

A% Oriented MOF
o TuYuX. RRR patterns

Fig. 4 (a) A schematic illustration of the patterning of oriented MOF
films via photolithography. (b) Optical image of micropatterned
Cu,[(BrBDC)4(BDC); _4],DABCO oriented film on Cu(OH), (left) and SEM
image of oriented MOFs in the unexposed area to X-ray (right). Adapted
with permission from ref. 75. Copyright 2023, Wiley-VCH.
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These interaction sites serve as guides, enabling the MOF to
grow in a specific direction. Self-assembled monolayer (SAM)
technique can provide high density of interaction site on a
substrate.”®”” The technique of self-assembled monolayers
(SAM) offers a means to achieve a high density of interaction
sites on a substrate as coordination motifs of MOFs. Bein’s
group proposed a pioneering approach for directional HKUST-1
crystal growth using SAMs functionalized with HS(CH,);0X (X =
-COOH, -CH,OH, and -CHj3) on Au(111) substrate (Fig. 5a).”®
In this study, depending on a type of terminal groups of SAMs
the MOFs grown on them show the different alignment ten-
dency. The -COOH terminated SAM induced HKUST-1 growth
in the [100] crystal orientation along the out-of-plane direction,
while the -CH,OH functionalized SAM led to HKUST-1 growth
in the [111] crystal orientation along the out-of-plane direction
(Fig. 5b). However, the -CH; terminated SAM did not exhibit
any discernible alignment preference in a particular direction,
having the similar XRD patterns with those of the bulk powder
sample. These alighment phenomena are attributed to the
coordination of MOF precursors with the -COOH and -OH
groups in the SAM, mimicking the structural roles of organic
ligands and H,O in HKUST-1, respectively. The carboxylic acid
terminated SAM also successfully aligned a flexible MOF, Fe-
MIL-88B.”° In addition to the aforementioned carboxylate-
based SAMs, pyridine-based SAMs are also effective for the
orientation of MOFs. In the study conducted by Zhuang et al.,*°
(4-(4-pyridyl)phenyl)phenyl)methanethiol (PPP1) was used as a
SAM to orient [Cu,(F,BDC),(DABCO)] (Fsbdc: tetrafluoro-
benzene-1,4-dicarboxylate) onto a substrate. The N atom in
the pyridine group of PPP1 coordinates one Cu®" in the
paddle-wheel cluster of the MOF. This coordination induces
parallel orientations of the Cu paddle wheel within the MOF,
resulting in the alignment of the (001) planes of the MOF in
parallel to the substrate.

SAM-modified substrates were utilized for the growth of
surface-mounted MOFs (SURMOFs) via sequential immersion
in metal precursor and ligand solutions to form thin MOF films

(@) (b)
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Fig. 5 (a) Schematic illustration of [111] oriented HKUST-1 crystals with
—OH SAM and [100] oriented HKUST-1 crystals with the ~COOH SAM in
the film. (a) XRD patterns of bulk and oriented films of HKUST-1 depending
on the SAM functional groups. Adapted with permission from ref. 78.
Copyright 2007, American Chemical Society.
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in a layer-by-layer (LBL) manner. This combined approach of
SAM and LBL offers advantages of oriented MOF film with
uniform surfaces and controlled thicknesses. Moreover, it
facilitates the epitaxial growth of alternative MOF films that
possess distinct lattice parameters compared to the substrate
MOFs (Fig. 6). Woll et al. synthesized heteroepitaxial SURMOFs
with large lattice mismatches.®' They sequentially grew isoreti-
cular Cu-BPDC, Cu-NDC, and Cu-BDC SURMOFs on the sub-
strate, despite their lattice mismatches of 15.7% between Cu-
BPDC and Cu-NDC and 19.6% between Cu-NDC and Cu-BDC.
Quantum chemical calculations unveiled that the vacancies
formed at the interfaces of the MOFs, resulting from lattice
mismatches, were effectively coordinated with the acetate
anions present in the precursor solution. This coordination
served to enhance energetic stability. XRD patterns of the
SURMOFs displayed distinct peaks corresponding to the (001)
and (002) planes of each MOF, confirming the oriented growth.

