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Abstract

Reticular science of metal-organic frameworks (MOFs) has turned into an advanced research
field recognized as a driver for the development of key technologies incorporating novel
functional materials. This field has proved to be potentially useful for various applications such
as storage, separation, catalysis, sensing, and energy technologies. However, to translate their
performance benefit measured in laboratories into real-world applications it is essential to
have structural and functional control across molecular, nano, meso, and bulk regimes.
Moreover, the exponential growth of MOF materials and their use for different purposes
requires detailed characterization. To be able to correlate the physicochemical properties of
MOF materials with their performance in a specific task, characterization needs to be both

accurate and precise.

Work described in this thesis intends (1) to optimize the synthesis of MOF nano and
microparticles using solvothermal, microwave assisted, and microfluidic techniques, (2) to
establish functionalization approaches that specifically alter the inner or external surface of
particles, (3) to characterize the physicochemical properties of MOFs and develop new
characterization methods, and (4) to systematically study the relationship between MOF
particles and their performance in cell cultures. This work highlights the strong mutual
connection between materials science, nanotechnology and biomedicine and suggests a
systematic approach in the effort to synthesize, functionalize, characterize and ultimately

apply MOF materials in biomedical applications.

The first chapter of this thesis introduces different aspects of the MOF field and describes
different concepts for their refinement into functional materials. In the second chapter, the

principles of MOF characterization techniques used in this thesis are explained.

In chapter three fundamental properties of MOF nanoparticles are discussed. The potential of
the newly developed method “nanomechanical mass correlation spectroscopy” in the
characterization of porous nanosystems was demonstrated. In this study the mass-density of
MIL-101(Cr) particles was studied in solution, and it was found that the density of the particles
changes depending on the particles’ environment. It was observed that the density of the

particles not only differs when measured in solution and in air, but also that the density
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changes when measured in different solvent systems. Additionally, the solvent uptake of these
particles was quantified in several mixed solvent systems. Depending on the polarity of the
pores of the structure, MOF nanoparticles exhibit a preferential uptake of polarity-matched
solvents. The density and polarity of MIL-101(Cr) was then manipulated via coordinative
functionalization, and the quantitative uptake of different solvents was used to measure the

internal polarity of the framework.

Chapter four describes how iron(lll) fumarate was used to demonstrate the refinement of
MOF materials into functional objects for biomedical applications. Iron-fumarate is composed
of biocompatible building blocks, has high porosity, is easily functionalized, and is magnetic
resonance imaging active, so it is intrinsically suited for biomedical applications. In the first
part of this chapter, several surfactant-free methods to produce monodisperse iron(lll)
fumarate nano- and microparticles are described (specifically room temperature
precipitation, and solvothermal, microwave, or microfluidic heating methods). Using these
techniques, four variants of iron(lll) fumarate particles with distinct morphologies and
diameters ranging from tens of nanometers to several micrometers in size were isolated and
characterized. Structural characterization via electron diffraction and pair distribution
function analysis revealed that all of these iron(lll) fumarate variants exhibit the characteristic
MOF structure of MIL-88A, including the smallest X-ray amorphous particles. Despite their
identical structure, these particles exhibit drastic differences in suitability as MRI contrast
agents. When comparing the different iron(lll) fumarate types to each other, their r;
relaxivities are quadrupled and their r, relaxivities are tripled in dependency of the particles’
size and crystallinity. This puts them in the same range as commercially available T1 contrast

agents such as Dotarem.

While chapter four explores the potential of iron(lll) fumarate in biomedical applications,
chapter five describes a specific study in which such nanoparticles (NP) were used as a drug
delivery system. In this system, the MOF pores were loaded with either fluorescent or
biologically active molecules, and then the particles were coated with exosomes to improve
their interaction with targeted cells. The study shows the efficiency of this system provided by
the high loading capacity of the MOF NPs and their biocompatible coating. This is
demonstrated by the facile delivery and subsequent release of their cargo, which is not

affected by endosomal entrapment.

Vi
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In chapter six, a study addressing the distribution of functionalized linker molecules within
MOF particles is presented. UiO-67 nanoparticles were fluorescently-functionalized either de-
novo during synthesis or post-synthetically via linker-exchange. While the distribution of the
functionalized linker molecules appeared homogeneous on a bulk scale, fluorescence lifetime
microscopy showed that individual particles within a single sample had vastly different
degrees of functionalization, and that higher degrees of functionalization correlated strongly
with a higher density of crystal defects among different particles in a single sample.
Furthermore, the study relates the influence of the functionalization approach (de-novo and

post-synthetic) to the density of crystal defects.

In the appendix, an additional study performed mostly during the author’s masters’ thesis
work is presented. It is included in this thesis as it complements the overall theme of MOF
nanoparticle characterization. Chapter three addresses basic questions regarding the internal
polarity and density of MOF nanoparticles. Appendix chapter eight focuses on methods for
determining nanoparticle size. Although size measurements are often trivial on larger scales,
measuring the diameter of nanoparticles is more difficult; not only are there several different
definitions of size such as hydrodynamic size, crystallite size and size based on image contrast
in microsocopy, but the data reported are dependent on the conditions of the measurement
and the underlying physical principle of the analytical technique used. The size of MOF
nanoparticles is a crucial parameter in defining these materials as they feature size-dependent
properties such as an increased amount of surface defects, a higher reactivity, and improved
sorption kinetics. To address this challenge, Zr-fum nanoparticles were prepared and
characterized using common physical characterization tools. The results of several solid-state
methods (including X-ray diffraction, atomic force microscopy, scanning electron microscopy
and transmission electron microscopy) were compared to dispersion-based methods (such as
fluorescence correlation spectroscopy and dynamic light scattering) and overall guidelines for

the measurement of MOF nanoparticles are given.

Vil
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1 Introduction

This chapter is based on the following review:

Hirschle P, Haase F, Freund R, Furukawa S, Ji Z, Wuttke S. Beyond Frameworks: Structuring
Reticular Materials across Nano, Meso, and Bulk Regimes. Angew. Chem. Int Ed. 2019,

submitted.

1.1 Metal Organic Frameworks

Metal-Organic frameworks (MOFs) are crystalline materials composed of organic molecules
bridging inorganic ions or clusters through coordination bonds. This simple construction
principle grants high structural and chemical diversity; currently, there are nearly 70.000
structures published in the Cambridge database of crystallography.! MOF structures are
defined by two properties: their topology and the chemistry of their constituents. The
topology of a MOF describes the abstract network in which the building units (organic
molecules and metal-oxo clusters) are connected. It is mainly directed by the geometry and
connectivity of the organic linkers, while the coordination chemistry of the metal clusters plays
a much smaller role.? The detailed knowledge of organic synthesis that has accumulated over
the last 150 years allows for the creation of virtually any stable molecular building unit that
can be imagined, only limited by the time and resources required for the synthesis.
Consequently, there is essentially an endless number of possible MOF structures waiting to be

generated, as demonstrated in the well-known isoreticular IRMOF series.?

MOFs share a number of features that result from their periodic lattice structure and are
considered “bulk properties,” as they describe the materials at a macroscale. Most MOFs are
categorized as microporous materials. Depending on the design of their crystal structure, they
can feature BET surface areas of up to 7000 m?/g and greater.* Generally, MOFs have low
mechanical stability, with shear moduli around 1-10 GPa and bulk moduli around 7 to 40 GPa.>
The rigidity of MOFs is related to their crystal structure; increasing the number of connections
between molecular building blocks and/or strengthening the bond energy of the linkages

increases the stability of the material. The porous structure of MOFs is responsible for their
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low thermal conductivity (around 0.1 W/m K).® Heat in MOFs is transported primarily along

their chemical bonds and is limited by the low atomic density of the crystal structure.’

1.2 Controlling Properties beyond the Structure

The properties of MOFs in conjunction with their large structural variability make MOFs
attractive materials for numerous applications. However, the successful implementation of
MOFs in fields such as catalysis, molecular storage, and biomedicine requires further
refinement of the raw MOF into functional tools. Considerable efforts have been made to
enhance the properties of MOFs beyond their crystal structure. These can be categorized into
three approaches: bulk-processing, morphological optimization, and post-synthetic

modification.

The characteristics of macroscopic MOF materials are influenced by manufacturing processes.
Typical MOF synthesis conditions produce loose powders that are difficult to process and have
poorly defined external interfaces. These problems can be addressed by using bulk-processing
techniques such as pressing, casting and 3D-printing. Processing MOFs can tailor the materials’
crystallinity, proton and thermal conductivity, elasticity, porosity, adsorption/desorption

kinetics, and improve their interfaces with other components in macroscopic devices.

The goal of morphological optimization is to yield a material with a defined shape and precise
physical and chemical properties. The external surface area increases exponentially with the
decrease of particle size, so the effects of this optimization technique are especially
pronounced when the material is confined to the nanoregime. Anisotropic spatial
confinement and the introduction of hierarchy lead to mesoparticles, materials that feature

both large external surface areas and bulk characteristics.

Post-synthetic modification introduces new functionalities to a completed MOF crystal to
further refine it for a specific application. Two types of post-synthetic modification are
discussed: Internal modifications, which affect the properties of MOFs throughout their entire
structure, and external post-synthetic modifications, which only change the surface of MOF

crystals (and therefore affect the interface of MOFs with their surrounding medium).
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Figure 1.1. Schematic illustration of building-up MOF materials on all length scales.
Morphological control and bulk-processing methods result in the formation of nano, meso
and bulk structures either by self-assembly or via external control. The strategies that result
in these materials and the properties that dominate their behavior are discussed below.

1.3 Control of Material Properties with Bulk-Processing

For a chemist, the optimization of reaction parameters is the most intuitive method to
fine-tune the characteristics of a MOF.2 The main challenge of refining MOF bulk materials for
specific applications requires overcoming the instability and poor interface properties
associated with loose MOF powders. Therefore, a variety of different processing techniques
have been adapted for MOFs. Pelleting compresses material into small wafers, which can
either be pure MOF?, of MOF crystals held together by a binding agent, usually a polymeri®1Z,
This increases the materials’ volumetric density and makes them easier to handle (which is
especially important when working with toxic substances). This strategy has also been used to

improve the mechanical stability’? and thermal conductivity® of MOFs. Monoliths are free

3
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standing structures with macroscopic pores that are used to support catalytically active
species. Their pores facilitate heat and mass transfer with low flow resistance, and their
structures exhibit high mechanical stability.!® Suitable approaches towards the production of
monoliths are based on wetting solid precursor mixtures!4, evaporation?®, extrusion® and via
pressing the powder into monolith shape.!’” Additionally, heterogeneous growth of MOFs on
monolith surfaces'®® and 3D-printing have been used to generate reticular monoliths.2%2!
Typically these monoliths are composed of a large proportion of MOFs mixed with a small
proportion of binders.?? The resulting structures combine the advantages of monoliths with
the high surface areas of MOFs, while providing improved adsorption/desorption kinetics due

to their macroporous structuring.?!

Glasses are amorphous structures that exhibit a disordered arrangement of their chemical
building blocks. Similarly, MOF glasses show a lack of long range periodic order, while still
preserving the short-range order in the connection of their building units. They can be
synthesized directly through the use of modulating and high-viscosity solvents,?> however the
majority of MOF glasses have been manufactured by the amorphization of their parent
framework structures via applying high-pressure?* or melting and quenching.?>?¢ Compared
to their parent compounds, MOF glasses display transparency, improved mechanical stability,

and an increased density,?’ but can still remain microporous.?®

MOFs have also been used to create soft materials such as cloth, foam and sponges that exhibit
both porosity and and flexibility. These materials have been synthesized by introducing MOF
particles into foam-precursor mixtures,?® dip-coating preexisting structures with

31

presynthesized MOF nanoparticles,3® synthesizing MOFs in the cavities of foams,3! or by

nucleating MOF crystals on fabrics. 3234

1.4 Control of Material Properties with Particle Morphology

Decreasing the size of particles leads to an exponential increase of their exterior surface area,
a principle ardently exploited in the creation of nano-sized frameworks. The characteristics of
MOF materials in the nano-regime are strongly influenced by particle size, but measuring
particles at the scale is not trivial: different physical characterization techniques yield different

measurements describing either the crystallite/domain size, particle size, or hydrodynamic
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radius.3> MOF nanoparticles inherit properties that are typical for bulk MOFs, such as ultrahigh
porosity and internal surface areas, but also display new properties that dominate the
nanoscale, including short diffusion distances, abundant surface defects, facile chemical
functionalization, and higher chemical reactivity and improved sorption dynamics. While the
material’s overall adsorption capacities are almost unchanged, adsorption and desorption
kinetics increase significantly.3¢ Similarly, catalytic conversion rates of MOF nanomaterials are
increased multifold in comparison to their bulk counterparts, as higher pore accessibility leads
to higher performance.?” Many MOFs feature flexible crystal structures that undergo
reversible changes, such as conversion between “guest-stabilized open” and “non-porous
closed” forms. Reducing the crystals to the nanoscale gives access to transient, otherwise
inaccessible, metastable structures (such as stable open frameworks) even after removal of

guest molecules.?®

The tailorable nature of the individual building blocks of MOF materials provides them with a
high functional efficiency that can be increased even further in nano-species. Grafting
different functional groups on the external surface of framework nanoparticles can introduce
the multivariate functionalities of a single particle. These functionalities, such as fluorescence,
magnetism, charge, and molecule recognition capabilities, can be exploited both alone and
synergistically, widening the applications of MOF NPs to include sophisticated nanoparticles

that perform multiple tasks required by demanding applications.?®

Meso-objects exhibit chemistry that bridges the material’s nano and bulk properties. Typically,
meso objects are characterized by hierarchical structuring, where the morphology and spatial
arrangement of subunits lead to enhanced and even new properties that are not present in
the crystal structure alone. Depending on their synthesis, mesostructures can be single or
polycrystalline.*** The spatial arrangement of mesostructures is used to classify these
materials as zero-dimensional, one-dimensional, two-dimensional or three-dimensional

systems.

