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SUMMARY

Metal-organic frameworks (MOFs) are crystalline porous materials characterized by their high porosity
and chemical tailorability. To realize the full potential of synthesized MOFes, it is important to transform
them from crystalline solid powders into materials with integrated morphologies and properties. One
promising approach is facet-controlled assembly, which involves arranging individual crystalline MOF par-
ticles into ordered macroscale structures by carefully controlling the interactions between particles. The
resulting assembled MOF structures maintain the characteristics of individual particles while also exhibit-
ing improved properties overall. In this article, we emphasize the essential concepts of MOF assembly,
highlighting the impact of building blocks, surface interactions, and Gibbs free energy on the assembly
process. We systematically examine three methods of guiding facet-controlled MOF assembly, including
spontaneous assembly, assembly guided by external forces, and assembly through surface modifications.
Lastly, we offer outlooks on future advancements in the fabrication of MOF-based material and potential
application exploration.

BACKGROUND

Metal-organic frameworks (MOFs) are a type of two-dimensional (2D) or three-dimensional (3D) crystalline coordination polymers formed by
linking metal ions or metal-containing clusters with multivalent organic ligands via coordination interactions.'” Because MOF materials
feature long-range extended modular framework structures, they possess distinctive characteristics. They are generally highly porous and
chemically tunable, making them useful for adsorption, gas separation, catalysis, and biomedical applications.”> Because purified MOFs
are usually obtained as crystalline solid powders, it is necessary to transform these individual loose pieces into macroscopic functional ma-
terials with integrated morphologies and properties to fully realize the potential of MOF materials in practical uses, particularly for industry
applications.®’

To date, various fabrication techniques have been developed for the manufacturing of MOFs, transforming them from powders into solid
forms. Notable methods include direct processing, monolithic growth, and mixed-matrix membrane (MMM).5'° Direct processing methods,
such as pressing and hot-pressing, are quite efficient and straightforward ways to form dense, uniform, and shape-controllable macroscopic
MOF-based materials.'"'? However, it has been reported that during the processing, the crystal framework and intrinsic porosity may be im-
parted, negatively affecting the performance. The formation of monolithic matters can produce a macroscopic film or bulk MOF material with
high stability, few defects, and controllable dimensions and orientations. However, the pores and open channels may be blocked during the
growth process.'* A common approach to using MOF for practical separation applications is to mix MOF powders with polymer matrixes to
create MMMs. With this approach, it is possible to create large, self-supporting materials that are strong, flexible, and with improved sepa-
ration performance.'*'> However, MOFs have a relatively low mass content in an MMM, and the exposed metal centers and accessible voids
might be compromised, resulting in reduced adsorption capacity.””"'* Despite the achievements of using the previously mentioned ap-
proaches for the fabrication of MOF-based macroscopic functional materials, the materials generated are normally polycrystalline containing
randomly organized MOF particles with overall isotropic physiochemical properties. The lack of control in the orientation and long-range or-
der might lead to low mass transfer efficiency and decreased catalytic activities. Therefore, the development of methods that can produce
MOF-based macroscopic materials possessing long-range ordered structures and well-preserved anisotropic properties is in great need.'"'®

To overcome this challenge, a promising strategy involves the implementation of programmable assembly or self-assembly methods.
Different from the approaches mentioned previously, the self-assembly approach directly employs physical and chemical interactions at par-
ticle-particle interfaces to guide the formation of macroscopic materials from individual building blocks, which leads to higher MOF content
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Figure 1. Comparison of facet-controlled assembly with other MOF processing approaches

The facet-controlled assembly of MOF particles results in well-aligned metal sites and oriented open channels in the assembled structure.

and better controllability. These approaches can effectively organize individual MOF particles into extended, highly ordered structures.'“%'?
Cohen et al. modified MOF particles with polymers and achieved self-supporting MOF films with a MOF content exceeding 85% through gas-
liquid interface self-assembly.'® More importantly, a major advantage of the MOF assembly approach is that it permits a high degree of con-
trol over the facets and organizations during the assembly process, thereby generating macroscopic MOF particle arrays and even superlat-
tices that can have long-range ordered structures.”>”' As each MOF building block represents a small particle, ordered MOF assemblies can
be regarded as a macroscopic amplification of the microscopic crystal. Compared with other MOF processing approaches including MMM,
monolithic growth, and hot-pressing, the assembled MOF material can inherit the anisotropic and facet-selective structural properties asso-
ciated with crystal lattices, including well-aligned metal sites and oriented open channels, leading to enhanced efficiency and selectivity of
mass transportation and other physical properties (Figure 1).?2° As an example, the Cu-MOF films with aligned (001) orientation exhibited
significantly enhanced electric and photocurrent properties in comparison to the Cu-MOF films with (100) orientation.”® Moreover, the assem-
bly of MOF particles in a well-controlled orientation was reported to enhance the mass transfer efficiency and gas permeability of the mem-
brane.?’ By comparison, when MOF particles are arranged randomly, the arrangement of metal sites and pores is also disordered, thereby
limiting their usage in applications involving catalysis and mass transfer.