There have been examples that non-covalent interactions,
such as hydrogen bonding, van der Waals forces, dipole-
dipole interactions, and m-n stacking interactions, guide the
orientation of MOFs grown on substrates.’®>® For instance,
when graphene oxide (GO) is used as a substrate, localized
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Fig. 6 Schematic diagram depicting the step-by-step hetero-epitaxial
growth of SURMOFs with a significant lattice mismatch, accompanied by
XRD patterns illustrating the orientation of MOFs at each step. Adapted
with permission from ref. 81. Copyright 2014, American Chemical Society.
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interactions take place between the functional groups present
in GO and the MOF components. This interaction allows GO to
be effectively utilized as a substrate while enabling the growth
of vertically aligned nanosheets and creating a foam-like 2D
architecture (Fig. 7a). Liu et al. reported that when the func-
tional groups of GO were treated with 2-methylimidazole (2-
MeIM), the surface of GO is decorated with 2-MeIM via local
electrostatic interactions (Fig. 7b).#* Subsequently, ZIF-67 was
grown on the pretreated GO via a reaction in the precursor
solution. Transmission electron microscopy (TEM) images of
the product revealed ZIF-67 was vertically aligned on GO as
nanosheets, and high-resolution TEM images showed lattice
fringes corresponding to the (002) plane of ZIF-67. It indicated
that the ZIF-67 nanosheets are oriented on the GO substrate
such that their (002) planes are perpendicular to the substrate.
This foam-like architecture is beneficial for Li' storage in
batteries.

When MOF precursors are introduced at the water-air inter-
face, water acts as a soft substrate for oriented MOF growth
through surface interactions. Kitagawa et al. fabricated a perfect
preferentially oriented 2D MOF film CoTCPP-py-Cu (NAFS-1)
(CoTCPP: [5,10,15,20-tetrakis(4-carboxyphenyl)porphyrinato]-
cobalt(u); Py: pyridine) using a modular approach that com-
bines the Langmuir-Blodgett and LBL stacking methods
(Fig. 8a).*® NAFS-1 was synthesized at the water-air interface
by introducing a ligand-containing organic solution onto the
metal ion-containing water. The use of Langmuir-Blodgett
methods achieved the perfect orientation of NAFS-1 parallel
to the soft substrate (water), and it was subsequently deposited
onto a hard substrate (Si) in a sequential LBL fashion through
n-m interactions. NAFS-1 exhibited highly crystalline order in
both out-of-plane and in-plane orientations towards the sub-
strate, as confirmed by synchrotron X-ray surface crystallogra-
phy. The unique structural model of NAFS-1 includes
metal-coordinated pyridine molecules that act as docking sites,
facilitating the highly ordered interdigitated growth of each
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(b)

Fig. 7 Schematic illustrations of (a) the synthesis for ZIF-67 nanosheets
on GO substrate, as well as (b) the process of achieving vertically oriented
nanosheets. Adapted with permission from ref. 82. Copyright 2020, Wiley-
VCH.
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(a) 2D array formation by Langmuir-Blodgett
method and deposition onto the substrate
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Fig. 8 (a) Schematic illustration of layer-by-layer (LBL) assembly for
oriented NAFS-1 film and (b) structural model representing the stacking
of 2D MOF sheets in the film with the precise position of coordinated
pyridine molecules. Adapted with permission from ref. 83. Copyright 2010,
Springer Nature. (c) Schematic illustration of the vertically arranged PcCu—
OHg at the water—air interface, followed by injection of Cu precursor
solution for vertically oriented MOF film assembly. Reproduced from ref.
84. Copyright 2021, American Chemical Society.

successive layer through the LBL process (Fig. 8b). Recently, this
strategy was extended to produce an oriented conductive 2D MOF,
Niz(HITP), (HITP: 2,3,6,7,10,11-hexaiminotriphenylene), on a
substrate.”® This solution-based growth strategy holds promise
to produce well-ordered MOF nanofilms.

Through the water-air assembly, Wang et al. made a remark-
able discovery by successfully synthesizing a 2D MOF
with vertically aligned sheets on a substrate (Fig. 8c).** Initially,
they spread (2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato)
copper(u) (PcCu-OHg) on the interface between water and air
and allowed it to rest for 30 min. During this resting period, the
PcCu-OHg units arranged themselves perpendicular to the
water-air interface and assembled through n-n stacking, facili-
tated by the presence of hydrophilic -OH groups and hydro-
phobic phthalocyanine components. Subsequently, a Cu
precursor solution was injected to synthesize Cu,[PcCu-Og].
The perpendicular alignment of the PcCu-OHg units was
maintained even after the MOF assembly and deposition onto

View Article Online
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the substrate. The vertical alignment of the MOF on the
substrate was confirmed using grazing-incidence wide-angle
X-ray scattering (GIWAXS). The peak corresponding to the (001)
plane was observed in the in-plane pattern but not in the out-of-
plane pattern, indicating the presence of vertically stacked
sheets with AA-stacking.