Zero-dimensional (0D) MOF mesostructures combine the properties of nanoparticles with
higher level structural characteristics such as compartmentalization. Some of the most
common examples of this class of mesostructures are hollow particles and core shell

structures. These MOF materials can be synthesized by a number of methods.***’ In template-
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free approaches, morphology can be controlled by surface-energy-driven mechanisms,*’
modulating surfactants,*® etching®°° or self-templating.”® Templated approaches generally
rely on heterogeneous nucleation or assembly on the surface of the template (thus replicating
the template’s morphology).4%-43°2-5> Depending on the synthetic route, these templates then

need to be removed in a subsequent step.>®

One-dimensional (1D) mesostructures include helical and needle morphologies as their
synthesis is mostly performed by electrospinning>’>® or alternatively template-directed
crystallization. This process uses either a dissolvable template with hollow channels to grow
the MOF, >%%0 or heterogeneous nucleation on 1D objects.?¥%? Other approaches rely on
sacrificial templates to grow 1D MOFs on surfaces.®® Similar to 0D mesostructures, the
templated synthesis of 1D reticular materials allows for the transfer of template morphology
onto the resulting meso-object, which can either be used to increase the external surface area

of the materials® or to introduce specific functionality (such as chirality).®*

Two-dimensional (2D) MOF mesostructures include free-standing membranes and
surface-supported films. Free standing 2D mesostructures can be made by either exfoliating
2D stacked frameworks into well-dispersed layers by mechanical techniques (sonication®*) or
by chemical methods (introduction of non-bridging ligands to remove single sheets of MOF
films).%> Surface-supported films have a large interface with the substrate surface as well as
the adjacent medium. 2D mesostructures are often used to functionalize a surface with a
crystalline film.®® For example, self-assembled monolayers provide functional groups such as
carboxylic moieties that enable crystal growth on many different surfaces and can even direct
the crystallographic orientation of MOF-based films grown on the substrate.®’” The spatial
dimension perpendicular to the substrate surface of thin films can be confined to the
nanoscale during synthesis. This produces thin films with short diffusion distances in this nano-
dimension. Compared to their bulk equivalents, MOF thin films have a much greater interface
with their adjacent medium, and a high concentration of coordinatively unsaturated metal
sites.®® Generally, the growth of thin films on substrate surfaces is accompanied by interfacial
strain.® In the case of MOF nano-films, this can be used to access otherwise only metastable
structures. Lattice parameters of these MOF films can deviate from their bulk counterparts
depending on the extent of this strain, leading to an increase in the structural symmetry of

MOF films 7° and enabling the stabilization of non-interpenetrated structures.”* Confining

6
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reticular materials to thin films can also alter their sorption properties. Reticular thin films
show increased rigidity that can inhibit the expansion of the crystal structure upon guest

uptake, so called “breathing”.”?

3D meso-structures, which are often called superstructures, exhibit a hierarchical
arrangement of morphologically distinguishable components, which differentiates them from
bulk materials.”® They have been realized in form of single objects or extended assemblies of
MOF components. Synthesis of 3D meso-structures has been developed by self-assembling
objects with lower dimensionality such as nanoparticles,”*’¢ 1D helices,®! and those capable
of self-templating’’. External means to produce 3D meso-structures include templating,’88
using external electric fields to produce 1D particle strings,®* and manually stacking thin-film
layers into 3D architectures®?. The ordered arrangement of these constituents into
superstructures can provide the resulting material with textural pores and other large
cavities,®38* leading to better accessibility for guest molecules. 3D meso-structuring of MOFs

can additionally increase mechanical stability and provide improved flexilibity.2>

1.5 Special Focus: MOF Nanoparticle Synthesis

The materials examined in this thesis are largely confined to the nano-scale. Over the years,
many strategies have been developed for MOF nanoparticle synthesis. To achieve
morphological control, it is important to understand the underlying principles on which these
methods rely. The synthesis of MOF nanoparticles must ensure crystallinity, homogenous
morphology, narrow particle size distributions, and (as most of their applications are
solvent-based) colloidal stability. Most commonly, MOF nanoparticles are synthesized by wet
methods. Under these conditions, the formation of MOF nanoparticles is approximated with
a LaMer mechanism?®® according to a three step process: First, the dissolution of precursors
leads to supersaturation of the reaction solution. Second, precursor concentrations further
increase until the solution reaches a critical point, where rapid nucleation of crystal seeds
begins. Finally, after the dissolved reactants are consumed, nucleation slows to a halt and the
reaction transitions into a growth phase. During this time the nuclei grow steadily larger until

precursors and crystals are eventually in an equilibrium.?’” The LaMer process is influenced by
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changing solvents, precursors, temperatures, and/or concentrations, or by introducing
modulating agents. Other factors that contribute to the final size and shape of MOF crystals
include further equilibria such as linker deprotonation, solvent degradation, and Ostwald (or
digestive) ripening.8®

BU @@ - Modulator
00 ., | Type/Amount
o —
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Additional Heating Grinding
. .
Solvothermal Microwave Ultrasonication

v

Distribution of Reticular Nanoparticles

Figure 1.2. Depiction of the most relevant strategies used in the synthesis of MOF
nanoparticles. Generally, these strategies rely on reaction mixtures that are based on specific
combinations of solvent, metal source to provide the inorganic building unit (IBU) and ligand
to from the organic building unit (OBU). Often the syntheses are performed in conjunction
with morphology- and crystallinity-modulating additives. The reaction mixtures are then
subjected to different reaction methods, resulting in the formation of nanoparticles.®?
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In its most simple form, the wet chemistry approach requires two precursor solutions — a
metal source and a ligand source- that are mixed and reacted at room temperature. For
certain frameworks, most famously HKUST-1, ZIF-8, and MOF-5, this simple process creates
highly crystalline particles. In this method, particle morphology is controlled by altering
nucleation and crystal growth periods. Studies have shown that particle size and crystallinity
of ZIF-8 frameworks are decreased when precursors have a large ligand surplus,®® and that
longer reaction times favor larger particles.’> Adaptations of this spontaneous precipitation
approach have also shown that it is possible to slow HKUST-1 growth by using pre-cooled
reactants or to stop crystal growth completely by freeze-drying, both of which result in smaller

particles.%?

Solvothermal MOF synthesis adds further parameters to spontaneous precipitation by
introducing additional heating steps. This synthesis procedure can be performed via reflux
condensing,®® but typically the reaction is performed under pressure in closed reactors.®* In
solvothermal MOF nanoparticle synthesis, heating is either required for initiating the chemical
reaction or to accelerate crystal growth.?> Applying heat to a MOF reaction mixture can also
speed nucleation during LaMer growth, resulting in overall smaller particles due to the
increased depletion of the precursors as shown for ZIF-8.°6 In addition to heating temperature
and reaction time, choosing optimized precursors facilitates the formation of MOF
structures.’” Precursor selection is therefore crucial during the synthesis of MOF
nanoparticles: Depending on the system, changing metal salts from a chloride to a bromide
can result in different crystal structures with unique morphologies and particle sizes.®
Similarly, choosing a suitable solvent is another important aspect in solvothermal MOF
nanoparticle synthesis; in the solvothermal synthesis of NH,-MIL-53(Fe), particle morphology

can be controlled by changing the ratio of water and DMF.*°

Microwave-assisted synthesis is a common technique for the generation of MOF
nanoparticles. In solids, oscillating electromagnetic waves induce currents that cause resistive
heating. Microwaves can interact with polar solvent molecules or ions causing the molecules
to constantly realign. This leads to collision between the molecules and increases the system’s
kinetic energy, ultimately heating the reaction mixture. MOF nanoparticle synthesis in a
microwave reactor has several advantages. Unlike solvothermal heating, where heat is

transported from the outside to the inside of a reaction vessel, microwave heating is more

9



Introduction

uniform, and typically reaches the desired temperature within a shorter time interval.1® As
shown in quantitative theoretical and experimental studies, for many MOFs microwave
heating can accelerate nucleation and crystal growth up to 30 times compared to conventional
heating, a phenomenon attributed to a reduced activation free energy caused by higher
entropy intermediates formed during the reaction.'! This can be used to produce significantly
smaller particles. Important studies include the MOFs MIL-88A1%? and MIL-101(Cr)
nanoparticles,'%® where particle size and crystallinity were altered by varying microwave

reaction temperatures, irradiation times, precursor concentrations, and reaction pressure.

Ultrasound irradiation is another heating technique used to generate MOF nanoparticles.
When subjecting a reaction mixture to ultrasonic waves, transient cavities are formed that
quickly (after a few microseconds) collapse. These short lived “bubbles” are responsible for
hot-spots of high temperature (5000 K) and pressure (1000 bar) in the mixture and thereby
can enhance the rate of MOF formation.1%10> As shown in an extensive study on MIL-53, in
comparison to conventional or microwave heating, ultrasound-synthesis is the fastest route
to a crystalline product. In this study, ultrasound-based synthesis exhibited reaction rates that
were up to a 100 times higher than for conventional heating at comparable temperatures.
Additionally, the method yielded the smallest nanoparticles.'°® Another study on MIL-88A
showed that the resulting nanoparticles are dependent on the type of ultrasound delivery. In
these experiments, an ultrasonic bath produced microparticles that became smaller as
sonication time increased. In contrast, pulsed and continuous ultrasonic probes resulted in
nanoparticles with unique size and width ratios, but which also grew smaller with longer
exposure times.1%7 Sonication can also be used to break up larger MOF structures such as

hollow spheres into smaller MOF nanoparticles, as shown for HKUST-1.46

One of the most common approaches to controlling the size and morphology of MOF
nanoparticles is adding modulating agents to the reaction mixture. A plethora of studies have
been conducted with zirconium-based frameworks, especially for UiO-66. In this system, weak
bases such as triethylamine can be used to precisely tune the nanoparticle size by
deprotonating linker molecules resulting in higher nucleation rates, leading to more nuclei
and smaller particles.’®® DMF-based synthesis of UiO-66 and UiO-67 specifically opens up the
possibility of modulation with hydrochloric acid. Microwave-synthesized UiO-66 nanoparticles

modulated with this method increased in size as the amount of acid was increased.1?® The role
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of hydrochloric acid is not fully explained yet. It is speculated to either reduce the basic solvent
impurities or to help in the formation of hexa-Zr clusters resulting in faster nucleation.'® Most
commonly though, modulating agents are short-chain monocarboxylic acids that compete
with organic ligands for coordination with the metal-centers. For UiO-66'! and many other
MOFs,8” coordination-modulation can be done with acetic acid, benzoic acid, trifluoracetic
acid, and dichloracetic acid, any of which can be used to increase particle size and crystallinity.
Side effects of these modulating agents include their accumulation on the particle surface,

112

changing its functionality'? and introducing defect sites to the framework.**3

Even surfactants can be considered a special class of modulating molecules added during MOF
synthesis. Surfactants used here are often long, apolar alkyl chains terminated with a polar
group. In solution, the surfactants form colloids called micelles that minimize the interactions
of the apolar tails with the polar solvent (or vice versa). Surfactants can be used to stabilize
nano-sized droplets by forming a layer at the interface of two immiscible phases. Depending
on the ratio of the individual components and the nature of the surfactants, the shape of these
droplets can be adjusted. In MOF nanoparticle synthesis, microemulsion droplets can be used
as nano-reactors. Water/oil based microemulsion, for example, has been used to generate
rare-earth MOF nanoparticles, where the shape and size of the resulting nanoparticles is
controlled by the surfactant/solvent ratio.!'*'!> The synthesis of La-BTC MOF with various
morphologies in an ionic liquid/water/surfactant system was explained by the interfacial
reaction of La®* ions dissolved in the aqueous layer with linker molecules dissolved in the ionic
liquid droplets. The shapes of these droplets were dictating the shape of the nuclei that grew
larger into different MOF nano- and micromorphologies.''® There are many variations of
microemulsion-based MOF nanoparticle synthesis, such as the liquid-solid-solution (LSS)
growth technique that was used in the size-controlled synthesis of HKUST-1 nanoparticles. In
this technique, copper-ions and benzene-1,3,5-tricarboxylate (BTC) linkers were successively
added to an oleic acid/oil-phase/aqueous-phase microemulsion. This first led to the formation
of Cu-oleic acid clusters which then reacted at the water/oil interface with BTC ligands to form
HKUST-1 nanoparticles with hydrophobic coatings.'!” Surfactants additionally open up the
possibility of templated structuring during MOF nanoparticle synthesis. For MIL-101(Cr),
adding CTAB to the aqueous synthesis mixture resulted in mesoporous nanoparticles because

the framework crystallized around the micelles.'*®
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In addition to these ‘common’ synthesis methods for MOFs nanoparticles, several more
specialized ‘boutique’ synthesis procedures have been developed in recent years. In some
cases, special solvents such as ionic liquids are used as structural directing agents or to
accelerate reaction times of MOF nanoparticle synthesis. The synthesis of Zn-BDC MOF
nanoparticles in a supercritical CO2/ionic liquid/surfactant system resulted in hexagonally
meso-porous Zn-BDC MOF nanoparticles.''® This synthesis was based on templating the MOF
by cylindrically self-assembled micelles formed by the surfactant molecules in the system.
Another example is the synthesis of UiO-66 nanoparticles during a study of ionic-liquid
reaction conditions on the resulting particles’ properties. Compared to solvothermal methods,
the particles grew much faster under these conditions. This phenomenon was explained by
the strong hydrogen bonding interactions between the ionic liquids and the modulating agent
acetic acid. The hydrogen bonds were proposed to enable rapid exchange of modulator for
linker molecules in the initial metal clusters that were formed by the reaction and therefore

increased nucleation rate.!2°

Electrochemical synthesis of MOF nanoparticles was shown for IRMOF-3 in a
DMF/ethanol/tetrabutylammonium bromide electrolyte. In this method, linker molecules are
deprotonated at a copper cathode leading to the formation of molecular and move to the
anode for MOF assembly. The zinc anode is oxidized, producing the Zn?*ions required for MOF
synthesis. The size of the resulting nanoparticles was modulated by either altering the voltage

or changing the DMF/ethanol solvent ratio. %!

A recent study demonstrated the synthesis of MIL-100(Fe) nanoparticles via heterogeneous
nucleation on polystyrene nanospheres. In the first step of this synthesis, polystyrene
nanocolloids were functionalized with linker molecules by simple immersion in an aqueous
solution. Subsequent addition of iron(lll) precursors and solvothermal treatment led to the
growth of MIL-100(Fe) nanoparticles on the bead surface. Removal of the polystyrene beads
via washing in DMF produced MOF nanoparticles that were smaller than conventionally
synthesized particles and that could be size-tuned by varying the amount and size of polymer

colloids in the reaction mixture.?2

Many MOF nanoparticles have also been synthesized by dry-chemical approaches. Especially

noteworthy is the synthesis of MIL-101(Cr), which was performed by solvent-free grinding and
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then dry heating.!?®> The resulting phase-pure nanoparticles were smaller than particles
produced by solvothermal methods; however, the nanoparticles were also aggregated and
lost their homogeneous morphology. Liquid assisted grinding, which uses catalytic amounts
of solvents, has also successfully produced MOFs. For example, phase-pure NH»-UiO-66
nanoparticles were synthesized by this method in less than 2 hours, of by exposing ground
precursors of the MOF to methanol vapors for 3 days at elevated temperature. The colloidal
stability of the resulting particles was proven in aqueous dynamic light scattering
experiments'?* Another more recent study has shown that Pd-loaded ZIF-8 nanoparticles can
be synthesized at room temperature via ball-milling. The synthesis was based on sacrificial
Zn0O nanoparticle templates that were completely converted to ZIF-8 nanoparticles using

catalytic amounts of solvent.'?