Here, in this article, we discuss how facet-controlled self-assembly of MOF particles can be used to generate long-range ordered func-
tional materials, aiming to provide a new perspective on producing functional MOF materials for practical use (Figure 2). During our prepa-
ration of this perspective, we became aware of Daniel Maspoch et al.’s recent review on the self-assembly of MOF particles, which shares
some conceptual similarities with our work.”® Our perspective article focuses on highlighting the distinctive features of single-crystalline
MOF particles with precisely controlled morphologies and crystal habits. This control enables facet-guided interactions, leading to the for-
mation of extended and highly ordered structures, including superlattices. This perspective article comprises the following sections. Firstly,
we discuss some fundamental concepts in MOF assembly, highlighting the unique properties of the crystalline building blocks, the tailorable
inter-particle interactions, and the thermodynamic understanding of the self-assembly process. After that, we systematically review the re-
ports on facet-controlled self-assembly of MOFs from the viewpoint of the forces that govern the interaction, including spontaneous assem-
bly, external force-guided assembly, and surface modification-induced assembly. Lastly, we provide perspective and outlook on how current
MOF assembly strategies can be improved in terms of efficiency and structural control. The potential application of these ordered MOF as-
semblies in different scenarios has also been discussed.

BASIC CONCEPTS OF MOF ASSEMBLY

Programmable assembly or self-assembly refers to the deliberate control of the organization process, where building blocks come together
to form ordered structures or specific patterns, either with or without the use of external stimuli. George M. Whitesides introduced the term
“self-assembly” in the 1980s to describe the spontaneous arrangement process of building blocks at various scales.””* In 1996, Chad A. Mirkin
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Figure 2. Scheme showing the facet-controlled assembly process to generate functional MOF materials in different scales, from molecular building
blocks to crystalline particles, then to the macroscopic ordered particle arrays

and Paul Alivisatos applied the concept of “programmable assembly” to control the organization of gold nanoparticles using surface-modified
DNA strands through sequence programmable Watson-Crick base-pairing interactions.**** Over the past decades, various materials, such as
DNA, proteins, quantum dots, polystyrene particles, and live mammalian cells, have been organized into long-range ordered arrangements
through diverse assembly processes.*>™* Similarly, MOF particles, acting as crystalline building blocks, adhere to the same principle and
have been shown to form assembled structures at micro- to macroscales. This section presents some basic concepts of MOF assembly.

Utilizing single-crystalline MOF particles as functional building blocks

Like other crystalline materials, MOF is constructed from repeating units containing multivalent metal clusters and organic ligands and nor-
mally generates single-crystal particles with well-defined crystal habits. Depending on the symmetry and organization of ligands and metals
used in different MOFs, the underlying lattices as well as the crystal habits vary dramatically. For example, MOF-5 and UiO-66, two iconic MOF
constructs using BDC as ligands, both belong to cubic lattices with the former one simple cubic and the latter one face-centered cubic. How-
ever, due to the differences in symmetry and connectivity between the Zn, and Zr, clusters, these two MOFs tend to grow along different
crystal planes, resulting in particles exposing different facets. MOF-5 tends to grow along the (111) plane and expose the (100) facet, forming
particles with cubic shapes, while UiO-66 tends to grow along the (100) plane and expose the (111) plane, forming particles with octahedral
shapes.””*" In Table 1, we summarize a series of commonly used MOFs to compare their molecular building block, lattice, and morphology of
the crystals.”

