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Abstract

Multicomponent metal-organic frameworks (MOFs) comprise multiple organic ligands that
are topologically distinct. Each organic ligand is precisely positioned in a highly ordered
crystal lattice. These allow tunable pore environments induced by the predictable
arrangement of chemical functional groups on multiple ligands. This study was mainly
focused on utilising such benefit of multicomponent MOFs. First, a novel concept for
asymmetric catalysis was implemented. Sequence-specific polymer synthesis by post-
synthetically linking the two ligands in a framework was then covered. Both applications
exhibited new approaches that had not been demonstrated in conventional chemical
reactions. This study exhibits the possibility of multicomponent MOF's as a great platform for

many applications.
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Chapter 1 Introduction

1.1. General introduction to metal-organic frameworks (MOFs)

1.1.1. Definition, terminology and nomenclature

The number of publications about new types of porous materials has exponentially grown
since the late 20th century.l*! These materials are built from metals or metal clusters which
behave as nodes and divergent organic ligands bridging the metal nodes, thereby forming
multi-dimensional frameworks. The organic ligands in these materials are relatively rigid
and generally possess anionic functional groups to bind to the positively charged metal
nodes. The resulting frameworks have a higher void volume ratio compared to conventional
porous materials, and such porosity is the fundamental property that allows these materials
to be differentiated from other coordination compounds. In 2013, IUPAC released guidelines
about the terminology, definition and classification with respect to these new class of porous

materials due to the rapidly expanding related research field.”?!

/ = Coordination Compound : \

Coordination Polymer Discrete Compound

Coordination Network 1D-Coordination Polymer

Framework

- J

Term Definition

Metal-Organic i
Non-porous material

A coordination compound with repeating coordination entities extending in

Coordination Polymer
¥ 1, 2, or 3 dimensions.

A coordination compound extending, through repeating coordination
entities, in 1 dimension, but with cross-links between two or more individual
chains, loops, or spiro-links, or a coordination compound extending through
repeating coordination entities in 2 or 3 dimensions.

Coordination Network

A metal—organic framework, abbreviated to MOF, is a coordination network

Metal-Organic Framework . . L ) .
with organic ligands containing potential voids.

Figure 1-1. The diagram (top) represents Coordination Compound family according to IUPAC
classification, and the definition of subclasses of the Coordination Compound was tabulated
(bottom).
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According to the [IUPAC recommendation 2013, to call these new class of porous material
MOFs (Metal-organic frameworks) is strongly recommended. However, some other
abbreviations were used to call this material, such as microporous coordination polymers
(MCP), porous coordination network (PCN), porous coordination polymer (PCP) and zeolite-
like metal-organic frameworks (ZMOF). In this thesis, MOF will be used as the sole term to
refer to these porous coordination networks. All materials initially reported with alternative

terms will also be regarded as MOFs.

In general, a nickname (e.g. MOF-5 or PCN-777°]) or an abbreviated formula (e.g.
Cus(BTC)z, BTC = benzene-1,3,5-tricarboxylic acid)®’ is used to refer to an individual MOF.
Another widely accepted way to name a MOF is using the trivial name based on its place of
origin followed by a number, such as MUF-77 (MUF = Massey University Framework),”]
HKUST-1 (HKUST = Hong Kong University of Science and Technology)!®! or UMCM-1
(UMCM = University of Michigan Crystalline Material).”®]

1.1.2. A brief history of MOFs

Of course, MOFs did not just appear one day; there was a lot of prior work before MOF's
appeared. For instance, the description of porous coordination polymers first appears in
1989 by Richard Robson,[®! and the first publication containing 'metal-organic framework' in
the title was reported in 1995 by Omar Yaghi*°) However, it can be said that the history of
MOF began in earnest with the iconic MOF-5 in 1999 by Omar Yaghi.l* The design concept
of MOF-5 is pretty simple but completely innovative. This idea came from the basic zinc
acetate, which possesses octahedral geometry and had been known for decades. As shown in
Figure 1-2, the capping ligand, acetate that coordinated on the supertetrahedron cluster was
replaced with a bridging ligand, bdc (1,4-benzendicarboxylate). Thus, the combination of an
octahedral node and linear bridging linkers allows the framework to expand indefinitely in

all three dimensions.

@c
@o acetate
\) Zn bdc }—

A HX )-
: N

[Zn:O(CHsCOO0)s]

Figure 1-2. A schematic diagram of the derivation of MOF-5 from the basic zinc acetate complexes
by replacing acetate with the bridging linker bdc.
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The resulting structure possesses the following aspects that differentiate it from other
materials. First, coordination between rigid bdc and Zn4O cluster results in enhanced thermal
and architectural stability of the framework. Second, the coordination network expands out
three-dimensionally, resulting in a primitive cubic net (pcu) with a large void cavity. Last, the
framework structure does not collapse or transform even after removal of the solvent

molecules filling the void space and hence exhibits 'permanent' porosity.

The astonishing results from MOF-5 opened up the window for a new generation of porous
materials which contain both metallic and organic properties with permanent porosity. The
chemical environment of the pore can be modified depending on the functional groups on the
organic linker backbones or by using different types of metals for the nodes. Furthermore,
the incomparable size of void space, which had never been observed from any other porous
materials, allows guest molecules to enter and interact with the surrounding. Hence, this new
type of porous material became a hot topic in the field, and many research groups directed to
study MOFs and their applications. Figure 1-3 clearly shows the rapid increase of interest
from researchers since around 2000; the number of publications presented in the diagram is
underestimated since other alternative terms for MOF's are used by many research groups.
Gas storage,*1?) gas separation*® and catalysis**! have been steady research topics ever
since researchers first paid attention to their permanent and versatile porosity. Nowadays,
broad research topics related to MOF's have risen in almost every field of chemistry, such as

chemical sensors,* energy storage,*?! polymers,*”) membranes,*®! drug delivery,**] water

10000 —
c Total number of publication: 51,431
3
©
.0
e}
3
o
© 5000 -
@
o]
1S
=}
z

o+4r————=
1995 2000 2005 2010 2015

Year

Figure 1-3. A histogram of the number of publications in each year retrieved by the search term
'metal-organic framework' in SciFinder.



Chapter 1. Introduction

remediation,?” luminescent and photonic material,?*) magneticl?! or electric??! devices, and

enzyme encapsulation.?®]

1.1.3. Building blocks and topology

As the name suggests, MOF's are composed of metals or metal clusters that behave as a node,
and organic ligands, which bridge those nodes. The polynuclear complexes of metal ions and
coordinating groups form a specific geometry which is referred to as secondary building
units (SBUs), and this conceptual substructure is widely used to design or to analyse MOF
structure. A few representative SBUs are depicted in Figure 1-4. The ZnN, arrangement is
the most frequently observed single metal ion SBU adopted by zeolitic imidazolate
frameworks (ZIF), one of the most common subclasses of MOFs.[?4l The M,(COO). SBU is
usually referred to as a paddlewheel due to its shape. Four carboxylates coordinate to two
metal ions in the equatorial plane, and the axial positions of the SBU are occupied by solvent
molecules or some nitrogen donor ligands that may bridge to the neighbouring SBU.[?%]
M.O(COO)e, as shown in MOF-5, is the most common SBU.[*l The M,O®" supertetrahedron
cluster and six carboxylates form an octahedral geometry. The M3O3(COQ); cluster is the
representative infinite rod shape SBU allowing 1D channels. 2,5-Dihydroxyterephthalate
(dhbdc in Figure 1-5) in MOF-74 is commonly used to form such SBU because the extra
coordinating oxygen atom on the hydroxy group is essential to build the cluster.?®! Open
metal sites are readily obtainable by removing the solvent molecules that are usually required
to initially form the cluster.?”) The MgO4(OH.)(COO)12 cluster is mostly seen in MOF's of the
UiO series (UiO = Universitetet i Oslo), which is one of the most widely studied MOFs.[28]
Because UiO frameworks are robust due to the high and dense connectivity of the SBU. They

are also versatile due to their ability to form defects. Only a few examples are presented here,

. ﬂo e 3 [

Xl (D -T  pretg? §
-{ — L | } = ) , = g . o
N 9 5 3 J w 2 o
| ) q \) Zn

ZnNa Cua(CO0)s Zn,0(CO0)¢ Q=

Co30;(CO0): Zrg04(0H)4(CO0)2

Figure 1-4. A few representative secondary building units (SBUs) which were depicted with ball &
stick and polyhedral models.
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but there are even more SBUs because the majority of the metal atoms in the periodic table

are used in MOF chemistry.[2%]

Usually, two different types of organicligands are used for MOF synthesis, carboxylate based
ligand and N donor ligands. Although some neutral N donating ligands, like DABCO (1,4-
diazabicyclo[2.2.2]octane) or 4,4'-bipyridine (Figure 1-5d), are used as building units, they
are prone to defects in the form of missing ligands due to their weak bonds compared to the
anionic ligands.?® Also, their neutral charge allows them to be absent without affecting the
overall charge in the framework. On the other hand, anionic functional groups, such as
carboxylate or nitrogen heterocycles like imidazolate or tetrazolate, are a lot more

advantageous over the neutral coordination groups. This is because the anionic ligand and

(a)

HO,C
o HO,C HOLC COH O HO,C OH
O Pco O’
CO,H HO CO,H
bdc ipa COM

bpdc dhbdc

fum

(b)

CO.H
CO,H /@’
HN
HO,C” t “~CO,H O

btc

(c) HO,C CO,H

L) (J
CO,H

HO,C CO,H

:C[ HO,C N

HO,C COzH N COzH

2 2 HO,C CO,H 2

HO,C \©,
(> = O
HO,C CO,H
(d)
N | s {0

\/H N) | \. = _N“Cu"N_

' [j 7 N, o o= N

4 /
N\) N SoH Z i \ _

Figure 1-5. A few examples of (a) di-, (b) tri- and (c) tetra-topic organic linkers, and (d) nitrogen-
based linkers.
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cationic metal node form strong ionic bonds resulting in thermally, mechanically, and
chemically robust frameworks. Moreover, such multi-dentate ligands prefer to develop a
polynuclear cluster providing a fixed geometry and connectivity. Also, the cancellation of the

charge from the cluster eliminates the need for counter ions.

Organic ligands bring great diversity and richness to the framework topology since they are
amenable to modification; literally, an uncountable number of organic linkers can be
designed and synthesised. A few examples of organic ligands are depicted in Figure 1-5. The
chemical and physical properties of the MOF pore are mainly dictated by the organic linkers.
Hence, designing and synthesising organic ligands is critical to implant the desired
functionality to MOF's, but also the most challenging part because there are many factors to
care about in designing organic linkers. The number of points of extension of the ligand most
significantly affects the topology of the frameworks. However, a subtle change in other
factors results in a structural change as well. For instance, in the simple ditopic carboxylate
based ligands, the first row in Figure 1-5, there are a few variations between ligands such as
length, directionality or offset. Such variations generally result in a different topology of the

framework.

The number of possible topologies for MOF structure increases enormously depending on
the combination of SBUs and ligands. It becomes even more complicated if the frameworks
are composed of multiple classes of organic linkers. A systematic way to describe or to
analyse the exponentially increasing MOF structures was demanded several years ago as
there had been no such existing system. In 2008, O'Keeffe and other researchers suggested
the RCSR code (RCSR = Reticular Chemistry Structure Resource) to refer to the underlying
topology of a framework and constructed a database to facilitate reticular chemistry,
http://resr.anu.edu.au.*! The basic idea is to simplify the structure into a net consisting of
vertices and edges and group the same kinds based on mathematical operations. Each group

(a) dia (b) dia-a

@ @ s Q "

Figure 1-6. The two frameworks have the same diamond-like connectivity, so their topologies are
represented with dia. However, the nodes in (b) are polynuclear augmented cluster, so the suffix '
a' was added to describe the augmented node.
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is then denoted with a three-letter code. However, these three-letter codes are not intuitive
due to the enormous number of topologies; only a few of them are acronyms relating to the
geometrical shape of the network, such as sod for sodalite, dia for diamond or qtz for quartz.
The code is written with the lower case and bold, and one or more extensions are followed
after a hyphen if required. For instance, the two frameworks in Figure 1-6 have the same
network connectivity as a diamond, so their topology is represented with dia. However, the
nodes in Figure 1-6b are polynuclear (augmented) clusters, so the extra suffix '-a' was added

to describe this distinctive feature.

To determine the topology of a MOF structure, a deep mathematical understanding of net
geometry is required. Fortunately, a software package like ToposPro®*! provides useful and
powerful functionalities for this purpose, or it can be done by simply uploading the crystal

structure file into their web site (https://topospro.com) to obtain the topology.

1.1.4. Synthesis and activation of MOFs

As MOF chemistry draws increasing attention, the number of new MOF structures has
exponentially increased, and various applications of MOFs have been introduced. Hence,
different types of synthetic methods of MOF crystal have been developed to control their
morphology or to incorporate with other types of materials depending on the applications.
For instance, nano-sized MOF crystals are required for biomedical imaging!?* or drug
releasel*®land micro-sized MOF crystals are embedded into mixed matrix membranes for gas
separation.*®] Conventional solvothermal synthesis is the most widely adopted synthetic
method. Other methods, such as microwave-assisted, mechanochemical, electrochemical,
spray-drying or sonochemical synthesis, have emerged.*?33] Here, only solvothermal

synthesis, which is directly related to this thesis, will be discussed.

MOF crystal formation is a reversible process under the laws of thermodynamics and
governed by many factors, such as solvents, additives, stoichiometry between substances,
pH, concentration, temperature, heating rate or duration. Even a subtle change can cause
undesired crystal morphology or topologically different crystals. Since crystal formation is
not a simple process and not fully understood, the trial and error approach is the most
adopted method. A few amide solvents, like NN-dimethylformamide (DMF), N,N-
diethylformamide (DEF) or N,N-dimethylacetamide (DMA), are widely exploited as the
primary solvent. Alcohols or water are often added. One reason for using these amide
solvents is their incredible power to dissolve organic ligands and metal salts. However, there
is another critical reason which is well depicted in Figure 1-7. The amide solvent molecule,

for instance, DMF, is hydrolysed to produce formic acid and dimethylamine. The rate of
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DMF H

Figure 1-7. The process of DMF decomposition and the way how resulting formic acid and
dimethylamine are utilised in MOF-5 crystal formation. Hydrogen atoms were omitted for clarity.
hydrolysis increases at an elevated temperature. The resulting dimethylamine deprotonates
the carboxylic acid based ligand to form the carboxylate that allows the formation of a cluster
with metal cations. The released formic acid is also deprotonated, and the formate also
participates in the cluster formation. However, the formate lacks connectivity and is
gradually replaced by multitopic linkers. The role of formate is to slow down the crystal
formation, which enables to form a uniform and even crystalline structure. Such materials
which control the speed of crystal formation or morphology of crystal are referred to as
modulators. A few well-known materials, benzoic acid or acetic acid, are usually added to
obtain large single crystals. Interestingly, 2-methylimidazole (2-MI) has also been reported
as a modulator, but it helps to form nano-scaled crystals instead. According to Guo et al, the
nucleation rate is boosted in the presence of 2-MI for various MOF syntheses, thereby
forming a lot more nucleation seeds. Crystals then simultaneously grow on each nucleation

seed by slowly replacing 2-MI with the desired ligands.**!

Altering the synthesis temperature or pH of the reaction medium is another handle to control
the crystal size or morphology. The rate of crystal formation generally increases at high
temperature or higher pH, and vice-versa. In some cases, more than one type of metal ion or
ligand are used to form a multivariate MOF or multicomponent MOF, which will be discussed
in later sections. The ratio between substances is another essential factor in shaping the
desired structure or in maintaining the aimed functionalities. Once MOF crystal formation is
finished, it is highly recommended to replace the mother liquor with the same solvent used
for the synthesis. This is because unreacted leftover materials sometimes form secondary
phase crystals which are hard to separate, and the crystals are generally stable in synthesis

solvent, which allows extended storage without deforming the crystal until further use.
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Typically, the pores in an as-synthesised MOF are filled with unreacted organic ligands and
solvents that generally have high polarity or high boiling point. Hence, the unwanted
substances in the pore need to be cleared out to increase the accessible porosity and internal
surface area through a series of processes referred to as activation.*® Activation is an
essential process to increase the desired performance of MOF, and the performance highly
depends on how well the crystals are activated. Solvent exchange, which is generally
followed by vacuum drying, is a widely exploited method for the activation of MOFs. The
synthesis solvent, like DMF, generally has high polarity and boiling point and thereby not
readily removable from the pore with conventional heating and vacuum methods. Therefore,
the synthesis solvents are usually replaced with volatile solvents, such as acetone or CHzCl.

Then, the MOF's are placed under a vacuum to empty the pores for further use.
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Figure 1-8. A schematic diagram of the activation process with solvent exchange and vacuum.

However, the solvent exchange process in MOF's is a lot different from that of other materials
due to their relatively large inner pore volume. According to Matzger,*° the entire exchange
process usually occurs in seconds or minutes, rather than hours or days applied to
conventional materials because small sclvent molecules freely enter the large pores of MOF.
Therefore, in the case of a MOF, the number of wash with the exchange solvent is a more
important factor than how long it is soaked in the solvent. They also showed that the
accessible pore volume significantly changes depending on the properties of the activation
solvent. Therefore, choosing the right activation solvent, depending on the application, is
critical. Often, a few steps of solvent exchange processes are required in some cases. For
instance, it is impossible to exchange DMF with n-hexane directly due to their immiscibility.
Hence DMF is first exchanged with CHzCl,, then successively with n-hexane in this case.
However, some MOF structures have been reported where the pores collapse upon solvent
exchange or solvent removal.*"! In such cases, alternative activation methods can be applied,

such as activation by supercritical CO; or freeze-drying.[°®!
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1.1.5. Postsynthetic modification

Not all ligands or metal ions can form the targeted structure, and this problem is generally
caused by the presence of secondary functional groups on the ligand. The secondary
functional groups are a non-structural component and added to the ligand to impart a
specific chemical property to the pore. However, the chemical properties of the secondary
functional groups are sometimes not compatible with the synthetic conditions required for
the target structure. Postsynthetic modification (PSM) is a powerful and widely adopted
method that provides a synthetic detour to the targeted structure when a direct synthesis is
not available.*®) From a simple modification like adding a guest component or a functional
group onto the organic linker to deformation of the entire structure by replacing structural

components, PSM is very versatile and an extensively applied method in MOF chemistry.

1.1.5.1. Addition of guest components

MOFs have great expandability because any organic molecule possessing multiple
coordination sites able to bridge metal nodes has the potential to be used as a linker. In this
sense, many organic molecules with a specific functionality are utilised to implant such
functionality into a framework. Organometallic compounds are versatile and widely used in

catalysis, and many of the organicligands can be incorporated into MOF synthesis by adding
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Figure 1-9. A few examples of ligands in various MOFs before (a) and after (b) postsynthetic
metalation.
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bridging coordination groups. However, such compounds have non-structural metal
components which may interrupt MOF formation, so they are generally introduced to the
framework after MOF synthesis. A few representative example ligands and their form after
postsynthetic metalation are illustrated in Figure 1-9.%°43] The general approach to
synthesise the targeted MOF structure is straight forward and requires mild conditions.
These ligands commonly possess non-structural coordination sites capable of chelating a
metal centre but not hindering MOF formation. Once the desired MOF crystals are formed,
they are separated, introduced to a concentrated metal salt solution, and soaked in the
solution allowing the metal ions to bind to the chelating sites on the MOF ligands. Some

additives, such as ligands and elevated temperatures, may also be required.

1.1.5.2. Implanting a functional group to the ligand backbone

Some secondary functional groups, such as carboxylic acid or nitrogen-containing groups
that are favoured especially for catalysis, have strong coordination ability, so they interfere
with MOF formation. In such cases, PSM is widely adopted to add the targeted functional
groups forming a covalent bond to the ligand backbone. Alternatively, such functional groups
can be shielded by a protecting group to mitigate their coordinating tendency. Hence, the
desired MOF is constructed with a protected ligand, and then the protecting group is
removed by PSM.

A series of MOF's derived from MIL-53(Al)-NH; (MIL: Matériaux de I'Institut Lavoisier) nicely
represents the addition of a functional group employing covalent bond formation by a PSM
process (Figure 1-10a).*4l The MIL-53(Al)-NH, framework was chosen for the base
structure due to its chemical robustness and the versatile amino functional group on its bdc
linker. It undergoes covalent bond formation with some reactive species introduced to its
pores. Covalent bond formation between the bdc-NH; linker and incoming molecules was
achieved under mild conditions (80 °C, 24 h in MeCN). The resulting framework showed
catalytic activity for the methanolysis reaction of epoxides. This simple PSM procedure
illustrated its efficacy to implant secondary functional groups, including reactive carboxylic
acid. Furthermore, the cumbersome organic synthesis procedure to make each ligand was

simplified.

In 2011, the Telfer group highlighted another creative approach to add a pendant group onto
the ligand backbone using a protecting group (Figure 1-10b), which is termed postsynthetic
deprotection (PSD).[“54¢] They managed to embed a proline moiety into an IRMOF-10
framework (IRMOF: isoreticular MOF). Proline and pyrrolidine moieties are well recognised

as potent organic catalysts for many reactions. However, the proline or pyrrolidine
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Figure 1-10. (a) Four different functional groups were added to the bdc-NH; ligand in MIL-53(Al)-
NH, by forming a covalent bond through the PSM; (b) A brief scheme of PSD; IRMOF-Pro-Boc was
synthesised from the Boc protected ligand, then the Boc group was removed by thermolysis to
yield IRMOF-Pro.

containing ligands experience undesired processes during conventional MOF synthesis due
to their Lewis basic nature. The nitrogen atom on the pyrrolidine ring can coordinate to the
metal node hindering MOF formation or be protonated under the synthetic condition, thus
removing its catalytic activity. They solved this problem by protecting the nitrogen atom of
the proline moiety on the bpdc ([1,1'-biphenyl]-4,4'-dicarboxylic acid) ligand with a Boc (tert-
butoxycarbonyl) group. After MOF synthesis, the activated crystals were then exposed to
elevated temperatures (150-200 °C), and the Boc-protecting group was removed entirely
from the framework by thermolysis. This approach also brought another benefit because of
the large Boc protecting group. IRMOF-10 normally forms a doubly interpenetrating
structure, which is known as IRMOF-9, due to its sizeable inner pore, but the concatenated

structure formation was suppressed by the bulky protecting group.

1.1.5.3. Replacing structural components

Designing a new MOF is quite challenging due to its geometrical complexity in three-
dimensions. Moreover, synthesising the designed structure is complicated since it is
governed by unpredictable thermodynamics. A subtle change of any factor may cause a

considerable difference in MOF formation. Thus, modifying a known framework to embed
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specific properties or to accomplish the desired functionality is often prefered. However, de
novo synthesis with a similar replacement of metal ion or organic linker sometimes results
in the same structure. Transmetalation or solvent-assisted linker exchange (SALE) is a
generally adopted method in such cases in which the exchange of structural components can
be achieved non-destructively. Transmetalation can be applied if the incoming metal ion has
similar properties to the existing one. It can increase the stability of the MOF or introduce
new chemical functionality. Song et al. demonstrated the feasibility of transmetalation and
the stability and chemical property differences between the structures before and after
transmetalation.*”! They prepared four isostructural MOFs, Mg(BTB)4(BP); (M = Zn(ll),
Co(II), Cu(1l), and Ni(Il), BTB = benzene-1,3,5-tribenzoate, and BP = 4,4"-bipyridyl), and the
metal ion in each MOF was exchanged with other metal ions. The result illustrated that the
metal ion that forms the thermodynamically more stable structure was not exchangeable
with the ones forming the less stable structures. In contrast, the metal ion that forms a less
stable structure was easily replaced with the ones constructing more stable frameworks. The
stability order of the MOF's containing each of the four metal ions was well consistent with

the trend in the Irving-Williams series, Cu(Il) > Ni(II) > Co(II) ~ Zn(II).

In 2012, Cohen's group reported impressive results known as a postsynthetic exchange
(PSE).[*®] They demonstrated that a structural component, either metal ion or ligand, was
exchangeable with another one that was leached out from other crystal samples. For example,
two isostructural MOF samples, MIL-68(In)-NH; and MIL-68(In)-Br, were prepared from 2-
aminoterephthalic acid (bdc-NH3) and 2-bromoterephthalic acid (bdc-Br), respectively. The
two samples were then mixed in the same vial with solvent and incubated well below the
synthesis temperature for a certain amount of time. Interestingly, both bdc-NH; and bdc-Br
ligands were found in a single-crystal sample, which indicates that the bdc ligand leached out

from a crystal and replaced another bdc ligand in another crystal.

In 2013, Farha's group reported a family of MOFs named SALEM (solvent-assisted linker
exchanged material) that showed a fascinating structural transformation by SALE.[*°! As
depicted in Figure 1-11, a pillared-paddlewheel MOF was synthesised with two ligands, LO
and L1, and Zn(Il). The linear linker, L1, has a relatively weak coordination bond to the
paddlewheel cluster through the terminal N-donating pyridine so that it can be replaced by
other N-donor ligands. However, they have demonstrated the complete structure change by
using various lengths of linear pillars, L2 (8.795 A), L3 (11.440 A), L4 (13.527 A) and L5
(16.511 A). SALEMS-5 was first prepared by exchanging L1 of the parent structure with L2,
then L2 was further replaced by L3, L4, or L5 in order to form SALEM-6, SALEM-7 or

SALEM-8, respectively. Complete ligand exchange was evidenced by *H NMR spectra of each
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Figure 1-11. The parent structure was built from ligand LO and L1 along with Zn(ll). The linear ligand
L1 was exchanged with L2, and then L2 was successively exchanged with L3, L4 or L5 by means of
SALE. The blue sphere represents Zn.

digested MOF, and a morphological change of a single crystal during SALE was not observed

by optical microscopy.

1.2. Diversity of MOFs

As discussed in the previous section, MOF structures are composed of two main building
blocks, secondary building units (SBUs) and organic ligands. Although the SBUs are not
physically separable from the frameworks, exploiting these conceptual structural
components is merited in order to understand or to design new frameworks. For instance,
the Zn,O(COO0)s SBU forms an octahedral geometry with six carboxylates extending in
specific directions. Thus, the expected structure can be pictured as long as the same metal
ions and carboxylate based ligands are used for MOF synthesis. The structural diversity of
MOFs can be extended by utilising the various geometrical shapes of SBU and ligand

assemblies, so pores with different sizes or shapes can be designed for specific purposes.
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Moreover, an extensive range of chemical pendant groups can be added to decorate the
ligand backbones surrounding such pores, thereby bringing chemical diversity into the pore

environment.

1.2.1. Isoreticular chemistry in MOFs

Isoreticular chemistry is a simple but powerful and fundamental concept for designing MOF
structures. The basic strategy is to replace a structural component of an existing MOF with a
slightly modified building component but by retaining the same topology. The IRMOF
(isoreticular metal-organic framework) series is a textbook example demonstrating the
concept of isoreticular chemistry.°°! As depicted in Figure 1-12, the IRMOF series shares the
same topology, primitive cubic unit (pcu), but is built from different linear ditopic carboxylate
basedligands. Theseligands can be divided into two, whether they have a different functional
group(s) or a different length. This work clearly shows the fundamental principle of
isoreticular chemistry in MOFs, which allows the systematic tuning of pore size and
functionality. However, this isoreticulation is not the master key for designing a new
structure since the interpenetrated structures can be formed as the void space grows
sufficiently large to accommodate an additional net. For instance, a mutually interpenetrated
structure was formed with the extended ligands (8-12 in Figure 1-12) when the
concentration of ligands in the synthetic mixture is high. In some cases, the interpenetrated
structure can be intentionally prepared and demonstrates a better performance for a specific

use. However, interpenetration often occurs rather serendipitously and is hard to anticipate
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Figure 1-12. 3x3 Unit cell of IRMOF with pcu topology is shown on the left, and various linear
organic ligands are depicted on the right. The ligands sharing the same backbone are presented
with the same colour.
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1.2.1.1. Physical diversity

Pore size is a readily controllable parameter that can be achieved by adjusting the ligand size.
The IRMOF-74 series is built from ditopic linkers with various lengths. It is an iconic example
of pore size control because the size of pores varies from 10 A to 85 A in diameter without
any interpenetration.l°?! The parent framework, MOF-74, was built from Zn(II) and DOT (2,5-
dioxidoterephthalate) with the honeycomb type etb net topology (Figure 1-13b); the two
ortho-hydroxyl functionalities on DOT play a crucial role in forming infinite SBUs, as shown
in Figure 1-13c.[?®] Therefore, all the ligands in this IRMOF-74 series have an o-hydroxyl
group on each terminal benzoic acid moiety, and some of them possess alkyl groups on the
phenyl rings in the middle to improve their solubility (Figure 1-13a). These IRMOF-74
materials have an exciting feature due to the wide range of pore apertures. For example, the
pores in IRMOF-74-VII are large enough to be seen by electron microscopy, and the TEM
image of IRMOF-74-IX showed the distinct honeycomb shape pores. Also, the size of this
second-largest pore of IRMOF-74-IX was able to accommodate the green fluorescent protein

(barrel structure with a diameter of 34 A and length of 45 A).
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Figure 1-13. (a) Ditopic linear linkers to synthesise MOF-74 series; (b) ball and stick representation
of MOF-74 structure indicating 1D channel pore; (c) the polyhedra model of a continuous SBU
along the z-axis with a coordinating DOT ligand which illustrates how o-hydroxyl group cooperates
with carboxylate to form the infinite SBUs.
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The PCN-6x series is another example showing the physical diversity of pores keeping the
same rht-a topology (Figure 1-14a).%3 Although the ligands, dendritic hexatopic
carboxylate ligands with Cs; symmetry, exploited for this family of MOF's are geometrically a
lot more complicated than the previous linear ones, the same isoreticular principle is applied.
These carefully designed ligands, btei, ntei, ptei and ttei (Figure 1-14b), have slightly
different length of arms, thereby forming various sizes of frameworks, PCN-61, -66, -68 and
-610, respectively. The trend of the increased surface area of the MOFs match the increasing
trend in pore sizes according to BET (Brunauer-Emmett-Teller’®*) calculations from N
adsorption measurement at 77 K. An impressively high H» uptake at 77 K for these three
frameworks was also reported. It also followed the same trend, 73.2 mg-g?, 66.5 mg-g* and
62.4 mg-g* for PCN-61, -66 and -68, respectively. However, the opposite trend was shown
when the gravimetric capacity was converted to volumetric capacity by the crystal-density
data, which indicates PCN-61 is advantageous for volume-limited application, such as fuel

cells.[53]
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Figure 1-14. (a) The smallest (PCN-61 with btei) and largest (PCN-610 with ttei) frameworks in the
PCN-6x series; (b) hexatopic linkers building PCN-6x series. The large spheres indicate void spaces
in the frameworks.
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1.2.1.2. Chemical diversity

In isoreticular MOFs, the size of the pores is mainly governed by the ligand geometry. In
contrast, the chemical environment of pores can be altered by both organicligands and metal
ions. Such chemical modifications can occur by using topologically similar building units with
different chemical properties, such as decorating with different secondary functional groups
on the same ligand backbone or adapting different metal ions possessing similar

coordination behaviour.

The isoreticular series of cobalt-adeninate bio-MOFs-11-14 demonstrated a dramatic
enhancement of CO,/N; selectivity and moisture stability by changing the aliphatic carbon
chain length sticking into the pores.[°® The nitrogen-rich adenine was judiciously selected to
enhance the interaction with CO, gas molecules. As depicted in Figure 1-15a, two N atoms,
N4 and N5, in adeninate are free non-bonding atoms. On the other hand, N1 coordinates to
the axial position of the cobalt paddlewheel SBU while N2 and N3 bridge the two cobalt
atoms on the lateral position of the SBU (Figure 1-15b). Two carboxylate groups also
participate in composing the paddlewheel SBU. These carboxylates were sourced from
different cobalt salts, cobalt acetate, cobalt propionate, cobalt butyrate and cobalt valerate,
which respectively form bio-MOF-11, -12, -13 and -14. The various lengths of alkyl chains
attached to the a-carbon of the carboxylate extend into the channel space along with the free
nitrogen N4 and N5, and they play a critical role in enhancing CO,/N; separation and water
stability. Figure 1-15c illustrates bio-MOF-12 with propionate; the alkyl chains depicted in
orange show the pore filling behaviour. This channel blockage increases as the chain length

grows. According to a gas adsorption study, the more the extension in the aliphatic chain, the

(a) (b) (c)

Figure 1-15. Bio-MOF-12, (a) non-bonding nitrogen atoms, N4 and N5 in adeninate; (b) each pair of
propionate and adeninate coordinates on the equatorial position and another pair of adeninate
coordinates on the axial position of the cobalt paddlewheel SBU through neutral nitrogen atom,

N1; (c) the free nitrogen N4 and N5, and the carbon chains depicted in orange exposed to the
channel space. Hydrogen atoms were omitted for clarity.
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lesser the amount of N; isotherm uptake was observed at 298 K. In fact, a negligible amount
of Nz uptake was measured with bio-MOF-14, which has a valerate group. On the other hand,
bio-MOF-14 shows a higher uptake of CO; due to the strong interaction between CO;
molecules and the framework. A water stability test was also conducted by soaking each
crystal samples in water for an hour, and bio-MOF-14 did not lose any crystallinity while bio-
MOF-12 and -13 partially lost crystallinity or bio-MOF-11 wholly dissolved in water.
Moreover, the CO, uptake capacity of bio-MOF-14 after soaking in water for 30 days was

similar to the pristine material.

MOF's built from topologically distinct multiple organic linkers are denoted as MC-MOF's
(multicomponent metal-organic frameworks), which will be discussed in the later section in
detail. They generally possess several pores with diverse sizes and environments. Due to the
topological difference of each ligand, the position of each ligand is determined during self-
assembly, which allows us to predict the positions of chemical functional groups installed to
each ligand in a pore. Therefore, the chemical environment of pores in MC-MOF's can be

designed using various chemical pendants installed on separate ligands.

The isoreticular MUF-7 series is the first quaternary MOF built from three different organic
ligands and one metal ion. MUF-7 series demonstrates designable and programmable pore
environments.®®! As shown in Figure 1-16, three sets of ligands were prepared with two
different versions, with or without a chemical pendant on the same backbone. Therefore,
eight different frameworks were synthesised from either functionalised or non-

functionalised ligands by exploiting the isoreticular principles. For instance, MUF-7a is built

H;bpdc Hzbde H;btb
COOH FOOH
] MUF-7a: bpdc + bdc + btb

MUF-7b: bcc + bdc + btb

O COOH
O COOH 0 O O MUF-7c: bpdc + ndc + btb
HOOC COOH

MUF-7d: bcc + ndc + btb
Zn(NO3);
_— =

MUF-7e: bpdc + bdc + btb-OMe

MUF-7f: bcc + bdc + bth-OMe

MeO
O COOH O

N OO MUF-7g: bpdc + ndc + btb-OMe
N
O O OMe
CooH O O MUF-7h: bcc + ndc + btb-OMe

COOH HOOC
OMe
Hs;bcc Hondc H;btb-OMe

Figure 1-16. A schematic diagram of the syntheses of a MUF-7 series. Eight different MOFs which
provide a distinct pore environment are synthesised from various combinations of the non-
functionalised or functionalised version of each ligand set.
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from all non-functionalised ligands (bpdc, bdc and btb), whereas MUF-7b is comprised of one

functionalised ligand (bcc) and two non-functionalised ligands (bdc and btb).

All eight structures were confirmed to be identical by the PXRD (powder X-ray diffraction)
and SCXRD (single-crystal X-ray diffraction) measurements, and no structural defects were
noticed from the *H NMR spectrum of each digested MOF solution. However, interestingly,
the pore size distributions of all eight frameworks varied based on the existence of pendant
groups occupying pore spaces and such differences were reflected in the BET surface area of
each MOF and its CO, uptake. According to the BET calculation from the N; isotherm
measurement at 77 K, the lowest surface area was 3000 m?g™ for MUF-7f while the highest
was 4480 m?g* for MUF-7b. The CO uptake (273 K, 1200 mbar) ranged from 30.3 cm?®g™
(MUF-7a) to 58.8 cm3.g?* (MUF-7h).

Utilising different metal ions can also change the chemical diversity of MOFs. The earlier
example in the previous section (1.1.5.3) demonstrated that the stability of frameworks
increased as Zn(Ill) was exchanged with Ni(II) or Cu(ll) by a postsynthetic exchange
process.*”) Alteration in chemical or thermal stability upon a change in metal ions is widely
observed, for example, in trivalent metal ions, Cr®*, AlI** and V3* in the MIL-53 series.®”]
Another family of MOF's, LIFM-10 (LIFM: Lehn Institute of Functional Materials, Figure
1-17a) which was prepared from three different metal ions, Co(II), Cu(Il) and Zn(Il), and an
organic linker H;INOIA (1-oxidopyridin-1-ium-4-ylaminocarbonyl) was also reported that
the stability of frameworks follows the trend of Irving-Williams series.®®! According to
SCXRD measurements, the three frameworks have nearly identical unit cells, and their pore
volumes are very close to each other. However, the subtle discrepancy induced by the
different metal ions causes a vast divergence in BET surface areas and CO,/CO selectivities

(Figure 1-17b).

(a) (b)
0
HO
Metal ions | Co | Cu | Zn
NH = m2* BET (m2g) | 1578 | 1550 | 906
N N > LIFM-10 (M) Pore size (A) | 116 | 112 | 116
HO \ 0 (M = Co, Cu or Zn) Virial selectivity CO,/CO (298K) | 7.9 | 5.8 | 10.9
H,INIA

Figure 1-17. (a) Brief scheme of formation of LIFM-10 series; (b) a few distinct properties of each
MOFs composed of different metal ions.
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1.2.2. Complexity and heterogeneity in MOFs

MOFs are a new type of material that does not exist in nature, and MOF chemistry is a fast-
growing area and expanding its territory into real world applications. As it attracts the
attention of many researchers, research topics have diverged, and the demand for specific
functionalities and properties has grown. Above all, exploiting more diverse building blocks
is a prominent and more accessible way to achieve such a demand. Therefore, the needs to
make MOF's with more diverse building blocks are increasing. Designing and synthesising
the MOF's is somewhat similar to making an object with the Lego® blocks. To make the
desired model, of course, the more shape and colour of blocks you have, the easier it is to
make. As the shape of Lego® blocks gets diverse, the complexity increases, thus the more
diverse geometries are obtainable though not easier to achieve. On the other hand, as more
colours of each block are allowed, the heterogeneity of blocks increases, and thereby the more
details can be expressed. The same strategy is applied for MOF design and synthesis with an

increased number of building blocks, increasing in complexity or in heterogeneity of building

blocks.[59]

The majority of reported MOF's are binary MOF's which are composed of two building blocks,
a single type of metal ion and an organic linker. MOFs made with more than two building
blocks can be divided into two main categories. MOFs, built from geometrically and
topologically different building blocks, are denoted as MC-MOFs (multicomponent MOF's),
as discussed with MUF-7 (Figure 1-16). In contrast, MOF's made from building blocks, which
are structurally identical but chemically different, are referred to as MTV-MOF's (multivariate
metal-organic frameworks). For instance, the two ligands, bdc and bdc-Br, share the same
backbone allowing them to be interchangeable within a framework since they have the same
length and coordination geometry. Therefore, an MTV-MOF, comprised of both bdc and bdc-

Br, can be built if both ligands were simultaneously used for MOF synthesis.

A critical difference between these two concepts is whether each building unit is arranged in
order or in random in the framework. In other words, the different building blocks in MC-
MOFs have different geometry, so their positions were determined by the entire network. On
the contrary, the building blocks in MTV-MOF's possess the same structural feature, like bdc
and bdc-Br, so there is no way to differentiate those building units. Thus, those building
blocks would be randomly positioned in MTV-MOF's.

1.2.2.1. Multicomponent MOFs (MC-MOFs)

Compared to the binary MOFs, the number of MC-MOFs is relatively small; moreover, only a

handful of MOFs are known to consist of four or more building blocks. It is because MOF
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formation is governed by many factors. Even with the simplest bdc ligand and the zinc ions
which are known to form MOF-5, various topologies can be produced depending on the
synthesis condition or many other factors, such as type of metal salt, synthesis solvent, pH,
temperature, or presence of other additives.[®®-¢%] Therefore, synthesising MC-MOFs is more

challenging than synthesising the binary MOF's due to the increased complexity.

The study conducted by our group about MUF-8 and MUF-84 series well illustrates how
delicate MC-MOFs formation is.[6”) Both MUF-8 and MUF-84 series are composed of a
tritopic linker, ntb (4,4'4"-nitrilotribenzoate), and various bdc derivatives, but their
topologies are entirely different. Such a structural difference between the two frameworks
was caused by the number of secondary functional groups on the phenyl ring of the bdclinker.
MUF-8 is preferentially formed as more substituents are attached on the bdc linker, whereas
the bare bdc or with one substituent form phase pure MUF-84, as depicted in Figure 1-18.
Furthermore, the study shows that the ratio between the two organic ligands, ntb and bdc
derivative, was a critical factor to control the MOF structure if a bdc derivative with two

substituents was used.

(@) OH O OH
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or —> MUF-84
HO (o] HO 0
HO ]
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+ or
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O OH
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—» MUF-8
HO o]

Figure 1-18. A schematic diagram of MUF-8 and MUF-84 synthesis.

Another major challenge for synthesising MC-MOFs is that there are multiple potential
structures that can be formed by the subsets of building block combinations. For instance, as
illustrated in Figure 1-19, MUF-7[%¢ is built from ZnsO clusters and three topologically
distinct ligands, bpdc, bdc and btb. However, each ligand can form its own MOF with the Zn,O
cluster resulting in IRMOF-10°%], MOF-5* and MOF-177[%8] respectively. Also, two MC-
MOF structures, SUMOF-4[%°] (SUMOF: Stockholm University metal-organic framework)
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and UMCM-1!®] can be formed from the zinc cluster and two subset combinations, either bpdc
and bdc or bdc and btb, respectively. This example clearly demonstrates how MC-MOF
synthesis is challenging. Nevertheless, MUF-7 forms eventually by beating competing side
products. This means that the MUF-7 structure is the thermodynamically favoured structure

under these conditions.

The chemical environment of the pore in binary MOFs is reasonably simple due to its low
complexity (Figure 1-19). In comparison, the complexity increases for the tertiary and
quaternary MOF's. Their pore environments become more chemically and physically diverse.
Besides, like MUF-7h in figure 1-16, multiple pendant groups can be introduced to bring a
specific chemical environment to the pore in a controlled way, which cannot be achieved in
the binary MOF's. For this reason, the demand for MC-MOFs is increasing, and its niche in the

field is becoming sturdy despite the tough synthetic challenges.["!

- {
-8
bpdc only
.

Zn.;O

bpdc + bdc bpdc + bdc + btb bdc + btb

UMCM-1

Figure 1-19. The various potential outcomes from the MUF-7 synthesis. Each ligand can form its
own MOF as the orange arrows indicate, and two subsets of two ligands combination also form the
distinct structure as indicated with blue and green arrows. MUF-7 can be formed only in the case
of winning the competition among the potential MOF formations.
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So far, FDM-8 combines the most building blocks in a one-pot synthesis, two inorganic
components Zn(Il) and Cu(Il) and three organic linkers, bdc, 2,6-ndc (naphthalene-2,6-
dicarboxylate), and PyC (pyrazole-4-carboxylate).[”*] FDM-8 is isoreticular with MUF-7,
possessing ith-d topology. The tritopic linker btb in MUF-7 was replaced with a complex of
Cu(l) and PyC, which forms the planar three connected metalloligand. The linear bpdc was
substituted by ndc. This example illustrates the strategy of how to expand complexity by

replacing an organic component with a complex molecule.

COOH COOH
Q &
N—MN

/\

Cu Cu
MUF-7 O O O I > /CTN . "il FDM-8
= ——'u——N\
HOOC COOH

HOOC

oo
HOOC O O COOH O COOH

Figure 1-20. The tritopic btb in MUF-7 was replaced with the complex of Cu(l) and PyC, and the
linear bpdc was replaced with a slightly shorter linker, ndc.

1.2.2.2. Multivariate MOFs (MTV-MOFs)

MTV-MOFs are built from the building blocks which have the same coordination geometry.
Thus these compatible building blocks are randomly distributed in the framework and
increase the homogeneity of the pore environment. MTV-MOF-5[72] and MTV-MOF-74[7%]
series are the representative cases of MTV-MOFs. MTV-MOF-5, as the name suggests, is
isoreticular with MOF-5 and is built from two to nine different bdc derived linkers possessing
various secondary functional groups. The bdc derived linkers are randomly distributed in the
well ordered crystalline structure (Figure 1-21a) so that each pore has the chemical and
physical properties from a large number of functional group combinations. Depending on the
specific combination of the ligands, the resulting structure showed enhanced in CO,/CO
separation or BET surface areas compared to the parent MOF-5. Likewise, MTV-MOF-74 is
an isoreticular analogue of MOF-74, and it accommodates up to ten different metal ions by
the one-pot synthesis or PSE (Figure 1-21b). This work demonstrated that some trivalent
metal ions like Ti3*, V3* or Cr3*, or metal ions, such as Ca?*, Sr?*, Ba®* or Cd?*, which cannotbe
employed in the de novo synthesis, could be introduced to the framework via postsynthetic

exchange.

As shownin the above two examples, MTV-MOF synthesis is relatively more straightforward
than that of MC-MOF's, because the analogues of building units have structurally compatible

properties which allow them to replace the existing ones in the parent structure by direct
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Figure 1-21. (a) MTV-MOF-5, which was built from nine different bdc derived linkers possessing a
various functional group(s); (b) MTV-MOF-74, which consists of ten different metal ions.

synthesis or PSE. Therefore, enriching the chemical environment in the pore is readily
achievable, which can accidentally lead to some good results through the ensemble of such
diverse chemical moieties. However, increasing randomness is inevitable as the
heterogeneity increases in the frameworks, which make it hard to expect the constant

outcome at all times and to analyse the underlying mechanism for the obtained results.[?47%]

1.3. Application of MOFs

MOF's can be prepared as nanoscale powders through millimetre-sized single crystals. They
possess an uncountable number of pores of various sizes, from Angstrom- to micro-scale.
This is the main reason why the area of MOF is proliferating, creating synergy with other
chemistry fields. Compared to other conventional porous materials, the enormous porosity
is the most distinct feature of MOF's. For this reason, the earlier application of MOFs was
focused on what exploits such porosity, like gas storage or catalysis. As briefly mentioned
about the applications of MOF's in the previous section (1.1.2), the collaboration with other
areas of chemistry increases with ingenious ideas, such as making porous glass by melting
MOFs or using MOF itself as a hypergolic fuel source!”®"1 A selection of some important

applications of MOF's will be briefly introduced here.
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1.3.1. Hydrogen storage and CO; capture

1.3.1.1. H, storage

Hydrogen, the most abundant element in the universe, is a clean energy source with a very
high energy density. However, it is not easy to find real applications that exploit hydrogen as
an energy source in our daily life. Probably, hydrogen vehicles, which operate using hydrogen
fuel cells or by burning hydrogen in an internal combustion engine, are the only cases
showing visible outcomes at present. The reason is that about 95 % of hydrogen production
relies on the steam reforming of natural gas, which produces carbon dioxide as a byproduct.
Also, the cost required to build infrastructure for utilising hydrogen as an energy source is
enormously high compared to other energy sources. Furthermore, storing hydrogen requires
high pressures and low temperatures, and the efficiency of the current hydrogen storage

technology is yet not at a satisfactory level [7®!

Porous materials have been extensively studied to enhance the storage capacity of H..
Physisorption in porous materials allows rapid uptake and release of H,. MOF's are attracting
great interest due to their controllable pore size and designable pore environment, which
may enhance the interaction between H; and the adsorbent. Ever since H; uptake behaviour
was first demonstrated by MOF-5, which presented 4.5 wt % at 77K and 1 atm,/”® many other
studies have been conducted to increase the H; storage capacities with various approaches.
The critical driving force in the physisorption is the dispersion forces between the adsorbate
and adsorbent. Therefore, a comparable pore dimension to the kinetic diameter of the Ha
molecule (2.89 A) is advantageous, which allows more interaction through dispersion force

between Hz molecules and the surroundings.

According to Schréder,® the total uptake of Hz is related to the BET surface area and the
porevolume. However, alarger pore size requires a higher pressure to store the same amount
of Ha. Such trends were well demonstrated by the first three frameworks in the isoreticular
NOTT-10% series (x = 0, 1, 2 and 3) (Figure 1-22). As the ligand length gets elongated, the
pore diameter becomes larger (6.5 A, 7.3 A, 8.3 A for NOTT-100, -101 and -102, respectively),
thereby resulted in increased BET surface area and pore volume. However, the H, uptake at
1 bar, a low pressure, presented the opposite trend, which indicates the affinity of the Hy
molecule toward the framework gets increased as the pore size decreases. Based on these
observations, they have calculated the optimum pore size that would provide increased
interaction with H, gas molecules. Based on the calculation, L4 was prepared, and NOTT-103
was synthesised using L4. As expected, NOTT-103 showed enhanced H; uptake in both low

and high-pressure ranges, and this was because of not only the optimised pore size but also
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COOH HOOC

H4L1 H4l2 H4l3 HglL4
cu(ll) \U/
NOTT-100 NOTT-101 NOTT-102 NOTT-103

BET surfac area (m?-g™") 1640 2316 2942 2929
pore diameter (Anstrom) 6.5 7.3 8.3 8.0
pore volume {cma-g‘1] 0.680 0.886 1.138 1.142
total H; adsorption in wt% 2.59/4.02/- 2.52/6.06/6.60 2.24/6.07/7.20 2.63/6.51/7.78
(1 bar/20 bar/60 bar)

Figure 1-22. NOTT-100, -101, -102 and -103 were prepared from the organic linker L1, L2, L3 and
L4, respectively along with Cu(ll). The BET surface area, pore diameter, pore volume and total H,
adsorption in wt% of each framework were also presented.

the central functional group (naphthyl) which provide a stronger potential overlap to

enhance adsorption of H; at low pressures.