Recently, microfluidic flow-reactors have gained popularity in the synthesis of MOF
nanoparticles and are of special interest in this work. In these setups, reaction solutions are
pressed through narrow channels, either in tubing or on a chip, with diameters of a few
hundreds of micrometers. While traversing the reactor-channel, a reaction mixture passes
through heated segments; the narrow channels ensure fast heat transfer, resulting in good
control over nucleation and crystal growth. For MOFs, this can result in smaller particle sizes
and reaction rates up to 400 times faster than conventional solvothermal heating.'?® Heating
time is controlled by the speed at which the reaction solution passes through the heated
section and can be precisely tuned to fractions of seconds. This allows for the fine-tuning of
nanoparticle sizes (as shown for Ui0-66'?” and other MOFs).1?2 Microfluidic setups have many
advantages: they are easily customized, and pressure regulators and heat resistant equipment
allow for solvothermal MOF syntheses under pressurized conditions (as shown for cerium(lll)
terephthalate MOF nanoparticles).!?® Surfactants and non-miscible solvents are required in
droplet-microfluidic setups, simulating micro-emulsions that produce well-defined droplet
sizes. These setups can be used to limit precursor supply or to perform interfacial chemical
reactions.'3? Using such a setup, nanoparticles of the MOFs RusBTC; and UiO-663! have been

synthesized, and size modulation has been demonstrated for MIL-88B*32
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1.6 Control of Material Properties with Post-synthetic Modification

1.6.1 Internal Modification

Internal modification of MOFs is carried out by introducing to organic linkers and metal nodes
desired functionalities through the formation of new covalent bonds or coordination
bonds.?33137 |Internal modification of MOFs takes place at the inner periodic scaffold of the
material. It includes functionalization of their inner surface and results in changes to bulk
properties. Other modification techniques such as linker-exchange and trans-metalation rely
on the substitution of either the organic or inorganic building units. Internal post-synthetic
modification is performed to influence bulk characteristics such as porosity, magnetic, optical
and electronic properties,'3 and can influence the flexibility!3® of a structure, change its

polarity4? and introduce functionalities such as biologically active groups. 14!

Modification of the inorganic building units requires accessible under-coordinated metal sites,
142 where these Lewis-acidic metal-centers are used to pull small Lewis-basic molecules such
as imines or pyridines®* into the framework structure. The opposite approach of this technique
is post-metalation, where either defect sites in the framework'*? or electron-rich linker-

molecules (like carboxylic groups or pyridine-rings) can be used for metal-capture.!4

Covalent internal functionalization requires linker molecules with reactive groups. While
common groups such as azides or halides and multivalent bonds*3%4> are open to many kinds
of reactions, amines are especially popular for post-synthetic modifications in MOFs.1# Amine
groups enable, amongst other things, chemistry that is easy on the material: It is compatible
with the well-defined chemistry of peptide coupling reagents and can be performed at room

temperature.'#’

An alternative internal modification strategy is the substitution of inorganic and organic
building units. Solvent-assisted linker exchange can be used to incorporate functional linker
molecules into already crystallized MOFs. During this process, the modified linker molecules
diffuse through the scaffold and bind to the metal centers, permanently recrystallizing the
framework without destroying it. Solvent assisted linker exchange opens up the possibility of
incorporating large molecules into a MOF structure that would otherwise not be able to enter
the MOFs pore openings.*® Post-synthetic metal-exchange of the inorganic building units is

called trans-metalation.?*® Metal-exchange exploits the coordination chemistry of the metal,
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which facilitates the substitution of metal-ions with species featuring a higher ligand-affinity

with similar ionic radii and coordination chemistry.

The methods of modifying the internal surfaces of MOFs that have been discussed so far are
intended to introduce uniform functionalization to their crystal structure, but it is also possible
to use diffusion and sterically controlled reactions or external triggers to produce localized
modifications and create hierarchical MOF mesomaterials. An elegant variation of this
approach are light-induced post-synthetic reactions such as the thiolene click reactions that
have been used to crosslink organic linkers within a framework.>° Similar reactions have been
controlled by layer-by-layer epitaxy that allows for 2-dimensional functionalization.'>*>? This
approach can also be used to selectively dissolve any remaining non-crosslinked MOF to
obtain structured gels based on previous patterning. Another prominent means of introducing
spatially controlled functionality in MOFs through PSM uses the inherent diffusion limitation
of post-synthetic reactions, which typically start at the faces of a crystallite in contact with the
solvent and then penetrate further into the crystallite. This effect has been demonstrated in
post-synthetic topotactic linker exchange and has been visualized by fluorescence!*® and
Raman microscopy.>® This type of PSM can be used to generate well-defined core-shell type
structures. Similarly, the metal of a MOF can be exchanged in anisotropic crystallites leading
to sandwich®>* or core-shell structures®>>. The spatially selective covalent post-synthetic
modification of linkers can be achieved by the use of bulky molecules in post-synthetic
functionalization, leading to preferred functionalization of the MOF crystallites close to the
external surface.’® This method is in essence similar to modification schemes covered in the
next section that intend to only functionalize the external surface area. Through this approach,
initially uniform materials can be converted to functionally graded materials and composites

with spatially abrupt changes in their properties.
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Figure 1.3. Schematic representation of different post-synthetic modification strategies (PSM)
used for the introduction of functionality. Two general concepts are shown: selective
functionalization of the external surface and the internal modification of the periodic lattice.

1.6.2 External Modification

External modification affects the chemistry at the interface between a structure and its
surrounding medium. In the case of the porous structures of MOFs, this implies the area that
is shared by the outer surface of the framework with its surroundings. The modification of the
external surface presents an essentially two-dimensional modification and is mostly
performed on nanoparticles and mesostructured materials because their properties are

determined to a great extent by their high surface-to-volume ratio.
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External functionalization of MOFs is done for a variety of reasons: Binding long molecules to
the outer surface of particles can improve their colloidal stability via steric stabilization. The
polarity of nanoparticles can be changed by introducing hydrophobic coatings, leading to
improved chemical stability in water and colloidal stability in non-polar solvents.!>”158
Molecules can be introduced to the particle surface that either exhibit functionality or carry

active groups for further functionalization.

To specifically functionalize the outer surface of MOFs, two complimentary methods have
been developed: either reactive centers exclusive to the outer surface®*® are targeted for
functionalization or functionalization reagents need to be hindered from entering the
framework.'®® The former strategy relies on the accumulation of crystal defects, such as
coordinatively unsaturated metal sites (CUS),'®? and dangling uncoordinated carboxyl groups
on the external surface of nano- and meso-structures. The second coating method generally
relies on size exclusion, but can also exploit hydrophilic/hydrophobic interactions,®?
electrostatic adsorption,*3 linker exchange,**® or covalent binding'4® to limit alterations of the

internal surface.

The majority of external modification techniques rely on the accumulation of coordinatively
unsaturated metal sites on the MOF surface. Due to their Lewis-acidity, they can act as anchor-
points for Lewis-basic molecules. The coordinative nature of this modification technique
requires mild reaction conditions, so this method is widely used to modify biocompatible
MOFs with biologically active molecules or molecules relevant for imaging. Popular Lewis-
basic anchor groups include carboxylic acids,'** histidines!®!, phosphates,'®416> and

phenols®®,

Another surface-defect-driven modification technique targeting the external surface of MOFs
is the covalent bonding of organic molecules to the particle surface. Inherent uncoordinated
linker molecules that accumulate on the external surface of MOF nanoparticles provide active
moieties such as carboxylic groups for further surface-selective modification.'®’” Additional
anchor points for selective functionalization of MOFs can be introduced by using capping
ligands during the synthesis; their low connectivity leads to accumulation of these molecules

on the MOF surface, providing additional functionalities such as azide groups.'6®

17



Introduction

Finally, outer surface nanostructures can be functionalized by encapsulation of particles in
preformed compartments. An example for this principle can be seen in the confinement of
MOF nanoparticles in liposomes'®® and exosomes!’? using lipid-fusion. This functionalization
approach results in an additional interface in the form of a membrane wall that can block

further molecular access to the inside of the particles.

1.7 Metal-Organic Framework Applications

The application of MOFs is highly dependent on their structuring across all length scales
(Figure 1.4). The following section therefore describes the most important application fields

for reticular nano- meso- and bulk-objects.

1.7.1 Specific Applications at the Nanoscale

Combining the versatile chemistry of MOFs with the properties of the nanoworld opens a door
for a large variety of applications for MOF nanoparticles.'’* These properties include short
diffusion paths, fast sorption/desorption kinetics and sorption properties, as well as size-

dependent optical, electrical, and magnetic properties.
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Figure 1.4. Schematic depiction of the concept of going beyond the crystal structure of
MOFs. While many features of MOFs can be designed through crystal engineering, their
successful use in specialized applications requires further optimization, namely
functionalization, morphological optimization in form of nano- and meso-structuring, as
well as bulk-processing.
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Due to their enhanced conversion rates and sorption kinetics, MOF nanoparticles find
applications in fields such as catalysis3®*'’2 and adsorption,?” as well as in electrical

applications, e.g. as composite materials in supercapacitors®’.

The main focus of MOF nanoparticle applications lies in the field of biomedicine.'’3 Nanosized
particles are favorable in biomedical applications as they exhibit improved endocytosis and
can be well dispersed in body fluids. MOF nanoparticles are being investigated in this field due
to their porosity and functionalizability. Straightforward functionalization allows one to not
only use MOF nanoparticles as transport vehicle, but can turn their scaffold into an active
component for cancer treatment,’410 different biomedical imaging techniques (e.g. positron
emission tomography, magnetic resonance imaging),167181-18 drug delivery,®1% or a
combination of these!®'1°4, The size of MOF nanoparticles provides for easy cell uptake, which
can be further enhanced by coating strategies, such as polymer or lipid coatings.167.170.195
Finally, luminescent functionalization allows one to use the MOF as chemical sensors®3196-198
and easy monitoring of their pathways and metabolism within living cells'®®. Further, the
tailorable nature of MOFs allows the use of biocompatible building blocks, offering the
prospect of efficient biodegradability and biocompatibility, as the toxicity of MOF
nanoparticles can be independently influenced by choice of the metal- and the organic
components, respectively.?% Importantly, the toxicity of nanoparticles also strongly depends
on size, shape, surface area, surface charge and dose and cannot be associated with

composition only.39:20

1.7.2 Specific Applications of the Mesoscale

Applications of MOF mesostructures rely on the nature of the hierarchy in their respective
systems. 0D MOF mesostructures offer both compartmentalization and a large external
surface area for functionalization, which is why they are mainly examined for catalysis,>%>3
and in drug delivery?°2, On the other hand, 3D reticular mesostructures can be used as
precursor materials for the generation of sophisticated catalysts.® Additional assemblies of 3-
D mesostructures have been used for filtering applications?°® and in sensors, based on changes

of the materials’ optical properties upon guest uptake.?%

The majority MOF mesostructure-applications, however, are film-based. Here, 1D spatial

confinement results in reduced transport distances for electron and ion conduction.
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Additionally, mesomaterials provide an increased interface between a surface and its
surrounding medium, which is beneficial for catalytic applications. The growth of MOF films
on supports is a straightforward method to augment a carrier material, for example a metal

surface?%®

, with features such as porosity, crystallinity, ion conductivity and new optical
properties. These properties make thin film framework materials interesting for sensing
applications.2%6-29% The porous nature allows for the inclusion of guest molecules within the
frameworks, which then cause, for example, changed absorption spectra and altered
refractive indices that can be read out optically, leading to potential uses in small molecule

detection.

Porosity, a large interface to the surrounding medium and a high concentration of reactive
sites are reasons for the use of MOF films in catalysis.?%° Similarly, a framework-based surface
coating can enhance the performance of electrodes. For example a Fe;03:Ti electrode with a
thin film coating of the MOF NH,-MIL-101(Fe) MOF exhibits an improved performance in the
photoelectrochemical oxidation of water. This is based on a shifted absorption spectrum due
to the electrodes’ MOF coating as well as due to an improved incident-photon-to-electron

conversion efficiency based on the facile charge-transfer between Fe,03 and the MOF.?10

MOF thin films have also been examined for ion conduction such as for lithium ions and
protons: Their porous structure can either be functionalized with proton-conducting surface
dangling groups such as sulfonate-moieties or be loaded with proton-conducting guest

molecules such as imidazole or histamine.?! 212

The combination of the porous structure and large interfacial area of 2D MOF meso-structures
is strongly related to their applications in water purification?!? and gas separation?*4. Films of
MOF nanosheets can selectively separate mixtures of gas molecules such as H, or COa.
Selection criteria include the size of the gas molecules or their chemical nature as they have
to interact with the pores of the material. This advantage can be further enhanced via
post-modification of pore size or via the introduction of functional groups such as amino

groups into the pores leading to improved selectivity.?!>

In the past, MOF have been viewed as not suitable as electron conductors due to their metal
centers generally preventing electron resonance delocalization and due to the lack of redox-

active ligands. This is slowly changing with the development of new electron-rich linker
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molecules, the inclusion of suitable guest molecules and the development of MOFs with
“through-space” mechanisms such as pi-pi stacking, features that have opened up the use of
MOF films for electronic applications.?16%!8 Frameworks with improved charge carrier mobility
have also been realized by the synthesis of mixed-valence frameworks?® and by the

introduction of charge-transport pathways along heteroatoms such as sulfur.220:221

1.7.3 Specific Applications at the Bulkscale

MOF materials that are used in bulk-scale applications rely mainly on properties that originate
from their framework structure. The extension of the framework dimensions to the bulk
regime converts the physical behavior of a unit cell to the collective performance of the whole
material. Often the corresponding applications require a specific macroscopic shape, such as
column and reaction bed, into which framework material can be packed. MOF bulk materials
offer diverse applications in heterogeneous catalysis. On the one hand, their porous structure

222 or

allows for the loading with catalytically active species such as metal- nanoparticles
single-site metal complexes??? into their pores, making them excellent carrier materials. On
the other hand, the heterogeneous construction of the scaffold structure can provide
catalytically active centers, both at the metal-based nodes and at the linker molecules.??* The
precisely defined pores of a MOF structure reveal their catalytic potential by providing the

material with a structural selectivity towards both educts and products, filtering molecules by
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size**> and even by chirality

New gas storage technologies are urgently sought after, as they are especially relevant in fuel
technology. Materials that are used in this field need to exhibit a combination of high storage
capacity, high cycling stability, low adsorption/desorption enthalpies, a high thermal
conductivity and a high safety standard. Fuel tanks based on MOFs can meet many of these
criteria: the adsorption of gas molecules such as hydrogen??’” and methane??® into the porous
structures allows for high volumetric storage capacities at reduced pressures (relative to the
gas), which can result in easier refueling and increased safety due to the lower pressurization

of the fuel container.

