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Abstract

This thesis describes the nano-engineering of self-assembly processes, to
accomplish nanoscale metal-organic framework (MOF) systems potentially useful for
optoelectronic applications. The well-known fact underlying the large crystal size
formation of common MOF compounds has been re-investigated here, not only to
minimise the prolonged synthesis time but also to yield facile deposition in uniform thin
film formats. This thesis presents the innovative concept of high concentration reaction
(HCR) and its utility for making nano MOFs. Surprisingly, this method resulted in
formation of a new kind of gel-like soft materials, for which | coined the term —
supraMOFs — meaning supramolecular MOF hybrid materials.

A detailed study of supraMOFs focussing on their constituent nano MOF
elements, stimuli-responsive behaviours, and sol-gel conversion phenomena have
been systematically performed. Akin to low molecular weight gels (LMWG),
mechanical properties of supraMOFs displaying storage modulus (G’) > loss modulus
(G”) have been confirmed by rheological experiments. The use of sol-gel MOF system
to attain a uniform MOF film, has been demonstrated through an example of HKUST-1
thin coating of ~10 nm roughness and ~1 um thickness.

The HCR concept was further extended to develop advanced functional nano
MOF systems, where one-step rapid synthesis of fluorescent MOF nanosheets has
been accomplished. The old but effective concept of functionalisation of MOFs using
porous coordination space and external guest species was implemented here, but with
a twist. Particularly, the challenge of caging larger sized guest species into smaller
pore apertures of MOFs, in parallel to controlling material growth in the nanoscale
regime were solved by adopting the HCR approach. Furthermore, this thesis has
demonstrated new interesting possibilities employing fluorescent nano MOF system
to engineer smart sensors for detecting volatile organic compounds (VOCs), and

mechanical stresses via a mechanochromic luminescent MOF nanoplate system.
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Chapter 1 Introduction

Chapter One

Introduction
Metal-Organic Frameworks (MOFs)!® are hybrid (inorganic-organic) materials
comprising 3-D extended architectures, constructed from repeating symmetric units
through the self-assembly of molecular building blocks. By virtue of the designable
potential of MOFs, researchers could fabricate novel materials to target applications
such as gas separation/storage, fuel cells, optical sensors, porous magnets, chiral
separation/catalysis, photo-catalysis, molecular sieving, semiconducting devices etc.*
9 MOFs are generally obtained as a single-crystal material, whereby the synthetic
conditions used strongly affect the physico-chemical properties of the resultant
compounds. For instance, literature on MOF materials shows drastic changes in
crystalline structures, particle size and mode of coordination (ultimately determining
the topological features of the end products) by varying temperature, pressure,
solvent, and pH conditions. Despite being a single crystalline material, some novel
materials based on MOFs have emerged in the last few years. For example, polymer
blends or quantum dot (QD) doped MOF composites have been reported with
enhanced mechanical and optical properties for improved performance as hosts for
gas separations/storage or catalytic/magnetic/optical applications.1%4 Recently,
MOFs in the form of thin films have been explored with electronic applications in
mind.'®> Nonetheless, there are a few limiting parameters of existing methods
associated with MOF hybrid materials in relation to their optoelectronic properties and

device fabrication, some of them are listed below:
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a) Conventional methods for synthesising pure MOF compounds typically require
prolonged (few days to 1 week) hydrothermal or solvothermal reactions comprising
organic linkers and metal ion solutions.®

b) Nanoscale MOFs have shown improved properties over bulk amount of large
particle size MOFs.17-2% However, state-of-the-art hydrothermal reactions do not allow
precise control over exact MOF particle size at the nanoscale, thereby producing a
larger distribution of (less desirable) micron-sized particles instead.

c) Manufacturing MOFs in the form of thin films involves the use of costly self-
assembled monolayers (SAMs), this strategy also does not allow fabrication over large
surface areas.?' Due to random and large size crystal growth of MOF compounds,
they are difficult to fabricate in thin-film form needed for device fabrication and thus
limiting the use of material for large-area industrial applications and real-world
commercialisation.

d) The majority of MOF materials are poor electrical conductors with large band gaps.
Two important aspects, namely MOF polycrystalline boundaries and localised charge
in the framework (poor electron delocalisation) are reasons for weak charge transport
in MOFs, resulting in semiconductors or insulators.??

