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1. Motivation

1 Motivation

“Defect” is a word that has its origin in Latin, where the verb “deficiere” (“‘de-“ meaning
“reversal” + “facere” meaning “do”’) was used to define the action of abandoning a country
or a cause in favour of an opposing one. During the Roman Empire, when having a
successful military career was a pre-requisite to become a ruler or have any influence in
politics, “deficiere” had a negative use. Later in time, with the influence of ancient French,
“defect” started to be used as a noun and acquired the meaning that it has today; however,
during the centuries, the word kept the original negative connotation. In science, and more

general in nature, “defect” acquired also a neutral or positive feature.

It was the discovery of the chemical structure of beautiful materials such as gemstones to
finally give a neutral or positive connotation to the concept of “defect”. Corundums, better
known as ruby or sapphires, have the general formula a-Al2O3 but what gives them their
beautiful colours is the presence defects in the crystalline framework. These are considered
precious, beautiful and yet, these stunning colours are given by defects; where different
impurities are trapped inside the gemstone crystal structure. If the impurity is Cr then a
gemstone will acquire red colour and will be commonly called ruby. On the contrary, if other
metals like Ti and Fe replace some of the Al atoms then the gemstone will acquire a stunning
deep blue colour and would be called sapphire.

These processes of “defect engineering” occurs naturally but we can reproduce them
artificially for many other crystalline materials. The targeted incorporation of defects into
crystalline materials is at the core of material science. For instance, defects are
systematically introduced in Si to produce semiconductors that are essential in computer
chips. A stunning example is steel where C is added to Fe in order to improve the material
performance under mechanical stress. Having these remarkable examples in mind, is it
apparent that defects can significantly affect material properties. This is also true for metal-
organic frameworks (MOFs), a new class of porous crystalline materials where defects were
recently shown to alter their reactive properties such as catalysis and gas adsorption. Every
year, different ways to include defects in MOFs and many intriguing properties related to
them are discovered. However, little has been done to uncover the relationship between
defects and material properties. An explanation to this is the intrinsic difficulty to
characterize them which force scientists to use a plethora of different characterization
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techniques. This, added to the novelty of the research field, makes this topic challenging but
at the same time interesting with many open questions, which for the purposes of this thesis

were divided in two milestones (M1 and M2):

M1: Understanding which type of defects are present in MOFs and gain control over their

incorporation.

e Which type of defects are present in MOFs?
e Can we achieve control over defects incorporation?

e Which is the best way to incorporate defects?
M2: Understanding the impact of defects in MOFs reactive properties.

e How do they impact their physical and chemical properties?

e Do defects have only a beneficial effect on MOFs?

These are questions at the core of this thesis, which main task is trying to give an answer or
at least give hints to other scientists that will work in this field. To address these questions,
defects were successfully artificially introduced in two different MOFs, and the resulting
materials were characterized by water adsorption, high pressure powder x-ray diffraction
and variable temperature x-ray diffraction. These techniques allowed us to correlate the
catalytic activity of the material with its hydrophilicity and explaining the impact of defects
on mechanical stability. It is worth to mention that, uncover the influence of defects on
activity and stability, is extremely important since these two parameters define a catalyst if
it is suitable or not for industry.

In conclusion, research on defective MOFs is still making its first steps towards and
industrial application. Therefore, is no surprise that every year new properties related to
defective MOFs are discovered, and maybe, one of them might become a game changer in

applied science.



2 General Introduction

2.1 Defects in crystalline solid materials

Crystals are made from the infinite periodic repetition of identical groups of atoms resulting
in a symmetric 3D lattice. This nearly perfect formation process is favoured around 0 K, but
it is not respected under real conditions.! Perfect crystals do not exist in nature and there is
a fundamental reason why. While a perfect crystalline structure may be preferred
energetically at absolute temperatures, all of the crystals present on Earth are formed at much
higher temperatures. The presence of defects becomes more likely at these conditions and,
as crystals are relatively immobile solids, it is difficult to eliminate whatever imperfections
are introduced during their growth. The fact that real crystals are not perfect is critical in
applied sciences. Intuitively, scientist tried to make engineered materials as perfect as
possible, thinking that avoiding completely the formation defects was the solution to make
the “perfect material” with a desired property. Indeed, this is true for some application like
opto-electronics where pure and defect free materials are preferred. However, scientist also
realized that the possibility of making imperfectly crystalline materials allowed them to
tailor material properties into diverse combinations. Giving them another “tool” to create
materials that modern engineering devices require. One of the most fascinating example that
originates from the elaborate control of defect chemistry are doped semiconductors (which
will be discussed in more detail in chapter 2.1.1) and cuprates, such as YBaxCu3O7-, in
which the level of oxygen deficiency determines the temperature where these materials

become superconducting.?
Crystal defects have been scientifically defined as:

“sites that locally break the regular periodic arrangement of atoms or ions of the crystalline

parent framework because of missing or dislocated atoms or ions.””®
They also have been classified by their dimension®:

1. Point defects: the simplest type of imperfection is O-dimensional and affect isolated
sites in the crystal structure. An example is a solute or impurity atom, which alters

the crystal pattern in a single point.
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2. Line defects: 1-dimensional defects or “dislocation” such as lines along which the
crystal pattern is broken. An example is an edge dislocation which creates a
deformation of the crystal lattice also in surroundings of its location.

3. Surface defects: 2-dimensional imperfection such as the external surface and the
grain boundaries along which distinct crystallites are joined together. An example
can be the external surface which actually represents the biggest defect in any crystal.

4. Volume defects: 3-dimensional defects which change the crystal pattern over a finite
volume. They include precipitates, which are small volumes of a different crystal
structure, and also include large voids or inclusions of second-phase particles (see

scheme 2.1 for clarity).*

Classification of defects
based on dimensionality

0-D 1-D 2-D 3-D
Point defects Line defects Surface defects Volume defects
Vacancy i
. Surface Voids
Impurity X ) .
) Dislocation Interface boundary Inclusions
Schottky defects i .
* Grain boundary Precipitates

Frenkel defects

Scheme 2.1: Classification of crystal lattice defect based on the dimensionality.

The detailed discussion of the four types of defects is reported in the following paragraphs.
It is worth to keep in mind that during this project, the attention has been placed only on the
first class of defects, where the systematic addition of point defects in UiO-66 and MOF-

808 metal-organic frameworks and their characterization will be presented.
2.1.1 Point defects

As previously seen, point defects are originated by the presence (or absence) of a
single atom or molecule inside the crystal lattice. Two subclasses of point defects can be
identified:

(i) Intrinsic defects can appear in a pure material, they are formed when an atom is

missing from a position that is supposed to be filled in the crystal, thus creating a vacancy.
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On the contrary, when an atom occupies an interstitial site where no atom would ordinarily
appear, it causes the so called interstitialcy. An example is shown in figure 2.1.

A point defect disturb the crystal pattern in an isolated fashion. In particular, in most
crystalline solids, interstitial sites are relatively uncommon since they have an unfavourable
bonding configuration and therefore they are considered high-energy defects.! On the other
hand, vacancies are present in significant concentration in all crystalline materials. Their
most pronounced effect is to govern the migration of atoms on the crystal lattice (solid state
diffusion). In fact, for an atom to move easily from one crystal lattice site to another, the
target site must be vacant. Three dimensional compounds have more complex point defects,
meaning for example that for an ionic compound like NaCl an isolated vacancy creates an
excess charge. This excess charge can be compensated by a paired vacancy on the sublattice
of other species. For instance, the excess charge associated with a Na* vacancy is balanced
if there is a CI" vacancy nearby. A neutral defect that involves paired vacancies on the cation
and anion sublattices is called a Schottky defect. On the contrary, the charge imbalance
caused by the vacancy can be corrected by adding an interstitial of the same species; a Na*
vacancy is compensated by a Na* interstitial. A neutral defect that is made up of a paired
vacancy and interstitial is called a Frenkel defect.! In compounds where atoms are less
strongly ionized it is energetically possible for species to exchange sites, so that an A-atom
appears on the B sublattice or vice-versa. This type of point defect is called an anti-site
defect, and is fairly common in semiconducting compounds such as GaAs.

Interstitialcy

Vacancy

Figure 2.1: Schematic representation of two different type of point defects: a vacancy and an interstitial site

in a 2D hexagonal lattice.

(if) Extrinsic defects are caused by foreign atoms (called impurities if not added

intentionally), which can occupy a lattice site or it can fill an interstitial site. In the first case
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it is called a substitutional solute, in the second case it is called an interstitial solute. The
interstitial sites are usually relatively small and the type of solute is largely determined by
its size. Therefore, small atoms like hydrogen, carbon and nitrogen are often found in
interstitial sites while larger atoms are usually substitutional. It is worth to mention that the
extrinsic point defects affect most of the material properties. In fact, they are particularly
important in semiconducting crystals, where they are used to control electrical properties
and in structural metals and alloys, where they are added to increase mechanical strength.t
For example, boron (B) atoms are added to increase the conductivity in Si crystals. If B is
added, a valence electron is missing in the immediate B environment, causing a hole in the
bonding pattern. In this way electrons can move from bond to bond by filling the hole caused
by the foreign atom. This process requires a little bit of energy, but it is small if compared
to the energy required to excite an electron from a Si-Si bond into a high-energy state. The
same result can be achieved when doping Si crystals with phosphorus (P). P brings more
electrons than are needed to fill the covalent bonds, with one electron left over. This electron
requires a little bit of energy to be excited into the valence band where it can travel through
the lattice.* Another example has its roots back in the ancient age when Roman military as
well as some Asiatic population stationed in Turkey discovered a way to increase the
mechanical strength of iron-made weapons. This process was called later in modern age
solution hardening. The explanation for this relies on the fact that the solute atom is always
a bit too large or a bit too small to fit perfectly into the crystal lattice site that it is supposed
to occupy, and distorts the crystal lattice in its attempt to fit as nicely as possible. This
distortion blocks the motion of the linear defects (dislocations) that are responsible for

plastic deformation and, consequently, hardens the crystal.

2.1.2 Line defects (dislocations)

Dislocations are lines formed through the crystal along which the crystallographic registry
is lost. Their role in the microstructure is to control the yield strength and subsequent plastic
deformation of crystalline solids at ordinary temperatures. Dislocations also participate in
the growth of crystals and in the structures of interfaces between crystals. They can act as
electrical defects in optical materials and semiconductors, in which they are often

undesirable.
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Figure 2.2: Schematic representation of a formation of an edge dislocation. Reprinted with the permission of
ref.# Copyright 2007 John Wiley & Sons.

There are two different types of dislocations: edge and screw dislocations. The edge
dislocation shown in figure 2.2 has the characteristic that the Burgers vector (b)* is
perpendicular to the dislocation line which is perpendicular to the plane of the page. This
perpendicularity is characteristic of an edge dislocation. In the region around the dislocation
line there is some localized lattice distortion. The atoms above the dislocation line in Figure
2.2 are squeezed together, and those below are pulled apart. The magnitude of this distortion
decreases with the distance away from the dislocation line.

More difficult to visualize is a screw dislocation which may be formed by a shear stress that
is applied to produce the distortion as shown in figure 2.3. The right region of the crystal is
shifted to the bottom portion and the dislocation line is parallel to the Burgers vector. The
screw dislocation derives its name from the ramp that is traced around the dislocation line
by the atomic planes of atoms. As in the case of an edge dislocation the line energy of a
screw dislocation is proportional to the square of its Burgers vector.

It is worth to mention that dislocations in real materials are most commonly neither pure
edge nor pure screw in their character, but are mixed dislocations whose Burgers vectors

lie at an intermediate angle to the local direction of the dislocation line.

* The Burgers vector denoted as b, represents the magnitude and direction of the lattice distortion. The direction of the vector depends on
the plane of dislocation, while the magnitude depends on the crystal lattice packing. In most metallic materials, the magnitude of the

Burgers vector for a dislocation is equal to the interatomic spacing of the material.
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Figure 2.3: Left panel: schematic representation of a formation of a screw dislocation. The blue arrow
represent the shear stress applied to the crystal in order to create the screw dislocation. Right panel: the screw

dislocation in another perspective. Reprinted with the permission of ref #. Copyright John Wiley & Sons 2007.

2.1.3 Surface defects

The two-dimensional defects (surfaces) that appear in a crystals can be divided into three
subtypes: free surfaces, which are the usual external surfaces that describe the end of the
solid. Inter-crystalline boundaries, which separate grains or distinct phases within the solid
and last but not less important are the internal defects that disrupt the crystalline pattern
over a surface within a crystal. These 2D defects have basically two important
characteristics. First, since they are surfaces inside a crystal they have peculiar atomic
structures that depend on orientation. Second, they have a positive energy which is ordinarily
equal to the surface tension of the interface. A detailed discussion of the two sub-types is
reported below:

(i) Free surfaces can be considered interfaces between the end of a crystalline solid
and vapour or liquid. Being the first part of the solid in contact with another phase allows to
dictate the interaction between these two phases, influencing the behaviour of the solid. The
structure of the surface is derived from the pattern of atomic packing on the crystal plane
that lies parallel to the surface. The behaviour of the surface can often be influenced by that
pattern; however, the structure of the surface always differs at least a bit from that of a crystal
plane that aligns it within the bulk crystal. Even when the crystal sits in a perfect vacuum,
the atoms in the outmost layer are bound only on one side and leave dangling bonds on the
outside. The configuration of these atoms adjusts to accommodate the asymmetry of the

bonding in the best possible way. This “dangling bonds” provide favourable adsorption sites
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for external atoms coming from the other phase. It is therefore very common that the
interface is often enriched with foreign species (surfactants) that try to saturate these bonds.

(i1) Interfaces between crystals (see figure 2.4) are regions which are located between
small crystallites (grains) with a primary phase (which is possessed by the majority of the
grain) and other several grains with a different phase (which can have different composition

and crystal structure).

Grains

I:l Primary phase

Figure 2.4: Schematic drawing of poly-granular structure showing grain boundaries with two-phase interfaces.

(iii) Internal defects are surface defects that commonly appear in the interior of
asingle crystal and are of two types: stacking faults and antiphase boundaries. A stacking
fault is an error in the sequence of planes of atom positions in the crystal. If we consider
the plane sequence ABABAB as perfect, the sequence ABABCAB has an extra C plane
which is a stacking fault. On the contrary, the internal defects known as antiphase
boundaries only occur in ordered compounds which can be considered as a stacking of
parallel planes. This type of defects is created either by omitting one plane in the stacking
pattern, or by a slip displacement at the antiphase plane (caused for example by an
external mechanical force). When an antiphase boundary occurs it will result in a
sequence like ABBAB, where the missing A plane cause a mismatch in the order of the

stacking pattern (see figure 2.5).
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By deleting the third row

ABABAB ABBAB
BABABA BAABA
ABABAB ABBAB
BABABA BAABA

By shifting upwards the

third row
ABABAB ABBBAB
BABABA BAAABA
ABABAB ABBBAB
BABABA BAAABA

Figure 2.5: schematic representation of a formation of an antiphase boundary in 2D.

2.1.4 Volume defects

Volume defects in crystals are three-dimensional aggregates of atoms or vacancies. There
are four subgroups of this type of defects:

(i) Precipitates, are small particles that are present into the matrix of the crystal.
When added intentionally, they are used mainly to increase the strength of structural alloys
by acting as obstacles to the motion of dislocations. Their role in the microstructure is to
modify the behaviour of the matrix rather than to act as separate phases on their own.

(i) Dispersants are bigger particles which vary in size from a fraction of a micron to
the normal grain size (10-100 um) and behave like a secondary phase which can influence
the behaviour of the primary phase. In fact, when a crystal contains dispersants properties
of the resulting material are some average of the properties of the dispersant phase and the
parent one.

(i) Inclusions are relatively large, undesirable particles that entered the system as
dirt or are formed by precipitation.

(iv) Voids are holes (in the um range) in the solid formed by trapped gases or by the
accumulation of vacancies. Most of the times these are undesired defects that can decrease

the mechanical strength and cause fractures of the material at relatively small loads.

10
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2.2 Metal-organic frameworks

Defects of various nature and scale, as well as heterogeneity and structural disorders are key
attributes of solid-state materials and strongly affect their physical and chemical properties.
In some cases, it is desirable to have crystals as perfect as possible (e.g. optoelectronics),
but in others, material properties rely on characteristic imperfections of the host lattice.?
Metal-organic frameworks (MOFs) being essentially porous crystalline solid-state materials,
also carry various kinds of defects which may give them unique properties, as we shall see

in the next chapters.

According to the recommendation of International Union of Pure and Applied Chemistry
(IUPAC) “MOFs are formally coordination polymers (CP) (or alternatively Coordination
Network) with an open framework containing potential voids.”

The framework is constructed by organic molecules called linkers that can bridge inorganic
metal clusters to form 2D or 3D periodic networks with guest-accessible porosity. The first
time that the term MOFs appeared was in 1995 when Yaghi et. al used to describe a new
organic-inorganic hybrid material with 4,4 -bipyridine (bpy) linked with Cu-centers
(Cu(4,4'-bpy)15-NO3(H20)15).> Nowadays, a systematic nomenclature of MOFs is still not
well defined, however, there is an essential characteristic that defines them such as
permanent porosity upon guest removal without the collapse of the structure. Another
feature that made MOFs famous in the scientific community is the large tunability of these
materials. This characteristic in combination with the powerful concept of reticular
chemistry introduced by Yaghi et. al.®" allow MOFs to be designed to meet certain chemical
requirements, ranging from increased porosity with the use of bigger linker molecules (see
figure 2.6), biocompatibility using non-toxic metal centres to water harvesting.® These
features since the beginning allowed them to be used for a wide spectrum of different
application ranging from gas storage,®° separation,'! catalysis,*?** air purification!® and

even biological application as drug delivery agents.°

11
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Figure 2.6: The powerful concept of reticular chemistry in MOFs introduced by Yaghi and co-workers, where
a series of isoreticular MOFs (in this example some of the IRMOF series) with the same inorganic building
block are “expanded” with an altered metrics of the organic linkers. Reprinted with the permission of ref.”

Copyright 2002, The American Association for the Advancement of Science.

A useful classification of CP was introduced in 1997 by Kitagawa et al. He divided
coordination polymers in three generations.

The 1% CP generation includes materials that collapse irreversibly upon guest removal
resulting in amorphous structure without porosity. On the contrary, in the 2" CP generation
compounds that own a rigid network and can keep their structure intact after the removal of
guest molecules are included (examples that are in this category are MOF-5 and the UiO
series). This ability makes them appropriate candidates for industrial application and be used
for gas storage or catalysis. Lastly, in the 3" CP generation are included materials that
exhibit permanent porosity which also possess a structural flexibility during the removal of
guest molecules or other external stimuli like temperature or pressure change.!’'® These
structures possess the so-called “breathing behaviour” which occurs when the framework
structure shrinks and expands during desorption and adsorption processes.*® This unique
property can be useful for gas separation process as it was shown with MOF-5 by Henke et.
al where the introduction of flexible alkyl ether side chains at the BDC linker gives the MOF
the ability to be selective towards CO> while other gasses like N2> and CH4 cannot infiltrate
the system.?° Despite all these very promising properties most of the reported MOFs suffer
from low thermal and chemical stability. A striking example is MOF-5, which has a thermal
stability that can reach 300°C but it is not water stable and thus cannot survive long after
exposure to humid air.?! This is a huge drawback that limit considerably a possible industrial
application of MOFs. Steps forwards in this aspect were made with Zr-based MOFs which
are chemically and thermally stable. One of the first reported Zr-based MOF was UiO-66

discovered in 2008 by Lillerud and co-workers.?? It cons ists of [ZrsO4(OH)4]*** metal-nodes

12
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in 12-fold coordination of terephthalic acid (BDC?) and crystallizes in a face-centered cubic

framework in fcu topology (see figure 2.7).

o STNEX: ¢ ST o ) Zr0,(OH)(BDC)

UiO-66 structure

BDC? linker

Figure 2.7: Structure of UiO-66 with Zrs clusters (green polyhedral), where in the bottom inset the BDC?*
linker is highlighted; while in the upper inset the secondary building unit (SBU) of UiO-66 is shown.

Isoreticular expansions of this material were also reported namely UiO-67, UiO-68 with
biphenyl-4,4'-dicarboxylic acid (BPDC) and terphenyl-4,4"-dicarboxylic (TPDC) acid as
linker, respectively.??All feature the same octahedral Zrs-oxo-cluster, with a secondary
building unit that can be formulated as ZrsO4(OH)4(-CO2)12 Where each Zr atom is connected
with 8 oxygen atoms. This structure shows two different cavities (tetrahedral and octahedral)
with different pore apertures and diameters according to the size of the incorporated linkers
(BDC, BPDC or TPDC). Interestingly, when these materials are thermally activated (300°C)
the four ps3-OH groups leave the MOF (see figure 2.8) as water molecules (two OH groups
are realised while the other two lose one hydrogen resulting in two water molecules)
resulting in a ZreOs(BDC)12 distorted, dehydroxylated material with coordinatively
unsaturated sites (CUS).2® These CUS are Lewis acid sites that can be used for catalysis as

we shall see in the next chapters of this thesis.
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Figure 2.8: (a) dehydroxylation process of the ZrsO4(OH)4 cluster upon thermal treatment in vaccum which

lead to a distorted ZrsOs cluster. (b) Regular Zrg cluster before activation shown as a perfect octahedron. (c)
Zrg cluster after activation shown as a squeezed octahedron. In red, blue and cyan are depicted Zr, O and H

atoms respectively. Reprinted with the permission from ref 23, Copyright 2011, American Chemical Society.