Furthermore, MOF particles with different crystal habits can be obtained by stabilizing different exposed facets of the same MOF structure
under different experimental conditions. Zeolite imidazolate framework-8 (ZIF-8) is a standard example, which features a sodalite lattice with a
monovalent Zn?* node in Td symmetry. A ZIF-8 single crystal can be controlled into three different morphologies, namely rhombic dodeca-
hedron (RD), truncated dodecahedron (TRD), and truncated cube (TC) by applying different synthetic procedures. The RD ZIF-8 exposes the
(110) plane, the TRD ZIF-8 exposes both (110) and (111), and the TC ZIF-8 exposes both (110) and (100) planes (Figure 3).7"?7*3% Since
different crystal planes have different densities of metal sites and different voids, the interactions between different facets vary widely, result-
ing in different assembly styles.

When comparing the assembly of MOF particles with other types of particles, the distinctive feature that governs the assembly process is
the geometric shape of the building block. Metal nanoparticles, which are typically spherical in shape and relatively small at the tens of nano-
meter scale, tend to form face-centered cubic or hexagonal structures with the close-packing arrangement. The interparticle interactions
between metal nanoparticles, such as electrostatic interactions, hydrophobic-hydrophobic interactions, and DNA hybridization, play an
essential role in governing the assembly process.”’ >’ By carefully adjusting the strength and distance of these particle-particle interactions,
the final assembled structures of the metal nanoparticles can be significantly impacted.®®“” In contrast, non-spherical MOF single crystals
possess unique crystal habits that primarily influence their assembly style. The unique geometry and exposed facets of MOF particles give
rise to distinct assembly characteristics. For example, ZIF-8 particles with shapes such as RD or cube favor face-to-face stacking mode that can
strengthen non-specific interactions between particles.”’ By evaporating solvent to induce the assembly of ZIF-8 particles, the RD ZIF-8 par-
ticles with exposed (110) organized into a close packing arrangement, while the assembly of the TC ZIF-8 particles changed into a simple
cubic packing mode due to the stronger face-to-face interactions.”’** In addition, MOF particles can also be easily post-functionalized
with surface capping agents, which allows another degree of control over particle arrangement at the macroscale.” Since long-range or-
dered assembilies, such as superlattices, are usually compact and closely interacted, they tend to be more stable than disordered assemblies.

Surface modification and interaction

Considering the assembly process involving the spontaneous organization of individual components into more complex structures, inter-
particle interactions are critical for the assembly of particles, as they determine the strength of the interactions and the properties of the
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Table 1. Summary of the building blocks, lattice structures, and morphology of the crystal of commonly used MOFs

Symmetry & Exposed
MOF Building Block Connectivity Lattice Crystal Habit Facet EM Image Reference
MOF-5 Zn,O(CO0), + BDC Ta 6 Simple cubic Cube (100) Lietal.”,
x Choi et al.**
ZIF-8 ZnN, + 2-MIm Ta, 4 Simple cubic Rh dodecahedron (11 0) Avci et al.??,
(RD) (110)&((111) Yanai et al.*?,
Truncated RD 110)&(100) Cravillon et al.**
Truncated cube
UiO-66 ZrgO4(OH)4(CO0)1, O, 12 Face-centered Octahedron (111) Cavka etal.”’,
+BDC cubic Lyu et al.*®
NU-1000 ZreO4(OH)g(H,O)4(COQ0)s Oy, 8 Simple hexagonal  Spindle shape 110 &(100) Mondloch et al.*¢,
+ TBAPy Webber et al.*’
PCN-224 Zr,O4(OH)16(H20)6 O, 6 Body-centered Cube (100) Feng et al.”,
(COOQ)s + TCPP cubic Shi et al.*”
MIL-53(Fe) FeO4(OH), 1D chain P2 Simple triclinic Spindle shape O0MN&(100) Chen et al.”,
+BDC Zheng et al.”’
MIL-101(Fe)  FesO(H,0),Cl(COQ), Dsp, 6 Face-centered Octahedron 111) Celeste et al.”?,
+ BDC cubic Ho et al.”
HKUST-1 Cuy(H0)5(CO0)4 + BTC  Dyp, 4 Face-centered Octahedron 111) Goyal et al.”,
cubic Liu et al.>®

The abbreviations used in Table 1. BDC = Terephthalate, 2-MIm = 2-Methylimidazole, TBAPy = 1,3,6,8-tetrakis(p-benzoate)pyrene, TCPP = meso-tetrakis(4-
carboxylate-phenyl)porphyrin, BTC = benzene-1,3,5-tricarboxylate, Rh=Rhombic. The scale bars are 10 um for MOF-5; 5 pm for PCN-224, MIL-53(Fe), and
HKUST-1; 1 pm for NU-1000; 500 nm for MIL-101(Fe), ZIF-8; 200 nm for UiO-66. All the SEM images are reproduced with permission from the listed references.