e) Guest encapsulation and infiltration in MOF is challenging when the size of the pore
aperture is relatively smaller than that of the guest, although they possess generally
larger internal voids (e.g. ZIF-8 - internal void dimension: >11A, entry pore aperture
size: <3.4A). Therefore most of the research in this field is concentrated on small guest
encapsulation with only a few exception linked to large guest encapsulation studies.?*
24

f) Luminescent MOFs do not show intense emission properties unless they are made

from rare-earth metal ions or long chain conjugated organic linkers.25-26
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Keeping above constraints in mind and aiming at nano scale engineering of
MOF with tuneable opto-electonic behaviour, | have developed innovative methods
using supramolecular chemistry and self-assembly concepts. Supramolecular
science?’ has triggered a new wave of discoveries of next-generation functional
materials, especially stimuli-responsive soft matter,?® which could afford multiple
functions applicable to emergent technologies. It is envisioned that the unique
combination of self-organised supramolecular systems,?® self-healing®® and thermo-
reversibility,>® and on-demand sol-gel transformation®?> makes stimuli-responsive
materials not only extremely versatile, but also straightforward to process into novel
multifunctional devices.3? Yet, the precise control over its microstructural alignment
and detailed understanding of complex organisation, constituting a self-assembly,?’
remain some of the biggest challenges facing supramolecular materials science today.
One of the best examples featuring self-organisation of lamellar hierarchical growth
lies in the naturally occurring protein assembly, known as collagen,3* whose highly-
aligned fibrous microstructure not only dictates its bio-mechanical stability, but also
underpins numerous bio-stimuli functions.®® To this end, exploration of synthetic routes
mimicking the self-directed molecular assemblies evidenced in nature has attracted
considerable interests, further broadening the scope of applications linked to novel
functional materials and soft matter. For example, oriented growth of supramolecular
assemblies allows switchable or tuneable material properties, which have utility in
emerging areas ranging from microfluidics and molecular filtration, to nanowires and
microelectronics devices.®® Recent studies have also focused on the co-operative
effects arising from nanoparticle-polymer pairs (or block-copolymers), to create
energetically favourable multi-component systems, incorporating complex patterned

growth of bespoke nanomaterials.37-38
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This thesis starts with an introduction about each chapter covering brief
description of the overall work, then extending to the literature review in Chapter 2
describing discovery of self-assembled hybrid porous materials, i.e. metal-organic
frameworks, their growth, uses and efforts taken to advance the field towards
optoelectronic area including a survey on other contemporary optoelectronic materials
and their fundamental properties. Chapter 3 covers materials synthesis, techniques
used for characterisation of samples and theoretical methods used for electronic and
structural properties elucidation.

In Chapter 4, a rare example of a supramolecular soft hybrid material —
featuring gel fibre networks coexisting with nanoparticles of the iconic MOF,
designated as “HKUST 1” has been described with synthesis and detailed
characterisation; remarkably nanocrystals of HKUST-1 was synergistically formed
in situ, as an integral part of the 3-D hierarchical self-assembly process. Interestingly,
the new system of hybrid materials elucidated in this study bridges the gap and
connects the growing field of MOFs with the vibrant field of supramolecular gels and
functional soft matter. Chapter 4 provides the first definitive study of the little explored
new class of hybrid materials — integrating the fascinating concepts of “MOFs” and
“supramolecular gels”-for which | coined the term “SupraMOFs”. Hierarchical micro-
architecture demonstrated by the MOF-based supramolecular hybrid gel assemblies
are substantially different and unique compared with recent reports on “MOF
aerogels”, “MOF xerogels” and “metal-organic gels (MOGs)” found in the literature.

Another emerging field of Metal-Organic Frameworks (MOFs) is MOF-based
optoelectronics, and guest-induced tuneable physico-chemical properties in MOFs,
which are gaining enormous interest among researchers to explore innovative

applications associated with it. Chapter 5 describes the discovery of a rare example
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of host-guest nanoconfinement phenomenon, enabled by in situ encapsulation within
the periodic nanocages of ZIF-8 (i.e. an archetypal MOF with a pore size ~1 nm). The
concept of ‘in situ encapsulation’ applied to MOFs has been proposed with structural
and chemical properties by supporting the demonstration of its efficacy to afford facile
nanoconfinement of a bulky luminous ZnQ molecule [Zn-(bis-8-hydroxyquinoline)-
monomeric metal complex] to create optically-active nanocrystals. Significantly, using
the in situ methodology | show that not only it is possible to alleviate the difficulty faced
by conventional ex situ methods (e.g. ion exchange) in which the narrow nanopore
windows of ZIF-8 preventing infiltration of bigger guest molecules, but also this
approach yields high-purity encapsulated crystals very rapidly (i.e. ~minutes vs.
hours/days). Resultant Guest@Host hybrid nanomaterials (ZnQ@ZIF-8) exhibit
tunable photophysical characteristics, which can be correlated to the host-guest
electronic pathways arising from its donor-acceptor energy transfer mechanism. The
extensive host-guest intermolecular interactions caused by spatial confinement of ZnQ
in nanocages (of ZIF-8) led to a strong red-shifted emission spectra evidenced in the
encapsulated hybrid. This translates into a warmer color rendering useful for certain
lighting applications. Another striking result concerns the major improvement observed
in the photophysical stability of the luminescent guest species upon its encapsulation
within the ZIF-8 pores. Results described in Chapter 5 suggests that, the nanoscale
cavity of MOF could act as a protective vessel to shield light-sensitive fluorophores
and dye molecules against rapid photochemical decomposition.