Catenation is another strategy to control the pore size of the frameworks. Interpenetrated
frameworks have widely been observed when the framework is built from elongated building
blocks. Itis due to the tendency of minimising the free space of the framework so that smaller
pores are formed as a result. Therefore, judiciously designed interpenetrated structures can
be used to improve H; uptake capacity.**! PCN-6 (interpenetrated) and PCN-6' (non-
interpenetrated) were prepared from 4,4'4"-s-triazine-2,4,6-triyl-tribenzoate (isoreticular
structure of the PCN-6x in Figure 1-14), and they are the right example demonstrating such
an approach. According to Ma, the total Hz adsorption capacity of the interpenetrated
structure of PCN-6 could reach 8.7 wt % (77 K/50 bar), whereas the one of PCN-6' was 5.5
wt %.8% Due to the long distance (21.4 A) between opposite walls in PCN-6', the centre of the
pore remained empty. However, catenation leads to closer distances between the walls,
enhancing the interaction between pore walls and H; molecules, thus increasing the number

of binding sites.

In addition to pore size control, generating open metal sites (coordinatively unsaturated
sites at the metal or metal cluster) is another efficient strategy to enhance the H; uptake
capacity. In some cases, the open metal sites can be readily generated by removing

coordinated solvent molecules or neutral ligands at nodes. Such molecules are typically
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Lewis basic and coordinate to a metal centre with a weak bond so that they can be removed
by lowering pressure or mild heating.?® Open metal sites result in strong interactions with
H, molecules. As shown in Figure 1-13, MOF-74 possesses a hexagonal 1D-channel, and the
synthesis solvent molecule coordinated to the exposed metal site to the channel space can be
easily removed by mild activation condition. This consequently creates an open metal site
alongside the channel space. Zhou et al. have demonstrated the binding trend between
various divalent transition metal ions and the Hz molecule in MOF-74.1%%] Five different
isoreticular MOF-74s were prepared from Mg(II), Mn(II), Co(II), Ni(Il) and Zn(II), and open
metal sites were generated. Then the relative strength of the interaction between M?* and H;
was investigated. Their result showed that the H binding follows the trend of Zn®* < Mn?* <

Mg?* < Co?* < Ni**, which matches the Irving-Williams series.

Another example from Suh's research group indicates a direct comparison between two
identical frameworks with or without open metal sites.®®] The result showed that the
framework with open metal sites possesses nearly twice larger heat of adsorption (11.60
kJmol™?) compared to the one without open metal sites (6.53 kJmol ), indicating open metal

sites provide stronger interactions with Hz molecules.

1.3.1.2. CO; capture

The concern about greenhouse gases has been stiffly increasing. Especially CO2 emissions
have exceeded the capacity that the ecosystem can manage, thus resulting in global warming.
Therefore, the prosperity of human civilisation and the fate of the Earth's ecosystem relies
on reducing atmospheric CO; level. Reducing CO, emissions has globally become the top
priority of each government's environment policy. MOF chemistry, again, has found another
niche related to such efforts to reduce carbon dioxide emission. This has been one of the most

[84-86] The basic principle of using MOFs as CO;

popular research topics regarding MOFs.
capture material is pretty much similar to exploiting MOF's as H, storage material. However,
due to the different physical and chemical properties of CO, and H,, more diverse approaches

are available, and the feasibility for the real applications is high.

Since the polar nature of a CO; molecule, a lot more extensive chemical functional groups can
be employed compared to H, storage cases, such as Lewis basic N containing moieties or
some polar functional groups. Amino-MIL-53(Al), which is the amine functionalised
isoreticular structure of MIL-53(Al), is a good example showing the selective increase of CO;
affinity by the simple addition of a small amine moiety to the ligand backbone.®”! The
adsorption enthalpy of CO; nearly doubled from 20.1 kJ-mol™ for MIL-53(Al) to 38.4 kJ-mol
! for amino-MIL-53(Al). Those of ethane and propane only increased by 18.4 % and 14.1 %,
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respectively.

The Telfer group recently reported MUF-16 which is judiciously designed for CO; capture
and separation from other gases.®8 MUF-16 is a simple binary MOF composed of Co(II) and
m-isophthalate and possesses a one-dimensional channel comparable in size to a CO;
molecule and is decorated with Lewis basic amine groups. Although the pore volume (0.11
cm?®g ) and BET surface area (215 m?g™) are comparatively not high due to its narrow pore
slits, the affinity toward CO; is much higher than other gases. According to the gas sorption
measurement collected at 293 Kand 1 bar (Table 1-1), the total uptake of CO; reaches nearly
50 cm?®-g* and the curved plot shape indicates the pores are nearly saturated at 1 bar whereas
those of other gases show a linear trend with much lower uptake. Furthermore, the selectivity
for CO; from a given gas mixture, which was quantified by IAST (Ideal Adsorbed Solution
Theory) calculation, demonstrated its superb separation performance compared to other
reported MOF's. The experimental data also showed its high CO, separation performance
from other gases, and the performance was well maintained after a few hundred cycles. MUF-
16 well accomplished the basic strategies to design COz capturing MOFs. It possesses the
optimum pore size and proper functional groups to enhance the affinity toward the target

molecule and successfully exhibited the efficacy of such strategies.

Table 1-1. Summary of gas adsorption data and IAST-calculated selectivities for the MUF-16 at 1 bar

and 293 K.

co, 47.78 - -

N, 1.32 630 15/ 85
CH, 1.20 6690 50/50

H, 0.64 9690 20/ 80
C,H, 3.99 510 50 /50
C,H, 3.17 600 50/ 50
C,Hg 3.06 600 50/50
©5)- 5.35 260 50/50
CHq 4.82 84 50 /50

Zhou's group reported an interesting MOF, which shows a tunable affinity toward CO; by
photochemical or thermal treatment.[®®) PCN-123 is an isoreticular structure of MOF-5 and
possesses azobenzene moiety on its bdc backbone. Although the performance of CO; uptake
is not notably better than other MOFs, it demonstrated the controllable CO, uptake by
reversible trans-cis isomerisation of azobenzene moiety. Phase pure PCN-123-trans was
initially prepared from trans-azobenzene bdc under the controlled synthesis condition. As

depictedin Figure 1-23, the reversible transto cis or cis to transisomerisation was conducted
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uv

Figure 1-23. The conceptual diagram showing interchangeable azobenzene isomer moiety in PCN-
123. Only two azobenzenes were presented without H atoms for the clarity.

by UV irradiation and heating, respectively. Then CO adsorption isotherms were measured
at 295 Kand 273 K, and the results showed the CO; uptake with PCN-123-cis was about 50 %
lower than that of PCN-123-trans, though no structural change or decomposition of the
framework was observed. This study suggested a potential strategy to release a guest

molecule under a particular circumstance.

According to Peyman et al, another interesting strategy to enhance CO; uptake was
attempted.[®®! The competition with water molecules is inevitable in the real environment for
the CO; capturing application, and H,O has a generally higher affinity to MOF pores due to
its small size and higher polarity. FMOF-1 that has been armoured with hydrophobic CF3
moiety was prepared, and its CO, adsorption isotherm was measured under different
conditions. Surprisingly, the CO, uptake with water at 80 % relative humidity did not exhibit
anotable difference from the CO, uptake of pure gas. Additionally, the water uptake was also

successfully suppressed even at 30 bar.

1.3.2. Catalysis

MOFs can provide an excellent platform for catalysis. First of all, MOF catalysts are solid-
state heterogeneous catalysts that provide advantages regarding product separation or
catalyst recyclability. Second, they can integrate all different catalyst types, such as
organocatalysts, metallic catalysts or metallorganic catalysts. Third, due to the crystallinity
in MOF, they can provide a vast number of catalytically active sites which are periodically
distributed through the entire framework. Fourth, the catalytic reactions are conducted in
confined microenvironments provided by MOF pores. Therefore, more interactions from the
various chemical pendants of the structural components surrounding the pores can be

introduced.

On the contrary, there are some drawbacks with MOF catalysts, too. The reaction condition

is limited due to the chemical stability of MOFs. For instance, not every MOF is stable in an
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aqueous medium or in specific pH ranges, meaning the limited reaction conditions.
Furthermore, the target reactions occur in the pores, so the size of reactants or products must
be small enough in order to diffuse through the pores. Otherwise, the framework will be

clogged.

Due to the vast number and extensively diverse types of MOF catalysts, there are several
ways to categorise MOF catalysts. In this section, MOF catalysts are categorised depending
on where the catalytic activity is induced. Hence, they are categorised into mainly three
categories, open metal sites on SBU, functionalised organic ligands or metalloligands.

Additionally, some important applications in each category will be briefly introduced.

1.3.2.1. Open metal sites on SBU

Open metal sites are one of the most useful and multi-functional tools in MOFs.®*! Of course,
they can also be utilised as a catalytic centre due to their high reactivity. Once open metal
sites are generated using vacuum or heating, they can interact with the guest molecules
entering the pore. Additionally, the surrounding environment caused by coordinated ligands

can cooperate to induce chirality or regioselectivity to the reaction intermediate.

The paddlewheel SBU is one of the simplest SBUs, known to generate open metal sites on its
axial positions (Figure 1-24a). The paddlewheel SBU comprises four btc (benzene-1,3,5-
tricarboxylate) ligands with two Cu(ll) ions in HKUST-1.°) HKUST-1 is one of the most
widely studied MOFs and commercially available as a catalyst because of its versatility
obtained by easily attainable open metal sites. Therefore, an extensively wide range of

organic reactions catalysed by HKUST-1 was reported.

For example, the cyanosilylation of benzaldehyde was reported by Kaskel et al. (Figure
1-24b)[°?] Cyanosilylation is a convenient synthetic route to cyanohydrin, which is a
versatile and important precursor to form other valuable functional groups. Since this study
was one of the earlier works exploiting HKUST-1 as a catalyst, they demonstrated the crucial
role of the open metal site for the catalytic capability rather than showing its catalytic efficacy.
According to the results, the catalytic ability was decreased when the reaction medium was

changed to THF (tetrahydrofuran), which can coordinate to the open metal site.

Corma et al. reported outstanding chemo- and diastereoselectivities of HKUST-1 for
cyclopropanation reactions of alkenes with diazoacetates (Figure 1-24c).[°3! Compared to
other homogeneous catalysts or copper complexes, HKUST-1 displayed similar rates but
higher selectivities and demonstrated high turnover numbers and superb recyclability.
Especially the reactions of various alkenes with ethyl 2-phenyldiazoacetate resulted in

almost diastereopure isomers. Moreover, with a dialkene substrate, 2,5-dimethyl-2,4-
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Figure 1-24. (a) A schematic diagram of inducing open metal sites on the paddlewheel SBU of
HKUST-1; (b)-(e) a few example reactions which are catalysed by the activated HKUST-1.

hexadiene, ethyl diazoacetate exhibited exceptionally high chemo- and diastereoselectivities

toward the transisomer.

Cejka's research group demonstrated the excellent catalytic activity of HKUST-1 for the
Friedldnder reaction, which is generally catalysed by Lewis or Bregnsted acids (Figure
1-24d).*THKUST-1 showed improved catalytic capability compared to existing catalysts for
the formation of quinolone derivatives from 2-aminobenzophenone and ketone. They also
exploited HKUST-1 to catalyse the Pechmann condensation of phenols and ethyl
acetoacetate (Figure 1-24¢e).°°! This study investigated the catalytic activity of HKUST-1
composed of either Cu or Fe ions with three different phenol derived substrates, 3-hydroxy
phenol, 2,3-dihydroxy phenol and naphthol. Also, they have compared the catalytic activity
of HKUST-1 with a few large-pore zeolites.

1.3.2.2. Organic components on the ligand backbone

The catalytically active sites in organocatalysts (catalysts that consist of organic compounds)
usually occupy a small portion in size. The catalytic capability is induced from the local acidity
or basicity of the moiety. The majority of organocatalysts can be integrated into MOF's as a
secondary functional group attached to a ligand backbone (e.g. bpdc-Pro in Figure 1-10b).
Alternatively, the catalytically active sites can be mimicked with similar functional groups.
For instance, some pyrrolidine containing moieties can replace proline if integrating proline
into a MOF is not feasible.®®! The non-catalytically active sites do some other roles, such as
enhancing solubility or stability of the catalyst in a specific reaction condition or cooperating
with the catalytic centre, thereby enhancing various chemical selectivities depending on the

reaction conditions. Such additional functionalities are sometimes unnecessary in MOF
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catalysts. Otherwise, it can be implemented by installing the additional functional groups in

proximity on the same ligand backbone or neighbouring ligands if necessary.

MIL-101-SO3H is a Brgnsted acid catalyst prepared from monosodium 2-sulfoterephthalic
acid and CrOj3 (Figure 1-25a).°”) Since MOF synthesis was carried under acidic condition,
MOF crystals were synthesised as a mixture of sodium salt and acid form. The crystal was
further treated with aqueous HCI to generate a more acidic catalyst by protonating the
sulfonic acid moieties in MIL-101-SO3H. The MIL-101-SOsH crystal has both Lewis (Cr®* in
SBU) and Brgnsted acidic (sulfonic acid on ligand) sites, and the catalytic capabilities of both
sites were compared over the epoxide ring-opening reaction (Figure 1-25a). The parent
framework (MIL-101) composed of bare bdc was also tested to investigate the catalytic
activity of the Lewis acidic site. The results clearly showed superb catalytic activity of MIL-
101-SO3H as a Bregnsted acid catalyst. The reaction was completed within 30 minutes with
MIL-101-SO3H, whereas MIL-101 demonstrated lower conversion and selectivity even after
48 hours. The result clearly indicates that the Brgnsted acid moiety plays a crucial role in the
epoxide ring-opening reaction. The durable stability and recyclability of the MIL-101-SOsH

were also confirmed after a few cycles of methanolysis of styrene oxide.
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Figure 1-25. A few examples of organic linker possessing the catalytic functional groups which are
depicted in yellow and the catalytic reactions conducted by each MOF catalysts.
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Another methanolysis reaction of various epoxides, which was catalysed by a series of
isoreticular MIL-53(Al)-NH,, was demonstrated by Cohen's group (Figure 1-25b).*4 As
depicted in Figure 1-10a, maleic anhydride was post-synthetically embedded to the bdc-NH;
backbone, and the resulting framework was denoted as MIL-53(Al)-AMMal. Then its
catalytic activity was demonstrated toward the methanolysis of cis-2,3-epoxybutane,
cyclohexene oxide and styrene oxide substrates. Furthermore, the robust nature of MIL-
53(Al)-AMMal allows restoration of the catalytic activity by treating with dilute HCl. The

acid-treated crystal was then recycled several times without losing its catalytic power.

IRMOF-Pro*°! is another catalyst example prepared by PSM as already introduced in the
previous PSM section (Figure 1-10b) along with the above MIL-53(Al)-NH; derivatives. The
well-known organic catalyst unit, proline or pyrrolidine, is an optimum catalytic moiety to
integrate into the MOF due to its relatively small size and strong catalytic activity.
Incorporating proline moiety into the IRMOF-10 framework was managed through the PSM
by utilising the Boc protecting group, as discussed before. Then its catalytic activity was
explored with the aldol reaction of acetone and p-nitrobenzaldehyde (Figure 1-25c), and the
proline unit was proved as the sole catalytic component by showing complete catalytic
inactivity of IRMOF-Pro-Boc. However, this study left a few aspects which need to be
improved since this was the very first case employing proline moiety into the MOF structure.
The catalytic activity decreased upon recycling, and the enantioselectivity of IRMOF-Pro was

not as good as the homogeneous proline catalyst.

John et al. reported NU-601 (NU: Northwestern University) composed of the judiciously
designed ligand which incorporated the hydrogen donating catalyst moiety, urea, into the
ligand backbone.®®] The original homogeneous thiourea catalyst!®®! that inspires this study
was known to possess a drawback such that the catalysts formed the self-assembled
oligomers through the H-bonds leading to a potential decrease in catalyst capability. Thus
they planned to exploit the MOF to fix the catalysts in separate enough positions not to
interact with each other. As depicted in Figure 1-26, the thiourea was replaced with urea due
to its stability issue during MOF formation, and carboxylic acids, which coordinate to SBU,

took the place of CFs. The prepared NU-601 from this urea containing ligand exhibited

(0] OH O, OH
CF; CF;
: —> ®
N HO M OH
o} (0]

well-known catalyst MOF ligand

Figure 1-26. A designing scheme of urea containing ligand based on a well-known symmetrical
thiourea catalyst.
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catalytic activity well with the Friedel-Crafts reaction between pyrroles and nitroalkenes
(Figure 1-25d). Although this study demonstrated the merit of adopting a MOF as a
heterogeneous catalyst compared to a homogeneous catalyst, it also presented some
limitations of a MOF catalyst. Significantly diminished yields were noted due to the limited

pore size when large substrates were employed.

1.3.2.3. Metalloligands

As briefly introduced in the postsynthetic metalation section (Figure 1-9), many
metalloligands are employed as heterogeneous catalysts in MOFs. For instance, porphyrin or
salen complexes have been well known as a versatile homogeneous catalyst, and they can be
transformed into building blocks for MOF's. Therefore, they can take advantage of the merits
of heterogeneous catalysts exploiting MOF scaffold without losing their characteristics as

catalysts.

1.3.2.4. Metalloporphyrin based MOFs

As depicted in Figure 1-27, various types and numbers of binding groups can be attached to
the porphyrin componentin order to be integrated into diverse MOF structures. Furthermore,
the catalytic property of porphyrin derived MOFs can be tweaked depending on the

porphyrin metal ions that can be integrated by direct synthesis or by transmetalation.

o] o] (o]

Figure 1-27. Various form of porphyrin derived ligands which possess different type and number of
binding groups.
Shultz et al. explored the catalytic activity of metalloporphyrinic MOF, ZnPO-MOF, which
was prepared as depicted in Figure 1-28a.11° The Zn?* ion occupies the free base site of the
porphyrin ligand during MOF synthesis and provides Lewis acidic site for the catalysis
reaction. The optimum distance between the two porphyrin layers (11.6 A) in the
frameworks plays a crucial role in this catalysis reaction, as shown in the reaction scheme in
Figure 1-28b. Once the two complementary pairs of reactants coordinate to the Zn sites, the
activated reactants will locate in close proximity due to the optimal conformation of the two
porphyrin layers. Thus, the acyl transfer reaction between the two reactants occurs within

the framework with a boosted reaction rate.
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Figure 1-28. (a) A schematic diagram of ZnPO-MOF synthesis; (b) a proposed mechanism of the
acyl-transfer reaction between pyridin-4-ylmethanol and N-acetylimidazole.
Another excellent metalloporphyrinic MOF catalyst, MMPF-3, was reported by Ma's
group.l*°l MMPF-3 was synthesised from a porphyrin-derived ligand and cobalt nitrate
(Figure 1-28a). The Co(Il) ion occupied the porphyrin centre during the course of MOF
synthesis. The resulting structure presented a high density of porphyrin cobalt sites (5 Co
atoms per nm?) in the pore. The epoxidation of trans-stilbene (Figure 1-28b) using tert-butyl
hydroperoxide as oxidant was carried out over the MMPF-3 along with other catalysts,
including free Co-porphyrin ligand for control reactions. MMPF-3 demonstrated excellent
catalytic activity in terms of both conversion and selectivity. Approximately 96 % of trans-
stilbene was consumed in 24 hours, and the selectivity reached about 87 %. All the other
control experiments showed much lower catalytic activity on the other hand. More
impressively, this superb catalytic activity was sustained even after the eighth cycle of the

reaction.
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Figure 1-29. (a) A schematic diagram of MMPF-3 synthesis; (b) the epoxidation reaction of trans-
stilbene catalysed by MMPF-3.

1.3.2.5. Metallosalen-based MOFs

Metallosalen struts have been extensively incorporated into MOFs because they can be
transformed to bridging ligands by adding N donor (Figure 1-30 and Figure 1-31) or

carboxylic acid groups (Figure 1-9). Metallosalen-derived catalysts are potent catalysts,
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especially for asymmetric reactions, because various chiral groups can be placed around the
catalytic centre.[?92-293 Thus, metallosalen-derived ligands can be integrated into MOF's with
keeping their catalytic capability so that they can enhance their utility as a heterogeneous

catalyst.

Hupp's research group reported an outstanding asymmetric catalyst.'°! As depicted in
Figure 1-304, the salen derived ligand, which has pyridyl groups as coordinating groups and
contains Mn(IlI)-Cl, was used to form Cat-1 along with another ligand (bpdc) and Zn(II) ions.
As a result, an interpenetrated framework possessing two channels was produced. The
catalytic activity of Cat-1 was examined with asymmetric epoxidation of 2,2-dimethyl-2H-
chromene with 2-(tert-butylsulfonyl)iodosylbenzene as an oxidant, as shown in Figure
1-30b rxn-1. The catalytic activity of the heterogeneous catalyst (Cat-1) was far more
efficient than that of the control reaction conducted with the ligand itself as a homogeneous
catalyst. The catalytic activity of the homogeneous catalyst was diminished over time
because the catalyst was oxidised by other encountering catalyst molecules. Whereas in the
case of Cat-1, all the catalytic units were well separated by the MOF scaffold and its catalytic
activity remained constant. Although the enantioselectivity of Cat-1 (82 % ee) was slightly
decreased compared to the one of homogeneous catalyst (88 % ee), this study presented how

to utilise the MOF scaffold to improve the catalytic activity of homogeneous catalysts.

In 2011, the same group reported another Mn(III)-Cl-salen containing MOF catalyst, Cat-2,
which possesses a non-interpenetrated structure by utilising the tetratopic linker, as
depicted in Figure 1-30a. The catalytic activity of Cat-2 was examined with the same reaction,
and the result was compared with Cat-1. The two catalysts showed different catalytic
activities induced by the difference in crystal size of Cat-1 and Cat-2. Cat-1showed a greater
catalytic activity at the beginning since the smaller Cat-1 crystal possesses greater external
surface area than Cat-2. However, Cat-2 eventually demonstrated a higher catalytic activity

as the substrate diffused through the catalyst pore over time.

(a) Ny (b) SO,tBu
| HO o]
7 O~

0.
Zn(ll) P Cat 1
HO OH
. AL -

I,
o}
o L o .
= i Q 0 Cat-2 rxn-2: R’OW/‘@/\ > 0
Zn(Il) S Cat R

N o]
R = Et or porphyrin-derivative

Figure 1-30. (a) A schematic diagram of syntheses of a few examples of MOF catalysts containing
Zn(salen) derived ligand; (b) the reactions catalysed by the resulting catalysts.
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Another example of two asymmetric Fe(salen) based MOFs, Cat-3(Zn) and Cat-3(Cd), were
reported by Cui's research group, as shown in Figure 1-31al%) Due to the different
orientation of the terminal pyridyl groups on each ligand, Cat-3(Cd) attained a larger cavity
than Cat-3(Zn). This enhanced the catalytic activity of Cat-3(Cd) for asymmetric sulfide
oxidation. Cat-3(Cd) resulted in a 94 % conversion with 100 % selectivity and 60 % ee of the
sulfoxide after 8 hours. However, over-oxidation of sulfoxides to sulfones occurred over time,
which dropped the chemoselectivity to 27 % after 30 hours while ee increased to 96 %. This
can be explained by the kinetic resolution. This trend was also observed in the case of the
homogeneous reaction with the free Fe(salen) ligand. Although the reaction rate catalysed
by the homogeneous catalyst was higher, the heterogeneous catalyst demonstrated more

conversion (94 % vs 78 %) with 100 % chemoselectivity.

(b)

— 0“ Cat-3(zn)
Cat-3 ©/ \I/ ©/
O

Figure 1-31. (a) A schematic diagram of syntheses of Cat-3(Zn) and Cat-3(Cd); (b) the asymmetric
sulfide oxidation reaction catalysed by Cat-3s.

1.4. Introduction to selected experimental techniques

Many analytical techniques have been used to characterise MOFs. For instance, NMR
(nuclear magnetic resonance) of the digested MOF sample is a critical analysis for MC-MOF's
to prove the exact ligand ratios. Gas sorption is an essential technique to examine the
porosity of materials and to figure out their surface area and pore volume. Also, X-ray
crystallography is absolutely required to solve or to compare the structures of the
frameworks. IR spectroscopy is widely used to detect specific chemical functionalities in the
frameworks, and UV and fluorescence spectroscopies to observe light-induced properties.
Electron microscopy is also regularly exploited to explore the morphology of MOF crystals.
In fact, if it is extended to the applications of MOFs, almost all scientific instruments are
utilised. In this chapter, a few of the most critical techniques and their basic principals to

study MOF's will be introduced.
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1.4.1. BET surface area calculation

The BET theory is a widely adopted method to calculate the surface area of porous materials.
It is theoretically more appropriate for MOF's than Langmuir theory. This is because BET
theory is based on multiple layers of absorbates formed on the adsorbent surface, while the
Langmuir surface area is defined under the assumption of the monolayer formation on the
surface, which is an ideal situation. Thus, the surface area calculated by BET theory is

generally accepted as a standard.

The BET equation is defined as follows:

P/P, 1
v(1—-P/Py)  v,C

c—-1
+o e (PP @

where v is the specific amount of the adsorbed gas at the relative pressure P /Py, v, is the
monolayer capacity of the adsorbed gas, P is the gas pressure for the adsorbate in
equilibrium with the porous material at each point of measurement, P, is the saturation
pressure of a gas being adsorbed at the adsorption temperature, and C is the BET constant

which is exponentially related to the energy of monolayer adsorption. The BET equation (1)

P /Py

SAP/FD against P /Py and then the two variables, v, and C can

canbeplotted as alinearline,

be determined from the slope (a) and intercept (b). The BET surface area (Aggr) was then

calculated by inserting the value for v, into the following equation:

1 (mol)
22400 (cm?3)

2
X a9 (A%) x Ny(mol™1) x 10720 (m > (2

Appr = Vm (em®g™") X iz

where N, is Avogadro's constant, and gy is the cross-sectional area of a Nz molecule, which is

16.2 A2,

The four plots in Figure 1-32 are successive conversion processes to obtain the linear plot of
the equation (1) from the raw N, adsorption data measured at 77 K according to the method
presented by Snurr.['°®) The raw N adsorption data was converted to the plot of v(1 — P/P,)

against P/P,, then the pressure range where values of v(1 — P/P,) increasing with P /P, was

P /Py

selected, and then the selected range was converted to the plot of SCF /P
- 4]

against P/P,.
Then, a few data points, which fit a linear regression line, were chosen from near the point at
which the N gas adsorption reaches saturation. The Y-intercept of the regression line must
have a positive value. The determined values for the slope and Y-intercept from the

L 1
regression line are then used to calculate v, = —— andC =1+ %, and the value for v, was

plugged into the equation (2) in order to calculate the BET surface area.
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Figure 1-32. An example of N, adsorption at 77K and the plots resulted in successive data
processing to obtain a linear regression line in order to get the variables for the equation (2).

1.4.2. X-ray crystallography

X-ray crystallography is a very complex subject to be dealt with in this short section. Thus,
the basic principles of X-ray crystallography and the fundamentals of the apparatus will be

briefly introduced.

1.4.2.1. The fundamental principles

The smallest and simplest repeating unit in a crystal is called a unit cell. The whole crystal is
composed of a pack of unit cells that are stacked beside and on top of each other. Thus,
solving a crystal structure means figuring out the exact structural information of all the
contents in a unit cell. Often, the contents in a unit cell can be sub-divided into small
fragments which are related to each other. The smallest fragment of such is referred to as the
asymmetric unit. The entire unit cell can be reconstructed by applying the symmetry
operations, such as rotation, reflection through mirror planes, inversion or translation, to the
asymmetric unit (Figure 1-33 illustrates the relationship between the asymmetric unit, unit

cell and crystal of MUF-77).
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Figure 1-33. (a) The asymmetric unit; (b) the unit cell constructed from the asymmetric unit
(highlighted in yellow) through symmetry operations; (c) a crystal which is a pack of unit cells
(depicted yellow cube).

Any pointin the crystal repeatedly appears due to a three-dimensional periodic arrangement
of every component in a crystal, so the unit cell can arbitrarily be selected. However, the
symmetrical arrangement of the cell contents must be considered to choose the best unit cell.
The corner of the unit cell is referred to as a lattice point, and the neighbouring lattice points
are described by vector translations. These vectors are denoted as d, b and ¢ and the angles
between vectors are referred to as A, B and C for between b and ¢, @ and ¢, and @ and b,
respectively. Those six components, three vectors and three angles, are called unit cell
parameters that describe fundamental features of a unit cell. A set of lattice points can sit on
the same plane due to the periodicity, and the plane is named a lattice plane. Figure 1-34a
illustrates two different lattice planes that are revealed depending on the crystal orientation.

Each set of lattice planes is denoted by triple number codes (Miller indices), in round brackets

Bragg's Law

Constructive interference
when nA = 2d+sinB
because AH; = AH; = d-sinB

Figure 1-34. (a) Two different sets of lattice planes revealed in the different orientation of a crystal

sample. (b) a unit cell sliced by a set of lattice planes (3, 2, 1); (c) a schematic diagram of reflected

X-rays on two lattice planes in order to induce the Bragg's Law; the sphere represent a content in
the unit cell.
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as (h k 1). A set of lattice planes are depicted in Figure 1-34b, and these parallel planes
intersect the three edges (OA, OB and OC) of the unit cell. Therefore, each edge is evenly
divided, and the slice length on each side can be displayed as a fraction. The denominator for
each fraction will then be a number corresponding to h, k, and 1. For instance, OA was divided
into three pieces, and the length of each piece is 1/3 of the lengths of OA, so the denominator
3 becomes the number corresponding to h. Therefore, the set of lattice planes can be denoted

(3,2, 1) if the same method is applied to the remaining two edges.

When the X-ray beam hits the crystal sample, the majority of the X-ray beam penetrates the
crystal and exits unchanged. However, a fraction of the X-ray beam is diffracted by the
electron density of atoms. Since an X-ray is a type of electromagnetic wave, the scattered
beams interfere with each other. The constructive interference only occurs when the incident
and reflect rays fulfil Bragg's Law as depicted in Figure 1-34c. The two incident rays, L1 and
L, are reflected in a set of lattice planes separated by the length of d. However, the ray L,
travelled more distance than L, by AH, + AH,, which are equivalent to 2d-sinf. Hence, if the
value for 2d-sinB equals the multiple of the wavelength (A), the reflected two rays will be in
phase and will be identified as a spot on the detector. There are hundreds to tens of
thousands sets of lattice planes in a crystal depending on the unit cell size, and the
constructive interference occurs only with the sets of lattice planes that meet the condition
of Bragg's Law. Figure 1-35 is a snapshot of the SCXRD (single-crystal X-ray diffraction)
pattern, and there seem to be over a hundred diffraction spots on this image. Each spot
represents the constructively interfering rays reflected on an individual set of lattice planes
which fulfil Bragg's Law at this specific orientation of the crystal sample. A few diffraction

points were indexed with the Miller indices, and a notable trend is shown. The spots indexed
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Figure 1-35. An example of the single-crystal X-ray diffraction pattern, a few of the diffraction spots
are indexed with Miller indices.
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with the higher the indices are further away from the beam centre. It was because the
distance between two parallel lattice planes gets shorter as the indices increase, then the

larger angle 0 is required to satisfy Bragg's Law.

1.4.2.2. Single-crystal X-ray diffraction (SCXRD)

The previous example of a diffraction image shown in Figure 1-35 was taken while the
crystal sample was rotated 1 ° around a specific axis. To precisely identify all the contents of
a unit cell, hundreds of such images are measured while continuously changing the
orientation of a crystal sample through rotation around various axes. Furthermore, the
diffraction spots corresponding to higher indices enhance the resolution of the structure. So
it is crucial to obtain as many diffraction spots of higher indices as possible to improve the
quality of the crystal structure. The amount of data required to solve the structure
profoundly depends on the crystal system. Generally, less data is required to solve the crystal
structure of the higher symmetric system. Collecting more data is certainly advantageous,

but it costs more time and other resources, so there is always a trade-off.

Once the data collection is finished, then the collected data is processed to calculate the
indices for all the diffraction spots. The corresponding spot intensities on each image are
integrated to produce a so-called hkl file. The unit cell parameters for the crystal sample are
relatively easily determined by the positional information of each diffraction spots, and only
a few images are required for that. However, the intensity of each diffraction spot contains
much more information. Each set of lattice planes intersects a different portion of contents
in the unit cell, so the electron density relative to each lattice plane is different depending on
where it passes through the unit cell contents. Thus the corresponding spot intensity to the
lattice plane is principally determined by the electron density belonging to the atoms on the
lattice plane. For instance, if the unit cell parameters are accidentally identical for two
different crystal samples which are prepared from different molecules, then the diffraction
images collected from each sample at the same crystal orientation against the incident X-ray
will show the same pattern of the diffraction spots. However, the spot intensity will be

different since the contents in a unit cell are different.

To extract all the structural information of cell contents from the hundreds of spots on
thousands of images is complicated work, but it is thankfully all done by computer software.

The software package known as ShelX107]

is one of the most powerful and widely adopted
software in the MOF field, and it calculates the types of atoms and their positions, based on
the extra information provided, by complicated mathematical operations with Fourier

transformation of each diffraction data. However, ShelX only provides a rough model of the
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(a) (b) (©)

Figure 1-36. The step by step procedure refining the contents in the unit cell; (a) the initial coarse
structure suggested by ShelXT; (b) the structure during the refinement procedure, brown spheres
are local electron density suggested by the software; (c) the complete structure.

cell contents, thus requires a polishing process known as refinement. The ShelX also
provides statistical information by comparing the spot intensities calculated from the
current model with the collected spot intensities. Thus, decreasing the discrepancy between
the two data sets and eventually finding the converging structure is the final goal of the

refinement step.

Figure 1-36 illustrates the procedure of solving and refining crystal structure. The structure
in Figure 1-36a is the coarse structure provided by the software after calculation with the
collected raw data. The quality in the initial structure highly depends on the crystallinity of
the sample and collected data quality. In this example, the suggested model is quite close to
the final structure though a few atoms are assigned with the wrong element type, and the
solvent molecule is not clear. If the molecular structure, formula, or solvents are known, it is
not very difficult to modify the element types or local structures. Otherwise, other types of
information are utilised in order to make a plausible guess and to refine the structure. In
addition, what makes it more difficult to solve the crystal structure is disorder. Even more
challenging are twinned structures. Successive iteration of the refinement is continued until

the statistics converge within the acceptable range.

1.4.2.3. Powder X-ray diffraction (PXRD)

PXRD is a powerful, efficient, yet simple analysis technique to determine the structure of
crystalline material. As discussed in the previous SCXRD section, diffraction appears as a
spot when the ray encounters a lattice plane that obeys Bragg's law. However, if the
diffraction was measured on a bulk crystal sample, then the resulting diffraction pattern
appears as a set of concentric circles. These are denoted as Debye-Scherrer rings. Figure 1-37
well demonstrates the correlations between the numbers of crystals in a bulk sample and
corresponding diffraction patterns. In the case of a single crystal depicted in Figure 1-373,
the diffracted spots seem like random scattering. However, as the number of crystals in a

sample increases (Figure 1-37b), the diffracted spots appear to be a series of concentric
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(a) (b)

Figure 1-37. The difference in diffraction pattern with respect to the number of crystal sample; all
three data collected with the same condition (scan width: 360 ° and exposure time: 60 secs). (a) a
single crystal; (b) a few crystals; (c) ground crystals

circles. Eventually, the diffraction pattern is composed of complete concentric circles

comprising hundreds of diffracted spots from the fine powdery crystal sample (Figure 1-37¢).

Every single-crystal in a bulk sample is identical but randomly oriented with respect to the
incident X-ray. Thus the spot reflected on a specific lattice plane of each single-crystal may
or may not be presented depending on each crystal's orientation. However, due to the vast
number of crystals in a bulk sample, some crystals produce a diffraction spot reflected on the
same lattice plane. In that case, the angle of a reflected ray with respect to the penetrating X-
ray will be the same for all corresponding single-crystals. However, the direction of reflected
light will be all different due to the different orientation of individual crystal in a bulk sample.
As a result, the diffraction spots belonging to the same lattice plane appears as a circle. The
angle between the reflected ray and the incident ray is denoted as 26, and 26 is determined
by the distance between the two neighbouring parallel lattice planes. Therefore, if the two
crystal samples have an identical diffraction pattern, they likely have the same crystal

structure.

Once the PXRD pattern is collected, the intensities of all Debye-Scherrer rings are integrated
and plotted against the angle 26 (Figure 1-38a). Then, the resulting plot can be used to
determine the structure of the measured sample by comparing it with other known ones. For

example, many other MOF's can be formed during MUF-7 synthesis due to the competition
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between potential structures (Figure 1-19). In this case, the PXRD pattern produced from the
synthesised MOF sample can be directly compared to the PXRD plots calculated from other
possible structures, as depicted in Figure 1-38b. In this example, the PXRD pattern generated
from the synthesised MOF matches the calculated pattern for MUF-7.
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Figure 1-38. (a) An example of a converted 2D plot from a PXRD pattern; (b) the converted 2D plot
(purple) matches the calculated pattern for MUF-7 (orange) among various potential PXRD
patterns, strongly indicating the crystal sample is MUF-7.
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Chapter 2 MUF-7 vs MUF-77

2.1. Introduction

MOF formation utilises relatively weak interactions between metal nodes and organic linkers.
The bonds between building blocks are reversible, and forming and breaking bonds
repeatedly occur during MOF synthesis until the thermodynamically favoured structure is
formed. A subtle change in synthetic conditions, such as a small difference in synthesis
temperature or a little variation in the ratio between substances, may affect MOF formation
and lead to different structures. The structures in Figure 2-1 are all binary MOF's comprising
two building blocks, a single type of node and linker. They show how diverse structures can
be formed from the simplest building blocks, Zn(II) and bdc (benzene-1,4-dicarboxylate), and
the number is surprisingly high. According to the Cambridge Structural Database (CSD),
there are more than a hundred different structures when searched with the structure

containing bonds between zinc (including zinc clusters) and bdc.

v N
{f“ 0..-0 [N \ ."(_-ri
. Zn = %
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et PUCYAOQ
[Zn2(OH)z(bdc)]
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[Zn,O(bdc)s]

BADZAK IFABIA_01

PEKGAO [Zns(bdc)s] [Zn(H.0)(bdc)]

[2ns(OH)a(bdc)]

Figure 2-1. A series of MOFs composed of the simplest building blocks, zinc and bdc (in a purple
circle), in [010] projection. Except for MOF-5," the identifier was borrowed from CSD to refer to
the unnamed structures (PUCYAO,®® PEKGAO,®") BADZAK®® and IFABIA_011%)); the red line
indicates a unit cell.
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Even such a simple combination of zinc and bdc gives rise to a wide range of frameworks
depending on the synthetic conditions. Thus we can envisage that more complex outcomes
would be obtained if the number of building blocks is increased. In the example above, the
synthetic conditions, such as solvent, synthesis temperature and duration, source of metal
ion or presence of other additives, determined the resulting MOF structure. However, more
factors need to be taken into account for the MOF formation if the number of building blocks

were increased.

Forinstance, Matzger's research group demonstrated the importance of other factors in MC-
MOF (multi-component MOF) formation.®! A series of UMCM-x (UMCM: University of
Michigan Crystalline Material; x = 1, 2 and 4) composed of similar building blocks were used
to demonstrate the role of these factors. As shown in Figure 2-2, each framework comprises
each of geometrically identical tritopic and ditopic linkers. However, the resulting
frameworks were governed by two main factors, so-called geometrical and statistical factors.
The geometrical factoris the length ratio between tritopic and ditopic linkers (Lg/L: where Lqg
=length of ditopic linker and L: = length of tritopic linker), and the statistical factoris the feed

ratio between the two linkers in the synthesis mixture.

The geometrical factor is critical in obtaining the desired framework. If a ligand, which is
shorter or longer than the required length in a specific framework, was used for MOF
synthesis, the entire framework will suffer from strain. If the difference is too much, the
desired structure cannot be formed. Moreover, if the length ratio between the two linkers
differs too much, like bpdc ([1,1'-biphenyl]-4,4'-dicarboxylate) and btb (benzene-1,3,5-
(a) (b)
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Figure 2-2. Five different UMCM series MOFs composed of a tritopic and a ditopic linker, and two
different factors that determine the structure. (a) Geometrical factor, length ratios between
ditopic and tritopic linkers; (b) statistical factor, feed ratios between the two linkers
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tribenzoate) in Figure 2-23a, no framework comprising two ligands can be built. The statistical
factoralso plays an essential role in forming a pure phase framework because of their relative
reactivities during crystal formation. Depending on the chemical property of each ligand, the
rate of consumption of each ligand in MOF synthesis is different. As a result, one ligand can
be depleted faster than the other, resulting in locally low concentration and eventually cause
defect or disorder in the structure. Such different consumption rates can be compensated by

adjusting the feed ratio in the synthesis mixture.

The two examples above show the challenges to find an optimum condition for the desired
framework synthesis. They also evoke the complicated factors we need to consider for MOF
synthesis, especially in case more than one organic linkeris used. However, the two examples

are relatively simpler cases than the MOF's that will be introduced and discussed in this thesis.

All the work reported in this thesis was designed and conducted based on two sister
frameworks, MUF-7 and MUF-77,[755! which are composed of three topologically distinct
organiclinkers. Besides, the three linkers constructing both frameworks are almost identical.
Thus, much more complex situations are associated with MOF formation than the two
examples above. Sometimes, an unexpected framework is obtained, in other cases, two
different phases grow in the same synthesis batch, or even both frameworks intergrow as a
single crystal. Such uncertainty for the formation of two frameworks sometimes leads to

unexpected results and thereby plays a crucial role in this thesis.

In this chapter, the architectural similarities and differences between the two frameworks,
MUF-7 and MUF-77, will be explored. In addition, how the distinct structural features lead to

different results in catalytic applications will be investigated through a few experiments.

2.1.1. The first quaternary multi-component MOF

Asdiscussed in the earlier chapter (1.2.1.2), theisoreticular MUF-7 framework series was the
first ever reported quaternary MC-MOF by the Telfer group in 2013.1°5! MUF-7 is built from
three topologically distinct organic linkers. The two linear linkers, bdc and bpdc, and one
tritopic linker btb form a highly ordered crystal along with Zn,O (Figure 2-3a). Since these
linkers form a highly ordered network, the pores surrounded by these linkers are not all
identical. According to the crystal structure, four different pores, one dodecahedral mesopore
and three tetrahedral micropores, are formed in MUF-7 (Figure 2-3b). The dodecahedral
mesopore (pore-I) has a diameter of 25 A and is surrounded by all three linkers. Pore-I
constitutes of three pairs of bdc and bpdc, which are facing each other across the pore, and

eight btb linkers are connecting those linear linkers. This dodecahedral pore is slightly
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Figure 2-3. (a) Two linear and one tritopic linkers composing MUF-7; (b) four different pores in
MUF-7; the spheres indicate the void spaces in each pore.

skewed, as depicted in the figure, due to the different lengths of two co-facial linear linkers.
There are also three different types of tetrahedral micropores whose diameters are
approximately 10 — 12 A. These tetrahedral pores occupy the space between the mesopores,
so the linkers consisting these small pores are all shared with the adjacent mesopores. All
three tetrahedral pores are topologically identical; two linear linkers orthogonally face each
other while four btb linkers connect these two linear linkers. However, each pore is composed
of different linear linker pairs; either bpdc—bdc, bdc—bdc or bpdc—bpdc for pore-II, -1l and -1V,
respectively (Figure 2-3b). Hence, their pore sizes and environment are slightly different

from each other.

2.1.2. A successor of MUF-7

In 2015, another isoreticular series of MC-MOF's, the MUF-77 series as a successor to MUF-
7, was reported by the Telfer group.!”’ The organic linkers composing MUF-77 are almost
identical to those of MUF-7 (Figure 2-4a). Only a minor change is made to the tritopic linker
while the two linear linkers remain the same. To compare with the btb of MUF-7, hmtt
(5,5,10,10,15,15-hexamethyltruxene-2,7,12-tricarboxylate) is a more rigid and planar
molecule since the peripheral phenyl rings cannot rotate with respect to the core. It is also

more amenable to derivatisation with various functional groups at the 5, 10 and 15 positions.
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Figure 2-4. (a) Two linear and one tritopic linkers composing MUF-77; (b) three different pores in
MUF-77; the spheres indicate the void space in each pore
Although btb and hmtt only differ in a minor way, several notable differences were observed
in the resulting framework (the details of similarity and difference between the two
frameworks will be discussed in the following sections). The most prominent structural
change was seen in the pores. As depicted in Figure 2-4b, MUF-77 has two dodecahedral
mesopores and one tetrahedral micropore. Two dodecahedral pores are composed of two
ligands, either bdc and hmtt or bpdc and hmtt, thus being slightly different in size due to
different dimension of bdc and bpdc. The tetrahedral pore is comprised of all three linkers.
Unlike MUF-7, the three pairs of the linear linkers surrounding the dodecahedral pores are
of the same kind. Therefore, they are parallel to each other, thereby allowing symmetrical

pore shapes (pore-A and pore-Bin Figure 2-4).

Apart from these structural differences, MUF-77 exhibits enhanced stability compared to
MUF-7, especially against moisture, which allows more extensive applications, such as
catalysis. Furthermore, MUF-77 is easier to synthesise because the rigid truxene derivatives
exclude the formation of competing structures that are derived from flexible btb with other
linkers. Itisless likely affected by theligand feed ratio or other synthesis parameters. Besides,
a more diverse pore environment can be attained due to the expanded range of functional

groups that can be embedded in the tritopic linker.
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2.2. Isomerism of two frameworks

2.2.1. Similar but different

Two sister frameworks, MUF-7 and MUF-77, possess quite similar properties in many
aspects, such as the synthesis conditions, the morphology of crystals (Figure 2-5). Especially,
the crystal structures of the two frameworks share many common factors. For example, they
both possess cubic unit cells and the same network topology of ith-d. Such similarities make
it challenging to characterise whether the synthesised MOF is an isostructure of MUF-7 or
MUF-77 and whether it is the sole phase. One of the most versatile analytical methods, *H
NMR spectroscopy, which determines linker ratios, is not applicable in this case because both
frameworks have the same linker ratios ([ Zn4O(tritopic linker): 33(bpdc)es(bdc)os]). Another
standard characterisation method, PXRD, is not very reliable either. Figure 2-5 illustrates the
calculated and experimental PXRD patterns of each structure. The difference in PXRD
patterns of the two frameworks is hardly distinguishable unless carefully looked at them.
The only notable differences between the two PXRD patterns are the tiny peaks presented in
the yellow shaded boxes in Figure 2-5. The two small peaks at 3.5 and 5.5° for MUF-7 and
the three little peaks at around 3, 5, and 6 ° for MUF-77 are the characteristic peaks that can

differentiate the two frameworks. However, the peak at the low 28 range (< 3 °) is not always

.
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Figure 2-5. The calculated (calc.) and experimental (exp.) PXRD patterns of MUF-7 and MUF-77; the
optical images of both crystals were also shown along with the corresponding PXRD pattern. The

peaks inside the shaded boxes are the characteristic peaks which are used to differentiate the two
different frameworks.
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measurable due to the limitation of the X-ray apparatus in measuring at lower 26 angles.
Moreover, such tiny peaks cannot be distinguished if the diffraction has lower intensities or

high background noise.

For these reasons, single-crystal X-ray diffraction is the most reliable characterisation
method to determine the structure. Although they have quite a few common characteristics,
the structural difference between the two frameworks is discernible. Most of all, MUF-7 has
twice larger unit cell lengths than MUF-77. Figure 2-6a shows a single unit cell of MUF-7 (left)
and a 2x2x2 supercell of MUF-77 (right), and their sizes are almost the same. The
connectivity and positions of three organic linkers surrounding the zinc cluster are identical
due to the identical network topology of the two frameworks. However, MUF-7 has a lower
symmetry because of the different arrangement of the linear linkers, as discussed earlier, and
this is prominently presented in Figure 2-6. Furthermore, MUF-7 is slightly larger than the
MUF-77 supercell; they are drawn on the same scale, and the blue dashed line can be used to
gauge the difference between the two frameworks. Such a subtle difference in unit cell length
between them induces a slight peak shift in PXRDs; in Figure 2-5, most peaks belonging to
MUF-7 are slightly shifted to a lower 26 value compared to the ones of MUF-77.

Figure 2-6b is the simplified model of the two structures above, and the spheres in the circle
of each framework indicate small pores which are aligned along the axis perpendicular to the
presenting plane. Figure (c) illustrates the detailed arrangement of those small pores in each
framework. As discussed above, there are three different small poresin MUF-7 due to the less
symmetric arrangement of the two linear linkers. As a result, a pair of bdc and a pair of bpdc
alternate and produce three different pores (pore-II, -III and -IV). On the other hand, the two
linear linkers regularly alternate in MUF-77 and form only one type of pore-C, which is

equivalent to the pore-IIin MUF-7.

The two structures of MUF-7 and MUF-77 will be discussed throughout the entire thesis.
Therefore, the two frameworks will be denoted with more intuitive and informative
notations; from now on, the isoreticular structure of MUF-7 and MUF-77 will be referred to

as type-L (L for larger & less symmetric unit cell) and type-S (S for smaller & symmetric unit

cell).
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Figure 2-6. (a) The original model of a single unit cell of MUF-7 (Type L) and 2x2x2 unit cell of MUF-
77 (Type S). The red line indicates a unit cell border, and the blue dashed line was drawn for an
easier comparison for the size difference between the two unit cells. (b) The simplified model of

each framework (c) Different arrangement of small pores from each framework.
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2.2.2. Rule breakers

The difference between the two tritopic linkers, btb and hmtt (or other truxene derivatives),
does not seem huge. Still, it is enough to cause significant structural differences considering
that number of different structures formed from the bdc and zinc combination, which was
introduced early in this chapter. According to our earlier studies on MUF-7 and MUF-77, the
most apparent driving factor in determining the phase between the two frameworks during
the MOF synthesis was the tritopic linker.["°6091111'\We regarded that the type-S framework
is formed from the rigid truxene-derived linkers no matter what functional groups are
installed on the bdc or bpdc linkers. We could not measure SCXRD for every crystal sample
we had synthesised because it costs too many resources. Still, all the measured SCXRD data
of the crystals synthesised from the truxene-derived linkers had corresponded with the type-
S framework. Therefore, it was accepted as a solid trend that type-S frameworks are formed
if truxene was used. However, as we expanded the ligand library by installing more various
and complicated functional groups to the ligand backbones, the solid trend in type-S

formation crumbled when some specific ligands combinations were used.

