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1. INTRODUCTION

ENGLISH SUMMARY

Metal-organic framework (MOF) is a group of materials comprised of metal nodes
connected by organic ligands through coordination bonds. Due to their diverse struc-
tures, MOFs have attracted great attention from the research community for applica-
tions in areas including gas storage, energy, and gas separation. Zeolitic imidazolate
framework (ZIF), a subset of MOFs, has recently been melted and quenched into
glasses. Access to the glassy state of MOFs has immense potential for expanding their
application range. However, most ZIFs and MOFs are known to thermally decompose
without being able to melt. Computational work has been used to elucidate the melt-
ing- and glass-formation mechanism of ZIFs, though the inability to precisely relate
structure to melting poses a major challenge for predicting new MOF glass formers.
This work aims to elucidate the mechanism of vitrification through structural analyses
by the following approaches. 1) using electron-donating moieties on linkers in a
known MOF glass-former and relating the short- and long-range structure effects to
the glass-forming mechanism. 2) gradually substituting metal nodes, relating struc-
tural changes and inductive effects to melting. 3) monitoring the metal node coordi-
nation environment during vitrification.

1) 5,6-dimethylbenzimidazolate (dmbIim) was incorporated into ZIF-62 [Zn (imidazo-
late)1.7s(benzimidazolate)o 2s]. The lattice volume increased in proportion to the quan-
tity of benzimidazolate substituted with dmblm. The melting point (Tm) and glass
transition temperature (Tg) increased in response to the degree of substitution as well.
The change in isobaric heat capacity over the glass transition decreases, as dmbim
content increases. The steric effect of the bulky linker causes a reduction in the degree
of atomic freedom, resulting in the glass structure of high dmblm content possessing
a structure closer to the liquid state. Finally, the electron-donating effects of the me-
thyl group appear to inductively stabilise the system against melting by increasing the
Zn-N bond, hence increasing Tm.

2) the gradual substitution of metal nodes (Co?* and Cu?*) in ZIF-62 and ZIF-4 [Zn
(Imidazolate)], respectively, revealed the mixed metal node effect. The partial sub-
stitution of Co*2 for Zn?* in ZIF-62 caused a non-linear, non-monotonic effect on T,
and Tg4. The lowest cobalt substitution led to an abrupt decrease in both the T, and Ty,
followed by a subsequent increase with a further increase in the cobalt fraction. At
complete exchange for cobalt, T, for Co-ZIF-62 is slightly higher than Zn-ZIF-62.
Similarly, the introduction of a small quantity of copper into ZIF-4 produces a sub-
stantial decrease in Tm. Further substitution increases Tm until the framework partially
decompose before melting. The dissimilar electron affinity between the metal nodes
is likely to partially weaken the Zn-N bonds. This weakening initiates the melting at
lower temperatures, causing the framework connectivity to decrease, thus lowering
Tm.



3) using Zn-NMR revealed that the Zn tetrahedral units in crystalline ZIFs can be
described as two discrete Zn coordination environments. However, the vitrified ZIF
samples had a single Zn peak described by a continuous distribution of coupling con-
stants, signifying that the Zn sites become disordered during glass formation. The
chemical shift is also shifting to higher fields, signifying a change in the average bond
length.

By extension, it appears that the introduction of large moieties on organic ligands can
be used to increase the lattice of ZIFs and attain a higher T4 The electron-donating
effects on the organic ligand are likely to strengthen the metal-to-linker bond, causing
a higher Tm. The importance of the inductive effects is further highlighted by the
mixed metal node effects observed by substituting zinc with cobalt and copper, where
Tm is decreased substantially by the addition of a small quantity of a second metal ion.
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DANSK RESUME

Metalorganisk rammestruktur (MOF) er en klasse af materialer bestdende af metal-
ioner der binder sig til brodannende organiske ligander gennem koordinationsbindin-
ger. Mange forskningsomrader har udvist stor interesse for MOFs pa grund af den
store strukturelle diversitet de tilbyder. Eksempler pa potentielle applikationsomrader
oplagringsteknologier, energi, og separation. Nogle zeolit imidazol gitter (ZIF), en
undergruppe af MOFs, har inden for de seneste ar udvist evnen til at blive smeltet og
omdannet til glas. Even til at omdanne MOFs til glas kan udvide deres anvendelses-
omrader. Starstedelen af ZIFs og MOFs dekomponerer far de smelter. Simuleringer
af MOF systemer er blevet udfert for at belyse smelte- og glasdannelsesmekanismen,
dog er disse tiltag begrenset af at modellerne der bliver brugt, kan ikke pélideligt
forudsige smelte evnen af potentielle nye MOF glas. Denne afhandling forsgger at
belyse MOFs smelteegenskaber gennem falgende metoder. 1) indfare elektrondone-
rende funktionelle grupper pa ligander i et MOF glasdannende system og relatere kort-
og langtraekkende struktur til deres smelteegenskaber. 2) gradvist udskifte metal-io-
nerne i et glassdannende MOF krystal og relatere struktur eendringerne og de induk-
tive effekter til smeltning. 3) Undersgge e&ndringerne i koordinationsmiljget af metal-
ionerne under glasdannelse.

1) 5,6-dimetylbenzimidazol (dmbIm) blev gradvist inkorporeret i ZIF-62 [Zn (imida-
zol)1.7s(benzimidazol)o2s] i stedet for benzimidazol. Krystalgitter volumen steg med
udskiftningsgraden af benzimidazol (blm) for dmblm. Smeltepunktet (Tm) og glas-
overgangstemperaturen (Tg) steg ogsd med udskiftningsgraden. Zndringen i den iso-
bariske varmekapacitet under glasovergagen viste sig at falde med introduktionen af
dmblIm. Dette viser at strukturen af ZIF glas med hgjere dmblm indhold har en struk-
tur der er teettere pa en underafkalet veaeske i forhold til den originale ZIF-62. Dette
skyldes at de steriske effekter fra de funktionelle grupper reducerer den atomiske fri-
hedsgrad. Stigningen i Tr skyldes de elektrondonerende metylgrupper styrker Zn-N
bindingerne in systemet.

2) kobolt og kobber blev gradvist udskiftet for zink i henholdsvist ZIF-62 og ZIF-4
(Zn (imidazol)y), hvilket paviste en blandet metal effekt. Delvis udskiftning af kobolt
for zink i ZIF-62 forarsager en ikke-linezr ikke-monoton effekt af T, 0og Tg. lav ud-
skiftningsgrad af kobolt medfgrer et skarpt tab i Tm 0g Tg, hvorefter begge stiger ved
stgrre udskiftningsgrad. Tm for Co-ZIF-62 er hgjere end for rent Zn-ZIF-62. en lig-
nende effekt blev observeret for ZIF-4. Ved introduktion af en lav mange kobber ses
en stor reduktion af Tr, som ogsa stiger ved stigende mangde kobber, indtil at net-
veerket begynder at dekomponere far det smelter. Zn-N bindingerne svakkes ved at
introducere metal-ioner med hgjere elektronaffinitet. De sveekkede Zn-N bindinger
kan brydes ved lavere temperatur, som medfgrer lavere netveerkssammenhang og der-
med smeltes de bi-metalliske prover ved lavere temperatur.



3) 57Zn-faststof-NMR-analyse af zinkholdige ZIF krystaller viste, at to separate zink
koordinationsmiljger eksisterer. Disse separate koordinationsmiljger omdannes til et
enkelt Zn signal beskrevet af en kontinuer fordeling af koblingskonstanter. Dette viser
at Zn tetrahedralerne bliver mere uordnet under glasdannelse. Derudover a&ndres det
kemiske skifte, hvilket indikerer en @ndring i bindingslengderne.

Dermed vises der at introduktionen af funktionelle grupper som gger krystalgitter vo-
lumen og resulterer i en ggning af Tg. Elektrondonerende effekter af funktionelle grup-
per resulterer i en ggning i Trm ved at styrke koordinationsbindingerne mellem metal-
ionerne og liganderne. Effekten af de induktive effekter er yderligere observeret ved
substituering af zink for kobolt og kobber, hvor Tr, reduceres ved introduktion af en
lille maenge af et sekundaert metal.
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1. INTRODUCTION

Glasses have been a fundamental material to human society since the development of
tools from obsidian in the stone age (1). Technological developments through the ages
have pushed glasses into increasingly advanced applications. The early applications
like vessels for containing fluids and glass panes in windows have developed into
tough and safe windshields on cars, and glassware capable of withstanding thermal
shock found in laboratories or even in kitchen applications. In recent years, techno-
logical development has been driven by the implementation of glasses in less obvious
applications, such as glass fibres for telecommunications (2) and glass matrices used
in bone regeneration (3).

Glasses are amorphous materials, meaning that they are non-crystalline structures, and
are more akin to the atomic structure of a liquid. This is traditionally achieved by
guenching melts obtained via melting precursor materials and avoiding the formation
of crystals before the liquid is cold enough that atomic rearrangement is no longer
possible. This metastable state of matter behaves like solid materials, which with their
generally good transparency is one of the initial advantages for their use (1). In prin-
ciple, glasses are not defined by specific chemical compositions. Rather, glasses are
defined by their physical state, structurally amorphous materials that are kinetically
hindered from relaxing into a supercooled, unless when heated.

The chemical flexibility of glasses has resulted in the development of several glass
families. Inorganic non-metallic glasses is the largest and most well-known family
and contain silica (SiO2) glasses, soda-lime-silica (Na,O-CaO-SiO;) glasses, and so
on. Compared to inorganic non-metallic glasses, organic glasses (e.g., polystyrene)
(4,5) are relatively new but are widely used in modern industry. These glasses consist
of organic compounds (comprised of carbon-carbon and or carbon-hydrogen bonds)
in their matrix. Metallic glasses were first reported 62 years ago (6) and consist of a
purely metallic matrix. This group of glasses sports intriguing mechanical properties,
however, are often limited due to their propensity for rapid crystallisation during
quenching. The most recent addition to the glass family is metal-organic framework
(MOF) glasses, which are unique due to their hybrid organic-inorganic structure. The
first MOF glass was reported in 2015 by Bennett, Greaves, Yue, and collaborators (7).



Glasses are widely regarded as one of the most fascinating, yet not fully understood
states of matter. The structure of glasses is still a major subject of debate (8). In 1995
Anderson expressed glasses as “the deepest and most interesting unsolved problem in
solid-state theory” (9). The non-equilibrium state, the disordered atomic arrangement,
and the structural changes during glass transitions all contribute to the mystery of
glasses. Even in the current year, 2022, glasses garner such interest as the UN recog-
nised 2022 as the UN international year of glass.

1.1. BACKGROUND AND CHALLENGES

The recent discovery of MOF glasses in 2015 lead to intense research interest (7).
MOF glasses boast high surface areas and internal porosity (10), which makes them
excellent candidates for separation applications (11) as well as for gas or energy stor-
age (12). The flexibility in the choice of organic linkers enables fine control over pore
size and surface area (13). In addition, the ability to use functional metal ions or clus-
ters in MOFs has also attracted the attention of researchers in catalysis (14) as well as
in energy storage (15). However, these technologies are limited by grain boundaries
(11). This poses a major engineering challenge for the application of MOFs. Most
common synthesis procedures of MOFs lead to the production of fine crystalline pow-
der, with larger monolithic structures being hard to fabricate (16). The discovery that
a subset of MOF, a zeolitic imidazolate framework (ZIF), ZIF-4 was able to be melted
and quenched into glass provided a solution to the grain boundary issues. However,
to this date, most MOFs and even ZIFs are known to thermally decompose before
reaching their melting temperature (Tm) (17). The current understanding is that the
structure dictates the melting behaviour of MOFs.

So far, the most successful series of meltable MOFs belong to the ZIF family (12).
ZIFs are generally known to have good chemical and thermal stability (18), which is
an asset for both glass formation and the practical application of ZIFs. Chemically,
ZIF consists of metal ions that coordinate tetrahedrally, e.g., Zn?*, Cu*?, and Co?*.
These metal ions act as nodes and are bridged by imidazole-based ligands through
Me-N (Me = metal) coordination bonds (19). The tetrahedral units are corner-sharing
and are arranged in a 3D porous (19) network, with topologies akin to zeolites, thereby
giving them the name (20). Once, vitrified, the structure resembles that of silica
glasses, however, the size of the organic linkers causes the glasses to retain porosity
(212).
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The resultant MOF glasses present anomalous mechanical properties, e.g., indenta-
tion-induced shear bands (22), and a low fracture-toughness despite having a Pois-
son’s ratio similar to ductile metallic and organic glasses (23). Moreover, the glasses
of ZIF-62 [Zn Imy.7sblmg2s] display an unusually high glass-forming ability (GFA)
(Ty/Tm) of 0.84, significantly above the “2/3 rule” that most glasses follow along with
high resistance to recrystallisation (24). The ZIF-62 crystal family has presented a
strong starting point for introducing functional groups like fluorine into the glass
structure, which improves gas uptake while retaining a favourable GFA (25). The
properties that predict the melting characteristics of MOFs are still poorly understood.
This poses a major limitation to the development of this field of research.

1.2. OBJECTIVES

The ultimate objective of this PhD project is to further our understanding of the MOF
melting and glass-forming mechanism. Structural analysis of MOF glass-formers at
three different coordination lengths is carried out to reveal structural characteristics
which govern the ability for MOFs to be melt quenched. Using the metal nodes as
origin, these lengths-scales are defined in this project as long-range structure (> 20
A), intermediate-range structure (8-20 A), and short-range structure (8 < A), with the
metal nodes at the point of origin for these length scales. The following three points
are the basis for the objectives of this thesis.

1. Elucidate the systematic effect of introducing a third linker to ZIF-62 on
melting and glass formation. Relating this effect to the observed changes in
long-range structure as well as intermediate-range structure.

2. Investigate the effects of introducing second metal nodes in ZIF crystals on
melting and glass formation.

3. Use %Zn solid-state NMR to reveal the structural changes around the metal
notes during the glass formation of ZIFs.



THESIS CONTENT

The outline of this thesis is a thesis by publication. First, a literature review outlines
the state-of-the-art knowledge within the field of MOFs and MOF glasses. The liter-
ature review (chapter 2) will summarise and highlight gaps in knowledge pertaining
to the vitrification of MOF and will present the research strategy. The following three
chapters (chapter 3-5) are peer revied papers (outlined below). The following chapters
will outline unpublished research and discussions as well as the conclusion to this
project (chapter 6-9).
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W., Zhou, C., Kénig, J., Mauro, J. C., & Yue, Y. (2022). Mixed metal
node effect in zeolitic imidazolate frameworks. RSC Advances, 12(17),
10815-10824. https://doi.org/10.1039/d2ra00744d

Madsen, R. S. K.; Qiao, A.; Sen, J.; Hung, I.; Chen, K.; Gan, Z.; Sen,
S.; Yue, Y. Ultrahigh-Field 67Zn NMR Reveals Short-Range Disorder
in Zeolitic Imidazolate Framework Glasses. Science 2020, 367 (6485),
1473-1476. https://doi.org/10.1126/science.aaz0251.



2. LITERATURE REVIEW

2. LITERATURE REVIEW

Metal-organic frameworks (MOFs) are generally thought of as a permanently porous
coordination polymer (CP) networks with a 2D or 3D connectivity (19). MOFs are an
emerging technology first coined in the 1990s by Yaghi et al. (26). Possessing metal
nodes or ion clusters that are interconnected via organic ligands allows MOF to attain
highly porous structures (10), with functionalities that enable them to potentially be
used for many applications, e.g., separation and catalysis (13).

The presence of grain boundaries is known to impede the performance of some appli-
cations, e.g., membrane systems (11). However, the fabrication method of most MOFs
results in the formation of fine crystalline powders (16), with large monoliths being
hard to obtain. Therefore, finding methods to solve this issue has been an attractive
area of research (13). At the forefront of this is the melt quenching of MOFs into glass
monoliths, as achieved in 2015 (7). Beyond the ability to cast monolithic pieces, this
also led to the discovery of a new glass type (7). Access to the vitrified state of MOFs
presents unique areas of applications, like optics and more (27,28).



2.1. METAL-ORGANIC FRAMEWORK

Metal-organic frameworks are materials also known as porous coordination polymers
(14) and belong to the more general group coordination polymers (19). Metal-organic
frameworks are commonly defined as two- and three-dimensional porous crystalline
materials, formed by having polydentate organic ligands coordinately bind with sec-
ondary building units (SBU), also more commonly referred to as metal cation salt or
metal clusters (7,12,16,19,26,29). IUPAC defines MOFs as coordination compounds,
which extend into two- or three-dimensional repeating entities while containing po-
tential cavities/pores (30,31). Though crystallinity is not a requirement, most research
focuses on the study of crystalline MOFs, as witnessed by the reported number of
crystalline MOFs in the Cambridge Structural Database exceeding the number of
glassy and amorphous MOFs by almost two orders of magnitude (19). What distin-
guishes MOFs from CPs is that the connectivity of the network must comprise 2D or
3D (generally porous) structures for the compound to be classified as a MOF (14,19).

Within the last 30 years, the vast majority of MOFs and CPs discovered have been
crystalline (12). Crystalline materials are a state of matter described by the atoms,
molecules, or ions being arranged in a pattern that repeats periodically in three dimen-
sions (32,33). Consequently, by selecting any point inside a crystal (defined as lattice
points), it is possible to move in straight lines from this point in such a way that a new
point is reached, which is indistinguishable from the original point (32,33). In a per-
fect, infinite crystal, these paths can be multiplied by any integer and the atomic en-
vironment will be identical. Figure 2.1 illustrates the translational repeatability of lat-
tice points in a crystal net.
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Figure 2.1 Net of a lattice of red points in an arbitrary crystal structure of yellow spheres.

By condensing the crystal structure to lattice points and connecting each point by
lines, a unit cell is drawn. The unit cell is represented by a parallelepiped from which
the entire crystal matrix can be constructed by translation of this unit (32,33). As such,
unit cells are a convenient way of representing a crystal structure visually in the small-
est possible way. A crystal lattice can be described by an infinite number of unit cells,
because of this, the lattice is selected by the symmetries that are present in the struc-
ture (33). In general, higher symmetry crystals and smaller unit cell dimensions are

preferred, when selecting the crystal structure (32).

Unit cells are divided into seven crystal systems (32). These crystal systems are tri-
clinic, monoclinic, orthorhombic, tetragonal, rhombohedral, hexagonal, and cubic. In
many contexts, these systems are segregated by the geometric characteristics of their
lattice parameters, the length of the unit cell vectors (a, b, c), and the angles between
them (a, B, v). Though this approach is convenient and frequently used, it is not com-
pletely appropriate. The crystal systems are defined by different essential symmetry
operations. Examples of these symmetry operations are rotation, mirroring, transla-
tional symmetry and even combinations thereof. Table 2.1 outlines the symmetry op-

erations that define each crystal system.



Table 2.1 List of crystal systems and their essential symmetries. Cn is an n-fold rotational sym-
metry (32,33).

Crystal System Essential Symmetries
Triclinic -

Monoclinic One C, axis
Orthorhombic Three C; axes

Tetragonal One C4 axis
Rhombohedral One Cs axis

Hexagonal One Cg axis

Cubic | Four Cs axes in a tetrahedral arrangement

Beyond the essential symmetries pertaining to the crystal systems, any given crystal
can exhibit multiple additional symmetries. By incorporating all discrete symmetries
that any crystal can possess, 230 unique combinations are possible. These 230 unique
symmetry combinations are called space groups and are the most general way of clas-
sifying crystals by symmetry (33,34). MOFs display a diverse range of possible space
groups, though many commonly used MOFs in research belong to the cubic system,
as can be seen in Table 2.2

Many factors direct the structure of MOF crystals during synthesis. As an example,
Yaghi et al. (35,36), synthesised 8 ZIF [Zn Im] (Im = imidazolate, C3N2H3z) struc-
tures from the same reactants (imidazole and zinc nitrate).
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Table 2.2 List of different MOFs, their crystal structure and examples of researched application
areas.

Structure | Crystal System Space Area of Research
group
UiO-66 Cubic Fm3m Catalysis (37)
HKUST- Cubic Fm3m Energy storage, energy con-
1(Cu) version (38)
Uio-67 Cubic Fm3m Catalysis (39)
MIL-101 Cubic Fd3m Sorption, catalysis, sensor
(40,41)
MIL-96 Hexagonal P63 /mmc Gas storage (42)
ZIF-4 | Orthorhombic Pbca Separation, energy storage
(43)
ZIF-zni tetragonal 14,cd Gas, olefin/paraffin separation
(44)
ZIF-62 | Orthorhombic Pbca Separation (45,46)
ZIF-7-1 | Rhombohedral R3 Gas separation (47)
ZIF-7-1 Triclinic P1 Gas separation (47)
ZIF-7-111 monoclinic C2lc Gas separation (47)
ZIF-8 Cubic 143m Gas separation (48)
ZIF-67 Cubic 143m CO, capture (35)




Table 2.3 highlights 7 chemically identical ZIF networks, with different structures,
based on the reactant ratio, reaction temperature, and solvents usage. ZIF- 3 and ZIF-
6 have different space groups (P4./mnm and 14./amd respectively), which is caused
by the difference in the solvent used. ZIF-6 is synthesised with N,N-dimethylforma-
mide (DMF), while ZIF-3 uses DMF and N-methyl-2-pyrrolidone (NMP) as the sol-
vents. This shift in structure originates from the solvent acting as a template during
MOF formation. The solvent is adsorbed into the pores during synthesis, though no
direct interaction with the framework occurs (13). This explains why solvents can be
described as structure-directing agents. The structural difference between ZIF-1 and
ZIF-6 is driven by the change in the ratio of the main reactants, i.e., Im and Zn-salt.
This leads to the change from the tetragonal 14, /amd space group to the monoclinic
P2, /n. Hence, slight changes to solvothermal synthesis conditions can have a tre-
mendous impact on the MOF structure.
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Table 2.3 Isochemical [Zn Im2] ZIFs and their space group, imidazole/zinc reaction ratio, re-
action temperature and solvents used for dissolving reactants. * denotes the use of different
solvent mixtures to dissolve reactants.

Structure Space Im/Zn ratio Temperature Solvents
group [°C]
ZIF-1 P2, /n 6.40 85 DMF
ZIF-2 Phca 1.50 85 DMF/DEF
ZIF-3 | P4,/mnm 11.54 85 DMF/NMP
ZIF-4 Phca 3 100 DMF/DEF
ZIF-6 | I4,/amd 11.95 85 DMF
ZIF-10 | I4/mmm 2.66 85 DMF + DMF/DEF*
ZIF-64 P2/n 90 100 DMF/DEF

2.2. SYNTHESIS OF METAL-ORGANIC FRAMEWORKS

Metal-organic frameworks can be synthesised through numerous approaches. This
section outlines the basic principle of 5 common synthetic routes employed to attain
MOFs. These include: solvothermal, micro-wave assisted synthesis, sonochemical
synthesis, electrochemical synthesis, and mechanochemical synthesis. The specific
method imparts unique characteristics to the products. Some of the standout features
and limitations are outlined to further highlight potential factors for deciding to use
one synthesis approach over the other (e.g., good atom economy or scalable produc-
tion).

MOFs are conventionally synthesised by solvothermal reactions. Solvothermal syn-
thesis does not have an exact definition which is agreed upon (49). Despite there not
being a precise definition, most definitions would agree that the reaction should take
place in a closed vessel, above 373.15 K and above ambient pressure, as described by
Rabenau (50). The reaction takes place in a selected solvent, in which the reactants
are dissolved. Commonly, acetate or nitrate metal salts are used as the metal source
for ZIFs (13). Figure 2.2 is a schematic representation of the prototypical solvothermal
synthesis. Reactants are dissolved and transferred to an autoclave, which is sealed and
heated until MOF crystals are produced. The simple experimental setup has made it
one of the most widely used approaches for developing new MOF structures. This is
in part due to the ease of synthesising many samples simultaneously (high throughput
synthesis) (35). In addition to being an experimental setup with minimal setup require-
ments, solvothermal synthesis also reliably forms crystals large enough and of suffi-
cient quality for single-crystal X-ray diffraction (35,51).
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Figure 2.2 Schematic of the solvothermal synthesis approach.

While solvothermal synthesis is widely used, the time of production is a limitation.
Micro-wave assisted synthesis, is an approach utilising the ability of micro-waves to
make dielectric molecules align with the incident radiation (52). The flipping of the
molecules causes the temperature to rise rapidly. This rapid increase in temperature
enables MOFs to form at short time-scales. The shortened reaction time is one of the
major advantages over solvothermal synthesis, as this approach requires more spe-
cialised equipment (52).

While Micro-wave assisted synthesis promise rapid synthesis, the specialised equip-
ment is not always accessible. Sonochemical synthesis approaches rely on ultrasound
to cause acoustic cavitation (53). This leads to areas in a solution to have rapid tem-
perature fluctuations. The sonochemical synthesis approach has several desirable
qualities: relatively simple in setup, rapid in time scale, and produces a high surface
area product (53).