Focussing on similar area of MOF for sensors and optoelectronics, my research
was expanded to obtain an unconventional two-dimensional (2D) metal-organic
framework (MOF), which can be imparted with tuneable optoelectronic and photo-

chemical properties, of potential utility for disruptive chemical sensors and lighting.



Chapter 1 Introduction

Whilst 3D MOFs are much recognised for their enormous physical and chemical
versatilities, their lower dimensionality cousins — assuming the shape of “2D
nanosheets” — are not well represented in the MOF literature today. And, to the best
of our knowledge, yet to be accomplished are: porous 2D nanosheets incorporating a
3D MOF structure, augmented with tuneable “guest-induced emergent properties”.
This is because of the limitations imposed by existing MOF synthetic pathways, which
do not easily yield thin foils of 2D functionalised materials constituting an extended 3D
framework architecture. In Chapter 6, description about possibilities to solve the
aforementioned challenge using a straightforward strategy can be found. In this
chapter, | have demonstrated a very fast and highly versatile supramolecular synthetic
approach (materials reaction time <1 min), allowing one-pot preparation of
functionalised 2D nanosheet structures (i.e. Guest@MOF system), all achieved at
room temperature. Detailed findings revolve around the in situ nanoscale confinement
of bulky light-emitting “guest” molecules inside the pores of the “host” MOF nanosheet
material, resulting in intriguing optoelectronic characteristics. Light has been shed on
the intriguing host-guest coupling interactions by means of vibrational spectroscopy,
in conjunction with enhancements in quantum yield and lifetimes to understand the
underpinning physico-chemical mechanisms. The new Guest@MOF nanosheets
show an extraordinary propensity for detection of a broad range of harmful volatile
organic compounds (VOCs). This is possible thanks to the intimate nature of host-
guest coupling arising from MOF nanoconfinement effects, implicating substantial
optochemical perturbations (e.g. emission blue/red shifts, intensity modification,
luminescence quenching). Crucially, the role of the “caging environmental effect”
provided by the MOF nanosheet host was confirmed by the fact that, unconfined

emissive guest molecules do not exhibit any sensing capability. Interestingly using a
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small quantity of functionalised Guest@MOF nanosheets, our simple proof-of-concept
chemical sensor accomplished a reversible detection of a low level of acetone, and
further demonstrated the device is swiftly regenerated (~seconds). The concept itself
is a reflection of one of the many possible examples, illustrating the considerable
promise for engineering real-world applications — opened up by the new versatile
concept of “Guest@MOF 2D nanosheets”, which has been achieved through rapid

supramolecular nanomaterial assembly at ambient conditions.

Under the same umbrella of optoelectronics, mechanochromic luminescent
materials are worthwhile to study due to their smart and luminescent response against
external pressure. Mechanochromic luminescent materials changes emission
behaviour when subject to mechanical forces or when put under pressure, therefore
they can exhibit switchable optical properties desirable for photonics-based sensing
and tunable optoelectronic applications. Chapter 7 is focused on the study of a
previously unreported “mechanochromic luminescent” MOF material termed:
“‘Perylene@ZIF-8" (i.e. Guest@MOF host), nano-engineered from the host-guest
confinement methodology. A detailed demonstration of a straightforward self-
assembly strategy performed at ambient conditions to accomplish rapid fabrication of
functionalised Guest@MOF nanoplates, constructed from highly-emissive Perylene
“‘guest” molecules confined within the porous sodalite cages of the ZIF-8 “host”
framework has been described in this chapter. This new nanoplate material displays
reversible luminescent properties observable by naked eye, switching between the
blue = green emissions (subject to photoexcitation) under a moderate level of
pressure (~tens of MPa). Chiefly, the major discovery lies in the spatial isolation of the
photoemissive guests afforded by the extended periodicity of the MOF host, due to

which | have observed the unique “solution-like” optical properties even in the solid-
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state condition. Utilising diffuse reflectance spectroscopy, | show that there are
intimate host-guest interactions causing substantial modifications in the electronic
structures, which has been confirmed via band gap calculations giving insights into the
underpinning photophysical phenomena. When exceeding a high pressure of ~1.5
GPa the nanoplates become amorphised, the resulting material still retains its
mechanochromic luminescent behaviour thus presenting an attractive pathway for
engineering functional amorphous nanocomposites. To the best of our knowledge, this
discovery presents the first example of a mechanochromic luminescent MOF system
achieved through the host-guest nanoconfinement strategy. Previous examples in the
literature on mechanochromic luminescent MOFs have only concerned the emission
attributed to the coordinating linkers; here emission behaviour originated from a
spatially confined guest which can be modulated by imposing a pressure onto the MOF
host. This new paradigm based on the concept of Guest@MOF assembly is versatile
and could be extended to many different combinations of guest emitters and host

structures.

