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Abstract

The phase transition of metal-organic frameworks (MOFs) from a crystalline to a
liquid and a glassy state represents a promising avenue for the development of a
novel class of amorphous materials. In contrast to their crystalline counterparts,
liquid and glassy MOFs exhibit excellent processability, a highly advantageous
property for industrial applications where the formation of specific shapes, such as
pellets or thin films, is often a prerequisite. Furthermore, unlike conventional glasses,
the utilization of coordination chemistry allows for the implementation of rational

design concepts, thereby facilitating the fine-tuning of the desired properties.

In this thesis, Solvent-assisted linker exchange (SALE) as a versatile method for the
preparation of melt-quenched MOF glasses from proto typical MOFs, such as ZIF-
8. Two additional organic linkers are incorporated into the non-meltable ZIF-8,
yielding high-entropy linker-exchanged ZIF-8 derivatives that undergo a phase
transition from crystalline to liquid and glassy states upon thermal treatment. This
strategy opens new pathways for creating meltable and glass-forming MOFs from

the extensive pool of non-meltable MOFs documented in the literature.

Moreover, Post-synthetic ball-milling (PSBM) is explored as a suitable alternative
to melt-quenching in MOF glass formation. MOF's can be transformed into glasses
in just 5 minutes by mechanical milling at room temperature. This PSBM method
can also transform crystalline MOFs in the glassy state that do not melt due to low
thermal stability. This approach broadens the spectrum of potential applications,
paving the way for the development of multifunctional MOF glass composites and

expanding their use into more diverse fields.

Additionally, Single-component glass-ceramics (SCGC) explored from a Cd-based
MOF exhibit unique structural and thermal properties. Upon reheating the Cd-based
MOF glass, it undergoes partial recrystallization into a single component glass-
ceramic state with potentially enhanced mechanical properties — a feature not

observed in previous melt-quenched MOF glasses.

Overall, this thesis offers new insights into the porosity of MOF glasses, their
formation mechanism, the preparation of MOF glass-ceramics and a generic method

for the mechanochemical preparation of MOF glasses.






Kurzfassung

Der Phasentibergang von metallorganischen Geriistverbindungen (MOFSs) von einem
kristallinen in einen fliissigen und glasartigen Zustand stellt einen vielversprechenden
Ansatz fiir die Entwicklung einer neuartigen Klasse amorpher Materialien dar. Im
Gegensatz zu ihren kristallinen Analoga weisen fliissige und glasartige MOFs eine
hervorragende Verarbeitbarkeit auf, eine fiir industrielle Anwendungen &auflerst
vorteilhafte Eigenschaft, bei denen die Formgebung, wie etwa zu Pellets oder diinnen
Filmen, oft eine Voraussetzung ist. Dariiber hinaus ermoglicht die Nutzung der
Koordinationschemie im Gegensatz zu herkémmlichen Glasern die Umsetzung
rationaler Designkonzepte und damit die Feinabstimmung der gewiinschten

FEigenschaften.

In dieser Arbeit wird der ldsungsmittelunterstitzte Ligandenaustausch (English:
Solvent-assisted linker exchange, SALE) als vielseitige Methode zur Herstellung von
Schmelzen-quenchen MOF-Glasern, die durch das Quenchen des Schmelzes
entstehen, aus prototypischen MOFs wie ZIF-8 untersucht. Zwei zuséatzliche
organische Liganden werden in das nicht schmelzbare ZIF-8 eingebaut, wodurch
hochentropische ligandenausgetauschte ZIF-8-Derivate entstehen, die bei
thermischer Behandlung einen Phaseniibergang von kristallin zu fliissig und
schliefflich glasartig durchlaufen. Diese Strategie eréffnet neue Wege zur Herstellung
schmelzbarer und glasbildender MOFs aus dem umfangreichen Pool nicht

schmelzbarer MOF's, die in der Literatur dokumentiert sind.

Post-synthetisches Kugelmahlen (English: Post-synthetic ball-milling, PSBM).
Dariiber hinaus wird das nachsynthese Ballmahlen als geeignete Alternative zum
Schmelzen-quenchen bei der MOF-Glasbildung untersucht. MOFs konnen durch
mechanisches Mahlen bei Raumtemperatur innerhalb von nur 5 Minuten in Glaser
umgewandelt werden. Diese PSBM-Methode kann auch kristalline MOFs in einen
glasartigen Zustand tiberfithren, die aufgrund ihrer geringen thermischen Stabilitat
nicht schmelzen. Dieser Ansatz erweitert das Spektrum potenzieller Anwendungen,
ebnet den Weg fiir die Entwicklung multifunktionaler MOF-Glaskomposite und

erweitert deren Nutzung in vielfaltigere Bereiche.



Zusatzlich zeigen einkomponenten Glaskeramiken (English: Single-component glass-
ceramics, SCGC) aus einem Cd-basierten MOF einzigartige strukturelle und
thermische Eigenschaften. Beim erneuten Erhitzen des Cd-basierten MOF-Glases
erfolgt eine teilweise Rekristallisation in einen einkomponenten Glaskeramikzustand
mit potenziell verbesserten mechanischen Eigenschaften — ein Merkmal, das bei

Schmelzen-quenchen MOF-Glasern zuvor nicht beobachtet wurde.

Insgesamt bietet diese Arbeit neue Einblicke in die Porositat von MOF-Glasern,
ihren Bildungsmechanismus, die Herstellung von MOF-Glaskeramiken und eine

generische Methode zur mechanochemischen Herstellung von MOF-Gléasern.
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1 Motivation and Aims

Metal-organic framework (MOF) glasses categorized as the fourth-generation of
coordination polymers (CPs), are an emerging area. The interest in glass materials
has grown rapidly in recent times, due to the advantages offered by their processing
and shaping. The advanced processability and grain-boundary-free nature of
isotropic liquid and glassy MOF phases, in comparison to their crystalline
counterparts, has opened up new avenues for applications ranging from gas

separation to solid-state ionics.

Zeolitic imidazolate frameworks (ZIFs), known as a subclass of MOFs, are
constructed from divalent metal cations with tetrahedral coordination geometry and
imidazolate-based  linkers  (e.g., imidazolate,  benzimidazolate, or  5-
Chlorobenzimidazolate). Among the family of ZIFs, ZIF-8 is the most extensively
studied ZIF material, both from a fundamental and an applied perspective. ZIF-8 is
a high-porosity zeolitic imidazolate framework (ZIF) comprising approximately 50%
porosity. It is composed of zinc cations (Zn?") and 2-methylimidazolate (mim)
linkers connected to a framework with large spherical cavities of approximately 1
nm in diameter and sodalite (sod) topology. Recently, some ZIF's have been reported
to melt at high temperature and form glassy materials upon cooling to room
temperature. These glassy monolithic ZIF materials have better processability than
crystalline ZIF particles and can be easily prepared into films and bulk materials for
gas separation and ion conduction applications. Nevertheless, only a limited number
of glass-forming ZIF's (e.g., ZIF-4, ZIF-62, and their derivatives) have been identified
thus far, and these have only been observed in the cag and zni topologies and only
in handful metal ions (e.g., Zn?*, Co?*, or Fe?"). Some of the most researched sod
(sodalite) topology ZIF's in common use (e.g., ZIF-8 and ZIF-67) are unable to form
MOF glasses. Secondly, the MOF glasses obtained thus far feature only very small
porosities and very small pore sizes, which limits its application to gas storage and
separation. Moreover, melting a ZIF requires relatively high temperatures (usually >

400 °C), it limits the scope of development of new materials based on MOF glasses,



Chapter 1 Motivation and Aims

i.e., additional molecules that are not resistant to high temperatures cannot be added

to the matrix of MOF glasses to obtain composites with better properties.

Thus, the central goal of this thesis is to develop new universal methods to prepare
new MOF glasses, not only from meltable MOFs but also from unmeltable MOFs,
as well as to apply more metal ions for the MOF glass family, and gain a deeper
understanding of the porosity of ZIF glasses and the fundamentals of ZIF melting.
The following questions will be addressed in order to gain insight into the

aforementioned aspects.

(i) Is the commercial material ZIF-8 meltable? If it cannot be melted, is it
because of its composition or because of its highly porous topology? (Section
3)

(ii) If so, how is the porosity of the ZIF-8 glass? Can it be used for efficient
separation of hydrocarbon molecules? (Section 3)

(iii) Is it possible to bypass the high-temperature melting process and employ
other protocols for the vitrification of ZIFs at room temperature? (Section 4)

(iv) Is it possible to obtain ZIF glasses with metal cations other than Zn**, Co**

and Fe’" ions as the inorganic building unit? (Section 5)

In the following chapters, these questions will be systematically explored, providing
insights into the potential and limitations of MOF glasses. The goal is to establish
new methodologies for creating MOF glasses and develop MOF glasses with

enhanced properties and broader application perspectives.



2 General Introduction

2.1 Metal-Organic Frameworks

Metal-organic frameworks (MOF's), also revered to as porous coordination polymers
(PCPs), belong to the subclass of coordination networks (CNs), which, in turn, fall
under the category of coordination polymers (CPs).¥) This hierarchical classification
was proposed by a task force of the International Union of Pure and Applied
Chemistry (IUPAC) in 2013. As per the IUPAC definition, MOFs are characterized
as potentially porous framework structures created through the connection of
inorganic and organic building units. At present, nearly 100,000 crystalline MOFs
have been reported in the literaturef and many of them exhibit great potential for
applications in various fields, like gas storage, gas separation, or catalysis, previously
only suited for conventional purely inorganic or purely organic porous materials, e.g.,

zeolites and activated carbons.

2.1.1 General preparation of MOFs

MOFs are built from two parts, i.e. inorganic building units, such as metal ions or
metal-(oxo) clusters, and organic building units, typically multitopic organic

molecules (see Figure 2.1).16%

The most commonly used synthesis method for MOF's is known as solvothermal
synthesis.l”’ This method typically involves dissolving metal salts and organic linkers
in a solvent, then heating the mixture in a sealed vessel, often referred to as an
autoclave. The choice of solvent is critical in solvothermal synthesis as it can
influence the solubility of the reactants and the stability of the resulting MOF
structure. In the synthesis of some MOFs, the solvent also acts as a templating agent
to support the highly porous structure of the MOF.I'"Y Common solvents include
water, alcohols (such as methanol and ethanol), dimethylformamide (DMF), and
dimethyl sulfoxide (DMSO).' Many stable MOFs exhibit the retention of

permanent pores following the removal of the solvent (i.e. activation).!?
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Metal-Organic Frameworks (MOFs)

Inorganic building unit 1] -

metal ions (Zn2*, Co?*, Cu?, etc.),
metal-(oxo) clusters, ...

rmanent pores

Organic building unit Fy

N O] 0
Ly XX
NO o Oe

imidazolates, carboxylates, ...

Figure 2.1. Schematic representation of a MOF with inorganic and organic building units (left) and

an assembled metal-organic framework with permanent pores (right).

A canonical MOF is the highly porous MOF-5 reported by the group of O. M. Yaghi
group in 1999 (Figure 2.2)." The structure of MOF-5 employs octahedral Zn,O(—
COO)s clusters as nodes, which are connected by the 1,4-benzenedicarboxylate

(BDC?) linkers. MOF-5 exhibits a cubic pcu topology with a typical scaffold-like

@,_

framework.

Zn4O(-CO0)q
+
- Zn,0(BDC),
HOOC MOF-5, pcu
H,BDC

Figure 2.2. The three-dimensional structure of MOF-5. The two types of cavities are highlighted in
yellow and orange, respectively. Color code: black, C; red, O; and blue tetrahedra, Zn. Reprinted
with permission from John Wiley and Sons, copyright @ 2016.



2.2 Zeolitic Imidazolate Frameworks

The introduction of different functional groups into MOFs is a relatively
straightforward process when compared to that of other inorganic solids. This is
because MOFs possess an organic component that is suitable for installing any
number of chemical moieties. Indeed, MOF-5 can be made that mix 1,4-
benzenedicarboxylate and up to eight of its derivatives in a random fashion (Figure
2.3), which have been coined as multivariate MOFs (MTVMOFs).!"!

Figure 2.3. Illustration of multiple linkers coexisting in MOF-5. Reprinted with permission from

American Association for the Advancement of Science. Copyright © 2010.

2.1.2 Postsynthetic modification methods of MOFs

Nevertheless, the preparation of highly functionalized MOFs has been significantly
constrained by the solvothermal synthetic methodologies employed in the synthesis
of the majority of MOFs. In the context of solvothermal conditions, ligands are
typically unable to accommodate functional groups that are susceptible to thermal
instability, exhibit problematic solubility, or engage in coordination with metal ions.
In any of these instances, the synthesis of the MOF will be rendered unfeasible or

will require a significantly more complex process.

Fortunately, there is an alternative method, postsynthetic modification (PSM),!!
which can be employed for the introduction of functional groups into MOFs, which
are incompatible with the solvothermal MOF synthesis. This means that the
chemical modification can be carried out on the MOF (micro)crystals, rather than
on the molecular precursor (i.e., the monomer). In this way, the newly introduced

functional groups (and the reaction conditions required for their introduction) need

)
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only be compatible with the final material, while incompatibility with the synthesis

method required to obtain the material can be avoided.

>

Solvent-assisted linker exchange
(SALE)

SALE-MOF

1 . — e I

I Solvent-assisted ligand incorporation ‘
— —

Pristine MOF SALI-MOF

— =

Post-synthetic linker modificationr
(PSLM)

-
PSLM-MOF

Figure 2.4. Summary of postsynthetic methods of linker engineering of MOFs.

In general, there are three typical approaches to PSM of MOFs, with each form of
modification altering the physical and chemical properties of the framework. The
aforementioned typical items are referred to as solvent-assisted linker exchange
(SALE), solvent-assisted ligand incorporation (SALI), and post-synthetic linker
modification (PSLM) (Figure 2.4). Most notably, the utilization of the SALE
technique has become a valuable addition to the methodologies employed in MOF
chemistry. The SALE technique can be applied to some of the most stable MOF's
known, for example ZIF-8 (Zeolitic Imidazolate Framework - 8)1*1 and UiO-66
(Universitetet i Oslo - 66)%% and is capable of controlling pore volume,

functionality and pore size.
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2.2 Zeolitic Imidazolate Frameworks

Zeolitic imidazolate frameworks (ZIFs) represent an important subclass of MOFs.
The designation ZIF was introduced on the grounds that the materials in question
exhibit structural similarities to zeolites, which gives rise to MOF structures with
zeolitic topologies. The inorganic building units of ZIFs are mostly zinc(II),
cobalt(IT), iron(II), or cadmium(II) ions, while the organic building units are based
on imidazolate or imidazolate derivatives. The bond angles of M—im-M (ca. 144°) in
the ZIF building block is similar to that of Si-O-Si (ca. 145°) in the silicates/zeolites
(Figure 2.5).

Silicates/Zeolites ZIFs
145° 144°
SI\O /Sl M~~_§~N{>N._’,— M

Si— O — Si M im M

diosioy= 3.1A dipimny = 5-9A

Figure 2.5. Representative scheme showing the similarities between the bond angles and building
block geometry between zeolites/silicates and ZIFs. Both exhibit an approximate bond angle of ~145°,
but the Si-O-Si distance is 3.1 A, in comparison to the M—im—M distance of 5.9 A, which results in
expansion of pore sizes for identical topologies in ZIFs. Adapted from Reference!'.

As a consequence of this geometrical similarity, a considerable number of ZIFs
display the topologies characteristic of zeolite minerals. The most common topologies
observed in ZIFs are sod (ZIF-8, ZIF-65, and ZIF-67) and lta (ZIF-20, ZIF-21, and
ZIF-76), as well as other topologies, as illustrated in Figure 2.6.%" It is noteworthy
that ZIFs can also be synthesized using mechanochemical synthesis. In some cases,
mechanochemical synthesis has been shown to yield target ZIFs that cannot be

synthesized by solvothermal synthesis, and tends to result in smaller particle sizes.?

23]
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Today, ZIFs have been synthesized and structurally characterized with above 50 of
different topologies.? The open and permanently porous structure of these materials
has prompted significant research interest in the field of ZIFs. This is largely due to
the potential for enlarging the pore size, functionalizing the pores, and investigating

new adsorption, separation and catalytic properties.?-2

Figure 2.6. The representation of selected ZIFs as reported in the literature. Each row has the nets

(blue line and black dot drawings) shown stacked on top of the tiles representing the subdivision of
space (variously colored polyhedral shapes) in the net labeled with the three-letter net symbol,
followed by the single-crystal XRD structures of ZIFs corresponding to each of the nets. The largest
cage in each ZIF is shown with ZnN, tetrahedra in blue and CoNy in pink. The yellow ball is placed
in the structure for clarity and to indicate the open space in the cage. H atoms have been omitted
[imidazolate-based links are shown in ball-and-stick representation (C, black; N, green; O, red; Cl,
pink)]. From Reference®. Reprinted with permission from American Association for the
Advancement of Science. Copyright © 2008.
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2.3 MOF Glasses

Recently, meltable MOF's have garnered significant attention due to their ability to
form glasses upon melting. Specifically, crystalline ZIFs can be heated above their
melting temperature (7T.) to achieve a molten state. Rapid cooling (vitrification) of
the melt, faster than the rate of crystallization, then results in a glassy state (Figure
2.7). 12933 Noteworthy, glasses always are a metastable state that relaxes towards
the crystalline state, i.e., in ultimate fate, in the limit of infinite time, is to

crystallize.B

Nevertheless, the glassy state of MOFs is a fascinating and complex state
characterized by its amorphous, non-crystalline structure similar to that of
conventional SiO, glass. However, unlike SiO, glass, MOF glasses typically inherit
remarkable porosity from their crystalline counterparts. Furthermore, unlike
crystalline MOF's, which usually exist as microcrystalline particles, MOF glasses are
highly processable due to their liquid nature at high temperatures. This
processability allows MOF glasses to be formed into large monolithic materials
without grain boundary effects, enhancing their mechanical integrity and functional
properties.®-7 Therefore, this unique structure imparts several interesting properties
and potential applications, particularly in the fields of membranes and solid-state

ionics. 3839
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Figure 2.7. Schematic representation of a typical preparation process from meltable MOF to MOF
glass via melt-quenching. Inserts were adapted with permission from American Association for the
Advancement of Science. Copyright © 2020.



Chapter 2 General Introduction

It is worth noting that the majority of the meltable MOF's belong to its subset ZIF's,
including ZIF-4, ZIF-zni, and ZIF-62.7* % For the ZIF-4 and ZIF-zni, they share the
same chemical composition Zn(im), (im” = imidazolate), but differ in their topologies,
with ZIF-4 having a cag topology and ZIF-zni having a zni topology. ZIF-62 is a
derivative of ZIF-4, i.e. a small portion of imidazolate (im) is replaced by
benzimidazolate (bim") (Figure 2.8). They are three of the first reported meltable
ZIF materials in the literature.P® ! Due to the high thermal stability and porosity
inherited from their pristine crystals, these ZIF glasses inherit this porous nature
and have become the most studied MOF glasses to date. Notably, despite the
inevitable reduction in porosity after formation of the glassy state, ZIF glasses still
exhibit notable porosity and selectivity for gas storage and separation. This makes
them promising candidates for applications in energy conversion, gas purification

and carbon capture. (3% 44

>

———~ % : .
Zn(im), Zn(im), Zn(im)s 65(bim)o 35
y cag topology zni topology cag topology
& 28.7% theoretical void fraction 7.5% theoretical void fraction 24.9% theoretical void fraction
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Figure 2.8. (Left) Building units of the investigated ZIF glass formers. (Right) Crystal structures
of the ZIF glass formers. ZIF-4 and ZIF-62 are viewed along the crystallographic b-axis. ZIF-zni is
viewed along the crystallographic c-axis. Hydrogen atoms are omitted for clarity. The theoretical
void fraction was calculated with a probe radius of 1.6 A and is shown in pale yellow. From reference!*!,

Adapted with permission from Springer Nature. Copyright © 2022.
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2.3 MOF Glasses

The formation mechanism of MOF

. . o Liquid
glasses aligns with that of traditional /

glasses, as illustrated in Figure 2.9,
Initially, the MOF crystal is heated,
causing an increase in enthalpy until the
melting temperature (7T.) is reached. At

this point, the crystalline MOF

Enthalpy

transitions to a  liquid  state,
characterized by a significantly higher
enthalpy. If the liquid is rapidly cooled, WO

it bypasses crystallization and forms a

T, Temperature

supercooled liquid. Further cooling
Figure 2.9. Enthalpy versus temperature

below the glass transition temperature plot depicting the process from crystalline
(T,) results in the formation of MOF MOFs to MOF glasses.
glass, following an enthalpy change

distinct from the crystalline state.?3* 4446l

The melting mechanism of ZIFs has been elucidated through density functional
theory (DFT) based molecular dynamics (MD) simulations, corroborated by X-ray
and neutron scattering data.' The proposed mechanism involves Zn-N bond
breakage, resulting in the Zn?* ion being temporarily three-fold coordinated, followed
by the coordination of another imidazolate (im) group, ultimately yielding the

porous ZIF liquid. This process is illustrated in Figure 2.10.
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Figure 2.10. Visualization of representative imidazolate exchange events in meltable ZIFs. From
reference*”. Reprinted with permission from Springer Nature. Copyright © 2017.
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Chapter 2 General Introduction

2.4 MOF Glass Characterization

2.3.1 Structural identification via X-ray diffraction and total scattering

X-ray powder diffraction

X-ray powder diffraction (XRPD) is one of the most widely used techniques for the
structural characterization of crystalline MOF materials. In the crystalline MOFs,
XRPD patterns are characterized by distinct, sharp Bragg peaks. These peaks
correspond to the regular, periodic arrangement of atoms within the crystal lattice.
Each peak's position, intensity, and shape provide detailed information about the
unit cell dimensions, symmetry, and atomic positions. XRPD is a powerful way of
structuring the MOF, which can usually be done using profile fitting. Beyond
structure fitting by Rietveld refinement!®) there are two common methods for
structureless profile fitting, the Pawley*! and Le Bail® method. The Pawley method

is employed throughout the course of this thesis.

However, when the MOF is transformed into an amorphous or liquid/glassy state,
XRPD is unable to determine its structure, even though it is still an important tool
for studying in-situ changes in its structural properties. In the case of MOF liquids
and glasses, the long-range periodicity is lost, resulting in the disappearance of sharp

Bragg peaks and the emergence of broad, diffuse scattering signals.
X-ray total scattering and PDF analysis

Total scattering includes both Bragg and diffuse scattering, capturing information
from both long-range periodicity (if present) and local structural arrangements. In
the case of MOF glasses, where the material lacks long range order, the focus is on
the diffuse scattering component. The total scattering data is collected over a wide
range of scattering angles to ensure that both the high and low @' regions are
adequately sampled. High () data are essential to probe short range interactions,

while low @ data can provide insight into medium range order.?-

Pair distribution function (PDF) analysis is a powerful methodology based on X-ray

total scattering data that provides a real-space representation of atomic pair

T Scattering vector Q = [4msin(6)]/A, with the scattering angle 6 and the experimental X-ray
wavelength A.
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2.4 MOF Glass Characterization

correlations.’” A hypothetical PDF is shown in Figure 2.11. In the simple case,
the PDF represents a radial distribution function (R(r)) with peaks appearing at
the distances of neighboring atoms from the reference atom at the origin. The area
under these peaks corresponds to the number of neighboring atoms at each distance.
This suggests that R(r) can provide valuable information for understanding the
arrangement of atoms in a lattice. For real materials, the XPDF is the sum of all
interatomic distances, allowing us to understand the local structure, even in

amorphous materials.

In the data processing, the obtained scattering intensity (@) is normalized to yield
S(Q) the ‘total-scattering structure factor’ given in absolute of scattering per atom.
The S(Q) is then further transformed into real space via Fourier transformation.

This results in the function G(r) being obtained as follows:
2 (* )
6 = = Qls@ - 1sin@nde
0

The function G(r) describes the change in density as a function of interatomic
distances in the material what is called the XPDF." It has to be noted that G(r)

makes the peaks at low r prominent. Therefore, D(r)"? is often used in literature:
D(r) = 4nrpyG(r)

with pg = N/V the average number density of the material. In the case of MOF
glasses, PDF analysis is not only a powerful tool for distinguishing the long-range
order of crystalline and glassy states, but is also of particular value in revealing the
local atomic structure. The PDF provides insight into the coordination environments

around metal nodes and the connectivity of organic linkers.

ri A

Figure 2.11. Schematic illustration of the hypothetical generation of a PDF in D(r) from a two-
dimensional arrangement of atoms. The coloured rings indicate the distance of neighbouring atoms
to the atom in the origin (left). The integral of the peaks is proportional to the number of respective
distances. The same colours are assigned to the corresponding peaks (right).
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Chapter 2 General Introduction

2.3.2 Thermal analysis

Thermal analysis of glass-forming MOFs typically involves two key methods. The
first method is thermogravimetric analysis (TGA), which examines the relationship
between temperature and residual weight. A rapid decline in TGA traces generally
signals the onset of decomposition temperature (7qa) of MOFs (Figure 2.12, grey
line of TGA). Once Ty is obtained, the validation of the subsequent phase transition
should be carried out in the temperature interval below T4. In addition to assessing
the decomposition temperature of glass-forming MOFs, it is important to evaluate
the thermal stability of the MOF glasses themselves. This is demonstrated by
examining the TGA traces of the MOF glasses (Figure 2.12, red line of TGA),
which show the thermal stability of the glass as it undergoes a transformation into

a supercooled liquid when heated.

Additionally, differential scanning R {100
calorimetry (DSC) is a powerful tool fendo T,
. . . . " (ZIF-62)

for  investigating the  detailed § g0

thermodynamic and kinetic g <
© -~

parameters of glass-forming MOFs, as 3 5 §
g i

well as identifying the glass transition % =
[}

of the MOF glasses.”” In DSC, heat

flow is measured by comparing the 17

heat absorbed or released by MOF . . . .

1 ith  that ¢ t 300 400 500 600 700

Sample  wi 2 ob an - empty Temperature / °C

aluminum reference crucible under

identical temperature conditions. Figure 2.12. Two upscans (first: grey lines,

This techni dentifi th . second: red lines) of the combination data of

15 Lechnique 1AeNLIes exOtUermic — maa (dotted lines) and DSC (solid lines) of
and endothermic transitions by the representative meltable MOF ZIF-62.

detecting changes in heat flow

associated with phase transitions. In this thesis, an exothermic transition releases
heat, resulting in a downward peak, while an endothermic transition absorbs heat,
leading to an upward peak in the DSC curve. Specifically, the DSC profile of a glass-
forming MOF typically features an endothermic solid-liquid phase transition at the
melting temperature (7),) and a glass transition temperature (7,), at which the
vitrified glass transitions to the supercooled liquid state in the second upscan

(Figure 2.12).
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2.4 MOF Glass Characterization

Additionally, the fragility index of a glass can be extracted from the DSC
experiments with heating rates (¢.) and cooling rates (¢.) varying (between +5 and
425 °C min' in this thesis). From these experiments, the heating/cooling-rate-
dependent fictive temperature T; of the glasses is obtained. T; can be envisioned as
the temperature at which the supercooled liquid is vitrified (i.e., frozen in).* Based
on the variation of Tt with ¢, the dimensionless calorimetric fragility index (m) of
the corresponding supercooled liquids is extracted.’ m is a measure for the
activation energy (Fa..s) of the viscosity (n) at T,, while T, is defined as the
temperature where n is equal to 10'? Pa - s.F7 Small values of m (<30) indicate
strong liquids which vitrify into brittle glasses (e.g., for silica, m = 20), while large

values of m (>50) specify fragile liquids that form ductile glasses."

Moreover, DSC is able to detect the change in heat capacity (AC,) of MOF glasses
at their T,. AC, is a crucial parameter in the study of MOF glasses, as it provides
insight into the level of connectivity in MOF glass materials. In this thesis, AC, is
also measured by comparing the heat flow to the sample with that of an empty
aluminum reference crucible, but by applying a sinusoidal modulation to the
temperature profile, called modulated DSC (MDSC), an example of which is shown
in Figure 2.13. This modulation allows for the separation of overlapping thermal
events and provides a more accurate measurement of specific heat capacity. MDSC
can distinguish between reversible and non-reversible transitions, offering detailed
insight into the thermodynamic and kinetic properties of glass-forming MOFs. By
using MDSC, it is possible to obtain a clearer understanding of the complex thermal

behavior of MOF glasses, which is not achievable through conventional DSC alone.
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Figure 2.13. An exemplary MDSC data of a coordination network glass. (Left) Example of a
sinusoidal temperature profile used in MDSC. (Right) The total heat flow, reversing and non-
reversing heat flow, and heat capacity curve (C,) and AC, obtained from MDSC.
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Chapter 2 General Introduction

Overall, the DSC provides valuable information and additional insights into
materials. Un a fundamental level, DSC allows technique to distinguish between
simply amorphous MOF materials and MOF glasses, information which cannot be
deduced from X-ray diffraction methods. While X-ray diffraction is effective at
identifying crystalline structures, it cannot provide detailed information about the
amorphous state. Amorphous materials can exist in various forms, including
disordered solids that do not exhibit the characteristics of glasses, examples include
amorphous carbons and many amorphous MOFs and porous polymers.’*% Glasses
are a specific type of amorphous material that undergo a glass transition,
characterized by a distinct T,.?Y This transition is detectable by DSC, allowing for
the differentiation between general amorphous materials and true glasses. The
presence of a glass transition is of highest relevance for the processability of these
compounds. Above the glass transition the material is in a supercooled liquid state
allowing for shaping and molding, processes which are not possible in the vitrified
state. Therefore, DSC provides critical insight into the thermal properties and phase
transitions of MOF glasses, which are not discernible through X-ray related methods

alone.
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2.4 MOF Glass Characterization

2.3.3 Porosity determination

Positron annihilation lifetime spectroscopy (PALS) is a non-destructive analytical
technique used to determine the porosity and free volume of materials. The
investigation of the porosity of MOF glasses using PALS was first performed by
Thornton et al.,! on a,ZIF-4(Zn) as well as its crystalline phase ZIF-4(Zn) and
dense crystalline phase ZIF-zni(Zn). a,ZIF-4(Zn) exhibits both the smallest and
largest pore sizes, with voids estimated at 6.9 A and 2.6 A, respectively (Figure
2.14a).
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Figure 2.14. (a) The structure and porosity models of a,ZIF-4 constructed by PALS method, and
the pore size distributions of related samples. Reprint with permission from Royal Society of
Chemistry. Copyright © 2016. (b) The structure model of a,ZIF-4 and liquid ZIF by Reverse Monte
Carlo (RMC) simulation. Pore size distribution calculated using molecular dynamics (MD) method.
Reprinted with permission from Springer Nature. Copyright © 2017.

Modeling based on Reverse Monte Carlo (RMC) and molecular dynamics (MD)
simulations can also be used to perform similar structural simulations and visualize
porosity, as the simulated results can be exported as crystallographic files (Figure
2.14b). The porosity can be represented as voids or empty spaces between the atoms

in the model and can be quantified using Zeo++ softwarel? or visualized using
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Chapter 2 General Introduction

software such as Mercury!®. By visualizing the porosity, the RMC simulation results
can provide information about the distribution and size of voids in the material. It
is worth mentioning that these methods are also able to provide intramolecular and
intermolecular interactions that are not available with classical methods, but they

are computationally expensive.

In addition to the aforementioned unconventional characterization techniques, gas
adsorption is a classical method commonly employed for the characterization of
porosity in porous materials. Unlike crystalline MOF's, where the pores are uniform,
the pores in MOF glass are not only complex but also tiny. This limits the access of
gas molecules with large kinetic diameters to the interior of the glass frameworks for
quantification of porosity. Consequently, the selection of an appropriate gas probe
and temperature is of utmost importance. The measurement of porosity and surface
area of porous materials is commonly performed using isothermal physisorption of
N, at 77K or Ar at 87 K, which is a widely adopted technique applicable to both
crystalline and amorphous porous materials. Regrettably, the use of N, and Ar
physisorption is not feasible for quantifying the porosity and surface area of ZIF
glasses."!] This is ascribed to diffusion limitations of N, and Ar gas into the narrow
pores of the MOF glasses at this low temperature.®®! The most effective method
for detecting porosity in MOF glasses was determined to be CO, physisorption at
195 K (Figure 2.15). In this context, CO; is considered to be in its supercooled
liquid state, filling the micropores effectively with fluid CO; instead of solid CQO,.!%
7 As a result, the maximum p/py (po denotes saturation pressure) achievable in a
CO. sorption experiment of microporous materials at 195 K is up to approximately
0.5, and all pores up to a width of 50 A are completely filled.*!! Furthermore, the
density of the CO;supercooled liquid of at 195 K is estimated to be 1.258 g cm3.1*!
This allows all micropore volumes to be optimally quantified and porosity calculated

(See Appendix 3.8 in this thesis for details.).
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Figure 2.15. (a) Schematic diagram of the diffusion of four gases in ZIF glass. i.e. CO, at 195K, N,
at 77k, Ar at 87K, and C3;Hy, at 273K. The dgs values are the kinetic diameters the gases. (b)
Quantification of the pore volume and density of ZIF glasses by CO, at 195K. Adapted with
permission from Springer Nature. Copyright © 2022.

2.3.4 Gas separation

Gas separation is a critical process in various industrial applications, including
natural gas purification, carbon capture and storage, and air quality control. The
objective of gas separation is to isolate specific components from a mixture of gases,
which can be essential for further processing or environmental protection. Porous
materials, including zeolites, activated carbons, and metal-organic frameworks
(MOFs), are highly effective in these processes due to their unique structural
properties. Two primary phenomena are critical for gas separation using porous

materials: thermodynamic adsorption and kinetic diffusion.

2.83.4.1 Thermodynamic Gas Separation

Thermodynamic adsorption occurs when gas molecules are adsorbed onto the surface
or within the voids of the porous material. This process depends on the interaction
between the gas molecules and the material's surface, which is influenced by factors
such as surface area, pore size, and surface chemistry. Materials with high surface
areas and appropriate surface functionalities can selectively adsorb certain gases
more effectively than others. The advantages of thermodynamic gas separation are
as follows: (i) high selectivity for specific gases based on interactions with the

material's surface, (ii) effective for separating gases with significantly different
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Chapter 2 General Introduction

adsorption affinities. However, there are some drawbacks of the adsorptive
separation technology. (i) It is limited by the capacity of the adsorbent, leading to
saturation (ii) It requires regular regeneration of the adsorbent material to restore
its capacity. The main application of thermodynamic gas separation is the adsorber
columns, where gas mixtures pass through a packed bed of adsorbent material and

specific gases are selectively removed.

Semi-quantitative estimation of thermodynamic gas separation can be achieved
directly from single-component gas isotherms. This allows for comparison of the
adsorption capacities of relevant gases under identical and ideal conditions. In this
context, the ideal adsorbed solution theory (IAST) has been developed, enabling a
more detailed investigation of the thermodynamic gas separation ability of a porous
material in regard to a gas mixture.*™ It is worth noting that TAST is suitable for
calculating separation constants when the adsorbed capacities of different gases are
very different. For a two-component gas mixture (gas A and B) the IAST selectivity

(Sust) can be calculated from these values which is defined as:

Xi

Siast = _
2

here x; = za /a3 is the molar ratio of the adsorbed fluids and y; = ya/ys is the chosen
molar ratio of the fluids in the gas phase. The values of za, x5, ya, and ys are
determined experimentally. The molar ratios xa and zs are obtained from adsorption

isotherms, which are measured at equilibrium conditions over a range of pressures.

2.3.4.1 Kinetic Gas Separation

Kinetic diffusion relies on the different rates at which gas molecules diffuse through
the pores of the material. This process is governed by the size and shape of the pores,
as well as the size and shape of the gas molecules. Smaller or lighter molecules
typically diffuse faster through the pores, enabling separation based on molecular
size or mass. The advantages of kinetic gas separation are as follows: (i) It can
separate gases with similar adsorption properties but different diffusion rates. (ii) It
is a continuous process with potential for high throughput. However, the
disadvantages are as follows: (i) It typically provides lower selectivities compared to
thermodynamic adsorption for gases with similar sizes. (ii) Pore clogging or fouling
can drastically affect performance. This type of separation is commonly used in
(polymer)membrane separations, where a mixture of gases is passed through a
membrane with selective permeability so that some gases diffuse faster than others.