The high thermal stability of these Zr-based MOFs and in particular of UiO-66 that can reach
more than 500°C relies on the strong bond between Zr and O.242 It was shown with TGA-
MS that the weakest bond in the structure is between the benzene ring and the carboxylic
group.?® Still today it is one of most stable MOFs present in the literature, however the major
limitation of this system is the small pore apertures (< 6A) which considerably limits the
choice of possible reactions that can be catalyzed with this MOF. Researcher have tried to
develop other Zr-based MOFs with bigger pores and thus higher surface area and so far more
than 50 different structures have been reported (see table 2.1).%” Stunning examples with
high thermal stability and high surface area that can reach more than 4000 m?g* have been
reported.?’3! Among them, NU-1000 composed with 1,3,6,8-tetrakis(p-benzoate)pyrene
(TBAPy4) ligand and an octahedral Zrs cluster has been shown to be active towards diverse
catalytic reactions including degradation of a nerve agent simulants.3? Nevertheless, UiO-
66 is still under the spotlight in the MOF community for several reasons. The first one is due
to its chemical stability against various solvents (from polar ones like water to non-polar
ones like hexane) and also towards acids like HCI. The second one is its tolerance against
the intentional introduction of defects e.g missing linker or missing cluster defects. This
peculiar characteristic started few years ago a new branch of study in MOFs chemistry called
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“defect engineering” with the aim to enhance MOFs reactive properties such as catalysis

and gas adsorption. 2’

Table 2.1: List of Zr-based MOFs discovered so far. The table is reprinted with the permission of ref. %7

Copyright 2016 Royal Society of Chemistry. Ligands abbreviation are reported below the table for simplicity.

Zr MOF Ligand Zr cluster/core Topology
UiO-66 BDC?* Zr604(0OH)4 fcu, 12-connected
UiO-67 BPDC?* Zrg04(OH)4 fcu, 12-connected
UiO-68 TPDC? Zrs04(0OH)a4 fcu, 12-connected

NU-1000 TBAPY* Zrs04(OH)4(H20)4(OH)s  csq, 8-connected

NU-1100 PTBA* Zr604(0OH)4 ftw, 12-connected

NU-1101 Py-XP* Zre04(OH)4 ftw, 12-connected

NU-1102 Por-PP* Zr604(0OH)4 ftw, 12-connected

NU-1103 Py-PTP* Zre04(OH)4 ftw, 12-connected

NU-1104 Por-PTP* Zr604(0OH)4 ftw, 12-connected

MOF-801 FUM? Zrs04(OH)4 fcu, 12-connected

MOF-802 PZDC? Zrs04(0OH)4 bct, 10-connected

MOF-804 BDC-20H?* Zrs04(0OH)4 fcu, 12-connected

MOF-805 NDC-20H* Zrs04(OH)4 fcu, 12-connected

MOF-806 BPDC-20H* Zrs04(0OH)4 fcu, 12-connected

MOF-808 BTC* Zrs04(OH)4 spn, 6-connected

MOF-812 MTB* Zre04(0OH)a4 ith, 12-connected

MOF-841 MTB* Zr604(0OH)4 flu, 8-connected

MOF-525 TCPP* Zr604(0OH)a4 ftw, 12-connected

MOF-535 XF+ Zrs04(OH)4 ftw, 12-connected

MOF-545 TCPP* Zrs(O)e csq, 8-connected

MOF-867 BPYDC?* Zr604(OH)4 fcu, 12-connected
PCN-56 TPDC-2CH3* Zrs04(0OH)4 fcu, 12-connected
PCN-57 TPDC-4CH3* Zr604(0OH)4 fcu, 12-connected
PCN-58 TPDC-2CH2N3 % Zrs04(OH)4 fcu, 12-connected
PCN-59 TPDC-4CH2N3 * Zr604(0OH)4 fcu, 12-connected
PCN-94 ETTC* Zr604(0OH)4 ftw, 12-connected

PCN-221 TCPP* Zrg0s ftw, 12-connected

PCN-222 TCPP* Zrs(OH)s csq, 8-connected

PCN-223 TCPP* Zr604(0OH)4 shp, 12-connected

PCN-224 TCPP* Zre04(0OH)4 she, 6-connected

PCN-225 TCPP* Zr604(0OH)4 sqc, 8-connected

PCN-228 TCP-1* Zre04(0OH)4 ftw, 12-connected

PCN-229 TCP-2*+ Zr604(0OH)4 ftw, 12-connected

PCN-230 TCP-3* Zre04(0OH)4 ftw, 12-connected

PCN-521 MTBC* Zrs(OH)s flu, 8-connected

PCN-700 Me;BPDC?* Zre04(0OH)4 bcu, 8-connected

PCN-777 TATB* Zr604(0OH)4 spn, 6-connected
DUT-51 DTTDC?* Zre04(0OH)4 reo, 8-connected
DUT-52 2,6-NDC?* Zrs04(OH)4 fcu, 12-connected
DUT-84 2,6-NDC? Zrs(O)s (4,4)11b, 6-connected
DUT-67 TDC? Zrs04(OH)4 reo, 8-connected
DUT-68 TDC?* Zrs04(0OH)4 8-connected
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DUT-69 TDC?* Zr604(0OH)4 bct, 10-connected
BUT-10 FDCA? Zrs04(OH)4 fcu, 12-connected
BUT-11 DTDAO* Zrs04(0OH)4 fcu, 12-connected
BUT-30 EDDB?* Zrg04(OH)4 fcu, 12-connected
MIL-140A BDC?* Zr(u3-0)304 /
MIL-1408 2,6-NDC? Zt(p3-0)304 /
MIL-140C BPDC? Zr(u3-0)304 /
MIL-140D CLLABDC? Zt(u3-0)304 /
MIL-153 pgal® ZrOg /
MIL-154 Hgal* ZrOg /
MIL-163 TzGal® ZrOg /
CPM-99 TCBPP* Zrs04(OH)4 ftw, 12-connected
UMCM-309a BTB* Zr604(0OH)4 kgd, 6-connected
Zr-TTMC TTMC? Zrs04(OH)4 fcu, 12-connected
Zr-BTB BTB* Zr604(0OH)4 kgd, 6-connected
Zr-ABDC ABDC?* Zrs04(OH)4 fcu, 12-connected
PIZOF PEDC? Zr604(0OH)4 fcu, 12-connected
BPV-MOF BPV? Zrs04(OH)4 fcu, 12-connected
mBPV-MOF BPHV? Zr604(0OH)4 fcu, 12-connected
mPT-MOF PT* Zrs04(OH)4 fcu, 12-connected
ZrBTBP H3BTBP* ZrOg /
UPG-1 H4TTBMP?* ZrOg /
UiO-66(AN) ANZ Zr604(0OH)4 fcu, 12-connected
UiO-66-1,4-Naph 1,4-NDC? Zrs04(0OH)4 fcu, 12-connected
Zr-ADC ADC?* Zrs04(OH)4 fcu, 12-connected
Zr-DTDC DTDC?* Zrs04(OH)4 fcu, 12-connected
Zr-TCPS TCPS* Zrs04(OH)4 flu, 8-connected
Zr-BTDC BTDC?* Zrs04(OH)4 fcu, 12-connected
Zr-BTBA BTBA* Zr604(0OH)4 ftw, 12-connected
Zr-PTBA PTBA* Zr604(0OH)4 ftw, 12-connected
MMPF-6 TCPP* ZreOs csq, 8-connected
Zr-AP-1 AP-CH3 # Zrg(OH)s bcu, 8-connected
Zr-AP-2 AP? Zrs(OH)s dia, 4-connected
Zr-AP-3 AP? Zrg(OH)s bcu, 8-connected

BDC?= terephthalate; BPDC%= biphenyl-4,4" -dicarboxylate; TPDC?= terphenyl-4,4""-dicarboxylate; TBAPy*= 1,3,6,8-tetrakis(p-
benzoate)pyrene; Py-XP*=4" 4" 47" A -(pyrene-1,3,6,8-tetrayl) tetrakis(2" , 5” - dimethyl-[1,1" -biphenyl]-4-carboxylate); Por-
PP*= meso-tetrakis-(4-carboxylatebiphenyl)-porphyrin; PTBA*= 4-[2-[3,6,8-tris[2-(4- carboxylatephenyl)-ethynyl]-pyren-1-yl]ethynyl]-
benzoate; Py-PTP*= 4,4" 47,4 -((pyrene-1,3,6,8-tetrayltetrakis(benzene-4,1-diyl))tetrakis(ethyne2,1-diyl))tetrabenzoate; Por-PTP*=
meso-tetrakis-(4-((phenyl)ethynyl)benzoate)porphyrin; FUM2 = fumarate; PZDC?= 1H-pyrazole-3,5- dicarboxylate; BTC®= benzene-
1,3,5-tricarboxylate; MTB*= 4,4",4",4”"""-methanetetrayltetrabenzoate; TCPP*= meso-tetrakis(4-carboxylatephenyl)porphyrin; XF*=
4,4 -((1E,1"E)-(2,5-bis((4-carboxylatephenyl)ethynyl)-1,4-phenylene)bis(ethene-2,1-diyl))dibenzoate; BPYDC?-= 2,2 -bipyridine 5,5 -
dicarboxylate; ABDC?= 4,4-azobenzenedicarboxylate; TCBPP*= tetrakis(4-carboxylatebiphenyl)porphyrin; ETTC*=4" 4”47 4" -
(ethene-1,1,2,2-tetrayl)tetrabiphenyl-4-carboxylate; TDC?*=2,5-thiophenedicarboxylate;

MTBC*=4",4" ,4""" 4""""methanetetrayltetrabiphenyl-4-carboxylate; TATB*= 4,4" ,4""-s-triazine-2,4,6-triyl-tribenzoate; DTTDC?*=
dithieno[3,2-b;2" ,3" -d]-thiophene-2,6-dicarboxylate; 2,6-NDC?= naphthalene-2,6-dicarboxylate; FDCA* = 9-fluorenone-2,7-
dicarboxylate; DTDAO?= dibenzo[b,d]Jthiophene-3,7-dicarboxylate 5,5-dioxide; EDDB?= 4,4 -(ethyne-1,2-diyl)dibenzoate; H3pgal*=
pyrogallol; H4gal = gallic acid; H2sal = salicylic acid; H6TzGal = 5,5 -(1,2,4,5-tetrazine-3,6-diyl)bis(benzene-1,2,3-triol); BTB*=5" -
(4-  carboxyphenyl)[1,10  :300,100-terphenyl]-4,400-dicarboxylate; =~ TTMC?=  (2E,4E)-hexa-2,4-dienedioate; =~ ABDC2-=
azobenzenedicarboxylate; HEBTBP = 1,3,5-tris(4-phosphonophenyl)benzene; HeTTBMP = 2,4,6-tris(4-(phosphonomethyl)phenyl)-
1,3,5-triazine; PEDC?= 4,4"-(1,4-phenylenebis-(ethyne-2,1-diyl))dibenzoate; BPV?= 5,5 -bis(carboxylateethenyl)-2,20 -bipyridine;
BPHV?=4,4"-bis(carboxylateethenyl)-1,1"-biphenyl; TPHNZ= 4,4 -bis(carboxylatephenyl)-2-nitro-1,1"-biphenyl; ADC* = 9,10-
anthacenyl-bis(benzoate); DTDC? = 3,4-dimethylthieno[2,3-b]thiophene-2,5-dicarboxylate; TCPS*= tetrakis(4-carboxyphenyl)silane;
BTBA*=4,4",4" 4" -(biphenyl-3,3",5,5" -tetrayltetrakis(ethyne-2,1-diyl))tetrabenzoate; AP? = 1,6-adipate.
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2.3 Defects in metal-organic frameworks*

After defining a defect in a general way in chapter 2.1, it is now important to mention that
within the field of MOFs, the most important defects are point defects and are included in
this category: (i) missing linker defects, (ii) missing node defects, (iii) modified node
defects, and (iv) modified linker defects.

Missing linker defects are generated by the lack of single linker molecules within the
structure. When more of these defects are present in a critical concentration and spatial
distribution they result in the generation of missing node defects. In other words, a missing
node defect is the result of an unequal distribution and special concentration of linker defects
within the framework. The equilibrium between these two kinds of defects is extremely
difficult to tell and in most cases only indirectly accessible. For this reason, scientists must
rely on indirect methods to characterize, e.g., the analysis of the Brunauer-Emmet-Teller
(BET) surface area in combination with results from thermogravimetric analysis (TGA) and
a range of spectroscopic evidences. It is worth to mention that in MOF field, any
modification applied to the linker or to the node that differs from the pristine framework is
considered a defect.

In general, the intentional incorporation of defects and the subsequent application of
defective MOFs as heterogeneous catalysts is one of the largest areas in MOF research
today. The creation of linker defects that introduce Lewis acidic sites together with missing
node defects that enhance diffusion of products and educts offers interesting opportunities.
Many catalytic reactions with defective MOFs that have been successfully tested, some are
the dimerization of ethylene, cyanosilylation of benzaldehyde, isomerization and Meerwein-
Ponndorf-Verley (MPV) reactions, just to name a few.33° Nevertheless, it is important to
have in mind, that established catalysts still outperform defective MOFs as they would

outperform “perfect” MOFs and are reasonably cheap at the same time.3®

*This chapter is inspired and partially reproduced with permission from the review article: Dissegna, S.; Epp,
K.; Heinz, W. R.; Kieslich, G.; Fischer, R. A., Adv. Mater. 2018, 30, 1704501.
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Thus, potential applications of (defective) MOFs still seem to be limited to the field of fine
chemical catalysis. In this context, it is no surprise that research focus has also been drawn
on the chemical manipulation of the inner framework, e.g., by the introduction of different
linker functionalities®” or modification of the metal node.*® These manipulations allow for
accessing the factors such as the hydrophilicity of the framework and access to reactive sites
and expanded coordination space in proximity of reactive centers. At the same time,
computational scientists also entered the field. However, standard simulation techniques use
periodic boundary conditions, which make the explicit treatment of defect sites and their
distribution challenging. In principle, choosing a large enough starting unit could account
for disorder, but practically the size of this unit is constrained by computational demands.
However, there are scale-bridging approaches to circumvent such difficulties and in turn
calculate properties such as gas sorption and mechanical properties in dependency of defect
incorporation.®® At this point it is already evident that defect chemistry of MOFs offers a
great deal of opportunities for the targeted manipulation of various properties. Although
extremely challenging, the rising interest of scientists and the related increase of publications
on this topic are self-evident (see Figure 2.9).
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Figure 2.9: Total number of publications on the topic over the past decade. The plot was created based on

entries in the Web of Science (20 August 2018) by using the keyword “defect metal-organic frameworks”.
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2.3.1 Synthesis of defective MOFs

The targeted incorporation of defects into MOFs, i.e. the synthetic control of defect
concentration and chemical nature, is still challenging. Two synthetic routes are generally
used for the preparation of MOFs with various types of defects: (i) the “de novo” synthesis
and (ii) the use of post-synthetic treatment methods. A schematic representation of all

applied methods to create defects in MOFs is given in Scheme 2.2.

MOFs Defect
Engineering
- Post Synthetic
De Novo Synthesis T
Modulation Mixed Linker Fast Crystal Mechanical Acid/Base SALE/SALI Ac:li?fgi?on
Approach Approach Growth Treatment treatment

Procedure

Scheme 2.2: Representation of all main procedures to create defects in MOFs. Reprinted with the permission
of ref. *° Copyright 2018, John Wiley & Sons.

(i) To date, the most common “de novo” approach in the community for the synthesis of
defective MOFs is the addition of large amounts of monocarboxylic acids in addition to the
linker molecules during the MOF synthesis. This approach, known as “modulation
approach”, originates from the synthetic attempts of reducing crystallization speed of MOFs
to obtain higher degrees of crystallinity. It is established today, that small amounts of
monocarboxylic acids, the so-called modulator, slow down the speed of crystallization and
provide a material with less defects, while large modulator concentrations result in increased
incorporation of these molecules in the framework yielding in higher concentration of
defects. The first report using this approach is given by Ravon et al. in 2010, who used 2-
methyl-toluic acid as modulator in the synthesis of MOF-5.4! Since then, many research
groups focused on the synthesis of defective MOFs, with typical modulators being formic
acid (FA), acetic acid (AA), trifluoro acetic acid (TFA), difluoro acetic acid (DFA), and

their derivatives (see Figure 2.10, left panel).
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Figure 2.10: Left panel: Plot of the amount of linker deficiencies per Zr6 formula unit against the molar
equivalents of modulator in UiO-66. Reproduced with permission of ref. 4 Copyright 2016, American
Chemical Society. Right panel: Mixed linker approach in Ru-HKUST-1 leads to modified node defects.
Reproduced with permission. of ref. ® Copyright 2014, John Wiley & Sons.

In 2013, Vermoortele et al. applied the modulator approach to produce highly defective UiO-
66, by using TFA as modulator.** In their work, the authors subsequently removed TFA by
thermal treatment at 320 °C, creating unsaturated sites as highly reactive Lewis acid sites
that implicate the application of such systems in catalysis. It was only in 2016 when Shearer
et al. systematically studied the impact of different modulators such as FA, AA, TFA, and
DFA on the defect chemistry of UiO-66.42 The authors observed a correlation between the
defect concentration and the Brgnsted acidity of the modulator. Therewith, based on its pKa
(which is solvent dependent) TFA appears to be the most suitable modulator of the above
series for the synthesis of defective UiO-66. It is worth noting that so far research has
focused on applying the modulator approach to MOFs with carboxylic acids as linkers, with
Ui0-66 currently being the model system for many studies. In the so-called mixed linker
approach, the linker of the parent framework is partially substituted by a linker with having
a different coordinating group, e.g., 1,3,5-tricarboxylate (BTC%*) by pyridine-3,5-
dicarboxylate (pydc?).** An example for this approach is depicted in Figure 2.10 (right
panel), which shows the work of Kozachuk et al. based on Ru-HKUST-1. They find a formal
reduction of the Ru centers, induced by the reaction conditions.*® Following the impact of
the modulator on the reaction kinetics and crystallinity of MOFs, it is intuitive that a fast
crystallization process similarly leads to the formation of point defects, e.g., missing linker

or missing cluster defects. Reaction processes to facilitate a fast crystallization include
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microwave assisted synthesis as well as high concentration of the precursors. Point defects
created by this approach can then be replaced by other species (counter anions) present in
the MOF mother solution to further increase the functionality, e.g., OH groups in MOF-5
and IRMOF-3 (isoreticular metal-organic framework).*°

(if) The second synthetic approach toward defective MOFs involves the introduction of
defect sites after the synthesis of the parent MOF, hence it is termed post-synthetic treatment.
There exist several variations of which all involve a heterogeneous treatment of the parent
MOF with modified linkers or acids. For instance, Vermoortele et al. used strong acids such
as HCIO4 and TFA for the post-synthetic modification of MIL-100 (Fe) (Material of the
Institute Lavoisier).*” The authors observe the formation of additional Brgnsted acid sites in
close vicinity to the Lewis acidic sites, as proven by CO chemisorption experiments.
Furthermore, no loss in crystallinity was observed after this treatment; however, the authors
found a decrease in porosity which was ascribed to the presence of larger counter anions
such as ClO4 and/or disconnected ligands within the pores. The arguably most established
post-synthetic treatment method is the so-called “solvent-assisted linker exchange” (SALE).
Briefly, SALE (see Figure 2.11) involves the replacement of linkers in an MOF with
modified linkers of choice, e.g., functionalized* or longer linker,*® or linker with an
incorporated catalyst precursor,*® via a heterogeneous reaction in a selected solvent.
Importantly, SALE facilitates the synthesis of MOFs, that are difficult to obtain with a mixed
linker approach, e.g., NU-125-HBTC (NU = Northwestern University).*%>! In general, it can
be summarized that SALE is particularly useful in the modification of very stable MOFs
with high coordination numbers such as UiO-66 and also zeolitic imidazolate framework
(ZIFs). Stunningly, Karagiaridi et al.*® reported the successful replacement of 85% of the
linkers (methylimidazole) in ZIF-8 with imidazole, resulting in a material with increased

pore openings that allow bulkier molecules to react with the CUS sites present in the system.
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Figure 2.11: Schematic representation of the solvent assistant linker exchange (SALE) method. Where the
linker benzimidazole is exchanged by benzotriazole up to 71%. This method proves itself useful when direct
attempts to synthesize ZIF-7-M were unsuccessful. Reprinted with the permission of ref.5! Copyright 2015,

The Royal Society of Chemistry.

Similar to the de novo approach reported by Kozachuck et al., SALE also enables the
introduction of linkers with different coordination sites, thereby modifying the electronic
state of the metal node. Additionally, there are reports where MOF ligands are exchanged
by solvent molecules itself (DMF) due to the ability of the solvent to coordinate to CUS as
shown by Lee et al.>? Likewise, the solvent-assisted ligand incorporation (SALI) allows for
manipulating the functionality of the metal node with leaving the linker of the framework
untouched.> For instance, Deria et al. used different perfluorinated carboxylic acids
coordinating to vacant sites at the node to increase the hydrophobicity of NU-1000 and its
CO; capture ability. As described by Deria et al., this new postsynthetic technique relies on
acid—base chemistry between the hydroxyl groups on the NU-1000 node and the carboxylate
group of the perfluorinated chain. Moreover, extensive washing and harsh activation
procedures (especially high temperatures) can produce significant amounts of defects, likely
coming from hydrolysis reactions as suggested by Shearer et al.?> In MOF-5, thermal
treatment can induce the in situ decarboxylation of terephthalic acid, generating linker
fragments post-synthetically.>* The main advantage is the simple synthetic procedure;
however, a systematic control of defect creation is very difficult due to its intrinsic low
reproducibility. Last but not less important, Bennett et al. used ball milling to gradually
destroy UiO-66, MIL-140, and MIL-140b frameworks by the breaking of a fraction of
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metal-ligand bonds. Interestingly, the inorganic ZrsO4(OH)s clusters of UiO-66 remain

intact while the MILs ZrO chains undergo a substantial distortion.>
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2.3.2 Characterization of defective MOFs

The in-depth characterization of defects, i.e. the elucidation of defect concentration and
spatial distribution, challenges common characterization techniques. For instance,
diffraction pattern of defective MOFs differs from their respective pristine counterpart only
with minor changes which are hardly detected by a laboratory x-ray diffraction due to the
instrument resolution limitations. Therefore, experimental techniques like x-ray absorption
fine structure (EXAFS) and pair distribution function (PDF) that can probe the local
structure should be used. This techniques require the use of synchrotron sources which
usually are not readily accessible; therefore, the structural insight into defects in MOFs is
limited. Aid to experimentalists might come from computational modelling of defective
MOFs which appeared since 2015. So far the systems of choice are mainly UiO-66%°® and
its derivatives and some other examples with ZIF-8%" and HKUST-1.%® Nevertheless, useful
insight on how defects may affect MOFs mechanical properties have been achieved. In
particular, Van Speybroeck and co-workers provided a thermodynamic characterization of
the high-pressure behaviour of UiO-66 as a function of missing linker defects and linker
expansion in the absence of guest molecules. Indeed, for the defect-containing and/or
expanded linker samples, a reduced mechanical stability is observed.%

It is apparent that the in-depth characterization on defective MOFs bear many problems
which equally challenges experimental and computational chemists. Till today, scientists
have found many properties that are closely linked to the defect concentration and chemistry.
However, the defect structure (including local and correlated) in MOFs is barely
investigated. Recently some unconventional characterization technique have been used in
order to try to solve this problem. Positron annihilation lifetime spectroscopy (PALS),%%-°
and acid-base titration®! are few techniques that recently have found their way to the field
of MOFs which are worth to be briefly discussed.