In cases where the seed MOFs are deposited randomly on
the substrate or when the substrates lack specific interaction
sites, the synthesis of MOFs with specific orientations can still
be achieved through competitive growth.>*”* This process
leverages the differential growth rates of crystal planes to direct
the orientation of MOF formation. To address this, vapor-
assisted conversion (VAC) and chemical vapor deposition
(CVD) have been employed for a secondary growth. In an early
study by Li et al, oriented ZIF-7 films were synthesized by
utilizing the differential growth rates of crystal planes of
randomly oriented ZIF-7 nanocrystal seeds.’> The process
involved immersing a substrate randomly coated with ZIF-7
seeds in a precursor solution of ZIF-7 and subjecting it to a
microwave-assisted reaction for secondary growth. The out-
come was the formation of a well-oriented ZIF-7 film, as
depicted in Fig. 9. Throughout the reaction, the intensity of
the (101) plane peak in the XRD patterns progressively
increased, indicating the growth of ZIF-7 driven by specific
orientation through van der Drift growth, despite the initial
random orientation of the ZIF-7 seeds. This approach was
further successfully employed to fabricate ZIF-8 films exhibit-
ing a favorable alignment.®®

The VAC method has been used to obtain oriented Zr-based
MOFs by exposing uniformly deposited MOF precursors to a
solvent gas.®” This approach ensures even distribution and
promotes uniform growth across the substrate. Oriented Zr-
based MOF films such as UiO-66, UiO-66-NH,, UiO-67, and
PPPP-PIZOF-1 have been successfully grown on gold substrates
using VAC. Additionally, vertically or horizontally aligned MOF-
74 films have been achieved on various substrates by incorpor-
ating different metal ions, Mg>* and Zn>" respectively, into the
precursor solution (Fig. 10a and b).®® These orientation phe-
nomena were observed regardless of the substrate type, high-
lighting that the presence of different metal ion species in the
precursor solution was responsible for the variations in orien-
tation. Ameloot et al. demonstrated the potential for obtaining

135 min

Fig. 9 SEM images depending on different reaction times representing
the extent of secondary growth of ZIF-7 in the out-of-plane direction with
a tilted way from ZIF-7 nanocrystals on an alumina substrate. Adapted with
permission from ref. 85. Copyright 2010, Wiley-VCH.
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Fig. 10 (a) Schematic illustration of VAC reactions for MOF-74 films with
Mg?* or Zn* as a metal source. (b) Cross-sectional SEM images of Mg-
MOF-74 film (top) and Zn-MOF-74 film (down). Adapted with permission
from ref. 88. Copyright 2021, American Chemical Society. (c) Schematic
illustration of the CVD process for synthesizing oriented films of CuCDC
and CuBDC by reacting a deposited layer of CuO with a vaporized
carboxylic acid. Adapted with permission from ref. 89. Copyright 2019,
Royal Society of Chemistry.

oriented MOF films using CVD.®*® Using CVD, the pre-deposited
CuO on a Si substrate was reacted with evaporated H,CDC and
H,BDC (H,CDC: trans-1,4-cyclohexanedicarboxylic acid;
H,BDC: terephthalic acid) to form CuCDC and CuBDC films,
respectively (Fig. 10c). Cross-sectional SEM images of CuCDC
showed that the CuO layer, regardless of its initial thickness,
transformed into a MOF film within a range of 10-15 nm.
Grazing incidence X-ray diffraction (GIXRD) confirmed the
orientation of the CuCDC and CuBDC films on the (100) plane
parallel to the substrate.

Selective deposition of MOF precursors on a 2D substrate,
followed by crystal growth, enables the fabrication of MOF
patterns aligned in a specific direction. Ameloot et al. achieved
oriented HKUST-1 patterns by manipulating the crystallization
kinetics of HKUST-1 crystals.’® A solution containing precur-
sors was deposited onto a functionalized glass substrate, and a
polydimethylsiloxane (PDMS) stamp was placed on top, creat-
ing a confined space (Fig. 11a). Capillary forces guided the
solution into the confined space, resulting in the oriented
growth of HKUST-1 crystals as the solvent evaporated. Notably,
irrespective of the functional groups on the substrate, such as
silanol, vinyl, or carboxylic acid groups, the HKUST-1 crystals
consistently exhibited the same orientation with the (111) plane
parallel to the substrate (Fig. 11b). Zhuang et al. developed a
novel printing technique for the facile fabrication of (111)-
oriented HKUST-1 films on various substrates (Fig. 11c and d).”*
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Fig. 11 (a) Schematic illustration for the formation of oriented HKUST-1
crystals after solvent evaporation in precursor solution within a confined
space created by a PDMS stamp. (b) SEM image of the oriented HKUST-1
film with low and high magnification. Adapted with permission from ref.
90. Copyright 2010, Wiley-VCH. (c) Scheme of printing process with a
precursor solution of HKUST-1 as an ink and (d) HKUST-1 film obtained
through printing. Adapted with permission ref. 91. Copyright 2013, Wiley-
VCH.