The separation process of microporous membranes (such as MOF membranes or
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2.4 MOF Glass Characterization

MOF-based mixed matrix membranes) is typically based on both adsorption and

diffusion processes in parallel.

The kinetic separation selectivity of porous materials can be assessed by sorption
measurements. In these experiments, a certain amount of gas at a certain pressure
is added to the porous material and the adsorbed volume of the gas is measured over
time until equilibrium is reached. Subsequently the separation constants can be
further quantified from the kinetic adsorption curves. The derived kinetic adsorption
curves can be fitted to suitable kinetic models (e.g. equations for pseudo-first order,
or stretched exponential reactions) to determine the rate constants of adsorption for
a given material and gas combination. The method has for example been applied on

a coordination polymer (CP) crystal/glass composite (Figure 2.16).

The specific calculation in the literature is as follows:

The equation describing the relationship between the normalized uptake
(corresponding to (P; — P)/(P; — P,)) and time by the pseudo-first order model is
given as follows:

Pi—=P) _

~t T -=-1- —kt
(Pi_Pe)

normalized uptake =

And the stretched exponential model is given as follows:

(Pi—P) _

B L4
(Pi—Pe)

normalized uptake =
where P; is the initial pressure, P is the pressure at time ¢ (in s), P. is the pressure
at equilibrium, k is the rate constant of gas adsorption (in s*), and 8 is the exponent

parameter related to the width of the distribution of diffusion rate constants.
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Figure 2.16. (a) Normalized kinetic sorption profiles of a crystalline CP (2, [Cuz(pzdc):(pyz)]) (pzdc
= 2,3-pyrazinedicarboxylate and pyz = pyrazine), and CP crystal/glass composite (1g/2,
[Cu(bib)2s] - 2NTH; glass/[Cus(pzdc):(pyz)]), where bib and NTf, are 1,4-bisimidazole butane and
bis(trifluoromethylsulfonyl)amide, respectively. (b) First order fitting of the CO, kinetic adsorption
profile for 2. (c¢) pseudo-first order fitting of the CO, kinetic adsorption profile for 1g/2. Reprinted
with permission from American Chemical Society. Copyright © 2023.
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Chapter 3 Highly Porous ZIF-8 Glasses

Abstract

By combining the porosity of crystalline MOF's with the unique processability of the
liquid state, melt-quenched MOF glasses offer exciting opportunities for molecular
separation. However, progress in this field is limited by two factors. Firstly, only
very few MOF's melt at elevated temperatures and transform into stable glasses upon
cooling the corresponding MOF liquid. Secondly, the MOF glasses obtained thus far
feature only very small porosities and very small pore sizes. Here, in this chapter,
the solvent-assisted linker exchange (SALE) is demonstrated as a versatile method
to prepare highly porous melt-quenched MOF glasses from the canonical ZIF-8. Two
additional organic linkers are incorporated into the non-meltable ZIF-8, yielding
high-entropy, linker-exchanged ZIF-8 derivatives undergoing crystal-to-liquid-to-
glass phase transitions by thermal treatment. The ZIF-8 glasses demonstrate specific
pore volumes of about 0.2cm?® g, adsorb large amounts of technologically relevant
Cs and C, hydrocarbons, and feature high kinetic sorption selectivities for the

separation of propylene from propane.
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3.1 Introduction

3.1 Introduction

As described in the previous chapter, MOFs are network structures composed of
organic linkers interconnecting inorganic building units (metal ions or (oxo)-clusters)
via coordination bonds.*™ At present, nearly 100,000 unique MOFs have been
reported, mainly in the form of small single crystals and polycrystalline powders.”!
Although MOFs in crystalline form have been used for various applications, their
lack of processability and grain boundary effects limit their utility for the fabrication
of homogeneous membranes for gas separation and efficient solid-electrolytes. ZIFs?
are an important subset of MOFs and major formers of the fourth generation of
MOFst2 2 (ie. liquid MOFs* and their corresponding glasses® ) offering
processable bulk shapes which still retain the advantageous chemical functionality
of crystalline MOFs. The advent of fourth-generation MOF's is proposing an elegant
solution for the processing of these materials in bulk shapes of specific geometries,
as required for most practical applications, by moulding them in their (supercooled)

35, 75)

liquid state.!

However, only very few ZIFs have been observed to melt at elevated temperatures
and to form glasses by melt-quenching. This is because the materials’ decomposition
temperature (7Tq) is typically lower than their melting temperature (7..). In most
cases, the imidazolate-based organic linkers decompose before the metal-linker
coordination bonds break and reorganize — the prerequisite for ZIF melting. "0 43 47, 76l
So far, only ZIFs with the relatively dense cag, zni and gis network topologies have
been reported to melt, whereas ZIFs exhibiting more porous topologies (i.e. sod or
Ita) do not melt on their own but can be flux melted in the liquid of a meltable
ZIF .17 The most critical issue, however, is that the gas-accessible porosity of the
known melt-quenched ZIF glasses is rather low and ranges between 14% and 16% of
the bulk glass volume.*! Moreover, the pores of the ZIF glasses are very narrow, so
that N» molecules (kinetic diameter 3.6 A) do not enter the intrinsic pore network
of the glasses at 77 K, whereas the diffusion of the larger n-butane (kinetic diameter
4.3 A) is kinetically hindered at 273 K, resulting in very low gas uptakes and strongly

(43]

hysteretic sorption behaviour.* This greatly limits their application in gas
adsorption and separation, guest molecule loading and transport, so the development
of MOF glasses, especially melt-quenched MOF' glasses with high porosity, remains

an important task.
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Chapter 3 Highly Porous ZIF-8 Glasses

The aim of this chapter is to make ZIF-8 (Zn(mim);) melt and form a glassy
material. ZIF-8 is also known as MAF-48% is a high-porosity MOF (about 50% of
the crystal volume is void) consisting of Zn** and 2-methylimidazolate (mim")
connected to a framework with large spherical cavities of about 1 nm diameter and
sod (sodalite) topology. ZIF-8 is the single most extensively studied ZIF material,
both from a fundamental’ *2 and an applied®* perspective. Nevertheless, ZIF-8
cannot be directly formed into a glass by melt-quenching as the free-energy barrier
for melting is too high due to its high porosity.®” Thus, crystalline ZIF-8 decomposes
at about 540 °C before reaching the liquid state. It has been demonstrated, however,
that infiltration of an ionic liquid (IL) into the pores of ZIF-8 yields a meltable and
glass-forming ILQZIF-8 composite.? Unfortunately, the composite partially
decomposes during melting while the porosity of the derived ILQZIF-8 glass is even
smaller than the porosity of the prototypical ZIF-62 glass.

In this chapter, two additional organic linkers, im  and bim (benzimidazolate) are
incorporated into ZIF-8 by solvent-assisted linker exchange (SALE) at varying ratios.
The two additional linkers are supposed to play distinct roles in enabling the melting
of ZIF-8 crystals. The im linker is known to exhibit weaker binding to Zn?"
compared to the original mim- linker.®” Conversely, the bulky bim™ linker is essential
for inhibiting the crystallization into a dense ZIF phase with the zni topology.*!
Depending on the precise chemical composition (i.e. the molar ratio of the three
different linkers), some of the derived linker-exchanged ZIF-8 derivatives undergo
crystal-to-liquid-to-glass phase transitions by thermal treatment. By analyzing
altogether 50 linker-exchanged ZIF-8 samples with varying compositions, a
triangular phase diagram is generated, depicting regions of (i) congruent melting, (ii)
incongruent melting and (iii) decomposition before melting in the available phase
space. The porosity of a representative congruent melting and glass-forming ZIF-8
derivative is quantified for the crystal and glass forms by CO; and N, gas sorption
measurements. The ZIF-8 glass exhibits a substantially higher specific pore volume
than the prototypical ZIF-62 glass. Moreover, gas physisorption experiments
establish that the ZIF-8 glass adsorbs rather large amounts of technologically
relevant C; and C, hydrocarbons and features the ability to kinetically separate
propylene from propane. This demonstrates an unanticipated potential of linker
exchange for the generation of high-porosity MOF glasses for a broad range of
technical applications. Importantly, the present work also reveals that MOF melting

is not limited to crystalline precursors having rather dense network topologies (e.g.

26
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cag or zni), but can be extended to more porous MOF phases through targeted

linker engineering and linker mixing.

3.2 Preparation and characterization of ZIF-8 derivatives
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Figure 3.1. Representation of the SALE process to derive various linker-exchanged ZIF-
8 derivatives and their crystallographic and microscopic analysis. a Schematic of the SALE
process leading to the incorporation of im and bim  linkers in ZIF-8 and the thermal phase behaviour
of the derived linker-exchanged ZIF-8 derivatives. b Synchrotron radiation XRPD patterns of selected
ZIF-8 derivatives before (left) and after (right) heating to 414°C (A =0.45920A). Tick marks
represent the characteristic Bragg reflection positions of ZIF-7 (orange tick marks, CCDC code
RIPNOVO01), ZIF-61 (upper cyan tick marks, CCDC code GITTAF) and ZIF-8 (lower cyan tick
marks, CCDC code FAWCEN). ¢ False colour SEM images of crystalline ZIF-8, crystalline ZIF-8-
mimg i5img7sbimg11 (after SALE) and glassy a,ZIF-8-mimg 5imgz4bimg1; (after melt-quenching, a, =
amorphous glass), all scale bars are 30 pm.
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Chapter 3 Highly Porous ZIF-8 Glasses

ZIF-8 was synthesized by an established solvothermal procedure.® Subsequently,
the SALE method was used to exchange a fraction of the mim  linkers for im  and
bim (Figure 3.1a and Experimental Section). By running the SALE reactions
for different times (between 1 and 7 days) and with varying molar ratios of the
linkers in n-butanol, 49 unique linker-exchanged ZIF-8 samples with the general
composition Zn(mim)s.(im)s,(bim).. (z + y + 2z = 1), here denoted ZIF-8-
mim,im,bim, (Table A3.1 and Figure A3.1-2) were prepared.

Fourier transform (FT) IR spectra recorded on the activated ZIF-8 derivatives
(heated at 100 °C under vacuum for 12 h) prove that neither n-butanol nor
protonated linkers (i.e. Hmim, Him and Hbim) remain in the pores of the linker-
exchanged ZIF-8 derivatives after activation (Figure A3.60). The molar ratio of
the three linkers in the ZIF-8-mim,im,bim. derivatives was determined by solution
'"H nuclear magnetic resonance (NMR) spectroscopy of acid-digested samples
(Figure A3.4-15, Table A3.1). Noteworthy, the mim linkers in all the SALE
products were intentionally not completely exchanged in any of the samples, so that
a wide variety of sample compositions was generated by the described approach
(Figure A3.2).

X-ray powder diffraction (XRPD) was used to investigate the phase identity of the
ZIF-8-mim,im,bim. derivatives (Figure 3.1b, Figure A3.17-28). Based on the

diffraction data, the following conclusions can be drawn:

(i) The sod structure of ZIF-8 is maintained after the SALE process, even
though at some compositions a second minority phase is formed in parallel.

(i)  If only im is incorporated (i.e. if Hbim is not present in the exchange
solution and z = 0) a small amount of a denser ZIF phase with zni
topology is formed. The formed phase is related to ZIF-61, a dense ZIF
with the nominal chemical composition Zn(mim)(im).?

(ili) ~ With increasing amounts of bim  incorporation the fraction of the ZIF-61-
like minority phase formed during the SALE reaction is decreasing.

(iv)  If larger amounts of bim™ are incorporated (z > 0.65) a phase mixture of
the cubic sod phase (typical for ZIF-8) and the heavily distorted
rhombohedral or triclinic sod phase (typical for ZIF-7, Zn(bim),)™ %/ is

present.

These main conclusions are supported by structure-less profile fitting (Pawley
method®) of XRPD patterns using reference data from the literature (Figure

A3.29-35, Table A3. 2). The profile fits further reveal that the unit cell volume
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of the cubic ZIF-8-mim,im,bim, phases is between 0.7% and 2.5% smaller than the
unit cell volume of conventional ZIF-8, indicating that the lack of the methyl group
in position 2 of the im™ and bim™ linkers allows for a slightly denser packing of the
building units in the sod structure. It is worth noting that the SALE reaction
mixtures must remain undisturbed throughout the linker exchange process. Notably,
when the reaction mixture is stirred for 15 minutes per day during a 3-day SALE
procedure, the original ZIF-8 crystals transition to the denser ZIF-62 phase, with
only 5% of the linkers being mim  (yielding a composition of
Zn(mim)oio(im)ieo(bim)os; Figure A3.29 and Figure A3.35). This finding
underscores the critical role of slow linker exchange under static conditions for

preserving the ZIF-8 structural integrity.

3.3 Thermal behavior

The thermal behaviour of the materials was comprehensively analyzed by differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), variable
temperature (VT)-XRPD and VT X-ray total scattering. Pair distribution functions
(PDFs) in the form D(r), providing information about the characteristic atom-atom
correlations in the materials, were obtained from the corrected X-ray total scattering
functions S(Q) via Fourier transformation.®** Similar to pristine ZIF-8, all linker-
exchanged ZIF-8 derivatives have very high thermal stability with minimal weight-
loss up to 500 °C and decomposition temperatures (7q) above 500 °C as proven by
TGA under N, atmosphere (Figure A3.63a-74a). Cyclic DSC measurements (two
upscans, one downscan) were performed from room temperature to 430 °C or 450 °C
to screen for potential melting (first upscans) and glass transition signals (second
upscans) (Figure A3.63b-74b).

As expected, pristine ZIF-8 does not show any phase change up to at least 530 °C,
which was confirmed by the retention of the Bragg peaks in VT-XRPD, the absence
of thermal events in two consecutive DSC upscans (Figure 3.2a left) and the
persistence of long-range order in the VT-PDFs (Figure 3.2b). However, ZIF-8
loses its high thermal stability after most of the mim  linkers are exchanged by im .
Starting from around 310 °C, ZIF-8-mimy5imy.s; undergoes an exothermic solid-state
transition to a phase called ZIF-61-mimgsimyss exhibiting the dense zni topology
(Figure 3.2a middle, Figure 3.2c). The thermally triggered reconstructive phase

transition of ZIF-8-mimgsimyss from the sod to the zni phase indicates that the
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Chapter 3 Highly Porous ZIF-8 Glasses

inclusion of im~ facilitates metal-linker bond breaking;*” the essential element of
MOF melting. It is known that the thermally triggered reconstruction of zni phases
can be prevented and direct melting facilitated by including larger linkers in the
frameworks, i.e. linkers that are too large to be incorporated in the zni topology!*.
As expected, several ZIF-8-mim,im,bim. derivatives (represented by ZIF-8-
mimgi5img7sbime1; in Figure 3.2) possess well-defined melting points (7)) in the
range from 360 °C to 399 °C in the first DSC upscan (Figure A3.64-66, Figure
A3.74 and Table A3.4), corroborated by the complete loss of Bragg scattering
above 310 °C in VT-XRPD experiments (Figure 3.2a right and Figure A3.41-
44) and the loss of long-range order in the VT-PDFs (Figure 3.2d Figure A3.53-
54). The congruently melting ZIF-8-mim,mbim. derivatives lie in a range of
compositions featuring large fractions of im (0.54 < y < 0.85) and small fractions of
bim (0.08 < z < 0.19). Importantly, crystallization is not detected upon cooling the
liquid ZIF-8-mim,im,bim. derivatives to room temperature (Figure 3.2e, f, g),
while a second DSC upscan displays clear glass transition events with glass transition
temperature (7,) values in the range from 334 °C to 361 °C, establishing the

formation of a,ZIF-8-mim,im,bim. (a, = amorphous glass).

The influence of the linker ratios on the thermal behaviour of the ZIF-8 derivatives
is also evident from the morphological changes during heat treatment (Appendix
A.3.7). Pristine ZIF-8 and ZIF-8-mimgisimyss remain as polycrystalline powders
after heating to 450 °C. In contrast, the particles of ZIF-8-mimgsimgbimg; fuse
into a monolithic glassy structure when heated to 430 °C (Figure 3.2a inserts).
Scanning electron microscopy (SEM) imaging (Figure 3.1c) reveals that the
microcrystals of pristine ZIF-8 develop some cracks on the crystal facets after the
formation of ZIF-8-mimg.15img.74bime1; via SALE. The cracks originate from chemical
stress upon linker substitution via the solid-liquid reaction.” Conversely, a,ZIF-8-
mimgsimg 74bime1;  derived from melt-quenching exhibits the morphological
characteristics of a typical ZIF glass, showing particle coalescence to a fused

structure which evidently experienced significant flow while in the liquid state.
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Figure 3.2. In situ and ex situ synchrotron X-ray diffraction and scattering data. a TGA
(dotted lines, right vertical scale) and DSC (solid lines, left vertical scale) traces of ZIF-8 (left), ZIF-
8-mimg 5imo g5 (middle) and a,ZIF-8-mimg simg.7zsbimg; (right, the grey shaded region highlights the
integrated area for the determination of AH,,). The samples were cycled from 50 °C to 450 °C or
430 °C with a heating/cooling rate of 10 °C min ! twice. The insets show micrographs of ZIF-8,
recrystallized ZIF-61-mimg5imgss, glassy a,ZIF-8-mimg5img74sbimg1; derived by cooling the materials
from 450 °C or 430 °C to room temperature. Contour maps of the VI-XRPD patterns are shown
below the TGA/DSC data. Each map is generated from 11 XRPD patterns recorded at temperatures
between 27 °C and 414 °C, containing 10 patterns recorded during heating and one additional pattern
recorded after returning to room temperature. b-d VT-PDF data of ZIF-8 (b), ZIF-8-mimq.15im.ss
(c) and ZIF-8-mimyg.isimo.rsbimo1r (d) derived from VT X-ray total scattering experiments. The insets
highlight changes in the local structure (r < 10 A, grey-shaded region). e Room temperature X-ray
total scattering data in the form S(Q) of ZIF-8-mimg5img74bimgi; and a,ZIF-8-mimyg i5img.74bimg 1.
The latter was prepared by melt-quenching from 430 °C in the DSC apparatus. f PDFs in the form
D(r) obtained from the S(Q) data shown in e. g Visualization of the relevant short-range atomic
distances present in the ZIFs and their assignment to the peaks in the PDFs. Since mim , im and
bim are statistically distributed throughout the materials, the carbon atoms shown in cyan and
orange are only partially occupied and thus have only a minor contribution to the PDFs.
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Chapter 3 Highly Porous ZIF-8 Glasses

The ZIF-8 derivatives that are close to but not in the compositional region required
for congruent melting display incongruent melting, thus leading to crystal-glass-
composites (CGCs) after cooling the solid-liquid mixture to room temperature
(Table A3.4). For example, ZIF-8-mimgisimo.sibimoo forms a CGC of crystalline
ZIF-61 and glassy a,ZIF-8 (Figure 3.1b, Figure A3.45 and Figure A3.74b) due
to the deficiency of bim, while ZIF-8-mim.3imossbimg19 forms a CGC of crystalline
ZIF-8 and glassy a,ZIF-8 (Figure 3.1b, Figure A3.46 and Figure A3.67b) due
to the deficiency of im . Moreover, ZIF-8-mimy i7imo 3:bimg49 maintains the crystalline
ZIF-8 phase during thermal treatment, although most of its linkers are exchanged
(Figure A3.48). We conclude that the fraction of im in this material is too small
to cause framework collapse/melting, while the large fraction of bim supports the

crystalline framework.

To investigate if the thermal treatment leads to any chemical alterations of the
organic linkers, 'H NMR (Figure A3.16) and FTIR spectra were recorded for
representative heat-treated ZIF-8 derivatives (Figure A3.61). Both types of
spectroscopic data establish the integrity of the organic linkers after heat treatment

and the absence of any organic decomposition products.

The most notable of the above samples is ZIF-8-mimy 15img 74bimg 11, which features a
low T, of 368 °C in the first DSC upscan, a T, of 336 °C in the second DSC upscan
and the highest T,/ T, ratio®*? of 0.95 (calculated with absolute temperatures) ever
reported® (Figure 3.2a, Figure A3.74b). The melting point of the linker-
exchanged ZIF-8 derivative is drastically lower than the previously predicted
“virtual” melting point of 1377 °C for conventional ZIF-8.5% The enthalpy of melting
(AH,) determined by integration of the DSC melting peak is only about 0.7 kJ/mol
and thus approximately seven times lower than AH, of the prototypical ZIF-621*1.
A comparison with the melting enthalpies and entropies of other reported meltable
Z1Fs can be found in Table A3.3. The very low AH, of ZIF-8-mim i5img7abimg.1:
can be ascribed to its higher porosity, which allows for a more substantial
densification during the transition from the crystalline to the liquid state as will be
shown by gas sorption data below. Due to increased dispersion interactions in the
denser liquid phase, the enthalpy difference between the crystal and the liquid is
small. An additional DSC experiment with five heating/cooling cycles in the range
from 100 to 430 °C was performed to verify the stability of the glass of ZIF-8-
mimg.isimo7bimenn (Figure A3.76). The fact that T, only varies between 336 °C

and 338 °C in the consecutive upscans implies that a,ZIF-8-mimgsimg74bimg: has
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excellent robustness during temperature cycling. Heat capacity (C,) measurements
demonstrate that the heat capacity change around the glass transition (AC,) of
agZIF-8-mimg15imo.7sbime1 is 0.12 J g! K'! (Figure A3.82); a value comparable to
that of a,(ILQZIF-8) (AC, = 0.11 J g* K'!) and other ZIF glasses (Table A3.5).55
% Moreover, the fragility index (m) of a,ZIF-8-mimj.simozsbimo.1; obtained from DSC
is 21 (Figure A3.83), a value almost identical to that of fused silica (m = 20),10 %
“ and smaller compared to that of a,ZIF-62 (m = 23). The low fragility is
characteristic of a strong liquid that vitrifies to a brittle glass and is in agreement

with the extraordinarily high glass-forming ability (7,/Tw = 0.95) of the material.

To exhibit that the SALE approach is not restricted to the im /bim linker system,
we employed the same linker exchange protocol but substituted bim with Clbim-
(5-chlorobenzimidazolate), the derived ZIF-8-mimyimg7Clbimgyo is again a phase
pure ZIF-8 derivative (Figure A3.36) and can also be transformed into a glass
exhibiting a Ty of 322 °C by thermal treatment (Figure A3.80 and Figure A3.81).
Furthermore, with the aim to demonstrate that the SALE approach can also be used
to make non-meltable cobalt-based ZIFs meltable, we applied the same linker
exchange protocol to ZIF-67, Co(mim),, which is isostructural to ZIF-8. The derived
ZIF-67-mimgsimoesbimgi4 is also a phase-pure crystalline framework with sod
topology, melts at 399 °C and forms a glass with a T, of 344 °C upon melt-quenching
(T,/ Tn = 0.92; Figure A3.50, Figure A3.55 and Figure A3.78). This finding
suggests that the SALE approach may be a universal tool for the preparation of
glasses based on other highly porous ZIFs with other topologies.

3.4 Constructing a triangular phase diagram

Based on the thermal analysis and XRPD data of 50 ZIF-8-mim,im,bim,. derivatives,
a ternary phase diagram to visualize the melting and glass-forming properties is
constructed (Figure 3.3a). The dark orange area highlights the compositional range
showing congruent melting and glass formation upon cooling the melt. The blue area
marks the compositional range of ZIF-8-mim,im,bim. derivatives, which do not melt.
In the region between the two dashed lines, we observe incongruent melting, leading
to a heterogeneous mixture of a liquid ZIF with either a crystalline ZIF with zni
topology (if the fraction of im is large) or a crystalline ZIF with sod topology (if
the fraction of im  is rather small). When the liquid-solid mixtures from the region

of incongruent melting are quenched to room temperature, CGCs are formed. This
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Chapter 3 Highly Porous ZIF-8 Glasses

introduces a path for the preparation of CGCs as previously CGCs were formed
either from heterogeneous mixtures of two or more MOF's containing a meltable and
a non-meltable MOF® or via physically mixing a crystalline MOF with a
prefabricated MOF-glass of the same composition”. By contrast, the CGCs are
formed from a single phase of mixed-linker ZIF-8 derivatives via thermally triggered

phase segregation here.
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Figure 3.3. Ternary phase diagrams of ZIF-8-mim,im,bim, displaying the melting and
glass transition properties. a Ternary phase diagram based on thermal analysis and XRPD data
of 50 derivates of ZIF-8-mim,im,bim, along with literature data of ZIF-4® and ZIF-62-bim, (orange
line) "398 with the blue area being the non-melting region, the area between the two dashed lines
being the incongruent melting region, and the orange area being the melting region (excluding the
blue line of ZIF-8-mim,im,). b Visualization of the glass transition temperatures of the glass forming

ZIF-8-mim,im,bim. derivatives in the ternary phase diagram.

Besides the compositional influence on the melting behaviour, the relative molar
fractions of the linkers also have a considerable influence on the 7, of the
corresponding glass or CGC (Figure 3.3b, details in Table A3.4). Depending on
z, y and z, T, ranges between 328 °C and 383 °C. Generally, T, is lower when the

fractions of mim and bim are low.
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3.5 NMR and Far-IR spectroscopy

With the aim of obtaining further insights into the distribution of the three different
linkers within the crystal and glass phases of the linker-exchanged ZIF-8 derivatives,
2D 'H-BC spin-diffusion magic angle spinning (MAS) NMR spectroscopy
measurements’ were recorded on crystalline ZIF-8-mimgsimg7bime; and glassy
a,ZIF-8-mimy15img 74bimg11 with mixing times between 90 and 5000 ps to track the
polarization transfer from the methyl protons of mim~ (resonance at 1.5 ppm) to the
various C atoms in the sample (Figure 3.4a, Figure A3.58-59). Variations in
the rate of polarization transfer provide information about the proximity of different
organic linkers in the solid."% ! With increasing mixing times, polarization transfer
from the —CHj; protons to the *C atoms C1 and C2 of the three linkers is observable.
The resonance of the C1 atom of mim  is isolated at 150 ppm, while C1 of im"
overlaps with C1 and C2 of bim (~141 ppm) and C2 of mim and im overlap with
each other at ~123 ppm. The peak areas of the —CHj; resonances were normalized to
1 for both samples to facilitate a comparison of the relative polarization transfer
rates to the aromatic carbons. The differences in the rates of fast intra-linker
transfers of mim  (from —CHs to C1 of mim) are insignificant when comparing
crystal and glass samples (Figure 3.4b, left). In contrast, the inter-linker
polarization transfer rate (from ~CHs to C1/C2 of im™ and bim ) in the glass (second
panel) is much faster than in the crystalline state. Consistently, the peak
representing mixed intra- and inter-linker transfer (third panel) shows a behaviour
in between these two cases. This implies that the collapse of the framework structure
upon melting, followed by vitrification, leads to a closer intermolecular proximity of
the three linkers on average. Although the polarization transfer in the crystalline
material is slower compared to the corresponding glass, its high transfer efficiencies
suggest that the SALE procedure leads to a rather homogeneous distribution of im-
and bim throughout the bulk microcrystals even before melting and not just a

clustering of these linkers on the crystal surface.

 MSA NMR experiments have been done by Hanna Aucharova and Dr. Suresh Vasa from the gorup
fo Prof. Rasmus Linser, Physical Chemistry, TU Dortmund.
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Figure 3.4. MAS NMR and far-IR spectroscopic characterization. a Slices along the
indirectly detected dimension through the 2D 'H-BC spin-diffusion solid state NMR, spectra of
crystalline ZIF-8-mimg5img 74bime 11 (top) and glassy a,ZIF-8-mimg 15simg74bime1; (bottom). Slices were
taken at a 'H chemical shift of 1.5 ppm and normalized to the peak area of —CHj. The slices show
the polarization transfer from the protons of the —CHj groups of mim  to all **C atoms in the samples
as a function of the mixing time. Blue lines represent the slices obtained with a spin-diffusion mixing
time of 90 ps, red lines correspond to a mixing time of 5000 us, and gradually increasing grey lines
correspond to mixing times of 360, 540, 1000 and 2000 ps. b Comparison of the spin-diffusion
polarization transfer processes in the crystalline and glassy states. Peach-colored labels in a and b
represent intramolecular polarization transfers within mim , while purple labels represent inter-linker
polarization transfers from mim to im or bim . Dashed lines are exponential fits to the data. ¢ Far-

IR spectra of ZIF-8, ZIF-8-mimg 15imo 74bimg 11 and a,ZIF-8-mimg15img.74bimg 1.

Far-IR spectroscopy data show that with the partial exchange of mim against im
and bim, the vibrational bands associated to mim (420 cm™ and 677-700 cm™)
reduce in intensity, while new bands associated to im and bim (636-681 cm)
emerge in crystalline ZIF-8-mimg.isimg.nbimgi; (Figure 3.4c). Moreover, the band
for the stretching vibration of the ZnNy tetrahedron centred at 291 cm in ZIF-8
becomes broader and shifts to 305 cm* upon linker exchange. This is in agreement
with results from a previous far-IR spectroscopy study on crystalline ZIF-4, ZIF-7
and ZIF-8,1 and further supports reasoning of this study that the im  and bim"
linkers are rather homogeneously distributed in ZIF-8-mimg.15imgz4sbimg1i. For the
melt-quenched a,ZIF-8-mimgsimg7bimy11 the stretching band of the ZnN,
tetrahedron is even broader and the characteristic low-energy phonon modes in the
region from 100-200 cm !, which are associated with collective distortions of the four-
and six-membered rings of the sod structure, vanish to a broad continuum."” Both
observations establish the non-crystalline and highly disordered structure of a,ZIF-

8-mimyg 15imo.74sbimg ;.
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3.6 Porosity determination

Isothermal N, physisorption at 77 K is an established method for the quantification
of the specific pore volume and the specific surface area of crystalline MOFs. All the
reported melt-quenched ZIF glasses, however, feature very narrow micropores, which
are inaccessible for Ny at 77 K. In contrast to this, a,ZIF-8-mimg5img7sbimg1;
adsorbs comparatively large amounts of N, (~108 cm?®g! (STP) at p/po = 0.95) at
77 K and displays a Type I isotherm typical for microporous materials (Figure 3.5a,
Table A3.6). Although the N, adsorption capacity near saturation is substantially
lower for this ZIF-8 glass compared to ZIF-8 (~411 cm®g ! (STP)) and its crystalline
glass-former counterpart ZIF-8-mimgisimozbimer (~304 cm?®g! (STP)), this is the
first instance of a ZIF glass adsorbing N, at 77 K. Pore size distributions (PSDs)
calculated from the N, sorption data (quenched-solid density functional theory,
QSDFT model') not only confirm that ZIF-8-mimgsimg74bime;; has a narrower
pore size distribution than ZIF-8, but also indicate that a small number of likely

disordered sodalite cages still exist in a,ZIF-8-mimgisimo7bimen (Figure 3.6).
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Figure 3.5. N, and CO, gas sorption analysis. a N, sorption isotherm at 77 K and b CO,
sorption isotherm at 195 K of ZIF-8, ZIF-8-mimg 5img74bimg 11 and a,ZIF-8-mimg5img 74bime 1. The
CO, sorption isotherm of a,ZIF-62 recorded at 195 K (taken from reference®) is shown for comparison.

The solid and hollow circles represent adsorption and desorption, respectively.
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Figure 3.6. Pore size distributions for ZIF-8, ZIF-8-mimgsimezbime:; and a,ZIF-8-
mimg 5img7bimg;; calculated from the N, adsorption data (QSDFT model, carbon equilibrium
transition kernel at 77 K based on a slit-pore model) and the CO, adsorption data (HK model,
isotherms recorded at 195 K, py = 191 kPa, slit-like pore). The insets show normalized pore size

distributions for easier visual comparison of the pore widths.

Additional CO. (kinetic diameter 3.3 A) sorption measurements recorded at 195 K
were performed to get information about the smaller micropores in the materials,
which are inaccessible for N» at 77 K (kinetic diameter 3.6 A), and so to quantify
the full micropore volume (Vo). ZIF-8 and ZIF-8-mimg 5img4bimgi1 exhibit the
same CO;adsorption capacity of ~293 cm®g? (STP) at 100 kPa (Figure 3.5b and
Table A3.6). Naturally, a,ZIF-8-mimj.1simo.74bimo.1; adsorbs lower amounts of COs,
however, the capacity at 100 kPa amounts to ~125 cm?®g! (STP), which is about
67% higher than the CO; capacity of the prototypical glass a,ZIF-62 under identical
conditions (Figure 3.5b). The BET area (Sger) calculated from the CO, sorption
isotherm is 403 m? g !, about twice as large as the BET area of a,ZIF-62 (Sger =
200 m* g ).

Noteworthy, supporting CO- sorption isotherms recorded on the cobalt-based a,ZIF-
67mimo 1simo gsbimg14 highlight a similarly high CO, adsorption capacity of ~293 cm?
g (STP) and pore volume of 0.19 cm? g ! for this glass (Figure 3.7, Figure A3.98
and Table A3.6).
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Figure 3.7. a CO, sorption isotherms recorded at 195 K for a,ZIF-8-mimg 15img74bimg 1, a,ZIF-67-
mimy isimoesbimg 14 and a,ZIF-62 (data taken from previous work referencel!). b Bar plot representing
the specific pore volumes calculated from the CO, sorption capacity at 195 K and 95 kPa for a,ZIF-
8-mimyg 15imo 74bimg 11, the Co-based a,ZIF-67-mimg 1simg ¢sbimg 14 and prototypical literature-known ZIF
glasses (data taken from referencel*!).

PSDs calculated from the CO; isotherms via the Horvath-Kawazoe (HK) model*
underline that a,ZIF-8-mimgisimo7sbime11 also features a considerable amount of
smaller micropores with a diameter of 5-6 A, which are not present in the crystalline
ZIF-8-mimg1simosbimen (Figure 3.6). These smaller pores likely result from the
collapse of the framework upon melting and glass formation. The specific pore
volume of a,ZIF-8-mimy 15img7sbimg1; calculated from the CO, sorption data is 0.20
cm?® g ! which is by far the highest among ZIF glasses (Figure 3.7). The higher
porosity and thus lower density of a,ZIF-8-mimgisimozsbimei; compared to the
prototypical a,ZIF-62 is also confirmed by the position of the first scattering peak
at smaller @ in the X-ray total scattering data (Figure A3.57).0%

The largely improved porosity of a,ZIF-8-mimgsimg 7sbimg11 compared to previously
reported melt-quenched ZIF glasses is further evident by propylene, propane and n-
butane sorption experiments (Figure 3.8 and Table A3.7). Even though the glass
adsorbs significantly smaller amounts of these gases than their crystalline relatives,
the hydrocarbon sorption capacities are about 3 to 5 times higher compared to other
ZIF glasses*!. Moreover, the hysteresis between adsorption and desorption is small,

suggesting negligible diffusion limitations for the larger hydrocarbon molecules.

39



Chapter 3 Highly Porous ZIF-8 Glasses

3.7 Kinetic separation of hydrocarbons

O

a

T T T T T

T T T T T
100 L propylene @ 293 K qE‘Ef-[__\_ 100 |- propane @ 293 K
T

80 - pax - 80 I

N n o] Yo 1
40 & o000 ©

%, © o8
o &0 vee

o O o %
s

= ZIF8
A ZIF-8-mimg ;5iMg 7,0img 44

® 3 ZIF-8-mim, ,5im, 7,bimg ;|
1 1 1 1 1

0 20 40 60 80 100 40 60 80 100
Pressure / kPa Pressure / kPa

u ZIF-8
A ZIF-8-mimg 45img 740img 44

®  a,ZIF-8-mimj 45im ,,bimg 44
1

Volume adsorbed / cm?® g™' (STP)
Volume adsorbed /cm® g~' (STP)

T T T T T
100 | n-butane @ 293 K 4 L
&
[72) Lmm LECE
- 80F Oy nm = .E: \ 4 A LA 08
o l,gA;A‘AAA' o
® i A v}
g 60 4 206
= o
o o
8 N L
S 40 e S 0.4 L —=— propylene
) N ry o ZIF-8
- O @ o® © e Co 0O { J© g f] —C— propane
@© o ° S [
2 20 - @) T propylene
:Es 0.2 k propane
2 m ZF-8
N 0 l A ZIF-8-mimg y5imy 7,bimg 4, | a,ZIF-8-mimy 1siMo 74biMg 11 | & propylene
©®  a ZIF-8-mimj ,5im; ,,bimg 44 0l 2 Tl o1 —O— propane
1 L 1 n 1 " 1 " 1 1 1 L 1 " 1 n 1 n 1 " 1
0 20 40 60 80 100 0 500 1000 1500 2000 2500
Pressure / kPa Time /s

Figure 3.8. Hydrocarbon sorption studies. a Propylene sorption isotherms collected at 293 K.
b Propane sorption isotherms collected at 293 K. ¢ n-Butane sorption isotherms collected at 293 K.
In all panels, adsorption and desorption branches are shown as closed and open symbols, respectively.
d Kinetic adsorption data of propylene and propane for ZIF-8, ZIF-8-mimg i5img z4bimg11 (crystal) and
a,ZIF-8-mimy 15img 74bimo 11 (glass) recorded at 293 K with an equilibrium pressure of about 80 kPa.