For the production of MOFs which has to adhere to a substrate, other strategies are
often employed. Electrochemical synthesis or electrosynthesis generally involves one
of two synthesis approaches: anodic dissolution or cathodic deposition (54). The for-
mer is an approach that has gained attention through the work of Mueller et al. (55),
and is carried out by having the desired linkers in an electrolyte solution, and then
submerging a metal anode. An applied voltage causes the metal to be oxidized to the
ionic state and is then dissolved into the electrolyte, where it quickly reacts to form
MOF crystals, which are then deposited onto the electrode. Cathodic deposition works
by having a metal precursor, linkers, and a probase (56). The cathode will reduce the
probase to the alkaline state, which enables the linker to be deprotonated due to the
increased pH. The metal ion and the deprotonated linkers will then coordinate and
precipitate as the MOF crystals. Figure 2.3 shows a basic concept of the synthesis
approaches.

12
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Figure 2.3 Anodic dissolution (left) and cathodic deposition synthesis schematic. For anodic
dissolution, the anode is oxidized and dissolved into the electrolyte, enabling crystal formation.
For Cathodic deposition, the cathode enables deprotonation of the linker for reaction with a
dissolved metal salt. The three-dimensional drawing is used from the work of Ortiz et al. (57).

Mechanochemical synthesis exploits the ability to transfer energy to reactants via me-
chanical means, this typically involves ball-milling (58). The mechanical force of the
ball-milling causes the intramolecular (e.g., N-H bonds in imidazole) bonds to be bro-
ken, which enables the reaction between metal nodes and organic ligands (59,60).
Compared to conventional solvothermal synthesis, two of the major attractions of this
method are the fast synthesis and low solvent consumption and good atom economy
(61).

Despite many syntheses approaches available, a substantial fraction of all research
output is still carried out by solvothermal synthesis, in part, this can be explained by
the ability to do high throughput synthesis (35). Despite solvothermal synthesis being
preferable in research, more scalable approaches can be used for industrial synthesis,
especially for the application of MOFs on a larger scale (14).

2.3. APPLICATIONS OF METAL-ORGANIC FRAMEWORKS

MOFs are porous compounds and generally are considered to bridge micro- (2 < nm)
and mesoporous compounds (2-50 nm) (10,62). Beyond highly tailorable pore sizes,
MOFs also possess the ability to be used as sorbents with an extremely high measured
Brunauer-Emmett-Teller (BET) surfaces, with some being able to exceed 10,000 m?
g, thereby outperforming the adsorption density capabilities of conventional acti-
vated carbons and zeolites (14). MOFs have attracted such attention, that they are
being produced at the ton scales, with the most presently used MOFs being MIL-53,
HKUST-1, Fe-BTC, and ZIF-8 (14). As expected from a compound that bridges the
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functionality of inorganic and organic chemistry, the properties of MOFs are investi-
gated for application in many areas, e.g., gas storage, energy conversion, sensing, drug
delivery, catalysis, and energy storage (15,63-67).

In catalytic applications, the presence of a catalyst facilitates a reaction to occur
quicker under milder conditions by lowering the activation energy for a reaction to
occur (32). MOFs serve as excellent templates for catalysis (14). MOF catalysts can
be designed and synthesised with direct catalytic application in mind, by selecting
catalytically active metal nodes (such as Cr, Mn, Co, or Cu ions) (68-72). The poros-
ity of MOFs enables them to act as a host for catalytic nano particles (73). The pores
of MOFs can be used for catalysis by having specific organic ligands tune the pore
size to enable size-selective catalytic reactions (74). Currently, MOFs have been used
for the hydrogenation of unsaturated hydrocarbons, for instance, Zhang et al. used
palladium in ZIF-8 for the conversion of 1-hexene to 1-hexane (75). Cu-BTC@Fez04
has been used for the reduction of nitroarene to anilines (76).

Perhaps more intuitively, MOFs display great potential for membrane and separation
applications. Several approaches are used for preparing a selective membrane with
MOFs (77). For instance, growing a selective layer of MOF crystals on a substrate or
mixing crystalline materials into a mixed matrix membrane (78,79). MOF membranes
have potential use in areas like natural gas purification, where certain ZIF-8 and UiO-
66 mixed matrix membranes have surpassed the Robeson 2008 line of perm-selectiv-
ity (77,80). Similarly, hydrogen recovery and purification from hydrocarbon refiner-
ies is a topic of great interest (81,82). Several MOFs have been investigated, though
ZIFs, Ui0-66, and HKUST- and MIL-based MOFs represent the bulk of the research
(77). Separation applications like O2/N2 and C3He/C3Hs provide ample reason for their
immense interest in separation processes. The substitution of metal nodes in MOFs
displays the ability to tune properties for applications like gas separation (83,84). In-
deed, bimetallic Co+Zn-ZIF-8 has been prepared by Kaur et al. (85), which shows
that the incorporation of cobalt into Zn-ZIF-8 caused an increase in both surface areas
and pore volume, resulting in a higher CO2 and H uptake. By extending the scope of
application to the closely related coordination polymers (CP), it is possible achieve
applications in proton conductivity (86) and general ion transport (19). As CPs exhibit
different network connectivity compared to MOFs, CPs are only briefly mentioned in
this thesis.
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While there are plenty of promising applications for crystalline MOFs, there are gen-
erally some overlapping challenges for effective implementation in the industry: First,
the stability of MOFs can be a limiting factor in many catalytic and separation appli-
cations (14,77). Many MOFs exhibit poor thermal stability as seen with paddlewheel
containing structures (two metal nodes bound together by four bridging ligands),
along with MIL-100 variants have decomposition temperatures (Tq) below 400 °C
(36,87). The issue of stability is further exacerbated by several MOFs being reactive
when submerged in water (88-90). Even exposure to moisture causes certain MOFs
to collapse and dissolve (88,91,92).

Another concern is the emergence of grain boundaries, which limits the practical us-
ability in membrane application of MOFs significantly (11,77). This is a major engi-
neering challenge to overcome and is yet to be solved completely. However, the spe-
cific synthesis approach of the MOF could significantly affect the surface character-
istics of the MOFs. Therefore, selecting an appropriate synthetic approach can elevate
issues of grain boundaries and pinholes (56). However, in recent years, the develop-
ment of meltable MOFs has shown to be a viable method for preparing MOF mem-
branes (11).
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2.4. MOF GLASSES

Most metal-organic frameworks are known to thermally decompose at rather low tem-
peratures, even in a protective argon or nitrogen atmosphere, which has historically
excluded MOFs from being melted into desired geometries (87). This made it arduous
to prepare MOFs in complex geometries, as most synthesis approaches either result
in fine crystalline powders or polycrystalline coatings on substrates (24,56,64). The
grain boundaries and surface defects negatively impact the performance in various
applications. Especially in MOF-based membranes used for gas and liquid separation.
This issue has previously been addressed by novel synthesis approaches, which allow
preparing high-quality coatings of MOFs on substrates. These synthesis approaches
do however present inherent limitations. For instance, using cathodic deposition is
only viable on conductive materials. Insulating materials, like polymeric substrates,
would pose engineering challenges to attain a continuous coating of active MOF ma-
terial on the surface if electrochemical synthesis is applied. Other synthesis ap-
proaches suffer from scaling issues such as solvothermal synthesis (93). Hence, being
able to melt and cast MOFs would greatly improve the industrial viability of metal-
organic frameworks, as this would remove the importance of the synthesis route for
the fabrication of specific geometries.

In 2015, Bennet et al. (7) discovered through differential scanning calorimetry (DSC)
that the zeolitic imidazolate framework, ZIF-4 (Pbca) exhibits several interesting ther-
modynamic responses to heating. Initial amorphization occurs, followed by recrystal-
lisation into ZIF-zni (144 cd), with subsequent melting, as shown in Figure 2.4. Peak
1 is the amorphization into a low-density amorphous state at ~603 K, peak 2 is the
transition to a high-density amorphous state at ~ 615 K, peak 3 is the recrystallisation
into ZIF-zni at ~750 K, and peak 4 is the melting peak T = 866 K of the ZIF-zni
phase. On the second upscan, a glass transition peak (peak 5) Tq = 565 K is the first
reported case of a MOF glass. The discovery of MOF glasses is significant, as they
do not belong to any conventional glass families. Conventional glasses are divided
into three separate chemical groupings, non-metallic inorganic glasses, polymeric
glasses and metallic glasses (4,5). Their characteristic chemical bonds are: ionic-co-
valent, covalent and metallic bonds respectively (4,5). MOF (and CP) glasses do not
fit in any of these categories, as they are characterised by a hybrid organic-inorganic
structure with the metal nodes being bridged by the organic ligands via coordination
bonds (a weak sub-type of covalent bond (94)). Therefore, the reported ZIF glass by
Bennett et al. is not only the first reporting of a MOF glass but also the discovery of
an entirely new glass family.
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Figure 2.4 DSC scan illustrating the calorimetric response of ZIF-4 and ZIF-8 during heating.
ZIF-4 reveals the amorphization to a low-density and high-density state (1-2), followed by crys-
tallisation to ZIF-zni (3), with subsequent melting (4). On the second upscan, a glass transition
peak (5) is present. The figure is modified from the literature (7).

Unsurprisingly, the discovery of the new glass family evoked great interest in the glass
research community (19). This interest is also extended to other fields like membrane
science and more (12). This is partly due to the unprecedented opportunities the melt-
ing of MOFs affords. For glass researchers, the unique chemistry of MOFs provides
exciting and new materials to be researched for the application of glassy materials.
For membrane scientists, the casting of MOFs is a facile procedure for producing de-
fect-free active layers on a membrane support. Moreover, by converting MOF crystals
to glass, the properties will become isotropic, meaning performance is easier to exploit
in engineering applications (12).

ZIF-62 [Zn Imax bImy] (bIm = benzimidazolate, C;HsN2") glasses, were quickly found
after the discovery of ZIF-4 glasses (24), which share the same space group and to-
pology as ZIF-4 (95). However, the introduction of benzimidazolate into the structure
significantly reduces the melting temperature (Tm) to 711 K, while retaining a similar
Tq (7,24). The increased working range (Tq- Tm) is favourable as pieces of glass with-
out visible signs of decomposition are easier to attain when compared to ZIF-4
(28,96,97). Beyond ZIF-4 and ZIF-62, several other MOF glass formers have been
discovered. The closely related coordination polymers have also displayed great GFA
(86,98). These exhibit interesting reversible transitions (86) and have potential uses
in optics (99).

Table 2.4 outlines a list of predominantly ZIF crystals and their glasses. It should be

noted that most of the current ZIF glass formers are based on a modified ZIF-62 com-
position, retaining the Pbca space group (21,27,100-105). The ability of ZIF-62 to
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function as a template for novel MOF glasses suggests that the space group is likely
tied to the melting mechanism.

Table 2.4 non-exhaustive list of MOF glass formers.

Structure | Space Group Tm[°C] Tq[°C] Research
ZIF-4 Pbca 590 292 (101)
[Zn (Im)] (GIS) 14,/a 584 292 (101)
TIF-4 Pbca 467 343 (101)
ZIF-62 Pbca 437 318 (101)
ZIF-76 P43m 451 310 (21,100)
ZIF-UC-2 Pbca 406 250 (102)
ZIF-UC-3 Pbca 390 336 (102)
ZIF-UC-4 Pbca 421 290 (102)
ZIF-UC-5 Pbca 266-423  296-336 (100,102)
Zny1.xCox-ZIF-62 Pbca 399-452  331-334 (27,103)
[C0o.2 Zno s (IM)1.95 (bIm) Pbca 310 288 (104)
0.025(ClbIm)o.ozs]
[Zn (Im)2-x—y (bImM)x Pbca 418-433  305-316 (105)
(mbim)y]

24.1. CALORIMETRIC PROPERTIES OF MOF GLASSES

Great efforts have been made through calorimetric studies to further understand the
nature of the melting and vitrification mechanism of MOF glass-formers and in ma-
terial science as a whole (106).

ZIFs glasses display a range of interesting calorimetric properties. Zhang et al. (107)
revealed the presence of an exothermic release exhibited by ZIF-4 glass, which occurs
at temperatures beyond Tg. The exothermic peak was initially ascribed to partial crys-
tallisation, however, no appreciable changes in long-range structure could be detected.
Therefore, the exothermic release is caused by a structural rearrangement via densifi-
cation.
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Qiao et al. (24) studied the calorimetric characteristics of ZIF-62. They showed that
the heat of fusion (AH;) and entropy of fusion (AS;) increase in response to increasing
benzimidazolate substitution. AH; increases from 2924 to 4058 J mol? as the
bIm/(Im+blm) ratio is increased from 0.1 to 0.22, while AS; increases from 4.22 to
5.77 J mol* K%, The larger bim linker requires more thermal energy for structural
reconfiguration. By extension, Tr and Tg both increased (708 to 724 K and 595 to 607
K respectively) in response to bim substitution (24,108). They found that ZIF-62 ex-
hibits an extraordinarily high GFA of 0.84, much higher than the empirical 2/3 Kauz-
mann law (5,109). The liquid fragility index m of ZIF-62 glasses is quite low (23),
which approaches the value of silica glass (SiO2) of m = 21 (110). The liquid fragility
is a measure of the temperature dependence of the viscosity of the melt around T.
The low fragility, mixed with the high viscosity () of 105! Pa-S at Tm, makes ZIF-62
exhibit no appreciable recrystallisation when annealed at similar T/T4 that would result
in crystallization of silica glass (24). The inability to recrystallise ZIF-62 is in contrast
to the fact that the Gibbs free energy difference between the supercooled liquid and
the crystal state increases as T is lowered from Tr, (97).

Crystalline ZIFs are known to have interesting responses to pressure (111). Addition-
ally, ZIF-4 crystals have demonstrated extremely high flexibility by their ability to
convert into the zni phase during heating as well as converting to a monoclinic struc-
ture at elevated pressures. Beyond this, they have been shown to contract significantly
during cooling (112). As an extension, Widmer et al. (113) developed a pressure-tem-
perature (P-T) phase diagram for ZIF-62 and ZIF-4. They found two amorphous re-
gions in ZIF-62 ranges initiated by either high pressure or high temperature. The two
amorphous phases for ZIF-62 were determined to be significantly different in struc-
ture as observed by their e.g., different densities. In addition, they found that using
elevated pressures promotes melting. The melting point decreased from 703 K to 633
K as pressures are an increase from 1-10* to 2.1 GPa. Interestingly, the pressures
required to extend the liquid range are within the realm of industrially achievable pa-
rameters. The decrease of Tn at higher pressures show that ZIF-62 liquids are higher
densities than their crystalline counterpart. This follows the exceptional negative ther-
mal expansion observed in certain crystalline MOFs (18).

2.4.2. APPLICATION OF MOF GLASSES

The ability to cast MOFs into a bulk structure via melt quenching has enabled hitherto
unfeasible applications. For example, using a vacuum hot press Qiao et al. (28) made
high-quality glass samples, with good transmittance (up to 90%) in the visible and
near-infrared wavelength. They produced samples with a refractive index similar to
inorganic glasses (1.56). Further, Ali et al. (27) discovered that doping the ZIF-62
glasses with cobalt leads the glasses to exhibit mid-IR luminescence caused by the d-
d transition of the Co?* ions. Photonics and optic application has thus been enabled
through the vitrification of MOFs.
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By vitrification of MOFs, the structure becomes isotropic, a feature that is desirable
for applications where the properties have to be similar in any direction. What is more,
this makes mechanical testing simpler and more feasible at macro-scale testing. Step-
niewska et al. (22) found that the indentation of ZIF-62 glasses causes shear bands in
the matrix. A feature that is unprecedented in fully polymerised glasses. The shear
banding is attributed to the low bond strength of Zn-N coordination bonds (3,114),
which are believed to break during indentation. Further, the Poisson ratio of ZIF-62
glass is 0.45, which is a significant departure from the crystalline ZIF-62 of 0.15 (24).
Single-edge pre-crack beam experiments revealed, that despite the high Poisson ratio,
ZIF-62 glasses exhibit very low fracture toughness (23). The low fracture toughness
and the fact that Young’s modulus of ZIF-62 is much greater than most elastomers
means that ZIF-62 glasses occupy a new region of the Asby plot. The breaking of Zn-
N bonds is ascribed to the low fracture toughness, similarly to the shear banding. This
suggests that the mechanical properties of ZIF-62-based glasses provide a limited av-
enue for application for ZIF glasses where structural integrity is paramount. However,
the unusual mechanical properties of MOF glasses are still of research interest.

As porosity and surface area are two major attractive aspects of MOFs, the develop-
ment of porous vitrified MOFs has been a point of research. Initial work was based
on dissolution-evaporation vitrification, where the evaporation of a plasticiser drives
the vitrification of MOF (115). Only a few years later, Zhou et al. (21) found that
melt-quenched ZIF-76 glass [Zn Imy.e2 5-Clblmg2g] (5-Clblmg.2s = 5-chlorobenzimid-
azolate), which has a pore size distribution well within the range of microporous
range. A year later (2019), Beyme et al. found that cobalt-containing ZIF-62 glasses
possess accessible porosity as well (95). These studies served as a proof of concept
that the fabrication of MOF glasses for membrane application would be possible. In
2020 Wang et al. (11) developed the first MOF glass membrane. They grew a poly-
crystalline ZIF-62 coating onto a membrane substrate. After coating, the membrane
was heat treated to allow the ZIF-62 crystals to melt and produce a homogenous, de-
fect-free layer. The membrane was then tested for single-gas permeance of H,, CO,,
N2, and CHa, and the resultant ideal selectivity was calculated with the lowest reported
being the CO2/N- selectivity of 23, and the highest being H./CH4 with 59. The iso-
tropic and continuous layer provides several advantages, which conventional MOF
separation systems suffer from. Some of these complications include grain bounda-
ries, compatibility issues with substrates and or polymer matrices (116-118), and
costs of production (119).

20



2. LITERATURE REVIEW

2.4.3. MELTING- AND GLASS-FORMATION MECHANISM

The potential application of MOF glasses, and the melting- and glass-formation mech-
anism of MOFs have garnered great interest. Computational modelling of MOFs
(120,121), molecular density functional theory simulations (DFT) (122-124), and mo-
lecular dynamics (MD) simulations (125-130) have been applied to gain a fundamen-
tal understanding of the structure-property relationship within MOFs. Simulation-
based studies have also extended their efforts to understanding and predicting the
melting mechanism of MOFs. DFT has been used to probe the ZIF-4 structure during
heating via calculation of the pair density function (PDF) evolution (131). In addition
to this, they plotted the generalised Lindemann ratio of the Zn-N bonds as a function
of temperature. This study shows that the melting of ZIF structures is likely enabled
by the scission and renewal of these Zn-N bonds. Though the observed short-range
order through PDF appears to be unchanged during vitrification (21). Subsequent sim-
ulation work has expanded on the scission and renewal hypothesis, by linking the
coordination bond strength to melting ability (114). By extension, introducing metal
nodes or ligands that affect these bond strengths are believed to correlate directly with
the melting temperature (114). Through simulation work of MOFs provides a strong
foundation for our understanding of MOFs, simulations are still limited by the quality
of the models used. As an example, the current models using Lindemann’s criterion
for melting are known to be imprecise for determining Trm (132).

Following up on the computational work, Gémez et al. (105) produced a series of 3-
linker ZIF-62/TIF-4 crystals called ZIF-UC-1 [Zn; (IM)2-x.y (bIM)x (mbIm)y] (mbIm
= 5-methylbenzimidazole). The melting- and glass-formation behaviour of these crys-
tals were studied by DSC. The introduction of a third ligand consistently reduces Tn
(between 691 and 704 K), while possessing a Ty higher than ZIF-4 but lower than ZIF-
62 and TIF-4 (between 578 and 589 K). They proposed a statistical model for the
distribution of the different linkers and connected these to the glass transition. Bum-
stead et al. (104), further expanded on this idea, by modifying ZIF-62 in three different
steps: 1) introducing a chlorine functional group onto the benzimidazole unit. 2) pre-
paring a ZIF-62 with both benzimidazolate and chlorobenzimidazolate. 3) using the
triple linker ZIF template, with partial substitution of cobalt for zinc. They propose
that the disorder introduced by adding several different metal nodes and linkers causes
a direct destabilisation of the crystal, causing a lowering of Trm. Hou et al. (102), syn-
thesised a series of modified ZIF-62 crystals, exchanging benzimidazolate with halo-
genated benzimidazolate units. They found that the inductive effect of the halogen
functional groups correlated well with the observed decreases in Tr. They further ar-
gue that the dispersive effects of having bulkier ligands, as well as a higher density
structure, stabilise dissociated ligands, which in turn lowers Tn.
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2.5. SUMMARY AND RESEARCH GAPS

Through this short literature review, it is clear that there is a great incentive for pro-
ducing new MOF glasses, as these materials possess several properties that have great
potential applications. The current state-of-the-art research and knowledge are, how-
ever, predominantly covering crystalline MOF materials. This is the case in terms of
understanding the structure and properties. Given that most metal-organic framework
decomposes readily before reaching Trm. More efforts in elucidating the melting mech-
anism are necessary. The primary limitation is that MOFs generally decompose prior
to melting, as such the ability of the MOF to melt is low. In this thesis, this ability to
melt is named the meltability and is defined as MA = 1 — (Tw/Tq) in this work. Hence,
a MOF can be melted and quenched into a glass, if the MA is above 0. What is more,
MA directly describes the fraction of the stable region which is in the liquid state. The
combination of GFA and MA enables further points for discussion of the glass form-
ing quality (GFQ) of a MOF, i.e., the ability of the MOF to produce homogenous
glasses.

Based on the simulation work it is suggested that the melting of ZIFs is driven by the
breaking of the metal-to-nitrogen bonds, however, there is little experimental evi-
dence that shows the short-range structural disorder that would be expected (21).
While there has been made several advances in our experimental understanding of the
melting mechanism. There is still no definitive model for predicting the melting tem-
perature, which means any discovery of new MOF glasses is based on a trial-and-error
approach. Therefore, more efforts should be put into relating structural characteristics
to the melting- and glass-forming behaviour of MOFs.

Because of the recent advancement in NMR (nuclear magnetic resonance spectros-
copy) technology, there are now 35.2-tesla hybrid magnets available (133). Such a
powerful magnet would be able to provide significant insight into the otherwise hard-
to-analyse ®’Zn-isotope. 7Zn is a quadrupolar isotope with low natural abundance,
low gyromagnetic ratio and large quadrupole moment (Q) (134). The reason solid-
state NMR analysis of Zn would be of interest is that using this on crystalline and
glassy ZIF-4 and ZIF-62 would provide structural information on the chemical struc-
ture, as well as the spatial disorder through the electrical field gradient (EFG) (135).
The EFG is a second-rank tensor, which responds to positional and orientational struc-
ture at distances of nearest and next nearest neighbour (i.e., Zn-N bonds and Zn-N-C
bonds). The EFG is encoded into the coupling constant Cq and the asymmetry param-
eter n,of the system (135). Given the complications associated with the ®’Zn-isotope,
previous 9Zn-NMR studies have focused on crystalline samples, some of which in-
clude crystalline MOFs (135-140). The absence of studying amorphous Zn-materials
may in part be ascribed to the poor signal quality and peak broadening that would be
characteristic of weaker magnetic fields.
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2. LITERATURE REVIEW

The inductive effect of functional groups as well as the dispersive stabilisation effects
should be further investigated. It is currently unclear if the dispersive effect outlined
in the work of Hou et al. (102) is the main contributing factor for ZIF-UC-3 being the
sample with the lowest Trm. As the crystal structure contains significant quantities of
DMF in the pores, which potentially skews the density to be higher. The effects of
introducing cobalt outlined in the work of Bumstead (104) were only for a single
Co/Zn ratio. Therefore a systematic approach should be conducted to reveal the effect
of mixing multiple metal nodes on T and T4. The ultimate goal is the separation of
the inductive and dispersive effects. The importance of systematic compaosition is to
reveal any non-linear, non-monotonic effects, e.g. mixed modifier and mixed alkali
effects seen in oxide glass (141,142). The use of powder refinements can be used to
determine changes in lattice volume caused by bulky functional groups added to link-
ers (143,144). The potential steric effects of bulkier linkers will be discussed, in rela-
tion to their inductive and dispersive effects (145).

The subsequent chapters of this thesis present published and unpublished experi-
mental work, which seeks to bridge the gaps in knowledge outlined in this chapter.
With particular interest, the inductive and steric effects of adding functional groups
onto the ligands. Inductive effects from substituting metal nodes in known ZIF glasses
will be investigated. And finally, the short-range structure evolution during glass for-
mation will be studied.
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3. SENSITIVITY OF THE GLASS
TRANSITION AND MELTING IN A
METAL-ORGANIC FRAMEWORK
TO LIGAND CHEMISTRY

This chapter includes a scientific paper titled “Sensitivity of the glass transition and
melting in a metal-organic framework to ligand chemistry” (DOI:
10.1039/D1CC03541J) published in Royal Society of Chemistry Chemical Commu-
nications volume 58, issue 6, 2022, page 823-826 (146). Both the main article and
supplementary information have been included in this chapter. Note that the paper is
written as a standalone text. This means that the figure, table references and citations
do not adhere to the citation format of the thesis, however, the citations have been
added to the bibliography of the thesis.