This method demonstrated versatility, accommodating a wide
range of substrates including plastics, paper, and textiles, and
allowing for multiple printing steps. The printed substrate was
exposed to methanol vapor, promoting a slower nucleation
process. This resulted in truncated octahedral crystals with a
[111] crystal orientation aligned parallel to the out-of-plane direc-
tion of the substrate, as confirmed by XRD patterns.

3. Alignment of MOF crystals via
external field

The development of oriented MOFs using external fields such
as electric and magnetic fields has recently gained significant
attention. These approaches utilize pre-formed MOF crystals,
which overcome the limitations associated with direct growth
methods that require extensive substrate preparation or time-
consuming re-optimization of growth conditions. Randomly
positioned anisotropic MOF particles can effectively acquire a
directional orientation through particle magnetization and
subsequent exposure to a magnetic field. NH,-MIL-53(Al) with
an aspect ratio of 21 £+ 7 and NU-1000 with an aspect ratio of
5.9 £ 0.9 were magnetically functionalized by leveraging the
attractive force between MOFs and iron oxide nanoparticles at a
pH of 3.5.%% The resulting NH,-MIL-53(Al) and NU-1000 com-
posites exhibited magnetic susceptibility of 9.09 x 10™° and
5.79 x 10~ ° m® kg, respectively. Under a magnetic field, both
composites were oriented with their main axes parallel to the
magnetic field and did not aggregate, and the arrangement
changed dynamically according to the direction of the magnetic
field (Fig. 12a). When the magnetized MOF crystals were
dispersed in the photocurable polymer resins, those were
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Fig. 12 (a) Alignments of magnetized NH,-MIL-53(Al) depending on the
direction of the magnetic field. Adapted with permission from ref. 92.
Copyright 2017, Wiley-VCH. (b) Setup of a capillary cell and (c) alignments
of NU-1000g; affected by the electric field. Adapted with permission from
ref. 93. Copyright 2019, American Chemical Society.

well-aligned in the magnetic field and fixed in the resin.
Furthermore, the incorporation of fluorescent planar pyrene
ligands along the c-axis allowed for the observation of an
anisotropic optical response to linearly polarized UV excitation
in the aligned NU-1000 composites. The highest fluorescence
was observed when the incident light was aligned with the
major axis of NU-1000, confirming successful alignment and
showcasing the unique optical properties of the material.

An electric field can also assist in the dynamic alignment of
anisotropic MOF particles at random positions, similar to the
magnetic field. NU-1000 crystals functionalized with
trimethoxy(octadecyl)silane (TMODS) (NU-1000g;) were dis-
persed in bromobenzene.”® The pyrene-based ligand in NU-
1000g; serves as a fluorophore, allowing for measurements of
dynamic particle alignment through confocal microscopy with-
out the need for additional dye functionalization. The suspen-
sion of NU-1000g; was filled within a capillary cell and exposed
to an alternating current (AC) electric field (Fig. 12b). Conse-
quently, the NU-1000g; particles aligned themselves along the
direction of the electric field and maintained their positions
without aggregation. The alignment of the particles exhibits a
periodic pattern corresponding to the on/off cycles of the
electric field confirmed by confocal images. Researchers have
attributed the alignment phenomenon to the presence of ions
in the channels of NU-1000 and the formation of an electrical
double layer. In a subsequent study of the same group, super-
structures of anisotropic MOFs (namely NU-1000, MIL-53-
NH,(Al), and MIL-68(In)) with long-ranged orientational order
were obtained through the precise manipulation of alignment
of MOF crystals by applying an electric field, followed by a
sedimentation process.”*
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Fig. 13 (a) In situ confocal microscope observations of rhombic dode-
cahedral ZIF-8 particles assembled into a homogeneous 1D chain under
the influence of a 1 MHz electric field. Scheme of 1D chains composed of
(b) rhombic dodecahedral ZIF-8 particles with the (110) planes in contact
and (c) truncated cubic ZIF-8 particles with the (100) planes in contact,
along with confocal images of cross-sectional ZIF-8 particles within the 1D
chains. Adapted with permission from ref. 95. Copyright 2013, American
Chemical Society.