Chapter 8 is focussed on the use of high concentration reaction approach to
synthesise other SupraMOF systems, which can exhibit smart material response like
sol-gel phase transitions by the virtue of external stimuli. Detailed description in this
chapter includes the exciting discovery of a mechano-stimulus responsive
supramolecular gel material constructed using the same chemical constituents to that

of ZIF-8. This is the first example of a ZIF-type gel material.
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Figure 1.1 Flow chart summarising the scope of the original research work described
in current thesis.

Chapter 9 is the concluding chapter, in which all major findings have been
summarised and promising future research avenues are also presented. Figure 1.1

presents the complete picture of the original research described in this thesis.
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Chapter Two

Literature Review

2.1 MOFs: Concept, Discovery and Progress
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Figure 2.1 a) Structure of Cu'[C(CsH4-CN)a4], large circles indicate Cu atoms), * b) unit
cell structure of [Cu'(tpp)Cu'], ¢) packing diagram of {{Cu'(tpp)Cu'] showing porous
channels along the a-axis, * d) unit cell of [N(CHz)4][CuZn(CN)a4], 3° e) crystal structure
of [Ag(TCB)(CFsS0z)] along the c-axis, ° f) organic linker TEB for making
[Ag(TEB)(CF3S03)], g) structure of Zn(4,4’-bpy)2]SiFe along the ab plane, 4! h)
structure of [Ag'(CF3S0z3)]-2CeHe.

The idea of continuous network formation of metal and organic constituents was first
envisioned by Robson and Hoskins in 1989.1 Robson et al. expressed the thought of
possible joining of tetrahedral and octahedral metal cores via organic bridging joints
for the generation of well-ordered cavities in their report published in February 1989.
With detailed structural study of [Cu()-4,4',4" 4"-Tetracyanotetraphenylmethane].BF4,
Robson explained the possibility of making thermally stable, highly porous, solvent
accessibly/exchangeable, ion accessible/exchangeable infinite ordered arrays of

metal-organic compounds (Figure 2.1a-c). In his first reported compound, BF4 ion was
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found to occupy pores of framework, which he successfully exchanged with other
anions like [PFe]. He showed ion exchange ability of the framework with the help of
FT-IR vibrational spectroscopy. In July of the same year (1989), Robson came up with
Zn(ll) and Cd(Il) based hetero-metallic framework compounds containing Cu(l) as
another metal centre and showed the effect on the framework porosity that avoids
interpenetration due to two metal centred coordination (Figure 2.1d).3° Potential in
metal-organic frameworks (MOFs) for multifunctional applications was realised from
this report, which was further exemplified by other pioneering researchers of the field.
Robson’s efforts were mainly dedicated to the crystal engineering of framework
materials with exotic properties like anion exchange, solvent exchange, non-
interpenetration of framework, large porous channels etc.*? Later Stephen Lee and co-
workers from University of Michigan introduced a new dimension of inorganic-organic
coordination networks by explaining interesting auxetic behaviour (negative Poisson’s
ratio) and negative coefficients of thermal expansion (NTE) of [Ag(TEB)(CF3SO3)]
framework structure (TEB: Figure 2.1f), which possessed features like honeycomb
AIB2 and hinge ThSi2 type phases having internal pore dimensions of 15 A (Figure
2.1e).40 Surprisingly, they found that occluded CeHs molecules in the pore could be
exchanged by CsDs without framework collapse. The same group later reported
another Ag(l) based 2D framework material [Ag(1)(CF3S0s3)].2CsHs with high thermal
stability up to 200 °C (Figure 2.1h). After a few reports of ionic framework compounds,
the first neutral coordination network [Zn(4,4’bpy)2SiFs] was reported by Subramanian
et al. (Figure 2.1g).*! [Zn(4,4’bpy)2SiFs] found to constitute large square shaped
hydrophobic channels of 11.39 x 11.39 A2 (8 x 8 A2 effective pore size) and SiFs as a

coordinating organic linker instead of charge balancing anion.
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As the field started to grow with slowly increasing number of framework compounds
till 1995, Omar Yaghi then professor at Arizona State University published similar
example of framework compounds and coined the term ‘metal-organic framework’?
which was previously termed by other researchers as: coordination polymers,
coordination networks, molecular building blocks, network structures, infinite
polymeric frameworks etc. Today they are widely accepted by the name ‘metal-organic
frameworks’ (MOFs) or by the other name- ‘porous coordination polymers’ (PCPs), a
term coined by Prof. Susumu Kitagawa from Kyoto University, who is one of the
pioneers and great contributors of the field. In his report, Omar Yaghi described a
thermally stable (up to 350 °C) [CoCsHe(COOHA1/3)3(NCsHs)2.2/3NCsHs] framework

compound made from Co(ll) and 1,3,5-benzenetricarboxylic acid (BTC).?
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Figure 2.2 a) to g) M-bpy extended networks, line represents bpy (except vertical lines
in ¢ and horizontal lines in d), formula, type, pore dimension, interpenetration are
mentioned beneath each structure; h) scheme representing different structural
features originated from M-BTC motif combined with other organic linkers.*3

Three years later in 1998, an extended review article was published by Yaghi and
co-workers, in which the fundamental concepts, and strategies for making a variety of

MOF compounds, including metal sulphides, M-4,4’-bpy ionic frameworks, neutral
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frameworks from carboxylates, n-stacked frameworks, etc. had been covered (Figure
2.2.).%3 In this review several aspects of MOFs had been discussed concerning host-
guest chemistry mainly ion exchange capability of frameworks (NMes* replacement by
Cu?*, Ni%*, Zn?*, Hg?*, Cd?*), high thermal stability of materials (up to 500 °C for

Mn-Ge-S framework) and diamondoid topology.