This chapter elucidates the effect of systematic variation of lattice parameters in a
modified ZIF-62 crystal, by substituting 5,6-dimethylbenzimidazole (dmblm) for ben-
zimidazole. Both Ty, and Ty increase as the lattice volume is increased by the intro-
duction of dmblm. The electron-donating methyl groups increase the Zn-N bond
strength, which, in conjunction with increased topological constraints by the bulky
methyl groups, causes both T, and Ty to increase. The findings of this work suggest
that the metal-to-nitrogen coordination bond is paramount to the melting and glass
formation of MOF glasses, as in accordance with the computational work of Coudert
et al. (114). Further, the increase in Tq and T contradicts the findings of Bumstead
and Gomez (104,105). The introduction of the dmbIm linker appears to have a stabi-
lizing effect on the framework rather than reducing the energy barrier for melting.

Acknowledgement: Reproduced from Chemical Communication with permission
from the Royal Society of Chemistry.

Citations used exclusively in published paper (first appearance): (147)
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3.1. ABSTRACT

The effect of substituting linkers with electron-donating moieties for part of the con-
ventional ones on the melting and glass transition behaviours of ZIF-62 was investi-
gated by calorimetry and X-ray diffraction. Specifically, substituting 5,6-dime-
thylbenzimidazole for benzimidazole in ZIF-62 increases both Trm and Tg. The struc-
tural origin of this effect was explained.

Metal-organic frameworks (MOFs) are compounds consisting of metal nodes and or-
ganic ligands in permanently porous 2D and 3D structures'. MOFs have received in-
tense interest from numerous fields of research for their varied chemistry and porosity,
e.g., membranes?, photonics®, sensoring®, and so on. However, the conventional syn-
thesis leads to the formation of fine crystalline MOF powder, but cannot create bulk
MOF pieces. The MOF powders cause grain boundaries, which inhibit their use in
separation processes. The emergence of melt-quenched (MQ) glasses of MOFs has
broadened the potential applications by enabling the fabrication of monolithic pieces
of MOFs?%¢, Most of the known MOFs thermally decompose prior to melting, but
only a handful of MOFs are known to melt to date, most of which are their subsets,
namely, zeolitic imidazolate frameworks (ZIFs) and coordination polymers >0, ZIFs
are structurally similar to zeolites, with tetrahedral transition metal nodes (e.g. Zn?*)
substituting for Si** and imidazole-based ligands replace bridging oxygen, meaning
their structures are analogous, as depicted in Fig. 1'%,
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Fig. 1 Graphical illustration of the structural similarity between zeolites and ZIFs: the
tetrahedral Zn substitutes for Si, with a x-Zn—x bond angle of approximately 109°,
and imidazole-based ligands substitutes for bridging oxygen with an angle of approx-
imately 145°. X represents the imidazole-based ligands used in this work.

As MOF-glasses are a new family of melt-quenched glasses, which were discovered
in 20155, the MOF melting and glass formation are still far from a thorough under-
standing. A study by Gaillac et al. showed in silico that the melting mechanism of
MOFs is driven by a scission and renewal process of the organic linkers!2. This was
supported by Madsen et al. 13, who revealed through ultrahigh magnetic field solid-
state Zn-NMR that the melting and glass formation of ZIFs causes the tetrahedral
Zn sites to lose short-range (sub 7 A) structural order, i.e., the structure becomes sig-
nificantly disordered around the Zn sites upon melting-vitrification.

The prototypical ZIF network former, ZIF-4 [Zn Im2] (where Im is imidazolate
([C3sH3N2]?), shows several intriguing thermodynamic behaviors, e.g. polyamorphic
transitions prior to crystallization and melting, as well as indicating slight densifica-
tion upon heating above their glass transition temperature (Tq)>4. By partially substi-
tuting bim (benzimidazolate, [C7HsN2]") for Im, ZIF-62 [Zn Im»- blm,] is generated.
The thermodynamic and Kinetic responses of ZIF-62 to heating are significantly dif-
ferent from that of ZIF-4, with the loss of polyamorphic transitions before melting, an
increased melt stability range (T¢—Tm, Where Tq and Tr are thermal decomposition
temperature and melting point, respectively), and an ultrahigh glass forming ability®.
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Despite their huge difference in thermodynamic properties, ZIF-4 and ZIF-62 glasses
possess a similar local structural environment, i.e., the highly disordered tetrahedral
units as probed by Zn-MAS-NMR?2, suggesting that they still undergo similar melt-
ing processes. Zhou et al. studied the permanently porous MOF glasses’. In their study
they revealed that substituting moieties from an electron withdrawing group to an
electron donating group increases the stability of the MOF structure, as described by
Hou et al.’, who modified ZIF-62 based networks with halogenated benzimidazole
units.

The present work attempts to give new insight into the MOF melting and glass for-
mation by investigating the change in thermodynamic values (such as Tm, the heat of
fusion, AHs, and change in isobaric heat capacity during the glass transition AC,) and
the glass transition temperature (Tg) with gradual substitution of dmblm (5,6 dime-
thylbenzimidazolate [CoH1oN2]") for bim in the ZIF-62 network. In contrast to previ-
ous studies, we investigate the ability to tune the glass forming characteristics as well
as the lattice parameters of the ZIF network structure by varying the fractions of three
different linkers, Im, bim, and dmbIm. By performing Differential Scanning Calorim-
etry (DSC), we found that both the glass transition and melting of ZIF-62 are very
sensitive to substitution of the third component (dmblm) for part of bIm, while the
high glass forming ability is maintained. This finding is crucial for tuning of the ther-
modynamic and dynamic properties of MOF glasses by varying linker chemistry.

All ZIF samples were prepared by a modified solvothermal synthesis approach re-
ported elsewhere?, gradually substituting dmblm for blm. Full Synthesis parameters
are given in the ESI (S1). The crystalline nature of the samples were verified by X-
ray powder diffraction (XRPD). Further, structureless profile fitting based on Le bail
method?® was employed to these powder patterns to confirm the bulk phase purity of
the samples. The crystalline structure of the samples was verified by X-ray powder
diffraction (XRPD)(S2, ESI) and were refined by Le Bail fitting as stated in the ESI
(Fig. S1-S7). The as-synthesised crystals were subjected to DSC upscans to determine
the melting point (T) and heat of fusion of the crystals (AHy). The crystals were
heated in the DSC to a temperature above Tr, and then quenched to the glass state. The
Tm and AHs values are determined from the first DSC upscan curves, while the Ty
value is obtained from the second upscan curve. The details of the DSC measurements
are given in ESI (Fig. S4, S8 and S9), and described in a review article'’. Liquid NMR
analysis was done to determine the chemical composition of the synthesised ZIFs as
seen in the ESI (Fig. S5, S10 and S11).
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Fig. 2A shows a comparison in the diffraction patterns between the crystalline samples
and the simulated ZIF-62 data found in literature.’® It is seen that there is a good
agreement between them, indicating that the samples possess the long—range structure
of ZIF-62 crystals. However, as dmblm is fully substituted for bIm, some of the dif-
fraction peaks change concerning their shape, though the diffraction pattern overall
agrees with the reference. In detail, the two peaks at diffraction angles 26 ~ 14.0 and
17.2° appear and minor peak shape differences are apparent for 0.24-ZIF-62 at scat-
tering angles 18-22°. Le Bail fittings of each XRD diffractogram (Fig. S1-S4, ESI)
revealed that all samples agree well with the Pbca space group of ZIF-62. The fittings

were based on the initial cell parameters Henke's group provided in a published study
18
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Fig. 2 (A) XRPD patterns of Simulated ZIF-62'® (magenta), ZIF-62 sample (red), 0.05
ZIF-62 (black), 0.13 ZIF-62 (blue), 0.24 ZIF-62 (orange). Asterisks (*) marks the
peak differences observed between the simulated ZIF-62 and the pure dmblm ZIF-62
crystal sample. (B) DSC upscan 1, Trmversus composition. (C) DSC upscan 2, Ty ver-
sus composition.
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The Le Bail fittings reveals that the unit cell parameters increase almost linearly as
the bulkier dmblm unit is incorporated into the structure as seen Fig. 3 and the ESI
(Fig. S5-S7). This adherence to Vegard's law® is an expected effect of the inclusion
of the methyl groups, causing the linkers to increase in size. The ability to tune the
lattice parameters is an important aspect of crystal engineering and materials science.
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Fig. 3 Increase in unit cell volume with substitution of dmbim for bim.

Each of the designations is based on the dmblm content within the crystal structure,
as verified by liquid *H-NMR, as detailed in Table 1 with the integrated area derived
from the peaks associated with each linker, as seen in ESI (Fig. S10 and S11). The
ZIF crystals possess linker molar ratios that are close to the designed ones, i.e., the Zn
2Im:blm:dmblm ratios: 1:1.74:0.26, 1:1.75:0.19:0.05, 1:1.74:0.13:
0.13,and 1: 1.76 : 0.24. For convenience, the samples will be named x-ZIF-62, (e.g.
0.13-ZIF-62), where x is the dmblm molar content, while the sample without dmblIm
substitution will be referred to as ZIF-62. Fig. 2B and C demonstrate the DSC signals
for both the crystalline samples and the glassy ones, respectively. It is clearly seen
that all the crystalline samples undergo the melting process during the first upscan and
the glass samples are subjected to glass transition during the second upscan.

Table 1 Comparison between the designed reaction molar ratio for the linkers and the
actual ratios obtained from the integrated areas of *H-NMR peaks associated with
each linker

Reaction ratio [Im : | Integrated area [Im  Relative ratio [Im
bim : dmbim] : blm : dmbim] : bim : dmbim]
135:15:0 1:015:0 1.74:0.26:0
135:1:0.5 1:0.11:0.030 1.75:0.19: 0.05
135:05:1 1:0.075:0.073 1.74:0.13:0.13
135:0:15 1:0:0.134 1.76:0:0.24

Note: Zn is set as 1.00.
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In addition, all the crystalline samples show the desolvation event during heating (Fig.
S8, ESI) and no mass loss during melting. The melt-quenched samples are transparent,
implying their glassy nature. Fig. 4A reveals how the glass transition temperature in-
creases from 596 to 609 K, as dmblm is introduced. This is explained by the electron-
donating effect of the methyl-groups partially offsetting the destabilising effects of
introducing a larger ligand into the structure, as reported by Qiao et al.” and Bennett
and Horike 2. T is linked to the size of organic ligands, i.e., increasing the ligand size
results in an increase in Tg. Fig. 4B exhibits an increase in Tr, of the modified ZIF-62
from 720 K to 734 K, as dmblIm gradually substitutes blm, indicating that the presence
of two methyl groups in the benzimidazole unit stabilises the framework structure.
This effect is in line with the consequence of adding two electron-donating groups to
the linker, i.e., the stabilisation of the coordination bonds*®, and hence, of the crystal
structure. Both Tg and Ty, increase as more dmblm is introduced regardless of the Im
to bim + dmbim ratio.
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Fig. 4 Dynamic and thermodynamic properties of ZIFs as functions of dmblIm content.
(A) Tg; (B) Tm, Inset: Ty/Tm; (C) heat of fusion (AHy). (D) Jump of the isobaric heat
capacity during glass-liquid transition (ACy).

This is in contrast to the finding of Henke et al.?* according to which the glass transi-
tion and melting point of unmodified ZIF-62 are greatly affected by the bim content.
The Ty/Tm values of all the modified ZIF-62 systems are in the range of 0.82-0.84
(insert of Fig. 4B, being similar to the findings of Qiao et al.®), implying that these
systems have ultrahigh glass forming ability since T¢/Tn is a measure of the glass
forming ability. Interestingly, this trend is independent of the blm content in the crys-
tals. Therefore, the increase of both Tr and Ty is attributed to the structurally stabiliz-
ing effect of dmbIm. The stabilising effect of the electron-donating groups is also
observed in Fig. 4C, where the heat of fusion (AHfs) is depicted as a function of dmbIim
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content. AHs is observed to increase from 14.6 to 19.6 J g~' as dmblIm is introduced
into the structure. This approximately linear increase in melting enthalpy remains if
the heat of fusion is converted to a molar unit instead, meaning that the substitution
correlates well with the observed change in the heat of fusion. Fig. 4D shows that the
compositional effect on the isobaric heat capacity change (ACy) during the glass tran-
sition, that is, AC, decreases with substituting dmblm for bIm. This indicates that the
glasses with higher dmblm content are located higher in the potential energy land-
scape, compared to that of conventional ZIF-62 glass. The decreasing trend of AC, is
consistent for both weight- and molar-based units. This agrees fairly well with the
notion that the linkers cause the diffusion of partially uncoordinated linkers to be more
sluggish, and hence the configuational arrangements and the degree of disorder in the
glass can be expected to be close to those of the supercooled liquid state.

The explanations about the origin of the change in the measured properties (Fig. 4)
are supported by the Le Bail fittings that reveals the increasing trend of the unit cell
size with the substitution of dmblm for blm (Fig. 3). It is known that Ty increases with
a decrease in the topological degree of atomic freedom?. The increase of the unit cell
size implies that the structural units become bigger, leading to the increased steric
hindrance, and hence, the increased barriers for structural rearrangement. Specifically,
the ligand substitution lowers the atomic freedom, and makes translational and rota-
tional motion, as well as configurational rearrangement more difficult. This explains
why both Ty and T increase with the linker substitution (Fig. 4).

By gradual chemical modification of ZIF-62 crystals, we have discovered that the
incorporation of bulky electron-donating methyl-groups into ZIF-62 structures makes
possible to tune the melting behaviour, as well as the glass transition, without lowering
the glass forming ability of the precursor crystals.

This work confirms that it is feasible to introduce additional linkers into the ZIF-62
framework by changing the conventional synthesis parameters. The outcome of this
work is useful for designing new MOF glasses for applications, where these properties
need to be optimized. The dynamic and thermodynamic properties can be modified
without changing the overall crystal structure or the glass forming ability. This work
has broaden the current understanding of the melting behavior and the glass formation
of MOFs. In addition, the effects of the third linker on the porosity, pore structure,
and properties of ZIF glasses should be explored in future, using the approaches de-
scribed elsewhere” -2,

RSKM performed conceptualisation, data curation, formal analysis, investigation,
methodology, writing the original draft, visualisation, validation as well as most soft-
ware used. YZY did funding acquisition, project administration, supervision, investi-
gation, validation, review and editing, providing resources as wells as partaking in the
conceptualisation. SS performed formal analysis, validation of data, methodology for
parts of the analysis, as well as review and editing. BBI conducted supervision, dis-
cussion, the resource acquisition, validation, review and editing.
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SI-1: Synthesis approach for ZIF-62 and dmblIm-modified ZIF-62

All chemicals in this approach were used from the supplier without further purifica-
tion. Zn(NO;),-6H,0 (=99.0 %), imidazole (99.5 %), benzimidazole (98%), 5,6 di-
methylbenzimidazole (=99 %) Were all acquired from Sigma-Aldrich. Lastly, Dime-
thylformamide (DMF) (99.9 %) and Dichloromethane (=99.8%) was purchased from
VWR chemicals.

Each sample was prepared by weighing the appropriate mass (Table S1) of zinc nitrate
hexahydrate, imidazole, benzimidazole, and 5,6-dimethylbenzimidazole and add
them into a beaker in the sequence mentioned, followed by the addition of 50 mL
DMF. The solutions were stirred for 30 minutes before being transferred into 100 mL
Teflon-lined autoclaves and sealed tightly. The autoclaves were placed in an oven at
130 °C for 96 hours. The autoclaves were left in the oven to cool naturally to ambient
temperature overnight. The synthesised crystals were recovered and washed three
times with approximately 40 mL DMF, followed by a single wash using ~40 mL of
dichloromethane. The washed crystals were placed in an oven at 110 °C to dry over-
night.

Table S5 Mass of reactants used for the synthesis of ZIF-62, 0.05-ZIF-62, 0.13-ZIF-62, and
0.24-Z1F-62.

ZIF compo- | Zn(No;),-6H,O Imidazole Benzimid- 5,6-dimethylben-
sition [0] [0] azole [g] zimidazole [g]
ZIF-62 1.7460 5.3282 1.6268 0
0.05-ZIF-62 1.7544 5.3639 0.6912 0.4392
0.13-ZIF-62 1.7452 5.3224 0.3337 0.8514
0.24-ZI1F-62 1.7571 5.3206 0 1.2738

SI-2: X-ray powder diffraction of modified ZIF-62

All powder samples were initially desolvated at 350 °C in a protected argon atmos-
phere to remove residual solvent trapped in the pores of the framework. The X-ray
powder diffraction (XRPD) experiments were carried out on a Malvern Panalytical
Empyrean instrument equipped with a Cu X-ray source and a PIXcel'P detector. A
0.04 Rad soller, 1/8° fixed divergence slit, 1/4° anti-scatter slit, and a 10 mm beam
mask was equipped at the incident beam side. On the diffracted beam side, a 7.5 mm
anti-scatter slit, a large nickel filter, and a 0.04 Rad soller was equipped. The program
was set to scan from 5-45 © with a step size of 0.006565 °, with the sample spinning
with a revolution time of 4 seconds and a count time of 58 seconds. The samples were
placed on an amorphous Si substrate purchased from Malvern Panalytical.
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SI-3: Le Bail Fitting and Cell Parameters

The Le Bail fittings were done on the collected XRD diffractograms, using the Full-
prof Suite software package. The XRD patterns were refined to a Pbca space group
with the starting cell parameters being based on the work of Sebastian Henke?. The
final refinements are depicted in Fig. S1-4. Fig. S5-S7 reveals the resultant cell pa-

rameters as a function of the 5,6-dimethylbenzimidazole content.

Intensity (counts)

120004 ZIF-62 [Pbcal
a=15.506(53) A
] b = 15.605(52) A
10000 c=18.126(64) A
80004 Rwp: 12.6
* Yoba
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- yobs-Yca\
4000 | Braggs Peaks
20004
04
1 Lir o L RO LI TN AR N T T (]
-20004
va Al
-4000 [
-6000
10 15 20 25 30 35 40
26 (°)

Fig. 1 Difference plot for the Le Bail fitting of the ZIF-62 sample.
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0.05-ZIF-62 [Pbca]
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Fig. 2 Difference plot for the Le Bail fitting of the 0.05-ZIF-62 sample.
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Fig. 3 Difference plot for the Le Bail fitting of the 0.13-ZIF-62 sample.
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1 a=15.726(73) A

12000 b = 15.907(68) A
100004 ¢ =18.223(66) A
Rwp: 13.2
8000+

I Braggs Peaks

Intensity (counts)

- A
il

10 15 20 25 30 35 40

26 ()

Fig. 4 Difference plot for the Le Bail fitting of the0.24- ZIF-62 sample.
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Fig. 5 Cell parameter a, as a function of the 5,6-dimethylbenzimidazole substitution degree.
The substitution reveals to cause an increase in a.
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Fig. 6 Cell parameter b as a function of the 5,6-dimethylbenzimidazole substitution degree. The
substitution reveals to cause an increase in b.

18.204

c(A)

18.154

D\D

0.0 0.2 0.4 0.6 0.8 1.0
Composition (dmbim/(dmbim+bim))

Fig. 7 Cell parameter c as a function of the 5,6-dimethylbenzimidazole substitution degree. The
substitution reveals to cause an increase in c.

SlI-4: Simultaneous thermal analysis of modified ZIF-62
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All as-synthesised ZIF samples were initially tested for melting behaviour using a
DSC program outlined in Table S2. A Netzsch STA 449 F1 was used for all measure-
ments. The change of isobaric heat capacity was measured by a separate program (Ta-
ble S3) using sapphire as the reference. Both set of measurements were done using Pt
crucibles, with a blank run serving as the background. Argon was used as both the
purge gas (50 mL min! flow) and protective gas (20 mL min-* flow) during the meas-

urements.

Table S6 DSC/TGA program used for initial analysis of the ZIF-62, 0.05-ZIF-62, 0.13-ZIF-62,

and 0.24-ZIF-62 samples.

Type Temperature Rate

[K] [K min?]
Dynamic | 746 10
Dynamic | 353 10
Dynamic | 746 10
Dynamic | 473 10
End - -

Table S7 DSC/TGA program used for sapphire-calibrated heat capacity measurements of the
ZIF-62, 0.05-ZIF-62, 0.13-ZIF-62, and 0.24-ZIF-62 samples.

Type Temperature Rate Isotherm
[K] [K min] [min]
Dynamic 743 30 -
Isothermal 743 - 5
Dynamic 423 10 -
Isothermal 423 - 5
Dynamic 693 10 -
Dynamic 423 40 -

End
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Fig. 8 DSC/TGA 1%t-upscan of ZIF-62 (red), 0.05-ZIF-62 (black), 0.13-ZIF-62 (blue), and 0.24-
ZIF-62 (orange). The solid lines are the DSC signal, while the dashed lines are the measured
Wt.% remaining. The measurement done here was in accordance with Table S3. The measure-
ment reveals a decrease in solvent released as approximately 550 K as dmbIm content is in-
creased.

L) B ® 1P

Fig. 9 Optical images of the four ZIF samples tested. left to right, ZIF-62, 0.05-ZIF-62, 0.13-
ZIF-62, and 0.24-ZIF-62 are displayed to reveal their transparency.

SI-5: Liquid Nuclear Magnetic Resonance Spectroscopy Measurements

A Bruker Avance 111 600 MHz spectrometer was used for the liquid NMR measure-
ments. All samples were digested using a 1:5 (by volume) mixture of deuterated Di-
methyl Sulfoxide (DMSO) (VWR, 99.80% 2H) and hydrochloric acid (Aldrich, 35%
conc., 99% 2H). 200 pL were transferred to 3 mm NMR tubes. 1D *H NMR spectra
were collected at 308.1 K. The NMR measurements were conducted using the follow-
ing pulse sequence: a 1D experiment with composite pulses was used based on the
work of Bax 2. Water suppression was achieved by a 5s continuous-wave irradiation
of y-B,/2n= 50 Hz. The total recycle delay was 28s. Fig. S9 depicts the *H-NMR spec-
tra of each of the ZIF samples.
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Fig. 10 H-NMR spectrum of a) ZIF-62, b) 0.05-ZIF-62, c) 0.13-ZIF-62, d) and 0.24-ZIF-62.
The peaks used for identification and quantification of the individual linkers (Imidazole, ben-
zimidazole, and 5,6-dimethylbenzimidazole) are labelled 1-6 in the structure schematic above.
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4. MIXED METAL NODE EFFECT
IN IMIDAZOLATE FRAMEWORKS

This chapter is the scientific paper titled “Mixed metal node effect in zeolitic imid-
azolate frameworks” (DOI: 10.1039/D2RA00744D) published in Royal Society of
Chemistry Advances volume 12, issue 17, 2022, page 10815-10824 (148). Both the
main article and supplementary information have been included in this chapter. Note
that the paper is written as a standalone text. This means that the figure, table refer-
ences and citations do not adhere to the citation format of the thesis, however, the
citations have been added to the bibliography of the thesis.

Chapter 3 dealt with the effect of long-range structural characteristics on the thermo-
dynamic responses, by modification of the organic linkers. This chapter deals with the
effect of metal nodes on the thermodynamic responses and focuses more on the local
bonding environment of the metal nodes and the effects changes to this will have. In
this paper, two series of bimetallic (Co/Zn) zeolitic imidazolate frameworks were syn-
thesised. It is discovered that introducing cobalt into the crystal structure of ZIF-62
and related structures non-monotonic, non-linear responses on Tmand Ty as cobalt
substitutes for zinc. This effect is similar to the mixed modifier effect in oxide glasses
and is hence called the mixed metal node effect. The origin of this effect is explained
by two effects: one, the structural difference between zinc ions and cobalt ions. Two,
the difference in electronic configuration, enhances atomic vibrations.

Acknowledgement: Reproduced from RSC Advances with permission from the
Royal Society of Chemistry.

Citations used exclusively in published papers (first appearance): (149-161)
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4.1. ABSTRACT

We synthesized two series of bimetallic (zinc and cobalt) zeolitic imidazolate frame-
works (ZI1F-62) under different solvothermal conditions. It is found that the structure
of the derived ZIF crystals is highly sensitive to synthesis conditions. One series pos-
sesses the standard ZIF-62 structure, whereas the other has a mixed structure com-
posed of both the standard structure and an unknown one. The standard series exhibits
a slight negative deviation from linearity of melting temperature (Tm) and glass tran-
sition temperature (Tg) with the substitution of Co for Zn. In contrast, the new series
displays a stronger negative deviation. These negative deviations from linearity indi-
cate the mixed metal node effect in bimetallic ZIF-62 due to the structural mismatch
between Co?* and Zn?* and to the difference in their electronic configurations. The
new series involves both cobalt-rich and zinc-rich phases, whereas the standard one
shows one homogeneous phase. Density functional theory calculations predict that the
substitution of Co for Zn increases the bulk modulus of the ZIF crystals. This work
indicates that the structure, melting behaviour, and mechanical properties of ZIFs can
be tuned by metal node substitution and by varying the synthetic conditions. Both
series of ZIFs have higher glass forming abilities due to their higher Ty/Tr ratios
(0.77-0.84) compared to most good glass formers.