To achieve a well-defined architecture, it is crucial to prepare
MOFs with precisely defined flat facets. External forces can then be
applied to assemble the desired structure. Yanai et al. reported an
one-dimensional (1D) homogeneous MOF chain under an electric
field with uniform and micro-sized ZIF-8 crystals.”” The crystals
were dispersed in ethylene glycol to be placed between indium tin
oxide (ITO)-coated coverslips and then subjected to an electric field.
Under the electric field, thombic dodecahedral ZIF-8 crystals
aligned in the [110] direction and adhered to each other using
their (110) planes, forming a 1D chain with maximized dipole-
dipole interactions (Fig. 13a and b). This chain structure remained
stable at a low frequency (1 kHz) but not at a high frequency
(1 MHz). Truncated rhombic dodecahedral ZIF-8 crystals also
formed 1D chains, with some crystals attached to both the (110)
and (100) planes because of their similar plane sizes. However, for
truncated cubic ZIF-8 crystals, they aligned in the [100] direction
and attached to the (100) planes under the electric field (Fig. 13c).
The 1D chain structure was not maintained after the electric field
was turned off, likely due to the convex nature of the (100) planes,
which resulted in weaker van der Waals attraction.

4. Alignment of MOF crystals in a
monolayer

Aligning MOF particles in two dimensions within a bulk
medium poses challenges due to the multidirectional applied
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alignment forces and high particle mobility. However, at the
interface of synthetic media, the spatial constraint allows
for the formation of a monolayer consisting of pre-formed
MOF crystals. The interfacial interaction plays a crucial
role in determining the particle orientation in this 2D
architecture.’®® Nonetheless, studying oriented MOF particles
in two dimensions is challenging due to the limited interac-
tions that preserve and transfer the aligned particles onto other
substrates. To address this limitation, the introduction of
surfactants or polymers has been implemented to fix particle
orientation.’®"*°> This advancement enhances the versatility of
the resulting 2D architecture, allowing for repeated deposition
on substrates and the creation of practical freestanding films.

Tsotsalas et al. achieved a significant breakthrough in creating
aligned MOF monolayers using air-liquid assembly and Langmuir-
Blodgettry techniques.'® They fabricated diverse MOFs, including
octahedral HKUST-1, cubic HKUST-1, hexagonal prismatic
[Al;20(OH);5(H20)3(Al,(OH),)(BTC)g],, and platy [Cux(BDC)x(bpy)].
(BTC: benzene-1,3,5-tricarboxylate; bpy: 4,4"-bipyridine), into a
monolayer, respectively. The MOFs were suspended in methanol
and cast onto a water surface, followed by dense compression. The
resulting monolayers were transferred onto various substrates via
dip coating. The films exhibited structural integrity even when
freestanding on a Cu grid. Throughout film formation, the specific
facets of the MOFs were oriented, as confirmed by out-of-plane XRD
analysis. Specifically, octahedral HKUST-1, cubic HKUST-1,
[AL;,0(OH),5(H,0)3(Al,(OH),)(BTC)g),,, and [Cu,(BDC),(bpy)],, were
oriented along their [111], [100], [100], and [001] directions, respec-
tively, in the out-of-plane direction of the substrate (Fig. 14).

In the absence of a compression equipment, Lu et al
demonstrated the creation of an aligned monolayer using sur-
face tension principles.®® They synthesized UiO-66 crystals with
distinct octahedral morphologies by incorporating acetic acid

5 10 15 205 10 15 205 10 15 20 5 10 15 20
26(°) 26(°) 26(°) 26(°)
Fig. 14 Scheme of the formation of oriented MOF layers by Langmuir-
Blodgettry. SEM images and corresponding out-of-plane XRD patterns of
(@) octahedral HKUST-1, (b) cubic HKUST-1, (c) [Aljz0(OH);5(H,0)3-
(Al,(OH)4)(BTC)eln, and (d) [Cun(BDC),(bpy)l,. Adapted with permission
from ref. 103. Copyright 2012, Royal Society of Chemistry.
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Fig. 15 (a) Photograph and (b) SEM image of aligned 2D monolayer of
PVP modified UiO-66 crystals after introduction of SDS solution. Repro-
duced from ref. 99. Copyright 2013, Wiley-VCH.

as a modulator. Surface modification with polyvinylpyrrolidone
(PVP) enhanced crystal stability and enabled dispersion in an
ethanol/water solvent. Subsequently, the crystal suspension
was carefully cast onto water, resulting in the spreading of
the crystals by the surface tension gradient. To further con-
solidate the crystals and achieve a densely packed monolayer,
they introduced a small quantity of sodium dodecyl sulfate
(SDS) solution, and the resulting monolayer could be trans-
ferred onto various substrates (Fig. 15). XRD and SEM analysis
of the monolayer confirmed the alignment of the UiO-66
crystals in the (111) plane parallel to the substrate.