Kinetic adsorption data showcase that propylene is adsorbed much faster than
propane in a,ZIF-8-mimy15img 74bimg11, similar to the crystalline ZIF-8 and ZIF-8-
mimoisimozsbimey  (Figure 3.8d). Fitting the kinetic data using stretched
exponential models (Figure A3.101-109) yielded the corresponding rate constants
(k, Table A3.9). For crystalline ZIF-8, Kyopyiene and Apropane are 3.26 x 102 s! and
3.18 x 10°? s!, resulting in a high kinetic propylene/propane selectivity (Skn =

Kpropylene/ kpropane) Of 10.3, as expected from previous reports.' By contrast, Kpropyiene
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and Kpropane are more similar for ZIF-8-mimg isimor4bimgir (2.14 x 102 and 6.21 x 10
3 s1), resulting in a much lower S, of just 3.5. Hence, the structural complexity of
the pores caused by the three imidazolate-type linkers present after SALE seems to
reduce the selectivity. Strikingly, the corresponding glass a,ZIF-8-mimy 15img 74bimg .1
features a significantly improved selectivity (Skn = 5.4) even though the rate
constants are slightly lower than for its crystalline relative (kpopylene = 9.37 X 1073 s
Vand Kpropane = 1.73 x 103 s1) as expected due to the lower porosity and narrower
pore sizes. These findings highlight that glass formation can be a beneficial tool not
only for materials processing but also for improving the functional sorption

characteristics of a porous material.

3.8 Conclusion

This research made significant advances in the field of MOFs glasses: (i) enabling
the melting of unmeltable MOF with good processing properties. (ii) significantly
increased porosity of MOF glasses.

The dual-linker exchange strategy developed in this work is crucial for the successful
modification of ZIF-8. The exchange of the mim linker with a smaller im  linker
facilitates the weakening of the coordination bonds, thereby promoting the melting
process. Simultaneously, the introduction of a larger bim linker plays a pivotal role
in stabilizing the liquid phase, preventing the crystallization of dense ZIFs that could
hinder the formation of a homogeneous glass. This dual mechanism highlights the
importance of a balanced approach in linker substitution, where both the size and
coordination strength of the linkers must be carefully considered to achieve the
desired material properties. Moreover, the construction of a ternary phase diagram
was a key outcome of this research, providing a visual representation of the
compositional phase space and delineating the conditions under which ZIF-8
derivatives exhibit congruent melting, incongruent melting, or no melting. This
phase diagram serves not only as a tool for understanding the melting behavior of
these materials but also as a predictive model for the design of new MOFs with
tailored thermal properties. The ability to systematically explore and manipulate
the phase behavior of MOFs marks a significant advancement in the field, offering
a pathway to the rational design of materials with specific thermal and structural

characteristics.
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Among the derivatives studied, some exhibited ultra-high glass-forming ability
(GFA), with a T,/T. ratio reaching 0.95. This high GFA, combined with the
substantial specific pore volumes, positions these ZIF-8 glasses as superior to
previously reported MOF glasses in terms of porosity and potential applications.
Furthermore, their excellent sorption capacities for hydrocarbon gases, underscores
the utility of these materials in gas separation applications. The grain-boundary-free
structure of MOF glasses, which minimizes diffusion barriers, further enhances their
performance, particularly in the kinetic separation of propylene from propane—a

critical process in the petrochemical industry.

Furthermore, the success of this strategy provides a roadmap for future research.
The principles established here can be applied to other MOFs, particularly those
with higher inherent porosity than ZIF-8, potentially leading to the discovery of new
MOF glasses with even more remarkable properties. The possibility of achieving
porosity levels in glasses comparable to those in their crystalline counterparts is
particularly exciting, as it could revolutionize the use of MOF glasses in applications
that demand high porosity and high pore size. Looking ahead, the exploration of
other solvent-assisted linker exchange processes, potentially involving different
solvent systems and well-designed linkers, could yield new classes of MOF glasses

with tailored properties for specific industrial applications.

In conclusion, this research advances the development of meltable and glass-forming
MOF's through compositional engineering. By employing the solvent-assisted linker
exchange method, this work effectively transforms non-meltable highly porous ZIF's
into meltable derivatives, thereby expanding the limited repertoire of MOFs capable
of transitioning to a glassy state and greatly increase the porosity of ZIF glasses.
These findings provide a foundation for new insights into the melting of MOFs and

the fabrication of highly porous MOF glasses.
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Traditionally, MOF glasses are produced by heating MOF crystals to their melting
point and then cooling the liquid MOF to room temperature under an inert
atmosphere. While effective, this melt-quenching technique requires high energy due
to the high temperatures involved. It also limits the scope of new material
development by restricting the compositional range to only those combinations of
metal ions and linkers that are highly thermally stable. An alternative, mechanical
milling at room temperature, has demonstrated its capability to transform MOF
crystals into amorphous phases. However, the specific conditions under which these
amorphous phases exhibit glass-like behavior remain uncharted. In this study, the
mechanochemical amorphization and vitrification of a variety of zeolitic imidazolate
frameworks (ZIFs) with diverse linkers and different metal ions (Zn**, Co*" and Cu*")
are explored at room temperature. The findings in this study demonstrate that ZIF's
capable of melting can be successfully converted into glasses through ball-milling.
Remarkably, some non-meltable ZIFs can also be vitrified using the ball-milling

technique, as highlighted by the preparation of the first Cu**-based ZIF glass.
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4.1 Introduction

As discussed in the previous chapters, the advanced processability and grain-
boundary-free nature of isotropic liquid and glassy MOF phases compared to their
crystalline relatives opens new routes for applications ranging from gas separation!”!
to solid-state ionics!'%1%, MOF glasses have been proposed as attractive materials
for utilization as phosphors!'® and in radioactive waste storagel'®. The family of
zeolitic imidazolate frameworks (ZIFs) represents the most investigated subset of
meltable and glass-forming MOFs. ZIFs are based on tetrahedrally coordinated
transition metal ions (e.g. Zn*" or Co*'), which are linked by imidazolate linkers
creating a typically three-dimensional network.? Interestingly, among the plethora
of MOFs, just a few ZIFs transform into stable liquids when heated under an inert
atmosphere before they undergo thermal decomposition.?> 33 During melting, the
metal-linker bonds are dynamically broken and reformed, giving rise to ZIF liquids.!""

When the ZIF liquids are cooled down, they vitrify, forming melt-quenched glasses
(MQGs). 110

Practically, melting a ZIF requires relatively high temperatures (usually > 400 °C)
and thus a significant energy consumption.? Moreover, the necessity to obtain ZIF
glasses via the liquid ZIF phase, drastically limits the choice of ZIF glass former, as
many of the functional groups utilized in substituted imidazolate linkers are sensitive
to high temperature (e.g. halide substituents or nitro groups” /). The prototypical
glass former ZIF-4, for example, requires a very high melting temperature of

590 °C,1 47 resulting in a partially decomposed MQG.F3 41

Ball-milling is an established technique for synthesizing microcrystalline MOF
powders. In this method, typically, a metal oxide is milled in a vibratory mixer mill
alongside the organic linker in its acid form in the presence of a small quantity of
additives and templating solvent molecules.? 1113l Conversely, post-synthetic ball-
milling (PSBM) of MOF microcrystals, conducted without solvent, leads to the rapid
amorphization of the materials. The mechanical impact during PSBM aids in
breaking and reforming coordination bonds, ultimately resulting in the formation of
amorphous solids.!'*¥ For a variety of dense coordination polymers (CPs) and
networks (CNs) based on triazolate, dicyanamide, or cyanide linkers the amorphous
phases obtained by PSBM were shown to exhibit a glass transition.''>!!¢ For ZIF's,
different methods of mechanical perturbation®! were shown to have a facilitative

effect on ZIF melting and glass formation. Applying high hydrostatic pressure"” or
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high-frequency vibration''¥ for example, promotes ZIF melting (i.e. dynamic metal-
linker bond breaking). Previous research has shown that PSBM can cause rapid
amorphization of crystalline ZIFs, including ZIF-4 (Zn(im),; cag topology; im =
imidazolate), ZIF-zni (Zn(im); zni topology) and ZIF-8 (Zn(mim),; sod topology;
mim = 2-methylimidazolate).'*!?2 However, it is unclear whether the amorphized
Z1F's exhibit glassy behavior. Recently, a mechanochemical synthesis by ball-milling
has been employed to prepare ZIF-62 (Zn(im)..(bim),; cag topology when
crystalline; bim = benzimidazolate) by reaction of ZnO with imidazole and
benzimidazole in the presence of small amounts of N,N-dimethylformamide
(DMF).24 12 Depending on the composition of the reaction mixture, the derived
material was either crystalline (for 0.05 < z < 0.30) or amorphous (for 0.35 < z <
1).8) Interestingly, the amorphous ZIF-62 prepared by ball-milling showed a
calorimetric glass transition, showcasing that glassy ZIF-62 can be prepared
mechanochemically at room temperature by increasing the bim concentration in the
ball-milling synthesis. However, the technique of preparing a ZIF-62 glass by ball-
milling via a considerable increase in the bulky linker fraction (i.e. 0.35 < z(bim) <
1) has constraints, such as the possibility of porosity blockage in the glasses and a
significant rise of the glass transition temperature (7,), necessitating a higher

processing or working temperature.
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Figure 4.1. Schematic representation of the traditional route to ZIF glass formation (red line) and
the mechanochemical vitrification approach followed in this work (blue line).

While ball-milling is commonly employed for the synthesis of crystalline ZIF's or
their transformation into amorphous states, its capacity for enabling direct
vitrification of ZIFs at room temperature remains uncharted. Herein, this work
reports a detailed study of the utility of solvent-free PSBM for the vitrification of
crystalline ZIF's of varying chemical composition, network topology and porosity at
ambient temperatures (Figure 4.1). To evaluate the potential of PSBM for ZIF
glass formation, we investigate several meltable and glass-forming ZIFs,* 6 124
namely ZIF-4(Zn/Co), ZIF-zni(Zn/Co), ZIF-62(Zn/Co), ZIF-UC-5 and TIF-4, but
also ZIFs known not to melt when in pure form, i.e. ZIF-76"" and ZIF-83* % and
ZIFs which were previously not studied in terms of glass formation, i.e. ZIF-702"
and ZIF-Cu-1 (Cu(im),)!* (Figure 4.2). These materials comprise representatives
with Zn?" and Co?" tetrahedral building units typical for ZIFs, as well as a Cu?**-
based ZIF featuring drastically flattened pseudo-tetrahedral units. It is important
to note that Cu*"-based ZIFs have not been studied in terms of melting and glass
formation so far. X-ray powder diffraction (XRPD), differential scanning calorimetry
(DSC), simultaneous thermogravimetric and differential thermal analyses
(TG/DTA), X-ray total scattering and its deduced pair distribution functions
(PDFs), scanning electron microscopy (SEM), and CO; gas sorption measurements
provide important insights into the thermal, structural, and textural features of the
ZIFs after varying PSBM times (between 5 and 60 min). This stury find that PSBM
transforms several of these ZIFs into glasses (MIGs = milling-induced glasses),

highlighted by the preparation of the first ZIF glass with Cu*" building units, while
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other ZIFs amorphize but show no glassy behavior. The results in this study provide
a first guide for preparing ZIF glasses by mechanical milling at ambient temperature

but also expose some limitations of the method.

4.2 Crystalline ZIF synthesis and structural characterization

Firstly, twelve different ZIF crystals were synthesized by adapting established
solvothermal reaction procedures (see Experimental section).? % ™ 125/ Among
these ZIF-4(M), ZIF-zni(M) and ZIF-62(M) were prepared using either Zn** or Co**
as metal centers (M?"), whereas TIF-4, ZIF-UC-5, ZIF-76, ZIF-8 and ZIF-70 avail
Zn*" as inorganic building unit, and ZIF-Cu-1 was prepared with Cu*" as the metal
center (Figure 4.2). The ZIFs comprise a variety of functionalized linkers as well
as network topologies of diverse porosities. The theoretical void fractions (tVFs) of
the ZIFs calculated based on reported crystal structures range from about 7% (ZIF-
zni and ZIF-Cu-1) up to about 67% (ZIF-70). After washing and solvent exchange
procedures, the desolvated Zn- and Co-ZIF materials were obtained by heating to
170 °C under a dynamic vacuum for 6 h, while ZIF-Cu-1 was activated at 110 °C
because of its lower decomposition temperature. The identity and purity of the
crystalline ZIF's were verified by structureless profile fits (Pawley method) of XRPD
patterns using reference data from the literature (Figure A4.1-12, Table A4.1).
All compounds are phase-pure except for ZIF-UC-5, which contained about 5 wt%
of ZIF-76 as a parasitic phase according to a dual-phase Rietveld refinement of the
XRPD pattern (Figure A4.7). The latter sample is therefore referred to as ZIF-
76/UC-5. Complete removal of solvents from the pores of the ZIF's is demonstrated
by 'H nuclear magnetic resonance (‘"H NMR) and Fourier-transform infrared (FTIR)
spectroscopy data (see Appendix A4.2-4.3). 'H NMR spectroscopy of acid-
digested samples was performed to determine the linker ratios of the mixed-linker
materials ZIF-62(M), TIF-4, ZIF-70, ZIF-76 and ZIF-76/UC-5, leading to the
chemical compositions given in Figure 4.2 (Figure A4.35-36 and Figure A4.41-
44).
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Figure 4.2. TOP: Crystal structures of the ZIFs investigated in this work. ZIF-zni (CCDC code
IMIDZB) viewed along the crystallographic ¢ axis, ZIF-4 (CCDC code IMIDZB11), ZIF-62 (CCDC
code SIWJAM), TIF-4 (CCDC code QOSYAZ) and ZIF-UC-5 (CCDC code GULVIV) viewed along
the crystallographic b axis. ZIF-76 (CCDC code GITWEM) and ZIF-8 (CCDC code FAWCENO03)
viewed along the crystallographic a axis. ZIF-70 (CCDC code GITVEL) and ZIF-Cu-1 (CCDC code
CUIMDZ01) viewed along the crystallographic ¢ axis. Hydrogen atoms are omitted for clarity. The
theoretical void fractions (tVFs) were calculated using Mercury software with a probe radius of 1.6
A and a grid spacing of 0.2 A and are shown in pale yellow. Solvent molecules were removed and
linker disorder was resolved as far as possible without changing the space group symmetry before the
calculation of the tVFs. If H atoms were not included in the reported crystal structures, they were
positioned at geometrical positions before the calculation of the tVF. The compositions of the ZIFs
were obtained by 'H NMR spectroscopy of acid-digested samples. Bottom: Building units of the
investigated ZIFs.
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Chapter 4 Mechanically Induced ZIF Glasses

4.3 Amorphization by post-synthetic ball milling

The activated microcrystalline ZIFs were treated with PSBM at 25 Hz in a vibratory
shaker mill for 5, 10, and 15 minutes, respectively, using a 10 mL stainless steel
grinding jar with two 8 mm stainless-steel balls and ca. 50 mg ZIF. The derived
PSBM materials are denoted by ZIF-X-5min/10min/15min according to the
corresponding PSBM time. Additional 30 min and 60 min ball milled samples were
prepared for ZIF-8 (ZIF-8-30min and ZIF-8-60min). The XRPD patterns of almost
all ball-milled ZIFs show only diffuse scattering without sharp Bragg reflections
already after 5 min of PSBM proving rapid amorphization of the materials (Figure
4.3 and Figure A4.14-20). The only exceptions are the ZIF-zni(M) samples, which
still contain reflections assigned to the crystalline ZIF-zni phase after 5 min PSBM,
even though the reflections are of diminished intensity and increased peak width
(Figure 4.3 and Figure A4.16). Upon increasing the PSBM times, the Bragg
reflections of the ZIF-zni phases decrease further in intensity, but the samples are
still not fully amorphized after 15 min PSBM. The residual crystallinity of the ZIF-
zni(Zn) samples was estimated from profile fitting of the XRPD data (Figure
A4.21-24). It is observed that within the first 10 min PSBM, the degree of
crystallinity of the sample gradually reduces to 49%, while after 15 min PSBM, a
degree of crystallinity of 36% remains. The higher resistance of ZIF-zni towards
amorphization by PSBM can be explained by the higher density of ZIF-zni (p =
1.56 g cm ?)% compared to the other Zn- and Co-based ZIFs studied here
(0.78 g em™® < p < 1.32 g em®)* as it is known that a higher density correlates

well with increased elastic moduli and hardness!?".

In agreement with previous structural investigations of amorphized ZIFs,!''> 12l PDF's
derived from X-ray total scattering data of selected pristine and 5-min-ball-milled
ZIF samples show that the short-range structure (< 6 A) of the crystalline phase
(i.e., metal ions surrounded by four imidazolate-based linkers) is preserved in the
amorphous PSBM samples (Figure A4.30-34). Hence, the PDFs of the amorphous
PSBM-derived ZIF's are largely identical to those of the literature-known ZIF MQGs.
In line with the loss of long-range order, increased structural heterogeneity and
distortions in the ball-milled ZIFs are evident from the broadening of various
vibrational bands in the FTIR spectra relative to the bands of the crystalline parent
materials (Figure A4.47-58). In particular, the asymmetric stretching vibrational

bands of the MN, polyhedra (M?*" = Zn?*", Co*", Cu®") located at 300 cm™' in the
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4.3 Amorphization by post-synthetic ball milling

far-IR spectra exhibit notably broader profiles in the PSBM samples compared to
their crystalline counterparts, observable as early as 5 minutes into the ball-milling
process. These bands mirror the widths seen in the corresponding MN, vibrations of
MQG reference samples (Figure A4.59-67 and Table A4.2). An exception is again
observed with ZIF-zni(Zn), which shows a gradual broadening over the course of
PSBM, consistent with the gradual decline in crystallinity discussed above. SEM
images reveal that the solvothermally synthesized ZIF's, initially characterized by
large crystals (up to several hundred micrometers in size), undergo significant
fragmentation into smaller particles ranging from 1 to 10 pm in size following a 5-
min PSBM treatment (Figure A4.106-108 and Table A4.8). Prolonged ball-

milling times result in only marginal further reductions in particle size.
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Figure 4.3. XRPD patterns of the pristine ZIF polycrystalline materials and after 5, 10 and 15 min
PSBM.

4.4 CO: physisorption data and porosity analysis

Since it is established that N, is hardly adsorbed at 77 K in some of the ZIFs studied
here,?> 41129 the evolution of the ZIFs’ porosity with PSBM time was studied by
isothermal COs sorption at 195 K (Figure A4.68-75 and Table A4.3). CO; has a

smaller kinetic diameter than N, and can enter very narrow micropores.') The
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maximum gas pressure used for the data collection is 95 kPa, corresponding to a
relative pressure p/py of about 0.50, ensuring the complete filling of the materials’
micropores. The maximum adsorbed gas capacities at 95 kPa (V;33%) of CO: of all
studied ZIFs progressively decrease with increasing PSBM time except for ZIF-
zni(Zn) (Figure 4.4a). The reduced CO; capacities indicate that the materials
densify during the PSBM-induced amorphization. As expected, the rate of
densification decreases with increasing ball-milling-time, indicating that the most
significant structural changes under amorphization appear during the first few
minutes of milling. The more porous ZIFs (i.e., ZIF-4(M), ZIF-8 and ZIF-76)
undergo stronger densification (stronger loss of porosity) with increased ball-milling
time than the less porous ZIF-62(M) (Figure 4.4b). This is in accordance with the
larger bulk moduli and increased mechanical resistance of ZIF-62(M) compared to
the isoreticular but more porous ZIF-4(M).'* Surprisingly, the porosity of ZIF-
zni(Zn) increases with PSBM. Vi progressively reaches 181% of the capacity of
pristine ZIF after 10 min of PSBM and then settles at 171% of the original capacity
after 15 min of PSBM. This unusual behavior likely is because the zni topology is
one of the densest ZIF topologies known, and the increase in its disorder by PSBM

leads to an increase in its porosity!.

Except for ZIF-8 and ZIF-Cu-1, the CO, capacity is very similar for the samples
treated with 15 min PSBM, signifying that they all form amorphous MOF's of similar
porosity and density. Notably, the CO, capacities at 95 kPa are in the range from
50 to 65 cm?® g! (STP), which is very similar to the CO, capacity of the MQGs of
ZIF-4, ZIF-62 and TIF-4 determined under the same conditions*!. ZIF-8 is more
resistant to a framework collapse than the other ZIFs, so a substantially higher
porosity is observed after 15 min of PSBM (VI§¥ = 82 cm?® g'). Even after 60 min
of PSBM, the amorphized ZIF-8 has a substantially higher sorption capacity than
the other ZIFs subjected to only 15 min PSBM (VIF* = 70 cm?® g'). We speculate
that the methyl groups present at position 2 of the mim™ linker might be the reason
for the formation of a more open amorphous network structure in the case of ball-
milled ZIF-8 compared to the other ZIF's, which use linkers that are not substituted

at position 2.1
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(a) (b)

—-®- ZIF-8 - A\- ZIF-4(Co) - A- ZIF-4(Zn) |_ ©®- ZIF-zni(Zn) ZIF-62(Zn) ZIF-62(Co)
350 [ |- m- zIF-62(zn) - © - ZIF-62(Co) - ®- ZIF-zni(Zn) - A- ZIF-4(zn) - A\ ZIF-4(Co) - @~ ZIF-8
_e- 2IF-76 ZIF-Cut 200 - -eo- zIF-76 ZIF-Cu-1
E 300 ‘.\ c>\z:» 175 L /,.—,_7 o
250} 2 1501 *
L ©
' 20018 S 125
E & A" 100 Fef
S 150 2\ e O
><\m t\\\\ q) 75 L \\\ -
ES 100 % - N\ o £
g ff‘f-»% ootk g o el
50_” = 251 ®----- U——:=—':£~ - -9
O 1 1 L 1 O L 1 L 1 1 1
0 5 10 15 30 60 0 5 10 15 30 60
PSBM time / min PSBM time / min

Figure 4.4. (a) Absolute CO, uptake (VI) recorded at 195 K, 95 kPa and (b) the corresponding
relative CO, uptake (VIG5 (£)/Vaa(t = 0)) as a function of PSBM time of the studied ZIF samples.
The lines are just a guide to the eyes.

ZIF-Cu-1 is very different to all the other materials investigated here. As expected
from its low tVF, the gravimetric CO; capacity (Vige = 25 cm®g! (STP)) of the
crystalline ZIF-Cu-1 is on the same scale as the capacity of crystalline ZIF-zni (V3§
= 31 ecm®g! (STP)). In contrast to ZIF-zni(Zn), milling does not increase the
porosity of ZIF-Cu-1 but progressively densifies the material so that Vg amounts
to only about 5 cm®g! (STP) after 15 min PSBM, rendering the amorphous ZIF-
Cu-1-15min essentially non-porous. Since the dense ZIF-zni(Zn) and ZIF-Cu-1 both
contain the same im  linkers, the drastic difference in milling-induced structural
evolution between these two materials may be ascribed to their inorganic building
units. The almost perfectly tetrahedral Zn?* centers of ZIF-zni(Zn) (geometry index
7 = 0.97 and 0.95 for the two crystallographically independent Zn** ions; 7z = 1 for
tetrahedral and 7z = 0 for square planar®’ Appendix A.5.7) seem to facilitate a
looser packing of the building units in the amorphous frameworks compared to the

severely flattened pseudo-tetrahedron of Cu** in ZIF-Cu-1 (7 = 0.47; Figure 4.5).
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ZnN, (ZIF-zni) CuN, (ZIF-Cu-1)
7, =0.97 or 0.95 7, = 0.47
tetrahedron flattened tetrahedron

Figure 4.5. Coordination environments of Zn** in ZIF-zni (left, CCDC code IMIDZB) and Cu®" in
ZIF-Cu-1 (right, CCDC code CUIMDZO01). The two largest N-M-N angles (¢ and ¢») utilized to
calculate the geometry index (=) are shown in both diagrams. Note, ZIF-zni has two
crystallographically independent Zn?' ions exhibiting slightly different angles.

4.5 Thermal properties

To examine the thermal stability and possible phase/glass transitions of the pristine
Z1Fs and the corresponding PSBM samples, simultaneous thermogravimetric and
differential thermal analyses (TG/DTA) were carried out between 40 and 800 °C
under N, atmosphere (Figure A4.76-87). The decomposition temperature (74) of
all ZIF's generally decreases slightly with increasing PSBM time (Table A4.6). The
reduced thermal stability may be due to increased defect concentrations and

unfavorable structural distortions caused by PSBM.

To screen the samples for thermal phase changes, additional cyclic DSC experiments
(two upscans, one downscan) were performed between ambient temperature and T4
also under N, atmosphere (Figure 4.6, Figure A4.88-91 and Figure A4.99).
Excitingly, the ZIFs which are known glass formers (ZIF-62(M), ZIF-4(M), ZIF-
zni(Zn), ZIF-76/UC-5 and TIF-4) exhibit a well-defined glass transition signal in
the first upscan of the DSC already after only 5 minutes of PSBM (Figure 4.6 and
Figure A4.88). Hence, these PSBM-amorphized materials represent ZIF MIGs that
transition to a supercooled liquid upon heating.? This proves that the vitrification
of these compounds can be achieved by ball milling at room temperature instead of
heating across the materials’ melting points, followed by melt-quenching. We believe
that the mechanical energy generated by compression and shear, together with

potential instantaneous temperature hotspots, achieves the glass transition process
through PSBM.I33134 Notably, the T, values of the MIGs are lower than the T,
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4.5 Thermal properties

values of the corresponding glasses prepared by conventional melt-quenching
methods (MQGs). Interestingly, the T, values of the MIGs decrease further with
increasing PSBM time, which can be rationalized by an increasing number of
structural defects (i.e. undercoordinated Zn** ions, linkers with dangling bonds) with
longer milling times (Figure 4.6 and Figure A4.88).11% 1% The lower T, values of
the MIGs imply that these glasses could be molded and shaped at a lower
temperature than the corresponding MQGs. Moreover, the MIGs transform into the
supercooled liquid state at T,, while the MQGs must first be obtained by heating
the crystalline precursors to the higher T,.

In the second DSC upscan of the MIGs, the T, values converge to the values known
for the corresponding MQGs. This is likely because most of the structural defects
arising from PSBM are healed by thermal relaxation in the supercooled liquid state.
Broad exothermic features in the DSC traces of the first upscans of the PSBM
samples of ZIF-62(Zn) at temperatures between 400 °C and 500 °C support this

reasoning.
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Figure 4.6. First and second upscans of DSC measurements of (a) ZIF-62(Zn), (b) ZIF-4(Zn), (c)
ZIF-zni(Zn), (d) ZIF-4(Co), (e) ZIF-76/UC-5, (f) TIF-4, and the corresponding samples after 5, 10
and 15 min PSBM. The heating rate for all measurements was +10 °C min!. The colored arrows
and dotted lines indicate the amorphization temperature (T,), glass transition temperature (Tj),
recrystallization temperature (T.), and melting temperature (7T,.) of the ZIFs. The gray regions
represent the second upscans.
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Chapter 4 Mechanically Induced ZIF Glasses

The DSC data of both ZIF-4(Zn/Co) and ZIF-zni(Zn/Co) reveal distinct thermal
characteristics (Figure 4.6b and c). Similar to crystalline ZIF-4(Zn), which
recrystallizes to ZIF-zni(Zn) after thermal amorphization, the MIGs ZIF-4(Zn)-5min,
-10min and -15min, also recrystallize to the ZIF-zni(Zn) polymorph after passing
through their glass transition (confirmed by variable temperature XRPD, Figure
A4.27-29). Interestingly, the recrystallization temperature (7.) and the
corresponding enthalpy (AH.) decrease slightly with increased milling time (Table
A4.6 and Table A4.7). The PSBM samples derived from ZIF-zni(Zn) also
recrystallize to the same phase after passing through the glass transition; however,
here, T,. and AH,. increase with milling time. These thermal variations align with
the milling-induced changes in the porosity and density, where ZIF-zni(Zn)
experiences an increase in porosity and a decrease in density with milling, while ZIF-
4(Zn) shows the opposite trend. Additionally, ZIF-zni(Zn) does not fully amorphize
even after 15 min of PSBM. Consequently, the remaining crystalline grains of the
ZIF-zni phase in the ball-milled materials aid in recrystallization, as they serve as

nucleation sites for crystal growth when subjected to elevated temperatures.

It can generally be stated that AH,. for all ball-milled ZIF-4(Zn) and ZIF-zni(Zn)
materials (AH.. = —7.2 to —10.2 kJ mol") is slightly smaller than that of pristine
ZIF-4(Zn) (AH.. = —10.6 kJ mol !). This finding indicates incomplete recrystallisation
in the PSBM samples so that a substantial proportion of the amorphous phase
remains. This hypothesis is reinforced by the observation that the melting enthalpy
(AH.y) of the recrystallized ZIF-zni(Zn) phases from the PSBM materials (AHn. = 5.0
to 7.7 kJ mol?) is ca. 35 to 58% lower than that of pure ZIF-zni(Zn) (AH. = 11.9
kJ mol ). Correspondingly, these recrystallized phases from the PSBM materials
also exhibit substantially lower melting temperatures (7, = 570 °C and 565 °C)
compared to their pristine counterparts (7., = 581 °C). The lower T, and AH, of
the PSBM samples can be attributed to the presence of a considerable amount of
residual amorphous content, a higher concentration of structural defects in the
recrystallized phases, and the smaller particle sizes induced by PSBM (Figure
A4.107-108).13¢18 Noteworthy, similar variations in the glass transition and
recrystallization behavior are observed for the Co**-derivatives ZIF-4(Co) and ZIF-
zni(Co), even though the ZIF-zni(Co) phases derived by recrystallization thermally
decompose before they melt. (Figure 4.6d and Figure A4.89)124 139,

Excitingly, the PSBM samples of phase-pure ZIF-76 demonstrate clear 7T, signals
between 278 °C (15 min PSBM) and 347 °C (5 min PSBM) in the first DSC upscans
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(Figure 4.7). Similar to the behavior observed for the other ZIF glass formers
discussed earlier, T, converges to 357 °C in the second upscans due to thermal
relaxation during the first heating-cooling cycle. Note that the glassy state of ZIF-
76 is unattainable by the melt-quenching technique when the material is in phase-
pure form because the ZIF-76 microcrystals reach their decomposition temperature
(Ti) before they can melt (Figure A4.83)."" Consequently, ZIF-76 can only be
melted in a flux of a meltable ZIF, such as the chemically similar but topologically
different ZIF-UC-5.0" 9. 1401 The inability of phase-pure ZIF-76 to melt can be
attributed to its substantially higher porosity compared to the ZIFs with cag or zni
topology, which results in an increased activation energy for the dissociation of the
metal-linker bond.®” The strong densification experienced by ZIF-76 during PSBM
(Figure 4.4a) appears to be the key to observing glassy behavior and forming a
supercooled liquid state at elevated temperatures. This development is advantageous
as it expands the range of chemical compositions available for ZIF glasses. Notably,
the fraction of the bulky Clbim ™ linker in ZIF-76 accounts for approximately 50%,
whereas it is only around 20% in ZIF-UC-5. This is relevant because the fraction of
the bulky linker in ZIF glasses has been shown to influence important material
properties, including the viscosity of the ZIF liquids and the gas sorption selectivity

of the corresponding glasses!*! %3,

ZIF-76-15min 2nd upscan
$e:do ZIF-76-10min P -
2" upscan —— ZIF-76-5min
—— ZIF-76
N2 Tg i ,_/
.E l:
-} I //
S Ty
| —~
% 18t upscan 1Stupscan ---------
= T,
= .
ks -
—
_/——\Tg
250 300 350 400 300 400

Temperature / °C

Figure 4.7. First and second upscans of DSC measurements of phase-pure ZIF-76 and the
corresponding samples after 5, 10 and 15 min PSBM. The heating rate for all measurements was
+10 °C min !. The graph on the right is used to highlight the glass transition signals.
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Inspired by the finding that the non-melting ZIF-76 can be transformed into a glass
by PSBM, we embarked on an investigation into the thermal characteristics of ZIF-
8, ZIF-70 and ZIF-Cu-1. We aimed to explore the possibility of observing glass
transitions and attaining supercooled liquid states for these ZIF's following PSBM
treatment as well. Crystalline ZIF-8 has already been investigated in terms of
melting from an experimental and theoretical perspective,? %7 while the thermal
phase behavior of ZIF-70 and ZIF-Cu-1 is unexplored.

It is established that crystalline ZIF-8 is resistant to melting at elevated
temperatures, which has been explained by the stronger Zn—-N bond of the mim-
linker compared to the non-substituted im linker as well as the larger activation
energy for Zn—N bond breaking originating from the large porosity of ZIF-8.33 87 129]
In agreement with these facts, none of the ball-milled ZIF-8 samples exhibits a
calorimetric glass transition, although the amorphous ZIF materials possess rather
high thermal stability (7a > 486 °C) (Figure A4.85 and Figure A4.90). It
becomes evident that the densified amorphous ZIF-8 phases resulting from PSBM
do not undergo the dynamic dissociation and association of Zn—N bonds, required
for the transition from a vitrified glass to a supercooled liquid state. This observation
underscores the critical role played by the non-substituted and smaller im  linker,

which is an integral building block common to all reported glass-forming ZIF's.

ZIF-70 possesses a chemical composition with about 59% of the small im™ linker and
about 41% of the bulkier nim linker. TG/DTA reveals that the crystalline ZIF-70
has a low Ta of 325 °C. In contrast to all the other ZIF's investigated in this work,
Z1F-70 displays a strongly exothermic decomposition, which can be associated with
the low thermal stability of the nim linker. No melting signal can be observed in
the DSC before the exothermic decomposition. The rather large fraction of the im-
linkers, however, suggests that the material has the potential for glass formation by
PSBM, akin to ZIF-76. Nevertheless, the amorphous ZIF-70 derivatives obtained
through PSBM also exhibit a strongly exothermic decomposition starting already at
around 300 °C (Figure A4.86). This low thermal stability of the amorphous ZIF-
70 renders it incapable of showing a glass transition signal in DSC analysis, as T,
would be expected somewhere above 300 °C (Figure A4.91). Thus, the amorphized
and densified ZIF-70 shows no glassy behavior, presumably due to its poor thermal

stability.