In this section, a few examples of rule-breakers will be presented and discussed. These
example structures unexpectedly arose from the experiments for chapter 3 and 4, or they

were found by our group lately.

2.2.2.1. Large functional groups

The type-L frameworks have been randomly and occasionally observed when bulky
secondary functional groups are attached to the linkers. However, no clear relationship
between the type or size of functional groups and the resulting frameworks has been found
yet. Sometimes it happens with a single substituent on a specific ligand (Figure 2-7a), or a
specific combination of multiple functional groups on each ligand cooperatively leads to the

type-L framework (Figure 2-7b).

The Hzbdc-dpq (dpg: diphenylquinoxaline) derivatives shown in Figure 2-7a are one of the
largest bdc derivatised molecules able to fitin type-L or -S. We highly expected that the type-
S framework would be formed with the bdc-dpg linker because the bulky substituent would
haveless steric hindrance in the type-S framework. If the type-S framework were formed, the
bdc linkers would not neighbour each other (Figure 2-6¢), so the bulky functional group
would occupy the entire pore space (pore-C). On the contrary, the two bdc linkers neighbour
across pore-III in the type-L framework, and the two bulky substituents on them could
experience a sterical hindrance if they both point toward pore-III and share the limited pore

space.
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Figure 2-7. Two examples of linker combination which form the type-L frameworks, (a) the bdc
derivative alone causes the type-L framework; (b) all three linkers cooperatively lead to the type-L
framework.

Interestingly, the synthesised framework from the hmtt, bpdc and bdc-dpg combination
(Figure 2-7a) was type-L. The structure obtained by SCXRD reveals the more exciting
feature regarding the two dangling phenyl rings on the dpg moiety. It is rare that such a huge
secondary functional group on a linear linker is clearly shown in the crystal structure because
a high degree of disorder was generally found due to the rotational motion of the ligand
backbone. Moreover, the two-terminal phenyl rings can also rotate freely by themselves.
However, in this case, no disorder was found, and even the methoxy groups at the end of the
terminal phenyl rings were explicitly positioned without any constraints or restraints. The
reason was found from another view of the crystal structure why this specific linker

combination forms a type-L framework and why no disorder was found in the dpg moiety.

Accordingto the crystal structure, the dpg moieties on all the bdc linkers stretch toward pore-
111, leaving pore-1I empty (Figure 2-8a). Therefore, the four dangling phenyl rings from the
two neighbouring bdc-dpqg linkers interact with each other in pore-III and find a specific
conformation. The close-up views (Figure 2-8b and c) of the two bdc-dpg-OMe linkers show
that all four terminal phenyl rings are entangled by the edge-to-face m-m interactions, thus
interlocking with each other. The distance between the H atom on a phenyl ring and the
centroid of the conjugate phenyl ring is 3.00 A, and the centroid to centroid of two rings is
5.05 A, which are well coincident with the reported values.[*22] The T-shape -1 interactions

among four phenyl rings become a huge driving force for the two neighbouring dpqg units to
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(a) type-L framework

pore lll

Figure 2-8. (a) The closely packed two diphenyl quinoxaline moieties in pore-lil; (b) a close-up view
of two bdc-dpg-OMe ligands in pore-Ill and (c) the close-up view through the z-axis, which well
illustrates the mutually interlocking four phenyl rings through the edge to face pi stacking.
Unnecessary H atoms were omitted for clarity; The phenyl rings that belong to different ligand
were displayed in different colours.

stay in pore-III, thereby leading to the type-L framework.

Bdc-paq (pag: phenanthrenequinone, depicted in Figure 2-9) nicely contrasts the role of -1t
interaction forming the type-L framework. The main difference is that the two terminal
phenyl rings are no longer rotatable due to the single bond (depicted in red in Figure 2-9)
between the two terminal phenyl rings. As a result, the entire bdc-paqg turned into a rigid

planar molecule and could not form the m-mt

R
stacking like bdc-dpg. Thus, the type-S HOLC N O
framework is preferentially formed in this case = ‘ R: Hor Br
P
in order to minimise the steric hindrance N
HO,C R

between the two bulky groups. This experiment

strongly suggests that the formation of the Habdc-paq

Figure 2-9. Two phenyl rings on dbp moiety
are not rotatable due to the bridging bond (in
contributed by the T-m interaction between the red) connecting two rings.

type-L framework with bdc-dpg is hugely

two neighbouring bdc-dpq linkers.

The three ligands combination leading to the type-L framework is depicted in Figure 2-7b. In
this specific case, all three functional groups are essential in forming the type-L framework.

If any one of them is replaced with another compatible ligand, the probability of obtaining in
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the type-L framework gets lower, or phase pure type-S framework is formed. For instance, if
the alkyl chain lengths on the truxene linker were changed, the type-S framework is more
preferred over the type-L framework. In this case, the driving force to form the type-L

framework is not figured out.

2.2.2.2. Hscbtt (5,10,15-cyclobutyltruxene-2,7,12-tricarboxylate)

MUF-88, isostructural type-L framework, is formed from an interesting tritopic linker, cbtt
(cyclobutyltruxene tricarboxylate).l**3] The geometry and physical property of cbtt are a lot
closer to hmtt rather than btb. However, it has been found that no matter with which linear
ligands cooperate, it only produces the type-L frameworks so far. This result is a complete
outlier considering the solid trend that the truxene derivatives form a type-S framework with
the bare bdc and bpdc pair. Although we do not fully understand why cbtt exclusively forms

the type-L framework, some interesting features were noted from the crystal structure.

MUF-88
[Zn40(cbtt)q 33(bpdc)g s(bdc)g 5]

Hicbtt Hobpdc H,bdc

Figure 2-10. The tritopic linker, Hscbtt forms only type-L frameworks no matter which the two
linear linkers are.

The coordination geometry around the Zn.O cluster with the four cbtt in the type-L
framework or the four hmtt in type-S clearly shows a distinct characteristic of the two
different frameworks. The coordination geometry of the two frameworks is depicted in
Figure 2-11. The positions of all six linkers coordinating on the Zn,O octahedral cluster are
identical in both frameworks; each of the two linear ligands coordinates on the axial position
of the cluster while the four tritopic linkers occupy the remaining equatorial positions.
However, the symmetrical arrangement of the four tritopic linkers in type-L is changed. In
type-S, the top view of four hmtt ligands shows two vertical mirror planes which are
orthogonal to each other, and the side view exhibits the methyl groups all pointing
downwards (Figure 2-11a). On the other hand, in type-L, one cbtt linker in the red circles is
flipped, so the cyclobutyl ring on that cbtt linker points upwards while the others point
downwards (Figure 2-11b). As a result, the elegant symmetry of type-S was diminished in

type-L, and the framework turned into a body centred unit cell (space group: I-43d).

The difference between hmtt and cbtt is only three extra carbon atoms on each cyclobutyl
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(a) MUF-77 (type-S)

(b) MUE-88 (type-L)

Figure 2-11. The top and side view of coordination geometry around zinc cluster of the two
frameworks, (a) MUF-77 (type-S) and (b) MUF-88 (type-L).
ring of cbtt. The cyclobutyl group is not large enough to cause any type of inter-ligand
interactions in the framework, which can cause structural change. Moreover, cbtt is not as
flexible as btb linker. However, it is still mysterious why such a minor difference between

hmtt and cbtt causes such structural change from type-S to type-L.

2.2.3. Both phases in a synthesis

2.2.3.1. Both phases in the same synthesis batch

As discussed above, a type-L framework was unexpectedly formed from the linker
combination of hhtt, bpdc-gua and bdc-bnox (Figure 2-7b). However, if hmtt replaces hhttin
MOF synthesis, both type-L and -S frameworks occasionally appear in the same synthesis
batch. As depicted in Figure 2-12a, the PXRDs clearly show that the experimental pattern
(black) possesses all the characteristic peaks belonging to both type-L (red) and type-S (blue)
at lower 26. The morphology of the synthesised crystals was not distinguishable between
two phases (Figure 2-12b), which makes it difficult to figure out whether the two phases are
grown together in a single crystal or two different phase pure crystals grow individually.
Hence, twenty single crystals were randomly chosen, and thirty diffraction images were
collected from each crystal sample to investigate their phases. As the example diffraction
patterns indicate (Figure 2-12c and d), there is a notable difference between the two
diffraction patterns. The diffraction spots belonging to type-L are more closely and tightly
packed together due to the larger unit cell. After collecting diffraction data, the unit cell
dimensions were calculated from the thirty diffraction images for each sample. According to
the calculated unit cells, both type-L and type-S phases existed as a phase pure individual

crystal in a single synthesis batch with almost one to one ratio (type-L/type-S = 11/9).

Based on the one to one ratio of both crystals from the synthesis batch, it is considered that

the synthesis condition is optimum for both frameworks. As a result, it seems that a subtle
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Figure 2-12. (a) PXRD pattern shows the characteristic peaks of both type-L and type-S; (b)
Randomly selected twenty crystals from a single synthesis batch. The phase was determined by
unit cell determination from thirty diffraction images of each crystal and was indicated using
different colours (MUF-7: blue, MUF-77: red); an example diffraction pattern of (c) MUF-7 and (d)
MUF-77.
difference in a local area in the synthesis vial caused different phase crystals. Thus, we
planned to change the synthesis temperature to investigate the driving force of phase
determination between type-L and type-S. Temperature control during crystal formation is

a widely adopted method in order to regulate thermodynamic and kinetic factors in MOF

synthesis to obtain different phase crystals.[**412°]

Three identical synthesis batches from the same ligand mixture (hmtt, bpdc-gua and bdc-
bnox) were prepared, and each batch was kept at a different isothermal oven of 65 °C, 85 °C
(the default synthesis temperature) or 105 °C. First of all, there were notable differences
between the times required for crystal formation in each batch. A few crystals observable to

the naked eye started forming after around 6 hours at 105 °C, while the other two batches
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Figure 2-13. PXRD patterns collected from the crystal samples which were synthesised at the
different temperature of 65, 85 and 105 °C.

took longer to get crystals, about 18 and 48 hours for 85 °C and 65 °C, respectively. After the
crystals were fully grown, PXRD of a finely ground sample (20+ crystals) from each batch
was collected. According to the PXRDs, type-S was dominating phase for the crystals
synthesised at 65 °C while type-L seems the sole phase for the ones synthesised at 105 °C,

and again, the ones synthesised at 85 °C were a mixture of the two phases (Figure 2-13).

The synthesis temperature variation obviously influenced the phase determination during
crystal formation. Although it is hard to say a certain framework is thermodynamically or
kinetically more favourable since many factors are involved in crystal formation, we can

exploit the result that the type-L framework is likely formed at a higher temperature.

2.2.3.2. Asingle crystal composed of polycrystalline domains of the two frameworks

Both type-L and type-S crystals usually have the same morphology, prismatic polyhedron.
However, irregularly shaped crystals sometimes were obtained, as shown in Figure 2-14a.
Suchirregularly shaped crystals are usually observed when a newly designed ligand is tested.
The irregularly shaped crystal formation can be suppressed in most cases by adjusting the
feed ratios between the ligands in the synthesis mixture. This suggests that the formation of
the irregularly shaped crystals is caused by the changed reactivity of the new ligands. The
change inligand reactivity is caused by the different functional group installed on the ligand,
and it will cause the ligand consumption rate. As a result, it leads to a relatively lower or
higher local supply of a specific ligand, and eventually, to the local defects or disorder.[*1¢]
However, such defects caused by the uneven local concentration of a specific linker can be
managed or minimised by adjusting linker feed ratios so that the regular prismatic shape

crystal can be obtained.
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Figure 2-14. The optical microscopy image of the irregularly shaped crystals and the corresponding
PXRD pattern which well match the calculated type-S diffraction pattern.

Although the morphology of the irregularly shaped crystal is a bit strange, it was a type-S
framework according to the PXRD pattern (Figure 2-14b). Therefore, we had undoubtedly
regarded it as the type-S framework and used it for a while. However, after noting that the
trend between the tritopic linker and phase of the framework became obscure, we needed to

make sure that the irregularly shaped crystal was type-S as the PXRD indicated.

Hence, a set of SCXRD data was collected from the irregularly shaped crystal, and the
structure was solved. However, some interesting features were observed in the diffraction
patterns. The SCXRD software determines a proper unit cell based on a few diffraction
images before the main data collection. Then, the calculated unit cell is used to set up
parameters for data collection, such as crystal orientation with respect to the incident X-ray,
scan width (%) for each frame, the exposure time for each scan, and the number of total
diffraction images to be collected. Furthermore, it can be used to integrate spot intensities
after data collection. The number of diffraction images varies from hundreds to thousands,
and each image contains tens to hundreds of diffraction spots, so the software integrates
only the corresponding spots based on the calculated unit cell in order to save resources and
time. For instance, Figure 2-15 illustrates the actual diffraction spots and calculated spots
(appearing as circles) based on the calculated unit cells. Thus, the software only calculates

the intensity of the diffraction spots enclosed in those circles.

According to the calculated unit cell, the irregularly shaped crystal was determined as type-
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Figure 2-15. Both (a) and (b) are the same diffraction pattern, however, a few diffraction spots do
not match the predicted ones for type-S, but match the predicted ones for type-L.
S. However, if the calculated spots for type-S are overlaid with the actual diffraction images,
a few faint spots, which do not superimpose to the calculated ones, are observed (Figure
2-15a). Some of those spots are placed in between the two neighbouring predicted spots,
indicating they might arise from a larger unit cell. Therefore, another unit cell calculation was
conducted by changing the parameters to include those weakly diffracting spots as well.
Interestingly, the resulted unit cell was one for the type-L framework. Both diffraction
images, shown in Figure 2-15a and b, are identical, and the dark blue circles are the calculated
spots based on the type-S unit cell while the pink ones are of type-L. The diffraction spots
outside the dark blue circles are all enclosed in the pink circles, indicating that the actual

structure could be the type-L framework.

However, the majority of the spots, not superimposing with the predicted diffraction spots,
have relatively weaker intensity in general compared to the ones captured in the dark blue
circle. Such intensity difference between the two groups might be simply caused by the cell
contents in the crystal lattice. The cell content in the crystal lattice determines the spot
intensity, while the unit cell dimension defines the position of the diffraction spots. Therefore,
if the irregularly shaped crystal is a type-L framework with specific cell contents, such weak

diffraction spots might be observed.

However, there is a more plausible explanation about the intensity difference between the
two groups (inside vs outside dark blue circles) of diffraction spots. It seems that the two
different domains of each framework coexist in the same crystal. According to Kim et al,, two
topologically different MOFs can seamlessly grow as a single crystal**”] Although the two
frameworks are composed of different organiclinkers and have different network topologies,
they share the same spatial arrangement of the metal nodes, which allows the epitaxial

growth of one framework on another. In line with this, the two crystalline domains of type-L
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and type-S can grow together in a single crystal because they possess the same topology and

are composed of identical organic linkers with the nodes of the same spatial arrangement.

If this is the case, we can make a hypothesis that both crystalline domains contribute to the
highly intense spots, and the type-L crystalline domain contributes alone to the weak
diffraction spots. It is because the unit cell of the type-L framework is almost the same size
as the 2x2x2 supercell of the type-S framework (Figure 2-6a). Therefore, the majority of
diffraction spots produced by the type-L crystalline domain will overlap with the ones
diffracted from the type-S crystalline domain. However, the type-L framework diffracts more
spots that the type-S framework can not diffract due to the size difference between their unit

cells.

A set of experiments was designed to investigate further whether the spot intensity
difference is induced by the two crystalline domains grown together in a single crystal
(henceforth denoted as co-crystal). The two spot groups (inside vs outside type-S predicted
circles in Figure 2-15a) have different spot intensities in general. Suppose the difference in
spot intensities between the two groups is the general feature of the type-L frameworks
comprised similar ligands (composed of light elements, such as C, H, O and N). In that case,
the electron density in each crystal lattice would be similar, so the same trend should be
observed in the other type-L frameworks because the spot intensity is determined by the

electron density. Therefore the experiment was designed as follows.

A few spots from the two groups would be indexed and the corresponding spot intensities
appearing in co-crystal, and then the other type-L frameworks would be compared with each
other. If all spots have similar intensities, the difference between the two groups is then
regarded as a general feature of the type-L framework. Otherwise, it can evidence that the

co-crystal is composed of the two different domains of each framework.

The intensities of the indexed spots from each group in the co-crystal were calculated from
the hkl file and compared with the ones calculated from three selected type-L frameworks
(Figure 2-164a, refer to Appendix A for the experimental detail). The result is presented in
Figure 2-16b, and it clearly contrasts differences in the spot intensities between co-crystal
and the three tyle-L frameworks. The intensities labelled with a# (#: 0-9) are the ones
outside circles (the intensity was contributed by only type-L subdomains), whereas the ones
with b# are contributed by both type-S and the type-L phases. The spot intensities of the
three type-L frameworks are almost identical for both groups. However, the co-crystal spot
intensities are completely different from the other three type-L cases, especially the spot

intensities of the group a of co-crystal is much lower than the others.
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Figure 2-16. (a) The ligand combinations for the co-crystal and type-L_x frameworks; (b) the
comparison of relative spot intensity between the two groups, a and b in each framework. There is
a notable difference in the trends of spot intensities between co-crystal and the other three MUF-7

structures.
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It is presumed that the two different framework domains grow together in a single crystal
based on the result above. This is quite an unusual case since most of the crystal grows as
phase pure type-L or type-S. Although this unusual co-crystal issue can be solved by
adjusting the ligand feed ratio in the synthetic mixture, it evokes the importance of phase

determination using SCXRD.

2.3. The difference in application

In this section, the catalytic activity between the type-L and type-S frameworks will be
compared and discussed. Farha's research group clearly demonstrated the framework-
topology-dependent catalytic activity of several different frameworks.[**®) However, those
frameworks comprised different building blocks, and the structural difference between the
frameworks was significant. In this experiment, we examine how the minor structural
difference between the type-L and type-S frameworks influences their catalytic activity.
Aside from the minor structural difference caused by the two linear ligands arrangement in
the two frameworks, the other structural differences influencing the catalysis need to be

eliminated or reduced as much as possible.

In order to induce the two different structures, some form of change must be made to either
synthesis conditions or the building blocks. However, changing synthesis conditions cannot
guarantee building the desired structure. On the other hand, the two different frameworks
can deliberately be synthesised by using different tritopic linkers. As introduced in the
previous section, so far, cbtt has exclusively formed the type-L framework regardless of the
other two linear ligands. Thus, if we install a catalyst unit to the type-S framework

comprising hmtt, then its sister type-L catalyst can be prepared by using cbttinstead of hmtt.

Zn(NO3); cat-L
[
[Zn4O(cbtt); 33(bpdc-Pro)g s(bdc)o 5]
COOH
o COOH
.
D0 -
@’N
O,
O ¢ COOH
COOH
H,bpdc-ProBoc H,bde Zn(NO;), cat-S

[Zn4O(hmtt); 33(bpdc-Pro)g s(bdc)o s]

Hzhmtt

Figure 2-17. A schematic diagram of cat-L (type-L) and cat-S (type-S) syntheses.
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In this case, the difference between the two frameworks will be minimised since the
methylene bridge to form a cyclobutyl ring in cbtt is the only difference between the two
frameworks. Therefore, the two catalysts, cat-L (type-L framework) and cat-S (type-S
framework), were prepared using cbtt and hmtt, respectively, together with bpdc-Pro and bdc
(Figure 2-17). The chemical make-up of the two frameworks does differ (cbtt vs hmtt), but
we assume that this does not greatly influence the catalytic activity. In this way, the

difference in the inherent catalytic activity of cat-L and cat-S can be assessed.

2.3.1. Experiments

We chose bpdc-Pro and aldol reaction respectively for the catalyst group and the target
reaction for several reasons. The catalytic capability of bpdc-Pro in the type-S framework for
aldol reaction has been well established from our previous works.[**® Due to the chirality of
the catalytic prolinyl moiety installed to bpdc, the aldol reaction of aldehyde-derived
substrates and acetone will be enantioselectively catalysed. Therefore, we can investigate
how the structural difference between the type-L and type-S frameworks influences the
enantioselectivity of the two frameworks by monitoring the enantiomeric excess of the aldol

product catalysed by each catalyst.

2.3.1.1. Catalyst preparation

The prolinyl group is a very versatile catalyst, but it inhibits MOF formation if placed directly
on a linker. Therefore, a Boc protecting group is first used then cleaved in a postsynthetic
step by thermolysis (Figure 2-18a).1*° Cat-L ([ZnsO(cbtt)133(bpdc-Pro)os(bdc)os]) and cat-S
([ZnsO(hmtt).s3(bpdc-Pro)os(bdc)es]) were both prepared using this method (Figure 2-17).
However, an undesired side reaction involving thermolysis of the cyclobutyl group coincided
with the thermolysis of the Boc protecting group. The cyclobutyl group on the cbtt ligand is
known to decompose to a vinyl group upon heating (Figure 2-18b).[**3] According to the TGA
(Thermogravimetric analysis) study, the thermolysis of the Boc group occurs at 150-200 °C,
while cyclobutyl decomposition occurs at 220 — 280 °C.[*>*3] Therefore, the thermolysis
temperature (180 °C) was carefully chosen but partially decomposed cyclobutyl groups were
observed in the *H NMR spectrum of cat-L after heating (Appendix A.3). Although the vinyl
group is not catalytically active for the aldol reaction, we ran a control experiment to show
that the decomposed cbtt linker does not affect the target aldol reaction. For a control
reaction, MUF-88 ([Zn4O(cbtt)133(bpdc)os(bdc)os]) (Figure 2-10) was used and processed
with the same procedures to the other catalysts. After thermolysis with MUF-88,
approximately the same portion of the vinyl group will be produced by the thermal

decomposition of the cyclobutyl ring. If the thermalised MUF-88 did not show any catalytic

67



Chapter 2. MUF-7 vs MUF-77

activity, we could regard that the catalytic performance presented by cat-L is induced only by

the deprotected prolinyl group.

(a)

COOH
0]
)[‘ . MOF
H Q synthesis
—_—
N

e
Boc

COOH

(b)

CoH,

Figure 2-18. (a) General procedure of MOF synthesis with the prolinyl group, initially protected by a
Boc groups, as a secondary (catalytic) functional group; (b) the schematic diagram showing the
thermal decomposition of a cyclobutyl ring to a vinyl group on the cbtt linker upon heating.

2.3.1.2. Catalysis

All three crystals, cat-L, cat-S and MUF-88 (control), were prepared with the identical
activation method (heated to 180 °C for three hours using a TGA apparatus). Then, they were
tested as a catalyst for the aldol reactions of various aldehyde substrates and acetone. The
stock solution (35 mM) for each reaction was prepared beforehand by dissolving the
aldehyde substrate in an acetone/water mixture (4:1 v/v). The stock solution was introduced
to the activated crystals (approximately 5 mg, 10 % catalyst loading with respected to the
aldehyde substrate), and then the reaction mixtures were kept at ambient temperature for
one day. After each reaction, the crystals were recycled for the next reaction. Once all the
stock solutions were catalysed, the first reaction stock was catalysed again to examine the

catalytic activity of the crystals. Both cat-L and cat-S showed the same reaction rate and ee.

Eight different aldehyde substrates were tested (Figure 2-21), but only five of them were
catalysed by the prepared catalysts, and they are presented in Figure 2-19. The resulting
chiral products were analysed by HPLC equipped with a chiral column. The HPLC
chromatograms of the five different reactions with all three catalysts (cat-L, cat-S and MUF-

88) are presented in Figure 2-20. The corresponding aldehyde substrate for each set of
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Figure 2-19. Aldol reactions with five different aldehyde substrates were catalysed by the two
catalysts.

reactions and the resulting ees are also displayed with the HPLC chromatograms.

The activities of the MOF catalysts differ for each substrate. For instance, the 2-chloro-5-
nitrobenzaldehyde substrate was completely consumed by both cat-L and cat-S (entry 4),
while only a small amount of 4-nitrobenzaldehyde was consumed during the same reaction
time (entry 1). On top of that, the enantioselectivities of both cat-L and cat-S showed a
similar trend with respect to the substrates. Both catalysts show high enantioselectivity for
the 2-x-5-nitrobenzaldehyde substrates (x = F, Cl, and Br). Slightly higher ees were obtained

as the size of the halogen group increased. However, cat-L presents higher enantioselectivity
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Figure 2-20. HPLC chromatograms of aldol reactions of five aldehyde substrates. The product peaks
were shaded with light orange, and the corresponding ees, calculated from the peak areas, for
each catalyst were also presented on right. The un-assigned peaks belong to the dehydrated aldol
product.
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with the aldehyde substrates having the nitro group at the meta position (2, 3, 4 and 5 in
Figure 2-19). On the other hand, the type-S catalyst resulted in a higher ee only with

substrate 1.

Although unexpected cbtt decomposition during the activation process added another
variable and prevented the direct comparison of the catalytic performance of the two
different frameworks, it was revealed that the decomposed cbtt did not affect the catalysis
according to the control experiment. The result shows that the difference in ee caused by the
two frameworks is not significant. The two frameworks also maintained their catalytic
activity and crystallinity (Figure 2-22) even after eight recycles in the aqueous medium
(20 %). This was an amazing result since the type-L framework was regarded as a fragile and
sensitive framework. However, the type-L framework comprised truxene derived linker
instead of btb shows similar stability to the type-S framework under the same condition.
Here, the type-L framework presented as great potential as the type-S framework as a

catalysis platform.

2.4. Conclusion

In this chapter, type-L and type-S frameworks were introduced, and their properties were
discussed. The two frameworks are built from similar building blocks and possess identical
network topology (ith-d). Therefore, the two frameworks possess similar external
properties which make it difficult to distinguish one from another. The phase determination
between type-L and type-S requires much attention to determine the phase of crystals.
SCXRD must be used to differentiate them if unsure. Meanwhile, the arrangement of the two
linear linkers slightly differs in the two frameworks, resulting in different pore shapes and

chemical environment.

Based on our a few years of practical experience, it had been recognised that the btb
derivatives form the type-L framework, while truxene derivatives form the type-S
framework. However, we discovered a few exceptions to this rule as exampled above. The
two different crystal types can grow together as a co-crystal, or both types of individual
crystals can be formed in the same synthesis batch. These previously unobserved (or
overlooked) results are noteworthy because it plays a critical role to rewrite our hypothesis

which will be discussed in the later chapters.

As the experimental results showed, both frameworks exhibited a brilliant potential as a
platform for catalysis. Although they showed slightly different performance inducing the

enantioselectivity, the difference was minor, and both showed over 70 % ees with some
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selected substrates. Both type-L and type-S frameworks comprise three organic linkers
which can be equipped with a wide range of functional groups. Further research is required
to take advantage of these two powerful frameworks at will. Especially, synthesising pure

phase of each framework with the desired combination of ligands is the urgent task.

2.5. Experimental section

2.5.1. General procedures

All starting materials and solvents were used as received from commercial sources without
further purification unless otherwise noted. Hshmtt!”, Hacbtt**3] and Hzbpdc-Pro-Boc*®]

were prepared via literature procedures.

NMR spectra were recorded at room temperature (unless otherwise noted) on Bruker-500

Avance instruments, with the use of the solvent proton as an internal standard.

High-performance liquid chromatography (HPLC) was carried out using a Thermo Fisher
Dionex Ultimate 3000 system equipped with a UV detector, and chiral separation was

conducted by using Phenomenex chiral column, LUX-Amylose-1.

All powder X-ray diffraction measurements were carried out on either Rigaku Spider or
Bruker D8 Venture. Rigaku Spider X-ray diffractometer is equipped with CuKa radiation
(Rigaku MMO0O7 microfocus rotating-anode generator), monochromated and focused with
high-flux Osmic multilayer mirror optics and a curved image plate detector. Bruker D8
Venture diffractometer is equipped with CuKa radiation with a diamond microfocus X-ray
source and a Photon III 28 detector. The samples were solvated with DMF prior to and during
measurements. The two-dimensional images of the Debye rings were integrated with 2DP or
Diffract Eva to give 20 vs I diffractograms. Predicted powder patterns were generated from

single-crystal structures using Mercury.

All single-crystal X-ray diffraction measurements were carried out on Bruker D8 Venture,
and the measurement temperature was controlled using Oxford Cryostream if required.
Bruker APEX 3 was used to collect and process data, and the structure was solved and refined
using the Shelx packagel°"*?°! under Olex2[*?%), The crystal samples were solvated in n-

octane and mounted on a nylon loop using Fomblin oil in most cases.
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2.5.2. Aldol reaction

2.5.2.1. MOF synthesis (1 mL scale)

Table 2-1. The substances and required amount for MOF syntheses

type-S type-L MUF-88
Zn(NOs),.6H,0 (mg) 16.5 16.5 16.5
tritopic linker (mg) hmtt: 2.2 cbtt: 2.0 cbtt: 2.0
H;bpdc-pro-Boc (mg) 2.4 2.4 H,bpdc: 1.3
H.bdc (mg) 1.3 2.0 1.3
benzoic acid (mg) 8 8 8
H.0 (mL) 0.05 0.05 0.05
DEF (mL) 1 1 1

Allthe substances, as described in Table 2-1, was placed in a 4 mL vial, and the vial was briefly
sonicated and placed in an isothermal oven at 85 °C overnight. The crystal (approx 3 mg) is

washed with fresh DMF two times and kept in fresh DMF until further use.

2.5.2.2. Catalyst activation

The crystals were washed with CH,Cl, four times, and the solvent was removed. Then the
crystal was heated to 180 °C for 12 hours under vacuum to remove the Boc protecting group.
After removing from the heat and vacuum, the crystal was solvated in acetone until further
use. Its 'H NMR spectrum was measured to confirm the complete removal of the Boc

protecting group.

2.5.2.3. Aldehyde stock solution (35 mM) preparation

O &) O o] o] Q (@] @]
pedasdasdicaicga st odevs
: : . AT 0
1 2 3 4 5 6 7 8
Figure 2-21. Eight different aldehyde substrates for aldol reaction

Each aldehyde substrate (70 pmol, sample masses are in the table below) in Figure 2-21 was
dissolved in a mixture of acetone (1.6 mL) and water (0.4 mL) and kept at ambient

temperature until use.

# 1 2 3 4 5 6 7 8

mass(mg) 11.8 13.0 16.1 8.7 10.6 8.6 10.6 10.9
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2.5.2.4. General catalysis procedure

Solvated crystals (approx. 5 mg) in acetone were transferred to a 1.5 mL HPLC sample vial
and the solvent was removed by decantation and using a glass capillary tube, and then the
aldehyde stock solution (0.5 mL) was added to each vial. The amount of added aldehyde
solution was adjusted to give a ratio of prolinyl groups-to-aldehyde of approximately 10
mol%. The reaction mixture was allowed to stand at ambient temperature for a day. 1.0 uL of
the supernatant was subjected to HPLC and analysis was carried out under the following
conditions: Lux amylose-1 column; mixed solvent of CH3CN and deionized water (55:45 v/v);
flow rate of 0.5 mL/min. Products were detected according to their absorption of 254 nm UV
light. The ee value of each reaction is reported based on the excess of the enantiomer with

the shorter retention time.

2.5.2.5. PXRDs

'. ------- Pristine
; —— After catalysis

MUF-88

type-S calc.

type-L calc.

5 10 15 20 25 30
20 (°)

Figure 2-22. PXRD patterns of the three crystal samples used for the aldol catalysis reaction. The
two sets of PXRD patterns indicate that the crystallinity was not lost for all samples after the aldol
reaction and the eight times recycling experiments.
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Chapter 3 Remote asymmetric induction — Part 1

3.1. Introduction

Chirality is a fundamental property of living organisms since their basic building blocks, such
as amino acids and sugars, are asymmetric.*??] A chiral molecule and its mirror image are
referred to as a pair of enantiomers. They are not superposable due to their different spatial
arrangements. Although chiral chemistry itself has long been recognised, its importance has
been highlighted relatively recently after artificial chemical compounds began to be used in
medicine.[*22! Since then, to obtain enantiomerically pure compounds has been regarded as
mostimportant for synthetic chemists. There are two main ways to obtain a chiral compound.
One is separating the desired enantiomer from an equimolar (racemic) mixture of the two
enantiomers. In this case, the maximum yield is 50 %, so it is economically ineffective. On the
other hand, asymmetric catalysts can be used to synthesise the desired enantiomer.
Asymmetric catalysts have enantioselectivity so that the desired enantiomer is
preferentially more produced. Hence, exploiting asymmetric catalysts has become efficient

and effective, provided that the catalyst produces satisfactorily high enantioselectivity.[*2%]

Nature has demonstrated an elegant solution to the synthesis of enantiopure compounds by
using enzymes. Enzymes catalyze many important biological transformations. The catalytic
pockets in enzymes are precisely crafted from the various functional groups installed on the
folded peptide backbones. They provide superb substrate recognition and deliver high
enantioselectivity.['?4! For this reason, mimicking enzymes is one of the good strategies for
designing asymmetric catalysts. In this case, the specific arrangement of functional groups
surrounding the catalytic centre in close vicinity is crucial.*25-128] These functional groups
non-covalently interact with a substrate and lead the substrate to the desired conformation
during the transition state. This allows another reactant to approach from a specific direction

relatively easily so that one enantiomer becomes the preferred product over another.

3.1.1. Conventional asymmetric MOF catalysts

MOFs have excellent potential as catalysts (section 1.3.2), and they can also be applied to
asymmetric catalysts. The most straight forward method of preparing asymmetric MOF
catalystsis integrating asymmetric organic catalyst moieties into a framework. For instance,
some small chiral organic catalysts (e.g. prolinyl) can be attached to the organic linker
backbones and incorporated into the framework.[“>*2°1 Additionally, some chiral organic

molecules, such as salen or some atropisomers like BINOL/BINAP derivatives, can be directly
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incorporated into frameworks as a ligand (Figure 1-9).[40104105130] Once these organic
linkers are integrated into a MOF, metallation is generally followed with the desired metal

ion, which sits on the chiral organic linkers and functions as an asymmetric catalyst.

Alternatively, MOF catalysts can be prepared using achiral organic linkers. In this case, the
chiral structures of MOF's, such as the helical structure, provide enantioselectivity. Duan et al.
suggested a novel strategy of growing MOF crystal with a chiral space group employing a
judiciously controlled crystallisation method.*3**33] They have exploited a few different
prochiral organic linkers that crystallise with a chiral space group induced from a helical
motif. Those prochiral organic linkers spontaneously grow racemic mixtures. However,
homochiral MOF crystals were produced when a chiral adduct was added to the synthetic
mixture. The chiral adducts used for the MOF synthesis were not incorporated into the MOF

scaffold.

For instance, they have reported a homochiral MOF Ce-MDIP synthesised from Ce(III) and
the prochiral organic linker, methylenediisophthalic acid (H:MDIP), in the presence of the
chiral adduct, d-pyrrolidine-2-yl-imidazole (PYI) (Figure 3-1).[*3%In Ce-MDIP, an open metal
site can be generated on the Ce node by removing a coordinated labile water molecule. Then

it was served as Lewis acidic site to catalyse cyanosilylations.

0 0
HO OH m
O O + N//\N/\O _ ) o cempip
= N

HO™ “O 07 "OH
HsMDIP PYI

Figure 3-1. A schematic diagram of Ce-MDIP synthesis, PYl was not integrated into Ce-MDIP

3.1.2. The prior study of type-S (MUF-77 derived) catalyst

A series of asymmetric MUF-77 (type-S framework) catalysts were reported in 2017.12°% In
this study, the well-known chiral catalyst, I-proline, was incorporated into MUF-77, and its
catalytic activity was tested under various conditions for an aldol reaction. As depicted in
Figure 3-23, the prolinyl moiety was attached to either bpdc or bdc backbone to form bpdc-
pro or bdc-pro, respectively. Another set of linkers (modulators) were also prepared to
modulate the chemical environment surrounding the catalyst centre (Figure 3-2b). A series
of type-S catalysts were then prepared using bpdc-pro or bdc-pro together with various
combinations of other linkers. The prepared type-S catalysts were then used to investigate

how such diverse chemical environments surrounding the catalytic centre influence the
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Figure 3-2. (a) A schematic diagram of MUF-77 catalyst synthesis, the chiral catalytic auxiliary
prolinyl group was installed onto either bpdc or bdc. (b) various modulating groups were exploited
to bring divergent chemical environments to the catalytic pocket.

enantioselectivity of the aldol product and reaction rate.

The results from each catalyst prepared with different linker combinations were tabulated in
Table 3-1. Depending on the catalyst and modulator combinations, the reaction rate and the
enantiomeric excess (ee) notably changed. Since the modulators vary in size, which affects
the diffusion rate of the reaction substrates through the MOF pores, the change in the
reaction rate is understandable. However, the hugely diverged enantioselectivity, even
reversed in some cases, is mysterious and hard to be elucidated. The prolinyl group is the sole
asymmetric component thatinduces chirality to the reaction substrates during the transition
state. Both prolinyl moieties installed on either bdc or bpdc have the same chirality. Therefore,
some degree of change in ee was understandable as a reasonable result due to the slightly
different surrounding environment of the catalyst. However, the reversed ee was an
unexpected result. This clearly indicates that the environment surrounding the catalyst
centre can become more influential than the chiral source to induce the chirality of a product
in some cases. The various pore environments caused by different ligand combinations and
the corresponding catalysis results affected by such environment change are presented in

Table 3-1
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Table 3-1. The result from Aldol reaction of acetone and p-nitrobenzaldehyde catalyzed by MUF-77
analogues comprised of various linker combinations

] OH
/@J + 0 —_—
O,N )J\ O,N

# catalyst linker set ee (%) Kops

1 bdc-Pro bpdc hmtt -3.9+0.6 0.74£0.03
2 bdc bpdc-Pro hmtt 19.2+1.1 0.52 £ 0.03
3 bdc-Pro bpdc hett -3.9x0.6 0.69£0.04
4 bdc bpdc-Pro hett 17.0+£1.0 0.32£0.02
5 bdc-Pro bpdc hbtt 42+0.6 0.62 £ 0.02
6 bdc bpdc-Pro hbtt 183 2.6 0.15+0.01
7 bdc-Pro bpdc hott 1.8+0.3 0.42 +0.02
8 bdc bpdc-Pro hott 15.7+2.1 0.11 +0.01
9 ndc bpdc-Pro hmtt 242+14 0.50 +0.02
10 ndc bpdc-Pro hbtt 18.1+1.1 0.16 + 0.01
11 ndc bpdc-Pro hott 19.1+1.1 0.13+0.01
12 bdc-Pro pcdc hmtt -103+14 0.052 + 0.003
13 bdc-Pro dppdc hmtt -265+16 0.27+0.01

* Observed rate constant based on the consumption of p-nitrobenzaldehyde with units of L-mol--day*

However, the experiment results presented above did not give an intuitive interpretation of
how the ee was affected. For instance, the enantioselectivity was reversed by simply
switching the location of the prolinyl group from bpdc to bdc backbone (entry 1 vs 2 Table
3-1). Therefore, a more straightforward system is required to interpret experimental results

and to design to improve the enantioselectivity.

In this sense, we introduce a new concept for asymmetric MOF catalysis. The two functions
of an asymmetric catalyst, catalysis and asymmetric induction, are assigned to the separate
organic linkers. Hence, an achiral catalyst moiety that produces a racemic mixture by itself
will be incorporated into MOF (Figure 3-3a). It would then be more feasible to understand
how modulators influence enantioselectivity upon introducing them to the framework. For
modulators, various chiral components which do not have catalytic activity will be used. Thus,
a chiral modulator can influence the enantioselectivity from the remote site during the
transition state but alone cannot catalyse the reaction (Figure 3-3b and c). Hereafter, this
novel concept catalyst will be denoted as a remote asymmetric induction (RAI) catalyst,

which well describes the unique feature of this catalyst.

As far as we recognise, the RAI catalyst is a novel concept of catalyst and has not been

observed in any other MOF catalyst. Even if we expanded the search area to the general
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(a) (b)

catalytic
pore

Figure 3-3. A schematic diagram of the RAI catalyst concept. (a) A racemic mixture is produced
without a chiral modulator; (b, c) a certain enantiomer is preferrentially produced depending on
the chirality of the introduced chiral modulator. The green circles indicate a pore space and no
reaction mechanism is involved.

chemistry field, it was difficult to find a catalyst of a similar concept. Although there are
several asymmetric catalysts inducing the chirality from the remote sites [*2%34135] the
catalytic centre and chiral motifs are in the same molecule. On the contrary, in the case of the
RAI catalyst, the multiple functional groups were installed in the separate molecule then they
incorporated into the same framework to propagate chirality together during the catalysis.
The RAI catalyst concept is a superb example of exploiting the advantages of MC-MOFs. All
the building components in the MC-MOF's are precisely located in the frameworks, allowing
us to envisage the environment of the pore space. Thus, we can design specific cooperation

among the functional groups attached to each organic linker.

The RAI catalyst was initially designed based on the hypothesis induced from the type-S
framework since the truxene derived tritopic linkers, which we believed exclusively forming
the type-S framework, were used. Moreover, the strategies to increase enantioselectivity
were developed and attempted based on this hypothesis. However, as was introduced in the
previous chapter, we discovered that the type-L frameworks were also unexpectedly formed
with specificligand combinations, and this was overlooked until the majority of experimental
data were collected. Therefore, the experimental works designed and conducted based on our
initial hypothesis will be presented in this chapter. Then, the interpretations of the
experimental results using the initial and new hypotheses will be discussed in detail in the

following chapter.

3.2. Experiments and Results

3.2.1. Initial hypothesis

The result presented in Table 3-1 shows that all three organic linkers cooperate to influence

the reaction outcome. The MOF catalysts used in the experiment above were a type-S
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framework according to the crystal structure and PXRD data. As discussed in the previous
chapter, only the small tetrahedral pore (pore-C in Figure 2-4) in the type-S framework
provides a space where two linear linkers can interact with each other. The other two
mesopores are composed of either hmtt and bdc (pore-A) or hmtt and bpdc (pore-B),

indicating that cooperation between bpdc and bdc cannot occur in those two mesopores.

Based on the observation above, it seemed that the reaction that occurred in pore-C mainly
contributes to the corresponding enantioselectivity. Thus, we hypothesised that the reaction
happening in pore-C plays a crucial role in asymmetric catalysis. Therefore, the majority of
the following experimental works were designed and conducted based on this hypothesis.

The scheme to design and develop the RAI catalyst is described below:

e Search for the suitable achiral organic catalyst and target reaction, which can be applied
to the type-S framework.

e Incorporatethe selected catalyst to the type-S framework by installing them to one of the
linkers

e Check the integrated catalyst unit is still functioning for the target reaction within the
framework

e Install a range of different chiral modulating groups and screen them for the chiral
induction

o Tweak the reaction parameters to enhance the enantioselectivity of the RAI catalyst.

3.2.2. Catalyst design

The three linkers in the type-S framework can be readily functionalised with various
chemical groups, and the susceptible positions to attach functional groups are denoted with
coloured balls in Figure 3-4a. The functional groups could interact in the small pore, as shown
in Figure 3-4b. It is presumed that the functional groups on the linear linkers would point to
the centre of the pore-C most of the time. The rotational barrier due to the m-conjugation
along the linear linkers helps to keep low dihedral angles between the phenyl ring and
carboxylate.[*3¢-138] Such a low dihedral angle range has been well observed through various

single-crystal structures of the type-S frameworks.["]

On the other hand, the functional groups on the truxene derivatives tend to diverge
orthogonally to the planar body of truxene in order to minimise the steric hindrance between
the two functional groups branching out from the same position.” Therefore, the functional
groups on the linear linkers will probably have a higher chance to locate within pore-C than

the ones on the tritopic linker. Figure 3-4b demonstrates that the functional groups on the
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linear linkers are touching the ball, indicating the pore space. On the other hand, the
functional groups on the tritopic linker are diverging away from the truxene linker, not
pointing to the centre of the pore. For this reason, we determined to install the catalyst unit
and the chiral modulating groups on to the linear linkers to induce more interaction between

them in pore-C.

(a)

Figure 3-4. (a) Three organic linkers of the type-S framework, the coloured balls indicate the
possible positions to add functional groups; (b) the ligand arrangement surrounding pore-C and a
schematic illustration of the functional groups attached to the linkers. Shaded area indicates the

pore space.

3.2.3. Screening with homogeneous catalyst and MOF catalyst

The well-known organic catalysts are generally composed of N-containing motifs, such as
amine, urea or heterocyclic rings.[***] Thus, a few bpdc derivatives, which comprised the same
or similar functional group to those organic catalysts, were selected from our ligand library,
as illustrated in Figure 3-5a. They were all attached to the bpdc backbone because bpdc is
more facile for derivatisation with functional groups and causes less trouble during MOF
formation than bdc derivatives. Provided that these N-containing motifs are attached to bdc,
the distance between the nitrogen atom and carboxylate groups are too close. Therefore,
unwanted side reaction can occur during ligand synthesis like cyclisation, or the nitrogen

atom could inhibit the desired MOF synthesis.
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Figure 3-5. A few examples of (a) achiral catalysts installed to Me;bpdc for the homogeneous
catalysis test reactions and (b) the target asymmetric reactions
The selected bpdc derivatives were tested for a few known reactions (Figure 3-5b). The ester
form of each bpdc derived molecule was first tested as a homogeneous catalyst before
incorporation into the framework. The catalytic activity of each homogeneous catalyst was
monitored using TLC (thin layer chromatography), and then corresponding acids were used
for MOF synthesis if they show good catalytic performance. Once the selected bpdc
derivative was successfully incorporated into the type-S framework, the corresponding MOF

catalystis also tested for the same reaction heterogeneously.

According to the screening results, Henry reaction showed some prominent progress with
guanidine derivatives (4, 6, 7 and 8 in Figure 3-5). The guanidine or similar motifs like urea
or thiourea are the well-recognised catalysts for Henry reactions.[*4>-41 Especially, 4 (bpdc-
gua) showed better catalytic activity than others, thus was selected as the best candidate for
Henry reaction. Therefore, the type-S framework was synthesised with Hxbpdc-gua, Habdc
and Hshmtt (Figure 3-6a). Bpdc-gua was successfully incorporated into the type-S
framework, and the resulting achiral catalyst was denoted as achiral-cat
([ZnsO(hmtt). s3(bpdc-gua)os(bdc)os]). The achiral-cat was then tested for the Henry
reaction of m-nitrobenzaldehyde and nitromethane (Figure 3-6b). Approximately 2-3 mol %*

catalyst was introduced to the reaction mixture, and the reaction was conducted at ambient

aThe percentage of catalyst is the ratio of the guanidine moieties in the given amount of the type-S
framework with respect to the amount of aldehyde substrate in the reaction mixture. The desolvated
crystal loses the catalytic activity, preventing from measuring the precise mass of catalyst beforehand.
Therefore the mass of crystal was once measured with a sacrificed batch, and the catalystloading was
estimated based on it.

81



Chapter 3. Remote asymmetric induction — Part 1

(a) CO,H
CO,H
QO QL g
N™ "NH, Achiral catalyst (achiral-cat)
HO,C 0.0. * " * © ™ [Zn0(hmtt); 5(bpde-gualy s(bdc)q.s]
O O CO,H
CO,H
CO,H
Hihmtt H,bpdc-gua H,bdc
(b) 0 OH

| acat
OEN\‘@) + O,N-Me —» O,N A NO,

Product O i

MeNO, 50.1 % 49.9 % TO)

P\ A\
J\ J

T T T T T T T T

6 8 10 12 14 16 18 20
Time (min)

(c)

Figure 3-6. The schematic diagrams of (a) catalyst synthesis from bpdc-gua, bdc and hmtt; (b) the
target Henry reaction; and (c) HPLC chromatogram of the reaction mixture after catalysis.
temperature for three days. The reaction mixture was then analysed by HPLC chromatogram
using the chiral column to separate the two enantiomeric products (Figure 3-6¢). An
equimolar mixture of two enantiomeric products was detected based on the peak areas, and
MS (mass spectroscopy) confirmed that the compounds belong to the two peaks are the right

Henry products.

The enantiomeric excess (ee) was calculated by Equation 1 regardless of the absolute

chirality of the product. Equation 1 is used throughout the entire thesis for the ee calculations.

enantiomer A — enantiomer B .
ee (%) = - - x 100 Equation 1
enantiomer A 4+ enantiomer B

Where enantiomer A is the product that belongs to the peak comes out first in HPLC
chromatogram, and enantiomer B is the one that comes out later.

3.2.4. Chiral induction

Achiral-cat demonstrated its catalytic activity for the Henry reaction, and the catalysed
Henry product was determined as a racemic mixture. Hence, we turned our focus on
exploring the chiral modulators that would cooperate with the bpdc-gua and induce chirality
to the product. A chiral modulator must meet a few conditions to be incorporated into the
RAI catalyst. First, they should not have any catalytic capability for the target reaction.

Second, they should not inhibit MOF formation. Third, they should be a proper size to
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Figure 3-7. A schematic diagram for modulator synthesis. 2-bromo bdc was coupled with chiral
isopropyl oxazolidinone or benzyl oxazolidinone moiety.
cooperate with the catalyst moiety from proximity but not too big to hinder the diffusion of
the reactants and products. Lastly, they should have a feasible synthesis route to be attached

to the bdc backbone.

The tritopic linker was not considered as a platform for chiral modulator installation. Six
chiral modulating groups would then be attached to each truxene linker if chiral modulators
were installed. Hence, the outnumbered bulky functional groups might cause diffusionissues
for reactants and products. Moreover, too many chiral modulators will hinder a
straightforward interpretation of experimental results. On the contrary, the influence from

one chiral modulator attached to the bdc backbone is more intuitive.