PALS is a fascinating technique which uses the release of gamma rays that are
produced by the interaction of Positrons (Ps) (the antiparticles of electron) with electrons.
In a MOF, the main electron density is located at the framework, coupling the Ps lifetime to
the pore size. Already in 2010 PALS was used by Liu et al. for this purpose.®?> However,
only in 2016 Mondal et al.,*° applied PALS to study mesopores formation in hydrogen-
bonded imidazolate framework (HIF-3). The authors assigned missing building blocks in
HIF-3 as reason for mesopores that are responsible for structural flexibility during gas

uptake. In a more recent work the authors were able to detect the small differences in the
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inner pore-sizes of Imidazolate Framework Potsdam (IFP) structures and variations of gas
sorptions properties, between microwave-assisted (MW) materials and conventional
electrical (CE) heating conditions.>®

In particular, the MW-synthesized materials due to the fast crystallization process can trap
free linker molecules and therefore, reduce the pore sizes from micro-pores to ultramicro-
pores. According to the authors these ultramicro-pores were responsible for the
enhancement in the gas uptake capacities since the gas molecules could interact more
efficiently with the pore walls.>® This examples give a clear idea that PALS has some
inherent advantages towards the common N2 physisorption measurements. Most
importantly, interconnected pore space is not required to determine pore size from PALS.

Therefore, this method can be applied for open and closed-pore systems.

i —0.12

8 — L

7 -e- Titration curve | [~ 0.10 /'\ - "
1 - First derivative| | a o o o

6 L 008 2 [\

pH
L

rrrr1rr1rrrrrrrrrrTrrTtrrrrTTrT
00 05 1.0 15 20 25 3.0 35 40 45 50 55
Volume 0.1 M NaOH (mL)

Figure 2.12: left panel titration curve (red) and its first derivative (blue) from a Zr-UiO-66 sample. Right
panel: Missing linker defects as reason for M—OH. and M—OH groups. Reproduced with permission of ref. 6

Copyright 2016, The Royal Society of Chemistry.

Potentiometric acid—base titration is another useful technique that gives insight to
the chemistry of defects in MOFs. In more detail, potentiometric titration can quantify and
distinguish between distinct Bransted sites and their pKa values. Klet et al. investigated
several Zr-based MOFs such as UiO-66, MOF-808, and NU-1000.5% €3 With UiO-66 (Zr and
Hf) for instance, they obtained titration curves displaying three inflection points (see Figure
2.12, left panel). Three different pKa values were determined and assigned not only to the
us-OH groups already present in “defect-free” UiO-66 but also to the values matching the
acidity of metal-bound hydroxo and aqua ligands. The authors assumed that the occurrence
of these species originates from missing linker defects (see Figure 2.12, right panel).®® In
comparison to commonly used TGA, potentiometric acid—base titration is not sensitive
toward typical TGA-related conflicting issues such as inconclusive on- and offset
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2. General Introduction

temperatures, the formation of non-volatile carbonaceous products, or incomplete activation
procedures.?2 However, potentiometric titrations have practical issues, too. For example,
inconsistent reproducibility and challenging data interpretation, for similar pKa values, flat
titration curves, and diffusion limitations, may be of concern. Furthermore, a high stability
of the MOF toward acids and bases is a prerequisite for the measurement and limits its
applicability.

Electron paramagnetic resonance (EPR) is also a useful technique to access the
chemistry of defects in MOFs due to its high sensitivity. A. POppl and co-workers used this
technique to precisely characterize the ligand environment of Ni?* ions in flexible DUT8
(Ni).54 In their work they used the small nitric oxide (NO) as a magnetic probe to investigate
the adsorption properties as well as the local adsorption sites of NO in DUT-8 (Ni). The NO
molecule is accessible by EPR since it has one unpaired electron in an antibonding molecular
211 state. In particular, the lowest rotational level of the 2IT3/, state of the free NO molecule
allows the detection of even small amounts of desorbed NO gas in adsorption experiments.5*
The authors were able to distinguish up to five different signals coming from defective site
of the flexible and rigid material which can be attributed to NO molecules forming
paramagnetic complexes with the Ni?* ions. These might be defective species since in
principle “defect free” DUT-8 (Ni) offers no open coordination sites for NO. Furthermore,
the density of these species is one order of magnitude higher in the rigid material than in the
flexible material. In particular, only for the rigid defective DUT-8 (Ni) material two Ni?*—
NO adsorption species were observed. For these two species, the unpaired electron resides
in a dz? orbital of the Ni?* ion instead of the dx? — y? orbital, where it resides for the flexible
material. A model where one NO molecule bonds in the equatorial plane of a defective
paddlewheel unit to the Ni?* ion can explain the two species. This implies that at least one
NDC linker (2,6-naphthalenedicarboxylate) does not coordinate to these units. The absence
of some linkers in the rigid DUT-8(Ni) might decrease the total attractive force between the
ligands originating from n-n stacking. This could also explain why rigid DUT-8 (Ni) stays

porous even in the absence of adsorbates.®*

2.3.3 Properties of defective MOFs

MOFs with their porosity and available Lewis acidic sites implicate the application of these
in heterogeneous catalysis and gas adsorption. Consequently, much focus was put on these

two applications since their discovery and more recently focus was put on how the
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introduction of defects can improve the performance of a parent MOF. In this context and
for the scope of this thesis we will discuss mainly of these two applications. It is worth to
mention that these are not the only applications that defective MOFs are used for. In fact, in
recent years various reports have been published were defective MOFs have been used for
decontamination of chemical warfare agents (CWA) and in generals hazardous gasses,®®’
dye uptake and degradation,®® increased hydrophobicity®® and charge transport,’®"* just to

name a few.

2.3.3.1 Catalysis

A good example of how the catalytic activity of a parent MOF can be enhanced is shown in
the work of Zhang et al.”” The authors applied the solid solution approach in ruthenium
analogs of [Cuz(BTC)2]n (HKUST-1), Ru-MOF to create defects. By using ditopic instead
of tritopic linkers, under-coordinated and formally reduced Ru®* sites were obtained, which
can act as soft Lewis acid sites. In the dimerization of ethylene the defect engineered Ru-
MOF sample containing 32% of 5-OH-ip (5-hydroxy-isophthalate) linker revealed a two-
fold increase in the turnover frequency, when compared to the parent Ru-MOF. A similar
trend was observed in the Paal-Knorr reaction, which similarly relies on the presence of
Lewis acid sites. As expected, the catalytic activity of the OH-ip functionalized defective
Ru-MOF samples were found to be superior to the un-functionalized parent Ru-MOF.

Another compelling example was performed by Llabrés and co-workers.”
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Figure 2.13: Rate constant k as a function of linker deficiency. Close symbols refer to UiO-66 sample while
open symbols refers to amino functionalized UiO-66. Reprinted with the permission of ref. ”® Copyright 2015

Elsevier.
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In their work, NH»-UiO-66 and UiO-66 (UiO-66 with 2-amino-1,4-benzenedicarboxylate as
linker) were used as solid acids in the esterification reaction of levulinic acid, whereby the
number of missing linker defects inside UiO-66-NH2 were estimated by using TGA. It was
found that the rate constant correlates with the linker deficiency of the investigated systems
(see Figure 2.13), demonstrating the strong impact of defects on the catalytic performance.
The correlation of defects and catalytic activity was also reported by Hupp and co-workers,
whereby the acid-catalyzed epoxide ring opening of styrene oxide was examined as a test
reaction.®® They studied a series of Zr/Hf-based MOFs, namely UiO-66, UiO-67, PCN-57
(porous coordination network), NU-1000, and MOF-808, quantifying the number of defects
by using potentiometric titration. The authors showed that the catalytic activity can be
attributed to defective sites and/or the connectivity of the Zre/Hfs-clusters. Interestingly,
defect-free Zr-UiO-67 exhibits almost no catalytic conversion, while defective Zr-UiO-67
(HCI as modulator) with 1.75 missing Linkers per Zre cluster shows a catalytic conversion
of =~40% after 24h. Moreover, NU-1000 and MOF-808 were found to be significantly more
active catalysts due to their intrinsic lower connectivity of 8 and 6 Linkers per Zrg cluster
and more exposed Zre-nodes bearing additional -OH/-H20 groups. Notably, there is a
conceptual difference in engineered defects using modulators and as proposed by the authors
“inherent defects” that are defined as deviations from the fully coordinated Zre clusters (12

linkers per Zrs cluster) with lowered connectivity (8 or 6 linkers per Zre cluster).

2.3.3.2 Gas adsorption

It has been more and more recognized that the intrinsic adsorption properties can be tuned
due to the introduction of new functional groups that can impact the interaction with
different adsorbents such as Hz, COz, and CHa. Similarly, defects with their ability to alter
the chemical functionalization of pores have been recognized to play a key role in adsorption
processes. A stunning example was reported in 2016 by Szilagyi et al.. The authors reported
an enhanced methane adsorption uptake by 33% of the post synthetically treated MIL-
101(Cr) compared to the pristine MOF.” In their work, they introduced NH2-BDC? (BDC?*
= 1,4-dicarboxylate) via SALE and were able to exchange up to 20% of the original BDC?
linkers. However, the dramatic increase in CH4 uptake could not be explained by the
introduction of new adsorption sites by the amino-functionalized linkers. The authors
conclude that structural lattice point defects (see figure 2.14) such as dangling linkers and

missing linkers (linker vacancy) play an important role in the way that these defects open
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2. General Introduction

the pore windows of the MIL-101 superclusters, so the voids become more accessible for
CHa.

A Defect-free supercluster B Supercluster with linker defect C Supercluster with linker vacancy

Figure 2.14: Different MIL-101 supercluster are shown (green circles) with: A) no defects, B) dangling linker,
and C) linker vacancy. The orange polyhedra represent the cationic units, where C and O atoms are depicted
in black and blue, respectively. Reprinted with the permission of ref. 7 Copyright 2016 Szilagyi, Serra-Crespo,

Gascon, Geerlings and Dam.

To exclude that only additional NH>-BDC contributes to the increase in uptake, fully
substituted NH>-MIL-101 was used as a reference system that shows a slightly reduced
uptake. This is a remarkable example demonstrating that small changes, such as structural
point defects, can in fact have a large impact on the properties of the overall framework.
Another example that concerns with framework modification for CO. adsorption was
reported by Behrens et al.” In their study, they compared conventional electrical (CE)
heating with microwave-assisted synthesis and studied the role of defects on the adsorption
properties of differently functionalized imidazolate framework potsdam (IFPs). As already
introduced, the formation of defects strongly depends on the applied synthesis conditions,
whereby it is widely accepted that standard CE methods with long reaction times (usually
days) allow for the growth of large crystals with a low defect density. The same group also
applied microwave-assisted conditions, which led to shorter reactions times (30-60 min)
and samples with higher defect densities. To study the influence of these integrated lattice
defects, the CE- and MV-synthesized IFPs were tested in CO physisorption experiments.
The authors found that the MV-synthesized IFPs outperform the conventionally synthesized

IFPs, indicating the impact of defects on the adsorption properties.
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2.3.3.3 New applications of defective MOFs

in this section we will discuss briefly the new application that MOFs have been used for in
the recent years. Decontamination/ detoxification of hazardous gasses is probably one of the
most exciting application that MOFs have been used so far. In this context different
strategies for increased detoxification have been investigated by Hupp and co-workers in
the last few years. For instance, metal substitution (cerium-based UiO-66), MOF/polymer
composites, enzyme immobilization, or detoxification via selective photo-oxidation have
been developed.

The utilization of photocatalysis or enzyme encapsulation is a nice proof-of-concept for
CWA detoxification; however, there seem to be many practical challenges that need to be
overcome in the future, e.g., enzyme preparation and isolation or performing photo-catalytic
reaction within gas masks is difficult to achieve. In the study by Plonka et al., the capture
and decomposition of dimethyl methylphosphonate (DMMP), a Sarin simulant, by defective
Zr-based MOFs, were investigated.®® In particular, they have used UiO-66, UiO-67, MOF-
808, and NU-1000 to study the capture and hydrolysis of DMMP vapor through a stream of
air or helium. By applying several analytics such as PXRD, DRIFTS (diffuse reflectance
infrared Fourier transform spectroscopy), and EXAFS, they unambiguously assigned
DMMP adsorption occurring at CUS of the activated samples. Additionally, the authors
studied the reaction mechanism of the decomposition of DMMP toward methyl
methylphosphonate (MMPA) and methanol intensively. They correlate the activity with
adjacent M—OH; and M—OH groups (see figure 2.15), which are absent in defect-free UiO-
66.° Thus, the role of defects for detoxification is crucial. It is envisioned that further
synthesis optimization via defect engineering could be done for this purpose in the future.
For instance, the modulator approach would lead to both higher adsorption capacities and
faster hydrolysis, which might lead to a better performance in decontamination. The
resulting MMPA shows a desorption energy from Zr centers of >100 kJ mol ™, leading to

irreversible adsorption at ambient conditions.

30



2. General Introduction

r\lfle
MeO"Iﬁ‘OMe
o)
N MeO, NOMe Me»,PPMe
OH OH» OH [ HO™ ~O - oigiNe]
7r 7 7t 7r addition 7 7r elimination 7 7r

-MeOH

Figure 2.15: Proposed schematic representation of DMMP degradation mechanism assumed in ref. ¢

Reprinted with the permission of ref. “° Copyright 2018, John Wiley & Sons.

Another stunning example of detoxification of dangerous compounds such as organoarsenic
molecules e.g., roxarsone (ROX), have been done by B. Li et al. in 2016. These molecules
are used as feed additives but can be degraded into more toxic inorganic arsenic compounds
that have already been found in meat and drinking water.” To date, there is no effective
therapeutic treatment for arsenic poisoning and hence there is considerable interest in new
decontamination procedures. B. Li et al. have used defect engineering in MOFs to obtain
Ui0-66 samples that show an increased adsorption behavior for ROX in aqueous solution.’®
They have used benzoic acid as modulator for the synthesis of defective (Zr) UiO-66. As
expected, they observed an increase in BET surface from 600 m? g* (“defect-free” sample)
to 1568 m? g (20% modulator content related to BDC). Subsequently, the authors
investigated important process parameters such as contact time, adsorbate concentration, pH
as well as adsorption capacities. A formation of reactive Zr-OH groups as a result of missing
linker defects mostly contributes to ROX adsorption and thus peaks in the 20% modulator
sample. These additional binding sites lead to capacities up to 730 mg g*. The reduced
adsorption equilibrium times, 30 min compared to 240 min for “defect-free” UiO-66, were
related to the presence of mesopores. A pH value of 4 turned out to be superior to more basic
conditions regarding the ROX adsorption capacity. The authors explained this trend with an
increasing electrostatic repulsion between negatively charged adsorbent and the ROX anions
at higher pH-values. A negative influence of electrolytes such as common salts on binding
affinities was also investigated and could be excluded. Reusability was proven and includes
an almost complete release of ROX in diluted hydrochloric acid after each cycle.

2.3.4 Guests inside MOFs

There is one last aspect, on defective MOFs that might be worth to be discussed briefly in
this chapter. The introduction of guest molecules inside MOF frameworks, e.g. metal

nanoparticles (NPs) or more simply, compounds that are not part of the MOF itself.
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In general, guest molecules are introduced into MOFs via different methods, e.g liquid
impregnation, chemical vapour infiltration (CVI) or double solvent approach (DSA).”"*
When these molecules due to their dimensions do not fit in the cavity size provided by the
MOF, i.e. pores, they will create most likely, a local mismatch/irregularity in the crystal
pattern and thus they can be considered as defects. A perfect example that we will discuss
later in the thesis (see chapter 5), is the encapsulation of preformed NPs via the bottle around
the ship method, which imply, as the name suggest, the construction of the MOF around the
NPs introduced in the MOF synthetic solution. In other words, these metal NPs act as seeds
and provide a base where to start the nucleation (construction) of the MOF framework. It is
apparent, that this encapsulation will create an interface between NPs and the MOF. This,
most likely, will play a crucial role in the reactive properties of these composite material and
will require a detailed characterization. However, this level of characterization, requires
accuracies that hardly can be achieved by common laboratory instruments and therefore

makes intrinsically difficult to study this type of defects/interface.

After this brief introduction on the effect that defects have in MOFs, it is apparent that these
new porous materials have in future many different possible applications that hardly can be
found in any other material. However, from these chapters is also clear that research of
defects in MOFs is more application driven than structure —property driven. In recent years
scientists realized that to uncover and understand more deeply the nature of defects and their
incorporation, research need to focus more on experiments that try to shed light on the effect
that defects have in the MOF structure and consequently in their physical-chemical
properties. This is not an easy task due to the amount of characterization techniques required,
and luckily computational scientist come to aid experimentalists in helping them to screen
which are the more probable effects that defects can have in the material. In the next
chapters, i.e. the result part, we will see how physical, mechanical and reactive properties of

Ui0O-66 change with increasing amount of defects.

*For further details on the topic please see the review article in ref.”
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3 Using water adsorption measurements to
access the chemistry of defects in the
metal-organic framework UiO-66.*

Abstract

Defects in metal-organic frameworks are gaining much attention due to their strong impact
on MOFs reactive properties. In this chapter, a series of defective UiO-66 samples have been
analysed for the first time with water adsorption measurements. Precious insights into the
reactivity of the Lewis acid sites generated by the modulation approach have been quantified
through the calculation of the Henry constant and the saturation water uptake. In particular,
the result shows that the defect-induced hydrophilicity, which is quantitatively expressed by
the Henry constant, correlates well with the catalytic performance in a Lewis acid based

reaction used as a test reaction.

*Parts of the results of this chapter are published and reproduced with permission from: Dissegna, S.; Hardian, R.; Epp,
K.; Kieslich, G.; Coulet, M.-V.; Llewellyn, P.; Fischer, R. A., CrystEngComm 2017, 19 (29), 4137-4141.



3. Using H,0 adsorption to characterize defective UiO-66

3.1 Introduction

Metal-organic frameworks (MOFs) are a fascinating class of materials that offer ample
opportunities in the research areas of catalysis, gas adsorption, gas separation and related
fields.””%° As already described in the introduction part, MOFs are porous materials
composed of interconnecting inorganic and organic moieties,® 8! which can be tuned to meet
certain requirements.®? For instance, by varying the organic linker, many different structures
with tuneable inner pore volumes, e.g. micro or mesoporosity, can be obtained.?’ Initially,
MOFs have gained a lot of attention in the context of gas-storage applications; however,
their thermal and chemical stability have limited possible (industrial) applications so far.> %
A step forward in this context has been made with Zr-based MOFs, e.g. UiO-66 and PCN-
222,22.29:83 which are stable in most chemical solvents with decomposition temperatures as
high as 400 °C.%* When dealing with crystalline materials, defects and disorder are steady
companions at temperatures above 0 K. Recently, it has been recognised that defects can be
used to alter the properties of MOFs, especially their catalytic activity and sorption
behaviour.*® °6.63.8587 Eqr instance, defective Zr-based MOFs have been used as Lewis acid
catalysts in various reactions, including MPV reduction,** esterification,”® hydrogenation
of aromatic compounds, epoxide ring-opening reaction and others.®® Despite the large
interest of the community in this field, there is a current debate on what is the most effective
set of experiments to determine the nature of defects, e.g. concentration, type of defects and
their chemistry. Our work follows on from the important findings of Vermoortele** and
Wu,® who used different modulators, e.g. acetic acid (AA) and trifluoroacetic acid (TFA)
for the incorporation of defects in UiO-66. Here, we use varying amounts of AA and TFA
as modulators to prepare UiO-66 samples with an increasing amount of defects.*? 44 8°
Subsequently, water sorption measurements were performed to elucidate the chemistry of
the incorporated defects, in particular their hydrophilicity which can be directly linked to
their Lewis acidity. Additionally, we use the cyanosilylation of benzaldehyde as a catalytic
test reaction to probe the Lewis acidity of the defects in UiO-66 directly.
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Figure 3.1: lllustration of the catalytic cyanosilylation of benzaldehyde on a Lewis acidic missing-linker defect

in UI0-66. Green polyhedra: clusters with missing linker defects; light blue polyhedra: ideal Zrs clusters.

3.2 Characterization of defective UiO-66 with water adsorption
measurements and other characterizations techniques.

Synthetically, 16, 33, 67 and 100 equivalents of AA with respect of zirconia were used to
prepare defective UiO-66 and samples are denoted as 16AA, 33AA, 67AA, 100AA,
respectively. For TFA as a modulator, 1 and 10 equivalents were used and the samples are
denoted as 1TFA and 10TFA. Unmodulated UiO-66 (UiO-66 ref) was also synthesized as a
reference sample, following a modified procedure reported by Shearer et al. 2 and the details
of the synthesis conditions can be found in the experimental section.