The thermal properties of the Cu*™-based ZIF-Cu-1 have not yet been investigated,

[125]

although the material with the sod topology was reported more than 20 years ago.
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TG/DTA experiments reveal that crystalline ZIF-Cu-1 experiences a two-step
decomposition process, with the first step starting at only 258 °C (Figure 4.8a).
Hence, Ty of ZIF-Cu-1 is much lower compared to the previously discussed Zn**-
and Co’*-based ZIFs. The heat flow signature at the first decomposition step is
strongly endothermic, and heating ZIF-Cu-1 just past the first decomposition step
(i.e. to 270 °C) followed by cooling the material to room temperature results in a
dark-colored, glassy material exhibiting a glass transition with a T, of 172 °C upon
reheating (Figure A4.99). The fact that the particles of the pristine
microcrystalline ZIF-Cu-1 fuse to form a millimeter-sized glassy structure indicates
that ZIF-Cu-1 melts and decomposes in parallel at around 258 °C. Since the weight-
loss is about 22% for the first decomposition step, the glassy phase of ZIF-Cu-1
derived by melt-quenching suffers from severe decomposition. Excitingly, the ZIF-
Cu-1 samples amorphized by PSBM display glass transition temperatures between
166 °C and 170 °C in DSC experiments, classifying them as MIGs. In contrast to
the Zn- and Co-based MIGs, the ZIF-Cu-1 samples processed for 5 - 15 min exhibit
a slight increase in T, with longer PSBM durations. This distinctive behavior could
be attributed to the unique coordination chemistry of Cu*" (Figure 4.5). Upon
further heating, the MIGs recrystallize to the original ZIF-Cu-1 phase with sod
topology, demonstrated by exothermic signals with an onset around 202 °C (Figure
4.8b) and the reappearance of characteristic diffraction peaks in the XRPD patterns
(Figure A4.20). The recrystallization is followed by thermal decomposition around
220 °C. However, if the MIGs are only heated to 200 °C, recrystallization does not
occur, and glass transitions are again observed in the second DSC upscans (Figure
4.8c). Importantly, the MIGs of ZIF-Cu-1 are the first Cu®-based ZIF glasses,
enhancing the compositional variety of the ZIF glass family beyond the materials
with Zn?*, Co?* and Fe?* metal centers!"! reported so far. Given the unique catalytic,
electronic and redox properties of Cu*-based MOFs,["*4] the finding that PSBM
gives access to Cu*"-based MOF glasses significantly expands the range of potential

applications of this family of materials.
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Figure 4.8. (a) TG/DTA data of ZIF-Cu-1. The inset is microscopic images of the neat ZIF-Cu-1
microcrystalline powder and the glassy phase derived by heating ZIF-Cu-1 to 270 °C under N,
atmosphere (i.e. to the offset of the endothermic DTA signal) followed by cooling to room temperature.
(b) DSC measurements of ZIF-Cu-1 and its PSBM derivatives recorded to a maximum temperature
of 235 °C. (c¢) Cyclic DSC scans of ZIF-Cu-1 and its PSBM derivatives. To avoid recrystallization of
the PSBM samples, the first upscan was heated to only 190 or 200 °C. The heating rate for all
measurements was +10 °C min'. The zoom on the right in panels (b) and (c) is to highlight the
glass transition signals.

Among the known ZIF glass formers of the composition M(im),, with M*" = Zn?*
(ZIF-4), Co** (ZIF-4), Fe** (MUV-24) and Cu** (ZIF-Cu-1), the Cu-derivative is
unique. The metastable ZIF-4 (cag topology) and MUV-24 (llal topology)
recrystallize to polymorphs with zni topology upon thermal treatment, and the
M(im), phases with zni topology melt (decompose in the case of Co*") at
temperatures between 482 and 590 °C."! The liquids of Zn(im), and Fe(im), can be
quenched to room temperature to derive their glasses with glass transition
temperatures of 292 °C (Zn**) or 190 °C (Fe?"). ZIF-Cu-1 possesses the sod topology,
which is already quite dense because of the unique flattened tetrahedral coordination
geometry of the Cu** ion (Figure 4.2). A solid-solid transition to a polymorph with
zni topology is not observed for Cu(im),, likely because the zni topology cannot be
realized with the flattened tetrahedral Cu?* geometry. Instead, ZIF-Cu-1 melts at a
much lower temperature (~260 °C) and decomposes in parallel. Nevertheless,
employing the PSBM technique, a non-decomposed, glassy form of ZIF-Cu-1 can be
obtained, exhibiting a T, of ~166 °C. Therefore, the T,, T, and Ty of ZIF-Cu-1 are
the lowest in the M(im), series. This indicates a greater lability of the Cu-N bond

compared to the bonds involving the other M?* ions.

4.6 Conclusion

In this chapter, the amorphization and glass formation of twelve distinct ZIFs
featuring a range of imidazolate-type linkers and metal ions (Zn**, Co** and Cu®")
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through solvent-free PSBM were investigated. ZIFs capable of melting and forming
melt-quenched glasses also vitrify via PSBM was observed. Conversely, ZIFs that
decompose thermally before melting exhibit varied responses to ball milling; some
display glass-like properties, while others do not. The absence of glassy behavior in
Z1F-8 and ZIF-70 can be attributed to the exceptionally strong Zn-N bond with the
mim linker in ZIF-8 and the very limited thermal stability of the nim™ linker in ZIF-
70. In the case of the non-melting ZIF-76, vitrification through PSBM is achievable
since the imidazolate-type linkers in this material have adequate thermal stability
and sufficient Zn—N bond lability. The significance of PSBM in forming ZIF glasses
is particularly evident in the case of ZIF-Cu-1. The lower thermal stability of ZIF-
Cu-1 likely originates from the labile Cu-N bonds and the redox activity of the Cu**
centers, leading to simultaneous melting and thermal decomposition of the
crystalline ZIF-Cu-1 phase. However, amorphization by PSBM enables the
attainment of a glassy state in ZIF-Cu-1 while maintaining material integrity,

marking the creation of the first Cu*"-based ZIF glass.

This research underscores the vast potential of PSBM in developing new glassy ZIF's.
While the small particle size of the PSBM-derived glasses may limit their direct
application, the process of sintering or remelting by heating the materials above

their T, facilitates particle fusion and enables the formation of bulk glasses.[!>-140]

Looking forward, future studies should explore the applicability of PSBM for
producing glassy MOFs utilizing alternative linker chemistries, such as
dicarboxylates!"™%8l, This expansion could be pivotal in broadening the scope of
MOF glasses, traditionally constrained by the necessity for MOF's to be meltable —
a characteristic that only a limited number of MOF's exhibit. Thus, we envisage that
several non-meltable ZIFs and other MOF's can also be vitrified by PSBM. Moreover,
creating MOF glasses through ball-milling at room temperature may not only be
more energy-efficient? but also enable the integration of thermally sensitive
materials, such as organic or organometallic molecules, into versatile MOF glass
composites™. This approach broadens the spectrum of potential applications,
paving the way for developing multifunctional MOF glass composites, thereby

venturing into more diverse application fields.
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5 Cadmium-based ZIF Glasses

The work presented in this part is currently being written up to a manuscript:

Cadmium-based Zeolitic Imidazolate Framework Glass and Glass-

Ceramics

Wen-Long Xue, Alexander Klein, Jan-Benedikt Weifl, Suresh Vasa, Felix Miiller,

Mirijam Zobel, Rasmus Linser, Sebastian Henke*
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This work demonstrates the first cadmium imidazolate (im) glass obtained from a
mechanochemically synthesized meltable cadmium-based zeolitic imidazolate
framework (ZIF). The mechanochemically synthesized Cd(im); microcrystals have a
lower melting temperature (7..) than solvent-synthesized crystals, thus largely
avoiding decomposition during melting. The crystalline Cd(im); framework,
composed of tetrahedral Cd?" cations and im linkers, exhibits an two-fold
interpenetrated diamondiod topology (dia-c). Mechanochemically synthesized
Cd(im), melts at approximately 455 °C and transitions to a glass upon rapid cooling
to room temperature. Remarkably, upon reheating, the material undergoes partial
recrystallization into a single component, monolithic glass-ceramic state — a
phenomenon not observed in previous melt-quenched ZIF glasses. Our results pave
the way for the development of metal-organic framework glasses and glass-ceramics
from second-row transition metal ions, with promising applications in energy storage,
optics and semiconductors. The transfer of functionality from glass to glass-ceramics

points toward new routes to tunable, functional ZIF glass-ceramics.
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5.1 Introduction

5.1 Introduction

As previously discussed, ZIF glasses?> 3 4 possess continuous random network
structures based on Werner-type coordination chemistry.! ZIF glasses not only
retain the advantageous chemical functionality of crystalline ZIFs, but also exhibit
excellent processability® ™ combined with intrinsic microporosity!*" '? 1l even
allowing for the preparation of micro-optical elements!"”?. These attributes make
them attractive for various applications, ranging from gas separation %! jonic
conductivity!"¥ to optoelectronics!'®. Once again, it is worth noting that despite the
large number of crystalline ZIFs already reported,?”:?" only very few can be melted
and transformed into ZIF glasses by melt-quenching. So far, the portfolio of meltable
ZIF's is limited to structures based on the first-row transition metal ions Zn?**, Co**,
and Fe’" and only a few network topologies (cag, zni, gis, and sod, for the latter
see Chapter 3).140- 124129, 141l For most other crystalline ZIFs, the imidazolate-based
organic linkers decompose before or during the melting process, characterized by
dynamic breaking and reorganization of the metal-imidazolate coordination bonds.
Even though it is possible to prepare a Cu’*'—based glass by the mechanochemical
methods, i.e. a,ZIF-Cu-1, see Chapter 4 of this thesis, crystalline ZIF-Cu-1 cannot

be melted without decomposition.

In this chapter, driven by the goal of expanding the as-of-yet very small family of
meltable ZIFs, the first meltable cadmium-based zeolitic imidazolate frameworks
based on the literature known Cd(im), with the catenated diamondoid topology
(dia-c) is demonstrated. Solution-synthesized Cd(im), thermally decomposes in
parallel to melting, whereas the mechanochemically synthesized Cd(im), features a
larger separation of the melting and decomposition temperatures, allowing for the
preparation of a melt-quenched Cd(im). glass with only very little decomposition.
Compared to the reported solution-synthesized Cd(im),, the smaller particle size of
the mechanically synthesized Cd(im), makes it possible to melt at lower temperature,
thereby minimize the decomposition during melting. Remarkably, after rapid
quenching to form a ZIF glass, the material undergoes partial recrystallisation to
form a transparent single component glass-ceramic state upon reheating. The
controlled partial recrystallization in the glass matrix resulting in the formation of
ZIF glass ceramics is so far unique to the Cd(im). system and has not been observed
for the previously reported ZIF glases based on first-row transition metals. This

study opens up new opportunities for the family of meltable MOFs potentially
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Chapter 5 Cadmium-based ZIF Glasses

allowing control over the phase fraction of crystalline and amorphous phases in glass-

ceramic-like complex and multifunctional MOF materials.

5.2 Preparation and characterization of Cd(im)

Cdo

Cd(im), dia-c topology

Figure 5.1. Mechanosynthetic route for Cd(im), and an illustration of the dia-c topology of Cd(im),.

Crystalline Cd(im). was prepared via two routes: the solution-chemistry route as
previously documented' and the newly developed mechanochemical ball-milling
approach (Figure 5.1 and Experimental Section). The ZIF compounds are
designated as Cd(im);-sol, and Cd(im),, respectively. The Cd(im). ZIF compounds
exhibit the same crystal structure with the two-fold interpenetrated diamondoid
topology (dia-c, catenated diamondoid) and the same composition, comprising Cd**
as the inorganic building unit and the imidazolate (im") as the organic building unit.
After washing procedures, the dried Cd(im), ZIF materials were obtained by heating
to 170 °C under a dynamic vacuum for 6 h. The identity and purity of the crystalline
Cd(im), ZIFs were verified by structureless profile fits (Pawley method) of XRPD
patterns using reference crystallographic data from the literature!® (Figure 5.2,
Figure A5.1-2 and Table 5.2). Additionally, a Gaussian peak shape model based
on Scherrer's equation was employed to ascertain the particle size of the Cd(im),
Z1Fs from the peak widths in the profile fitting process, resulting in the conclusion
that Cd(im): has a much smaller particle size than Cd(im)s.-sol (74+2 nm wvs. 217+4

nm). Complete removal of solvents of the Cd(im), ZIFs is demonstrated by Fourier-
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5.2 Preparation and characterization of Cd(im),

transform infrared (FTIR) spectroscopy and 'H nuclear magnetic resonance (‘H
NMR) data (see Appendix A.5.2-A5.3).
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Figure 5.2. Profile fit (Pawley method) performed on the XRPD pattern of (a) Cd(im), and (b)
Cd(im)s-sol. The initial crystallographic parameters are taken from crystalline structure (CCDC code

BAYQAU11).'" (¢) Magnified view of the normalized XRPD of Cd(im), and Cd(im).-sol showing the fraction

from 13° to 23°. The peaks width of Cd(im)2 is broader, indicating a smaller particle size.

It is worth mentioning that even though Cd(im). possesses a denser dia-c topology
structure compared to ZIF-zni (zni topology), they possess similarly “perfect”
coordination tetrahedral (Appendix A.5.7). The Zn?' centers of ZIF-zni feature
geometry indices 7; of 0.97 or 0.95 for the two crystallographically independent Zn*"
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Chapter 5 Cadmium-based ZIF Glasses

ions, whereas the Cd*" center of Cd(im); possesses a geometry index z of 0.93) (=

= 1 for tetrahedral and 7z = 0 for square planar®¥) (Figure 5.3).

> s
b

X
&

d

ZnN, (ZIF-zni) CdN,4 (Cd(im),)
7, =0.97 or 0.95 7, =0.93
tetrahedron tetrahedron

Figure 5.3. Coordination environments of Zn>" in ZIF-zni (left, CCDC codeIMIDZB) and Cd*" in
Cd(im), (right, CCDC code BAYQAU11). The two largest N-M-N angles (¢ and ¢) utilized to
calculate the geometry index (z) are shown in both diagrams.

5.3 Thermal behavior

Simultaneous TG/DTA measurements of the Cd(im), and Cd(im):-sol materials
were performed under an N, atmosphere with a heating rate of +10 °C min*. TG
data show that decomposition of the Cd(im)., and Cd(im).-sol starts at 473 °C and
455 °C respectively (Figure 5.4), which is significantly lower than the start of
decomposition observed for ZIF-4(Zn) (Zn(im),, 605 °C)I4, ZIF-4(Co) (Co(im)s,
546 °C) and MUV-24(zni) (Fe(im);, 530 °C)I). The DTA trace of Cd(im),
exhibits a pronounced endothermic signal associated with the melting of the
framework (Figure 5.4). Although Cd(im).-sol also displays a pronounced melting

signal, it basically coincides with its decomposition temperature (7y) (Figure 5.4b).
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Figure 5.4. TG/DTA data of (a) Cd(im), and (b) Cd(im)s-sol with heating rate of 410 °C min .

To obtain more precise information on the thermal phase changes occurring during

the heating and cooling cycles, additional cyclic DSC experiments were conducted

between ambient temperature and T also under an inert N, atmosphere. During the

cooling process to room temperature with a rate of —10 °C min !, the liquid Cd(im),

undergoes partial recrystallisation and does not form a fully glassy state (Figure

5.5). It further completely recrystallized back to Cd(im); when reheating again to

300 °C (rate of 410 °C min '), based on the measured two recrystallization enthalpies

and melting enthalpy. The fully recrystallized sample obtained after reheating to

300 °C is termed as frcCd(im). (frc denotes fully recrystallized crystalline).

Heat flow / arb. units
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—— 1%t upscan
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—— 2" ypscan
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AH., = — 4.7 kJ mol™

7= 176°c! T =455°C
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100 200 300 400

Temperature / °C

Figure 5.5. DSC data for preparation of the fully recrystallized fr.Cd(im),. The heating and cooling

rates for both scans were £10 °C min™.
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Importantly, Faster cooling rates prevent recrystallization. When a cooling rate of
—100°C min! is set (the actual average rate from T, to T, is approximately —42 °C
min' due to instrumental limitations), Cd(im). forms a compact monolithic
amorphous glass (Figure A5.21 and Figure 5.7), as evidenced by the loss of Bragg
scattering of crystalline Cd(im), compounds (Figure 5.7b and Figure A5.7) and
a glass transition temperature (7) at 175 °C during a subsequent heating scan
(Figure 5.7a and Figure A5.21). The fact that T, only varies between 175°C
and 176 °C in five consecutive upscans, implies that a,Cd(im) (a, denotes amorphous
glass) has excellent robustness during temperature cycling (Figure A5.20). Heat
capacity (C,) measurements demonstrate that the heat capacity change around the
glass transition (AC,) of a,Cd(im), is 0.16J K' g! (Figure 5.6); a value
comparable to that of other reported ZIF glasses (Table 5.1).

1.4 [——a Cd(im),

t2r AC,=0.16 J g K~

1 11
C,/Jg"K

0.8

50 100 150 200

Temperature / °C

Figure 5.6. Heat capacity (C,) scan of a,Cd(im),. The heat capacity change around the glass
transition (AC,) was determined using the difference between the two intersections of the onset and

offset tangent lines of the glass transition signal

Table 5.1. Comparison of the heat capacity change (AC,) around the glass transition of a,Cd(im):
and other reported ZIF glasses.

Material Composition T, (°C) AG,(JK'gh References
a,Cd(im)2 Cd(im)2 176 0.16 This work
Sci. Adv. 4,
2. ZIF-62 Zn(im) 1 75(bim)o.s 322 0.19
€aa06827 (2018)
a,ZIF-4 (HDA) 292 0.16 Nat. Commun. 6,
Zn(im)2 8079 (2015
a.ZIF-4 (LDA) 316 0.11 (2015)
Nat Commun 15,
agZIF-8-mimo.15imo.74bimo.11 Zn(mim)o.30(im)1.48(bim)o.22 336 0.12

4420 (2024)
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Notably, a,Cd(im)2-sol, which was prepared at a higher temperature due to its higher
T, contains visible metallic cadmium, as detected by XRPD (Figure A5.6). We
suppose some im linkers decompose during Cd(im)s-solv melting and their
decomposition products initiate reductive formation of metallic Cd. A similar

124 However, the

phenomenon was previously observed for a Co-based ZIF glass.
mechanically synthesized Cd(im), effectively reduces this undesirable situation
during melting, producing only a negligible amount of metallic Cd in a,Cd(im),
according to XRPD data (Figure 5.7b and Figure A5.7). This may be explained
by the smaller particle size of Cd(im). compared to Cd(im)s-sol resulting from
mechanical synthesis and leading to a lower melting temperature of Cd(im).
compared to Cd(im).-sol. Noteworthy, unlike other M(im). compounds, which
undergo a transition to the zni topology before melting, Cd(im), shows no signs of

transitioning to a polymorph with the zni topology before melting, consistently

maintaining the dia-c topology up to its melting point (Figure 5.9).
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Figure 5.7. (a) Three cyclic DSC with +10 °C min™ heating and about —42 °C min' (average)

cooling rate of Cd(im),. The weak reproducible endothermic signal at 325° is associated to the melting
of metallic cadmium. (b) Normalized XPRD patterns of Cd(im),, a,Cd(im)s, and prcCd(im),. The
insets show micrographs of the corresponding samples, all scale bars are 1 mm.

Strikingly, upon reheating the a,Cd(im),, a partial recrystallization occurs, whereby
the supercooled liquid partially crystallizes to the original Cd(im), structure with
dia-c topology. The material derived after reheating a,Cd(im), to 300 °C is denoted
prcCd(im), (prc expressed partially recrystallized), as confirmed by DSC, in-situ and
ex-situ XRPD (Figure 5.7 and Figure A5.5). The proportion of recrystallized
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phase of prcCd(im); is estimated to be 59% based on the measured recrystallization
enthalpy (Figure 5.7 and Figure A5.21). Nonetheless, prcCd(im), maintains the
monolithic semitransparent morphology of a,Cd(im), despite a large fraction of the
sample is composed of crystalline particles. (Figure 5.7 and Figure A5.25). This
indicates that prcCd(im).is in a semi-crystalline state, in which crystalline grains of
sub-micrometer size are embedded in a glassy matrix of the same composition. The
transparent nature of the monolithic structure implies that the interfacial contact
between the crystalline grains and the amorphous glass matrix is strong. A material
wich such a microstructural characteristic and strong interfacial contact between
amorphous and crystalline regions is typically referred to as a glass-ceramic.!"*!
Furthermore, the transitions from the crystalline to the liquid and the partially

crystallized glass-ceramic phase are observed over multiple heating and cooling

cycles demonstrating good repeatability of the involved processes (Figure 5.7a).

T T T T T T T
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—— calculated
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10 20 30 40 50
20 | °

Figure 5.8. Profile fit (Pawley method) performed on the XRPD pattern of prcCd(im),. The initial
crystallographic parameters are taken from crystalline structure (CCDC code BAYQAU11).11%
Interestingly, the crystalline Cd(im), phase in this recrystallized glass-ceramic
prcCd(im), after cooling down to room temperature is in the expanded high-
temperature configuration (unit cell volume 1610 A?’) and not in the conventional
room temperature configuration of Cd(im) (unit cell volume 1566 A%) (Figure 5.8,
Figure A5.3 and Table 5.2)%. This is associated with the glassy matrix
surrounding the recrystallized grains, which inhibits the contraction of the
recrystallized phase to the more compact configuration which is the stable one at
room temperature if the material is not embedded in a glass matrix.s %8 This
distinctive and exceptional transition from the glassy state to the glass-ceramic state
has not been observed in ZIF glasses in previous studies (Figure 5.9).
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Table 5.2. Unit cell parameters and corresponding Ry, Rexp and y values determined by the above
displayed structureless profile fits (Pawley method).

Compound Cd(im)2 Cd(im)2-sol prcCd(im)2 freCd(im)2
crystal system orthorhombic orthorhombic orthorhombic orthorhombic
space group Pbca Pbca Pbca Pbca
a /A 14.6585(15) 14.619(4) 15.088(19) 14.748(6)
b /A 10.7536(9) 10.759(2) 10.594(13) 10.669(4)
c/ A 9.9405(0) 9.935(2) 10.071(11) 9.935(4)
o /° 90 90 90 90
B/° 90 90 90 90
y/° 90 90 90 90
v/ A3 1566.9(3) 1562.6(6) 1610(3) 1563.3(10)
crystal size / nm 73.9(2) 216.8(4) 50.9(9) 83.3(12)
Rw | % 9.58 18.40 8.38 11.17
Rep | % 8.44 16.66 7.53 7.14
x 1.13 1.10 1.11 1.56
;(im)2 —This work[ dia-c ][ liquid ][ glass ][ supercooled liquid ][ liquid ][ glass ]
ZIF-4 [ cag ][ turn into zni ][ liquid ][ glass ][ supercooled liquid ][ liquid ][ glass ]
Zn(im),
ZIF-zni[ zni ][ liquid ][ glass ][ supercooled liquid ][ liquid ][ glass ]
Fe(im), -muv-24( Wa ) wminozni ][ iquid glass ) supercooled fiquid  ]( tiquid glass |
ZIF-4 [ cag ][ turn into zni ][ decomposition ]
Co(im),
ZIF-zni [ zni ][ decomposition ]
Cu(im), —ZIF-Cu-1[ sod ][ decomposition ]
\ 5 -
RT HT RT HT RT

Figure 5.9. Schematic representation of the phase behaviour of the M(im), ZIFs during cyclic

heating and cooling. The bold letter codes represent the topologies of the crystalline phases present.

5.4 Local structural analysis

To gain insights into the structural similarities and differences between the
crystalline and glassy state of Cd(im),, X-ray total scattering experiments were
performed on Cd(im); and a,Cd(im), (Figure A5.8). The total scattering structure
factors, S(@), show that the Bragg peaks at low-@) from the crystalline phases are
not present in the glassy phase of a,Cd(im), (Figure 5.10). Nevertheless, the
appearance of additional Bragg peaks is observed in the a,Cd(im), at higher-@ is
attributable to the small amounts of generated metallic Cd, which is consistent with
that observed in XRPD.
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—— Cd(im),
—— a,Cd(im),
| metallic Cd

S(Q)

Q/A™

Figure 5.10. X-ray total scattering data in the form of S(Q) of Cd(im), and a,Cd(im),. The
pronounced diffraction positions (@ < 5 A'!) of metallic Cd are marked.

The PDF's in the form of D(r) were further calculated from the X-ray total scattering
data. In order to designate the peaks in the PDFs, the assignment of the eight
physical sharp features below 8 A was carried out by using the PDFgui software!
to calculate the partial and total PDFs for the constituent atom pairs of Cd(im),

(Figure 5.11).
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Figure 5.11. Partial pair distribution functions (upper plots), simulated total PDF for Cd(im),
calculated from the published crystalline structure (CCDC code BAYQAU11)"3) using PDFGuil"®?,
and experimental PDF for Cd(im),
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5.4 Local structural analysis

Surprisingly, a PDF peak representing Cd -~ Cd distance r = 5.2 A in Cd(im); was
observed (Figure 5.11 and Figure 5.12), which is not been observed in other
reported ZIFs (Figure 3.2 and Figure A4.30-34).11% This is attributed to the
unique two-fold interpenetrated diamondoid structure of Cd(im),, which results in
a closer intermolecular (i.e. inter-network) Cd:Cd distance (5.2 A) compared to the
longer intramolecular (i.e. intra-network) Cd-Cd distance (6.4 A). Moreover, this
interpenetrated structure also features PDF peaks at 6.8 A and 7.4 A, which are
also related to intermolecular CdCd distances (Figure 5.11 and Figure 5.12).
Interestingly, the PDF of a,Cd(im), illustrates that the intramolecular short-range
order of the Cd(im), (i.e., the Cd-im ~Cd connectivity at 6.4 A) remains intact in
the glassy phases, while the characteristic intermolecular Cd Cd correlations
significantly reduce in intensity (Figure 5.12). This indicates that the
interpenetrated structure is completely disrupted after the glass formation, and also

suggests that a,Cd(im)is likely to exhibit short-range disorder. (Figure 5.12).
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Figure 5.12. (Left) Comparison of PDF data of Cd(im), and a,Cd(im),, derived from X-ray total
scattering experiments. (Right) Visualization of the relevant short-range atomic distances
(intramolecular and intermolecular) present in the Cd(im), taken from the reported crystal structure
(CCDC code BAYQAUL11). The Assignment of the eight physical sharp features below 8 A was
carried out by using the PDFgui software!® to calculate the partial and total PDFs for the constituent
atom pairs of Cd(im),. The colour of the second independent network is lightened for better

discrimination.

In line with the loss of long-range order, increased structural heterogeneity and
distortions in the a,Cd(im); are evident from the broadening of various vibrational
bands in the FTIR spectra relative to the bands of the crystalline parent Cd(im).
(Figure AB5.17). This is especially reflected in the out-of-plane ring bending
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Chapter 5 Cadmium-based ZIF Glasses

vibrations*: 1% of im  between 800 and 850 cm ! (Figure 5.13a) and the the band
for the asymmetric stretching vibration of the CdN, tetrahedra centered at 252 cm™
' (Figure 5.13b). The vibrational bands become broader after melt-quenching, and
then gradually sharpen when going from a,Cd(im). over prcCd(im), to frcCd(im)s,.
Notbly, the stretching vibration of CdN, is located at a much lower frequency than
that of ZnNy (301 cm !in ZIF-4(Zn)) and CoN, (331 cm !in ZIF-4(Co))."¥ This can
be explained by the higher mass of Cd*" and may also indicate a weaker Cd—N bond
strength compared to the Zn-N and Co—N bond strengths. With the aim of getting
qualitative insights into relative M—N bond strength for Cd?* and the previously
used first-row transition metals Fe*?, Co?*, Cu?** and Zn**, DFT calculations' were
performed on molecular model systems of the type [M(imH)4*", where one
M?* cation is bound to four N atoms of the imidazole ligands (Appendix A.5.8).
The energy required for heterolytic M=imH bond dissociation for each [M(Him),)**
was calculated. Not surprisingly, Cd—im exhibits the lowest bond energy FEcd im of
197.9 kJ mol! (Figure 5.13c), significantly lower than Ez, i (220.6 kJ mol!) and
those of the other divalent metals previously used in ZIF glasses. The lower
heterolytic bond dissociation energy of Cd—im is in agreement with the lower melting
temperature (7w) and the lower glass transition temperature (7;) of Cd(im).

compared to the derivatives of the first-row transition metal ions.

Solid-state magic angle spinning (MAS) NMR is considered a powerful tool for
studying the structure of disordered and amorphous materials. Experiments
involving an NMR active nucleus of the materials metal centers are particularly
valuable, as this yields information on short-range order and disorder of the
coordination entities. MAS NMR investigations with NMR-active metal centers is
only possible for the Zn?"-derivatives of the glass forming ZIFs from the first-row
transition metals. The Fe*™-, Co?*- and Cu*'-derivatives are all paramagnetic, thus
preventing high resolution NMR (besides other issues such as low sensitivity, low
resonant frequency and low natural abundance). With “Zn MAS NMR such
investigations are possible for the diamagnetic Zn*"-based ZIF glass formers, however,
ultra-high magnetic fields are usually required for Zn to obtain a good resolution.?’
Moreover, Zn also has a rather low sensitivity and natural abundance while it is a
quadrupolar nucleus (spin 5/2) yielding extremely broad lines over a very wide
chemical shift range, making data collection and analysis challenging. In contrast to

677Zmn, "3Cd (spin 1/2) has no quadrupolar effect, providing the opportunity for high

£ DFT calculations were performed by Jan-Benedikt Weifl, Henke Group, TU Dortmund.
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5.4 Local structural analysis

resolution spectra with sharp resonances. Consequently, "Cd MAS NMR
spectroscopy measurements were recorded on crystalline Cd(im),, glassy a,Cd(im)s,,
partially-recrystallized prcCd(im),, and fully-recrystallized frcCd(im)..%5 Additionally,
BC MAS NMR spectroscopy measurements were conducted in order to provide
further insight (Figure 5.13d-e). The "*Cd MAS NMR spectra of Cd(im), features
one sharp and highly symmetrically distributed resonance at 433 ppm, which is in
agreement with the presence of only one crystallographically independent Cd site in
crystalline Cd(im),. The "3Cd spectrum of a,Cd(im), features an asymmetric and
much broader line shape, which is indicative of the short range structural
heterogeneity in the a,Cd(im); glass. A similar observation has been made previously
in 2Si MAS NMR studies of silicate glasses.'®™ The structural heterogeneity can be
ascribed to the presence of varying bond angles in the glass sample. This finding
shows a notable correlation with the C MAS NMR data. The “C MAS NMR
spectrum of crystalline Cd(im). shows five sharp resonances, which is in good
agreement to the presence of six independent carbon atoms in its crystal structure.
The five sharp resonances converge to two broad signals after glass formation. In
both "Cd and C MAS NMR spectra, the signals get sharper after partial
recrystallisation to prcCd(im),, while after fully recrystallisation to frcCd(im). the
signals in both spectra are sharp again and almost identical to those of the pristine

crystalline Cd(im). (Figure 5.13d-e).

§ MSA NMR experiments have been done by Dr. Alexander Klein and Dr. Suresh Vasa from the
gorup fo Prof. Rasmus Linser, Physical Chemistry, TU Dortmund.
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Figure 5.13. FTIR spectra in the range of (a) mid-IR (zoomed in 700 — 900 cm ') and (b) far-IR
(100 - 700 cm™) of Cd(im)s, a,Cd(im)s, prcCd(im),, and frcCd(im).. (¢) The binding energies (Ear im)
of M-im calculated by DFT based on the dissociation of a [M(im),H]** model complexes. (d) '"*Cd
MAS NMR and (e) “C MAS NMR of Cd(im)s, a,Cd(im)s, prcCd(im)., and frcCd(im).. The inset
shows the asymmetric unit of Cd(im),, taken from the reported crystal structure (CCDC code
BAYQAU11).
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5.5 Fragility determination

5.5 Fragility determination

To deepen our understanding of the physical properties of the a,Cd(im). glass, DSC
experiments with heating rates and cooling rates varying between +5 and £25 °C
min . These experiments provided the fictive temperature (7)) of the glass,
depending on the heating/cooling rates (Figure A5.23). By analyzing the variation
of T: with the varying cooling rates, the dimensionless calorimetric fragility index
(m) of the corresponding supercooled liquids was determined.?” The fragility index
m quantifies the activation energy of viscous flow. Low values of m (<30) suggest
strong liquids that vitrify into brittle glasses (e.g., silica with m = 20), whereas high
values of m (>50) indicate fragile liquids that form ductile glasses.?> 129 Within
measurement error, m is about 42 for a,Cd(im), glass (Figure 5.14), which is much
higher than the values of the prototypical Zn*"-based glasses arZIF-4 and a,ZIF-
62.22 %] This indicates that a,Cd(im), has the potential to become a ductile glass for

specific applications, which are typically governed by organic polymers.

® a,Cd(im), m=426+12
[ @ aZIF4 m=306%16
aZIF-62 m=235+06

02 1 1 1
0.98 0.99 1 1.01

TJT, | KK

Figure 5.14. Comparison of calorimetric fragility indices of a,Cd(im), with selected representative
Zn**-based ZIF glasses. Data of arZIF-4 and a,ZIF-62 are taken from the literature.??

5.6 Conclusion

In summary, by utilizing Cd?* ions and applying a mechanochemical synthesis
strategy for the metal-organic framework Cd(im)s, the first meltable cadmium-based

ZIF was synthesised. Cooling this material from above its melting point (7, =
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Chapter 5 Cadmium-based ZIF Glasses

455 °C) to room temperature results in a monolithic MOF glass. Most importantly,
upon reheating, it partially recrystallizes into a single-component glass-ceramic state

—an attribute not seen in previous melt-quenched ZIF glasses.

Furthermore, the benefits of mechanochemistry are once again illustrated, not only
in the post-synthesis phase for MOF glass formation as discussed in the previous
chapter, but also in the synthesis of MOFs, where the utilization of

222l which also

mechanochemistry results in the formation of smaller particles,!
reduces the activation temperature required for melting, thus lowering the melting

point and preventing decomposition.

These findings represent a substantial advancement in the field of MOF glasses and
opens the door for a novel type of MOF-based glass-ceramics. The successful creation
of Cd?**-based ZIF glasses and glass-ceramics not only broadens the scope of meltable
MOFs but also suggests new pathways for developing tunable, multifunctional
materials. The transformation from the glass state to the glass-ceramic state
observed in this study highlights the potential for fine-tuning the physical and
chemical properties of these materials, thereby expanding their applicability in

various high-tech fields, including energy storage, optics, and semiconductors.
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6 Summary and Outlook

Glassy metal-organic frameworks (MOFSs) are a promising class of amorphous porous
materials with enormous potential for a wide range of applications. The presence of
a reversible solid-liquid transition in MOF glasses makes them malleable and capable
of producing grain boundary free monoliths. In this thesis, a thorough investigation
has been carried out into the modulation of the porosity of MOF glasses, the
prerequisites for melting highly porous ZIFs with sod topologies, the development
of alternative methods for MOF vitrification without high temperature treatment

and the introduction of novel metal ions (Cu** and Cd*") as the central building

units in ZIF glasses.

(i) Highly Porous MOF Glasses by Compositional Engineering
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Figure 6.1. (Top) Representation of the SALE process in this thesis to derive various linker-
exchanged ZIF-8 derivatives. (bottom left) Ternary phase diagrams constructed in this thesis to
demonstrate the intervals of meltable ZIF-8 derivatives. (bottom right) The significantly improved

porosity of ZIF-8 glass and ZIF-67 glass.
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In order to increase the porosity of MOF glasses and to break the constraints
imposed on MOF melting by topological concepts, the solvent-assisted linker
exchange (SALE) has been effectively utilized in the chapter 3 of this thesis to
modify highly porous MOF's with sod topology (i.e. ZIF-8 and ZIF-67) by partially
replacing their organic linkers with others that possess weaker metal-linker bond
strengths. This alteration enables the MOF derivatives to transition through crystal,
liquid, and glass phases upon thermal treatment. A comprehensive series of 50
modified ZIF-8 derivatives was produced, and detailed thermal and crystallographic
analyses were conducted. These efforts led to the construction of a ternary phase
diagram that delineates the compositional range for melting and glass formation.
Notably, the resulting ZIF-8 and ZIF-67 glasses demonstrated a significantly
increased specific pore volume (approximately 0.20 cm?/g of ZIF-8 glass and 0.19
cm?/g for ZIF-67 glass) compared to previous MOF glasses. Additionally, gas
physisorption tests revealed that these glasses adsorb substantial amounts of
technologically relevant C3 and C4 hydrocarbons and can effectively separate

propylene from propane based on their different adsorption kinetics.

The limited number of meltable MOFs known to date underscores the potential of
the linker exchange strategy, opening new pathways for creating meltable and glass-
forming MOF's from the extensive pool of non-meltable MOFs documented in the
literature. This breakthrough not only advances the science of MOF glasses but also
paves the way for future investigations into the development of highly porous,

moldable materials for diverse technological uses.

(ii) Creating Porous Glasses at Room Temperature Through

Mechanochemistry

< N
b 98
B Mechanochemical Vitrification Q;.,‘Mé {3&

at Room Temperature

= )

ZIF Crystal ZIF Glass

@

ZIF quuld

Figure 6.2. The new mechanochemical strategy for fabricating MOF glasses proposed in this thesis.
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Traditionally, MOF glasses are produced by heating MOF crystals to their melting
point and then cooling the liquid to room temperature under an inert atmosphere.
While effective, this melt-quenching technique is energy-intensive due to the high
temperatures required. Additionally, it limits the development of new materials to

combinations of metal ions and linkers that are highly thermally stable.