The porous architecture of MOFs has opened the field of heat transfer to MOFs. While heat in
MOFs is transported primarily along the chemical bonds in the scaffold of their porous

structure and the low atomic density of their crystal structure results in a low thermal
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conductivity (around 0.1 W/m K),® the structures can act as heat pumps distributing energy
via the adsorption and desorption enthalpies of small molecules. In these studies MOFs are
already surpassing benchmark materials 22° Research in this field is most advanced in the case
of water harvesting from air where materials with a sufficiently small desorption enthalpy can
even be used to extract water from air via solar-powering.?3® Similarly, these sorption

properties have resulted in MOFs being used in air dehumification.?3!

1.8 Scope of this Thesis

This thesis explores the refinement of MOFs from raw materials to specialized materials. The
crystalline architecture of MOFs gives every MOF uniquely defined porosity. Additional
versatility of this material is obtained by employing some of the countless optimization
techniques that can be used to change its properties. Morphological control, post-synthetic
functionalization, and specialized processing create an unmatched variety of functional

materials.

The projects presented in thesis show how different optimization techniques influence the
properties of different MOF nano- and microparticles. By post-synthetic functionalization and
exerting morphological control the particles’ internal polarity, their behavior in MRI
applications, as well as Raman and fluorescence imaging can be changed. The resulting
functional materials were analyzed with state-of the art analytical spectroscopy and
microfluidic methods in collaboration with various groups. These novel and specialized
techniques include mass correlation spectroscopy, Raman microscopy and magnetic
resonance imaging. We additionally address fundamental features of MOF nanoparticles,
including their crystallinity, porosity and density. The applicability of these particles, especially
in biomedicine, was further demonstrated in in-vitro experiments that were performed in

cooperation with research groups in pharmacy and medicine.
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2 Characterization Methods

2.1 X-Ray Diffraction

X-ray diffraction is a destruction-free analytical method that is mainly used for the

identification and characterization of crystalline materials.

In laboratory setups, X-rays are typically generated in a X-ray tube.! By applying a high voltage,
electrons are generated at a cathode and directed towards a metallic anode where the
electron-anode interaction leads to the emission of emission of electromagnetic waves with
wavelengths of X-rays. This spectrum is comprised of mainly two components:
Bremsstrahlung and characteristic X-rays.? The former is generated by the slowing-down of
the electrons due to their interaction with the positively charged metal centers of the anode
and leading to a continuous spectrum of X-rays with a minimum wavelength. For the latter
the impinging electrons push out anode inner electrons from their shells. The resulting
vacancies are filled by outer-shell electrons and the energy difference is emitted in form of
characteristic X-rays. After passing a monochromator or filter to select radiation with a desired

wavelength, these X-rays are directed on the sample.

In case of a crystalline sample, the interaction of the X-ray electromagnetic waves with the
materials’ electrons leads to a special form of elastic scattering called diffraction.? It is the
result of positive and negative interference effects of the outgoing electromagnetic waves and
can be interpreted with the Bragg-equation (Equation 1) as illustrated in Figure 2.1. Here, d
corresponds to the interplane distance of the lattice, & to the diffraction angle, A the
wavelength and n the diffraction order. Each crystalline substance exhibits a characteristic
diffraction pattern with signals centered around the reflection angles that correspond to a

path difference that is a multiple integer of the wavelength of the X-ray waves.

Equation 1 2dsinO® =nAa
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Figure 2.1. Depiction of the geometry of the Bragg conditions

A different way of describing this diffraction condition is given by the Laue equation (Equation
2).% Here it is necessary to use a reciprocal lattice, in which each point corresponds to a lattice
planein the real space. The diffraction conditions are met when the difference of the incoming
wavevector Ein and outgoing wavevector Eout are equal to a reciprocal lattice vector G ofa

crystal.

(o)

Equation 2 Ak = ki — koo =

out

It is possible to visualize this relationship by using the so-called Ewald construction (Figure
2.2). It utilizes the Ewald sphere, a sphere centered on the origin of real space Ojooo; (the

sample) that intersects the origin of reciprocal space O(oo0) at the radius 1/A, which is equal to

-

the magnitude of the wavevector of the incident wave Ein and the outgoing wave kgt.
Diffraction conditions are met for a lattice plane when its corresponding point in reciprocal

space intersects the Ewald sphere.

Powder and dispersion-based X-ray diffraction patterns in this work were measured in Debye-
Scherrer Geometry. The crystallites of these materials are randomly aligned, which is why the

outgoing diffracted radiation of a single type of lattice plane propagates on the surface of a
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cone with an aperture of 26 instead of a single point. In Debye-Scherrer geometry, the angle
at which the incident X-rays are directed onto the sample is fixed. A detector is moving in a
circular motion behind the sample, recording the angles at which it intersects the cones. From
this resulting diffraction angle it is possible to determine the lattice plane distances d in a

crystalline sample.

L J [ ] * [ ] L] L]
L J L] o L]
L J [ ] ®
L J [ ] L] L]
L J [ ] . [ ] L ] ®

Figure 2.2. Ewald construction to illustrate the Laue conditions. The wave vectors of incident
and outgoing X-rays construct a sphere in the reciprocal space. For positive interference the
difference of these wave vectors needs to coincide with a wavevector of the reciprocal lattice,
therefore the sphere needs to intersect two points of the reciprocal lattice.

If the extent of the crystalline areas in a material is limited to the nanosize this causes a line
broadening in the corresponding diffraction pattern in addition to reflection broadening
caused by the instrument and strain. This effect is important for nanoparticle characterization
as the crystalline areas in such materials are restricted by the particles’ size. A simplified
relationship between the peak-broadening and the extent of the crystalline areas is given by

the Scherrer equation (Equation 3).°

K- 2
"~ A(26) - cos 6,

Equation 3 L

In this equation, the diameter of a crystalline area L is given by the reflection integral breadth
A(26), the X-ray wavelength A, the angle of the reflection 6 and a shape factor K that is

depending on the grain size, fit of the reflection and symmetry of the crystal structure.®
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In case of an even lower crystallinity, such as in glasses, it is still possible to extract structural
information via X-ray diffraction with pair distribution function analysis.” In this method high-
energy X-rays that are typically generated at a synchrotron can be used to scan a large range
of the reciprocal space. In addition to Bragg reflections, the data from diffuse scattering, which
is usually treated as background noise, are taken into consideration. These data are then
converted to a pair distribution function that gives a measure of the probability of atoms being
separated by a given interatomic distance and, thus, enables the analysis of short range
ordering. In amorphous solids, it can be used to determine the distribution of atomic distances
in a solid. If certain atom distances are more abundant this indicates a local ordering of the
structure. Similar to the Scherrer equation, this can give insight to the extent of crystalline

areas in a sample.

Experiments in this thesis where performed on machines that are working in a variation of the
Debye-Scherrer geometry. X-ray diffraction experiments were performed on a STOE
Transmissions-Diffraktometer System STADI P with Ge(111) primary monochromator and Cu-
Kai-radiation in transmission geometry. In case of powder measurements, dried samples were
fixated between two polymer foils. In case of dispersions measurements, the particle
dispersions were sealed in glass capillary tubes. For Pair Distribution Function Analysis,
experiments were performed at the synchrotron 115-1 beamline at the Diamond Light Source
in the UK that was operating with a wavelength of A = 0.161669 A at 72 keV. For
measurements, the samples were vacuum-dried for 2 h at room temperature and finely

ground before packing into sealed 1.17 mm (inner) diameter borosilicate capillaries.

2.2 Nitrogen sorption

One of the defining features of MOFs is given by their porosity.® The standard procedure for
characterizing this property is based on nitrogen sorption.® From the amount of gas adsorbed
to a materials surface, conclusions on its surface area and pore size distribution can be drawn.
In this section, the fundamentals of this approach as recently defined by IUPACY are

elaborated and the terms that are used for MOF sorption experiments explained.

Generally, MOF sorption experiments are based on the adsorptive gas nitrogen that is

interacting with the surface of the adsorbent sample. This process is based on physisorption
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and relies on weak interactions that are mainly caused by van der Waals forces. In case of MOF
nanoparticle samples, two factors that contribute to their surface area have to be
differentiated: On the one hand there is the surface at the interface of a MOF nanoparticle
and its surrounding medium which is called external surface. On the other hand MOFs possess
an internal surface caused by their porous coordination network. Decreasing the particle size
leads to an exponential increase of the external surface in relation to its volume, and therefore
particle-mass!!. Depending on their pore size distribution, porous materials are assigned

according to the IUPAC definitions presented in Table 2.1.

Table 2.1. Categorization of porous materials depending on their pore sizes.

Classification Pore Size
Microporous <2 nm
Mesoporous >2-50nm
Macroporous >50 nm

In typical MOF sorption experiments a defined sample mass is stored in an evacuated chamber
and subjected to small doses of nitrogen gas at low temperatures (77 K). The amount of gas
adsorbed to the surface is most often determined in volumetric measurements. The
adsorption of nitrogen to the MOF surface causes deviations in the pressure of the calibrated

chamber which can be used to calculate the amount of gas adsorbed to the material’s surface.

The data from these experiments are usually depicted in sorption isotherms, where the
amount of adsorbate bound to the material surface is related to the ratio of the chamber’s
equilibrium pressure and the respective saturation vapor pressure of the nitrogen gas.
Depending on their shape, sorption isotherms are classified in 8 different categories according

to IUPAC.10

Type | isotherms result from microporous materials with almost no external surface area.
Therefore the sorption isotherm becomes quickly nearly saturated after its micropore volume
is filled at low pressures. Depending on the pore diameter, strong adsorbent/adsorptive
interactions in small micropores with a diameter of <1 nm lead to Type I(a) isotherms while

larger micropores lead to Type I(b) isotherms.
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Type Il isotherms result from non-porous and macroporous samples. As these materials lack
noticeable surface from pores, their sorption behavior is dominated by monolayer/multilayer
adsorption on their external surface. In Figure 2.3 the completion of monolayer formation
followed by multilayer adsorption is marked at point B, at which the curvature of the graph

transitions into a linear slope.

Type Il isotherms originate from non-porous materials that feature weak
adsorbent/adsorbate interactions. Due to this unsubstantial interaction, adsorbed molecules
do not exhibit monolayer formation. Instead, they are adsorbed in form of clusters to

preferential sites on the material surface.

Type IV isotherms result from mesoporous materials. Similar to Type Il isotherms, at low
pressures, gas molecules are first adsorbed in form of a monolayer. After this monolayer
formation is complete, increasing the pressure further leads to the condensation of adsorptive
in the pores of the sample resulting in a steep increase of uptake by the sample. Depending
on the desorption of the adsorbate inside the pores, two isotherm types are referred to: If the
pores are wider than a critical diameter (about 4 nm), this results in a hysteresis loop and the
material is to be classified as Type IVa. In case of smaller mesopores and certain pore

geometries no hysteresis loop can be monitored, resulting in Type IVb isotherms.

Type V isotherms result from mesoporous materials that feature weak adsorbent/adsorbate
interactions. Similar to a type Ill isotherm, at lower pressures, gas molecules adsorbed to the
materials surface are clustered without monolayer formation. Increasing pressure leads to the

condensation of adsorptive in the pores, similar to the behavior of Type IVa isotherms.

Type VI isotherms depict layer-by-layer adsorption. In this case, the material features a
uniform nonporous surface. Molecules that are adsorbed to this surface form one completed

layer after another, represented by each step in the graph.

44



Amount adsorbed ——————

Characterization Methods

I(a)

I(b)

( [*
I Il
B
\
IV(a) IV(b)
.
Vv Vi

Relative pressure —— m—

Figure 2.3. Sorption isotherm classification according to IUPAC.1°

The total surface area of a MOF sample is usually determined with the Brunauer-Emmett-

Teller (BET) method.'? The theory of this method is based on an expansion of the Langmuir

adsorption theory. In the Langmuir theory3, physisorption on an adsorbent is described with

the formation of a monolayer that is resulting from an equilibrium of adsorbed and desorbed

gas molecules on a surface. The BET theory expands on this model by assuming additional

multilayer adsorption where each consecutive layer follows a Langmuir type adsorption. For

each adsorbate layer on top of the initial monolayer the theory assumes an adsorption energy

equal to the liguefaction energy.
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Using the BET method, sorption data are plotted according to Equation 4, where nn, is the
material’s monolayer capacity, n is the amount of gas adsorbed at the relative pressure p/p°
and C is an experimentally determined parameter that is dependent on the monolayer
adsorption energy. In this equation experimentally determined data usually exhibit a linear

dependency for low relative pressures at 0.05 < p/p° < 0.30.

p

. p° 1 C—1p
Equation 4 = + (=
n(l - %) n,C n,C p

)

The linear form of the BET equation can be used to determine the monolayer capacity nmin a
sorption experiment. It is then possible to calculate a BET area as by approximating the

molecular cross sectional area o, and mass m and the Avogadro Constant L.