A few oxazolidinone derivatives were chosen for a chiral modulating group because their
usage as a chiral component in a MOF was successfully demonstrated. According to
Hoffmann et al, the asymmetric bdc-oxazolidinone derivatives were successfully
incorporated into the UMCM-1 framework and demonstrated their usage for chiral
separation.**2*43] The size of oxazolidinone derivatives seems optimum considering the
cooperation with bzzpdc-gua in pore-C. Moreover, it can easily be attached to the bdc

backbone by a coupling reaction with 2-bromo bdc (Figure 3-7).

Four different bdc modulators were prepared from both enantiomers of 5-isopropyl
oxazolidinone (bdc-iprox(R)/(S)) and 5-benzyl oxazolidinone (bdc-bnox(R)/(S)), and they
were well integrated into the type-S framework along with hmtt and bpdc-gua. Their
enantioselectivity was then tested for the Henry reaction of m-nitrobenzaldehyde and
nitromethane, and the products were analysed comparing with a few control reactions
conducted under the same condition. As described in Table 3-2, seven different type-S

frameworks were prepared with the corresponding ligand combinations. Each framework
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Table 3-2. The ligand combination in MUF-77 analogues used as catalyst or controls for the Henry

reaction.
1 hmtt + bpdc + bdc control — parent MUF-77 framework 0
2 hmtt + bpdc + bdc-bnox(r) control — modulator only 0
3 hmtt + bpdc-gua + bdc control — catalyst only 0.2
4 hmtt + bpdc-gua + bdc-iprox(s) 2.1
5 hmtt + bpdc-gua + bdc-iprox(r) 1.7
6 hmtt + bpdc-gua + bdc-bnox(s) -4.1
7 hmtt + bpdc-gua + bdc-bnox(r) 1.2

was tested for the Henry reaction, and the products were analysed by HPLC (Figure 3-8).

The first three entries were carried out as control experiments. According to the HPLC
analyses, the first entry exhibits no product peaks, indicating that there is no spontaneous
reaction going and no catalytic activity of the parent MOF. No product peak was found on the
second entry either, which means that the modulator has no catalytic capability on Henry
reaction. Entry 3 showed that no notable enantioselectivity was induced to the Henry
product without any chiral modulator. The three control experiments evidenced that the
reaction is not spontaneous, the modulator does not catalyse the target reaction, and a

racemic mixture was produced when no chiral modulator was used.

The next four entries (4-7) were conducted to investigate the capability of the four prepared
chiral modulators to induce enantioselectivity. According to the HPLC chromatogram in
Figure 3-8, entry 4-7 showed notable ee changes. Although the absolute values for ee were
not very significantly high, the sign of ee was coincident with the chirality of the modulators.

Both bdc-bnox(S) and bdc-iprox(S) produced negative ees, and positive ees were induced by
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Figure 3-8. The normalised HPLC chromatograms for Henry reaction of m-nitrobenzaldehyde and
nitromethane with the prepared catalysts, includling the controls. The corresponding ee calculated
by the integration of the two enatiomeric product peaks were shown with the chromatograms.
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the (R) type modulators. This clearly shows that the chirality on the modulator influences the

enantioselectivity during catalysis.

3.3. Enhancing enantioselectivity

The catalysis result shown in Figure 3-8 successfully demonstrates that the RAI catalyst
model functions as designed. However, there are far more things to do to increase the
enantioselectivity of the RAI catalyst to be used for practical applications. In this section, the
parameters which were changed to improve the RAI catalyst and how the changed parameter

influenced the enantioselectivity will be discussed.

3.3.1. Various aldehyde substrates

The aldehyde substrates for the Henry reaction were judiciously chosen based on a few
conditions. Above all, the size of a molecule was first considered since both reactant and
product need to diffuse through the framework freely. The type and position of functional
groups on the aldehyde substrate also need to be considered. The conformation of an
aldehyde substrate in a catalytic pore highly depends on the interaction with the functional

groups of the surrounding. Therefore a certain aldehyde substrate would better fit in the
i
K@/N% MeNO,
% ]L Product
a aldehyde
S M
=]

o e

?
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Figure 3-9. HPLC chromatograms of Henry reactions with a few selected benzaldehyde substrates.
The reactions with 3-nitrobenzaldehyde derivatives showed particularly high conversion (the
benzaldehyde peaks were very small or completely disappeared). The HPLC conditions all vary and
presented in Table 3-3.
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catalytic pore with a proper conformation during the transition state so that the catalyst and
modulator can efficiently influence delivering asymmetric induction. Lastly, UV detectable
aldehydes were considered for a more straightforward analysis so that the reaction medium

can be directly injected to HPLC equipped with a chiral column and UV/Vis detector.

Although more than 30 aldehyde reaction substrates were screened (Figure 3-22), the
catalytic activity of the RAI catalyst was observed with only a few of them. Interestingly, the
aldehyde substrates, which shows a comparatively high consumption rate and
enantioselectivity, were all m-nitrobenzaldehyde derivatives (Figure 3-9). We first thought
that the electron-withdrawing nitro group helped to enhance the reactivity of the aldehyde
substrates so that the nucleophilic nitromethane readily attacks the carbonyl carbon.
However, the other two nitrobenzaldehyde substituted at ortho or para position did not show
much progress, especially o-nitrobenzaldehyde showed little product peaks. In addition,
other benzaldehyde substrates which possess a substituent (CN, CFs3, Br or I) at the meta
position did not present as good result as m-nitrobenzaldehyde derivatives. The two meta-
functionalised benzaldehyde with CF3; and Br were not even presented in Figure 3-9 since
they showed little product. Only m-cyanobenzaldehyde presented relatively good ee (-22 %)

and reaction rate.

It seems that m-nitrobenzaldehyde derivatives interact with the catalyst and modulator
groups in a specific way, resulting in a faster reaction rate and relatively higher
enantioselectivity than other substrates. Thus, most experiments were conducted with the
nitrobenzaldehyde derivatives, especially 2-chloro-5-nitrobenzaldehyde as a standard

substrate.

3.3.2. Solvent effect

In a solvent-assisted chemical reaction, the type of solvent is critical.***l Changing the
reaction medium with various solvents is also an efficient way to adjust reaction conditions.
Hence, a range of solvents was judiciously selected regarding their chemical properties, such
as protic vs aprotic, polarity or size. A few solvents, such as DMF (N,N'-dimethylformamide)
or DEF (N,N'-diethylformamide), which are catalytically active, were omitted. The
halogenated solvents, such as CH,Cl, or CHCls, were also omitted from the list since their
high densities make the crystals float on the surface of the reaction medium. The catalyst

needs to beimmersed in the reaction medium to demonstrateits catalytic activity adequately.

Cat-1s ([ZnsO(hhtt)133(bpdc-gua)os(bdc-bnox(S))os]) was prepared, as shown in Figure

3-10a, and cat-1s was used as a standard catalyst for most experiments. Fifteen different
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Figure 3-10. (a) A schematic synthesis diagram of cat-1s ([Zn4O(hhtt)1 33(bpdc-gua)os(bdc-
bnox(S))os]); (b) the target Henry reaction; (c) fifteen different solvents tested for the target
reaction.

reaction stock solutions of the standard Henry reaction (Figure 3-10b) were then prepared
with the same concentration (35 mM) using each of the selected solvents shown in Figure
3-10c. Each reaction stock solution (0.6 mL) was then introduced to an approximately equal
amount (ca. 3 mg) of cat-1s in an HPLC vial, and the reactions were carried out at ambient

temperature simultaneously.

The supernatant of each vial was analysed using HPLC after two days, and the
chromatograms were depicted in Figure 3-11 with the corresponding ees. The result clearly
shows that dioxane provides an outstanding environment for the catalyst and modulator
units to induce high enantioselectivity. However, a few similar solvents to dioxane in terms
of the chemical and physical properties show much lower efficiency, especially

tetrahydropyran (entry 4).

The experiment above demonstrates that the reaction rate is highly dependant on the
reaction medium as well. For instance, all aldehyde substrate was consumed in dimethyl
sulfoxide (entry 11), while no or very little catalytic activity was noted with acetonitrile
(entry 12). Another interesting observation is noted with 1,2-dimethoxyethane (entry 7).
Although the reaction rate was comparatively slower than the others, the enantioselectivity
was reversed. All alcoholic solvents were revealed as not a good reaction medium for the

Henry reaction since there was a high degree of background reaction, producing a large
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amount of side products (entry 13, 14 and 15; due to the intense peak of benzyl alcohol, all

other peaks appear smallin entry 14).

ee (%)
P -4.7
N\

-3.3

\

L A
Q) I

L

\

N/A

\

\

i\

\

s N

Jo e A\

e s \

o~ s )\

S| "

S \ /\30 A
S S |\ es

. N

| M s N

©\,0H k R N/A
—OH A , u , A , /\ 2;3

5 10 15 20 25
Time (min)

Figure 3-11. HPLC analyses for the products catalysed by the same RAIl catalyst in 15 different
reaction medium. The two product peaks were highlighted with yellow and the corresponding ee
was written along with each chromatogram.
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3.3.3. Chiral modulators

cat-x

+ H,bdc-mod ——
[Zn40(hmtt); 33(bpdc-gua) s(bde-mod)q 6]

x=1r,1s,2-9

Hhhtt H,bpdc-gua

Figure 3-12. A schematic diagram of catalyst preparation to test various modulator groups. The
prepared catalysts were denoted as cat-x, where x is the number for each bdc derived modulator.

Needless to say, the chiral modulating group is the core feature of the RAI catalyst. The chiral
motif on the modulator directly cooperates with the achiral catalyst and interacts with the
reaction substrates during the transition state to induce the chirality. The preliminary results
clearly showed that the guanidine moiety itself does not have any enantioselectivity without
the chiral modulator (entry 2 in Figure 3-8). Therefore, designing the chiral modulator is a

crucial task of this project.

The oxazolidinone moieties have already demonstrated their capability to induce
enantioselectivity. Therefore, we decided to test more oxazolidinone derivatives instead of
testing new chiral functional groups. As depicted in Figure 3-12, a series of RAI catalysts
(cat-x, where x refers to the bdc-derived chiral modulator's number) was prepared using the
same ligand combination except for the chiral modulator in order to weigh correctly an

influence caused by the tested chiral modulator only.

3.3.3.1. Size and position

As introduced in the previous section (3.2.4), two enantiomeric pairs of modulators, bdc-
bnox(R)/(S) and bdc-iprox(R)/(S), were tested for the preliminary experiment. Adding on
these four modulators, two other modulators, Hobdc-4-phox(R) and Haobdce-5-phox(R) (phox:

phenyloxazolidin-2-one), were designed and synthesised to test a few parameters. As

0 0 0 0
HO,C 0 HO,C 0O HO,C 0 HO,C }'O »
N i N~ ? N\i\ N\>

CO,H CO,H CO,H CO,H

1r. Hobdc-bnox(R) 2. Hobdc-4-phox(R) 3. Hobdc-iprox(R) 4. Hobdc-5-phox(R)
ee (%) 25.8 11.6 13.0 -21.2

Figure 3-13. How the two parameters, size (1 vs 2 vs 3) and position (2 vs 4) of chiral motif, affect
inducing enantioselectivity will be investigated using these four modulators.
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depicted in Figure 3-13, the first three modulators have functional groups in different sizes
as a chiral motif. These will allow us to investigate how the size of a chiral motif (benzyl vs
phenyl vs isopropyl) influences the enantioselectivity. The influence caused by the different

positions of the chiral motif can also be studied by comparing the two modulators, 2 and 4.

The ee produced by each chiral modulator were depicted in Figure 3-13. The first three chiral
modulators show an interesting result. The largest benzyl group of 1r induced the highest
enantioselectivity. The ee produced by 1r is nearly twice larger than those induced by the
other two. However, the smallestisopropyl group of 3 induced higher enantioselectivity than
the phenyl group of 2. It does not clearly seem that the size of a chiral motif affects
enantioselectivity much. The benzyl group possesses more degree of freedom due to its
flexibility than the other two, allowing the chiral motif to point in various directions. This
suggests that the influence on the enantioselectivity could be rather affected by the
directionality of the chiral motif than the size. The high ee, induced by 4 and comparable to
that of 1r, also supports such reasoning. Both 2 and 4 have the same phenyl group as a chiral
motif but in a different position. Thus, the phenyl ring of 4 is almost orthogonally stretched
out from the bdc backbone, and this allows 4 to cooperate with catalyst moiety in closer

proximity.

3.3.3.2. Extending out from the bdc backbone

All the oxazolidinone moieties of the chiral modulators introduced above are directly
attached to the bdc backbone through the C-N bond. As a result, the oxazolidinone moiety
lacks mobility except for the rotational motion around the C-N bond. Moreover, the rotational
motion of the oxazolidinone moiety is constricted due to the steric hindrance between the
oxazolidinone and bdc carboxylate. According to the simple 3D modelling as illustrated in

Figure 3-14a, the two atoms, O1 and C1, on the oxazolidinone moiety touch O2 on the

000

Figure 3-14. (a) When the dihedral angle between carboxylate and phenyl ring of bdc is zero, 01
and C1 on bnox could almost touch O2 while the oxazolidinone moiety is spinning around the C-N
bond; (b) O1 and C1 are still too close to the Zn node even if the dihedral angle is 90°.
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carboxylate of the bdc backbone while bnox revolves around the C-N bond. Even if the
dihedral angle between the bdc phenyl ring and carboxylate group in bdc was set to 90° to
minimise steric hindrance, O1 and C1 approach too close to the zinc cluster (Figure 3-14b).
Therefore, the conformation of the oxazolidinone moiety is considered to be limited due to

such steric hindrance.

As discussed in the previous section, the directionality of the chiral motif seems to play a
critical role in asymmetric induction. Therefore, we hypothesised that if we add a methylene
bridge between the bdc backbone and the oxazolidinone moiety, it can solve the problem
caused by the limited rotational motion of oxazolidinone moiety. On top of that, it could also
bring a benefit concerning the directionality of the chiral motif. Therefore, two modulators
shown in Figure 3-15 were prepared using a coupling reaction between 2-bromomethyl

terephthalic acid and oxazolidinone derivatives.
CO,H COM
©ﬁ @f L/
CO,H COH
5. Hobdc-mebnox(R) 6. Hobdc-me-5-phox(R)

ee (%) (r):3.2 (r):-1.2

Figure 3-15. The extended version of chiral modulators; a methylene group was inserted as a
spacer between the bdc backbone and oxazolidinone moiety.

Two RAI catalysts were prepared using the two new modulators, 5 and 6, and they were
tested for the enantioselectivity with the standard Henry reaction. However, the
corresponding enantioselectivities from these two chiral modulators were significantly
lower, indicating that the modulator units did not behave as expected. We tried to find the
answer to this unexpected result from the equilibrium geometry of the modulator using
computer simulation. Due to the complexity of the type-S framework, uncoordinated free
acids were used for the calculation. Although the computer-simulated model of a free ligand
cannot represent the conformation of the ligand integrated into the framework, it will be
useful to understand the equilibrium conformation of the ligand in the framework. Therefore,
the equilibrium conformers of 5 and 6 were simulated using the density functional theory
(DFT) calculations. The calculation was computed using Spartan software at the B3LYP level

of theory with the 6-31G* basis set.

According to the computer simulation, the equilibrium conformations of both 5 and 6 were
not close to the ideal geometry to cooperate with the catalyst unit in the pore (Figure 3-16).

Figure 3-17 shows the usual conformations of bpdc and bdcbackbones in pore-Cs. Therefore,
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Side view Top view
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H:bdc-me-5-phox(r)

H:bdc-me-bnox(r)

Figure 3-16. The optimised geometry of the two bdc derived chiral modulators at an equilibrium
level. Both top view and side view clearly show the chiral motif on the oxazolidinone moiety
stretching out close to an orthogonal direction to the planar of bdc.

the direction of the functional groups attached to those backbones is important if they need
to interact in pore-C. If both bdc phenyl ring and functional groups were laid on the same
plane, they would have a high probability of interacting in pore-C. However, the two
oxazolidinone moieties on 5 and 6 shown in Figure 3-16 almost orthogonally stretch out to

the planar of the bdc molecule.

As mentioned above, the equilibrium geometry calculated with the free ligand does not
represent the actual conformation of them in the framework. Moreover, the arrangement of
the functional groups in the pore dynamically changes depending on the solvent and guest
molecules in proximity and many other variables. Hence, we do not overinterpret the
simulation result, but we presume that this could be one plausible reason why they induced

low ees.

3.3.3.3. Mono- vs di-substituted bdc

All the bdc-derived modulators introduced so far were mono-functionalised. In this case, we
can envisage four different simplified environments in pore-C with respect to the
arrangement of the catalyst and chiral modulator. Pore-C can be occupied by both catalyst
and modulator, either catalyst or modulator, or by none. For instance, four successive pore-
Cs are presented in Figure 3-17a, and each pore represents four different plausible pore
environments depending on the orientation of catalyst and modulator units. The red sphere

indicates the pore occupied by both catalyst and modulator, whereas the blue sphere refers
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Figure 3-17. Simplified models of the successive pore-Cs in a row with different pore environments
induced by (a) mono-functionalised bdc or (b) bi-functionalised bdc. The red spheres indicate the
pore space occupied by both catalyst and modulator units, whereas the blue sphere represents the
pore space occupied by the catalyst unit only.

to the pore space occupied by the catalyst alone. The former is the desired situation that
contributes to enhancing the enantioselectivity of the RAI catalyst. On the other hand, a
racemic mixture would be produced in the latter case, and the ee produced by the entire

catalyst will be diluted.

On the contrary, the catalyst unit can always be paired with the modulator in pore-C if a bi-
functionalised bdc ligand replaces the mono-functionalised one. Figure 3-17b demonstrates
that all the catalyst units can cooperate with a modulating group if the bi-functionalised bdc
ligand is recruited. Such simplified models cannot reflect the actual dynamic pore
environments during the catalysis. However, we can expected that adding one more
modulator moiety will probably increase the desired interaction between the catalyst and

chiral modulator.

As shown in Figure 3-18, the bi-functionalised bdc (7) was prepared with bnox(S), and the
corresponding ee was compared with the one induced by mono-substituted one (1s).
However, unfortunately, the result caused by the bi-functionalised bdc did not work as
expected, though the result was quite interesting. The first prominent result is the reversed
enantioselectivity, although both modulators have the same chirality. Furthermore, the

magnitude of ee produced by the di-substituted modulator is much smaller than the one
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CO,H 0‘§o COH
1s. Hobdc-bnox(S) 7. Hobdc-(bnox(S)),
ee (%) -22.3 7.4

Figure 3-18. Mono- vs bi-functionalised bdc modulator with bnox(s) and the corresponding ee
induced by RAI catalyst prepared from each modulator.

induced by the mono-substituted one.

Indeed, the bi-functionalised modulator did not behave as we designed. Itis thought that this
unexpected result is related to the rotational barrier of the phenyl ring of the bdc linker.
According to Pakhira et al,, the rotational barrier of the central phenyl ring in bdc is lowered
as the number of substituents attached to the bdc increases or the size of the substituent
becomes large.[*37238] The bare bdc molecule is fully conjugated through the m-bond, thus has
a relatively high rotational barrier and prefers planar geometry. However, as the number or
size of the substituents on the bdc increases, the steric hindrance between the carboxylate
and substituents grows as well, resulting in lowering the rotational barrier. Similarly, the
dihedral angle between the bdc phenyl ring and the carboxylate group at the equilibrium

geometry also gets larger to minimise the steric hindrance.

The bnox moiety is almost the same size as the bdcbackbone, and it causes a lot greater steric
hindrance than simple substituents (CHs or Br) presented in Pakhira's work. Thus, it is
expected that the rotational barrier of a bdc phenyl ring would get lower if two bnox moieties
were installed to bdc. In addition, the dihedral angle of the bdc phenyl ring with respect to the
carboxylate groups is also expected to become large. As a result, the desired interaction

between the catalyst and chiral modulator was unlikely encouraged.

3.3.3.4. Various alkyl chains on truxene

We have noted another variable influencing the ee from our previous work presented in
section 3.1.2 ; different ees were observed upon changing the alkyl chain length on a tritopic
linker. Therefore, four different alkyl chains were introduced to the framework using Hshmtt,
Hshbtt, Hshhtt and Hshott (Figure 3-19). The resulting catalyst was then denoted as cat-x
([Zn4O(hxtt)133(bpdc-gua)os(bdc-bnox(S))os], where x = m, b, h or o referring to methyl,
butyl, hexyl or octyl, respectively). The influence caused by the different alkyl chain lengths

was then investigated.

An approximately equal amount (ca. 3 mg) of each catalyst (cat-m, -b, -h or -0) was
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"\@ [Zn4O(hxtt)4 33(bpdc-gua)g s(bdc-bnox(S)g 5]
CO,H

x=m,b,horo

Hzhxtt H;bpdc-gua H;bdc-bnox(S)

Hshmtt Hahbtt Hshhtt

Figure 3-19. (a) A schematic diagram of catalyst preparation with the truxene derivatives for testing
their influence on ee; (b) four different truxene derivatives tested

introduced to the standard Henry reaction stock solution of 2-chloro-5-nitrobenzaldehyde
and nitromethane (35 mM, 0.6 mL). The four reactions were carried out simultaneously at
room temperature for two days. The supernatant from each vial was then analysed using

HPLC, and the chromatograms were presented in Figure 3-20.

Surprisingly, it was revealed that changing the alkyl chain length on truxene is the most
influential parameter among many others. The enantioselectivity induced by cat-h is
incomparably higher than those induced by other catalysts. However, there was no intuitive
relationship between the chain lengths and the corresponding enantioselectivity. The same
experiment was repeated several times with newly synthesised crystals to confirm the
reproducibility of each catalyst. However, not much difference was noted compared to the
ones presented in Figure 3-20. We have developed two hypotheses to explain such
unpredicted result presented above as we were conducting more experiments and collecting
more data. The interpretation of the experimental result based on the two hypotheses will be

discussed in detail in the next chapter.

ee (%)
M 2.4 cat-m
-0.3
A /\-21.9 ]\ cat-h
A /\ -3.9 /\ cat-o
T T T T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25

Time (Min)

Figure 3-20. HPLC chromatograms and the corresponding ee of the catalysed reactions by RAI
catalysts composed of different tritopic linkers
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3.4. Conclusion

In this chapter, we have introduced a new concept asymmetric catalyst. Unlike conventional
asymmetric catalysts, the two different functions (catalysis and asymmetric induction) were
performed by a separate component. The experimental results presented that the catalyst
unit alone could not induce any enantioselectivity, and the chiral modulator alone could not
catalyse the reaction. It only worked as an asymmetric catalyst when the two components

were presented in the same framework.

We have demonstrated such a novel concept of asymmetric catalysis using bpdc-gua as a
catalyst and various bdc derivatives as a chiral modulator. The catalytic performance then
tweaked by changing various parameters, and a surprisingly enhanced result was obtained
under some specific conditions. In the following chapter, it will be discussed how those
parameters influenced the catalytic performance. Moreover, the right direction to enhance

the capability of the RAI catalyst will be discussed and suggested.
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3.5. Experimental section

Syntheses and *H NMR data are presented in Appendix B.

3.5.1. General procedures

All starting materials and solvents were used as received from commercial sources without
further purification unless otherwise noted. Hshxtt!”! and the chiral modulators (Hzbdc-

oxazolidinone derivatives)!*“?l were prepared via literature procedures.

Column chromatography was carried out on silica gel (grade 60, mesh size 230-400,

Scharlau).

NMR spectra were recorded at room temperature (unless otherwise noted) on Bruker-500

Avance instruments, with the use of the solvent proton as an internal standard.

High-performance liquid chromatography (HPLC) was carried out using a Thermo Fisher
Dionex Ultimate 3000 system equipped with a UV detector, and chiral separation was

conducted by using Phenomenex chiral column, LUX-Amylose-1.

All powder X-ray diffraction measurements were carried out on either Rigaku Spider or
Bruker D8 Venture. Rigaku Spider X-ray diffractometer is equipped with CuKa radiation
(Rigaku MMO0O7 microfocus rotating-anode generator), monochromated and focused with
high-flux Osmic multilayer mirror optics and a curved image plate detector. Bruker D8
Venture diffractometer is equipped with CuKa radiation with a diamond microfocus X-ray
source and a Photon III 28 detector. The samples were solvated with DMF prior to and during
measurements. The two-dimensional images of the Debye rings were integrated with 2DP or
Diffract Eva to give 26 vs [ diffractograms. Predicted powder patterns were generated from

single-crystal structures using Mercury.

All single-crystal X-ray diffraction measurements were carried out on Bruker D8 Venture,
and the measurement temperature was controlled using Oxford Cryostream if required.
Bruker APEX 3 was used to collect and process data, and the structure was solved and refined

using the Shelx packagel'®”**%l under Olex2[*2°],
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3.5.1.1. PXRD

hhtt + bpdc-gua + iprox

hhtt + bpdc-gua + iprox

hhtt + bpdc-gua + 4-phox

hhtt + bpdc-gua + bnox

hhtt + bpdc-gua + 5-phox

hhtt + bpdc-gua + me-5-phox

hhtt + bpdc-gua + bdc

/ \ / \ hhtt + bpdc-gua + mebnox
‘ k N\ hhtt + bpdc + bdc
ah A
L] I L] L] L) T I L)
5 10

hhmt + bpdc + bdc

A j\ \ type-S calc.

20 (°)
Figure 3-21. PXRD plots for the crystal samples used in this chapter.
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3.5.2. Henry reaction and HPLC analysis

3.5.2.1. General reaction procedure

Approximately 2-3 mg of catalysts were placed ina 1.5 mL HPLC sample vial, and the crystals
were washed with dioxane (x3) before use. The residual solvent was removed using a glass
capillary tube, and then the reaction stock solution (0.6 mL) was introduced to the vial. The
reaction mixture was kept at room temperature for two days before analysis. 1.0 pL of the
supernatant was subjected to HPLC, and analysis was carried out under the following
conditions: Lux amylose-1 column; mixed solvent of CH3CN and deionized water (55:45 v/v);
flow rate of 0.5 ml/min. Products were detected according to their absorption of 254 nm UV

light. The ee value of each reaction is calculated based on Equation 1.

3.5.2.2. Standard reaction stock (35 mM) preparation

2-Chloro-5-nitrobenzaldehyde (130 mg, 0.7 mmol, 1 eq.) was dissolved in dioxane (18 mL)
and MeNO; (1.88 mL, 35 mmol), and the mixture was kept at room temperature until use. No

background reaction was observed for a few months.

3.5.2.3. Stock preparation for solvent screening experiment (for section 3.3.2)

The concentrated reaction stock was prepared as followed. 2-chloro-5-nitrobenzaldehyde
(260 mg, 1.40 mmol) was dissolved in nitromethane (3.75 mL, 50 eq.). Then the concentrated
stock solution (0.1 mL) was diluted with an appropriate solvent (0.9 mL) to make a reaction

stock solution (35 mM).

3.5.2.4. Various aldehyde substrates

Approximately 30 different aldehyde substrates were screened to test the RAI catalyst for
Henry reaction with nitromethane, as illustrated in Figure 3-22. The identical reaction
condition was applied for all reactions; the same concentration of the reaction stock solution,
approximately the same amount of catalyst, which comprised of hhtt + bpdc-gua + bdc-

bnox(S), and the same reaction time (2 days).

However, only a few of them were relatively well catalysed, so the analyses data and

chromatograms of selected substrates were presented in Table 3-3.
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fo) (o] o]
g I ' | i ! NO : NO; ' NO,
NO, CN 2
NO F cl Br
0 0 0
2 = 0 0 0 0 _0 = 0
é/m é/ar (5)102
OH
-
cl Br i CF
F Br OH 3

S G086k & § oS

Figure 3-22. Aldehyde substrates for Henry reaction to test RAI catalysts

Table 3-3. The aldehyde substrates relatively well catalysed by the RAI catalysts were presented
with their HPLC analysis condition and the corresponding ee.

HPLC condition
Eluent Detection ee
! kel MeCN H,0 Rate wavelength (%)
(%) (%) (mL/min) (nm)
i
1 \G/NOZ 55 45 0.5 254 34.7
U
2 K@\ 55 45 0.5 254 2.3
NO,
o}

|
3 U' 55 45 0.5 254 283
i
a UC” 40 60 0.5 280 -22.9
i
5 K/@/NO’ 50 50 0.5 254 175
F
Q

55 45 0.5 254 -25.7

60 40 0.55 254 -13.4
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3.5.2.5. HPLC chromatograms of the Henry reaction catalysed by cat-1 — 7 (section 3.3.3).
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Figure 3-23. HPLC chromatograms with the corresponding ee which induced various chiral
modulators, 1-7.
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Chapter 3 was mostly focused on developing the RAI catalyst and what experiments were
conducted to deliver and enhance the enantioselectivity. In this chapter, those experiment
results will be interpreted and discussed based on two different catalyst models. In addition,
some experiments that were further conducted to investigate the catalyst model and

increase the enantioselectivity will be introduced and discussed.

4.1. Developing the RAI catalyst model

The first MUF-7 series (type-L) discovered in 2013 has very interesting features.[5®!
However, the framework comprised of btb is poorly stable and has difficulty producing phase
pure crystals due to the various competing frameworks. Such drawbacks make it hard to be
studied further and be used in practical applications. On the other hand, the MUF-77 series
(type-S) synthesised from truxene derivatives has improved properties in many different
aspects,[”l allowing us to investigate further this material under various conditions. We have
noted that the type-S framework has great potential as an excellent catalysis platform. A
wide range of chemical functional groups can be incorporated into the framework, and pore-
C provides space where all these functional groups can interact with each other along with
the entering guest molecules. During a few years of research on various topics using type-S
frameworks in our group, all the experimental data and observations had exhibited a clear

trend.
‘A type-S framework was formed when a truxene derivative was used as the tritopic linker.'

Such a trend was also presented in other catalysis projects using type-S frameworks. Thus
we have developed a hypothesis that the interaction between functional groups attached to
the linkers occurring in pore-C plays a significant role in adding particular functionalities to
the catalyst, such as enantioselectivity or chemoselectivity. [*°%111'We took it for granted that
the MOF catalysts used for this RAI catalyst were also type-S frameworks since they
comprised truxene derivatives. Hence, the same hypothesis was also initially used to

interpret the experimental data from the RAI catalysis.

4.1.1. Pore-C model

As discussed in Chapter 3, the RAI catalyst was inspired by the reported work in 2017
(section 3.1.2).19 In this work, various combinations of the functional groups attached to

the three linkers were systematically tested, and the results demonstrated the apparent
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Figure 4-1. (a) Three different pores, A, B and C in the type-S framework; (b) four different pores, |,
I, lland IV in the type-L framework. The pore-colours indicate the ligand combination which
surrounding the pore; pink — bpdc and tritopic, green — bdc and tritopic, and black — all three.

cooperation between those, influencing the reaction outcomes. The single-crystal structure
and the PXRD patterns identified that all of the catalysts used in this work were type-S.
Therefore, it is a plausible and logical interpretation that the reaction occurring in pore-C
mostly contributed to the enantioselectivity of the catalyst since pore-C is the only space
defined by all three linkers. On the contrary, the catalyst units can also occupy the larger pore
due to the rotational motion of the ligand backbone and carry out catalysis. However, no
interaction between the catalyst and modulator is expected in this case because the large
pores are surrounded by either bpdc and truxene (pore-A in Figure 4-1a) or bdc and truxene
linkers (pore-B). As a result, the desired interaction between bdc and bpdc linkers does not
occur in pore-A and pore-B, so that the racemic product catalysed in these pores will decrease

the enantioselectivity of the RAI catalyst.

The MOFs used for the RAI catalysis resemble those used in the previous work in many
aspects, especially they all comprised of the truxene derivatives. Therefore, we naturally
regarded that the same type-S framework would be used for the RAI catalysis because they
were all synthesised from the truxene-derived ligands. Thus, the priority to increase the
enantioselectivity of the RAI catalyst was focussed on inducing stronger interactions

between the catalyst and chiral modulator units together with the reactants in pore-C. For
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that reason, various parameters were changed and tested, such as modulators, solvents and

reaction substrates based on the inherited model (pore-C model).

4.1.2. Changing direction

However, as introduced in Chapter 2, a remarkable discovery that steered the entire project
in a different direction was observed. It was revealed that the type-L framework could also
be formed from truxene derivatives. After that, all the structural information was carefully
investigated again, and it turned out that many of these RAI catalysts that produced

impressive ee values were actually type-L.

All this confusion was caused by the moisture-sensitive crystals causing the poor SCXRD
data quality. The crystal samples were decomposed during SCXRD data collection due to the
hydrophilic guanidine moiety in the RAI catalyst so that we could not solve the crystal
structure. Also, the characteristic peaks, which can be used to differentiate the two
frameworks, in PXRDs were not carefully investigated due to their low intensity (Figure 4-2).
Above all, we had too much relied on the trend developed by our long experience and
observations, which is the type-L framework is not likely formed from the truxene-derived
linkers. However, the crystal structure was finally solved with improved techniques together
with a powerful new X-ray diffractometer. The solved structure was obviously the type-L
framework, although it did not clearly show the secondary functional groups due to their

positional and rotational disorders.

(a) (b) ;‘ ||

JL_ D VOU WS S \ 1 K., type-L calc.
M J\ k ,}k/ — type-S calc.
20 (°) 20 (°)

Figure 4-2. (a) The calculated PXRD patterns of type-L and type-S framework; (b) the characteristic
peaks (shaded) appearing at low 28 range were zoomed.

When it was first noted that some of the RAI catalysts were actually the type-L framework,
we regarded it as an unwanted phase which we should avoid. We still thought that pore-C in
the type-S framework plays a crucial role in inducing enantioselectivity. The type-L
framework would work with only 50 % of the efficiency of the type-S framework because
only half of its small pores are pore-II, which is equivalent to pore-C (Figure 4-1). However,

as we carefully investigated the old data and collected more evidence, we actually found that
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it flowed in the opposite direction.

All the experimental results were re-examined to check the relationship between the
framework phase (type-S vs type-L) and the corresponding ee. According to the
experimental result, which will be discussed in detail later, the ees produced by the type-S
frameworks were relatively low, indicating that pore-C was actually ineffective in generating
chirality in the product. In contrast, all the type-L catalysts produced relatively higher ees
regardless of the modulator type. This indicates that the pore-C model is not the right model
for the RAI catalyst, and our approach to obtain high enantioselectivity rested on incorrect

assumptions.

4.1.3. Pore-l model

Now, another model is required to replace the pore-C model so that we can elucidate our
experimental results and design and plan further experiments. Approximately one unit cell
of the type-S framework is depicted in Figure 4-3a. Two large dodecahedral pores neighbour
each other, and the corner-sharing three tetrahedral pores are located in between the two
large pores. As the colour of the pores indicates, the larger pores are surrounded by two

(a) Type-S

Site for
asymmetiric
induction

Figure 4-3. (a) Approximately one unit cell of the type-S framework (left) and its simplified model
with three different pores (right); (b) the type-L framework of the same size for easier comparison
with the type-S framework. The large sphere indicates pores and the colour denotes the
surrounding linker combinations; pink — bpdc and tritopic linker, green — bdc and tritopic linker,
and black —all three linkers. All the secondary functional groups and hydrogen atoms were omitted
for clarity.
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linkers, whereas the small pores comprise all three linkers. On the other hand, the proportion
of the small pore defined by all three linkers is low in the type-L framework (Figure 4-3b).
However, in this case, the large dodecahedral pores (pore-I) are defined by all three linkers.
We hypothesise that pore-I provides a suitable environment for the cooperation of all three
linkers. Thus, the desired interaction between the catalyst unit and the modulator (together
with the reactants) can occur in pore-I of the type-L framework. We need not invoke the
involvement of the small tetrahedral pores. Notably, this kind of pore (pore-I) is absent from

the type-S framework, consistent with the low observed ee.

If welookinto pore-lin further detail, three pairs of bpdc and bdc, which are facing each other
across the pore, surround the pore-I (Figure 4-4a). The distance between the two facing

linkers (e.g. a and iii) is too far (~ 30 A from the centroid to centroid) to interact with each

(a) (b)

(c)

Figure 4-4. (a) The spatial arrangement of bpdc and bdc backbone in pore-I of the type-L
framework; (b) a plausible conformation of the catalyst and chiral modulator; (c) likely interactions
between catalyst, modulator and reactants.
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other. However, the two linear inkers also orthogonally neighbour each other (e.g. y and iii),
and in this case, the distance between them is not very far. Moreover, when the functional
groups attached to those linkers, the distance between them is close enough to interact with
the substrate molecules (Figure 4-4b). The snapshot shown in Figure 4-4c was manually
modelled to visualise how catalyst and modulator units might interact with the reactants in
pore-I. The arrangement of all the components was judiciously determined regarding their
chemical properties. It seems the desired interaction between the functional groups could
occur in pore-I according to this model. Moreover, we could expect more than one catalyst or
modulator groups working together. For instance, the two guanidine moieties attached to a
and vy interact with the reactants by forming hydrogen bonds with the nitro group of
nitromethane and nitrobenzaldehyde in Figure 4-4c. This new catalyst model with pore-I of

the type-L framework seems appropriate and chemically sensible.

Two different catalysis models are now proposed. The desired interaction between catalyst
and modulator could occur in pore-C of the type-S framework (pore-C model) or in pore-I of
the type-L framework (pore-I model). In the rest of this chapter, the two different catalysis
models will be used to interpret the experimental results exhibited in Chapter 3. The two

different interpretations will then be discussed and compared to each other.

4.2. Interpretation of the experiment results with the two different models

4.2.1. Various modulators

In section 3.3.2, eight different chiral modulators (1r, 1s, 2—7 in Figure 4-5b) were tested, and
the corresponding ees were compared to each other. Although the experiment was designed
to see the trend between the size and shape of modulator groups and corresponding ees, the
diverse ees seem more related to the crystal phases (type-L vs type-S), which arise from the
specificlinker combinations. Thus, the relationship between the modulator, phase and ee was

reinvestigated. Two other modulators (8 and 9) were also examined (Figure 4-5b).

The phase of each catalyst sample was determined using the PXRD pattern (Figure 4-5c).
Some PXRD patterns clearly have the characteristic peaks of either the type-L or type-S
framework. The type-L catalysts (cat-1, -3, -4 and -7) possess higher ee than the type-S
catalysts (cat-5 and -6). On the contrary, both phases appear in cat-2, -6 and -9. However,
cat-2 has intenser characteristic peaks of type-L than cat-6 and -9, indicating that more type-

L portion is present in cat-2, thus having higher ee than 6 and 9 as a result.
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Figure 4-5. (a) A schematic procedure of the catalyst synthesis using various bdc derived chiral
modulators; (b) ten different modulators and the corresponding crystal phase and ee were also
presented with each ligand; (c) PXRD patterns of the catalysts prepared from various modulators.
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(a) _ (b)

Figure 4-6. (a) Simplified spatial arrangement of catalyst and modulator units in pore-C of cat-1r;
(b) the reactants (2-chloro-5-nitrobenzaldehyde and MeNO,) were added to pore-C.

A simple 3D model of pore C provides a clue why low ees were obtained from the type-S
catalysts (Figure 4-6). The interaction between the guanidine catalyst unit and the chiral
modulator in pore-C was studied, and their spatial arrangement was modelled with a typical
substrate. However, a simple ball and stick model indicates that pore-C is already crowded
only with the catalyst and modulator units placed in pore-C (Figure 4-6a). Moreover, if the
two reactants were added in pore-C, it is certainly overpopulated (Figure 4-6b), especially
when this is compared with Figure 4-4c; the solvent molecule, dioxane, is not even considered.
Hence, there is a high chance that the expected interaction between the catalyst and

modulator in pore-C cannot actually occur easily.

4.2.2. Various alkyl chains on the tritopic linkers

Another parameter that dramatically improved the enantioselectivity was the alkyl chains
on the truxene linker. Four catalysts, comprised different truxene derivatives possessing
different alkyl chains (methyl, butyl, hexyl or octyl), were tested (Figure 4-8a). However, the
result was not straightforward to interpret because no trend was found between the alkyl
chain length and the corresponding ee. The hexyl chain on hhtt demonstrated enhanced

performance while methyl, butyl and octyl did not.

We first tried to elucidate this result based on the alkyl chain conformation in the crystal
lattice when it was first discovered. The behaviour of the hexyl chain in the type-S framework
is well illustrated in the reported structure (CCDC 1885842);**! three pairs of hexyl chains
orthogonally stretch out from the planar truxene body. We thought that the conformation

shown in the crystal structure is a lower energy state of the hhtt molecule minimising steric
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hindrance between two hexyl chains branched out from the same carbon atom. Such
behaviour of the alkyl chains on the truxene is also exhibited in the crystal structure of the
organic molecule, Brshht, which is the intermediate material during the Hshhtt synthesis
(Figure 4-7a). There is undoubtedly a limitation in using the crystal structures to envisage
the arrangement of the hexyl chains during catalysis. The long alkyl chains are flexible, and
their conformation is highly affected by the solvent and guest molecules which dynamically
move around. Hence, we cannot simply picture their behaviour in the framework based on a

few snapshots.

However, such tendency of the hexyl chains on the truxene linkers is well demonstrated in
another set of experiments (section 4.5.1.2). Three different SCXRD data of a type-S crystal
sample, prepared from hhtt, bpdc and bdc ([ZnO.(hhtt)133(bpdc)os(bdc)es]), were collected
at 173, 273 and 333 K. It was expected that modelling the hexyl chains would become more
difficult as the measurement temperature increases because of the random motion of each
chain caused by the increased thermal energy. However, the consistent conformation of the
hexyl chains was shown in all three crystal structures. Although the overall ellipsoid sizes get
slightly larger due to the thermal motion of each atom, the first three atoms branching out
from the truxene plane were clearly shown that they are orthogonally stretching out even at
333 K. The result indicates the strong tendency of the hexyl chains orthogonally stretching
out from the plane of truxene. Therefore, we might be able to assume that the majority of the

hexyl chains would behave as they shown in the crystal structures.

Provided that the assumption made above is valid, we can envisage the conformation of the

hexyl chains in the framework. In both type-L and type-S frameworks, the eight hhtt ligands

(b)

Figure 4-7. (a) The crystal structure of Brshtt showing the orthogonally evolving hexyl chains from
the planar of truxene; (b) the schematic diagram of the two different pores and arrangement of
the hexyl chains stretching out from the truxene linkers surrounding the pores.
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are allocated around the large dodecahedral pore as if they were wrapping the pore space
using the planar truxene body. On the contrary, the small tetrahedral pores are surrounded
by the edge of four truxene bodies. As a result, the long hexyl chains direct into the centre of
the dodecahedral pores like a micelle, while the tetrahedral pore spaces remain free from the
hexyl chains. The contrast of the two pores is well illustrated in Figure 4-7b. The hexyl chains
coloured with yellow all point toward the centre of pore A, while the purple chains do not
enter inside pore-C, providing a room for the functional groups and guest molecules to

interact together.

Before we developed the pore-I model, we tried to understand and explain the experimental
results using the alkyl chain conformations. As depicted in Figure 4-7b, pore A is congested
by the hexyl chains from surrounding truxene linkers so that the reactants are pushed away
by those chains to relatively roomy pore-C. Therefore, the desired interaction between the

catalyst, modulator and guest molecules presumably more occurs when hhtt was employed.

(a) COzH
COH
NH %0
)d HO,C b
. NTONH N / cat-x
O "\@ [Zn4O(hxtt)1 a3(bpde-gua)g 5(bdc-bnox(S)g 5]
COzH x=m,b,horo
COH
Hshxtt H,bpdc-gua Hsbdc-bnox(S)
(b)
MeNO, | ee (%) aldehyde
A J K 24 }I\ SUbf“ate cat-m, mixture

cat-b, type-S

-0.3
A /\721 .9/\ cat-h, type-L
JL /\ -39 /\ /L cat-o, type-S

5 10 15 20 25
Time (Min)

(c) A
- J
_TJ’ \L(/'LJI \V\___v/x/\\‘/\,ﬁ_,_kf.,.‘__,\__),_L o

cat-m
J\_&/\/\_/\/\/\_A‘_- "
——cat-h
cat-o
—— type-L calc.
. a . . : —— type-S calc.
5 10 15 20 3 4 5 6
26 (°) 20(°)

Figure 4-8. (a) Four different truxene derivatives with alkyl chains in different lengths; (b) HPLC
chromatograms catalysed by the crystals; (c) PXRD patterns for the crystals synthesised from the
truxene derivatives
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However, this does not clearly explain the trend of ee with respect to the chain lengths
(Figure 4-8b). We thought that the methyl and butyl chains are not long enough to influence
the behaviour of the reaction components as the hexyl chains do. On the contrary, cat-o
comprised of hott must show a similar or higher degree of enantioselectivity because it has a
longer chain that can induce more influence. First, we thought that the octyl chain was too
long so that it could inhibit the diffusion of the reactants and products through the pores. As
a result, the proportion of the reaction catalysed on the surface of cat-o is high, resulting ina

dilution of the entire enantioselectivity.

However, the reasoning about the experimental result above can be differently elucidated by
the pore-I model. According to the PXRDs in Figure 4-8c, there is a noticeable structural
difference between the four catalysts. The zoomed-in PXRD plot on the right-hand side
clearly indicates that phase pure type-L framework was formed from hhtt, while the other
three truxene derivatives produce the type-S framework (hbtt and hott) or a mixture of the
two (hmtt). The reason why hhtt exclusively forms the type-L framework is unknown, but
the relationship between the phase of crystal and corresponding ee is apparent. Moreover,
the result is consistent with the outcomes produced by the experiments with the various

modulators discussed in the previous section (4.2.1).

Although the two catalyst models agree with the experimental result to some extent, there is
a conflict between the two models. In the pore-C model, the optimised length of the hexyl
chain is the key to inducing higher enantioselectivity compared to the other alkyl chains. In
comparison, the type-L framework itself is the critical feature in the case of the pore-I model.
However, the pore-I model cannot clearly explain the disturbance caused by the hexyl chains
to the catalysis. Based on the single-crystal structure, the long hexyl chains point to the pore
centre, resulting in less room for the reaction components, thus hindering the desired

reaction occurring in the pore-I.

Therefore, another experiment was designed to determine the better model between the two.
If the two different phases, type-L and type-S, can be formed from hhtt, then we can easily
find the answer to the question by comparing the resulting ees from the two frameworks. In
other words, the type of framework is the critical factor for enhancing the enantioselectivity
if the type-L framework produces a higher ee. On the other hand, the hexyl chains of hhtt play

a critical role in inducing the enantioselectivity if the type-S framework results in high ee.

According to the previous experiment, the type-S framework tends to be formed at a lower
temperature while the type-L framework forms at a higher temperature. Hence, three

different catalysts, cat-t ([ZnOa4(hhtt):33(bpdc-gua)os(bdc-bnox(S))os]) (t = 75, 85 or 95),
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were prepared from the identical synthesis batches at three different temperatures of 75, 85
and 95 °C (Figure 4-1a). As a result, both type-L and type-S frameworks were obtained as
planned; the type-S framework was formed from the batch prepared at 75 °C while the type-
L framework was obtained from 85 and 95 °C (cat-75: type-S, cat-85 and -95: type-L). Then,
the Henry reaction of 2-chloro-5-nitrobenzaldehyde and nitromethane was catalysed by
each of the prepared catalysts under the same condition with approximately the same
amount of catalyst loading. The reaction mixtures after catalysis were analysed with HPLC,
and the resulting chromatograms exhibited two clear outcomes. The enantioselectivities
induced by those catalysts were increased as the synthesis temperature increased; -7.7,-16.8
and -20.4 % of ees were obtained from cat-75, cat-85 and cat-95, respectively. In addition,

the reaction rates caused by the three catalysts were apparently different. Based on the

COH
NH %0
I HO,C b
+ NTUNHy N cat-t (t = synthesis temperature)
O “~ph [Zn,O(hhtt); 33(bpdc-gua)o, s(bde-bnox(S)g s]
HO,C
COH 75°C —— type-S
2
85&95°C —— type-L
H,bpdc-gua H,bdc-bnox(S)

(b) ﬂ
cat-85 U
cat-95

Ao N type-S calc. J’J
N L. type-L calc.
L B L R B | —r T T T T T T T T
5 10 15 20 3 4 5 6
20 (°) 20 (%)
(C) o aldehyde
MeNO, ee (%) substrate
-1.7
[L J\-W.B/\ cat-85 (type-L)
A -20.4 cat-95 (type-L)
T T T T T T T T T T T T T T T T T T T T T T T T T
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Time (mins)

Figure 4-9. (a) A schematic diagram of catalyst syntheses at different temperatures; (b) the PXRD
patterns of the three catalysts synthesised at 75, 85 and 95 °C; (c) the HPLC chromatograms of the
Henry reaction products catalysed by those three catalysts, the corresponding ee for each reaction

was presented.
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consumption of the aldehyde substrate (the peak at 25 - 26 min), the catalyst performance
was also increased as their synthesis temperature increases. Therefore, it seems that the

pore-I model is highly likely the right catalysis model for the RAI catalyst.

The experimental result above also suggests a hint on how to improve the performance of
the catalyst. Both cat-85 and cat-95 are type-L according to the PXRD patterns. However,
cat-95 shows better performance with respect to both enantioselectivity and reaction rate.
PXRD is a simple yet powerful characterisation method to determine the crystal structure of
the bulk sample, butit has a limitation in this case. The problem with PXRD is that some weak
diffractions produced by a minor phase of crystals are overlooked as the peak intensity of the

PXRD patternis an average value diffracted from all individual crystals.

Therefore the difference in catalysis performance between cat-85 and cat-95 can be
elucidated as follows. Although it is not clear whether the type-S phase exists as separate
crystals in small numbers or grows together in a single crystal with the type-L framework as
a small portion, the catalyst prepared at 85 °C likely contains more of the type-S character
than the one prepared at 95 °C. Hence, the key to improving the RAI catalyst performance is

to synthesise the phase pure type-L catalyst.