After synthesis, the phase purity of all the samples was confirmed using powder x-ray
diffraction (see figure 3.2 and 3.3).2% % Additionally, we like to note that no intensity in the
low theta region (2 — 6 6°) was observed which would indicate the presence of correlated

defects in UiO-66 as observed by Goodwin and co-workers.
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Figure 3.2: PXRD patterns of UiO-66 ref (black), 16 AA (red), 33AA (blue), 67AA (orange) and 100AA (olive
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Figure 3.3: PXRD patterns of UiO-66 ref (black), 1TFA (orange), 10TFA (blue) of TFA.
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Moreover, thermogravimetric analysis (TGA) was performed for all samples, and the results
were compared to UiO-66 ref in order to investigate the effect of the incorporated amount

of modulator and the thermal stability (see figure 3.4 and 3.5).
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Figure 3.4: Thermogravimetric analysis measured under Ar atmsphere (TGA) of of UiO-66 ref (black), L6AA
(red), 33AA(blue), 67AA (orange) and 100AA (olive green) of AA.

For samples with AA as modulator, a typical weight loss at approximately 250 - 300 °C is
observed which corresponds to the dehydroxylation of Zr clusters. At approximately 500
°C, asecond weight loss is observed, which was previously assigned to linker decomposition
in pure Ui0-66.%° In contrast to that, the defective UiO-66 samples prepared with TFA as
modulator exhibit a multistep curve in the TGA. The weight loss at temperatures below
320°C can be assigned to different processes like dehydroxylation of the Zr cluster and loss
of the remaining solvent and formate molecules.** The weight loss step at 320 °C can be
ascribed to TFA anions directly adsorbed on the CUS sites of the zirconium cluster. The first
step qualitatively correlates with the amount TFA used in the synthesis. The thermal stability

of these samples is approximately 50 °C lower, as compared to the reference.
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Figure 3.5: Thermogravimetric analysis (TGA) measured under synthetic air of UiO-66 ref (black), 1TFA
(orange), 10TFA (blue) of TFA.

Furthermore in order to access the porosity of the samples, N2 physisorption measurements
were also performed, showing type I isotherms, which is typical for microporous MOFs such
as UiO-66 (see figure 3.6 and 3.7). Importantly, for materials prepared with increasing
quantities of the AA modulator, several trends can be observed as shown in Table 3.1. In
particular, when TFA is used, the nitrogen isotherm data shows that the addition of either
small or large amounts of modulator (1 and 10 mol equivalent) leads to a drastic increase of
the BET surface area and pore volume. This might suggests that TFA creates more defective

samples than AA.
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We now turn our attention to the core of this chapter, water adsorption measurements, which
allowed us to access the chemistry of the defects, in particular their hydrophilicity. The water
adsorption capacity can be determined as the water uptake at partial pressure close to the
bulk saturation vapor pressure, p/p® = ~ 1, while the Henry constant, Ky, is a quantitative
indicator of hydrophilicity. Ky corresponds to the slope of the water adsorption isotherm at
very low coverage. ° However, this approach is valid assuming an ideal adsorption system.
For a more realistic adsorption system (non-ideal gas), an extrapolation of the virial plot* of
In(n/p) versus n can be adopted to obtain Kn, where n is the mol of adsorbed molecules and
p is pressure at low coverage (see figure 3.8).%
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Figure 3.8: virial plot used to calculate the Henry constant at very low coverage. The points highlighted in

orange were used in the calculation.

*The virial plot derives from the virial equation In(n/p)= ki + k2=n + k3= n2... and continues as an infinite expansion where
k1 k2 and ks are virial coefficients n are the moles of gas adsorbed and p is the pressure. This equation basically describes

the non-ideal behaviour of the gas-adsorbent interaction. A way to express mathematically this tendency of p towards zero

is the limit function Il)in(l)s , Where the intercept extrapolated at p = 0 of this function gives the Henry constant.
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Table 3.1: Summary of N2 and water adsorption on UiO-66 ref and modulated UiO-66. In white background
are depicted AA samples while TFA sample are highlighted in dark grey background.

N2z at 77K H20 at 298 K
Pore Pore Shape Henry Max water
BET PSD )
Modulator volume? | volumeP of constant® ads capacity
Sample (m?/g) (nm) )
(eq) (cmd/g) (cmd/g) isotherm  (mol*-g-Pa?) (cm®/g)
UiO-66 ref 0 1068 1.16 0.37 0.35 2 steps 2.04*10° 495
16AA 16 AA 1131 12 0.38 0.37 1 step 1.52*10°° 519
33AA 33 AA 1191 12 0.41 0.40 1 step 2.49%10° 556
67AA 67 AA 1314 12 0.47 0.44 1 step 2.27%10* 603
100AA 100 AA 1334 1.2 0.50 0.48 1 step 7.58*10* 650
12&
1TFA 1TFA 1100 = 0.40 0.39 2 steps 3.52*10* 528
12&
10TFA 10 TFA 1567 5 0.59 0.55 2 steps 7.12*10* 740

2 pore volume determined with N2 adsorption.  Pore volume determined with water adsorption, PSD = pore size
distribution. ¢ A Henry constant value in the order of 107 corresponds to very hydrophobic materials, while values in the
order of 10-3 correspond to very hydrophilic materials. For further information please see ref. ° where other Henry constant

values for different types of MOFs are reported.

The water adsorption isotherms of the UiO-66 ref and the AA modulated UiO-66 are
presented in figure 3.9. The parameters calculated from these isotherms obtained at 298 K
are tabulated in Table 3.1. It is worth nothing that the Gurvitch rule®® is satisfied since the
pore volume obtained with nitrogen at 77 K is comparable with the one obtained with water
at 298 K. However, slightly lower values of the pore volume are systematically obtained by
water sorption which may be explained by the presence of hydrophobic domains within the
pores that may repel H.O molecules, thus avoiding complete pore filling.%? The very low
pressure region of the isotherms (see figure 3.9) were used to determine the Henry's constant.
Interestingly, as can be seen from Table 3.1, this constant increases with increasing amount
of AA. This suggests that AA makes a more hydrophilic surface, because of the missing
linker defects which allow the metal site to be more accessible. Furthermore, simulated
water sorption isotherms of UiO-66 with missing linker defects indicate an increased
hydrophilicity, which is in agreement with our experimental work. * Interestingly, two steps
are observed in the second part of the water adsorption isotherm (range of partial pressure
0.25 to 0.4) for UiO-66 ref. This finding is in agreement with the work of Canivet et al.;

however, other studies did not observe a similar feature.?s 3% 9% %495 Neyertheless, the
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3. Using H,0 adsorption to characterize defective UiO-66

observation of this step-like behaviour seems to be highly dependent on the number of data
points obtained during water adsorption measurement in the appropriate range of p/p°® = 0.2—
0.4. In earlier works, this behaviour was linked to the dual pore size distribution in UiO-66,
and thus is characteristic of the pore filling of the tetrahedral (0.7-0.8 nm, first step) and
octahedral (1.1-1.2 nm, second step) cavities respectively.® In our UiO-66 ref sample, two
pore sizes are confirmed by water adsorption but not by N2 adsorption measurements due to
the insufficient data points at the very low p/p°® region. Nevertheless, the addition of AA
leads to the disappearance of the first step, suggesting that AA preferentially attacks the
smaller pores and enlarges them. Thus, a narrower pore size distribution with only a PSD
comparable to that of the octahedral pores can be found for the modulated samples.
Furthermore, in the last part of the water sorption isotherm (above p/p° = 0.8), the maximum
water uptake can be observed, and thus the total pore volume can be calculated. These values
also increase as the modulator concentration is increased (Table 3.1). This can be explained

by the additional pore space generated by the defects. **
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Figure 3.9: water adsorption isotherm of UiO-66 ref in black, 16AA in red, 33AA in blue, 67AA in orange
and 100AA in olive green.

Similar to AA, in the TFA case, the Gurvitch rule® is verified since the pore volume
obtained with water at 298 K is comparable to the one obtained with nitrogen at 77 K.
Similarly, the Henry's constants were evaluated for the TFA samples, and we found that the
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3. Using H,0 adsorption to characterize defective UiO-66

TFA samples are more hydrophilic than the UiO-66 ref and the AA modulated samples.
Interestingly, the shapes of the isotherms are more complex for the TFA-modulated samples
(see figure 3.10). Indeed, in the range of p/p° 0.3-0.5 for both TFA samples, two steps can
be clearly observed. This behaviour seems to be more prominent than in the UiO-66 ref
sample. This may indicate that TFA does not attack preferentially the smaller pores but
rather enlarges both cavities. Another interesting observation from the water adsorption
experiment on the TFA modulated UiO-66 is the onset of a third step around p/p°® ~ 0.8.
Since we did not observe this step in UiO-66 ref and in the AA modulated UiO-66, we can
propose two interpretations of this effect. (i) This step is related to the creation of a third
pore size distribution that results from the merging of some of the two other micropores, or
(i) this is linked to the outer surface or interparticle condensation.®? To propose a possible
mechanism, it is worth noting that the weakest point in the UiO-66 structure is the bond
between the benzene rings and the terminal carboxyl group in the BDC linker.?? In the case
of the AA modulator, the BDC linker is replaced by AA, whereas in the case of TFA
modulated UiO-66, the replacement of BDC by TFA is followed by the removal of TFA

upon activation.**
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Figure 3.10: water adsorption isotherm of UiO-66 ref and TFA-modulated UiO-66 samples depicted in black
for UiO ref, orange for 1TFA and blue for 10TFA samples.
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3. Using H,0 adsorption to characterize defective UiO-66

This may create larger cavities and more hydrophilic unsaturated zirconium metal sites.
Another possible explanation for the water adsorption isotherm depicted in Fig. 3.10 might
be due to the nature of the zirconium metal site that could undergo reversible structural
rearrangement upon activation and introduction of water vapor.?? 2 In the case of UiO-66
ref, it is known that the as synthesized UiO-66 can readily contain some missing linkers,°
97 and the zirconium metal cluster might exist in the hydroxylated and dehydroxylated
forms, probably due to the incomplete activation process. This coexistence could lead to the
reversible structural rearrangement upon water adsorption and the readily available missing
linkers were terminated by water molecules during water adsorption processes. This
termination process, thus, could induce a step in the isotherm. In the case of AA-modulated
UiO-66, there is no step observed in the middle range of the partial pressure of water
adsorption. This might be linked to the addition of AA that does not only replace some of
the BDC linkers but also terminate the readily available missing linkers. Therefore, there is
no water-induced missing linker termination during water adsorption and in turn, no step is
observed in the isotherm. In the case of TFA-modulated UiO-66, the replacement of some
BDC linkers by TFA is followed by the removal of TFA upon activation.** This creates a
bigger cavity and the zirconium metal sites are more exposed to water. In this case, structural
rearrangement is more likely to happen and water-induced missing linker termination is
required to maintain the charge balance in the defective structure. Therefore, the step in the
water adsorption isotherm is more pronounced, representing a combination of effects
between the presence of two pore sizes (as evidenced from the nitrogen adsorption
measurement) and the reversible structural changes upon defect termination by water

molecules.

3.3 Catalytic testing of defective UiO-66

Lastly, in order to check if the created defects produce a material with more Lewis acid sites,
we chose the cyanosilylation of benzaldehyde as a test reaction, which requires the presence
of such Lewis acid sites (Scheme 3.1). This reaction of carbonyl compounds with
trimethylsilyl cyanide (TMSCN) is one of the very important transformations that allow the
formation of the C—C bond and the protection of a hydroxyl function.®® Cyanohydrin product
produced by the cyanosilylation can be further transformed into important synthetic
intermediates such as a-hydroxy acids, a-amino acids, and -amino alcohols, which are

widely applied in the chemical industry. %
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\SiiCN 3% mol MOF cat.

DCM, 40 °C

Scheme 3.1: Cyanosilylation of benzaldehyde with trimethylsilyl cyanide (TMSCN) in CH,Cl, (DCM) to give

the corresponding cyanohydrin under the Lewis-acidic Zr UiO-66.

In accordance with our expectation, the defect engineered TFA-modulated samples reveal a
significantly higher catalytic activity when compared to their “ideal” UiO-66 counterpart,
which is considered as defect-free. Notably, a slight induction period is observed at the

beginning of the reaction, which can be attributed to the reversible formation of a benzoin

condensation product (see figure 3.11).
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Figure 3.11: Time-Yield plot of the cyanohydrin produced by the cyanosilylation of benzaldehyde with
trimethylsilylcyanide (TMSCN) catalyzed over 10TFA (blue squares), 1TFA (orange circles) and UiO-66 ref
(black tringles) samples in comparison to the blank sample (black, open squares), in which no catalyst was

used.

Moreover, the catalytic activity nicely correlates with the degree of TFA modulation,
whereby the created defects and the lowered coordination number of the Zrs clusters cause

an improvement in the reaction rate. However, it is unclear if the drastic impact on the
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catalytic activity is only caused by the defect sites and/or by the increased surface area of
the TFA-modulated samples which should also help to overcome diffusion limitations. Most
likely, both phenomena contribute to the boost in the catalytic performance. Furthermore,
all the tested catalysts show excellent stability to the applied reaction conditions and could
be recycled for at least two consecutive catalytic runs, which is confirmed by PXRD (see
figure 7.19 and Table 7.7 in the experimental section). In order to investigate the
heterogeneity of the underlying reaction, a hot-filtration test was conducted which revealed
that the reaction was cancelled after the catalyst was separated from the reaction solution.

(see figure 7.20 in the experimental section).
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3.4 Conclusions

In this chapter, we investigate water adsorption measurements as a key tool to study the
generated defects in AA and TFA modulated UiO-66 samples. We found that increasing the
amount of the modulator causes an increase in the surface area (BET), total water uptake
and hydrophilicity, especially in the TFA modulated samples with respect to unmodulated
UiO-66 sample. By this modulation approach, it is possible to increase the hydrophilicity,
which is reflected by the Henry constant, of UiO-66 by one order of magnitude.
Furthermore, we want to highlight that it is possible to link the hydrophilicity and the
catalytic activity. Therefore, we chose the cyanosilylation of benzaldehyde as a test reaction,
which exploited the Lewis acid sites generated by missing linker defects. Hereby, we found
that increasing the amount of TFA has a beneficial effect on the catalytic activity. In
conclusion, we would like to introduce water adsorption measurement as a complementary
characterization method in order to access the chemistry of defects. Compared to other
techniques, it offers a direct way to measure the hydrophilicity, which can be used to predict
the catalytic properties for Lewis acid-based reactions.
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4 Tuning the mechanical response of
defective metal-organic frameworks.*

Abstract

Metal-organic frameworks have acquired a lot of attention in the recent years due to the
wide spectrum of applications that these materials can be used for, ranging from catalysis to
water harvesting systems, just to name a few. In particular, the intentional incorporation of
defects into these porous crystalline materials have been shown to enhance macroscopic
properties such as porosity and catalytic activity. Despite the vast interest on this topic,
experimental studies that tackle the mechanical stability of defective MOFs are presently
absent in the literature.

Therefore, in this chapter, high-pressure powder X-ray diffraction experiments are
presented by varying pressures from ambient to 0.4 GPa, in order to probe the response of
defective UiO-66 to hydrostatic pressure. The results shows an onset of amorphization in
defective UiO-66 samples around 0.2 GPa and decreasing bulk modulus as function of
defects. In particular, the observed bulk moduli of defective UiO-66(Zr) samples do not
correlate with defect concentration, highlighting the complexity of how defects are spatially
incorporated into the framework.

*Parts of the results of this chapter are published and reproduced with permission from: Dissegna, S.; Vervoorts, P.; Hobday, C. L.; Diiren,
T.; Daisenberger, D.; Fischer, Roland A.; Kieslich, G., J. Am. Chem. Soc. 2018, 140 (37), 11581-11584.
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4.1 Introduction

The ability to control structure-property relations in crystalline materials is at the heart of
modern materials science.! In this pursuit, the targeted incorporation of defects is a crucial
tool for fine-tuning properties throughout different areas of chemistry, such as condensed
matter physics and materials science.>*° It is therefore exciting to see that defect engineering
has recently entered the field MOFs. MOFs are a relatively new class of crystalline materials,
combining the versatility of organic chemistry with the library of inorganic metal nodes.
The organic linker molecules bridge the inorganic building units to form 2D or 3D periodic
networks often with guest-accessible porosity. The large chemical tunability in combination
with the powerful concept of reticular chemistry in principle allows for designing MOFs to
meet specific structural and chemical requirements.® In turn, MOFs offer great opportunities
across many subjects of materials science ranging from catalysis,*> "> 1% sensors, ! filters®:
102 to water harvesting systems® 1% to name just a few. When considering the defect
chemistry of MOFs in more detail, it was shown that macroscopic properties such as porosity
and in turn catalytic activity and microscopic properties such as lattice dynamics are closely
linked to the defect chemistry.® 4% 104 Furthermore, some MOFs such as ZIF-8 can be
transformed to a porous amorphous state, with the absence of long-range order.*%-1% |n the
context of point defects in crystalline MOFs, MgO4(OH)4(BDC)s (UiO-66, M = Zr and Hf
and H2BDC = 1,4-benzendicarboxylic acid) and similarly its dehydrated form MeOs(BDC)s
are currently widely used in the community, owing to their high thermal and mechanical
stability combined with a certain chemical robustness.?®> UiO-66 crystallizes in a face-
centered cubic framework in fcu topology, with [MeOs]*?** metal-nodes in 12-fold
coordination of (BDC)?.2? Synthetically, defects are typically incorporated by the so-called
modulator approach, where high equivalents of mono-dentate acids such as formic acid,
acetic acid and trifluoro acetic acid are added to the reaction mixture.*%% 4 For small
amounts of modulators, crystallinity of the defect-free framework is enhanced, whilst large
amounts facilitate the incorporation of modulators into the structure and the formation of
Schottky-type defects. Importantly, it was shown that under certain circumstances defect
incorporation can occur in a correlated fashion, producing nanoregions with reduced pcu
symmetry.1%’

The permanent porosity and low density implicate that MOFs are soft materials.%®
The large chemical diversity together with the potential to form highly connected lattices,

however, lead to bulk moduli that span in a range between K = 4 - 30 GPa.1® In some cases,
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hydrostatic pressure can trigger porous-to-nonporous phase transitions in flexible model
systems such as ZIF-4(Zn) and MIL-53(Al) at pressures as low as 0.05 GPa, making MOFs
potential working media in mechano-calorics and mechanical dampers.*1%*!! In the absence
of structural and thermodynamic requirements for a porous-to-nonporous phase
transition,'*2 MOFs are prone to undergo amorphization at relatively low pressures.’®® For
instance, MOF-5 amorphizes irreversibly by direct compression at pressures below 3.5 MPa
and ZIF-8 at 0.34 GPa.l'*1!* Sych insight is not only fascinating from a fundamental
viewpoint, but also tackles application-oriented questions, e.g. stability-issues of MOFs
during shaping processes for catalytic applications.!?®

Despite the on-going research interest in the field of defective MOFs, experimental studies
that address their mechanical stability are presently absent in the literature. However,
computational studies have been performed on UiO-66, its isoreticular expansions UiO-67
and UiO-68, HKUST-1, ZIF-8 and IRMOF-1.3% 56-%8. 116-117 Eqcysing on Ui0-66,%° van
Speybroeck and co-workers performed an insightful computational study on defective UiO-
66, addressing questions concerning the thermodynamics of defective UiO-66 under
hydrostatic pressures.

They find a small but significant impact of the spatial arrangements of defects on the onset
pressure of amorphization and similarly the bulk modulus. Likewise, Thornton and co-
workers highlighted the large parameter space of defective UiO-66, finding that highly
defective UiO-66 with correlated defects (reo topology) exhibit a more stable structure

compared to highly defective uncorrelated systems.
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4.2 Evaluation of laboratory and high pressure powder X-ray
diffraction data

Following on the footsteps marked by the computational results, we herein apply high-
pressure powder X-ray diffraction (HPPXRD) to characterize the mechanical response of
defective MOFs to hydrostatic pressure experimentally with a non-penetrating transmitting
media for the first time.

Defective UiO-66(Zr) samples were prepared by using trifluoro acetic acid (TFA) as
modulator. In detail, three defective samples with 1 (UiO-66-1eq), 5 (UiO-66-5eq) and 10
(UiO-66-10eq) equivalents of TFA with respect to the zirconia concentration were
prepared.** Unmodulated UiO-66 (UiO-66-0eq) was also synthesized as a reference sample,

following a modified procedure reported by Shearer et al.*?
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Figure 4.1: Laboratory powder x-ray diffraction pattern of UiO-66-0eq, UiO-66-1eq, UiO-66-5eq and UiO-

66-10eq, shown in dark cyan, blue, red and black coloured lines, respectively.

After synthesis, powder x-ray diffraction was used to confirm phase purity for all samples
(see figure 4.1). N2 physisorption measurements were also performed to access the porosity
of all samples, showing type I isotherms, which is typical for microporous MOFs such as
UiO-66 (see figure 4.2). Interestingly, with an increasing amount of modulator there is also

an increase of the surface area of the samples. This is in strong agreement with results present
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in the literature, where the increased porosity has been ascribed to an increasing amount of

defects incorporated in the UiO-66 frameworks.*?
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Figure 4.2: N adsorption measurements (77K) of UiO-66-0eq, UiO-66-1eq, UiO-66-5eq and UiO-66-10eq,

shown in dark cyan triangular, blue star, red circle and black squares shape symbols, respectively. Open and

filled symbols are for adsorption and desorption branches, respectively.

Thermogravimetric analysis (TGA) was also performed to determine the thermal stability

of the samples. The decomposition curve of UiO-66 can be divided into 3 different weight

loss regions. The first one at 50-150°C, can be ascribed to the removal of a small amount

of water and remaining solvent molecules from the MOF pores.
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Figure 4.3: TGA of UiO-66-0eq, UiO-66-1eq, UiO-66-5eq and UiO-66-10eq, plotted in dark cyan, blue, red

and black coloured lines, respectively.