resulting structure. On the surface of a pristine MOF particle, the interparticle forces mainly rely on the open metal sites and exposed li-
gands. A variety of functional ligands can also be installed on the surface of MOF particles, providing more programmable and precise
control of the behavior of the assembled structures (Figure 4). Here, we discuss the surface modifications and interactions of pristine
and functionalized MOFs. We further explore the potential of these interactions for the construction of facet-controlled macroscopic
MOF structures.

For pristine, unmodified MOF particles, intermolecular forces between exposed metal sites and functional groups on the organic ligands
are largely responsible for particle assembly. For instance, the surface of MOF particles typically carries positive charges, which can facilitate
electrostatic adsorption between particles through the presence of molecules with a negative charge.’® The organic ligands on the surfaces of
MOFs, which contain both donor and acceptor units,** can induce assembly via hydrogen bonds or coordination interactions to the unsat-
urated metal sites. Moreover, the assembly of unmodified MOF particles can be guided by molecules in the microenvironment, such as sol-
vents and surfactants. These molecules can increase charge or hydrogen bonding interactions, as well as act as connecting links.*>*> Addi-
tionally, these molecules can also provide attractive depletion interactions between particles due to osmotic pressure.”"*® For instance, when
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Figure 3. The ZIF-8 particles have three distinct crystal habits
ZIF-8 particles with different shapes expose different facets and voids, resulting in different assembly styles. Scale bars are 500 nm for RD- and TC-ZIF-8, and 1 um
for TRD-ZIF-8. The SEM images presented here are adapted with permission from ref.”” (Copyright 2015, Wiley-VCH) and ref.** (Copyright 2022, The Authors).

the concentration of colloidal particles is high enough, the solvent or surfactant molecules are excluded from the “depletion zone” between
the particles, leading to an unbalanced solution. Consequently, adjacent particles will be pushed together to fill the gap in the “depletion
zone" between particles due to the osmotic pressure. This process will repeat, ultimately resulting in the assembly of all particles in the
solution.

To enhance the programmability and stability of interparticle interactions, as well as to achieve higher-order MOF constructs with greater
control over their structures and properties, functional ligands can be incorporated onto the MOF particle surface to facilitate the assembly
process.zo'é’4 Various functional ligands can be introduced via coordination, host-guest interaction, ligand exchange, covalent modification,
etc. For example, the open metal nodes on the MOF surface, also known as the coordinatively unsaturated sites, can be modulated with
capping molecules containing carboxyl, sulfonic acids, phosphates, and other coordination motifs.”*® The exposed ligands can also be func-
tionalized using ligand exchange or covalent modification on reactive motifs, such as -OH, -NH,, and -CH = CH,.7%%7° The surface coordi-
nation approach on metal sites is relatively straightforward and reversible, while ligand exchange and modification is more stable and resis-
tant to degradation. The incorporated surface agents on the functionalized MOF can then be used to guide the assembly of particles to form
more robust extended MOF materials. This enables precise and controllable assembly of MOF particles, allowing for facet, orientation, and
spatial control with a high degree of accuracy.

Thermodynamic view of the assembly process

When MOF particles are assembled, it is a thermodynamic process driven by the Gibbs free energy associated with the formation of different
assembly modes with different energy states. Ideally, the difference in energy between the MOF particles before and after assembly is the
driving force that pulls them together and external energy is required to overcome the energy barriers during the transition between different
assembled states.”"’? It is notable that for hard particle assembly, the particle organization modes are primarily determined by orientational
and positional entropy maximization, with a minor contribution from enthalpy.”® Therefore, in the assembly process of MOF particles with
different crystal habits, the interaction is largely determined by entropy, resulting in the entropically more favorable face-to-face mode of
assembly, which tends to result in particles being stacked closely.””’*"®

Considering this, we conceptually scheme different MOF particle organizations associated with Gibbs free energy states (Figure 5). The
initial state corresponds to the non-assembled state, wherein individual MOF particles are dispersed in solution, leading to a high surface
energy attributed to the extensive exposed surface areas. This state is normally thermodynamically unstable and favors aggregation in the
bulk solution. As a result, after standing for a period of time, the dispersed particles tend to occupy a local minimum state. The state can
be either a metastable state with simple clusters or a kinetically trapped state with relatively disordered MOF particle arrangements.”"’”
For instance, in the ice-template method using freeze-drying, MOF particles only form a quasi-ordered superstructure due to the high me-
chanical stress, resulting in a kinetically trapped state.®®
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Figure 4. An illustration overview of various surface modifications and interactions that occur on pristine and functionalized MOF particles
It also outlines how the facet-controlled assembly is guided by different types of MOF-MOF interactions.