4.3. Further tweaks to enhance enantioselectivity

The RAI catalyst has demonstrated its novel way of asymmetric induction, and the best ee
obtained was approximately 25 %. However, the ee was not consistent each time the
experiment was repeated and varied between around 15 % and 25 %, even though every
single step of the experimental procedures was carried out in the same way with the same
catalyst. However, an interesting trend was noted, which could give a clue about the reason

behind the non-consistent ee.

The catalytic activity of the RAI catalyst was usually well maintained after a few cycles of
reuse, so it was generally recycled a few times. Interestingly, it was noted that the ee was
gradually increased bit by bit each time the crystal is recycled in most of the cases. It is
considered that residual solvent molecules, DEF from synthesis or DMF from washing,
remain in the pore and function as a racemic catalyst, and they gradually washed out upon
each recycle. According to the previous experiment, it was observed these amide solvents,
DMF or DEF, quite actively catalyse the Henry reaction. Alternatively, it could be due to the

trace amounts of uncoordinated bpdc-gua ligands remainng in the pore.

Another exciting observation was also noted when pH in the reaction medium was adjusted

by adding some organic acids or bases, such as formic acid, acetic acid, or triethylamine. It
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was observed when a small amount of acid (1 % v/v) was added to the reaction mixture the
corresponding ee was increased by approximately 5 %. Moreover, no background catalytic
activity was observed with these acids. On the contrary, the organic base behaved as a very
efficient catalyst for the Henry reaction, and even the trace amount diluted the

enantioselectivity.

Based on the two observations above, a few different activation methods were examined,
such as using various washing solvents in different ways or applying acid treatment for the
catalyst activation process. According to a few washing tests for the catalyst activation,
acetone was chosen as the most efficient washing solvent. Thus, two different acid treatment

methods were tested combining with acetone wash.

First, three different catalyst samples were prepared by dividing the approximately equal
amount of crystals into each vial from one synthesis batch of [Zn.O(hhtt).ss(bpdc-

gua)os(bdc-bnox(S))os]. Then each sample was treated as described below.

# Washing Reaction mixture
Sample 1 regular washing’ normal
soaked in the mixture of acetic acid and acetone (5 % v/v)
Sample 2 . normal
for three hours before regular washing
. acetic acid was
Sample 3 regular washing

added (1 % v/v)
* Crystals were successively washed with acetone (x3) and dioxane (x3), and solvents were removed
using a glass capillary tube.

Sample 1 was prepared for a control experiment, and two different acid treatments were
tested with Sample 2 and 3. Sample 2 was treated with an acidic solution before catalysis,
whereas an acid was added to the reaction mixture for Sample 3. Then, the washing
processes were simultaneously conducted on all three samples after acid treatment for
Sample 2. The reactions were then carried out at the same time under the same condition.
The reaction mixtures were analysed with HPLC after two days, and the resulting
chromatograms (the green chromatogram, the top one for each sample) were presented in

Figure 4-10.

The results clearly showed that the acid-treated catalysts resulted in better
enantioselectivity compared to the control (Sample 1). Furthermore, no catalytic activity was
observed from acetic acid according to the control experiment (the chromatogram with a
black line in Figure 4-10). However, the reaction rate of Sample 2 was a lot slower than the
other two, and the areas underneath the product peaks were almost negligible. Therefore, the
ee produced by Sample 2 was not very reliable. Sample 2 was originally intended to be soaked

in the acid solution overnight, but it was removed from the acidic solution after three hours
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Figure 4-10. HPLC chromatograms for the reactions catalysed by three different catalysts which
treated in different ways and recycled three times. No catalytic activity of acetic acid was observed
(bottom black chromatogram).

since the crystal starts losing transparency. The slow reactivity of Sample 2 was probably

caused by some defect generated by the too harsh acidic condition.

However, interestingly, the reactivity of Sample 2 was revived when it was reused for the
next run. All three catalysts were recycled to examine whether the discrepancy among the
enantioselectivities of all three samples presented in the first run is maintained if the
catalysts were recycled. For the recycling experiment, the crystals were briefly rinsed with
acetone (x3) and dioxane (x3), and the usual reaction stock was used for all three catalysts.
The result shows (Figure 4-10) that the enantioselectivity of Sample 2 slightly dropped
compared to the first run, but it still shows the best enantioselectivity. Also, the difference in
eebetween Sample 1 and 3 presented in the first run was maintained almost the same for the
second run, indicating that the change applied to Sample 3 caused by acid treatment during
the first run was not diluted by washing. The catalysts were recycled two more times, and the
recycling experiment was stopped because it was noted that they were losing catalytic

activity (the product peaks get smaller in all cases).

The produced ees by all three samples over the four successive runs with the recycling
experiments were plotted in Figure 4-11. The ee from the first measurement with Sample 2
was omitted since the calculated ee was not reliable due to the low amount of the products.
The ees produced by Sample 1 and 3 increased gradually over the recycling experiments.

Based on the trend of ees produced by Sample 2 and 3, which were treated with acetic acid,
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Figure 4-11. The ees produced by Sample 1-3 over the recycling experiments were plotted. The ee
for the first run of Sample 2 was omitted due to its unreliable data caused by too slow catalysis.

the maximum ee to which the acid-treated catalyst can reach is regarded as approximately -
40 %. The ees generated from the recycled Sample 2 did not change much, ranging between
-38 and -40 %. Moreover, the ee produced by Sample 3 is drawing a plateau converging at

about -40 %.

According to the experiment above, the effect introduced by acid treatment and recycling the
catalysts boosted the enantioselectivity up to 40 %. The gradual increasing ee seems to be
caused by some washable racemic catalysts, such as DMF, DEF or uncoordinated bpdc-gua.
Figure 4-11 clearly demonstrates that the more crystal was recycled, the more such racemic
catalysts washed away. Hence, a few different washing protocols were tried to obtain a high

ee in the first run, but none of them has shown a promising result.

4.4. Conclusion

Through chapter 3 and 4, the novel concept of the asymmetric catalyst was introduced. Such
anovel concept was achievable because of the two multi-component platform, the type-L and
type-S frameworks. The type-S framework demonstrated its incredible potential as the
designable catalyst accommodating multiple functional groups in our previous works. In this
work, we discovered that the type-L framework could also provide a stable and sustainable
environment to be utilised in many ways. This brought the unused and forgotten framework
(type-L frameworks) a new life as an emerging catalyst platform. The Type-L framework not
only provides a larger space (pore-I) for catalytic reactions but also allows more than one

functional group of the same kind to cooperate in this space.
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The RAI catalyst presented in this chapter demonstrated catalytic activity and the
enantioselectivity for the Henry reaction of nitrobenzaldehyde derivatives and
nitromethane. However, it still requires much work to be improved. Obtaining the pure phase
framework from a particular linker combination and washing out undesired impurities that
work as a racemic catalyst from the catalysis pore are the most urgent targets to solve.
Despite all, the RAI catalyst suggested a novel way to transfer the desired chirality during the
catalysis. Also, it has much potential to be enhanced and eventually acknowledged as a new

branch of the asymmetric catalyst in the near future.
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4.5. Experimental section

4.5.1. X-ray crystallography

All cif files are available through the link provided below.

https://drive.google.com/drive/folders/ImEMRFRL3MESN60tzlje EWkIuLPOIArSg?usp=

sharing

4.5.1.1. SCXRD of cat-1s

Due to the moisture-sensitive guanidine unit, the crystal samples of cat-1s
([Zn4O(hhtt):33(bpdc-gua)os(bdc-bnox(S))os]) were quickly decomposed during data
collection. Hence, a crystal sample was captured in a sealed glass capillary tube with the
reaction mixture, as depicted in Figure 4-12 (various solvents were tested later for better
data). A decent quality of SCXRD data was collected, which is enough to see all the ligand
backbones in the type-L framework. However, all the guanidine and oxazolidinone moieties

could not be solved due to their disorders.

Figure 4-12. A crystal sample in a sealed capillary tube with the reaction medium.

4.5.1.2. [Zn4O(hhtt)133(bpdc)os(bdc)os] at different temperature

A single crystal sample of [ ZnsO(hhtt). 33(bpdc)os(bdc)os] was mounted on a nylon loop with
Fomblin® Qil. Three different sets of SCXRD data was successively measured with the same
crystal sample at 173,273 and 333 K. The resulting structures were depicted in Figure 3 22.
Although the shapes of the ellipsoids (C11, C12 and C13) became much larger at 333 K, the

chains still orthogonally diverging out from the plane of the truxene body.
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Figure 4-13. The asymmetric unit cell of [ZnsO(hhtt)133(bpdc)os(bdc)es] at three different
temperatures (173, 273 and 333 K).

Table 4-1. Summary of X-ray crystallography data collection and refinement details of the selected
single-crystal structures.

Identification code Brzhht cat-1s hhtt_173K hhtt_273K hhtt_333K
Empirical formula Ce3aHg7Brs CogH1210137Nn4 CagH122013ZNn4 CagH1220137n4 CogH1220137n4
Formula weight 1084.05 1780.43 1781.44 1781.44 1781.44
Temperature/K 286 293 173 273 333
Crystal system monoclinic cubic cubic cubic cubic
Space group P2,/c 1-43d Pm-3 Pm-3 Pm-3
a(A) 12.8931(13) 59.604(2) 29.8592(3) 29.8639(3) 29.8469(3)
b (A) 18.2277(17) 59.604(2) 29.8592(3) 29.8639(3) 29.8469(3)
c(A) 25.559(2) 59.604(2) 29.8592(3) 29.8639(3) 29.8469(3)
a(?) 90 90 90 90 90
B() 91.691(4) 90 90 90 90
v (°) 90 90 90 90 90
Volume (A%) 6004.1(10) 211748(23) 26621.6(8) 26634.2(8) 26588.7(8)
zZ 1 48 6 6 6
Peaicg (cm?) 1.199 0.67 0.667 0.666 0.668
p (mm™) 2.74 0.863 0.859 0.858 0.86
F(000) 2280 45072 5640 5640 5640
Crystal size (mm?) 0.5x05x0.3 05%x04x%x04 04x03x03 04x0.3x0.3 04x%x03x0.3
Radiation CuKa (A=1.54178) CuKa (A=1.54178) CuKa (A=1.54178) CuKa (A=1.54178) CuKa (A=1.54178)

20 range for data collection (°)

5.956 to 108.476

3.6310129.394

4.184 to 152.58

4.184 to 152.506

4.186 to 152.774

Resolution range for refinement 0.95 0.85 0.79 0.79 0.79
-13<h<13 -69<h<63 -33<h <30 33<h<31 24 <h <37
Index ranges -19<k<19 -53<k<36 37<ks24 -24<k<37 -27<k<35
2621226 -69<1<45 -3521<28 -28<21<35 -33<21<31
Reflections collected 68786 319038 66890 67509 67887
Tmin/Tmax 0.7521/0.6082 0.7525/0.3668 0.7540/0.6273 0.7540/0.6335 0.7540/0.6233
7335 29554 9797 9810 9804
Independent reflections Rint = 0.0656 Rint = 0.0837 Rint = 0.0500 Rint = 0.0464 Rint = 0.0482
Rsigma = 0.0451 Rsigma = 0.0432 Rsigma = 0.0295 Rsigma = 0.0305 Rsigma = 0.0308
Data/restraints/parameters 7335/421/919 29554/642/778 9797/12/235 9810/12/235 9804/12/231
Goodness-of-fit on F 1.346 1.023 1.43 1.406 1.444
Data completeness 1 0.99 1 1 1
. B Ry =0.0935 R;=0.0451 R; =0.0966 R1=0.1004 R1=0.1061
»=
Final R indexes [1>=20 (1)] WR; = 0.2974 WR; =0.1217 WR; = 0.2066 WR2 = 0.3036 WR2 = 0.3150
Final R ind (all data] R1=0.1082 R1=0.0540 R1=0.0977 R1=0.1021 R1=0.1086
inal K indexes (all data WR, = 0.3183 wRz = 0.1260 wR2 = 0.3086 WR, = 0.3066 WR; = 0.3193
Largest diff. peak/hole (e A®) 0.34/-0.61 0.31/-0.28 1.63/-1.81 1.76/-1.86 1.54/-1.81
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Chapter 5 Postsynthetic inter-ligand coupling reaction

5.1. Introduction

Asintroduced in Chapter 1 (section 1.1.5), postsynthetic modification (PSM) is an approach
to introduce a specific chemical or physical properties when it is not available through direct
synthesis[***/ PSM is a versatile and matured tool in MOF chemistry and is widely used when
the desired properties cannot be incorporated into the framework directly. Adding a specific
functionality using PSM is usually achieved by making a covalent bond between a guest
component and a MOF strut. In this chapter, new functionality will be introduced by PSM

reaction in an MC-MOF without adding any guest component.

In the type-S framework, the two linear linkers, bpdc and bdc derivatives, are precisely
located in the framework. They alternate along the three crystallographic axes: -bdc-bpdc-

bdc-bpdc- (Figure 5.1a). Our aim is to use a PSM reaction to make a covalent bond between

Postsynthetic
modification . + Q@ — 9

Figure 5-1. A schematic diagram of alternating bpdc and bdc which were equipped with functional
groups shown as blue and yellow balls in the type-S framework (top); and the new functional group
formed using the post-synthetic modification reaction (bottom).
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each bdc and bpdc linker once they are assembled into the framework (Figure 5.1b). For this
to be feasible, the two linkers must be equipped with chemical functional groups that can
react with one another. In this way, we can precisely introduce a new functionality at a
specific site in MOF using PSM reaction, even without using a guest component. This

highlights the utility of MC-MOF and the importance of the MOF scaffold.

In addition, another utility of the MOF scaffold will be demonstrated. If each linear linker is
equipped with two functional groups of the same kind, which diverge from the linker
backbone (as in Figure 5-1a), the alternating bpdc and bdc ligands will become linked into a
linear polymer (Figure 5-1b). The polymer chain theoretically can grow the size of MOF in
this way. On the contrary, synthesising a linear long polymer chain would be difficult if the
same polymerisation reaction occurs with free monomers in a solution. The polymer chain
has a higher chance to end up as a macrocycle molecule as the chain grows due to the two

mutually reactive functional groups on each end.

5.1.1. Azide-alkyne click reaction

The two functional groups installed on the linear linkers must meet a few conditions. First,
they should not interfere with the desired MOF synthesis. Second, their coupling reaction
must be triggered by an external stimulus. If it occurs spontaneously, the two linear ligands
could be crosslinked resulting in the formation of an unwanted polymer chain before the
MOF formation. Third, the external stimulus to trigger the crosslinking PSM reaction should
not harm the framework. For instance, if the PSM reaction requires strongly acidic or basic

conditions, the framework will decompose.

Azide and alkyne functional group pair is one of the promising candidates. These two
functional groups can be coupled, forming a triazole ring with a Cu(l) catalyst under mild
conditions, known as Huisgen [3+2] cycloaddition or simply as a 'click’ reaction.*#®] The
azide-alkyne cycloaddition reaction (hereafter referred to as click reaction) is a versatile tool
widely utilised and is proven safe and facile for the PSM reaction of MOF chemistry by many

other researchers.[147-152]

Alternatively, the azide-alkyne coupling reaction can be triggered by heating. Hema et al.
reported a crystalline material that is composed of a sugar molecule equipped with both azide
and alkyne. The two functional groups are close vicinity in a crystal lattice, and the
cycloaddition reaction was carried out when heating (90 °C) was applied to the crystal**3l,
Even a spontaneous azide-alkyne click reaction at room temperature was also reported with

similar crystalline material.***) However, in this specific case, the two functional groups are
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not just close to each other (3.2-3.7 A) but also arranged with a right reactive orientation in
the crystal lattice. Such heat-driven azide-alkyne click reaction is also well demonstrated in
MOF chemistry, which will be introduced in detail in the next section.**>) Therefore, heating
can be another option for triggering the azide-alkyne cyclisation reaction between the two

bpdc and bdc derivatives of the type-S framework.

5.1.2. Inter-ligand coupling reactions

PSM reactions that covalently link the ligands in a framework has been reported by
others.[*50:155-157] n these studies, the PSM crosslinking reactions were carried out in MOF's
built from just a single type of organic linker (the same ligand backbone with different
chemical pendant). The coupling reaction will occur between two adjacent linkers and result
inunpredictable outcomes. Forinstance, Richardson and coworkers reported a PSM reaction
in an IRMOF-9 type framework (Figure 5-2).[*°*J IRMOF-9 is an interpenetrated structure of
two identical frameworks of a cubic lattice composed of bpdc and Zn.O cluster
([Z2nsO(bpdc)s]). Due to the interpenetrated frameworks, the distance between the two bpdc
linkers of each framework is close (~4 A) enough to interact if they were equipped with
proper functional groups. They introduced a pair of bpdc derived linkers (A and B in Figure
5-2)into IRMOF-9, and the PSM reaction was triggered by heating to link two adjacent A and
B.However, both A and Bwere randomly distributed in the framework because they have the
same backbone. As a result, the target azide-alkyne cyclisation reaction is observable only if

A and B neighbour each other through the interpenetrated frameworks.

oy

A B

Figure 5-2. The heat-driven inter-linker PSM conducted in IRMOF-9 derived framework.

They also reported that the click reaction between A and B spontaneously occurred during
MOF synthesis. Although the proportion of thelinked A and B during MOF synthesis was low,
itmade us concerned since both azide and alkyne groups are presented in our MOF synthesis
as well. However, it seems that such in situ click reaction occurred after A and B were
integrated into the framework. It was because the same type of reaction was not observed if
the two functional groups are apart from each other in the crystal lattice.[*>?! The distance

between the two linkers used in our study (15 A) is much farther than that of A and B in
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IRMOF-9. Moreover, the chance that the two functional groups align in the reactive
orientation would be very low since the two functional groups were attached to the linker
backbones with long and flexible alkyl chains. Therefore, such in situ click reaction during

MOF synthesis would not occur in our system.

Another example of the crosslinking reaction in a MOF was reported by Sada's research
group in 2013.*%¢1In this work, three different MOFs were prepared using the organic linkers
bi-functionalised with two azide groups (Figure 5-3). The guest molecule equipped with
multiple diverging alkynes was then introduced to the frameworks, and the PSM reaction
was carried out with a Cu(l) catalyst to form a polymerised network. The resulting polymer
was sustained as a form of a gel even after etching the metal components. However, the
linkers in the resulting network would be inhomogeneously linked since there is no way to
regulate the reaction between the linker and guest. For instance, some azide groups can be

clicked with a separate individual guest molecule and remained unlinked.

Unlike the two examples above, a controlled inter-ligand click reaction between azide and
alkyne will be demonstrated in this chapter. The critical difference from the two examples
above is utilising a multi-component MOF. Each functional group will be attached to a
different linker, and each linker will be precisely located using a MOF scaffold. Therefore, the
inter-ligand click reaction will occur at an exact site with a designed direction in a crystal

lattice.

MOF synthesis PSM reaction with guest

N3
Zn(ll)
HO,C CO,H T e AZMBP
N3

Y/
~
4

~
X0 o OJr
/Jr’ ar
N5 o 0™y oy
Cu(ll) i
HO,C CO,H —  AzZKUMOF - Polymer gels
Cu(l) catalyst
Na

N3
Zr(IV)
HO,C CO,H —=  AzUIOMOF
N3

Figure 5-3. The schematic diagram of inter-ligand polymerisation with guest molecules
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5.2. Result and discussion

5.2.1. Ligand design

To achieve the PSM reaction between azide and alkyne functional groups in the type-S
framework, the two functional groups must be in close proximity. According to the crystal
structure, bpdc and bdc orthogonally facing each other across pore-C (those depicted in
Figure 5-1), and their distance is approximately 15 A (from the centroid to centroid). It
seemed that approximately 9-10 atom long-chain likely fit the space between the bpdc and
bdc backbones according to the 3D model. Therefore, the bpdc derived linker decorated with
two azide groups (L11%%7), and its complementary pair bdc derived linker (L.2) were designed
(Figure 5-4a). L2 was prepared with a simple coupling reaction between 2,5-dihydroxy
terephthalic acid and 1-chlorohex-5-yne. However, it turned out that the chain length was
slightly shorter than required, resulting in stress in the framework followed by a low degree
of polymer chains. Therefore, another bdc derivative, L3 equipped with a slightly longer

alkyne chain (octyne), replaced L2 later.

(a) . 15A

PSM

(b)

= O OH
0.
R MUF-50a
O [Zn;0(hmtt); 33(L1)p 5(L2)o 5]
(¢} OH ~§

HpL2

O 4
o]
I

N3

Hpmee  © b \k\ _ N0y, MUF-80b
[Zn,O(hmtt); 55(L1)o 5(L3)o 5]
H,L3

Figure 5-4. (a) The conceptual diagram of before and after the mter—ligand azide-alkyne click
reaction between the two linear ligands L1 and L2 in the type-S framework; (b) Two different sister
frameworks , MUF-80a and MUF-80b, were synthesised from hmtt, L1, zinc nitrate and respectively

L2 or L3.
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In this chapter, the two sister type-S frameworks, MUF-80a and MUF-80b, respectively
comprised L2 or L3 (Figure 5-4b), will be used to demonstrate inter-ligand crosslinking PSM
reaction. The majority of experiments were carried out using MUF-80a at first, but they were
repeated later using MUF-80b to obtain a higher degree of polymer chain by reducing the

stress applied to the framework after PSM reaction.

5.2.2. Post-synthetic modification reaction with MUF-80a

Click reaction in MOFs is generally monitored using two facile and straightforward
characterisation methods, IR and *H NMR spectroscopies. The intense and sharp peak at
2100 cm™ in the IR spectrum is the characteristic azide peak, so that reduction in azide peak
can evidence the completion of the click reaction. In addition, the terminal alkyne peak (C=C)
also appears at around 2100 cm™ with a lot weaker intensity. Thus, the peak around 2100
cm™is a good indicator showing the progress of azide-alkyne click reaction regardless of its
origin. *H NMR of a digested framework is also a suitable characterisation method, and it
enables us to determine qualitatively and quantitatively the progress of PSM reaction. The
reduction of the terminal alkyne proton peak at around 2.7-2.8 ppm and the new peak for the

azide proton around 7.7-8.0 ppm are usually used as good indicators in this work.

However, some side reactions, such as azide decomposition due to high temperature, can also
lead to a peak intensity reduction in the IR spectrum. Furthermore, using H NMR
spectroscopy to detect the aforementioned peaks (the triazole and alkyne protons) would
not be available either in this work because the peaks belonging to L1 and L2 would be
broadened after polymerisation due to the different degrees of the polymer chain. Such
broadened peaks are generally regarded as a good sign of polymerisation. However, partially
and unevenly decomposed ligands due to the harsh reaction condition can also cause such
broadened peaks in *H NMR spectroscopy. Hence, using these two techniques must be

proved as a valid characterisation method in this particular work.

For this reason, a control experiment was prepared to prove the validity of the two
characterisation methods. Two different type-S frameworks were prepared using either L1
or L2, and then the PSM click reaction was carried out with a guest molecule. In this way, any
change in L1 or L2 after PSM reaction with the guest will be identified by *H NMR. The
reliability of the IR spectrum is then established if both analyses were conducted in pairs for

the same samples.

Hence, the two frameworks, MUF-80a-1 ([ZnsO(hmtt)133(L1)os(bdc)os]) and MUF-80a-2

([ZnsOChmtt)133(bpdc)os(L2)os]) were synthesised using either L1 or L2, respectively
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Figure 5-5. (a) A schematic diagram of MUF-80a-1 and -2 syntheses; (b) the PSM click reactions
between the linkers in the frameworks and guest molecules.

(Figure 5-5a). The resulting crystals were confirmed as the desired frameworks (type-S)
based on PXRDs and *H NMR and IR spectroscopies. Then post-synthetic click reaction was
carried out with MUF-80a-1 and phenylacetylene or MUF-80a-2 and benzyl azide (Figure
5-5b) to produce MUF-80a-1c® and MUF-80a-2c, respectively. The click reaction was
conducted with microwave heating at 100 °C for 1.5 hours. Approximately 5 mg of crystal

sample was solvated in acetonitrile with an excess amount of guest molecule and catalyst.

b The framework after PSM reaction was denoted with the postfix c, indicating clicked or connected.
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Cul-P(OEt)s was selected as a catalyst due to its good solubility in organic solvents. After
completion of the reaction, MUF-80a-1c and MUF-80a-2c were then analysed using the

same analysis methods used for the pristine samples, and the results were compared to each

other.
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Figure 5-6. 'H NMR of the frameworks before and after the click reaction with the guest molecules
for the control experiment.

H NMR spectra (Figure 5-6, refer to Appendix C for detailed NMR spectroscopies) clearly
showed the added functional groups. The distinct change between MUF-80a-1 and MUF-
80a-1c is the chemical shift of the methylene (CHz). Due to the triazole formation resulting
from the click reaction, the peaks for the bridging methylene between the bpdc backbone and
azide were shifted from 4.3 ppm to 5.4 ppm.[*>°] The bridging methylene peak (at 5.6 ppm in
MUF-80a-2c) can also be used to evidence the newly added benzyl azide to MUF-80a2. Both
MUF-80al-c and MUF-80a2-c also shows the peaks (7.2-7.5 ppm) corresponding to the

added phenyl ring from phenylacetylene or benzyl azide, respectively. The sharp peak at
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around 7.9 ppm in both MUF-80a-1c and MUF-80a-2c¢ also indicates the triazole proton.

According to the PXRDs (Figure 5-7a), the crystallinity of the two samples remained the
same after the PSM reaction, indicating the reaction condition did not harm the crystalline
structure of the two frameworks. The PXRD patterns for each framework before and after
the click reaction are almost identical and match the calculated type-S PXRD pattern. The IR
spectrum (Figure 5-7b) was revealed only useful to monitor the azide peak appearing at
2100 cm™. Using the characteristic acetylene peaks (C=C at 2100 C=C—H at 3400 cm™) was
not valid (MUF-80a-2 vs MUF-80a-2¢) due to their weak intensities.

(a)

MUF-80a-1

MUF-80a-1c

MUF-80a-2

MUF-80a-2c

type-S calc.
T T I T T : . T T T T T I : T T T T . T T T T
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20 (°)
(b)
I 4
MUF-80a-1
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MUF-80a-1c
MUF-80a-2
MUF-80a2c ——
r '+~ rTr - 1T 1T~ 1 1
3500 3000 2500 2000 1500 1000
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Figure 5-7. (a) PXRD patterns and (b) IR spectrascopies of the frameworks before and after the click
reaction with the guest molecules for the control experiment.
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The control experiment successfully demonstrated that the desired reaction was carried out
within the type-S framework and the validity of the characterisation methods. Therefore,
inter-ligand azide-alkyne click reaction between the two linkers, L1 and L2, was carried out
as the next target. First, MUF-80a ([ZnsO(hmtt):33(L1)0s(L2)0s]) was synthesised from both
L1 and L2 together with hmtt and zinc nitrate (Figure 5-8a). The PXRD pattern shows that
every single peak coincident with those of the calculated type-S PXRD pattern, indicating
MUF-80a is an isoreticular type-S framework (Figure 5-8b). *"H NMR of the digested MUF-
80a crystal sample also confirms the presence of both L1 and L2 together with hmtt in MUF-
80a (Figure 5-8c¢).
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Figure 5-8. (a) A schematic diagram of MUF-80a synthesis; (b) PXRD patterns before and after the
click reaction with MUF-803; (c) *H NMR spectrum of the digested MUF-80a sample in DMSO-
d6/DCl mixture.
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Figure 5-9. The 2,5-functionalised bdc illustrates the rotational and positional disorders of the side
groups attached to the bdc backbone in a crystal lattice.

SCXRD data was also used whether the prominent change before and after click reaction is
observable in the crystal structures. However, using the crystal structure has a limitation due
to the low site occupancies of the atoms on the side chains. Figure 5-9 illustrates simplified
bdc molecules in a crystal lattice and the two different disorders. The rotational disorder is
caused by the rotational motion of the phenyl ring on bdc. The functionalised bdc molecule
prefers non-zero dihedral angles between the functional groups and carboxylates to
minimise the steric hindrance.[*37138] For this reason, the functionalised bdc linkers are

generally shown as the two possible geometries (al and a2 inFigure 5-9).

The positional disorder of the attached functional group(s) would be observed depending on
the number of functional groups of the same kind on a bdc molecule. The functional group
will be seen on all available sites regardless its number and positions due to the random
orientation of the linear linker backbone in the framework. For instance, the bdc molecule in
the example above was functionalised with two same pendants at 2 and 5 positions (b1).
However, the bdc backbone can be incorporated into the framework upside down, like b2.

Therefore, the functional group will appear at all four positions in bdc with a half probability.

In this particular example, the bdc linker has both rotational and positional disorder. As a
result, the carbon atoms on the phenyl ring and the functional groups will appear in several
different positions with low site occupancies. Each of four carbon atoms on bdc rings will
appear in two different positions with a half site occupancy due to the rotational disorder. On
the other hand, each functional group on the bdclinker will appear in four different sites with

one-fourth site occupancy because both rotational and positional disorder is applied.

To make matters worse, if the functional group itself, attached to the linker backbone, is

flexible, the individual atoms in such a functional group will be shown in multiple places in

131



Chapter 5. Postsynthetic inter-ligand coupling reaction

the crystal lattice with a much lower probability. For this reason, the crystal structures
presented in this study do not show the absolute structure, especially with respect to the

flexible chains.
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Figure 5-10. The crystal structures of (a) MUF-80a and (b) MUF-80ac are presented with one model
among four disordered ones. The bdc and bpdc backbones were coloured green and pink,
respectively.

The crystal structure of MUF-80a was solved from SCXRD data. Every single atom on the
flexible chains was successfully modelled, and the data converged to the model with good

statistics (Table 5-4).

The reaction condition used for the control experiments could not complete the
polymerisation, and it turned out a harsher condition was required for the inter-ligand click
reaction within MUF-80a. It can be elucidated that the probability of the valid collision
between azide and alkyne became lower due to the equimolar ratio of the two groups. In
contrast, the click reaction used in the control experiment was carried out with an excess
amount of guest molecules. Therefore the azide-alkyne click reaction in MUF-80a required a
higher temperature and a more extended reaction time to complete the PSM reaction (140 °C,

3 hours).

The completion of the reaction was determined using IR spectroscopy. However, the azide
peak reduction was also caused by thermal decomposition due to the harsh reaction
condition.*®®! For this reason, the same reaction was carried out with MUF-80a1l
([ZnsO(hmtt)133(L1)os(bdc)es]) as a control experiment. If MUF-80a-1 also loses the azide
peak, it will indicate the azide decomposition since there is no alkyne to react with azide in
MUF-80a-1. As indicated in Figure 5-11, the azide peak reduction was observed only with
MUF-80ac, and this explains that the azide group was consumed to form triazole rings with

its adjacent alkyne group.
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Figure 5-11. The IR spectra of MUF-80a, MUF-80a-1* and MUF-80ac. The azide peak disappeared
in MUF-80ac spectrum. MUF-80a-1* refers to the crystal sample after heating.
The SCXRD data was also collected with MUF-80ac. It was expected to see the chain
containing a triazole ring and linking 1.1 and L2 across pore-C. Since even the flexible chains
were visible in the crystal structure of MUF-80a, we thought that the comparatively immobile
linked chain could have more probability to be seen. However, only the oxygen atoms

attached directly to bdc was observable among the atoms in the chain (Figure 5-10b).

The *H HMR spectrum of MUF-80ac (Figure 5-12) was first regarded as the evidence of click
reaction between L1 and L2 because the peaks belonging to the linear linkers seemed
broadened, especially in the aromatic region. However, the peaks look like a cluster of spikes
rather than broadened smooth curves, and notably, the peak at 7.3 ppm belonging to bdc

remained still sharp.

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15
ppm

Figure 5-12. *H HMR spectrum of MUF-80ac.
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(a) MUF-80a

(b) MUF-80ac

Figure 5-13. SEM images of MUF-80a and MUF-80ac, before and after PSM reaction, respectively

A plausible reason for the strange results from the crystal structure and *H NMR was found
from the scanning electron microscopy (SEM) image of MUF-80ac. The two crystal images
in Figure 5-13 clearly contrast the physical change after the click reaction. The smooth
surface of MUF-80a turned like a dry turtle shell after the click reaction. This indicates that

the crystal underwent stress during the course of the click reaction.

The data from gas physisorption isotherm experiments are also coincident with the
morphology change of the two crystal samples. According to BET surface area calculation
based on N adsorption at 77 K, the surface area of MUF-80a (2900 m?-g ) reduced after the
click reaction (2430 m?g™). Since there was not much change regarding the cell contents
between MUF-80a and MUF-80ac, the surface area was expected to be comparable. The
pores in MUF-80a seems partially collapsed due to the stress during the click reaction, as the

morphology change in MUF-80ac crystals indicates.
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Figure 5-14. Two plots of N, physorption isotherm at 77K for before and after azide-alkyne click
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Furthermore, the adsorption and desorption curves of MUF-80ac are slightly different from
those of MUF-80a. This change seems related to the morphology change after the click
reaction. As shown in Figure 5-14, the N3 gas adsorptionisotherm at 77 K exhibits a stepwise
increase. The first steep rise at the beginning indicates the monolayer formation of the
absorbate molecule, while the second rise is associated with the multilayer formation of
absorbate in the mesopores. However, the slight rise in the adsorption curve at the very end
of the plateau and the hysteresis loop appears in the MUF-80ac plot. These are the
characteristic sorption profile of the capillary condensation in mesopores and often found
with aggregated crystals of zeolites, some mesoporous zeolites, or micro-mesoporous
carbons.[*®1 In this case, such capillary condensation occurs in the cracks of the MUF-80ac

crystals and indicates that the partial structural collapse happened to the bulk sample.

The experimental results suggest that the click reaction between L1 and L2 likely carried out.
However, the incomprehensible experimental results, like crystal structure and *H NMR, and
the morphology change after the click reaction imply something went wrong. Based on all
these results and observations, we have deduced that the chain linking L1 and L2 after the
click reaction is too short. Therefore, the stress over the crosslinked polymer accumulates as
the degree of polymerisation increases and eventually causes partial structural collapse. The
simulated 3D model was investigated in detail, and it was revealed that the bond lengths
between the atoms composing the chain were longer than the usual bond lengths, indicating

itis under stress (Figure 5-15).

Distance (A)
C1-01:1.518
01-C2:1.570
C2-C3:1.616
C3-(C4:1.684
C4-(C5:1.626
C5-C6: 1.647
C6—C7:1.332
C7-N1:1.491
N1-C8:1.571
C8-(C9:1.736

Figure 5-15. A simulated triazole containing alkyl chain by 3D modelling software after inter-ligand
cross-linking click reaction between the two ligands, L1 and L2. The position of L1 and L2
backbones are fixed at proper positions with a similar arrangement to the geometry in the crystal
lattice. The bond lengths between atoms composing the chain were longer than normal, indicating
the chain length is not long enough to fill the gap between L1 and L2.
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5.2.3. Post-synthetic modification reaction with MUF-80b
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Figure 5-16. (a) A schematic diagram of MUF-80b synthesis; (b) PXRD pattern and (c) crystal
structure of MUF-80b.
The new bdc derivative (L3) decorated with a longer alkyne chain was prepared to correct
the chain length problem presented with MUF-80ac. MUF-80b was then synthesised using
L1 and L3 (Figure 5-16a). The resulting crystal was characterised with the same methods
used for MUF-80a. According to the PXRD pattern, MUF-80b is an isoreticular type-S
framework. The crystal structure also supports that all the components were integrated into

the type-S framework. Therefore, the click reaction was carried out with MUF-80b.

Since all the reaction condition and analysing methods were previously established with
MUF-80a, they were applied straightly to MUF-80b. It was expected that the target click
reaction occurs relatively easily compared to MUF-80a because the alkyne chain is extended
further, resulting in a higher probability to have the desired reaction orientation. Therefore,
two additional azide-alkyne cyclisation reaction methods, which failed with MUF-80a
previously, were tested. Another well-known catalyst for azide-alkyne click reaction, CuBr,
was tested, and the solid-phase thermal coupling reaction between azide and alkyne was also
tested. The former reaction condition applied to MUF-80a was also slightly modified to a
milder condition to avoid damaging the crystal samples. Therefore, three different azide-

alkyne coupling reaction methods were tested in total.
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Figure 5-17. A schematic diagram showing three different ways to crosslink L1 and L3 with different
PSM reactions, exploiting catalysts or heating to trigger the azide-alkyne cyclisation reaction

The three PSM reactions were conducted as described below.

I. MUF-80b (approximately 40 mg) and Cul-P(OEt);s solution (1 mL, 140 mM in DMF) were
placed in 20 mL vial, and the vial was keptin an isothermal oven of 100 °C for three days. The
catalyst solution was refreshed after one day. After cool down, the crystals were washed with

DMF and CHCl; several times. The resulting crystal was denoted as MUF-80bc-1

I1. MUF-80b (approximately 34 mg) and saturated CuBr solution (1 mL in DMF) were placed
in a 20 mL vial, and the vial was kept in an isothermal oven of 100 °C for three days. The
catalyst solution was refreshed after one day. After cool down, the crystals were washed with

DMF and CHCl; several times. The resulting crystal was denoted as MUF-80bc-2

ITI. MUF-80b crystals (approximately 35 mg) was transferred to a gas adsorption sample cell,
and the sample was heated to 180 °C for 24 hours. The resulting crystal was denoted as MUF-
80bc-3

All three frameworks after the PSM reaction were then analysed with the same
characterisation methods, and their analyses results were compared with each other. IR
spectroscopy was first used to determine the completion of the reaction. The characteristic
azide peak that appeared at 2100 cm™ in MUF-80b disappeared in all three cases, indicating

the desired azide-alkyne click reaction occurred (Figure 5-18c).

The notable changes were observed in the colour of crystal samples (Figure 5-18a). Although
the colour of MUF-80bc-3 remained unchanged, the other two (MUF-80bc-1 and -2) changed
to greenish-yellow. The two crystal samples underwent a copper catalysed azide-alkyne click
reaction, so it seems that the colour change was probably caused by the transmetalation

between the copper ion and zinc ion in the framework.
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Figure 5-18. IR spectra of MUF-80b, bc-1, bc-2 and be-3. The azide peak at 2100 cm™ of MUF-80b
was disappeared after PSM click reaction in all three cases.

The PXRDs measurements for all three frameworks after the PSM reaction show the
crystallinity was well maintained (Figure 5-18b). Compared to the PXRD pattern of MUF-

80b, the shapes and intensities of every single peak remained almost identical.

The single-crystal structures of all three samples after the PSM click reaction were solved,
and the structure of MUF-80bc-3 is depicted in Figure 5-19 (the structure of the other two
frameworks are the same). The triazole containing alkyl chain linking bpdc and bdc

backbones was solved in all three frameworks after the PSM reaction. Although the
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crosslinked chain required more restraints to be properly modelled, the SCXRD data clearly
indicated electron density peaks between the two ligands. Moreover, the SCXRD data
converged to the single-crystal structure modelled with the triazole containing chain with

low statistical errors (section 5.4.3.1).

<l
N
©
D

Figure 5-19. The crystal structure of MUF-80bc-3. The triazole containing crosslinked alkyl chain
which connects L1 and L3 is properly solved.

(b) MUF-80bc-1

(c) MUF-80bc-2

Figure 5-20. SEM images of MUF-80b and its derivatives after PSM reaction; the scale bar is
equivalent to 200 um
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SEM images of all four samples were collected (Figure 5-20), and they contrast the
morphology change before and after the PSM reaction. The smooth crystal surface of MUF-
80b became rough in all three cases, and some cracks were noted. Although the MUF-80bc-2
crystal samples had deep cracks, all three crystal sample after the PSM reaction did not seem

to have much stress during the reaction compared to MUF-80ac.

H NMR spectra also show that the azide-alkyne click reaction was conducted in all three
samples. As depicted in Figure 5-21, *H NMR spectra of the four samples before and after the
PSM reaction were stacked (refer to Appendix C for the detailed spectra data). First, peak
shifts were noted after the reaction. The peaks around 4.2 ppm in the MUF-80b spectrum
corresponded to the bridging methylene that connects bpdc and azide group shifted to 5.3
ppm after forming the triazole ring. The aromatic peaks belong to bpdc shifted, too. The
newly produced peak at around 8.0 ppm, which corresponds to the triazole proton, indicates
the formation of the triazole ring after the azide-alkyne click reaction, though it is rarely seen
in the MUF-80bc-3 spectrum. The peak shifts of the long alkyl chains on L3 are also a
prominent feature after the reaction. Second, the sharp peaks belong to L1 and L3 in MUF-
80b became slightly broadened, while the peaks belong to hmtt remained still sharp.
Especially, the peaks for the long alkyl chains on L3 get broadened notably.

MUF-80b

A N
!L }
___utﬂl J[ J N A A UL_,J

| MUF 8002
S U\ P O B L

(\ |
,____JMJL‘L__L___J U | I ULJ

MUF-80bc-1

8.5

T T T T T T T T 1
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Figure 5-21. The stacked *H NMR spectra of MUF-80b and its derivatives after the PSM reaction for
an easier comparison. The multiplets appearing at 3.2 ppm were because of the contaminated
samples.
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Figure 5-22. TGA plots of MUF-b and its derivatives after PSM. The mass loss at around 200 °C due
to azide decomposition in MUF-80b is shown in the inset plot.

The thermogravimetric analysis (TGA) was also performed with all samples before and after
the PSM reaction, and the weight change vs temperature plot is presented in Figure 5-22.
According to the TGA plots, the thermal stability of the crystal samples which reacted with
copper catalysts was reduced significantly. The weight loss of MUF-80bc-1 and MUF-80bc-
2 begins at around 320 °C and 250 °C, respectively. On the other hand, Both MUF-80b and
MUF-80bc-3 are quite stable up to 350 °C. Notably, a small weight loss with MUF-80b
observed at around 200 °C in the inset graph, indicating the thermal decomposition of the

azide group, and this does not appear in the other three cases.

The gas adsorption and desorption isotherms for various gases were measured with the
crystal samples before and after the PSM reaction to identify any chemical or physical
changes. First, the surface area and total pore volume were calculated based on the Ny
adsorption isotherm measurements at 77 K, and the results were tabulated in Table 5-1. The
experimental data of MUF-80a and MUF-80ac were also tabulated together for comparison.
Both surface area and total pore volume of all MUF-80b series were slightly reduced

compared with MUF-80a, which corresponds with increased volume of the cell contents due

Table 5-1. BET surface areas and total pore volume of MUF-80a and MUF-80b before and after the
PSM azide-alkyne cyclisation reaction.

MUF-80a MUF-80ac MUF-80b MUF-80bc-1  MUF-80bc-2  MUF-80bc-3

Total pore volume
(ccg?)
BET surface area
(m*g?)

1.508 1.214 1.428 1.425 1.416 1.459

2900 2430 2720 2810 2760 2800
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to the elongated alkyne chain of L3. However, the azide-alkyne cyclisation reaction in MUF-
80b did not cause much change regarding both surface area and total pore volume, whereas
they both were significantly reduced in the cases of MUF-80a and MUF-80ac. These indicate
that the partial pore collapse, which presented in MUF-80ac, did not appear in MUF-80bc-1,

-2 and -3.
. - —— MUF-80b
0.10 i \ —— MUF-80bc-1
T \ —+— MUF-80bc-2
d o MUF-80bc-3

0.04
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Figure 5-23. Overlaid plots of pore volume distribution of MUF-80b and its derivatives for an easier
comparison after the PSM click reaction.

Pore Volume (cc/g)

Pore size distributions (PSD) for all the samples before and after the PSM reaction were also
calculated with a DFT method based on N; adsorption isotherm at 77 K data. The PSD data
are plotted using the symbol and line graph for better comparison instead of the conventional
column graph (Figure 5-23). The first peak around 8-11 A corresponds to the PSD of pore-C,
while the second peak around 15 A indicates the PSD of pore-A and pore-B. Regarding the
PSD of pore-A and pore-B, no notable difference was observed between all four samples. On
the other hand, the PSD of pore-C in MUF-80bc-1 and -3 got narrower and higher than that
of MUF-80b. The change indicates that the sizes of pore-Cs in these two frameworks became
more uniform over the entire frameworks. The flexible functional groups installed on L.1 and
L3 dynamically behave in MUF-80b. However, if these functional groups were tied together
after the reaction, they became relatively immobile. Therefore, the pore size variation caused
by the freely moving functional groups diminishes after they are tied together. Thus, based
on the PSD results, the desired reaction occurred more in MUF-80bc-1 and -3 than MUF-
80bc-2.

The Gaussian fits of the pore-C peak in the PSD plots for all four samples also agree with the

observation above (Table 5-2 and section 5.4.3.2.4). According to the statistical values from
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the Gaussian fits, the total pore volume and the average size of pore-C (the area underneath
and the centre of the Gaussian fit, respectively) did not change much after the PSM reaction.
However, the FWHMs (full width at half maximum) for MUF-80bc-1 and -3 notably
decreased, meaning that the size of pore-C of MUF-80bc-1 and -3 became uniform due to the
inter-ligand cross-linkage between L1 and L3.

Table 5-2. The calculated values for the average pore width and FWHM of the pore-C using

Gaussian fits.

MUF-80b MUF-80bc-1 MUF-80bc-2 MUF-80bc-3

Average pore width (A) 9.77 9.57 9.69 9.58

FWHM (A) 2.08 1.71 1.99 1.65

Theisosteric heats of adsorption (Qs) for various gases were also determined using the Virial
fits with the adsorption isotherm data measured at two different temperatures, 273 and 293
K.[%621 Q4 is the amount of heat released upon an adsorbate molecule being adsorbed to the
solid adsorbent surface and widely adopted to gauge the interaction between adsorbate-
adsorbent pair. The calculated Qs values of four different gases (CHa4, CO,, CoHs and CoHs)

with all four frameworks were tabulated in Table 5-3. The result shows that the Qs values for

Table 5-3. The isosteric heats of adsorption of CH4, CO,, C;Hs and CoHs at zero loading in kJ-mol ™.

MUF-80b MUF-80bc-1  MUF-80bc-2  MUF-80bc-3

CH, (ki-mol?) 2.40 7.51 4.33 8.33
CO, (kI-mol?) 15.19 16.97 16.19 15.78
C,H, (ki-molt) 16.19 18.40 18.98 17.43
C,Hg (kI-molt) 17.59 18.81 19.58 19.35

all adsorbate gases increased after the PSM click reaction. In other words, the affinities of the
framework toward these adsorbate molecules increased after triazole forming click reaction.
It was understood that the interactions between triazole and the adsorbates were stronger
than the azide-alkyne pair and adsorbates. In the case of methane, the Qg values increased

more than three times with MUF-80bc-1 and -3.
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5.3. Conclusion

In this chapter, the inter-ligand azide-alkyne coupling reaction was demonstrated post-
synthetically. The first attempt using L2 was not very satisfied due to the slightly short chain
length of L2. However, a satisfactory result was obtained once L3, which equipped a longer
functional group, replaced L2. The desired azide-alkyne click reaction was well performed in
two different ways, using a copper catalyst or heating. The various experimental results

indicate that the chemical and physical properties of MOFs were altered in both cases.

This work demonstrated introducing a new functionality using PSM reaction without any
guest molecules. Unlike the previously reported works, the desired reaction was carried out
in a regulated manner using an MC-MOF scaffold. In addition, a polymer chain consists of
alternating bpdc and bdc was produced as a product. This suggests that using MOF scaffold
can be a novel way of polymer synthesis, which are not achievable in a conventional solvent

assisted reaction.
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5.4. Experimental section

Syntheses, gas physorption and *H NMR data are presented in Appendix C.

5.4.1. General procedure

All starting materials and solvents were used as received from commercial sources without
further purification unless otherwise noted. HoL7 (2,5-bis(azidomethyl)terephthalic acid)

was prepared with the known procedure %]

Column chromatography was carried out on silica gel (grade 60, mesh size 230-400,

Scharlau).

NMR spectra were recorded at room temperature (unless otherwise noted) on Bruker-500
Avance instruments, with the use of the solvent proton as an internal standard, and the

collected data was processed with TopSpin software.

The IR spectroscopy data were collected using ThermoFisher Nicolet 5700 equipped with
Smart iTR™ Attenuated Total Reflectance (ATR) Sampling Accessory and processed with
OMNIC™ Specta Software.

All powder X-ray diffraction measurements were carried out on either Rigaku Spider or
Bruker D8 Venture. Rigaku Spider X-ray diffractometer is equipped with CuKa radiation
(Rigaku MMO0O7 microfocus rotating-anode generator), monochromated and focused with
high-flux Osmic multilayer mirror optics and a curved image plate detector. Bruker D8
Venture diffractometer is equipped with CuKa radiation with a diamond microfocus X-ray
source and a Photon III 28 detector. The samples were solvated with DMF prior to and during
measurements. The two-dimensional images of the Debye rings were integrated with 2DP or
Diffract Eva to give 20 vs I diffractograms. Predicted powder patterns were generated from

single-crystal structures using Mercury.

All single-crystal X-ray diffraction measurements were carried out on Bruker D8 Venture,
and the measurement temperature was controlled using Oxford Cryostream, if required.
Bruker APEX 3 was used to collect and process data, and the structure was solved and refined
using the Shelx package/°"*?°! under Olex2[*?%), The crystal samples were solvated in n-
octane and mounted on a nylon loop using Fomblin oil in most cases. Alternatively, if
moisture sensitive, a single crystal was completely sealed in a glass capillary during the

measurement.

Thermogravimetric analyses were performed on a TA Instruments Q50 instrument.
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5.4.2. Post-synthetic click reaction

MUF-80a-1c MUF-80a-1 (approximately 5 mg), phenylacetylene (4 pL,
approximately 10 eq.) and Cul-P(OEt)s solution (1 mL, 10 mM in acetonitrile) were placed in
10 mL microwave vial, and the vial was heated to 100 °C for 90 minutes with a microwave.
After cooling down to room temperature, the crystals were washed with acetone then CH,Cl;

several times and kept in fresh CH>Cly for further use.

MUF-80a-2c MUF-80a-2 (approximately 5 mg), benzylazide (4 mg, approximately
10 eq.) and Cul-P(OEt)s solution (1 mL, 10 mM in acetonitrile) were placed in 10 mL
microwave vial, and the vial was heated to 100 °C for 90 minutes with a microwave. After
cooling down to room temperature, the crytals were washed with acetone then CHxCl,

several times and kept in fresh CHCls for further use.