In the second region, 150-450 °C, many different processes can occur. The weight loss step
is a combination of three different processes: loss of structural water, or dehydroxylation of
the Zrg-oxo cluster between ~ 200°C and 300°C,? loss of formate molecules in the same
temperature range*? and loss of TFA molecules above 300°C.*? Lastly, the largest weight
loss step in the range 420 - 600°C can be attributed to the decomposition of the BDC ligand
molecules of UiO-66.

Moreover, a quantification of the defect concentration (see figure 4.3 and table 4.1)
was performed using TGA data, according to the method proposed by Valenzano et al.
(detailed description of the process is provided in the experimental section sub-chapter
7.1.4)28
A defective concentration of approximately 3% was found for UiO-66-0eq, whilst TFA
modulated samples UiO-66-1eq, UiO-66-5eq and UiO-66-10eq show a defect concentration
of approximately 22.5%, 26.6% and 28.3%, respectively. Assuming only linker defects, the
metal-nodes in defective materials exhibit a mean coordination number (CN) of 11.6 (UiO-
66-0eq), 9.3 (UiO-66-1eq), 8.8 (UiO-66-5eq) and 8.6 (UiO-66-10eq) compared to 12 in the
ideal, defect-free UiO-66 structure.
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Table 4.1: proposed sum formula, percentage of defects and missing linker per cluster for all full activated
UiO-66 samples.

Sample name Sum formula % Defects Missing linker per cluster
UiO-66-0eq Zr¢06.2(BDC)s 8 33 0.2
UiO-66-1eq Zr607.35(BDC)as65 22.5 1.35
UiO-66-5eq Zrs076(BDC)s4 26.6 1.6
UiO-66-10eq Zrs07.7(BDC)a3 28.3 1.7

We move our attention now into the core of this chapter, HPPXRD on soft materials, which
is with low pressures of amorphization challenging, since a typical diamond anvil cell setup
is designed for working pressures well above 0.1 GPa. Therefore, we applied a radically
different approach, using a HPPXRD setup which allows the application of pressure in
small-increments ( ~2 MPa) in the range of p =ambient — 0.4 GPa (see experimental section
7.1.7 for details).*® In total, we collected 18 HPPXRD datasets for each sample with
pressure increments of 0.025 GPa at an X-ray energy of E = 29.2 keV. Contour plots of the
obtained HPPXRD pattern are shown in Figure 4.4, and stacking plots are given in the
experimental section (see figure 7.7 - 7.10).

Notably, we do not observe any intensities in the HPPXRD pattern that would indicate the
formation of nano-regions of correlated defects. However, the absence of such superlattice
reflections not excludes correlations on the sub-nano scale which are not detectable with X-
ray diffractions techniques.'®” From the contour plots we already observe qualitatively that
UiO-66-0eq and UiO-66-1eq remain crystalline up to a pressure of 0.4 GPa with no visual
indication of peak broadening.'*°

In contrast a clear loss of crystallinity appears around 0.3 GPa for UiO-66-5eq and at
approximately 0.25 GPa for UiO-66-10eq. In order to quantify the onset of amorphization
more quantitatively, we performed Pawley profile fits, see experimental section figure 7.3 —
7.6 for further details.
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Figure 4.4: Contour plots of HPPXRD data (A = 0.4246 A) of Ui0-66 from bottom to top without modulator
(UiO-66-0eq), with 1 equivalent modulator (UiO-66-1eq), with 5 equivalents modulator (UiO-66-5 eq) and 10
equivalents of modulator (UiO-66-10eq). The High-pressure powder X-ray diffraction data were measured in
0.025 GPa steps starting from 0.1 MPa, leading to 18 datasets between 0.1 MPa and 0.4 GPa. (Dark blue =

high intensities, light blue = low intensities).

Analyzing the full width half maximum (FWHM) of the peak shape function as a function
of pressure, no significant changes are observed for UiO-66-0eq and UiO-66-1eq until p =
0.4 GPa, see figure 4.5. This confirms that hydrostatic conditions are maintained up to 0.4
GPa without evidence for loss of long-range order of the frameworks. For UiO-66-5eq and
Ui0-66-10eq, anomalies of the FWHM starting at pressures of p = 0.275 GPa and p = 0.225
GPa are observed. These anomalies are related to an onset of amorphization and agree with
the trend found computationally, that an increasing amount of defects leads to reduced

mechanical stability. The amorphization process is not reversible, hence is best described

56



4. Tuning the mechanical response of metal-organic frameworks

with a collapse of the framework under low hydrostatic pressures (see experimental section

figure 7.7 - 7.10 for PXRD pattern after compression).
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Figure 4.5: Relative FWHM versus Pressure for UiO-66-0eq, UiO-66-1eq, UiO-66-5eq and UiO-66-10eq,
shown with green triangular, blue star, red circle and black squares shape symbols, respectively. The
anomalous behaviour of the FWHM peak shape function for UiO-66-5eq and UiO-66-10eq allowed us to
precisely identify the onset of amorphization which is at 0.275 and 0.225 GPa, respectively.

We now turn our attention to the volume of the materials as function of pressure, V(p), which
we obtained from the profile fits. The bulk modulus which is defined as the inverse of the
compressibility, i.e. K = -V-(dp/dV), is a measure of volumetric elasticity and returns the
mechanic resistance of a material against volumetric changes under hydrostatic pressures.
Since we observe unusual volume changes for pressures above approximately 0.2 GPa for
the highly defective samples, see Figure 4.6, the bulk moduli were calculated by fitting a 2"
order Birch-Murnaghan equation of state'?° to the first 8 data points in our V/(p) data, i.e. up

to pressures of p = 0.175 GPa (see figure 4.7).
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Figure 4.6: V(P) graph of UiO-66-0eq, UiO-66-1eq, UiO-66-5eq and UiO-66-10eq, plotted with green
triangular, blue star, red circle and black squares shape symbols, respectively. For UiO-66-5eq and UiO-66-

10eq the amorphization onset is at 0.275 and 0.225 GPa, respectively.

1.005
1.000 21T
[} T e
g W e, e >
g 0.995 |- : ek e .
o i ! e -
2 e e N
E ‘ . %
099 } e
S 0990 b S
ey .
|
®
0.985 |-
L " 1 " 1 2 1 2 1 2 1 2 1 " 1 2 1

000 002 004 006 008 010 012 014 016 018
Pressure [GPa]

Figure 4.7: The relative volumes as a function of pressure for UiO-66-0eq (dark cyan triangles), UiO-66-1eq
(blue stars), UiO-66-5eq (red circles) and UiO-66-10eq (black squares). The straight dashed lines represent the
fits of the 2nd order Birch-Murnaghan equation of states for which the first eight data points were used for all

data sets.
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We obtain values of K(UiO-66-0eq) = 26.4 + 0.13 GPa, K(UiO-66-1eq) = 18.3 + 0.16 GPa,
K(UiO-66-5eq) = 12.2 + 0.18 GPa and K(UiO-66-10eq) = 13.9 £ 0.22 GPa, see Table 4.2.
The origin of the discontinuous behaviour for pressures above 0.2 GPa for UiO-66-5eq and
Ui0-66-10eq itself is unclear. The discontinuous change in the V(p) data is only observed
for highly defective samples, in principle pointing to the occurrence of a phase transition;
however, no other evidence were found in our diffraction data to back-up this finding and is
subject of on-going studies.

Table 4.2: Comparison of the bulk moduli of different organic-inorganic coordination polymers. Values

marked with ¥ are from computational works. The error calculated for our bulk modulus values was estimated

with the program TOPAS V5 (detailed information on the error estimation is given in the experimental

section).

Material Bulk Modulus [GPa] Reference
Ui0-66-0eq 26.4+0.13 This work
Ui0-66-1eq 18.3+£0.16 This work
Ui0-66-5eq 12.2+0.18 This work
Ui0-66-10eq 13.9+£0.22 This work

UiO-66 17 121

Uio-66¥ 22¥ 3

HKUST-1 30.7 122
ZIF-8 6.5 114,123

[CH3NH;3]Pbls 14.9 124

[NH3sNHz]Pb[HCOO]3 19 125

Nevertheless, comparing the bulk moduli of our reference sample UiO-66-0eq to literature
data (see Table 4.2), we find UiO-66 being one of the least compliant MOFs, only beaten
by HKUST-1 with K = 30 GPa. The difference to previous measurements, e.g. by Yot et
al.*?* who report UiO-66 to exhibit a bulk modulus of K = 17 GPa highlights the impact of
the preparation method on the mechanical response of the framework, e.g. activation and
dehydration mechanisms and the potential presence of unintentional defect incorporation.
For instance, the use of HCI in the UiO-66 synthetic pathway could led to a decomposition
of dimethyformamide (DMF), especially at high temperatures into dimethyammonium and
HCOO:'. This is indeed a monocarboxylic acid and therefore can introduce, unintentionally,
significant amount of defects into the framework as reported in 2016 by Shearer et al..*> The

impact of the coordination of the metal node on the mechanical properties becomes evident
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when comparing the bulk modulus of UiO-66-0eq with dense coordination networks such
as perovskite-type materials [CHsNHs]Pbls and [NHsNH2]Zn(HCOO)s,'?> which exhibit a
6-fold connectivity of the metal-node and a significantly lower bulk moduli despite their
higher packing densities. Looking at the bulk moduli of the defective samples, the bulk
modulus initially drops significantly. For instance, UiO-66-1eq exhibits a significant lower
value (K = 18.3 GPa), confirming computational results and the expectations that a defective
framework is less stress resistant. Interestingly, UiO-66-5eq exhibits a slightly lower bulk
modulus than the most defective sample UiO-66-10eq. This finding is counterintuitive at
first sight, but reflects the complex structure-property relation (see figure 4.8) when going
from perfect UiO-66 in fcu topology (CN = 12) to hypothetical UiO-66 in reo topology
(CN=28).

30
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26F "
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Mean CN of Zr6 cluster

Figure 4.8: Non-linear relationship between Bulk modulus and mean coordination number of the Zrs cluster
of defective UiO-66 samples. Values close to CN = 12 indicate a perfect sample, while moving to the right,

towards CN = 8, indicates an increase of the defectiveness of the samples.

In between, different scenarios with different types and amounts of (correlated) defects are
possible, depending on the Kkinetics and thermodynamics of formation. From our results it
seems that with increasing amount of defects correlated regions become more likely,
presumably leading to a higher bulk modulus while keeping the amorphization onset low.

From zeolites it is known that the correlation between bulk modulus and the loss of
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crystallinity is complex, (see experimental section Figure 7.11), with the absence of any
obvious correlation. The finding is fascinating, and resembles the currently poor
understanding of the thermodynamic and kinetic process of how defects are incorporated
into the MOF framework. In turn our results pave the way for experimentally guided
computational studies, and emphasize the complex landscape of parameters scientists face

when trying to understand and establish structure-property relationships in defective MOFs.

4.3 Conclusions

In this chapter, a series of defective UiO-66 samples have been studied for the first time via
high pressure powder X-ray diffraction (HPPXRD). This kind of study on soft materials like
MOFs is intrinsically challenging since large volume changes are expected to happen at
relatively low pressures and a typical diamond anvil cell setup is designed for working
pressures well above 0.1 GPa. To overcome this problem a lab-built set up has been used
which allowed us to fine the pressure changes and observe very precisely the onset of
amorphization of these materials. In particular, a decrease of the amorphization onset as well
as a decrease of the bulk modulus with increasing defect concentration has been found.
However, for highly defective UiO-66s samples, the bulk moduli is not correlated with the
amount of incorporated defects. An explanation for this unexpected result is that with
increasing amount of defects, correlated defective regions become more likely to form on
the material. This could lead to high bulk modulus values and low onset of amorphizations.
Nevertheless, this fascinating finding highlight the currently lack of understanding of how
defects are incorporated into the MOF framework and in turn their impact on the physical
properties of MOFs. These results are not only of fundamental interest, but also impacts the

potential use of defective-engineered MOFs in adsorption and catalysis.
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5 Moving away from UIO-66 system:
Evaluation of MOF-808 materials as
potential catalyst in a tandem reaction

Abstract

A relative new Zr-based MOF, namely MOF-808, with low node connectivity and enhanced
porosity have been used in this work to overcome possible diffusion limitation that might
occur when dealing with porous systems with small pore apertures and pores such as UiO-
66. Focus was put on synthesis and characterization of pristine MOF-808 and Pt@MOF-808
composite materials with particular emphasis on their thermal stability. Interestingly,
variable temperature x-ray diffraction measurement and thermogravimetric analysis allowed
us to determine precisely the loss of long range order of the materials above 200°C.
Furthermore, Lewis acid test reactions have been performed with these materials which
showed an enhanced catalytic activity compared to the defective UiO-66. Preliminary
catalytic result also suggest the possible use of Pt@MOF-808 for a tandem reaction that can

exploits both Lewis acid sites of the MOF and Pt nanoparticles present in the material.



5. Evaluation of MOF-808 materials as potential catalyst in a tandem reaction

5.1 Introduction

Defects in terms of missing linkers and missing clusters are often found in Zr-based MOFs,
such as UiO-66.%% 126 The material, even after the removal of many linkers in the framework
has been proven to retain its structural integrity whilst improving its catalytic activity.*? 4
The reason relies on the presence of more accessible coordinatively unsaturated metal sites
(CUS) which bear a distinct Lewis acid character. However, UiO-66 even if it has been
proven to be a potential catalyst in some industrial relevant catalytic reactions, has an
intrinsic limitation, its micro-porosity. In fact, UiO-66 pore openings and pores are as small
as 6A and 12A respectively.® This, indeed can limit the reaction that can be performed with
this material since molecules bigger than 6-8A have difficulties to enter the pores and diffuse
into the catalytically active CUS sites. Other Zr-based MOFs with bigger pore apertures and
pores that can enhance diffusion are present in the literature. These include diverse systems
with different linkers like the 8-connected NU-1000 (with csq topology)*?’, the 6-connected
MOF-808 ( with spn topology) which are much less studied compared to UiO-66 (fcu
topology).®*

MOF-808 is constructed with the same Zrs cluster ZrsO4(OH)4 which is present in
Ui0-66 and linked together with six benzene tricarboxylic acid (BTC) molecules (see figure
5.1). The remaining 6 positions on the Zrg cluster are occupied by formic acid (FA) which
in this case acts as modulator and as a non-constructive ligand.3! The resulting hydroxylated
material has an average sum formula of ZreO4(OH)4(BTC)2(FA)s. In principle, the 6-
connected MOF-808 can provide more accessible open metal sites because of its lower node-
connectivity and its pore system, 1.8 nm in size and 1.4 nm apertures. This and the
remarkable surface area results in an enhanced catalytic activity. In fact, these CUS sites can
be used for some diverse catalytic applications, ranging from hydrolysis of nerve agent

simulants,*? to Meerwein-Ponndorf-Verley (MPV) reactions,® just to name a few.
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5. Evaluation of MOF-808 materials as potential catalyst in a tandem reaction

Figure 5.1: a) schematic representation of the spn topology. b) zoom-in of the tetrahedral cage of MOF-808
and c) MOF-808 structure with large adamantine type pores. Reprinted with the permission of ref. 3! Copyright
2014, American Chemical Society.

Having seen the remarkable properties and catalytic activity of this MOF in Lewis acid
catalysed reactions it seems only natural trying to introduce metal nanoparticles (NPs) inside
MOF-808. There are many ways to introduce guests (metals) inside MOFs, from the most
straightforward and industrially applied ways liquid impregnation and chemical vapour
infiltration (CV1) to more complicated ones like double solvent approach (DSA).”"12° These
are post-synthetic techniques which requires the introduction of a metal precursor via liquid
or gas phase and the subsequent reduction of the compound to a metallic state. Usually
reducing agents such as sodium borohydride, H> are used, or the precursor@MOF
compound is thermally or photochemically treated. In general, gas phase techniques allow
high loadings up to 30-40%which are not achievable with other techniques. This and the
simplicity of these methods make them industrially attractive.

However, the lack of control in the size distribution of the metal nanoparticles, the choice
of the right volatile precursor that can diffuse inside the pores of the framework (especially
for the chemical vapour infiltrations) and the use of reducing agents that might partially
destroy the framework should be of concerns.

To overcome this limitations the introduction of pre-formed metal NPs in MOFs through the
so-called template synthesis or “bottle around the ship” method was used. This technique
consist in introducing pre-formed Pt NPs to the synthetic solution of the MOF (linker and
metal salt) prior the formation of the MOF itself. It is apparent that a prerequisite to achieve
this goal is that the metal NPs are able to withstand the harsh condition of the MOF synthesis.
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For this reason many metal NPs are often synthetized with a capping agent, i.e
polyvinylpyrrolidone (PVP) that prevents possible agglomeration even at high temperatures.
However, a drawback is also given by embedding the capping agent itself, which might
influence the catalytic activity compared to naked NPs. One of the main goal for these
systems (metal NPs@MOFs and metal NPs/MOFs), regardless the method of preparation,
is to achieve tandem reactions where both MOF with its Lewis acid sites and the introduced
metal NPs are active in sequential reactions. Stunning examples are present in the literature,
where mainly the MIL family (MIL-101, MIL-53, MIL-125) and UiO-66 MOFs due to their
high thermal and chemical stability where the systems of choice.*®® Industrially important
tandem reactions (scheme 5.1), such as the citronellal cyclisation to isopulegol with the
subsequent hydrogenation to (-) menthol have been catalysed by Pd/MIL-101 (Cr) materials.
Nearly complete citronellal conversion was achieved by the Cr** Lewis acid sites with a
diastereoselectivity to rac-isopulegol of 74% after 12 h. After completion of the cyclization
step, isopulegol hydrogenation was catalysed by the Pd active sites in 6 h, yielding 70% of

the desired (-)-menthol product.t%®

Ha
19 o 7 TOH pgnNps @ OH
/§ /_\
rac. citronellal rac. isopulegol (-)-menthol

Scheme 5.1: Tandem reaction for citronellal conversion to (-)-menthol catalysed by Pd/MIL-101.

This concept was expanded also to the UiO-66 system, where Pd@UiO-66-NH. was utilized
in a one-pot tandem oxidation-acetalization reaction with excellent activity and
selectivity.'® In this tandem reaction (scheme 5.2), benzyl alcohol was firstly oxidized to
benzaldehyde by the Pd nanocluster, and benzaldehyde acetalization with ethylene glycol
occurred at the UiO-66-NH> Lewis acid sites to give the 2-pheny-1,3-dioxolane product with
99.9% selectivity. !
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Scheme 5.2: Oxidation of benzyl alcohol over Pd nanoclusters (NCs) and the subsequent acetalization with
ethylene glycol over Zr** Lewis acid sites with the multifunctional catalyst Pd@UiO-66-NH.

These are only few example that can give an idea of metal@MOFs potential as
multifunctional catalyst.

In this chapter, the same concept was applied to synthetize Pt@MOF-808 material
via the bottle around the ship method with the final aim to use this material in a tandem
reaction. First, structural characterization of MOF-808 and Pt@MOF-808 composite
materials has been performed in order to evaluate this MOF as potential catalyst over
important Lewis acid reactions. Furthermore, the Pt@MOF-808 sample was also used for
the reduction of cinnamaldehyde to cinnamyl alcohol and a subsequent hydrogenation of
cinnamyl alcohol to hydrocinnamyl alcohol reaction which was selected as a proof of

concept tandem reaction (see reaction scheme 5.3).

OH

AN

S cinnamyl alcohol

cinnamaldehyde hydrocinnamyl alcohol

hydrocinnamaldehyde

Scheme 5.3: Reaction scheme of the tandem reaction selected for the potential catalyst Pt@MOF-808.

This tandem reaction was chosen because of the industrial importance in the cosmetic
industry of hydrocinnamyl alcohol. This alcohol it is a natural fragrance with antimicrobial
properties against bacteria and molds. It is used primarily in combination with other
antimicrobial drugs as a preservative for cosmetic products. Furthermore, it is also used as

fragrance component in fresh flower compositions because of the balsamic odour character.
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5.2 Structural characterization of MOF-808 and Pt@MOF-808
composite materials

The general procedures to synthesize pristine MOF-808 and defective MOF-808 are adapted
from the literature.3l: 3% 132133 pristine MOF-808 was synthesized using ZrOCl,.8H,0 and
BTC with molar ratio 1:1 with different synthesis times; 7 days at 100°C (noted M7) and 3
days at 100°C (noted M3). The defective MOF-808 (noted MD) was synthesized with a
metal/linker molar ratio of 3:1 for 2 days at 130°C. Also platinum nanoparticles (Pt NPs)
were synthesized according to the literature!®**** which were afterwards incorporated into
the synthesis of MOF-808 to produce Pt@MOF-808 composite materials namely Pt@M7
and Pt@MD. All samples were activated at 100°C under vacuum and were stored in a
glovebox with Ar atmosphere prior to the characterization. Initially, PXRD was performed

to access the phase purity for all the samples which are reported in figure 5.2 and 5.3.
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Figure 5.2: PXRD pattern of M7, M3 and MD samples which are shown with black, red and green lines,
respectively. The inset show the diffraction patterns in the range 12-30 26 degree. Simulated PXRD of pristine
MOF-808 is also added to confirm the phase purity of all the samples.
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Figure 5.3: PXRD of Pt@MOF-808 composite materials namely Pt@M7 and Pt@MD shown in blue and
magenta coloured lines, respectively. The diffractrograms are also compared with simulated PXRD pristine
MOF-808 to qualitatively evaluate the phase purity of the samples. The black arrow highlight an additional
peak in the sample Pt@MD.