(a) J

3”7, ~-PDMS oA A

bwms ' M
SOV o @ PDMS

Fig. 16 (a) Scheme of preparation of oriented MOF-PDMS films. (b) SEM
images of oriented (b) MIL-96-PDMS films and (c) UiO-66-PDMS films
prepared using butanol (left) and CHClz (right) as a casting solvent.
Adapted with permission from ref. 101. Copyright 2021, American
Chemical Society.
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The control of polyhedral nanoparticle orientation at the
water-solvent interface is typically achieved by manipulating
the interfacial tension between the nanoparticles and the liquid
phase. This control can be achieved by modifying the nano-
particle surface or changing to solvents with different inter-
facial tensions, but most studies have focused on the former
because it is easier to maintain alignment during substrate
transfer. The Cohen group reported a simple one-step method
for controlling the 2D alignment of polyhedral MOF particles by
changing the casting solvent and immobilizing the oriented
particles in large-area polymer films (Fig. 16a)."°" A sticky
thermocurable PDMS oligomer embedded in the casting sol-
vent played a key role in preserving and fixing the MOF
orientation. Two types of MOF particles, the hexagonal bifrus-
tum form of MIL-96 and octahedral form of the UiO-66 family,
were selected and suspended in a casting solvent containing
PDMS. When the casting solvent was introduced onto the water
surface, it spread on the water surface and evaporated, result-
ing in an aligned MOF-PDMS film. Notably, the MOF orienta-
tion differed based on the casting solvent used, a phenomenon
tied to the casting solvent’s interfacial tension. For MIL-96,
butanol with low interfacial tension exposed the (102) and (%0!)
planes, while CHCI; with high interfacial tension exposed the
(200) plane (Fig. 16b). For UiO-66, the (111) and (200) planes are
mainly exposed when butanol and CHCI; are used as the
casting solvents, respectively (Fig. 16¢). After thermal curing,
the oriented MOFs were fixed in the PDMS film and could be
transferred to various substrates such as glass, polymer,
and foil.

5. Alignment of MOF crystals via
assembly

In pre-formed polyhedral MOF particles, when specific facets
align and join with those of neighboring particles, they ulti-
mately unveil identical facets in a particular direction, resulting
in an oriented structure.>>'®* Consequently, the driving forces
of colloidal self-assembly proved to be highly effective in the
creation of novel-oriented MOF structures.

The depletion interactions induced by non-adsorbing small
molecules promote attractive forces between larger colloids.
This drives shape-oriented assembly by encouraging face-to-
face contact to maximize the entropy in polyhedral colloids.
While the depletion force has been used in various colloid
systems, its application to MOF colloids has rarely been studied
owing to their special properties, such as low surface
charges and exposed coordination sites, which hinder the
equilibrium assembly. By introducing ionic amphiphiles into
MOF particles to enhance the depletion interaction, Lyu et al.
successfully assembled a broad range of MOF particles into
low-dimensional assemblies including 1D linear straight and
alternating or bundled chains (Fig. 17a).'° In their experi-
ments, the ZIF-8 particles were coated with cetyltrimethylam-
monium chloride (CTAC) to ensure consistent zeta potentials.
The particles were dispersed in a dilute CTAC solution and
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Fig. 17 (a) Scheme of 1D chain assembly by depletion interactions.
Optical images of 1D chains of (b) ZIF-8, and (c) MIL-88A. Adapted with
permission from ref. 105. Copyright 2022, Springer Nature.

transferred to glass capillary tubes to induce particle assembly
through depletion forces. Rhombic dodecahedral ZIF-8 parti-
cles formed 1D chains on a smooth substrate, with the (110)
facets adhering to each other. Truncated rhombic dodecahe-
dral ZIF-8 particles also assembled into 1D chains (Fig. 17b).
Increasing the concentration of ZIF-8 particles led to the
formation of bundled 1D chain structures as crosslinker parti-
cles filled the gaps between the (110) planes. Similarly, MIL-88A
and UiO-66 particles were coated with SDS and CTAC, respec-
tively, and assembled through depletion forces. MIL-88A
formed a 1D alternating chain structure on a smooth substrate
(Fig. 17¢), while UiO-66 formed a quasi-1D striped structure on
a rough substrate.

