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Abstract

The aim of the present PhD Thesis has been the exploration of Metal-Organic
Frameworks (MOFs) as a potential source of polyhedral for the assembly of a new generation
of materials. The discovery of thousands of MOFs over the past 25 years has created a huge
pool of highly porous, crystalline particles that encompass most known polyhedral shapes. The
research presented in this Thesis hopes to dip in this pool, opening up new avenues to
synthesize new porous self-assembled materials with original structures that will give access

to new photonic properties

The Thesis is organized into two parts. Chapter 1 constitutes the first part where the
reader will find an introduction of the self-assembly field, with a brief description of the
different interactions that are involved in self-assembly processes, and of different self-
assembled systems and synthetic strategies. This Chapter continues with a brief introduction to
MOFs, from an historical perspective to their representative applications. We have also pay
attention on the few examples in which MOF particles have already been used to generate self-

assembled superstructures.

The second part of this Thesis contains a description of the general and specific
objectives. Then, in Chapter 3, we will briefly describe and discuss the different results
obtained during this Thesis. The detailed results will be found in the three publications

reproduced in Chapters 5, 6 and Appendix.

The publication in Chapter 5 focuses on the use of the polyhedral shape of MOF
particles to direct the assembly of colloidal clusters through colloidal fusion. Thanks to the
geometry of colloidal MOF particles, colloidal clusters with well-defined geometries can be
prepared by controlling the attachment of a single polystyrene particle on each face of the
polyhedral MOF particle. Following this approach, we show the synthesis of six-coordinated
(6-¢) octahedral, 8-c cubic, and 12-c cuboctahedral clusters using cubic ZIF-8, octahedral UiO-

66, and rhombic dodecahedral ZIF-8 core particles, respectively.

The second publication in Chapter 6 is related to a new template-free method to self-
assemble (111)-, (100)-, and (110)-oriented face-centered cubic supercrystals of the ZIF-8
particles by adjusting the amount of surfactant. This publication explains how the orientation

of self-assembly of ZIF-8 can be controlled by adjusting the nature and the amount of surfactant.
iii



We also describe that the photonic property of these supercrystals depends on their growth

orientation.

The last study found in Appendix presents the assembly of supraparticles using
polyhedral MOF particles, which expands the type of self-assemblies made of colloidal MOF
particles. This study includes the confinement synthesis of supraparticles of four types of
polyhedral MOF particles: cubic, truncated rhombic dodecahedral, and rhombic dodecahedral
ZIF-8 particles as well as octahedral UiO-66 particles. We also study the relationship between
the ordered structure of the different supraparticles and their structural coloration.



Resumen

La presente Tesis Doctoral ha tenido como objetivo investigar el potencial de los Metal-
Organic Frameworks (MOFs) como fuente de part tulas poliélricas para ser ensambladas y
dar lugar a una nueva generacicn de materiales auto-ensamblados. Desde su descubrimiento
hace unos 25 afrps, el descubrimiento de miles de MOFs ha generado un amplio catdogo de
part Tulas cristalinas altamente porosas que engloban la mayor & de las formas poliélricas. La
investigacicn presentada en esta Tesis tiene como prop&ito aprovechar este amplio catdogo
de parttulas poliéiricas para fabricar nuevos materiales auto-ensamblados porosos con

estructuras originales y que presenten nuevas propiedades fotnicas.

La Tesis se estructura en dos partes. El Cap fulo 1 compone la primera parte, en la cual
el lector encontrarauna introduccicn al campo del auto-ensamblado, con una breve descripcin
de las interacciones involucradas, los diferentes tipos de auto-ensamblado y las diferentes
estrategias sintéicas. El cap iulo continua con una breve introduccicn a los MOFs desde sus
or menes hasta sus aplicaciones potenciales. En esta seccidn, se ha hecho especial énfasis en los
pocos ejemplos de la literatura en los cuales part tulas de MOFs han sido usadas para generar

estructuras auto-ensambladas.

La segunda parte de la Tesis se inicia con el Cap fulo 2, donde se definen los objetivos
generales y espec Ficos. A continuacidn, en el Cap fulo 3, se describen de una manera concisa
los diferentes resultados obtenidos durante esta Tesis. Los resultados detallados se podrén
encontrar en las tres publicaciones reproducidas en los Cap fulos 5, 6 y Apéadice.

La publicacién del Cap fulo 5 describe el uso de la forma poliédrica de las part Culas de
MOF para dirigir el ensamblaje de clUsteres coloidales a través de la fusicn coloidal. Se ha
estudiado como, gracias a esta forma poli€drica, se pueden construir clUsteres con diferentes
geometr ®s controlando la interaccié de una sola part Tula esfé&ica de poliestireno en cada una
de caras de los poliedros de MOF. Con esta estrategia, se han podido obtener cl(steres
octa€édricos hexacoordinados (6-c), ctbicos (8-c) y cuboctaélricos (12-c) a partir de part Tulas
de ZIF-8 ctbicas, de UiO-66 octaelricas y de ZIF-8 rombododecaé&lricas.

En la segunda publicacid, incluida en el Capiulo 6, se describe una nueva
metodolog & ”’sin uso de plantilla” para el auto ensamblado orientado en las direcciones (111)-,

(100)-, and (110) de supercristales de part tulas de ZIF-8, con simetr & ctbica centrada en las
v



caras. Esta publicacicn explica como sdo ajustando la naturaleza y la cantidad de surfactante
se puede controlar la orientacicn del auto-ensamblado de partTulas de ZIF-8. También se

describe la correlacicn entre las propiedades fotGnicas y la orientacién del supercristal.

La dtima estudio, reproducida en el Apéndice, se ha centrado en el ensamblado de
suprapart tulas esfé&icas usando las part tulas poliéiricas de MOF, expandiendo as 1los tipos
de auto-ensamblados de este tipo de parttulas. Esta publicacidn incluye el ensamblaje en
esfera confinada de cuatro tipos de parttulas de MOF: parttulas de ZIF-8 cubicas,
rombododecaélricas truncadas y rombododecaédricas, y parttulas de UiO-66 octaélricas.
También se ha estudiado la relacicn entre la estructura ordenada de las diferentes

suprapart culas y su coloracidn estructural.
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Chapter 1

Introduction to Self-Assembly of
Colloidal Particles and Metal-Organic
Frameworks






1. Self-Assembly of Colloidal Particles

1.1. Introduction to Self-Assembly of Colloidal Particles

Self-assembly is the process in which a system’s components organize into ordered
functional structures or patterns as a consequence of specific, local interactions among the
components themselves, without external direction. Self-assembly is a ubiquitous process in
nature. For example, Tobacco mosaic virus (TMV) composed of 2130 identical protein
subunits, which assemble around the viral sSRNA to form a helical structure with a hollow
central cavity of 4 nm diameter, is a perfect illustration that many natural structures find their
origin in self-assembly processes.! In 1990s, the understanding of self-assembly processes
attracted an increased interest among chemists. Inspired by these natural and spontaneous
processes, researchers aimed on using non-covalent interactions of different nature to form
stable, structurally well-defined aggregates under equilibrium conditions.? Typical examples
of molecular self-assembly include the formation of molecular crystals,® phase-separated
polymers,* macromolecular assembly in lipid bilayers,®> protein aggregates,®’ and protein

folding,® as well as the pairing of nucleotide **° in DNA nanotechnology.

Based on the self-assembly concept, the 90’s represented the advent of colloidal self-
assembly. Derived from the Greek word kolla (which means glue), the term colloid was first
introduced by Thomas Graham in 1861 to describe Francesco Selmi’s “pseudosolutions”.!t
According to Thomas Graham, colloidal systems show slow diffusion rates and no sediments
under normal gravity. Colloids can be found everywhere, both in nature and in our daily life;
such as in clouds, clay deposits, toothpaste, milk, inks, paints, and even blood. A colloidal
suspension can be defined as a mixture of small particles, droplets or bubbles ranging in size
from 1 nm to 1 pm, which are dispersed in a continuous medium that can be solid, liquid or
gas. The first studies of colloids can be located in 1827, when the British botanist Brown
studied a suspension of pollen grains in water. He observed that minute particles suspended in
a liquid experience a permanent motion. In this liquid, each particle equally moved in any
direction. This motion, which was termed as ‘Brownian motion’, appeared due to the irregular
collision of colloidal particles with the molecules of the surrounding fluid.*? In 1905, Albert
Einstein and William Sutherland explained the Brownian motion with a quantitative theory.
They stated that the Brownian motion of colloidal particles is caused by continuous collisions

between solvent molecules with fast-moving. In this motion, two particles move independently

3



even when they are close to each other within a distance less than their diameter. At higher
temperatures, this motion is more active. However, a colloidal suspension is not inherently
stable. The particles interact, exerting forces on one another that arise from a variety of physical
mechanisms, including van der Waals interactions, steric repulsions, electrostatics,
magnetostatics, depletion attractions, hydrodynamic flows, and capillary forces. Thanks to
these interactions, colloidal particles can self-assemble into well-ordered and functional

superstructures.t3

Today, self-assembly of colloidal particles provides infinite possibilities for
constructing functional materials such as photonic crystals, chemical or biochemical sensors,
optical devices, and drug delivery systems. In this introduction, the assembly forces as well as
most typical self-assembly methodologies used to create those colloidal superstructures will be
introduced. Then, | will cover representative examples of colloidal superstructures, starting
from those made of traditional spherical particles. We will also show how polyhedral particles
have recently been introduced and are opening new directions in the self-assembly of
superstructures field. In this sense, metal-organic frameworks (MOFs) have recently been
shown as a promising and rich type of porous polyhedral particles to be used on the self-

assembly new architectures.
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Figure 1. Schematic illustration of some of the typical interactions involved in the self-assembly of colloidal

particles. Adapted from ref. 16.



1.2 Assembly Forces

Various forces can play a leading role in the self-assembly of colloidal particles. In
general, the forces involved in the assembly of colloidal systems include van der Waals forces,
electrostatic effects, steric repulsion, molecular dipole interactions, depletion attraction,

capillary and gravitation forces (Figure 1).14-
1. van der Waals forces

van der Waals interactions, prevalent in non-covalent interaction between molecules,
are fundamental in colloidal systems. They are mainly attractive forces arising from
interactions between the partial electric charges. There are three types of van der Waals
interactions: the dipole-dipole interaction (Keesom); the Debye interaction between induced
dipole and dipole; and the London dispersion forces between two induced dipoles.'® The
relative strength of these interactions is: Keesom forces > Debye forces > London dispersion
forces. According to the Hamaker integral approximation,*® the simplest approach to estimate
the van der Waals interaction between two spheres is a pairwise summation of this interaction

of atom pairs located within two bodies, which can be presented by the equation :

<A B L (e

3[d2—(Ri+R)? " d?2—(Ri—R»)? 2 \d?— (R —R,)?
where A is the Hamaker coefficient that depends on the properties of the particles, Ry and R
are the radii of two spheres, and d is the distance between two spheres. Thus, in the self-
assembly of monodispersed spherical nanoparticles driven by van der Waals interaction (where
the van der Waals interaction acts as a primary attractive component and commonly eliminates
electrostatic and steric repulsion), forces normally generate densely packed structures; for
instance, hexagonal arrays in two dimensions and hexagonal close-packed or dense fcc crystal
in three dimensions.?’ However, as the Hamaker constant can be affected by multibody effects,
retardation and the presence of anisotropic dipolar forces, a real estimation of van de Waals
interactions in colloidal polydisperse samples or anisotropic particles is very difficult. For
example, in non-spherical nanoparticles, isotropic van der Waals attraction should be balanced
with other anisotropic dipolar forces.?! For example, nanorod particles prefer to pack densely
in a side-by-side configuration rather than an end-to-end arrangement because of the stronger
van der Waals between the contact faces.?

2. Electrostatic effects



Similarly, electrostatic interaction plays an indispensable role in the self-assembly
processes. Electrostatic forces are either attractive or repulsive depending if the particles have
the same or opposite charged particles. When particles with an identical surface charge
approach each other, resulting in an overlap of electrical double layer surrounding the particles,
they will be repulsed. On the contrary, oppositely charged particles will be attracted.?2°
Together with van der Waals interactions, electrostatic repulsions are the major forces that
govern the stability of a colloidal dispersion. Both interactions are additive, i.e. Wiota = Wea +
W.aw according to Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory. From one side,
attractive vdW interactions tend to induce aggregation of colloidal particles, whereas the
repulsive forces between particles prevent colloidal particles against aggregation or
coagulation.’® In this respect, Grzybowski et al. reported that the random aggregation of
nanoplates caused by the strong van der Waals forces can be prevented adding a positively
charged surfactant, which lead to their self-assembly nanoplates into ordered mono- and
multilayered superlattices induced by solvent evaporation.?® On the other side, the electrostatic
attraction among oppositely charged colloidal particles is important to self-assemble binary
colloidal particles into nanoclusters, superlattices or supercrystals.” Today, it is known that
electrostatic interactions can be easily tuned through an external chemical factor (such as pH,

size or valence) as well as different solvents and concentrations.'®
3. Steric repulsion

Steric repulsion usually occurs between two colloidal particles coated with polymers or
molecules. For instance, if the tails of the long chain molecules are compatible with the
continuous phase of the colloid dispersion, they repel one another and cause a repulsion
between the particles. This repulsion is due to two effects: an osmotic effect caused by the high
concentration of chains in the region of overlap; and a volume restriction effect due to the loss
of possible conformations in between the two particles. The effectiveness of the repulsion
depends on the length and structure of the chains, the adsorption energy, and the properties of
the carrier. Steric repulsive forces can help particles to counteract attractive forces inherently
and to maintain colloidal stability.?” For example, the introduction of unsaturated long-chain
polymers or tethering end-functionalized polymers enhances an steric stabilization and can

promote crystallization of the particles.?®

4. Molecular surface interactions



Molecular surface force is an interaction that originates from decorating the surface of
nanoscale components with various chemical functions that promote short-range attraction
interaction, such as covalent bonds, dipolar interaction, hydrogen bonds, and so on. The
specific molecular interactions that functionalize nanoparticles lead to significant and often
specific interparticle potentials between themselves, leading to their organization into a variety
of ordered structures. The magnitude of these surface forces is approximately equal to the
number of single bonds formed multiplied by the effective bond strength of the molecular
interactions. Thus, the multivalent interactions consisting of several molecular groups can be
very strong between suitably functionalized surfaces. There are three different molecular forces
that are widely used in the self-assembly of colloidal particles: the hydrogen bonding, the DNA

base-pair interaction and the molecular dipole interaction.?®

Hydrogen bonding is intrinsically electrostatic, in which a proton mediates the
attraction of two electronegative atoms. It can orient the adjacent molecules, meaning that it is
directional and attractive. The density of the surface functional groups (e.g., -OH, -COOH, -
NH:) can usually determine the strength of this interaction. Besides, self-assembly of colloidal
particles with hydrogen bonding can be regulated in response to pH values. For example, the
carboxylic acid functionalized gold nanorods can be reversibly assembled and disassembled
for many cycles by tuning the pH value of the colloidal solution, as the carboxylic acid groups

can form hydrogen bonds but the deprotonated acid cannot form them bonds at high pHs.*°

DNA base-pair interaction is a special type of hydrogen bonding, which is based on
DNA strands binding selectively and strongly with their complementary strands. In addition,
the magnitude of this interaction can be modulated by adjusting temperatures below and above
the melting temperature. The Mirkin’s group first reported the self-assembly of gold
nanoparticles coated with DNA strands into macroscopic materials based on the
complementary DNA linker.3! After that, DNA-based self-assembly has attracted close
attention in many aspects and has enabled the formation of complex materials, such as

hydrogels, crystal materials, conductive polymer materials, and biomedical materials.3233

Molecular dipole interaction is very similar to the interaction between magnetic
particles. Hence, a molecule with a permanent electric dipole moment interacts with each other
through dipole-dipole interactions. A particular example was realized with gold nanoparticles
functionalized with azobenzene-terminated thiols and dodecylamine.®* The configuration (cis
or trans) of the azobenzene group can be transformed using UV light. Therefore, when this



group is in its cis isomer form, it has an electric dipole moment and therefore, the molecular

dipole interactions between the nanoparticles can be switched on.
5. Depletion attraction

The depletion force is an “indirect” attractive force between particles that occurs in
colloidal suspensions with more than one species suspended in the continuous phase. The
depletion force results from interactions between colloidal particles and so-called depletants,
small sized non-absorbing solutes dispersed in a continuous phase and excluded from the
volume between the large particles. Asakura and Oosawa firstly demonstrated a model to
explain the large hard spheres and small spheres (called depletants) in a dispersion.®® The origin
of the phenomenon is this excluded volume that the large disperse phase particles constitute
for the depletants due to the repulsion between particles and depletants. So, when the large
spheres approach each other, the depletion zones overlap and the depletant cannot enter the gap
between spheres. The osmotic pressure of the depletants get unbalanced. The depletants push
the particles together because of this unbalanced osmotic pressure. At the same time, the
volume available for depletants increases when the depletion zones overlap. The total free
energy of the overall system is decreasing because the increment of translational freedom is
higher than the loss in entropy from the aggregation of larger spheres. Second parameters, such
as the depletant concentration, temperature and the relative size between larger and smaller
spheres, leads to changes in the magnitude of the depletion attraction.®®3" To date, the depletion
attraction has driven the self-assembly of colloidal particles with low curvatures, such as
nanocubes and nanorods.3-4% Additionally, the depletion attraction is also different in smooth

or rough particles, with the smooth particles showing preferred depletion attraction.*!
6. Capillary force

Capillary forces are interactions between particles mediated by fluid interfaces. When
the suspending liquid enter in contact with a non-miscible mobile phase, it tends to minimize
its total surface by appropriately deforming the liquid surface between the solid particles. There
are two kinds of capillary forces: the flotation capillary force, and the immersion force.?#
Both of them are governed by the surface tension of the liquid medium, wettability of the
particle surface and the particle size. When the particles float at the liquid interface, the
deformation can happen in the liquid surface due to gravitational and buoyant force. Then, the
liquid surface tension tends to minimize the interface space, thus leading to an effective

interaction between the particles. The resulting interaction is called flotation capillary force. If
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the particles are located on a solid interface in a liquid film with the thickness less than the
particles size, the deformation of the liquid surface is still present. This interaction is called
immersion capillary force. This kind of force can be used to produce more complicated ordered
assemblies by controlling the solvent evaporation.

7. Gravitation force and Brownian motion

A particle with a size of the colloidal scale (between 1 nm and about 1 um) undergoes
Brownian motion, which is defined as the random motion of particles suspended in a medium.
Discovered in 1827 by the British biologist Robert Brown, Brownian motion consists
(according to Langevin description) as the combination of essentially two forces acting on a
single colloid: the thermal forces induced through collisions with the solvent molecules, and
the friction force originated by the solvent viscosity, which damps the particle motion. For
colloidal particles, Brownian motion dominates over sedimentation. However, when the
colloidal particles have large sizes and high density, gravitational forces can take a predominant

role resulting in the particle sedimentation. 43,4445

1.3 Typical Self-Assembly Methods

There are several techniques that can be used for the self-assembly of colloidal particles
into 2D and 3D superstructures. Below, some of the most typical methods are briefly

introduced.
1. Evaporation-induced methods

Surface evaporation-induced self-assembly is the most basic way to self-assemble
colloidal particles into ordered superstructures. The technique involves depositing a colloidal
suspension on a substrate, followed by allowing the film to evaporate. The key of the process
is the formation of the thin film at the liquid meniscus region that creates strong capillary force.
Then, temperature, humidity and pressure of colloidal solution play a crucial role during the
evaporation process.*® Nagayama et al. reported a simple way (drop-casting) to study the
formation 2D periodic arrays of latex particles.*”¢ They proposed a two-stage mechanism.
First, attractive capillary forces appearing between particles partially immersed in a liquid layer
induced the nucleus formation. Then, crystal growth occurred through convective particle flux
caused by the water evaporation from the already ordered array. However, the evaporation of

drops of colloidal suspensions and solutions of non-volatile species are not always homogenous
9



and leave behind ring-like solid residues along the contact line. This coffee-stain effect, named
for the characteristic deposit along the perimeter of a spill of coffee, influence negatively the
formation of large areas of ordered monolayers. In this case, the use of surfactant or polymer
even using anisotropically shaped particles can avoid this effect.*>! Different methods have
been explored to make convective assembly sufficiently most robust and reliable. For instance,
Nagayama and coworkers introduced an alternative strategy based on vertical deposition to
improve the long range order of self-assembled monolayers.>? In this case, the direction of
substrate movement is opposite to the direction of particle growth front in order to induce the
convective assembly. The deposition can be tuned controlling the removing of the substrate
slowly. The density and homogeneity of particle films can be also improved by confining the
liquid in a Blade-coating-geometry. In this method, the reservoir is held between a substrate
and a blade which is moved by a motor against the substrate (Figure 2a).>*->> The homogeneous
monolayer growth relies on the combination of the blade velocity, evaporation rate and

concentration of suspension.
2. Spin-coating method

Spin-coating is a thin film production technique that is very common for semiconductor
fabrication. It is also a common method for the production of highly uniform colloidal crystal
thin films. This technique involves depositing a colloidal dispersion onto an optically flat
substrate, which is then rotated at high-speed (1000—10000 rpm). In this method, several
factors dominate the quality and thickness of ordered superstructures, including the rotation
and acceleration rates, the particle size, size distribution, dispersant volatility, viscosity and
wettability, and the particle concentration (Figure 2c¢). Moreover, this method can also be
combined with other techniques to construct ordered superstructures. For example, Mukherjee
and coworkers recently studied the conditions under which perfect colloidal arrays of a variety

of particles (PS or PMMA) can form on flat as well as patterned surfaces.>®
3. External forces-induced methods

External forces such as electric or magnetic fields proved to be powerful tools for the
assembly of colloidal particles into ordered structures. However, methods based on these forces
require to work with particles that respond to these stimuli. In the case of electric field, the
motion of colloidal particles in suspension can be modulated applying constant or alternative
voltages. This electric field can regulate the sedimentation velocity or generate lateral attraction
of particles to lead to 2D or 3D periodic arrays. For example, Kumacheva et al. reported the
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electrodeposition of monodispersed charged colloidal spheres onto a substrate patterned
with an array of electroconductive grooves.®’ Other parameters such as voltage, time and
particles mobility can also be used to manipulate the growth speed of assemblies. For example,
Schope and coworkers found that colloidal monolayers could be better arranged via convective
assembly if particles were exposed to an electric field with a vertical position. For the use of
magnetic fileds, magnetic interactions between magnetic particles are required. In general,
substrates are placed between two permanent magnets that generate a magnetic field in parallel
or vertical positions.®® Magnetic particles can be assembled into an orderly manner according
to the magnetic field after evaporating the remaining solvent. In this case, the majority of the
self-assembly studies concern ferromagnetic or superparamagnetic particles. As an example,
Yin and co-workers reported how magnetic fields can guide the assembly of superparamagnetic
colloidal FesO4-based particles into periodically arranged arrays, and how the photonic
properties of the resulting superstructures can be reversibly tuned by manipulating the external

magnetic field.>®
4. Template-assisted methods

Surfaces patterned with two-dimensional arrays can also be used as templates to direct
the self-assembly of colloids. These methods consist on confining the colloidal dispersion
between two glass substrates. The templates are typically patterned using lithography
techniques. By changing the morphology and dimensions of these templates, multiple colloidal
particles have been ordered into different structures, clusters, chains, etc.>® Template-assisted
self-assembly can also be used in combination with other techniques (e.g. spin-coating,

evaporation-induced methods) to expand the type of superstructures.>®63
5. Interface-induced methods

Langmuir-Blodgett process is the most studied interface-induced method. As its origin,
it was used for the assembly and orientational control of molecular monolayers. The Langmuir-
Blodgett process consists on the deposition of amphiphilic compounds at the air-water interface
followed by the controlled compression of the generated molecular monolayers to induce
ordering and orientation.%* Then, a previously immersed substrate is vertically and slowly
drawn from solution. The molecules adheres to it leaving a surface that is hydrophobic. In the
case of colloidal particles, the process is very similar. A suspension of spherical particles in a
solution made of surfactant and water non-miscible solvent mixtures is usually spread onto the

water subphase. Then, the solvent is left to evaporate. Finally, the controlled compression of
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the layer leads to the formation of ordered superstructures that are easily transferred onto
different type of substrates, such as glass or Si-wafer (Figure 2b). Using the Langmuir-Blodgett
method, for example, Schoonheydt et al. produced 2D opal films by depositing a suspension
of ammonium-modified SiO> spheres dispersed in a chloroform/ethanol/sodium dodecylsulfate
(SDS) mixture on water subphase.®® One of problems of the Langmuir-Blodgett method is,
however, that it is time consuming and requires special equipment. For this reason, alternative
interface-induced methods have also been explored to get long range films without the need of
any special equipment. For example, Vogel’s group presented a method to produce high quality
colloidal monolayers based on direct assembly.%® In this method, the particles dispersion is
added to the air-water interface via a glass slide tilted with an angle of approximately 45°. The
spread dispersion form patches of colloidal monolayers that remained afloat at the interface.
The monolayer patches continue to grow in size upon further addition of colloids until the
complete interface is covered with a monolayer. Finally, the monolayer is collected immersing
a substrate into the water phase and elevating it at a low angle.

o—0—0—0—0—0— [Mooooaooooooood|
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Figure 2. Schematic illustrations of representative self-assembly methods: (a) evaporation-induced methods
for convective particle assembly; (b) Langmuir-Blodgett deposition process; and (c) spin-coating. Adapted
from ref. 54 and 64.

1.4. Self-Assembly of Colloidal Particles into 2D and 3D

Superstructures

Today, the range of colloidal particles that can be self-assembled into ordered
superstructures is very vast. Indeed, there are many materials that have been used as colloidal

particles, including clays, polymers, porous materials, metals, minerals and semiconductors.®®
12



In all these materials, the particles shape is a key factor that direct the final self-assembled
superstructures.t”% In this section, some representative studies that use different shapes of

colloidal particles to assemble different superstructures will be introduced.
1.4.1 Self-Assembly Symmetries

The majority of colloidal systems show either a face center cubic (fcc) structure, a
hexagonal close packed (hcp) structure or a body centered cubic (bcc) structure. Fcc and hcp
are considered as close-packed structures because particles cannot be packed any tighter, and
each particle touches its neighbor in any direction. In a non-close-packed structures, such as
for example bcc, the distance between atoms or planes is bigger. The fcc structure consists of
a particle located at each cube corner and a particle in the center of each cube face. In a bcc
structure, a particle exists at each cube corner and one particle is at the center of the cube. In
this case, there are no close-packed planes, but only close-packed directions. Finally, in a hcp
structure, a close-packed plane at the bottom and top of the unit cell is separated by three
particles in the cell center, which are also part of a close-packed plane (Figure 3).5°

hcp packing  fcc packing bcc packing

Figure 3. Schematic illustration of the most common structures found in colloidal superstructures. Adapted

from ref. 69.

1.4.2 Spherical Particles

In the past decades, self-assembly of colloidal spheres has been regarded as a powerful
and effective route to fabricate multidimensional superstructures for myriad applications.*37%
74 Sphere serves as the simplest geometrical shape, as it has the lowest surface potential energy
and the smallest surface area compared to other shapes. Representative colloidal materials in
the form of spherical particles are silica colloids, polystyrene spheres and poly(methyl
methacrylate) (PMMA) microspheres. These spherical particles are perfect building blocks to

fabricate closed-pack fcc and hcp structures and open-packed superstructures. For example,

13



silica spheres with a size large than 0.5 pm self-assembled into a 3D hexagonal hcp closed-
packed lattice through slowly sedimentation process in cyclohexane.”® Takeda and coworkers
also reported the formation of highly ordered colloidal crystals by growing two sizes of
polystyrene spheres (240 nm and 466 nm) into ordered packing on a glass slide using a

fluorinated solvent (Figure 4a).”
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Figure 4. (a) Schematic illustration and SEM images of the formation of highly ordered 3D colloidal
polystyrene crystal films. (b) Schematic illustration and SEM images of the formation of colloidal photonic

crystals made of latex particles, and their UV—vis reflection spectra. Adapted from ref. 76 and 79.

Another important feature of colloidal particles is that their length scale is comparable
to the wavelength of visible light. This makes colloidal self-assembly especially attractive for
engineering photonic crystals.””"® For instance, Song’s group reported the self-assembly of
spherical latex particles into centimeter-scale 3D photonic crystals with a reduced void fraction
on low-adhesive superhydrophobic substrates (Figure 4b).”® The resulting photonic crystals
showed narrow stopbands due to the absence of cracks and void fraction. Also, Cho et al.
prepared crack-free 3D colloidal silica photonic crystals using a PDMS stamp.?’ These
photonic crystals assembled on curved substrates with various relief patterns via the life-up
method. Ozin’s group achieved a very high quality colloidal crystal film using isothermal
heating evaporation-induced self-assembly procedure, which had a high degree of structural
perfection and optical properties.