Equation 5 as(BET) = n,, *L - 0,/m

Although the BET method is established as a standard procedure for comparing the surface
areas of MOFs, the results for these mostly microporous materials have to be treated
carefully.** The BET method was initially developed for monolayer/multilayer adsorption on
open surfaces and does not consider micropore filling. BET surface areas additionally depend
on the type of gas-molecules used experimentally and the pressure ranges that are used for
evaluation. Quality criteria such as a positive C constant and selecting appropriate p/p° ranges
can improve the validity of these results. Nevertheless, the BET area of a MOF has to be rather

seen as a characteristic number than an actual accessible surface area.®

To evaluate pore size distributions in MOFs, computational methods such as Density
Functional Theory (DFT) and Monte Carlo simulations have been established as standard
methods in commercially available software. These methods are based on statistical
mechanics and can describe the adsorbate distribution in pores. Non-local density functional
theory (NLDFT) methods include standardized models that consider the shape and size of
pores and different adsorbents. Quenched solid density functional theory (QSDFT) methods

further allow the consideration of a heterogeneous surface as it is present in MOFs.®
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Nitrogen sorption experiments in this thesis have been performed on an Autosorb-1
instrument (Quantachrome). Prior to the experiments, all samples were degassed for 24 h at

120 Cand 1.3 - 102 mbar.

2.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a destruction based method that can be used to assess a
material’s thermal stability and composition.!’ In an experiment, a small amount of sample
(~5 mg) is put in a thermobalance and heated in a flow of gas. Depending on the temperature,
a sample can exhibit desorption of solvent molecules or undergo phase transitions and
chemical reactions. These processes can be examined either by monitoring changes in the
sample mass alone or in combination with the energy transfer during heating. For the latter,
TGA is combined with differential scanning calorimetry (DSC). In this method, the heat
required to increase the sample temperature is compared to an inert reference material,

which reveals if a process is endothermic or exothermic.

All thermogravimetric experiments in this work were done on a STA 449 C Jupiter (Netzsch)
instrument under synthetic air with a flow rate of 25 mL/min. employing a heating rate of

10 °C/min up to 900 °C.

2.4 Electron Microscopy

Electron microscopy is an indispensable tool in MOF nanoparticle characterization that
enables morphological analysis of dried samples at the nanoscale.’®*® In classical light
microscopy this is not possible as the limit of spatial resolution d is at around 200 nm as given
by the Abbe limit (Equation 6) with the wavelength A, the refractive index n of the medium

between lens and sample and the half aperture angle «.?°

Equation 6 d=0.5—
nsina

In electron microscopy, A of the electrons is defined by the de Broglie wavelength (Equation
7) of the incident electrons with Planck’s constant h, the electron mass me, and electron

velocity v.
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h
Equation 7 A=
mg - v
This makes the obtainable resolution dependent on the speed of the electrons (Equation 8)
that are used during the experiment, which is linked to their acceleration voltage U with g

being the electron charge.
Equation 8 v= [2U—

Depending on the mode of operation and on the instrument, electron microscopy allows for
resolution that can be even better than the single-nanometer range. One of the typical
prerequisites for electron microscopy is operation at high or ultrahigh vacuum, although
recent developments in operando microscopy have broken this barrier. Electron microscopy
can additionally be coupled with different analysis methods such as energy-dispersive X-ray
spectroscopy (EDX) and electron diffraction. In this thesis, both scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were used for nanoparticle

characterization.

2.4.1 Scanning Electron Microscopy

SEM relies on electrons that are returning from the sample surface and are recorded by a
rastering (scanning) detector. In SEM, electrons that are directed towards a sample feature

energies of 0.1 keV to 30 keV.?!

If electrons are impinging on the surface of a sample they cause various processes to happen.
Backscattered electrons are the product of (multiple) elastic scattering events on the sample
and feature an energy distribution up to the energy of the impinging electrons. Inelastic
scattering leads to the transfer of energy from the electron beam to the sample. If the
impinging electron beam pushes out an electron from the inner shell of sample, the leaving
electrons are called secondary electrons. They feature energies below 50 eV. When the
resulting vacancy is then filled by a higher energy sample electron, the energy surplus is
ejected from the sample. This can either be in form of characteristic X-rays that can be
analyzed in EDX to determine the elemental composition of a sample. Alternatively, the

energy surplus excites another electron that then leaves the sample and is called Auger
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electron. Auger electrons feature energies of up to about 2 keV and are used in Auger electron
spectroscopy. Secondary electrons can be detected up to about 10 nm into the sample surface
and can be used for image generation. SEM images in this thesis are generated from
backscattered electrons that can penetrate a sample more deeply depending on the energy

of the impinging electrons and the atomic number of the elements in the sample.??

Primary Beam

X-Rays
Backscattered Electrons Auger Electrons

Secondary Electrons
Cathodoluminescence

10 nm

Sample

Figure 2.4. Schematic depiction of the different processes that electrons undergo during their

interaction with a sample surface.??

In this thesis electron microscopy was performed on a Helios G3 UC (FEl). All samples were
prepared by drying particle dispersions on carbon pads that are situated on aluminum sample
holders. If not stated otherwise the microscope was operated at 3 kV using a through-lens

detector.

2.4.2 Transmission Electron Microscopy

In TEM, electrons that are passing through a sample are evaluated. The measurement relies
on high energy electrons between 60 keV and 300 keV that are directed onto a thin sample
with a thickness of less than a few hundred nanometers.?* Electrons that pass the sample
undergo different processes: If they do not interact with the sample they exit the material in
extension of the primary beam. Otherwise they participate in elastic and inelastic scattering
processes. In case of inelastic scattering, the energy transfer from beam to sample electrons
can be evaluated spectroscopically in electron energy loss spectroscopy (EELS). In case of
elastic scattering, a diffraction pattern is resulting that can either be evaluated directly for
structural information similar to X-ray diffraction, or be used for further image generation.

The contrast in these images depends amongst other things on sample thickness, atomic
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number, the density of the elements in the sample, and the angle of the diffracted electrons

that are used with respect to the optical axis (bright field vs. dark field).

TEM samples were prepared by drying nanoparticle dispersions of on a carbon-coated copper

grid. Measurements were performed on a Titan Themis (FEI) operated at 300 kV.

2.5 Dynamic Light Scattering

Dynamic light scatttering (DLS) is a non-destructive method for size and colloidal-stability
determination of nanoparticles. Measurements with this method are performed in
dispersions making them closely related to actual, mostly solvent-based, nanoparticle
applications. The particle size resulting from DLS measurements is called hydrodynamic
diameter. This hydrodynamic diameter is based on the particle size of a hard theoretical
sphere that would exhibit the same diffusion properties as the nanoparticle sample in the
respective medium. DLS measurements therefore cannot be used to derive exact particle

morphologies.

Experimentally, the size of nanoparticles is determined by subjecting a dispersion of particles
to a laser beam. The incident beam is scattered by the nanoparticle dispersion and the
outgoing light is recorded at a certain angle using a detector. Due to the Brownian motion of
the particles, the corresponding pattern is constantly changing.?®> The angular scattering data
are evaluated using a time-based autocorrelation fit (Equation 9) that compares the signal at
a point t to the signal at the points (t + 7) with T being in the range of nanoseconds.?® With the
drop-off of this function a diffusion-coefficient for all particles can be calculated.

. (IOI(t+ 1)
@) =7 7
Equation 9 g®¥ (@) NGB

In more detail, first the intensity-intensity time autocorrelation function is transformed into a
field-field time autocorrelation function that decays exponentially. In case of a monodisperse
particle dispersion, this drop-off can be described with a single exponential decay function
(Equation 10) with the delay time 7 and the decay rate I" that is described by the scattering

wave vector g and the diffusion coefficient D (Equation 11).
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Equation 10 g(l)(r) = e IT
Equation 11 I = Dqg*

In polydisperse samples, the exponential decay of the field-field autocorrelation function can
be interpreted with the cumulant method. In this method the mean exponential decay of the
field-field autocorrelation function is fitted in a Tailor Expansion (Equation 12). It also gives
the possibility to quantify the polydispersity of the sample in form of the polydispersity index

PDI (Equation 13) that is defined by the second term of this Tailor Expansion.2®

i _F H2 H3
Equation 12 gV @) = e (1 +?T2 — ?T + )
Equation 13 _ K

q PDI = T2

The resulting diffusion coefficient can then be assigned to a hydrodynamic particle size using
the Stokes-Einstein equation (Equation 14) with 1 being the viscosity of the medium, D being
the diffusion coefficient of the particles, the Boltzmann constant ks and the absolute

Temperature T.%

kB'T

Equation 14 D=——+-—
6w - n -1

In this thesis, DLS measurements were performed on sample dispersions in cuvettes using a
Zetasizer Nano Series (Nano-ZS, Malvern) that includes a 4 mW He-Ne laser operating at

633 nm and an avalanche photodetector.

2.6 Zeta Potential Measurements

In solutions/dispersions, the behavior of particles is dominated greatly by their surface charge.
It influences properties such as particle-protein interactions, colloidal stability and cellular
uptake. According to the Debye-Hiickel?” and Stern models?® a colloid particle in solution that
exhibits a negative surface charge is surrounded by a tight layer of oppositely charged ions

called Stern layer. Moving further away from the particle surface, a diffuse layer of counter-
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ions surrounds the particle. The {-Potential is the electric potential in the interfacial double
layer (DL) at the location of the slipping plane relative to a point in the bulk fluid away from
the interface (Figure 2.5), and indirectly a measure of the strength at which the counter-ions

are bound to the particle.?*

Experimentally, the C-Potential of particles in a sample is determined from their
electrophoretic mobility. In these measurements an electric field that is applied to the particle
dispersion causes the particles to move towards the electrodes. As the particles move, the
tightly bound counter-ion layer in the Stern layer move with the particles as well. At a certain
distance in the diffuse counter-ion layer this tied movement breaks off and ions will move to
the opposite electrode. This generates a slipping plane at the place of the charge-separation.
The particle potential at this slipping plane is called Z-Potential 2°
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Figure 2.5. Schematic depiction of a positively charged nanoparticle with the ion-arrangement
in the surrounding medium

In an experimental setup, the particle velocity, also called electrophoretic mobility can be
determined in a variant of Laser Doppler Velocimetry. In this measurement method a laser is
directed towards the moving particles. The scattered light of this laser exhibits a phase shift
that is proportional to the speed of the nanoparticles. Zeta-potential is determined via the

Henry equation (Equation 15) from the electrophoretic mobility Ue of the particles, using the
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dielectric constant € and dynamic viscosity n of the surrounding medium, and depending on
particle size and electrolyte concentrations either the Hiickel (f(ka) = 1) or Smoluchowksi

(f(ka) = 1.5) approximations are used.?’

2¢ - & f(ka)

Equation 15 U, = 3

Zeta-Potential measurements are usually performed in conjunction with a pH-Titration, as
protons and hydroxide ions will attach to the surface of particles and their zeta-potential is
therefore strongly pH dependent. Generally, particles need to exhibit a zeta-potential of |30|

mV or higher to form colloidally stable suspensions based on electrostatic repulsion.

During this thesis, zeta-potential measurements were performed on diluted samples in
cuvettes using a Zetasizer Nano Series (Nano-ZS, Malvern) that includes a 4 mW He-Ne laser
operating at 633 nm and an avalanche photodetector. In case of pH titration, an MPT-2

Multipurpose Titrator (Malvern) was additionally connected to the device.

2.7 Vibrational Spectroscopy

Infrared and Raman spectroscopy are label- and destruction-free methods that can be used
for the identification of molecules.?® IR measurements are based on the absorption of mid-
infrared light in the range of 4000-400 cm™ (2.5-25 um wavelength), which causes molecules
to be excited into specific vibrational and rotational modes. From 4000 to 1800 cm™,
functional groups such as the CH- or OH-groups can be identified by distinctive absorption
bands of their stretching modes. The range of 1800-400 cm™ is called fingerprint region, as it

is often characteristic for each molecule and can serve as a molecular fingerprint.

Every IR absorption signal corresponds to either a specific, quantized vibrational or a
combined vibrational-rotational transition of the sample. The energy necessary for exciting a
vibrational mode depends on the bond strength and the mass of the moving atoms, whereas
for the rotation it is depending on the molecule’s moment of inertia and is strongly influenced
by its state of matter. These principles allow for the identification of a sample by collecting a

spectrum.
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The vibrational modes can be subdivided into valence vibrations, where bonds are periodically
elongating and contracting and deformation vibrations, where a change in the bond angle
occurs. For vibrational modes to be IR active they need to cause a changing dipole moment,
which means a vibration cannot be symmetrical to the symmetry center of the molecule
(vibrational IR selection rule). Vibrations that are not visible in the IR can often times be seen

in Raman spectra.

Vy Vs
"/ | \\ \ / | \ /
V3 — rot
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Figure 2.6. In a non-linear molecule consisting of three atoms, such as water, three vibrational
modes are possible: vibrational mode vi1 shows symmetrical valence vibrations (IR-active), v,
depicts the only vibrational deformation mode of the molecule (IR-active), and vs depicts
valence vibrations that are anti-symmetric (IR-active). In case of a ‘deformation vibration’
perpendicular to the plane of the molecule, this results in a rotation.3!

2.7.1 Raman Spectroscopy

Raman spectroscopy is complementary to IR spectroscopy, and relies on monochromatic light
that is focused on a sample.?? While the majority of this light is either passing through the
sample or is elastically scattered (Rayleigh scattering), a small fraction of the incident light is
inelastically scattered. During this scattering process, energy is transferred between the
incident photon and the interacting molecule. This scattered light after the interaction is then

examined for its shift in frequency.

Similar to IR absorption, Raman scattering excites (or depletes) vibrational and
vibrational/rotational modes of a molecule. During the scattering process, a molecule is put
into an excited virtual energy state, from which it instantly transits to a vibrational state. In
case the molecule was in the vibrational ground state before the inelastic scattering, the
emitted photon is shifted to lower energy (red-shift). In analogy to fluorescence, this process
(leading to red-shifted inelastically scattered photons) is also called a Stokes process. In case
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the molecule was in a vibrationally excited state before the inelastic scattering, the process
forces the molecule back to the vibrational ground state and photons with higher energy

(blue-shift) are emitted. This process is termed an anti-Stokes process.

Analogous to IR spectroscopy, Raman spectroscopy can be employed to characterize and
identify unknown substances. Both spectral regions (Stokes and anti-Stokes region) can be
used for spectroscopy, although the anti-Stokes scattering shows lower intensity due to a less
frequent occupancy of vibrationally excitated states in the beginning, which follow a

Boltzmann distribution.
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Figure 2.7. Comparison of the energetic transitions during Rayleigh and Raman (Stokes and
anti-Stokes) scattering33

For a vibration to be visible in a Raman spectrum the vibration needs to induce a change in
the molecular polarizability. As this can also happen for vibrations that are symmetrical to the
symmetry center of the molecules, Raman spectroscopy is often used complementary to IR
spectroscopy. In Raman spectra the wavenumber (1/A) difference of the emitted light

compared to the incident light is plotted versus its intensity.