MUF-80ac MUPF-80a (approximately 5 mg) and Cul-P(OEt); solution (1 mL, 10 mM in
acetonitrile) were placed in 10 mL microwave vial, and the vial was heated to 140 °C for 3
hours with a microwave. After cooling down to room temperature, the crystals were washed

with acetone then CHCl; several times and kept in fresh CHCl for further use.

MUF-80bc-1 MUF-80b (approximately 40 mg) and Cul-P(OEt); solution (1 mL, 140
mM in DMF) were placed in 20 mL vial, and the vial was kept in an isothermal oven of 100 °C
for three days. The catalyst solution was refreshed after one day. The crystals were washed

with DMF with sonication then CH;Cl, several times and kept in fresh CH,Cl; for further use.

MUF-80bc-2 MUF-80b (approximately 34 mg) and saturated CuBr solution (1 mL
in DMF) were placed in 20 mL vial, and the vial was kept in an isothermal oven of 100 °C for
three days. The catalyst solution was refreshed after one day. The crystals were washed with

DMF with sonication then CH,Cl, several times and kept in fresh CH;Cly for further use.

MUF-80bc-3 Solvated MUF-80b crystals (approximately 35 mg) in hexane was
transferred to a gas adsorption sample cell. After removing the solvent by decantation, the
sample was heated to 180 °C for 24 hours. The resulting sample was directly used for gas
adsorption measurements. The crystals were washed with DMF with sonication then CHxCl,

several times and kept in fresh CHxCl; for further use.
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5.4.3. Analyses

5.4.3.1. SCXRD (Single-crystal X-ray diffraction)

All cif files are available through the link provided below.

https://drive.soogle.com/drive/folders/ImEMRFRL3MESN60tzljeEWkIuLPOIArSg?usp=

sharing

Table 5-4. Summary of X-ray crystallography data collection and refinement details of MUF-80a, ac,
b, bc-1, bc-2 and bc-3

Identification code MUF-80a MUF-80ac MUF-80b MUF-80bc-1 MUF-80bc-2 MUF-80bc-3
Empirical formula CesHs1N30147Ng CsgHapO0147Ng CegHssN3Q1aZNn4a CegHssN30147Ng CegHssN30147n4 CegHssNz01a7n4
Formula weight 1371.58 1234.39 1399.63 1399.63 1399.63 1399.63
Temperature (K) 110 110 294 280 123 123
Crystal system cubic cubic cubic cubic cubic cubic
Space group Pm-3 Pm-3 Pm-3 Pm-3 Pm-3 Pm-3
a=b=c (A) 30.0100(3) 29.9819(5) 29.8804(3) 29.8509(3) 29.935(3) 29.9568(3)
a=P=y () 90 90 90 90 90 90
Volume (A%) 27027.0(8) 26951.2(13) 26678.4(8) 26599.4(8) 26826(8) 26883.5(8)
z 6 6 6 6 6 6
Pcaicg (cm?) 0.506 0.456 0.523 0.524 0.52 0.519
i (mm™) 0.797 0.774 0.812 0.814 0.807 0.805
F{000) 4200 3756 4296 4296 4296 4296
Crystal size (mms) 0.5%x0.5%x0.4 05x05%x0.4 0.4%x04x%x0.2 03%x03x0.2 05x05x%0.3 03x03x%x02
Radiation CuKa (A= 1.54178) CuKaot (A =1.54178) CuKa (A=1.54178) CuKa (A=1.54178) CuKa (A=1.54184) CuKa (A =1.54178)
20 range

. 4.164to 144.032 13.206to 124.712 4.182 to 152.248 5.1281t0152.71 5.114 to 153.226 5.11 to 152.046
for data collection (°)

Resolution range

o 0.81 to =0 0.87 to 8.0 0.79 to =0 0.79to =0 0.79to 0.79 to v
for refinement (A)
-19=sh<36 -34shs<23 -37sh<33 -22shs27 32sh=37 37shs26
Index ranges -36<sk=36 -26sk=s31 30sks27 -33sk=37 -27<ks30 -15sk<35
-25<1=22 26132 -31<1=<36 -35<1=25 37<1<22 -27<1=37
Reflections collected 66646 60717 166119 96116 74687 124896
Tmin/Tmax 0.576/1.000 0.511/1.000 0.663/0.754 0.634/0.754 0.593/0.754 0.667/0.754
9377 7603 9782 9789 9883 9878
Independent reflections Rint = 0.0588 Rint = 0.0718 Rint = 0.0279 Rint = 0.0373 Rint = 0.0355 Rint = 0.0286
Rsigma = 0.0486 Rsigma = 0.0519] Rsigma = 0.0123 Rsigma = 0.0174 Rsigma = 0.0255 Rsigma = 0.0150
Data/restraints/parameters  9377/41/303 7603/7/213 9782/25/249 9789/36/249 9883/36/249 9872/36/249
Goodness-of-fit on 2 1.151 1.135 1.147 1.13 1.051 1.079
Data completeness 0.994 0.997 0.991 0.992 0.989 0.991
Final R indexes R1=0.0524 R1=0.0533 Ri=0.0600 R1=0.0575 R1=10.0509 Ri=0.0468
[I>=20 (1)] wRz =0.1360 wR2=0.1654 wRz=0.1897 wR2=0.1877 wRz=0.1538 wR2=0.1472
Final R indexes R, =0.0818 Ry =0.0652 R1=0.0639 Rq1=0.0657 Ri=0.0584 Ri=0.0499
[all data] wR2 =0.1629 wR; =0.1739 wR; = 0.1955 wR2 = 0.1968 wR2 = 0.1605 wRz =0.1507
Largest diff, 0.42/-0.60 0.46/-0.41 0.64/-0.68 0.47/-0.37 0.49/-0.57 0.77/-0.56

peak/hole (e A7)
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5.4.3.2. Gas adsorption

The crystal samples were rinsed with CHzCl, and n-hexane several times, and the samples

were transferred to the sample cell with n-hexane. After removing n-hexane by decantation,

the sample was activated at 80 °C under vacuum for 20 hours.

Only selected data were presented as examples. Please see Appendix C for the full data

collection.

5.4.3.2.1. N; adsorption at 77 K data and BET plots
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Figure 5-24. N, adsorption isotherm at 77 K and BET surface area plots for MUF-80a.
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5.4.3.2.2. Physisorption of various gases at 273 and 293 K
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Figure 5-25. Gas adsorption and desorption isotherms of MUF-80a at 273 K.
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Figure 5-26. N,, CH4, CO,, C;Hs4 and C,He adsorption and desorption isotherms at 293 K of MUF-80a.
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5.4.3.2.3. Isosteric heat of adsorption (Qs) calculations!*®¥

N3, CHy, CO3, C2Ha, and C2Hg adsorption isotherms at two different temperatures (273 K and
293 K) were used to calculate isosteric heat of adsorption®. In each case, the data were fitted

by using the Virial equation.

1 m n
InP = InN + ;Z aN' + Z b,N
i=0 i=0

where P is the pressure expressed in torr, N is the amount adsorbed in cm?®/g, T is the
temperature in K, a;and bi are virial coefficients, and m and n represent the number of
coefficients required to adequately describe the isotherms (m = 1, n = O were used since more
coefficients didn't improve overall fit). Then the fitted parameters ap to am from the virial

equation are used in the following equation:

m
Q= —R) aN!
i=0

Please, refer to Appendix C to see the individual plot of uptake vs InP and Virial fitting.

MUF-80a, heats of adsorption of all gases
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Figure 5-27. Isosteric heats of adsorption for MUF-80a plotted as a function of uptake.

¢ The Qs calculation for N, was not included in some cases, since Nz adsorption data did not fit well the
Virial fitting.
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5.4.3.2.4. Pore size distributions

The pore size distribution was calculated by Quantachrome VersaWin software based on N,

physisorptionisotherms data at 77 Kusing DFT method withamodel of 'N; at 77 K on carbon

(slit/cylindr./sphere pores, QSDFT adsorption branch)'.

0.12 __ MUF-80b Model Gaussian
A . . . ¥ = y0 + Al(w*sqrt(pi/(4In(2))))
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Figure 5-28. Pore volume distribution plot of MUF-80b and the Gaussian fit for pore-C
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Chapter 6 Sequence-specific polymerisation using a MOF scaffold

6.1. Introduction

In Chapter 5, the inter-ligand crosslinking PSM reactions were demonstrated with the type-
S framework. As a result, polymer chains consisting of alternating bpdc and bdc units were
produced. However, the polymer chain produced by the PSM reaction could, in principle, be
directly synthesised without the aid of the framework scaffold. This is because the bpdc and
bdc units have mutually reactive functional groups, so each linker can only react with its
partner and not another copy of itself. For instance, in MUF-80b, the two linkers (L1 and L.3)
are decorated with azide and alkyne functional groups, respectively. Therefore they can be
polymerised to form sequence-specific -ABAB- type polymer chains if the triazole forming
click reaction carried out with these two free ligands (Figure 6-1a). In this case, the main
advantage of using the MOF scaffold is to control the length of the polymer chain by the linear
allocation of monomers. The framework prevents the formation of macrocyclic rings by the

coupling reaction.

On the other hand, if two monomers are functionalised with the same chemical group that
can be covalently linked by a homo-coupling reaction, the sequence of the two monomers in
the resulting polymer chain would be random (Figure 6-1b). In this case, the MOF scaffold
ensures that the polymer chain has a specific sequence. Bpdc and bdc alternate along the

three crystallographic axes in the type-S framework, and a pair of bpdc and a pair of bdc

(a) + —_— o Hetero-coupling reaction

IR X

(b) O + O — O Homo-coupling reaction

O~__0OH
o
0

Q7 "OH

Figure 6-1. A schematic diagram of polymerisation with (a) hetero-coupling or (b) homo-coupling.
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{(a) type-S
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Figure 6-2. A schematic diagram showing the arrangement of the two linear linkers, bpdc and bdc,
(a) bpdc and bdc alternate; (b) each pair of bdc and bpdc alternate.

alternates in the type-L framework (Figure 6-2). Therefore, -ABAB- or -AABBAARB- type
polymer chains, which cannot be synthesised in a homogeneous reaction with free

monomers, can be produced using either the type-S or type-L framework as a scaffold.

Similarly, a guest-mediated polymerisation can take advantage of using MOF scaffold to
produce sequence-specific polymers. If two different monomers were equipped with the
same functional groups and were indirectly linked using a guest molecule, the sequence of
the two monomers would be random in resulting polymers. However, sequence-specific

polymers can be obtained if they were precisely arranged in a MOF scaffold (Figure 6-3)

O + O —_— O Hetero-coupling reaction

Figure 6-3. The concept of synthesising the sequence-specific polymer using a guest molecule to
link the bpdc and bdc derivatives equipped with the same functional group.

6.2. Result and discussion

6.2.1. Ligand and experiment design

Since the polymerisation is post-synthetically achieved in a framework, the polymerisation
reaction must not spontaneously occur during MOF synthesis. The functional groups should

not inhibit MOF formation, either. In that sense, three different chemical functional groups

153



Chapter 6. Sequence-specific polymerisation using a MOF scaffold

Zn Zn

_ Zn Zn ]

i

0Oz..20
PSM f(\v
. N=N

[eio)

[

Zn Zn

— —n

\?L

Figure 6-4. A few examples of coupling reactions between the bpdc and bdc derivatives equipped
with the same functional group in the type-S framework using (a) alkene metathesis reaction, (b)
alkyne-alkyne Glaser coupling or (c) guest mediated azide-alkyne click reaction.
were chosen. The first two cases in Figure 6-4 utilise the direct homo-coupling reactions.
Both linear linkers, bpdc and bdc, are equipped with the same functional group, either alkene
(Figure 6-4a) or alkyne (Figure 6-4b). Once they are incorporated into a framework, they will
be covalently linked by postsynthetic modification reaction using external stimuli, such as
catalyst or heat. In contrast, the third one uses a different approach to polymerise two
monomers. Although both bpdc and bdc are also functionalised with the same group (azide),
they will be indirectly linked using a hetero-coupling reaction with a guest molecule. In this
case, the guest component possesses two terminal alkynes and will bridge the two linear

linkers exploiting the postsynthetic azide-alkyne click reaction.

In either case, whether the guest componentis involved, a random sequence of polymer chain
would be formed if conventional polymerisation methods were used. Therefore, these three
candidates could successfully demonstrate the novel way of the sequence-specific polymer

synthesis using MOF scaffold.
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6.2.1.1. Alkene-alkene coupling reactions

Alkene (or olefin) is one of the best candidates for the homocoupling reaction because its
chemistry for bridging two components has long been recognised and well established with
thousands of applications and various reaction mechanisms.[*5>%7) The two terminal
alkenes can be coupled using alkene metathesis,*%8] dimerisation!*®®) or [2+2] cycloaddition
reaction (Figure 6-5).77%1 These reactions are often triggered by external stimuli like
catalysts or light, making olefins a candidate for the PSM homocoupling reaction in MOF's.

Olefin metathesis R + r™ T R\/\R + R R

R
Olefin dimerisation XY T — H + /I\/\ + R/\/\/R
cat R R R

[2+2] alkene-alkene ):L
cycoladdition R/\ ’ R/\ F ® "o R R

Figure 6-5. A few examples of olefin homo-coupling reactions.

First, the two organic ligands, L4 and L5, were prepared using the reaction between 2,5-
dihydroxy terephthalic acid or 2,2'-dihydroxy-[1,1'-biphenyl]-4,4'-dicarboxylic acid and 1-
bromopent-4-ene (Figure 6-6). Then they were used for MOF synthesis together with hmtt
and zinc nitrate. According to the PXRD (Figure 6-7a), the resulting framework was
determined as an isostructural type-S framework, and it is denoted as MUF-80c
([ZnsOChmtt)133(L4)os(L5)os]). The crystal structure clearly shows the two pentene units
attached to the bdc backbone (depicted in green) and bpdc backbone (depicted in pink)
(Figure 6-7b). The sharp multiplets (5.5 — 6 ppm ) belonging to the terminal alkene in the 'H
NMR spectrum of the digested MUF-80c evidences that the terminal alkenes remained intact
after MOF formation. (Figure 6-9).

o}
0]
HO OM o
HO R
Oy OH O H
P P [N 0
™ OH
9 oL S o Wl I
OH

HO.
H.la  © o HoL5

OH

% OOH% 0

0

\/\/\\

O SN N o O
T =

[ \\/\/\ OH

\\/\/\o OH o

HoL8 o H,L2

Figure 6-6. A schematic diagram of ligands syntheses for the postsynthetic polymerisation utilising
homo-coupling reaction.
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Figure 6-7. (a) PXRD pattern of MUF-80c, MUF-80cc and the calculated type-S framework (the
characteristic peaks were filled with red); (b) crystal structure of MUF-80c, pentene chains were
modelled with the ball-and-stick model.

Since olefin coupling can be performed using a few different chemical reactions, all the
available methods were tested. First, olefin metathesis exploiting Grubbs 2 generation
catalyst (G2C, Figure 6-8) was tested. G2C is a very efficient and versatile catalyst for olefin
metathesis due to its tolerance against many chemical functional groups on the alkene
substrate and compatibility with a wide range of solvents.[*7*173] Therefore, many inter- and
intramolecular alkene metathesis reactions using G2C are well developed. As shown in
Figure 6-5,both trans and cis isomers are produced as a product of metathesis reaction using
ruthenium catalysts.[*7417°l However, investigating stereochemistry between trans and cis is
not our interest since our goal is synthesising a high degree of polymers comprised the two

linear linkers.

Before G2C was directly applied for the postsynthetic inter-ligand

olefin metathesis in MUF-80c, a test reaction was performed with ﬁ T \ﬁ\

styrene to examine the catalytic activity of G2C and establish

suitable reaction conditions. The metathesis reaction with styrene P

was carried out at ambient temperature with less than 1 % of O/é\O

catalyst. The reaction mixture solidified within one hour, and *H

Figure 6-8. Grubbs 2"

generation catalyst
Subsequently, the reaction was carried out on MUF-80c itself to (G20).

NMR confirmed that the metathesis was nearly complete.

connect the bdc and bpdc ligands by metathesis. An increased

amount of G2C (approximately 80 % of the catalyst with respect to the number of alkene
groups in the MUF-80c sample) was used for three days at room temperature. However, no
reaction was observed according to the *H NMR spectrum of the digested MOF sample (the

peaks belonging to the terminal alkenes were still sharp).
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It was thought that the bulky G2C struggled to diffuse through the pores in the type-S
framework. Therefore, harsher reaction conditions were applied to increase the performance
of G2C for the alkene metathesis reaction with MUF-80c. A microwave was used to carry out
the metathesis reaction if heating is required since it is facile for a small scale reaction (1-2
mg of MUF-80c). Notable reaction progress was observed according to *H NMR spectra of
the digested MUF-80c and MUF-80cc? (Figure 6-9). The alkene metathesis reaction was
partially carried out after heating at 80 °C for 18 hours. The most prominent change appears
with the peaks belonging to the CH group (5.5 -6 ppm ) and CH; (4.8 — 5 ppm) of the terminal
alkenes. The intensity of those peaks was reduced to half, and the new peaks were produced
at 5 - 5.5 ppm. Moreover, the peaks were slightly broadened, and new peaks were generated
at both aromatic and aliphatic regions. This indicates that the metathesis reaction partially
occurred with MUF-80c, and approximately a half number of alkenes were reacted based on

the peak integrals of the remaining unchanged peaks.

MUF-80c

N

MUF-80cc

L J_Jl_# MMJLUU\‘ }1 PR l\_rl)\_/w) "@W

1
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 ppm

Figure 6-9. *H NMR spectra of MUF-80c and MUF-80cc.

However, the alkene metathesis reaction within MUF-80c did not further progress to
completion even though harsh reaction conditions were applied. The reason why the reaction
progress stops at a certain point is considered as follows. The alkene metathesis reaction is
supposed to begin in the outmost crystal lattice as the G2C diffuse slow from outside due to
its large size. However, the metathesis reaction rate would be slowed down as the reaction
progresses. After the metathesis reaction, the linked chain will slow down the working
catalyst molecules diffusing through the pores since the pore-Cis divided by the linked chain.
Or, catalyst units could be locked in the pores in the worst case. Furthermore, significantly

more alkyl chains are produced by the coupling reactions, the barrier for a fresh catalyst to

4 The suffix c was used to refer to the crystal samples after click reaction indicating 'clicked' or
‘connected’ in chapter 5. However, the same notation is used here to refer the crystal samples after
polymerisation reaction as a meaning of 'connected', instead of introducing a new notation.
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enter the MUF-80c crystal increases, and the reaction rate will drop.

Although the alkene metathesis reaction using G2C has a limit due to its size, positive
outcomes were observed. Hence, other alternative reaction mechanisms using a smaller
catalyst or no catalyst were sought for the alkene homo-coupling reaction. Quite a few
reactions were tested after literature research, but none of them was successful. For instance,
W(CO)s, another reported catalyst for the olefin metathesis under UV radiation in CCls,*7®
177 zirconocene with MAO (methylalumoxane) for the olefin dimerisation reaction,*"827 or
[2+2] cyclisation reaction using UV radiation or heating were tested [*®Y] However, none of
them exhibited any sign of progress in the coupling reaction, so this approach was

abandoned.

6.2.1.2. Alkyne-alkyne coupling reactions

The homo-coupling reaction of the two terminal alkynes to form a dialkyne, known as a
Glaser coupling reaction, has long been recognised and extensively used.[*87183] The slightly
modified versions of this reaction were also well known as the Eglinton reaction or Hay
coupling reactions.*®4] These alkyne-alkyne coupling reactions utilise copper catalysts with
oxidants (usually O, gas) if necessary, and the reaction conditions are relatively mild.
Therefore, they are suitable for the postsynthetic polymerisation reaction within MUF-77

frameworks.

Bdc derivatives with terminal alkynes (L2 and L3) were already introduced and used in
Chapter 5, so only the bpdc derivative with terminal alkyne needed to be synthesised. Hence,

H,L6 in Figure 6-4b was prepared by the coupling reaction of 2,2'-dihydroxy-[ 1,1"-biphenyl]-

Figure 6-10. The crystal structure of MUF-80d. The hexyne chains, which are attached to bdc
backbone (green) and bpdc backbone (pink), are clearly shown.
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4,4'-dicarboxylic acid and 1-chlorohexa-5-yne (Figure 6-6). H;L6 successfully formed a
prismatic crystal together with L2, hmtt and zinc nitrate. The resulting framework, MUF-80d
([ZnsOthmtt)133(L6)os(Li2)as]), was determined as an isostructural type-S framework with
PXRD (Figure 6-11b) and the presence of L2 and L6 in the framework were confirmed with
'HNMR (Figure 6-12a). The long alkyl chains decorated with the terminal alkyne on both L2
and L6 were also shown in the single-crystal structure. Some atoms on the alkyl chains were
modelled with the ball and stick model since they have a huge degree of freedom, and a few

restraints were also applied due to their flexibility and positional disorders (Figure 6-10).

Once the structural integrity of MUF-80d was confirmed with the presence of both L2 and
L6, suitable alkyne-alkyne homo-coupling reaction conditions were searched. Since the long
history and extensive study of Glaser coupling, there are a wide variety of modified reaction
conditions.*®3] However, the postsynthetic alkyne-alkyne coupling reaction needs to occur
between two immobile alkyne chains in a constricted space of the type-S framework.
Therefore, the catalyst needs to be soluble in the reaction medium (non-aqueous) and small
enough to diffuse freely through the framework. For this reason, we decided to use a copper
complex composed of Cu(l) salt and N-donor ligands. This type of reaction is well
acknowledged as Glaser-Hay coupling, and TMEDA (N,N,N' N-tetramethyethylenediamine)
is the most widely used ligand for a copper catalyst preparation.*8>-18%] Based on the test

reaction with phenylacetylene, the results were nearly the same when TMEDA or DMEDA

(a) MUF-80d

(d) — MUF-80d
—— MUF-80dc-c
§ ——— MUF-80dc-t
N — type-S calc.

26 (°)

Figure 6-11. (a-c) The optical microscopy images of MUF-80d and its derivatives; (d) PXRD patterns
of MUF-80d and derivatives after polymerisation reaction. The charateristic peaks of type-S
framework were filled with red.
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(N,N-dimethylethylenediamine) was used, so DMEDA was used for the rest of the reactions

due to its smaller size.

A test reaction with phenylacetylene was conducted homogeneously under mild conditions
(in acetone with 5 mol % catalyst at room temperature), and more than 90 % of starting
material was consumed to form a dimer within five hours (section 6.4.2.2). However, nothing
happened when the same conditions were applied to MUF-80d, even with a higher catalyst
loading and extended reaction time (3 days). Hence, various modified reaction conditions
were tested for the postsynthetic alkyne homocoupling reaction in MUF-80d, and one of the

reactions conducted with microwave showed some positive sign of polymerisation.

The reaction was carried out in DEF to reach a higher temperature, and O, gas was bubbled
through before the microwave vessel was capped, and the reaction mixture was heated to
150 °C for 3 hours with a microwave. The crystal after alkyne-alkyne coupling reaction using
catalyst was denoted as MUF-80dc-c. The sharp peaks in the PXRD patterns of the MUF-
80dc-c bulk sample indicate the crystallinity was well maintained even after the reaction
under harsh condition (Figure 6-11b). However, the colourless crystal turned into intense
green, indicating transmetalation occurred within the framework. That is, the zinc(II) ions of

the framework were replaced by copper(Il) (Figure 6-11a).

The *H NMR spectrum collected with the digested MUF-80dc-c clearly showed a positive sign
of polymerisation (Figure 6-12b). Since different NMR solvent used for the MUF-80dc-c

(a) . / ‘
- MJ Lm B D TNV

(b)
MUF-80dc-c

|
N L.*J’k__)ul\_ L_,_J !\u‘__JwAJMM WL

(©) |
MUF-80dc-t )

U ‘ . ‘ . & ‘ . ‘ - JJILLAJ“LLJTJJMI

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2,0 1.5 1.0 ppm

Figure 6-12. 'H NMR spectra of (a) MUF-80d, (b)MUF-80dc-c, after Glaser coupling reaction and (c)
MUF-80dc-t, coupled by heating. The NMR samples were prepared by dissolving crystals in either
DMSO-d6/DCl mixture (for a and c¢) or NaOD/D,0 mixture (for b).
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sample, the direct comparison between MUF-80d (Figure 6-12a) and MUF-80dc-c is not
available. The peaks belonging to L2 and L6 became broadened while the peaks belonging to
hmtt still remained sharp. This indicates that the desired coupling reaction between L2 and
L6 occurred and produced a different degree of polymer chains which caused the peak
broadening. However, some portions of sharp peaks still remain, which indicate the alkyne-
alkyne coupling reaction was not fully carried out in all available sites. Thus, the harsher
reaction conditions were applied by adjusting catalyst loading, temperature, or duration of
the reaction, but not much improvement was achieved. On the other hand, the peaks
belongingto L2 and L6 were broadened more in a few cases, but the crystals turned to opaque,

and the crystallinity was lost in such cases.

Meanwhile, an alternative alkyne-alkyne coupling reaction method was tested. According to
Peng et al, intramolecular [2+2] thermal cycloaddition reaction was carried out between the
two alkyne groups in proximity, resulting in cyclobutadiene*8?) Although the product
containing cyclobutadiene could not be isolated due toits unstable and highly reactive nature,
its presence was proved by a trapping experiment with cyclopentadiene derivatives to
produce a Diels-Alder adduct (Figure 6-13). The key to the alkyne-alkyne [2+2] thermal

cycloaddition is the close proximity with a reactive conformation between the two alkynes.

R =H or COs;Me

Figure 6-13. A schematic diagram of intramolecular alkyne-alkyne [2+2] cycloaddition; the
formation of cyclobutadiene species was proved with a trapping experiment with cyclopentadiene
derivatives to give rise to the Diels-Alder adduct.

Considering the distance between the two linear linkers (L2 and L6) in MUF-80d and the
length of alkyne chains on them, such a reactive orientation seems feasible in MUF-80d. The
crystal structure of MUF-80d also shows that the two alkynes can be in proximity (Figure
6-10). Furthermore, the thermal stability of the framework was well maintained up to almost
400 °C according to TGA analysis (Figure 6-14). Therefore, a milligram-scale thermal
coupling reaction was carried out with MUF-80d using the TGA apparatus. Due to the
instability of desolvated MUF-80d crystal, a solvated crystal sample in n-hexane was directly

heated to a target temperature under N3 flow and held at the temperature for a while. After
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Figure 6-14. TGA analyses of MUF-80d and MUF-80dc-t after the alkyne-alkyne [2+2] thermal
cycloaddition reaction.

heating, the crystal sample was then digested in the NMR solvent, and the polymerisation
reaction progress was determined using the peak shapes and positions in the *H NMR
spectrum. After a few test reactions, peak broadening was observed when the crystal was
heated to 300 °C for 3 hours (Figure 6-12c); the crystal after the thermal coupling reaction
was denoted as MUF-80dc-t. The PXRD indicated that the crystallinity remained intact,

though the colour of the crystal changed to intense orange (Figure 6-11c and d).

According to the crystal structure of MUF-80dc-t, the presence of alkyl chains on L2 and L6
was evidenced (Figure 6-15). The first five carbon atoms (C44 — C48) attached to the bdc
backbone and the first three carbon atoms (C26 — C28) on the bpdc backbone were relatively
easily assigned. The rest of the atoms on the chains were then assigned by applying the
solvent mask (in Olex2[*2% software) for the refinement process. The electron density in void
space is ignored if the solvent mask is applied (the solvent mask is usually used to hide
solvent molecules that are unknown or hard to assign properly, and the error between the
collected data and structure gets lowered). Therefore, only the electron density in the
proximity of the existing structure is shown. As a result, the weak electron density, which
corresponds with the carbon atoms on the rest of the chain, became visible so that they could

be assigned.

The SCXRD data was converged with the presented structure in Figure 6-15. However, an
interesting feature was noted regarding the arrangement of the four carbon atoms (the two
terminal carbon atoms of each chain, labelled as C30, C31, C48 and C49). The structure
suggests that the cyclobutadiene could be a product of the thermal coupling reaction of the
two terminal alkynes, as the possible reaction mechanism indicated in Figure 6-15. However,
cyclobutadiene is known as impossible to be isolated due to its strong reactivity.[*88-18°1 Even

though it is formed, side reactions could happen during sample handling, like reacting with
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possible reaction

JU = A

Figure 6-15. Crystal structure of MUF-80dc-t. The cyclobutadiene consisting of C30, C31, C48 and
C49 was modelled based on the arrangement of those carbon atoms.
atmospheric moisture. Therefore the chains were left unconnected as they appeared even
though the two terminal atoms of each chain were in close proximity as if they were
connected because the exact product is unknown. Nevertheless, based on the crystal
structure, cyclobutadiene is our best approximation for the functional group linking the two
alkyl chains. Other characterisation methods must be carried out to identify the real

functional group.

Gas physisorption measurement experiments were carried out with a bulk sample of MUF-
80d before and after thermal coupling reaction. A set of gas physisorption measurements
with various gasses was carried out with a fresh MUF-80d sample. The same sample was
then directly heated using the gas sorption instrument, and another set of gas physisorption
experiments was straight carried out. The sorption sample cell was heated to 300 °C over 24

hours, and the crystal sample was carefully handled to minimise exposing to the atmosphere.

Based on the N3 adsorption isotherm measurement at 77 K, the total pore volume and BET
surface area were calculated, and the results were presented in Figure 6-16a. The isotherm
curves of both frameworks were nearly identical regarding the total uptake and shape. As a
result, they both have almost identical total pore volume and BET surface area values. The
pore size distributions (PSD) of pore-C in each framework were also calculated using DFT
methods (Figure 6-16b). Since it is also calculated from the N; adsorption data at 77 K, the

PSD of MUF-80d did not change much after the thermal coupling reaction.
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Figure 6-16. (a) N, adsorption isotherm at 77K and the total pore volume and BET surface area of
MUF-80d and MUF-80dc-t;(b) the pore size distributions of pore-C in each framework; (c) The
isosteric heats of adsorption of CHs, CO,, C,Hs and CoHs at zero loading in kJ-mol™.

In addition, various gas adsorption isotherms at 273 and 293 K were measured with both
frameworks. The heats of adsorption (Qs) for the selected gasses were then calculated based
on these adsorption data. The Qs values did not change much after heating, indicating that
the affinity toward the corresponding adsorbate remained almost the same after the thermal

coupling reaction (Figure 6-16c¢).

The results from various analyses, especially *H NMR and IR spectroscopy, of MUF-80dc-t
indicate some form of change definitely occurred after thermal coupling reaction. However,
the type of product resulted from the alkyne-alkyne thermal coupling reaction is unclear.
Although cyclobutadieneis known as a product, and the crystal structure also shows a similar
structure to cyclobutadiene, it is unlikely to be the product due to its high reactivity. Other
experiments were conducted to figure out the functional group linking the two chains.
Raman spectroscopy was used to see any information about the functional group, but the
signal was too weak, and the framework produced too much noise since it is fluorescent.

Bromination of alkene was also tried just in case cyclobutadiene is presented in the
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framework. A crystal sample was soaked in a dilute Brz solution for a few hours, and SCXRD
was then measured to see if Br atoms are presented in the framework. The Br atoms could be
easily detected in a crystal structure due to their high electron density if the bromination

reaction occurred. However, this experiment did not work, either.

6.2.1.3. Guest-mediated coupling

Zn Zn
§
0220

WO
3 Ny

MUF-80e MUF-80ec

Figure 6-17. A schematic diagram of guest-mediated coupling reaction utilising the azide-alkyne
click reaction.
The first two polymerisations utilised the direct homocoupling reaction between the two
alkenes or alkynes. Unlike these two experiments, a guest molecule will be utilised to couple
the two linear linkers in this section (Figure 6-3). The inter-ligand azide-alkyne click reaction
is exploited again, as its application was successfully demonstrated in the type-S framework
in Chapter 5. As shown in Figure 6-17, the two linear linkers are equipped with two azides,
and they are linked using azide-alkyne click reaction with a guest molecule functionalised

with two terminal alkynes.

The azide equipped bdc derived linker, H,L7, was prepared by a simple substitution reaction
of 2,5-bis(bromomethyl)terephthalic acid with sodium azide.*®®] It was then paired with
H,L1, which was already introduced in chapter 5, to form a framework together with hmtt
and zinc nitrate. The resulting crystal was named MUF-80e ([Zn.O(hmtt)133(L1)os(L7)os])

and analysed using various characterisation methods.

X-ray diffraction was used to determine the structure of as-synthesised MUF-80e. PXRD
proved that MUF-80e is a type-S framework since it shows all the characteristic peaks of the
type-S framework (Figure 6-18a). The crystal structure also clearly shows both L1 and L7,
equipped with two azide moieties, were incorporated into the type-S framework (Figure
6-18b). The presence of both L1 and L7 with an equimolar ratio was also evidenced with the
H NMR spectrum (Figure 6-21). The IR spectrum of MUF-80e possesses an intense peak at

2100 cm* which emanates from the azide group.

1,7-Octadiyne was selected as a complementary pair guest molecule due to its optimum
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Figure 6-18. (a) PXRD patterns of MUF-80e and MUF-80ec; the characteristic peaks of type-S
framework are filled with red. (b) The crystal structure of MUF-80e; two pairs of azide groups
attached to each linear linker are clearly shown.

length to link L1 and L7 in MUF-80e. However, unlike the azide-alkyne click reaction
between L1 and L3 exhibited in Chapter 5, polymerisation using a guest molecule has more
potential factors which prevent increasing the degree of polymerisation. Theoretically, the
length of the polymer chain composed of L1 and L3 is limited by the crystal size if the ligands
were pure and the framework was built without disorders or defects. The two linkers, L1 and
L3, are alternating along the crystallographic axes and functionalised with complementary
chemical groups. Thus, the coupling reaction between L1 and L3 could be carried out in all

available sites if the reaction conditions were met.

In contrast, the degree of the polymerisation reaction is highly dependent on a few
parameters in the case of MUF-80e, such as the number of guest molecules or reaction rate.
Forinstance, the two azide groups facing each other in pore-C could be linked or remain free.
Alternatively, they could each be linked with a separate individual guest molecule if the
number of guest molecules in their proximity is high (Figure 6-19). This reaction would not

result in polymerisation. Moreover, even if the optimum amount of guest molecule was

geust }—\O O—I O * - O

bpdc bdc molecule

A —
I_ : :_I — Iﬂc o—l Desired case O ’
Cu(l) catalyst

Figure 6-19. Schematic visualisation of the three different outcomes from the guest mediated
coupling reaction.
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Figure 6-20. IR spectra of MUF-80e and MUF-80ec. The characteristic peak belonging to azide were
disappeared after the azide-alkyne click reaction.
introduced, the two azide groups in the same pore can be clicked with a separate alkyne guest.

Therefore, the amount of catalyst and controlling the reaction rate is also essential.

Various reaction conditions were therefore tested for the azide-alkyne click reaction between
MUF-80e and 1,7-octadiyne. The reactions were conducted with different loading of the
octadiyne guest and catalyst, and the completion of the reaction was monitored using IR
spectroscopy (Figure 6-20). The optimum reaction condition was found after several trials.
The MUF-80e crystal samples were soaked in a mixture of dioctyne and DMF solution (10 %
v/v) foran hour at 60 °C. Then, Cul-P(OEt)s solution in DMF (approximately 2.5 eq. per azide)
was added as a catalyst after removing the dioctyne solution by decantating. The reaction
vessel was then placed in an isothermal oven of 100°C overnight. The crystal after the
reaction, MUF-80ec, was then analysed with various characterisation methods, and the

results before and after the azide-alkyne click reaction were compared.

|
MUF-80e ‘ ‘|

By M_AL__,JJ\ . Ml N

MUF-80ec ‘ \
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|
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Figure 6-21. The 'H spectra of MUF-80e and MUF-80ec. The sharp peaks of the bridging methylene
(4 — 5 ppm) were shifted to (5 — 6 ppm) and the peaks belonging to L1 and L7 were slightly
broadened after the click reaction with guest molecule.
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Figure 6-22. TGA analyses of MUF-80e and MUF-80ec after the azide-alkyne click reaction with the
guest component, dioctyne.

The differences in the *H NMR spectra of MUF-80e and MUF-80ec clearly indicated that the
azide-alkyne click reaction occurred with the octadiyne guest (Figure 6-21). The peaks
belongingtoL1and L7 inthe aromatic area of digested MUF-80e are all shifted in MUF-80ec,
and the peaks belonging to the methylene group around 4-5 ppm all moved to 5-6 ppm.[*°!
Moreover, the newly formed broad aliphatic peaks at 1.6 and 2.6 ppm is evidence of the newly

added bridging alkyl chain between the two triazole units.

The TGA analysis is also useful in this case to show the completion of the azide-alkyne click
reaction (Figure 6-22). Since both bpdc and bdc were equipped with two azide groups, the
weight percentage of losing N, by thermolysis of the azide group is relatively large (4.2
weight %) and explicitly shown in the TGA analysis. Two N3 gas molecules are thermalised
from L1 and L.7 from each formula unit of MUF-80e ([Zn.O(hmtt)133(1.1)05s(1.7)0s]), and the
weight loss at around 200 °C in the TGA plot of MUF-80e coincide with the mass percentage
of two N3 gas molecules being lost from each formula unit. On the other hand, no weight loss
due to azide thermolysis evident in MUF-80ec (Figure 6-22). However, the gradual weight
loss was seen from approximately 200 °C, indicating the overall thermal stability was
decreased. It is thought that the decrease in thermal stability of MUF-80ec was probably

caused by the stress during the azide-alkyne click reaction.

The MUF-80ec crystal images from both optical microscope and SEM (Figure 6-23) show
that the crystal samples possess deep cracks and small holes on the crystal, which also
exhibits that the crystal samples received stress during the azide-alkyne click reaction.
However, the PXRD pattern (Figure 6-18a) shows that the crystallinity was well maintained

despite the partial structural damages.
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Figure 6-23. (a) Optical microscopy image and (b) SEM image of MUF-80ec. Cracks and holes were
noted, indicating the stress during the click reaction.

Despite the stress applied to MUF-80ec crystal samples, the collected

SCXRD data set was good enough to solve the crystal structure. The crystal structure
presented a set of relatively strong electron density peaks that corresponds to the triazole
rings of each linker. However, the carbon atoms linking the two triazole rings could be

assigned after the solvent mask was applied due to their low electron density.

Figure 6-24. The crystal structure of MUF-80ec.

The gas physisorption results well illustrate both physical and chemical changes after the
azide-alkyne click reaction. The total Ny uptake (77 K, 1 bar) was significantly dropped
(approximately from 1000 to 700 cc/g) after the guest-mediated click reaction.
Consequently, a reduction of both the BET surface area and total pore volume was followed
(Figure 6-25a). Although the partial structural damage could cause such reductions, it is
reasonable that the pore volume in MUF-80e was reduced by the covalently added dioctyne

guest.
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Figure 6-25. (a) N, adsorption isotherm at 77K and the total pore volume and BET surface area of
MUF-80e and MUF-80ec;(b) the pore size distributions of pore-C in each framework; (c) The
isosteric heats of adsorption of CHs, CO,, C;H4 and C;Hs at zero loading in kJ-mol™.

The pore size distributions of MUF-80e and MUF-80ec also agree with such reasoning. As

depicted in Figure 6-26, notable changes were observed with the pore size distribution of the

two frameworks. The first peak shown around 8 — 12 A represents the PSD of pore-C, and a

significant change is shown after the guest-mediated click reaction. According to the peak

shape, the average pore size decreased (the peak was shifted to the left), and the peak width

got narrow, indicating that the size of pore-C became uniform. The statistics (the table in

Figure 6-26) induced from the Gaussian fit of the PSD curve for pore-C in each framework

are also coincident with the observation above. The PSD change after the click reaction
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Figure 6-26. The poresize distribution of MUF-80e and MUF-80ec. The statistics from the Gaussian
fit for pore-C were also presented.
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indicates that the two dangling azide moieties placed in pore-C are tied with dioctyne guest,
resulting in a reduced pore volume with little variation. However, the pore size reduction also
appears in pore-A and -B, and it could be caused by the half-clicked flexible dioctyne chain

that can freely rotate around the linear linker backbone.

The isosteric heats of adsorption (Qst) for CHy, CO,, CoHs and CoHe were calculated for MUF-
80e and MUF-80ec based on the two different adsorption measurements at 273K and 293K.
The Q. values illustrate that the affinity toward the adsorbates, CO2, CoH4 and C2He, were

notably increased. The newly introduced triazole rings are the main cause of this.

Table 6-1. The isosteric heats of adsorption of CH4, CO,, C;Hs and CyHe at zero loading in kJ-mol™.
Two adsorption measurements at two different temperatures, 273 Kand 293 K, were used for the
calculation.

CH,(kI-mol?)  CO,(kI-mol?) C,H,(ki-mol?) C,H.(ki-mol?)

MUF-80e 5.00 14.3 16.2 17.7

MUF-80ec 4.79 17.3 20.2 20.1

6.3. Conclusion

In this chapter, three different postsynthetic coupling reactions between the two different
linear ligands were introduced to synthesise sequence-specific polymers. Since the two
monomers (linear linkers) are functionalised with the same chemical pendent, their sequence
will be random in a homogeneous polymerisation reaction. However, a novel strategy of
using a MOF scaffold to arrange the two monomers in a controlled manner make such

challenging polymer synthesis an achievable target.

Unfortunately, the polymerisation using alkene-alkene coupling reaction did not show much
progress. Nevertheless, in the other two cases, utilising alkyne-alkyne coupling reaction or
guest-mediated azide-alkyne click reaction, some degree of polymerisation reaction was
proved by various characterisation methods. However, more analyses, such as mass
spectrometry or gel permeation chromatography, need to be conducted to confirm whether

the polymerisation reaction occurred and determine the chain length of the polymers.
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6.4. Experimental section

Syntheses, gas physorption and *H NMR data are presented in Appendix D.

6.4.1. General procedures

All starting materials and solvents were used as received from commercial sources without
further purification unless otherwise noted. HoL7 (2,5-bis(azidomethyl)terephthalic acid)

was prepared with the known procedure.[*6]

Column chromatography was carried out on silica gel (grade 60, mesh size 230-400,

Scharlau).

The IR spectroscopy data were collected using ThermoFisher Nicolet 5700 equipped with
Smart iTR™ Attenuated Total Reflectance (ATR) Sampling Accessory and processed with
OMNIC™ Specta Software.

NMR spectra were recorded at room temperature (unless otherwise noted) on Bruker-500

Avance instruments, with the use of the solvent proton as an internal standard.

All powder X-ray diffraction measurements were carried out on either Rigaku Spider or
Bruker D8 Venture. Rigaku Spider X-ray diffractometer is equipped with CuKa radiation
(Rigaku MMOO7 microfocus rotating-anode generator), monochromated and focused with
high-flux Osmic multilayer mirror optics and a curved image plate detector. Bruker D8
Venture diffractometer is equipped with CuKa radiation with a diamond microfocus X-ray
source and a Photon III 28 detector. The samples were solvated with DMF prior to and during
measurements. The two-dimensional images of the Debye rings were integrated with 2DP or
Diffract Eva to give 26 vs I diffractograms. Predicted powder patterns were generated from

single-crystal structures using Mercury.

All single-crystal X-ray diffraction measurements were carried out on Bruker D8 Venture,
and the measurement temperature was controlled using Oxford Cryostream if required.
Bruker APEX 3 was used to collect and process data, and the structure was solved and refined

[107119] ynder Olex2*2%], The crystal samples were solvated in n-

using the Shelx package
octane and mounted on a nylon loop using Fomblin oil in most cases. Alternatively, if
moisture sensitive, a single crystal was completely sealed in a glass capillary during the

measurement.

Thermogravimetric analyses were performed on a TA Instruments Q50 instrument.
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6.4.2. Post-synthetic coupling reactions

6.4.2.1. Alkene-alkene coupling reaction

6.4.2.1.1. Test reaction with styrene

Grubbs 2™ generation catalyst (6.2 mg, 7.3 pmol) (Figure 6-8) was introduced to styrene (1
ml, 8.7 mmol) in 4 ml vial, and then the mixture was kept at 30 °C for an hour. The *H NMR

spectrum of the solidified material confirmed diphenylethylene.
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6.4.2.1.2. Post-synthetic alkene metathesis with G2C

MUF-80c (~ 3 mg) was placed in a 10 mL microwave vial, and THF (1 mL) and G2C (5.0 mg,
0.8 equivalent with respect to the alkenes in MUF-80c) was added to the vial, and the vial

was heated to 80 °C for 18 hours with a microwave.

6.4.2.1.3. Post-synthetic alkene metathesis with W(CO)e

MUF-80c (~ 3 mg), W(CO)s (various amount, 4-15mg) and CCl, (1.7 mL) was placed in a vial,

and the mixture was irradiated with light (360 nm, UV torch) overnight.

6.4.2.1.4. Post-synthetic dimerisation of alkene with zirconocene

MUF-80c (~ 3mg) and catalyst solution® (various amount, 10-100 uL) was added to solvent
(1 mL of toluene, THF or DEF) and heated with an isothermal oven or microwave (at a

various temperature between 50 °C and 200 °C for a various amount of time).

¢ To a solution of pre-dried zirconocene dichloride (290 mg, 1.0 mmol, 2.0 eq.) in toluene (10 mL), was
added trimethylaluminum (1.5 mL, 2.0 M solution in toluene, 3. 0 mmol, 6. O eq.). The solution was
stirred for 15 min, and then cooled to O °C, and DI water (9 uL, 0.5 mmol, 1.0 eq.) was carefully added.
The pale-yellow solution was allowed to stir for 0.5 h at 0 °C.
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6.4.2.2. Glaser-Hay coupling

6.4.2.2.1. Test reaction with phenylacetylene

Phenylacetylene (0.1 mL, 0.91 mmol) and Cul-P(OEt); (16.2 mg, 45 umol, 5 mol %) dissolved
in acetone (2 mL) and DMEDA (4.9 puL, 45 umol, 5 mol %) was added to the mixture. The
reaction mixture was kept at room temperature for five hours, and the product was extracted
with EtOAc and dried. The *H NMR spectrum of the dried material indicates that more than

90 % of phenylacetylene was dimerised.
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6.4.2.2.2. MUF-80dc-c

MUF-80d (~ 5 mg), the catalyst stock solutionf (20 uL) and DEF (0.5 mL) was placed in a
microwave vessel (10 mL), and O2 gas was briefly bubbled before capping. The reaction
mixture was heated with a microwave (300 W) for three hours. The crystal sample was

washed with DMF and CH,Cl, several times for analyses.

6.4.2.3. Guest-mediated azide-alkyne click reaction

MUF-80e (~ 40 mg) was soaked in the 10-fold dilute 1,7-octadiyne solution in DMF (1 mL)
at 60 °C for 30 minutes. After cooling down to room temperature, the solvent was removed
by decanting, and the crystal sample was briefly rinsed with DMF. Then, the catalyst solution8
(1 mL) was added to the crystal sample, and the mixture was kept in an isothermal oven at
100 °C overnight. After determining the completion of the reaction with IR spectroscopy, the
crystal sample was washed with DMF several times with brief sonication to remove
precipitate formed from the copper catalyst, followed by washing with CH2Cl; and n-hexane.

The crystal was kept in n-hexane for further analysis.

" Two separate solutions of Cul-P(OEt)3 (35.6 mg, 0.1 mmol) in DEF (1 mL) and DMEDA (10.8 uL, 0.1
mmol) in DEF (1 mL) were mixed with 1:1 ratio just before use.
& Cul-P(OEt)s (50 mg, 140 umol) was dissolved in DMF (1 mL).
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6.4.3. Analyses

6.4.3.1. PXRDs

— MUF-80c

— MUF-80cc

— MUF-80d

— MUF-80dc-c

—— MUF-80dc-t

— MUF-80e

— MUF-80ec

—— type-S calc.

5 10 15 20 25
20 (%)

Figure 6-27. PXRD patterns of various MOFs before and after postsynthetic coupling reactions.
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6.4.3.2. SCXRD

All cif files are available through the link provided below.

https://drive.google.com/drive/folders/ImEMRFRL3MESN60Otzlje EWKIuLPOIArSg?usp=

sharing

Table 6-2. Summary of X-ray crystallography data collection and refinement details of MUF-80c,
MUF-80d, MUF-80dc-t, MUF-80e and MUF-80ec.

Identification code MUF-80c MUF-80d MUF-80dc-t MUF-80e MUF-80ec
Empirical formula CeoHs520157ns C71Hs55015Zn4 Cy1Hs5:0157ns Cs1HaaNsO013Zns CgoHs2NgO137ns
Formula weight 1384.6 1412.65 1412.65 1330.5 1436.66
Temperature/K 273 103 293.15 293.15 298
Crystal system cubic cubic cubic cubic cubic
Space group Pm-3 Pm-3 Pm-3 Pm-3 Pm-3
a=b=c(A) 29.9281(3) 29.9529(5) 29.9524(18) 29.9170(9) 29.8569(3)
a=B=y(°) 90 90 90 90 90
Volume (A%) 26806.3(8) 26873.0(13) 26872(5) 26777(2) 26615.5(8)
¥ 6 3 6 6 b
Pesic (cm?) 0.515 0.524 0.524 0.495 0.538
i (mm?) 0.805 0.807 0.807 0.799 0.82
F(000) 4748 4344 4344 4056 4404
Crystal size (mm?) 03%02x%02 : 0.4x04x03 : 05x04x04 : 05x0.4x0.3 : 0.5%x0.4%0.2
Radiation CuKa (A = 1.54178):CuKa (A = 1.54178):CuKa (A = 1.54184):CuKa (A = 1.54184):Cuka (A = 1.54178)
20 range : ' : :

for data collection (°)

Resolution range
for refinement (A)

Index ranges

Reflections collected
Tmin / Tmax

Independent reflections

Data/restraints/parameterg
Goodness-of-fit on F?
Data completeness
Final R indexes
[1>=20 (1)]

Final R indexes
[all data]

Largest diff.

peak/hole (e A7)
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6.4.3.3. IR spectroscopy

Y
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Figure 6-28. IR spectra of MUF-80d and MUF-80dc-t. The characteristic peaks belonging to the
terminal alkyne were disappeared after the alkyne-alkyne thermal coupling reaction.
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Chapter 7 Summary and Perspectives

7.1. Thesis summary

The studies presented in this thesis initially focussed on various applications of multi-
component MOFs using MUF-77 derived materials (type-S framework). However, MUF-7
(type-L framework) was sometimes formed unexpectedly during the MOF synthesis. We
found that the type-L frameworks are as useful as the type-S framework. Both frameworks,
comprised of topologically different organic linkers, have unique features providing spaces
where all three organic linkers interact. The applications presented here are unique and not
easily replicable in other MOFs since they utilise all three linkers in the type-L or type-S

frameworks.