To address these challenges, in the chapter 4 of this thesis has demonstrated that
some crystalline ZIF's, can be transformed into glasses by mechanical milling at room
temperature in just 5 minutes. This milling method can also transform crystalline
Z1F's into a glassy state that do not melt due to low thermal stability. Notably, this
technique enabled the preparation of the first thermally sensitive Cu-based ZIF glass

via mechanochemistry.

Furthermore, the ZIF glasses produced by the milling process feature relatively small
particle sizes compared to the ZIF glasses made by melt-quenching process. The
melt-quenched ZIF glasses benefit from the fusion of the ZIF particles while the
material is in the liquid state. However, bulk ZIF glasses can still be produced from
the ball-milled microparticulate ZIF glasses by heating them to a temperature above
their glass transition temperature (lower than the melting temperature of crystalline
ZIF) to reach the supercooled liquid state in which particle fusion takes place (a

process known as remelting).

Creating MOF glasses through mechanical milling at room temperature is
potentially not only more energy-efficient but will also allow for the incorporation
of thermally sensitive materials, such as organic or organometallic molecules, into
versatile MOF glass composites. This approach broadens the spectrum of potential
applications, paving the way for the development of multifunctional MOF glass

composites and expanding their use into more diverse fields.

(iii) Melting of a Cadmium-based MOF, and the fabrication of its glass

and glass-ceramic

With the aim of expanding the family of meltable ZIF's, the first meltable cadmium-
based ZIF, Cd(im),, was synthesized using a mechanochemical approach. Compared
to the reported solution-synthesized Cd(im)2-sol, the mechanochemically synthesized
version features a smaller crystal size, thus melting at lower temperature and
minimizing decomposition during melting. Remarkably, after rapid cooling to form

a glass, it undergoes partial recrystallization upon reheating. This yields transparent
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Chapter 6 Summary and Outlook

single-component monoliths composed of a nanocrystalline phase that is embedded
in a matrix of a glassy phase of the identical composition. Such a partially
amorphous and partially crystalline single component material is strongly related to
inorganic glass-ceramics and thus could be classified as the very first metal-organic
glass-ceramic.l"”® The opportunity to control the degree of crystallization in such
kind of metal-organic glass ceramics is exciting for the application of these materials
in various fields. It is envisaged that important optical, mechanical, thermal and
electronic materials properties can be tuned by controlling the crystalline phase

fraction and the grain size of the crystalline particles in the glass-ceramic.

Figure 6.3. Phase transition diagram of the Cd-based ZIF shown in this thesis.

The development of Cd-based ZIF glasses and glass-ceramics also highlights the
potential for exploring other less commonly used metal ions in the creation of MOF
glasses. Future research could investigate the use of heavier transition metals or
even rare earth elements to create MOF glasses with unique optical, electronic, or
magnetic properties. The ability to control the degree of crystallization and the size
of crystalline domains within the glass matrix offers a powerful tool for fine-tuning
material properties, which could lead to breakthroughs in fields such as photonics

and advanced ceramics.

(iv) Future Directions of MOF glasses

The studies presented in this thesis lays a strong foundation for the continued
development and expansion of the MOF glass field, yet several challenges and
opportunities remain. One of the most pressing issues is the relatively low porosity
of current MOF glasses compared to their crystalline counterparts, the porosity of

ZIF-8 glass in this thesis is just approximately 25%, which is considerably lower
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than that of highly porous crystalline MOFs. Achieving higher porosity while
retaining the desirable properties of glasses will require innovative approaches,
potentially involving the integration of new materials, such as the integration of
MOF glasses into composites with other lightweight porous materials (such as

COFs), to create hybrid MOF glasses with enhanced porosity.

Another critical area for future exploration is the processing and shaping of MOF
glasses for industrial and commercial applications. Recent advances, such as the
development of micro-optical lenses from MOF glasses by the Wondraczek group, !
highlight the potential for these materials in precision optics related high-tech fields.
However, scaling these processes and ensuring the reproducibility and uniformity of
MOF glass components is essential for their commercial viability. Developing robust,
scalable methods for processing MOF glasses into complex shapes and ensuring their

stability under operational conditions will be key to unlocking their full potential.
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7 Experimental Section

7.1 X-ray diffraction techniques

7.1.1 In-house X-ray powder diffraction

XRPD patterns were recorded at room temperature on a Siemens D5005
diffractometer or a Bruker D8 Advance diffractometer. Data were collected with
CuKo radiation in the range from 5° to 50° 26 with a step size of 0.02°. Finely
ground samples (crystalline or glassy) were deposited on a glass holder or a single
crystal zero background sample holder made of silicon (cut along the (610) plane).
For phase identification, structureless profile fits (Pawley method®) were performed

with the TOPAS academic v6 software.[!'5%

7.1.2 Variable temperature XRPD (VT-XRPD)

X-ray powder diffraction data at various temperatures were collected at BL9 of
DELTA (Dortmunder Elektronenspeicherring-Anlage, Dortmund, Germany) with a
monochromatic X-ray beam (A =0.45920 or 0.61992 A) using a MAR345 image plate
detector. Finely ground samples were sealed in quartz capillaries (diameter 1 mm)
in an No-filled glovebox and heated using an Anton Parr heating stage covered with
a graphite dome from 27 °C to a temperature before T, (previously determined via
TGA). Temperature calibration of the heating stage was performed by reference
XRPD measurements of o-quartz. Data were integrated using the DAWNI

software package.

7.1.3 X-ray total scattering

Synchrotron radiation X-ray total scattering data were collected at beamline P02.1
at Deutsches Elektronen-Synchrotron (DESY, Germany) using a monochromatic X-
ray beam (A = 0.20734 A, 60 keV) and a Perkin Elmer XRD1621 (2048 x 2048
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pixels active area) detector. The finely ground samples were placed in a 1 mm (outer
diameter) quartz glass capillary. For the VT experiments, a hot air blower was used
to heat the samples from room temperature to a maximum of 530 °C. The heating
rate between the various set temperatures was 20 °C min!. After reaching the set
temperatures, 10 consecutive diffraction patterns were collected with continuous
rotation of the sample and an exposure time of 60 s. These 10 diffraction patterns
were averaged for data analysis. For all datasets, background subtraction was
performed with scattering data collected from an empty capillary. Background
subtraction and corrections for multiple, container and Compton scattering, as well
as for absorption, were done with the GudrunX program. The normalized scattering

functions (S(Q)) were Fourier transformed to yield the pair distribution functions
(PDFs) in the form of D(r).75

In house X-ray Total Scattering were collected on a STOE powder diffractometer
with an Ag X-ray beam (A = 0.5614 A) using a MYTHEN2 4K detector at institute

of crystallography, RWTH Aachen University. PDF data are collected in a moving
PDF mode about 6 h.

7.2 FTIR spectra spectroscopy

Fourier transform infrared (FTIR) spectroscopies of both MIR (mid IR, ¥ =
4000 cm™ - 400 cm?) and FIR (far IR, ¥ = 700 cm™ — 100 or 30 cm') were
performed on a Spectrum 3 FTIR spectrometer from Perkin Elmer equipped with a
Gladi ATR-300 unit from Pike Technologies (ATR = attenuated total reflectance).
After scanning the background, powdered samples were placed on the diamond ATR

unit and carefully compressed with a stamp for the measurement.
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7.3 Nuclear magnetic resonance (NMR) spectroscopy

Solid-state NMR, experiments in Section 3 were carried out on a 700 MHz NMR
spectrometer system equipped with a 1.3mm probe. For two-dimensional 'H-3C
spin-diffusion measurements, the number of scans was 56, and the number of
increments in indirectly detected dimensions was 888, with a spectral width of
27.777kHz for 'H dimension, and 55.555kHz for C dimension. Repetition delay
between scans was 0.8 s. The data were processed with the TopSpin (v4.1.4) software.
Solution 'H NMR spectroscopy was performed on digested crystalline and glassy
ZIF samples with Bruker DPX-300, DPX 500 or Agilent DD2 500 spectrometers.
The solid samples were digested before the measurement using DMSO-d; (0.5 mL)
and DCl/D.O (35wt%, 0.015mL) as solvents. The data were processed with the
MestReNova (v14.2.0) software. Data were referenced to the residual proton signal
of DMSO.

For the Solid-State '¥Cd and "*C Nuclear Magnetic Resonance (NMR) spectroscopy
in section 5. All spectra were recorded on a Bruker Avance NEO spectrometer with
a 1H Larmor frequency of 700 MHz in a 2.5 mm rotor at a magic angle spinning
(MAS) frequency of 24 kHz. For "*Cd measurements the carbon channel was tuned
to the respective Larmor frequency of '*Cd. Without external referencing the signal
appears at around —230 ppm, which was chosen as the carrier frequency. External
referencing was done after acquisition, using Cd(NO3); - 4H,0 set to =100 ppm. After
referencing the Cd(im). signals appear around 430 ppm. For the crystalline Cd(im),
and partially recrystallized prcCd(im),, the number of scans was 4096 scans, the
spectral width was 1609 ppm. For the fully recrystallized frcCd(im),, the number of
scans was 4096, the spectral width was 3218 ppm. For the glassy a,Cd(im),, the
number of scans was 8192, the spectral width was 1609 ppm.

7.4 Thermal analysis

Differential scanning calorimetry (DSC) measurements were performed on a DSC 25
from TA Instruments under a constant nitrogen flow (50 mL min™). For all
measurements, a heating/cooling rate of 10 °C min ! was applied (except for the
variable heating/cooling rate measurements for the determination of the fragility

and the determination of heat capacity by modulated DSC; see Supplementary
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Information). Before the measurement, the samples were ground and placed in a
hermetically sealed aluminium crucible, and a hole was pinched into the lid of the
sealed crucible. Thermogravimetric analysis (TGA) measurements were conducted
on an SDT 650 from TA Instruments under a constant nitrogen flow (100 mL min~
. Ceramic alumina crucibles (90 pL) were used for the TGA measurements. The
heating rate was 10 °C min!. All thermal analysis data were processed and
evaluated using the TRIOS (v5.1.0.46403) software from TA instruments. According
to previous studies, the melting point (7,) is defined as the offset temperature of
the calorimetric melting peak in the first DSC upscan and the glass transition
temperature (T,) is specified as the onset point of the endothermic step in the second
DSC upscan, whereas all other derived temperatures are defined as the peak

temperature. 33 1043, 93

7.5 Isothermal gas physisorption

Experiments were performed with a Quantachrome iQQ MP porosimeter. Sample
quantities of about 100 mg (for crystals) and at least 40 mg (for all others) were used
for the experiments. Prior to the first measurement, the ground samples were
degassed under a dynamic vacuum (p=~10°kPa) at 100°C for 2h. Gas sorption
isotherms were measured with N, (77K, gas purity >99.999%), CO, (195K, dry
ice/iso-propanol bath, gas purity >99.995%) and n-butane (273K and 293K, gas
purity >99.95%), propane and propylene (293K, gas purity >99.95%). Between
measurements, samples were degassed under a dynamic vacuum (p= 10°kPa) at
ambient temperature for approximately 2 h. After adsorption measurements with n-
butane, the samples were again heated to 100 °C for 30 min under a dynamic vacuum
(p=10°kPa). Pore size distributions were determined from the N, adsorption data
(QSDFT model, carbon equilibrium transition kernel at 77 K based on a slit-pores
model) and the CO. adsorption data (HK model, isotherms recorded at
195K, po=191kPa, slit-like pore model) using the ASiQwin software package.
Kinetic hydrocarbon gas adsorption data were also recorded with a Quantachrome

iQ MP porosimeter at 293 K with an equilibrium pressure of about 80 kPa.
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7.6 Scanning electron microscopy (SEM)

SEM imaging was performed with a Hitachi S-4500 instrument. For measurements,
samples were placed on a conductive adhesive pad. Imaging was done with 1kV
accelerating voltage on a secondary electron detector. All investigated samples were
ground and taken from the sorption tubes after conduction of physisorption

measurements before imaging.
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7.7 Synthesis

All chemicals were purchased from commercial suppliers (Sigma-Aldrich, BLDpharm,

Tokyo Chemical Industry, etc.)

ZIF-62(Zn)/(Co): Zn(NOs); - 6H,O (4.0 mmol, 1.2 g) or Co(NOs), - 6H.O (4.0
mmol, 1.2 g), imidazole (11.55 mmol, 786 mg) and benzimidazole (1.660 mmol, 196
mg) were dissolved in DMF to yield a total volume of 90 mL. After the reactants
were fully mixed by ultrasound for 5 min, the reaction mixture was transferred to a
250 mL screw-capped vial. The reaction vial was sealed tightly and heated in an
oven for 7 d at 100 °C (for ZIF-62(Zn)) and 130 °C (for ZIF-62(Co)). After cooling
to room temperature, the reaction volumes were recombined, filtered, and washed
three times with 20 mL. DMF'. ZIFs were obtained as large, truncated octahedrally
shaped single crystals. Subsequently, the crystals were soaked in dichloromethane
(DCM) (40 mL) for 2 days. After filtration, the crystals were dried at 170 °C under
dynamic vacuum (p ~ 10~ kPa) overnight to obtain the evacuated materials in the

form of crystals.

ZIF-4(Zn)/(Co): Zn(NOs), - 6H.0O (4.0 mmol, 1.2 g) or Co(NOs); - 6H20 (4.0 mmol,
1.2 g) and imidazole (13.22 mmol, 900 mg) were dissolved in DMF to yield a total
volume of 90 mL. After the reactants were fully mixed by ultrasound for 5 min, the
reaction mixture was transferred to a 250 mL screw-capped vial. The reaction vial
was sealed tightly and heated in an oven for 7 d at 100 °C (for ZIF-4(Zn)) and
130 °C (for ZIF-4(Co)). After cooling to room temperature, the obtained truncated
octahedrally shaped single crystals went through the same activation process as
described for ZIF-62.

ZIF-zni(Zn): Zn(NOs): - 6H,O (4.0 mmol, 1.2 g) and imidazole (13.22 mmol, 900
mg) were dissolved in EtOH to yield a total volume of 90 mL. After the reactants
were fully mixed by ultrasound for 5 min, the reaction mixture was transferred to a
250 mL screw-capped vial. The reaction vial was sealed tightly and heated in an
oven for 7 d at 100 °C. After cooling to room temperature, the obtained rod-shaped

single crystals went through the same solvent exchange and activation process as
described for ZIF-62.

ZIF-76/UC-5 phase mixture: Zn(NOs); - 6H,O (0.84 mmol, 250 mg), imidazole
(1.76 mmol, 120 mg) and 5-chlorobenzimidazole (0.85 mmol, 130 mg) were mixed
together in a solution of DMF (8.28 ml) and N, N-diethylformamide (5.73 mL), along
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with aqueous NaOH (0.52 ml, ¢ = 2.5 mol L'!). The turbid solution was then heated
to 90 °C for 5 days. After cooling to room temperature, the obtained microcrystalline

powder went through the same solvent exchange and activation process as described
for ZIF-62.

Pure-phase ZIF-76: Zn(NOs), - 6H,O (0.87 mmol, 260 mg), imidazole (1.76 mmol,
120 mg) and 5-chlorobenzimidazole (0.85 mmol, 130 mg) were mixed together in a
solution of DMF (5.75 mL) and N, N-diethylformamide (5.75 mL) along with aqueous
NaOH (0.26 mL, ¢ = 2.5 mol L'!). The turbid solution was then heated to 90 °C for
5 days. After cooling to room temperature, the obtained microcrystalline powder

went through the same solvent exchange and activation process as described for ZIF-
62.

TIF-4: Zn(NOs), - 6H20 (2.0 mmol, 595 mg,), imidazole (2.0 mmol, 136 mg) and 5-
methylbenzimidazole (3.0 mmol, 396 mg) were dissolved in DMF (18.8 mL) and
heated at 130 °C for 48 hours. After cooling to room temperature, the obtained
truncated octahedrally shaped crystals went through the same solvent exchange and

activation process as described for ZIF-62.

ZIF-70: Zn(NOs), - 6H,O (1.28 mmol, 380 mg), imidazole (27.0 mmol, 1.84 g) and
2-nitroimidazole (2.0 mol, 226 mg) were dissolved in DMF (50 mL) and heated at
100 °C for 96 hours. After cooling to room temperature, the obtained light brownish
microcrystalline powder went through the same solvent exchange and activation

process as described for ZIF-62.

ZIF-8: Zn(NOs), - 6H,O (7.06 mmol, 2.1 g) and methylimidazole (14.62 mmol, 1.2
g) were dissolved in DMF (80 mL) and heated at 120 °C for 24 hours. After cooling
to room temperature, the obtained rhombic-dodecahedral crystals went through the

same solvent exchange and activation process as described for ZIF-62.

ZIF-8 SALE samples in section 3 (ZIF-8-mim,im,bim.) is based on the exchange
method of SALEM-2."l Imidazole, benzimidazole, or a mixture of imidazole and
benzimidazole (see Table A3.1) was placed in a 20 mL microwave vial and dissolved
in n-butanol (20 mL) by sonication. Activated ZIF-8 crystals (100 mg, 0.44 mmol)
were immersed in the resulting solution. The vial was capped and placed in an
isothermal oven at 100 °C for 1, 3, 5 and 7 days. After decanting off the solvent and
washing with 5 mL of DCM, the samples were transferred to a dynamic vacuum (p
~ 10" kPa) for activation at 100  °C for 12 hours.
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ZIF-Cu-1: CuSO, - 5H,0 (10.1 mmol, 2.5 g) was dissolved in 12.5 mL of H,O with
stirring first. Imidazole (20 mmol, 1.36 g) and NaHCOs; (78.56 mmol, 6.6 g) were
then placed in 50 ml of water and heated at 80 °C for 3 hours. Then, CuSO;, solution
was added dropwise to the hot solution of imidazole. The formation of a violet
precipitate was immediately observed. By leaving the mixture under reaction
conditions, the violet compound was gradually transformed into blue Cu(im),. After
2 h the blue compound was filtered off, washed with water, and dried at 110 °C for

6h in vacuum oven.

Mechanical Synthesis of Crystalline Cd(im).. The synthesis was adapted from
previous reports for the mechanochemical synthesis of ZIF-62P" and ZIF-4
derivatives®?. CdO (3.9 mmol, 508.5 mg), Cd(CH;COO), - 2H,O (0.04 mmol, 10.6
mg) and imidazole (8.2 mmol, 558.3 mg) are mixed in a 20 mL stainless steel grinding
jar. Two 10 mm stainless steel grinding balls (4.0 g each) and 200 uL. DMF were
added to the jar, which was subsequently sealed. Ball milling was performed on a
Retsch MM400 mixer mill at 30 Hz for 30 minutes. The resulting powders were
washed with DMF (20 mL) followed by washing with dichloromethane (DCM, 20
mL x 2 times). The washed powders were immersed in fresh DCM overnight,

followed by drying at 170 °C under dynamic vacuum (p ~ 10~* kPa) overnight.

Solvent Synthesis of Crystalline Cd(im)z-sol. The synthesis route is based on
the reported method with slight modifications.** Cd(NOs), - 4H,O (2.0 mmol, 617
mg) and imidazole (4.0 mmol, 272 mg) were dissolved in 10 ml and 20 ml of water,
respectively. After adding three drops of ammonia to the aqueous imidazole solution,
it was then poured into the aqueous Cd(NQOj3), solution. The resulting pure white
precipitate was washed with water, dried at 170 °C under dynamic vacuum (p ~

10~* kPa) overnight and then finely ground.

Preparation of glassy a,Cd(im). and Glass-ceramic rcCd(im)s,.
Approximately 10 mg of Cd(im), was placed into a ligatured aluminum crucible and
the preparation of the relevant derivatives was carried out using the procedure in
Table 7.2.

Post-synthetic ball milling: The activated microcrystalline ZIFs (ca. 50 mg) were
treated by PSBM at 25 Hz in a vibratory shaker mill for 5, 10, and 15 min
respectively, using a 10 mL stainless steel grinding jar with two 8 mm stainless-steel
balls on Retsch MM 200. The derived PSBM materials are denoted by ZIF-X-
5min/10min/15min. Additional 30 min and 60 min ball mill samples were prepared
for ZIF-8, named ZIF-8-30min and ZIF-8-60min.
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7.7 Synthesis

Melt-quenched glass formation: The selected MQGs (a,ZIFs and a,ZIFs-5min
samples), were prepared by heating the samples in the TG/DTA machine under N,

protection using the procedures compiled in Table 7.2.
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7 Experimental Section

Table 7.1. Applied masses of metal salts and imidazole-based ligands as well as solvent volumes for the ZIFs synthesized in this thesis.

NaOH
Zn(NOs)2 - Co(NOs) - Co(OAc)s CuSOy . . ) ) ) NaHC 3-methyl-  Quinol
Him Hbim HClbim Hnim Hmim DMF DEF EtOH H>0 . ok
6H,0 6H,0 - 4,0 _ s 1-butanol ine (e=25
Compound 5H-0 LY
‘ ‘ (mg) (mg) (mg) (mg) (mg) (mL)  (mL)  (mL)  (ml) e
(mg) (mg) (mg) (mg) (mL) (mL)
(mg)
(mL)
ZIF-4(Zn) 1200 - 900 - - - - - 80 - - - - -
ZIF-4(Co) - 1200 900 - - - - - 80 - - - - -
ZIF-62(Zn) 1200 ; 786 196 . . - - 80 - - - - -
ZIF-62(Co) - 1200 786 196 - - - - 80 - - - - -
ZIF-zni(Zn) 1200 - 900 - - - - - - - 80 - - -
ZIF-zni(Co) - - 1245 680 - - - - - - - - 15 15 -
ZIF-76/UC-5 250 - - 120 - 130 - - - 8.28 5.73 - - - 0.52
ZIF-76 260 - - 120 - 130 - - - 5.75 5.75 - - - 0.26
TIF-4 549 - - 136 - 396 - - - 18.8 - - - - -
ZIF-70 380 - - 1840 - - 226 - - 50 - - - - -
ZIF-8 2100 - - - - - - 1200 - 80 - - - - -
ZIF-Cu-1 - - - 2500 1360 - - - - 6600 - - - 62.5 - - -
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7.7 Synthesis

Table 7.2. Summary of the temperature programs applied for the preparation of melt-quenched
glasses. The programs are designed to heat the sample across their melting points or their glass
transition points, followed by quenching them from the (supercooled) liquid.

Compound Temperature program
asZIF-62(Zn) R SoC/min o o Z20°C/min
ayZIF-62(Zn)-5min RT 10°C/min 500 °C —10°C/min
asZIF-62(Co) R S0C/min o o Z20°C/min
a,ZIF-62(Co)-5min RT 10°C/min 430 °C -10°C/min
agZIF-4(Zn) R L0C/min o o Z20°C/min
agZIF-4(Zn)-5min RT 10°C/min 580 °C -10°C/min
a,ZIF-4(Co)-5min RT 10°C/min 340 °C -10°C/min
agZIF-zni(Zn) RT 22C/mIn o0 o ROC/min
ayZIF-zni(Zn)-5min RT 10°C/min 530 °C —10°C/min

a TIF-4 RT 10°C/min 450 °C —10°C/min
a,TIF-4-5min R LoC/min o o Z10°C/min
agZIF-76/UC-5 RT 10°C/min 450 °C -10°C/min

a,ZIF-76 /UC-5-5min R LoC/min oy o Z20°C/min

a;Cd(im)2 RT m 456 °C —100°C/min RT™

preCd (im). RT 0 457 o0 2 g 2 500 <
freCd(im)2 RT m 457 °C -10°C/min RT 10°C/min 300 °C
ang(im)Q_Sol RT m 460 °C —~100°C/min RT™

" The cooling rate is constrained by the instrumentation, with a maximum average rate of
approximately —30 °C min! between 460 °C and 100 °C. The rate is ~80 °C min ' at 460 °C and
continuously reduces to —10 °C min! at 100 °C. Below 100 °C, the cooling rate is further reduced
(see Thermal Analysis Section in Appendix Section 5).
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Appendix to Section 3

A.3.1 — Compositional analysis by’ H NMR spectroscopy

Solution'H NMR spectroscopy was performed on digested crystalline and glassy ZIF
samples. The composition of ZIF-8 derivatives is determined using the integral ratio
of the aromatic protons of the different linkers. Note that in a few spectra, there are
peaks between 0 and 4 ppm, which are residual traces of n-butanol. This is because
the materials have not been completely activated prior to the 'H NMR analysis. 'H
NMR data of the digested parent material ZIF-8, and n-butanol (with DMSO-d; and
DCl1/D;0) can be found in Figure A3.3.

Additional
samples

—0:10
— 19
— 28

0.2 0.4 0.6 0.8 1

mim™ (x) time

Figure A3.1. Plot of the linker fractions found in the crystalline ZIF-8 derivatives after the various
SALE experiments performed in this work. The orange spheres on the coloured lines show the
compositions of the materials after 1 day, 3 days, 5 days and 7 days of SALE in n-butanol solutions
containing Him and Hbim in varying ratios. The lines correspond to a SALE solution with a particular
Him:Hbim ratio with the same overall molar linker concentration (i.e. ¢mim + Capim = constant). Lines
are just a guide to the eye. The pentagons represent additional samples prepared for gathering
additional data points to explore the compositional limits of meltability/glassformability in the
triangular phase diagram in more detail (Table A3.1). The symbols highlighted by the red circles

are the most critical samples (ZIF-8-mimyg 15img.r4bimg11 and ZIF-8-mimg.simogs;) for this work.
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Table A3.1. Applied masses and molar amounts of Him and Hbim with 100 mg ZIF-8 (or ZIF-67)

in the SALE reaction mixtures for ZIF-8-mim,imbim, (ZIF-67-mim,im,bim.) synthesis as well as the

corresponding mim: im: bim™ ratios found in the corresponding framework (determined by 'H NMR

spectroscopy; see later spectrums). Data for an additional linker exchange experiment of ZIF-8 with

Him and HClbim (5-chlorobenzimidazole) is included as well. In all exchange experiments except one,

the samples have not been stirred over the course of the SALE process. In one SALE experiment, the

samples suspension was stirred for 15 min/day with a total reaction time of 3 days. In this process,
ZIF-8 is fully converted to a ZIF-62 derivative as proven by XRPD (see Figure A3.35).

Applied

Linkers fractions
determined by 'H

Applied Him Applied NMR spectroscopy
Him: Hbim Sample name
. (mmol, . . .
Hbim ) (mmol, mg) mim im bim
m
¢ %) %) %)
84 16 0 ZIF-8-mimo.ssimo.16
66 34 0 ZIF-8-mimo.esimo.34
10:0 2.94 200 0 0
25 75 0 ZIF-8-mimo.25imo.75
15 85 0 ZIF-8-mimo.1simo.ss
80 18 2 ZIF-8-mimo.soimo.1sbimo.o2
73 25 9 ZIF-8-mimo.73imo.25sbimo.o2
9:1 2.64 180 0.29 34.7 ZIF-8-mimo.s4imo.4sbimo.os
54 43 3
ZIF-8-mimy.1simo.72bimo.10
18 72 10
% 16 9 ZIF-8-mimo s2imo.16bimo.o2
ZIF-8-mimo.75imo.23bimo.o2
8:2 2.35 160 0.59 694 [ 23 2
: ’ ’ ’ ZIF-8-mimo.esimo.30bimo.os
65 30 5
ZIF-8-mimo 20imo.esbimo.15
20 65 15
80 16 4 ZIF-8-mimo.soimo.16bimo.os
ZIF-8-mimo.7simo.1sbimo.os
7:3 2.06 140 0.88 104.1 & 18 1
: ’ ’ ’ ZIF-8-mimo.70imo.24bimo.o6
70 24 6
ZIF-8-mimg.27imo.54bimo.19
27 54 19
73 15 15 ZIF-8-mimo.73imo.15bimo.12
ZIF-8-mimo.7oimo.19bimo.11
6:4 1.76 120 1.18 138.8 70 19 H
’ : ’ ’ ZIF-8-mimo 2imo.20bimo.1s
62 20 18
ZIF-8-mimy.43imo.3sbimo.19
43 38 19
58 19 30 ZIF-8-mimy.ssimo.12bimo.s0
ZIF-8-mimo.ssimo.17bimo.2s
5:5 1.47 100 1.47 1735 o8 17 2
: ’ ’ ’ ZIF-8-mimo.47imo.1sbimo.3s
47 18 35
ZIF-8-mimo.17imo.31bimo.1g
17 34 49
» e i s 53 . 40 ZIF-8-mimo s3imo.orbimo.1o
: ’ ’ ’ ZIF-8-mimo 34imo.14bimo 52
34 14 52
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5 ZIF-8-mimo.1simo.17bimo.es
18 17 65
7 ZIF-8-mimo.11imo.13bimo.76
11 13 76
1 50 . 43 ZIF-8-mimo s0imo.orbimo.13
3 ZIF-8-mimo.2simo.o9bimo.c3
0.88 60 2.06 242.9 28 ) 63
3:7 ’ ’ ’ 5 ZIF—8—mimo_zoimo_oﬁbimo_74
20 6 74
7 ZIF-8-mimg.o7imo.13bimo.so
7 13 80
1 39 5 56 ZIF-8-mimo 39imo.osbimo.s6
3 ZIF-8-mimy.23imo.09bimo.es
0.59 40 2.35 277.6 2 ? 08
2:8 B ’ ’ 5 ZIF-8-mimo.10imo.10bimo.so
10 10 80
7 ZIF-8-mimo.o7imo.orbimo.se
7 7 86
1 ZIF-8-mimo.45imo.04bimo 51
45 4 51
3 ZIF-8-mimy.33imo.orbimo.eo
1:9 0.29 20 2.64 3124 33 7 60
’ ’ ’ ’ 5 ZIF—S—mimo.24imo_05bimo_71
24 5 71
7 ZIF—S—mimo_1oimo_o3bimo_87
10 3 87
1 38 0 62 ZIF-8-mimo.3sbimo.e2
3 ZIF-8-mimo.3sbimo.es
0:10 0 0 2.94 347.1 35 0 05
) ’ ’ 5 o 0 5 ZIF-8-mimo.25bimo.7s
7 04 0 76 ZIF-8-mimo.24bimo.76
87:1.3 2.35 160 0.34 40 7 15 74 1 ZIF-8-mimo.151mo,74bimo.11
93:0.7 2.60 177 0.19 23 7 17 75 8 ZIF-8-mimo.17imo,75bimo.08
88:1.2 2.57 175 0.36 43 7 16 79 12 ZIF-8-mimo.wimo,nbimo.m
9.7:0.3 2.79 190 0.08 10 7 18 81 1 ZIF-8-mimo.1simo,81bimo.01
9.3.0.7 260 177 0.19 23 3.5 51 47 9 ZIF-8-mimo.51imo.47bimo.o2
3
8.7:13 235 160 0.34 40 (stirred 15 5 80 15 ZIF-62-mimo.osimo.sobimo.is
min/day)
8.7:1.3 2.35 160 0.34 40 7 18 68 14 ZIF-67-mimo,18imo.cshimo.14
(Z1F-67)
8.7:1.3
(Him: 2.35 160 0.34 52 7 20 70 10 ZIF-8-mimyo.20imo.70Clbimo.10
HClbim)
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Figure A3.2. Progress of the SALE reactions expressed as the fraction of im™ and bim™ in ZIF-8.
The fraction of mim can be obtained by subtracting the fractions of im and bim from 100%. As to
be expected, the fraction of exchanged linkers (i.e. the inclusion of im™ and/or bim™ and the removal
of mim") is increasing with the reaction time. Moreover, bim™ is incorporated preferentially over im-
so that the rate for the incorporation of im is much slower than the rate for the incorporation of
bim . These observations seem counterintuitive at first sight, as Hbim is significantly larger than Him
and thus a considerable restriction of diffusion into the pores of ZIF-8 is expected for the former.
However, the observations are consistent with the considerably higher acidic strength of Hbim (pK.
= 12.78) compared to Him (pK, = 14.52)061,
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Figure A3.3. 'H NMR data collected for a ZIF-8 and b n-butanol using DMSO-ds (0.5 mL) and
DC1/D,0 (35 wt%, 0.015 mL) as solvents.
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Figure A3.4. '"H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing only Him. The SALE time from a to d is 1, 3, 5, and 7 days, respectively.
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Figure A3.5. 'H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 9:1. The SALE time from a to d is 1, 3, 5,
and 7 days, respectively.

a b
N N Ao s ZIF-g-mimg sim ebim i i H_ 4| 21F-8-mimg s5img o3bimo gz
d Y 8 ) ! i
0<\:© v(\] H,C—(\]-‘ oe2o 16" 002 ’<\|j© .<\|] HiC—§ ]“
Hbim Him Hmim Hbim Him Hmim "
*v L
(== 2] ('\II [ _Ié L L
> SN @8
e - oo -

151413121110 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -

151413121110 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -
Chemical Shift (ppm)

Chemical Shift (ppm)

C d o
m v H ZIF-8-mimg zgimg gsbimg 45
H H H ZIF-8-mimg gsimy 3gbimg os ID i e
I } LY + vq ol | He— ]
.(\:© ‘.(\] Hac—(\]* §, <“j : —<‘],.
N N L Hbim Him Hmim
Hbim Him Hmim
-
+y
IY
lI i J L i L | Wl.”IJ
T o
<
CX-I
151413121110 9 8 7 8 5 4 3 2 1 0 -1 -2 -3 - 151413121110 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -
Chemical Shift (ppm) Chemical Shift (ppm)

Figure A3.6. 'H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 8:2. The SALE time from a to d is 1, 3, 5,
and 7 days, respectively.
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Figure A3.7. 'H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 7:3. The SALE time from a to d is 1, 3, 5,

and 7 days, respectively.
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Figure A3.8. '"H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 6:4. The SALE time from a to d is 1, 3, 5,

and 7 days, respectively.
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Figure A3.9. 'H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 5:5. The SALE time from a to d is 1, 3, 5,

and 7 days, respectively.
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Figure A3.10. '"H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 4:6. The SALE time from a to d is 1, 3, 5,

and 7 days, respectively.
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Figure A3.11. 'H NMR data collected for ZIF-8 derivatives after varying SALE reaction times

with a solution containing Him and Hbim in a molar ratio of 3:7. The SALE time from a to d is 1,
3, 5, and 7 days, respectively.
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Figure A3.12. '"H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with

a solution containing Him and Hbim in a molar ratio of 2:8. The SALE time from a to d is 1, 3, 5,
and 7 days, respectively.
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Figure A3.13. 'H NMR data collected for ZIF-8 derivatives after varying SALE reaction times

with a solution containing Him and Hbim in a molar ratio of 1:9. The SALE time from a to d is 1,
3, 5, and 7 days, respectively.
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Figure A3.14. 'H NMR data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing only Hbim. The SALE time from a to d is 1, 3, 5, and 7 days, respectively.
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"H NMR data collected for seven additional ZIF-8 derivatives and one ZIF-67
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Figure A3.16. 'H NMR data collected for representative ZIF-8 derivatives and ZIF-67 derivative
after heat treatment. a a,ZIF-8-mimgisimg7bime. b ZIF-61-mimgisimess. ¢ azZIF-67-
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A.3.2 — X-ray powder diffraction data

A.3.2.
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Figure A3.17. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times

with a solution containing only Him. b Corresponding XRPD patterns of samples obtained after

heating the materials to 450 °C followed by rapid cooling to room temperature. For the SALE time

of 5- and 7- day samples, the presence of a large amount of im led to the destabilization of the ZIF-

8 sod structure and a solid-state transition to a dense zni topology (ZIF-61-like) was obtained by

heat treatment (validated by Pawley fitting, see Figure A3.31).