Furthermore, applying an external action that provides enough thermal energy to overcome the thermodynamic barriers, such as adding
surfactants and slowly evaporating, or undergoing annealing followed by a slow cooling process, can guide the assembly of MOF particles in
the metastable or kinetically trapped state to reach a thermodynamic equilibrium state with a global minimum energy. This thermodynamic
equilibrium state leads to compactly organized MOF structures with well-controlled facets and long-range order. These structures are stable
and do not require further energy to maintain their form, even in the presence of external effects.’”’® In the next section, we will review
different methods for generating facet-controlled MOF assemblies.

METHODS TO REALIZE FACET-CONTROLLED ASSEMBLY

Self-assembly of MOF particles can occur in solution or at various interfaces such as gas-liquid, liquid-liquid, and liquid-solid, forming struc-
tures including 1D chains, 2D films, and 3D superlattices.'®**’®’” The formation of organized MOF structures depends on adjusting surface
interactions and environmental factors such as particle shape, capping agents, applied forces, temperature, and other conditions.'”?"**% |n
this section, based upon the types of MOF surface modifications and the ways that particles interact with each other, we have summarized the
reported assembly approaches into three categories: spontaneous assembly, external forces-guided assembly, and surface modification-
induced assembly, highlighting the forces and particle interactions, methods for facet and orientation control, and the unique properties

and potential applications of the resulting MOF materials.

Spontaneous assembly

The most widely used approach is so-called spontaneous assembly, which directly organizes the unmodified MOF particles into high-order
structures via nonspecific interactions, such as van der Waals force, hydrogen bonds, charge attraction, =-7 stacking, etc.

A key interaction for spontaneous assembly is using depletion force to induce MOF assembly, which typically starts by evaporating solvent
molecules or adding large depletion agents. The depletion molecules are more thermodynamically favorable in solution than surrounding the
MOF particles, leading to MOF particles coming together under osmotic pressure to form various assembled structures. (Figure 6A).%7%77
Granick and co-workers demonstrated the facet-controlled ordered assembly of ZIF-8 particles through gradual solvent evaporation.”? In the
case of ZIF-8 particles with a defined rhombic dodecahedron shape, MOF superstructures were formed through the face-to-face attraction of
particles, and the resulting structure was solidified upon the complete removal of solvents (Figure 6B). At high particle concentrations, the
particles connect face-to-face and exhibit (111) crystal planes, resulting in a hexagonal arrangement. At low concentrations, weak particle in-
teractions allow substrate-particle interactions to dominate the assembly, resulting in a (110) plane-exposed structure. The aggregates
formed are all part of a face-centered cubic structure, demonstrating that RD-ZIF-8 prefers face-centered cubic assembly structures.

However, the MOF structure generated by evaporation-induced assembly is not very stable and difficult to scale-up. Adding depletion
agents to induce the depletion process can bring the MOF particles closer together, resulting in a more stable assembled structure. Hu
et al. utilized polyvinylpyrrolidone as a depletion agent to produce facet-controlled MOF assembly. This method allowed for the preparation
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of a single layer of MOF particle assembly with an area of over 10 cm? and the creation of multilayer structures on silicon wafer through
repeated transfer processes.®” Daniel and colleagues used cetrimonium bromide as a cationic surfactant and depletion agent to produce
monodisperse ZIF-8 nanoparticles and self-assembled superstructures through temperature control and solvent evaporation.?’ The addition
of surfactants increased the strength of particle interaction and formed closely packed superlattices. RD-ZIF-8 particles assembled into
compact face-centered cubic stacks with (110) stacking and exposed (111) planes, while TC ZIF-8 particles showed a larger face-to-face stack-
ing area, forming oblique simple cubic structures with (100) plane exposure. Wang and colleagues studied the impact of anisotropy in MOF
particles and found that MOF particles with different morphologies could form surface-to-surface connections through depletion interactions
(Figure 6C).*° The assembly of octahedral UiO-66 exposed (111) plane, and truncated hexagonal bipyramidal MIL-96 exposed (101) plane, as
shown by SEM images (Figure 6C, right).