2.2 High Surface Area MOFs for Gas Sorption

MOFs have been highly explored to date for their ability to store gas molecules. In
2001, Banglin Chen et al. reported the [Cus(BTB)2(H20)DMFo(H20)2] (MOF14)
framework (Figure 2.3a,b) containing interwoven networks and pore dimension of
16.4 A with capacity to store >400 mg/g of N2 and >700 mg/g of Ar at 1 atm (Figure

2.3c).4
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Figure 2.3 a) Structure of [Cu3(BTB)2(H20)3]-9DMF-2H20;%* b) packing structure of
[Cu3(BTB)2(H20)3]-9DMF-2H20 showing two interwoven networks in grey and blue
colour for carbons; c¢) gas uptake by [Cu3(BTB)2(H20)3]-9DMF-2H20; d) a series of
organic linkers used to synthesise e) different isoreticular MOF structures having
different pore metrics.*®
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They reported the Langmuir surface area of 1502 m?/g for the framework from gas
uptake measurements. The same framework also revealed type-l sorption
characteristics of CH4 gas and for solvent vapours like CH2Cl2, CCl4, CeHs, CsH12, and
m-Xylene without any hysteresis. After realising gas storage capacity of MOFs,
Eddaoudi et al. designed several MOFs for studying gas uptake and separation using
MOFs.*®* In his report, a variety of organic linkages based on biphenyl,
tetrahydropyrene, pyrene and terphenyl moieties were used (Figure 2.3d) to construct
small to large pore sizes in the yielded framework compounds (Figure 2.3e). Their
attempts resulted in the 16 highly crystalline materials with pore dimensions ranging
from 3.8 A to 28.8 A, open space up to 91.1% and 240 cc/g uptake of CHa by one of
the frameworks. Systematic characterisation of this MOF series showed promising
strategy for synthesising new frameworks and their valuable gas storage capacities.
Another systematic synthesis of 25 MOFs out of 9600 micro reactions was reported
by Banerjee et al., which contained Zn(ll) and Co(ll) metal centres with tetrahedral

coordination environments in all the MOFs.46
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Figure 2.4 Bond angle similarity between imidazole (Im) based frameworks and
zeolites as shown in the figure above.*’

Yaghi and co-workers pointed out the similarities between Zeolites and a group of
MOFs by comparing the Si-O-Si angle of Zeolites and M-N(linker)-N(linker)-M in MOFs
(Figure 2.4).4” The term ‘zeolitic imidazolate frameworks’ (ZIFs) was introduced for

such MOF compounds, made from imidazole and its derivative based organic linkers.
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Importantly, similar frameworks were reported by other researchers®” 48 before actual
report of Yaghi and co-workers in 2006. However, Yaghi is the first person to name
them ZIFs and explore their porous properties in detail. ZIFs exhibited high surface
areas, high gas uptake and high thermal stability. ZIF-8 is one of the ZIF compounds
explored from many dimensions by researchers for its interesting structural features

and ease of synthesis.

2.3 Functional MOFs or PCPs

One of the pioneers of the field, Prof. Susumu Kitagawa from Kyoto University, used
the term porous coordination polymers (PCPs) instead of MOF since the term
‘coordination polymers’ was in the use from the early 1960s. A review article published
by Prof. Kitagawa in 2004 addressed multi-dimensional properties of PCPs (MOFs).3
the role of different organic linkers, types of linkers, contribution of different
coordination numbers of metal centres, use of spectator guest species in PCP
synthesis are key points discussed thoroughly in this review. Detailed understanding
of the field and new concepts of PCPs were realised from this review article. Unlike
previous reports on MOFs, Prof. Kitagawa sheds light on PCPs for their potential use

as smart stimuli-responsive materials.

2.3.1 Construction of Functional PCPs/MOFs

Use of the Ag(l) or Cu(l) ions for making different coordination environments from
different organic linkers, reaction conditions, solvents, pH, counter ions can be
understood from the review article.® Importantly, it further pinpoints generation of
unsaturated open metal sites, especially in lanthanide based ordered array of PCPs
with the help of coordinated labile solvent molecules, which can be removed without

framework collapse. Such unsaturated metal centres (UMCs) are very important for
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use in chemical adsorption, heterogeneous catalysis or for sensing purposes. Since
transition metal ions can form different coordination environments, a variety of shapes
can be achieved in PCPs generated from linear, T or Y-shaped, tetrahedral, square-
planar, square-pyramidal, trigonal-bipyramidal, octahedral, trigonal-prismatic,

pentagonal-bipyramidal coordination geometries (Figure 2.5).2
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Figure 2.5 PCP components described by Kitagawa et al.?