a

Intensity / arb. units

————Him :Hbim=9 : 1

JLJJMJ ZIF8-mimo 1iMo 72bimy 10 (7

10 20 30 40 50

20/°

b

Intensity / arb. units

Him:Hbim=9:1|

JL{AJJ Aeami ik

agZIF-8-mimg 4gim 7,bimg 44 (7d

ZIF-8

10

20 30 40 50
26/°

Figure A3.18. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 9:1. b Corresponding XRPD patterns

of samples obtained after heating the materials to 450 °C followed by rapid cooling to room

temperature.
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Figure A3.19. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 8:2. b Corresponding XRPD patterns
of samples obtained after heating the materials to 450 °C followed by rapid cooling to room
temperature.
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Figure A3.20. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 7:3. b Corresponding XRPD patterns
of samples obtained after heating the materials to 450 °C followed by rapid cooling to room
temperature.
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Figure A3.21. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 6:4. b Corresponding XRPD patterns
of samples obtained after heating the materials to 450 °C followed by rapid cooling to room
temperature.
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Figure A3.22. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 5:5. b Corresponding XRPD patterns
of samples obtained after heating the materials to 450 °C followed by rapid cooling to room
temperature.
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Figure A3.23. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 4:6. b Corresponding XRPD patterns
of samples obtained after heating the materials to 450 °C followed by rapid cooling to room
temperature. For the samples with 5 and 7 days SALE time, the presence of a large amount of bim-
led to the heavily distorted rhombohedral or triclinic sod phase typical for ZIF-7 (Zn(bim))
(validated by Pawley fitting, see Figure A3.33Figure A3.32). The subsequent samples obtained
by SALE solutions with higher molar fractions of bim were all the ZIF-7/8 mixed phase.
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Figure A3.24. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 3:7. b Corresponding XRPD patterns
of samples obtained after heating the materials to 450 °C followed by rapid cooling to room
temperature. Similar to the above, the samples after 3 and 7 days of SALE are ZIF-7/8 mixed phase.
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Figure A3.25. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 2:8. b Corresponding XRPD patterns
of samples obtained after heating the materials to 450 °C followed by rapid cooling to room
temperature. Similar to the above, the samples after 3 and 7 days of SALE are ZIF-7/8 mixed phase.
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Figure A3.26. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in a molar ratio of 1:9. b Corresponding XRPD patterns
of samples obtained after heating the materials to 450 °C followed by rapid cooling to room
temperature. Similar to the above, the samples after 3 and 7 days of SALE are ZIF-7/8 mixed phase.
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Figure A3.27. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing only Hbim. b Corresponding XRPD patterns of samples obtained after

heating the materials to 450 °C followed by rapid cooling to room temperature. Similar to the above,

all the samples here are ZIF-7/8 mixed phase.

a
Additional samples
S— I_'_,_
A ZIF-8-mim 54img 47bimg o5
A A
g ZIF-8-mimy 4giMg g4biMg o4
g
©
> _L,.J\.M,L ZIF-8-mimg ;5iMg 7,biM 15
2 "
2
=
| ZIF-8-mimg 47img 75bimg o5
A A A, ,L A s )
‘J‘ ZIF-8-mim, 45img 7,bimg 44
IA | 1 1
10 20 30 40 50
20/°

Figure A3.28. a XRPD patterns collected for ZIF-8 derivatives after varying SALE reaction times
with a solution containing Him and Hbim in other molar ratios (Table A3.1). b Corresponding
XRPD patterns of samples obtained after heating the materials to 430 or 450 °C followed by rapid
cooling to room temperature. The reflections marked with an asterisk stem from crystalline ZIF-8 in
the case of ZIF-8mimsimysbimge-CGC and crystalline ZIF-61

mimoAlsimoAglbimO.Ol‘CGC .
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Figure A3.29. a XRPD patterns collected for ZIF-8 and ZIF-67 derivatives after varying SALE
reaction times with a solution containing Him and Hbim or HClbim in other molar ratios Table

A3.1). b Corresponding XRPD patterns of samples obtained after heating the corresponding samples

to 440 or 450 °C followed by rapid cooling to room temperature. ZIF-62-mimgsimgsobimg s was
derived by stirring the SALE solution with ZIF-8 for 15 min per day (total SALE time was 3 days).
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Figure A3.30. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-8. The blue tick
marks indicate the positions of allowed Bragg peaks of crystalline ZIF-8.
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Figure A3.31. a Profile fit (Pawley method) performed on the XRPD pattern of ZIF-8-mimg i5imo.ss.
The blue tick marks indicate the positions of allowed Bragg peaks for ZIF-8. b Magnified view of the

Pawley fit showing the fraction from 10° to 20°. The part that cannot be fitted is the characteristic
peak of the zni phase (20 = 15.1°), i.e. ZIF-61. The blue tick marks indicate the Bragg peak positions
of ZIF-8, and the gray tick marks indicate the Bragg peak positions of ZIF-61.
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Figure A3.32. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-8-

mimg5img 74bimg11. The blue tick marks indicate the positions of allowed Bragg peaks of crystalline

ZIF-8.
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Figure A3.33. Mixed-phase profile fit (Pawley method) performed on the XRPD pattern of ZIF-8-
mimg 11img13bimgr. The blue tick marks indicate the positions of allowed Bragg peaks. The blue tick
marks indicate the Bragg peak positions of ZIF-8, and the gray tick marks indicate the Bragg peak
positions of ZIF-7.
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Figure A3.34. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-61-mimg.i5imo.ss
(recrystallized ZIF-8-mimg 15imos;). The blue tick marks indicate the positions of allowed Bragg peaks

of crystalline ZIF-61.
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Figure A3.35. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-62-
mimy gsimg.sobimg 15 (a recrystallized ZIF-8 sample obtained by stirring the SALE reaction mixture for
15 min/day with a total reaction time of 3 days). The blue tick marks indicate the positions of
allowed Bragg peaks of crystalline ZIF-62.
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Figure A3.36. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-8-
mimy 2img 70Clbimg 9. The blue tick marks indicate the positions of allowed Bragg peaks of crystalline
ZIF-8.
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Figure A3.37. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-67. The blue
tick marks indicate the positions of allowed Bragg peaks of crystalline ZIF-67.
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Profile fit (Pawley method) performed on the XRPD pattern of ZIF-67-

mimy isimgesbimg14. The blue tick marks indicate the positions of allowed Bragg peaks of crystalline
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Table A3.2. Unit cell parameters and corresponding Ry, Re, and y values determined by the above displayed structureless profile fits (Pawley method).

ZIF-8-
ZIF-8- ZIF-8- . . . ZIF-61- ZIF-62- . ,8 ZIF-67-
Sample ZIF-8 . . . . X ZIF-8-mimo,11imo.13bimo.76 ) . X K . mimo.20imo.70 ZIF-67 . . .
MIMo.1511M0.85 mimo.15imo.71bimo.11 MIMo.1511M0.85 mimo.osimo.sobimo.is . mimo.1simo.esbimo.i4
Clbimo.10
tal bi trigonal
crysta cubic cubic cubic euble rsona tetragonal orthorhombic cubic cubic cubic
system (ZIF-8) (ZIF-T7)
space
I-43m 1-43m 1-43m I-43m R-3 Ljicd Pbca 1-43m 1-43m I-43m
group
a/A 17.0466(10) 16.961(3) 16.9063(8) 17.009(6) 23.170(9) 23.555(8) 15.708(11) 16.913(2) 17.049(3) 16.924(6)
b/ A 17.0466(10) 16.961(3) 16.9063(8) 17.009(6) 23.170(9) 23.555(8) 15.923(10) 16.913(2) 17.049(3) 16.924(6)
c/ A 17.0466(10) 16.961(3) 16.9063(8) 17.009(6) 15.583(7) 12.490(4) 18.329(19) 16.913(2) 17.049(3) 16.924(6)
a/® 90 90 90 90 90 90 90 90 90 90
B/° 90 90 90 90 90 90 90 90 90 90
y/° 90 90 90 90 120 90 90 90 90 90
v/ A 4953.5(9) 4879(3) 4832.2(7) 4921(5) 7245(6) 6930(5) 4585(6) 4838(2) 4956(3) 4848(5)
R /| % 22.37 25.04 7.75 28.03 25.61 23.30 21.00 5.56 5.47
Rep | % 14.97 19.43 3.10 23.67 23.60 19.82 17.78 5.15 5.20
4 1.49 1.29 2.50 1.18 1.09 1.18 1.18 1.08 1.05
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A.3.2.2 — Variable temperature XRPD

Simulateq ZIF-8

Intensity / arb. units

20/°

Figure A3.39. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8. The patterns are
not normalized but vertically offset for clarity. The corresponding contour map is shown in Figure

3.2a left.
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Return 27 °C
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1 2 3 4 S) 6 7
20/°

Figure A3.40. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimg i5impss. The
patterns are not normalized but vertically offset for clarity. The corresponding contour map is shown

in Figure 3.2a middle.
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Simulated ZIF-8
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Figure A3.41. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimg 15img 74bimo 11.
The patterns are not normalized but vertically offset for clarity. The corresponding contour map is
shown in Figure 3.2a right.
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Figure A3.42. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimy 17img 75bimg s,
The patterns are not normalized but vertically offset for clarity.
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Figure A3.43. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimy isimg 72bimyg o.

The patterns are not normalized but vertically offset for clarity.
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Intensity / arb. units

Figure A3.44. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimg s7img 54bimg 1.
The patterns are not normalized but vertically offset for clarity.
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S . Simulated ZIF-8

93 °C

307 °C
343 °C
378 °C

Intensity / arb. units

414 °C
Return 27 °C
Simulated ZIF-61

1 2 3 4 5 6 7

Figure A3.45. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimj isimg g1 bimg;.

The patterns are not normalized but vertically offset for clarity.
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Figure A3.46. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimy 45img ssbimg o.

The patterns are not normalized but vertically offset for clarity.
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.. Simulated ZIF-8
27 °C

200°C

Intensity / arb. units

\~m-*1_k A 414 °C
S ———— Retum 27 °C

1 2 3 4 5 6 7
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Figure A3.47. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimg 51img 47bimg go.
The patterns are not normalized but vertically offset for clarity.
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414 °C
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Figure A3.48. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimy i7img s4bimyg 0.

The patterns are not normalized but vertically offset for clarity.
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Intensity / arb. units

return 27 °C|

> 4 6 2 25 3
20/° 20/°

Figure A3.49. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-8-mimgssbimg z.
The patterns are not normalized but vertically offset for clarity. The material clearly consists of a
phase mixture of ZIF-8 (i.e. the cubic sod phase) and ZIF-7 (i.e. a distorted sod phase with triclinic
symmetry at low temperature and rhombohedral symmetry at high temperaturel!®).
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Figure A3.50. Temperature dependent XRPD patterns (A = 0.45920 A) of ZIF-67-
mimy isimggsbimgis. The patterns are not normalized but vertically offset for clarity.
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A.3.3 — X-ray total scattering

S(Q) / arb. units

1 2 3 4 5 6 7 8 12 16
Q/A?

Figure A3.51. Temperature dependent X-ray total scattering data in the form of S(Q) of ZIF-8.
The corresponding PDF data in the form of D(r) are shown in Figure 3.2. The vertical axis below
8 A ' is displayed magnified to show the variation of the scattering function in more detail.

S(Q) / arb. units

1 2 3 4 5 6 7 8 12 16
Q/A"

Figure A3.52. Temperature dependent X-ray total scattering data in the form of S(Q) of ZIF-8-
mimg 5imgss. The corresponding PDF data in the form of D(r) are shown in Figure 3.2. The vertical
axis below 8 A ! is displayed magnified to show the variation of the scattering function in more detail.
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Figure A3.53. Temperature dependent X-ray total scattering data in the form of S(Q) of ZIF-8-
mimg 15img 74bimg 1. The corresponding PDF data in the form of D(r) are shown in Figure 3.2. The
vertical axis below 8 A is displayed magnified to show the variation of the scattering function in

more detail.
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Figure A3.54. Top: Temperature dependent X-ray total scattering data in the form of S(Q) data
of ZIF-8-mimy 7imy 7sbimg s. The vertical axis below 8 A ! is displayed magnified to show the variation
of the scattering function in more detail. Bottom: PDF in the form of D(r) of ZIF-8-mimj17imo.zsbim.es.
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S(Q) / arb. units

N L

1 2 3 4 5 6 7 8 12 16

——30°C
3| —— 130 °
230 °

| 265
315

- 365
| 415
—— 468
|——re-30°C

AN D

_2 . 1 . 1 N 1 N 1 N
0 10 20 30 40 50

ri A

Figure A3.55. Top: Temperature dependent X-ray total scattering data in the form of S(Q) data

of ZIF-67-mimg isimgesbimp s. The vertical axis below 8 A~ is displayed magnified to show the
variation of the scattering function in more detail. Bottom: PDF in the form of D(r) of ZIF-67-

mimy.gimg.esbimo.s.
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15
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-10

in situ a ZIF-8-mimy 45img 7,bimg 44
ex situ aZIF-8-mimy 45img 7,bimy 44

10 20 30 40 50

ri A

Figure A3.56. Room temperature PDFs in the form D(r) of a,ZIF-8-mimg isimg7bime1;. The dark
blue function is derived from the VT total scattering experiment by in situ heating to 468 °C and

returning to room temperature, the light blue sample (ex situ) is prepared with the DSC instrument

by heating to 430 °C followed by cooling to room temperature under No.

S(Q) / arb. units

a,ZIF-8-mimy ,5img 7,bimy
1.03; a ZIF-62
i \\/A\/\/\"/\"\/ A\
| —~
1 2 4 6 8 10 12 14 16
Q/ A"

Figure A3.57. Comparison of X-ray total scattering data in the form of S(Q) of a,ZIF-8-
mimg15img 74bimg 11 with a,ZIF-62. The smaller magnitude of the scattering vector for the first sharp
scattering peak of a,ZIF-8-mimgsimgnbimoey (1.03 A1) compared to a,ZIF-62 (1.11 A1) is an
indication for the lower density and higher porosity of the former.
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A.3.4 — Solid state 2D spin diffusion NMR spectroscopy
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Figure A3.58. '"H-3C proton-detected 2D proton-spin-diffusion spectra of the microcrystalline ZIF-
8-mimy i5img 74bimgy 1, sample recorded with different CP times. Vertical dashed lines indicate the

magnetization transfer from —CHj; group to the imidazolate rings.
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Figure A3.59. 'H-3C proton-detected 2D proton-spin-diffusion spectra of the glassy a,ZIF-8-
mimg i5img 74bimg1, sample recorded with different CP times. Vertical dashed lines indicate the

magnetization transfer from —CHj; group to the imidazolate rings.
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A.3.5 — FTIR spectra

ZIF-8-mim 5,bimg 74

ZIF-8-mimyg 45imy 35bim, 4q
ZIF-8-mimy, 57im; 5,bimg 49
ZIF-8-mimyg 45iMy 7,bimg 44
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Figure A3.60. FTIR spectra of selected ZIF-8 derivatives after SALE and activation. The selected

samples correspond to the ones in Figure 3.1b.
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Figure A3.61. Comparison of FTIR spectra of selected ZIF samples. a ZIF-8, ZIF-8-
mimo,mimo,mbimo‘n, and agZIF—8—mimo,1sim0A74bim0A11. b ZIF—S, ZIF—8—mimoA15imo,85, and ZIF—GI—

mim0_15imo_g5. C ZIF-67, ZIF—67—mim0_1gimo,63bimo_1,1, and agZIF—67—mim0_1gimo,63bim0_1,1.
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Aromatic ring Metal-N ZIF ring
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Figure A3.62. Comparison of far-IR spectra data of ZIF-8 derivatives with ZIF-67 derivatives in

the crystalline and glassy states.

138



Appendix to Section 3

A.3.6 — Thermal analysis

A.83.6.1 - TGA and DSC
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Figure A3.63. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing only Him. b DSC data of the same samples showing two consecutive upscans.
A weak and broad exothermic signal is visible on the first upscan for the samples containing large
im concentrations. These signal is assigned to the solid-solid transition of the sample from the sod
phase (ZIF-8) to the zni phase (ZIF-61).
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Figure A3.64. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 9:1. b DSC data of the same samples showing
two consecutive upscans. An exothermic signal followed by an endothermic signal is visible in the
first upscan for the sample containing a large im concentration and a small bim concentration. The
exothermic signal is attributed to the collapse of the frameworks and the endothermic signal is
assigned to melting (7,,). A similar thermal behaviour has previously been observed for the liquid-
and glass-forming ZIF-4 as well as some functionalized derivatives of ZIF-4.7% 3 The material that

undergoes melting in the first upscan shows a clear glass transition signal (7T;) in the second upscan.
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Figure A3.65. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 8:2. b DSC data of the same samples showing
two consecutive upscans. The zoomed-in curves on the right are used to demonstrate the
determination of Ti, and T,. An exothermic signal followed by an endothermic signal is visible in the
first upscan for the sample containing a large im concentration and small bim concentration. The
exothermic signal is attributed to the collapse of the frameworks and the endothermic signal is
assigned to melting (7,.). A similar thermal behaviour has previously been observed for the liquid-
and glass-forming ZIF-4 as well as some functionalized derivatives of ZIF-4.?% 3! The material that
undergoes melting in the first upscan displays a signal which can be assigned to the glass transition
(T;) in the second upscan.
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Figure A3.66. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 7:3. b DSC data of the same samples showing
two consecutive upscans. The zoomed-in curves on the right are used to demonstrate the
determination of T, and T,. The exothermic signal is attributed to the collapse of the frameworks
and the endothermic signal is assigned to melting (7.,). A similar thermal behaviour has previously
been observed for the liquid- and glass-forming ZIF-4 as well as some functionalized derivatives of
ZIF-4.1% 33 The material that undergoes melting in the first upscan displays a signal which can be
assigned to the glass transition (7}) in the second upscan.
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Figure A3.67. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 6:4. b DSC data of the same samples showing
two consecutive upscans. The zoomed-in curve on the right is used to demonstrate the determination
of T,. ZIF-8-mimg43imgssbimgi9 forms a CGC during the first heating cycle. The formation of the
CGC composite appears to be a thermoneutral process, however, glassy behaviour is proven by a
glass transition signal (T,) in the second upscan.
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Figure A3.68. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 5:5. b DSC data of the same samples showing
two consecutive upscans.

141



Appendix

a . .
_ Him Hb|m=4:6|
100 | —
0
80 | \
o\o \
E 60
2
o ——ZIF-8
= a0k ZIF-8-mimy 55im;, 57bimg 4 (1d)
ZIF-8-mimyg 4,im, 4 ,bimg 5, (3d)
ZIF-8-mimyg 4gim,, ;7bimg g5 (5d)
20 L ——— ZIF-8-mimy, 1,imMg 3bimg 76 (7d)
0 L 1 1
0 200 400 600 800

Temperature / °C

Heat flow / arb. units

Him : Hbim=4:6
2" ypscan
endo 1 7d
I
| ]
1%t upscan
ZIF-8-mimg 4,img 4bimg ¢ P E—— 7d
I )
ZIF-8
1 1 1 1 1

150 200 250 300 350 400 450
Temperature / °C

Figure A3.69. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with

a solution containing Him and Hbim in a molar ratio of 4:6. b DSC data of the same samples showing

two consecutive upscans.
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Figure A3.70. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with

a solution containing Him and Hbim in a molar ratio of 3:7. b DSC data of the same samples showing

two consecutive upscans.
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Figure A3.71. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 2:8. b DSC data of the same samples showing
two consecutive upscans.

Him:Hbim=1:9

Him : Hbim

2" upscan
100 | lendo 1 i
= 7d
N
| Q - —
80 | \\\ P T
\ =
=}
R N\ .
- ~ o] ————’—/—_—“\\
e 60 i ©
[@)] —~ st
i ZIF-8 % 1— upscan 7
= i ZIF-8-mimy 45imy o,bimg ¢, (1d) = Jelk=ssnim —| 7d
ZIF-8-mimy 55imyg ;bimg gp (3d) B i
ZIF-8-mimy ,4imyg gsbimg 74 (5d) T [ZIF8mimgimg orbimg g 1
so b ZIF-8mimg ioimo o5bimo 7 (7d)
ZIF-8
0 1 1 2 1 1 | M " 1 L 1 M 1 L 1 " 1 "
0 200 400 600 800 150 200 250 300 350 400 450
Temperature / °C Temperature / °C

Figure A3.72. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing Him and Hbim in a molar ratio of 1:9. b DSC data of the same samples showing
two consecutive upscans.
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Figure A3.73. a TGA data collected for ZIF-8 derivatives after varying SALE reaction times with
a solution containing only Hbim. b DSC data of the same samples showing two consecutive upscans.
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Figure A3.74. a TGA for ZIF-8 derivatives made from a more refined applied exchange ratio of

imidazole and benzimidazole. b DSC data of the same samples showing two consecutive upscans. An

exothermic signal is visible on the first upscan for the sample containing large im concentrations and

the smallest bim concentrations. This signal is assigned to the solid-solid transition of parts of the

sample from the sod phase (ZIF-8) to the zni phase (ZIF-61). In addition, endothermic signals are

visible on the first upscan for the samples containing large im concentrations and small bim~

concentrations. These signals are assigned to melting (7},). For all materials, a glass transition signal

(T;) is observed in the second scan.
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Model Exp2PMod1
12 Equation y = a*exp(b*x) | ZIF-zni

Plot B ’
a 0.04358 + 0.02702 //
b 3.64529 + 0.41224 7
Reduced Chi-Sqgr 0.29069 //
R-Square (COD) 0.99545 ‘

N 8 Adj. R-Square 0.9909 J
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Figure A3.75. Plot of crystallographic density against the molar melting enthalpy (AH,,) of ZIF-8-

mimyg 15img 74bimg 11, ZIF-62 and ZIF-zni. AH,, of ZIF-8-mimg5imo7bimg1; was determined from the

integral of the melting signal in the first DSC upscan. For the crystallographic density see

Supplementary Table 4. The enthalpies and crystallographic densities of ZIF-62 and ZIF-zni were

taken from reference

]

as a guide to the eye.

The dashed curve represents an exponential fit to the data and is provided

Table A3.3. Comparison of thermodynamic melting parameters of ZIF-8-mimysimg z4bimg1; with
other reported meltable ZIFs.

T T AHn ASn
Material Composition References
(°C) (K) (kJ mol ') (J K™ mol™)
ZIF-8- . . . .
. . . ZH(HIIHI)O.BD(IIH)1_48(b1m)0_22 368 641 0.66 1.03 This work
mimo.15imo.74bimo.11
Sci. Adv. 4,
ZIF-62 Zn(im)1.75(bim)o.2s 435 708 2.92 4.12 €aao6827 (2018)
Nat. Commun.
ZIF-62-bimo.35 Zn(im)1.65(bim)o.ss 438 711 5.08 7.14 13, 7750 (2022)
Nat. Commun.
ZIF-4 Zn(im)2 579 852 11.46 13.45 13, 7750 (2022)
Nat. Commun.
ZIF-zni Zn(im)2 585 858 11.88 13.85 13, 7750 (2022)
Nat. Commun.
TIF-4 Zn(im)1.6s(mbim)o.s 436 709 2.69 3.79 13, 7750 (2022)
CrystEngComm,
22, 3627-3637
ZIF-UC-5 Zn(im)1.80(Clbim)o.20 428 701 2.50 3.60 B
(2020)
Chem. Mater.
ZIF-UC-6 Zn(im)1.s2(abim)o.s 345 618 1.70 2.80 34, 2187-2196
(2022)
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Figure A3.76. Five consecutive DSC cycles for ZIF-8-mimgs5img74sbimg1; showcasing the stability
of T,.
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Figure A3.77. TGA (dotted lines) and DSC (solid lines) for ZIF-62-mimg ¢simgsobimg15. The sample
was cycled from 50 °C to 450 °C with a heating/cooling rate of +10 °C/min for two times. The
sample is obtained by a SALE process from ZIF-8 in which the reaction mixture was stirred for 15

min/day (total reaction time is 3 days).
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Figure A3.78. TGA (dotted lines) and DSC (solid lines) for ZIF-67-mimj simg¢sbimg1s. The sample

was cycled from 50 °C to 450 °C with a heating/cooling rate of +10 °C/min for two times.
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Figure A3.79. The third to sixth consecutive DSC cycles for ZIF-67-mimy 1simgesbimg 14 showing

the stability of T,.
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Figure A3.80. TGA (dotted lines) and DSC (solid lines) for ZIF-8-mimg.simo 70Clbimg 1. The sample
was cycled from 50 °C to 440 °C with a heating/cooling rate of 10 °C/min for two times. The peak
in the first upscan is defined as the amorphisation temperature (73) due to its exothermic nature.
The fact that a glass transition is observable at 322 °C in the second upscan suggests that the
amorphization involves a slightly exothermic transition to a liquid phase. Other slightly exothermic
transitions to ZIF liquids were previously reported for ZIF-4 and some of its functionalized

g. 122, 33]
———ZIF-8-mimg 55im; 7Clbimg o f—

derivative
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Figure A3.81. Five consecutive DSC cycles for ZIF-8-mimy 2img 70Clbimyg 10 showcasing the stability
of T,.
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Table A3.4. Summary of the transition temperatures determined from the DSC data.

Material Ti/ °C Tw/ °C T,/ °C Material after heat treatment
ZIF-8-mimo.2simo.7s 363 / / ZIF-61-mimo.25imo.7s
ZIF-8-mimo.15imo.ss 374 / / ZIF-61-mimo.15imo.ss

ZIF-8-mimo.1simo.7z2bimo.10

ZIF-8-mimo.20imo.6sbimo.15

ZIF-8-mimo.27imo 54bimo.19

ZIF-8-mimg.43imo.3sbimo.1g

ZIF-8-mimg.15imo.74bimo.11

ZIF-8-mimo.17imo.7sbimo.os

ZIF-8-mimo.16imo.72bimo.12

ZIF-8-mimo.1simo.s1bimo.o1

ZIF-8-mimo s51imo.47bimo.o2

ZIF-62-mimo.osimo.sobimo.is

ZIF-8-mimyg.20imo.70Clbimo.10

ZIF-67-mimo.1simo.cshimo.14

S~ T~ T~ T~ T~ T~~~

369
/
/
/

/

378
399

392

368
360

375
432

/

444
373

399

343

361

361

383

336

334

340

328

370

327
322

344

agZIF-8-mimg.1simo.72bimo.10
agZIF-8-mimo 20imo.esbimo.1s
agZIF-8-mimg.27imo.s4bimo.19

ZIF-8 /a;Z1F-8-mimo.43imo.3sbimo.10 CGC
agZIF-8-mimo.15imo.74bimo.11
agZIF-8-mimg.17imo.75bimo.os

agZIF-8-mimo.16imo.72bimo.12

ZIF-61/a,ZIF-8-mimo1simo s1bimo o
CGC

ZIF-8 /agZIF-8-mimy 51imo.47bimo.o
CGC

agZIF-62-mimo.osimo.sobimo.1s

agZIF-8-mimo 20imo.70Clbimo 10

ZIF-67-mimo.1simo.esbimo.14

*defined as the amorphisation temperature (7a) due to the exothermic transition into a (supercooled) liquid state.
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A.3.6.2 — Heat capacity measurements

The evolution of heat capacity (C,) of a,ZIF-8-mimy5img7sbimg1; in the range from
200 to 415 °C was determined by modulated DSC using a DSC 25 calorimeter (TA
Instruments). In this measurement, a sinusoidal modulation with a temperature
amplitude of +1 °C and a modulation period of 120 s was overlaid on a linear
heating ramp with an average heating rate of 2 °C min!. Baseline and sapphire

reference scans were collected before the sample scan using the same temperature

program.
— 8 ZIF-8-mimg ;5imq 74bimg 44
18+
 16f
‘D'J
2 AC,=0.12Jg K
O 14t
12+
1 1 1 1
200 250 300 350 400

Temperature / °C

Figure A3.82. Heat capacity (C,) scan of a,ZIF-8-mimyisimg7sbimgi1. The heat capacity change
around the glass transition (AC,) was determined using the difference between the two intersections

of the onset and offset tangent lines of the glass transition signal.

Table A3.5. Comparison of the heat capacity change (AC,) around the glass transition of a,ZIF-8-

mimyg 15img 74bime 11 and other reported ZIF glasses.

Material Composition T, (°C) AC,(J g' K1)  References

agZIF-8-mimo.15imo.74bimo.11 Zn (mim)o.0(im)1.4s(bim)o.22 336 0.12 This work
Sci. Adv. 4

A, Z1F-62 Zn(im) 1 75(bim)os 322 0.19 ol L6005

eaao6827 (2018)
Nat. Commun. 12,

,(ILQZIF-8 EMIM][TFSI]@QZn (i 322 0.11
al ) [EMIM][TFST|6Zn(imim): 705 (2091,
a;ZIF-4 (HDA) 292 0.16
. Nat. Commun. 6,
Zn(im), 8079 (2015)
a,ZIF-4 (LDA) 316 0.11
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A.3.6.3 — Determination of the calorimetric fragility

The fragility of the a,ZIF-8-mimgisimg7bimen was determined according to
procedures published in previous work®). The melt-quenched ZIF glass was cycled
from 50 °C to 430 °C, with varying heating and cooling rates from £25 to £5 °C/min.
T: is the fictive temperature of the glass sample prepared with different cooling rates
(¢.). Tt at a heating/cooling rate of 10 °C/min corresponds to T,. The calorimetric
fragility index m is determined as the slope of the plot of logio(1/¢.) versus T,/ Tt

(i.e. the T, scaled reciprocal Ty, absolute temperatures in Kelvin).

_ dlog,, (%C)

(v

The fragility index m is a measure for the activation energy of viscous flow at T,.
Glasses with a low fragility are called strong (for example vitreous silica with m =

20) while glasses with a fragility higher than about 40 are called fragile.

a : . .
agZIF-8-m|m0_15|m0_74b|m0_11I b 12

Equation y=a+b*
fendo Plot B
Weight No Weighting o
- o Intercept -20.68681 + 0.34
25 °C/mi 1 S O2A 0 N 1.0 Hsiope 21.46293 + 0.342
— 2] Residual Sumof Squ ~ 2.32298E-4
= _ o ' Pearson's r 0.99962
® |20 °C/min T;=344.26°C c R-Square (COD) 0.99924
; "~ 0.8 HAd;. R-Square 0.99898 @
o H ol o ;
g [15°C/min boor=sa121c| 2 :
w© | 10°C/min >
L b T,=33588°C = 06f 9
5 °C/min =) , 2 i
o P :
$ T;=327.30°C P i
04+ @
" 1 N 1 . 1 . L " 1 1 | 1
200 250 300 350 400 0.98 0.99 1.00 1.01 1.02
Temperature / °C T /T, / KK

Figure A3.83. a DSC upscans of a,ZIF-8-mimy5im.74bimg1; with heating rates from 25 to 5 °C/min.
The cooling rate before each of these scans has been identical to its heating rate. b Determination of

the calorimetric fragility index m by a linear fit of log(1/¢.) against T/ Tt
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A.3.7 — Micrography

heating followed by cooling
to room temperature

Figure A3.84. Micrographs of ZIF-8 obtained before and after two upscans in the DSC instrument

(maximum temperature reached was 450 °C).

F heating followed by cooling
to room temperature

Figure A3.85. Micrographs of ZIF-8-mimy i5imgss obtained before and after two upscans in the DSC
instrument (maximum temperature reached was 450 °C).

heating followed by cooling
to room temperature

Figure A3.86. Micrographs of ZIF-8-mimg5img74bime1 obtained before and after the preparative
TGA/DSC experiment (maximum temperature reached was 430 °C).
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~ heating followed by cooling
: to room temperature

Figure A3.87. Micrographs of ZIF-8-mimsimg2bimg o obtained before and after two upscans of
DSC experiment (maximum temperature reached was 430 °C).

; heating followed by cooling
to room temperature

Figure A3.88. Micrographs of ZIF-8-mimgsimogbimg s obtained before and after two upscans of

DSC experiment (maximum temperature reached was 450 °C).

heating followed by cooling
to room temperature

P s 54 v y
.-.-_-s.'f-"'mi. m 1T mm

Figure A3.89. Micrographs of ZIF-8-mimg7imgsibimg 9 obtained before and after two upscans of
DSC experiment (maximum temperature reached was 450 °C).
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heating followed by cooling
to room temperature

Figure A3.90. Micrographs of ZIF-8-mimy3imyssbimg.i9 obtained before and after two upscans of
DSC experiment (maximum temperature reached was 430 °C).

heating followed by cooling
to room temperature

Figure A3.91. Micrographs of ZIF-8-mimy i7img.7sbimges obtained before and after two upscans of
DSC experiment (maximum temperature reached was 430 °C).

heating followed by cooling
to room temperature

Figure A3.92. Micrographs of ZIF-8-mimgsimg72bimg 2 obtained before and after the preparative
TGA/DSC experiment (maximum temperature reached was 450 °C).
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heating followed by cooling
to room temperature

Figure A3.93. Micrographs of ZIF-8-mimg simgsibimgo obtained before and after the preparative
TGA/DSC experiment (maximum temperature reached was 450 °C).

- heating followed by cooling

to room temperature =

".‘ iV . )_-q'i*:

. S PR A T
: - s 1 mm
X oy —

Figure A3.94. Micrographs of ZIF-8-mimysimo.47bimgge obtained before and after the preparative
TGA/DSC experiment (maximum temperature reached was 450 °C).

heating followed by cooling
to room temperature

Figure A3.95. Micrographs of ZIF-8-mimg2img7Clbimg 1o obtained before and after the preparative
TGA/DSC experiment (maximum temperature reached was 440 °C).
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2 : heating followed by cooling
to room temperatqre

1 mm

Figure A3.96. Micrographs of ZIF-62-mimgosimgsobimg 15 obtained before and after the preparative
TGA/DSC experiment (maximum temperature reached was 450 °C).

4

Figure A3.97. Micrographs of ZIF-67-mimgsimgesbimg 14 obtained before and after the preparative
TGA/DSC experiment (maximum temperature reached was 450 °C).
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A.3.8 — Gas physisorption studies

A.3.8.1 — Determination of pore volumes

The specific pore volumes ( Vyoue) were calculated according to previous work*! with
amendments:

max
Nads * Mcoz

psl

Vpore -

with nhge the specific molar amount of gas adsorbed (mmol of gas/g material) at
195 K and 95 kPa, M¢o, the molar mass of CO., and pg the density of the
supercooled liquid at 195 K (that is 1.258 g cm?®). For these calculations the
implemented routine in the Quantachrome ASiQwin version 5.2 software was used.
The obtained values are summarized in Table A3.6.

e and niye’), specific pore volumes (Vo)

Table A3.6. Summary of maximum gas capacities (
and BET surface area (Sger) obtained from the CO, gas physisorption isotherms collected at 195 K

or N, gas physisorption isotherms collected at 77 K.

Sample Method ads. nads SBET Vpore
(m'g!)  (mmolgh)  (pegy  (om'g?)
Z1F-8 C0O.@195K 293.4 13.1 1434 0.46
No@77K 410.9 18.3 1992 0.66
ZIF-8-mimo.15imo.74bimo.11 C0O2@195K 293.0 13.1 989 0.46
N@77K 303.7 13.6 1060 0.42
agZIF-8-mimo.15imo.74bimo.11 C0O2@195K 125.0 5.6 403 0.20
No@77K 108.4 4.8 229 0.16
ZIF-67-mimo.1simo.esbimo.14 C0O2@195K 223.9 10.0 897 0.35
agZIF-67-mimo.1simo.csbimo.14 C0O2@195K 118.5 5.3 316 0.18
agZIF-62* C0O2@195K 74.9 3.4 200 0.12

2 data taken from referencel*!.
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Figure A3.98. CO; sorption isotherms recorded at 195 K for ZIF-67, ZIF-67-mimgsimo.esbime14 and

agZIF—G7—mimo,1gimo,6gbimo,14.

Figure A3.99. Theoretical void fraction of ZIF-8 (CCDC code FAWCEN!%)) was calculated with
a probe radius of 1.6 A and a grid spacing of 0.2 A by Mercury software V2021.3.0 and is shown in
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100 | n-butane @ 273 K
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Figure A3.100. n-butane sorption isotherms recorded at 273 K for ZIF-8, ZIF-8-mimg5img 74bimg 11

and agZIF—8—IIliIIl0,15iH10A74biH1()A11‘
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Table A3.7. Comparison of the hydrocarbon gas capacities (propylene, propane, and n-butane) of
agZIF-S-mimo,15im0_7,1bim0_11 and agZIF-62.

Vhis (n-butane)

max max
Vads (propylene) Vads (propane)

Sample (cm?® g!)
(cm? g') (cm? g!)
273K 293K
a,Z1F-8-mimy 15img 74bimg 11 42.2 40.4 42.6 36.4
a,ZIF-62* 14.8 6.72 9.9 4.7

2 data was taken from referencel!.