In addition to solvent evaporation and depletion agents, there are other ways to achieve facet control in MOF assembly. Yamauchi et al.
reported an ice-template method for making 2D MOF superstructures with ordered alignment and assembly without using surfactants or
external fields. The MOF particles were ordered by crystallographic alignment and formed quasi-ordered superstructures. By adjusting
the concentration of precursor particles, monolayer and bilayer MOF superstructures can be obtained.®® 2D MOF structures can also be
assembled with controlled facets and orientations to form multilayered materials.”*° Jiang and colleagues used graphene oxide to assemble
copper-1,4-benzenedicarboxylate (Cu-BDC) nanosheets into a laminated arrangement (Figure 6D).”° The flexible graphene oxide improved
the interlayer interactions and filled the gaps between the rigid MOF nanosheets, resulting in strong and continuous nanosheet membranes
with improved gas separation performance compared to non-GO-doped Cu-BDC membranes.

Spontaneous assembly provides a simple way to obtain facet-controlled macroscopic MOF materials with high MOF ratio and preserved
properties, without adding non-MOF components. However, the assemblies formed by this method have weak interparticle forces, leading to
low stability, and are challenging to make into freestanding materials.

External forces-guided assembly

Another approach to achieving facet-controlled assembly of nanoparticles is through the use of external forces, such as acoustic, electric, and
magnetic fields.””"*"% The external electric field can enhance the interparticle electrostatic interactions between MOF surfaces by promoting
the dipole-dipole interaction. MOF crystals have different charge distributions and dipole effects on different crystal planes, so applying an
electric field can result in more effective facet-controlled connections, leading to the preparation of high-orientation assembly materials
(Figure 7A).

Granick and colleagues proposed design rules for electric field-guided polyhedral crystal chain formation. The dipole attraction between
crystals drives preferred face-to-face attachment, selective attachment between small surfaces can be achieved by controlling surface area
and curvature, and a locked-in chain can be formed even after the removal of the electric field (Figure 7B).”” The electric field-induced assem-
bly of three shapes of ZIF-8 particles was studied. The RD-ZIF-8 particles connected well in the direction of the electric field to form a 1D chain
structure with (110) crystal planes and good alignment under a low-frequency electric field, which remained stable after removing the electric
field. The surface contact projections of particles in the same assembly chain demonstrate the facet and orientation control of the assembly.
Jia Min Chin and colleagues used an electric field to assist the assembly of dispersed MOF particles, leading to the formation of highly aligned
3D structures.®” The application of the external electric field caused MOF particles with different length-to-diameter ratios to be arranged in
an orderly manner along the direction of the electric field and form multilayer and long-range ordered structures (Figure 7C). In the absence of
an electricfield, MOF particles were disordered, but when the electric field was further applied, they arranged again along the direction of the
field. This approach has overcome the long-standing challenge of directional assembly of independent MOF crystals and is applicable not
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Figure 6. Spontaneous assembly of MOF particles

(A) A schematic illustration depicts MOF particles assembled into facet and orientation-controlled structures through face-to-face stacking via solvent
evaporation or the addition of a depletion agent.

(B) Evaporation-induced MOF particle assembly. When assembling MOF particles at high concentrations, the face-to-face interaction between particles is
stronger and results in exposure of the (111) crystal plane in the assembly structure. However, at low concentrations, the interaction between particle faces
and the substrate dominates, leading to exposure of the (110) plane in the assembly structure. Scale bar = 1 um. (Reproduced with permission from ref."?,
Copyright 2012, Wiley-VCH).

(C) The depletion interaction between MOF particles enhances face-to-face stacking and results in exposure of (111) plane in the assembly structure of UiO-66
and (101) plane in the assembly structure of MIL-96. Left SEM image: scale bar = 5 um; Right SEM image: scale bar = 2 um. (Reproduced with permission from
ref.”®, Copyright 2022, The Authors).