Perfectly oriented 1D chains of MOFs can be created by
exploiting crystal engineering techniques and the unique liquid
bridge for specific facets of MOFs (Fig. 18a). Lyu et al. achieved
1D chains of MOFs by growing UiO-66 on MIL-96 through
epitaxial growth based on crystal engineering principles."*®
The resulting MIL-96 modules had UiO-66 patches. To con-
struct the 1D chains, a liquid glue consisting of 3-(trimethox-
ysilyl)propyl methacrylate oligomer (o-TPM) was utilized. The
difference in zeta potential between MIL-96 and UiO-66 caused
the TPM oligomer to selectively attach to the UiO-66 patch.
Using an o-TPM layer as an adhesive, the “sticky” UiO-66
patches in neighboring modules were able to bind together,
driven by a strong capillary force that maximized the contact
between the flat patches. The liquid bridge played a crucial role
in providing a strong and reconfigurable capillary force, result-
ing in the formation of precise directional 1D chain structures
with unprecedented control over the position, rotation, and
orientation of the building blocks (Fig. 18b). Furthermore,
these perfectly oriented 1D chains were fixed through the
polymerization of the liquid bridges.

In 2012, Yanai et al. reported oriented 2D assemblies of
MOF particles through the controlled evaporation of colloidal
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Fig. 18 (a) Scheme of the formation of a heterogeneous 1D chain
through liquid bridging of TPM oligomers between UiO-66 patches on
MIL-96 modules. (b and c) SEM images of the 1D chains composed of MIL-
96 modules with UiO-66 patches at different magnification. Adapted with
permission from ref. 106. Copyright 2022, Wiley-VCH.

solutions containing rhombic dodecahedral ZIF-8 particles
(Fig. 19a)."°” While drying ZIF-8 colloidal solutions on a Si
wafer, evaporation from methanol and isopropyl alcohol dis-
persions did not yield ordered structures. On the other hand,
drying a colloidal N,N-dimethylformamide (DMF) solution con-
taining 1 wt% of ZIF-8 at 60 °C resulted in closely packed
hexagonal arrangements of ZIF-8 crystals oriented in the (111)
direction (Fig. 19b), due to prolonged evaporation allowing
particle rearrangement for stability. Lowering the ZIF-8 concen-
tration to 0.05 wt% revealed a monolayer having hexagonal
arrangement with (110) crystal orientation, which was attrib-
uted to the dominant capillary force between the particle and
the substrate.

The precise assembly of MOF particles into a 3D architecture
presents challenges due to the low surface charge of MOF
particles and the presence of exposed active sites that interact
with guest molecules, hindering interparticle interactions.
Coating MOF particles with polymers and surfactants can
overcome these limitations and create an environment where
depletion forces can induce particle assembly.%®081
This approach has been explored in the literature and has
resulted in the formation of unique 3D architectures with
distinct properties, such as photonic crystals and unique
optical properties, making them highly promising for various
applications.*®"%°

PVP-modified UiO-66 was successfully oriented into a 2D
architecture using surface tension. Building upon this, Lu et al.
stacked multiple layers of the 2D architecture to create a 3D
structure of PVP-modified Ui0-66.° The orientation of the
(111) plane was maintained even after sedimentation, and a
single-step sedimentation process in a vertically positioned
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Fig. 19 (a) Scheme of the interaction between ZIF-8 crystal facets driven
by capillary forces and van der Waals interactions. (b) SEM images of top
view (top) and cross-sectional view (down) of assembled ZIF-8 particles in
(111) direction parallel to the out-of-plane direction of Si substrates.
Adapted with permission from ref. 107. Copyright 2012, Wiley-VCH.