Electronic supplementary information (ESI) available: Optical images, SEM images,
EDX elemental mapping, XRD patterns, *H-NMR spectra, ATR FT-IR spectra, ICP-

OES ratio, DSC scans, TGA data, and DTA-MS analysis. See DOI:
10.1039/d2ra00744d

1 These authors equally contributed to this work.
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4.2. INTRODUCTION

Metal-organic frameworks (MOFs) are a class of compounds consisting of metal
nodes interconnected by organic ligands to form a 2D or 3D porous structure.** MOFs
have received intense interest from chemists and materials scientists since their tuna-
ble composition and structure enable potential applications such as catalysis, gas stor-
age, gas separation, and sensors.>® Conventional synthesis approaches of MOFs ena-
bled the formation of fine crystalline powders with the fabrication of large monolithic
pieces that were difficult to be obtained.” The fine powder of MOFs results in interface
interactions and grain boundaries, which are two major engineering challenges in gas
or liquid separation.®° It is known that some zeolitic imidazolate frameworks (ZIFs)
(a subset of MOFs), which contain imidazole-based ligands that coordinate tetrahe-
drally to metal ions, forming zeolite crystal topologies, can be melted and then
quenched to bulk glass.?**13 MOF glasses are a new family of melt-quenched glasses,
which differ from other families such as inorganic, organic, and metallic glasses in
terms of chemical bonds, chemical composition, and topological structure. MOF
glasses have shown a range of superior properties, e.g., ZIF-62 (Zn Imy— bimy, Im:
imidazolate; blm: benzimidazolate) possesses an ultrahigh glass forming ability
(Tg/Tm > 0.84, where Ty is the glass transition temperature, and Tm is the melting
point), and high resistance to crystallisation®2, While other ZIF glasses like ZIF-76
(Zn Imy— 5-Cblmy, 5-CbIm: 5-chlorobenzimidazole) high porosity.'® Solid-state Zn
nuclear magnetic resonance (NMR) spectroscopy revealed that the melting and glass
formation of ZIFs led to a high degree of structural disorder.** Wang et al.8 recently
developed the first glassy MOF membrane, in which ZIF-62 glass was used as the
active membrane material on an alumina support. Bulk ZIF-62 glass shows high light
transmittance (90%) in the visible range,*® and possesses anomalous mechanical prop-
erties.’®17 Henke et al .8 revealed that substituting cobalt for zinc in ZIF-62 results in
a meltable Co-ZIF-62 phase of the same space group as conventional ZIF-62, i.e.,
Pbca. Bimetallic ZIFs could be produced by introducing two types of metal nodes.*-
21 Most research has focused on bimetallic ZIF-8/ZIF-67 [Zn/Co; Melm;], (Melm =
2-methyl imidazole), within the realm of catalysis. *%* A recent study by Bumstead
et al.?? investigated the effect of structural disorder within a ZIF-62-type network.
They found that the Tn, decreased as they introduced cobalt into the zinc network.
Zn/Co-ZIF-62 exhibits super-broadband mid-infrared (Mid-IR) luminescence,?
which is important for photonic applications. Recently, the computational modelling
of ZIFs (and MOFs)?4?> through density functional theory (DFT)?-2° and molecular
modelling3®-3® has been conducted to understand the effect of both nodes and linkers®’
on the ZIF structure.

In this work, we report a systematic study on the effect of metal substitution on ther-
modynamic, kinetic, and mechanical properties in Co/Zn-ZIF-62 series. Two series
of Co/Zn ZIF crystals were synthesized via a solvothermal method. The first series
was Co/Zn-ZIF-62 (Pbca space group) based on the work of Henke et al.*® The second
series was synthesized by the experimental procedures described elsewhere,'” which
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is a biphasic Co/Zn-ZIF-new series, i.e., a series containing both a Zn-rich phase and
a Co-rich phase. The two series of crystals were structurally characterized through
powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), as well as
energy-dispersive X-ray spectroscopy (EDX), and chemically via *H solution nuclear
magnetic resonance (S-NMR). The Co/Zn-ZIF-62 series showed structural features
similar to those known in the literature, whereas the Co/Zn-ZIF-new series featured
both a different crystal structure and an unexpected molecular structure of the organic
ligands. The Co/Zn-ZIF-new series was also analyzed via infrared spectroscopy (FT-
IR) and inductively coupled plasma optical emission spectroscopy (ICP-OES) to in-
vestigate the nature of its structure. Both series were analyzed via differential scanning
calorimetry (DSC) to investigate how T, and Tgy vary with the substitution of Co for
Zn. In this work, we also conducted DFT and classical force field (FF) calculations
on the crystalline phase of the bimetallic ZIF-62 systems, in order to predict the
change in mechanical properties of the crystals, and how bond lengths and bond
strength increase when substituting cobalt for zinc.

4.3. EXPERIMENTAL
4.3.1. SYNTHESIS OF ZIF CRYSTALS

Standard Co/Zn ZIF-62 synthesis. Solvothermal synthesis of Co/Zn-ZIF-62 was car-
ried out in accordance with Table 1 and based on a method reported by Henke et al.8
For brevity, the samples are named according to the reaction fraction of cobalt, e.g., a
reaction batch of Zng¢Coo1-ZIF-62 is called 0.1-ZIF-62. The stock solutions for syn-
thesis contain 0.14 M zinc nitrate hexahydrate (Zn(NOs)2-6H20), 0.14 M cobalt ni-
trate hexahydrate (Co(NOs)2-6H20), 0.40 M imidazole (CsHaN2, Im), 0.06 M benzim-
idazole (C7HsN2, blm), and N,N-dimethylformamide (DMF). The volume of each re-
actant for each sample is given in Table 1. The solutions were mixed by stirring for
30 minutes, and then they were transferred to a 100 mL Teflon-lined steel autoclave
and placed in an oven at 130 °C for 168 hours. The oven was turned off, and the
autoclaves were cooled under ambient pressure overnight to room temperature. The
crystals were collected from the autoclave and washed three times with DMF. The
samples were centrifuged at 4500 rpm for 5 minutes between each wash. After the last
wash, the samples were dried overnight at 110 °C.
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Table 1 Volume concentration of the stock solutions used to synthesize bimetallic
ZIF-62 samples

0.14 M 0.14 M 040MIm 0.06 M
Sample| Zn(NO3)2-6H20 (mL) Co(NOz)2-:6H0 (mL)  (mL)  blm (mL)
0.0-ZIF-62 25 — 25 25
0.1-ZIF-62 22.5 2.5 25 25
0.2-ZIF-62 20 5 25 25
0.4-ZIF-62 15 10 25 25
0.6-ZIF-62 10 15 25 25
0.8-ZIF-62 5 20 25 25
0.9-ZIF-62 25 22.5 25 25
1.0-ZIF-62 — 25 25 25

Biphasic Co/Zn-ZIF-new synthesis. A different synthesis route was used to synthesize
the biphasic Co/Zn-ZIF-new series. Zinc nitrate hexahydrate, cobalt nitrate hexahy-
drate, imidazole, benzimidazole, and DMF solvent were used, as shown in Table 2.
The solutions were mixed for 30 minutes, transferred to the same type of autoclaves
as used for the synthesis of Co/Zn-ZIF-62, and heated at 120 °C for 48 hours, in con-
trast to 130 °C and 168 hours in the standard synthesis. The recovered crystals were
washed three times with DMF and centrifuged at 4500 rpm for 5 minutes between
each wash, followed by drying at 110 °C overnight. These samples are also named
according to the ratio of cobalt content to the total metal content, i.e., Zng9C0o.1-ZIF-
new is called 0.1-ZIF-new, where ‘new’ refers to the change in structure compared to
the standard ZIF-62.

Table 2 Volume concentration of the stock solutions used for the biphasic Co/Zn-
ZIF-new synthesis

0.6 M 0.6 M 05M

Zn(NO3)2:6H20  Co(NO3)2:6H20 4MIm  blm DMF

Sample (mL) (mL) (mL) (mL) (mL)
0.0-ZIF-new 17.45 — 33.82 2182 1091
0.1-ZIF-new 15.71 1.75 33.82 2182 1091
0.2-ZIF-new 13.96 3.49 33.82 2182 1091
0.4-ZIF-new 10.47 6.98 33.82 2182 1091
0.6-ZIF-new 6.98 10.47 33.82 2182 191
0.8-ZIF-new 3.49 13.96 33.82 2182 1091
1.0-ZIF-new — 17.45 33.82 2182 1091
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4.3.2. STRUCTURAL ANALYSIS

A PANalytical Empyrean equipped with a Cu X-ray source (A = 1.54098 A) was used
to collect powder X-ray diffraction (PXRD) patterns. The crystalline powders were
loaded onto an amorphous silicon sample holder (PANalytical) and measured using a
Ni-filter, 0.04 rad soller, 1/8° divergence slit, and 1/4° anti-scatter slit on the incident
side and a 7.5 mm anti-scatter slit and a 0.04 rad soller on the diffracted side. The
diffraction spectra were collected with 26 = [5.009583°, 79.995010°] using a step-size
of 0.006565°. The samples were dried at 350 °C in an argon atmosphere before the
measurements.

Solution *H-NMR (Bruker Avance 111 600 MHz spectrometer) was used to determine
the composition of organic linkers in each crystalline sample. All samples were di-
gested using 200 uL ofa 1 : 5 DCI (35% conc., 99% 2H, Aldrich) : dimethyl sulfoxide
(DMSO) (VWR, 99.80% 2H) solution. The pulse sequence used was a 1D experiment
with composite pulses.®® A 5 seconds continuous-wave irradiation of yB1/2n = 50 Hz
was used to suppress the water signal. The total recycle delay was 28 s. A Zeiss 1540
XB was used to conduct both scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectroscopy (EDX) to characterise the crystalline samples. EDX data
acquisition and analysis were carried out, using the NSS3 X-ray microanalysis soft-
ware (Thermo Fischer Scientific Inc.). The accelerating voltage of the electron beam
is 10 kV. Fourier-transform infrared spectroscopy (FT-IR) measurements were per-
formed on Co/Zn-ZIF-new samples in a wavenumber range 4000—400 cm™* in absorb-
ance mode using Bruker Tensor 11 equipped with platinum attenuated total reflectance
(ATR).

4.3.3. THERMAL ANALYSIS

The melting, glass transition, and mass change of the samples were studied using a
Netzsch STA 449 F1 instrument that combines differential scanning calorimetry
(DSC) and thermal gravimetric analysis (TGA). The samples were placed in a plati-
num crucible situated on a sample holder of the STA at room temperature. The sam-
ples were held for 5 min at an initial temperature of 343 K, then heated at 10 K min!
to 733 K, and then cooled back to 393 K at 10 K min™?, thus forming the standard
glass. Subsequently, the second upscan was conducted from 393 K to 643 K at 10 K
min~t. To determine the isobaric heat capacity of the samples, both the baseline
(blank) and the reference sample (sapphire) were measured.
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In order to identify the decomposition gases, additional TGA were performed using a
Jupiter 449 simultaneous thermal analysis (STA) instrument coupled with a 403 C
Aéolos mass spectrometer (MS) (Netzch, Selb, Germany). The measurements were
performed with a heating rate of 10 K min™t in an argon atmosphere. A small amount
of powder (11-14 mg) was inserted into an uncovered alumina crucible. The ionised
species of the gases released from the heat-treated sample were detected by the MS
and compared to the gas ionic spectra data from the NIST Standard Reference Data-
base.*®

4.3.4. SIMULATIONS OF ZIF-62 BASED SAMPLES

The atomic configuration for crystalline Zn-ZI1F-62 was obtained from the Cambridge
Structural Database (CSD, CCDC number 671070). The original structure does not
contain cobalt atoms. To create Zn(;-Cox-ZIF-62, an increasing number of zinc at-
oms were substituted by cobalt atoms. Because the distance between the nodes (zinc
and cobalt atoms) in ZIF-62 is relatively large (>6 A) with direct substitution of zinc
atoms with cobalt atoms, the interaction between the cobalt sites can be ignored. Both
the DFT calculation and the force field calculation were attempted. While the DFT
calculation gives more accurate results, the force field calculation is much faster be-
cause it uses a classical force field and requires less computational resources.

For the DFT calculation, the crystal Zn-ZIF-62 structure was relaxed using the pro-
jector augmented-wave PAW method as implemented in the Vienna ab initio simula-
tion package (VASP). An energy cut-off of 650 eV was applied for the plane-wave
basis set. Perdew—Burke—Ernzerhof (PBE) functional was used to evaluate the elec-
tronic exchange and correlation with a D3 van der Waals correction by Grimme.*° The
Brillouin zone was sampled at the I"-point, which is considered sufficient for the ZIF-
62 unit cell dimension of 296 atoms. For the structural relaxation, we set the EDIFF
to be 10°-107* eV. The ionic relaxation stops when all forces are converged to less
than 0.005 eV AL In order to calculate the bulk modulus, the ZIF-62 structures of
different Co concentrations had been relaxed with a series of volume changes from
—4% to 2%. The Birch—Murnaghan equation of state** was used to extract the bulk
modulus from the energy curve at different volumes.

In the classical FF calculations, the bimetallic Zn-xCox-ZIF-62 structures from the
above DFT calculations are first subjected to energy minimisation using the conjugate
gradient algorithm as implemented in LAMMPS41 (ref.*?) with an energy tolerance
the force tolerance of 4.3 x 107" eV and 7 x 107¢ nN, respectively, for the minimisa-
tion. For the interactions between atoms, the classical Universal Force Field for
Metal-Organic Frameworks (UFF4MOF) force field**** is used. UFF4AMOF is based
on the universal force field*® and has been extended for MOF chemistries. UFFAMOF
contains transition metals, including zinc and cobalt, which are commonly found in
ZIFs. It has been shown that the UFFAMOF force field can accurately reproduce the
structural characteristics and the bulk modulus for many different types of MOFs that
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have been verified experimentally.3%#446 To calculate the bulk modulus, the ZIF-62
structure is relaxed with a series of volume changes from —3% to 3% around the equi-
librium volume. The bulk modulus is obtained by fitting the equation of state using
the Birch-Murnaghan equation.*:

To calculate the Young's modulus, the ZIF-62 sample is stretched or compressed in
one Cartesian direction up to ~5%, while the external pressure in the two other Car-
tesian directions is kept around zero. The Young's modulus at 0 K is extracted from
the stress—strain curve.

4.4. RESULTS AND DISCUSSION

4.4.1. MODELLING AND CHARACTERISATION OF STANDARD CO/ZN-
ZIF-62

DFT and classical FF calculations were carried out using the Zn-ZIF-62 structure as
an initial configuration. Fig. 1 shows the FF results for Zn-ZIF-62, viz., the unit cell
volume, bulk modulus, and Young's modulus. Densities of crystalline Zn-ZIF-62
phase determined from DFT and FF methods are close to the published density data*’
and the values obtained from the present experiment (Table S1). As shown in Fig. 1b,
the unit cell volumes from both DFT and FF calculations differ by ~0.5%, and the
volume of the cobalt substituted sample decreases up to 1% when the substitution of
cobalt for zinc atoms reaches 62.5%. This decrease can be partially attributed to the
shorter Co—N bond compared to Zn—N bond according to the DFT calculation by
Krokidas et al.1**® The decrease in bond length is hypothesised to stem from the dif-
ferent electronic configurations of the metal ions (3d*° for Zn?* and 3d” for Co?*). The
unfilled 3d” orbital is able to interact with electrons from the imidazolate linkers,
which strengthens the interaction between cobalt and the linkers, resulting in the de-
crease in bond length. It has been experimentally observed that cobalt ZIFs have a
smaller unit cell volume than their zinc counterparts.*
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Fig. 1 (a) Crystal structure of Zn; xCox-ZIF-62 with x = 0.125. The blue atoms are
cobalt, and the large grey atoms are zinc. (b) Unit cell volume of crystalline ZIF-62
as a function of increasing substitution with cobalt. (c) Moduli of crystalline ZIF-62
as a function of increasing substitution with cobalt.

For the powder samples (see Fig. S1), the crystals are too small to measure the me-
chanical properties experimentally, and thus, only theoretical determination of bulk
modulus and Young's modulus is reported here to show the effect of substitution of
cobalt for zinc on the Zn-ZIF-62 structure. The bulk and uniaxial Young's moduli of
the crystalline ZIF-62 are shown in Fig. 1c DFT and FF calculations yield an average
bulk modulus of 3.8 + 0.2 GPa and 4.7 + 0.2 GPa for all samples. With increasing
cobalt content, there is a moderate increase in the bulk modulus. The Young's modulus
has a different trend with increasing substitution, depending on the crystal orientation,
i.e., it increases in the [100] direction, decreases in the [001] direction, and remains
roughly the same in the [010] direction. The finding that the unit cell volume decreases
with increasing cobalt content agrees well with the finding of bulk modulus slightly
increasing, as it has been found previously in the literature that the bond length is
inversely proportional to the bulk modulus.5%5

The computational results predict that both zinc and cobalt ions are compatible with
the ZIF-62 crystal structure. The random substitution of zinc ions with cobalt ions in
the cag topology does not negatively impact the calculated mechanical strength of the
crystal. Characterisation of the synthesized crystals was performed to confirm that
there is no change in the space group, while the bond strength increases slightly, when
substituting cobalt for zinc in ZIF-62.

An image of the eight standard Co/Zn-ZIF-62 samples can be seen in Fig. S1, reveal-
ing a color gradient as cobalt is substituted for zinc. The color gradient agrees with
the relative cobalt content, as revealed by UV-Vis in Fig. S2. Fig. 2a presents the XRD
patterns of the bimetallic Co/Zn-ZIF-62 crystals synthesized by the standard ap-
proach.'®The patterns of all Co/Zn-ZIF-62 samples agree well with the reference crys-
tallographic information files (CIF) (Cambridge Crystallographic Data Centre
(CCDC)%? (ZIF-62: CCDC number 671070)) used to generate the XRD patterns. The
decrease in the signal-to-noise ratio for the samples containing predominantly cobalt
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is due to the fluorescence caused by cobalt having its X-ray absorption edge close to
the energy level of Cu-radiation.>® Fig. 2b and c¢ confirm that the benzimidazole to
imidazole ratio does not change noticeably when substituting cobalt for zinc in the
Co/Zn-ZIF-62 samples. Thus, we can infer that the changes in both the mechanical
properties (Fig. 1) and the thermal behaviours (shown below) are a consequence of
metal substitution. Additionally, SEM and EDX reveal that cobalt is evenly distrib-
uted in the crystal of all the Co/Zn-ZIF-62 samples, as seen in Fig. S3—-S10. The shape
of the crystals deviates from the octahedral morphology reported in the literature.®
This deviation can be explained by the removal of DMF from the pores during heat-
treatment at 350 °C.
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Fig. 2 (a) XRD patterns of the standard ZIF-62 series with varying the ratio of cobalt
content to the total metal content ([Co]/([Co + Zn])). (b) Liquid *H-NMR spectra of
Co/Zn-ZIF-62 samples. Dashed lines: the typical peaks associated with imidazole,
benzimidazole, and solvents. (c) Fraction of benzimidazole content in the total linker
content for each cobalt modified ZIF-62, with a margin of error of 5%.

The structural characterisation of the standard series agrees well with the computa-

tional results, suggesting that zinc and cobalt ions can co-exist in the same bimetallic
crystal structure without phase separation. Based on the computational results shown
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earlier, as well as previous experimental results for Co-ZIF-62,'8 it is expected that T,
would linearly increase as cobalt is substituted for zinc in the ZIF-62 crystal structure
due to stronger bonding between the cobalt nodes and the linkers. Fig. 3a and b show
the thermal responses of the Co/Zn-ZIF-62 samples for the first and second upscans,
respectively. The first upscan curve reveals two distinct endothermic responses. The
first is attributed to the removal of DMF from the pores, while the second is ascribed
to the melting process, with Ty, defined as the offset of the melting peak. The second
upscan curves in Fig. 3b for all the Co/Zn-ZIF-62 samples show clear glass transition
peaks, strongly confirming the glassy nature of melt-quenched samples. Fig. 3c dis-
plays the Tr, of the standard Co/Zn-ZIF-62 structures, which agrees well with that of
the as-synthesized crystals in Henke group's work.'® Tp, is seen to anomalously de-
crease as cobalt is introduced (0.1-ZIF-62), and then non-linearly increases with a
gradual substitution of cobalt for zinc. This effect is rather unexpected, when looking
at the simulation work of Fig. 1b and c. Fig. 3d demonstrates that T, also has a similar
drop, followed by an increase as the degree of cobalt substitution increases. Fig. 3c
and d shows that both Ty, and T4 follow a similar trend when substituting cobalt for
zinc. T drops slightly from 707 K to 700 K and then non-linearly increases to a max-
imum of 712 K, slightly higher than reported previously. Similarly, Ty has a small
drop from 599 K to 591 K and then increases to 597 K when all zinc nodes are sub-
stituted with cobalt. For the standard Co/Zn-ZIF-62 series, there is only one homoge-
neous crystalline phase, and the minima of both Ty, and Tg are found at the composi-
tion of Co/(Co + Zn) = ~0.1. The observed minimum in Ty, could be a consequence
of the mixed metal node effect that has the same fashion as the mixed modifier effect
in oxide glasses.>*% The mixed modifier effect in oxide glasses refers to a non-addi-
tive change of some transport properties when one type of modifier (e.g., sodium ion)
is substituted by another (e.g., potassium), i.e., a positive or negative deviation from
the linear trend of a property with the modifier substitution. 545 In the studied standard
Co/Zn-ZIF-62, the partial substitution of cobalt for zinc (and vice versa) causes an
increase in structural instability, possibly due to structural mismatch effects caused by
the difference in bond length and strength between Co—N and Zn—N bonds. This bond
difference arises from the difference in electron configurations between the two types
of metal ions (d7 for Co?* and d* for Zn?*). The structural instability enhances the
atomic vibrations, and hence, the Lindemann criterion for melting would be more eas-
ily fulfilled.>® However, the pure Co-ZIF-62 exhibits higher Tr, than its counterpart —
pure Zn-ZIF-62. The higher Tr of pure Co-ZIF-62 can be attributed to the stronger
interaction between the linkers and cobalt ions, as predicted from the DFT and FF
calculations, and also from the experimental data reported by other authors.*®
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Fig. 3 (a) The first upscan (10 K min™?) shows two endothermic peaks, assigned to
desolvation followed by melting. (b) Glass transition behaviour during the second up-
scan (10 K min™). (¢) Tm of Co/Zn-ZIF-62 with increasing substitution with cobalt.
(d) T4 of Co/Zn-ZIF-62 with increasing substitution with cobalt. Inset: To/Tn ratio for
the same series.
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4.4.2. IMPACT OF SYNTHESIS CONDITION ON CO/ZN-ZIF-62 STRUC-
TURE

Fig. S11 shows the optical image of the seven ZIF samples. A clear relationship is
seen between the intensity of the purple color of the sample and the amount of cobalt
added during the synthesis. These samples were analyzed via X-ray diffraction to
identify the crystal structure (Fig. S12). When sufficient cobalt nitrate is used in the
solvothermal synthesis, an additional phase is observed for the resulting crystals, with
the peaks marked with asterisks (*). In Fig. 4a, the diffraction pattern of 1.0-ZIF-new
is compared to that of 1.0-ZIF-62. A different XRD pattern is observed, confirming
that 1.0-ZIF-new has a different structure from the standard 1.0-ZIF-62. This new type
of ZIF crystal shows fewer peaks in the XRD pattern than the standard 1.0-ZIF-62.
This suggests that the new structure is likely of higher symmetry than that of the
standard sample, as fewer peaks (i.e., fewer unique d-spacings) are present. The ab-
sence of diffraction peaks at higher angles suggests that the structure is indeed a Co-
based metal-organic framework. It is assumed that the formation of this structure is a
result of the high reactant concentrations used during the solvothermal synthesis.
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Fig. 4 (a) X-ray diffraction pattern of simulated ZIF-62 (blue), 1.0-ZIF-62 (black),
and 1.0-ZIF-new. (*) highlights the new peaks emerging from the new ZIF structure.
(b) *H-NMR of 1.0-ZIF-62 (black) and 1.0-ZIF-new (red). The 1.0-ZIF-new sample
clearly shows the disappearance of the hydrogen peaks marked as 1 and 3, while two
new peaks appear.