To simplify the complexity in the way network forms, the term ‘secondary building unit’
(SBU) meaning metal clusters from one or more metal centres and organic linkers was
introduced to classify topologies of different frameworks. To date, there are a wide
range of topologies/nets reported in the literature for MOF/PCP materials.*®
Depending on the type of linkers and SBUs, different directionality in the framework
can be attained such as the helical arrangements of channels to generate homo chiral

frameworks. Such materials can be made purely from non-chiral constituents and
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potentially useful for enantio-separations or asymmetric heterogeneous catalysis.
Creation of continuous 1D chains of ionic species inside PCP channels via hydrogen
bonding have a huge potential for facile proton conduction in solid state under various

conditions of temperature and humidity.

Back in 2004, Kitagawa et al. describe the use of different anions like ClO4 ,
BF4, NOs , NCS , PFs , NO2 , SiFeé2 , CN , CF3SO3 , SO42, N3, Cl, F, | in addition
to the organic linkers, and metal ions to neutralise the overall charge of the framework
and ordered spatial arrangement of hydrogen bonded network of ions (Figure 2.6).
Today, several PCPs/MOFs can be found in the literature, which exhibit high proton
conduction due to trapped ionic species to facilitate ionic hoping in the porous
channels. Many efforts were taken to avoid interpenetration in the framework, but
Kitagawa and co-workers showed the advantages of interpenetrated frameworks in
terms of high stability and dynamic response to the gas adsorption with hysteretic
behaviour. Interpenetrated PCP like [Cu(1,4-BDC)(4,4’-bpy)o.s] is an example of highly
stable and dynamic adsorbent material. One of the important strategies to design
functional PCPs/MOF reported is the use of metalo-ligand®°-5! as a linker for building
continuous networks (Figure 2.7). Several advantages were realised from the use of
metallo-ligands mainly i) functional porosity from functional linker, ii) adjustable
coordination environment of metalo-ligand, iii) generation of Lewis acidic site, and iv)
linking of framework through different connecting directions. RuClz(pyz)as,
[Cr/Fe/Ru(ox3)]®, [Cr(dto)s]® are some of the instances of metalo-ligands, which

assembled together via the additional metal centres and form 2D/3D arrays.5%%4
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Figure 2.6 Different types of organic linkers to build PCPs that leads to different types
of materials with adjustable pore metrics.2
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Metallo-ligand can play very important role in generating UMCs and serve as
orderly arranged reaction vessels for catalysis or site specific binders for foreign guest
species. In [ZnCu(2,4-pydca)2(H20)3(DMF)].DMF, Zn(ll) are the centres of framework
serve as connectors of metalo-ligand and Cu(ll) centres are from metalo-ligand which
possess UMCs available for guest coordination.>® Interestingly metalo-ligands were
found to provide robustness to the structure and generation of large coordination voids
in the framework. PCP [Zn3Cu2(OH)2(salphdc)2]2DMF synthesised from metalo-ligand
containing Cu(ll) centres and simple Schiff base organic ligands found to generate
large voids of 14 x 14 A in the network joined by Zn(ll) centres (Figure 2.7b).56
Researchers also made analogous material by replacing Cu(ll) by Co(ll) with similar

crystal lattice parameters.

a)@

o—o

Figure 2.7 a) Sketch explaining possible generation of UMCs using metalo-ligand in
PCP synthesis against pure organic linkers, M* (green) are metal centres constructing
MOF and M? (blue) from metalo-ligand®->! b) an example of PCP [ZnCu(2,4-
pydca)2(H20)3(DMF)].DMF with Cu UMCs.5¢
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2.3.2 Classification of Functional PCPs/MOFs

a) a) Dots (0D cavity) b) Channels (1D space) b)

1st generation

c) Layers (2D space)

O =guest molecule

Figure 2.8 Pore type based classification of porous materials, b) different generations
of porous materials.®

Based on porosity, porous structures can be subdivided into four categories viz. A) dot
structures with OD cavities; B) Channel structures with 1D space; C) layered structures
with 2D space; and D) intersecting channel materials with 3D space (Figure 2.8a).3
And based on the guest response to the framework structure upon its removal and re-
inclusion, materials can be categorised into: 15, 2"d and 3™ generation materials
(Figure 2.8b). 15t generation PCPs collapse upon removal of trapped guest species,
2"d generation stays intact without change in the framework dimensions, however 3
generation are multifunctional PCPs which sustain upon removal of guest species, but
at the same time will change the structural features upon re-inclusion of foreign guest
species. Because of such structural changes in the framework, PCPs/MOFs with such
properties are called dynamic or flexible frameworks. Such dynamic systems were
found to behave in an interesting fashion and offered various smart applications in
selective molecular storage, solid state sensors via solid state structural changes, etc.®
Molecular weak interaction sites within framework towards guest species are important
factors playing a vital role in achieving smart 3" generation materials. In some cases

weak interactions are the main reason for keeping frameworks intact. For example, in
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the case of compound Cu(ca)(ROH): different layers are separated (8.45 A Cu to Cu
distance of alternate layers) by the hydrogen bonded guest species hold together by
the (ca) and ROH linkers (Figure 2.9),% where the removal of trapped species by

heating collapses the framework structure.