Beyond colloidal crystals made of one type of particles, more complex structures can
be designed and fabricated. For example, Jonas’s group reported two cases of binary colloidal
crystals. Using vertical lifting deposition, these authors transferred a three-component mixture
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with colloidal particles of different materials (polystyrene, poly(methylmethacrylate) and silica)
in suspension yielding multilayered trimodal colloid crystals. Then, they created inverse opals
obtained by pyrolysis.®2 The same group also reported the formation of binary colloidal crystals
by tuning the size and concentration of polystyrene and silica particles (Figure 5a).%® Very
recently, in 2020, Sacanna et al. made a step forward on controlling of the assembly of spherical
colloids.®4 They could create ionic colloidal crystals isostructural to cesium chloride, sodium
chloride, aluminum dibromide and K4Ceo by combining different ratios of particles having a
different size and nature and using different polymers to control the Columbic forces between
particles. Compared to other methods, this approach does not require a previous encoding or
engineering of particles to be used as model colloidal ions and primed for crystallization
(Figure 5b).
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Figure 5. (a) SEM images of the binary colloidal crystals made of polystyrene and silica particles with
different lattice geometry. (b) Schematic illustration and SEM images of the different structure of a series of
ionic colloidal crystals. Adapted from ref. 83 and 84.
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1.4.3 Polyhedral Particles

Well-defined facets and high shape symmetries are the distinct features of polyhedral
particles. In order to maximize entropy, polyhedral particles tend to self-assemble and align
with each other along their adjacent planes. In this context, Glotzer et al. reported 145 convex
polyhedra whose assembly arises solely from their anisotropic shape through Monte Carlo
simulation. In this study, four types of organizations were investigated, including liquid crystals,
plastic crystals, crystals and disordered phases, to help design more complex materials and
understand the packing rules of polyhedral particles.®® In this section, multidimensional
superstructures built with polyhedral particles will be presented in brief. Compared to spherical
colloidal particles, the large majority of the self-assembled superstructures composed of

polyhedral particles are made with particles which a size is lower than 100 nm.

143.1 Cubes

Colloidal nanocubes are represented as a regular shape with six <100> facets.®
Typically, nanocube particles prefer to attach face-to-face each other via their <100> facets
and form a square type conformation. Many examples of ordered arrays with simple cubic
arrangement have been reported.®”-1%2 For example, Wang et al. reported the self-assembly of
cetrimonium bromide (CTAB)-coated 20 nm Pd nanocubes into well-defined simple cubic
supercrystals by slow evaporation of a particle dispersion (Figure 6a).:°* The simple cubic
arrangements could also be expanded to other arrangements, such as fcc, bcc, bet (body-
centered tetragonal), controlling the system condition or particles modification.100:103-108 For
instance, Gang and Kumar et al. revealed that 20 nm Au nanocubes with grafted DNA shells
self-assembled into body-centered tetragonal and body-centered cubic arrangements (Figure
6b).1% Also, Fang and coworkers reported that 20 nm Pt nanocubes can self-assemble into
simple-cubic and body-centered tetragonal ordered superstructures via choosing different
carrier solvents (hexane and toluene). The authors attributed the different self-assembly to the

ligand-solvent interactions.'%
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Figure 6. (a) SEM images of simple cubic structures

assembled from CTAB-coated Pd nanocubes. (b) SEM

images and model explanation of the body-centered tetragonal and body-centered cubic arrangements
formed by DNA-grafted Au nanocrystals. Adapted from ref. 101 and 108.
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1.4.3.2 Octahedra and truncated octahedra

Figure 7. (a) SEM images and the corresponding diagrams of Minkowski superlattice assembled by
octahedral Ag particles. (b) SEM images of hexagonal close-packed 2D superlattice, open hexagonal
superlattice and square superlattice assembled by tailoring the surface chemistries of octahedral Ag particles.
Adapted from ref. 102 and 123.

Octahedron is a Platonic solid that contains 8 triangular faces, 6 vertices and 12 sharp
edges. The surface of an octahedron is terminated with eight facets of <111> direction and
twelve edges with <100> direction. According to theoretical simulations, the densest packing
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for hard octahedral particles is the Minkowski lattice.*1%!! In this time, Yang and coworkers
reported that monodisperse polyvinylpyrrolidone (PVP)-coated Ag octahedral particles self-
assemble forming a Minkowski dense packing lattice. In this configuration, each octahedral
Ag particle is surrounded by six other particles in an incomplete facet-to-facet contact to form
dense packing layers (Figure 7a).1%2 In addition to this dense packing, small octahedral particles
can also assemble in a non-close-packed body-centered cubic (bcc) phase.*22 For example,
self-assembly of PtsNi nanoparticles into a bcc packing structure through drop-casting and
solvent evaporation was achieved by Fang and Smilgies. In this bcc superstructure, octahedral
particles shared their vertices leading to a low packing density assembly.** Moreover, as the
superstructures assembly from octahedral particles can present more than one arrangement,
multilayer structures can also be formed.*®>122 |n Ling’s work, it has been revealed that
tuning the surface wettability of octahedral Ag particles can generate three different 2D
plasmonic superlattices, including the hexagonal close-packed superlattices; an open
hexagonal array via edge-to-edge contact; and a different square superlattice that only the

vertices of particles contacting the substrate (Figure 7b).1?®

1.4.3.3 Tetrahedra

The tetrahedron is a Platonic solid with triangular faces. It has 4 triangular faces, 6
straight edges and 4 vertex corners. To date, only few studies have been published on the self-
assembly of tetrahedral particles.’®**® For example, using thermodynamic computer
simulations, Glotzer’s group revealed that hard tetrahedra undergo a first-order phase transition
to a 12-fold symmetry dodecagonal quasicrystal. Applying infinite pressure, their self-
assembly reaches a packing fraction of 0.8324.1%° From the experimental point of view,
Talapin’s group reported the self-assembly of tetrahedral nanocrystals into an open-structure,
which had never been achieved by theoretical simulation (Figure 8a).1% In this structure, the
spatial proximity of vertices may benefit from the strong ligand-ligand interaction potential on
the crystal surface curvature, forming the vertex-to-vertex contact structure. Other two studies
are from Chen’s group, who used truncated tetrahedral quantum dot nanocrystals as building
particles (Figure 80).12%1%° These authors demonstrated that three distinct superstructures (1D
chiral tetrahelices, 2D quasicrystal-approximant superlattices and 3D cluster-based bcc single
supercrystals) can be obtained. They also showed the formation of 10-fold quasicrystalline

superlattices assembled from truncated tetrahedral quantum dots with anisotropic patchiness.
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Figure 8. (a) TEM images and model of three projections of the open-structures achieved by Talapin’s group.
(b) Schematic representation and TEM images of the 10-fold quasicrystalline and hexagonal superlattices

stacking from truncated tetrahedral quantum dots. Adapted from ref. 128 and 130.

1.4.3.4  Other shapes

In addition to the most common polyhedral shapes mentioned above, there are other
polyhedral shapes particles that can form ordered superstructures. For example, rhombic
dodecahedral (RD) nanoparticles can be spontaneously and closely packed into well-defined

multilayers of fcc or plastic fcc structures. ™!

Moreover, other more peculiar polyhedral particles including trisoctahedra,*
icosidodecahedra,’®® rectangular nanoblocks,***1%? (hexagonal) bipyramids,*>!44 and
hexagonal bifrustums'*® have been used as building particles to form ordered arrangements.
For example, Cheng et al. reported that a new type of plasmonic superstructures with four
distinct orientational packings (namely, horizontal alignment, circular arrangement, slanted
alignment, and vertical alignment) can be self-assembled using bipyramid Au nanoparticles.'*3

Mello Donega and coworkers demonstrated the self-assembly of colloidal hexagonal
20



bipyramid- and hexagonal bifrustum-shaped 20 nm ZnS nanocrystals into 2D superlattices at
the liquid—air interface (Figure 9a).** Interestingly, the small truncation at the tip of the
hexagonal bipyramid-shaped nanocrystals transformed the resulting superstructures from an
hexagonal to a tetragonal arrangement. Also, an exotic structure, a four-leaf clover-like
structure, was also created from the self-assembly of Au@Ag right bipyramidal particles driven

by a depletion attraction from Zhang’s group (Figure 9b).1#°

Figure 9. (a) SEM images of self-assembled superlattices of hexagonal bipyramid-shaped and hexagonal
bifrustum-shaped ZnS nanoparticles. (b) SEM images and model of self-assembled Au@Ag right
bipyramids with a four-leaf-clover-like pattern. Adapted from ref. 144 and 145.

1.5. Self-Assembly of Colloidal Particles into Supraparticles
1.5.1 Supraparticles Made of Spherical Particles

Supraparticles are defined as hierarchical agglomerates assembled from prefabricated
building blocks. #6148 The assembly of colloidal particles into supraparticles usually occurs in
confined spaces, such as emulsion droplets, microfluidic capillary or within evaporated
droplets.}4®31 In a typical process, emulsion droplets (usually made using a surfactant as a
stabilizer) are formed by mechanical shearing of water and a colloidal dispersion.*>? Then,
removing water or the low-boiling nonpolar phase lead to colloidal assembly. Dijkstra,
Blaaderen and colleagues deeply studied the colloidal assembly of spherical particles into
droplets. They first prepared a water-in-oil emulsion of spherical particles. After evaporation
of the solvents, they obtained crystalline ‘supraparticles’, with three different types of packings
depending on their size: a supraparticle with a diameter of 105 nm showing a Mackay
icosahedral symmetry; a 216 nm-in-diameter supraparticle with an anti-Mackay
rhombicosidodecahedral structure; and finally, a 734 nm-in-diameter supraparticle consisting
of a single face-centred cubic (FCC) crystal domain. They concluded that entropy and spherical

confinement alone are sufficient for the formation of stable icosahedral clusters (Figure 11a).%
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Figure 11. (a) SEM images of supraparticles with Mackay icosahedral symmetry, anti-Mackay
rhombicosidodecahedral structure and single face-centered cubic (FCC) structure (top), and simulation
results of size dependence of the cluster structure (below). (b) SEM images of various magic number

colloidal clusters and comparison to model. Adapted from ref. 153 and 154.

It is worth mentioning the very deep research done by Vogel’s and Engel’s groups on
understanding the formation of colloidal supraparticles.>%" For example, they demonstrated
that hard sphere-like colloidal particles show a magic number effect when confined in spherical
emulsion droplets. In addition, colloidal supraparticles with magic nhumber were shown to be
more stable than those without magic number (Figure 11b). The same groups also showed that
structural color was a useful tool to investigate the structure and dynamics of colloidal
supraparticles. They found that colloidal supraparticles with icosahedral, decahedral and fcc
structures could be distinguished by characteristic structural color motifs, such as circles,

stripes, triangles, or bowties.

Another effective method to confine a colloidal dispersion in small droplets and form
supraparticles is spray-drying.t*® Spray drying is a well-known method of particle production
which comprises the transformation of a fluid material into dried particles. It consists on
pumping a solution or dispersion to an atomizer, breaking up the liquid feed into a spray of fine
droplets. Then, the droplets are ejected into a drying gas chamber where the moisture
vaporization occurs, resulting in the formation of dry particles. In the case of supraparticles, a
particle dispersion is atomized in a hot gas stream into small droplets. When the spray enter in
contact with the hot stream, the solvent starts to evaporate from the droplet and the particles
are homogeneously distributed. Then, the particles are brought to the meniscus region by the

solvent flux and local concentration gradients form at the air/droplet interface. Secondly, the
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particles are delivered from the core to the interface by convective flow of the solvent
evaporation to lead to the formation of the supraparticle. Many factors (e.g. the properties of
precursors, liquid flow rate, solvents, temperature, etc.) can affect the morphology of the
supraparticles in the spray-drying process.’*®-1%3 Thus, depending on the fine tuning of these
parameters, densely packed supraparticles, mixed component supraparticles, encapsulated
supraparticles, and even doughnut-like supraparticles can be obtained. For instance, Mandel
and coworkers produced uniformly packed silicon raspberry-like supraparticles using 350—400
nm sized Stober nanoparticles by carefully tuning the drying temperature.'®* Another example
was reported by Okuyama et al, who used an aerosol spray method to produce two types of

supraparticles made of small-SiO2/large-SiO2 and Al,03/SiO2 supraparticles.®®

1.5.2 Supraparticles Made of Polyhedral Particles

Compared to spherical particles, there are only limited studies focusing on ordered
supraparticles made of polyhedral particles. Some theoretical studies from Prof. Sharon Glotzer
and Prof. Marjolein Dijkstra predicted the rich variety of supraparticles assemblies that can be
achieved using polyhedral particles. For example, Glotzer et al. reported the densest
supraparticles expected from five types of Platonic solids in spherical confinement using Monte
Carlo simulations, which exhibited a variety of high-symmetry and magic number clusters
depending on their different geometry (Figure 12b).1%® However, most of these theoretical,
predicted assemblies still demand empirical proofs. To our knowledge, there is only one study
reported in 2018 by Blaaderen, Wang and coworkers that demonstrated that the packing of
supraparticles was determined by the flat faces of the cubic nanoparticles (Figure 12a).1%° From
their study, these authors observed that sharp cubes tended to form simple-cubic
superstructures due to their strong orientational correlations, whereas rounded cubes were

favorable to assemble into icosahedral supraparticles.
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Figure 12. (a) SEM images and simulation results of supraparticles made of sharp nanocubes. (b) Densest

clusters structures made of different polyhedra under the spherical confinement using Monte Carlo
simulations. Adapted from ref. 100 and 166.

1.6 Self-Assembly of Colloidal Particles into Colloidal Molecules and
Patchy Particles

In recent years, much efforts have been focused on the assembly of colloidal clusters
or colloidal molecules, in which the components particles are viewed as “big atoms". The
concept of colloidal molecules was firstly introduced by van Blaaderen in 2003 for describing
the entities consisting of a small number of spherical particles that mimic the symmetry of
molecular structures (Figure 13).1%7:1% From a fundamental point of view, colloidal clusters
provide an attractive platform for investigating the structure, thermodynamics, and kinetics of
finite-size systems on the mesoscale. The concept of patchy particles is also closely related to
colloidal molecules, as they can be described as surface-patterned particles with a limited
number of specific interaction areas.®%1"! Thus, colloidal molecules can be regarded not only
as building particles for assembly, but also as precursors for patchy particles. Hence, it is
possible to use both particles for constructing more complex architectures. The latest
developments of colloidal molecules and patchy particles have been summarized and presented
in several excellent reviews. 217" A brief introduction of their synthesis and self-assembly will

be given in this section.
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1.6.1 Synthetic Routes to Form Colloidal Molecules

1. Clustering of isotropic colloidal spheres

These routes consist of generating isotropic colloids and then, clustering them through
modulating different forces. In the literature, different examples of clustering of isotropic
spheres using van der Waals, electrostatic interaction or covalent bonds can be found. To
increase the control on the clustering process, colloids are often contained in confined droplets,
such as those of emulsions. Through this approach, Pine, Manoharan and colleagues used this
confinement into droplet to synthesize several polymer or silica clusters made of more than
two spherical particles (Figure 14a).17818% |n this process, spherical particles touch each other
on the surface of droplets. Then, the evaporation of the liquid caused deformation of the droplet.
And finally, clusters generated from the aggregation of the particles due to capillary forces.
Kraft and coworkers reported a facile way to synthesize colloidal clusters by delaying the
polymerization of the liquid protrusions on polystyrene or poly(methyl methacrylate) spheres
(Figure 14b).181182 |n this case, the crosslinked spherical particles lead to coalescence of the
droplets upon collision, thereby forming colloidal clusters that could be solidified upon

polymerization.
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Figure 14. (a) Schematic illustration of the formation of clusters in droplets and corresponding SEM images
of several clusters formed using the confinement in emulsion droplets. (b) Schematic illustration and SEM
images of the formation of colloidal clusters by coalescence of the liquid protrusions. Adapted from ref. 178
and 182.

2. Controlled phase separation phenomena

The most common approach for synthesizing colloidal molecules is the seeded
emulsion polymerization. Controlling the particle morphology, such as the formation of core-
shell particles, is one of the advantages of the emulsion polymerization. Moreover, other
equilibrium morphologies can be obtained via seeded growth polymerization by successive
additions of different monomers. In this process, seed isotropic polymer spherical particles are
first swollen with a polymer monomer solution. The polymerization of this monomer induces
a phase separation caused by the immiscibility of the second stage polymer in cross-linked
polymer networks, which result in a protrusion on one side of the seed particle and results in
the formation of anisotropic particles with different geometries. The quality of these clusters
can be improved by controlling the directionality of this phase separation by modulating the
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crosslinking density gradients of the seed particles, as proposed by Weitz et al.}’? Using
controlled phase separation, snowman-like colloids, linear (AXz2) or triangular trimers (X3) and
diamond particles (X4) and even colloidal molecules with symmetry of water molecule (AX2E>)
have been synthesized by phase separation in seeded growth emulsion polymerization (Figure

15).183,184

Figure 15. Schematic illustration and SEM images of the formation of nonspherical clusters through

controlling phase separations in the seeded-polymerization technique. Adapted from ref. 184.

3. Controlled surface nucleation and growth

If the seed central particle is inorganic, it cannot be swelled. In this case, the nucleation
and growth of the satellite colloids occurs on the surface of this central particle. This approach
is favorable to synthesize AX, type colloidal molecules, in which satellite particles nucleate
and grow on the surface of the central particles. However, compared to controlled phase
phenomena, this method leads to less controlled particles (Figure 16).185-8" Duguet and
colleagues solved this problem treating the seeds with compatibilizers.*®81%° Compatibilizers
enhance the blend properties and improve adhesion between the phases, reducing the interfacial
tension and stabilizing the final morphology. For example, treating silica particles with
methacryloxyalkyltrimethoxysilane as compatibilizer, they created reactive (co)polymerisable
sites on the surface of each particle that promote the surface capture of the growing polystyrene
macromolecules and therefore, the nucleation of the latex particles. With this method, highly
symmetrical colloidal clusters made of polystyrene and silica particles with high homogeneity
and yield could be obtained by controlling the surface density of the compatibilizer, the seed

concentration and the seed size.1%!
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Figure 16. Schematic illustration and SEM images of the formation of polystyrene/silica clusters. Adapted
from ref. 186.

1.6.2 Typical Approaches for the Synthesis of Patchy Particles

Several routes have been explored to synthesize spherical patchy particles. The simplest
method to create one patch on the surface of one sphere is the vapor deposition onto a close-
packed monolayer of spheres. This evaporation can be performed perpendicularly to the
monolayer or with an inclination angle. Other methods have also been explored to create
particles with more patches. In some of them, pre-clustered colloidal molecules are used as
precursors. First, clusters of microspheres are synthesized confining them in emulsion droplets.
Then, a particle is swelled from this cluster by polymerization (Figure 14a). For example, Pine,
Weck and coworkers obtained colloids with valence and specific directional bonding from
amidinated polystyrene spheres containing DNA functionalized patches. They also synthesized
colloids with a specific number of cavities starting from silica clusters. These clusters were
partially encapsulated with 3-(trimethoxysilyl)propyl methacrylate (TPM) into hybrid patchy
particles followed by the selective removal of the silica using hydrofluoric acid (Figure 17a).1%2
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Figure 17. (a) Schematic illustration and SEM images of the synthesis of silica-TPM patchy particles and
multicavity particles. (b) Schematic illustration and SEM images of the synthesis of liquid-core colloidal
clusters (LCC) and higher-order LCC caused by colloidal fusion. Adapted from ref. 192 and 193.

Recently, a new concept named colloidal fusion for producing patchy particles was
presented by Sacanna’s group (Figure 17b).1% Based on coordination dynamics and wetting
forces, uniform patchy particles have been synthesized from hybrid liquid-solid clusters that
evolve into particles with a range of patchy surface morphologies via controlling the addition
of a plasticizer. Another interesting method is the template free method. Here, Taylor’s group
reported a simple, one-step and template-free method to fabricate patchy particles that contain
silver patches and silica.'®* The formation of these patchy particles was done by heterogeneous
nucleation of silver onto the surface of calcined silica and then, by diffused growth on the
surface. Moreover, they applied this method to the formation of gold patches onto polystyrene
spheres using ascorbic acid.®® The patchy morphology and number could be tuned by pH and

concentration of ascorbic acid.
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1.6.3 Self-Assembly of Patchy Particles into Hierarchical Superstructures

Once synthesized, colloidal clusters or patchy particles can be self-assembled into more
sophisticated architectures thanks to their diverse geometries and interactions. The aim of this
section is to present some latest studies performed in this direction. Granick and coworkers
first reported the formation of a 2D kagome structure using triblock Janus patchy particles
(microparticles bearing two patches).!® Such type of structure was also predicted using
computational simulation by Sciortino and Romano.'"1% They showed that such exciting
kagome lattice happened at higher number density when the strength of the interaction between
patches is large enough to overcome the random forces arising from the thermal jiggling of the
particles. In this experiment, triblock Janus particles consisted of one electrically charged band
in the middle made by latex spheres and two patches with hydrophobic caps. Self-assembly
occurred slowly in the salt solution in order to avoid repulsion after sedimentation. More
recently, Weck’s group reported the directional bonding and assembly of non-spherical
colloidal hybrid microparticles in 2D superstructures. To this end, they used biphasic triblock
polystyrene-3-(trimethoxysilyl)propyl methacrylate-polystyrene (PS-TPM-PS) particles or
ellipsoidal di-patch particles with DNA-coated patches.'®® Triblock PS-TPM-PS particles with
different aspect ratios were synthesized by polystyrene and polymerized 3-
(trimethoxysilyl)propyl methacrylate (TPM) via three steps including the cluster encapsulation
method, coalescence TPM in toluene and free radical polymerization. The formation of several
types of 1D and 2D superstructures, such as 1D tilted ladder chains and 2D square packing,
were induced by the surfactant F127 and driven by pole-to-pole and center-to-center
interactions. The same authors also reported the synthesis of colloidal di-patch particles
functionalized with DNA on the patches and their assembly into colloidal superstructures via
both depletion and DNA-mediated interactions (Figure 18).2° They synthesized di-patch
particles with azide-containing polystyrene (PS-N3) as the patches and 3-
(trimethoxysilyl)propyl methacrylate (TPM) as the matrix. By tuning the patch size of the
particles and assembly conditions, they formed flower-like Kagome lattice, brick-wall like
monolayer, orthogonal packed single or double layers, wrinkled monolayer and colloidal

honeycomb superstructures.
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Figure 18. Schematic illustration and SEM images of the synthesis of di-patch particles and their use to

assemble open or close-packed 2D or quasi-2D colloidal superstructures. Adapted from ref. 200.

More recently, a very interestiong example of 3D self-assembly of patchy particles was
reported by Sacanna, Pine et al. They showed the self-assembly of tetrahedral patchy particles
into a cubic diamond crystal (Figure 19).2% To this end, they designed a tetrahedral cluster with
retracted sticky patches. In this design, each cluster consisted of one single spherical colloid
partially overlapped with four tetrahedral coordinated spherical lobes, and the center of each
tetrahedral cluster was a retracted patch modified with DNA. In this model, the DNA modified
patches reach each other and bind only when the spherical lobes interlock, which fixes two
clusters in the staggered conformation. Tetrahedral clusters were produced firstly by
aggregation of non-cross-linked polystyrene spheres and TPM oil droplets through colloidal
fusion, and then adding THF to change the compression ratio by deforming the polystyrene
lobes. Finally, THF was evaporated and TPM was solidified. TPM can be functionalized by
the DNA group through multistep modification. Subsequently, the tetrahedral clusters were
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self-assembled into the cubic diamond crystal through steric interlock. The resulting
superstructure exhibited a photonic bandgap, which supply the suitable templates for forming

photonic materials.

Figure 19. Schematic illustration and SEM images of the synthesis of compressed tetrahedral patchy clusters

and their assembly into cubic diamond superstructures. Adapted from ref. 201.
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2. Metal-Organic Frameworks (MOFs)

2.1 Introduction to Metal-Organic Frameworks

MOFs are a class of highly porous crystalline materials based on metal fragments
connected by organic spacers. The International Union of Pure and Applied Chemistry (IUPAC)
defines MOFs as: “A metal-organic framework, abbreviated to MOF, is a coordination
network with organic ligands containing potential voids. "2 In other words, the coordination
bonds act as the connector between the inorganic and organic part, and the word “voids”
indicates the porosity of the network (Figure 20). Thus MOFs can be defined as porous
crystalline networks assembled by metal ions/clusters and organic ligands through coordination
bonds along with one-, two-, or three-dimension. Over the past years, MOFs have been
regarded as one of the most attractive porous materials due to their unprecedented porosity,
immense surface areas, rich composition, structure variety and myriad properties. To date, over
10,000 structures of MOFs have been collected in the Cambridge Structural Database (CSD)

and the number of MOFs reported has been constantly growing in the last 25 years (Figure
21).203,204

Metal ion o
or Cluster Organic Linker \

Figure 20. Schematic representation of the formation of MOFs.

When we look back on the development of MOFs, the work of Robson and Hoskins
must be highlighted. In 1989, they successfully synthesized the first 3D infinite framework
using  tetrahedral Cu(l) centers and the tetrahedral ligand 4,4'4"4™-
tetracyanotetraphenylmethane (TCTPM). The resulting 3D framework exhibited a diamond-
like lattice with large tetragonally elongated adamantane-like cavities (Figure 22).2% One year
later, they presented the concept of building units for designing and constructing these

materials. This concept served for a rational assembly of metal units and organic linkers, such
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as periodic diamond-like structures constructed from tetrahedral metal ions and cyano-based
ligands.2%® Subsequently, this concept was expanded to construct different 3D frameworks by
exploring the relevant geometry of the building units. As an example, the tetrahedral PtS
building unit was connected through the square-planar porphyrin to form a framework with
large channels.?’” These pioneering works not only open an avenue in the design and synthesis
of coordination polymers but also encourage to start investigating useful properties caused by
their special structures. For instance, Fujita et al. presented a 2D square network material made
by the assembly of Cd ions and 4,4'-bipyridine ligands, which showed heterogeneous catalysis
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Figure 21. MOF structures reported in the CSD and reported MOFs found in the Web of Science, from 1976
to 2019. Adapted from ref. 203.

The “MOFs” term was first used in 1995 by Prof. Yaghi and coworkers.?® They
reported the diamond-like framework Cu(4,4'-BPY)15NO3(H20)1.5, which was synthesized by
connecting trigonal planar copper(l) centers and 4,4-BPY. This MOF contained two
rectangular channels (Figure 23). In this first-generation of MOFs, one of the shortcomings
was the lack of permanent porosity because of the poor stability of these MOFs in their

evacuated state. It was not until 1997 when Prof. Kitagawa et al. measured the gas adsorption
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properties under high pressure of a evacuated 3D framework. These measurements were the

first evidence that MOFs can store gas molecules inside their channels.?%

o

Cu(CN), TCTPM

[Cu(TCTPM)]BF,
dia

Figure 22. Diamond- like framework consisting of tetrahedral Cu(l) units assembled with tetrahedral organic

linkers. Colour scheme: Cu (green), C (grey) and N (blue).

One of the important milestones in the MOF field was the study of MOF-2, reported by
Prof. Yaghi and coworkers in 1998. In this publication, the neutral permanent framework
Zn(BDC)(DMF)(H20), named MOF-2, was synthesized using terephthalic acid (BDC) and
Zn(NOs)2 6H20. In it, it was observed the formation of rigid metal-carboxyl clusters by
bridging or chelating metallic ions with carboxylate ligands. These clusters acted as anionic
deprotonated linkers, which lead to the network extension through bimetallic paddlewheel
subunits (Figure 24). Also, the adsorption study showed that MOF-2 is microporous with a
micropore volume of 0.094 cm®/g and 0.086 cm?/g for N2 and CO;, respectively.?!! This work
demonstrated that not only metal ions but also rigid coordination clusters with fixed geometries
were ideal building blocks for the formation of porous MOFs. Soon after, two vital porous
MOFs were reported following this cluster strategy. The first one was HKUST-1 (HKUST=
Hong Kong University of Science and Technology), a 3D framework composed of Cu(ll)-
paddlewheel clusters and benzene-1,3,5-tricarboxylic acid (BTC), which had a high BET
(Brunauer-Emmett-Teller) surface area of 692 m? g* (later reached 1800 m? g*) (Figure
24).212213 The second MOF was MOF-5 ([ZnsO(BDC)s], a 3D framework assembled from
octahedral Zn(I1) clusters and BDC linkers, that showed a very high surface area of 2900 m? g°
! (Figure 24).2%4

Soon thereafter, the concept of Secondary Building Units (SBU) was introduced by

Prof. Yaghi and colleagues.?*>?'® SBUs are defined as structural and rigid clusters or complexes

of metal ions connected with organic ligands that can be used for the rational design of MOFs.
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This rational design spawned a new field called Reticular Chemistry, which is defined as “the
linking of well-defined molecular building blocks by strong bonds into crystalline extended
frameworks”. 217218 Today, Reticular Chemistry allows, for example, that for a given structure ,
the distance between SBUs can be increased by modifying the length of linkers. In these
isostructural frameworks, the topology is maintained while expanding the volume of their
cavities. Based on this possibility, Yaghi et al. first presented the reticular expansion of MOFs,
in which 16 isoreticular MOFs (IRMOFs) with the same cubic topology were reported (Figure
25). In this family of IRMOFs, the pore size could be extended from 3.8 to 28.8 A without any
change in primitive topology by replacing either the functionalized linkers or the longer

aromatic ligands.?'°
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Cu(4,4’-BPY), 5(NO;)

Figure 23. Schematic representation of the MOF Cu(4,4'-bpy)1.sNOs. Colour code: Cu (green), C (gray) and
N (blue).