S-NMR spectroscopy was employed to verify the presence of the organic linkers in
the biphasic frameworks and the differences in linker composition between 1.0-ZIF-
62 and 1.0-ZIF-new (Fig. 4b). Fig. S13 plots the NMR spectra, where the signals of
0.0-ZIF-new agree with those of the standard 0.0-ZI1F-62 spectra. However, as cobalt
nitrate is substituted for zinc nitrate during the synthesis, the imidazole and benzim-
idazole signals decrease in intensity for the resulting crystals. Two new peaks at ~5.84
and 6.83 ppm (Fig. 4b) appear and increase in intensity with increasing the cobalt
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nitrate content. It was assumed that the high concentration of nitrate ions in the pres-
ence of cobalt would catalyze the nitration of imidazole to 4-nitroimidazole. The
NMR spectrum of 4-nitroimidazole, dissolved in the same NMR solvent, can be found
in the ESI (Fig. S14). The spectrum shows no peaks in the 5-7 ppm range, thus ex-
cluding the possibility that the emerging signal arises from nitrated imidazole. To de-
termine the distribution of zinc and cobalt in the two crystal phases, SEM and EDX
analyses were performed on the 0.6-ZIF-new sample, as seen in Fig. 5. Two crystal
particles with different morphologies are observed, i.e., octahedral and spherical
shapes in column 1 of Fig. 5. The SEM image in Fig. S15a shows the sample contain-
ing only Zn, i.e., 0.0-ZIF-new, which contains crushed ZIF-62 particles, where some
of the flat surfaces of the standard ZIF-62 morphology remain. The SEM image in
Fig. S15b illustrates the sample containing only Co, i.e., 1.0-ZIF-new, where only
spherical particles are present. The SEM images indicate that there is a difference in
the crystal morphologies between the standard ZIF-62 structure (i.e., the standard
phase) and the new structure (i.e., the new phase). The EDX elemental mapping in
Fig. 5 (see columns 2 and 3) reveals that both morphologies contain zinc and cobalt,
which confirms that both metal nodes are incorporated into the two crystal structures.
EDX elemental analysis in Fig. S16 confirms that the octahedral ZIF-62 crystals con-
tain zinc predominantly, while the new spherical crystal structure contains more co-
balt. The metallic heterogeneity in the new series of ZIFs could be ascribed to the
preferential incorporation of cobalt into the new phase.
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Fig. 5 Left column is the SEM image of the area detected for EDX elemental mapping
for cobalt (middle column) and zinc (right column).

ATR FT-IR was employed to detect the changes of the chemical bonds in the Co/ZIF-
new samples (Fig. S17). Several changes in the signal can be observed. First, the peaks
at 1677 and 1384 cm™, which are assigned to the DMF, 85758 disappear with increas-
ing the cobalt content, being attributed to the new phase with a denser structure. Sec-
ond, some of the peaks around 1150-1300 cm™ (assigned to C—N and C—C stretching)
change in shape as cobalt is substituted for zinc. Simultaneously, the double peak at
~1480 cm™, which is assigned to aromatic ring stretching, varies in line shape with
increasing the cobalt content. The FT-IR results (Fig. S17) indicate that signals corre-
sponding to imidazole and benzimidazole rings are still present. In combination with
the S-NMR findings in Fig. S13, it is evident that the imidazole and benzimidazole
structures have changed, while the exact chemical structure of the linkers remains
unknown. It is reasonable to infer that the formation of the unknown linker is caused
by cobalt nitrate, and hence, cobalt preferentially stays in the new phase. The absolute
Co/(Co + Zn) ratio of these samples was analysed via ICP-OES. Fig. S18 reveals that
there is a non-linear relationship between the Co/(Co + Zn) ratio used during the syn-
thesis and the ratio detected in the resulting ZIF samples. This is explained by the
phase separation exhibited in Fig. S19, where a portion of the new phase with higher
cobalt content could have been lost during the washing and collecting process.
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Fig. 6a and b shows the changes of both T and Ty values with the substitution of
cobalt for zinc for two series of ZIFs. The data points are acquired from the first and
second DSC scans shown in Fig. 3a, b and S20. Itis seen in Fig. 6a and b that both Tr,
and T4 show negative deviations from linearity with substitution of cobalt for zinc,
which could be caused by two factors. The first is the mixed metal node effect as the
two crystal phases both contain zinc-ions and cobalt-ions. The second is a eutectic
effect caused by the presence of two discrete phases resulting in a drop in Trm. Given
that 0.1-ZIF-new in Fig. S12 reveals no detectable quantity of the new phase, the
mixed metal effect is likely to have a greater effect at lower Co/(Co + Zn) ratios on
Tm and Tq. The deviations in both T, and Ty are much larger for the new ZIF series
than that of Co/Zn-ZIF-62. Due to the absence of the new phase at low cobalt content,
it is reasonable to infer that the effect on T, and Ty is initially driven by the mixed
metal node effect, but at higher cobalt concentrations, multiple effects e.g., the effect
of two discrete phases could cause the changing trend in Ty, and Ty These results
imply that the atomic vibration in the new series of ZIF more easily meets Linde-
mann's criterion for melting. Moreover, it is seen in Fig. S21 that the Co/Zn-ZIF-new
series undergoes a noticeable loss of mass during the melting process. The origin of
the mass loss is investigated by a thermogravimetric analyzer coupled with mass spec-
trometry (TGA-MS) (Fig. S22). The TGA-MS analysis shows that mainly NHs and
NO gases are released during melting, suggesting that the linkers in the new series are
more unstable than those in the standard series. The 0.0-ZIF-new sample has a Tr, at
706 K and a Tq at 588 K, which correspond to the values for standard Zn-ZI1F-62. 1.0-
ZIF-new has a higher Tr, at 724 K and a lower Ty at 573 K. The higher Ty, might be
due to a denser structure, as indicated by the lack of DMF signals from the FT-IR
results.
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Fig. 6 (a) Tm of Co/Zn-ZIF-62 series (black) and Co/Zn-ZIF-new series (red). (b) Tq
of Co/Zn-ZIF-62 series (black) and Co/Zn-ZIF-new series (red). Inset: Ty/Tm ratios
for both Co/Zn-ZIF-62 series and Co/Zn-ZIF-new series.
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The inset of Fig. 6b shows the dependence of Ty/Tn ratios for the two studied ZIF
series on the Co—Zn substitution. As is known, Ty/Tm is a measure of the glass forming
ability (GFA) of a glass former, i.e., the higher the Ty¢/Tr ratio of a glass former is, the
higher its GFA is. It is seen that both series show higher GFA since their Tg/Tm ratios
(0.77-0.84) are significantly higher than that of most good glass formers (Tg/Tm =
0.67).22 Interestingly, there is no change in T¢/Tm with metal node substitution in the
standard series, indicating that the GFA remains the same. However, in contrast to the
standard series, the new series exhibits smaller Ty/Tr ratios, suggesting that the GFA
of the latter is relatively lower. In addition, the Ty/Tm ratio shows a non-monotonic
trend with substituting cobalt for zinc, i.e., there is a minimum Ty/Ty, ratio at Co/(Co
+Zn) = 0.6. This composition shows a pronounced phase separation, as shown in Fig.
5. This fact agrees with the general notion that a glass former with stronger phase
separation tendency features a lower GFA.

4.5. CONCLUSIONS

We synthesized two series of bimetallic cobalt/zinc zeolitic imidazolate frameworks
based on ZIF-62. It was found that the structure of the derived ZIF crystals strongly
depended on synthesis conditions. One series of ZIF crystals were obtained by using
the standard synthesis condition reported in the literature, which possessed the stand-
ard ZIF-62 structure. In contrast, the other series, which was produced at a lower tem-
perature (120 °C) for a shorter duration (48 hours), had a mixed structure composed
of both the standard structure and a new one. We predicted the mechanical properties
of the standard series of Zn/Co-ZIF-62 through DFT and FF calculations.

An interesting mixed metal node effect was observed in bimetallic ZIF-62 samples,
i.e., negative deviations from linearity of T, and Tq for both series of bimetallic ZIF-
62 with substitution of Co for Zn. Notably, the new series displayed a stronger mixed
metal node effect at lower Co substitution. This mixed metal node effect was at-
tributed to the structural mismatch between Co?* and Zn?*, and to the difference in
their electronic configurations. The network became destabilised by introducing the
dissimilar cobalt-ion into the ZIF crystal. Some of the samples in the new series con-
tained both cobalt-rich and zinc-rich phases, whereas the standard one showed only
one homogeneous phase. It was found that during melting, the Co/Zn-ZIF-new sam-
ples underwent a partial decomposition of an unknown species, suggesting that the
new phase had a lower thermal stability than the standard phase. The above findings
are instrumental to the understanding of the structure and thermodynamic properties
of MOF glasses and to the design of novel MOF glass formers. Concerning the strong
mixed metal node effect of the Co/Zn-ZIF-new series, the chemistry and structure of
this series should be further investigated to reveal the melting mechanism of MOFs
and to design new MOF glass formers.
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Both series of ZIFs have higher GFA due to their higher To/Tm ratios (0.77-0.84) com-
pared to most of the good glass formers. To/Tm remains the same with metal node
substitution in the standard series, and hence there is no change in GFA. However, the
new series exhibits smaller Ty/Tr ratios, i.e., lower GFA, than the standard series. In
addition, the new series shows a minimum Tg/Tr, ratio at Co/(Co + Zn) = 0.6.
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4.9. SUPPORTING INFORMATION

Mixed metallic node effect in zeolitic imidazolate frameworks

Table S1. Densities (g/cm?) of Zn-ZIF-62 from experiments and density functional
theory (DFT) and classical force field (FF) calculations. The solvent content was taken
from the literature! and added to the density calculation for the DFT and FF results.

Zn-ZIF-62 crystal

Exp.%® 1.494
Current Exp. 1.467
DFT (PBE-D3) 1.537

FF 1.546
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Fig. S1. Image of Co/Zn-ZIF-62 samples (from the left 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 0.9,
1.0) revealing the change in the intensity of the purple colour with increasing cobalt
content.

UV-VIS Absorption analysis of Co/Zn-ZIF-62

UV-VIS was carried out to verify that the intensity of purple colour of the bimetallic
ZIF-62 crystals correlates with the cobalt content. Calibration curve was used by dis-
solving 0.0482 grams of 1.0-ZIF-62 using 10 mL 1 M HCI. The solution was used for
a full UV-VIS absorption spectrum using a Varian Cary 50 Bio UV-Visible Spectro-
photometer. The result showed a peak absorption at 510 nm (green), which has red as
its complimentary colour. The solution was then diluted, using 1 M HCI with the fol-
lowing solution:HCI ratios: 9:1, 8:2, 7:3, and 6:4. The samples were then measured
on a thermo spectronic helios epsilon spectrophotometer at 510 nm to measure the
absorption. The data was used to make a calibration curve, using a linear fit with R?
=0.999. For each Co and Zn-containing ZIF-62 sample, a weighed amount was dis-
solved, using 1 M HCI and their absorption were measured at 510 nm. A theoretical
absorption for a pure Co-ZIF-62 was calculated for each sample to reveal the
[Co])/[Co+Zn] rat i0.Fig S2. displays the observed relative Co content against the frac-
tion of Co used in the synthesis. The figure displays a fairly good agreement between
synthesis condition and the content of cobalt in the sample.

66



4. MIXED METAL NODE EFFECT IN IMIDAZOLATE FRAMEWORKS

100 é

~
(4]

€

Relative Co (%)

(=]

°

0.00 0.25 0.50 0.75 1.00

[Co]/[Co+Zn]

Fig S2. Observed cobalt content plotted against the ratio used during synthesis of
Co/Zn-ZIF-62.
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Fig S3. SEM image (left) of the area detected by EDX for 0.0-ZIF-62 sample, and the EDX

elemental mapping for the cobalt (middle column) and zinc (right column), using a contoured
color gradient.
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Fig. S4. SEM image (left) of the area detected by EDX for 0.1-ZIF-62 sample, and the EDX
elemental mapping for the cobalt (middle column) and zinc (right column), using a contoured
color gradient.
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Fig. S5. SEM image (left) of the area detected by EDX for 0.2-ZIF-62 sample, and the EDX
elemental mapping for the cobalt (middle column) and zinc (right column), using a contoured
color gradient.

Fig. S6. SEM image (left) of the area detected by EDX for 0.4-ZIF-62 sample, and the EDX
elemental mapping for the cobalt (middle column) and zinc (right column), using a contoured
color gradient.
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0.0 [N 5555 Zn L]

Fig. S7. SEM image (left) of the area detected by EDX for 0.6-ZIF-62 sample, and the EDX
elemental mapping for the cobalt (middle column) and zinc (right column), using a contoured
color gradient.

Fig. S8. SEM image (left) of the area detected by EDX for 0.8-ZIF-62 sample, and the EDX
elemental mapping for the cobalt (middle column) and zinc (right column), using a contoured
color gradient.

Fig. S9. SEM image (left) of the area detected by EDX for 0.9-ZIF-62 sample, and the EDX
elemental mapping for the cobalt (middle column) and zinc (right column), using a contoured
color gradient.

Fig. S10. SEM image (left) of the area detected by EDX for 1.0-ZIF-62 sample, and the EDX
elemental mapping for the cobalt (middle column) and zinc (right column), using a contoured
color gradient.
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Fig. S11. Image of Co/Zn-ZIF-new samples (from the left 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0), re-
vealing the change in the intensity of the purple colour with increasing cobalt content.
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Fig. S12. X-ray diffraction patterns of Co/Zn-ZIF-new, showing the emergence of a new crys-
talline phase, as Co substitutes for Zn. Emerging new peaks are designated with *.
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Fig. S13. Liquid *H-NMR spectra of Co/Zn-ZIF-new samples. The emergence of two new peaks
as cobalt substitutes for zinc reveals the formation of a new organic linker during the synthesis.
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Fig. S14. Liquid *H-NMR spectrum of 4-nitroimidazole purchased from Sigma Aldrich (97%).
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1.0-ZIF-new

Fig. S15. SEM images of crystalline ZIF-new samples. (a) 0.0-ZIF-new. (b) 1.0-ZIF-new
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Fig. S16. EDX elemental analysis of different particles belonging to the 0.6-ZIF-new sample,
showing chemical heterogeneity in the sample.
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Figure S17. ATR FT-IR spectrum of Co/Zn-ZIF-new samples.
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Fig. S18. Measured Co/(Co+Zn) ratio vs. synthesis stoichiometry for Co/Zn-ZIF-new
samples. Inductively coupled plasma — optical emission spectroscopy (ICP-OES)
(Prodigy 7, Teledyne Leeman Labs) analysis was used to quantify the zinc to cobalt
ratio. The standard calibration solutions used contains 1 pg mL* Zn, Ni Crand 0.5 g
mL* Ba, Mn, Cu in 3% HNOj3 (National Institute of Metrology, China). Sample so-
lutions were prepared by dissolving a precisely weighed amount of ZIF sample into 2
mL of an HNOs solution. The primary solutions were transferred to 50 mL volumetric
flasks readied for measurements. For quantitative analysis of Zn and Co, the wave-
lengths 206.200 nm and 228.615 nm were used, respectively.

. C !
& e |
Fig. S19. Image of 0.4-ZIF-new, revealing a rich purple phase and a lighter phase being sep-

arated during the drying process.
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Fig. S20. DSC analysis of Co/Zn-ZIF-new. (a) first upscan (heating rate of 10 K mint) reveal-
ing the endothermic solvent release and melting point and partial decomposition. (b) second
upscan (10 K min1) revealing the glass transition peak onset.
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Figure S21. TGA data of synthesized Co/Zn-ZIF-new crystals during the first upscan.
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Biphasic Decomposition Gas Analysis

Thermal gravimetric analyses (TGA) were performed using a Jupiter 449 simultane-
ous thermal analysis instrument (Netzch, Selb, Germany) coupled with a 403C
Aéoloss mass spectrometer (MS), with a heating rate of 10 °C min™ in an argon at-
mosphere. The ionized species of the gases released from the heat-treated sample were
detected by the MS. The MS data were compared to the gas ionic spectra of the rele-
vant gases from the NIST Standard Reference Database?. The gases we identified
based on the m/z numbers and their relative intensity. The signals from MS are not
quantitative.

The mass loss for the sample 0.0-ZIF-new is related to the release of N2 and/or CO
(m/z=28), H,O (m/z=18), NO (m/z=30), DMF (m/z=73, 44, 42, 29), and NH3
(m/z=17, 16). The ionic spectra for the first mass loss of the sample 1.0-ZIF-new
indicate release of H,0O, N2 and/or CO, NO, and NHs, while the spectra for the second
mass at >370 °C indicate release of NH3, NO, and small amounts of CH4 (m/z=15)
and CO.. These data show that the organic constituents (e.g., DMF) in great part de-
grade to smaller molecules (e.g., N2, NO, NH3) when leaving the analyzed sample.

(a) - (b)

00| - J.‘“\‘ 0.0-ZIF-new 1004 - — ‘.‘“\1.0-2|F-new
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Fig. S22. DTA-MS spectra of the samples (a) 0.0-ZIF-new and (b,c) sample 1.0-ZIF-
new. (c) focuses on the second mass at >370 °C and shows the ionic signals of the
gases that remain high above their baselines (thin dotted lines).
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range disorder in zeolitic imidazolate framework glasses” (DOI: 10.1126/sci-
ence.aaz0251) published in Science volume 367, issue 6485, 2020, page 1473-1476
(17). Both the main article and supplementary information have been included in this
chapter. Note that the paper is written as a standalone text. This means that the figure,
table references and citations do not adhere to the citation format of the thesis, how-
ever, the citations have been added to the bibliography of the thesis. The conceptual
idea of this publication is ascribed to Yuanzheng Yue and Sabyasachi Sen, while syn-
thesis, calorimetric work, and initial writing were carried out by the author of this
thesis.

Chapters 3 and 4 dealt with the effects of long-range as well as local structural char-
acteristics and their effect on the melting and glass-formation mechanism in ZIFs. The
findings pointed towards the metal-nitrogen coordination bond is paramount for the
melting of ZIFs. This paper focuses on the 7Zn solid-state nuclear magnetic resonance
spectroscopy study of crystalline ZIF glass-formers and their vitrified state. The quad-
rupolar 8"Zn-isotope offers the ability to gain insight into the spatial order surrounding
the Zn atoms, through the quadrupolar coupling constant and the asymmetry parame-
ter. The major finding of this work is that the NMR data of the crystalline materials
can be described well with two subequal Zn sites, as in accordance with the two crys-
tallographic sites in ZIF-4, ZIF-zni and ZIF-62 crystals. However, glass-formation
causes the peaks to collapse to singular broad peaks described by a continuous distri-
bution of coupling constants. This proves that the coordination environment around
the Zn sites gets significantly distorted, and is thus the first experimental proof of
short-range disorder consistent with the bond breaking and reforming mechanism de-
scribed by Coudert (114).

Acknowledgement: Reproduced from Science with permission from the Science

AAAS. Link to the original paper: https://www.science.org/doi/full/10.1126/sci-
ence.aaz0251
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ABSTRACT

The structure of melt-quenched zeolitic imidazole framework (ZIF) glasses can pro-
vide insights into their glass-formation mechanism. We directly detected short-range
disorder in ZIF glasses using ultrahigh-field zinc-67 solid-state nuclear magnetic res-
onance spectroscopy. Two distinct Zn sites characteristic of the parent crystals trans-
formed upon melting into a single tetrahedral site with a broad distribution of struc-
tural parameters. Moreover, the ligand chemistry in ZIFs appeared to have no control-
ling effect on the short-range disorder, although the former affected their phase-tran-
sition behavior. These findings reveal structure-property relations and could help de-
sign metal-organic framework glasses.

Glasses can be obtained through a variety of synthesis and processing routes (1, 2),
but rapid cooling of the liquids remains the predominant approach. Melt-quenched
(MQ) glasses can be broadly classified as inorganic, organic, and metallic and con-
taining ionic-covalent, covalent, and metallic bonds, respectively. Recently, a fourth
family of MQ glasses based on metal-organic frameworks (MOFs) have been reported
that have coordination bonds (3-7). The MQ-MOF glasses are primarily represented
by the subset of MOFs called the zeolitic imidazolate frameworks (ZIFs). Their ex-
tended tetrahedral network is analogous to silica and zeolites (8): Metal ion nodes
(such as Zn?* and Co?*) substitute for silicon, and imidazole (C3N2Hs)—based ligands
substitute for oxygen as the bridging unit. A number of ZIF glasses have porosity,
which has potential applications in gas capture and storage, and ZIF-62 glass exhibits
high transparency and broad mid-infrared luminescence, which have potential pho-
tonic applications (7, 9-13).

Recent studies have found ZIF-4 (Zn[Im]2) and ZIF-62 (Zn[Imablm,])—where Im

and blm are imidazole and benzimidazole, respectively—to be rather stable against
crystallization during heat treatment, and that the parent liquids have a higher glass-
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forming ability compared with most of the network glass-forming liquids (14, 15).
The glass-forming ability of ZIF-62 is greater than that of ZIF-4 because its mixed
linkers, consisting of imidazole and benzimidazole in some tetrahedra, create greater
steric hindrance (14). Previous studies explored the structural origin of this high glass-
forming ability in both ZIF systems using systematic heat treatments, differential
scanning calorimetry (DSC), and x-ray pair distribution function (PDF) analyses (3,
14, 15). The PDF analyses provided no clear evidence of the appearance of any me-
dium- or long-range order in these glasses after a calorimetric scan, despite the ap-
pearance of an exothermic peak immediately before melting (15). The enthalpy re-
lease was attributed to the densification of the structural network, but the nature and
the length scale of the structural changes associated with the decrease of the potential
energy remain unclear to date. In addition, although ZIF-4 is chemically simpler than
ZIF-62, the former exhibits several features in its temperature-induced phase transi-
tions, including the transition from a low-density amorphous phase (LDA) to a high-
density amorphous phase (HDA), as well as the formation and melting of ZIF-zni
(which is denser than ZIF-4).

The origin of these multiple transitions remains elusive given the limitations of the
analytical techniques available for determining short- and intermediate-range struc-
ture in glasses. Raman spectroscopy, *3C/*H nuclear magnetic resonance (NMR) spec-
troscopy, along with x-ray PDFs have been used in the past to study the short-range
and medium-range structure of ZIF glasses. Although these studies provided some
structural information, no substantial structural difference in the short-range order be-
tween the ZIF crystals and corresponding glasses could be identified (14). Previous
studies showed that the organic ligands in ZIFs remained intact during melt-quench-
ing, implying that the chemical integrity was retained after glass formation (3, 5, 14).
Molecular dynamics simulations indicated that upon melting, the imidazolate-based
linkers dissociate and reassociate with Zn ions through the scission and renewal of
Zn-N coordination bonds (14, 16). The Zn[ligand]4 tetrahedral units remain intact in
the ZIF glass state after the melt is quenched, and long-range structural disorder is
believed to be primarily induced by the distortion of the Zn[ligand], intertetrahedral
connections (14, 16).

By contrast, the short-range structural order at the scale of the Zn[ligand]4 tetrahedra
in MOF glasses remains unknown. Because 87Zn is a quadrupolar nuclide, its NMR
spectra can provide not only the information on the chemical shift that is characteristic
of the tetrahedral environment of Zn in the ZIFs but also on the electric-field gradient
(EFG) at the site of this nuclide in the structure, as encoded in its quadrupolar coupling
constant Cq and asymmetry parameter no. The EFG is a second-rank tensor quantity
sensitive to the degree of positional and orientational order at length scales corre-
sponding to the nearest and next-nearest neighbor distances, and possibly to even
longer distances (17).

Only a few ¢7Zn NMR spectroscopic studies have been reported that analyzed crys-
talline structures in zinc-based compounds, including Zn-based crystalline MOFs

81


https://www.science.org/doi/full/10.1126/science.aaz0251#core-R14
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R15
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R14
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R3
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R14
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R15
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R15
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R14
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R3
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R5
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R14
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R14
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R16
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R14
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R16
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R17

(18-23), because the 57Zn nuclide has a low gyromagnetic ratio, large quadrupole mo-
ment Q, as well as a low natural abundance (18). These issues, in combination with
the low atomic density of MOFs, necessitated Zn NMR spectral data collection at
ultrahigh magnetic fields that are ~20 T or higher. We report a comparative structural
study of select crystalline ZIFs and their glassy counterparts derived by means of melt-
quenching, using ultrahigh-field %7Zn magic-angle-spinning (MAS) NMR spectros-
copy at 19.5 and 35.2 T at the National High Magnetic Field Laboratory.

The DSC traces of ZIF-4 and ZIF-62 samples (Fig. 1A) measured the temperature-
driven enthalpic responses to the chemical reactions and phase transitions. During the
first upscan (from 323 to 863 K), the as-synthesized ZIF-4 crystal underwent solvent
release, amorphization, polymorphic transformation to ZIF-zni crystal, and last, melt-
ing. Subsequent quenching of the ZIF-zni melt resulted in the formation of a ZIF-4
glass with a glass transition temperature (Tq) of 570 K during the second upscan. By
contrast, during upscan 1, the as-synthesized standard ZIF-62 crystal displays the en-
thalpy responses only to the solvent release and the subsequent melting. After melt-
quenching, the second upscan of ZIF-62 glass showed a glass transition with a Tq of
593 K.