Table A3.8. Comparison of the specific pore volumes (Vpoe) of ZIF-8 derivatives obtained from gas
sorption isotherms of n-butane (@273 K) and CO, (@195 K).

Viore (CO2)* Vpore (n-butane)®
Sample ratio
(cm’ g) (em® g)
ZIF-8 0.46 0.41 1: 0.9
ZIF—S—mimo_15im0,74bimo,11 0.46 0.41 1: 0.9
a,Z1F-8-mimy 15imo 74bimo.11 0.20 0.18 1: 0.9

’BF
U

95 kPa, applied value for the density of pure liquid adsorbate pii(CO2 @195K) = 1.258 g cm 3.1
p = 95 kPa, applied value for the density of pure liquid adsorbate piq(n-butane @273K) = 0.601 g cm 3.4
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A.3.8.2 — Kinetic gas adsorption

To quantitatively analyze the kinetics for CsHs, C3Hs, and n-CsH,y adsorption in ZIF-
8, ZIF-8-mimgisimo7bimen and a,ZIF-8-mimgisimo74bimgii, the time-dependent
normalized uptake data were fitted using stretched exponential models™ (pseudo-
first-order does not fit the measured curves). The equation describing the
relationship between the normalized uptake (corresponding to (P; — P)/(P; —P,))
and time by a stretched exponential model is given as follows:

(Pi=P) _

R PP (O
(Pi _Pe)

normalized uptake =
where P is the initial pressure, P is the pressure at time ¢ (in s), P. is the pressure
at equilibrium, k is the rate constant of gas adsorption (in s*), and 8 is the exponent

parameter related to the width of the distribution of diffusion rate constants.

Table A3.9. Kinetic parameters for C3;Hs, C3;Hs, and n-CiHy, adsorption on ZIF-8, ZIF-8-

mim0_15imo_7,1bimo,n and agZIF-S-mimo,l5irno_7,1bimo_11 at 293 K.

Sample Adsorbate k/st 5 R?
propylene 3.26 x 102 0.74 0.986
ZIF-8 propane 3.18 x 107 0.39 0.991
n-butane 3.06 x 103 0.40 0.992
propylene 2.14 x 107 0.59 0.983
ZIF-8-mimy 15img.74bimg 11 propane 6.21 x 1073 0.42 0.996
n-butane 4.48 x 107 0.38 0.990
propylene 9.37 x 10°3 0.42 0.991
a,ZIF-8-mimy 15imo 74bimg 11 propane 1.73 x 10°® 0.49 0.996
n-butane 1.49 x 107® 0.48 0.991
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Figure A3.101. Normalized uptake versus time for adsorption kinetic data of ZIF-8 for propylene
at 293 K. Stretched exponential fit to the data is shown as a red line.
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Figure A3.102. Normalized uptake versus time for adsorption kinetic data of ZIF-8 for propane at
293 K. Stretched exponential fit to the data is shown as a red line.
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Figure A3.103. Normalized uptake versus time for adsorption kinetic data of ZIF-8 for n-butane at

293 K. Stretched exponential fit to the data is shown as a red line.
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Figure A3.104. Normalized uptake versus time for adsorption kinetic data of ZIF-8-

mimg i5img 74bimg1, for propylene at 293 K. Stretched exponential fit to the data is shown as a red

line.
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Figure A3.105. Normalized uptake versus time for adsorption kinetic data of ZIF-8-

mimg 5img 74bimg 11 for propane at 293 K. Stretched exponential fit to the data is shown as a red line.
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Figure A3.106. Normalized uptake versus time for adsorption kinetic data of ZIF-8-
mimy 15img 74bime 1 for n-butane at 293 K. Stretched exponential fit to the data is shown as a red line.
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Figure A3.107. Normalized uptake versus time for adsorption kinetic data of a,ZIF-8-
mimy i5img 74bimg; for propylene at 293 K. Stretched exponential fit to the data is shown as a red
line.
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Figure A3.108. Normalized uptake versus time for adsorption kinetic data of a,ZIF-8-

mimy 15img 74bimg 1y for propane at 293 K. Stretched exponential fit to the data is shown as a red line.
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Figure A3.109. Normalized uptake versus time for adsorption kinetic data of a,ZIF-8-

mimg 5img 74bimg 11 for n-butane at 293 K. Stretched exponential fit to the data is shown as a red line.
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Figure A3.110. Normalized uptake versus time for adsorption kinetic data of n-butane for ZIF-8,
ZIF-8-mimy 15img 74bimg.1; (crystal) and a,ZIF-8-mimg i5im z4bimg1; (glass) recorded at 293 K with an
equilibrium pressure of about 80 kPa.
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Appendix to Section 4

A.4.1 — X-ray powder diffraction data and X-ray total scattering data

A.4.1.1 — Ambient temperature X-ray powder diffraction data
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Figure A4.1. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-62(Zn). The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data
can be found in Table A4.1.
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Figure A4.2. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-62(Co). The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data
can be found in Table A4.1.
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Figure A4.3. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-4(Zn). The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data
can be found in Table A4.1.
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Figure A4.4. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-4(Co). The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data
can be found in Table A4.1.
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Figure A4.5. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-zni(Zn). The blue
of allowed Bragg peaks. The corresponding crystallographic data

tick marks indicate the positions

can be found in Table A4.1.
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Figure A4.6. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-zni(Co). The
blue tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic
data can be found in Table A4.1.
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Figure A4.7. TOP: Multiphase profile fit (Pawley method) performed on the XRPD pattern of
ZIF-76/UC-5. Bottom: Multiphase Rietveld refinement performed on the XRPD pattern of ZIF-
76/UC-5 (CIF files taken from CCDC: GITWEM and GULVIV). The blue and gray tick marks
indicate the Bragg positions of ZIF-76 (lta topology) and ZIF-UC-5 (cag topology), respectively.
The results of the Rietveld refinement show that the sample is composed of a phase mixture
containing approximately 95 wt% ZIF-UC-5 and about 5 wt% ZIF-76. The corresponding
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crystallographic data can be found in Table A4.1.
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Figure A4.8. Profile fit (Pawley method) performed on the XRPD pattern of pure-phase ZIF-76.
The blue tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic

data can be found in

Intensity / a.u.

Table A4.1.
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Figure A4.9. Profile fit (Pawley method) performed on the XRPD pattern of TTF-4. The blue tick
marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data can be
found in Table A4.1.
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Figure A4.10. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-70. The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data
can be found in Table A4.1.
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Figure A4.11. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-8. The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data
can be found in Table A4.1.
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Figure A4.12. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-Cu-1. The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data
can be found in Table A4.1.
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Figure A4.13. Profile fit (Pawley method) performed on the XRPD pattern of ZIF-4(Zn)-5min
after heating to 460 °C. The pattern could be very well fit with the crystallographic parameters of
ZIF-zni(Zn). The blue tick marks indicate the positions of allowed Bragg peaks of ZIF-zni(Zn). The
corresponding crystallographic data can be found in Table A4.1.
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Table A4.1. Unit cell parameters and corresponding Ry, Re, and y values determined by the above displayed structureless profile fits (Pawley method) and
the multiphase Rietveld refinement of ZIF-76/UC-5 (refinement based on CIF files taken from the CCDC codes GITWEM and GULVIV).

Compound ZIF-62(Zn) ZIF-62(Co) ZIF-4(Zn) ZIF-4(Co) ZIF-zni(Zn) ZIF-zni(Co) mixed phase ZIF-76/UC-5
ZIF-76 ZIF-UC-5
crystal system  orthorhombic orthorhombic orthorhombic orthorhombic tetragonal tetragonal cubic orthorhombic
space group Pbca Pbca Pbca Pbca I4icd I4icd P-43m Pbca
a/ A 15.491(4) 15.494(7) 15.557(5) 15.47(2) 23.498(4) 23.499(13) 22.71(6) 15.85(4)
b/ A 15.542(3) 15.585(7) 15.484(5) 15.50(2) 23.498(4) 23.499(13) 22.71(6) 16.32(4)
¢/ A 17.979(5) 17.995(9) 18.092(7) 18.20(3) 12.534(3) 12.410(6) 22.71(6) 18.10(4)
al®° 90 90 90 90 90 90 90 90
B/° 90 90 90 90 90 90 90 90
y/° 90 90 90 90 90 90 90 90
v/ A3 4328.6(17) 4345(4) 4358(2) 4363(11) 6921(3) 6852(8) 11714(88) 4682(19)
R /| % 21.71 10.78 24.73 4.12 27.79 7.16 21.81
Rew /| % 16.38 8.55 14.51 3.30 18.76 7.09 16.72
X 1.33 1.26 1.70 1.25 1.48 1.01 1.30
Compound mixed phase ZIF-76/UC-5(Rietveld) phase pure TIF-4 ZIF-70 71F-8 ZIF-Cu-1 ZIF-4-5min
ZIF-76 (5.43%) ZIF-UC-5 (94.57%) ZIF-76 after heating to 460 °C
crystal system cubic orthorhombic cubic orthorhombic hexagonal cubic trigonal tetragonal
space group P-43m Pbca P-43m Pbca P63/ mmc -43m R-3 Ticd
a/ A 22.25(2) 15.721(3) 22.736(2) 15.387(3) 27.036(6) 17.0727(9) 27.617(2) 23.572(7)
b/ A 22.25(2) 16.120(4) 22.736(2) 15.465(3) 27.036(6) 17.0727(9) 27.617(2) 23.572(7)
¢/ A 22.25(2) 17.944(6) 22.736(2) 18.078(3) 18.092(5) 17.0727(9) 5.4199(5) 12.424(3)
ale° 90 90 90 90 90 90 90 90
B/° 90 90 90 90 90 90 90 90
y/° 90 90 90 90 120 90 120 90
v/ A3 11014(25) 4547(2) 11752(4) 4301.9(12) 11452(6) 4976.3(8) 3580.1(8) 6903(4)
Rw | % 22.26 22.88 28.91 19.18 22.38 7.88 27.44
Resp | % 18.79 19.30 15.59 17.16 14.97 4.09 25.38
X 1.18 1.19 1.85 1.12 1.49 1.92 1.08
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Figure A4.14. Left: XPRD patterns of ZIF-62(Zn) and the corresponding samples derived by
PSBM. Right: XPRD patterns of ZIF-62(Co) and the corresponding samples derived by PSBM.
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Figure A4.15. Left: XPRD patterns of ZIF-4(Zn) and the corresponding samples derived by PSBM.
Right: XPRD patterns of ZIF-4(Co) and the corresponding samples derived by PSBM.

175



5 = ZIF-zni(Co)-10min
[\ [\
> >
2 ZIF-zni(Zn)-5min 2 h ZIF-zni(Co)-5min
=y ‘ i " =
ZIF-zni(Zn) ZIF-zni(Co)
N R T WPOw | |
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
20/° 20/°

Figure A4.16. Left: XPRD patterns of ZIF-zni(Zn) and the corresponding samples derived by
PSBM. Right: XPRD patterns of ZIF-zni(Co) and the corresponding samples derived by PSBM.
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Figure A4.17. Left: XPRD patterns of phase pure ZIF-76 and the corresponding samples derived
by PSBM. Right: two XRPD patterns of phase pure ZIF-76 after heating to 430 °C and 450 °C under
inert atmosphere. The purpose is to confirm that pure-phase ZIF-76 cannot be melted and only

decomposes at 450 °C.
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Figure A4.18. Left: XPRD patterns of ZIF-76/UC-5 and the corresponding samples derived by
PSBM. Right: XPRD patterns of TIF-4 and the corresponding samples derived by PSBM.
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Figure A4.19. Left: XPRD patterns of ZIF-70 and the corresponding samples derived by PSBM.
Right: XPRD patterns of ZIF-8 and the corresponding samples derived by PSBM.
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Figure A4.20. Left: XPRD patterns of ZIF-Cu-1 and the corresponding samples derived by PSBM.
Right: XPRD patterns of the corresponding samples after heating to 210 °C to check their

recrystallization behaviour.
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A.4.1.2 — Estimation of crystalline and amorphous weight fractions

The weight fractions of the crystalline and amorphous phases of the ZIF samples,
which were not fully amorphous after ball milling, were estimated by using the
“degree of crystallinity” approach. The degree of crystallinity is defined according
to the following equation®!:

I
I.+1,

Degree of crystallinity = %X 100%

where I, is the integrated intensity of the Bragg peaks of the crystalline phase, and
I, is the integrated intensity of diffuse scattering signals of the amorphous phase.
Profile fitting was performed using the software TOPAS.I" The crystalline phase
was modelled using the Pawley method, including two parameters to account for
both Gaussian and Lorentzian peak broadening due to a reduced crystallite size with
increasing ball milling times. The broad diffuse scattering signals of the
amorphous/glass phases located at approx. 16° and 32° 20 were modelled as
independent peaks with parameters for Gaussian and Lorentzian peak broadening.
We would like to stress that the degree of crystallinity is not to be considered a
quantitative measure for the weight fraction of the crystalline phase in a mixture of
crystalline and amorphous phases. Instead, it allows for the comparison of the

crystallinity of a series of compositionally strongly related materials on a qualitative

level.[16%]
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Figure A4.21. Profile fit to the XRPD pattern of ZIF-zni(Zn) (before ball milling). The offset of
the difference curve relative to the zero line was set to —700 for clarity. No amorphous phase is
detectable, so the degree of crystallinity is 100%.
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Figure A4.22. Profile fit to the XRPD pattern of ZIF-zni(Zn)-5min where the contribution of the
crystalline (blue) and amorphous (orange) phases are highlighted separately. The offset of the

difference curve relative to the zero line was set to —1000 for clarity.
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Figure A4.23. Profile fit to the XRPD pattern of ZIF-zni(Zn)-10min, where the contribution of the

crystalline (blue) and amorphous (orange) phases are highlighted separately.
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Figure A4.24. Profile fit to the XRPD patterns of ZIF-zni(Zn)-15min, where the contribution of
the crystalline (blue) and amorphous (orange) phases are highlighted separately.
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Figure A4.25. Profile fit to the XRPD patterns of ZIF-8-5min, where the contribution of the
crystalline (blue) and amorphous (orange) phases are highlighted separately. The offset of the
difference curve relative to the zero line was set to —10 for clarity. Due to the poor signal-to-noise
ratio of this diffraction pattern, the derived degree of crystallinity may have a rather large error.
Anyhow the weight fraction of the amorphous phase is around two orders of magnitude larger than

the weight fraction of the residual crystalline phase.
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A.4.1.83 — Variable temperature X-ray powder diffraction data
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Figure A4.26. XRPD pattern (A = 0.61992 A) of the polyether ether ketone (PEEK) dome without
sample recorded at 27 °C. The PEEK dome was sealed on the high temperature cell to achieve better

uniformity of temperature.
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Figure A4.27. VT-XRPD patterns (A = 0.61992 A) of ZIF-4(Zn)-5min. The patterns are not
normalized but vertically offset for clarity. The residual diffraction peaks on the pattern of return
27 °C originate from the high temperature cell with a PEEK dome. Reflection positions for ZIF-zni
(CCDC code IMIDZB) are shown as blue tick marks. ZIF-4(Zn)-5min recrystallizes to ZIF-zni(Zn)

at 297 °C. The formed ZIF-zni(Zn) melts around 582 °C.
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Figure A4.28. VT-XRPD patterns (A = 0.61992 A) of ZIF-4(Co)-5min. The patterns are not
normalized but vertically offset for clarity. The residual diffraction peaks on the pattern of 506 °C
originate from the high temperature cell with a PEEK dome. Reflection positions for ZIF-zni (CCDC
code IMIDZB) are shown as blue tick marks. ZIF-4(Co)-5min recrystallizes to ZIF-zni(Co) at 297 °C.
The formed ZIF-zni(Co) in parallel melts and decomposes above 487 °C.

ZIF-zni(Zn)-5min

Intensity / a.u.

| I|| | !]I [N II L II| nri IIIIIIII Il I|III|I 1111
4 6 8 10 12 14
20/°

Figure A4.29. VT-XRPD patterns (A = 0.61992 A) of ZIF-zni(Zn)-5min. The patterns are not
normalized but vertically offset for clarity. The residual diffraction peaks on the pattern of 563 °C
originate from the high temperature cell with a PEEK dome. Reflection positions for ZIF-zni (CCDC
code IMIDZB) are shown as blue tick marks. ZIF-zni(Zn)-5min contains a large fraction of crystalline
ZIF-zni(Zn) at the beginning of the experiment. During heating more ZIF-zni(Zn) forms from the
amorphous (glassy) fraction of the sample. The ZIF-zni(Zn) melts around 563 °C.
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A.4.1.4 — X-ray total scattering data

It is worth mentioning that S( Q) data for a,ZIF-4(Zn)-5min and a,ZIF-zni(Zn)-5min,
which seem to inhibit the generation of ZnO"! impurity compared to a,ZIF-4(Zn)
and a,ZIF-zni(Zn) (Figure A4.32 and Figure A4.33). This is due to their lower
melting temperature than the parent material, especially ZIF-zni(Zn)-5min, which
is up to 19 °C lower than ZIF-zni(Zn) (Figure 4.6), thus the lower melting point

prevents the decomposition of the material and the appearance of impurities.
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Figure A4.30. X-ray total scattering data in the form of S(Q) and D(r) of ZIF-62(Zn), ZIF-62(Zn)-
5min, a,ZIF-62(Zn) and a,ZIF-62(Zn)-5min. Data of ZIF-62(Zn) and a,ZIF-62(Zn) are taken from
ref. 1. The local structure of the melt-quenched a,ZIF-62(Zn) is essentially identical to those of the
ball-milled ZIF-62(Zn)-5min and the ball-milled and heated a,ZIF-62(Zn)-5min.
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Figure A4.31. X-ray total scattering data in the form of S(Q) and D(r) of ZIF-62(Co), ZIF-62(Co)-
5min, a,ZIF-62(Co) and a,ZIF-62(Co)-5min. Data of ZIF-62(Co) and a,ZIF-62(Co) are taken from
ref. 7. The local structure of the melt-quenched a,ZIF-62(Co) is essentially identical to those of the
ball-milled ZIF-62(Co)-5min and the ball-milled and heated a,ZIF-62(Co)-5min.
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Figure A4.32. X-ray total scattering data in the form of S(Q) and D(r) of ZIF-4(Zn), ZIF-4(Zn)-
Smin, a,ZIF-4(Zn) and a,ZIF-4(Zn)-5min. Data of ZIF-4(Zn) and a,ZIF-4(Zn) are taken from ref. 6.
The local structure of the melt-quenched a,ZIF-4(Zn) is essentially identical to those of the ball-
milled ZIF-4(Zn)-5min and the ball-milled and heated a,ZIF-62(Co)-5min. Noteworthy, ZIF-4(Zn)-
5min and the melt-quenched a,ZIF-4(Zn)-5min do not feature the ZnO impurities present in the melt-
quenched a,ZIF-4(Zn). This is because ZIF-4(Zn)-5min and a,ZIF-4(Zn)-5min need a lower

temperature for glass formation.
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Figure A4.33. X-ray total scattering data in the form of S(Q) and D(r) of ZIF-zni(Zn), ZIF-zni(Zn)-
S5min, a,ZIF-zni(Zn) and a,ZIF-zni(Zn)-5min. Data of ZIF-zni(Zn) and a,ZIF-zni(Zn) are taken from
ref. 6. The local structure of the melt-quenched a,ZIF-zni(Zn) is essentially identical to that of the
ball-milled and heated a;ZIF-zni(Zn)-5min. Noteworthy, the melt-quenched a,ZIF-zni(Zn)-5min does
not feature the ZnO impurities present in the melt-quenched a,ZIF-zni(Zn). This is because a,ZIF-

zni(Zn)-5min needs a lower temperature for glass formation.
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Figure A4.34. X-ray total scattering data in the form of S(Q) and D(r) of XPDF data of the ZIF-
76/UC-5, ZIF-76/UC-5-5min, a,ZIF-76/UC-5 and a,ZIF-76/UC-5-5min.
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A.4.2 - 'H NMR spectroscopy data
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Figure A4.35. '"H NMR spectrum of a digested sample of ZIF-62(Zn). Left: Zoom in the aromatic
region (7.0 to 11.0 ppm). Right: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons D;O is marked with *.
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Figure A4.36. '"H NMR spectrum of a digested sample of ZIF-62(Co). Left: Zoom in the aromatic
region (7.0 to 11.0 ppm). Right: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons D;O is marked with *.
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Figure A4.37. 'H NMR spectrum of a digested sample of ZIF-4(Zn). Left: Zoom in the aromatic

region (7.0 to 11.0 ppm). Right: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons DO is marked with *.
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Figure A4.38. '"H NMR spectrum of a digested sample of ZIF-4(Co). Left: Zoom in the aromatic
region (7.0 to 11.0 ppm). Right: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons D;O is marked with *.
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Figure A4.39.. '"H NMR spectrum of a digested sample of ZIF-zni(Zn). Left: Zoom in the aromatic
region (7.0 to 11.0 ppm). Right: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons D;O is marked with *.
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Figure A4.40. 'H NMR spectrum of a digested sample of ZIF-zni(Co). Left: Zoom in the aromatic
region (7.0 to 11.0 ppm). Right: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons D;O is marked with *.
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Figure A4.41. 'H NMR spectrum of a digested sample of ZIF-76/UC-5. Left: Zoom in the aromatic

region (7.0 to 11.0 ppm). Right: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons D;O is marked with *.
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Figure A4.42. '"H NMR spectrum of a digested sample of ZIF-76. Top: Zoom in the aromatic region
(7.0 to 11.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons D;O is marked with *.
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Figure A4.43. '"H NMR spectrum of a digested sample of TIF-4. Top: Zoom in the aromatic region

(7.0 to 11.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons DO is marked with *.
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Figure A4.44. 'H NMR spectrum of a digested sample of ZIF-70. Top: Zoom in the aromatic region
(7.0 to 11.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is marked
with # and residual protons D;O is marked with *.
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Figure A4.45.. Complete 'H NMR spectrum of a digested sample of ZIF-8. Residual protons in
DMSO at 2.5 ppm is marked with # and residual protons DO is marked with *.

190



Appendix to Section 4

g 1 |

o
[=}

N

1.00%

10.9 10.6 10.3 10.0 9.7 94 91 88 85 82 79 76 73 7 1514131211109 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4
Chemical Shift (ppm) Chemical Shift (ppm)

Figure A4.46. 'H NMR spectrum of a digested sample of ZIF-Cu-1. Top: Zoom in the aromatic
region (7.0 to 11.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is
marked with # and residual protons D,O is marked with *.
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A.4.3 — Fourier-transform infrared (FTIR) spectroscopy data

A.4.3.1 — Mid-infrared (mid-IR) spectra

—— ZIF-62(Zn)

ZIF-62(Zn)-5min
o ZIF-62(zn)-10min

2 3 ZIF-62(Zn)-15min

c S |

> 2 ‘

g o

© 2 }

® o | ||

o ©

% ﬁ | [ .

8 T | |

5 £ ) |

£ 2 WL
ANV RANTIEL VAN AT

ZIF-62(Zn)
4000 3000 2000 1000 1750 1500 1250 1000 750 500

Wavenumber / cm™ Wavenumber / cm™

Figure A4.47. Left: Stacked plot of FTIR spectra of ZIF-62(Zn) and the corresponding samples
derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm !
region.
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Figure A4.48. Left: Stacked plot of FTIR spectra of ZIF-62(Co) and the corresponding samples
derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm!
region.
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Figure A4.49. Left: Stacked plot of FTIR spectra of ZIF-4(Zn) and the corresponding samples
derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm*

region
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Figure A4.50. Left: Stacked plot of FTIR spectra of ZIF-4(Co) and the corresponding samples
derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm*

region
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Figure A4.51. Left: Stacked plot of FTIR spectra of ZIF-zni(Zn) and the corresponding samples
derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm !
region.
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Figure A4.52. Left: Stacked plot of FTIR spectra of ZIF-zni(Co) and the corresponding samples
derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm !
region.

194



Appendix to Section 4

2
=
]
g
% |zIF-76/UC-5-10min MML_M
[0}
o
C
S
S |zIF-761uC-5-5min NAJ‘UA‘L_“
a
<
ZIF-76/UC-5 MML_“
4000 3000 2000 1000

Wavenumber / cm™

Normalized absorbance

ZIF-76/UC-5-15min
ZIF-76/UC-5-10min |

- ZIF-76/UC-5-5min |
—— ZIF-76/UC-5 ‘
“ i
1
| . | /l
'} 1a [l @ r o
i \‘ ﬂ'f’w J’«\g H‘ /\ J‘ V | ‘
A StV N AR VANENN
¥ T VAW Vs
1750 1500 1250 1000 750 500

Wavenumber / cm™

Figure A4.53. Left: Stacked plot of FTIR spectra of ZIF-76/UC-5 and the corresponding samples
derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm*

region.
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Figure A4.54. Left: Stacked plot of FTIR spectra of pure-phase ZIF-76 and the corresponding
samples derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400

cm ! region.
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Figure A4.55. Left: Stacked plot of FTIR spectra of TIF-4 and the corresponding samples derived
via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm * region.

ZIF-70-15min
ZIF-70-10min
o o |——ZIF-70-5min
£ S | —2zIF-70
= © ’
£ )1 R ‘\
5 |zeroqomn MK 2 |
© © ‘ | |
3 ° l A
< @ |- |
8 S o
§ ZIF-70-5min S ‘ |
e} = ‘\ !
< 2 g
ZIF-70 W\ !
4000 3000 2000 1000 1750 1500 1250 1000 750 500
Wavenumber / cm™’ Wavenumber / cm™

Figure A4.56. Left: Stacked plot of FTIR spectra of ZIF-70 and the corresponding samples derived
via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm * region.
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Figure A4.57. Left: Stacked plot of FTIR spectra of ZIF-8 and the corresponding samples derived
via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 c¢m ! region.
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Figure A4.58. Left: Stacked plot of FTIR spectra of ZIF-Cu-1 and the corresponding samples
derived via PSBM. Right: Overlapped plot of the normalized data zoomed into the 1800-400 cm*

region.
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A.4.3.2 — Far-infrared (far-IR) spectra
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Figure A4.59. Stacked far-IR spectra of ZIF-62(Zn), a,ZIF-62(Zn) and the corresponding samples
derived via PSBM. The band of the Zn—-N stretching vibration is highlighted.
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Figure A4.60. Stacked far-IR spectra of ZIF-62(Co), a,ZIF-62(Co), and the corresponding samples
derived via PSBM. The band of the Co—N stretching vibration is highlighted.
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Figure A4.61. Stacked far-IR spectra of ZIF-4(Zn), a,ZIF-4(Zn), and the corresponding samples
derived via PSBM. The band of the Zn—N stretching vibration is highlighted.
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Figure A4.62. Stacked far-IR spectra of ZIF-4(Co) and the corresponding samples derived via
PSBM. The band of the Co—N stretching vibration is highlighted.
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Figure A4.63. Stacked far-IR spectra of ZIF-zni(Zn), a,ZIF-zni(Zn) and the corresponding samples
derived via PSBM. The band of the Zn—N stretching vibration is highlighted.
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Figure A4.64. Stacked far-IR spectra of ZIF-76/UC-5, a,ZIF-76/UC-5, and the corresponding
samples derived via PSBM. The band of the Zn—N stretching vibration is highlighted.
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Figure A4.65. Stacked far-IR spectra of pure-phase ZIF-76 and the corresponding samples derived
via PSBM. The band of the Zn—N stretching vibration is highlighted.

Zn-N
stretching
@
T a,TIF-4
=}
o
@
(O]
Q TIF-4-10min
@®
o)
o TIF-4-5min
(2]
o)
<
TIF-4
1

700 600 500 400 300 200 100
Wavenumber / cm™

Figure A4.66. Stacked far-IR spectra of TIF-4, a,TIF-4, and the corresponding samples derived via
PSBM. The band of the Zn-N stretching vibration is highlighted.
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Cu-N
stretching
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Figure A4.67. Stacked far-IR spectra of ZIF-Cu-1 and the corresponding samples derived via PSBM.
The band of the Cu—N stretching vibration is highlighted.

Table A4.2. Summary of the parameters of the asymmetric metal-N stretching vibration for the
ZIF microcrystals, MIGs, and corresponding MQGs.

Position of metal-N
Compound FWHM (cm'')
stretching band (cm )

ZIF-62(Zn) 308 29.2
ZIF-62(Zn)-5min 308 36.3
ZIF-62(Zn)-10min 308 36.9
ZIF-62(Zn)-15min 308 38.6
a ZIF-62(Zn) 307 39.5
ZIF-62(Co) 337 36.9
ZIF-62(Co)-5min 335 39.4
ZIF-62(Co)-10min 337 39.4
ZIF-62(Co)-15min 335 41.0
a,ZIF-62(Co) 320 477
ZIF-4(Zn) 301 31.3
ZIF-4(Zn)-5min 307 39.9
ZIF-4(Zn)-10min 307 39.9
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ZIF-4(Zn)-15min 307 39.9
agZIF-4(Zn) 306 40.2
ZIF-4(Co) 331 33.8
ZIF-4(Co)-5min 334 36.8
ZIF-4(Co)-10min 332 38.7
ZIF-4(Co)-15min 335 43.7
ZIF-zni(Zn) 300 26.6
ZIF-zni(Zn)-5min 300 28.7
ZIF-zni(Zn)-10min 300 38.4
ZIF-zni(Zn)-15min 307 41.0
agZIF-zni(Zn) 306 41.3
ZIF-76 307 30.5
ZIF-76-5min 307 33.2
ZIF-76-10min 308 32.9
ZIF-76-15min 307 35.9
ZIF-76/UC-5 307 31.5
ZIF-76/UC-5-5min 308 35.9
ZIF-76/UC-5-5min 308 37.7
ZIF-76/UC-5-5min 308 36.2
a,ZIF-76/UC-5 308 37.1
TIF-4 308 31.4
TIF-4-5min 308 38.8
TIF-4-10min 308 37.7
TIF-4-15min 308 39.4
a TIF-4 308 38.5
ZIF-Cu-1 344 21.3
ZIF-Cu-1-5min 339 49.8
ZIF-Cu-1-10min 339 59.8
ZIF-Cu-1-15min 332 58.9
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A.4.4 — CO; physisorption studies

The specific pore volumes (Vin.) were calculated according to the following

formulal*!:
Nads  Mcoz
Vpore == (2)
Ps1
with niie* the specific molar amount of gas adsorbed (mmol of gas/g material) at

195 K and 95 kPa, Mg, the molar mass of CO,, and pg the density of the
supercooled liquid at 195 K (that is 1.258 g cm?). For these calculations the
implemented routine in the Quantachrome ASIQwin version 5.2 software was used.

The obtained values are summarized in Table A4.3.

BET analysis was performed with the Quantachrome ASIQwin version 5.2 software.
The applied relative pressure ranges and quality factors are given in Table S6. The
saturation pressure (p)) amounts to 191 kPa.l'! As with the previous workH!
Brunauer-Emmett—Teller (BET) areas are only provided for reference, as the BET

theory is strictly not applicable to such kind of microporous materials (Table A4.4).

o |ZIF-62(zn)
100} n
nn e

[0
o

» |2,ZIF-62(zn)-5min

a

'_

<

«I; 60 \ :QO: : :q P88 te® a,ZIF-62(Zn)
o

2 40

=)

©

> 20

CO, @ 195K
0 . , .
40 60 80 100

p/ kPa

Figure A4.68. CO,sorption isotherms collected at 195 K for ZIF-62(Zn) and the amorphous sampled
derived after varying PSBM times. a,ZIF-62(Zn) is the MQG of ZIF-62(Zn) derived by the traditional
melt-quenching method. a,ZIF-62(Zn)-5min is the ball-milled material which has been additionally
heated to 500 °C (i.e. above its T,) and subsequently quenched.
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Figure A4.69. CO, sorption isotherms collected at 195 K for ZIF-62(Co) and the amorphous
sampled derived after varying PSBM times. a,ZIF-62(Co) is the MQG of ZIF-62(Co) derived by the
traditional melt-quenching method. a,ZIF-62(Co)-5min is the ball-milled material which has been
additionally heated to 430 °C (i.e. above its T,) and subsequently quenched.
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Figure A4.70. CO;sorption isotherms collected at 195 K for ZIF-4(Zn) and the amorphous sampled
derived after varying PSBM times. a,Z1F-4(Zn) is the MQG of ZIF-4(Zn) derived by the traditional
melt-quenching method. a,ZIF-4(Zn)-5min is the ball-milled material which has been additionally

heated to 585 °C and subsequently melt-quenched.
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Figure A4.71. CO,sorption isotherms collected at 195 K for ZIF-4(Co) and the amorphous sampled
derived after varying PSBM times. a,ZIF-4(Co)-5min is the ball-milled material which has been
additionally heated to 340 °C (i.e. above its T, but below the recrystallization temperature) and

subsequently quenched.
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Figure A4.72. CO, sorption isotherms collected at 195 K for ZIF-zni(Zn) and the amorphous
sampled derived after varying PSBM times. a,ZIF-zni(Zn) is the MQG of ZIF-zni(Zn) derived by the
traditional melt-quenching method. a,ZIF-zni(Zn)-5min has been additionally heated to 580 °C and

subsequently melt-quenched.
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Figure A4.73. CO, sorption isotherms collected at 195 K for ZIF-8 and the amorphous samples

derived after varying PSBM times.
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Figure A4.74. CO; sorption isotherms collected at 195 K for ZIF-76 and the amorphous samples

derived after varying PSBM times.
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Figure A4.75. CO,sorption isotherms collected at 195 K for ZIF-Cu-1 and the amorphous samples
derived after varying PSBM times.
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Table A4.3. Summary of maximum gas capacities (V,52* and niys ) and specific pore volumes ( Vyore)

derived from the CO. gas physisorption isotherms collected at 195 K for all investigated materials.

Compound haX (em?® gt (STP)) noge (mmol gt) Viore® (cm® g )
ZIF-62(Zn) 105.23 4.70 0.16
ZIF-62(Zn)-5min 87.33 3.90 0.14
ZIF-62(Zn)-10min 71.38 3.19 0.11
ZIF-62(Zn)-15min 64.18 2.87 0.10
2 ZIF-62(Zn) 67.29 3.00 0.11
agZIF-62(Zn)-5min 79.30 3.54 0.12
ZIF-62(Co) 90.92 4.06 0.14
ZIF-62(Co)-bmin 77.99 3.48 0.12
ZIF-62(Co)-10min 61.21 2.73 0.10
ZIF-62(Co)-15min 50.69 2.26 0.08
a,ZIF-62(Co) 61.71 2.75 0.10
aZIF-62(Co)-5min 73.34 3.27 0.11
ZIF-4(Zn) 163.19 7.29 0.25
ZIF-4(Zn)-5min 74.83 3.34 0.12
ZIF-4(Zn)-10min 59.94 2.68 0.09
ZIF-4(Zn)-15min 55.92 2.50 0.09
agZIF-4(Zn) 68.56 3.06 0.11
agZIF-4(Zn)-5min 69.76 3.11 0.11
ZIF-4(Co) 171.81 7.67 0.27
ZIF-4(Co)-5min 79.25 3.54 0.12
ZIF-4(Co)-10min 68.14 3.04 0.11
Z1F-4(Co)-15min 58.26 2.60 0.09
a,ZIF-4(Co)-5min 71.17 3.18 0.11
ZIF-zni(Zn) 31.30 1.40 0.05
ZIF-zni(Zn)-5min 48.70 2.17 0.08
ZIF-zni(Zn)-10min 56.64 2.53 0.09
ZIF-zni(Zn)-15min 53.40 2.38 0.08
agZIF-zni(Zn) 73.94 3.30 0.12
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agZIF-zni(Zn)-5min 70.40 3.14 0.11
ZIF-76 201.89 9.01 0.32
ZIF-76-5min 58.39 2.61 0.09
ZIF-76-10min 54.26 2.42 0.08
ZIF-76-15min 53.59 2.39 0.08
ZIF-8 293.43 13.10 0.46
ZIF-8-5min 147.02 6.56 0.23
ZIF-8-10min 86.65 3.87 0.14
ZIF-8-15min 82.32 3.68 0.13
ZIF-8-30min 75.51 3.37 0.12
ZIF-8-60min 69.89 3.12 0.11
ZIF-Cu-1 24.79 1.11 0.04
ZIF-Cu-1-5min 13.22 0.59 0.02
ZIF-Cu-1-10min 7.93 0.35 0.01
ZIF-Cu-1-15min 5.27 0.24 0.01

* p = 95 kPa, applied value for the density of adsorbate in its supercooled liquid state piq(CO2 @Q195K) =
1.258 g cm.
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Table A4.4. BET analysis data for the CO, gas physisorption studies performed at 195 K.