Fig. 20 (a) Scheme for adjacent truncated rhombic dodecahedral (TRD)
ZIF-8 particles for representing connectivity; six TRD particles adhered to a
central particle with (110) facets (left), six particles with (100) facets
(middle), resulting in twelve particles adhered to the central particle (right).
(b) Scheme (left) and SEM image (right) of ZIF-8 superstructure formed
through this connectivity. Adapted with permission from ref. 108. Copy-
right 2018, Springer Nature. The morphology scheme depicting the
exposed plane of TRD ZIF-8 particles along with the corresponding
crystallographic plane and scheme of packing in ZIF-8 superstructure
along with the corresponding SEM image in the (c) [111] (first row), (d)
[100] (second row), and (e) [110] (third row) oriented cases. Adapted with
permission from ref. 109. Copyright 2019, Wiley-VCH.
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glass pipette further enhanced the structural integrity of the
crystals. Maspoch group assembled CTAB-coated (CTAB: cetyltri-
methylammonium bromide) truncated rhombic dodecahedral
(TRD) ZIF-8 crystals into a 3D architecture using depletion
forces.'”® Droplets of an aqueous suspension containing the TRD
ZIF-8 particles were placed on a glass surface, and water evapora-
tion at 65 °C facilitated the assembly. The resulting 3D architecture
exhibited a rhombohedral packing arrangement, with six particles
aligned through the adhesion of their (100) planes and another six
particles aligned through the adhesion of their (110) planes
(Fig. 20a and b). The packing arrangement depended on the
truncation value (¢) of the ZIF-8 particle, with a rhombohedral
packing observed for ¢ > 0.66 and a face-centered cubic (fcc)
packing for ¢t < 0.66. UiO-66 particles also formed a 3D architecture
with a Minkowski lattice structure under similar assembly condi-
tions but at a water evaporation temperature of 85 °C. Further
research conducted by the same group focused on controlling the
alignment of TRD ZIF-8 (¢ = 0.63) in a 3D architecture by adjusting
the concentration of CTAB in stock solution."”® At CTAB concentra-
tions of 1 or 2 mg mL ", the ZIF-8 crystals oriented with their [111]
direction within the architecture (Fig. 20c). At a concentration of
3 mg mL™', the crystals were oriented in the [100] direction
(Fig. 20d). At a concentration of 4 mg mL ™", the resulting archi-
tectures predominantly exhibited [110}-oriented ZIF-8 crystals with
a few [100]-oriented crystals (Fig. 20e). Similar trends were observed
when using SDS instead of CTAB, supporting the hypothesis that
the outcomes were influenced by the repulsive forces and surface
tension during the assembly process.

6. Conclusion

MOFs are versatile crystalline materials with diverse applica-
tions in various fields. One promising approach for customiz-
ing MOFs without post-synthetic modification or novel
structural design is to exploit the anisotropic nature of MOFs,
where the properties depend on specific crystal facets. By
orienting MOF crystals, specific facets can be selectively
exposed, resulting in enhanced characteristics such as perme-
ability, selectivity, and conductivity. As a result, there has been
increasing interest in the synthesis of oriented MOFs, and
various strategies based on different orientation mechanisms
have been extensively studied.

There are two main approaches to achieve oriented MOFs.
The first involves direct growth on substrates, where precursor
molecules are adsorbed onto the substrate, guiding the growth
based on factors like substrate lattice parameters and surface
interactions. This approach allows for tailored structures and
novel architectures when integrated with other substrates. The
second approach utilizes external forces, such as electric and
magnetic fields, interfacial tension, and capillary and depletion
forces, to align pre-formed MOF crystals. Using pre-formed
crystals provides flexibility in material selection and enables
the fabrication of highly ordered orientations on a large scale.
In particular, the exposure of crystal plane can be varied even in
the same MOF structures by controlling crystal morphology
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with various MOF synthetic strategies,"®”"'°®'*® which could
further enrich the number of crystallographic orientations of
MOFs that can be aligned over large areas. Self-assembly of
polyhedral MOF particles with distinct facets leads to the
formation of oriented structures, fully utilizing their directional
anisotropic properties over a large area. The precise arrange-
ment of pre-formed MOF crystals enhances their functionalities
and expands their applications.

There are challenges that need to be addressed in future
research on MOF orientation. First, achieving precise and
complete orientation of MOF particles within desired struc-
tures is a primary challenge. While there have been few reports
of fully oriented MOF superstructures, most research has
focused on achieving orientation in a single direction. Second,
developing generally applicable orientation strategies for var-
ious MOFs based on the understanding of mechanism behind
orientations is crucial. Third, understanding how different
orientations impact the performance of MOFs is another
important aspect. Especially, investigating the relationship
between orientation and properties such as catalytic activity,
gas adsorption, and electrical conductivity is essential for
optimizing MOF-based materials. Last, for practical applica-
tions, scalability, stability, and cost-effectiveness must be con-
sidered. Developing fabrication methods that can be applied at
a larger scale and demonstrating the performance of oriented
MOFs in real-world applications are necessary steps for
commercialization.

In summary, research on MOF particle orientation holds
great promise for advancing the field of porous materials. By
precisely controlling the orientation of MOFs, their functional-
ities can be enhanced, leading to improved performance and
expanded applications. Overcoming the challenges in achieving
precise orientation and further exploring the relationships
between orientation and properties will pave the way for
practical implementation and widespread use of oriented
MOFs in various industries.
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