Nowadays, reticular chemistry has been proven to be a powerful guidebook in the
design, prediction and synthesis of new periodic materials including MOFs and Covalent
Organic Frameworks (COFs). Meanwhile, researchers are looking for more extraordinary
techniques or applications for broadening and deepening the reticular chemistry in all

dimensions.?%
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Figure 24. Schematic representation of the structure of MOF-2 (top), MOF-5 (middle) and HKUST-1
(bottom). Colour code: Zn/Cu (green), C (gray), and O (red).
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2.2 Applications of MOFs

The ultimate purpose of a material is its application for our daily life. In such a context,
MOFs have proven to be outstanding materials for myriad applications due to their
extraordinary and intrinsic properties, such as porosity, exposed metal sites and ligands,
electronic, magnetic, optical and even hydrophobic properties. To date, multiple applications
have been developed and explored around these exceptional properties, including gas
storage/separation, vapor sorption, sensor, catalysis and drug delivery, among many others

(Figure 26). In this section, a brief overview of some of these applications will be presented.
2.2.1. Gas Storage

Energy shortage and environmental pollution have become an urgent and crucial issue
in recent years. In this sense, hydrogen and methane are good energy sources. However, their
safe transport and storage is precluding their use in a wide range. Recently, MOFs have been
proposed as promising porous materials for the storage of hydrogen and methane due to their
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high adsorption and storage capacities and their tunability of the pore dimension. Several

studies of these materials for absorbing these two gases are addressed in the next two sections.
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Figure 26. Summary of some of the applications of MOFs.

2.2.1.1. Hydrogen storage

Hydrogen is a potentially clean and renewable energy source due to its high energy
density and non-pollution byproducts. However, hydrogen has a poor energy density on a
volumetric mass compared to fossil fuels, usually in an increased volume to store it at room
temperature compared to gasoline (8 MJ L vs 32 MJ L). Today, hydrogen storage requires
extreme conditions such as low temperature or high pressure, making it is neither effective nor
safe.??! In this context, MOFs supply a solution to store hydrogen due to their high surface
areas and strong physisorption performance. For example, Farha et al. recently reported a kind
of ultraporous MOFs based on metal trinuclear clusters, namely NU-1501-M (M = Al or Fe).
Among them, NU-1501-Al showed an excellent hydrogen storage capacities of 46.2 g L™ under
the combined change of temperature and pressure of 77 K/100 bar to 160 K/5 bar (Figure
27a).222
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2.2.1.2. Methane storage

Natural gas, mainly composed of methane, is an alternative energy source due to its
lower CO2 emission compared to other fossil fuels. However, similar to Hz, methane has low
energy density, also making its transport and storage key parameter to solve for its real
application. To date, there are several strategies to overcome these limitations, such as
compression or liquidation. However, considering safety and high efficiency, storage of
methane in porous materials at room temperature and low pressures can be regarded as one of
the most promising strategies.??® In this sense, MOFs can be attractive absorbent materials for
storing methane under mild conditions. Until now, for example, HKUST-1 has been proved to
be the most promising MOF for achieving the target of the U.S Department of Energy (DOE)
in methane storage (263 cm® (STP) cm).2%* In 2018, Fairen-Jimenez et al. reported the
fabrication of sol-gel HKUST-1 monoliths that exhibit the record methane work capacity of
259 cm?® (STP) cm™ at 298 K and 65 bar even after shaping and densification; being the first

material to achieve the volumetric target of DOE (Figure 27b).??°

2.2.2. CO, Sequestration

Carbon neutrality has received more and more attention concern in the recent years.
The main target of this concept is to achieve a state of net-zero carbon dioxide emissions by
balancing emissions of CO> with its removal or by eliminating emissions from society.
Therefore, CO> capture and sequestration processes play a key role to achieve this target. In
these tasks, MOFs can also play a very important role. MOFs can exhibit unsaturated metal
sites that can act as Lewis acid centers that coordinate CO> molecules, enhancing their CO>
storage performances. For example, Dietzel and coworkers studied different metal series of M-
MOF-74 (including Mg, Mn, Ni, Zn) for CO, adsorption.??® Among them, the microporous
Mg-MOF-74 [Mg2(DHTP)] (where DHTP= 2 5-dihydroxyterephthalic acid) showed an
excellent CO uptake capacity of 27.5 wt% thanks to coordination through its unsaturated
ions.?2” On the other hand, chemical modification of MOFs with functional Lewis groups such
as amines, imines and amides can also improve CO> sorption. As an example, Long et al.
synthesized the alkylamine-functionalized MOF mmen-Mg2(DOBPDC) (where mmen= N,N -
dimethylethylenediamine, and DOBPDC= 4,4’-dioxido-3,3’-biphenyldicarboxylate) via
solvothermal and microwave methods. This MOF showed a notable CO- capacity of (8.1 wt %)

at 0.39 mbar and room temperature (Figure 27¢).??®
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Figure 27. (a) Schematic representation of the crystalline structure of NU-1500 and NU-1501 and the
experimental Hz adsorption isotherms of NU-1500-Al and NU-1501-Al. (b) Schematic representation of the
synthesis of monolithic and powder HKUST-1 and its experimental CH4 adsorption isotherms. (c) Synthesis
of mmen-Mg2(DOBPDC) and its crystalline structure, and its experimental CO, adsorption isotherms.

Adapted from ref. 222, 225 and 228.

2.2.3. Storage and Separation of Other Gases

Besides the aforementioned gases, other gases such as acetylene, carbon monoxide, or
harmful gases such as NO2, SOz, H2S and NHjs also have aroused much interest because they

are vital to human health and industrial production. Hence, the diversity of MOFs makes
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possible to find good MOF candidates to store and separate most of these gases.??%2%! For
instance, Long’s group studied the selective adsorption of CO in Fe.Cl(BBTA)
(BBTA=1H,5Hbenzo(1,2-d:4,5-d’)bistriazole) where iron(Il) sites coordinated with ligands
and CI~ anions forming a special iron(I1) centers, enhancing the affinity for CO (Figure 28a).%*
Another important gas for industry is acetylene. One of the defects for acetylene storage is its
explosive character under high pressure.?® In 2005, Cu2(PZDC)2(PYZ) (PZDC=pyrazine-2,3-
dicarboxylate; PYZ= pyrazine) exhibited good storage capability for acetylene. This MOF
showed a high sorption ability towards acetylene thanks to the periodic distance caused by
hydrogen bonding between two non-coordinated oxygen atoms in the framework and the two

hydrogen atoms of the acetylene molecule (Figure 28b).2%*
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Figure 28. (a) Schematic representation of the crystalline structure of Fe;Cl,(BBTA) and Fe,Clx(BTDD)
and their experimental CO adsorption isotherms. (b) Schematic representation of the crystalline structure of
Cux(PZDC),(PYZ) 2H20 and its experimental acetylene adsorption isotherms. Adapted from ref. 232 and
234.

2.2.4. Chemical Sensing

Chemical sensing is a process of converting chemical changes into measurable physical
change signals through analytical equipment.2® MOFs can therefore be used to fabricate

sensors as they are porous materials that can be responsive to different chemical and biological
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stimuli.2% For instance, Kitagawa et al. reported a novel MOF, [Zn2(BDC)2(dpNDD] (where
BDC= 1,4-benzenedicarboxylate; dpNDI= N,N’-di(4-pyridyl)-1,4,5,8-naphthalenediimide), to
study differentiation caused by host-guest interaction in the framework. They found that the
introduction of naphthalenediimine into this entangled porous framework shows structural
dynamics caused by the displacement of two chemically non-interlinked frameworks. Then,
they observed that the incorporation of different aromatic compounds trigged a turn-on
luminescent emission, which color was dependent on the chemical substituent of the aromatics
(Figure 29a).2% Dinca and colleagues produced a conductive 2D MOF chemiresistor using the
conductive MOF Cuz(HITP). (HITP=2,3,6,7,10,11-hexaiminotriphenylene) by drop casting.
The resulting device exhibited the capacity for detecting NO, NHz , and H.S under mild
conditions.?®® Recently, Zhao, Cai and coworkers fabricated a Mg-MOF-74-based sensor,
which was post-modified with ethylenediamine to respond to CO, and benzene thanks to the
available open metal sites of this MOF (Figure 29b).2%

®
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Figure 29. (a) Schematic illustration of the molecular decoding strategy for MOFs and their multicolour
luminescence caused by the different substituted aromatics. (b) Photographs of the bare sensor and SEM
images of the chip and the as-grown Mg-MOF-74 film on interdigitated electrodes. Adapted from ref. 237
and 239.

2.2.5. Catalysis

Catalysis research is always at the forefront of science and technology because it is an

indispensable part of our daily life. Already in the 1990s, the network material [Cd(NOz3)2(4,4-
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BPY).] (4,4-BPY = bipyridine) showed moderate catalytic performance for the cyanosilylation
of aldehyde with moderate yield. The special heterogeneous catalytic property was attributed
to the cavity size of the framework, opening a new avenue for MOFs to be used as
heterogeneous catalysts.?*® To date, several structural features of MOFs have been regarded as
strategies for designing heterogeneous catalysts, including exposed metal nodes, functionalized
ligands, defects of structures, and using MOFs as hosts for additional catalytic sites.?** As an
example, Lin’s group presented a mix-and-match strategy to synthesize UiO-67-like
frameworks that contain Ir, Re, and Ru complexes composed of 2-phenylpyridyl or bipyridyl
ligands. The resulting MOFs showed good catalysis activity in water oxidation, carbon dioxide
reduction, and photocatalysis thanks to the several functional ligands that coexist with metals
(Figure 30a).2*2 On the other hand, highly enantioselective heterogeneous asymmetric catalysis
performance of a MOF was reported by Lin’s group. They synthesized a porous catalyst
composed of 1D [Cd(u-Cl)2]n zigzag chains and chiral bipyridine bridging ligands to be used
for the synthesis of a chiral alcohol with high ee values (Figure 30b).2*3 Nowadays, it has been
shown that MOFs can also be used for electrocatalysis and photocatalysis. In this context, Liu
and coworkers synthesized the Cu-based MOF [Cuz(BPDC)2(DPQ)2(H20)]H20 (BPDC =
biphenyl-4,4’-dicarboxylic acid; DPQ = dipyrido[3,2-d:2’,3’-f] quinoxaline) and mixed it with
graphite, to prepare carbon paste electrode. This electrode showed good electrocatalytic

performance in the reduction of bromate, nitrite and hydrogen peroxide.?**

Figure 30. (a) Schematic illustration of the doping UiO-67 frameworks and their catalytic applications. (b)
Schematic representation of the homochiral MOF and the active catalytic sites in the open channels. Cyan,
green, red, blue, gray, and yellow represent Cd, CI, O, N, C, and Ti atoms, respectively. Adapted from ref.
242 and 243.

2.3 Colloidal MOFs

As above-mentioned, colloidal particles with uniform size and shape are ideal building

blocks for the self-assembly of superstructures. Since their discovery, the majority of studies
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of MOFs has focused on bulk powders usually composed of crystal in the microscale range.
However, very recently, MOFs have started to be miniaturized at the submicron and nanoscale
regime. With this miniaturization, new properties have been discovered for these small MOF
particles.?®® Some of these new properties are accelerated adsorption/desorption Kinetics,
suitability for biological applications and their potential use as colloidal particles for
subsequent self-assembly of superstructures for optics, photonics or separation —related
applications.?*® In this part, we will mainly introduce the synthesis of colloidal MOF particles,
their surface modification and their assembly.

2.3.1. Synthesis of Colloidal MOF particles

Compared with the random crystal size and shape of MOF bulk powder systems,
monodispersity of size and shape is the most significant characteristic of colloidal MOF
particles (Figure 32). Although there are today a few methods to synthesize the nanoscale MOF
particles, the formation of homogeneous and monodisperse colloidal MOF particles with well-
defined sizes and shape is still a challenging task.24%247:248 For this, it is important to understand
the MOF formation process. In order to synthesize monodispersed colloidal MOF particles
with uniform size and shape, we have to consider some factors such as nucleation, crystal
growth and agglomeration process. According to the LaMer model,2%?! the growth of
nanocrystals will follow four steps: 1) the concentration of precursors rapidly increase; 2) the
homogeneous nucleation takes place when the concentration of precursors is higher than the
critical concentration of nucleation; 3) halting the nucleation process due to the concentration
of precursor decreases; and 4) crystals growth begins and continues to reach an equilibrium
state. Hence, the pivotal factor to obtaining uniform MOF particles is to shorten the nucleation
period and control the growth time of each nucleus. According to this, some of the methods
that have been proposed to synthesize colloidal MOF particles are rapid nucleation with
microwave-assisted or ultrasound irradiation, nanoreactor confinement and the use of

modulators coordination (Figure 31).24°

Rapid nucleation is the most directly approach to synthesize colloidal MOFs. Under
microwave heating or ultrasound, the precursors are easily dissolved and quickly consumed,
rapidly forming small nuclei that evolve into particles with nanoscale and narrow size
distributions. The first example was released by Masel and coworkers, who produced 200 nm

to 4 um IRMOF-1 particles with a coefficient of variation (CV) around 30% by using
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microwave-assisted solvothermal synthesis.?*® Then, in 2010, Feldhoff group synthesized 40
nm to 140 nm ZIF-7 particles with good dispersity (CV=10-20%) using microwave and adding
diethylamine to accelerate the nucleation process.?° In the same year, Jhung et al. investigated
the effects of MOF nucleation and growth through comparing three different methods:
microwave, ultrasound and conventional heating. They found that microwave and ultrasound
radiation were helpful to obtain uniform MOF particles, being ultrasonication much faster than

the other two methods.?*!
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Figure 31. The role of modulators throughout the crystal growth process based on Coarse-Grain Model.
Adapted from ref. 245.

Nanoreactor confinement approach is another useful strategy to regulate the MOF
particle size. Emulsion droplets can be regarded as a potential reaction container, in which
particles size can be tuned by modifying the droplets. For instance, in 2006, Lin and colleagues
synthesized crystalline nanorods of Lnz(BDC)3(H20)4 (Ln = Eu®*, Gd** or Th3*) using a micro-
emulsion system that contained cetyltrimethylammonium bromide (CTAB)/isooctane/1-
hexanol/water.2® The size of the rods could be controlled from 2 pm %100 nm to 125 nm x40
nm through tuning the ratio between water and surfactant. In 2014, a facile and interesting
method that uses reverse micelles as nanoreactors was reported by Zheng and colleagues for
synthesizing 30 to 300 nm ZIF-8 particles. These homogeneous ZIF-8 particles were
synthesized by controlling the reaction temperature, the concentration of the precursors, and

even the different types of surfactants.?®3

Coordination modulators play an essential role for controlling the size and shape of
MOF particles and even their uniformity. They can participate in the reaction and reversibly
connect with coordination sites, meaning that the number of nucleation of sites are regulated
to achieve a controllable synthesis of MOF particles. Chemical modulators are usually bases,

acids, surfactants or cosolvents, which can compete with linkers for metals/ligands reacting
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sites. Forexample, in 2008, Oh et al. first reported an efficient method to synthesize In2(BDC)s3
MOF particles with different shapes by modulating the amount of pyridine. In the presence of
the blocking agent (pyridine), the shape of the resulting MOF particles (hexagonal rods,
hexagonal lumps, and hexagonal disks) was controlled following the different growth rate of
facets of particles.?® Notably, the resulting samples had a good monodispersity (CV= ~ 10-
15%).

In 2009, Kitagawa and coworkers used acetic acid as a modulator to control the
anisotropic growth of Cuz(NDC)2(DABCO) nanocrystals.?>> Two years later, the same group
successfully controlled the morphology of HKUST-1 through addition of dodecanoic acid and
lauric acid as modulators. They found that, due to the modulator intervention in the <100>
direction growth, the morphology of HKUST-1 particles could be changed from octahedron to
cuboctahedron to cube by increasing the concentration of the modulator.?®® Behrens and
colleagues used a similar method to produce homogeneous UiO-66 and UiO-67 particles via
addition of a modulator such as benzoic and acetic acid.?>” Also, high quality monodispersed

ZIF-8 particles were synthesized using sodium formate as modulator by Wiebcke’s group.?4®

Figure 32. Representative SEM images of monodisperse colloidal MOF particles with different shapes
including cubes (a), truncated cube (b), truncated rhombic dodecahedra (c), rhombic dodecahedra (d),
octahedra (e), hexagonal rods (f), hexagonal discs (g), and hexagonal bipyramids (h). Adapted from ref. 243,
254, 256, 265, 266, 271, 272.

In 2012, Eddaoudi and coworkers showed the possibility to synthesize monodisperse
In- and Ga-soc-MOF particles with cubic and truncated rhombic dodecahedra shape by using
different surfactants as modulators.?%® Granick’s group showed the production of homogenous
ZIF-8 particles with a rhombic dodecahedron (RD) shape (CV=4.5%) combining PVP and 1-

methylimidazole (1-MI) as modulators.?>® Later in 2013, the same group synthesized highly
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uniform colloidal MIL-96(Al) particles using various aqueous solvent mixtures and acetic acid
as the modulator. The morphology of the resulting particles (truncated, rounded and regular
hexagonal bipyramid and even spindle shape) could be controlled by using cosolvents, such as
THF, DMF and toluene.?° In 2015, Oh et al. demonstrated that, controlling the ratio of two
organic linkers, homogenous crystalline hexagonal rods could be produced.?®! One year later,
Zhou and coworkers in 2016 reported the size-controlled synthesis of PCN-224 nanoparticles
with benzoic acid, ranging from 33 4 nm to 189 *+11 nm.?®2 In the same year, Harris and
Mirkin presented the efficient synthesis of a series of porphyrinic zirconium MOF
nanoparticles (MOF-525, MOF-545 and PCN-223) through a high-throughput screening
method.?®® At the same time, highly uniform Fe-MIL-88B particles were synthesized using
PVP by Pang et al. The shape of these particles evolved from hexagonal bipyramids to

bipyramid hexagonal prism by increasing the amount of PVP.%4

Since 2017, many other colloidal MOF particles have been synthesized using
modulators. For example, Mirkin’s group synthesized UiO-66 particles from 20 nm to over 1
um with good colloidal stability and polydispersity by adding different carboxylic acid
modulators.?®® Lu’s group also reported the synthesis of monodisperse UiO-66 crystals with
tunable sizes ranging from ~500 nm to ~2 um through the use of acetic acid/ triethylamine co-
modulation and PVP.2%6:267 pang et al. reported that uniform In-NDC—MOF particles could be
prepared via a solvothermal method in the presence of different modulators. By using a base
or an acid as modulators, micron-sized ellipsoid and rod-like MOF particles were synthesized,
respectively.?®® Our group successfully synthesized highly uniform truncated rhombic
dodecahedral ZIF-8 particles and octahedral UiO-66 particles (around 200 nm and CV < 5%)
using CTAB and acetic acid as modulators.?®® And recently, Lu and colleagues prepared
uniform MOF-5 particles controlling their size and shape. In this work, concentrations of both
TEA and PVP influenced the particle size (ranging from ~400 nm to ~2500 nm ), whereas the
shapes of MOF-5 particles could be controlled from a cube to a truncated cube, a truncated

octahedron, and an octahedron through tuning the concentration of PVP.27°

2.3.2. Surface Modification

Surface modification is an effective tool to endow nanomaterials with unique and
practical applications. As we previously introduced, MOFs are porous materials that are

composed of metal ions and organic ligands. So, their external surface can be functionalized
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using these two sites: through the metal centers using coordination chemistry; and through the

organic linkers using covalent chemistry (Figure 33).24°

covalent external surface

organic linker with functionalization
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surface ligand functionalized
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organic hnker native MOF NP

Figure 33. Schematic illustration of the two strategies for the modification of colloidal MOF particles.
Adapted from ref. 245.

2.3.2.1. Coordinative Surface Functionalization

Coordinative surface functionalization uses on the exposed metal sites to coordinate
targeted molecules. The carboxylate-terminated ligands were first used to coordinate such
exposed metal sites. For example, Cha and coworkers reported the synthesis of functionalized
PCN-224 particles that contain DNA.?"* Due to the carboxylic acid groups can coordinate
strongly with the exposed surface Zr sites, PCN-224 particles were first reacted with Ng,N-
bis(carboxymethyl)-I-lysine hydrate containing three carboxylic acid functional groups. Next,
the amine-modified MOF particles were produced through surface ligand exchange. And
finally, the resulting MOF particles reacted with a NHS-DBCO linker via NHS-amine
chemistry, which was followed by DNA conjugation with azido-terminated oligonucleotides.
The resulting particles could be further used for photodynamic therapy. Similar approach was
achieved using nitrogen-bearing ligands. For example, Granick’s group post-synthetically
functionalized ZIF-8 particles using an imidazolate-modified BODIPY dye via surface ligand

exchange.?®

The phosphate group also can be acted as efficient coordinated units for surface
functionalization. For instance, Lin’s group presented the synthesis of bisphosphonate MOF
particles using phosphate—terminated lipids through coordinating to the superficial metal ions
of MOF particles (Figure 34a and b).2’2273 The functionalized MOF particles were synthesized

in a microemulsion by coordination of the phosphate terminated lipids (1,2-dioleoyl-sn-
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glycero-3-phosphate sodium salt (DOPA)) with the superficial exposed calcium ions. The
resulting coated-particles could be further used for targeted drug release. Likewise, Mirkin and
colleagues reported a facile method to produce surface-specific functionalization of Zr-based
MOF particles with phosphate terminated lipids via a one-step phase transfer reaction. Notably,
the resulting colloidal particles exhibited good monodispersity and porosity.?’* Recently, they
also used phosphate modified oligonucleotides instead of phosphate terminated lipids to

synthesize several oligonucleotide-functionalized MOFs particles (Figure 34c). 27
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Figure 34. (a and b) Scheme of the synthesis of UiO-66 particles and their DNA maodification. (c) General
procedure for modification of MOF particles using lipid and PEG. Adapted from ref. 272 and 275.

2.3.2.2. Covalent Surface Functionalization

A second strategy to post-synthetically modify MOF particles is the covalent surface
functionalization, which uses the organic linkers. This approach depends on the organic
functional groups that are exposed on the surface or that are in the pre-synthesized secondary
functional groups on the initial ligands.?’® For example, Wuttke and colleagues synthesized
surface-functionalized MIL-100(Fe) particles by amidation of carboxylic acid groups on their
surface with amino-polyethylene glycol (PEG5000) or Stp10-C (an oligopaminoamide hetero-
bifunctional linker). These polymer-functionalized MOF particles exhibited increased colloidal
stability in solution and could also be used for biomedical applications.?’” In this context, due
to abundant reactive sites, linker modification approach provided many possibilities for
producing polymer grafted MOF particles. For instance, Webley, Qiao and coworkers reported
the synthesis of PEG-grafted UiO-66-NH> particles through two functionalization steps. First,
Br@MOF particles were synthesized by esterification reaction between bromoisobutyryl
bromide (BiBB) and UiO-66-NH> particles. And then, the Br@MOF particles were used as an
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initiator for the electron transfer-atom transfer radical polymerization (ARGET-ATRP) of a
macromonomer poly(ethylene glycol) methyl ether methacrylate (PEGMA) to form PEG
grafted UiO-66-NH: particles.?’® The resulting particles showed good water dispersity and pH
sensitivity, and even catalytic effect for the reduction reaction. Similarly, Sada’s group
produced polymer-grafted MOF particles by modification with a thermoresponsive polymer
PNIPAM (Figure 35a).2"

Another method to modify the linkers of MOF particles is using click chemistry. For
example, Mirkin’s group firstly showed the synthesis of nucleic acid-functionalized UiO-66
particles through the strained-alkyne click chemistry between the azido group from UiO-66-N3
framework and oligonucleotides.?®® The resulting colloidal MOF particles show a good
colloidal stability and cellular uptake transfection capabilities. Later, Willner’s group reported
the modification of UiO-68-NH particles with nucleic acid tethers using click chemistry
(Figure 35b).28! The amine group of MOF particles was firstly converted to azido group. Then,
they performed an azide-alkyne cycloaddition to form DNA-grafted MOF particles. Forgan
and coworkers also synthesized UiO-66 particles with azido groups via adding acidic
modulators containing azido or propargyl groups.?®? The azido group was attached to the Zrs
sites of MOF particles, which were modified with poly(ethylene glycol) (PEG) chains via click

chemistry.
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Figure 35. (a) Synthesis of PNIPAM tethered UiO-66-PNIPAM particles. (b) Synthesis of nucleic acid-
functionalized UiO-68 particles. Adapted from ref. 279 and 281.
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2.3.3. Assembly

As above mentioned, polyhedral particles are excellent building particles for enhancing
the variety of packings in self-assembled superstructures. In this sense, the polyhedral nature
of MOF particles makes them very attractive building blocks for the discovery and
development of new superstructures. MOFs can not only provide a wide range of colloidal
polyhedral particles with different shapes and sizes, but also other functionalities such as
porosity, magneticity or conductivity, which can also be incorporated into the assembled

functional superstructures.
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Figure 36. (a-c) Photonic properties of ZIF-8 superstructures and ordered superstructures made of the (d)
RD ZIF-8 particles, (¢) TRD ZIF-8 particles with t = 0.57 and (f) octahedral UiO-66 particles. Adapted from
ref. 269.

The first examples of assemblies of colloidal MOFs showing some ordering were
reported in 2012. In that year, Kitagawa’s group used Langmuir-Blodgett (LB) technique to
form 2D monolayers with MOF crystals at the liquid-air interface.?®® In the same year,
Granick’s group also presented directional self-assembly of rhombic dodecahedral RD ZIF-8
particles.?>® Uniform colloidal ZIF-8 particles were self-assembled into ordered monolayers
with different facet orientation via the capillary forces. Close-packed hexagonal arrangements
with crystal orientation in the <111> direction were observed after evaporation from a highly

concentrated colloidal dispersion, whereas <110> facets oriented monolayers could be
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observed when lower concentration were used. This ordering was however limited to a few
microns. One year later, the same authors reported the directional assembly of RD or truncated
cubic ZIF-8 particles into 1D chains, which was driven by the external electric field.?
Applying an AC electric field, these particle facets link to form chains with orientational order.
The linear chains of RD ZIF-8 particles were preferentially assembled through <110> facets
and resulting in <110> orientation of crystals along the chain. In contrast, truncated rhombic

dodecahedra particles were randomly locked through <100> and <110> facets.

Figure 37. (a-€) SEM images of ordered rhombohedral superstructures made of ZIF-8 particles and (f)
computer simulation of the formation of the densest rhombohedral lattice. Adapted from ref. 269.

In the following years, the control on the MOF particles synthesis and self-assembly
processes progressed fast, so that the first superstructures showing long-range order and
photonic properties started to be developed. Huo et al. reported the self-assembly of uniform
octahedral UiO-66 particles into 2D monolayers and 3D superlattices using the LB technique
and gravity sedimentation method, respectively.?%28 These superstructures did not show long
extensions of ordering, but they presented photonic properties (attributed to the bandgap
between layers). Interestingly, such superstructures were used to create photonic MOF sensors,
which exhibited selective absorbance peak shift toward several chemical vapors. Lu and

53



coworkers reported a very similar work on the self-assembly of UiO-66 particles (1000 nm and
698 nm) into MOF films with preferential orientation and controlled thickness.?®” In 2018, our
group went one step further and reached the formation of 3D superstructures exhibiting long-
range order.?®® We demonstrated that highly uniform TRD ZIF-8 particles can self-assemble
into millimeter-sized superstructures with an underlying three-dimensional rhombohedral
lattice that behave as photonic crystals. We also demonstrated that other superstructures with
different packing geometries could be obtained from polyhedral MOF particles, such as RD
ZIF-8 and octahedral UiO-66 particles. We also exploited the photonic properties of the
resulting superstructure and evaluated their sorption and used them as sensor for alcohols
(Figure 36 and 37).

In addition to 1D, 2D and 3D systems, Eddaoudi’s group reported the formation of 3D
hollow suparparticles, also named colloidosomes. These colloidosomes were assembled from
monodispersed cubic Fe-soc-MOF particles and Ga-soc-MOF in 2016, through the one-step
emulsion-based technique (Figure 36a-d).?8728 Khashab et al. reported the formation of ZIF-
8 colloidosomes in situ through the emulsion-free soft template approach. Self-conglobation
effect of the hydrated salt in alcohol was the main principle to form the soft template, thus ZIF-

8 colloidosomes were not made up of regular shape particles (Figure 36e-h).?°

Figure 38. (a-d) small hollow colloidosomes made of Fe-soc-MOF by the emulsion droplet. (e-h) SEM and
TEM images of the ZIF-8 colloidosomes via an emulsion-free soft-templating approach. Adapted from ref.
287 and 2809.
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Objectives

As presented in the first Chapter, MOFs as an emerging class of porous materials with
a high impact in several fields thanks to their high porosity, structural diversity and high
chemical tenability. Beyond their “classical ” properties related to their internal structures, the
production of MOFs in the form of colloids has brought a paradigm shift in the design of new
functional porous materials. Along with their intrinsic interest as porous solids, colloidal MOF
particles can additionally be dispersed, shaped and functionalized, and show different
polyhedral shapes. Thanks to these properties, colloidal polyhedral MOFs could become a new
family of functional building particles that can be used to create novel self-assembled

functional materials.