(D) GO-induced assembly of Cu-BDC nanosheets. The graphene oxide-doped film has improved flexibility and strength compared to the undoped film. The
uniformity of the assembled film is evident in the cross-section SEM image (right). Scale bar = 1 um. (Reproduced with permission from ref.”, Copyright
2019, American Chemical Society).

only to particles with low L/D ratios but also to particles with high polydispersity, making it an effective strategy for facet-controlled MOF
particle assembly. In addition, the use of a magnetic field has also been reported for successful facet-controlled assembly of MOFs. While
the magnetic field has also shown the capability to induce directional alignment of MOF particles, further improvement is needed to achieve
greater order and control in the assembly process.?’ In addition, other forms of external forces can also serve as potential interventions to
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Figure 7. External force-guided assembly of MOF particles

(A) Schematic illustration of MOF particles being orderly assembled along the direction of the applied force field.

(B) The electric field-induced RD-ZIF-8 assembly. After the electric field was applied, ZIF-8 particles formed one-dimensional chains along the direction of the
electric field, and this structure was retained even after the electric field was removed. (Reproduced with permission from ref.”’, Copyright 2012, American
Chemical Society).

(C) Without the electric field, the MOF particles were disordered (left, scale bar = 10 um), but when the electric field was applied, the MOF particles aligned in the
direction of the electric field (middle, scale bar = 10 um), resulting in a long-range ordered assembly structure (right, scale bar = 60 pm). (Reproduced with
permission from ref.%, Copyright 2021, The Authors).

regulate the assembly process of MOF particles. For instance, acoustic forces have been applied to control the assembly of various particles,
including polystyrene particles, cells, and covalent organic nanotubes.”*®* By leveraging similar material design principles, acoustic-
controlled MOF particle assembly can also be achieved.

Surface modification-induced assembly

The assembly of MOF particles can be hindered by low binding affinity and the resulting materials are often not freestanding. To address
these limitations and enhance the applications of MOFs, it is crucial to modify the exposed functional ligands and unsaturated metal sites
on MOF particles through post-synthetic modification. Adding surface modification units can increase interaction possibilities between par-
ticles, such as covalent bonds, supramolecular interactions, and DNA hybridizations, leading to better programmability and tunability in MOF
assembly (Figure 8A).

There have been several studies investigating the modification and assembly of MOFs using polymers. These polymers can form strong
supramolecular forces through hydrogen bonding or hydrophobic interactions between chains, allowing for crosslinking of MOF particles. In
2018, Huo et al. used polymethyl methacrylate (PMMA) to create a self-assembled capsule structure of ZIF-8, which improved its selective
catalytic properties by encapsulating an enzyme.®” Jeffrey Brinker and colleagues have also explored using phenolic lipids to encapsulate
and functionalize MOF particles. These modifications maintained the structural integrity and porosity of MOFs, making them useful for various
applications, including forming 2D monolayer arrays through evaporation-induced interface assembly.®” Cohen and co-workers published a
study on the self-assembly of a porous monolayer freestanding membrane using PMMA-modified ZIF-8 MOF particles with improved facet
control.'® PMMA can be grafted onto the surface of MOFs through ligand exchange and polymerization after synthesis, allowing for self-as-
sembly through the supramolecular interactions between polymers (Figure 8B). This method improves the content of MOFs in the assembly,
resulting in better utilization of the MOF's properties. The self-assembled monolayer and multilayer structures can be prepared at the liquid-
gas interface with different MOFs, extending this method to a wider range of frameworks.® By adjusting the size of MOFs and the length and
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Figure 8. Surface modification-induced assembly of MOF particles

(A) The assembly of MOF particles is directed by the interactions between the surface-modified ligands.

(B) PMMA can be grafted onto the surface of MOF particles through ligand exchange and polymerization reaction after synthesis. The facet-controlled assembly
of MOF particles can be achieved through the supramolecular interactions between polymers on the liquid-gas interface. Scale bars from left to right: 1 um, 200

nm, 1 um, and 1 um. (Reproduced with permission from ref.'®, Copyright 2019, American Chemical Society, and ref.”*, Copyright 2020, The Royal Society of
Chemistry).

(C) DNA-mediated programmable assembly of MOF particles into different superlattices. UiO-66 can form body-centered cubic stacking mode and PCN-222 can
form hexagonal arrangement mode. Scale bar = 100 nm. (Reproduced with permission from ref.”’, Copyright 2020, The Authors).