2.8 Fluorescence Spectroscopy

Fluorescence spectroscopy is a non-destructive analytical method in which the optical
emission spectrum from fluorophores is monitored. The fluorescent samples can be molecules

such as aromatic hydrocarbons, proteins but also atoms such as the lanthanides.3*

In a fluorescence experiment, light generated by a broad band source such as a Xenon arc

lamp is typically spectrally selected by a monochromator and focused onto a sample. This

55

S

Sy



Characterization Methods

process causes the sample molecules to transition from their electronic ground state So to an
electronic excited state Si1. The relaxation of the electronically excited molecules back to their
ground state can lead to the emission of light. The wavelength of this emitted light experiences

a red-shift (also called Stokes-shift) due to vibrational relaxation. These processes can
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Figure 2.8. Jablonski diagram depicting the processes most important for fluorescence.

schematically be visualized in a Jablonski diagram3® (Figure 2.8).

In a typical fluoro-spectrometer setup light that is emitted from a sample is recorded
perpendicular to the incident light. A monochromator between the sample and a detecting

photomultiplier tube allows the recording of specific emission wavelengths.?

In this work fluorescence experiments were conducted on a PTl spectrometer that is equipped
with a xenon short arc lamp (UXL-75XE USHIO) and a photomultiplier detection system (model
810/814).
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2.9 Confocal Microscopy

Confocal microscopy is a non-destructive technique that can be used for imaging and
reconstruction of three-dimensional micrometer-sized objects such as microparticles and
cells. A detailed description of the microscopy techniques that were performed together with
fluorescence and Raman spectroscopy is presented in the respective result chapters. This

section is used to describe the basic principles of confocal microscopy.

In a confocal microscope, radiation that is emitted from a light source is passing a pinhole and
is then focused via an objective to a small volume in a sample.3® Light exiting the sample via
fluorescence or reflection passes the objective again and, after passing a beamsplitter, is
focused on a pinhole aperture that is situated in the intermediate image plane. Only light that
is in focus in the sample is also in focus in the intermediate image plane and can therefore

pass this aperture. As only light that is in focus on the sample and

Point-like
light source

Beamsplitter

Focus plane

* Reference plane
Figure 2.9. Optical pathway of a confocal microscope with incoming light (green), emitted light

in focus (red) and emitted light out of focus (black).3’
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that is in focus in the intermediate plane is used for image generation, this allows for
selectively imaging small volumes in a sample at high resolution (Figure 2.9). Light from other
planes that would compromise the resolution of the image is cut off by the pinhole. In a
confocal microscope the whole sample is therefore not depicted at once. For image
generation, the illumination spot is rastered over the sample and the image is reconstructed
via a computer. In a modern version of confocal microscopes, the pinholes selecting the light
to and from the sample are replaced with a variant of a Nipkow disc. This spinning disc features
multiple concentrically arranged pinholes, allowing to rapidly scan multiple spots on a sample
simultaneously and enabling image generation fast enough to view images in real time. Using
confocal microscopy, lateral resolution dris roughly limited by the Rayleigh criterion (Equation
16) with the wavelength A and the numerical aperture of the objective NA. This corresponds
to the product of the refractive index n of the medium in which the lense is working and the

sinus of the half-angle of thef of its opening angle 6 (Equation 17

A

Equation 16 dg = 164—NA

Equation 17 NA =n -sin@

2.10 Magnetic Resonance Imaging

MOF nano and microparticles in this thesis were analyzed for their visibility in Magnetic
Resonance Imaging (MRI). MRl is a standard imaging method (free of ionizing radiation) used
in medicine for non-destructive analysis of tissue in a patient. In this thesis, the influence of

MOF particles on the image contrast was examined.

The contrast in an MRI image strongly depends on the distribution of water in tissue as the

water protons are the main source of signal in clinical MRI. The hydrogen nuclei of these water

molecules exhibit a nuclear spin I of 1/2 and thus concomitantly feature a magnetic dipole

moment [i that is proportional to their gyromagnetic ratio y (Equation 18).
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Equation 18 i= vyl

The magnetic dipole moment [i is quantized along with its orthogonal components. The
component of p along the z-axis is defined by the magnetic quantum number m and the

reduced Planck constant h (Equation 19).
Equation 19 W, = yl, = yhm

The magnetic quantum number can assume two (2/ + 1 = 2) values for hydrogen nuclei (I = %)
resulting in two possible orientations that are energetically degenerate. If a magnetic field B,
is applied along z, these states are split and feature an energy difference AE (Equation 20).
This can be pictured as the magnetic moments aligning with or against the external magnetic

field.

Equation 20 AE = yhB,

In a sample, this results in an overall net magnetization of the nuclei corresponding to the
lower energy state, in which the magnetic moments precess around the external magnetic

field in phase. The frequency v, of this precession is called Larmor frequency (Equation 21).
Equation 21 w, =2nv, = yB,

In an MRI system a sample is subjected to a magnetic field leading to the aforementioned
energy states and alignment of magnetic moments of the water hydrogen nuclei. Using a short
radiofrequency pulse, this equilibrium is then disturbed. The following realignment of the
sample magnetization along the external field is called longitudinal relaxation. This
exponential process is described by the longitudinal relaxation time T1). The exponential decay
of the phase of the precessing spins is called transverse relaxation (described by relaxation
time T,).3® Both of these relaxation times of the water molecules’ protons are influenced by
the chemical environment in particular tissues. Due to this and the varying water content in
different types of tissue, different signal intensities are generated depending on tissue type.
Transforming these different signal intensities to correspondingly different gray values in an

image results in contrast between tissues. It is common practice to use paramagnetic
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additives, called contrast agents, to further influence the contrast of the generated images.
For a clinically used contrast agent in a solution, the inverse of these relaxation times, also
called relaxation rates Ri = 1/T;, i = 1,2, typically increases linearly with increasing contrast
agent concentration. The slope of this linear increase between contrast agent concentration
and relaxation rate is called relaxivity r; (i = 1,2) . Relaxivity is commonly used as a measure of
the contrast agent effectiveness in MRI. As a rule of thumb MRI contrast agents should exhibit
high relaxivities such that small additions of contrast agents or particles can cause large

contrast enhancing effects. 3°

MRI experiments in this thesis were performed using a clinical 1.5T MRI system (Siemens
MAGNETOM Aera, Siemens Healthineers, Erlangen, Germany). For imaging, samples in 2 mL
Eppendorf tubes were submerged in a water bath and positioned in a standard head coil for
imaging. During the experiments, saturation-recovery and echo times were varied to
determine T1 and T relaxation times of the samples, respectively. In this process cross-
sectional images of the sample that correspond to the respective saturation and echo times
were evaluated for their intensity. The squared intensity data were fitted using a squared

exponential function to yield T; and T relaxation times along with relaxation rates.*°

2.11 Nanomechanical Mass Correlation Spectroscopy

The density of a macroscopic material is defined as the ratio of its mass and volume. For
porous nanoparticles such as MOFs this definition is not as straightforward: The size of a
nanoparticle may vary depending on whether the measurement was performed on dried
particles or in liquid medium and may be influenced by surface attachment of molecules and
ions such as in the stern layer. The porous nature of MOFs additionally poses the question of
whether solvent molecules within the pores of the structure should be considered towards
particle mass and therefore influence particle density. In the experiments of this thesis,
density determination of MOF nanoparticles was solely based on particle mass via

nanomechanichal mass correlation spectroscopy.*
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Figure 2.10. Schematic of the measurement principle: A nanoparticle dispersion is flowing
through a channel in a hollow vibrating tip. Using a detector, the resonance frequency of this
tip is monitored. The buoyant mass of the particles changes this frequency, which is used for
further data evaluation.

In such a microfluidic setup (Figure 2.10), a nanoparticle suspension moves through the
channels of a vibrating hollow tip. The particles traversing this tip cause fluctuations in its
resonance frequency that are proportional to the buoyant mass of the particles. For
nanoparticle analysis these resonance frequency fluctuations are then evaluated using a
time-based autocorrelation function C(7) (Equation 22), where §f corresponds to a high-pass

filtered signal of the frequency change.

Equation 22 C(t) = (5f(O)8f(t + 1)

These measurements are then repeated under variation of the solvent-system used for
dispersing the particles. Particle density is then determined by plotting the respective
autocorrelation amplitudes that are dependent on the mass and concentration of the particles
versus the density of the solvents. Subsequent fitting of these data with a parabola results in
a zero minimum, where the resonance frequency of the tip does not change. At this point, the

particle density is equal to the solvent density.

The setup used in the experiments of this work consisted of two syringe pumps that were
varying the composition of solvents flowing through the channel of a microfluidic chip
containing a micro-resonator tip containing an embedded channel with a cross-section of 3 x
8 um?. Frequency changes were detected with an optical lever consisting of a laser and a split

photodiode.
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3 Mass Measurements reveal Preferential Sorption of

Mixed Solvent Components in Porous Nanoparticles

This chapter is based on the following publication:

Modena MM, Hirschle P, Wuttke S, Burg TP. Small. 2018;14(27):e1800826. (DOI:
10.1002/smll.201800826)

3.1 Introduction

Porous nanoparticles are a unique class of materials that open many new opportunities in
fields ranging from drug delivery and sensing to catalysis, green chemistry, and energy
conversion. ® Their physicochemical properties, in particular their morphology, surface
charge, composition, porosity, and extremely high surface-to-volume ratio, are of paramount
importance in defining their potential applications. Therefore, it is necessary to precisely
control and measure these parameters. #°17 Several characterization methods can be used to
probe nanoparticles:'®1° Nanometer-scale resolution on particle morphology and crystallinity
can be obtained using solid-state approaches (e.g., electron microscopy and X-ray
diffraction).?® However, these methods can only be used on dry samples, and thus they cannot
account for interactions between the nanoparticles and the suspending solution. Mobility-
based methods (e.g., dynamic light scattering) are commonly used to measure the
hydrodynamic radius and zeta-potential of nanoparticles in liquids. **> Mobility, however, does
not vary significantly with the internal state of nanoparticles, such as the filling of the pores.
Therefore, pore volume, pore accessibility, and the internal affinity to specific gases are
currently only probed in the dry state (e.g., nitrogen adsorption and helium pycnometry), or
by the indirect measurement of the adsorption of probe molecules dissolved in solvents of

different polarity. 2!
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Figure 3.1. Density characterization of MIL-101(Cr) nanoparticles. A) Direct mass
measurements with suspended microchannel resonators reveal the mass density of porous
nanoparticles in different mixed solvents. Particles flowing through a microfluidic channel
embedded into a nanomechanical resonator cause resonance-frequency variations
proportional to the induced mass fluctuations. These mass fluctuations are measured with
high precision by correlation analysis. B) Variation of the magnitude C(0) of the
autocorrelation for the MIL-101(Cr) nanoparticle signal in mixtures of HFE-7100/EtOH with a
solution density ranging from 0.84 g mL™! (8% HFE-7100) to 0.98 g mL™* (=30% HFE-7100).
The measured density of the particles is 1.25 + 0.02 g mL™%; C) The density of MIL-101(Cr)
nanoparticles in polar solvents was measured by using a mixture of 50 x 10~3 M Glycine-HCl
(pH 2.5)/EtOH, with density ranging from 0.85 g mL™* (76% EtOH) to 0.96 g mL™! (2% EtOH).
A buffer solution with low pH was selected as the MIL-101(Cr) nanoparticles present higher
stability and low aggregation when suspended in acid conditions (Figure $3.20).

To circumvent this limitation, we used nanomechanical mass correlation spectroscopy (MCS)??
to measure the effective mass density of metal—organic framework (MOF) nanoparticles in
different solvent systems. In this approach, the MOF nanoparticles are dispersed in a range of

binary solvent systems and the mass fluctuations resulting from the flow of this suspension
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through a suspended microchannel resonator (SMR) mass sensor of 10 pL volume are
measured (1 pL = 10*2 L; Figure 3.1). We used materials institute lavoisier (MIL)-101(Cr) MOF
nanoparticles®® with different inner pore functionalizations and suspended them in binary
mixtures of ethanol and water, and methoxyperfluorobutane (HFE-7100) and ethanol (EtOH).
Based on geometry alone, these modifications of the solvent systems and of the
functionalization of the pores are not expected to change the mass of the nanoparticles. The
observed differences therefore provide new information about the specific interaction

between the different solvent components and the internal surface.

3.2 Results

MIL-101(Cr) nanoparticles are mesoporous MOF nanoparticles featuring two types of cages
with respective diameters of 2.9 and 3.4 nm, and an accessible window of 1.2 and 1.4 nm. %
Here, we have examined the effective density of three different MIL-101(Cr) species: MIL-
101(Cr) nanoparticles and MIL-101(Cr) derivatives functionalized at the coordinatively
unsaturated metal sites with pyridine or pyrazine using post-synthetic modification. 2* The
crystallinity, porosity, and morphology of the MIL-101(Cr) nanoparticle species were
investigated with powder X-ray diffraction (PXRD) (Figure S3.6), nitrogen
adsorption/desorption isotherms (Table $3.7), transmission and scanning electron
microscopy, (TEM, Figure S3.7-Figure $3.9; SEM, Figure S3.11-Figure S3.16), respectively. We
characterized the nanoparticles using both SEM of dried ethanolic suspensions, resulting in a
size distribution of d*tM =41 + 10 nm (Figure $3.17-Figure $3.19), and dynamic light scattering

(DLS) in ethanol yielding in a hydrodynamic diameter of d°° = 105 + 31 nm (Figure S3.21).

The density of MIL-101(Cr) nanoparticles was measured using both apolar and polar solvents
to probe the behavior of particles when exposed to different solvent mixtures (Figure 3.1).
Surprisingly, the effective mass density of the particles depends significantly on the solvent

system. In the relatively apolar mixture of HFE-7100 with EtOH, MIL-101(Cr) nanoparticles

present a density pgf};E/EtOH = 1.25 + 0.02 g cm3 (Figure 3.1b), while their density increases
to ngfOH/Water = 1.77 + 0.12 g cm~3 (Figure 3.1c) in the more polar mixture of ethanol with

an aqueous buffer (50 x 103 M Glycine-HCl, pH 2.5). Both values are much larger than the
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mass density of the empty framework, which can be calculated from the crystal structure as

pS;E/EtOH = 0.66 g cm™3 (Figure S3.24).