[Cu(ca)(pz)],

[Culca)(H0),l,

Eﬁrﬁftﬂj | NO; 280&
MY@%ET:#T# R
= e {[Cu(ca)(H,0),](ph2)},
{[Cu(ca)(H,0),](chphz)},,

{[Cufca)(H,0),l(dmpyz)},

Figure 2.9 Guest-induced dynamic structural response of Cu(ca)(H20)2.%"
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However, some stacked layered structures exhibit dynamic response without
underpinning structural collapse. Layered compound Cu(ca)(H20)2-phz containing
aromatic stacks of phz molecules shows the separation distance of 8.45 A between
layers, which can be expanded up to 11.0 A stabilised by n-n interactions and

hydrogen bonding.

Amount adsorbed ——» o

Pressure ——»

Figure 2.10 a) Smart sorption isotherm observed in the case of flexible PCP material
that tend to show structural changes during sorption measurements, guest induced
transformations shown in b-d, b) represents crystal-to-amorphous transformation
(CAT, 31), c) tyep 1 crystal-to-crystal transformation (CCT, 3 lI-1), d) tyep 2 crystal-
to-crystal transformation (CCT, 3" [I-2)3

Dynamic framework systems always exhibit interesting sorption properties. Gate
opening behaviour (due to structural transition) with combination of type I, Il, 1l sorption
isotherm can be seen in such materials (Figure 2.10a).2 Such effects mainly occurred
from making and/or breaking of the weak interactions of frameworks. Based on the
guest responses to the dynamic frameworks, further classification was introduced by
Kitagawa and co-workers. Frameworks with guest induced crystal to amorphous
phase are called type 3" (CAT: crystal to amorphous transformation) and crystal to
crystal change called type 31l (CCT: crystal to crystal transformation) frameworks

(Figure 2.10b-d).
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2.3.3 Structural Dynamics in PCPs/MOFs
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Figure 2.11 a) Reversible solid—state crystal structure change in the case of
[Cuz(pzdc)(dpyg)],>® b) negligible gas uptake (top) but dynamic methanol sorption
behaviour (bottom) of [Cu2(pzdc)(dpyg)], ¢) bond cleavage assisted structural change
observed in cobalt based PCP.%°

Kitagawa et al. expressed their idea of flexibility against robustness and bistability
against single stability in their review article.® Smart structural changes due to guest
activities are not very common in the case of materials. PCPs/MOFs show bistable
feature originated from weakly interacting species like labile solvents namely H20,
alcohols, ketones, ethers, aromatic/aliphatic small molecules, etc. 3D pillar layered
structure [Cuz(pzdc)(dpyg)]-8H20 exhibit interesting structural transformation by
adsorption and desorption of H20, MeOH molecules (Figure 2.11a).%8 Detailed study
using synchrotron powder X-ray diffraction revealed 27.9% of cell contraction and
layer separation from 9.6 A to 13.2 A upon adsorption-desorption process.
Interestingly, N2 and CH4 were not adsorbed by the framework, unlike H20 or MeOH
(Figure 2.11b). Structural changes in the framework were found to occur near the
Cu(ll) centres, where carboxylate bond breaks and reforms with transformation of the

whole network from 3D to becoming 2D interpenetrating. Jahn-Teller distortion is one
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of the main reasons for structural changes at Cu(ll) site, where axial bond elongation
could happen. Very weakly interacting solvents like diethyl ether showed structural
changes in Co(ll) based frameworks [Co2(H20)4][ResOs(CNs)]-10H20 and
[Co(H20)3]4[Co2(H20)4][ResOs(CN)6]-44H20.° Bond making and breaking of Co-
Ocether) cause the structural change and indirectly affects compound colour (Figure
2.11c). Reversible colour change occurs in visible light from orange to dark blue-violet
upon evaporation of diethyl ether and re-inclusion of ether into the structure. Today,
several examples can be found in literature about guest induced expansion-
contraction of crystal cells, sliding of 2D layers, open-close forms of interpenetrated

networks.60-64

2.3.4 Dynamics in MOFs/PCPs for Gas Sorption
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Figure 2.12 a) Guest assisted dynamic structural transformation that causes closing
and opening of pores in [Cd1.5(L)(H20)]-G, b) pore opening and closing evidenced from
dramatic change in sorption amount of CO2.5°

A notable example of guest—induced locking and opening of framework porosities can
be found in Cd(ll) based PCP reported by Chaudhari et al.(Figure 2.12).%° Intentional

design of flexible organic linker bearing ‘O’ atom as an aromatic ring connector and a
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framework [Cd15(L)(H20)]-G made with same linker having coordinated water to the
Cd centre was found to play a vital role in achieving several guest stimuli triggered
single crystal-to-single crystal (SC-SC) transformations in the material. Initial
coordinated water upon keeping crystals at RT out of mother liquor solution can be
replaced by THF guests residing inside the voids. This alters the cell dimensions and
causes locking of the pores. However, opening of framework porosity without
occluding guests and coordinated H20 or THF molecules successfully attained via

guest replacement step before taking crystals to RT using labile acetone solvent.