(D) Polypeptide-induced MOF particle assembly. The dimeric and trimeric MOF assembly structure can be formed by adjusting the peptides modified on the
MOF surface. Scale bar = 1 um. (Reproduced with permission from ref.?, Copyright 2019, The Royal Society of Chemistry).

hydrophobicity of grafted polymers, the facet orientation of MOFs in the formed membrane can be controlled, leading to membranes with
improved |or0|oerties.W

Assembly of MOF particles can be achieved with high specificity and facet control through the surface-modified biomolecules such
as DNA and peptides.””® This method is based on the precise molecular recognition abilities of these biomolecules, which is a contrast
to the non-specific interaction between polymers. Mirkin and colleagues modified UiO-66 particles with complementary DNA se-
quences and created 3D superlattices through DNA base pairing (Figure 8C). The length of the linker DNA affected the structure of
the assembly. Longer DNA chains resulted in more spherical particles that tended to form a face-centered cubic or hexagonal lattice.
When shorter DNA strands were used, the MOF particles maintained their original morphology and formed a body-centered cubic lat-
tice or quadrilateral lattice.”” Liang and colleagues modified ZIF-8 MOF particles with peptides through ligand exchange and covalent
modification, leading to the specific assembly of MOF particles via helical peptide interactions (Figure 8D). By introducing different
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polypeptide molecules onto MOF, they were able to form assemblies with two or three MOF particles, facilitating cascade reactions
using loaded enzymes.®® Through the post-modification of MOFs, more interaction modes and stronger forces can be introduced dur-
ing assembly, resulting in a more stable structure with better arrangement control. However, excessive modification can weaken the
MOF particle anisotropy and block the accessible voids, so the balance between stability, processability, and orientation is important
for the construction of functional porous materials.

PERSPECTIVE

In this perspective article, we focus on facet-controlled assembly as a promising route for fabricating MOF crystalline powders into large,
orderly, and functional materials. We delve into the key concepts of the MOF assembly process, including the geometry of building blocks,
surface functions, and Gibbs free energy landscape. We have reviewed the three main approaches to realize facet-controlled MOF assembly,
spontaneous assembly, assembly guided by external forces, and assembly induced by surface modification, which are classified based on the
way MOF particles interact with one another.

Despite initial advancements, the development of better synthetic methods and exploration of potential applications for MOF assemblies
remain challenging. One major challenge lies in processing individual nanometer or micrometer-scale MOF particles into centimeter-scale,
highly ordered materials, such as well-aligned MOF filter membranes. These materials can be utilized in various configurations, such as being
supported on substrates, self-supported, or even as freestanding structures. The defining feature of these ordered structures is their well-
organized arrangement, which leads to enhanced properties compared to random aggregation. However, most reported methods that
can achieve high facet and orientation control typically result in ordered MOF arrangements with only a few tens of micrometers in size,
limiting their practical applications, especially in industrial settings. To address this challenge, one potential solution is to explore well-estab-
lished processing procedures used for other materials, such as quantum dots and photonic crystals, and adapt them for fabricating centi-
meter-scale, ordered MOF assemblies.®®®? By drawing insights from these well-established methods, we can pave the way for more practical
applications of MOF materials.

Another challenge in the fabrication of facet-controlled MOF assemblies is finding a balance between crosslinking specificity and the
desired properties of the resulting material. When MOF assembly lacks linker molecules, selectivity and stability may be low due to weak par-
ticle interactions. Using strong and programmable linkers such as DNA or peptides increase specificity and control, but can hinder MOF prop-
erties such as catalytic activity and porosity by blocking pores and covering metal sites. A potential solution is using porous linkers like mo-
lecular cages and crown ethers, which have intrinsic porosity, to facilitate particle assembly through reversible and gentle supramolecular
interactions.” %

Finally, the potential applications of facet-controlled MOF assemblies still need to be fully explored. The precise organization of specific
facets with metal centers in assembled MOF particles can lead to improved efficiency and selectivity in catalysis. Additionally, the precise
control of MOF arrays with uniform open channels can result in the creation of highly selective and efficient membranes with improved
mass transfer rates, which can have a wide range of applications, including water purification, biochemical separation, and batteries.

In conclusion, the possibilities of facet-controlled MOF assembly are vast and varied. With the progress in surface modification techniques,
the surface properties and interactions of MOF particles can be controlled, resulting in the creation of diverse materials from MOF particles
with different sizes, shapes, and properties. These advanced materials have the potential for enhanced adsorption, separation, and catalysis
and can be used in fields such as sensing, bioimaging, and biomedical applications.
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