Self-assembly of colloidal particles into multidimensional superstructures is a
promising and effective approach to explore and achieve some interesting and unexpected
applications. Traditionally, spherical colloidal particles (mainly silica, or polymers such as
polystyrene and acrylates) have been used to develop such artificial self-assembled colloidal
materials. However, recently, the use of non-spherical polyhedral particles has begun to be
considered as a viable approach to diversify possible self-assembled materials, including the
formation of crystals, liquid crystals, plastic crystals and quasicrystals. To date, only a few
studies have illustrated the use of polyhedral particles to generate long-range ordered
arrangements that pack into different lattices; none of which exhibited photonic properties. In
this context, the use and self-assembly of colloidal polyhedral MOFs can represent a paradigm
shift in the field of self-assembly. However, the use of colloidal polyhedral MOFs to create

such functional superstructures is still in the embryonic stage.

In this context, this Thesis aimed to approach the use of MOFs in the self-assembly
field and explore MOFs as a rich source of polyhedral particles that can be assembled like
“atoms” and “molecules” to provide access to a new generation of self-assembled materials.

To achieve these targets, three specific objectives have been proposed:

e Demonstrate that polyhedral MOF particles can be used to direct the assembly of
colloidal clusters. This strategy will focus on the use of polyhedral MOF particles as
core particles to control the coordination number and geometry of colloidal clusters, by
attaching single spherical polystyrene particles on each facet of the MOF particles. This
objective is addressed in the first publication in Chapter 5.
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Demonstrate that the orientation of self-assembled MOF supercrystals can be
modulated without templates, using surfactants. We aim to synthesize supercrystals of
ZIF-8 particles with well-defined truncation. Then, we will study how the presence of
surfactants can affect the orientation growth of these supercrystals, and how these
different orientations show different photonic properties. This objective is presented in

the second publication in Chapter 6.

Finally, we aim to explore polyhedral MOF particles as building blocks to synthesize
supraparticles with ordered structure and study their structural color. We will study how
various polyhedral MOF particles can self-assemble within the confinement of an
emulsion droplet and form spherical, consolidated and ordered photonic supraparticles.
We will analyze the structural coloration as a function of the size of these anisotropic
building blocks and their internal structure. This objective is addressed in the third study

in the Appendix.
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Chapter 3

Summary of the Results and Discussion
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Objective 1. Assembly of Colloidal Clusters Driven by the

Polyhedral Shape of Metal-Organic Framework Particles

In the first publication, we have studied on the use of polyhedral-shaped MOFs crystals
to direct the assembly of colloidal clusters. Colloidal molecules or clusters are an essential
component for assembling and designing more complex architectures, such as patchy particles
and self-assembled colloidal crystals (e.g., with diamond or pyrochlore structures), and
provides unique routes for the formation of new photonic crystals, micromotors and drug
delivery systems.'® To date, there are several synthetic approaches to form such clusters,
including phase separation, heterogeneous nucleation or growth and DNA hybrids
bridging.>!* However, the vast majority of reported examples are made of spherical particles
like silica, polymers and inorganic particles. In the case of spherical particles, the coordination
number and geometry of the colloidal clusters can be modulated by adjusting particle size ratios

or phase separation phenomena.

Polystyrene Sphere

8-c cube

L &

6-c octahedron

& ©

RD-ZIF-8 12-c cuboctahedron

C-ZIF-8

c) Colloidal Fusion

Figure 39. Schematic illustration of the formation of colloidal 8-c cubic, 6-c octahedral, and 12-c
cuboctahedral clusters. Polyhedral MOF crystals are used as core particles to assemble these coordination
clusters. The polyhedral shape of MOF particles dictates the coordination number and geometry of the

resulting clusters.

In the first study of this Thesis, we proposed a new strategy that uses the polyhedral shape

of MOF particles to direct the assembly of colloidal clusters. The MOF crystal faces directed
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both the position and number of assembled satellite polystyrene particles determining the final
coordination number of the colloidal cluster. The colloidal clusters were assembled by
controlling the attachment of single spherical polystyrene particles on each face of MOF
polyhedral particle via colloidal fusion synthesis (Figure 39).>1213

Firstly, we synthesized homogeneous octahedral UiO-66 particles (O-UiO-66), cubic and
rhombic dodecahedral ZIF-8 particles (C-ZIF-8 and RD-ZIF-8), respectively. The O-UiO-66
particles were synthesized by heating a mixture solution of ZrCls, terephthalic acid, and acetic
acid in DMF at 120 <C for 12 hours. Afterwards, the synthesized particles were washed with
DMF and methanol upon centrifugation, and finally dispersed in water containing
polyvinylpyrrolidone (PVP). C-ZIF-8 particles were formed by mixing an aqueous solution of
Zn(NOs), 6H20, 2-methylimidazole (2-MiM) and hexadecyltrimethylammonium bromide
(CTAB) at room temperature for 5 hours. Finally, RD-ZIF-8 particles were synthesized by
combining an aqueous solution of zinc acetate with 2-methylimidazole for 24 hours. The
resulting particles were collected by centrifugation, washed with water, and finally redispersed
in an aqueous solution of tetrabutylammonium bromide (TBAB). All above particles were
characterized by field-emission scanning electron microscopy (FESEM), powder X-ray
diffraction (PXRD), and zeta-potential, which revealed the formation of uniform polyhedral
MOF particles. The edge size of octahedral UiO-66 particles was 735 221 nm (diameter: 1039
+30 nm) and the surface charge of particles was approximately + 45 mV. The size of cubic
and rhombic dodecahedral ZIF-8 particles were 205 £10 nm and 52627 nm, both with zeta

potential of approximately + 40 mV (Figure 40).

We initially targeted the synthesis of eight-coordinated (8-c) cubic colloidal clusters using
0-Ui0-66 core particles. In a typical experiment, colloidal clusters were assembled by adding
100 pL of the negatively charged PS colloid into 100 piL of the O-UiO-66 suspension. Then,
the water-soluble plasticizer tetrahydrofuran (THF) was rapidly added to the mixture to give a
final THF concentration of 18% (v/v), followed by handshaking for 10 seconds. This process
can be explained by the change of the surface tension of PS spheres due to the presence of
plasticizers, leading to melting and deformation, and promoting better adhesion to the MOF
core particles. After that, the as-obtained sediments of the mixture suspensions were purified
via density gradient centrifugation and washed with deionized water several times. Following
this method, the assembly of spherical polystyrene particles with different diameters (400 nm,
700 nm, and 1 um) was first systematically investigated to determine the optimal particle size

of a single polystyrene particle attached to each triangle facet of the O-UiO-66 octahedron. The
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concentration of polystyrene and O-UiO-66 colloidal particles were kept at 160 and 2 mg/mL,
respectively. In the case of polystyrene spheres with a diameter of 400 nm, SEM images
showed that two or more particles were attached to each facet of octahedron, preventing the
formation of the desired cubic colloidal clusters. Conversely, the 700 nm diameter of
polystyrene spheres was the ideal object for the individual assembly of clusters, only one
polystyrene sphere was attached one polyhedral facet of O-UiO-66 colloidal particle. Due to
the steric hindrance between the particles, we only observed very low connection between O-
UiO-66 colloidal particle and the polystyrene sphere with 1 um diameter (Figure 41).
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Figure 40. Scheme and FESEM image of an as-synthesized MOF particles. (a-¢c) O-UiO-66 particles with a
mean ¢ of 735 21 nm (a), C-ZIF-8 particles with a mean ¢ of 205 £10 nm (b), and RD-ZIF-8 particles
with a mean ¢ of 526 27 nm (b). From Left to right are: Scheme of an as-synthesized MOF particles
highlighting the particle size (¢); Representative FESEM images; Size-distribution histograms; and PXRD
patterns of simulated (black) and as-synthesized MOF particles (red).

The ideal cubic colloidal clusters are composed of eight polystyrene spheres and a single
polyhedral O-UiO-66 particle: each facet of the octahedron is occupied by a single polystyrene
sphere. Noted that we consider defective clusters those clusters in which one or more of the

eight polystyrene particles are missing. To maximize the assembly of cubic cluster, we
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modified the wes:Wuio-es ratio between two colloids from 40:1 to 300:1. Figure 42 shows the
statistical distribution of the coordination number of clusters synthesized using Wes:Wuio-s6
ratios of 40:1, 80:1, 150:1, and 300:1. At a ratio of 40:1, the number of cubic colloidal clusters
was only 35%. The majority of clusters were defective with coordinative numbers 5, 6 and 7,
whereby the latter accounting for up to 44%. As the ratio rose to 80:1, cubic clusters began to
predominate. At this ratio, defective clusters with coordination numbers of five and six
gradually disappeared, leaving those with 7-coordinated number exhibited 38% of the total
population. When the ratio rose to 150:1, the cubic colloidal clusters still kept the highest
proportion, which presented the optimum condition for the assembly cubic cluster. More
precisely, the majority of cases were perfect cubic clusters (61%) and defective colloidal
clusters (32%) lacking only one polystyrene sphere, respectively. At the higher ratio, we still
achieved a similar distribution in the total population of the formation of cubic colloidal

clusters (Figure 42).

Figure 41. (a) Representative FESEM images corresponding to the experiment in which 8-c cubic clusters
were assembled by combining O-UiO-66 particles with 400 nm-in-diameter of polystyrene spheres, and (b)

with 1 um-in-diameter of polystyrene spheres.

To validate that polyhedral shapes can be used as templates and guide the formation of
other colloidal clusters, we also extended it to ZIF-8 particles with different shapes, namely

cube and rhombic dodecahedron. According to our strategy, the attachment of a single PS
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sphere to the six facets of C-ZIF-8 particles and the twelve facets of RD-ZIF-8 particles should
lead to the formation of colloidal octahedral (coordination number 6) and cuboctahedra
(coordination number 12), respectively. In Figure 43, it can be observed that 6 coordinated
polystyrene spheres were perfectly attached on each surface of the C-ZIF-8 nanoparticle,
forming the 6-c octahedral colloidal clusters. Also, the RD-ZIF-8 particle with different crystal
facets allowed 12 polystyrene spheres attachment, hence constructing 12-c cuboctahedral

clusters.

40:1 01 80:1

44%

10%

5 0 7
Coordination number

150:1

Coordination number Coordination number

Figure 42. (a) FESEM images of the colloidal cubic clusters synthesized at wWes:Wuioss = 150:1; (b) Statistical

distributions of the coordination number for clusters with different Wes: Wi ratios.

Figure 43. (a—c) Schematic illustrations and corresponding FESEM images of 6-c octahedral and (d—f) 12-
¢ cuboctahedral clusters.
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The synthesis of colloidal clusters was based on the mix and melt process described by
Sacanna by using a plasticizer.'®* The melting process depended on the concentration of
plasticizer used during the assembly. At low concentration of plasticizer, we could assembly
colloidal clusters, whereas high plasticizer concentration lead to the formation of core-shell
particles. In the second part of study, we decided to increase the concentration of the plasticizer
(THF solution). The synthesis of 8-c cubic clusters was repeated increasing the amount of THF
to 26% or 30% (v/v). When the THF concentration was increased to 26% v/v, the eight
polystyrene spheres merged with each other and engulfed the core O-Ui0-66 particle, thus the
resulting cubic clusters evolved into cellular-type particles. Increment of THF contents to 30%
v/v directly led to the full melting of all the coordinated polystyrene spheres, forming spherical
core-shell particles in which individual O-UiO-66 particles were encapsulated inside a
polystyrene sphere (Figure 44).

a)

Increasing THF

Figure 44. (a) Schematic illustration and corresponding FESEM and dark-field STEM images of the
evolution from 8-c cubic colloidal clusters to core-shell particles upon increasing the concentration of THF.
(b) FESEM image of the cellular-type particles synthesized at 26% v/v THF. (c) Dark-field STEM image of
spherical core—shell O-UiO-66@polystyrene particles synthesized at 30% v/v THF.

In conclusion, we demonstrated the successful synthesis of a series of MOF based

colloidal clusters, which were composed of a polyhedral MOF core particle and coordinated
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spherical PS surroundings. We confirmed that MOF polyhedral shape define the coordinated
number of the synthesized colloidal clusters. We synthesized six-coordinated (6-c) octahedral,
8-c cubic and 12-c cuboctahedral clusters using C-ZIF-8, O-Ui0O-66, and RD-ZIF-8 core
particles, respectively. Moreover, we extended the use of this approach creating core-shell

MOF@polymer particles through deep fusion.

Objective 2. Template-Free, Surfactant-Mediated Orientation of
Self-Assembled Supercrystals of Metal-Organic Framework

Particles

In the second study, we investigated the control of the orientation of three-dimensional
supercrystals made of colloidal polyhedral ZIF-8 particles. Based on the investigation, we
developed a facile template-free method to self-assemble (111)-, (100)- and (110)-oriented 3-
D supercrystals of ZIF-8 particles by adjusting the amount of surfactant (CTAB) used. In a
single crystal, the physical and mechanical properties often differ with orientation, due to
different atomic interactions and bond distances along with the crystal orientation.** For this
reason, there has been an increasing interest in controlling the oriented growth of crystals on
surfaces to maximize their performance and discover unusual phenomena. Various methods,
including the wvapor/liquid/solid (VLS) growth mechanism, oxide-assisted growth and
template-based growth, have been developed to control the oriented growth of crystals on
different surfaces.’>'° Controlled orientation of crystals on surfaces is also critical for
improving gas separation performance and mass transfer, especially for porous materials
integrated into devices or membranes.??* Similar trends are also expected from MOFs, this
study starts from previous results reported from our group in 2018.% In these previous results,
we first demonstrated the synthesis of highly monodisperse MOF particles and their self-
assembly into densest packings to form ordered 3-D supercrystals. Such supercrystals were 3-
D well-ordered assemblies formed by truncated rhombic dodecahedral (TRD) shapes with
distinct truncations. We showed that in these supercrystals, the densest packings are the fcc or
the rhombohedral lattices, and that every constituent ZIF-8 crystal exhibits the same orientation

of crystal plane.

Starting from these results, here we developed a template-free, controllable method to
self-assemble different oriented fcc supercrystals of TRD-ZIF-8 crystals using surfactants. To
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this end, we initially synthesized highly monodispersed TRD-ZIF-8 particles with a truncation
value (t) =2x/(¢ + x) = 0.63 (where ¢ is the distance between opposing square facets, and X is
the side of the square facets) using CTAB as surfactant. This synthesis was done by adding a
water solution containing 0.3 g of Zn(OAc)2 2H-0 into a solution of 1.56 g of 2-MiM and 0.40
mg CTAB in 5 mL of water with gentle stirring for a few seconds. The resulting transparent
mixture turned first turbid and then white after 15 seconds. The mixture was left undisturbed
at room temperature for 2 hours. The resulting ZIF-8 particles were washed with water, and
characterized by FESEM, PXRD, and Brunauer—-Emmett-Teller (BET) measurements,
resulting revealed the formation of highly monodispersed TRD-ZIF-8 particles showing the
following dimensions: t = 0.63; size (¢) = 233 £14 nm; and edge-length of square facets (x) =
106 %8 nm (Figure 45).
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Figure 45. (a) Schematic illustrations of the TRD-ZIF-8 particles, highlighting: particle size ¢ and edge
length x; (b) Representative FESEM images of as-synthesized ZIF-8 particles with t = 0.63; (c) Size-
distribution histograms of as-synthesized ZIF-8 particles with t = 0.63; and (d) PXRD patterns of simulated

(black) and as-synthesized particles (red).

Next, we studied the self-assembly process to form ZIF-8 supercrystals. The above-
synthesized particles were redispersed in water with a concentration of 50 mg/mL, and then a
droplet of 40 L of the dispersion was placed on a polydimethylsiloxane (PDMS) coated SEM

pin at 120 °C for 3 minutes until total evaporation. After evaporation, we achieved a round-
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shaped, colorful monolith, which showed structural color that can be observed by naked eye.
This result indicated the formation of an ordered supercrystalline phase. Further study revealed
the formation of an ordered superscrystal that adopts an fcc lattice, oriented in the entropically
favored <111> direction. The <111> orientation of all TRD-ZIF-8 particles is perpendicular to
the monolith surface and therefore, parallel to its (111) orientation. To obtain other orientation
supercrystals, we prepared colloidal solutions of ZIF-8 particles using various concentrations
of CTAB. Using a CTAB concentration of 3.00 mg/mL, a homogeneous (100)-oriented fcc
supercrystal was assembled. Interestingly, by further increasing the CTAB concentration, we
started to observe <110> oriented domains as well. Although a purely <110> oriented
supercrystal could not be obtained even at a CTAB concentration of 4.00 mg/ml, we still found
a large, homogeneous, (110)-oriented area, together with some (100)-oriented domains near
the center of the monolith (Figure 46).

Figure 46. Formation of a) (111)-, b) (100)-, and c¢) (110)-oriented fcc supercrystals of TRD-ZIF-8 particles.
Each section contains (from left to right) a schematic view of a single TRD-ZIF-8 particle oriented along the
corresponding plane; a view of the oriented crystal structure of ZIF-8; a schematic view of the packing of
the supercrystals, and corresponding FESEM images; and a schematic view of the 3D packing of the

supercrystals, and corresponding FESEM image.

To further study the possible influence of other surfactant on the self-assembly of TRD-
ZIF-8 particles, we investigated different surfactants including cationic surfactant CTAB and
the anionic surfactant sodium dodecyl sulfate (SDS). We stepwise increased the concentration
of both surfactants from 1 to 6 mg/mL, and then analyzed the resulting supercrystals growth.
As we discussed before, at 1 mg/mL and 3 mg/mL of CTAB solution, the whole monoliths

were (111)-oriented and (100)-oriented supercrystals, respectively. For other concentrations of
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CTAB, the monolith showed domains with different orientations. On the other hand, at a
concentration of SDS lower than 2 mg/mL, disordered TRD-ZIF-8 particle assemblies were
obtained. For SDS concentrations between 2 to 5 mg/mL, only (111)-oriented supercrystals
were observed. When increasing the SDS concentration up to 6 mg/mL, we began to detect the
formation of (100)-oriented domains. All these results further convinced of the importance of

the surfactant concentration to control the growth orientation of supercrystal (Figure 47).

We speculated that the possible effects of surfactant on the self-assembly process are:
firstly, the repulsive interaction can increase during the assembly of TRD-ZIF-8 particles due
to the addition of more positive charges from the surfactant; secondly, the reduction of droplet

surface tension and/or the formation of CTAB micelles can adjust the particle assembly.

1.0 mg/mL 2.0 mg/mL 3.0 mg/mL 5.0 mg/mL 6.0 mg/mL

Figure 47. (a) Representative FESEM images of TRD-ZIF-8 supercrystals self-assembled using CTAB. (b)
Representative FESEM images of TRD-ZIF-8 supercrystals self-assembled using SDS.

As these materials are periodic dielectric structures made of TRD-ZIF-8 particles (size:
~230 nm), they also showed angle-dependent opalescence visible to the naked eye that
originates from a photonic bandgap. For this reason, we studied the photonic properties of these
supercrystals. We observed that the monolith was accompanied by a color change from green
to blue when the CTAB concentration was increased from 1 mg/mL to 3 mg/mL. Further
characterization using UV-Visible reflectance spectrometry confirmed that a shift of photonic
bandgap in supercrystals orientation, exhibiting the reflectance peak at A111 =578 nm and A100
=505 nm, corresponding to (111)-oriented and (100)-oriented supercrystals, respectively. The
theoretical analysis of the photonic properties of ZIF-8 supercrystals showed that the (100)-

oriented supercrystals presented a fcc symmetry, which was confirmed by calculating the
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refractive index and defining the geometry. In this case, the <100> axes of the ZIF-8
supercrystals were oriented parallel to the axis in an fcc crystal of an air cube. The reflectance
peak in the (001) orientation exhibited the first gap in the X point of the Brillouin zone. We
calculated the refractive index that was suitable to the X-gap frequency (A100 = 505 nm), and
the results corresponded to previously reported values (1.535).2° However, due to the facet that
<111> crystallites axes of ZIF-8 supercrystals were preferentially oriented along the (111)
supercrystal axis, the (111)-oriented supercrystals exhibited plastic fcc configuration, in which

the particles are placed in lattice positions of an fcc but in random orientation (Figure 48).

800 \é 12345r
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Figure 48. (a) Change in color of the supercrystals obtained upon increasing the CTAB concentration (left
to right: 1, 2, 2.5, and 3 mg/mL). Normalized specular optical reflectance plots from b) (100) and d) (111)
arrangements, and the corresponding photonic band structures in the ¢) I'X and e) I'L directions. The insets
in panels (c) and (e) show the photonic gap positions Ax and A as functions of refractive index and mean

particle size @i, respectively.

In conclusion, we have demonstrated the self-assembly of TRD-ZIF-8 particles into
differently oriented fcc supercrystals. These monolithic structures are composed of
monodisperse crystalline particles, in which the <111> ZIF-8 particle direction normally

orients as the (111) supercrystal direction. However, when increasing the amount of CTAB,
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this entropically favored <111> orientation of these ZIF-8 supercrystals can be tuned to the

<100> and even <110> orientation.

Objective 3. Coloration in Supraparticles Assembled from

Polyhedral Metal-Organic Framework Particles

In the first study, we presented the polyhedral MOF particles as core particles to assemble
the colloidal clusters directly. In the second study, we developed the self-assembly of TRD-
ZIF-8 crystals into (111)-, (100)-, and (110)-oriented fcc supercrystals via tuning the amount
of surfactant without template-assisted. These two studies demonstrated the advantages and
prospects of colloidal polyhedral MOF particles in the self-assembly field. In the last study of
this Thesis, we continued expanding the use of MOF particles in self-assembly. In particular,
we studied the self-assembly of colloidal polyhedral MOF in confined spaces (in this case,
using emulsions) to create MOF-based supraparticles.

This study was done using four different polyhedral MOF particles to systematically study
the relationship between these MOF particles and their resultant self-assembled supraparticles
and their photonic properties. We began this study with the synthesis of the different polyhedral
MOF particles. We chose four different polyhedral shapes from two MOF families: the
rhombic dodecahedron (RD-ZIF-8), truncated rhombic dodecahedron (TRD-ZIF-8) and cube
(C-ZIF-8) from the ZIF-8 family, and the octahedron (O-UiO-66) from the UiO-66 family. C-
ZIF-8 particles were synthesized by adding Zn(NOs)2 6H20, 2-MiM and CTAB in water for 5
hours at room temperature. Both RD-ZIF-8 and TRD-ZIF-8 particles were synthesized by
mixing an aqueous solution of ZnAc. 2H-0, 2-Mim and CTAB (only in the case of TRD-ZIF-
8) at room temperature for 2 hours. As for O-Ui0O-66 particles, a DMF solution of ZrCly,
terephthalic acid and acetic acid was heated for 12 hours at 120 <C. All these colloids were
washed with water or DMF and then redispersed in water at a certain concentration. The
resulting colloids were characterized by FESEM, PXRD and zeta-potential measurements,
revealing the formation of the following colloidal MOF particles: C-ZIF-8 (191 9 nm), TRD-
ZIF-8 (181 9 nm; 198 +10 nm; 229 £9 nm; and 247 =10 nm), RD-ZIF-8 (246 =12 nm; 267
#+12 nm; and 293 =13 nm) and O-UiO-66 (edge size: 194 =12 nm; 238 =13 nm; and 247 +
13 nm).

We next performed to self-assembly experiments using emulsions. For this, 0.5 wt% non-

ionic alcohol ethoxylate surfactant (Lutensol TO-8, BASF) was added to the ZIF-8 particles
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dispersion, or 0.1 wt% PVP was added into a dispersion of the UiO-66 particles to improve
colloidal stability. The dispersion is centrifuged three times to remove residue reactants and
excess of surfactants. The aqueous particle dispersion was emulsified in perfluorinated oil
(HFE 7500) either by vigorous shaking or droplet-based microfluidics. The droplets were
stabilized using a perfluorsurfactant, and MOF supraparticles were formed by drying the

droplets overnight in an open glass vial.

Figure 49. (a) FESEM of monodisperse RD-ZIF-8, TRD-ZIF-8, C-ZIF-8, and O-UiO-66 particles (left to
right). (b, ¢) Monodisperse TRD-ZIF-8 supraparticles prepared by emulsifying the MOF particle dispersion
using droplet-based microfluidics. (d) FESEM (from left to right) of RD-ZIF-8, TRD-ZIF-8, C-ZIF-8 and
0-Ui0-66 supraparticles, exhibiting ordered surfaces and characteristic packings. (e) Snapshots of Monte

Carlo simulations with polyhedra in spherical confinement.

83



We characterized all these supraparticles by FESEM. All four types of supraparticles
exhibited spherical morphology and ordered surface with a characteristic packing from the
polyhedral shape of primary MOF particles. A triangular unit cell and a rhombic unit cell were
observed on the RD- and TRD-ZIF-8 supraparticles surface, respectively, aggreeing with their
bulk fcc packing and rhombohedral packings. The C-ZIF-8 particles formed a square unit cell
at the spherical supraparticle surface, and the O-UiO-66 particles formed a triangular cell.
Except for the RD particles, particles of all other shapes exposed their flat faces to form a
smooth supraparticle surface, both in experiment and simulation. This is caused by entropic
force that favors face to face contact, instead of the vertex to face configuration in polyhedral
packing, which tends to align flat faces of particles to the droplet interface. All these
supraparticles were confirmed by Monte Carlo simulation of hard polyhedra with excluded

volume interaction in spherical confinement (Figure 49).

Then, we applied two direct imaging techniques, namely X-ray tomography (XRM) and
focused ion and beam (FIB)-assisted cross-sectioning, to investigate the inner structure of the
different supraparticles. X-ray transmission image (Figure 50) of C-ZIF-8 supraparticle with
cube particles showed that up to ten concentric layers are evident near the surface, which meant
formed an ordered, onion-like structure. Similarly, other types of supraparticles also exhibited
onion-like layers structure. Thick onion-like layers were observed in TRD-ZIF-8 supraparticles,
whereas the RD-ZIF-8 and the O-UiO-66 supraparticles showed only little onion-like layers.
To visualize the onion-like structure in a supraparticle, we used focused-ion beam to reveal the
cross-section of the supraparticles. Concentric layers were observed for all four particle shapes
near the supraparticle surface, conforming to the spherical curvature. The RD-ZIF-8
supraparticles had the thinnest onion-like layers, with most of their interior being amorphous
or short-range ordered. In comparison, the TRD-ZIF-8 and C-ZIF-8 supraparticles consisted of
thick onion-like layers near the surface and small disordered interior. Noteworthily, the TRD-
ZIF-8 supraparticles exhibited very high crystallinity throughout the interior, although in
multiple crystalline domains. We believed that sufficient equilibration may allow TRD-ZIF-8
supraparticle to evolve towards complete crystallization with global symmetry, similar to those

observed for spherical particles or small nanocrystals.

Our discovery of the internal order of the MOF supraparticles prompted us to study their
photonic properties. To this end, four types of MOF supraparticles were illuminated with a
white light under a reflective optical microscope, from which a colored circle appeared at the

center of the TRD-ZIF-8 and C-ZIF-8 supraparticles. This unique color motif agrees with
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constructive interference of light reflected at the spherical-symmetric ordered onion layers. In
contrast, a less pronounced reflection color was observed in the RD-ZIF-8 and the O-UiO-66
supraparticles, which indicated a low degree of internal ordering. Microscopic reflection
spectra recorded a narrow and defined peak for the TRD- and C-ZIF-8 supraparticles; the RD-
ZIF-8 and O-UiO-66 supraparticles exhibited a broader peak, which confirmed these
observations. Note that the large, ordered domains throughout the all supraparticle surfaces,

indicating that polydispersity is not the origin of the reduced order of some shapes (Figure 51).

Figure 50. (a) Transmissive X-ray images of each MOF supraparticle; (b) Cross-section images of each

supraparticle revealed by focused-ion beam milling.

We then systematically studied the relationship between initial particle dimensions and
the structural color of the supraparticles using reflection spectra measurements. To this end,
we varied the sizes of the differently-shaped MOF particles from the formed MOF
supraparticles. The reflection peaks for all samples shifted linearly with increasing initial
particle size. Compared to other shapes, larger RD-ZIF-8 particles were required to generate
the same reflection peaks.As shown in Figure 52, all types of supraparticles exhibited a green
reflection color with similar particles size (197 nm, 191 nm and 194 nm, corresponding to the
TRD-ZIF-8, C-ZIF-8 and O-Ui0O-66 particles, respectively) except the RD-ZIF-8 particle with
larger size (246 nm). These differences are caused by the packing of the differently-shaped
particles. Entropy favors the particles to align their faces within each layer and between layers.
According to the close-packed model, for the TRD-ZIF-8 and C-ZIF-8 particles, the surface of
packing layer is close to “flat”, thus the layer distance is the same as the distance between the

two opposite faces of the TRD-ZIF-8 and C-ZIF-8 particles. However, as for RD-ZIF-8
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particles, there are jagged protrusions and indentations on the surface of packing layer,

resulting the distance between layers smaller than the size of the RD-shaped particles.
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Figure 51. Top row: FESEM of RD-ZIF-8 (a), TRD-ZIF-8 (b), C-ZIF-8 (c) and O-Ui0-66 (d) supraparticles,
exhibiting structural coloration from the interaction of the incident light and the supraparticle structure
(optical microscopy images in inset). Middle row: magnification of the particle surfaces, showing well-
ordered arrangements of the primary particles; bottom row: reflection spectra measured for individual

supraparticles.