Next, we modified MIL-101(Cr) nanoparticles using a post-synthetic grafting approach. The
coordinatively unsaturated chromium sites (Lewis acid sites) are used to coordinate Lewis
bases,?* pyrazine or pyridine, to render the particles more hydrophilic or hydrophobic,
respectively (Figure 3.2). As for the unfunctionalized MIL-101(Cr) nanoparticles, the
measurements were carried out in mixtures of HFE-7100/EtOH and of 50 x 103 M Glycine—
HCI (pH 2.5)/EtOH to detect both the particle densities and their permeability to the solvents

in solution. Measurements in the HFE-7100/EtOH mixtures return an effective density of

pgfl;E/EtOH = 1.31 + 0.03 g cm™3 for the pyrazine-functionalized particles and pSfIEE/EtOH =

1.30 + 0.05 g cm™3 for the pyridine-functionalized particles.

These results are in line with the values found for the unfunctionalized MOF nanoparticles.
More pronounced differences are detected when measuring the density of the functionalized

nanoparticles in the polar mixture. For the pyrazine-functionalized nanoparticles, we find a

surprisingly high effective density of pgffOH/Water =142+ 0.06 g cm in the mixture of

ethanol and water (Figure 3.2b). As for the measurements of the unfunctionalized MIL-101(Cr)
nanoparticles, the uncertainty on the effective density increases with the value of the

estimated density. In contrast, the pyridine-functionalized nanoparticles show a drastic

decrease in effective density to pE;fOH/Water = 1.12 + 0.02 g cm™3 when suspended in the

same mixture (Figure 3.2d). The lower effective density may be due to an increased ethanol
content within the particles. This could occur due to particle aggregation with concomitant
inclusion of ethanol in the interstitial volume and/or due to the formation of an ethanol
solvation layer surrounding the nanoparticles. In both cases, the ethanol fraction may be
locally increased in the aqueous mixture because of the hydrophobic functional groups
presented both on the inner and outer surface of the nanoparticles. This hypothesis is
supported by DLS measurements of the nanoparticles suspended in the two mixtures: the
nanoparticles in ethanol have a hydrodynamic diameter of 96 nm (polydispersivity 18%), while
their size increases to 149 nm (polydispersivity 40%) in a 95% 50 x 1073 m Glycine-HCl/5%

ethanol mixture.
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The density estimations obtained for the different cases of MIL-101(Cr) nanoparticles when
suspended in the different solvent mixtures are summarized in Table 3.1. The observed
dependence of mass density on the chemical identity of the solvent in MOF nanoparticles can
be understood by considering the possible interactions of the solvent components with the
pore volume. Our measured correlation signal C(0) represents the variance of the resonance

frequency fluctuations of the SMR. This is directly proportional to the variance of mass

. . . . ap|? .
fluctuations arising from Poisson statistics, i.e., C(0) ~ ¢coV - 6—’: , Where co denotes the solid
u

. . ap| . L .
concentration, V = 10 pL is the volume, and a—’: is the density increment of the solution at
n

constant chemical potential. In the simplest case, when particles are described as hard

spheres, the density increment follows Archimedes' law
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Figure 3.2. Density measurements of functionalized MIL-101(Cr) nanoparticles. A) MIL-
101(Cr) nanoparticles were functionalized with pyrazine at the coordinatively unsaturated
metal sites. B) Density measurements of pyrazine-functionalized MIL-101(Cr) particles
suspended in mixtures of HFE-7100/EtOH (left) and 50 x 1073 M Glycine-HCI/EtOH (right). The
particles present an unexpected higher effective density in the polar mixture; C) The
hydrophobicity of MIL-101(Cr) nanoparticles was increased by functionalization of the inner
and outer-surface area with pyridine. D) Density characterization of the pyridine-
functionalized MIL-101(Cr) particles in mixtures of HFE-7100/EtOH (left) and 50 x 1073 M
Glycine-HCI/EtOH (right).

Equation 23 — =1- —

where p; is the mass density of the solvent and pq¢ denotes the mass density of the solid,

which is equal to the inverse partial specific volume of the particles. In this case, the
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autocorrelation curve presents zero amplitude when the density of the suspending solution
matches the density of the particles.

Table 3.1. Summary of density estimations for the functionalized and unfunctionalized
MIL-101(Cr) MOF nanoparticles in the different solvent mixtures

MIL-101(Cr) Solvent mixture

functionalization EtOH/HFE [gcm3] EtOH/50 x 103 M Glycine-HCl [g cm™3]

Unfunctionalized 1.25+0.02 1.77 £0.12
Pyrazine-functionalized 1.31+0.03 1.42 £ 0.06
Pyridine-functionalized 1.30£0.02 1.12 £ 0.02

Porous nanoparticles present a fundamentally different behavior. In solution, their effective
density depends not only on their dry mass and volume but also on the ability of the solvent
to access the pore volume. There can be significant differences in pore accessibility for
different solvent components due to size exclusion and more complex interactions, such as
solvation effects and gating. All of these phenomena may alter the effective mass density of
the particles and necessitate an extension of the pure physical/geometric description, which

is inherent to Archimedes' principle.

3.3 Discussion

To explain the range of the observed differences, we represent the pore volume by two
compartments, as shown in Figure 3.3. Note that this is done only for modeling purposes; in
reality, there need not be a defined physical boundary. In the first compartment (light blue)
the solvent composition tracks the composition outside the pore exactly. In contrast, the
composition in the second compartment (blue/yellow in Figure 3.3) is fixed and given by
specific adsorption or exclusion of individual solvent components. The dry mass of the particle
is increased by the fixed mass of adsorbed solvent molecules. This leads to the following

expression for the density increment
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Equation 24 a_p = (1+ B, + Bg) (1 - F,)S )
acl, P eff

where the adsorption coefficients Ba and Bg denote the mass fractions of the solvent
components A and B, respectively, that are bound to the particles. 2>2° The total adsorbed

mass fraction is (Ba + Bg) and the effective mass density of the particles is given by

1+ Bs + Bg

Equation 25 P eff = — — —
¢ pi '+ Bappy' + Bppg'

Note that prrepresents the density of the nanoparticle framework and depends on the
accessibility of the pores to the solvent. To illustrate different scenarios, we consider three

special cases. First, if the particles are fully permeable (case 1), Bag = 0 and p’.¢ is given by

Equation 25 and pf = % (Figure 3.3,1), where Mk is the dry mass of one particle and V; is the
f

volume occupied by the framework. In our experiments with MIL-101(Cr) nanoparticles, this

yields a value of p’,¢s = 3.1 g cm™ based on a pore volume fraction of 79% calculated from

the crystal structure (Figure $3.24). Second, if the particles are impermeable (case Il), the solid

particle model applies with pegr = ? (Figure 3.3,11), where V, is the hard-sphere volume of
P

one particle. In this case, the crystal structure reveals a value p.; = 0.66 g cm™3. Finally, if
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one solvent component, e.g., component A, permeates selectively (case lll), then Bs = 0 and

Ba > O (Figure 3.3,111).

. Metal cluster
I Organic linker

Binary solvent, mass ratio x=c /c,

W _JAdsorbed binary solvent, mass ratio y 7

Figure 3.3. Schematic representation of the selective sorption of mixed solvents into porous
MOF nanoparticles. The dashed line symbolizes the outer perimeter of the nanoparticle with
dry mass M and total volume V,. In the most general case, different solvent components can
freely access only a fraction of the pore volume (shown in light blue). Here the mass ratio x of
solvent components matches that of the surrounding fluid. In another part of the internal
volume, the composition is altered by specific interactions between the different solvent
components and the solid framework (yellow/blue hatched region). The mass ratio y of
solvent components in this region can differ significantly from the surrounding fluid. Three
special cases of this model are of particular interest: 1) All solvent components can freely
access the entire pore volume. Il) Nonsolvent molecules can access the internal volume. Ill)
One of the solvent components (light yellow) can access a larger portion of the internal
volume than the other.

The wide range of effective density values corresponding to these cases explains the
differences we observe in the different experiments. Although the measurements do not
provide sufficient information to extract each of the parameters (pr, Ba, and Bg) individually
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for the different solvent systems and particle functionalizations, the observed variation in
density establishes that their combination differs significantly in each of the measured cases,

with case | and Il not being supported by our experimental findings.

Our results show that tuning the inner functionalization of porous MOF nanoparticles can
produce considerably different local compositions of the solvent mixtures within and/or
around the nanoparticles. This capability opens interesting new opportunities for the use of
MOF nanoparticles, such as separation of solvent mixture based on selective enhancement of

a solvent component in the pores.

Finally, the novel density method presented here can be applied to any other porous
nanoparticle system, which will greatly advance our understanding of one key
physicochemical parameter of porous nanoparticles and open up a broad spectrum of

applications of this class of materials, from separation to biomedical science.

3.4 Experimental Methods

Density Measurements

Density of particles in solution is measured by detecting the variation of buoyant mass when
the particles are suspended in mixtures of different concentrations of ethanol and 50 x 1073
M Glycine-HCl (pH = 2.5) or ethanol and HFE-7100. The test solutions are injected into a
suspended microchannel resonator featuring an embedded channel with a cross-section of
3 x 8 um?. The resonance frequency of the resonator is measured by using an optical-lever
detection scheme (see Figure $3.4 and section 3.5 for more information on the experimental
setup). During the measurement, particle concentration is kept constant to simplify the
subsequent data analysis process. As the buoyant mass of the particles is proportional to the
induced frequency fluctuations, the time-domain mass signal is first high-pass filtered (cutoff
frequency = 1 Hz) to remove slow-term-noise fluctuations, caused by temperature and/or
mechanical variations. Frequency fluctuations are then analyzed by use of an autocorrelation
analysis of the high frequency domain to minimize the effect of the uncorrelated readout
noise background. The effective density of the particles is calculated after fitting the
autocorrelation amplitude as a function of solution density, with the estimated particle

density corresponding to the minimum of the fitting parabola. Therefore, the uncertainty on
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density estimation depends on the range of solution densities accessed during the
measurement. More information on and validation measurements of the density

characterization method are reported in the Supporting Information.
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3.5 Supplementary Information

3.5.1 Density Measurements

Detection method

Figure S3.4 shows a schematic of the experimental setup and of the subsequent data analysis.
The buoyant mass of the particles is measured in mixtures of two solvents with different
densities and mixed at different concentrations, therefore obtaining solutions of different
densities. The test solutions are prepared with equal particle concentration to avoid variations
during the measurement and simplify the data analysis. The sample is then drawn into the
SMR device by means of syringe pumps, while the flow velocity in the detection channel is
controlled by pressurizing the chip inlets. The combination of pressure control and syringe
pumps enables smooth pulse-free flow during measurement and precise estimation of the
mixture composition throughout the measurement. The density of the solution at any time is
estimated by measuring the frequency shifts induced by added reference particles of known
volume and density, and by pre-calibration of the mass/frequency responsivity of the SMR.
After high-pass filtering of the time-domain mass trace and the removal of the reference
particle signatures, the frequency fluctuations can be analyzed by means of the
autocorrelation function. As white noise is largely confined to in the autocorrelation function,
where is the sampling frequency, the estimation of is obtained by fitting of the autocorrelation
curve using an approximated fit function of the curve.® Finally, the magnitudes of the
autocorrelation curves are plotted against as functions of the density of the solutions and
fitted with a parabola with zero minimum to estimate the intercept of the curve with the x-
axis, which corresponds to the effective density of the particles in solution. Although only two
measurements at different densities would be needed to fit the parabola, the resulting fit
curve would present an ambiguity on the position of the curve minimum. The measurement
scheme presented here enables the rapid acquisition of measurements at several solution
densities, increasing the accuracy and reliability of the density estimation, and returning a

unique solution of the fit parabola.
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Figure S3.4. Measurement of particle density with SMRs. a) Schematic of the experimental
setup, which includes (from the left): two syringe pumps for varying the solution density,
pressurized inlets (P1 and P2) to control the flow in the microfluidic chip, an optical lever
composed of a laser beam focused on the resonator and a split photodiode, two syringe
pumps for drawing out the solution and precisely controlling the volume of solution flown in
the chip; b) time-domain mass signal. The insets show the autocorrelation of small fluctuations
of resonance frequency caused by the random number fluctuations of the nanoparticles in the
channel (top) and the frequency shifts of the large calibration particles used for the detection
of the solution density (bottom); c) the amplitude of the autocorrelation of the time-domain
mass signal depends on the difference in density between the nanoparticles and the
suspending solution; d) the amplitude of the autocorrelation as a function of solution density.
The minimum of the fit parabola corresponds to the effective density of the particles in
solution.

Experimental Procedure

The SMR presents two large bypass channels for the rapid exchange of the solutions, and a
torsional resonating structure with embedded microfluidic channels of 3x8 um? cross-section
(HeightxWidth). First, the sample and wash solutions are drawn into the SMR. Then, the
direction and velocity of the flow inside the embedded microfluidic channel are controlled by
pressurizing the vials containing the solutions. The density of the solutions is varied during the
measurement by mixing them with known volumes of solutions with different density at
specific times. Preparing the sample and the diluting solution with the same concentration of
particles ensures constant sample concentration throughout the measurement. The
resonance frequency of the resonator is detected by using an optical lever readout scheme.
The average resonance frequency varies with the density of the solution flowing in the
embedded microfluidic channels. Particles of known size and density are added to the solution
to estimate the density of the fluid at any moment from their induced transient shifts in

resonance frequency.
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Method validation

Characterization of polystyrene nanoparticles. As validation of the density characterization
method, we measured the density of 210 nm (nominal size) polystyrene nanoparticles
suspended in mixtures of pure water and ethanol by gradually increasing the ethanol fraction
to 50% v/v. The variation of the autocorrelation amplitude with solution density is shown in
Figure S3.5. The autocorrelation amplitude strongly increases with the ethanol concentration,
clearly indicating that the particles have a density higher than that of pure water. Fitting of

the experimental points with a parabola finds an effective mass density for the polystyrene

nanoparticles of pE;fOH/Water = 1.056 + 0.001 g+ cm™3, which agrees with the manufacturer

specifications?. As expected, the polystyrene particles behave as hard spheres, which are

impermeable to the solvent. From the known total solid content and the measurement of

pE;fOH/Water we can calculate the mean mass My = 4.03 + 0.36 fg and the mean diameter

dp, = 194 £ 6 nm of the nanoparticles
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Figure S3.5. Density characterization of 210 nm (nominal size) polystyrene beads in mixtures
of ethanol and water.
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3.5.2 Methods and Characterization of MIL-101(Cr) Nanoparticles
Dynamic Light Scattering and Zeta-Potential:

Dynamic light scattering experiments and measurements of Zeta-Potential were conducted
with a Zetasizer Nano Series (Nano-ZS, Malvern) featuring a laser with the wavelength
A = 633 nm. All DLS measurements were performed on the freshly synthesized samples in
ethanol. Zeta-Potential measurements were performed in aqueous solution of the
nanoparticles (c = 0.1 mg ml). During the measurement, the pH was adjusted from pH = 2 to
pH = 9 with a MPT-2 Multi Purpose Titrator (Malvern) using aqueous hydrochloric acid and

sodium hydroxide solutions.