A N e —
h ZIF-zni from HDA
Simulated ZIF-zni
—_ As-synt. ZIF-4
’; =1
© IF-4
S : % llll.l Simulated Z|
2 % |ZIF-62
= & Glass
c ,—/\\ﬁ‘
8 =
I
Crystal
Sesoivating 2 ZIF glass
//,““"“'” i 2 Simulated
T.=593 K
400 500 600 700 800 10 20 30 40
T(K) 260()

Fig. 1 Phase transitions, glass formation, and glass transition for ZIFs. (A) First
and second DSC upscans for both (top) ZIF-4 and (bottom) ZIF-62. (B) XRD patterns
of as-prepared ZIF-4 crystals, ZIF-zni crystals, ZIF-4 glass, ZIF-62 crystals, and ZIF-
62 glass. (C) Schematic representation of the structural change from crystalline ZIF
(powder sample) to its glassy state (transparent bulk sample) during melt-quenching.

To explore the effect of the linker chemistry (the Im/blm ratio) on the short-range
structure, we prepared a ZIF-62 crystal with a higher bim content (denoted as ZIF-
62b) (table S1). Its x-ray diffraction (XRD) patterns confirmed that ZIF-62 and ZIF-
62b had the same crystalline structure (fig. S2). The final chemical compositions of
ZIF-62 and ZIF-62b were Zn(Im)1.75(bIm)o2s and Zn(Im)qes(blm)o sz, as determined
from *H liquid NMR measurements (fig. S3). Additionally, we prepared a ZIF-62b
glass sample by melt-quenching, which was also subjected to two DSC scans. The
increase of blm in ZIF-62 framework led to an increase of both melting temperature
(Tm) and Ty (fig. S4), which is consistent with a previous study (14). The XRD patterns
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of both crystal and glass samples for ZIF-4, -zni, and -62 (Fig. 1B) show the presence
of long-range order in crystalline ZIFs and its absence in their glassy counterparts.
The vitrification of these ZIF crystals is schematically demonstrated in Fig. 1C.

The %7Zn MAS NMR spectra of the three crystalline ZIFs (ZIF-4, ZIF-62, and ZIF-
zni) were obtained at two different magnetic fields, 19.5 and 35.2 T (Fig. 2). Each of
these crystals contained two crystallographically distinct Zn sites at a 1:1 ratio, one of
which is a more distorted Zn[ligand]4 tetrahedron (18). The Zn MAS NMR line
shapes also necessitated simulation with at least two sites with subequal (within £5%)
relative fractions (Fig. 2); we used the software Dmfit (24). For each composition, the
spectra collected at both magnetic fields were fitted simultaneously with the same set
of NMR parameters: isotropic chemical shift diso, the quadrupolar coupling constant
Cq, and asymmetry parameter 1q. These parameters are listed in Table 1, and the Cq
values for ZIF-4 are in good agreement with those reported in a recent study (18).

83


https://www.science.org/doi/full/10.1126/science.aaz0251#F1
https://www.science.org/doi/full/10.1126/science.aaz0251#F1
https://www.science.org/doi/full/10.1126/science.aaz0251#F2
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R18
https://www.science.org/doi/full/10.1126/science.aaz0251#F2
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R24
https://www.science.org/doi/full/10.1126/science.aaz0251#T1
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R18

A 195T B 3527

— Measured
— - Simulated

Fig. 2 Short-range order of crystalline ZIFs. (A to F) Experimental (solid black
line) and simulated (dashed red line) Zn MAS NMR spectra of [(A) and (B)] crys-
talline ZIF-4, [(C) and (D)] ZIF-zni, and [(E) and (F)] ZIF-62 collected at 19.5 and
35.2 T. Individual simulation components (dot-dashed blue lines) are vertically offset

for clarity.
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Table 1 Zn NMR parameters.

67Zn MAS NMR line shape simulation parameters for crystalline and glassy
MOFs.*Lattice sites correspond to those designated in structural refinements of ZIF-
4, ZIF-62, and ZIF-zni, as reported in (8, 28, 29). These values represent the root

mean square quadrupolar product /(Cén).

MOE L::‘;’;lfe 3iso (DPM) C'c\g/l ﬁ(z))Z (ig,% 5 Relaté\i/g I/Z?ctlon

ZIF-4 crystall  Znl 296 5.1 0.6 46
Zn2| 295 3.7 0.6 54

ZIF-62 crystall Znl 297 5.8 0.5 48
Zn2| 296 4.0 0.4 52

ZIF-zni e zm 288 6.0 0.6 46
Zn2| 290 4.0 0.5 54

ZIF-4 glass Zn 277 6.91 N/A 100

ZIF-62 glass Zn 278 6.57 N/A 100

ZIF-62b glass Zn 277 6.81 N/A 100

The data in Table 1 indicated that the dis, for all Zn sites in all materials varied over a
rather narrow range, from ~277 to 297 parts per million (ppm). However, for each
crystalline ZIF, the less distorted Zn sites (Zn2) had a smaller Cq of ~4.0 MHz com-
pared with the more distorted ones (Zn1) characterized by a larger Cq of ~5 to 6 MHz.
These assignments followed the density functional theory—based calculations by Su-
trisno et al. (18). Intriguingly, in spite of having the same composition, the Zn Cq
values of the two Zn sites in ZIF-4 crystal are substantially different from those in
ZIF-zni crystal. This result may be indicative of the corresponding difference in the
topology between these two crystals; ZIF-4 has a cag topology and the ZIF-zni has a
zni topology (5). The higher Cq values of the Zn sites in the ZIF-zni crystal compared
with those for the ZIF-4 crystal are also consistent with ZIF-zni possessing a greater
variance in the bond angles and lengths for the Zn sites compared with ZIF-4 (tables
S2 and S3).

The Zn MAS-NMR spectra of the ZIF-4 and ZIF-62 glasses were obtained at both
19.5and 35.2 T (Fig. 3, A to D). These spectra had asymmetric line shapes with low-
frequency tails that we attributed to a continuous distribution of Cq characteristic of
structural disorder in the glassy state. These 67Zn MAS NMR line shapes were well
simulated with Jiso (277 to 278 ppm) similar to that observed in corresponding crystals
(288 to 297 ppm) (Table 1) and with a Czjzek distribution of the Cq parameter (25),

which yields a root-mean-square quadrupolar product /(CQZT,> of ~6.9 MHz for the

85


https://www.science.org/doi/full/10.1126/science.aaz0251#core-R8
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R28
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R29
https://www.science.org/doi/full/10.1126/science.aaz0251#T1
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R18
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R5
https://www.science.org/doi/full/10.1126/science.aaz0251#F3
https://www.science.org/doi/full/10.1126/science.aaz0251#T1
https://www.science.org/doi/full/10.1126/science.aaz0251#core-R25

ZIF-4 glass and ~6.5 to 6.8 MHz for the two ZIF-62 glasses. When taken together,
the results in Table 1 indicate that as the ZIF crystals were melt-quenched into glass,
the Cq values increased and displayed a broader distribution, indicating that the struc-
tural disorder of the Zn[ligand]s tetrahedral environment in the glassy state was higher
than that in the parent crystals. The 8Zn NMR parameters for all three ZIF glasses
were similar (Table 1), implying a similar degree of short-range disorder, despite their
differences in the Im/blm ratio in the ligands.

195T B

— Measured
- - Simulated

ZIF-4 Glass

ZIF-4 Glass

200 100 0 -100

ppm

400 300

c 195T

200 100 0

ppm

300

ZIF-62 Glass ZIF-62 Glass
400 300 200 100 0  -100 400 300 200 100 0
ppm ppm
E 352T F G52 T
ZIF-4 glass ZIF-62 glass
ZIF-4 crystal

ZIF-62 crystal

ZIF-zni crystal

300 200 100 400 300 200 100

ppm ppm
Fig. 3 Comparison of short-range structure between ZIF glasses and crystals. (A
to D) Experimental (solid black line) and simulated (dashed red line) Zn MAS NMR
spectra for [(A) and (B)] ZIF-4 glass and [(C) and (D)] the standard ZIF-62 glass at
different magnetic fields. (E) Direct comparison of Zn MAS NMR spectra collected
at 35.2 T between ZIF-4 crystal, ZIF-zni crystal, and ZIF-4 glass. (F) Direct compar-

ison of spectra collected at 35.2 T of ZIF-62 crystal and glass.

400
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The disappearance of the two distinct Zn sites characteristic of the ZIF crystals upon
melting and vitrification indicates that the scission and renewal of the Zn—N bonds
upon melting resulted in structural reconstruction (Fig. 1C and fig. S1). With their
three-dimensional network of corner-sharing Zn[ligand]s tetrahedral units, ZIF
glasses are structurally analogous to vitreous silica, but the coordination bonds in ZIF
glasses were considerably weaker than the covalent-ionic bonds in silica. (26, 27).
The silica glass network would be more rigid than ZIF glasses, and the local structure
of the former would be more ordered than that of ZIF glasses. The bulky nature of the
organic linkers in ZIF glasses could also cause steric hindrance, thus limiting the abil-
ity of the linker to return to its equilibrium position—to the ordered structural state
with lower potential energy—upon melt-quenching. The comparison in NMR spectra
among ZIF-4 and -zni crystals and ZIF-4 glass (Fig. 3E), and between ZIF-62 crystal
and glass (Fig. 3F), shows broadening of the glasses compared with the crystals, and
the resonance peaks moved to somewhat lower isotropic chemical shift from crystal
to glass. Although the increased broadening corresponds to a high degree of structural
disorder in glasses at the short-range scale, the lowering of the isotropic chemical shift
is suggestive of a more specific change in the local coordination environment of Zn
atoms upon vitrification. Previous Zn K-edge x-ray absorption fine structure and PDF
measurements (5) indicated that Zn is in tetrahedral coordination with N in both glassy
and crystalline ZIFs, and that the Zn—N distance did not change considerably upon
vitrification. However, 6Zn solid-state NMR results of Sutrisno et al. (18) showed
that the 67Zn NMR isotropic chemical shift of ZIF-14 (260 ppm) with longer Zn-N
distances (2.00 to 2.02 A) was significantly lower than that of ZIF-8 or ZIF-4 (300 to
315 ppm) characterized by shorter Zn—N distances (1.98 to 1.99 A). Although further
systematic studies are needed to establish this trend, the lower Zn NMR isotropic
chemical shift of ZIF glasses compared with their crystalline counterparts as observed
in the present study could be an indication of an increase in the average Zn—N distance
in the former, which is consistent with the corresponding increase in the molar volume
upon vitrification.
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5.1. MATERIALS AND METHODS
5.1.1. SYNTHESIS

Preparation of ZIF-4 crystals

ZIF-4 crystals were prepared by a modified version of a previously reported approach
(3). Stock solutions of Zn(NO3),-6H,0 (Sigma, 99.5%) and imidazole (Sigma, 99%)
were prepared in N,N-dimethylformamide (DMF) (Sigma, 99%), yielding 0.06 M and
0.18 M solutions respectively. 40 mL of a 1:1 volumetric mixture of the stock solu-
tions was transferred to a 100 mL blue cap bottle and stirred for 30 minutes. The bottle
was sealed and solvothermal synthesis was carried out at 383 K for 96 hours. After a
complete reaction, the solution was allowed to cool to ambient temperature overnight.
The resultant white ZIF-4 crystals were filtered off the precursor solution and washed
three times with ~50 mL of DMF, followed by drying in an oven at 383 K for 12
hours.

Preparation of ZIF-62 crystals

Three separate stock-solutions, 0.2 M Zn(NO3)2-6H20, 1.5 M imidazole, and 0.2 M
benzimidazole (Sigma, 99%), were used to prepare ZIF-62 crystals. The three stock-
solutions were mixed in a 100 mL blue cap bottle, corresponding to the molar ratio
Zn:Im:bIm=1:13.5:1.5. The mixture was stirred for 30 minutes before the bottle was
sealed and the solvothermal process was initiated at 403 K for 96 hours. Upon a com-
plete reaction, the solution was allowed to cool to ambient temperature, before being
filtered and washed three times in ~50 mL DMF. The ZIF-62 crystals were then dried
at 373 K for 4 hours. A ZIF-62 crystal with extra bIm was also synthesized using the
same procedure above but with the molar ratio Zn:Im:blm=1:13.5:3.0, we denoted it
as ‘ZIF-62b’ sample.

Preparation of ZIF-zni crystals

ZIF-zni samples were prepared by heating the as-synthesized ZIF-4 crystals in a sim-
ultaneous thermal analyser (Netzsch STA 448 F1) involving both the differential scan-
ning calorimetry (DSC) and thermogravimetry in argon. During heating at 10 K/min,
the ZIF-4 crystals were first collapsed to the low-density amorphous phase (LDA),
and then the latter was transformed into the high-density amorphous phase (HDA),
the HDA recrystallizes to ZIF-zni at 758 K and finally cooled down to room temper-
ature at 10 K/min.

Preparation of melt-quenched ZIF glasses
ZIF-4 glass was prepared by heating the ZIF-4 sample in a platinum crucible to 863

K (slightly above the melting point of 853 K) in the DSC in argon at 10 K/min, and
then by cooling the melt to room temperature at 10 K/min. Note that ZIF-4 glass was
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derived by quenching the melt of ZIF-zni crystals during the DSC upscan. ZIF-62
crystal was melted and quenched to glass state in a tube furnace, using an inert argon
atmosphere. The sample was heated to 733 K (above its melting point of about 693
K) at 10 K/min, followed by a 5-minute isothermal soaking, before being naturally
cooled to room temperature.

5.1.2. CHARACTERIZATIONS

Calorimetric analysis

During the DSC measurements, the as-synthesized ZIF-4 and -62 samples were held
in a Pt crucible at 313 K for 5 minutes, and upscanned at 10 K/min to the targeted
temperatures (see Fig. 1A), cooled back to 473 K at 10 K/min, and naturally to RT. A
second upscan was performed on the melt-quenched glass sample to determine its
glass transition temperature (Tg).

Powder X-ray Diffraction

Powder X-ray diffraction (XRD) patterns were collected using a Panalytical Empy-
rean X-ray diffractometer operating at 45 kV and 40 mA, with Cu Ko radiation
(A=1.5418A).

Liguid 'H NMR spectroscopy

Solution H NMR spectra of digested samples (in a mixture of DCI (35%)/D.0 (0.1
mL) and DMSO-ds (0.5 mL)) of desolvated ZIF-62 glasses (about 6 mg) were rec-
orded on a Bruker Avance Il 500MHz spectrometer at 293K. Chemical shifts were
referenced to the residual protio-solvent signals of DMSO-de. The spectra were pro-
cessed with the MestreNova Suite.

677n Solid-State MAS NMR

The ¥Zn MAS NMR spectra for all samples were acquired at the NHMFL with 3.2
mm magic-angle spinning probes designed and developed at the NHMFL, and Bruker
Avance NEO consoles. Spectra at 35.2 T were acquired using the NHMFL series-
connected hybrid (SCH) magnet (30) at a frequency of vo(®Zn) = 93.89 MHz with 10
kHz MAS, 0.1 s recycle delay and a 16.7 kHz rf field throughout. A *full’ spin-echo
(w/2 - 1 - m - acq) was acquired with 5 and 10 ps n/2- and n-pulses and a six-rotor
periods inter-pulse delay T = 600 ps. In addition, a ~1.3 ms WURST-80 pulse with an
offset of +350 kHz and a sweep width equal to the MAS frequency was applied prior
to the spin-echo to saturate the 57Zn satellite-transitions and enhance the central-tran-
sition signal (31,32). Approximately 4000 to 8000 scans were averaged and Fourier
transformed to obtain the spectra for the crystals, while for glasses approximately
65000 scans were averaged. Spectra at 19.5 T were acquired on a 31 mm bore super-
conducting magnet at a frequency of vo(®’Zn) = 52.02 MHz with 15.625 kHz MAS, 1
s recycle delay and a 16.7 kHz rf field throughout. The *full’ spin-echo (n/2 -t - 7 -

93



acq) was acquired with 5 and 10 ps n/2- and m-pulses, and © = 256 ps. For signal
enhancement, a ~2 ms WURST-80 pulse with an offset of +350 kHz and 15.625 kHz
sweep width was applied. Approximately 80000 to 85000 scans were averaged and
Fourier transformed to obtain the spectra for the crystals, while for glasses approxi-
mately 90000 to 150000 scans were averaged. All spectra were indirectly referenced
to a saturated Zn(NOs)2 aqueous solution with i, = 0 ppm by measuring the 'O
resonance frequency of tap water and using the frequency ratios between 'O and 87Zn
reported in the IUPAC recommendations (33), i.e., v(®’Zn, Zn(NO3)2) = v(*’0, H;0)
x 6.256803/13.556457.

67Zn being a quadrupolar nuclide, its NMR spectra may provide not only the infor-
mation on the chemical shift that is characteristic of its tetrahedral environment but
also on the electric field gradient (EFG) at the site of this nuclide in the structure, as
encoded in its quadrupolar coupling constant Cq and asymmetry parameter "q. The
EFG is a second rank tensor quantity that is known to be sensitive to the degree of
positional and orientational order at length scales corresponding to the nearest and
next-nearest neighbor distances and possibly somewhat beyond. This sensitivity of
the EFG to short- and intermediate-range structural order around the nuclide in ques-
tion is particularly obvious when one considers the distance dependence of the sym-
metric second-rank EFG tensor components Vi; (i,j= X,y,z) at any location, resulting
from a point charge [ at a distance r (point-charge approximation), which is given
by the relation (34):

e (3rirj—Ir|*dj

- 4T1Eg
where e and (o are the electronic charge and permittivity constant, respectively, r is
the radius vector from the point of interest to the ion and [J;; is the Kronecker delta
function. The EFG tensor can be diagonalized to obtain its principal components |V x|

< |[Vyyl < |Vz|. The NMR parameters Cq and [Iq are then related to these principal
components as:

Cq = eQV,,/h 2
Nq = (VXX - Vyy)/vzz (3)

where Q is the nuclear quadrupole moment and h is Planck’s constant.
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5.2. SUPPLEMENTARY FIGURES
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Figure S1. Schematic representation of the change of structural unit from crys-
talline ZIF to its glassy state. Structural units of ZIF crystal (A), with a population
average N-Zn-N bond angle (ue) of 109.4° based on the mean of crystals in Table S2,
and ZIF glass (B) with a broad distribution of the N-Zn-N bond angle (8).
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Figure S2. XRD patterns of two ZIF-62 samples with different linkers ratios added
during synthesis.
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Figure S3. Characterization of linker ratios. Solution *H NMR spectra of two ZIF-
62 samples with different linkers ratios added during synthesis. The ratio of linkers

(bIm/Im) can be obtained by integrating the characteristic peaks of the bim (peak 1,
NHN in blm) and Im (peak 2, NHN in Im).
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Figure S4. Calorimetry of ZIF-62 samples. Isobaric heat capacity (Cp) curves of
standard ZIF-62 sample (Zn(Im)1.7s(bIm)o2s) and ZIF-62b sample with extra bim
(Zn(1m)1.es(bIm)o.32) during the first upscan heated at 10 K/min, showing the desolv-
ation and melting peaks. The second upscans C, curves of ZIF-62 samples quenched
from above T, exihiting clear glass transition peaks.
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Figure S5. 67Zn MAS NMR spectra of standard ZIF-62 glass (Zn(Im).75(bIm)o.2s) and

ZIF-62b glass with extra bIm (Zn(Im)1.s(bIm)o.s2) obtained under 35.2 T magnetic
field.
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Table S1. Molar ratios of both the synthesis-added and the measured bIm/(Im+blm)
for ZIF-62 samples with various linkers ratios

Samples Added Added Measured Composition

P Zn:Im:blm bim/(Im+blm)  blm/(Im+bIm) P
ZIF-62 1:13.5:1.5 0.1 0.125 Zn(Im)175(bIm)o.2s
ZIF-62b 1:13.5:3.0 0.18 0.16 Zn(Im)yes(bIm)o.z2

Table S2. Distribution of N-Zn-N bond angles in ZIF-4, ZIF-62 and ZIF-zni crys-
tals.

N-Zn-N bond angles (°)

ZIF-4 ZIF-62 ZIF-zni

Znl zZn2 Znl zZn2 Znl Zn2

104.07 107.77 110.5 105.6 109.3 110

110.59 113.34 105.3 112.1 113.1 108.8

110.93 105.3 109.9 111.5 108.9 113.4

1135 111.11 108 107.9 104.7 112.9

109.3 110.2 109.8 110.3 102.1 108.4

107.96 108.91 113 109.5 117.8 103.9

Max 113.5 113.34 113 112.1 117.8 113.4
Min | 104.07 105.3 105.3 105.6 102.1 103.9
Diff 9.43 8.04 1.7 6.5 15.7 9.5
Average | 109.39 109.44 109.42 109.48 109.32 109.57
STD 3.20 2.79 2.58 2.42 5.65 3.47
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Table S3. Distribution of Zn-N bond lengths in ZIF-4, ZIF-62 and ZIF-zni crystals.

Zn-N bond lengths (A)

ZIF4 ZIF-62 ZIF-zni

Znl Zn2 Znl Zn2 Znl Zn2

1.997 1.982 1.99 1.986 1.96 2.03

1.992 1.973 1.979 1.978 2.05 1.992

1.967 1.979 1.967 1.99 1.982 1.983

1.98 1.991 1.989 1.987 1.98 1.94

Max 1.99 1.99 1.99 1.99 2.05 2.03
Min 1.96 1.97 1.96 1.97 1.96 1.94
Diff 0.03 0.02 0.02 0.01 0.09 0.09
Average 1.98 1.98 1.98 1.99 1.99 1.99
STD 0.013 0.008 0.011 0.005 0.039 0.037
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6. BIMETALLIC CU/ZN ZIF-4

6. BIMETALLIC CU/ZN ZIF-4

Bimetallic Cu/Zn-ZIF-4 crystals were prepared with the specific goal of expanding
on the work of chapter 4. In chapter 4, the incorporation of cobalt results in a structural
mismatch in the Zn-ZIF-62 structure, resulting in a non-additive change in T, and Ty,
i.e. the mixed metal node effect. Low cobalt concentrations produce a characteristic
drop in Tm and Ty, however, the chapter does not explain why the same drop is not
seen between pure cobalt ZIF-62 and low Zn ZIF-62. This chapter seeks to expand on
the mixed metal node effect, specifically elucidating the origin of the characteristic
drop in Try at small metal substitution. Copper was chosen for this, as it has potential
applications in areas like catalysis, while still arranging in tetrahedral coordination.
This chapter outlines the synthesis and analysis of the Cu/Zn-ZIF-4 samples. The
melting and glass-forming characteristics of Cu-modified ZIF-4 further shed light on
the mixed metal node effect. Small amounts of copper (1 mol%) in the framework
significantly decrease the melting temperature of ZIF-4 and have a non-linear non-
monotonic effect on Tm, similarly to Co/Zn-ZIF-62 in chapter 4. The cause of this
observed T minima at low copper substitution is ascribed to the inductive effects of
Cu?* ions. The presence of copper at low concentrations destabilises the system by
pulling on the electron could of the imidazolate unit, causing the electron density of
the neighbouring Zn atoms to be weakened. This weakening leads to scission occur-
ring at lower temperatures, which then decreases the network connectivity enabling
melting at significantly lower temperatures.

6.1. EXPERIMENTAL WORK

Synthesis: stock solutions of zinc acetate, copper acetate and imidazole were prepared
to make the systematic substitution of Cu for Zn easier. 2.694 grams of zinc acetate
dihydrate (sigma) was dissolved in 100 mL DMF. 0.551 grams of copper acetate mon-
ohydrate (Merck) was dissolved in 25 mL DMF. 4.999 grams of imidazole was dis-
solved in 200 mL DMF (N, N-dimethylformamide). The three solutions were mixed
in a ratio in accordance with Table 6.1. the solutions were stirred with a magnetic
stirrer for 30 minutes before being transferred to closed 100 mL glass vessels and
placed at 110 °C for 96 hours and then cooled to ambient temperature after the crystals
were formed. The crystals were washed three times with DMF and once with DCM
(dichloromethane) before being dried at 110 °C overnight. The sample names are
given with the mol fraction of Cu present in the structure, i.e. 0.2-Cu-ZIF-4 was syn-
thesised with 20 mol% Cu.
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Table 6.1 mixing ratio of stock solution for Cu/Zn-ZIF-4 synthesis.

Structure | Zn-solu- Cu-solution  Imidazole-solution DMF

tion [mL] [mL] [mL] [mL]
0.2-Cu-ZIF-4 12 3 15 30
0.1-Cu -ZIF-4 13.5 15 15 30
0.05-Cu -ZIF-4 14.25 0.75 15 30
0.01-Cu -ZIF-4 14.85 0.15 15 30

PXRD: The as-synthesised crystals were placed on an amorphous silicon sample
holder (PANalytical). A copper radiation source (1.541 A and 1.544 A) using a
P1Xcel*P detector. 0.04 Rad sollers, with 1/8° divergence slits, 1/4° anti-scatter slits,
and a 10 mm beam mask equipped on the incident beam side. On the diffracted
beam side, a 7.5 anti-scatter slit, with a large nickel filter, and a 0.04 Rad soller was
used. A step size of 0.01313° and a range of 3 to 40° was used for the measurement
of the mixed metal ZIF-4 samples.