Finally, we investigated the macroscopic, angle-dependent coloration of the different
MOF supraparticles, measured directly in suspension with different angles. To compare
intuitively, we measured the reflectance spectra of different supraparticles suspensions that
were assembled from similar-sized initial particles of different shapes. The reflection peak
shifted to lower wavelengths with increasing angles from 30<to 90 “between incident light and
observation. A quantitative comparison between all samples revealed that the particle size,
shape and material type do not show a discernable influence on the peak shift, which indicates
that the leading color mechanism originates from the interference of light reflected at the onion-
like layers. In addition, we observed that the buckled RD-ZIF-8 supraparticles also showed the
evident reflection peak and even maintain the angle-dependent coloration. It is possible that
the RD-ZIF-8 particles also form stacked, nonconcentric layers near the supraparticles surface,
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but only a few layers can be expected under the heavily buckled surface.We speculated that
other mechanisms may conduce to this phenomenon. One possibility is additional surface
grating effects. Some ordered arrangements with close-packed made by RD-ZIF-8 were
observed on the surface of buckled RD-ZIF-8 supraparticles, similar to the surface of spherical
supraparticles. We observed faint and localized patches of color in the light microscope images,
so another possible source of color is the presence of large numbers of tiny crystallites

consisting of dozens of particles randomly distributed in the supraparticles (Figure 52).
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Figure 52. (a) Relationship between size and shape of the primary particles on the wavelength of the
reflection peak, measured in suspension; (b) Angle-dependent reflectance spectra of MOF supraparticles
consisting of the same colloidal particle size but different shapes, along with corresponding photographs
showing the observable coloration; (c) FESEM of spherical and buckled MOF supraparticles, with optical
microscopy images showing differences in structural color; (d) Reflectance spectra of individual spherical

and buckled MOF supraparticles; (e) Reflectance spectra of spherical and buckled supraparticles measured
in suspension.

In conclusion, we have demonstrated the generality of assembling polyhedral MOF
particles into highly-ordered supraparticles using four different shapes. We showed the effect
of the spherical geometry on the particle arrangement inside the supraparticle. Detailed shape-
size-optical property relations connecting the properties of the individual particles with their

propensity to assembly in the spherical confinement and the resultant coloration have been
established.
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General Conclusion

The efforts of this Thesis orbited around evaluating the potential of MOF polyhedral
particles (instead of traditional spherical particles) as a new type building blocks for the self-
assembly of functional superstructures; and the related photonic properties of these new
superstructures. Our work showed that, targeting different types of self-assemblies, polyhedral
MOF particles can indeed constitute a new family of building particles to create new self-

assembled porous architectures and explore new photonic properties.

First, we developed a new way to synthesize colloidal clusters using the polyhedral
shape of MOF particles. This approach basically focused on the polyhedral shape of MOF
particles, which served as core particles to control the final coordination number and geometry
of the assembled colloidal clusters. In this approach, colloidal clusters with well-defined
coordination numbers can be assembled by controlling the attachment of a single polystyrene
particle on each facet of the polyhedral MOF particle via colloidal fusion method. As a proof
of concept, we first assembled eight-coordinated (8-c) cubic colloidal clusters using octahedral
UiO-66 core particles. Notably, we optimized two key parameters: the suitable size and the
ratio between polyhedral UiO-66 particles and spherical polystyrene particles. We successfully
extended the use of cubic and rhombic dodecahedral ZIF-8 particles to form colloidal clusters
with an octahedral geometry (6-c) and with a much higher coordinated cuboctahedral geometry
(12-c), respectively. Moreover, further study revealed that the resulting colloidal clusters could
evolve into spherical core—shell MOF@polystyrene particles by tuning the concentration of
the plasticizer. In these core-shell particles, the single MOF crystal that was initially used as

the core particle is encapsulated into a polystyrene sphere.




Then, we studied a template-free method to control the self-assembly of MOF particles
into oriented superstructures. Instead of using a patterned surface that acts as a template for the
self-assembly of superstructures, our approach emphasized on controlling the growth
orientation of the face-centered cubic (fcc) superstructures using surfactants. To this end, we
selected truncated rhombic dodecahedral (TRD) ZIF-8 particles (truncation t = 0.63), as they
present all <111>, <100>, and <110> crystalline facets. In an initial self-assembly
experiment, a colorful entropically favored (111)-oriented ZIF-8 superstructure was obtained
using low CTAB concentration. Here, all TRD ZIF-8 particles were oriented along the <111>
direction vertical to the surface of the monolith and parallel to the (111) direction of the
superstructure. We then formed self-assembled (100)- and (110)-oriented superstructures by
increasing the concentration of CTAB. With the generation of these latter structures, we
demonstrated that CTAB plays a key role in the self-assembly process of these superstructures
due: (i) to the positive charges that can induce an increase of the number of repulsive
interactions; and (ii) to the formation of micelles or modification of the surface tensions of the
droplet. In addition, we also observed that the different growth orientations induced by the

surfactant concentration also originate a shift in the photonic properties.

Finally, we demonstrated the self-assembly of polyhedral MOF particles into uniform
supraparticles with ordered structures and structural coloration. In this study, four types of
colloidal polyhedral MOF particles, including cubic, truncated rhombic dodecahedral and
rhombic dodecahedral ZIF-8 particles and octahedral O-UiO-66 particles, were first
synthesized. We then confined the self-assembly of these colloidal particles into emulsion
droplets, resulting in the formation of spherical ordered photonic supraparticles upon
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evaporation of these droplets. These supraparticles showed an ordered surface, in which each
type of polyhedral MOF particles adopts the entropic-favored packing arrangement. The study
of the internal structure revealed that such MOF supraparticles exhibit ordered onion-like layer
structures. The detailed study on the coloration of these supraparticles confirmed that it is due
to the ordered internal structure, which act as Bragg reflectors and generate an interference
effect. Indeed, supraparticles assembled from different sizes of MOF particles showed the
periodicity of the Bragg diffraction in the reflection spectra. Meanwhile, the macroscopic,
angle-dependent coloration of MOF supraparticles was attributed to the interference of light
caused by the different shapes of the primary MOF particles. We also established the shape-
size-coloration relationship between the individual MOF particles with their different assembly

propensity and resultant coloration.

Overall, the three self-assembly processes developed in this Thesis illustrate the
potential of using colloidal polyhedral MOF particles to access to new multidimensional
functional assemblies that can incorporate porosity and photonic properties.
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ABSTRACT: Control of the assembly of colloidal particles into discrete or higher-dimensional architectures is important for the
design of myriad materials, including plasmonic sensing systems and photonic crystals. Here, we report a new approach that uses the
polyhedral shape of metal—organic-framework (MOF) particles to direct the assembly of colloidal clusters. This approach is based
on controlling the attachment of a single spherical polystyrene particle on each face of a polyhedral particle via colloidal fusion
synthesis, so that the polyhedral shape defines the final coordination number, which is equal to the number of faces, and geometry of
the assembled colloidal cluster. As a proof of concept, we assembled six-coordinated (6-c) octahedral and 8-c cubic clusters using
cubic ZIF-8 and octahedral UiO-66 core particles. Moreover, we extended this approach to synthesize a highly coordinated 12-c
cuboctahedral cluster from a rhombic dodecahedral ZIF-8 particle. We anticipate that the synthesized colloidal clusters could be
further evolved into spherical core—shell MOF@polystyrene particles under conditions that promote a higher fusion degree, thus
expanding the methods available for the synthesis of MOF—polymer composites.

he assembly of colloidal molecules or clusters' > is a

crucially important step in the design of more
sophisticated architectures such as patchy particles®® and
self-assembled colloidal crystals’ (eg., with diamond or
pyrochlore structures) and opens novel avenues for the
formation of new photonic crystals,"’ micromotors,"" and
drug-delivery systems.'” Recently, great progress has been
made in the development of synthetic strategies to form such
particle clusters."” These strategies are mainly based on either
the growth of particles on the surface of a preformed particle,
via phase-separation phenomena or surface nucleation and
growth, or the controlled assembly of presynthesized particles
via attractive interactions such as DNA hybridization, electro-
static interactions, and/or van der Waals forces."* These
synthetic methods typically use spherical particles, such as
silica, polymers, and inorganic particles. Consequently, they all
must accomplish the difficult task of directing the assembly
and/or growth of particles on the surface of isotropic spherical
particles via methods such as tuning the size ratio between the
particles or phase-separation phenomena to control the
coordination number and geometry of the synthesized
colloidal cluster. Building this type of clusters is therefore
not an easy task, especially for those involving geometries with
high coordination numbers, in which the assembly or growth
of many particles must be controlled.

Herein, we propose a new strategy for controlling colloidal
assembly, based on replacing the spherical particles with
polyhedral ones, whose faces are used to direct both the
position and number of assembled satellite polystyrene (PS)
particles (Figure 1). The polyhedral particles thus act as core
particles with predetermined “instructions” that direct the
coordination number and geometry of the synthesized
colloidal clusters. For example, an octahedral core particle
would direct the formation of an eight-coordinated (8-c) cubic

© 2021 The Authors. Published by
American Chemical Society
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colloidal cluster, or a cubic core particle would template the
synthesis of a 6-c octahedral colloidal cluster. In this way,
polyhedral particles with a high number of faces could ideally
be used to form clusters exhibiting geometries with high
coordination numbers.

To implement our colloidal strategy, we selected metal—
organic framework (MOF) particles as the core polyhedral
particles. MOFs are a widely known class of porous crystalline
materials that exhibit very high surface areas and have found a
broad variety of applications, including gas storage and
separation as well as catalysis and contaminant removal."*'°
However, in the present work, we targeted MOFs mainly
because they are an excellent source of crystalline particles
(Figure la—c) covering most known polyhedral shapes, thanks
to the discovery of thousands of MOFs during the last 25
years.'”~'? Moreover, recent advances in MOF synthesis allow
them to be obtained as colloidal particles with highly
homogeneous size and shape.zo_23 Furthermore, their particle
size can easily be tuned from ~350 nm to ~1 ym.”*™*’

Taking advantage of these properties, we report herein the
use of polyhedral MOF particles to direct the assembly of
spherical polystyrene particles in terms of both number and
position, allowing the synthesis of colloidal clusters through
mix-and-melt or colloidal fusion synthesis (Figure 1). This
synthesis has previously been reported by Sacanna et al.'****’
and is based on the use of liquid oil droplets or inorganic
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Figure 1. Schematic illustration of the use of polyhedral MOF crystals as core particles to assemble coordination clusters and the way in which their
polyhedral shape dictates their coordination number and geometry. Using this strategy, colloidal 8-c cubic, 6-c octahedral, and 12-c cuboctahedral
clusters were synthesized using octahedral UiO-66 particles, cubic ZIF-8 particles and rhombic dodecahedral ZIF-8 particles, respectively. Scale
bars: S yum (parts a, b, ¢, d), 1 ym (insets in parts a, c), and S00 nm (inset in part b).
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Figure 2. (a,b) FESEM images of the colloidal cubic clusters synthesized at wps:wy;0.66 = 150:1. (c) FESEM image of two cubic clusters positioned
in different orientations. (d) FESEM image of two defective colloidal clusters with a coordination number of 7; arrows highlight the missing
polystyrene sphere. (e) Statistical distributions of the coordination number for clusters with different wpg:wyj;o.66 ratios. Scale bars: S um (part a)
and 2 pm (parts b—d).

nanoparticles as core particles onto which oppositely charged (diameter: 1039 + 30 nm) and a surface charge of
colloidal particles are stochastically aggregated. A plasticizer is approximately +45 mV (Figures S1,52). Commercial aqueous
then added to fuse the particles to form stable colloidal colloids of spherical sulfonated polystyrene particles with
clusters, patchy particles, or core—shell particles. diameters of 400 nm, 700 nm, and 1 ym as well as a surface

To demonstrate the feasibility of our proposed strategy, we
initially targeted the synthesis of 8-c cubic colloidal clusters
using octahedral UiO-66 core particles (Figure la). The
octahedral UiO-66 particles were first synthesized by heating a
solution of ZrCl,, terephthalic acid, and acetic acid in DMF at
120 °C for 12 h. The synthesized particles were then collected
by centrifugation, cleaned with DMF and methanol, and finally
dispersed in water containing polyvinylpyrrolidone. Field-

charge of approximately —30 mV were used as satellite
particles (Figure 1d).

In a typical experiment, colloidal clusters were assembled by
adding 100 uL of the polystyrene colloid on top of 100 uL of
the dispersion of UiO-66 particles. Then, tetrahydrofuran
(THF), which acts as the plasticizer, was added to the mixture
to give a final THF concentration of 18% (v/v), and the

emission scanning electron microscopy (FESEM), X-ray mixture was mixed by hand for 10 s. After this short period, the
powder diffraction (XRPD), and zeta-potential measurements assembled colloidal clusters were isolated using density
of the resulting colloid revealed the formation of homogeneous gradient centrifugation (10—30 wt % sucrose in water),
octahedral UiO-66 particles with an edge size of 735 + 21 nm washed with water, and finally dispersed in water.

12944 https://doi.org/10.1021/jacs.1c05363
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Following this protocol, the assembly of spherical poly-
styrene particles with various diameters (400 nm, 700 nm, and
1 um) was first systematically studied to determine the
optimum particle size for the attachment of a single
polystyrene particle on each triangular facet of the UiO-66
octahedron. For this set of experiments, the concentrations of
polystyrene and the UiO-66 colloid were kept constant at 160
and 2 mg/mL, respectively (i.e., wpg:Wyio.6 = 80:1). Under
these conditions, the 700 nm diameter polystyrene spheres
proved to be ideal for individual particle assembly. The use of
spherical polystyrene particles with a diameter of 400 nm
resulted in the attachment of two or more particles on some
facets of the octahedra, thus preventing the templating of cubic
colloidal clusters by the polyhedral shape of the MOF particle
(Figure S3). The 1 ym diameter polystyrene particles did not
result in high occupancies of the eight facets of the octahedra,
which was attributed to steric hindrance among themselves
(Figure S4).

The synthesis of cubic colloidal clusters requires the
attachment of a single polystyrene particle on each of the
eight facets of the UiO-66 octahedra, i.e., achieving a
coordination number of eight. Clusters missing one or more
of the eight polystyrene particles can thus be considered
defective. To maximize the formation of assemblies with eight
polystyrene spheres on each UiO-66 particle, we performed a
series of syntheses in which the wpgwy;g¢s ratio was
systematically varied (Figure 2, S5—S8). Figure 2e shows the
statistical distribution of the coordination number of clusters
synthesized using wpg:wyo.¢6 ratios of 40:1, 80:1, 150:1, and
300:1. At a ratio of 40:1, the population of cubic colloidal
clusters was 35%. However, in this case, most of the clusters
were defective with coordination numbers of five, six, and
seven, whereby the latter exhibited the highest population
(44%). When the ratio was increased to 80:1, cubic clusters
began to predominate (51%). At this ratio, the formation of
defective clusters with coordination numbers of five and six
was low, whereas those with a coordination number of seven
represented 38% of the total population. This tendency
continued at a ratio of 150:1, which provided the optimum
conditions for the synthesis of cubic clusters. Under these
conditions, 93% of the population consisted of perfect cubic
colloidal clusters (61%; Figure 2a—c) or defective cubic
clusters missing only one polystyrene sphere (32%; Figure 2d).
Here, dynamic light scattering measurements further con-
firmed the formation of the clusters having a mean diameter of
approximately 1.5 pm (Figure S9), which match those
measured by FESEM (edge size: 1.34 + 0.06 um; diagonal
size: 1.62 + 0.08 ym). The use of higher ratios did not
improve the formation of cubic colloidal clusters, but resulted
in similar population percentages.

Having demonstrated the utility of the polyhedral shape of
the core particles to serve as templates and guide the formation
of cubic colloidal clusters, we extended the use of polyhedral
MOF particles to form colloidal clusters with an octahedral
geometry (coordination number: six) and with a much higher
coordinated cuboctahedral geometry (coordination number:
12). To this end, we selected ZIF-8 particles due to their ability
to be isolated as both cubic and rhombic dodecahedral
colloidal particles (Figure 1b,c). According to our strategy, the
attachment of a single polystyrene sphere to the six facets of
ZIE-8 cubes and the 12 facets of rhombic dodecahedral ZIF-8
particles should lead to the formation of colloidal octahedra
and cuboctahedra, respectively. Initially, ZIF-8 cubes were

formed by incubating an aqueous solution of Zn(NO;),-6H,0,
2-methylimidazole, and hexadecyltrimethylammonium bro-
mide (CTAB) at room temperature for S h. Rhombic
dodecahedral ZIF-8 particles were synthesized by incubating
an aqueous solution of zinc acetate and 2-methylimidazole for
24 h. In both reactions, the particles were collected by
centrifugation, washed with water, and redispersed in the
presence of CTAB. FESEM and XRPD measurements
confirmed the formation of cubic and rhombic dodecahedral
ZIF-8 particles with edge dimensions of 205 + 10 nm and 526
+ 27 nm, respectively (Figures S10—S13). Zeta-potential
measurements of either particles showed a surface charge of
approximately +40 mV. For the assemblies, we used negatively
charged polystyrene particles with diameters of 200 and 600
nm in combination with the cubic and rhombic dodecahedral
ZIF-8 particles, respectively, to optimize the attachment of a
single polystyrene particle on each face of the ZIF-8 particles.
Both 6-c octahedral (Figure 3a—c) and 12-c cuboctahedral

Figure 3. Schematic illustrations and corresponding FESEM images
of 6-c octahedral (a—c) and 12-c cuboctahedral (d—f) clusters. Scale
bars: S ym (part f), 1 ym (parts c—e), and 300 nm (parts a,b).

(Figure 3d—f) colloidal clusters were then assembled following
a similar process to that used for the assembly of the 8-c cubic
clusters. It should be noted here that the purification step in
these assemblies involved multiple sedimentation—redispersion
processes, as density gradient centrifugation (10—30 wt %
sucrose in water) caused etching of the ZIF-8 particles (Figure
S14).

Synthesis by colloidal fusion is a method that provides
access not only to colloidal clusters but also to patchy and
core—shell particles. The latter type of particles can be
synthesized by controlling the amount of plasticizer (in this
case: THF) added to the reaction. Indeed, the melting process
in these reactions is usually controlled by tuning the
concentration of the plasticizer. As described above, stable
colloidal molecules can be formed when low concentrations of
the plasticizer are used. However, the addition of higher
concentrations of plasticizer allows further melting of the
particles to form core—shell or patchy particles.”” In
conjunction with the use of MOFs as core particles, this
possibility opens the door for the creation of MOF@polymer
composites in which one MOF particle is encapsulated in a
polymer shell (Figure 4). Accordingly, the above-described
synthesis of 8-c cubic clusters was repeated with the amount of
THE increased to 26% or 30% (v/v). FESEM images of the
resulting assemblies showed that the cubic clusters evolved
into cellular-type particles when the THF concentration was
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Figure 4. (a) Schematic illustration and corresponding FESEM and
dark-field STEM images of the evolution from 8-c cubic colloidal
clusters to core—shell particles upon increasing the concentration of
THEF. (b) FESEM image of the cellular-type particles synthesized at
26% v/v THF. (c—e) FESEM (parts c,d) and dark-field STEM (part
e) images of spherical core—shell UiO-66@polystyrene particles
synthesized at 30% v/v THF. Scale bars: 10 um (parts b,c), S pm
(part e), 3 um (part d), and 1 ym (part a).

increased to 26% v/v (Figure 4a,b). In these particles, the eight
polystyrene spheres merged with one another and engulfed the
core UiO-66 particle. This melting process was completed at
30% v/v THF, where spherical core—shell particles consisting
of a single UiO-66 particle encapsulated in a polystyrene shell
were formed (Figure 4a,c—e).

In conclusion, we have demonstrated that the attachment of
polystyrene particles on each face of a polyhedral metal—
organic framework (MOF) particle can be controlled at the
single-particle level. This control opens the door to using the
polyhedral shape of MOF particles to drive the formation of
colloidal clusters. Within this strategy, both the coordination
number and geometry of the colloidal cluster are defined by
the type of polyhedron used as the core particle. As a proof of
concept, we synthesized six-coordinated (6-c) octahedral, 8-c
cubic, and 12-c cuboctahedral clusters using cubic ZIF-8,
octahedral UiO-66, and rhombic dodecahedral ZIF-8 core
particles, respectively. Moreover, we extended the use of this
approach to create core—shell MOF@polymer particles in
which a single MOF crystal that is used as the core particle is
encapsulated in a polystyrene sphere. We believe that this
assembly approach will open new avenues for the synthesis of
novel colloidal clusters with unprecedented geometries,
including those with high connectivity, as well as for increasing
the repertoire of colloidal clusters to assemble new three-
dimensional superlattices.
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Experimental Section

Materials. Zirconium (IV) chloride (ZrCls), hexadecyltrimethylammonium bromide
(CTAB), terephthalic acid (1,4-BDC) and polyvinylpyrrolidone (PVP, Mn=10,000) were
purchased from Sigma Aldrich. Glacial acetic acid, tetrahydrofuran (THF) and N,N-
dimethylformamide (DMF) were purchased from Fisher Chemical. 2-methylimidazole (2-
MiM), zinc acetate dihydrate (Zn(CH3COO);-2H>0), zinc nitrate hexahydrate
(Zn(NO3)2:6H20), sucrose and tetra-n-butylammonium bromide (TBAB) were purchased
from TCI Chemical. Amino and sulfonated polystyrene (PS) particles were purchased from
Thermo Fisher and Polysciences Europe. All chemical reagents and solvents were used as
received without further purification. De-ionized (DI) water was obtained from a Milli-Q

water purification system.

Synthesis of octahedral UiO-66 particles. ZrCls (56 mg) and 1,4-BDC (40 mg) were
dissolved in 20 mL of DMF containing 4 mL acetic acid and transferred to a scintillation
vial. This mixture was heated at 120 °C for 12 h. Afterwards, the synthesized particles were
washed twice with DMF (10 mL) and twice with methanol (10 mL) upon centrifugation at
9000 rpm in 50-mL Falcon tubes. Once washed, the collected particles were redispersed in 10
mL of an aqueous solution of PVP (2 mg mL™!), stirred for 30 min, and washed once with 10
mL of DI water upon centrifugation at 9000 rpm in 50-mL Falcon tubes. The collected
particles were finally redispersed in 5 mL of an aqueous solution of PVP (2 mg mL"!) at a
final concentration of UiO-66 particles of 10 mg mL"'. The zeta potential of the resulting
octahedral UiO-66 particles was approximately +45 mV. Note here that PVP was added to
improve the colloidal stability of UiO-66 particles in water.

Synthesis of cubic ZIF-8 particles. In a typical synthesis, Zn(NO3),:6H,O (140 mg)
dissolved in 8 mL of water was added to 24 mL of an aqueous solution containing 2-MiM
(1920 mg) and 4 mL of 0.85 mg mL-' CTAB solution. After standing for 5 hours, the resulting
ZIF-8 particles were washed with deionized water (10 mL) upon centrifugation at 9000 rpm
in 50-mL Falcon tubes, and finally dispersed in 10 mL of an aqueous solution of TBAB (1
mg/mL) at a final concentration of ZIF-8 particles of 10 mg mL!. The zeta potential of the
resulting cubic ZIF-8 particles was approximately +40 mV. Note here that TBAB was added
to improve the colloidal stability of ZIF-8 particles in water.
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Synthesis of rhombic dodecahedral (RD) ZIF-8 particles. RD ZIF-8 particles were
produced by following the protocol reported in a previous work.! An aqueous solution (5
mL) of Zn(CH3COO),-2H,0 (300 mg) was added to 5 mL of an aqueous solution of 2-MiM
(1.12 g) with gentle stirring. Then, the mixture was left at room temperature for 24 h. The
resulting ZIF-8 particles were washed with deionized water (10 mL) upon centrifugation at
9000 rpm in 50-mL Falcon tubes, and finally dispersed in 10 mL of an aqueous solution of
TBAB (1 mg/mL) at a final concentration of ZIF-8 particles of 20 mg mL!. The zeta potential
of the resulting RD ZIF-8 particles was approximately + 40 mV. Note here that TBAB was
added to improve the colloidal stability of ZIF-8 particles in water.

Synthesis of 8-coordinated cubic clusters using octahedral UiO-66 particles. In general,
colloidal clusters were assembled by i) rapid addition of negatively charged polystyrene
spheres suspension to an equal volume of suspension with monodispersed positively charged
MOF particles; immediately addition of a water—soluble plasticizer (THF) to the resulting
suspension; and iii) mixing and shaking the suspension by hand within 10 seconds.
Specifically, for the 8-coordinated cubic clusters, they were assembled by adding 100 pL of
the PS colloid (700 nm, 150 mg mL™") into 100 pL of the octahedral UiO-66 suspension (1
mg mL!). Then, 400 uL of THF/H>O (18 % v/v) were rapidly added to the mixture, followed
by hand shaking for 10 seconds. After that, the as-obtained sediments of the mixture
suspensions were collected by further purification via density gradient centrifugation (10-30
wt% sucrose in water) and washed with deionized water for several times. The resulting
colloidal clusters were finally re-dispersed in DI water.

Note here that the density gradient centrifugation is a common technique used to separate
particles that have different density or size of components. In it, the mixture is placed into a
centrifuge, in which the spinning from the centrifuge causes more dense particles to move to
the outside edge, creating a sorted solution that is layered by particle density from least to most.
In this technique, density gradient reagents (usually glycerol, sucrose and caesium chloride)
are used to speed up the process and increase the purity and throughput. In our experiments,
we found that a density gradient of 10-40 wt% sucrose in water was optimum to purify the

mixture.

Synthesis of cellular-type particles and core-shell UiO-66@polystyrene particles using
octahedral UiO-66 particles. The syntheses were identical to the formation of the above-
mentioned 8-coordinated cubic clusters, except that these two types of particles were

obtained by adding higher concentration of THF plasticizer: 400 uL of THF/H>O (26% v/v)
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for the synthesis of the cellular-type particles; and 400 uL. of THF/H>O solution (30% v/v) for
the core-shell UiO-66@polystyrene particles.

Synthesis of 6-coordinated octahedral clusters using cubic ZIF-8. These colloidal
clusters were assembled by adding 100 pL of the PS spheres colloid (200 nm, 10 mg mL™")
into 100 uL of the cubic ZIF-8 particles colloid (3 mg mL™"). Then, 350 uL of THF/H-O (14
% v/v) were rapidly added to the mixture, followed by hand shaking for 10 seconds. After
standing for 10 minutes without disturbing, the upper supernatant of the mixture suspension
was removed carefully while the sediments were collected. The collected solid was
redispersed in DI water (2 mL) and this sedimentation-redispersion process was repeated three

more times. Finally, the collected colloidal clusters were redispersed in DI water.

Synthesis of 12-coordinated cuboctahedral clusters using RD ZIF-8 particles. These
colloidal clusters were assembled by adding 100 uL of the PS colloid (600 nm, 20 mg mL"")
in 100 pL of the RD ZIF-8 particles colloid (3 mg mL™"). Then, 400 uL of THF/H>O (17 %
v/v) were rapidly added to the mixture, followed by hand shaking for 10 seconds. After
standing for 10 minutes without disturbing, the upper supernatant of the mixture suspension
was removed carefully while the sediments were collected. The collected solid was
redispersed in DI water (2 mL) and this sedimentation-redispersion process was repeated three

more times. Finally, the collected colloidal clusters were redispersed in DI water.

Characterization. Field-emission scanning electron microscopy (FE-SEM) images were
collected on a scanning electron microscope (FEI Magellan 400L XHR) at acceleration
voltage of 2.0 kV, using aluminum-tape or silicon wafer as support. Bright or dark field
scanning transmission electron microscopy (STEM) images were obtained with scanning
electron microscope (FEI Magellan 400L XHR) at acceleration voltage of 20.0 kV. The
average size distributions of synthesized particles/clusters were statistically estimated from
FE-SEM images by counting the edge/diagonal of 200 particles/clusters at different areas from
one sample. The diameter of UiO-66 particles was calculated from the previously measured
edge size. PXRD measurements were carried out on an X'Pert PRO MPDP analytical
diffractometer, Acy = 1.5406 A (PANalytical). The surface charge of MOF particles (expressed

as zeta potential ({)) was measured by using a Malvern Zetasizer, (Malvern Instruments, UK).
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Figure S1. (a) Scheme and FESEM image of as-synthesized octahedron UiO-66 particles,
highlighting the edge length of particles (¢). Scale bar: 10 um. (b) Size-distribution histogram

of as-synthesized UiO-66 particles with a mean ¢ of 735£21 nm.
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Figure S2. XRPD pattern of simulated (black) and as-synthesized UiO-66 particles (red).
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Figure S3. Representative FESEM images corresponding to the experiment in which 8-c¢ cubic
clusters were assembled by combining octahedron UiO-66 particles with 400 nm-in-diameter

of polystyrene spheres. Scale bars: (a) 5 um and (b) 1 pm.
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Figure S4. Representative FESEM images corresponding to the experiment in which 8-c
cubic clusters were assembled by combining octahedron UiO-66 particles with 1 pm-in-

diameter of polystyrene spheres. Scale bars: (a) 5 um and (b) 1 um.
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Figure S5. Representative FESEM image of the colloidal cubic clusters synthesized at the
ratio of 40:1. Scale bar: 10 pm.
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Figure S6. Representative FESEM image of the colloidal cubic clusters synthesized at the
ratio of 80:1. Scale bar: 10 um.
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Figure S7. Representative FESEM images of the colloidal cubic clusters synthesized at the

ratio of 150:1. Scale bars: (top row) 5 um and (bottom row) 2 um.
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Figure S8. Representative FESEM image of the colloidal cubic clusters synthesized at the
ratio of 300:1. Scale bar: 5 um.
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Figure S9. DLS histogram of the size distribution of a) polystyrene spheres (mean average
size: 782 £31 (PDI: 0.163); b) UiO-66 particles (mean average size: 1022 + 20 (PDI: 0.098);
c) the mixture of polystyrene spheres and UiO-66 particles (mean average size: 717 = 30 (PDI:
0.328); and d) purified colloidal cubic clusters (mean average size: 1453 + 73 nm (PDI: 0.385).