Scanning Electron Microscopy

The three MOF samples were examined on a Helios NanoLab G3UC (FEI) operating with 3 eV.
The three samples were dried from ethanolic dispersions of the respective MOF species. Prior
to the SEM measurements they were additionally sputtered with carbon. The resulting
micrographs from the SEM measurements were evaluated manually using the software

Imagel) v1.49.

Transmission Electron Microscopy
All three MOF samples were examined using a Titan Themis (Fei) operated with an
acceleration voltage of 300 kV. Sample preparation was performed via drying an ethanolic NP

dispersion on a carbon-coated copper grid.

Thermogravimetry

Dried samples of MIL-101(Cr) (5.90 mg), pyridine functionalized MIL-101(Cr) (6.20mg) and
pyrazine functionalized MIL-101(Cr) (2.68mg) were examined on a TASC 414/4 (Netzsch) under
synthetic air. The results of the experiments, which were performed employing a heating rate

of 10 °C/min up to 900 °C, were evaluated with the included software Proteus v4.3.

X-Ray Diffraction

In order to confirm a successful synthesis of MIL-101(Cr) MOF and to check the intactness of
the crystal structure after functionalization, X-ray diffraction was performed. The instrument
used was a STOE Transmissions-Diffraktometer System STADI P. The experiments were
performed in transmission setup derived from Debye-Scherrer geometry. All experiments

were performed with CuKqi-radiation. For data analysis the included software package
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WinXPOW RawDat v3.0.2.5 and WinXPOW PowDat_n v3.0.2.7 was used. The simulation of
unfunctionalized MIL-101(Cr) bulk material was based on the structural data from the group

of Férey? using the software Materials Studio v7.0 (BIOVIA).

Nitrogen sorption

Ethanolic dispersions of the respective samples were dried in an oven at 70 °C for 3 days. The
dried powders of each of the samples were outgassed in high vacuum (see Table S3.2).
Nitrogen sorption experiments were performed with a Autosorb-1 (Quantachrome). The
results were evaluated using the software ASiQwin v3.0. The linearized form of the BET
equation was used to calculate BET surface areas. For the calculation of the pore size
distribution a QSDFT adsorption based model was used assuming slit, cylindrical, and spherical

pores.
Table S3.2. Conditions employed during the outgassing of the samples.

MIL-101(Cr) Pyridine-Functionalization Pyrazine-Functionalization

38 h,120°C 72 h,120°C 38h, 70°C

3.5.3 Synthesis of the Nanoparticle Samples
Synthesis of MIL-101(Cr) NP

The synthesis of MIL-101(Cr) was conducted using microwave (MW) assisted synthesis. A
mixture of Cr(NO3)s - 9 H,0 (1.48 g, 3.70 mmol) and terephthalic acid (0.615 g, 3.70 mmol) was
given to water (20 ml, Milli-Q) and stirred until all Cu(NOs3)s - 9 H.O was dissolved.
Subsequently, the reaction mixture was placed in a Teflon tube (80 ml) and sealed. The tube
was placed in a microwave oven (Synthos 3000, Anton-Paar) along with 3 other vessels, two
of them being filled with water (20ml) and one of them being a control vessel filled with an
aqueous Cu(NOs); - 9 H,0 (1.48 g, 3.70 mmol) solution. The heating sequence shown in Table

$3.3 was applied:
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Table S3.3: MW Heating program for the MIL-101(Cr) synthesis

Heating Dwelling Cooling
4 min 2 min 1.5h
To 210°C 210°C To RT

The resulting nanoparticles were washed via centrifuging (20500 rpm, 45 min), removal of
supernatant, and redispersing them under sonication in ethanol (30 ml). Subsequently the
MOF NP dispersion was filtered in order to remove excess terephthalic acid. Afterwards, the
nanoparticles were centrifuged (20500 rpm, 45 min), followed by removal of the supernatant

and redispersing of the pellet under sonication for 3 additional times.

Post-synthetic functionalization with pyridine and pyrazine

For the pyrazine functionalization an ethanolic MIL-101(Cr) NP dispersion (7.2 ml, c =12.4 mg
ml) was given to an ethanolic pyrazine solution (7.2 ml, ¢ = 320 mg/ml, 4 mM). The reaction
mixture was kept stirring for 24h. The resulting modified nanoparticles were washed in 4
cycles consisting of centrifuging (14000 rpm, 30 min), removal of supernatant and redispersing

in ethanol under sonication.

For the pyridine functionalization, pyridine (12.2 ml, 154 mmol) was given to an ethanolic
MIL-101(Cr) NP dispersion (7.2 ml, ¢ = 12.4 mg ml?) in addition to ethanol (2.2 ml). The
reaction mixture was kept stirring for 24 h. The resulting modified nanoparticles were washed
in 4 cycles consisting of centrifuging (14000 rpm, 30 min), removal of supernatant and

redispersing in ethanol under sonication.

3.5.4 Characterization of the MOF species

X-ray Diffraction

The results of the X-ray diffraction experiments are shown in Figure $3.6. The PXRD data of all
three MIL-101(Cr) species is in agreement with literature results.3 The reflex broadening in the
MIL-101(Cr) NPs samples is not caused by lack of crystallinity as can be seen in the TEM results,

but are caused by the nanosized crystalline domains.

81



Mass Measurements reveal Preferential Sorption of Mixed Solvent Components in Porous Nanoparticles

—— Pyrazine-Functionalization
—— Pyridine-Functionalization
— MIL-101(Cr)
-
-(T) :
C :
o E
£ —
T T T y 1 y T '
5: 110 15 20 25 30
-+ | ——MIL-101(Cr) bulk simulated
>
= 5
C .
2 :
= 5
|
e R B e
5 10 15 20 25 30
20 [°]

Figure S3.6. Powder X-ray diffraction patterns of the initial MIL-101(Cr) sample as well as the

functionalized species.
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3.5.5 Transmission Electron Microscopy

Overview pictures gained from TEM measurements are shown in Figure S3.7, Figure S3.8,
Figure $3.9 and for the respective samples. Generally, the micrographs prove the crystallinity
of the MOF samples prior and after functionalization with pyridine/pyrazine. For better

comparison small agglomerates for each of the respective species are shown in Figure S3.10.

Figure $3.7. TEM micrograph of MIL-101(Cr).
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Figure $3.8. TEM micrograph of pyridine-functionalized MIL-101(Cr). .
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Figure $3.9. TEM micrograph of pyrazine-functionalized MIL-101(Cr).
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Figure $3.10. Zoomed-in micrographs of MIL-101(Cr) (left) and its pyridine-functionalized

(middle) and pyrazine-functionalized (right) derivatives.

3.5.6 Scanning Electron Microscopy

Figure S3.11, Figure S3.13 and Figure $3.15 give an overview of the initial MIL-101(Cr) sample
and the pyridine and pyrazine functionalized derivatives. Additionally in the top right corner
of each of the micrographs, the nanoparticles, which have been used for particle size
determination, are marked with yellow lines. All three samples look homogeneous. A more
detailed view on the particles is shown in Figure $3.12, Figure S3.14 and Figure $3.16. Again,
the samples look very similarly. The resulting particle size distributions for the dried species
have been determined manually by measuring the diameter of ~100 particles of the respective
species and are shown in Figure $S3.17, Figure S3.19 and Figure $3.18 and are additionally

summarized in Table S3.4.
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Figure $3.11. SEM micrograph of MIL-101(Cr). In the top right corner: Particles which have

been measured for the size determination.
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Figure $3.12. SEM micrograph of MIL-101(Cr).
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Figure $3.13. SEM micrograph of pyridine-functionalized MIL-101(Cr). In the top right corner:

Particles which have been measured for the size determination.
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Figure S3.14. SEM micrograph of pyridine-functionalized MIL-101(Cr)

88



Mass Measurements reveal Preferential Sorption of Mixed Solvent Components in Porous Nanoparticles

2 ‘ s ‘~.‘ s = a N /"\‘ & i vv<— \‘:l
% HFW  7/13/2016 dwell HV bias WD  det mag & E— T
IX)" 5.92 ym 1:32:05 PM 1.00 ps 3.00 kV 0V 4.0 mm TLD 35 000 x

Figure $3.15. SEM Micrograph of pyrazine-functionalized MIL-101(Cr). In the top right corner:

Particles which have been measured for the size determination.
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Figure $3.16. SEM micrograph of pyrazine-functionalized MIL-101(Cr).
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Figure S3.17. Particle size distribution of MIL-101(Cr) determined from the SEM micrograph in
Figure S3.11.
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Figure S3.18. Particle size distribution of pyridine-functionalized MIL-101(Cr) determined from
the SEM micrograph in Figure $3.13.
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Figure S3.19. Particle size distribution of pyrazine-functionalized MIL-101(Cr) determined
from the SEM micrograph in Figure S3.15.

Table S3.4. Results of particle size distribution analysis from the SEM images

Pyridine- Pyrazine-
Sample MIL-101(Cr)
Functionalization Functionalization

Particle

41 43 41

Diameter [nm]
Standard
10 9 10

Deviation [nm]
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3.5.7 Dynamic Light Scattering and Zeta-Potential measurements

Figure $3.20 depicts the pH dependent Zeta-Potential of MIL-101(Cr) NPs in aqueous solution.
At pH = 2 starting from around 30 mV, the potential drops for increasing pH. In the initial acidic
conditions, the particles are stable and not agglomerated. When reaching pH = 7 upwards, the

Zeta-Potential passes through 0 mV, which causes the particles to agglomerate.
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Figure S3.20. Zeta-Potential of an aqueous solution of MIL-101(Cr) NPs, when titrating from
pH=2topH=7.

The results of the DLS-measurements for the functionalized and unfunctionalized MIL-101(Cr)
NPs in ethanol are given in Figure $3.21. Table S3.5 gives the average intensity-based diameter
of the nanoparticles along with their polydispersity index. Overall, the DLS based
hydrodynamic diameter of the particles was nearly not influenced during their
functionalization. In all three cases, the particles show similar a similar size around 105 nm

and a very monodisperse particle size distribution.
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Figure S3.21. Intensity based particle size distribution of functionalized and
non-functionalized MIL-101 (Cr) NPs in ethanol.

Table S3.5. Summarized results of the DLS measurements

Sample Diameter [nm] Polydispersity Index
MIL-101(Cr) 105 0.088
Pyridine-Functionalized 105 0.174
Pyrazine-Functionalized 106 0.066

3.5.8 Thermogravimetric Analysis

The thermogravimetric analysis for the MIL-101(Cr) NPs sample and its functionalized
derivatives is shown in Figure $3.22. All three samples show similar stability. The samples
feature a degradation range between 327 — 374 °C. The values of the residual masses of the

nanoparticle species are slightly shifted. This may be caused for several reasons: Due to the
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pyridine/pyrazine functionalization the overall ratio of the solvent/framework masses is
altered due to the additional mass of the introduced molecules and the varying capability of
the nanoparticle species to incorporate solvent molecules. The functionalization approach

overall however has not influenced the framework stability.
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Figure S3.22. Thermogravimetric analysis of MIL-101(Cr) NPs, pyridine-functionalized
MIL-101(Cr) NPs and pyrazine-functionalized MIL-101(Cr) NPs.
3.5.9 Elemental Analysis
In order to estimate the degree of functionalization of the MIL-101(Cr) species elementary

analysis (CHNS) was performed. Weight-in masses of the respective samples and their results

are summarized in Table S3.6.

Table S3.6. Elementary analysis results

Sample Mass [mg] wt% N wt% C wt% H
MIL-101(Cr) 4.882 0.87 18.50 6.85
Pyridine-Functionalization 4.905 2.11 23.69 6.56
Pyrazine Functionalization 4.595 1.37 20.20 6.67
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This data has been interpreted the following way: In the pure MII-101(Cr) MOF sample, there
is still a small amount of residual nitrogen trapped within the framework, which is caused due
to the synthesis route having Cu(NOs)3 - 9 H,0 as a substrate. The difference in wt% for
nitrogen after subtracting the amount of initial nitrogen was assumed to be caused by pyridine
and pyrazine respectively the functionalized samples. Based on the crystallographic data from
the group of Férey? the theoretical wt% of nitrogen in pyridine and pyrazine-functionalized
MIL-101(Cr) was calculated and compared with the experimental results. This resulted in a
functionalization of (26.8 + 9.2)% for the pyridine functionalized sample and (5.4 + 4.6)% for

the pyrazine-functionalized sample.

3.5.10 Nitrogen Sorption

The results of the BET calculation of the nitrogen sorption experiments are summarized in
Table S3.7. The corresponding Isotherms are shown in Figure $3.23. The BET-surface was
reduced both for the pyridine and the pyrazine-functionalization. This is expected, since
aromatic use up space within the framework. The greater reduction in case of pyrazine is
expected as well, since the functionalization degree for pyridine was higher than for the
pyrazine-functionalized sample. The pyrazine-functionalization had no notable effect on the
pore size distribution on the sample. The pyridine-functionalization did reduce the amount of
pores in the 3 nm range, however they are still present. This might be attributed to the greater
functionalization degree of the pyridine-functionalized sample. As shown in the XRD

experiments, this had no influence on the structure of the MOF.
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Table S3.7. Results of the BET analysis

Sample MIL-101(Cr) Pyridine-Functiona Pyrazine-
lization Functionalization
BET-surface area 4789 3194 3506
[m?/g]
Relative pressure 0.11-0.23 0.07-0.18 0.07-0.21

range used for

calculation
Correlation coefficient 0.999 0.999 0.999
C-constant pOSItIVG pOSItlve pOSItIVE
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Figure S3.23. Results Nitrogen Sorption Exp