Simultaneous thermal analysis (STA): Calorimetric analysis (DSC+TGA) of the
synthesised samples was carried out on a NETZSCH f449 F3 STA, equipped with a
steel furnace and a type P thermocouple, using argon as the protective atmosphere.
The samples were heated to 480 °C, then cooled to 80 °C followed by two heating
cycles to 410 °C. All dynamic steps were carried out with a temperature ramp of 10
K min™.

6.2. FINDINGS

PXRD revealed that the synthesised crystals have a very similar pattern to a simulated
pattern from a CIF file found in the literature (95). When comparing the samples to
the reference in Figure 6.1 it is concluded that the synthesised crystals were of a pure
Pbca space group, with no detectable secondary crystalline phases. The absence of
any unpredicted peaks indicates the effective incorporation of copper into the struc-
ture. Hence, any deviations in calorimetric characteristics, i.e., melting and glass-
forming trends can be ascribed to the effect of copper on the framework, rather than
ascribed to the effect of contaminating phases.
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Figure 6.1 PXRD measurements of Cu-modified ZIF-4.

The DSC measurements in Figure 6.2 reveals a clear endothermic peak for 0.01-Cu-
ZIF-4. Detectable decomposition occurs for the samples with a higher Cu/zZn ratio.
The significant mass-loss present (Figure 6.2 b)) is attributed to carbonisation, which
is confirmed by visual inspection of the samples in Figure 6.3. Only 0.01-Cu-ZIF-4
presents with a high-quality glass sample, while 0.05- to 0.2-Cu-ZIF-4 are visibility
carbonised, indicating that MA is approaching 0. 0.01-Cu-ZIF-4 exhibits a Tr, offset
of 342.4 °C, which is a difference of almost 248 °C when compared to the conven-
tional melting temperature of ZIF-4 as given in chapter 2 (168). the glass transition
temperature varies by 8 °C from the value reported in the literature with a T, of 284.2
°C. The ability of the 0.01-Cu-ZIF-4 to melt and form a glass contradicts the findings
of Stepniewska (169), however, even with 5 mol% Cu being used, GFQ is compro-
mised significantly, as evident by partial carbonisation. The melting point of 0.05-Cu-
ZIF-4is 372.7, a stark increase from that of the 1% Cu ZIF-4 sample. Further increase
of copper content to 10 and 20 mol% results in a decrease in Tm. The reported Tr, of
0.1-Cu-ZIF-4 and 0.2-Cu-ZIF-4 is accompanied by significant carbonisation, as ob-
served with the visible negative slope at the TGA plot above 300 °C as seen in Figure
6.2 b). Because of this decomposition, the exact determination of Tr, is difficult. This
effect is very similar to the one outlined in chapter 4, where a non-linear and non-
monotonic effect on Tm is observed.
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The glass transition peak is observed to decrease with increasing Cu?* substitution,
which is unlike the findings of Chapter 4, however, due to the thermal instability of
the samples with higher copper substitution ratios, this effect is unclear if it is caused
by the partial decomposition or another effect. The glass-forming ability (Tg/Tm, in
kelvin) for each Cu-substituted ZIF-4 is very high, 0.91, 0.86, 0.87, and 0.87 for 0.01-
, 0.05-, 0.1, and 0.2-ZIF-4 respectively. The extremely high GFA suggests that the
samples, despite their thermal sensitivity, have high resistance against crystallisation.
Likely, this increased GFA is partially due to an increase in the entropy of fusion
(AS:ys), as it is known that an increase in possible conformations will yield a higher
AS.s (170). Despite this high GFA, the low MA results in these samples having a
lower GFQ, when compared to ZIF-62 glasses.
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Figure 6.2 STA measurements of Cu-ZIF-4 crystals a) DSC signal upscan 1 b) TGA signal
upscan 1 c¢) DSC signal upscan 2 d) TGA signal upscan 2.

Due to the absence of any secondary phases, the strong decrease in T, has to be as-
cribed to a strong mixed metal node effect. The addition of a small quantity of copper
presents the largest effect, similar to the effects of incorporating bim in ZIF-62 (24).
It should be noted that not all Cu/Zn-ZIF-4 samples were able to be melted and
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6. BIMETALLIC CU/ZN ZIF-4

quenched into glasses without decomposition occurring, which complicates the anal-
ysis. Based on the work of Sarkar et al. (171), it is likely that this is tightly associated
with the nature of the coordination bond itself. Based on their work, it can be inferred
that the Cu-N bonds are more covalent in nature when compared to the Zn-N bonds,
which is feasible due to the difference in electronegativity between the two metals
(Zn=1.65, Cu=1.9 (172)). This ties well in with the notion of a mixed metal node
effect (148) and that the scission and renewal of metal to linker coordination bonds is
the driving force for the melting mechanism, with the latter being experimentally sup-
ported by solid state Zn-NMR (17). The presence of the short-range disorder is con-
tradicting the notion that short-range structure is retained, as is the case with the CRN
(continuous random network) model) (5,173-175). However, as the presence of short-
range disorder has been proven by solid-state NMR, the current selecting criteria for
melting in simulations might not be appropriate.

a) b)

Figure 6.3 Optical image of Cu/Zn-ZIF-4 glass samples. a) 0.01-Cu-ZIF-4 glass b) 0.05-Cu-
ZIF-4 glass c) 0.1-Cu-ZIF-4 glass d) 0.2-Cu-ZIF-4 glass.

The findings of these Cu-modified ZIF-4 samples provide further evidence of the
mixed metal node effect in metal-organic framework glasses. To be able to describe
the non-linear, non-monotonic effect observed some alterations to the initial descrip-
tion in the published work in chapter 4 (148) can be made. Based on the observations
in chapter 4 and these Cu/Zn-ZIF-4 samples, two separate mechanisms are likely to
occur, when substituting one metal node for another.

The first mechanism is the strengthening of the average metal-to-nitrogen coordina-
tion bond. This partially explains the reason why pure copper and pure cobalt-based
ZIFs generally exhibit lower GFQ. The strengthening is caused by copper possessing
a stronger, more covalent, coordination bond with nitrogen, while Zn-N bonds are
more ionic.
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Second, the strengthening is likely counteracted by copper (or cobalt) drawing more
on the electrons compared to zinc: the higher electronegativity leads to the electron
density of the aromatic ring increasing at the Cu-N bond and decreasing at the Zn-N
bond, as illustrated in Figure 6.4. This effect would further weaken a subset of the Zn-
N bond when compared to conventional Zn-ZIF-4. During heating, the Zn-N bonds
which are weakened by the presence of Cu ions will then have a greater thermal vi-
bration, which then enables these sites to sever more easily. The severing of the weak-
ened Zn-N bonds then reduces the network connectivity, which allows the material to
reach Lindemann’s criterion for melting at lower temperatures (114,176,177). Once
the Cu content is sufficiently high, the weakening of the Zn-N bonds is offset by the
stronger Cu-N bonds. This explains the non-monotonic effect of metal substitution
observed during heating.

O

Figure 6.4 Schematic drawing illustrating the electron drawing effect, causing a weakening of
the Zn-N bond.

Electron density

The destabilisation appears to not only be caused by a structural mismatch between
ionic sizes and electron configurations. Perhaps more importantly, the mixed metal
node effect appears to be driven by the nature of the metal-to-linker bond. By having
more covalent bonds on average, the MA is decreased. However, the introduction of
metal nodes which can promote an uneven electron distribution in the imidazolate-
based linker appears to dramatically decrease the melting temperature, by weakening
a subset of metal-to-nitrogen bonds. In this case, the Cu ions draw on the electrons,
leading the neighbouring Zn ions to form weaker bonds with nitrogen. This appears
to be the case for Co/Zn-ZIF-62 as well. However, the calorimetric behaviour of ZIF-
new in chapter 4 is less directly applicable.
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6. BIMETALLIC CU/ZN ZIF-4

The unknown chemical structure of ZIF-new complicates the discussion of the im-
portance of the mixed metal node effect for this series of ZIFs for two major reasons.
First, the emergence of a secondary phase in ZIF-new makes it much more complex
to ascertain the mixed metal node effect. The presence of two distinct phases can cause
a significant change in thermal behaviour. The unknown chemical composition com-
plicates and excludes the assessment of chemical bond strength. Without further
study, it is not possible to make any inferences on the possible effects of the metal
substitution in this crystal phase. Second, the unknown crystal structure excludes as-
sessments of symmetry effects as well as lattice parameter effects. For further
knowledge of this novel ZIF structure, knowledge of the chemical composition is re-
quired. A possible, but not verified explanation of the change in ligand chemistry
could be a Co-catalysed coupling of the aromatic rings. Though the nature of the cou-
pling would have to result in a lowering in the electron density of the aromatic system,
as to allow the 'H to shift to a higher field (178). The validity of this theory is ques-
tioned by limited publications demonstrating the coupling of non-functionalized aro-
matic rings, whereas organotin or boron (Stille and Suzuki coupling) are commonly
used for coupling aromatic compounds (179-181). However, if the nature of the in-
situ linker modification is elucidated, then this will provide a significant contribution
to the understanding of the mixed metal node effect.

Another possible conceptualisation for the changes in T, and Ty in Co/Zn-ZIF-62 and
Cu/Zn-ZIF-4 is that the addition of a second metal ion leads to a eutectic point in a
binary phase diagram. This would be conceptually analogous to the phase diagram
presented by Widmer et al. (113). A phase diagram shows at which conditions (tem-
perature, pressure...) certain thermodynamically distinct phases occur (182). This is
typically used for alloys and is a very useful tool for reading out the thermodynamic
behaviour of a specific composition of interest. However, several complications de-
tract from using such a model to explain the melting behaviour of MOF glass formers.

First, MOFs can consist of several organic ligands and metal nodes. Because of this,
it is difficult to avoid having composition variations that would lead to a three-dimen-
sional composition-temperature phase diagram. Preparing such a phase diagram
would be an arduous experimental endeavour.

Second, for the case of ZIF-62/ZIF-new mixtures, as observed in chapter 4, a phase
diagram would potentially be viable. However, multiple unknown factors make the
use of phase diagrams less appropriate. One, the ZIF-new is of an unknown crystal
structure, which would reduce the information which could be gathered. Two, the
chemical composition of ZIF-new is yet to be determined, meaning that it is not pres-
ently possible to discriminate neither the chemical nor the structural differences of
such a phase diagram. Three, the ligand in ZIF-new is likely being synthesised cata-
lytically by the presence of cobalt. This means that the phase separation displayed in
a phase diagram from the work presented in chapter 4 is based on the fact that the
novel linker is being synthesised locally at the cobalt sites. By extension, it is therefore
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not possible to ascertain if the formation of these two distinct phases is a consequence
of inhomogeneous mixtures. It is reasonable to believe that if the organic ligand was
determined that a reaction solution of zinc nitrate, cobalt nitrate, imidazole, benzim-
idazole, and the unknown linker, would produce a homogenous crystal structure, or a
mix of crystal structures with a homogenous mixture of Zn and Co. This level of un-
certainty will undermine the validity of such a phase diagram, as most vital infor-
mation would be absent.

Third, the construction of a phase diagram will reveal the empirical results of a spe-
cific modification to a specific initial MOF structure and is therefore a powerful tool
for selecting a composition with the desired thermodynamic/kinetic properties. A
phase diagram, however, offers little information to explain the physical cause of the
change in, e.g., Tm. For this thesis, the main objective is to relate structural character-
istics to glass-forming behaviour in MOFs, with the ultimate objective of contributing
to the general understanding of the melting mechanism of MOFs for the predictive
design of future MOF glasses. In this capacity, the construction of phase diagrams of
MOF glass formers will contribute little to the understanding of the melting mecha-
nism.

In contrast, the mixed metal node effect proposes an initial mechanism for the change
in melting behaviour, which has the potential for computational work of MOF glass
systems. The present computational methods for predicting the melting of crystalline
MOFs involve the Lindemann criterion for melting (132,177), i.e., by taking the ratio
of the metal-linker thermal vibrations (u) and the interatomic distance r (86). How-
ever, these calculations are known to underestimate the vibrational dynamics, which
makes the (u)/r ratio at Tn, is highly dependent on the individual material (132). This
approach for determining to melt is still presently used, as no better model for pre-
dicting Tm is presently available (132). One of the major limitations of simulations of
MOF glasses is that the current computational models used in molecular dynamics
simulations are insufficient to effectively predict melting temperature (177). Some of
the current methods used for simulations are density functional theory (DFT) and
force field simulations (132,183,184). DFT belongs to a group of simulation models
based on quantum mechanical computations (185). The major advantage of these
models is their non-empirical basis. This means that the models, when used appropri-
ately, are quite good at predicting phenomena and trends especially when related to
the electronic structure (184,186). The avoidance of empirical potentials and the abil-
ity to study reactions that involve dissociation and reassociation of covalent bonds are
factors that make DFT and first principle simulations especially attractive (184).
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However, the reason why many computational studies are based on empirical is due
to the computational demands of analytical models (184). For most quantum mechan-
ical simulations, simulations are generally not carried out on systems exceeding a few
hundred atoms (187). With MOFs having unit cells that can exceed 50 unique atoms
(95), it is clear how models with a high computational load will be limited in simula-
tion size. For characteristics requiring larger simulation systems, like, crack propaga-
tion in glasses (188), ion-exchange strengthening (189), and ionic conduction (190),
this limitation to the size of the system makes quantum mechanical models inappro-
priate.

Classical MD simulations based on empirical models like force field have a signifi-
cantly lower computational demand (184). This means that the systems being simu-
lated can be much larger when compared to that of DFT calculations, and the simula-
tion systems are often several orders of magnitude larger in number of atoms when
compared to quantum mechanical simulations (184). This would make simulations of
Tm of MOF glass formers much more appropriate. However, the predicting power of
these simulations is dictated by which empirical model is being used (183). Most MD
potential models are based on empirical developments, meaning that the applicability
is tied to the specific potential models used (183). The development of silicate poten-
tials outstrips that of less studied glass formers, like boron in borosilicate glasses
(191). Therefore, simulations of novel glass systems like dmblm-modified ZIF-62 are
subject to much larger uncertainty.

Developing a rigorous model for the melting- and glass-forming mechanism would
therefore be useful for simulation work. Understanding the melting mechanism and
being able to incorporate this effect into a mathematical expression, that more reliably
predicts the melting of MOFs would be a ground-breaking development. The success-
ful implementation of simulations for predicting T, of new MOF glass formers will
significantly improve future research output, as trial-and-error approaches for the de-
velopment of novel MOF glasses can be largely avoided. The local disorder demon-
strated by the solid-state NMR results in chapter 4, in combination with the mixed
metal node effect, could be used for selecting or developing more appropriate models
for predicting Trm of MOFs in the future.
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7. ZIF WITH BIMODAL MELTING
BEHAVIOUR

During the preparation of the samples for chapter 3, a dmblm-modified ZIF-62 crystal
was prepared which presented with hitherto unprecedented calorimetric response to
heating. A bimodal melting endotherm is observed during the initial heating cycle.
This was attributed to a bimodal melting peak as subsequent cooling and heating cy-
cles revealed a bimodal glass transition peak. This chapter seeks to elucidate the novel
melting and glass transition characteristic of this dmblm-ZIF-62 sample, through in-
situ structural characterisations. VT-Raman, in-situ synchrotron PXRD, and in-situ
PDF were carried out in this novel ZIF. The crystal phase exhibits minimal thermal
expansion/contraction during heating. No secondary crystal phase was able to be de-
tected during the heating of the samples. While the origin of this bimodal behaviour
remains inconclusive, the dmbim-ZIF-62 sample has exciting characteristics worth
further investigation.

7.1. EXPERIMENTAL WORK

Synthesis: 0.46 grams of zinc nitrate hexahydrate (Zn(NOs),), 6.6 grams of imidaz-
ole, 3 grams of benzimidazole, and 0.94 grams of 5,6-dimethylbenzimidazole were
weighed into a glass beaker with a magnetic stir bar in it. The powders were dissolved
in 60 mL DMF and stirred for 30 minutes, and transferred to a 100 mL Teflon-lined
steel autoclave. The autoclaves were sealed and placed in an oven at 130 °C for 96
hours. After the given time, the solutions were allowed to cool naturally to ambient
temperature inside the oven overnight. The recovered crystals were washed three
times with DMF and one time with DCM. The washed crystals were dried in an oven
at 110 °C overnight.

PXRD: The as-synthesised crystals were analysed with the same protocol as the one
outlined in chapter 3 (146).

STA: Calorimetric analysis of these samples is carried out with the same protocol
outlined in chapter 3 (146).

Synchrotron in-situ PDF/PXRD: All scattering data were collected at the 115-1
beamline at the Diamond Light Source (A= 0.161669 A, E=76.69 keV) (192). The
samples were crushed using an agate mortar. The samples measured at ambient tem-
peratures were loaded into 1 mm Kapton tubes, with quartz wool holding the sample,
and super glue sealing the capillary. Measurements were carried out in the region
Q-~0.7 to 25 A with data collection being 20 minutes each. Data acquisition was
carried out for both samples and an empty capillary. Two PerkinElmer detectors were
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used for recording PDF and powder diffraction simultaneously. The wavelength and
sample-detector distance were calibrated with a Si standard using the program DAWN
(193-195).

An empty container was used for subtracting the signal of the capillary, and Compton
and absorption corrections were carried out on the GundrunX software before trans-
forming the structure factor to pair distribution function. The GundrunX software
package utilises the HHS function and a revised Lorch function for the conversion
from reciprocal space to real space (196). For the in-situ measurements, borosilicate
capillaries were used instead, with a similar approach as above. A hot air blower was
used for heating the samples to the desired temperature.

Synchrotron PXRD: The samples were sent to the DIAMOND facilities. Measure-
ments were carried out on beamline 112 (197,198) at ambient temperature. Kapton
capillaries were used for the sample holder, with a Pilatus 2M CdTe detector for data
acquisition. The wavelength and sample-detector distance were calibrated, using a
Ce02 standard through the program DAWN (193-195).

VT-Raman: Variable temperature (VT) Raman was carried out on a Horiba Jobin
Yvon (Japan) LabRAM HR800 with a semiconductor laser at 785 nm. A silicon wafer
was used to calibrate the Raman shift. Each sample was tested at ambient temperature,
and in increments of 50 K until 673 K was reached, followed by increments of 25 K
until the signal quality deteriorated. The temperatures were controlled on a LINKAM
FTIR 600 stage, connected to a nitrogen gas flow to protect the samples during heat-

ing.

S-NMR: solution *H-NMR was carried out with the same method outlined in chapter
3 (146).

7.2. FINDINGS

Liquid NMR data analysis was carried out with the same procedure as in chapter 3.
The chemical composition of ZIF-x is [Zn (Im)1.67 (bIm)o.2s (dmbIm)o.es], determined
by S-NMR. The decreased Im:(bIm+dmbIm) ratio is ascribed to the significantly dif-
ferent reaction conditions. To ensure the crystal structure still being a Pbca space
group, in-house PXRD was conducted.
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Figure 7.1 PXRD measurement of ZIF-x with a ZIF-62 reference from the literature (95). The
asterisks (*) highlight peak differences.

Figure 7.1 reveals the in-house PXRD measurement carried out on the ZIF-x sample
with a reference ZIF-62 sample (199). The powder diffraction pattern confirms the
presence of ZIF-62 crystals, however, several unaccounted peaks are present in the
diffractogram, specifically at ~10°, 12.5°, and 16° 26. These points were initially at-
tributed to imperfect sample preparation and were disregarded until the calorimetric
analysis was carried out. A bimodal melting endotherm at 417 °C and 442 °C in Figure
7.2. In addition, Two Ty were also detected at 319 °C and 329 °C respectively. The
presence of a bimodal melting peak has previously been reported in studies dealing
with mixed ZIF-4 and ZIF-62 samples (200). However, these samples produce only a
bimodal melting peak, while the glass transition would be a singular unimodal peak.
The presence of a bimodal T4 suggests that both the crystalline sample and the result-
ant ZIF-x glass are phase separated.
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Figure 7.2 STA measurement of ZIF-x showing the first and second upscan, highlighting the
bimodal Tm and Ty.

The diffraction data from the in-house equipment does not provide sufficient resolu-
tion to be able to quantitatively determine the presence of a secondary phase. Single-
crystal X-ray diffraction data would be preferable, however, the particle size is so
small that single-crystal studies are unfeasible as seen in Figure 7.3. Additionally,
Single-crystal analysis would not be able to detect the presence of two distinct crystal
structures in a bulk sample unless the two crystals were intergrown on the same par-
ticle. As such, the powder samples were analysed by a synchrotron radiation source
in an attempt to determine the presence of a secondary crystal phase. TOPAS aca-
demic version 7 was used for Rietveld refinement. The input file was constructed
based on a ZIF-62 template (95) which was modified to accommodate the presence
of the third linker type, dmbim. The 26 range was set to 0.5 — 3.6° for the initial
refinement. The refinement was carried out using a 10" background polynomial, a 1/x
background, as well as a simple axial asymmetry model to describe the peak asym-
metry. Gaussian and Lorentzian crystal size and strain were used. After the fitting was
optimised based on the initial parameters of the ZIF-62 structure, then the partial oc-
cupancy of the third linker was introduced in accordance with the ratio calculated
from the S-NMR data. The refinement systematically underpredicted the <1 1 1>, <0
0 2>, and <1 0 2> plane. Two preferred orientation terms for the <11 1> and <1 0 2>
planes were added. Further refinements were carried out by adding different solvent
molecules into the cavities of the crystal, followed by an annealing procedure. How-
ever, the peaks associated with these crystal planes were unable to be described to a
satisfactory degree, as can be seen in Figure 7.4.
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Figure 7.3 optical image of ZIF-x sample.

The inability to get a satisfactory refinement for the ZIF-x crystal can be caused by
multiple possibilities. First, the crystalline sample may be contaminated with a crystal
of a similar diffraction pattern, which is unable to be detected by powder diffraction.
As there is presently no proposed structure for the hypothetical secondary phase, then
it is not possible to introduce such a phase and get a reliable refinement. Second, the
addition of the bIm and dmblm linkers consistently reduced the intensity of these un-
derpredicted peaks, hence it is possible that these linkers are present in the powder,
but are more disordered than in the model used. Third, the solvent molecules in the
pores are strongly disordered and have to be described by several partial occupancies.
The final structure of the ZIF-x sample is thus still to be determined.
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Figure 7.4 Difference plot of crystalline ZIF-x refined via Rietveld refinement.
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In an attempt to reveal the nature of the bimodal melting behaviour, the ZIF-x sample
was also measured and analysed by in-situ powder diffraction at several temperatures:
RT, 200 °C, 289 °C, 376 °C and 400 °C. Above 400 °C, the diffraction pattern con-
verted to a broad diffuse scattering peak, as can be seen in Figure 7.5 a). As can be
noticed, there is no clear indication of two different crystal lattices melting at two
different temperatures through the data, which inhibits further improvement of the
Rietveld refinements in Figure 7.4. This further suggests that the structure might be a
highly disordered Pbhca space group sample, which causes the bimodal melting be-
haviour. However, an interesting finding is that the structure becomes significantly
disordered at 376 °C and is completely amorphous above 400 °C. This transformation
occurs significantly below the initial Tr, of 417 °C, however, the melting peak onset
is quite difficult to determine exactly. Due to the loss of crystallinity, it appears that
there is an amorphization occurring before 376 °C, which might act as a melting ini-
tiator. This amorphization prior to melting is a consistent observation with ZIF-62 and
ZIF-4 by the work of Nozari et al. (201).
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Figure 7.5 a) in-situ PXRD study of ZIF-x at ambient temperature, 200 °C, 289 °C, 376 °C and
400 °C. b) lattice volume from LeBail refinement of ZIF-x as a function of temperature.

LeBail refinements were carried out on each diffraction temperature. The initial struc-
ture was based on the same parameters as the Rietveld refinement carried out earlier.
However, the goal where was the attain the lattice parameters, to correlate these with
the thermal response. As can be seen in Figure 7.5 b), the thermal expansion is essen-
tially negligible during the melting of these crystals. The addition of dmbim into the
crystal structure could likely increase the rigidity of the crystal, which could reduce
the ability of the lattice to expand.
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Figure 7.6 a) shows the pair distribution function (PDF) D(r) data of the crystalline
ZIF-x being heated until melting, as well as the resultant glass. The intensity of the
correlations in Figure 7.6 has been normalised, however, the correlation intensity de-
creases with increasing temperature, as is expected with the increased thermal energy
of the atoms. As can be seen, minimal changes can be observed in the intra-tetrahedral
correlations (peak 1-6 highlighted in Figure 7.6 a)) as temperatures increased. It
should be noted that the PDF measurement at room temperature is noticeably different
from that of the in-situ measurements. This is potentially caused by an experimental
error, and the reproducibility of this result has yet to be verified.