Note that the later mean size measured by DLS matches with the size of the cubic clusters
measured by FESEM.
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Figure S10. (a) Scheme and FESEM image of as-synthesized cubic ZIF-8 particles,
highlighting the edge length of particles (¢). Scale bar: 5 um . (b) Size-distribution histogram

of as-synthesized cubic ZIF-8 particles with a mean ¢ of 20510 nm.
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Figure S11. XRPD pattern of simulated (black) and as-synthesized cubic ZIF-8 particles (red).
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Figure S12. (a) Scheme and FESEM image of as-synthesized RD ZIF-8 particles, highlighting
the edge length of particles (¢). Scale bar: 5 um. (b) Size-distribution histogram of as-

synthesized RD ZIF-8 particles with a mean ¢ of 52627 nm.

S17

119



Intensity (a.u.)

L

LJU LJLJLALMJ\AMM

oo,

5 10 15 20 25 30 35 40
26 (°)

Figure S13. XRPD pattern of simulated (black) and as-synthesized RD ZIF-8 particles (red).
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Figure S14. Representative FESEM images of 12-c cuboctahedron clusters, in which the
central ZIF-8 particles have been etched by the gradient solution. Scale bars: (a) 5 pm and (b)
I pm.
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Template-Free, Surfactant-Mediated Orientation of
Self-Assembled Supercrystals of Metal-Organic Framework

Particles

Civan Avci, Yang Liu, Jose Angel Pariente, Alvaro Blanco, Cefe Lopez,* Inhar Imaz,*

and Daniel Maspoch*

Mesoscale self-assembly of particles into supercrystals is important for the
design of functional materials such as photonic and plasmonic crystals.
However, while much progress has been made in self-assembling supercrys-
tals adopting diverse lattices and using different types of particles, control-
ling their growth orientation on surfaces has received limited success. Most
of the latter orientation control has been achieved via templating methods

in which lithographic processes are used to form a patterned surface that
acts as a template for particle assembly. Herein, a template-free method to
self-assemble (111)-, (100)-, and (110)-oriented face-centered cubic supercrys-
tals of the metal-organic framework ZIF-8 particles by adjusting the amount
of surfactant (cetyltrimethylammonium bromide) used is described. It is
shown that these supercrystals behave as photonic crystals whose proper-
ties depend on their growth orientation. This control on the orientation of the
supercrystals dictates the orientation of the composing porous particles that

For instance, the importance of controlled
growth of oriented crystalline (111)-silicon
and (0001)-ZnO nanowires,>% (001)-
YBCO superconductors,d and phos-
phorene semiconductors’! on surfaces
in electronic, photovoltaic, and photonic
devices has been described. To date,
crystal orientation is controlled chiefly via
direct growth methods, including vapor/
liquid/solid,”! oxide-assisted,’®! and tem-
plate-based growth methods.!

Controlled orientation of crystals on
surfaces can also improve the perfor-
mance of porous materials integrated into
devices or membranes. For example, Tsa-
patsis and coworkers demonstrated that
zeolite ZSM-5 membranes in the (010)

might ultimately facilitate pore orientation on surfaces for designing mem-

branes and sensors.

The physical and even chemical properties of crystals often
differ with crystal orientation,l!l' due to the distinct atomic
interactions and bond distances along the crystal directions,
which can strongly affect the electronic, mechanical, and/or
magnetic characteristics. Accordingly, the integration of crys-
tals into devices requires control of their surface orientation.?
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orientation perform better at separation of
xylene isomers than those in other orien-
tations do. They attributed this advantage
to the larger, straighter pores accessible
along the b-axis throughout the mem-
brane thickness, compared to the narrower, sinusoidal pores
along the a-axis.'% Likewise, MFI-type zeolite membranes in
the (010) orientation showed better separation performance and
mass transfer than those in other orientations did.'! Similar
trends are expected for metal-organic frameworks (MOFs), an
emerging class of porous materials that can be synthesized in
various shapes and pore sizes and that show extremely large
surface areas and tailored internal surfaces.!?!® Prelimi-
nary advances in controlling the orientation of MOF crystal
growth on surfaces have been reported by Biemmi et al. !4l
for HKUST-1, and by Zacher et al, for MOF-5, using
in situ growth crystallization methods on substrates function-
alized with self-assembled monolayers, and by Shekhah and
Eddaoudi,*® for ZIF-8, using layer-by-layer liquid-phase epi-
taxy growth on substrates functionalized with self-assembled
monolayers. Moreover, Falcaro et al. recently demonstrated the
heteroepitaxial growth of centimeter-scale-oriented MOF films
using crystalline copper hydroxide—covered silicon as a template
substrate.'”] Remarkably, when a fluorescent dye was adsorbed
in the MOF crystals, these pore-oriented MOF films exhibited
optical response as “ON/OFF” switching upon film rotation.
The earliest methods to control the orientation of MOF
crystals rely on their coherent growth to form a contin-
uous film of a given orientation."*7l We recently reported that

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Formation of a) (111)-, b) (100)-, and c) (110)-oriented fcc supercrystals of TRD ZIF-8 particles. Each section contains (from left to right) a
schematic view of a single TRD ZIF-8 particle oriented along the corresponding plane; a view of the oriented crystal structure of ZIF-8; a schematic view
of the packing of the supercrystals, and corresponding FESEM images; and a schematic view of the 3D packing of the supercrystals, and corresponding
FESEM image. Scale bars are 2 um (fourth column) and 1 um (fifth and seventh columns).

colloidal crystals of ZIF-8 can self-assemble into centimeter-
scale supercrystals on surfaces to create a structured film of
singular building blocks with internal and interparticle avail-
able porosity.'¥! The term supercrystal is often used to refer
to 3D well-ordered assemblies formed by colloidal crystalline
particles!!®2 that, in the case of ZIF-8, are truncated rhombic
dodecahedral (TRD) crystals of controllable truncation. In these
supercrystals, whose particles are single-crystalline and fac-
eted, every constituent ZIF-8 crystal has the same orientation.
This observation prompted us to hypothesize that supercrystal
formation could serve as an alternative to the aforementioned
direct growth methods for controlling the orientation of porous
crystals on surfaces.

Herein, we develop this approach by controlling the growth
orientation of a face-centered cubic (fcc) supercrystal assembled
from TRD ZIF-8 crystals (truncation t = 0.63). Previous studies
on the formation of fcc supercrystals with an orientation dif-
ferent from the most common one ((111)-oriented) are limited.
In these few studies, fcc supercrystals (typically, (100)-oriented)
were assembled via templating methods in which lithographic
processes are exploited to form a patterned substrate that acts
as a template for particle assembly.?'23 In our new method
described here, we report that orientation of fcc supercrystals
can be controlled with the surfactant cetyltrimethylammonium
bromide (CTAB); same used for the synthesis of TRD ZIF-8
crystals. This template-free approach enabled us to generate
(111)-, (100)-, and (110)-oriented ZIF-8 supercrystals (Figure 1),
in which all the constituent ZIF-8 crystals are oriented along
the (111), (100), and (110) crystallite directions, respectively.
This property implies that in the (111)-oriented supercrystals,
the ZIF-8 particles with the largest pore apertures are aligned
perfectly perpendicular to the surface.

We first chose to study TRD ZIF-8 particles in which the
truncation value () = 2x/(¢ + x) = 0.63 (where ¢ is the dis-
tance between opposing square facets, and x is the side of the
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square facets), as these particles self-assemble into fcc super-
crystals.l'8l The particles were synthesized by adding a solu-
tion of ZnAc,-2H,0 (300 mg) in 5 mL of water to a solution
of 1.56 g of 2-methylimidazole (2-MiM) and 0.40 mg of CTAB
in 5 mL of water. The resulting transparent mixture was gently
stirred for 15 s, causing it to evolve into a white colloidal sus-
pension, which was left undisturbed at room temperature for
2 h. The resulting ZIF-8 particles were washed three times
with deionized (DI) water upon centrifugation at 9000 rpm in
50 mL Falcon tubes. Field-emission scanning electron micros-
copy (FESEM) images revealed the formation of TRD particles
of the following dimensions for t = 0.63: size (¢) = 233 + 14 nm
and edge length of square facets (x) = 106 £ 8 nm (Figure S1,
Supporting Information). The size polydispersity of ZIF-8 par-
ticles was =6% (Figure S1, Supporting Information). A powder
X-ray diffraction (PXRD) pattern of the as-synthesized particles
confirmed the formation of pure ZIF-8 (Figure S2, Supporting
Information). A N, sorption isotherm taken at 77 K confirmed
the porosity and indicated a Brunauer—-Emmett-Teller surface
area of 1215 m? g~! (Figure S3, Supporting Information).

We next performed an initial self-assembly experiment,
in which we redispersed the synthesized particles in water
(50 mg mL™Y). A droplet of 40 uL of this dispersion was placed
on a polydimethylsiloxane (PDMS)-coated SEM pin, which was
then heated in an oven at 120 °C for 3 min until the droplet
fully evaporated. Note here that the substrate was covered
with PDMS to provide better homogeneity and robustness to
the supercrystals, facilitating their handling, as they become
slightly attached to the PDMS surface. Upon evaporation, a
round-shaped, colorful ZIF-8 monolith was obtained with a
diameter of =6 mm. The monoliths obtained this way exhibited
structural green color visible to the naked eye, signaling the
formation of an ordered assembly. FESEM images revealed the
formation of the (entropically favored) (111)-oriented fcc plastic
supercrystal, in which all TRD ZIF-8 particles are oriented

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. PXRD for a) the disordered ZIF-8 monolith and b) the (111)-, ¢) (100)-, and d) (110)-oriented supercrystals.

with their (111) direction perpendicular to the surface of the
monolith and thus parallel to its (111) direction (Figure 1a).
PXRD analysis of a (111)-oriented fcc supercrystal assembled
on a silicon sample holder of the PXRD instrument showed the
typical ZIF-8 pattern, with its highest intensity peak at 26 = 16°
(Figure 2). This peak corresponds to diffraction from the (222)
plane of ZIF-8 (i.e., parallel to the (111) planes of the super-
crystal), and thus confirmed the orientation of the ZIF-8 par-
ticles along the (111) direction. Hence, in this (111)-oriented
supercrystal, the larger pore apertures (3.4 A) connecting the
11.6 A in. diameter cavities of ZIF-8 running along the (111)
direction are vertically aligned.

We next studied the possible influence of the surfactant
CTAB on the self-assembly of TRD ZIF-8 particles. Spe-
cifically, we sought conditions that would provide alter-
nate growth directions. Thus, we systematically prepared a
series of dispersions of ZIF-8 particles at a concentration of
50 mg mL™', in which we stepwise increased the concentra-
tion of CTAB from 1.00 to 4.00 mg mL™!, and then studied the
resulting supercrystal growth. At 1.00 mg mL™, results similar
to those of the supercrystals self-assembled without addition
of CTAB were obtained: the entire sample was (111)-oriented
(Figure S4, Supporting Information). When the CTAB con-
centration was increased to 2.00 mg mL™!, the formation
of (100)-oriented domains on the perimeter of the mono-
lith, and (111)-oriented domains in the center, was observed
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(Figure S5, Supporting Information). Upon increasing the
CTAB concentration further, these (100)-oriented domains
grew and became more abundant, gradually propagating
toward the center. By a CTAB concentration of 3.00 mg mL™},
a homogeneous (100)-oriented fcc supercrystal had been
assembled (Figure 1b). Remarkably, the PXRD pattern of the
(100)-oriented supercrystals showed its highest intensity peak
at 20 =11°, corresponding to the diffraction from (002) planes
of ZIF-8 (Figure 2c). This observation confirmed that the
ZIF-8 particles forming this supercrystal were oriented along
the (100) direction. Again, the crystallite orientation was par-
allel to that of the supercrystal.

When increasing the CTAB concentration up to
325 mg mL™!, we began observing the formation of
(110)-oriented domains. As previously, these new (110)-oriented
domains started occurring on the perimeter of the monolith
(Figure S7, Supporting Information) and propagated toward
the center for increasing CTAB concentration. Although a
purely (110)-oriented supercrystal could not be obtained filling
the entirety of the monolith, even at a CTAB concentration of
4.00 mg mL™!, the FESEM images of supercrystals obtained
at this CTAB concentration revealed formation of a large,
homogeneous, (110)-oriented area (Figure 1c), together with
some (100)-oriented domains near the center of the monolith
(Figure S8, Supporting Information). For the (110)-oriented
crystals, PXRD showed a strong (twofold) reinforcement of the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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preferential Bragg diffraction (Figure 2d), as
in the (111) and (100) orientations.
Snapshots of the self-assembly process of
ZIF-8 supercrystals revealed that the droplet
surface had become opalescent after only
20 s of incubation (Figure S9, Supporting
Information). This opalescence in turn sug-
gested that the supercrystal formation begins
at the droplet interface, meaning that the
self-assembly of ZIF-8 particles evolves from

www.small-journal.com

the droplet surface through the inside of the
droplet.?* It also suggested that the first
layer of ZIF-8 particles that assembles at this
interface governs further 3D self-assembly.
In fact, this assisted colloidal self-assembly
resembles the colloidal epitaxy method, in
which patterned substrates usually act as
templates to direct the 3D colloidal crystal-
lization.””) One intriguing question that

remains is how CTAB directs the forma-
tion of the first (111), (100), or (110) layer.

Considering a spherical particle, the planar
packing fraction of the hexagonal (111)
plane is 0.907, whereas the packing frac-
tions of the (100) and (110) planes are 0.785
and 0.555, respectively. Thus, an increase in
CTAB favors formation of less dense layers.
Certain factors must be considered in this
CTAB dependence. First, introduction of
more positive charges in the dispersion can

cause an increase in the number of repulsive
interactions during ZIF-8 particle assembly.
Second, formation of CTAB micelles and/or
a decrease in the droplet surface tension can
each alter particle assembly.

To validate the role of the surfactant (i.e.,
charge in the dispersion, micelles, and the
droplet surface tension), we investigated
the use of another surfactant such as the
anionic sodium dodecyl sulfate (SDS) to
control the self-assembly of ZIF-8 particles
(Figure S10, Supporting Information). We
observed completely disordered assemblies at SDS concentra-
tions lower than 2 mg mL™!, whereas ordered (111)-oriented
supercrystals were obtained upon increasing the SDS concen-
tration from 2 to 5 mg mL™'. When increasing the SDS con-
centration up to 6 mg mL™!, we started detecting the formation
of (110)-oriented domains. These results further evidenced
the importance of the surfactant concentration to change the
growth orientation of these fcc ZIF-8 supercrystals.

In addition to enabling control over pore-channel direc-
tion, the orientation of fcc supercrystals also determines the
photonic properties.?®! Accordingly, we next sought to study
how changes in CTAB concentration might influence the
photonic behavior of our MOF supercrystals. These super-
crystals are periodic dielectric structures comprising ZIF-8
particles (size: =230 nm); thus, they exhibit angle-dependent
iridescence that is visible to the naked eye and that originates
from a photonic band structure. We observed that increasing

1,0
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Figure 3. a) Change in color of the supercrystals obtained upon increasing the CTAB concen-
tration (left to right: 1, 2, 2.5, and 3 mg mL™"). Note that the photo on the far left corresponds
to a (111)-oriented supercrystal, whereas the one on the right corresponds to a (100)-oriented
supercrystal. The two intermediate photos correspond to mixtures of the two orientations,
showing that the (100) domains start at the perimeter, and then propagate to the center of the
monolith, with increasing CTAB concentration. Normalized specular optical reflectance plots
from b) (100) and d) (111) arrangements, and the corresponding photonic band structures in
the c) I'’X and e) I'L directions. The insets in panels (c) and (e) show the photonic gap positions
Ax and A, as functions of refractive index and mean particle size ¢;, respectively.

the CTAB concentration from 1 to 3 mg mL™ led not only
to a shift in supercrystal orientation, from (111)-oriented to
(100)-oriented, but also to a concomitant change in color from
green to blue (Figure 3a), thus providing preliminary evidence
of a shift in photonic properties. To further corroborate that the
photonic behavior was orientation-dependent, we characterized
both pure (111)- and (100)-oriented supercrystals with UV-vis
reflectance spectrometry to determine their respective photonic
bandgaps. Interestingly, unlike the other orientations, the (110)-
oriented supercrystal did not show any similar iridescence.
This was probably due to poor crystal quality and/or the hetero-
geneity of the entire monolith in terms of orientation. Indeed,
the (100)-oriented supercrystal had a 4,49 = 505 nm (Figure 3b),
whereas the (111)-oriented supercrystal exhibited a reflectance
peak at A;1; = 578 nm (Figure 3d).

The theoretical analysis of the photonic properties of ZIF-8
supercrystals was carried out by calculating the photonic

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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band structure with the MIT Photonic Bands free package.l?”!
This calculation begins by defining the geometry and set-
ting the refractive index of the material to be analyzed. The
structure formed by TRD particles joined by the hexagonal
facets is exactly an fcc crystal of air cubes of side x oriented
parallel to the axes in a ZIF-8 background and with a lat-
tice parameter a = 2x/t, where t is the truncation. The band
structure provides the first gap in the X point of the Brillouin
zone, which corresponds to the reflectance peak in the (001)
orientation directly comparable with experimental results. In
this calculation, we varied the refractive index to match the
X-gap frequency (90 = 505 nm; Figure 3c), since the former
is the only unknown parameter, because it depends on the
amount of water absorbed during synthesis. For the ZIF-8,
this calculation yielded a refractive index value of 1.535,
which is consistent with previously reported values (inset in
Figure 3c).[!8l

As we mentioned earlier, the (111)-oriented supercrystal
is singular, in that it is plastic and the orientation of its poly-
hedra is less regular than in the other two cases (i.e., only
the (111) crystallites axes are preferentially oriented along the
(111) supercrystal axis; Figure 1a). Consequently, such a struc-
ture presents photonic properties that do not respond to the
photonic bands calculated for the aforementioned, perfect,
close-packed fcc supercrystal. Thus, for the plastic fcc super-
crystal, we had to model the TRDs as effective spheres with a
diameter to be determined and a refractive index known from
(001) reflection. We analyzed candidate sizes (¢;) in the TRD
that could be defined by joining diametrically opposing singular
points on the surface (e.g., facet centers and corners) and that
depend on the truncation of the particle (Figures S12 and S13,
Supporting Information). Spheres of these diameters arranged
in a close-packed fcc define lattice parameters a; = ¢;+/2 and
corresponding filling fractions. We examined the photonic
bands of such lattices to determine the effective diameter at
which the photonic gap at the L-point in reciprocal space would
match the experimentally measured value (A;y; = 578 nm). We
concluded that the best fit is ¢, which is the distance between
the corner of opposing square facets (inset in Figure 3e). The
corresponding photonic band structure is shown in Figure 3e,
and the spectrum of reflectance in Figure 3d, where the accord-
ance can be observed.

In conclusion, we have reported the self-assembly of TRD
ZIF-8 crystals into well-ordered fcc supercrystals. These mono-
lithic structures comprise monodisperse crystalline particles
and, when no additional CTAB is added to the colloidal solu-
tion, the (111) ZIF-8 particle direction orients as the (111)
supercrystal direction. We demonstrated that the entropically
favored (111) orientation of these ZIF-8 supercrystals can be
forced through the (100) orientation—and even the (110) orien-
tation—Dby increasing the concentration of CTAB in the colloidal
solution. To the best of our knowledge, this is the first reported
example of orientation control in self-assembled polyhedral par-
ticles. Moreover, it is one of only a few examples demonstrating
orientation control in colloidal crystals. Given that the ability
to manipulate supercrystal orientation is important not only
for MOFs, but also for all colloidal crystals, our method should
provide a powerful tool for pore alignment, property tuning,
and/or crystal orientation engineering.

Small 2019, 15, 1902520

190252 5 of €

www.small-journal.com

Experimental Section

Materials and Characterization: All chemical reagents and solvents
were purchased from Sigma-Aldrich and used as received without
further purification. DI water was obtained from a Milli-Q water
purification system. FESEM images were collected on a scanning
electron microscope (FEI Magellan 400L XHR) at acceleration voltage
of 1.0 kV, using PDMS-coated aluminum tape as support. The size
of crystals was calculated from FESEM images by averaging the
diameter of 200 particles from images of different areas of the same
samples. PXRD measurements were done on an X'Pert PRO MPDP
analytical diffractometer, Ac, = 1.5406 A (PANalytical). Volumetric N,
sorption isotherms were collected at 77 K using an ASAP 2020 HD
(Micromeritics). The reflectance spectra were taken with a Hyperion
2000 FT-IR microscope coupled to a Vertex 80 spectrometer (both from
Bruker) with a 15x Schwarzschild standard objective, tungsten lamp
(in the Vertex 80), and a Si diode detector.

Synthesis of TRD ZIF-8 Crystals with t = 0.63: A solution of 0.3 g
of Zn(OAc),-2H,0 in 5 mL of DI water was added into a solution of
1.56 g of 2-MiM and 0.40 mg CTAB in 5 mL of DI water, and the resulting
mixture was homogenized by stirring it for 15 s. Then, the mixture was
left at room temperature for 2 h to form TRD ZIF-8 crystals with t = 0.63.
The resulting ZIF-8 particles were washed three times with DI water
upon centrifugation at 9000 rpm in 50 mL Falcon tubes. The collected
wet pellets were finally redispersed at a concentration of 50 mg mL™" in
DI water or in aqueous CTAB solution with varying concentrations from
1 to 4 mg mL™". Note that to prevent aggregation, the particles were
dispersed while they were still wet.

Formation of the ZIF-8 Supercrystals: The desired substrates (glass
microscope slides, SEM pins, and PXRD substrate) were initially washed
with water and ethanol, and dried with a pressurized N, gun. Then,
PDMS was mixed with the curing agent with a mass ratio of 10:1, and
the resulting mixture was applied to the corresponding substrate and
cured for 15 min at 120 °C. Then, 40 uL of the ZIF-8 colloidal solution
was dropped on the PDMS-coated surface and left in the oven to dry at
120 °C.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. (a) Schematic illustrations of the ZIF-8 TRD particles, highlighting: particle size
¢ and edge length x (b) Representative FE-SEM images of as-synthesized ZIF-8 particles
with t = 0.63. Scale bars: 2 um (left) and 400 nm (right); (c) Size-distribution histograms of
as-synthesized ZIF-8 particles with t = 0.63.
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Figure S2. PXRD pattern of simulated (black) and as-synthesized ZIF-8 particles with t =
0.63 (red).
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Figure S3. N isotherm and BET linear fit of as-synthesized ZIF-8 particles with t = 0.63.
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Figure S4. Representative FE-SEM images of ZIF-8 supercrystals self-assembled using
CTAB concentration of 1.00 mg/mL. Images correspond to the perimeter (a) and to the center
(b). Scale bars are 2 um.

Figure S5. Representative FE-SEM images of ZIF-8 supercrystals self-assembled using
CTAB concentration of 2.00 mg/mL. Images correspond to the perimeter (a) and to the center

(b). Scale bars are 2 um.
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Figure S6. Representative FE-SEM images ZIF-8 supercrystals self-assembled using CTAB
concentration of 3.00 mg/mL. Images correspond to the perimeter (a) and to the center (b).
Scale bars are 2 um.
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Figure S7. Representative FE-SEM images of ZIF-8 supercrystals self-assembled using
CTAB concentration of 3.25 mg/mL. Images correspond to the perimeter (a) and to the center

(b). Scale bars are 2 um.
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Figure S8. Representative FE-SEM images of ZIF-8 supercrystals self-assembled using
CTAB concentration of 4.00 mg/mL. Images correspond to the perimeter (a) and to the
center (b). Scale bars: (a) 3 um and (b) 2 um.
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Figure S9. Representative photograph of the droplet after only 20 seconds of incubation,
showing that the surface droplet has become opalescent.
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Figure S10. a) Representative FE-SEM images of disordered ZIF-8 assembly obtained using
SDS concentration of 1.00 mg/mL. b-f) Representative FE-SEM images of ZIF-8
supercrystals self-assembled using SDS concentration of 2.00 mg/mL (b), 3.00 mg/mL (c),
4.00 mg/mL (d), 5.00 mg/mL (e) and 6.00 mg/mL (f). Scale bars are 5 um.
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Analysis of the Photonic Properties

The theoretical analysis of the photonic properties of ZIF-8 supercrystals was carried out by
calculating the photonic band structure with the MIT Photonic Bands (MPB) free package.
Figure S11 shows the photonic bands for several high-symmetry directions for a photonic
crystal for a given refractive index. The variation of the photonic X-gap as a function of nzis

plotted in Figure 3 of main text and fit the experimental Ago; for nz = 1.535.

288

336

404

505

A (nm)

673
1009

2018

U L I X W K iy
Figure S11. Full photonic band calculation for n,=1.535.

""Plastic™ oriented fcc

Once the refractive index of our ZIF-8 particles was settled, a simulation of the "plastic” fcc
structure can be done. In this configuration, no preferred orientation of the TRD particles is
achieved so they can only be modelled as close packed effective spheres. Different diameters,
and their respective filling fractions that depend on the truncation of the TRD particles were
tested (Figure S12). In Table S1, filling fractions are calculated for t = 0.63 which have an
impact on the photonic bands as they determine the effective refractive index.

For this configuration, the band gap at the L point of the Brillouin zone (that gives rise to the

reflectance peak in the (111) orientation) is calculated as a function of the refractive index

9
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(that depends on the filling fraction and the ZIF-8 particles —already determined in the

previous section). These gaps for different effective diameters are plotted as a function of nz

in Figure S13.
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Figure S12. Possible diameters as a function of the truncation and their corresponding filling
fractions.

0.96245
0.72179
0.87498
0.47628
0.56703
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Table S1. Calculated filling fraction for t = 0.63 for the different diameters.
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he last panel in Figure S13 summarizes the edges of the L gap for nz=1.535 for the various
effective diameters. The gap for the effective diameter ¢s is the only reasonable candidate as it
predicts to be precisely centred around the experimentally measured value for nz = 1.535.
This diameter, ¢s, corresponds to the second largest for the current truncation (See Figure
S12). This is in a good agreement with the "plastic” configuration in which the particles are
placed in lattice positions of a fcc but in a random orientation. As a preferred orientation does
not exist, a lessening in the packing will be expected and thus, a decrease in the filling

fraction of the structure.

535 7 (mpb)
— A (exp)

A (nm)

n\u,; n,

I'L ("moF = 1.535)
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Figure S13. Evolution of the L band gap for different test diameters as a function of the
refractive index of the ZIF-8. For nz = 1.535, the value obtained in the previous analysis, the
best fit diameter is ¢s.

In the light of the above, a comparison between theory and experiment can now be done.
Figure 3 in the main text shows the spectra and the bands for the principal symmetries
obtained as the concentration of CTAB increases. A Bragg peak in <111> direction
corresponds to a gap in the L point of a plastic fcc photonic crystal when the amount of CTAB
is around 1 mg/ml. A similar result can be seen for the <100> direction, which corresponds to
a 3 mg/ml concentration of CTAB; in this case, accounted for by a gap at the X point for a
compack fcc lattice. Moreover, no peak has been measured in the <110> direction in good

agreement with the configuration of bands at the K point where no gap opens.
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Introduction

Emerging functional materials for applications in pho-
tonics, plasmonics, and mechanics are created by assem-
bling smaller particles into defined structures.! Among
various assembly strategies, using spherical confinements
(e.g. in drying emulsion droplets) to guide the self-assembly
process is garnering increasing interest.’) This hierarchical
approach entails assembly of a finite number of particles
into a larger supraparticle. The finite number can provide
additional effects, such as fluctuations of the thermody-
namic stability of defined clusters.”?) More generally,
ordered supraparticles exhibit the collective properties
present in their corresponding bulk assemblies, while
remaining dispersible, discrete objects that are easy to
handle and post-process. For supraparticles whose constit-
uent particles are of a size in the range of visible light
wavelengths, the regular internal structure causes light
diffraction, with constructive and destructive interference
occurring for specific ranges of wavelengths that depend on
the particle size, lattice spacing, degree of order, and
materials composition (namely the variations in the
refractive index), all of which affect the resulting structural
color and its angle dependence, thus generating structural
color. The hue, intensity and saturation of this color
depends on the refractive index, degree of crystallinity and
crystal-type of the supraparticle.®*!

To date, most supraparticles exhibiting structural color
are assembled from spherical primary particles. Significant
efforts have been focused on varying the type of the
primary spherical particles, including polystyrene, silica
and melanin and other biopolymers.'“* The extensive use
of spherical primary particles in supraparticles stems from
their availability and strong tendency to form close-packed,
ordered structures. At the same time, the type of resulting
crystal lattices is often limited to close-packings of equal
spheres. In contrast, the variety of ordered structures that
can be formed by polyhedral particles with potential
distinct optical functionalities is massive.’! Although re-
searchers can now exercise precise control over the size
and shape of diverse polyhedral particles (mainly metallic
ones), they continue to face the challenge of assembling
these particles within droplets to generate supraparticles
with structural color. This is because the particles are either
too small to produce Bragg diffraction color or too heavy
to remain dispersed within the droplets, so that sedimenta-
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tion impedes efficient equilibration.!”! This, in turn, pre-
cludes the use of many functional materials that are
intrinsically polyhedral in the assembly of new multi-
functional supraparticles.