For all the materials, sharp Bragg peaks are observed and nicely fit with the simulated MOF-
808 diffraction pattern. It is worth to mention that the Pt@MD pattern shows an additional
reflection at low 26 degree (see inset in figure 5.3 peak highlighted by the black arrow). We
can speculate that this could be attributed to remaining solvent molecules which might be
still present after the activation of the material. Interestingly, this peak disappear at 130°C
and is not present in the diffraction pattern after a second activation with same conditions.
Additional peaks due to the presence of Pt NPs are not observed in the diffractograms at
high 20 degree, e.g 39.9 for the Pt (111). This could be explained with the low amount of Pt
in the framework (= 0.1 wt. %) which was calculated by induced coupled plasma (ICP) and
the size of NPs which is around 3.5 nm, too small to give a considerable diffraction signal.
Subsequently, N2 physisorption measurement have been performed (see figure 5.4 and 5.5),
in which all the sample display a type | isotherm with no signs of hysteresis loops. BET
surface area for the sample M7 are in accordance with data present in the literature.®
However, for the samples MD and M3 the values are relatively low which could be attributed
to the presence of some solvent molecules still present in the framework.3" ** Furthermore,

for Pt@M?7 (see figure 5.5) there only is a minimal decrease in the surface area if compared
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to the pristine MOF-808 namely M7 and can be explained with the low Pt content in the
framework. On the contrary, the Pt@MD surface area is quite different compared to the
pristine MOF-808 and cannot be attributed only to the encapsulation of Pt NPs inside the
framework. In fact, the Pt content is very low and equal to 0.04 wt.%. Therefore scanning
transmission electron microscopy (STEM) depicted in figure 5.6 and scanning electron

microscopy (SEM) shown in figure 5.7 and have been performed to this sample.

600 =
L E OO O O ROEN0O D0 O O
g 000
500 F o™
o0 f B e i R R
& M‘w 0Ce0 ® O O © O O OO
= ‘
~ 300} e
5 =1
°c " M7
S, 200 Qg M3
> : o
100
0
1 M 1 2 1 M 1 " 1 " 1 " [ M 1 M 1 2 1

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
p/p

0

Figure 5.4: N, adsorption measurements (77K) of M7, M3 and MD, shown in black squares, red circle and
green triangular shape symbols, respectively. Open and filled symbols represent adsorption and desorption
branches, respectively.
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Figure 5.5: Ny physisorption measurements (77K) of Pt@M7 and Pt@MD in blue star and in magenta
pentagons, respectively. Closed and open symbol represent the adsorption and desorption branches,

respectively.

Figure 5.6: STEM images of Pt@MD sample. Left panel are shown “hollow” type crystals” while on the right

panel are shown regular “filled” Pt@MD crystals. Pt NPs represented as white spots in the crystals are mainly

located in the center of the framework.

As can be seen in figure 5.6 left panel, the majority of crystals show this hollow structure

(low magnification picture is shown in the experimental section figure 7.23). It seems from

these images that the crystals are somehow excavated resulting in a structure with only the
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peripheral layers of the crystals that are still intact. Nevertheless, also regular “filled”
crystals with Pt NPs in the center of the framework can be seen as depicted in the right panel
of figure 5.6. To better explain the nature of this hollow structure SEM pictures have been
performed (see figure 5.7).

Figure 5.7: SEM picture of Pt@MD where can be seen hollow filled type structures.

The estimated ratio between “hollow” and “filled” crystals are 60/40 in favour of the hollow
structure. Furthermore, at the surface of the “filled” crystals can be detected a homogeneous
distribution of particles. The nature of this particles is still puzzling and is focus of ongoing
studies. Nevertheless, hollow structures and the presence of particles on the outer surface of
the filled crystal, which can cause pore blocking, can explain the low surface area of the
sample Pt@MD.

It is worth to mention that the origin of this hollow structure is still unknown, even
if MOFs crystals with a hollow type structure have been reported in the literature.!®® The
preparation method for this kind of structure usually requires the presence of a sacrificial
agent that is dissolved during the solvo-thermal synthesis of the second species which is
growing on top of the first one. This method was not used during the synthesis of these
materials, however we might speculate that the presence of high amounts of PVP (coming
from the Pt NPs) in the synthetic solution of the MOF might play a role in the formation of
this hollow structure. Inclusion of high amounts of PVVP molecules inside the pores can cause
errors in during the MOF synthesis and therefore might destabilize the structure resulting in
the creation of holes in the crystals.
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Furthermore, thermal stability was also determined via the combination of VTXRD
and TGA measurements (see figure 5.8 and 5.9). Combination of those methods allows a
better understanding of the correlation between molecules removal and structural integrity
of the materials. As it can be seen in figure 5.8, below 150°C, no significant mass loss is
observed for M7 M3 and MD samples (between 2-5% mass loss). This can be attributed to
the removal of water molecules that are adsorbed on the external surface of the MOFs. In
the temperature region between 180° - 380°C, further mass loss is observed. Ideally, for the
activated MOF-808, this temperature region can be attributed to the removal of coordinated
OH and H20 which may have replaced the formic acid (FA) on the CUS sites after solvent
exchange and activation procedure. 1?8 The last temperature region in the TGA, which is
between 400°-600°C, is interesting because it corresponds to the BTC linker decomposition.
Analysing this region can give indications concerning the missing linker concentration in
each sample. The methodology to estimate the missing linker concentration was adopted
from the literature.*> We found an average coordination number (CN) for M7 and M3 of CN
=5 while for MD the CN = 4.5. All mass losses in every samples are less than the theoretical
ones, this suggests that even the pristine materials (M7 and M3) already contain inherent

missing linker defects.
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Figure 5.8: TGA of M7, M3 and MD plotted in black, red and green coloured lines, respectively.
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Figure 5.9: TGA of M7 Pt@M7 and Pt@MD samples, shown with a black, blue and magenta coloured lines.

Moving to the TGA of Pt@MOF-808 composite materials, the Pt@MD thermal stability
compared to the other samples is different in many aspects. First, in the region below 150°C
a 10% mass loss is observed while for the Pt@M?7 the mass loss is only marginal around 2%
which is similar for the unloaded ones. The difference can be attributed to the presence of
holes which are clearly visible on figure 5.7. The presence of this holes can indeed host a
large amount of water physisorbed on the external surface of Pt@MD and therefore explain
the abnormal mass loss.

In the region 150 — 400°C the mass loss for Pt@M7 and Pt@MD are 19% and 19.7%,
respectively. In this case, the mass losses cannot be attributed only to the removal of the
coordinated H>O and OH to the CUS sites but also to the decomposition of the remaining
PVP incorporated in the materials with the encapsulation of Pt NPs which can occur between

280 — 350°C which its presence is confirmed by FT-IR spectra (see Figure 5.10).
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Figure 5.10: FT-IR of the samples Pt@M7, Pt@MD and Pt NPs coated with the capping agent PVP. In the
red boxes are highlighted the characteristic peaks of PVP which are also visible in the Pt@M7 and Pt@MD
spectra as a small shoulder for the CO stretching at =<1650cm™ and a small band at <2900 cm™ for the CH
stretching. The samples were taken out of the glove box and FT-IR was measured under atmospheric
conditions, thus the bump at 3500 — 3000 cm'™,

In order to shed some light in this complicated TGA curves, VTXRD of the unloaded MOF-
808 and the Pt composite materials have been also performed (see figure 5.11 and 5.12). In
both cases crystallinity and long range order are lost above 200°C. This corresponds either
to the loss of the non-constructive ligand FA and/or to the loss of H2O/OH groups adsorbed
to the CUS sites. It is clear by the combination of VTXRD and TGA that the removal of this
molecules greatly destabilize the structure resulting in a complete loss of the crystallinity at

relatively low temperatures.
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5.2.1 Negative thermal expansion of MOF-808.

Interestingly, both materials (MOF-808 and Pt@MOF-808), shows a clear shift of the peaks
towards higher 260 (degree) in the VTXRD patterns. This is an indication of a relatively rare
phenomenon called negative thermal expansion (NTE), which consist basically in the
contraction of the framework upon heating. This behaviour is known to occur in a handful
of compounds such as in ScFs; and ReOs perovskites type materials, 1371 in anhydrous
Prussian blue analogues and in ZrW»0s.**14! The details of NTE mechanisms remain still
controversial, however, there is a general consensus that there are essentially two
mechanisms active during NTE. The thermal expansion between atom pairs which has a
positive contribution, whilst the geometric rotations of rigid units (i.e transverse vibrational
modes) has a negative contribution. For NTE to occur then, the geometric effects rigid unit
modes (RUMs) must dominate those of the chemical bond expansion (longitudinal
modes).!*> MOFs made by metal cluster connected with long and flexible organic linker
certainly shares one of the main feature that is believed to favour NTE. It is no surprise that
reports of NTE behaviour on MOFs are increasing, %4 43 144 even so, to the best of our
knowledge this peculiar behaviour is not reported for the material MOF-808 so far.
Preliminary VTXRD analysis of Pt@MOF-808 and MOF-808 materials (see figure 5.11 and
5.12) confirmed the contraction of the unit cell upon heating. The magnitude of this
contraction is quite remarkable, however the present data do not allow us to completely
exclude the presence of other processes, i.e solvent removal and partial degradation of the
framework, which can deeply influence the NTE behaviour. Nevertheless, an in depth study
with the use of Raman spectroscopy or neutron diffraction can shed light on the mechanisms
of this peculiar phenomenon. This NTE is important not only for a fundamental viewpoint
but can be very useful to minimize and counterbalance the positive thermal expansion of
common engineered materials leading for example to a composite material which can be
used to build more secure infrastructure, e.g prediction of the material deformation at

relative high temperatures. 44,
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Figure 5.11: Example of VT XRD of the unloaded MOF-808 sample M3. Similar graphs were obtained for the

other two unloaded MOF-808 samples which are reported in the experimental section. (see figures 7.12 —

7.16).

Pt@M7 300°C

Pt@M7 250°C

]
}L | \Pt@wr200C

Pt@M7 160°C|
N @A

 Pt@M7 150°C

\PI@M7 140°C

Pt@M7 130°C
N

Intensity [a.u]

Pt@M7 120°C
N e

N
Pt@M7 110°C

N\,
Pt@M7 90°C

oA I\

Pt@Jl\\/I7 50°C

I

‘A Pt@M725°C

w
N
o«

F4 8 9 10 1" 12

26[°]

Figure 5.12: Example of VTXRD of Pt@M7 sample. Similar graphs were obtained for Pt@MD which are

reported in the experimental section (see figures 7.12 — 7.16).
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5.3 Catalytic testing of MOF-808 and Pt@MOF-808 composite
materials

As mentioned in the introduction part, one of the main goals of this chapter is to have an
idea if MOF-808 and in particular Pt@MOF-808 can be used as heterogeneous catalysts.
Different batches of the sample MD and Pt@MD were produced for the catalytic testing
using the same synthetic procedure reported in the previous chapter.

The final aim is to use Pt@MOF-808 for a tandem reaction which exploits the Lewis acid
sites of the MOF and the encapsulated Pt NPs for a subsequent hydrogenation reaction.
The idea is to first perform the reduction of the aldehyde to the alcohol and then perform the
hydrogenation of the double bond via Pt NPs located primarily at the centre of the MOF-
808 framework.

Via Pt@MOF

N

Via MOF-Lewis acid site

Scheme 5.4: Proposed reaction scheme of a tandem reaction catalysed by Pt@MOF-808 composite materials.

5.3.1 Testing MOF-808 for MPV reaction

Before performing this targeted reaction is important to evaluate if unloaded MOF-808 is
capable to perform Lewis acid based reaction. The selected first test reaction is the MPV
reduction of cyclohexanone to cyclohexanol. The resulting molecule is of paramount
importance since it is used in the order of billions of kilograms as precursor for Nylon®
production. The actual industrial process oxidise cyclohexane with a Co catalyst to produce
a mixture of cyclohexanone and cyclohexanol. It is therefore important to have a catalyst
that selectively transforms cyclohexanone to the more valuable cyclohexanol.}* As can be
seen from figure 5.13 full conversion after 24 h with no by-product was achieved.
Interestingly, the system converted almost quantitatively cyclohexanone within 6 h.
Furthermore, a brief induction period with low conversion in the first 30 min of reaction can

be seen. This can be ascribed to the reagents that need some time to diffuse inside the pores
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of the catalyst and reach the active CUS sites. The heterogeneity of the system was
confirmed by the hot filtration test while the necessity of catalyst was confirmed by the blind

test.
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Figure 5.13: Yield versus time plot for the reduction of cyclohexanone to cyclohexanol with MOF-808 as
catalyst. Yield curve, hot filtration test and blind test depicted in black red and blue coloured line, respectively.
The catalytic reactions were followed by gas chromatography. Conditions used are 80°C in air with

isopropanol in excess that act as solvent and reagent.

5.3.2 First steps towards the tandem reaction

After this first promising results, the targeted MPV reduction of cynnamaldehyde to
cinnamyl alcohol was performed. This reaction has already been studied by Plessers et. al.,®
however, to the best of our knowledge this tandem reaction with Pt@MOF808 as catalysts
has not been reported so far. Nevertheless, as it can be seen in figure 5.14, almost full
conversion of the substrate with negligible amount of by-product was achieved in 6 hours
which is comparable to the data present in the literature.®® The enhanced catalytic activity
of the system is shown in figure 5.15 where after 6 h almost full conversion for MOF-808
and Pt@MOF-808 was reached. Only a small difference of 4% in the activity can be
detected. This represent a promising result since the encapsulation of Pt NPs do not limit the
availability of Lewis acid sites in the catalyst. Interestingly, Figure 5.15 also displays the
beneficial effect of the bigger pore openings and pore size of MOF-808 that allow bigger
molecules to react and enhance diffusion of the reagents. This effect is highlighted in the
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5. Evaluation of MOF-808 materials as potential catalyst in a tandem reaction

low conversion rates achieved by defective UiO-66 and perfect UiO-66 where only 55% and
2% of the cyannamaldehyde were converted, respectively. UiO-66 low conversion can be
also explained if we consider the MPV mechanism that is generally accepted in the scientific
community.!* This mechanism assumes the simultaneous adsorption of the alcohol and the
ketone on the active site and the direct hydrogen transfer from the alcohol to the ketone,
involving a six-membered cyclic transition state, see scheme 5.5. Therefore, it seems
reasonable to hypothesize that the more sterically hindered Zr Lewis acid sites of UiO-66
will form such a transition state with more difficulties, which ultimately end in a low

conversion rate.

I
0. o) o) 0 OH o)
OIS
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Scheme 5.5: Proposed reaction scheme for the MPV reaction of cyclohexanone to cyclohexanol. The same

reaction mechanism is assumed for the reduction of cynnamaldehyde to cinnamyl alcohol.
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Figure 5.14: Yield versus time plot for the reduction of cynnamaldehyde to cinnamyl alcohol using MOF-808
as catalyst. Yield curve, hot filtration test and blind test depicted in black red and blue coloured line,
respectively. The catalytic reactions were followed by gas chromatography. Conditions used are 80°C in air

with isopropanol in excess that act as solvent and reagent.
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Figure 5.15: Comparison of different catalyst over the reduction of cynnamaldehyde to cinnamyl alcohol.
MOF-808, defective UiO-66, perfect UiO-66 and Pt@MOF-808 yield curves are depicted in black, red, blue
and dark cyan coloured lines, respectively. The catalytic reactions were followed by gas chromatography.

Conditions used are 80°C in air with isopropanol in excess that act as solvent and reagent.

5.3.2.1 First attempt of performing a tandem reaction with Pt@MOF-808

A first attempt to perform the tandem reaction under mild conditions (80°C, 2 bar of H>
isopropanol in excess and under stirring) was performed, in which, only two aliquots were
taken, the first one after 4 h and the other one after 20 h. Interestingly, after 20 h with a
selectivity of 95% and full conversion towards hydrocinnamyl alcohol was achieved. To the
best of our knowledge this tandem reaction with Pt@MOFs as catalysts has not been
reported, yet.

Unfortunately, in the timeframe of this PhD thesis it was not possible to reproduce and
complete these catalytic studies. Problems in the reproduction of the catalyst slowed down
considerably any possibility to complete the catalytic testing of this material before the end
of the project. Nevertheless, these preliminary data are promising results which are worth to

investigate in the future.
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5.4 Conclusions

In this chapter, the thermal stability of unloaded MOF-808 and Pt@MOF-808 composite
materials have been investigated via the use of TGA and VTXRD. Interestingly, when
heated, the materials show a clear shift of the main peaks towards higher 20 angles
suggesting a contraction of the unit cell. This negative thermal expansion is relatively rare
phenomenon and preliminary results suggest a remarkable NTE character of MOF-808
materials.

Furthermore, several reaction to test the Lewis acidity of the unloaded MOF-808 were
performed. The good catalytic performance in the MPV reductions of cyclohexanone to
cyclohexanol and cynnamaldehyde to cinnamyl alcohol even when Pt NPs were
encapsulated inside the framework suggest MOF-808 as a good candidate for the selected
tandem reaction. Interestingly, the preliminary data suggest that 95% selectivity with almost
full conversion after 20 h can be achieved. However, in the timeframe of this project more
focus was put on the synthesis of the material rather than an in depth catalytic study of the
aforementioned reactions. Many other important experiments still need to be performed, e.g
recyclability and hot filtration tests, however, these preliminary results are first indications

of a possible use of Pt@MOF composite materials for tandem reactions.
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The targeted incorporation of defects in engineered materials is at the hearth of material
science. In particular in MOFs, defects seem to play a key role in synthetic methods and can
become an important additional tool for designing MOFs with enhanced reactive properties.
However, establishing a clear structure-property relationship remains a problem still today.
In this work, the incorporation of defects via the modulation approach into different Zr-
based MOFs was studied. The system investigated were then characterized by water
adsorption, high pressure PXRD (HPPXRD) and variable temperature XRD (VTXRD) in
order to uncover the effect of defects in material properties.

An important goal that was achieved during the time frame of this thesis, was the use of the
modulation approach to increase systematically the missing linker defects of UiO-66
samples. The obtained samples were then studied with the use of water adsorption
measurements which allowed to quantify the hydrophilicity of UiO-66. Furthermore, it was
possible to link the hydrophilicity, which is reflected by the Henry constant, to the catalytic
activity of the material. A test reaction, which exploited the Lewis acid sites generated by
missing linker defects, was used for this purpose. Interestingly, an increasing amount of
modulator had a beneficial effect on the catalytic activity, possibly due to the creation of
more CUS sites and a more open structure that decreased considerably any diffusion

limitations.

The behaviour of MOFs under mechanical stress is another property that is crucial for future
industrial application of these materials, e.g in catalyst shaping processes. For this reason,
defective UiO-66 was investigated for the first time via HPPXRD. It is worth to mention
that this kind of study on soft materials like MOFs is intrinsically challenging since large
volume changes are expected to happen at relatively low pressures (< 0.1GPa). To overcome
this problem a lab-built set up has been used which allowed to fine tune the pressure changes
and observe very precisely the onset of amorphization of these materials. In particular, a
decrease of the amorphization onset as well as a decrease of the bulk modulus with
increasing defect concentrations has been found. The values found, range between 26.4 and
12.2 GPa, which are one of the highest values reported for MOFs. However, for highly
defective UiO-66s samples, the bulk moduli does not correlate with the amount of

incorporated defects in a simple linear relationship. An explanation for this unexpected
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result is that with increasing amount of defects, correlated defective nano-regions become
more likely to form on the material which could lead to higher bulk modulus values and

therefore a more stable structure.

Even if catalytic and mechanical properties are very promising for future industrial
application, UiO-66 pore openings and pores are as small as 6A and 12A, respectively. This
Is a drawback that indeed can limit the reaction that can be catalysed by this material. For
this reason an attempt to transfer the knowledge acquired with the UiO-66 system was also
made during the time of this thesis where the modulation approach was used to introduce
defects into another MOF called MOF-808. This material shares the same Zrg cluster of
UiO-66 but instead of being connected by 12 linker molecules is connected only by 6
resulting in a more open framework. In principle, the 6-connected MOF-808 can provide
more accessible open metal sites, especially if defects are engineered into the framework.
Furthermore, MOF-808 pore system, 1.8 nm in size and 1.4 nm apertures, gives the material
a remarkable surface area that helps to limit diffusion limitations of molecules towards the
active open metal sites, which is reflected in an enhanced catalytic activity. This, however,
come with a cost. The material is less chemically and thermally stable compared to UiO-66.
For this reason, in order to evaluate more precisely its thermomechanical behaviour,
VTXRD have been performed for the first time in pristine MOF-808. The stability of the
framework is lost at relative low temperatures (200°C) if compared to the stability of UiO-
66 that can reach 400°C.

Lastly, Pt NPs were successfully encapsulated inside MOF-808 via a “bottle around the
ship” approach. Thermal stability of the composite material was confirmed via VTXRD,
which is in the same range of the unloaded MOF-808, meaning that the presence Pt NPs do
not affect negatively the framework. The location of metal NPs were confirmed via TEM
and STEM which are located primarily in the centre of the framework; but a minority of
them are also present on the surface, resulting in a wide spread distribution of Pt NPs in
MOF-808 crystals. The amount of Pt (wt. %) that can be incorporated in this material can
range between 0.1 to 0.04%, which was determined with ICP and elemental analysis in
different samples. Pt@MOF-808 materials were synthetized with the final aim of using this
composite material in a tandem reaction (cynnamaldehyde to hydrocinnamyl alcohol).
Several Lewis acid test reactions were performed with unloaded MOF-808 in order to probe
the catalytic activity of the framework itself with almost complete conversions within 6h. It

is worth to mention that the enhanced porosity of MOF-808 had a beneficial effect which is
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reflected in the difference of activity in the reduction of cinnamon aldehyde to cinnamyl
alcohol after 6h, when MOF-808 almost reached full conversion, defective UiO-66 reached
only 55%. Subsequently, a first attempt of one-pot reaction was preformed, resulting in
almost full conversion of cynnamaldehyde to hydrocinnamyl alcohol with 95% of
selectivity; however, during the timeframe of this PhD, it was not possible to complete and
optimize these catalytic studies due to unexpected problems in the reproducibility of the

catalyst.