In Chapter 2, the two sister frameworks, type-L and type-S, were introduced with their
similarities and differences in details. The type-L framework had a spotlight once it was
discovered because it was the first quaternary MOF built using three different organic linkers.
However, it has received relatively less focus for applications due to the structural weakness
induced by the btb linker, which we regarded as the key building block to form this material.
In contrast, the spotlight has been moved to the type-S framework from its discovery and
vigorously studied for various applications in different fields because it provides stability
and robustness under various circumstances. However, during the research using the type-S
framework for catalysis, it was accidentally discovered that the type-L framework could also
be formed from the same building blocks as the type-S framework synthesis. This made the
type-L framework as useful as the type-S framework, and it demonstrated similar or even

better performances from a simple catalysis experiment.

In Chapter 3 and 4, a novel way of asymmetry induction during catalysis was introduced.
Unlike the traditional asymmetric catalysts, each of the two functions, catalysis and
asymmetry induction, were carried out using separate molecules within the same framework.
Initially, the work was designed to implement the concept using the type-S framework, and
it seemed it was successfully achieved. We could enhance the performance of the RAI catalyst
by tweaking various parameters and conditions. However, the results were not consistent
and were affected by some parameters which did not seem important in relation to the
principal mechanism of the RAI catalyst (e.g. alkyl chain length on the truxene linker).
However, it was revealed that the type-L framework was also formed unexpectedly, and the
unique pore structure in the type-L framework had played a crucial role in inducing such

enhanced performances. This discovery was very meaningful because it made us realise that
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the type-L frameworks could also do what the type-S framework does. Therefore, we can
selectively use them depending on the purpose since both frameworks provide different pore
environments which can fit better for a specific task. However, prior to that, we have to
establish reliable synthesis methods for both frameworks with the desired functionality. In
the following section (7.3), an idea to obtain the desired phase between the type-L and type-

S frameworks will be introduced.

In Chapter 5, an inter-ligand PSM reaction was introduced. We have demonstrated linkage
formation between the two linkers in a prebuilt framework utilising a coupling reaction
between two complementary functional groups installed on each linker. The difference
between this work and the other similar works reported by other studies was that it was
carried outin an MC-MOF scaffold (the type-S framework). Therefore, the linkage formation
between the functional groups was achieved in a regulated way. As a result of this PSM
reaction, a new functional group (triazole) was introduced to the framework, and it

demonstrated improved affinity towards a few selected absorbates.

In Chapter 6, a novel way of polymer synthesis using inter-ligand PSM reactions, inspired by
the works presented in Chapter 5, was introduced. If two different monomers are
functionalised with the same chemical group, one is unable to arrange them in a specific
sequence using conventional methods. The type-S framework scaffold allowed the
arrangement of the two different linkers in alternating order, and the PSM coupling reaction
then connected these two linkers. Two different concepts were demonstrated in this work,
oneis a direct connection using homocoupling reaction, and anotheris an indirect connection
by introducing a guest molecule. The experimental results evidenced that the desired
coupling reaction occurred in both cases. However, more analyses are required to evaluate
the degree of polymerisation achieved by these methods, which will be carried out with our

collaborators.

7.2. Brgnsted acid catalyst

The concept and system used in RAI catalyst (Chapter 3 and 4) were not known and not
presented in any other studies prior to this work. This novel concept was well implemented
using the guanidine moiety along with a few oxazolidinone-derived chiral modulators, and
they demonstrated enantioselectivity over the Henry reaction. However, we wondered
whether this system would work with other combinations of achiral catalyst and chiral
modulator units. We would also like to prove that this system can be utilised as a regular

approach to induce asymmetry. For this reason, other catalytic units were tested for the RAI
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catalyst, and promising results were obtained among a few.

The catalytic capability of a few bpdc derivatives with the nitrogen-based organic catalysts
was screened over a few reactions in Chapter 3. However, not many of them showed good
catalytic activity except for the guanidine for the Henry reaction. Thus, we have turned our
attention to other catalytic moieties that could be incorporated into the RAI catalyst system.
Using Bregnsted acidity is one of the common ways to perform catalysis in MOF chemistry.[*%°]

Sulfonic acid is widely used as a catalyst unit, and its catalytic capability in MOFs has been

(a) bdc-cat
HO,C HO,C HO,C
? O\\S,OH ? ©OH 2 OH
W OH Ps Px
O ~ ~N
Qj O\‘,p’\/_jd o @ﬁ: o
HO
CO,H CO.H CO,H
Hobdc-s Hybdc-p; H,bdec-p

(b) bpdc-mod

0 P20 : :
J J SARGRCRAR®

CO,H CO,H CO,H CO,H
Hobpdc-a(S) H,bpdc-a(R) Hobpdc-f4 Hobpdc-f,

(c) catalyst synthesis

Brensted acid catalyst

bpde-mod - bdc-cat [Zn,O(hmit); 5(bpdc-mod)o s(bdc-cat)o

(b) catalysis reaction

o Brensted o
9 = acid NH
NH, + catalyst N o
N 2
NH NO, H

Figure 7-1. (a) bdc linkers functionalised with sulfonic or phosphonic acid; (b) bpdc derived chiral
modulating groups; (c) a schematic diagram of Brgnsted acid catalyst synthesis; (d) a target
reaction (cyclisation of 2-aminobenzamide and 3-nitrobenzaldehyde) to test the prepared Brgnsted
acid catalysts.
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successfully demonstrated.[®%192-192]

A sulfonic acid containing bdc linker was prepared (bdc-s in Figure 7-1a), and it was
successfully incorporated into the framework along with bpdc-derived chiral modulators
(Figure 7-1b and c). Additionally, two other bdc derivatives with phosphonic acid groups
were also tested, but they could not form the desired framework due to strong coordinating
nature of phosphonate.*** The prepared MOF's were then tested for the cyclisation reaction
of 2-aminobenzamide and 3-nitrobenzaldehyde**4! The result showed that the principal
mechanism of the RAI catalyst was working with some of the combinations. Although no
catalytic activity was observed when bpdc-f was used as a modulating group, the two
catalysts ([ZnsO(hhtt)1s3(bpdc-a(S))os(bdc-s)os] and [ZniO(hhtt).s3(bpdc-a(R))os(bdc-
S)os]) comprised bpdc-a produced notably different enantioselectivities (5.0 vs -4.4 %)

(Figure 7-2).

— [Zn,O(hhtt), z5(bpdc-a(S))os(bdc-s)es]  bpdc-a(S)
[Zn,O(hhtt); 33(bpdc-a(R)), s(bdc-5)g 5]
—— [Zn,0(hhtt), s3(bpdc-a(R)), s(bdc)y 5] control (no sulfonic acid)

ee (%)
N 50 s
J L 4.4
T T 1 - 1 1 1T " 1T " T "~ " 1
4 6 8 10 12 14 16 18 20

Time (min)

Figure 7-2. The HPLC chromatograms of some reaction mixtures for the reaction of 2-
aminobenzamide and 3-nitrobenzaldehyde catalysed by selected catalysts.

These results evidence that the RAI catalyst system can be utilised as a general asymmetric
catalyst. Moreover, Brgnsted acids are versatile catalysts and extensively employed in many
applications.[**>1%] Another advantage of using bdc-s is that it allows us to install a wide
range of chiral modulating group to the bpdc backbone. Installing a functionality to the bpdc

backbone is usually more feasible than installing to the bdc backbone. In addition, the bpdc-

Boc /—& /—' O N
,< %—NH \>—N NBoc ‘}—N‘H
" COOMe N
COH

Figure 7-3. A few examples of bpdc derivatives which can be utilised as a chiral modulator in RAI
catalysts together with bdc-s.
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derived linkers cause a lot less trouble during MOF synthesis. Hence, we will have more
options for the chiral modulators that play a crucial role in this RAI catalyst system; a few

examples were illustrated in Figure 7-3.

7.3. MOF synthesis with pre-linked chains

The inter-ligand click reaction between bpdc and bdc derivatives was introduced in Chapter
5. When we initially planned the experiment, re-synthesising a framework using the
polymerised linker was also planned. We can extract the linked bpdc-bdc polymer chain by
digesting the framework after the click reaction, and the chain can be reused as a building
block for MOF synthesis. However, this did not go well. We think that the polymer chain is

probably too long, and the uneven chain length also causes a problem.

However, an interesting result was obtained from the preliminary test to estimate the
feasibility of the idea. As depicted in Figure 7-4a, pre-linked bpdc-bdc dimer was prepared
using the click reaction. The bpdc-bdc dimer was then used for MOF synthesis with hmtt and
Zn(Il), and the type-S framework was obtained (Figure 7-4b). Although some microcrystals

were formed together, most of the crystals were in good shape and size (ca. 0.5 mm).

This interesting result brought us an idea to control the phase of crystal between type-L and
type-S using pre-linked ligands in MOF synthesis. The issue with the crystal phase between
type-L and type-S has been constantly presented in this thesis. Although we could obtain a

better result due to the unexpectedly formed the type-L framework in Chapter 3 and 4, it

(a) Hydimer synthesis

HO.__.O HO. _O HO.__.O
HO.___O g - g
. Ns cul) AN
o/\/\/\// O HO™ X0 O
HO™ 0
0% “oH

0% ™NOH H,dimer

(b) MOF synthesis
COzH HO.__O

HO,C O‘O. o —

O~ "OH

A
type-S framework
[Zn,O(hmit); 33(dimer)q 5]

i

Hshmit COzH H, dimer

Figure 7-4. (a) A schematic diagram of a dimer synthesis comprised bdc and bpdc; (b) the type-S
framewrok was formed from the dimer.
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could have had the opposite effect. Unfortunately, we still have no control over this phase

issue, and this will bother us as long as we continue researching these two materials.

The prominent structural difference between the two frameworks is the arrangement of the
two linear linkers. As illustrated inFigure 7-5, a pair of bpdc and a pair bdc are alternating in
the type-L framework, whereas bpdc and bdc are alternating in the type-S framework.
Therefore, if we use the two dimers of the same kind (bpdc-bpdc and bdc-bdc) for MOF
synthesis, it is expected that only the type-L framework will exclusively be formed. On the
other hand, we can use equimolar ratios of the two trimers, bdc-bpdc-bdc and bpdc-bdce-bpdc,
to form the type-S framework if the trimers can be integrated into the framework. Although
the bpdc-bdc dimer presented above formed the type-S framework, it is not reliable since it
could also form the type-L framework. Therefore, using the trimer could be a promising

solution, provided that the trimers are incorporated into the MOF without any issues.

(a) type-L synthesis using dimers

Os_OH 05 _OH
HC;\/i?

0% oH o7 oH

H (o} OH Q OH

O
O

O

bdc-bdc di H
bpdc-bpdc dimer c-pdcdimer :

bdc-bpdc-bdc trimer bpdc-bdc-bpdc trimer

Figure 7-5. Schematic diagrams for synthesising the phase pure framework; (a) the type-L
framework can be formed from the two dimers, bpdc-bpdc and bdc-bdc; (b) the type-S framework
will probably be formed if the equimolar two trimers were used together.
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If this method works, we can then add the desired functionality using derivatised dimers or
trimers with the desired functional groups (Figure 7-6). Alternatively, only a small portion of
the dimers or trimers can be mixed with the normal bpdc and bdc derived ligands in the
synthesis mixture if adding functionality to the pre-linked ligands is not feasible. Once these
pre-linked ligands are incorporated into the framework, they can then guide the following
bpdc and bdc to coordinate in the same manner.

(a) functionalised dimers
(0] OH 0] OH

SUNe
g U A5 AL

0~ "OH 0~ "OH

(b) functionalised trimers
Os__OH Os_ _OH Os_ _OH

! HO._.0O l HO.__.O l HO.__.0O
l 0~ "OH l O~ "OH l 0~ "OH

0~ "OH 0~ "OH 0~ "OH

Figure 7-6. Functionalised (a)dimers and (b) trimers.
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Appendix A. For Chapter 2

Appendix A. For Chapter 2

A.1. Phase determination of co-crystal

A.1.1. Procedure

Three other type-L frameworks were chosen whose organic linkers consist of light atoms (C,
H, O and N) and are not much different from the ones of co-crystal in terms of electron density
(Figure A-1). The four hkl files from the SCXRD data of each framework were used to

determine whether the co-crystal is a mixture of type-L and type-S frameworks.

CO,H
O CO,H
N N
Co-crystal: 3
N3
N3
O CO,H
COH
CO,H
o] rBc)c; COQH
N N
type-L_1 H
O CO,H
CO,H
CO,H
g CO,H
type-L_2 ©
O CO,H
CO,H
CO,H
o}
SHTS S
N NH N
type-L_3: N 2 \{
Ph

5" ¢

Figure A-1. The linker combinations which used to synthesise the co-crystal (irregularly shaped
crystal) and three type-L frameworks.
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Each diffraction spot is generally collected multiple times over the number of frames during
data collection to increase the reliability of the data. Once data collection is finished, the
intensity of each diffraction spot on each frame will be calculated during the integration
process. Then each frame will be scaled by comparing the identical diffraction spots
appearing over the different frames since the incident X-ray beam intensity may vary for
each frame, or the crystal orientation may affect the diffraction spot intensity. After scaling
the frames, each diffraction spot's Miller indices, scaled intensity (I) and error for the
intensity (o(1)) are recorded in a text file referred to as HKL file. An example of HKL file
content is illustrated in Figure A-2. The file contents were borrowed from one of the type-L
frameworks, and in this case, all the entry containing the same numbers for HKL indices
considered as the same regardless of the appearing order or their sign due to the symmetry

of the cubical lattice of the type-L framework.

-6 -24 -2 g
2 6 -24::108.60: :9
-6 24 2::103.99: :9.
-2 -6 -24) :106.78: (9.
2 -6 24::118.69: :9.32:
-2 6 24! i107.22% 19.31:
oty
9
9
9
9

32 I - intensity of diffraction spot

-6 24 -2::102.59: 9.
2 6 24::103.66: :9.

2 -6 -24::108.90: :9.32! () - error for the intensity
-6 -24 2 1102.27: 9.31: \
"2...6.7247 1103:031 19,

Figure A-2. An example of HKL file content for the diffraction spots belong to the same lattice plane
(3542 1). The intensity for the spot collected several times at different orientation angles with
respect to the incident ray during the measurement, and scaled intensity of the diffraction spots
and corresponding errors are recorded along with the HKL indices.

In order to compare the intensities of the diffraction spots which diffracted from the co-
crystal and other type-L frameworks, ten spots were judiciously chosen from each group,
having a wide range of spot intensities. The diffraction image presented in Figure 2-15 is
used to select those two groups of spots, and the chosen spots are shown in Figure A-3. The
spots denoted with a# (#: 0 — 9) are the ones that do not superimpose with the calculated
type-S diffraction spots, and the ones labelled with b# were enclosed in the predicted
diffraction spots of the type-S framework. Hence, the intensities belonging to spot a#s
(group a) are contributed by only the type-L framework, whereas those of spot b#s (group b)
are added up from both type-L and type-S frameworks. The method to compare diffraction

spot intensities of the selected two groups of spots are described below.
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e The Miller indices for all twenty spots were searched from the diffraction image
(Figure A-3) and recorded.

e Allthe entries corresponding to each Miller index were searched from the HKL file of
the co-crystal, and the intensities belonging to the same Miller index were averaged.

e Thesame procedure was carried on with the other known type-L frameworks (Figure
A-1), which are composed of similar organic linkers.

e Compare the averaged spot intensities belonging to the same Miller index between

the ones of the co-crystal and those of the other type-L frameworks.

© C N A
O o @ © o OOO
, @bl O
o ma2 © @bz%aa O Q®Oo
C) Dal® ® O @O OO % [E@
* © O, mae O PoOFS
O @ @0 0 0% o e’
Oab O O~ 0
b5 O"®
o bag_®85 O
oY OO@OO ®®@Q o, ¥ ¢
. OQ Q®Og> 0“o o C
O Ha7 bg ©
© O@o 09@59 =Ll e
@
@b3 O - o P 00, “P0Oc¢

Figure A-3. The circles are the predicted diffraction spot positions based on the calculations with
the type-S framework. Two groups of spots, which do not superimpose with the predicted spots of
the type-S framework (group a) or which are enclosed in the predicted type-S spots (group b), were

carefully chosen to sample various intensities of the spots.

The averaged spot intensities for all twenty spots of each framework are shown in Figure
2-16 (refer to A.1.2 for the detailed HKL file contents). The plots are normalised for a better
comparison because the absolute intensity values largely depend on many parameters for
data collection, such as exposure time for each frame image. As seen in Figure 2-16, there is
an evident intensity difference between the co-crystal and the other type-L frameworks.
Most of all, the overall intensity of the diffraction spots in the group a# is generally much
lower than the ones belonging to the group b# in the case of the co-crystal. On the other hand,
the intensities for both groups lay in a comparable range for all three type-L frameworks.
Moreover, the trend in relative spot intensities in all three type-L derivatives is pretty much
alike to each other. The three type-L frameworks are built from various ligand combinations

as shown on Figure A-1, and there is not much difference in terms of the number of atoms on
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the ligands or electron density compared to the ones of the co-crystal. Therefore, if co-crystal

were a pure type-L framework, it would also show a similar intensity trend to those of type-

Co-crystal § §
E;Z% e ngi FSS% | = N

L frameworks.

’ 7%% type-L_2 §
AL %%WWW e e I o BN RN R e

%
Z type-L_3 S
D i

a0 a1t a2 ab a6 a7 a8 a9 b0
Figure A-4. The comparison of relative spot intensities between two groups, a and b in each
framework. There is a notable difference in the trends of spot intensities between co-crystal and
the other three MUF-7 structures.

NN
b6

b7 b8 b9

b5
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Appendix A. For Chapter 2

Table A-1. The HKL index and corresponding intensity data retrieved from the HKL files of the

selected frameworks.

Co-crystal type-L_1 type-L_2 type-L_3

1 -42 35 -0.27 041 | 1 42 -35 201 032 |1 -35 42 0.6 0.04 | 42.00 -3500 1.00 0.36 0.07
1 -42 35 -0.18 0.29 | 35 42 -1 1.84 036 | 42 1 -35 0.61 0.06 | 35.00 -1.00 42.00 0.34 0.06
35 -1 42 0.1 0.33 | 1 42 -35 199 034 | 1 -35 -42 0.63 0.06 | 3500 1.00 -42.00 0.33 0.07
35 -1 42 0.18 026 | 1 42 35 162 036 | 42 -1 -35 0.59 0.05 35.00 1.00 -42.00 0.38 0.1
-35 1 42 -0.16 0.21 | 42 35 1 1.3 035 | 1 35 -42 0.55 0.05 | 42.00 3500 -1.00 049 0.08
-1 42 35 0.03 049 | 1 35 -42 135 027 | 42 1 35 0.53 0.05 | 1.00 -42.00 35.00 0.41 0.07
35 1 42 005 025 | 35 42 -1 146 0.35 | -35 42 1 0.69 0.05 | -1.00 -42.00 -35.00 0.35 0.07
-1 -42 35 -0.26 041 | -1 42 35 1.4 0.35 | -42 1 35 0.63 0.05 | 1.00 -42.00 35.00 0.39 0.07
0 1 42 35 036 049 | 1 42 -35 173 033 | -35 42 1 0.63 0.05 | -1.00 -42.00 35.00 0.38 0.07
a 42 35 1 -0.22 027 | 1 42 -35 112 028 | -35 42 -1 0.6 0.05 | 35.00 1.00 4200 0.34 0.06
-1 -42 35 -0.54 029 | 35 42 1 1.73 034 | 42 -1 35 0.67 0.05 | 1.00 -42.00 -35.00 0.32 0.07
35 1 42 -0.09 0.32 | 42 35 -1 208 038 |1 -35 -42 0.59 0.06 | 42.00 -35.00 -1.00 0.43 0.07
-35 -1 42 0.19 023 | 35 42 1 196 036 | 42 1 -35 0.55 0.05 | 42.00 3500 1.00 0.35 0.06
42 -1 -35 0.62 0.06 | 35.00 -1.00 -42.00 0.35 0.07
-42 -1 35 0.61 0.05 | 3500 -1.00 -42.00 048 0.11
-1 35 -42 0.57 0.05 | -1.00 -42.00 35.00 0.39 0.07

-35 42 -1 0.53 0.05

-1 -35 42 059 0.05
9 -1 32 075 0416 |1 2 9 53.99 135 | 1 2 9 5399 135 | 900 1.00 -3200 7.58 0.56
-1 32 9 0.74 0.26 -1 32 -9 54.05 1.3 -1 32 -9 54.05 1.3 1.00 32.00 -9.00 8.14 0.56
1 32 -9 062 032 |1 32 9 5185 125 | 1 32 9 51.85 1.25 | 9.00 -1.00 32.00 7.57 0.56
32 9 -1 076 021 |-9 32 1 5482 129 | -9 32 1 54.82 129 | -1.00 -32.00 -9.00 7.77 0.56
9 -1 32 073 0219 32 - 5522 133 | 9 32 - 5522 1.33 | -1.00 3200 9.00 812 056
1 -32 9 112 021 | -9 32 1 55.04 134 | -9 32 1 55.04 1.34 | 1.00 -32.00 9.00 749 0.57
32 9 -1 136 023 | 1 9 -32 53.18 1.24 | 1 9 -32 53.18 1.24 | 1.00 -32.00 9.00 7.91 0.56
1 32 9 102 026 | 9 2 - 5319 1.36 | 9 32 - 5319 1.36 | -9.00 1.00 3200 7.74 056
-1 32 -9 044 034 |- 32 -9 5531 136 | -1 32 -9 5531 136 |9.00 100 3200 758 0.56
al| 32 9 1 0.8 0.16 | -9 32 -1 5486 1.33 | -9 32 -1 5486 1.33 | -1.00 -32.00 9.00 7.89 0.56
-1 -32 9 0.88 0.2 9 32 1 5514 132 | 9 32 1 5514 132 | -9.00 -1.00 32.00 7.80 0.56
1 32 9 075 029 |9 2 1 521 135 | 9 2 1 521 135 | 1.00 -32.00 -9.00 7.23 057
32 9 1 081 02 |1 32 -9 5421 148 |1 32 -9 5421 148 | -1.00 3200 -9.00 800 0.56
32 9 1 071 023 | -1 9 -32 526 1.23 | -1 9 -32 526 1.23 | 9.00 -1.00 -32.00 7.44 0.56
9 1 32 074 018 | -9 32 -1 55.07 1.28 | -9 32 -1 55.07 1.28 | -1.00 -32.00 9.00 7.24 0.57
-1 32 9 543 138 | -1 2 9 543 138 | 1.00 3200 9.00 833 056

1 32 -9 5463 131 |1 32 -9 5463 131

-1 32 -9 886 0.3

-32 9 -1 8.81 0.31
3 3 .9 219 043 |-3 34 -9 3757 104 |3 34 9 512 018 | 3.00 -34.00 9.00 585 046
-3 34 9 3.77 046 | 34 3 -9 36.55 1.02 | -9 -3 -34 478 0.18 | -9.00 3.00 34.00 6.33 045
9 -3 34 298 035 | -3 34 -9 36.53 0.99 | -3 34 9 459 0.18 | 3.00 34.00 -9.00 6.61 0.46
3 34 9 412 035 |9 34 -3 3741 101 | -3¢ 9 3 502 018 | 9.00 -300 3400 634 045
3 34 9 342 038 |9 34 -3 357 104|-34 9 3 497 019 | -3.00 3400 9.00 614 045
9 -3 34 264 028 | -9 34 3 38.11 096 | 3 34 -9 489 0.18 | 3.00 -34.00 9.00 6.08 0.45
34 9 3 3.67 044 | -9 34 3 36.79 1.14 | -34 -9 -3 494 019 | 9.00 3.00 -34.00 6.15 0.45
3 34 9 38 059 |3 4 9 38.08 1.06 | 9 3 34 508 019 | -3.00 -34.00 -9.00 598 0.46
a2|34 9 3 39 0323 4 9 3632 095 | 34 9 -3 487 019 | 900 300 3400 595 045
34 9 3 3.63 0.36 3 34 -9 36.97 1 9 -3 -34 487 0.18 | -9.00 -3.00 34.00 6.03 0.45
-3 34 -9 216 044 | 9 34 3 369 105 | -9 3 -34 468 0.18 | 9.00 -3.00 -34.00 6.20 0.45
9 3 34 269 033|-9 34 -3 3801 103 -3 9 3 5 019 | -3.00 3400 -9.00 622 045
3 34 9 332 042 |3 34 9 37.43 1.03 | 3 4 9 488 018 | 300 -34.00 -9.00 623 046
34 9 -3 37.01 1.04 | -34 -9 3 495 0.18 | -3.00 -34.00 9.00 5.97 0.46
-9 34 -3 374 098 | -3 34 -9 495 0.18 | 3.00 34.00 9.00 6.61 0.46
3 3 .9 356 103|-3 -9 3 483 019 | -3.00 -34.00 9.00 632 045

3 34 9 494 018
13 -13 42 407 042 | -13 42 13 257 0.88 13 42 -13 5.02 0.2 13.00 42.00 -13.00 4.59 0.34
-13 42 13 452 065 | 13 42 -13 24.88 0.91 -42 13 13 516 0.2 13.00 -42.00 13.00 4.24 0.34
13 42 13 445 046 | -13 42 13 2797 089 |13 13  -42 536 021 | -13.00 -42.00 -13.00 433 0.35
13 -13 42 3.67 045 | 13 42 -13 25.86 0.87 -13 -13 -42 523 0.2 13.00 13.00 -42.00 491 0.38
42 -13 13 4.08 042 | 42 13 -13 25.06 0.91 | -42 -13 -13 511 021 13.00 -13.00 42.00 4.54 0.34
-13 -13 42 342 044 | 13 42 13 26.02 0.97 -42 13 13 5.03 0.2 13.00 13.00 -42.00 4.35 0.34
13 42 13 521 053 |42 13 13 2663 095 |-13 42 13 559 019 | 13.00 -42.00 13.00 4.47 0.35
-13 -42 13 496 0.51 42 13 -13 536 0.2 -13.00 -42.00 13.00 4.57 0.34
a3 | 13 13 42 4.05 0.51 -42 -13 13 531 021 13.00 -13.00 -42.00 4.55 0.34
42 13 13 414 049 13 -13 -42 523 0.2 -13.00 -13.00 42.00 4.20 0.34
42 13 13 442 061 42 13 13 505 02 | 1300 4200 13.00 455 0.34
-13 -13 42 444 041 -42 13 -13 514 021 13.00 -42.00 -13.00 4.46 0.35
42 13 13 469 044 -13 -13 42 513 0.19 | -13.00 13.00 -42.00 4.55 0.38
13 42 13 495 02 | -13.00 -42.00 13.00 468 0.35

-13 42 -13 5.04 0.2

-13 -42 13 494 02

-42 13 -13 482 0.21
17 -9 42 482 043 | -9 42 -17 31.36 0.98 9 42 -17 516 0.2 -9.00 -42.00 -17.00 3.38 0.31
-9 42 17 439 068 | 42 9 -17 32,55 1.03 -42 17 9 513 0.2 9.00 42.00 -17.00 4.48 0.31
9 -42 17 437 044 -17 42 9 3272 1 -9 42 17 508 0.19 | 9.00 -42.00 17.00 3.83 0.32
9 -42 17 449 05 17 42 -9 31.71 1.06 | 17 9 -42 517 021 17.00 -9.00 42.00 4.43 0.31
17 -9 42 428 046 | 42 17 9 32.09 1.07 | 42 17 9 518 0.21 | 9.00 -42.00 17.00 4.21 0.31
17 9 42 43 048 | -9 42 -17 34.89 1.03 | 42 -17 -9 5.2 0.21 17.00 9.00 -42.00 3.28 0.34
-17 -9 42 3.6 0.39 | 17 42 -9 3217 1.01 -42 -17 9 529 0.2 17.00 9.00 -42.00 4.02 0.31
a4 | -9 -42 17 533 054 |9 42 17 32.29 1.08 -9 42 -17 518 0.2 9.00 42.00 17.00 4.61 0.31
-9 -42 17 458 057 | 42 -9 -17 31.66 0.98 | 42 17 -9 528 0.22 17.00 -9.00 -42.00 3.79 0.3
42 17 9 442 062 |9 42 -17 33.24 1.06 | 17 -9 -42 537 0.21 | -9.00 -42.00 17.00 3.99 0.32
9 42 17 256 057 |9 42 -17 31.07 0.99 | -42 17 -9 526 022 | 17.00 9.00 42.00 4.18 0.31
42 17 9 355 049 | -9 42 17 33.77 1.05 -17 -9 42 537 0.2 9.00 -42.00 -17.00 3.40 0.31
17 42 9 3293 098 | -9 42 17 529 02 | -9.00 -42.00 17.00 4.15 0.31

17 42 9 32.09 1.08 | -42 -17 9 517 021

42 17 -9 32.35 1.07
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Co-crystal type-L_1 type-L_2 type-L_3
19 1 38 217 024 |19 38 -1 1878 071 [-38 19 -1 351 014 | 1.00 -38.00 19.00 470 0.33
19 -1 38 3.04 035 | 19 38 -1 17.83 0.74 | -19 1 38 328 013 | 1.00 -38.00 19.00 4.07 0.34
1 -38 19 3.08 041 | 1 38 -19 17.07 0.66 | -38 -19 -1 289 0.16 | 19.00 -1.00 38.00 4.39 0.33
1 -38 19 3.02 05 1 19 -38 18.01 062 | 1 38 -19 3.39 0.14 | 19.00 1.00 -38.00 448 0.33
-1 38 19 1.77 047 | 1 38 -19 1746 0.71 | 19 1 -38 357 0.15 | 1.00 38.00 -19.00 431 0.33
1 38 19 182 048 | 1 38 19 18.59 0.74 | -38 19 1 337 0.15 | -1.00 -38.00 19.00 4.93 0.35
38 19 1 3.65 0.58 | 38 1 -19 17.56 0.67 | -38 19 1 342 0.15 | 19.00 -1.00 -38.00 4.11 0.33
5 -19 -1 38 212 025 | 38 19 1 17.34 0.73 | -38 -19 1 354 0.14 | 1.00 -38.00 -19.00 3.65 0.33
a 38 19 1 349 053 | 1 38 -19 18.01 0.72 | 19 -1 -38 3.65 0.15 | -1.00 -38.00 19.00 3.97 0.34
19 1 38 268 044 | 19 38 1 16.85 0.73 | 1 38 19 349 013 | 19.00 1.00 38.00 464 0.33
-1 -38 19 1.8 0.36 | 38 -1 -19 17.36 0.67 | -19 -1 38 335 013 | -1.00 38.00 -19.00 460 0.34
-1 -38 19 176 041 | 1 38 19 17.81 0.73 | -38 19 -1 346 0.15
1 38 -19 1714 0.67 | -38 19 -1 325 0.16
38 19 -1 18.17 0.74 | -1 38 -19 347 0.14
19 38 1 19.07 0.71
-1 19 -38 18.56 0.63
-6 42 22 40.84 238 | 42 6 -22 8.18 0.52 -42 22 6 1.89 041 22.00 6.00 -42.00 241 0.2
22 -6 42 391 222 | 6 22 -42 8.84 046 | -22 6 42 196 0.08 6.00 -42.00 22.00 2.33 0.2
6 -42 22 42.01 221 | 22 42 -6 7.99 0.53 22 6 -42 1.9 0.1 22.00 6.00 -42.00 252 0.25
6 -42 22 40.34 224 42 22 6 925 06 -42 -22 -6 182 041 42.00 22.00 -6.00 229 0.19
22 -6 42 4011 219 | -6 42 -22 9.06 0.54 -42 22 6 194 041 22.00 -6.00 4200 251 0.2
-22 -6 42 39.61 218 | 6 42 22 8.39 0.58 6 42 -22 197 041 6.00 -42.00 22.00 2.57 0.22
6 42 22 38.62 2.42 -6 42 -22 822 05 -42 22 -6 1.83 0.11 | 6.00 42.00 -22.00 242 0.21
a6 | 22 6 42 37.79 23 22 42 -6 848 057 | -22 -6 42 198 0.09 -6.00 -42.00 -22.00 2.20 0.2
42 22 6 4255 233 | 42 22 -6 8.04 0.57 -42 -22 6 1.9 0.1 6.00 -42.00 -22.00 2.63 0.21
-6 -42 22 40.27 227 | -6 42 22 8.91 0.57 -6 42 -22 1.88 0.1 6.00 42.00 22.00 244 0.2
42 22 6 4341 223 | 6 42 -22 8.55 0.52 -42 -22 6 194 041 -6.00 -42.00 22.00 2.38 0.21
-6 -42 22 3431 222 | 22 42 6 7.79 057 22 -6 -42 2.06 0.1 42.00 22.00 6.00 251 0.19
22 6 42 4165 221 | 22 42 6 9.05 0.54 | -42 22 -6 195 0.11 -6.00 -42.00 22.00 2.34 0.2
6 42 -22 8.55 0.56 22.00 -6.00 -42.00 241 0.2
22.00 6.00 4200 242 0.2
29 -3 36 6.84 053 | 29 36 -3 591 052 | -36 -29 -3 125 0.08 [ 3.00 36.00 -29.00 2.06 0.18
3% 20 -3 571 0653 3% 20 55 05220 3 36 1.23 008 | 36.00 29.00 -3.00 249 0.18
29 -3 36 573 0563 29 -3 521 042 -3 29 3 1.25 008 | -3.00 -36.00 -29.00 1.84 0.18
-3 36 29 549 069 | 36 29 3 534 051 | -36 29 3 1.18 0.07 | 36.00 -29.00 3.00 1.72 0.18
-29 -3 36 5.3 049 | -3 36 -29 545 043 | -29 3 36 125 0.06 [ 29.00 -3.00 36.00 2.19 0.18
29 -3 36 474 055[36 29 3 579 047 | 3 36 29 127 007 | 3.00 -36.00 20.00 223 0.18
3 3% 20 618 08 |20 3 -3 507 049|290 3 3 114 009 | 300 -36.00 29.00 2.30 0.19
36 29 3 4.5 071 | 3 29 -36 545 046 | -3 36 -29 1.09 0.07 | 29.00 3.00 -36.00 2.07 0.18
7 29 3 36 426 057 | -3 36 -29 462 045 | 3 -36 -29 128 0.08 [ -3.00 -36.00 29.00 2.12 0.18
all's 3 29 671 064 |-3 29 36 531 045|-29 -3 36 122 006 | -300 -36.00 29.00 200 0.19
3 -3 29 7 056 |3 3 29 617 051 |-3 29 -3 132 008 | 36.00 29.00 3.00 238 0.7
29 3 36 6.93 0.53 36 29 -3 493 05 -36 29 -3 128 0.08 [ 3.00 -36.00 -29.00 1.99 0.18
29 3 36 513 062 | 36 29 -3 559 046 | 29 -3 -36 127 0.08 | 36.00 -29.00 -3.00 1.88 0.18
29 3 3 538 05 | -3 29 3 1.27 008 | 20.00 -3.00 -36.00 1.97 0.18
3 3 29 509 046 29.00 3.00 3600 224 0.18
-3 29 -36 532 042
3 36 -29 483 043
29 3% 3 551  0.51
18 -46 36 6.07 0.6 36 46 -18 7.98 0.55 | -46 36 18 1.11  0.07 | 46.00 36.00 -18.00 0.63 0.09
-18 46 36 5.66 0.86 | 36 46 -18 835 057 | 18 46 -36 1.08 0.07 | 18.00 -46.00 36.00 0.54 0.09
3% 18 46 715 059 (46 36 18 85 058 (46 36  -18 117 008 | 36.00 18.00 -46.00 0.55 0.1
3% 18 46 669 067 |-18 36 46 65 055|36 18  -46 1.09 0.08 | 46.00 -36.00 18.00 0.55 0.08
18 -46 36 6.33 057 | 18 36 -46 6.85 0.65 | -36 -18 46 1.05 0.07 | 36.00 -18.00 46.00 0.58 0.08
18 46 36 758 1 18 46 36 757 0.63 | -18 -46 36 1.08 0.07 | 18.00 46.00 -36.00 0.54 0.09
ag| 46 36 18 727 076 (-18 46 36 728 059 | 36 -18 46 1.1 007 | 1800 -46.00 -36.00 055 0.08
3% 18 46 664 072 |18 46 36 734 051 |-46 36 -18 106 0.07 | 36.00 -18.00 -46.00 0.54 0.08
-36 -18 46 751 062 | 18 46 -36 8.5 0.57 | -46 -36 18 1.06 0.07 | 46.00 -36.00 -18.00 0.55 0.08
-18 -46 36 735 0.71 46 36 -18 8.87 0.6 -46 36 -18 1.11  0.07 | 46.00 36.00 18.00 0.55 0.08
3% 18 46 713 065 |36 46 18 774 074 |36 18 -46 102 0.07 | 1800 46.00 36.00 053 0.08
3 18 46 627 069 | 18 36 46 754 06 |-18 46 36 1.09 0.07
46 36 18 6.74 0.62
-18 -46 36 6.81 0.66
10 44 36 628 096 |36 44 10 635 056 |36 -0 44 075 005 | 36.00 44.00 -10.00 1.02 0.12
10 -44 36 7.16 0.67 | 44 36 10 7 0.58 | -44 36 10 0.68 0.05 | 44.00 -10.00 36.00 0.86 0.09
36 -10 44 9.01 0.66 | 36 44 -10 7.16 0.58 | 36 10 -44 0.74 0.07 | 44.00 10.00 -36.00 0.95 0.16
3% 10 44 794 07110 44 36 781 064 |10 44 36 071 005 | -10.00 -36.00 -44.00 0.62 0.11
10 44 36 696 07310 36 -44 711 047 | -44 36 10 073 006 | 10.00 -36.00 44.00 0.89 0.11
-36 -10 44 8.64 0.66 -10 44 36 781 06 -36 10 44 0.73 0.05 | 36.00 44.00 10.00 0.97 0.11
ag9| 36 10 44 874 0.7 36 44 10 769 0.56 | -36 -10 44 0.77 0.06 | 44.00 -10.00 -36.00 0.87 0.14
10 44 3 743 08 |36 44 10 691 056 | 44 36 -10 065 006 | -10.00 -36.00 44.00 0.86 0.1
44 3 10 96 082|10 44 36 776 052|-44 36 -10 073 006 | 10.00 -36.00 -44.00 062 0.13
-10 -44 36 755 0.74 | 10 36 44 6.55 0.59 | -36 -10 44 0.75 0.05
36 10 44 8.2 0.76 | 10 44 -36 763 057 | 36 -10 -44 0.65 0.09
10 44 36 934 10544 36 -0 79 062|-10 44 -36 064 0.06
3 10 44 853 072 44 3 10 067 0.06
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Co-crystal type-L_1 type-L_2 type-L_3
6 42 40 318 062 |-6 40 42 047 033 |-40 42 6 0.04 002 | -6.00 -42.00 -40.00 0.56 0.09
6 -42 40 429 059 40 42 -6 034 03 -42 6 40 0.03 0.02 | 42.00 -40.00 6.00 0.50 0.08
40 -6 42 276 045 | 6 42 40 049 032 | -40 42 6 0.03 0.02 | 6.00 -42.00 40.00 0.46 0.08
6 -42 40 313 044 | 6 40 -42 041 024 | 42 6 -40 0.02 0.03 | 40.00 -6.00 42.00 0.70 0.08
40 -6 42 3.54 0.56 | 42 40 6 -0.17 0.28 | 42 -6 40 0.03 0.02 | 40.00 6.00 -42.00 0.41 0.07
-6 -42 40 3.13 045 | 40 42 -6 025 0.28 | -40 42 -6 0.03 0.02 | 42.00 40.00 -6.00 0.67 0.09
-6 -42 40 3.37 0.58 6 40 -42 0.7 0.3 -40 42 -6 0.03 0.02 | 40.00 6.00 -42.00 0.43 0.09
b0 | 42 40 6 409 0.74 40 42 6 051 03 -40 -42 6 0.03 0.02 | 6.00 -42.00 40.00 0.61 0.09
-40 -6 42 3.02 04 42 40 -6 -0.02 0.27 | 42 -6 -40 0.04 0.03 | 40.00 -6.00 -42.00 0.64 0.09
40 6 42 284 05 6 40 42 0.77 034 | -6 40 -42 0.03 0.03 | 42.00 -40.00 -6.00 0.37 0.07
6 42 40 343 065 | 6 42 -40 0.4 0.25 | -42 -6 40 0.06 0.02 | 6.00 -42.00 -40.00 0.47 0.08
40 6 42 341 042 | 6 42 -40 0.28 0.27 -6.00 -42.00 40.00 0.69 0.09
40 42 6 057 03 -6.00 -42.00 40.00 0.72 0.09
-6 42 40 036 0.3 42.00 40.00 6.00 0.64 0.09
42 40 -6 0.69 0.34 40.00 -6.00 -42.00 0.47 0.1
4 -34 8 205.61 10.19 | 8 34 -4 10.87 0.49 | -34 -8 -4 0.86 0.06 | 8.00 -4.00 34.00 147 0.13
34 -8 4 198.86 10.18 | -4 34 -8 11.36 0.52 | -4 34 8 0.83 0.04 | 400 -34.00 800 156 0.13
4 34 -8 195.91 10.29 | 34 4 -8 108 051 | -34 8 4 0.89 0.05 | 400 -34.00 800 1.67 0.14
-4 34 8 189.89 10.22 | 4 34 8 11.21 053 | 4 34 8 0.91 0.05 | -4.00 -34.00 -8.00 1.93 0.14
8 -4 34 194.45 1017 | -8 34 4 10.89 045 | -8 -4 -34 0.84 0.05 | -400 3400 800 148 0.14
34 8 4 193.22 1017 | -8 34 4 1158 061 | 8 4 -34 0.85 0.05 | -8.00 4.00 34.00 170 0.13
-4 -34 8 199.34 10.22 | 8 34 -4 10.83 052 | 4 34 -8 0.9 0.05 | 400 3400 -8.00 156 0.14
8 4 34 188.88 10.17 | -4 34 -8 11.27 048 | -34 8 4 0.8 0.05 | 8.00 4.00 -34.00 1.64 0.14
b1 -4 -34 8 194.66 10.19 | 4 34 8 10.35 0.45 | -34 8 -4 0.84 0.06 | -8.00 -4.00 34.00 164 0.14
-8 -4 34 192.93 10.12| 8 34 4 1062 0.48 | -34 -8 4 0.85 0.05 | 400 3400 800 149 0.13
-4 34 -8 196.14 10.31| 8 34 4 1126 053 | 8 -4 -34 0.88 0.05 | 800 4.00 34.00 158 0.13
34 8 4 195.13 10.24 | -4 34 8 1122 052 | 4 34 8 0.81 0.05 | -4.00 -34.00 8.00 157 0.13
4 34 8 196.7 10.28 | 4 34 -8 10.36 0.48 | -8 4 -34 0.84 0.05 | 400 -34.00 -8.00 1.68 0.14
34 8 4 196.47 10.2 | 4 34 -8 11.03 0.52 | -34 -8 4 0.89 0.06 | -4.00 34.00 -8.00 157 0.14
8 34 -4 105 046 | -3¢ 8 4 084 006 | -400 -3400 800 1.70 0.15
34 8 4 1048 051 | -4 34 -8 086 005|800 -400 -3400 1.62 0.14
-8 34 -4 108 051 | 4 34 -8 0.84 0.05
-4 34 8 11.59 0.44
8 40 14 10519559 | -8 40 14 289 034 |-14 -8  -40 061 004 | 800 -40.00 14.00 045 0.08
14 -8 40 106.34 5.66 40 8 -14 232 032 | 8 40 -14 0.69 0.05 | 14.00 -8.00 40.00 0.50 0.08
-8 40 14 109.17 5.67 8 40 14 289 036 | 14 8 -40 0.78 0.06 14.00 8.00 -40.00 0.41 0.1
14 -8 40 10202557 |14 40 -8 282 035 |-40 -14 -8 073 006 | 800 -40.00 1400 053 0.07
8 40 14 10041561 |14 40 -8 259 032 |-40 14 8 064 005 | 14.00 8.00 -40.00 0.58 0.08
-8 -40 14 106.28 5.62 40 14 8 273 034 | -8 40 14 0.66 0.05 | 8.00 40.00 -14.00 0.49 0.08
14 8 40 103.3 5.62 -8 40 -14 288 031 | -8 40 14 0.66 0.04 | -8.00 -40.00 -14.00 0.43 0.08
4o 14 8 10221558 |-8 40 14 295 035 (-40 14 8 075 005 | 14.00 -8.00 -40.00 0.53 0.08
L8 40 14 10491564 | 8 40 14 262 03 |-40 -14 -8 074 006|800 40.00 14.00 064 0.08
b2 |40 14 8 107.39 5.68 8 40 -14 296 035 | -40 -14 8 0.62 0.05 | 8.00 -40.00 -14.00 0.47 0.07
8 40 14 108.52 5.74 14 40 8 3.84 052 | 14 -8 -40 0.6 0.05 | 14.00 8.00 40.00 0.42 0.06
4o 14 8 108.44 561 |-14 40 -8 353 034 -8 40 14 072 005 | -8.00 -40.00 14.00 054 0.08
14 -8 40 10704555 |14 40 8 289 036 |-14 -8 40 073 005 | -14.00 800 -40.00 0.50 0.1
40 14 -8 3.16 0.36 | -40 14 -8 0.73 0.06 | -14.00 -8.00 40.00 0.52 0.07
-40 14 -8 0.65 0.06
40 14 8 067 0.05
8 40 14 068 0.05
-8 -40 14 0.68 0.05
8 40 14 0.71  0.04
-20 10 24 97.77 542 | 24 20 10 15.27 0.58 | 20 10 -24 117 0.06 | 10.00 20.00 -24.00 2.12 0.18
24 -20 10 105.35 5.46 | 20 24 -10 1521 0.59 | -24 20 10 115 0.06 | 20.00 24.00 -10.00 1.93 0.16
20 -10 24 102.8 545 | 24 20 10 1494 0.57 | 10 24 -20 139 0.06 | 24.00 10.00 -20.00 2.36 0.18
10 -24 20 99.02 5.46 | 20 24 -10 1485 0.58 | -24 -20 -10 125 0.06 | -10.00 -20.00 -24.00 2.44 0.17
20 10 24 1038 548 |24 10 20 1557 058 | 10 -24 20 128 0.06 | 20.00 -24.00 10.00 2.15 0.17
24 -20 10 108.3 545 | 24 10 -20 1566 0.55 | -10 -24 -20 127 0.07 | 24.00 -10.00 20.00 2.05 0.17
24 20 -10 103.81 549 | -10 24 -20 15.82 0.55 | -20 -10 24 118 0.06 | 24.00 10.00 -20.00 1.97 0.16
10 -24 20 105.02 545 | 10 20 -24 15.82 0.56 | -24 -20 10 119 0.06 | 10.00 20.00 -24.00 2.27 0.19
20 10 24 10783551 | -10 24 20 1453 053 | 10 24 20 149 006 | 20.00 -24.00 10.00 2.02 0.17
b3 -20 -10 24 105.52 5.45 | 10 20 -24 1521 0.58 | -10 24 -20 1.08 0.06 10.00 -20.00 24.00 1.98 0.2
-24 -20 10 106.43 549 | 20 24 10 1544 0.59 | 10 -24 -20 119 0.06 | -24.00 -10.00 20.00 2.25 0.16
24 20 10 103.48 552 | 20 24 10 1543 0.58 | 20 -10 -24 113 0.06 | -10.00 -20.00 24.00 2.07 0.17
-10 -24 20 107.41 546 | 20 10 -24 15.22 0.55 | -20 10 -24 124 0.06 | 24.00 -10.00 -20.00 2.15 0.16
-10 -24 20 103.61 548 | 24 20 -10 1466 0.59 | -20 10 -24 114 0.07 | 20.00 -24.00 -10.00 2.25 0.17
-20 -10 24 99.16 5.47 | 10 24 -20 1565 0.59 | -24 20 -10 124 0.07 | 10.00 -20.00 -24.00 2.06 0.18
10 24 20 10907553 | 10 24 20 1428 07 |24 20 -10 119 006 | 2400 10.00 20.00 2.09 0.16
24 20 10 10384547 | 20 10  -24 1603 056 | -10 -24 20 122 0.06 | -20.00 -24.00 10.00 1.87 0.16
-10 20 -24 1559 0.53 | -24 20 -10 125 0.07 | -10.00 -20.00 24.00 2.19 0.17
-10 20 -24 1541 054 | -24 -20 10 1.24 0.06
24 20 -10 15.64 0.58
-22 0 38 15.06 0.87 0 38 -22 7.02 05 22 0 -38 1.02 0.07 | 0.00 38.00 -22.00 2.19 0.19
0 -38 22 1437 098 | 0 38 22 7.8 0.53 | -38 -22 0 0.98 0.06 | 0.00 -38.00 22.00 2.09 0.18
0 38 22 1465 094 |22 38 0 777 051 | 22 0 38 1.09 005 | 3800 2200 000 251 047
ba| 0 38 22 1431 114 |38 22 0 688 052 |-38 22 0 102 007 | 2200 000 -38.00 2.01 0.18
22 0 38 1494 095 | 0 38 -22 7.05 047 | 0 38 -22 1.02 0.06 | 22.00 0.00 38.00 2.10 0.18
38 22 0 15.16 1.05 | 0 22 -38 842 045 | -38 22 0 0.97 0.07 0.00 38.00 22.00 227 0.2
22 0 38 1553 091 |22 38 0 758 054 | 38 22 0 101 007 | 0.00 -38.00 22.00 1.88 0.19
2 0 38 1436 097
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Co-crystal type-L_1 type-L_2 type-L_3
24 2 40 202811122 2 24 40 2732 085 | -40 24 2 56 023 | 2400 200 -40.00 611 043
-24 2 40 2054 11.21| 40 2 -24 26.95 0.89 | -40 24 2 559 0.23 | 2400 -2.00 40.00 539 043
24 -2 40 211.31 11.26 40 24 2 2781 1 2 40 -24 589 0.23 | 200 -40.00 24.00 5.99 0.44
40 24 -2 231.64 11.35| 2 40 24 29.39 1.02 | -24 2 40 578 021 | 200 40.00 -24.00 591 043
2 -40 24 221.62 11.27 | -2 40 -24 29.86 0.97 | -40 -24 -2 584 023 | 200 -40.00 24.00 544 043
-2 40 24 216.78 11.37 | -2 40 -24 2762 091 | 24 2 -40 583 0.23 | 2400 2.00 40.00 5.83 043
2 -40 24 2214 1124 24 40 -2 27.99 0.95 | -40 -24 2 6.01 0.23 | -2.00 -40.00 24.00 6.05 0.44
b5 24 -2 40 200.14 11.27 40 24 -2 293 1 -40 -24 2 6.04 0.23 | -2.00 -40.00 24.00 5.60 0.43
-2 -40 24 221.14 11.27 24 40 2 2879 1 -24 -2 40 589 021
24 2 40 218.04 11.27 | -2 40 24 27.78 0.98 | -40 24 -2 599 0.24
24 2 40 215.34 11.33 | 2 40 -24 28.64 0.91 | -40 24 -2 594 0.23
-24 -2 40 203.21 11.21 | 24 40 2 2824 096 | -2 40 -24 6 0.23
40 24 2 225.82 11.34 | 2 40 -24 26.93 0.94 | 24 -2 -40 5.9 0.23
24 2 40 212.25 11.23 | -2 24 -40 26 0.85
2 40 24 218.8 11.4 | 40 -2 -24 27.68 0.89
-2 -40 24 221.49 11.25
-16 46 30 0.03 045 | 46 16 -32 13.16 0.62 | -46 32 16 203 011 16.00 -46.00 30.00 1.59 0.15
16 -46 30 -0.23 022 | 16 46 32 12.32 0.74 | 16 46 -32 224 0.11 | 30.00 -16.00 46.00 1.50 0.14
30 -16 46 -0.08 0.25 | 46 32 16 128 068 | 32 16 -46 22 0.12 | 30.00 16.00 -46.00 1.48 0.15
30 -16 46 -0.11 034 | 16 32 -46 12,75 0.57 | 32 -16 46 211 0.09 | 30.00 16.00 -46.00 1.23 0.18
16 -46 30 -0.32 032 | 32 46 -16 11.79 067 | -16 -46 32 212 0.11 | 46.00 30.00 -16.00 1.62 0.15
46 30 16 -0.24 0.28 | 32 46 -16 11.88 0.66 | -46 32 -16 21 0.11 16.00 -46.00 30.00 1.56 0.16
-16 -46 30 -0.04 04 -16 46 32 13.27 0.68 | -46 -32 16 199 0.11 16.00 46.00 30.00 1.46 0.18
-16 -46 30 -0.12 0.31 16 32 46 13.81 0.73 | -16 46 -32 2.01 0.11 | 30.00 -16.00 -46.00 1.29 0.14
-30 -16 46 044 037 | 32 46 16 1411 0.73 | -32 -16 46 21 0.11 | -16.00 -46.00 30.00 1.52 0.17
30 16 46 0.04 0.27 | 46 16 32 14.07 0.68 | 32 -16 -46 219 0.11 | -30.00 -16.00 46.00 1.49 0.14
30 16 46 0.05 0.27 16 46 -32 13.66 0.7 -46 32 -16 2.07 041 46.00 30.00 16.00 1.73 0.14
b6 | 16 46 30 -0.24 054 | 46 32 -16 13.75 0.73 -32 -16 46 2.09 041 16.00 -46.00 -30.00 1.44 0.15
46 30 16 -0.01 032 | 16 46 -32 12.32 0.64 16.00 -46.00 32.00 1.96 0.17
30 16 46 -0.33 0.25 16.00 46.00 -32.00 1.72  0.16
32.00 -16.00 46.00 1.67 0.1
16.00 -46.00 32.00 1.70 0.17
46.00 32.00 -16.00 1.74 0.16
32,00 16.00 -46.00 1.61 0.16
-16.00 -46.00 32.00 1.89 0.16
46.00 32.00 16.00 1.89 0.15
16.00 -46.00 -32.00 1.52 0.16
16.00 46.00 32.00 1.68 0.15
32.00 -16.00 -46.00 1.54 0.15
16 -46 34 8.52 068 | 34 46 -16 6.76 0.54 | 16 46 -34 1.17 0.08 46.00 34.00 -16.00 0.65 0.1
16 46 34 779 071 |16 46 34 819 063 |34 16  -46 124 0.08 | 3400 16.00 -46.00 0.58 0.1
34 16 46 953 073 |46 34 16 773 056 | -46 34 16 118 0.08 | 16.00 -46.00 34.00 058 0.09
-16 46 34 724 095 | 16 34 -46 754 046 | -34 -16 46 142 0.08 | 46.00 -34.00 16.00 0.56 0.09
34 -16 46 9.79 077 | 34 46 -16 6.83 0.55 | -16 -46 34 123 0.08 | 34.00 -16.00 46.00 0.54 0.08
16 46 34 976 11 |-16 46 34 637 055 |-46 34 16  1.08 008 | 16.00 -46.00 34.00 0.57 0.09
b7| 16 -46 34 88 083 |34 46 16 756 058 | -46 34 -16 125 008 | 16.00 46.00 -34.00 0.55 0.09
34 16 46 925 0.78 | 16 34 46 7.04 061 | -16 46 -34 131 0.08 | 46.00 34.00 16.00 0.60 0.08
-34 -16 46 911 074 | 16 46 -34 6.76  0.51 -34 -16 46 1.02 041 34.00 -16.00 -46.00 0.52 0.09
34 16 46 962 074 |16 46 -3¢ 63 053 |34 16 -46 125 0.08 | 16.00 46.00 34.00 054 0.08
46 34 16 967 073 | 46 34 16 7.7 06 -16.00 -46.00 34.00 057  0.09
46 34 16 9.21 0.85 16.00 -46.00 -34.00 0.59 0.1
34 16 46 9.09 0.81
34 0 38 2373 133 | 0 34 38 155 03 [-34 0 38 073 005 | 0.00 -3400 38.00 1.99 0.7
-34 0 38 19.52 1.3 34 38 0 261 039 | -38 -34 0 0.6 0.06 | 34.00 -38.00 0.00 1.40 0.16
0 -38 34 2474 141 |0 38 34 2.02 0.38 | -38 34 0 0.69 0.06 | 38.00 0.00 -34.00 1.87 0.16
38 34 0 21.66 1.46 | 0 38 34 221 033|-3 0 38 066 005 | 3800 0.00 3400 1.91 0.16
b8 | 0 38 34 2348 135(38 34 0 19 038 |0 38 34 076 0.06
34 0 38 211 136 | 0 38 -34 1.78 0.32 | -38 34 0 0.63 0.06
0 38 34 2131 155 | 38 34 0 258 0.36 | 34 0 -38 0.62 0.06
0 34 38 179 032
34 38 0 191 0.36
0 -38 36 175.98 9.16 | 0 36 -38 -0.25 0.23 | -38 36 0 0.06 0.03 | 0.00 -36.00 -38.00 0.29 0.06
3% 0 38 167.829.14 | 0 38 3 023 03 [-38 36 0 0.04 003 | 3800 0.00 3600 0.0 0.05
38 36 0 174.95 9.24 | 0 38 -3 009 023|-38 36 0 0.08 003 | 36.00 -38.00 0.00 029 0.06
36 0 38 17333912 | 0 38 -36 023 0.26 | -36 0 38 0.03 0.03 | 38.00 0.00 -36.00 0.15 0.06
b9 | 0 -38 36 178.68 9.14 | 38 36 0 0.16 0.26 | -36 0 38 0.05 0.02 | 0.00 -36.00 38.00 0.22 0.06
38 3 0 0 028 | 0 38 -3 006 002|000 -36.00 3800 011 0.06
3 38 0 012 028 |36 0 38 0.01 003 | 36.00 38.00 0.00 0.09 0.5
36 38 0 -0.06 0.27 38.00 0.00 -36.00 0.25 0.08
0 36 -38 0 0.23
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A.2. Ligand combination vs Phase
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Figure A-5. A list of all the ligands used for this thesis.