To face this challenge, we envisaged using polyhedral
metal-organic frameworks (MOFs) as primary particles for
the formation of supraparticles. MOFs are functional porous
materials with large surface areas and potential for myriad
applications such as gas storage, catalysis and separation.”)
MOFs also exist in the form of crystalline particles that
encompass most known polyhedral shapes. Moreover, they
have been recently synthesized with highly homogeneous,
tunable size and shape.®! Together with their low density
and their amenability to surface functionalization, MOFs
can also be obtained as stable colloids, with particle sizes in
the range of ~200 nm to 400 nm, which is in the ideal range
to interact with visible light and thus, produce structural
color. Indeed, we have recently demonstrated the use of
such polyhedral MOF particles for three-dimensional pho-
tonic MOF superstructures.”'”) Here, we demonstrate that
similar complex-shaped MOF particles can self-assemble
within the confinement of an emulsion droplet and form
spherical, consolidated and ordered photonic supraparticles.
In the following, we examine in detail how the spherical
confinement affects the resultant self-assembled structure
and how this internal structure translates into macroscopi-
cally observable structural color.

The polyhedral MOF particles used in this study are
cubic zeolitic imidazolate framework-8 (C-ZIF-8), truncated
rhombic dodecahedral TRD-ZIF-8, perfect rhombic dodeca-
hedral RD-ZIF-8 and octahedral Universitetet i Oslo-66 (O-
UiO-66) particles. ZIF-8 is a porous MOF made of Zn" ions
and 2-methylimidazolate (2-Mim) linkers that exhibits a
sodalite-type structure and a large surface area (=~1200-
1500 m?g")." Ui0-66 is a MOF built up from bridging
[Zr,0,(OH),] clusters by terephthalic acid linkers, also
showing a large surface area (~1200 m’g™").'” We found
that the spherical geometry of each supraparticle enforces
ordered, onion-like layered structures of polyhedral MOF
particles, which, in turn, act as Bragg reflectors and cause
interference effects leading to structural coloration. Based
on our results, we discuss the angle-dependent coloration as
a function of the size and shape of the building blocks and
the internal order of the resultant supraparticles.

Results and Discussion

We began with the synthesis of different colloidal polyhedral
MOF nparticles (Figure 1a; Figure S1-S4). C-ZIF-8 particles
were synthesized by reacting an aqueous mixture of Zn-
(NO;),,6 H,0O, 2-Mim and cetyltrimethylammonium bromide
(CTAB) at room temperature for 5 h. Similarly, both TRD-
and RD-ZIF-8 particles were prepared by reacting an
aqueous solution of ZnAc,2H,0, 2-Mim and CTAB (only
in the case of TRD-ZIF-8) at room temperature for 2 h. In
the case of O-UiO-66, a dimethylformamide (DMF) solution
of ZrCl,, terephthalic acid and acetic acid was heated at
120°C for 12h. Afterwards, the three types of ZIF-8
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particles were washed with deionized water and O-UiO-66
with DMF by centrifugation at 9000 rpm in 50 mL Falcon
tubes. Colloids were finally prepared at concentrations of
40mgmL™"'  (C-ZIF-8), 40mgmL~"' (TRD-ZIF-8),
20 mgmL ! (RD-ZIF-8) and 6 mgmL™! (O-UiO-66). Field-
emission scanning electron microscopy (FESEM), powder
X-ray diffraction (PXRD), and zeta-potential measurements
of the resulting colloids revealed the formation of the
following homogeneous particles, listed here with their
respective particle sizes: C-ZIF-8 (191+9 nm; Figure S1),
TRD-ZIF-8 (181 4+9 nm; 198 +10 nm; 229 +9 nm; and 247 +
10 nm; Figure S2), RD-ZIF-8 (246 +12 nm; 267 + 12 nm; and
293+ 13 nm; Figure S3) and O-UiO-66 (edge size: 194+
12 nm; 238 +13 nm; and 247 +13 nm; Figure S4). The trun-
cation in TRD-ZIF-8 particles was 0.68. The surface charge
of all the ZIF-8 particles was approximately +30 mV, for
the O-UiO-66 particles, ca. +45 mV.

Having prepared the four types of MOF particles, we
then synthesized the corresponding supraparticles. This
began with addition of 0.5 wt% non-ionic alcohol ethoxylate
surfactant (Lutensol TO-8, BASF) into separate 1.0 mL
dispersions of the ZIF-8 particles, and of polyvinylpyrroli-
done into a dispersion of the UiO-66 particles to improve
colloidal stability. Three centrifugation cycles removed
residual reagents, including excess surfactant. Next, the
aqueous MOF particle dispersions were emulsified in
perfluorinated oil (HFE 7500), either by vigorous shaking
(Figure S5) or by droplet-based microfluidics (Figure 1b,c,
Figure S6). The droplets were stabilized by a perflurosurfac-
tant and left in an open glass vial overnight to allow
evaporation and self-organization of the building blocks
inside the droplets.

Next, we characterized the supraparticles assembled
from each of the four polyhedral MOF particles by FESEM
(Figures 1d). Each supraparticle was spherical and had an
ordered surface, in which each class of polyhedral MOF
particle was packed in agreement with the corresponding
Monte Carlo simulations of hard polyhedra in spherical
confinement (Figures le). The RD- and TRD-ZIF-8 par-
ticles formed a triangular unit cell and a rhombic unit cell at
the supraparticle surface, respectively, agreeing with their
bulk face-centered cubic packing and rhombohedral
packing.”! The C-ZIF-8 particles formed the expected
square unit cell on the spherical supraparticle surface,
whereas the O-UiO-66 particles formed a triangular cell.
Careful analysis of FESEM images also showed that the flat
faces of the TRD-ZIF-8, C-ZIF-8 and O-UiO-66 particles
were exposed to form a smooth, ordered, supraparticle
surface. This was observed both experimentally and in the
simulations. We reason that this packing is caused by
entropic force that favors face-to-face configurations and
disfavors vertex-to-face configurations in polyhedral pack-
ing, which tends to align the flat faces of particles to the
droplet interface.!"”!

Spherical confinement distorts crystalline lattices; con-
sequently, it distorts the arrangement of MOF particles
inside the supraparticles.’"®'*!3) The spherical curvature
forces the primary particle to form a spherical particle
monolayer at the supraparticle surface, which can in turn
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Figure 1. Supraparticles from uniform, polyhedral MOF building blocks. a) FESEM of monodisperse rhombic dodecahedron (RD-ZIF-8), truncated
rhombic dodecahedron (TRD-ZIF-8), cube (C-ZIF-8) and octahedron (O-UiO-66) particles (left to right). b,c) Monodisperse TRD-ZIF-8
supraparticles prepared by emulsifying the MOF particle dispersion using droplet-based microfluidics. d) FESEM (from left to right) of RD-ZIF-8,
TRD-ZIF-8, C-ZIF-8 and O-UiO-66 supraparticles, exhibiting ordered surfaces and characteristic packings. e) Snapshots of Monte Carlo simulations

with polyhedra in spherical confinement.

cause the particles underneath to form another ordered
layer. This curvature effect propagates from the surface of
the supraparticle towards the interior and attenuates as the
curvature increases up to infinity at the core. This suggests
that the supraparticle might exhibit onion-like concentric
layer structures under the surface,*! and that the thickness
of these onion layers may differ depending on the propen-
sity of the differently-shaped particles to assemble in the
spherical confinement.

We confirmed this hypothesis by two independent
imaging techniques, namely X-ray tomography and focused
ion beam (FIB)-assisted cross-sectioning, providing direct
insight into the inner structure of the different supraparticles
(Figure 2). Figure 2a shows an X-ray transmission image of
a supraparticle assembled from C-ZIF-8 particles, where up
to ten concentric layers, forming an ordered, onion-like
structure, are evident near the surface. Towards the center,

Angew. Chem. Int. Ed. 2022, 61, €202117455 (3 of 8)

the image appears homogeneous, indicating the particles are
less ordered at the core of the supraparticle. Similarly,
pronounced onion-like layer structures were observed in
TRD-ZIF-8 supraparticles, while RD-ZIF-8 and O-UiO-66
supraparticles showed only little onion layers (Figure S7).
The impression of the X-ray tomography was corroborated
by SEM-FIB cross sectioning (Figure 2b—e). Onion-like
layers were observed for all ZIF-8 polyhedral MOF particles
near the supraparticle surface, conforming to the spherical
curvature. Corroborating the X-ray images, the RD-ZIF-8
and the O-UiO-66 supraparticles only showed lower propen-
sities to form onion-like layers and mostly regions with
short-range order (Figure 2b,e; Figure S8,S11), whereas
TRD- and C-ZIF-8 supraparticles exhibited pronounced
onion-like layers penetrating far towards the interior (Fig-
ure 2c,d; Figure S9,S10). Intriguingly, the TRD-ZIF-8
supraparticles exhibited very high crystallinity throughout
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Figure 2. Internal structure of the supraparticles assembled from
polyhedral MOFs. a) X-ray transmission image of a C-ZIF-8 supra-
particle, showing its onion-like structure near the outer surface. b)—

e) Focused ion beam cross-sections of a RD-ZIF-8 (b), TRD-ZIF-8 (c),
C-ZIF-8 (d) and O-UiO-66 (e) supraparticles, showing their correspond-
ing thicknesses of the onion-like layers.

the interior, albeit in multiple crystalline domains. We
reason that sufficient equilibration may enable them to
evolve towards complete crystallization with global symme-
try, similar to what has been observed in spherical particles
or ultra-small nanocrystals in spherical confinement.&%!
Indeed, we occasionally found local five-fold patterns in
small supraparticles of TRD-ZIF-8 particles, indicative of an
emerging icosahedral symmetry, corroborating results on
the equilibrium structure of cubic nanoparticles with
truncated edges (Figure S12).1! Interestingly, in the Monte-
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Carlo simulations, all four hard polyhedral particles form
onion-like layers of similar thickness, indicating that shape
itself does not cause the different propensity to form onion-
like layers in differently-shaped MOF particles (Figure le,
Figure S13). However, in a simple bulk crystallization
induced by centrifugation, we observed coloration for the
TRD- and C-ZIF-8 particles, but not for the RD-ZIF-8 and
0-Ui0-66 particles (Figure S14), agreeing with the observed
trend in the supraparticles. We therefore hypothesize that
the effect may be caused by the anisotropic electrostatic
repulsions of polyhedral particles. It is likely that there is
more screening of charges at sharp edges, i.e. the RD-ZIF-8
particles, making them more prone to aggregate at close
distance, compared to C-ZIF-8 with less edges. TRD-ZIF-8
particles on the other hand have rounded and smoothened
edges, making such particles even more stable.!'"

The ability to form well-ordered MOF supraparticles
with defined internal structure enabled us to study their
photonic properties as a function of primary particle shape
and degree of internal order (Figure 3). To this end, we
combined micro-spectroscopy at the individual supraparticle
level on a substrate in air with macroscopic angle-dependent
spectroscopy of the supraparticle dispersions. First, we
assembled four types of supraparticles and chose the
primary particle sizes that produce a green reflection color
under the microscope (Figure 3, top). As expected from the
investigation of internal order (Figure2), C-ZIF-8 and
TRD-ZIF-8 supraparticles showed a pronounced green
coloration with a well-resolved central colored dot, which
results from constructive interference of light reflected at
the spherical-symmetric ordered onion layers (Figure 3b,c).
In contrast, RD-ZIF-8 and O-UiO-66 supraparticles showed
a less pronounced reflection color (Figure 3a,d), indicative
of the lower degree of internal ordering. Noteworthily, the
surfaces of all supraparticles exhibited well-ordered arrange-
ments of particles (Figure 3a—d, middle), indicating that
polydispersity is not the origin of the reduced order of some
shapes. Microscopic reflection spectra (Figure 3a—d, bottom)
corroborated these observations. TRD- and C-ZIF-8 supra-
particles showed narrower and more defined photonic stop
bands (full width at half maximum (FWHM)=66 nm and
56 nm, respectively), while RD-ZIF-8 and O-UiO-66 supra-
particles exhibited broader peaks (FWHM=84 nm and
83 nm, respectively).

Next, we used the TRD-ZIF-8 (229 nm) sample to
exemplarily establish the relationship between supraparticle
size and the reflection color intensity, measured at the peak
of the photonic stop band (Figure 3e), using a polydisperse
supraparticle sample prepared by simple shaking emulsifica-
tion. A clear increase in color intensity was observed with
increasing supraparticle size, which can be rationalized from
the diminishing effect of frustrated crystallization caused by
the curvature of the spherical confinement.

We then established the relationship between primary
particle dimensions and the structural color of the supra-
particles. We systematically varied the sizes of the differ-
ently-shaped MOF particles and measured reflection spectra
from the formed MOF supraparticles suspended in the oil
phase in a glass vial (Figure 3f). The reflection peaks of all

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

148



Research Articles

die

Chemie

An

Internatic

diameter / ym

X
(=)
25k
= 15
9 1 L 1
400 500 600 700 800
wavelength / nm
¥ 50 - f
S T . e
o sof E
% 20 ot >
D 10} ]
= [0]
9 L L L o
5 15 25 35 ¢
o
=
5}
2
=
o

~
(41
o

[o2]
o
o

550

1 L 1
400 500 600 700 800

wavelength / nm

wavelength / nm

&

X
o5t
= 15 “
9 1 1 1 1 L 1
400 500 600 700 800 400 500 600 700 800

wavelength / nm

9

1.5
1.0
0.5

2.0
1.0

reflectance / a.u.

1.5
10|
0.5

I 90°

1
200

1
240

MOF particle size / nm

L
280

400 500 600 700 800
wavelength / nm

- H 30° 30°
I spherical  buckled j spherical  buckled
I I
=]
N .
Z 30f S0}
@ ®
g 20f 15t
£ 8
\ “l_’ 101 § 1.0
+ | | I HG:’ I I I

400 500 600 700 800
wavelength / nm

400 500 600 700 800
wavelength / nm

Figure 3. Optical properties of MOF supraparticles. a)—d) Top row: FESEM of RD-ZIF-8 (a), TRD-ZIF-8 (b), C-ZIF-8 (c) and O-UiO-66 (d)
supraparticles, exhibiting structural coloration from the interaction of the incident light and the supraparticle structure (optical microscopy images
in inset). Middle row: magnification of the particle surfaces, showing well-ordered arrangements of the primary particles; bottom row: reflection
spectra measured for individual supraparticles. e) Effect of supraparticle size on the intensity of the photonic stop band, exemplarily shown for
TRD-ZIF-8 supraparticles. f) Relationship between size and shape of the primary particles on the wavelength of the reflection peak, measured in
suspension. g) Angle-dependent reflectance spectra of MOF supraparticles consisting of the same colloidal particle size but different shapes, along
with corresponding photographs showing the observable coloration. h) FESEM of spherical and buckled MOF supraparticles, with optical
microscopy images showing differences in structural color. The surface of the buckled supraparticle shows the hexagonally-packed particle layer.

i) Reflectance spectra of individual spherical and buckled MOF supraparticles. j) Reflectance spectra of spherical and buckled supraparticles
measured in suspension.

samples shifted linearly with increasing primary particle size,
as the periodicity in the Bragg diffractor scales linearly with
the particle size. Noteworthily, larger RD-ZIF-8 particles
are required to produce the same reflection peak compared
to other shapes (horizontal box in Figure 3f). As shown in
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Figure 3a—-d, a green reflection color was produced for
TRD-ZIF-8 (197 nm), C-ZIF-8 (191 nm) and O-UiO-66
(194 nm) of similar sizes, while RD-ZIF-8 had significantly
larger dimensions (246 nm). These differences are caused by
the packing of the differently-shaped particles. Entropy
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favors the particles to align their faces within each layer and
between layers (Figure S15).”! For TRD- (and similar for
C-shaped) particles, the surface of a close-packed layer is
“flat”, leaving only small grooves from the truncation at
particle edges. As a result, the distance between two stacked
layers is the same as the distance between the two opposite
faces of the TRD, which is the particle size by definition
(note that this does not equal the edge length, Figure S2).
However, for RD-ZIF-8 particles, the surface of a close-
packed layer has jagged protrusions and indentations (Fig-
ure S15). When two such layers stack, protrusions and
indentations can register, bringing the two layers closer. As
a result, the distance between layers is smaller than the size
of RD-shaped particles. From Figure 3f, we estimate that
RD-shaped particles need to be 1.25 larger in size (than
TRD-shaped particles) to produce a similar Bragg reflection
peak.

We then focused on the macroscopic, angle-dependent
coloration of the different MOF supraparticles, which was
measured directly in suspension using a collimated white
light source at different angles for illumination (Figure S16).
Figure 3g shows the spectra of supraparticle suspension
prepared by shaking using similar-sized primary particles of
different shapes (=247 nm; vertical box in Figure 3f). As
established above, the different packings of the individual
shapes lead to different layer spacing and therefore a
different photonic stop band at the same illumination angle
(Figure 3f). Note that the reduced refractive index contrast
in suspension efficiently suppress incoherent scattering,
manifested by reduced reflection at lower wavelengths
around 400 nm compared to samples measured in air (Fig-
ure 3a—d). As the angle between incident light and detector
increases from 30° to 90°, all supraparticle suspensions
showed a blue shift of the photonic stop band (Figure 3g,
Figure S17). A quantitative comparison between all samples
revealed nearly identical angle-dependent blue shifts of the
stop band, regardless of the primary particle shape (Fig-
ure S18), suggesting that interference of light reflected at the
onion-like layers is the dominating color mechanism. How-
ever, it is noteworthy that the RD-ZIF-8 and O-UiO-66
supraparticles with low propensity to form onion layers and
thus low reflected color intensity under the microscope
(Figure 3a, d), also showed evident macroscopic coloration.
We note that the spectral intensities of the different samples
cannot be directly compared, as the mobile supraparticles
rapidly accumulate on the top of the suspension due to the
density difference, causing a non-uniform concentration
during measurements. Nevertheless, the macroscopic photo-
graphs (Figure 3g) of the different dispersions document the
visible, angle-dependent coloration of the RD-ZIF-8 and O-
UiO-66 supraparticle dispersions with comparably low
order.

Interestingly, even buckled MOF supraparticles with
supposedly compromised internal order exhibited observ-
able structural color (Figure 3h). We fabricated spherical
and buckled RD-ZIF-8 supraparticles by systematically
removing surfactant via additional centrifugation steps (Fig-
ure S19). The buckled supraparticles did not show the
typical central dot attributed to the onion-like layers in the
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optical microscopy images (Figure 3h).”* Their spectral
properties, however, showed the presence of a reflection
peak (Figure 3i,j). A similar phenomenon was recently
reported for nanocellulose crystals in droplets, where multi-
layer structures persist through a buckled morphology.' It
is possible that the MOF particles also form stacked, non-
concentric layers near the supraparticles surface. However,
due to the larger and more rigid particle nature, only a few
layers can be reasonably expected under the heavily buckled
surface. Additionally, the reported buckled nanocellulose
structures exhibit angle-independent color, while the
buckled MOF supraparticles maintain the same angle-
dependency observed in spherical supraparticles (Fig-
ure S20). We hypothesize that other mechanisms may
contribute to this coloration. One possibility is an additional
surface grating effect (Figure S21)."2!! We noticed that
even for buckled supraparticles, the surface consists of
hexagonally close-packed particles with sufficient structural
order (Figure 3h, inset, Figure S22), similar to the surface of
spherical supraparticles (Figure S23). The inclined angle
enabled by the polyhedral particles may efficiently diffract
part of the incident light, which adds to the weaker Bragg
reflection color for the buckled supraparticles. Another
possible source for the color is the existence of numerous
tiny crystallites consisting of a few dozen particles randomly
distributed in the supraparticles, which can be seen in the
weak and localized color patches in the optical microscopic
image (Figure 3h). While the exact mechanism and the
individual contributions to the observed structural color of
MOF supraparticles requires more detailed studies sup-
ported by numerical simulations, the existence of macro-
scopic coloration in less ordered structure with non-
spherical, buckled morphology is promising for the design of
structurally colored materials and pigments.

Conclusion

In conclusion, we assembled various type of polyhedral
MOF particles into well-defined MOF supraparticles and
investigated the shape-dependent internal structure. We
then correlated this internal order with microscopic and
macroscopic structural coloration and established shape-
size-coloration relationships. With the growing library of
MOF particle materials and shapes, our study opens a new
avenue to fabricate discrete hierarchical ordered structures
that combine intrinsic MOF functionality with additional
emerging collective properties.

Acknowledgements

We thank CX. Du and E.G. Teich for discussion of
polyhedra packing in confinement. This work was supported
by the Spanish MINECO (project RT12018-095622-B-100)
and the Catalan AGAUR (project 2017 SGR 238). It was
also funded by the CERCA Pro-gram/Generalitat de
Catalunya. ICN2 is supported by the Severo Ochoa program
from the Spanish MINECO (Grant No. SEV-2017-0706).

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

150



GDCh
=

Y.L. acknowledges the China Scholarship Council for
scholarship support. T.P. and S.E. acknowledges support by
DFG within the framework of the research training group
GRK 1896. This research was supported by the Deutsche
Forschungsgemeinschaft ~ (DFG, German  Research
Foundation) —Project-ID 416229255—SFB 1411. N.V. and
M.E. also acknowledge funding by the DFG under projects
VO 1824/7-1 and EN 905/2-1, respectively. Open Access
funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Emulsion - Metal-Organic Frameworks -
Self-Assembly - Structural Color - Supraparticles

[1] a)J. F. Galisteo-Lépez, M. Ibisate, R. Sapienza, L. S. Froufe-
Pérez, A. Blanco, C. Lépez, Adv. Mater. 2011, 23, 30; b) M.
He, J. P. Gales, E. Ducrot, Z. Gong, G.-R. Yi, S. Sacanna, D. J.
Pine, Nature 2020, 585, 524-529; c) A. Dreyer, A. Feld, A.
Kornowski, E. D. Yilmaz, H. Noei, A. Meyer, T. Krekeler, C.
Jiao, A. Stierle, V. Abetz, H. Weller, G. A. Schneider, Nat.
Mater. 2016, 15, 522; d) N. S. Mueller, Y. Okamura, B. G. M.
Vieira, S. Juergensen, H. Lange, E. B. Barros, F. Schulz, S.
Reich, Nature 2020, 583, 780.

[2] a) M. A. Boles, M. Engel, D. V. Talapin, Chem. Rev. 2016, 116,

11220; b) N. Vogel, M. Retsch, C. A. Fustin, A. Del Campo, U.

Jonas, Chem. Rev. 2015, 115, 6265; c) R. M. Parker, B. Frka-

Petesic, G. Guidetti, G. Kamita, G. Consani, C. Abell, S.

Vignolini, ACS Nano 2016, 10, 8443; d) T. Wang, D. LaMon-

tagne, J. Lynch, J. Q. Zhuang, Y. C. Cao, Chem. Soc. Rev.

2013, 42, 2804; e) S. Wintzheimer, T. Granath, M. Oppmann,

T. Kister, T. Thai, T. Kraus, N. Vogel, K. Mandel, ACS Nano

2018, 72, 5093; f) B. de Nijs, S. Dussi, F. Smallenburg, J. D.

Meeldijk, D.J. Groenendijk, L. Filion, A. Imhof, A. van Blaa-

deren, M. Dijkstra, Nat. Mater. 2015, 14, 56; g) J. W. Wang,

C. F. Mbah, T. Przybilla, B. A. Zubiri, E. Spiecker, M. Engel,

N. Vogel, Nat. Commun. 2018, 9, 5259; h) J. Wang, C. F. Mbah,

T. Przybilla, S. Englisch, E. Spiecker, M. Engel, N. Vogel, ACS

Nano 2019, 13, 9005; i) S. Park, H. Hwang, M. Kim, J. H.

Moon, S.H. Kim, Nanoscale 2020, 12, 18576-18594; j)J.

Lacava, P. Born, T. Kraus, Nano Lett. 2012, 12, 3279; k) V. N.

Manoharan, M. T. Elsesser, D. J. Pine, Science 2003, 301, 483.

a) N. Vogel, S. Utech, G.T. England, T. Shirman, K.R.

Phillips, N. Koay, I. B. Burgess, M. Kolle, D. A. Weitz, J.

Aizenberg, Proc. Natl. Acad. Sci. USA 2015, 112, 10845;

b) E. S. A. Goerlitzer, R. N. K. Taylor, N. Vogel, Adv. Mater.

2018, 30, 1706654; ¢) Y.J. Zhao, L. Shang, Y. Cheng, Z. Z. Gu,

Acc. Chem. Res. 2014, 47, 3632; d) P. M. Parker, G. Guidetti,

C. A. Williams, T. Zhao, A. Narkevicius, S. Vignolini, B. Frka-

Petesic, Adv. Mater. 2018, 30, 1704477; e) Y. Takeoka, S.

Yoshioka, A. Takano, S. Arai, K. Nueangnoraj, H. Nishihara,

M. Teshima, Y. Ohtsuka, T. Seki, Angew. Chem. Int. Ed. 2013,

52,7261; Angew. Chem. 2013, 125, 7402.

3

—

Angew. Chem. Int. Ed. 2022, 61, €202117455 (7 of 8)

Research Articles

Angewandte

intemationaldition’y) Chemie

[4] a)J. Wang, U. Sultan, E.S. A. Goerlitzer, C. F. Mbah, M.
Engel, N. Vogel, Adv. Funct. Mater. 2020, 30, 1907730; b) M.
Xiao, Z.Y. Hu, Z. Wang, Y. W. Li, A.D. zTormo, N.L.
Thomas, B. X. Wang, N. C. Gianneschi, M. D. Shawkey, A.
Dhinojwala, Sci. Adv. 2017, 3, 170115; c¢) T. H. Zhao, G.
Jacucci, X. Chen, D.-P. Song, S. Vignolini, R. M. Parker, Adv.
Mater. 2020, 32, 2002681; d)T. Iwasaki, Y. Tamai, M.
Yamamoto, T. Taniguchi, K. Kishikawa, M. Kohri, Langmuir
2018, 34, 11814; ¢) S. M. Klein, V. N. Manoharan, D. J. Pine,
F.F. Lange, Langmuir 2005, 21, 6669; f) S. H. Kim, S. Y. Lee,
G.R.Yi, D.J. Pine, S. M. Yang, J. Am. Chem. Soc. 2006, 128,
10897.

[5] a) P. F. Damasceno, M. Engel, S. C. Glotzer, Science 2012, 337,
453; b) E. G. Teich, G. van Anders, D. Klotsa, J. Dshemu-
chadse, S. C. Glotzer, Proc. Natl. Acad. Sci. USA 2016, 113,
E669; ¢)C.X. Du, G. van Anders, R.S. Newman, S.C.
Glotzer, Proc. Natl. Acad. Sci. USA 2017, 114, E3892-E3899;
d) C. X. Du, G. van Anders, J. Dshemuchadse, P. M. Dodd,
S. C. Glotzer, Mol. Simul. 2020, 46, 1037; ¢) R. K. Cersonsky, J.
Dshemuchadse, J. Antonaglia, G. van Anders, S. C. Glotzer,
Phys. Rev. Mater. 2018, 2, 125201; f) Y. Lu, Y. Yin, Y. Xia,
Adv. Mater. 2001, 13, 415; g) R. K. Cersonsky, J. Antonaglia,
B. D. Dice, S. C. Glotzer, Nat. Commun. 2021, 12, 2543.

[6] a) D. Wang, M. Hermes, R. Kotni, Y. T. Wu, N. Tasios, Y. Liu,
B. de Nijjs, E. B. vander Wee, C. B. Murray, M. Dijkstra, A.
van Blaaderen, Nat. Commun. 2018, 9, 2228; b) J. Henzie, M.
Gruenwald, A. Widmer-Cooper, P. L. Geissler, P. Yang, Nat.
Mater. 2012, 11, 131-137; ¢) T. Wang, J. Zhuang, J. Lynch, O.
Chen, Z. Wang, X. Wang, D. LaMontagne, H. Wu, Z. Wang,
Y. C. Cao, Science 2012, 338, 358; d) J. M. Meijer, L. Rossi,
Soft Matter 2021, 17, 2354.

[7] a) O. Yaghi, H. Li, J. Am. Chem. Soc. 1995, 117, 10401; b) H.-
C. Zhou, S. Kitagawa, Chem. Soc. Rev. 2014, 43, 5415; ¢) H.-C.
Zhou, J. R. Long, O. M. Yaghi, Chem. Rev. 2012, 112, 673;
d)J. R. Long, O. M. Yaghi, Chem. Soc. Rev. 2009, 38, 1213.

[8] a)J. Cravillon, C.A. Schréder, R. Nayuk, J. Gummel, K.
Huber, M. Wiebcke, Angew. Chem. Int. Ed. 2011, 50, 8067,
Angew. Chem. 2011, 123, 8217; b) S. Wang, S.S. Park, C.T.
Buru, H. Lin, P.-C. Chen, E. W. Roth, O.K. Farha, C. A.
Mirkin, Nat. Commun. 2020, 11, 2495; c) J. Troyano, A. Carné-
Sanchez, C. Avci, 1. Imaz, D. Maspoch, Chem. Soc. Rev. 2019,
48, 5534; d) M. Pang, A.J. Cairns, Y. Liu, Y. Belmabkhout,
H. C. Zeng, M. Eddaoudi, J. Am. Chem. Soc. 2013, 135, 10234.