Figure 7.6 b) reveals that all intermediate-range correlations are lost upon heating to
376 °C, which is expected as the crystallinity is lost in the X-ray diffractograms. Ad-
ditionally, Figure 7.6 c) reveals little structural changes of the glass during heating to
above Tg. The differences are small enough that they cannot presently be ascribed to
any phenomenon like kinetic mobility.
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Figure 7.6 in-situ PDF measurements of ZIF-x a) in-situ PDF of crystalline ZIF-x until glass
formation, highlightir}g correlations from 0 to 12.5 A ¢) in-situ PDF of ZIF-x glass. Correla-
tions from 12.5 to 25 A d) PDF measurements of ZIF-x glasses at different temperatures.
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To further investigate the intermediate structural changes during heating, Raman spec-
troscopy is employed. Figure 7.7 highlights the changes to the Raman spectrum in
response to the temperature. The peak at 550 cm™ is ascribed to the v, (stretching
motion of the ring) as well as N-C-N out-of-plane bending (&,,,) (47,202). The peaks
at ~636 cm* are ascribed to ring torsion (203). The strong peak at 734 cm™ is ascribed
to C-H §,,,, of the benzimidazole ring (47,202). At ~850 cm™ C-Him §,,;, and &, (in
plane) at 975 is present (202). At ~1000 cm™ &y,y, 1, is Observed, while ~1150 cm™ is
stem from C-H &, (47,202). The large peak at ~1283 cm is caused by the v,;,, and
C-H 8,,,. The at 1309 cm™ a peak associated with C-H &, (202). The final major peaks
at 1363 and 1422 are attributed to C=C v (202). During heating, the peaks generally
shift to a lower wavenumber, which is associated with increased bond length in the
organic units (171). This is an expected finding, though the minimal change to the
lattice volume suggests that the Zn-N bonds remain largely constant throughout heat-
ing.
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Figure 7.7 VT-Raman spectroscopy analysis of ZIF-x.
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The use of Raman, PDF, powder refinement, and STA is unable to definitively attrib-
ute the bimodal Tr, and Tg to any specific characteristic. However, the likely explana-
tions are either that they stem from a highly disordered crystalline phase, or that two
similar, crystalline phases are present in the sample. However, as the synthesis ap-
proach provides an extremely fine powder, it is not feasible to conduct single-crystal
X-ray diffraction experiments with readily available equipment. However, the use of
electron diffraction through TEM would provide the resolution required. Though the
approach would be arduous, as the ZIFs are generally non-conductive, which can lead
to the sample heating up and decomposing by charge effects and is generally avoided
by low beam doses (204,205). Even in the case that thermal decomposition does not
occur, then involuntary heating of the sample could significant complications.

What is more, the bimodal T and Ty behaviour is highly sensitive to preparation
methods. This complicates the ability to grow larger single crystals, as the novel ther-
mal behaviour is lost even with minor changes to the synthetic procedure. Even using
the same synthesis parameters does not always lead to the crystalline powder having
the same novel calorimetric response to heating. As the in-situ experiments yielded
interesting results for this novel ZIF-x framework. The dmblm-modified ZIF-62 sam-
ples from the published work in chapter 4, were also tested similarly.
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8. IN-SITU STUDY OF DMBIM-MODIFIED ZIF-62 CRYSTALS

8. IN-SITU STUDY OF DMBIM-
MODIFIED ZIF-62 CRYSTALS

The dmbim-maodified ZIF-62 systems of chapter 4 were used for in-situ analysis. VT-
Raman, in-situ synchrotron PXRD, and PDF were carried out. Rietveld refinement
was attempted on the PXRD data, though similarly to chapter 7, the refinement re-
sulted in a consistent underprediction of the first peaks on the diffraction patterns.
LeBail refinement of ZIF-62 and 0.24-Z1F-62 revealed significantly different thermal
expansion characteristics. ZIF-62 crystals exhibit a collapse in the lattice volume,
while 0.24-ZIF-62 exhibits an increase in lattice volume as the temperature increases.
Minimal intermediate-range structural changes were observed during heating and
melting which would be able to address the difference in the thermal response of ZIF-
62 and 0.24-ZIF-62.

8.1. EXPERIMENTAL WORK

Synthesis: The synthesis procedure used for this study is the same as in chapter 3
(146).

Synchrotron in-situ PDF/PXRD: PDF measurements were collected with the same
method as outlined in 7.2.

Synchrotron PXRD: Same method approach as in 7.2.
VT-Raman: Variable temperature (VT) Raman was carried out on a Horiba Jobin

Yvon (Japan) LabRAM HRB800 with a semiconductor laser at 785 nm, using the same
experimental procedure outlined in 7.2.
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8.2. FINDINGS

In-situ Raman analysis of all samples was carried out with Figure 8.1 highlighting the
differences between each sample. As expected, the similar chemical composition and
crystal structure leave only minor differences. The peak at 550 cm™ is ascribed to the
Vring(Stretching motion of the ring) as well as N-C-N out-of-plane bending
(850p)(47,202). This peak is reduced in intensity, while a new peak at 575 cm™
emerges. The peaks at ~636 cm™ are ascribed to ring torsion (203). The strong peak
at 734 cm™ for ZIF-62 is ascribed to C-H &,,, of the benzimidazole ring (47,202),
which goes to explain the discrepancy between ZIF-62 and 0.24-ZIF-62. At around
850 cm™ C-Him 8,0, and &y, (in plane) at 975 is present (202). At ~1000 cm™ 8y, i
is observed, while ~1150 cm™ originates from C-H &, for bim, which explains the
absence of this peak in 0.24-ZIF-62 (47,202). The large peak at ~1283 cm™ is caused
by the v,y and C-H &;,. The at 1309 cm™ a peak associated with C-H &, can be
observed for ZIF-62, but is absent for 0.24-ZI1F-62 (202). The final major peaks at
1363 and 1422 are attributed to C=C v (202).

0.13-ZIF-62

0.05-ZIF-62

Intensity (a.u.)

T T T T T
500 750 1000 1250 1500 1750
Raman shift (cm™!)

Figure 8.1 Raman spectrum of ZIF-62 (black), 0.05-ZIF-62 (blue), 0.13-ZIF-62 (red), 0.24-
ZIF-62 (orange). The black arrow indicates major differences between ZIF-62 and 0.24-ZIF-
62.
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8. IN-SITU STUDY OF DMBIM-MODIFIED ZIF-62 CRYSTALS

During the VT-Raman analysis (Figure 8.2), several findings were made. First, the
signal quality deteriorated significantly above 400 °C, likely due to a combination of
bond weakening (171) as well as thermal decomposition due to the insufficient pro-
tective atmosphere. As, dmblm substitutes for bim at increasing levels (0.13 and 0.24-
ZIF-62) the stability is noticeably lower, as the signal-to-noise ratio is significantly
lower at 400 °C than that of conventional ZIF-62. Another key finding is that the peaks
shift to a lower wavenumber, as exemplified with the v, at ~ 1283 cm™. This can
be explained by the increase in thermal energy causing the bond-lengths of the organic
ligands to increase (206).
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Figure 8.2 VT-Raman spectroscopy analysis a) ZIF-62 b) 0.05-ZIF-62 ¢) 0.13-ZIF-62 d) 0.24-
ZIF-62.
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Rietveld refinements from the diffraction data collected at Diamond were attempted
in a similar fashion, as in 6.2.2. The refinement for un-modified ZIF-62 can be seen
in Figure 8.3 a). The initial structure used is based on the work of Frentzel-Beyme et
al. (95). As can be seen from the figure, the refinement process was quite successful
with the ZIF-62 sample. However, The introduction of dmblm into the structure
consistently causes underprediction of initial peaks, as was the case with ZIF-x in
Figure 7.4. Figure 8.3 b-d) highlights the same underprediction issue. With the same
potential solutions to the inadequate refinements: the presence of a secondary phase
that is difficult to detect with powder diffraction, distorted ligand positions, and
disordered solvent positions. Hence it is presently not possible to provide a
crystallographic structure of sufficient quality.
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°® — Y ° I
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Figure 8.3 Difference plots of dmblm-modified ZIF-62 a) ZIF-62 b) 0.05-ZIF-62 c) 0.13-ZIF-
62 d) 0.24-ZIF-62.
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8. IN-SITU STUDY OF DMBIM-MODIFIED ZIF-62 CRYSTALS

Similarly to ZIF-x, ZIF-62 and 0.24-ZIF-62 were analysed by in-situ powder diffrac-
tion. Figure 8.4 a) outlines the PXRD of the ZIF-62 sample as it is being heated. Be-
tween 150 °C and 300 °C, the crystal structure is largely retained, however, there is a
noticeable increase in the background when compared to the RT sample, as expected
by the increased thermal motion. The diffraction peaks suddenly develop into a large
diffuse scattering peak once the temperature reaches 400 °C. Like with ZIF-x, the
structure is getting disordered by a mechanism separate from Tr, observed by DSC in
chapter 3. Interestingly, 0.24-Z1F-62 retains a small degree of crystallinity at 400 °C,
which is directly tied to the higher Tp.
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1 4 1 4

2 3 2 3
20 (%) 20 (%)

Figure 8.4 in-situ powder X-ray diffraction data. a) ZIF-62 crystals being heated to 470 °C b)
0.24-ZIF-62 crystals heated to 500 °C.

As there is no indication for these crystals to have any secondary crystalline phases
(146). LeBail refinements were conducted on the in-situ ZIF-62 and 0.24-ZIF-62 sam-
ples. 0.05- and 0.13-ZIF-62 samples were not analysed in-situ due to time constraints
associated with the beamtime. The thermal response of the lattice volume of ZIF-62
and 0.24-ZIF-62 can be seen in Figure 8.5. remarkably, the effects are opposite, ZIF-
62 decreases in lattice volume, while 0.24-ZIF-62 increases in lattice volume. And
what is more, the effects are significantly strong, when compared to that observed in
Figure 7.5 b), which displays a mostly unchanging lattice volume. Usually, the lattice
volume is expected to increase with temperature (18,207), and as such, the effect of
ZIF-62 is likely caused by the framework being less rigid. This is corroborated by the
desolvation observed in chapter 3 (146). The structure relaxes during the release of
the solvent, as DMF is the structure-directing agent (132), and without it, the lattice
volume decrease as a consequence of the fairly weak Zn-N coordination bonds. De-
spite the findings of Figure 8.5 intuitively contradicting that of Figure 8.2, these find-
ings can be simultaneously valid. The bond lengths of the organic linkers do not ne-
cessitate an increase in lattice volume (132).
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Figure 8.5 Lattice volume vs Temperature plot. a) unmodified ZIF-62 crystals b) 0.24-ZIF-62
crystals.

Interestingly, 0.24-ZIF-62, unlike ZIF-62, increases in lattice volume as the tempera-
ture increases. This can partially be explained by the solvent occupation as seen in the
STA measurements in chapter 3 (146). However, due to the electron-donating methyl
groups as well as their steric effect the structure has likely become more rigid due to
stronger Zn-N bonds. This combined with the lowered topological degree of atomic

freedom caused by the methyl groups, stabilises the framework against thermal relax-
ation.
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8. IN-SITU STUDY OF DMBIM-MODIFIED ZIF-62 CRYSTALS

PDF data from the dmblm modified ZIF-62 (chapter 3) can be seen in Figure 8.6.
Each sample has been normalised by the correlation intensity maximum, meaning that
any potential discrepancies in measured intensities are not apparent in the figures. The
overall short-range correlations are generally comparable between samples. However,
minor peak position shifts are appearing, e.g., for the sixth correlation peak in Figure
8.6 a), a shift to lower radii is observed for higher dmbIm substitutions. When com-
paring ZIF-62 and 0.24-ZIF-62, the peak maxima are slightly off the reading aid line.
This effect can be caused by several factors, however, given that the lattice parameters
consistently increase with dmbIm substitution, this peak shift is unlikely to originate
from the sixth correlation shown in the imidazolate molecule in Figure 8.6.
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Figure 8.6 Pair-distribution function plots of ZIF-62 and dmbIm-modified ZIF-62 samples a)
0 Ato 125 A, with a reference imidazolate schematic to account for the first 6 major peaks
(102) b) 12.5 Ato 25 Ac) 0 Ato 25 A.
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However, given that two methyl groups have been added to the 5 and 6 positions in
the benzimidazole, it is plausible that several new correlations facilitated this shift.
Indeed, the distance between a zinc molecule and carbon on the far methyl group
(Figure 8.7) is approximately 7.36 A in the structure models used in the attempted
Rietveld refinements. At higher correlation radii, several slight differences between
ZIF-62 and 0.24-ZIF-62 are observed. At ~14.8 A there is a minor peak which changes
shape. Similarly, the peak at 20 A changes significantly. The broad peak at ~ 20.5-
22.6 A changes from a broad peak with significant tailing to higher correlation radii,
to a bimodal peak with two distinct correlation maxima. These features indicate that
the change from dmblm causes significant intermediate structural changes, while the
crystal structure appears to be retained. With only minor short-range differences being
observed, the addition of the two methyl groups appears to predominantly change Zn-
N bond characteristics as well as intermediate-long range structure.

Figure 8.7 Schematic illustrating the zinc to methyl correlation distance of 7.36 A.

The in-situ PDF of ZIF-62 and 0.24-Z1F-62 provided further insight into the melting
mechanism. Figure 8.8 a-b) highlights the structural response of ZIF-62 to heating
and subsequent quenching into a glass. Peak 1-6 remains largely similar during the
melt-quench process of ZIF-62. Several changes are observed: two correlation peaks
between 0 and 1 A appear and increase with the increase in temperature until a tem-
perature of 400 °C, by which these correlations decrease. Intermediate correlations
(8-20 A) are undetectable at 400 °C, signifying loss for long-range periodicity, fol-
lowing the PXRD data (Figure 8.4). In Figure 8.8 c-d) a similar trend is observed,
however, there is a small discrepancy between the PDF data and the PXRD data in
Figure 8.4, as crystallinity is still detectable at 400 °C, while intermediate-range cor-
relations are not detectable in Figure 8.8 d). The root of this loss of structure is po-
tentially due to the initiation of the scission and renewal of bonds. Several reasons
can explain why the structural transformation is not visible in the DSC. One is that
the transformation is so slight that it is hard to detect on a DSC, second, and perhaps
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8. IN-SITU STUDY OF DMBIM-MODIFIED ZIF-62 CRYSTALS

more likely, is that the structural change is masked by the solvent release signal, as
seen with ZIF-x and with the dmblm-modified ZIF-62 samples (146). Despite the
significantly different thermal expansion of the lattice, as well as the differences in
Tm and Ty, limited differentiation can be made between ZIF-62 and 0.24-Z1F-62
through in-situ PDF.
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Figure 8.8 8 in-situ PDF measurements of a) ZIF-62 crystals heated from room temperature to
470 °C, including the resultant glass upon cooling, with correlations from 0 A to 12.5 A b)
ZIF-62 from RT to 470 °C including glass with correlations from 12.5 A to 25 A ¢) 0.24-ZIF-
62 crystals heated from RT to 500 °C, with correlations from 0 A to 12.5 A d) 0.24-ZIF-62
crystals heated from RT to 500, with correlations from 12.5 A to 25 A.

Overall, the in-situ studies in chapter 7 reveal minimal structural changes to the tet-
rahedral environment (1.5-8 A), as observed by the in-situ PDF measurements of
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ZIF-x. Similarly, the intermediate range structure (8-20 A) reveals only moderate
changes when substituting dmblIm for bIm, while also showing minimal changes to
the structure when substituting dmblm for bim. It appears as though minimal struc-
tural changes in these length scales, meaning, that it is likely that structure effects as
shorter range and longer ranges are likely to affect the melting and glass transition to
a much larger extent, as seen in chapter 3 (146), the lattice volume correlates well
with changes in T and Tgy. The crystal structure of a compound is traditionally influ-
ential in the thermodynamic responses of different allotropes e.g. with carbon (208).

However, perhaps more importantly, the metal-linker coordination environment ap-
pears to be directly tied to the melting and vitrification of MOFs (17). Chapter 4 pro-
vided the first experimental evidence for the melting of ZIFs being driven by the
scission and renewal of Zn-N bonds. In conjunction with chapters 4 and 6, it is clear,
that small variations to the coordination bonds have profound effects on the thermo-
dynamic and kinetic characteristics. The electron-donating nature of 5,6-dime-
thylbenzimidazole can stabilise the ZIF-62 network and even increase Tm, Which, is
contradictory to the findings of Bumstead et al. (104). The proposed destabilising ef-
fect of disorder caused by multiple linkers is offset by strengthening the Zn-N
bonds. In accordance with the findings of chapter 5 (17), stronger Zn-N bonds
would result in lower meltability. The bond strength of these could either be investi-
gated by electron density analysis, like the work of Sarkar et al. (171) or by far-IR
spectroscopy similar to Hou et al. (102). The proposed effect of the electron-donat-
ing nature of dmbim is an additional parallel to the mixed metal node effect dis-
cussed in chapters 4 and 6.1. specifically, the nature of the chemical metal-to-ligand
bond has a profound effect on the specific melting characteristics.
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8.3. SYNTHESIS OF LARGE CRYSTALLINE SAMPLES

During the synthesis of dmbIim-modified ZIF-62, the synthesis of large, multi-milli-
metre scale crystals occurred. Not all samples presented large crystals. Figure 8.9 pre-
sents crystals recovered from a 0.05, 0.13, and 0.24-ZIF-62 synthesis. These crystals
are uncharacteristically large for the conventional synthesis approach. Crystals of this
size would potentially be able to be analysed via X-ray single-crystal diffraction, as-
suming the crystal quality is sufficiently high. As such, this finding provides a poten-
tial solution to the insufficient Rietveld refinement quality. However, more interest-
ingly, is the nature of the formation of these large crystals. If it is possible to reproduce
the conditions which enabled the synthesis of large crystals, the production of large
ZIF-x crystals would plausible as well. Presently several potential reasons need to be
explored, i.e., the nature of the surface of the reaction vessel, and the preparation time
for the reaction solution are the current primary candidates.

Figure 8.9 optical image of large dmbIm-modified ZIF-62 crystals synthesised.
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9. CONCLUSIONS AND PERSPECTIVES

9. CONCLUSIONS AND PERSPEC-
TIVES

The title of the thesis is “Impact of Local structural Characteristics on Glass-formation
in Metal-organic Frameworks”. In this aspect, this thesis provides novel insight into
the melting mechanism of a range of zeolitic imidazolate frameworks. The solid-state
NMR data support the currently proposed mechanism for melting metal-organic
frameworks. The observed disappearance of the discrete ordered, zinc sites in ZIF
crystals and the emergence of a single broad zinc signal described by a continuous
distribution of coupling constants supports the notion that metal-to-ligand coordina-
tion bonds must be severed and reformed for melting to occur.

Knowing that the metal coordination bond is key to the melting mechanism plays a
vital role in explaining the mixed metal node effect observed when systematically
substituting a metal node in a framework for another. The characteristic drop in T, of
ZIF-62 when substituting cobalt for zinc as well as the sharp drop observed in Cu/Zn-
ZIF-4 is likely caused by electronic effects occurring at the metal-to-ligand bonds.
This hypothesis is substantiated by the structure evolution in the metal coordination
environments, as observed by solid-state NMR. Introducing a small quantity of a
metal node with a higher electron affinity will shift the electron distribution in the
aromatic imidazole-based rings towards the metal dopant, hence weakening the other
coordination bond. By introducing a small number of weakened coordination bonds,
the initiation of melting is enabled to occur at lower temperatures, i.e., increasing MA
and by extension GFQ. The severing of the small number of weakened bonds then
lowers the connectivity of the framework, which provides more thermal motion for
the rest of the network to continue the scission and renewal of the metal-to-ligand
coordination bonds.

In addition, this thesis has demonstrated the effects on the long-range structure by
substituting dmblm for bim in ZIF-62 networks and what implications this has on the
melting and vitrification of the systems. The lattice parameters of the dmbIm-modi-
fied ZIF-62 crystals correlate well with both T4 and Tw. The crystal structure compen-
sates for the introduction of bulky linkers by expanding the crystal lattice. The in-
crease in both T, and Tg can be ascribed to the steric effects of the bulky linkers, as
this reduces the mobility of the linkers. Secondly, the electron-donating effect of the
methyl groups is likely to provide a significant effect on the melting mechanism. By
donating electrons to the aromatic ring, the coordination bonds between the zinc and
ligands get strengthened. In tandem with the mixed metal node effect, the strengthen-
ing of the coordination bond is likely to increase the melting temperature significantly.
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Additionally, the steric effects of the dmblm units demonstrate a strong effect on the
structure of the quenched glasses. The change in isobaric heat capacity (AC,) de-
creases consistently with increasing dmblm/bIm ratio. This decrease causes the glass
to be higher in the potential energy landscape, i.e. having a structure more closely
related to that of the supercooled liquid. As observed with Cu-ZIF-4, the substitution
of metal ions appear to have a minimal effect on the glass transition behaviour, while
the introduction of dmbIm increases it. The sluggish diffusion of the bulky linker ex-
plains this phenomenon.

The in-situ study of the intermediate-range structure provided little to elucidate the
melting mechanism. PDF and powder diffraction experiments revealed that the inves-
tigated ZIF structures become amorphous before melting. Interestingly, this is not ob-
served clearly in the STA measurements. Despite the curious nature of this amor-
phization, the intermediate-range structures (8-20 A) provide little information that is
uniquely derived from the measurements. The inability to resolve any significant
short-range structural evolution from the PDF, is not unsurprising, as the nature of the
method does not discriminate chemical bonds of similar correlation radii. Therefore
the subtle, though important changes observed in the zinc tetrahedral units during
melting are not easily detected in PDF measurements, while the highly selective na-
ture of Zn-NMR is a much more useful tool for short-range structure analysis. In
contrast, the in-situ XRD studies revealed a fundamental change in the melting mech-
anism between ZIF-62 and fully dmblm substituted ZIF-62. The incorporation of the
bulky electron donating methyl groups causes the thermal expansion to change from
a negative slope to a positive slope, i.e., ZIF-62 with better GFQ becomes more dense
during heating, while 0.24-ZI1F-62 expands during heating. This finding suggests that
higher MA might be tied to frameworks which collapses during heating.

The overall findings of this thesis can therefore be summarized into the following:
glass forming quality of ZIFs appears to be dictated to some extent by crystallographic
characteristics, and predominantly by the nature of the metal-linker coordination
bond. The mixed metal node effect and electron inductive effects of functional groups
are the major tools for the manipulation of Tr, of ZIFs. The effect of the steric func-
tional groups appears to consistently increase the Tg, hence it is likely that Ty and T,
can be manipulated independently of each other, thereby producing ZIF glasses with
a consistently high GFA.

The findings of this thesis provide a solid foundation for future research in the field
of MOF glasses. First, the validity of the proposed mechanism of the mixed metal
node effect should be analysed by electron density studies. This could validate if the
electron could get significantly distorted in the imidazole-based linkers. Two potential
methods of study would be synchrotron X-ray diffraction of the singly crystals and
computational simulation of the electron clouds. If validated, the proposed mechanism
would have profound potential in future experimental and computational research.
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Further understanding of the mixed metal node effect, to such an extent that can math-
ematically describe its structural effect would be critically important for the improve-
ment of the current computational methods to approximate the melting temperature
of ZIF during simulations. This could be by revisions to the currently used melting
criteria (Lindemann criterion), or by the development of a novel measure for melting.

Similarly, combining the mixed metal node effect and the effect of introducing func-
tional groups to the organic linkers should be investigated. By systematic variations
in the ZIF compositions, it would be possible to determine if the design of MOF glass
formers with independent variations of Tr and T is possible.

The aforementioned prospects are much broader in scope than this thesis. Unanswered
questions directly related to this project would pertain to the following questions.

What is the cause of the large dmbIim-modified ZIF-62 crystals formed? The repro-
ducibility should be tested to determine what synthetic parameter drives the synthesis
of such large crystals.

What is the exact crystal structure of dmblm-ZIF-62 and ZIF-x? The use of single-
crystal X-ray diffraction could elucidate the nature of the dmbIm-ZIF-62 crystals.
While single crystal X-ray diffraction is not feasible for ZIF-x, electron diffraction
experiments are a potential avenue to test, as this would be able to detect differences
in crystal structures at exceedingly small ranges.

What is the origin of the novel linker detected in Co/Zn-ZIF-new? By understanding
the chemical structure (and crystal structure) of this novel framework, further devel-
opment of the mixed metal node effect can be made. Especially by revealing the cause
of the larger effect on T, and Ty displayed by Co/Zn-ZIF-new when compared to
Co/Zn-ZIF-62.

In addition to these, further solid-state NMR experimentation would provide signifi-
cant possibilities for furthering the current understanding of the structural develop-
ment of ZIFs during glass formation. By using labelled isotopes, such as *3C and '°N
to make 2D §Zn NMR studies.

In summary, this thesis provides significant and new findings relevant to MOF glass
research. The findings add to the current body of literature and help fill some of the
current gaps in knowledge. These findings can aid in the future predictive design of
novel MOF glass formers.
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