Compound

BET analysis®

correlation BET surface
p/m range ¢ constant coefficient area / m? g!
ZIF-62(Zn) 0.0006-0.027 315.1 0.997 276
ZIF-62(Zn)-5min 0.0005-0.027 316.1 0.997 220
ZIF-62(Zn)-10min 0.0006-0.028 298.8 0.997 184
ZIF-62(Zn)-15min 0.0007-0.028 279.8 0.998 171
agZIF-62(Zn) 0.0006-0.026 323.2 0.998 188
agZIF-62(Zn)-5min 0.0005-0.026 302.0 0.998 200
ZIF-62(Co) 0.0006-0.028 201.3 0.995 275
Z1F-62(Co)-5min 0.0006-0.028 298.8 0.996 211
ZIF-62(Co)-10min 0.0006-0.027 310.9 0.997 154
ZIF-62(Co)-15min 0.0006-0.028 275.6 0.997 130
agZIF-62(Co) 0.0006-0.026 308.0 0.999 174
agZIF-62(Co)-5min 0.0006-0.027 211.2 0.995 192
ZIF-4(Zn) 0.0006-0.027 333.7 0.994 471
ZIF-4(Zn)-5min 0.0006-0.029 320.4 0.997 194
ZIF-4(Zn)-10min 0.0006-0.029 275.8 0.998 150
ZIF-4(Zn)-15min 0.0006-0.029 272.9 0.998 144
agZIF-4(Zn) 0.0006-0.027 333.2 0.998 200
agZIF-4(Zn)-5min 0.0006-0.027 337.1 0.998 195
ZIF-4(Co) 0.0002-0.027 362.1 0.993 549
ZIF-4(Co)-5min 0.0006-0.027 293.8 0.996 210
Z1F-4(Co)-10min 0.0006-0.027 320.6 0.997 178
ZIF-4(Co)-15min 0.0006-0.027 284.1 0.997 145
agZIF-4(Co)-5min 0.0006-0.025 198.3 0.998 198
Z1F-zni(Zn) 0.0006-0.027 1596.6 0.999 129
ZIF-zni(Zn)-5min 0.0006-0.027 584.0 0.999 143
ZIF-zni(Zn)-10min 0.0006-0.027 369.8 0.998 146
ZIF-zni(Zn)-15min 0.0006-0.027 340.0 0.998 149
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agZIF-zni(Zn) 0.0006-0.027 333.2 0.998 216
agZIF-zni(Zn)-5min 0.0006-0.027 377.1 0.998 197
ZIF-76 0.04-0.12 12.5 0.961 1114
ZIF-76-5min 0.0004-0.026 315.1 0.997 146
ZIF-76-10min 0.0006-0.027 263.9 0.996 118
ZIF-76-15min 0.0004-0.026 286.8 0.998 134
ZIF-8 0.05-0.12 36.8 0.990 1242
ZIF-8-5min 0.05-0.12 20.5 0.960 700
ZIF-8-10min 0.0006-0.029 167.2 0.998 214
ZIF-8-15min 0.0006-0.029 218.8 0.998 231
ZIF-8-30min 0.0006-0.029 225.5 0.999 226
ZIF-8-60min 0.0006-0.029 204.1 0.999 210
ZIF-Cu-1 0.0007-0.029 1908.1 0.999 72
ZIF-Cu-1-5min 0.0006-0.026 705.3 0.998 26
ZIF-Cu-1-10min 0.0005-0.026 37.2 0.925 8

ZIF-Cu-1-15min 0.0006-0.025 167.4 0.960 5

» Applied value for cross sectional areas: o(CO2 @195 K) = 17 A2/molecule.'s7 py(CO2, 195K) = 191 kPa.o
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A.4.5 — Thermal analysis

T, was determined as the crossing points of tangents to the horizontal weight-loss
line and the weight-loss line at the first decomposing step from TG/DTA data. All
other thermal parameters were deducted from the DSC data. T, is defined as the
offset temperature of the endothermal melting peak and has been determined by the
intersection of two tangents. T, and T.. are determine as the peak temperature of
the exothermic peaks. Ticonset is the onset temperature of the recrystallization signal.
T, is defined as the onset by the intersection of two tangents of the endothermic
signal associated with the glass transition. AH,, is the integral area between the
onset and offset of the melting peak in the DSC curve after baseline subtraction.
AH,. is the integral area between the onset and offset of the recrystallization peak
in the DSC curve. For a better understanding of the abbreviations in this section,
their definitions are given in Table A4.5. A compilation of all temperatures

determined with TG/DTA and DSC is given in Table A4.6.

Table A4.5. Abbreviations for thermal analysis used in this section.

Abbreviations Definitions

Ta decomposition temperature (onset)
T amorphization temperature (peak)
T glass transition temperature (onset)
Tre.onset recrystallization temperature (onset)
Tre recrystallization temperature (peak)
Tn melting temperature (offset)

AH,. enthalpy of recrystallization

AHy enthalpy of melting
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Figure A4.76. TG/DTA data of (a) activated ZIF-62(Zn), (b) ZIF-62(Zn)-5min, (¢) ZIF-62(Zn)-
10min and (d) ZIF-62(Zn)-15min. The heating rate was set to +10 °C min .
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Figure A4.77. TG/DTA data of (a) activated ZIF-62(Co), (b) ZIF-62(Co)-5min, (c) ZIF-62(Co)-
10min and (d) ZIF-62(Co)-15min. The heating rate was set to +10 °C min™.
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Figure A4.78. TG/DTA data of (a) activated ZIF-4(Zn), (b) ZIF-4(Zn)-5min, (c) ZIF-4(Zn)-10min
and (d) ZIF-4(Zn)-15min. The heating rate was set to 410 °C min .
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Figure A4.79. TG/DTA data of (a) activated ZIF-4(Co), (b) ZIF-4(Co)-5min, (c¢) ZIF-4(Co)-10min and (d)
ZIF-4(Co)-15min. The heating rate was set to +10 °C min .
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Figure A4.80. TG/DTA data of (a) activated ZIF-zni(Zn), (b) ZIF-zni(Zn)-5min, (c¢) ZIF-zni(Zn)-
10min and (d) ZIF-zni(Zn)-15min. The heating rate was set to +10 °C min .
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Figure A4.81. TG/DTA data of (a) activated ZIF-zni(Co), (b) ZIF-zni (Co)-5min, (c¢) ZIF-zni
(Co)-10min and (d) ZIF-zni (Co)-15min. The heating rate was set to +10 °C min.
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Figure A4.82. TG/DTA data of (a) activated ZIF-76/UC-5 (phase mixture), (b) ZIF-76/UC-5-
5min, (c¢) ZIF-76/UC-5-10min and (d) ZIF-76/UC-5-15min. The heating rate was set to +10 °C min

1

—
[V
-
IS
—
O
-
o

Pure-phase ZIF-76-5min | 100

Decomposition
480°C Decomposition

471°C

2 0, 2 70
= X =20 B
= 60 = = 60 =
52 £ 3 £
= g 2, s g
© = 0w
3 440 < w0 3
T 4r £
430 s 30
sl 120 20
110
Tendo 9+ Tendc 1m°
. . . . L . L 0 : . \ . \ . .
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 808
Temperature / °C Temperature / °C
4 Pure-phase ZIF-76-10min| 100 Pure-phase ZIF-76-15min | 440

Decomposition 920 Decomposition Jao

471°C 471°C
5 80 80
o (2]
= 70 g
= R = 70 <
< 0= = =
g = 3 €0 =
2 50 2 2 5 2
3 =2 03 3 w0 =
T T
30 130
4 20 420
Tendo 10 ® 7fendo 1"
L n L L . L L 0 s L s L s s s
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 sog
Temperature / °C Temperature / °C

Figure A4.83. TG/DTA data of (a) activated phase pure ZIF-76, (b) ZIF-76-5min, (c¢) ZIF-76-
10min and (d) ZIF-76-15min. The heating rate was set to +10 °C min-1.
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Figure A4.84. TG/DTA data of (a) activated TIF-4, (b) TIF-4-5min, (¢) TIF-4-10min and (d)
TIF-4-15min. The heating rate was set to +10 °C min .
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Figure A4.85. TG/DTA data of the (a) activated ZIF-8, (b) ZIF-8-5min, (¢) ZIF-8-10min and (d)
ZIF-8-15min. The heating rate was set to +10 °C min L.
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Figure A4.86. TG/DTA data of (a) activated ZIF-70, (b) ZIF-70-5min, (¢) ZIF-70-10min and (d)
ZIF-70-15min. The heating rate was set to +10 °C min .
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Figure A4.87. TG/DTA data of (a) activated ZIF-Cu-1, (b) ZIF-Cu-1-5min, (¢) ZIF-Cu-1-10min
and (d) ZIF-Cu-1-15min. The heating rate was set to +10 °C min '. The inset in (a) is the microscopic
image of ZIF-Cu-1 after quenching to room temperature from 270 °C, i.e. the onset of melting and
decomposition. The quenched sample shows features of flow indicative of melting. The brown color
of the sample, however, signifies partial decomposition during the melting process.
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Figure A4.88. DSC data from two upscans of the activated ZIF-62(Co), ZIF-62(Co)-5min, ZIF-
62(Co)-10min and ZIF-62(Co)-15min. The heating/cooling rate is £10 °C min .
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Figure A4.89. DSC data from two upscans of the activated ZIF-zni(Co), ZIF- zni(Co)-5min, ZIF-
62(Co)-10min and ZIF-62(Co)-15min. The heating/cooling rate is 10 °C min'. We speculate that
a glass transition event must preceed the recrystallization during the first upscan of the PSBM

samples, however, the glass transition is hidden underneath the exothermic recrystallization.
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Heat flow / a.u.

bend ZIF-8-60min
eéndo ZIF-8-15min
ZIF-8-10min
nd
2 WEEEE —— ZIF-8-5min
——ZIF-8

\\

18t upscan

300 350 400
Temperature / °C

Figure A4.90. DSC data from two upscans of activated ZIF-8, ZIF-8-5min, ZIF-8-10min, ZIF-8-
15min and ZIF-8-60min. The heating/cooling rate is £10 °C min .
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Figure A4.91. DSC data from two upscans of activated ZIF-70, ZIF-70-5min, ZIF-70-10min and
ZIF-70-15min. The heating/cooling rate is £10 °C min .
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Figure A4.92. Zoomed DSC data of the second upscan of activated ZIF-4(Zn), ZIF-4(Zn)-5min,
ZIF-4(Zn)-10min and ZIF-4(Zn)-15min. The ZIF-4(Zn) was heated to 590 °C and the PSBM samples
were heated to 580 °C in the first upscan (i.e. beyond the melting point of the ZIF-zni(Zn) phase

recrystallizing). Heating and cooling rates for both upscans were £10 °C min.
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Figure A4.93. Zoomed DSC data of the second upscan with heating rete 50 °C mim ' of ZIF-4(Zn)-
5min, ZIF-4(Zn)-10min and ZIF-4(Zn)-15min. The samples were heated to 580 °C in the first upscan
(i.e. beyond the melting point of the ZIF-zni(Zn) phase recrystallizing during the first upscan).

Heating and cooling rates of the first up- and downscans were +10 °C min *. Heating rate for the

shown second upscans was +50 °C min *. The faster heating rate results in a much clearer heat flow

signal for the glass transition.
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Figure A4.94. Zoomed DSC data of the second upscan of ZIF-zni(Zn), ZIF-zni(Zn)-5min, ZIF-
zni(Zn)-10min and ZIF-zni(Zn)-15min. The ZIF-zni(Zn) was heated to 590 °C and the PSBM samples
were heated to 580 °C in the first upscan (i.e. beyond the melting point of the ZIF-zni(Zn) phase

recrystallizing during the first upscan). Heating and cooling rates for both upscans were £10 °C min-
1
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Figure A4.95. Zoomed DSC data of the second upscan of ZIF-zni(Zn)-5min, ZIF-zni(Zn)-10min and ZIF-
zni(Zn)-15min. The samples were heated to 580 °C in the first upscan (i.e. beyond the melting point of the ZIF-
zni(Zn) phase recrystallizing during the first upscan). Heating and cooling rates of the first up- and downscans
were £10 °C min!. Heating rate for the shown second upscans was +50 °C min*. The faster heating rate results

in a much clearer heat flow signal for the glass transition.
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Figure A4.96. DSC data for two upscans of ZIF-4(Co)-5min. The heating/cooling rate is 10 °C
min '. To avoid recrystallization (7. = 414 °C), the first upscan was heated to 340 °C.
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Figure A4.97. DSC data for two upscans of ZIF-4(Co)-10min. The heating/cooling rate is £10 °C
min'. To avoid recrystallization (7T,. = 414 °C), the first upscan was heated to 340 °C.
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Figure A4.98. DSC data for 2 upscans of ZIF-4(Co)-15min. The heating/cooling rate is £10 °C
min. To avoid recrystallization (T, = 412 °C), the first upscan was heated to 340 °C.

Tendo —— 15tupscan
15t downscan
ZIF-Cu-1 e
pscan

Heat flow / a.u.

50 100 150 200 250
Temperature / °C

Figure A4.99. Cyclic DSC data for 2 upscans and 1 downscan of ZIF-Cu-1 (heating/cooling rate is
+10 °C min™), the upscans were heated to the onset of melting (270 °C) and then cooled in order to

minimize decomposition.
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Heat flow / arb. units
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Figure A4.100. DSC data of the first upscan to 215 °C of crystalline ZIF-Cu-1 and PSBM
amorphized ZIF-Cu-1-5min, ZIF-Cu-1-10min, ZIF-Cu-1-15min. The heating/cooling rate is +10 °C
min . The PSBM materials show a glass transition around 170 °C and start to recrystallize at about
200 °C. There are no glass transition signals in the second DSC upscan (i.e. after thermal

recrystallization).
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Table A4.6. Summary of Ty, Ty, Ticonset; Tre, and Ty, in the 1% upscan, T, in the 2"! upscan, and Ty
of studied ZIFs materials.

Compound T. (1* upscan) T, (1" upscan) T, (2" upscan) Tie,onset Tre T Ta
(°C) (°C) (°C) (°C) (°C) (°C) (°C)
ZIF-62(Zn) - - 325 - - 437 618
ZIF-62(Zn)-5min - 311 325 - - - 612
ZIF-62(Zn)-10min - 307 325 - - - 603
ZIF-62(Zn)-15min - 304 325 - - - 603
ZIF-62(Co) - - 313 - - 401 563
ZIF-62(Co)-5min - 288 326 - - - 506
ZIF-62(Co)-10min - 279 326 - - - 501
ZIF-62(Co)-15min - 280 326 - - - 499
ZIF-4(Zn) 326 - 336 450 501 581 605
ZIF-4(Zn)-5min - 280 322¢ 398 419 570 580
ZIF-4(Zn)-10min - 278 322° 396 416 570 585
ZIF-4(Zn)-15min - 276 322¢ 393 412 570 584
ZIF-4(Co) 292 - - 475 504 - 546
ZIF-4(Co)-5min - 289 283" 383 414 - 493
ZIF-4(Co)-10min - 285 283° 380 413 - 502
ZIF-4(Co)-15min - 280 283° 379 412 - 498
ZIF-zni(Zn) - - 310 - - 584 605
ZIF-zni(Zn)-5min - 293 312¢ 333 366 565 595
ZIF-zni(Zn)-10min - 291 312 351 376 562 583
ZIF-zni(Zn)-15min - 289 312° 368 401 564 580
ZIF-zni(Co) - - - - - - 541
ZIF-zni(Co)-5min - -¢ - 296 314 - 486
ZIF-zni(Co)-10min - -¢ - 298 319 - 480
ZIF-zni(Co)-15min - -¢ - 297 321 - 478
ZIF-76/UC-5 - - 339 - - 448 473
ZIF-76/UC-5-5min - 338 339 - - - 460
ZIF-76/UC-5-
10min - 331 339 - - - 468
ZIF-76/UC-5-
15min - 321 339 - - - 458
ZIF-76 - - - - - - 480
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ZIF-76-5min

ZIF-76-10min

ZIF-76-15min

TIF-4

TIF-4-5min

TIF-4-10min

TIF-4-15min

ZIF-70

ZIF-70-5min

ZIF-70-10-min

ZIF-70-15-min

ZIF-8

ZIF-8-5min

ZIF-8-10min

ZIF-8-15min

ZIF-Cu-1

ZIF-Cu-1-5min

ZIF-Cu-1-10min

ZIF-Cu-1-15min

347

334

278

319

314

314

166

167

170

351

357

357

323

323

323

323

162°

165"

169°

202

203

208

471

471

471

611

604

604

611

325

320

318

311

541

492

486

489

2584

234

215

215

* The first upscan was heated to the melting temperature. These T; values were determined from a scan with a heating rate

of 50 °C min'! in the second upscan.

Y The maximum temperature of the first upscan was below the recrystallization temperature.
¢ Possibly due to the overlap of Ty and Ti., a clear Ty signal is not detectable.

4 Thermal decomposition and melting are overlapping.

¢ The peak temperature of Ti. cannot be reliably determined because it overlaps with decomposition.
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Figure A4.101. Summary of T,, Ty, Ticonset, Ire and Ty, values derived from the first upscans and
T, values derived from the second upscans of the DSC measurement with Ty values derived from
TG/DTA measurements as a function of PSBM time for various of the ZIFs under study here. Note
that in order to detect the T, in the 2 upscan of ZIF-4(Co), the 1*' upscan was only heated below
the recrystallization temperature. Lines are just a guide to the eye.
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Figure A4.102. Phase transition enthalpies of ZIF-4(Zn), ZIF-4(Zn)-5min, ZIF-4(Zn)-10min and
ZIF-4(Zn)-15min determined from the first upscan of DSC data.
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Figure A4.103. Phase transition enthalpies of ZIF-zni(Zn), ZIF-zni(Zn)-5min, ZIF-zni(Zn)-10min
and ZIF-zni(Zn)-15min determined from the first upscan of DSC data.
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Figure A4.104. Phase transition enthalpies of ZIF-4(Co), ZIF-4(Co)-5min, ZIF-4(Co)-10min and
ZIF-4(Co)-15min determined from the first upscan of DSC data.
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Figure A4.105. Phase transition enthalpies of ZIF-zni(Co), ZIF-zni(Co)-5min, ZIF-zni(Co)-10min
and ZIF-zni(Co)-15min determined from the first upscan of DSC data.
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Table A4.7. Summary of the phase transition enthalpies of ZIF-4(M) and ZIF-zni(M) as well as the
corresponding PSBM samples determined from the first upscan of DSC data.

AH. AHn
Compound
J/g kJ/mol J/g kJ/mol
ZIF-4(Zn) 53.14 10.60 57.30 11.43
ZIF-4(Zn)-5min -51.21 -10.22 32.30 6.44
ZIF-4(Zn)-10min —48.88 -9.75 27.21 5.43
ZIF-4(Zn)-15min 46.80 9.34 38.51 7.68
ZIF-zni(Zn) / / 59.73 11.92
ZIF-zni(Zn)-5min -36.08 -7.20 29.33 5.85
ZIF-zni(Zn)-10min 38.02 7.59 33.21 6.63
ZIF-zni(Zn)-15min -43.81 —-8.74 24.79 4.95
ZIF-4(Co) 43.39 8.38 / /
ZIF-4(Co)-5min 39.01 7.53 / /
ZIF-4(Co)-10min ~35.09 6.77 / /
ZIF-4(Co)-15min 34.95 6.75 / /
ZIF-zni(Co) / / / /
ZIF-zni(Co)-5min —4.76 -0.92 / /
ZIF-zni(Co)-10min 12.79 2.47 / /
ZIF-zni(Co)-15min —22.26 —4.30 / /
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A.}.6 — Scanning electron microscopy and optical microscopy

Scanning electron microscopy (SEM) imaging was performed with a Hitachi S-4500
instrument. For measurements, samples were placed on a conductive adhesive pad.
Imaging was done with 1 kV accelerating voltage on a secondary electron detector.
For the PSBM samples, the SEM morphologies are that of amorphous glassy
agglomerates. In order to distinguish between the particle sizes of the PSBM samples,
the particle sizes counted are those of the agglomerates (i.e. not the size of the
primary particles). The particle size distributions were processed using the Nano
Measurer 1.2 software (shareware developed by Department of Chemistry, Fudan

University).
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Figure A4.106. SEM images of ZIF-62(Zn) and the corresponding samples derived after PSBM.
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Figure A4.107. SEM images of ZIF-4(Zn) and the corresponding samples derived after PSBM.

235



50
2ZIF-zni(zn) ZIF-zni(Zn)-5min ZIF-zni(Zn)-10min ZIF-zni(Zn)-15min
40 Average particle size: 90.48 ym Average particle size: 17.57 ym Average particle size: 10.35 um Average particle size: 9.65 um
40
R 30
€
3
020
10
% 5 10 15 20 25 %0 35 4?4’5 50 55 0 Ll -
50 100 150 200 0 10 20 30 40 50 0 10 20 30 40 50

Particle size / um Particle size / um Particle size / um Particle size / um

Figure A4.108. SEM images of ZIF-zni(Zn) and the corresponding samples derived after PSBM.

Table A4.8. Average particle sizes of selected ZIF samples and the corresponding materials derived
by PSBM.

number of particles Average particle standard deviation

Compound

analyzed size (jum) (um)

ZIF-62(Zn) 11 308.8 93.4
ZIF-62(Zn)-5min 113 18.1 10.1
ZIF-62(Zn)-10min 117 13.5 9.2
ZIF-62(Zn)-15min 118 9.8 45
ZIF-4(Zn) 33 232.9 72.5
ZIF-4(Zn)-5min 48 13.3 8.7
ZIF-4(Zn)-10min 134 10.5 9.3
ZIF-4(Zn)-15min 155 9.6 9.5
ZIF-zni(Zn) 10 90.5 35.7
ZIF-zni(Zn)-5min 57 17.6 11.6
ZIF-zni(Zn)-10min 112 10.4 6.8
ZIF-zni(Zn)-15min 94 9.7 7.6
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ZIF-62(Zn) ZIF-62(Zn)-5min ZIF-62(Zn)-10min ZIF-62(Zn)-15min

agZIF-62(Zn) ayZIF-62(Zn)-5min ayZIF-62(Zn)-10min ayZIF-62(Zn)-15min
(after the second upscan in DSC)  (after the second upscan in DSC)  (after the second upscan in DSC)  (after the second upscan in DSC)

Figure A4.109. Optical microscopy images of ZIF-62(Zn), ZIF-62(Zn)-5min, ZIF-62(Zn)-10min,
ZIF-62(Zn)-15min (top), and their corresponding samples after the second upscan in DSC (bottom).
The four samples in the bottom were heated to 500 °C in the two upscans. Heating and cooling rates

for both upscans were +10 °C min .

Ll

ZIF-76 ‘ © ZIF-76-5min

ZIF-76 agZIF-76-5min agZIF-76-10min agZIF-76-15min
(after the second upscan in DSC)  (after the second upscan in DSC)  (after the second upscan in DSC)  (after the second upscan in DSC)

Figure A4.110. Optical microscopy images of ZIF-76, ZIF-76-5min, ZIF-76-10min, ZIF-76-15min
(top). The corresponding samples after the second upscan in DSC (bottom). The ZIF-76 was heated
to 450 °C and the PSBM samples were heated to 440 °C in two upscans. Heating and cooling rates
for both upscans were +10 °C min .
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ZIF-Cu-1

ZIF-Cu-1 ZIF-Cu-1-5min ZIF-Cu-1-10min ZIF-Cu-1-15min
(after heating to 210 °C) (after heating to 210 °C) (after heating to 210 °C) (after heating to 210 °C)

Figure A4.111. Optical microscopy images of ZIF-Cu-1, ZIF-Cu-1-5min, ZIF-Cu-1-10min, ZIF-Cu-
1-15min, and their corresponding samples after heating to 210 °C. The color of ZIF-Cu-1 changed
from blue to dark green after 5 min of PSBM. This is an indication that the coordination environment
of the Cu®" centers is distorted by PSBM (top). In addition, the color of the PSBM samples regains
some blue features after heating the ball-milled samples to 210 °C, which is in agreement with the
partial recrystallization of the materials (bottom).
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Appendix to Section 5

A.5.1 — X-ray powder diffraction data

A.5.1.1 — X-ray powder diffraction data
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Figure A5.1. Profile fit (Pawley method) performed on the XRPD pattern of Cd(im),. The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data

can be found in Table 5.2. The same data can also be found in Figure 5.2 in the main text. The

data is also shown here for easier comparison with other samples. The diffraction pattern was recorded

with an overall scan time of 16 h.
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Figure A5.2. Profile fit (Pawley method) performed on the XRPD pattern of Cd(im)s-sol. The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data

can be found in Table 5.2. The diffraction pattern was recorded with an overall scan time of 16 h.

The same data can also be found in Figure 5.2 in the main text.
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Figure A5.3. Profile fit (Pawley method) performed on the XRPD pattern of prcCd(im),. The blue
tick marks indicate the positions of allowed Bragg peaks. The corresponding crystallographic data
can be found in Table 5.2. Cd(im), crystallizes in the expanded high-temperature configuration
(CCDC: BAYQAUO06)* from the supercooled liquid phase in the range from 200 °C to 300 °C. The
expanded configuration with a unit cell volume of about 1610 A3 is fixed in a glass matrix and remains
even after returning to room temperature. The diffraction pattern was recorded with an overall scan
time of 16 h. The unfitted reflection at 38.4° 20 is assigned to a small amount of metallic Cd.
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Figure A5.4. Profile fit (Pawley method) performed on the XRPD pattern of fully recrystallized
frcCd(im)s. The blue tick marks indicate the positions of allowed Bragg peaks. The corresponding
crystallographic data can be found in Table 5.2. After complete recrystallization, the amorphous
glass matrix that stabilizes Cd(im), n its expanded high-temperature configuration is no longer
present. As a result, frcCd(im). adopts the denser room-temperature configuration of Cd(im),, with
a unit cell volume of approximately 1563 A3, The diffraction pattern was recorded with an overall
scan time of 16 h.
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Figure A5.5. VT-XRPD patterns (A = 0.61992 A) of Cd(im).. The patterns are not normalized but
vertically offset for clarity. Reflection positions for Cd(im), at 300 K and 500 K (CCDC code
BAYQAU11 and BAYQAUO06)" are shown as black tick marks (300 K, BAYQAU11, upper ticks;
500 K, BAYQAUO06, lower ticks).
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Figure A5.6. Left: XRPD patterns of crystalline pristine Cd(im)s>-sol and glassy a,Cd(im)s-sol,
which has been heated to 465 °C. The diffraction pattern of a,Cd(im)s>-sol was recorded with an
overall scan time of 16 h, and the crystalline Cd(im)s-solv with 37 min. Right: Determination of peaks

marked with an asterisk are from Cd.
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ang*(im)z—sol

Intensity / arb. units
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201/ °

Figure A5.7. XRPD patterns a,Cd(im)»-sol which has been heated to 465 °C and a,Cd(im), which
has been heated to 457 °C. The diffraction patterns were recorded with an overall scan time of 16 h.
The reflection marked with an asterisk corresponds to the decomposition product Cd metal. The
other peaks in the pattern of a,Cd(im)s:-sol are from recrystallized Cd(im),. In comparison to Cd(im)s-
solv, mechanically synthesized Cd(im), avoids most of the decomposition during melting.
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A.5.1.2 - X-ray total scattering data
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Figure A5.8. X-ray total scattering data in the form of I{ Q) of Cd(im)s, a,Cd(im),, and frcCd(im),.
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Figure A5.9. X-ray total scattering data in the form of S(Q) of Cd(im),, a,Cd(im),, and frcCd(im),.
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Figure A5.10. Comparison of PDFs data of Cd(im), and frcCd(im), derived from X-ray total
scattering experiment.
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A.5.2 - H NMR spectroscopy data
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Figure A5.11. '"H NMR spectrum of a digested sample of Cd(im)s. Top: Zoom in the aromatic

region (7.0 to 10.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is

marked with # and residual protons D,O is marked with *.
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Figure A5.12. '"H NMR spectrum of a digested sample of Cd(im).-sol. Top: Zoom in the aromatic

region (7.0 to 10.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is
marked with # and residual protons D-O is marked with *.
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Figure A5.13. '"H NMR spectrum of a digested sample of a,Cd(im),. Top: Zoom in the aromatic

region (7.0 to 10.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is
marked with # and residual protons D-O is marked with *.
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Figure A5.14. 'H NMR spectrum of a digested sample of a,Cd(im)s-sol. Top: Zoom in the aromatic

region (7.0 to 10.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is
marked with # and residual protons D,O is marked with *.
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Figure A5.15. '"H NMR spectrum of a digested sample of prcCd(im),. Top: Zoom in the aromatic

region (7.0 to 11.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is
marked with # and residual protons D-O is marked with *.
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Figure A5.16. '"H NMR spectrum of a digested sample of frcCd(im),. Top: Zoom in the aromatic

region (7.0 to 11.0 ppm). Bottom: Complete spectrum. Residual protons in DMSO at 2.5 ppm is
marked with # and residual protons D,O is marked with *.
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A.5.3 — Fourier-transform infrared (FTIR) spectroscopy data
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Figure A5.17. Top: FTIR spectra of of Cd(im),, a,Cd(im),, prcCd(im)s, and frcCd(im).. Bottom:
Zoom in the region of 500 to 1200 cm .
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Figure A5.18. Top: FTIR spectra of Cd(im), and Cd(im),-sol. Bottom: Zoom in the region of 500
to 1200 cm .

252



Appendix to Section 5

0
c
>
@®© a,Cd(im),-sol
Q
(&)
[
(]
2
(@)
(V)]
o)
< k
a,Cd(im), w
4000 3000 2000 1000
Wavenumber / cm™
0
c
>
o
@
(b]
(&)
[
(]
L
(@)
)]
Ne)
<
N | N | N |
1200 1000 800 600

Wavenumber / cm™

Figure A5.19. Top: FTIR spectra of a,Cd(im), and a,Cd(im)s-sol. Bottom: Zoom in the region of
500 to 1200 cm L.
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A.5.4 — Thermal analysis

A.5.4.1 - TG/DTA and DSC data

T, was determined as the crossing points of tangents to the horizontal weight-loss
line and the weight-loss line at the first decomposing step from TG/DTA data. All
other thermal parameters were deducted from the DSC data. T, is defined as the
offset temperature of the endothermal melting peak and has been determined by the
intersection of two tangents. T, is defined as the onset by the intersection of two
tangents of the endothermic signal associated with the glass transition. T, are
determined as the peak temperature of the exothermic peaks. AH, is the integral
area between the onset and offset of the melting peak in the DSC curve after baseline
subtraction. AH, is the integral area between the onset and offset of the
recrystallization peak in the DSC curve. For a better understanding of the
abbreviations in this section, their definitions are given in Table A5.1. A
compilation of all temperatures determined with TG/DTA and DSC is given in
Table A5.2.

Table A5.1. Abbreviations for thermal analysis used in this section.

Abbreviations Definitions

Ta decomposition temperature (onset)
T, glass transition temperature (onset)
Tre recrystallization temperature (peak)
T melting temperature (offset)

AH;. enthalpy of recrystallization

AHn enthalpy of melting

Table A5.2. Summary of T,, T\, and T, and Ty of studied Cd(im), materials.

AHrc A—E[m Td
Compound T, (°C) Ti. (°C) Tw (°C)
(kJ/mol) (kJ/mol)  (°C)
Cd(im)2 175 223 9.8 455 16.6 473
Cd(im)s-sol 185 261 6.6 461 16.1 455
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Figure A5.20. Five consecutive DSC cycles for a,Cd(im), showcasing the stability of T,. The heating

and cooling rates for both scans were =10 °C min *.
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Figure A5.21. (a) DSC data for preparation of rcCd(im),. The heating rates for both upscans were
+10 °C min™. The cooling rate for downscan was set to —100 °C min ™. (b) Calculated actual average
cooling rate from 456 °C (T) to 175 °C (Ty) is —42 °C min'. (¢) The relationship between heating
rate and temperature. (d) The relationship between heating rate and time.
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Figure A5.22. DSC data for preparation of a,Cd(im)s-sol. The heating rates for both upscans were
+10 °C min'. The cooling rate for downscan was set to —100 °C min !, the actual average cooling
rate from 462 °C to 175°C is —42 °C min ' as determined before.
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A.5.4.2 — Heat capacity measurements

The evolution of heat capacity (C,) of a,Cd(im); in the range from 60 to 200 °C
was determined by modulated DSC using a DSC 25 calorimeter (TA Instruments).
In this measurement, a sinusoidal modulation with a temperature amplitude of
+1 °C and a modulation period of 120 s was overlaid on a linear heating ramp with
an average heating rate of 2 °C min'. Baseline and sapphire reference scans were

collected before the sample scan using the same temperature program.

A.5.4.8 — Determination of the calorimetric fragility

The fragility of the a,Cd(im), was determined according to procedures published in
previous work®. The melt-quenched ZIF glass was cycled from 50 °C to 430 °C,
with varying heating and cooling rates from +25 to +5 °C/min. T} is the fictive
temperature of the glass sample prepared with different cooling rates (¢.). Tt at a
heating/cooling rate of £10 °C/min corresponds to T,. The calorimetric fragility
index m is determined as the slope of the plot of logio(1/¢.) versus T,/ T; (i.e. the T,

scaled reciprocal Ti, absolute temperatures in Kelvin).

1
_ dlog,, (a)
o(#)
Ty
The fragility index m is a measure for the activation energy of viscous flow at T.,.

Glasses with a low fragility are called strong (for example vitreous silica with m =

20) while glasses with a fragility higher than about 40 are called fragile.

a b
Tendo 12+
2 T
5 - >
; c
E =08l
- [+ 2
3 _ - =
g T,=17189°C EN
[ —
2 T;=176.81°C 2
15 °C/min o4
10 °C/mi T,=174.97°C
2 - T,=171.81°C
1 1 1 1 0.2 L 1 1 1 1
150 160 170 180 180 200 0988 0992 0.99% 1 1.004 1.008
Temperature / °C YT ! KK

Figure A5.23. (a) DSC upscans of a,Cd(im), with heating rates from 25 to 5 °C/min. The cooling
rate before each of these scans has been identical to its heating rate. (b) Determination of the
calorimetric fragility index m by a linear fit of log(1/¢.) against T/ Tt
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A.5.5 — Thermal analysis COz physisorption studies

ICozl@ 195K ' -
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Figure A5.24. CO;sorption isotherms collected at 195 K for Cd(im)s, a,Cd(im),, and prcCd(im)s.
Adsorption is predominantly assigned to the adsorption of CO, on the external particle surfaces.

A.5.6 — Optical Microscopy

Cd(im), crystals a4Cd(im), glass prcCd(im), glass-ceramics

Figure A5.25. Micrographs of Cd(im)s, a,Cd(im)s, and prcCd(im)s.
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A.5.7 — Definition of geometry index

In coordination chemistry and crystallography, the geometry index or structural
parameter (7) is a number ranging from 0 to 1 that indicates what the geometry of

the coordination center is.!'3?

In 2007 Houser et al. developed the analogous 7 parameter to distinguish whether
the geometry of the coordination center is square planar or tetrahedral.'*” The
formula is:

. = 360° — (@1 + @3)
4 360° — 20

where: ¢ and ¢, are the two greatest valence angles of coordination center; 6 =
cos }(—1/3) = 109.5° is a tetrahedral angle. T, = 1 for tetrahedral and t, = 0 for

square planar.

A.5.8 —Density functional theory calculations

Density functional theory (DFT) calculations were performed with ORCA 5.0.2.1%
Input structures were generated using Chem3D 19.0 and Avogadro (ORCA
enhanced version).!'® Initial geometry optimization was carried out with a MM2
force field, implemented in Avogadro for small molecules and with the B97-3c
functional and def2-SVP basis set for cobalt complexes. A second geometry
optimization and frequency analysis were performed using the BP86 functional with
the def2-TZVP ba- sis set. For all calculations, a frequency analysiswas performed

to verify the absence of negative frequencies.
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