[9] C. Avci, I. Imaz, A. Carné-Sanchez, J. A. Pariente, N. Tasios,
J. Pérez-Carvajal, M. 1. Alonso, A. Blanco, M. Dijkstra, C.
Lépez, D. Maspoch, Nat. Chem. 2018, 10, 78.

[10] C. Avci, Y. Liu, J. A. Pariente, A. Blanco, C. Lopez, 1. Imaz,
D. Maspoch, Small 2019, 15, 1902520.

[11] a) K. S. Park, Z. Ni, A.P. Coté, J. Y. Choi, R. Huang, F.J.
Uribe-Romo, H. K. Chae, M. O’Keeffe, O. M. Yaghi, Proc.
Natl. Acad. Sci. USA 2006, 103, 10186; b) X.-C. Huang, Y.-Y.
Lin, J.-P. Zhang, X.-M. Chen, Angew. Chem. Int. Ed. 2006, 45,
1557; Angew. Chem. 2006, 118, 1587.

[12] J. Hafizovic Cavka, S. Jakobsen, U. Olsbye, N. Guillou, C.
Lamberti, S. Bordiga, K. P. Lillerud, J. Am. Chem. Soc. 2008,
130, 13850.

[13] G. van Anders, D. Klotsa, N. K. Ahmed, M. Engel, S.C.
Glotzer, Proc. Natl. Acad. Sci. USA 2014, 111, E4812.

[14] R.E. Guerra, C.P. Kelleher, A.D. Hollingsworth, P.M.
Chaikin, Nature 2018, 554, 346.

[15] G. Meng, J. Paulose, D. R. Nelson, V. N. Manoharan, Science
2014, 343, 634.

[16] M. Rosenberg, F. Dekker, J. G. Donaldson, A. P. Philipse, S. S.
Kantorovich, Soft Matter 2020, 16, 4451.

[17] a) G. van Anders, N. K. Ahmed, R. Smith, M. Engel, S.C.
Glotzer, ACS Nano 2014, 8, 931-940; b) P. F. Damasceno, M.
Engel, S. Glotzer, ACS Nano 2012, 6, 609-614.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

151


https://doi.org/10.1002/adma.201000356
https://doi.org/10.1038/s41586-020-2718-6
https://doi.org/10.1038/nmat4553
https://doi.org/10.1038/nmat4553
https://doi.org/10.1038/s41586-020-2508-1
https://doi.org/10.1021/acs.chemrev.6b00196
https://doi.org/10.1021/acs.chemrev.6b00196
https://doi.org/10.1021/cr400081d
https://doi.org/10.1021/acsnano.6b03355
https://doi.org/10.1039/C2CS35318K
https://doi.org/10.1039/C2CS35318K
https://doi.org/10.1021/acsnano.8b00873
https://doi.org/10.1021/acsnano.8b00873
https://doi.org/10.1038/nmat4072
https://doi.org/10.1021/acsnano.9b03039
https://doi.org/10.1021/acsnano.9b03039
https://doi.org/10.1039/D0NR04608F
https://doi.org/10.1021/nl3013659
https://doi.org/10.1126/science.1086189
https://doi.org/10.1073/pnas.1506272112
https://doi.org/10.1002/adma.201706654
https://doi.org/10.1002/adma.201706654
https://doi.org/10.1021/ar500317s
https://doi.org/10.1002/adma.201704477
https://doi.org/10.1002/anie.201301321
https://doi.org/10.1002/anie.201301321
https://doi.org/10.1002/ange.201301321
https://doi.org/10.1002/adfm.201907730
https://doi.org/10.1002/adma.202002681
https://doi.org/10.1002/adma.202002681
https://doi.org/10.1021/acs.langmuir.8b02444
https://doi.org/10.1021/acs.langmuir.8b02444
https://doi.org/10.1021/la0469957
https://doi.org/10.1021/ja063528y
https://doi.org/10.1021/ja063528y
https://doi.org/10.1126/science.1220869
https://doi.org/10.1126/science.1220869
https://doi.org/10.1073/pnas.1524875113
https://doi.org/10.1073/pnas.1524875113
https://doi.org/10.1073/pnas.1621348114
https://doi.org/10.1080/08927022.2020.1798005
https://doi.org/10.1002/1521-4095(200103)13:6%3C415::AID-ADMA415%3E3.0.CO;2-O
https://doi.org/10.1038/nmat3178
https://doi.org/10.1038/nmat3178
https://doi.org/10.1126/science.1224221
https://doi.org/10.1039/D0SM01977A
https://doi.org/10.1021/ja00146a033
https://doi.org/10.1039/C4CS90059F
https://doi.org/10.1021/cr300014x
https://doi.org/10.1039/b903811f
https://doi.org/10.1002/anie.201102071
https://doi.org/10.1002/ange.201102071
https://doi.org/10.1039/C9CS00472F
https://doi.org/10.1039/C9CS00472F
https://doi.org/10.1021/ja403994u
https://doi.org/10.1038/nchem.2875
https://doi.org/10.1002/smll.201902520
https://doi.org/10.1073/pnas.0602439103
https://doi.org/10.1073/pnas.0602439103
https://doi.org/10.1002/anie.200503778
https://doi.org/10.1002/anie.200503778
https://doi.org/10.1002/ange.200503778
https://doi.org/10.1021/ja8057953
https://doi.org/10.1021/ja8057953
https://doi.org/10.1073/pnas.1418159111
https://doi.org/10.1038/nature25468
https://doi.org/10.1126/science.1244827
https://doi.org/10.1126/science.1244827
https://doi.org/10.1039/C9SM02189B
https://doi.org/10.1021/nn4057353
https://doi.org/10.1021/nn204012y

GDvCh Research

[18] R. M.Parker, T. H. Zhao, B. Frka-Petesic, S. Vignolini, arXiv
preprint arXiv:2110.00410, 2021.

[19] R. Ohnuki, S. Isoda, M. Sakai, Y. Takeoka, S. Yoshioka, Adv.
Opt. Mater. 2019, 7, 1900227.

[20] R. Ohnuki, M. Sakai, Y. Takeoka, S. Yoshioka, Langmuir
2020, 36, 5579.

[21] a) T. Aoyagi, Y. Aoyagi, S. Namba, Appl. Phys. Lett. 1976, 29,
303; b) E. G. Loewen, M. Neviere, D. Maystre, Appl. Opt.

Articles ﬂﬂﬁiﬁﬁ"gﬁfmie

1977, 16, 2711; c¢) A. Wirgin, R. Deleuil, J. Opt. Soc. Am. 1969,
59, 1348; d) J. E. Harvey, R. N. Pfisterer, Opt. Eng. 2019, 58,
87105.

Manuscript received: December 22, 2021
Accepted manuscript online: February 7, 2022
Version of record online: February 23, 2022

Angew. Chem. Int. Ed. 2022, 61, €202117455 (8 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

152


https://doi.org/10.1021/acs.langmuir.0c00736
https://doi.org/10.1021/acs.langmuir.0c00736
https://doi.org/10.1063/1.89055
https://doi.org/10.1063/1.89055
https://doi.org/10.1364/AO.16.002711
https://doi.org/10.1364/AO.16.002711
https://doi.org/10.1364/JOSA.59.001348
https://doi.org/10.1364/JOSA.59.001348

Angewandie
e smrmsecmomanss CHIEINNIE

Supporting Information

Coloration in Supraparticles Assembled from Polyhedral Metal-
Organic Framework Particles

J. Wang, Y. Liu, G. Bleyer, E. S. A. Goerlitzer, S. Englisch, T. Przybilla, C. F. Mbah,
M. Engel, E. Spiecker, I. Imaz*, D. Maspoch*, N. Vogel*

153



WILEY-VCH

Experimental Procedures

Materials. Zirconium (IV) chloride (ZrCls), cetyltrimethylammonium bromide (CTAB), terephthalic acid (1,4-BDC),
oxalylchloride, tetrahydrofurane, trimethylamine, O,0O-bis(2-aminopropyl) polypropylene glycol-block-polyethylene
glycol-block-polypropylene glycol 900 (Jeffamine D-900) and polyvinylpyrrolidone (Mw 10000) were purchased
from Sigma Aldrich. Glacial acetic acid and N,N-dimethylformamide (DMF) were purchased from Fisher Chemical.
2-methylimidazole (2-MiM), zinc acetate dihydrate (Zn(CHsCOOQO)2:2H20) and zinc nitrate hexahydrate
(Zn(NOs3)2:6H20) were purchased from TCI Chemical. Krytox 157 FSH and HFE 7100 were purchased from Dupont
and 3M company, respectively. Lutensol (TO 8) was kindly provided by BASF. All chemical reagents and solvents
were used as received without further purification. De-ionized (DI) water was obtained from a Milli-Q water

purification system.

Characterization. Field-emission Scanning Electron Microscopy images were collected on SEM FEI Magellan
400L XHR at an acceleration voltage of 2.0 kV and on a Zeiss Gemini 500 SEM with the SE2 detector and an
acceleration voltage of 1kV. The average size distribution of each synthesized MOF particle was statistically
estimated from FESEM images by counting the sizes of 200 particles at different areas from each sample. X-ray
Powder diffraction (PXRD) diagrams were collected on a Panalytical X’'pert diffractometer with monochromatic Cu-
Ka radiation (ICu = 1.5406 A). Zeta potential ({) was measured using a Malvern Zetasizer (Malvern Instruments,
UK).

Synthesis of cubic C-ZIF-8 particles. In a typical synthesis, Zn(NOz3)2:6H20 (140 mg) dissolved in 8 mL of water
was added to 24 mL of an aqueous solution containing 2-MiM (1920 mg) and 4 mL of 0.85 mg mL"" CTAB solution.
After standing for 5 h, the resulting ZIF-8 particles were washed with deionized water (10 mL) upon centrifugation
at 9000 rpm in 50-mL Falcon tubes. The zeta potential of the resulting cubic ZIF-8 particles was approximately +30
mV.

Synthesis of truncated rhombic dodecahedral TRD-ZIF-8 particles with truncation tf = 0.68. TRD-ZIF-8
particles were produced by following the protocol reported in a previous work. [ Typically, Zn(CH3sCOO)2-2H20
(300 mg) dissolved in 5 mL of water was added to 5 mL of an aqueous solution containing 2-MiM (2.72 M) and
CTAB (0.54 mM) with gentle stirring. The mixture was left at room temperature for 2 h, and the resulting TRD-ZIF-
8 particles with a size of 181 £ 9 nm were washed with deionized water (10 mL) upon centrifugation at 9000 rpm
in 50-mL Falcon tubes. The zeta potential of the resulting TRD-ZIF-8 particles was approximately +30 mV. The
conditions used for the synthesis of the other TRD ZIF-8 particles were as follows: for 198 £ 10 nm, [2-MiM] = 2.58
M and [CTAB] = 0.54 mM; for 229 + 9 nm, [2-MiM] = 2.72 M and [CTAB] = 0.44 mM; and for 247 + 10 nm, [2-MiM]
=2.72 M and [CTAB] = 0.54 mM.
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Synthesis of rhombic dodecahedral RD-ZIF-8 particles. An aqueous solution (5 mL) of Zn(CHzCOOQO)2-2H20
(334 mg) was added to 5 mL of an aqueous solution of 2-MiM (1.30 g) with gentle stirring. Then, the mixture was
left at room temperature for 2 h. The resulting RD-ZIF-8 particles with a size of 293 + 13 nm were washed with
deionized water (10 mL) upon centrifugation at 9000 rpm in 50-mL Falcon tubes. The zeta potential of the resulting
RD ZIF-8 particles was approximately + 30 mV. The conditions used for the synthesis of the other RD ZIF-8
particles were as follows: for 246 £ 12 nm, the mass of 2-MiM was 1.34 g; and for 267 + 12 nm, the mass of 2-MiM
was 1.32 g.

Synthesis of octahedral O-UiO-66 particles. O-UiO-66 particles were produced by following the protocol reported
in a previous work.[" Typically, ZrCls (34.9 mg) and 1,4-BDC (24.9 mg) were dissolved in 10 mL of DMF containing
2.1 M acetic acid and transferred to a scintillation vial. This mixture was heated at 120 °C for 12 h. Afterwards, the
synthesized particles with an edge size of 238 + 13 nm were washed twice with DMF (10 mL) and twice with
methanol (10 mL) upon centrifugation at 9000 rpm in 50-mL Falcon tubes. The zeta potential of the resulting
octahedral UiO-66 particles was approximately +45 mV. The conditions used for the synthesis of the other O-UiO-
66 particles were as follows: for 194 + 12 nm, the ZrCls was dried in the oven for 2 hours; and for 247 + 13 nm, a

concentration of 2.45 M of acetic acid was used.

Synthesis of the perfluorosurfactant.

The synthesis protocol followed the literature.’?? In short, 10 g of Krytox 157 FSH was dissolved in 30 mL of HFE
7100. The solution was placed in ice bath. 2.1 mL of oxalylchloride was injected into the solution, followed by a
drop of DMF. The mixture was stirred for 2 h until no gas development. After evaporation of the solution, the reaction
mixture was redissolved in 30 mL of HFE 7100 oil. 1.6 g of Jeffamine D-900 was dissolved in 30 mL of anhydrous
tetrahydrofurane, followed by 1.7 mL of triethylamine. The HFE 7100 solution was then injected into the THF
solution while stirring overnight in open atmosphere. At inert conditions, the reaction yielded Krytox-PEG surfactant.
In open atmosphere, the reaction yielded Krytox-ammonium salt. After synthesis, the reaction mixture was
evaporated, leaving whitish honey-like viscous fluid, which was purified by dissolution in a mixture of HFE 7100
and methanol. The mixture was centrifuged at 11000 rpm for 20 min, ant the supernatant was removed. The
purification step was repeated four times. The remaining fluid was vacuum dried to obtain the pure surfactant.

Assembly of MOF supraparticles.

Initially, 0.5 wt% non-ionic alcohol ethoxylate surfactant (Lutensol TO-8, BASF) and polyvinylpyrrolidone were
added into separate dispersions of the ZIF-8 and O-UiO-66 particles, respectively, to improve their colloidal stability.
This was followed by three centrifuge cycles to remove residual reagents, including any excess surfactant. Next,
each aqueous MOF particle dispersion was emulsified in perfluorinated oil (HFE 7500), either by vigorous shaking
or by droplet-based microfluidics.

For the first case, water-in-oil droplets were obtained by pipetting 10 uL of MOF aqueous colloid dispersion into
200 pL HFE 7500 oil (containing 1 wt% perfluorosurfactant) directly in a 1.5 mL glass vial. After sealing the vial

with a cap, the vial was shaken vigorously by hand. After emulsification, the cap was removed to allow droplet
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evaporation at room temperature overnight. After droplet drying, the consolidated MOF supraparticles were
suspended in the remaining oil phase. With ~40 mg/mL MOF particle concentration, this procedure produces 2 mg
/mL supraparticle concentration in HFE 7500 oil. Note that such supraparticles can exhibit a broad size distribution
with supraparticle sizes between ~10 um and ~50 um, caused by the inhomogeneous droplet formation process.
Nevertheless, this method is valuable as a simple procedure to screen for formation efficiencies of supraparticles,
provide sufficient material for macroscopic characterization and to produce polydisperse sample to study the
influence of supraparticle size on the reflected color intensity.

For the supraparticles synthesized through droplet-based microfluidics, the MOF colloidal particle dispersion and
the perfluorinated oil HFE 7500 (containing 1 wt% perfluorosurfactant) were pumped into PDMS microfluidic
through HDPE tube at 50 pL/hr and 300 uL/hr rate. Droplets were collected by inserting 1 mL pipette tip at the
microfluidic outlet and subsequently transferred to 1.5 mL glass vial for storage and drying at room temperature
overnight. After droplet drying, the consolidated MOF supraparticles were suspended in the remaining oil phase.
Supraparticles formed by droplet-based microfluidics exhibited superior uniformity, with relative polydispersity
below 5%. The size of the resultant supraparticles can be adjusted by changing the flow rates, the concentration
of the colloidal dispersions, and the channel widths of the chip. These variations allow fabrication of uniform
supraparticles between approximately 10 ym and 50 ym. Samples produced by microfluidics were used for the

detailed investigation of the optical properties of individual supraparticles.

X-ray image of MOF supraparticles.

A droplet of MOF supraparticle suspension was casted on a TEM grid. The grid containing the dried MOF
supraparticles was mounted on a sample holder clip and inserted into the X-ray microscope (Zeiss Xradia 810 Ultra,
5,4 keV X-rays). The MOF supraparticles were imaged in high resolution Zernike phase contrast mode with a
spatial resolution of 50 nm, field of view of 16 pm x 16 ym and an illumination time of 200 s. The images were

reference corrected.

Focused-ion beam (FIB) milling of MOF supraparticles.

A 3 pL droplet of oil containing the MOF supraparticles was casted onto a sticky carbon pad on the SEM stub. 20
nm carbon was deposited on top of the MOF supraparticles as a protection layer before inserting the sample into
SEM/FIB. FIB cross sectioning of the particles and subsequent SEM imaging was performed on a Helios NanoLab
660 DualBeam SEM/FIB instrument. FIB milling was performed using Ga+ ions at 30 kV acceleration voltage and
beam currents of 0.8 - 2.5 nA. Cross sectional imaging was performed using the backscattered electron signal at
1 - 2 kV acceleration voltage and 25 - 100 pA beam current in 38° inclined view with respect to the cross section

with the image tilt correction being enabled.

Optical characterization of MOF supraparticles.

Microscopic reflection spectra of individual MOF supraparticle: A 3 pL droplet of oil containing the MOF
supraparticles was casted onto clean glass substrate. After oil evaporation, isolated MOF supraparticles were
successfully deposited on the substrate. Microscopic images were taken via a custom-modified (A.S. & Co.) Zeiss

Axio Imager. Z2 in reflection mode using a Zeiss Epiplan 100x/NA0.75 and a CMOS camera (Zeiss Axiocam 208
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color) with the field diaphragm partially closed and the aperture completely closed to the minimum opening. Spectra
were measured by coupling light out via an optical fiber to a CCD spectrometer (Zeiss MCS CCD/UV-NIR). The
outcoupling resulted in a measurement spot with an approximate diameter of 18 um. Spectra were recorded by
taking the average of 20 individual spectra integrated for around 150 ps; all with respect to a silver mirror as a

100% reflection reference.

Macroscopic reflection spectra of MOF supraparticles in suspension: For the angle-dependent reflection spectra
measurements, a tungsten halogen light source (HL-2000-FSHA, ocean optics) was used for illumination. MOF
supraparticles were suspended in 600 yL HFE 7500 oil in a 1.5 mL clear glass vial. The incident light was focused
in an area (2mm in diameter) normal to the glass vial below the oil-air interface to illuminate the samples of MOF
supraparticles in dispersion. The scattered light was collected using a collimator (2 mm spotsize) connected via
class fibre to a Flame-T-VIS-NR-ES spectrometer (ocean optics). While the direction of the light source is fixed,
both the sample and the collimator are mounted on a rotational stage. A clear glass vial containing the same
amount of HFE 7500 oil without supraparticles was measured and used as a reference. Angle-dependent
measurement was performed by rotating the stage from 30°, 45°, 60°, 75° to 90°. As the MOF supraparticles have
lower density than the HFE 7500 oil, the samples constantly rise up to the oil-air interface. The vial is shaken to
redistribute the samples homogeneously and inserted onto the stage immediately before each measurement. This

dynamically changing concentration prevents the direct and quantitative comparison of the reflected light intensity.

Photograph of MOF supraparticles in suspension: Angle-depended photographs of MOF supraparitcle suspension
in glass vials were taken using a Sony A6400 with a Laowa 65 mm /2.8 2:1 Ultra Makro. The samples were
illuminated by a photo flash (Godox V1), with a snoot (Godox AK-R1) attached. The illumination-angle was further

restricted by a custom-made snoot-elongation.

Simulation of hard polyhedral particles in spherical confinement:

MOF particles were simulated with a Monte Carlo algorithm as hard polyhedra with excluded volume interactions.
The four shapes are cube, truncated rhombic (truncation parameter f) dodecahedron, (perfect, i.e. t = 0) rhombic
dodecahedron, and octahedron. Overlaps were checked with the Gilbert-Johnson-Keerthi algorithm.*5 Spherical
confinement was realized by rejecting translations and rotations of polyhedra that moved one or more vertices
outside of the confining sphere. Because the shapes studied here are convex, it is sufficient to test the
vertices. 2000 hard polyhedra were placed in the spherical confinement. Simulations were set up at low density
(10%) and then compressed up to target density (53%) for 1027 Monte Carlo cycles. Snapshots were created using

ambient occlusion shading in Injavis.[®!
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Figure S1. (a) Scheme and FESEM image of an as-synthesized C-ZIF-8 particle, highlighting the edge
length (¢). Scale bar: 500 nm. (b) Left: Representative FE-SEM image of C-ZIF-8 particles. Scale bar: 1
um. Middle: Size-distribution histogram of as-synthesized C-ZIF-8 particles with a mean ¢ of 191 £ 9
nm. Right: PXRD patterns of simulated (black) and as-synthesized C-ZIF-8 particles (red).
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Figure S2. (a) Scheme and FESEM image of an as-synthesized TRD-ZIF-8 particle, highlighting the
particle size (¢) and edge length (x). Scale bar: 500 nm. (b-e) TRD ZIF-8 particles (t= 0.68) with a mean
¢ of 181 =9 nm (b), 198 = 10 nm (c), 229 = 9 nm (d) and 247 + 10 nm (e). Left: Representative FE-SEM
images; Middle: Size-distribution histograms; and Right: PXRD patterns of simulated (black) and as-
synthesized TRD-ZIF-8 particles (red).
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Figure S3. (a) Scheme and FESEM image of an as-synthesized RD-ZIF-8 particle, highlighting the

particle size (¢). Scale bar: 500 nm. (b-e) RD ZIF-8 particles with a mean ¢ of 246 + 12 nm (b), 267 +

12 nm (c), and 293 + 13 nm (d). Left: Representative FE-SEM images; Middle: Size-distribution
histograms; and Right: PXRD patterns of simulated (black) and as-synthesized RD-ZIF-8 particles (red).
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Figure S4. (a) Scheme and FESEM image of an as-synthesized O-UiO-66 particle, highlighting the edge
length of particles (¢). Scale bar: 500 nm. O-UiO-66 particles a mean ¢ of 194 + 12 nm (b), 238 = 13 nm
(c), and 247 £+ 13 nm (d). Left: Representative FE-SEM images; Middle: Size-distribution histograms;
and Right: PXRD patterns of simulated (black) and as-synthesized RD-ZIF-8 particles (red).
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Figure S5. Representative FESEM images of polydisperse C-ZIF-8 (a) and O-UiO-66 (b) supraparticles
prepared by shaking emulsifying, with a size of 21 + 5.6 pm (26% polydispersity) and 9.9 + 3.4 um (34%
polydispersity, approximately 500 counts), respectively. The dimensions of the produced supraparticles
depends on the time duration and power input of the emulsification. Details of emulsification is described

in the Experimental Procedure section.
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Figure S6. Representative FESEM images of monodispersed RD-ZIF-8 (a) and TRD-ZIF-8 (b)
supraparticles prepared using a droplet-based microfluidic device, with a size of 20.1 = 0.6 um (3%
polydispersity) and 10.4 + 0.5 pum (5% polydispersity, approximately 200 counts), respectively. The size
can be controlled by varying flow rates in the microfluidic device. Details of the emulsification is

described in Experimental Procedure section.
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Figure S7. Transmissive X-ray image of MOF supraparticles of a) RD-ZIF-8, showing few onion-like
layers near the surface; b) TRD-ZIF-8, showing thick onion-like layers, as well as some lattice fringes; c)
C-ZIF-8, showing thick onion-like layers, as well as some lattice fringes; and d) O-UiO-66 particles,

showing only little onion-like layer structures.
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Figure S8. Cross-section of RD-ZIF-8 supraparticles revealed by focused-ion beam milling.
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Figure S9. Cross-section of TRD-ZIF-8 supraparticles revealed by focused-ion beam milling.
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Figure S10. Cross-section of C-ZIF-8 supraparticles revealed by focused-ion beam milling.
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Figure S11. Cross-section of O-UiO-66 supraparticles revealed by focused-ion beam milling.

168
16



WILEY-VCH

Figure S12. A TRD-ZIF-8 supraparticle exhibiting local five-fold symmetric surface pattern, marked

with blue colour.
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Figure S13. Cross-sectional images of simulated supraparticles of hard polyhedra in spherical

confinement. All shapes (rhombic dodecahedron (a),

truncated rhombic dodecahedron (b), cube (c),

octahedron (d)) form three to four onion-like layers near the confinement surface (upper row: rendering

of particle at the cross-section, lower row: particles in the cross-sectional regions, each dot represents the

geometric center of a particle). Cube particles form body-center cubic lattice in the interior. Octahedron

particles form the thickest onion layers. The contrast to experimental observation suggests that the MOF

particles in droplets in our experiments cannot be approximated as hard polyhedral-like particles.
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Figure S14. Photograph of the self-assembled superstructures resulting from the centrifugation of
different aqueous colloidal MOF particles (from left to right: RD-ZIF-8, TRD-ZIF-8, C-ZIF-8 and O-
Ui0-66). Strong iridescence is observed for TRD-ZIF-8 sample. Weak iridescence is observed for C-
ZIF-8 sample. No color is observed for RD-ZIF-8 and O-UiO-66 samples.
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Figure S15. Relationship between MOF particle size of different shapes and layer distance. For RD-ZIF-
8 particles, the protrusion and indentation on the surface of the close-packed layer can register with
neighboring layer and bring them closer than the size of the particle (a). For TRD- and C-ZIF-8 particles,
the close-packed layer has a “flat” surface, the layer distance equals to the particle size (b,¢). For O-UiO-
66 particles, the layer distance equals to the distance between two parallel faces of the octahedron, which
is approximately 0.8 of the particle size (edge length of octahedron, d). The definition of sizes for
polyhedral MOF particles follows the tradition to provide reference in the MOF community. It is in
general difficult to have a simple yet consistent definition. Measuring TRD-ZIF-8 edge length results in
large deviation due to the small truncation in the SEM image, the farthest vertex distance (used in RD-

ZIF-8) is difficult to measure for O-UiO-66 particles.
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Figure S16. Optical setup to measure reflectance spectra directly from MOF supraparticles suspended in
liquid in a glass vial. This enables the angle-dependent optical characterization of a large number of

supraparticles at once, and directly in dispersion.
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Figure S17. Angle-dependent reflection spectra of four types of MOF supraparticles measured directly

from liquid suspension. For all samples, the reflection peaks move towards larger wavelengths with

increasing particle sizes, and towards lower wavelength with larger angles between incident light and

observation.
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Figure S18. Shift of the reflectance peak with increasing viewing angle for four types of MOF

supraparticles. Particle size, shape and material type do not show a discernable influence on the peak shift.
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Figure S19. Buckled RD-ZIF-8 supraparticles. 1.0 mL 1 wt% Lutensol TOS8 surfactant is added to 0.5
mL 2 wt% RD-ZIF-8 particle dispersion. The dispersion is centrifuged four times. After each centrifuge
circle, 10 pL of particle dispersion is emulsified in 200 pL of HFE 7500 oil containing 1 wt%
perfluorinated surfactant for subsequent drying into MOF supraparticles. Spherical supraparticles are
formed after one centrifuge cycle (a), buckled supraparticles are formed after two, three and four
centrifuge cycles (b,c,d). We note that influence of surfactant on the self-assembly of MOF particles in
droplet is complex. For a combination of 0.5 mL 1 wt% Lutensol TO8 and 1.0 mL 2 wt% RD-ZIF-8
(synthesized in the same batch), all four centrifuge cycles resulted in spherical supraparitcles. The
tendency to buckle also depends on the shape of particles, TRD-ZIF-8 particles formed spherical

supraparticles even without the addition of surfactant.
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Figure S20. Angle-dependent reflection spectra of buckled MOF supraparticles measured directly from
suspension. Supraparticles with increasing deviations from spherical geometry and more buckling are
produced from RD-ZIF-8 MOF primary particles (a, from i to iv) by increasing centrifugation cycles to
remove the surfactant. Note that all samples exhibit macroscopic, angle-dependent structural color

(bottom row) even though the observable microscopic coloration at the single particle level is reduced

(top row).
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Figure S21. Hypothesized surface grating effects of MOF supraparticles. Typical spherical supraparticles
consisting of spherical particles form concentric onion-like layers (a), which creates alternating refractive
index that produces color by Bragg reflection at the onion-like layers. In addition, parts of the incident
light are also diffracted from the supraparticle surface, where the ordered particles form a nanostructured
surface grating. Layers consisting of spherical particles resembles a grating with sinusoidal groove, which
disperse light into several diffraction orders at different angles (b). Polyhedral particles can create surfaces
with sharp protrusion of large inclination angles, which resembles a blazed grating (¢ for RD-ZIF-8, d for
TRD-ZIF-8, f for O-UiO-66 particles). The blazed grating is known to have higher diffraction efficiency
at non-zero diffraction order. Cubic shape creates surfaces with little to no grooves (e for C-ZIF-8

particles).
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Figure S22. Buckled RD-ZIF-8 supraparticles exhibit ordered surface features, visualized in scanning

electron microscopy.
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Figure S23. The surface packing of RD ZIF-8 supraparticles shows a sawtooth groove profile, as seen

in scanning electron microscopy
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