At this point, it is possible to answer some of the question raised at the beginning of the
thesis. A certain degree of control over defect incorporation in the UiO-66 system was
achieved by the modulation approach; however, the selective introduction of defects, i.e
missing linker and missing cluster, is still a challenge. Furthermore, defect engineering in
MOFs is still largely limited to a handful of MOFs which includes H-KUST-1, MOF-808,
PCN-222 and NU-1000. In order to have a complete understanding of how defects
incorporate in MOFs and their impact, these studies needs to be expanded to other system;
only then we will see if fundamental structure—property relations across different systems
will be discovered or if it will be necessary to look at every system independently. It is also
important to keep in mind that the introduction of defects on these porous materials is not
limitless and a balance between reactivity and stability needs to be found. It is now apparent
that defective MOFs bear many opportunities that contain fascinating promises for the area
of materials science. In particular UiO-66, due to its catalytic activity and mechanical
stability, even after defect engineering is one of the most studied MOFs and might be the

framework which is closest to an industrial application.
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7 Experimental section

7.1 General techniques and methods

All chemicals were purchased from commercial suppliers (Sigma-Aldrich, Alfa Aesar,
Acros Organics and others) and used without further purification. Air sensitive chemicals
and synthetized materials were manipulated under inert gas conditions using Schlenk-line
and glovebox techniques (O2 < 0.5 ppm and H20 < 0.5 ppm). Argon in the Schlenk line was
not further purified. Drying of metal-organic frameworks was performed in dynamic
vacuum (p = 10 mbar) while activation was performed at proper temperatures ranging from
RT to 320°C. Once the materials were activated they were stored into a glovebox with inert

atmosphere.

7.1.1 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were measured with a Bruker Alpha FTIR spectrometer equipped with a
single-reflection platinum ATR (spectral region 4000 cm™ — 400 cm™) module under inert
gas conditions inside a glovebox. All spectra were processed with the software provided by

Bruker.

7.1.2 Powder x-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) measurements were recorded in flat mode with an X’Pert
Empyrean series 2 PANalytical equipment in Bragg—Brentano geometry, with a PIXcel
position sensitive detector and a CuKo radiation source (A= 1.54178 A voltage and intensity
were 45 kV and 40 mA, respectively) at room temperature. Kg radiation were removed with
a Ni-filter.. The measurement range was from 5.0° to 50.0° (20) with a step size of 0.040°
(20) and an acquisition time of 35 seconds per step.

Air sensitive samples were recorded in capillary mode with the same instrument. The
capillary were prepared under inert gas condition inside a glovebox and sealed with grease
after preparation.
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7.1.3 N2 physisorption measurements

N2 adsorption-desorption isotherms were measured using a Quantachrome autosorb 1Q2
ASiQwin apparatus equipped with a micropore port (1-107°bar). Void volume was
measured with helium. Measurements were conducted at 77 K with N2 as adsorbant gas.
Before starting the measurement, the samples (~50 mg) were pre-heated for 12 h under
150 °C.

7.1.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed with a Mettler Toledo TGA/STA 409 PC
apparatus with a continuous heating ramp of 5 or 10 °C/min applied under synthetic air flow.

Around 5 mg of sample were used in a temperature range from 30 to 800°C.

Qualitative analysis of TGA data obtained on UiO-66 samples allowed us to determine the
defectiveness of the samples using the method proposed by Lillerud and co-workers in 2011
and explained step by step by Shearer et al. in 2016.%> The procedure is reported here and
this was made with an important assumption: that the residue in each TGA experiment is
pure ZrO,. In order to do so, the TGA measurements were run up to 800 °C under a flow of
synthetic air, and with a relatively slow temperature ramp (5 °C/min). Such conditions

should ensure the complete combustion of organics and the conversion of zirconium to ZrO,.

To have a better idea of what happens is good to have in mind the reaction for the complete
combustion of the ideal, de-hydroxylated UiO-66, ZrsOs (BDC)e:

Zr606 (BDC)s + 45 Oz — 6ZrO; + 48C0O; + 12H,0

The molar mass of ZrsOs (BDC)s is 1628.03 g mol™ , a factor of 2.20 higher than the solid
residue - 6 moles of ZrO; (6 * 123.22 = 739.34 g mol). Thus, if the end weight at 800 °C
of a TGA run on UiO-66 is normalized to 100 %, then the TGA plateau (representing the
empty, solvent free, and de-hydroxylated MOF) should ideally be found at 220 % on the
TGA trace. However, this never happen since it typically falls significantly short of this
theoretical weight, meaning that the UiO-66 framework is lighter than that formulated in the
idealized equation. This observation was the starting point of the hypothesis that the UiO-

66 framework can be linker deficient.*? It is worth to mention that both missing linker and
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missing cluster defects introduce linker deficiencies to the UiO-66 framework, meaning that
TGA cannot distinguish between the 2 types of defect. 42

In general, the theoretical TGA plateau weight (Wtheo.Plat) of any Zre MOF composition

can be calculated with the following equation:

Mcomp

w .Plat = (—
theo.Pla M6Zr0,

) « Wend

Where:

Mcomp = is the molar mass of the composition of interest.

M6Zr0: = is the molar mass of 6 moles of zirconium oxide (739.34 g mol™?).
Wend = is the end weight of the TGA run normalized to 100%

Now we are essentially considering the material in a state where only the zirconium oxide
connectors and BDC linkers remain. We thus assume that each missing linker is charge
compensated by an extra oxide anion on the cluster, giving the material the following
average composition:

ZrOg+x(BDC)s-x

Where x is the number of linker deficiencies per Zr6 formula unit.

The weight contribution per BDC linker (Wt.PLTheo) can be arrived at by simply taking
the difference between the TGA plateau of the ideal dehydroxylated material (Wldeal.Plat)
and the end weight of the TGA run (Wend), and dividing by NLideal., the number of linkers
in the ideal Zrs formula unit:

(Wideal.Plat — Wend)

Wt.PLtheo =
€o NLlideal

The actual (experimental) number of linkers per defective Zrs formula unit, NLEXxp (i.e. 6-
X) in ZrsOs+x(BDC)s-x, can now be determined by rearranging the previous equation and
replacing the idealized NL Ideal and Wideal.Plat values with the real experimental values,
NLExp and WEXxp.Plat:

(WExp. Plat — Wend)
Wt.PLtheo

NLExp = (6 —x) =
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Which rearranged is:

WExp.Plat — Wend)
Wt.PLtheo

x = (6 — NLexp) =6—(
Wt.PLtheo is known when the end weight (Wend) of the TGA run is normalized. Thus, the
experimental TGA plateau (WEXxp.Plat) is the only unknown value in the equation. The
correct choice of plateau is therefore the most crucial part of the analysis. The chosen plateau
must represent the material in a state where its composition is ZrsOg:+x(BDC)sx.*> Meaning
without any residual molecules coming from residual solvent, -OH groups in the Zre cluster

and modulator molecules.

The best way to explain this is through an example:
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Figure 7.1: TGA curve of the UiO-66-1eq sample. The data were normalized to the weight at the end of the

TGA curve. The dashed lines represent the points where the data where taken for the calculation.

Simply by observing the figure, it is qualitatively obvious that this sample is linker deficient
— it is significantly lighter than the ideal de-hydroxylated material. In the example, Wend
has been normalized to 100 %, and thus Wt.PLtheo is automatically known to be 20 %.

Thus, only the (experimental) weight of the TGA plateau (Wexp.riat) is needed to calculate
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the number of linker deficiencies per Zrs formula unit x. In order to obtain an accurate
Wexpplat Value, it is of utmost importance to pinpoint the temperature at which the
experimental plateau is reached.

This is when the removal of solvent molecules (25-100 °C), de-hydroxylation (ca. 200-325
°C), and removal of the modulator (> 320°C) has already occurred prior to this temperature.
Thus, at Tpiat = 430 °C (emphasized by the vertical dashed line in the figure), the material is
in the desired state (with no other additional molecule besides the linker). At this point, the
experimental plateau weight (Wexp.piat ) can be easily determined — it is simply the
(normalized) weight of the material at Triat (= 430 °C), which is 193 % (as emphasized by a
horizontal dashed line in the figure). This is considerably lower than the plateau theoretically
expected for an ideal UiO-66 sample (Wideal.piat= 220 %), also emphasized by a horizontal
dashed line in the figure), indicating that the material is significantly linker deficient:

With Wexp.piat known, we can now calculate NLEXxp, the average number of BDC linkers
per ZreOp+x(BDC)sx :

(WExp.plat—Wend)
Wt.PLtheo

NLExp = (6 —x) =

(193% — 100%)
NLExp = (6 —x) = 0% = 4.65

Thus x:

= 1.35

WExp.plat — Wend
x=(6—NLExp)=6—< )

Wt.PLtheo

Putting this x value into the defective molecular formula ZrsOe+x(BDC)s.x provides us with
the composition of the material at Tpiat = 430 °C in the TGA curve: ZrsO7.35(BDC)a4.65. These
calculation were made also for the other samples in the thesis, i.e UiO-66-0eq, UiO-66-5eq
Ui0-66-10eqg and for MOF-808 samples M7 M3 and MD.
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7.1.5 Transmission electron microscopy (TEM)

Transmission electron microscopic measurement were carried out with a JEOL JEM 2010
with LaBe-Cathod with an acceleration voltage of 120 kV at the department of Chemistry in
the chair of Prof. Dr. Sevil Weinkauf, TUM. Furthermore, scanning transmission electron
microscopy STEM were performed in different institutes. Primarily by Dr. Aladin Ulrich,
in the chair of Experimental Physics Il at Augsburg University used a JEOL 2100F type
instrument with an acceleration voltage of 200 kV. TEM and STEM were helpful in
determine the size distribution of Pt NPs encapsulated inside MOF-808 materials. The size
distribution was calculated over 100 particles and the particles were measured with the

software ImageJ.

7.1.6 Water adsorption measurement

Water isotherms were measured by Rifan Hardian on a BEL Japan BELSORP instrument at
Aix-Marseille University in Marseille, France. In the context of the European project
DEFNET.

Prior to the measurements, samples were activated to 170°C under secondary vacuum for
16 hours. Prior to performing water adsorption, water (analyte) was flash frozen with liquid
nitrogen and then evacuated under dynamic vacuum 3 times in order to remove dissolved
gases from the water reservoir. The measurement temperature was controlled with a water
bath at 25 °C and with the dosing manifold controlled at 40°C to avoid unwanted
condensation effects. Helium was used to estimate the dead volume prior to the water
adsorption-desorption measurements. Adsorption equilibrium was assumed when the

variation of the cell pressure was 0.5% for a minimum period of 300 seconds.
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7.1.7 High pressure powder x-ray diffraction additional data

High pressure powder X-ray (HPPXRD) experiments were performed at the Diamond
Lightsource (beamline 115) with an X-ray energy of 29.2 keV ((A = 0.4246 A) and a 2D
PerkinElmer area detector for data collection within beam time EE19187-1. The applied

high-pressure cell is described in detail at https://www.imperial.ac.uk/pressurecell/. Briefly,

for HPPXRD measurements UiO-66 samples were filled into plastic capillaries (inside
diameter 1.8 mm) together with Silicone AP oil 100 as pressure transmitting medium. The
capillaries were sealed with Araldyte-2014-1. The plastic capillaries were then loaded into
the sample chamber, a metal block filled with water. The pressure to the material is applied
by increasing the inside water pressure with hydraulic gauge pumps and HPPXRD is
performed through two diamond windows in the metal block. Due to sample mounting and
sealing, the initial calibration of the sample-to-detector distance is likely to be affected which

was considered during the evaluation of the bulk modulus, see below.

Diamond windows

X-ray 29.2 keV

2D Detector

High Pressure Cell

Figure 7.2: Schematic representation of the high pressure cell used at diamond light source at beamline 115.

Pawley profile fits of the data were performed using TOPAS v5 to extract lattice parameters
and volumes as a function of pressure. As mentioned above, lattice parameters and volume
that come out of the profile fits might be offset due to inaccuracies of the sample-to-detector
distance. We would like to highlight here, however, that this does not affect the relative
changes which are important for obtaining the bulk modulus. The bulk moduli reported in
table S1 were obtained by fitting a 2" and 3" order Birch-Murnaghan equation of state (BM

EoS) to the obtained data. As described in the main text, we decided to use only the first 8
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pressure points up to 0.175 GPa for the BM fit, due to an unusual discontinuity in the V(p)
behaviour of defective samples (see raw data in tables 7.2 - 7.5).

During the refinement with the program TOPAS V5, errors were also estimated as standard
deviation (o). In particular, o(V) was then included in the fitting process of the program
EoSFit7c by R. J. Angel. These values were then used by the program to calculate the bulk
modulus by fitting a 2nd order BM EoS. The maximum error that we found for our values
was 0.22 GPa as reported in Table 7.1 and in table 4.2 in the main manuscript. Another
aspect that might be worth to be discussed are the bulk modulus first derivative values
(K'3rg), see Table 7.1. A negative K'aq indicates that the framework becomes more
compressible with increasing pressure. This could be counterintuitive at first sight, however,
Chapman et al. in 2009 proposed that negative K'sq Values may be relatively common in
open framework solids (as we found here for UiO-66) since the volume reduction at

moderate pressure is not sufficient to bring atoms into unfavourably close contact.

Table 7.1: The P-V data values for all UiO-66 sample were fitted to the 2nd and 3rd order BM EoS using the
EoSFit7-Gui program by R. J. Angel. These values are obtained using a fixed value of Vo equal to 1 in the

pressure range p= ambient to 0.175 GPa.

Sample name Kand [GPa] K'2nd Kar[GPa] K'3rd
UiO-66-0eq 26.4 +0.13 4 27.5 -12.9
UiO-66-1eq 18.3+0.16 4 18.9 -5.4
UiO-66-5eq 12.2+0.18 4 13.7 -15.1
UiO-66-10eq 13.9+0.22 4 15.4 -17.9
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Table 7.2: Cell parameters (Ipa), Volume (V), R_wp value and full width half maximum (FWHM) for the

sample UiO-66-0eq in each pressure step.

Pressure

(GPa] Ipa rel. Ipa VIAYT eV rel. vV R wp FWHM Rel FWHM
0.0001 20.73733 1 8917.81981 0.307 1 1.76279 0.02168 1
0.025  20.73124 0.9997063 8909.9556 0.25 0.999118147 1.72493 0.02111 0.973708487
0.050 20.7244 0.9993765 8901.15009 0.264 0.99813074 1.64751 0.02083 0.960793358
0.075  20.71813 0.9990741 8893.0658 0.239 0.997224208 1.67797 0.02081 0.959870849
0.100 20.7118 0.9987689 8884.91686 0.231 0.996310427 1.62178 0.02051 0.94603321
0.125  20.70519 0.9984501 8876.41647 0.229 0.995357235 1.66745 0.02102 0.969557196
0.150  20.69831 0.9981184 8867.56901 0.394 0.994365125 1.77622 0.02195 1.012453875
0.175  20.69159 0.9977943 8858.94004 0.306 0.993397515 1.83202 0.02272 1.04797048
0.200 20.68368 0.9974129 8848.77708 0.311 0.992257891 1.86088 0.02357 1.087177122
0.225  20.67593 0.9970392 8838.83791 0.329 0.991143362 1.82389 0.0245 1.130073801
0.250 20.6687 0.9966905 8829.56386 0.312 0.990103416 1.87691 0.02545 1.173892989
0.275  20.66072 0.9963057 8819.34421 0.355 0.988957436 1.91286 0.02623 1.209870849
0.300  20.65288 0.9959276 8809.31226 0.465 0.987832503 2.07277 0.02717 1.253228782
0.325 20.64534 0.995564 8799.66111 0.38 0.986750271 2.27571 0.02664 1.228782288
0.350  20.63864 0.9952409 8791.1057 0.638 0.985790909 2.5196 0.02604 1.201107011
0.375  20.63233 0.9949367 8783.03803 0.73 0.984886241 2.73997 0.02516 1.160516605
0.400 20.62602 0.9946324 8774.98218 0.363 0.983982898 2.96185 0.0242 1.116236162
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Table 7.3: Cell parameters (Ipa), Volume (V), R_wp value and full width half maximum (FWHM) for the

sample UiO-66-1eq in each pressure step.

Pressure Rel.
(GPa] Ipa rel.lIpa  VI[A] o(V) rel.V R wp FWHM FWHM
0.0001 20.63428 1 8785.5245 1.135 1 2.89116 0.02641 1
0.025 20.6257 0.999584 8774.5737 1.19 0.99875354 3.0265 0.02859 1.082544491
0.050 20.61825 0.999223 8765.0753 1.438 0.99767241 3.46437 0.01696 0.642180992
0.075 20.60641 0.998649 8749.9838 1.275 0.99595464 3.15719 0.02875 1.088602802
0.100 20.59815 0.998249 8739.4582 1.274 0.99475657 3.15552 0.02914 1.103369936
0.125 20.58667 0.997693 8724.8532 1.247 0.99309418 3.14801 0.03011 1.140098448
0.150 20.57795 0.99727 8713.7766 1.406 0.9918334 3.40743 0.02082 0.788337751
0.175 20.56991 0.99688 8703.5663 0.752 0.99067123 3.25175 0.02425 0.918212798
0.200 20.56272 0.996532 8694.4402 0.367 0.98963246 3.18376 0.02677  1.0136312
0.225 20.55353 0.996087 8682.7844 1.05 0.98830576 3.66709 0.01746 0.661113215
0.250 20.54473 0.99566 8671.6443 1.433 0.98703776 3.60732 0.02298 0.870124953
0.275  20.53538 0.995207 8659.8086 1.355 0.98569056 3.58054 0.02365 0.895494131
0.300 20.52406 0.994658 8645.4908 1.963 0.98406087 3.70755 0.01173 0.444149943
0.325 20.51344 0.994144 8632.0775 1.713 0.98253412 3.84581 0.01704 0.645210148
0.350 20.49912 0.99345 8614.0108 1.869 0.98047769 4.03828 0.01596 0.604316547
0.375  20.48508 0.992769 8596.3307 2.188 0.97846528 4.10636 0.01006 0.38091632
0.400 20.47926 0.992487 8588.9978 2.551 0.97763063 4.44331 0.01632 0.617947747
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Table 7.4: Cell parameters (Ipa), Volume (V), R_wp value and full width half maximum (FWHM) for the

sample UiO-66-5eq in each pressure step. In light orange are highlighted the anomalous values of the
FWHM peak shape function.

Pressure
[GPa]

Ipa

rel. Ipa

V [A%]

o(V)

rel. V

R_wp

FWHM

Rel.
FWHM

0.0001

0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200

0.225

0.250

0.275

0.300

0.325

0.350

0.375

0.400

20.64244

20.63387

20.61703

20.60175

20.58847

20.57463

20.56055

20.54374

20.5232

20.49727

20.47119

20.45763

20.46146

20.4438

20.37806

20.30746

20.21836

1

0.9995848

0.998769

0.9980288

0.9973855

0.996715

0.9960329

0.9952186

0.9942236

0.9929674

0.991704

0.9910471

0.9912326

0.9903771

0.9871924

0.9837723

0.9794559

8795.95688

8785.00505

8763.51003

8744.04048

8727.14117

8709.55346

8691.68611

8670.3905

8644.40907

8611.68414

8578.85448

8561.81285

8566.62334

8544.46273

8462.30399

8374.65164

8264.90822

0.812

0.828

0.815

0.723

0.696

0.632

0.639

0.698

0.717

0.935

0.817

0.957

1.413

3.541

5.77

6.691

6.75

1

0.9987549

0.99631116

0.9940977

0.99217644

0.99017692

0.9881456

0.98572453

0.98277074

0.97905029

0.97531793

0.97338049

0.97392739

0.97140798

0.96206747

0.9521024

0.93962582

3.3899

3.10059

3.03744

2.68962

2.52938

2.50001

254742

2.69238

2.7276

2.69674

2.49606

2.93106

3.376

4.01845

2.68833

1.89082

1.10034

0.0172

0.01816

0.01979

0.01776

0.01603

0.01426

0.01321

0.01339

0.01447

0.01825

0.01738

0.01

0.01

0.01

0.012

0.07331

0.16198

1

1.055813953

1.150581395

1.03255814

0.931976744

0.829069767

0.768023256

0.778488372

0.84127907

1.061046512

1.010465116

0.581395349

0.581395349

0.581395349

0.697674419

4.262209302

9.41744186
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Table 7.5: Cell parameters (Ipa), Volume (V), R_wp value and full width half maximum (FWHM) for the

sample UiO-66-10eq in each pressure step. In light orange are highlighted the anomalous values of the
FWHM peak shape function.

Pressure
[GPa]

Ipa

rel. Ipa

V [A%]

o(V)

rel. V

R_wp

FWHM

Rel.
FWHM

0.0001

0.025

0.050

0.075

0.100

0.125

0.150

0.175

0.200

0.225

0.250

0.275

0.300

0.325

0.350

0.375

0.400

20.68695

20.67794

20.66312

20.65158

20.63909

20.62577

20.6124

20.5982

20.58247

20.56117

20.53316

20.51589

20.47995

20.45262

20.39879

20.34015

20.30035

1

0.99956446

0.998848066

0.998290226

0.997686464

0.99704258

0.996396279

0.995709856

0.994949473

0.993919838

0.992565845

0.991731019

0.989993692

0.988672569

0.986070445

0.983235808

0.98131189

8852.9799

8841.4191

8822.4201

8807.6514

8791.6732

8774.6592

8757.6122

8739.5223

8719.5234

8692.4813

8656.9932

8635.1703

8589.871

8555.5328

8488.1544

8415.1613

8365.8622

0.312

0.276

0.275

0.123

0.358

0.37

0.283

0.43

0.723

1.395

2.527

3.862

4.814

5.945

7.546

1

0.998694133

0.99654808

0.994879863

0.993075025

0.991153179

0.989227615

0.987184249

0.984925244

0.981870673

0.977862064

0.975397034

0.970280184

0.966401473

0.958790651

11.463 0.944976979

1.32783

1.23312

1.41861

1.45656

1.45854

1.51695

1.53217

1.62465

1.81266

1.97744

1.85846

1.58377

1.33958

1.2259

1.02135

10.287 0.950545628 0.84772

0.66252

0.02039

0.02137

0.02327

0.02233

0.02054

0.01891

0.0177

0.0178

0.01506

0.01

0.01

0.01

0.00111

0.0268

0.05788

0.12903

0.17963

1

1.048062776

1.141245709

1.095144679

1.007356547

0.9274154

0.868072585

0.872976949

0.738597352

0.490926925

0.490436488

0.490436488

0.05443845

1.314369789

2.838646395

6.328102011

8.809710642
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7.1.7.1 Pawley profile fits of laboratory data

Pawley fitting is a process in which observed peaks in a powder pattern are fitted without a structural
model but at 26 values constrained by the size and symmetry of the unit cell. It is a useful precursor
to Rietveld fitting and gives an indication of the "best fit possible” from an eventual structural
refinement. Basically the refinement is based only on geometrical inputs, i.e space group a,b,c and
angles of the unit cell. UiO-66 has a cubic space group which is Fm-3m, soa=b=c¢=20.74 and o
=B=y=90.