Table A-2. The ligand combinations and the resulting phase of the corresponding framework. L and
S represent type-L and type-S, respectively.

al bl cl L Y ad b2 c4 L Y
a2 bl cl S Y ad b2 c5 L N
a2 bl c15 L Y ad b2 c6 S N
a2 bl cleé S Y ad b2 c7 M N
a6 bl cl L Y ad b2 c8 L N
c6 b3 cl L Y ad b2 c9 S N
a7 bl cl L Y ad b2 cl0 M N
a2 b2 cl S N a3 b2 c4 S N
a2 bl ca S N a5 b2 ca S N
a2 b2 ca M N a2 b6 cl1 S Y
a2 b2 c2 M N a2 b6 cl2 S Y
a4 b2 cl S N a2 b4 c13 S Y
a4 b2 c2 L N a2 b5 cl1 S Y
ad b2 c3 M N a2 b6 c6 S Y
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A.3. HPLC precision determination

To determine the precision of the enantiomeric excess (ee) using HPLC, a prepared
asymmetric reaction solution was analysed. Ten HPCL chromatograms were successively
collected from the same reaction mixture after removing catalyst (Figure A-6). The peak area
of the two enantiomeric product peaks (Peak_A and Peak_B) was used; the peak area was
calculated by the software (Thermofisher Chromeleon 7) and used without any modification.

The results are presented in Table A-3. According to the calculated standard error, the ee

values using HPLC is reliable to two decimal places.

Peak_B

Time (min)

Figure A-6. The chromatogram for determining the precision of ee calculation. The two
enantiomeric product peaks were labelled with Peak_A and Peak_B.

Table A-3. The peak areas of Peak_A and Peak_b and calculated ees for each HPLC chromatogram

are tabulated and the calculated mean and standard values were also presented.

Peak_A
168.270
166.814
167.545
167.178
167.998
168.609
167.674
168.346
167.548
167.092

© 00 N O U1 B W N -

[uny
o

212

Peak_B
393.736
390.145
391.654
390.883
392.991
394.160
392.170
393.551
391.642
390.520

ee (%)
-40.118
-40.098
-40.077
-40.086
-40.106
-40.079
-40.100
-40.079
-40.075
-40.069

Peak A — Peak B

ee (%) =
mean:
standard error:
ee (%)

X
Peak A + Peak B

-40.089
0.005077
-40.09 £ 0.05
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Figure A-8. 'H NMR of cat-S before thermolysis. The peak of Boc protecting group is disappeared.
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cat-L before activation
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Figure A-9. 'H NMR of cat-L before thermolysis. The Boc protecting group is presented at 1.3 ppm.
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Figure A-10. 'H NMR of cat-S before thermolysis. Due to the partial thermolysis of the cyclobutyl
group, peaks were broadened. Approximately 50 % of cbtt was decomposed based on the integrals
comparing with bdc.
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Figure A-12. *H NMR of MUF-88 before thermolysis. Due to the partial thermolysis of the cyclobutyl
group, cbtt peaks were broadened. Approximately 40 % of cbtt was decomposed based on the
integrals comparing with bdc.
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Appendix B. For Chapter 3

B.1. Ligand synthesis and characterisation

CO2Me COZMe COzMe CO2Me COzMe
NBoc NHZ
NO NH NHBoc
CO,Me CO,Me CO,Me CO,Me CO,Me

szpdc gua

1 Mezbpdc (20.0 g, 74.0 mmol) was dissolved in conc. HoSO4 (98 %, 100 mL) in anice bath.
Then the diluted nitric acid (69 wt%, 5.3 mL, 1.1 eq.) in conc. H2SO4 (98 %, 30 mL) was added
to the above solution dropwisely over a period of 1 hour while the temperature was kept
between 0-5 °C. After the addition, the reaction mixture was kept in an ice bath for 1 hour
and then slowly warmed up to RT for another 1 hour. The reaction mixture was poured into
an ice/water mixture, and the white sticky material was extracted with EtOAc, and the
extraction was washed with water and dried over Na;SO.. The yellow solid material was then
purified by silica column chromatogram (eluent: ~25 % EtOAc/n-hexane) to yield a pure

white powder of 1 (15.3 g, 65.5 % yield).

IH NMR (500 MHz, Chloroform-d) & 8.59 (d, J = 1.7 Hz, 1H), 8.32 (dd, J = 8.0, 1.7 Hz, 1H), 8.18 —
8.12 (m, 2H), 7.57 (d, J = 7.9 Hz, 1H), 7.46 — 7.41 (m, 2H), 4.03 (s, 3H), 3.98 (s, 3H).

2 1(15.3 g, 48.5 mmol) was dissolved in 100 mL DCM/Methanol (40:60), and then Pd on
activated carbon (10 wt%, 0.3 g) was added to the above solution. The system was tumbled
in hydrogenator under H; for a day. A dark solution was filtered off through a celite pad with
hot EtOAc, and the solvent was removed from the filtrate to produce a yellow solid of 2 (13.3
g, 96 % yield).

IH NMR (500 MHz, Chloroform-d) & 8.16 (dd, J = 8.2, 3.0 Hz, 1H), 7.58 (dd, J = 8.0, 2.5 Hz, 1H), 7.54
—7.45 (m, 1H), 3.98 (t, J = 2.5 Hz, 1H), 3.94 (d, J = 2.8 Hz, 1H), 3.89 (s, 1H), 1.63 — 1.59 (m, 1H).
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3 N,N-Bis(tert-butoxycarbonyl)-S-methylisothiourea (6.84 g, 1.2 eq.), HgCl, (6.4 g, 1.2 eq.)
and triethylamine (10 mL, 3.6 eq.) was mixed with DMF (100 mL), and the mixture was
cooled down in an ice bath stirring, then 2 (5.6 g, 19.6 mmol) was added. The mixture was
stirred overnight while the temperature was slowly increasing to RT. The light yellow
mixture was poured into water and extracted by EtOAc, and washed with brine and water.
The crude product was recrystallised from MeOH to yield a pure product of 3 (6.16 g, 59.5%
yield).

'H NMR (500 MHz, Chloroform-d) & 11.44 (s, 1H), 10.06 (s, 1H), 8.62 (d, J = 1.7 Hz, 1H), 8.11 — 8.06

(m, 2H), 7.91 (dd, J = 8.0, 1.7 Hz, 1H), 7.47 = 7.42 (m, 2H), 7.35 (d, J = 8.0 Hz, 1H), 7.26 (s, 2H), 3.94
(d, = 1.1 Hz, 6H), 1.46 (s, 9H), 1.41 (s, 9H).

4 Toacolourlesssolutionof 3(5.16 g, 10.5 mmol)in DCM (40 mL)was added TFA (40 mL)
dropwisely at ice bath. After the addition, the solution was gradually warmed up to room
temperature overnight. To the acidic solution were added saturated K,CO3 aqueous solution
and K>COs powder until no bubble was produced while the solution was kept in on ice bath.
Then the product was extracted with DCM, and DCM was removed under reduced pressure

to yield the pure productof 4 (2.64 g, 77 % yield).

IH NMR (500 MHz, Chloroform-d) & 8.08 — 8.03 (m, 2H), 7.99 (dd, J = 8.0, 1.8 Hz, 1H), 7.89 (d, J =
1.7 Hz, 1H), 7.55 = 7.47 (m, 3H), 3.97 (s, 3H), 3.93 (s, 3H).

H:bpdc-gua 4 (2.6 g, 7.9 mmol) was dissolved in THF (30 mL), aqueous NaOH solution (1
M, 30 mL) was added, and the mixture was stirred at 50 °C overnight. After cooling down to
RT, THF was removed, the aqueous solution was acidified with HCI (1 M) to ~ pH 6, and the

white precipitate was filtered off and dried to yield the pure product of 5 (1.62 g, 68 % yield).

'H NMR (500 MHz, DMSO-ds) & 7.95 (d, J = 8.1 Hz, 1H), 7.88 (d, J = 7.8 Hz, 2H), 7.82 (s, 1H), 7.48 (t,
J=9.6 Hz, 3H).
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(0]
CO,Me CO,Me HN\_/O MeO,C o) HO,C o)
Br “Ph N/l(o N/[(o
— s L
Ph Ph
CO,Me CO,Me MeO,C HO,C
5 6 H,bdc-mephox

5 A mixture of Me;bdc-Me (0.50 g, 2.40 mmol), NBS (513 mg, 1.2 eq.), and AIBN (40 mg,
0.1 eq.) was placed in a 50 mL round bottom flask with dry benzene (15 mL), and the flask
was vacuumed and purged with N, gas several times. Then, the mixture was heated to 60 °C
with stirring overnight under an N, atmosphere. After cooling down to RT, the solvent was
reduced under vacuum, and the crude product was purified by silica column (eluent: 10 %
EtOAc/cyclohexane). The solvent was removed under reduced pressure to yield a clear oily

product of 5 (0.5g, 70 % yield).

IH NMR (400 MHz, Chloroform-d) & 8.22 (ddd, J = 8.0, 1.4, 0.8 Hz, 1H), 8.22 —8.16 (m, 1H), 8.03 —
7.96 (m, 1H), 5.40 — 5.35 (m, 2H), 3.99 (d, J = 1.0 Hz, OH), 3.98 (s, 3H).

6 The reaction was conducted under the inert condition. The mixture of oxazolidinone
derivative (0.55 mmol) and potassium tert-butoxide (69 mg, 1.1 eq.) in DMF (5 mL) was
stirred for 30 mins at room temperature. Then the premixed solution of 5 (160 mg, 1 eq.) in
DMF (5 mL) was added dropwise to the reaction mixture, and the mixture was stirred
overnight at RT. The reaction mixture was diluted with EtOAc and washed with an excess
amount of water to remove residual DMF, the organic layer was dried over MgSQO,, and the
organic solvent was removed under reduced pressure. The crude material was purified with

a silica column (eluent: 30 % EtOAc/n-hexane) to yield the light yellow oily product.

'H NMR (500 MHz, Chloroform-d) & 8.12 (d, J = 1.6 Hz, 1H), 8.08 — 7.99 (m, 2H), 7.46 — 7.34 (m,
5H), 5.54 (t, J=8.2 Hz, 1H), 5.01 (d, / = 15.8 Hz, 1H), 4.86 (d, / = 15.8 Hz, 1H), 3.96 (d, /= 8.2 Hz,
6H), 3.88 (t, /= 8.8 Hz, 1H), 3.43 (dd, J=9.0, 7.7 Hz, 1H), 1.28 (t, / = 7.1 Hz, 1H).

Hobdc-mephox 6 was stirred overnight in a mixture of THF (5 mL) and 1 M NaOH (5 mL),
then it was acidified with 2 M HCI to ~pH 4. The product was extracted with EtOAc and
washed with H,0O, and the organic layer was dried over MgSQO,. The organic solvent was

removed under reduced pressure to yield light yellow powder material (overall yield ~40 %).

218



Appendix B. For Chapter 3

0 0
MeO,C 0x(© MeO,C Q HO,C \\T/O
Br HN—, N\) N\)
“—Ph g / S ?

z — z
Bf L0 Ko
CO,Me O’& CO,Me /& CO,H
(0] (0]

8 Hybdc (bnox(S)),

O

8 To a stirring mixture of dimethyl-2,5-dibromoterephthalate (1.00 g, 2.84 mmol), (S)-4-
benzyloxazolidin-2-one (1.11 g,2.2 eq.),Cul (1.08 g,2 eq.) and KoCO3 (2.36 g,6 eq.) in toluene
(30 mL), was added N,N-Dimethylethylenediamine (1.22 mL, 4 eq.), and the reaction mixture
refluxed for 2 days under N, atmosphere. After cooling down to RT, the reaction mixture was
diluted with water, and the organic was extracted with EtOAc, washed with water (200 mL x
3), and dried over MgSQOs The crude product was then purified by silica column
chromatography (eluent: EtOAc/Hexane=1:2-1:1). The desired product was obtained as a
light brown solid (0.52 g, 33 % yield).

H NMR (500 MHz, Chloroform-d) & 7.86 (s, 2H), 7.33 = 7.23 (m, 10H), 4.71 — 4.58 (m, 2H), 4.50 (t, J

= 8.6 Hz, 2H), 4.30 (dd, J = 8.8, 6.5 Hz, 2H), 3.97 (s, 6H), 3.18 (dd, J = 13.6, 4.8 Hz, 2H), 2.94 (dd, J =
13.5, 9.6 Hz, 2H).

Hobdc-(bnox(S)). 8 (100 mg, 184 umol) was stirred in THF (1 mL) in an ice bath, and
aqueous KOH solution (1 M, 0.55 mL, 3 eq.) was added to the mixture, then the mixture was
stirred overnight while the temperature gradually increased to RT. The cloudy mixture
turned into a clear yellow solution after overnight stirring. The reaction mixture was then
acidified to ~pH 4 with dilute HCl (1 M), and the organic was extracted with EtOAc and
washed with H,O and dried to yield the brownish solid product (94 mg, 94 % yield).

4 NMR (500 MHz, DMSO-ds) & 13.40 (s, 2H), 7.77 (s, 2H), 7.23 = 7.15 (m, 8H), 7.11 (t, J = 7.0 Hz,
2H), 4.79 (p, ) = 7.3 Hz, 2H), 4.45 (t, J = 8.5 Hz, 2H), 4.19 (t, J = 7.5 Hz, 2H), 2.91 (h, J = 8.1 Hz, 4H).
BCNMR (126 MHz, DMSO) & 165.69, 155.81, 136.28, 134.17, 132.68, 130.32, 128.97, 128.37,
126.51, 67.60, 58.39, 38.61. ES-MS (negative mode, CH30H): m/z = 515.145 ([CasH23N20s], calcd.
515.145).
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B.1.1. MOF synthesis

Hshxtt (4 pmol), Hobpdc derivatives (4.8 umol), Hobde derivatives (8.0 pmol), benzoic acid®,
and Zn(NOs3),-4H,0 (16.5 mg) were placed in a 4 mL vial, and DEF (1 mL) and H,O (50 pL)
was added. The mixture was briefly sonicated, and the vial was placed in an isothermal oven
at 85 °C for a day, and approximately 15 mg of crystal was obtained. The mother liquor was
decanted off, and the crystals were washed with fresh DMF (x2) to remove residual organics

and kept in DMF until use.

(a) MOF synthesis (1 mL scale)
CO,H

Q CO,H
¢ i

type-S framework
[Zn40(hmtt); 33(bpdc)g s(bdc)o 5]

CO,H
CO,H
Hzhmtt Hzbpdc H,bdc
(4.0 umol) (4.8 umol) (8.0 umol)

(b) Amount of ligand for synthesis

Tritopic linker
CO,H

COH CO,H
mass (mg) 2.2 3.2 4.6
Bpdc derivatives
COH CO,H
LK g
H NH,
COH CO,H
1.4 1.2
Bdc derivatives
o
o]
CO,H HO;C { \\r:) O,H HO,C b
“Ph
[j [j [j [j\i[j [jﬁ[jL_/ (\N,[j *—pn
COZH COZH P COzH
2.3 2.6 2.7 2.7

Figure B-1. (a) A schematic diagram of MOF synthesis; (b) the required amout (indicated with blue
numbers) of each ligand for 1 mL scale synthesis.

88 mg of benzoic acid was added to the synthesis mixture if hmtt was used for the tritopic linker,
otherwise 14 mg of benzoic acid was used.
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Figure B-2. A digested standard catalyst ([ZnsO(hhtt)133(bpdc-gua)os(bdc-bnox(S))os]) in DMSO-d6
(0.6 mL) and DCI (10 uL)
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Appendix C. For chapter 5

C.1. Ligand Synthesis

05O Oy O Ox O Os_OH
Br Br
— — — — —
® ok o O
0% ~oH 0% 0"
0% 0" 0% 0" 0% o~ 0% “OH
1b 1c 1d

1a H,L1

Figure C-1. A schematic diagram of the synthesis of L1.
la 4-Bromo-3-methylbenzoic acid (10.0 g, 46.5 mmol) was dissolved in MeOH (100 mL)
and conc. H2S04 (98 %, 2 mL) was added, then the reaction mixture was refluxed with stirring
overnight. The volume was reduced under reduced pressure, and the solid material was
precipitated by the addition of water, washed with water, and dried to yield the pure product
as a pink solid (10.6 g, 46.3 mmol, 99 % yield).

'H NMR (500 MHz, CDCls) 6 7.90 (d, J = 2.2 Hz, 1H), 7.70 (dd, J = 8.3, 2.1 Hz, 1H), 7.60 (d, / = 8.2 Hz,
1H), 3.91 (s, 3H), 2.45 (s, 3H).

1b A mixture of 1a (5.35 g, 23.4 mmol, 1 eq.), bis(pinacolato)diboron (6.52 g, 1.1 eq), KOAc
(6.88 g, 3 eq.), and Pd(OAc), (0.157 g, 0.03 eq.) in DMF (100 mL) was stirred at 90 °C under
N, atmosphere overnight. After cooling down to room temperature, 1a (5.0 g, 0.93 eq.),
K2CO3 (4.7 g, 1.46 eq.) and Pd(PPhs). (0.81 g, 0.03 eq.) were added to the reaction mixture,
and the reaction mixture was refluxed under N atmosphere overnight. After cooling down
to room temperature, the reaction mixture diluted with H,O/EtOAc (400 mL, 1:1), then
filtered through a celite pad. The organic layer was washed with brine (100 mL x 3) and dried
over MgSOy, and the solvent was evaporated under vacuum. The crude product was purified
with a silica column chromatogram (eluent: 20 % EtOAc/n-hexane) to yield 3b (5.6 g, 80 %
yield).

'H NMR (500 MHz, CDCl3) 6 8.01 — 7.95 (m, 1H), 7.91 (dd, /= 7.9, 1.8 Hz, 1H), 7.16 (d, J = 7.9 Hz,
1H), 3.94 (s, 3H), 2.08 (s, 3H).
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1c 1b (545 g, 183 mmol, 1 eq.), N-bromosuccinimide (650 g, 2.0 eq.) and
azobisisobutyronitrile (0.30 g, 0.10 eq.) were stirred in dry benzene (100 mL) at 85 °C under
N atmosphere for three hours. The solvent was removed under reduced pressure, and the
residue dissolved in EtOAc (50 mL) and washed with brine and water. The organic layer was
dried over MgSOQy, and the solvent was removed under vacuum to yield a brown oily crude
product (7.9 g, 95 % yield).

'H NMR (500 MHz, Chloroform-d) & 8.24 (d, J = 1.7 Hz, 1H), 8.06 (dd, / = 7.9, 1.8 Hz, 1H), 7.36 (d, J
=7.9Hz, 1H), 4.33 (d, /=10.2 Hz, 1H), 4.17 (d, / = 10.3 Hz, 1H), 3.97 (s, 3H).

1d To a mixture of 1¢ (7.9 g, 17.3 mmol, 1 eq.) in CH,Cl, (60 mL) and MeOH (80 mL), was
slowly added the premixed solution of NaN3 (5.3 g, 4.5 eq.) in CH3sOH (100 mL), then the
reaction mixture was stirred under N, atmosphere for two days at ambient temperature. The
reaction mixture was diluted with water (200 mL), and the organic was extracted with
CH2Cl, and dried over MgSQ,, and the solvent was removed to afford a light brown/yellow
oily product. The crude product was purified by a silica column chromatogram (eluent: 20 %
EtOAc/n-hexane), and a beige solid (4.2 g, 60 % yield) was obtained after removing the

solvent.

'H NMR (500 MHz, CDCl3) 6 8.17 (d, J = 1.7 Hz, 1H), 8.09 (dd, /= 7.9, 1.8 Hz, 1H), 7.30 (d, / = 7.9 Hz,
1H), 4.17 (d, J = 13.8 Hz, 1H), 4.11 (d, J = 13.7 Hz, 1H), 3.98 (s, 3H).

HoL1  1d(4.0g 10.5mmol, 1.0 eq.) was stirred in THF (25 mL) and aqueous KOH solution
(2 M, 25 mL) at 60 °C overnight. After cooling down to room temperature, the THF was
removed under reduced pressure, and the reaction mixture was acidified to pH 2 with dilute
HCI (1 M) to form a white precipitate. The white solid was filtered, washed with water, and
dried to yield the light beige product (3.5 g, 95 % yield).

IH NMR (500 MHz, DMSO-dg) & 13.21 (s, 1H), 8.13 (d, J = 1.7 Hz, 1H), 8.00 (dd, J = 7.9, 1.8 Hz, 1H),
7.37(d,J=7.9 Hz, 1H), 4.33 (d, J = 13.9 Hz, 1H), 4.21 (d, J = 13.9 Hz, 1H).
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Figure C-2. A schematic diagram of the syntheses of H,L2 and H,L3.

2a Dimethyl-2,5-dihydroxyterephthalate (1.0 g, 4.4 mmol, 1 eq.), KI (110 mg, 0.15 eq.), and
K2CO3 (1.8 g, 3.0 eq.) were stirred in DMF (10 mL), then 1-chloro-hex-5-yne (1.55 g, 3.0 eq.)
in 10 mL DMF was added dropwise under a nitrogen atmosphere. The reaction mixture was
then stirred overnight at 100 °C. After cooling down to room temperature, an excess amount
of water was added to the reaction mixture, and the mixture was kept at a low temperature
to yield a brown precipitate, and then the precipitate was washed with water and dried. The
crude product (1.2 g, 70 % yield) was used for the next step without further purification.

IH NMR (400 MHz, CDCls) & 7.36 (s, 1H), 4.05 (t, J = 6.2 Hz, 2H), 3.93 (s, 3H), 2.29 (td, J = 7.0, 2.6
Hz, 2H), 1.98 (g, J = 3.1 Hz, 1H), 1.93 (dd, J = 10.3, 4.6 Hz, 2H), 1.76 (p, J = 7.1 Hz, 2H).

HoL2  2a (1.2 g, 3.1 mmol) was stirred in THF (10 mL ) and aqueous KOH solution (1 M,
10 mL) at 60 °C overnight. After cooling to room temperature, THF was removed under
reduced pressure, and the solution was acidified with dilute HC1 (1 M) to pH 2. The precipitate
was filtered, washed with water, and dried to yield light yellow powder (1.06 g, 95 % yield).
'H NMR (500 MHz, DMSO-ds) 5 12.93 (s, 1H), 7.28 (s, 1H), 4.01 (t, J = 6.2 Hz, 2H), 2.77 (t, /= 2.7 Hz,
1H), 2.23 (td, J = 7.1, 2.6 Hz, 2H), 1.85 — 1.71 (m, 2H), 1.71 — 1.55 (m, 2H). 23C NMR (126 MHz,

DMSO) & 167.28, 150.88, 125.93, 115.98, 84.88, 71.76, 69.10, 28.33, 25.01, 17.88. ESI (negative
mode, CH3OH): m/z = 357.1345 ([C20H2206]-, calc. 357.1333).
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3a Dimethyl-2,5-dihydroxyterephthalate (500 mg, 2.21 mmol, 1eq.), KI (55 mg, 0.15 eq.),
and K>COs3 (920 mg, 3.0 eq.) were stirred in DMF (8mL), then, 8-chloro-1-octyne (1.03 mL,
3.0eq.)in 5 mL DMF was added dropwise under a nitrogen atmosphere. The reaction mixture
was stirred at 100 °C overnight. After cooling down to room temperature, the reaction
mixture was diluted with water, and the organic was extracted with EtOAc. The crude
material was then purified by silica column chromatography (eluent: 10 % EtOAc/n-hexane).
A beige solid was deposited after removing the solvent (0.40 g, 41 % yield).

IH NMR (500 MHz, CDCls) & 7.38 (s, 2H), 4.03 (t, J = 6.4 Hz, 4H), 3.93 (s, 6H), 2.23 (td, J = 7.0, 2.6
Hz, 4H), 1.96 (t, J = 2.6 Hz, 2H), 1.89 — 1.78 (m, 4H), 1.65 — 1.43 (m, 12H).

H,L3 3a (04 g, 0.9 mmol) was stirred in THF (5 mL) and aqueous KOH solution (2 M, 5
mL) at 60 °C overnight. After cooling down to room temperature, THF was removed under
reduced pressure, and the solution was acidified to pH 2 with aqueous HCI solution (1 M).
The precipitate was filtered, washed with an excess amount of water, and dried under

vacuum to yield a light yellow powder (0.37 g, 100 % yield).

'H NMR (500 MHz, DMSO-ds) & 13.19 - 12.58 (s, 1H), 7.27 (s, 2H), 3.98 (t, / = 6.4 Hz, 4H), 2.73 (¢, J
=2.7 Hz, 2H), 2.16 (td, J = 6.9, 2.6 Hz, 4H), 1.68 (p, / = 6.5 Hz, 4H), 1.53 — 1.33 (m, 12H). *C NMR
(126 MHz, DMSO) & 167.28, 150.93, 125.96, 116.03, 85.04, 71.58, 69.57, 40.59, 40.50, 40.42,
40.33, 40.25, 40.16, 40.09, 39.99, 39.92, 39.83, 39.66, 39.49, 29.04, 28.41, 28.25, 25.26, 18.07.
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C.2. MOF synthesis

MUF-80a [Zn.O(hmtt)ss (L1)1/2(L2) 12]  Zn(NOs)2-4H,0 (16.5 mg, 6.3 umol), HoL1 (1.6
mg, 4.6 umol), HoL2 (2.9 mg, 8.0 umol), Hshmtt (2.2 mg, 4.0 umol ), benzoic acid (8.0 mg, 65
umol), HoO (50 pL), diethylformamide (1 mL) was mixed in a 4 mL vial, and briefly sonicated.
The reaction mixture was placed in an isothermal oven at 85 °C for a day. The resulting
colourless crystals were washed with DMF several times and kept in fresh DMF for further

analysis.

MUF-80a-1 [Zn.O(hmtt)a/s (L1)1/2(bdc)1/2] Zn(NO3)2-4H,0 (16.5 mg, 6.3 pmol), HL1 (1.6
mg, 4.6 umol), bdc (1.3 mg, 8.0 umol), Hshmtt (2.2 mg, 4.0 umol ), benzoic acid (8.0 mg, 65
umol), HoO (50 pL), diethylformamide (1 mL) was mixed in a 4 mL vial, and briefly sonicated.
The reaction mixture was placed in an isothermal oven at 85 °C for a day. The resulting
colourless crystals were washed with DMF several times and kept in fresh DMF for further

analysis.

MUF-80a-2 [ ZnsO(hmtt)a/z(bpdc)1/2(L2)1/2] Zn(NOs3)2:4H,0 (16.5 mg, 6.3 umol), bpdc
(1.1 mg, 4.6 umol), HL2 (2.9 mg, 8.0 umol), Hshmtt (2.2 mg, 4.0 umol ), benzoic acid (8.0 mg,
65 pmol), H,O (50 pL), diethylformamide (1 mL) was mixed in a 4 mL vial, and briefly
sonicated. The reaction mixture was placed in an isothermal oven at 85 °C for a day. The
resulting colourless crystals were washed with DMF several times and kept in fresh DMF for

further analysis.

MUF-80b [Zn:O(hmtt)sa(L1)12(L3)12]  Zn(NOs)24H20 (16.5 mg, 6.3 pmol), HoL1 (1.6
mg, 4.6 umol), H;L.3 (3.3 mg, 8.0 umol), Hshmtt (2.2 mg, 4.0 umol ), benzoic acid (8.0 mg, 65
umol), HoO (50 L), diethylformamide (1 mL) was mixed in a 4 mL vial, and briefly sonicated.
The reaction mixture was placed in an isothermal oven at 85 °C for a day. The resulting
colourless crystals were washed with DMF several times and kept in fresh DMF for further

analysis.
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C.4. Gas adsorption

C.4.1. N2 adsoprtion at 77 K and BET plots
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C.4.2. Selected gas physorption at 273 K and 293K
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C.4.3. Heats of adsorption for slelcted gases

Qst (kJ/mal)

Qst (kJ/mol}

Qst (kJ/mol)

Appendix C. For chapter 5

22 -
) - 15 -
20 i
—_
18 3
E
‘j 10
16 o MUF-80a 7 MUF-80b
N, o ——co,
——CO, ——CH,
14 < CH, —— CzH,
——CiH, ] CH,
12 Cts B
:r
] T T T T T T T 0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Amount adsorbed (cm'/g, STP) Uptake (cm¥/g)
204 20
S e—
18 B84 -
16 16
14 3 14 3
12 3 g 12
5
10 3 = 10
MUF-80bc-1 % MUF-80bc-2
—Co, = —cCo,
8 - ——CH, 83 —CH,
CoH, CoH,y
5 6]
CoHs C:H,
44 44
24 2
0 T T T T T T 0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Uptake (cm’qg) Amount adsorbed (cm*g, STP)
20 4
15
104
- MUF-80bc-3 —CO,
CH.
—CH,
54 C;He
0 T T T T T T 1
0 20 40 60 80 100 120 140
Uptake (cm’/g)

Figure C-13. Isosteric heat of adsorptions of selected gases for the selected frameworks as a

function of uptake.

233



Appendix C. For chapter 5

C.4.4. Virial fits

MUF-80a, uptake vs In(P) plot for N,

MUF-80a, uptake vs In(P) plot for CO,
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Figure C-14. Virial fits of selected gases for MUF-80a.
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MUF-80ac, uptake vs In{P) plot for N,
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MUF-80ac, uptake vs In(P) plot for CO,
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Figure C-15. Virial fits of selected gases for MUF-80ac.
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MUF-80b, uptake vs In(P) plot for CO,

MUF-80b, uptake vs In(P) plot for CH,
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Figure C-16. Virial fits of selected gases for MUF-80b.
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MUF-80bc-2, uptake vs In(P) plot for CO,

Appendix C. For chapter 5

MUF-80bc-2, uptake vs In(P) plot for CH,
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Figure C-19. Virial fits of selected gases for MUF-80bc-3.
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C.4.5. Pore size distribution

Pore Volume (cc/g)

Pore Volume (cc/g)

Pore Volume (cc/g)
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Appendix D. For Chapter 6

D.1. Organic ligands syntheses

Os__OEt Os_OEt P Os__OH J)//
@ p ® ®
OH Br 0 (o)
_— —_—
HO ] o l )/ro l
“ HO” Y0

1 H,L4

1 To a stirred mixture of diethyl 2,2'-dihydroxy-[1,1'-biphenyl]-4,4"-dicarboxylate (0.5 g,
1.51 mmol, 1 eq.), KI (38 mg, 0.15 eq.), and K2CO3 (0.63 g, 3 eq.) in DMF (15 mL), was added
5-bromo-pent-1-ene (0.72 mL, 4 eq.), and then the reaction mixture was stirred at 100 °C
overnight under a N, atmosphere. After cooling down to RT, water (~ 100 mL) was added,
and the organic was extracted with CH,Cl, (20 mL x 3). The organic extract was then washed
with brine and water several times and dried over MgSQO,. After removing the solvent under
vacuum, the brown oily product (590 mg, 84 % yield) was obtained.

IH NMR (500 MHz, CDCls) § 7.69 (dd, J = 7.8, 1.5 Hz, 1H), 7.62 (d, J = 1.5 Hz, 1H), 7.31 (d, J = 7.8 Hz,

1H), 5.74 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 — 4.93 (m, 1H), 4.96 — 4.91 (m, 1H), 4.42 (g, =7.1
Hz, 2H), 4.01 (t,J = 6.4 Hz, 2H), 2.09 — 2.01 (m, 2H), 1.77 = 1.70 (m, 2H), 1.43 (t, J = 7.1 Hz, 3H).

H,L4 1 (590 mg, 1.26 mmol) was stirred in a mixture of THF and 2 M aqueous KOH (30
mL, 1:1v/v) at 60 °C overnight. After cooling down to room temperature, the organic solvent
was dried under vacuum, and the aqueous solution was acidified with 1 M HCl to pH 2. The
precipitate was filtered, washed with water and dried under vacuum to yield the beige

powdery product (0.51 g, 98 % yield).

IH NMR (500 MHz, DMSO-ds) & 13.03 (s, 2H), 7.59 (dd, J = 7.8, 1.5 Hz, 2H), 7.55 (d, J = 1.6 Hz, 2H),
7.32(d, J = 7.7 Hz, 2H), 5.75 (ddt, J = 16.9, 10.2, 6.6 Hz, 2H), 5.09 — 4.72 (m, 4H), 3.99 (t, J = 6.4 Hz,
4H), 2.00 (q, J = 7.2 Hz, 4H), 1.66 (p, J = 6.6 Hz, 4H). 3C NMR (126 MHz, DMSO) & 167.60, 156.37,
138.40, 131.96, 131.86, 131.49, 121.66, 115.52, 112.68, 67.72, 40.59, 40.49, 40.42, 40.33, 40.25,
40.16, 40.09, 39.99, 39.83, 39.66, 39.49, 29.93, 28.23. ESI (negative mode, CH30H): m/z =
409.1648 ([C24H25OG]_, calc. 409.1646).
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Os__OEt O OBt Os_OH ~
HO BT o o
—_— —_—
OH o o
B0 0 7 e Yo # HO™ X0
2 HoL5

2 To amixture of dimethyl 2,5-dihydroxyterephthalate (200 mg, 0.79 mmol, 1 eq.), KI
(20 mg, 0.12 mmol, 0.15 eq.), and K2CO3 (330 mg, 2.39 mmol, 3.0 eq.) in DMF (7 mL) was
added 5-bromo-1-pentene (0.37 mL, 3.12 mmol, 4.0 eq.), and then the mixture was stirred
overnight at 100 °C under N> atmosphere. After cooling down to room temperature, the
product was precipitated out by the addition of water (~ 50 mL). The solid was then filtered,
washed with water and dried to yield the solid beige product (0.25 g, 0.64 mmol, 81 % yield).

IH NMR (500 MHz, CDCl3) 6 5.85 (ddt, J = 16.9, 10.1, 6.6 Hz, 1H), 5.06 (dq, J = 17.2, 1.7 Hz, 1H),
5.00 (ddt, J = 10.2, 2.2, 1.3 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 4.02 (t, J = 6.3 Hz, 2H), 2.31 = 2.22 (m,
2H), 1.95 — 1.86 (m, 2H), 1.39 (t, J = 7.1 Hz, 3H).

H,L5 2 (0.25 g, 0.64 mmol) was dissolved in a mixture of THF (10 mL) and aqueous
KOH solution (1 M, 10 mL), and then the reaction mixture was stirred at 60 °C overnight.
After cooling down to room temperature, the solution was acidified with 1 M HCl to pH 2. The
beige precipitate was filtered, washed with water and dried under vacuum to yield the beige

powder (0.21 g, 0.63 mmol, 98 % yield).
IH NMR (500 MHz, CDCl3) & 11.40 — 10.55 (m, 1H), 7.87 (s, 1H), 5.82 (ddt, J = 17.0, 10.3, 6.7 Hz,
1H), 5.09 (t, ) = 14.3 Hz, 2H), 4.32 (t, ) = 6.5 Hz, 2H), 2.27 (dt, ] = 7.1 Hz, 2H), 2.03 (tt, ] = 6.9 Hz, 2H).

13C NMR (126 MHz, CDCls) § 163.90, 151.68, 136.28, 122.76, 117.56, 116.54, 77.28, 77.02, 76.77,
70.51, 29.80, 27.94. ESI (negative mode, CH30H): m/z = 333.1344 ([C18H2106], calc. 333.1333).
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Os_OMe Os_-OMe 4 Os-CH 4
OH cl N 0 0
HO ' - o) ! o !
MeO” O & MeO” O & HO™ Y0
3 H,L6
3 To the stirring mixture of dimethyl 2,2-dihydroxy-[1,1'-biphenyl]-4,4'-

dicarboxylate (0.56 g, 1.85 mmol), KI (46 mg, 0.15 eq.) and K2COs3 (770 mg, 3 eq.) in DMF 6
mL was added 6-chloro-1-octyne (0.9 mL, 4 eq.), and then the mixture was stirred at 120 °C
for two days under N, atmosphere. After cooling down to room temperature, the reaction
mixture was diluted with EtOAc and washed with brine and water, and then the volume was

reduced under vacuum to yield the product as a brown 0il (830 mg, 97 % yield).

IH NMR (500 MHz, CDCls) § 7.70 (dd, J = 7.8, 1.5 Hz, 2H), 7.62 (d, J = 1.5 Hz, 2H), 7.31 (d, J = 7.8 Hz,
2H), 4.03 (t, J = 6.2 Hz, 4H), 3.97 (s, 6H), 2.14 (td, J = 7.1, 2.7 Hz, 4H), 1.94 (t, J = 2.6 Hz, 2H), 1.78
(dg, /= 8.1, 6.3 Hz, 4H), 1.58 — 1.50 (m, 4H).

H,L6 3 was stirred in a mixture of THF (10 mL) and aqueous NaOH solution (1 M, 10
mL) at 60 °C overnight. After cooling down to RT, THF was removed under vacuum, and the
aqueous residue was acidified with 1 M HCl to pH 2. The beige precipitate was then filtered,
washed with water and dried to yield a beige solid (0.77 g, 99 % yield).

'H NMR (500 MHz, D,0) & 7.50 — 7.46 (m, 2H), 7.46 — 7.41 (m, 2H), 7.17 (d, J = 7.7 Hz, 2H), 3.95 (t, J
=6.2 Hz, 4H), 1.94 (t, / = 7.2 Hz, 4H), 1.58 (p, J = 6.6 Hz, 4H), 1.31 (p, / = 7.3 Hz, 4H).
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D.2. MOF synthesis

MUF-80c ([ZD4O (hmtt) 1,33(]-_.4)0,5(]-_:5)0,5])

Hshmtt (11.0 mg, 20 pmol), HaL4 (9.4 mg, 23 pmol), HoL5 (13.4 mg, 40 umol), Benzoic acid
(40 mg, 330 umol), Zn(NOs),-4H20 (83 mg, 300 umol) was dissolved in a mixture of DEF (5
mL) and water (0.25 mL) in a 20 mL vial. The vial was briefly sonicated and then kept at an
isothermal oven at 85 °C for 20 hours. The resulting colourless crystals were washed with

DMF several times and kept in fresh DMF for further analysis.

MUF-80d ([Zn4o(hmtt)1'33(L6)o_5(L2>o_5])

Hshmtt (11.0 mg, 20 umol), H2L6 (10.0 mg, 23 umol), HoL2 (14.3 mg, 40 pmol), Benzoic acid
(40 mg, 330 umol), Zn(NOs)-4H20 (83 mg, 300 umol) was dissolved in a mixture of DEF (5
mL) and water (0.25 mL) in a 20 mL vial. The vial was briefly sonicated and then kept at an
isothermal oven at 85 °C for 20 hours. The resulting colourless crystals were washed with

DMF several times and kept in fresh DMF for further analysis.

MUF-80e ([ZmO(hmtt) 1,33(L 1)0_5(L7)0.5:|>

Hshmtt (11.0 mg, 20 pmol), HoL1 (7.7 mg, 22 umol), HoL7 (11.0 mg, 40 umol), Benzoic acid
(40 mg, 330 pumol), Zn(NO3).-4H20 (83 mg, 300 umol) was dissolved in a mixture of DEF (5
mL) and water (0.25 mL) in a 20 mL vial. The vial was briefly sonicated and then kept at an
isothermal oven at 85 °C for 20 hours. The resulting colourless crystals were washed with

DMEF several times and kept in fresh DMF for further analysis.
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D.3. 'H NMR spectroscopy

MUF-80c

HO: io
HO™ ™0

o
- =]
o Vo
)\ .:\\.ﬂf), -~ - ,\.ﬂf!_,\ =0
o I\l _ \x//y.\%,{\/, v
T
IR )
\
F#\
\
J\FMC
o

A

1.0 ppm

1.5

2.0

~
o]

o
=
o~

I
3

e
o
|

Figure D-1. *H NMR of digested MUF-80c in DMSO-ds and DCI mixture.
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D.4. Gas physorption

D.4.1. Nz adsoprtion at 77 K and BET plots
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Figure D-10. N, adsorption isotherm at 77 K and BET surface area plots for MUF-80e.
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D.4.2. Selected gas physorption at 273 K and 293 K
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Figure D-12. Gas physorption of selected gases at 273 K and 293 K for the selected frameworks.
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D.4.3. Heats of adsorption for slelcted gases
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D.4.4. Virial fits

MUF-80d, uptake vs In(P) plot for CH,

MUF-80d, uptake vs In(P) plot for CO,
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MUF-80e, uptake vs In(P) plot for CO,
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MUF-80e, uptake vs In(P) plot for CH,
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Figure D-17. Virial fits of selected gases for MUF-80ec.
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D.4.5. Pore size distribution
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Figure D-18. Pore volume distribution plots and the Gaussian fits for the selected frameworks.
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Appendix D. For Chapter 6

D.4.6. Optical microscope images

(b)IMUF-80dc-¢

Figure D-19. Optical microscope images of crystal samples; (a) a general figure of MUF-80c, d, and
e; (b) greenish MUF-80dc-c crystals due to transmetallation with copper; (c)(d) intense orange
MUF-80dc-t after thermal coupling reaction; (e) greenish yellow MUF-80ec crystals; (f) cracked

MUF-80ec due to the stress during click reaction.
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D.4.7. SEM images

(b) MUF-80dc

Figure D-20. SEM images of MUF-80d, MUF-80dc, MUF-80e and MUF-80ec; the scale bar is
equivalent to 400 pum.
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