Pawley profile fit UiO-66-0eq

Intensity [a.u]

10 15 20 25 30 35 40 45 50
26[°]

Figure 7.3: Pawley profile fit of UiO-66-0eq. Space group: Fm-3m with Rwp: 3.92 and x%1.68. In blue the

experimental diffraction pattern in red the profile fit and in black the difference curve.
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Pawley profile fit UiO-66-1eq

Intensity [a.u]

10 15 20 25 30 35 40 45 50
20[°]

Figure 7.4: Pawley profile fit of UiO-66-1eq. Space group: Fm-3m with Rwp: 3.32 and x?: 0.77. In blue the

experimental diffraction pattern in red the profile fit and in black the difference curve.

Pawley profile fit UiO-66-5eq

Intensity [a.u]
-

26 ]

Figure 7.5: Pawley profile fit of UiO-66-5eq. Space group: Fm-3m with Rwp: 3.16 and x%1.41. In blue the

experimental diffraction pattern in red the profile fit and in black the difference curve.
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Pawley profile fit UiO-66-10eq

Intensity [a.u]

10 15 20 25 30 35 40 45 50
26 [°]

Figure 7.6: Pawley profile fit of UiO-66-10eq. Space group: Fm-3m with Rwp: 3.17 and x?:1.47. In blue the

experimental diffraction pattern in red the profile fit and in black the difference curve.

101



7. Experimental section

7.1.7.2 Stacking plot of high pressure powder x-ray diffraction patterns
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Figure 7.7: Top panel: HPXRD of UiO-66-0eq in the range 0.1 MPa - 0.4 GPa. Bottom panel: zoom of the

1.5 - 3.5 26 region, showing that there is no loss of crystallinity in pressure range applied.
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Figure 7.8: Top panel: HPXRD of UiO-66-1eq in the range 0.1 MPa - 0.4 GPa. Bottom panel: zoom of the

1.5 - 3.5 26 region, showing that there is no loss of crystallinity in pressure range applied.
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Figure 7.9: Top panel: HPXRD of UiO-66-5eq in the range 0.1 MPa - 0.4 GPa. Bottom panel: zoom of the
1.5 - 3.5 20 region in the range 0.1 MPa - 0.35 GPa, where an onset of amorphization is observed at

approximately 0.275 GPa.
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Figure 7.10: Top panel: HPXRD of UiO-66-10eq in the range 0.1 MPa - 0.3 GPa. Bottom panel: zoom of the

1.5 - 3.5 20 region between 0.1 MPa - 0.3 GPa, where an onset of amorphization is observed at approximately
0.225 GPa.
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7.1.7.3 Amorphization onset and bulk moduli of different type of zeolites

i NAT
“r NAT
12 |-
T GIS
G 10}
& sl
=
o
B 9 FAU
S [ AET NAT
£l
<
VFI
“r ERI
ok
1 A 1 2 1 2 1 2 1 A L 2
10 20 30 40 50 60 70

Bulk Modulus K [GPa]

Figure 7.11: Bulk moduli and amorphization onset for different type of zeolites. Detailed values are listed in
table 7.6.

Table 7.6: Bulk Moduli and and amorphization onset of different type of Zeolites.

Zeolites Framework Bulk Modulus P. Onset REF
Type Code K [GPa] amorph. [GPa]

AIPO,-17 ERI 31.2 1 145
Zeolite X FAU 50 5 146
Na-NAT NAT 48 15.8 147
ALPO;-8 AET 12.4 4 148
ALPO,-54 VFI 24.3 2 149
Li-NAT NAT 50 12.7 147
Natrolite (natural) NAT 59 4 147
Gismondine GIS 63.8 10 150

¥ For additional information please visit the website http://europe.iza-structure.org/IZA-SC/ftc_table.php

A Drief literature research of a possible link between bulk modulus and onset of
amorphization of Zeolites was performed. From figure 7.11, it is apparent that there is no
obvious correlation between these two parameters. It seems reasonable to think that also in
MOFs there is not such a simple correlation due to the known similarities that zeolites and
MOFs shares.
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7.1.8 Induced coupled plasma (ICP)

For the quantification of Zr and Pt in the synthesized Pt@MOF-808 materials, around 15
mg of each sample (15,3 mg) was digested in 3 mL sulfuric acid, heated until complete
dissolution. Once at room temperature 3 drops of H2O> were added and then water milli-Q
was used to fill 50ml volumetric flask. The measurement were performed by Andreas
Wimmer at TUM in the chair of Prof. Michael Schuster.

The digests were then diluted with ultra-pure water and acidified to 3 % (v/v) hydrochloric
acid (suprapure, Merck) for Zr and Pt and 3 % (v/v) nitric acid (suprapure, Merck) for Cu.
Quantification was carried out with a 7900 ICP-MS (Agilent) equipped with a SPS4
autosampler (Agilent). Target masses were chosen as follows: 63Cu, 90Zr, 195Pt with an
integration time of each 200 ms. No isobaric interferences occured for these selected masses.
115In and 153Eu were used as internal standard to perform plasma corrections.
Measurements were carried out in He collision mode to avoid any polyatomic interferences.
Solutions for calibration containing the target elements in the concentration range from 50
ng L-1to 10 pg L-1 were prepared from element standards Merck IV for Cu (Merck, B =
1000 mg L-1) and Periodic Table Mix 2 for Zr and Pr (Merck, p = 10 mg L-1). All digested
samples were diluted independently in duplicate prior to measurement and measured each
diluted sample in triplicate. Given concentrations are the mean values for each samples,
uncertainties are based on calculations using Gaussian error propagation (U, k = 2).

7.1.9 Gas Chromatography (GC)

Gas chromatography were performed with the instrument Agilent Technologies model
7890B with an auto-sampler model 7693. The GC is equipped with a non-polar 30 m long
capillary column and a flame ionization detector (FID) that responds to the most organic

compounds.

7.1.10 Variable temperature x-ray diffraction (VTXRD)

Variable temperature x-ray diffraction were performed at University of Augsburg in the
chair of professor Dirk Volkmer. The measurement were performed with a Bruker

Panalitical Empyrean instrument with an X-ray energy of 8.04 keV (Cu Ko A = 1.5406 A)

equipped with a variable temperature controlled chamber. The measurement were performed
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both in a flat mode under a continuous flow of N2 and also in capillary mode with a hot air
blower.
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Figure 7.12: top panel full range VTXRD of Pt@MD in the range 25 — 300°C. Bottom panel: zoom of the 3 -

12 20 region, where a clear loss of crystallinity is observed above 200°C.
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Figure 7.13: top panel full range VTXRD of Pt@M?7 in the range 25 — 300°C. Bottom panel: zoom of the 3 -

12 26 region, where a clear loss of crystallinity is observed above 200°C.
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Figure 7.14: top panel full range VTXRD of MD sample in the range 25 — 325°C. Bottom panel: zoom of the
3 - 12 20 region, where a clear loss of crystallinity is observed at 175°C.
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Figure 7.15: top panel full range VTXRD of M3 sample in the range 25 — 300°C. Bottom panel: zoom of the

3 - 12 20 region, where a clear loss of crystallinity is observed at 200°C.
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Figure 7.16: top panel full range VTXRD of M7 sample in the range 25 — 300°C. Bottom panel: zoom of the

3 - 12 20 region, where a clear loss of crystallinity is observed starting at 160°C.
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7.1.11Scanning electron microscopy (SEM)

Scanning Electron Microscopy (SEM) was performed in Aix-Marseille University in
Marseille with a Zeiss Gemini 500 instrument. The voltage was varied from 0.5 to 5 kV to
find optimum conditions to have a compromise between suppression of charge effect and
lateral resolution. The working distance between camera and sample was maintained at 1.8
mm or 0.9 mm to enhance the resolution. Energy dispersive X-ray spectroscopy (EDX) was

carried out simultaneously to estimate the elemental compositions.

Figure 7.17: SEM pictures of Pt@M7 sample (one of the Pt@MOF-808 samples described in chapter 5). Top
panel: overview picture of the sample where big crystals with smooth surface can be seen. Bottom panel: zoom

in where is possible to see the perfect octahedral shape of Pt@M7 crystals.
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Figure 7.18: SEM pictures of Pt@MD sample (one of the Pt@MOF-808 samples described in chapter 5).
Overview picture where is possible to see the relative abundance of the “hollow” structure described in chapter

6. The ratio between hollow and filled crystal is 60/40 in favour of the hollow structure.
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7.2 Catalytic testing

7.2.1 Cyanocylilation of benzaldehyde

In a typical catalytic experiment 62uL (0.5 mmol) trimethylsilylcyanide (TMSCN), 25 pL
(0.25 mmol) benzaldehyde and ~3mg solid catalyst were stirred (~500 rpm) in a sealed
finger schlenk under Ar atmosphere at 40 °C in 1 mL DCM. The reaction was followed by
taken aliquots at given time intervals that were analyzed by GC and GC-MS. For the analysis
by GC the catalyst were filtered of by the use of syringe filters (0.2 um).
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Figure 7.19: Powder X-ray diffractograms of the solid catalyst samples after two catalytic runs.

Table 7.7: Reusability studies for UiO-66 ref, 1TFA and 10TFA which were used as catalysts in the

cyanosilylation of benzaldehyde at T =40 °C in CH,Cl; as solvent. Yield was obtained after 20 h reaction

time.
Sample Yield [%] After reaction  Yield [%] Recycled once  Yield [%] Recycled twice
UiO-66 ref 90 91 88
1TFA 95 95 93
10TFA 96 95 93
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Figure 7.20: Hot filtration test conducted for UiO-66 ref, 17TFA and 10TFA catalysts. The inserted line

indicates the time of the hot filtration.

7.2.2 Meerwein—Ponndorf-Verley (MPV) reduction of cyclohexanone

In a typical catalytic experiment 10mg of cyclohexanone and 10 mg of catalyst (MOF-808)
were dispersed in 0.5ml of isopropanol (excess) heated at 80°C under air and stirred during
the reaction. The reaction was followed by taken aliquots at given time intervals that were
analyzed by GC and GC-MS. For the analysis by GC the catalyst were centrifuged by the
use of centrifuge at 7000 rpm for 10min. The solution was then transferred in another GC

vial and filled with isopropanol if necessary.

7.2.3 Meerwein—Ponndorf-Verley (MPV) reduction of cynnamaldehyde.

In a typical catalytic experiment 39mg of cynnamaldehyde and 7.5 mg of catalyst (MOF-
808) were dispersed in 1.8 ml of isopropanol (HPLC grade) heated at 80°C under air and
stirred during the reaction. The reaction was followed by taken aliquots at given time
intervals that were analyzed by GC and GC-MS. For the analysis by GC the catalyst were
filtrated by the use of syringe filters (0.2um).
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7.2.4 Tandem reaction of cynnamaldehyde to hydrocinnamyl alcohol

In a typical catalytic experiment 39mg of cynnamaldehyde and 7.5 mg of catalyst
(Pt@MOF-808) were dispersed in 1.8 ml of isopropanol (HPLC grade) heated at 80°C under
air and stirred during the reaction. The reaction was performed in a Fischer-porter bottle (80
ml) loaded with 2 Bar of Hz. The reaction was followed by taken aliquots at given time
intervals and then analyzed by GC and GC-MS. Prior the GC analysis the aliquots were
filtrated by the use of syringe filters (0.2um).
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7.3 Material synthesis

7.3.1 Synthesis of Pt NPs

In a typical synthesis, 186 mg of H2PtCls.6H20 was used as Pt precursor and dissolved with
60 mL distilled water in a beaker glass to make a Pt solution. 399 mg of PVVP was dissolved
with 540 mL of methanol in a round-bottom flask. The Pt precursor solution was poured
into PVP solution and placed in a reflux system at 80°C for 3 hours. When the reaction is
finished, methanol solvent was removed by using rotary evaporator until all the methanol
solvent is removed and the remaining solutions (around 60 mL distilled water with Pt

nanoparticles) is washed with acetone and diethyl ether with the following procedure.

7.3.1.1 Washing and drying procedure for Pt NPs

Every 5 mL of the remaining solution was poured into a centrifuge tube. A mixture of 10
mL diethyl ether and 25 mL acetone was added, and the mixture was centrifuged for 2
minutes at 7800 rpm. After centrifugation, the solvents were separated from the back sol by
decantation. To the same centrifuge tube, another 5 mL of the remaining solution from the
round-bottom flask was added and washed with acetone and diethyl ether following the same
procedure. The washing procedure was repeated until there is no remaining solution left in
the round-bottom flask.

The washing procedure was continued by using ethanol and diethyl ether as the
following. To the same centrifuge tube that contains the black sol, 5 mL of ethanol was
poured, and the tube was shacked until all the black sol dissolved. Once it is dissolved, 35
mL of diethyl ether was poured into the solution and then centrifuged for 2 minutes at 7800
rpm. After centrifugation, check if there is phase separation (clean transparent solution and
black sol). The transparent solvent was then removed, and the same procedure was repeated
5-6 times. If after centrifugation there is no phase separation (the solution is still blurry and
dark) that indicates too much ethanol in the mixture, so extra additional ether has to be
added, then centrifuge again. Once washing is finished, the solvent was removed, and the
wet solid was dried in an open air with nitrogen flow at room temperature. The black powder
was collected and put it in the glass tube and place the glass tube in a vacuum chamber to
be dried at room temperature overnight. After that, flush the glass chamber with nitrogen or
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argon to reduce any possible oxidation of Pt NPs if it is not possible to store them in a

glovebox.
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Figure 7.21: left panel representative TEM image of Pt nanoparticles used for the encapsulation inside MOF-

808 while on the right panel there is the size distribution graph with an average size of 3 + 0.6 nm.
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Figure 7.22: PXRD of Pt NPs where the blue lines represent the expected reflection for Pt with exact relative
intensities for each reflection. Size distribution calculated by TEM ( = 3nm) is in agreement with the average
size calculated by the Sherrer equation (3.2 nm) considering the full width half maximum of the (111)

reflection.
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It is worth mention that the quality of PVP capped Pt NPs is crucial for the future encapsulation
inside MOF-808 and UiO-66. Meaning that the degree of polymerization (molecular weight) of the
polymer and the concentration during solvo-thermal synthesis play an important role for the final
position of NP inside the crystals.®* Very low PVP concentrations lead primarily in core located
NPs while higher quantities result in homogeneously distributed NPs on the crystal.’>! If a certain
concentration exceed a certain value uncontrollable deposition on the outer surface is observed.
Elemental analysis of the Pt NPs used for the encapsulation inside MOF-808 shows a value of 20%
of Pt. In previous experiments with UiO-66 materials was shown that a Pt content around 30%

ensured an exclusive core location of the NPs inside UiO-66 crystals.
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7.3.2 Synthesis of UiO-66, defective UiO-66, MOF-808 and Pt@MOF-
808 composites

7.3.2.1 Synthesis of “defect free” UiO-66

The UiO-66-0eq samples was synthesized with a modified procedure of Shearer et al.l?!
Typically, 0,945 g of ZrCls 1.34 g of terephthalic acid and 0,715 ml of HCI were mixed in
24,35 ml of DMF. The solution was kept in an oven for 24 h at 180°C in a 50 ml teflon liner
autoclave. The white powder was then collected via centrifugation washed 3 times with fresh
DMF (3 x 30 ml) and solvent exchange with MeOH (3 x 30 ml). The product was heated
under vacuum at 250°C overnight, at 300°C for two/three hours and then stored in a

glovebox.

7.3.2.2 Synthesis of defective UiO-66 (TFA modulated samples)

TFA modulated samples were synthetized according to the literature procedure. In
particular, 3,5 g of ZrCl, as well as 2,5 g of terephthalic acid with 1,5 ml of HCI were mixed
in 155 ml of DMF, with 1 eq (1,15 ml ) and 10 eq ( 11,5 ml ) of trifuoro acetic acid (TFA)
respect to the amount of zirconium. The resulted materials were collected by centrifugation,
washed three times with DMF (3 x 30 ml) and solvent exchange with MeOH (3 x 30 ml) in
three days. Then the samples were activated at 150°C for 3 h, 250°C for 12 h and at 320°C
for another 12 h under dynamic vacuum. All the samples were stored inside a glovebox.

7.3.2.3 Synthesis of defective UiO-66 (AA modulated samples)

Briefly, for AA modulated samples, 169 mg of ZrCls (0,73 mmol) and either 121 mg of
terephthalic acid (0,73mmol) were dissolved in 38ml of DMF. For each sample 16AA,
32AA, 64AA, 100AA, 200AA we added a different amount of acetic acid: 0.7, 1.4, 2.8, 4,2
and 8,4 ml, respectively. All the samples were kept in a glass jar in the oven at 120°C for
24h. The resulted materials were collected by centrifugation, washed three times with DMF
(3 x 30 ml) and solvent exchange with MeOH (3 x 30 ml) in three days. Finally, the solids
were activated at 250°C overnight under dynamic vacuum ( = 10 mbar) and stored in a

glovebox.
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7.3.2.4 Synthesis of MOF-808

The synthesis procedure is: 960 mg ZrOCl,.8H20 and 660 mg HsBTC were diluted in 60
mL DMF and 60 DMF, respectively, and then both solutions are mixed. After that, 120 mL
of FA was added into the solution. All the solutions were mixed and put in an oven at 100°C
for seven days to produce M7. White powder will now be precipitated, and the remaining
solution must be removed by centrifugation. Wash the separated white powder with 25 mL
DMF and centrifuge again. DMF washing is performed 3-4 times per day for 2 days. The
washing procedure was continued by replacing DMF with methanol for 4 times per day for
2 days. The washed powder was then dried in atmospheric condition and then activated at
100°C under vacuum overnight.

Another pristine MOF-808 (named M3) was synthesized following the similar procedure,
however, the reaction time was reduced to 3 days in an oven at 100°C.

7.3.2.5 Synthesis of defective MOF-808

The reagents used in the synthesis of defective MOF-808 (MD) are similar to the production
of pristine MOF-808. However, the stoichiometric molar ratio between zirconium salt and
BTC is made to be 3:1. Typically, 970 mg ZrOCl2.8H,0 and 210 mg H3sBTC were diluted
in 33 mL DMF and 20 DMF, respectively. After that, 45 mL of FA was added into the
solution. All the solutions were mixed and put in an oven at 130°C for two days. The
precipitated white powder is separated from the remaining solution. Wash the separated
white powder with 25 mL DMF and centrifuge again. DMF washing is performed 3-4 times
per day for 2 days. The washing procedure was continued by replacing DMF with methanol
for 4 times per day for 2 days. The washed powder was then dried in atmospheric condition

and then activated at 100°C under vacuum overnight.

7.3.2.6 Synthesis of Pt@MOF-808

The pristine MOF-808 and the defective MOF-808 synthesis procedure can both be used to
produce this composite material. The only difference is the adding of a Pt NPs solution prior
the insertion of the glass jar into the oven. In particular 60 mg Pt NPs powder was diluted in
8 mL DMF and then put the solution in the glass jar. Also the washing and activation
procedure remain the same. STEM images of three different samples namely Pt@M?7,
Pt@MD and Pt@MOF-808 are shown below in order to prove the reproducibility of the
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encapsulation method. The main difference is the quantity of Pt incorporated inside the

crystals.

Figure 7.23: Left panel shows an overview STEM picture of the sample Pt@MD. Where the ratio between
hollow crystals and filled crystals is 60/40 in favour of the hollow crystals. The red circle represent the area
where the picture in the right panel was taken. Right panel shows a series of crystals with several Pt NPs in the
center of the framework. The average size distribution of the Pt NPs after the encapsulation is 3.6 = 0.7 nm
meaning that only a partial agglomeration of Pt NPs is occurred during the solvothermal synthesis of MOF-
808. Pt amount is 0.04 wt. % and was calculated via ICP measurement. Size distribution of the NPs were

determined over 100 particles and measured with the software ImageJ.

Figure 7.24: Left panel shows a STEM picture of the sample Pt@M7. Where the Pt NPs are mainly located
in the center of the MOF-808 crystal. Right panel shows a STEM picture of a MOF-808 crystals with several

Pt NPs randomly distributed on the framework. These two pictures are representative images of the sample
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where the majority of the crystals have Pt NPS located in center of the framework. The average size distribution
of the Pt NPs after the encapsulation is 3.5 = 0.8 nm meaning that only a partial agglomeration of Pt NPs is
occurred during the solvo-thermal synthesis of MOF-808. Pt amount is 0.1 wt. % and was calculated via ICP

measurement. Size distribution of the NPs were determined over 100 particles and measured with the software

ImageJ.

Figure 7.25: STEM pictures of the sample Pt@MOF-808. Where the Pt NPs are mainly located in the center
of the MOF-808 crystal. These two pictures are representative images of the sample where the majority of the
crystals have Pt NPS located in center of the framework with some of them located at the peripheries of the
crystals. The average size distribution of the Pt NPs after the encapsulation is 3.5 £ 0.8 nm meaning that only
a partial agglomeration of Pt NPs is occurred during the solvo-thermal synthesis of MOF-808. Pt amount is
0.8 wt. % and was calculated via ICP measurement. Size distribution of the NPs were determined over 100

particles and measured with the software ImageJ.
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“A l'alta fantasia qui manco possa;
ma gia volgeva il mio disio e 'l velle,
si come rota ch'igualmente € mossa,

I'amor che move il sole e l'altre stele.”

Dante Alighieri, Divina Commedia, Canto XXXIII, Paradiso
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