Interestingly coordinated THF does not get detached from the Cd centre by
heating the crystals, but acetone substituted structure serves the purpose and
generates UMC at Cd centre. Other guest like 1-Butanol also coordinates to Cd(ll)
UMC and supports the breathing behaviour of pores. This framework locking and
unlocking phenomenon was strongly evidenced from the CO2 uptake in two different
phases obtained by SC-SC transformations. An example of such SBU with flexibility
in the linker as well as in the coordination environment would be very promising in
terms of designing sensors for incoming guest species. Another noteworthy example
of flexible PCP for smart molecular uptake is Zn2(BDC)2(TDAN).%¢ This compound was
reported by Yanai et al. with detailed explanation of its ability to host external UV—
sensitive guest Azobenzene (AB). Reversible configuration changes in molecule AB
from cis to trans triggered by UV irradiation and heating allows the tuning of the pore
dimensions in the PCP after inclusion of AB inside the pores (Figure 2.13a). This
dynamical behaviour of pores were claimed and understood by investigating the
sorption amounts of framework with and without UV irradiation and PXRD structural
changes due to UV-heating processes (Figure 2.13b, c). PXRD pattern shows

changes in the structure due to the inclusion of AB, which further alters the structure
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upon UV irradiation and heating at 120 °C. From sorption studies, it was evidenced
that uptake increases by almost 8.3 times upon UV irradiation with 45 ml/g of N2

compared with <10 ml/g uptake for non UV-irradiated PCP.
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Figure 2.13 a) Schematic representation of guest assisted structural changes of
porous channel in Zn2(BDC)2(TDAN), which were used as a way to switch from porous
to non-porous form of PCP, b) PXRD structural changes showing effect of UV and
heat on PCP, c) using smart response of PCP, porosity was enhanced by many folds
evidenced from sorption isotherm shown in Figure.5®

2.3.5 Functional PCPs/MOFs for Proton Conduction

PCPs/MOFs offer continuous 1D/2D channels with a tuneable internal environment of
weakly interacting guest species, which can be exchanged with other guests.
Researchers have shown that channels of PCPs/MOFs are useful for conduction of

protons. Facile proton mobility at higher temperatures (~120 °C) in materials is the
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prerequisite for their use in fuel cells. Therefore, for fuel cell technology, material
should withstand such high temperatures with simultaneous facile proton conduction.
Kitagawa and co-workers used the channels of PCPs/MOFs to accommodate

heterocyclic imidazole molecules, which possess ability to make strong hydrogen

bonding (Figure 2.14a-c).%’
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Figure 2.14 a) Schematic showing closely packed imidazole molecules in its pure
form, b) strongly—interacting imidazole molecules with internal walls of PCP by weak
molecular interactions, ¢) weakly—bound imidazole allowing more facile mobility of
proton in porous channels of PCP, d) packing structure (left) and basic unit (right) of
AI(OH)(1,4-ndc), e) packing structure (left) and basic unit (right) of AI(OH)(1,4-bdc), f)
proton conduction of Al(OH)(1,4-ndc)>Im, (solid circles) and Al(OH)(1,4-bdc)>Im,
(open circle), g) Nyquist plot of AI(OH)(1,4-ndc)>Im.®7
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High proton conduction was explored by tuning the hydrogen bonding interactions of
imidazole guest with the help of bi-porous channels of Al(OH)(1,4-ndc) and porous
channels of AI(OH)(1,4-bdc) (Figure 2.14d,e). It was shown that only imidazole
molecules on their own aggregates in a dense spatial arrangement due to the strong
hydrogen bonding and reduces proton mobility (Figure 2.14a). However, their well-
ordered spatial arrangement in PCPs allows variable interaction based on channel
size, interacting sites of pore in PCPs etc. (Figure 2.14b, c). A significant increase of
proton conduction from host-guest interactions was evidenced from their

measurements. Guest free Al(OH)(1,4-ndc), and Al(OH)(1,4-ndc)>Imidazole exhibit

102 S/cm and 5.5 x 10-® S/cm conductivity, respectively.
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Figure 2.15 a) Structure (top) of B-PCMOF2 (S: yellow, Na: cyan, C: grey, O: red) and
its proton conduction behaviour at different temperatures (bottom),% b) structure of
K2(Hzadp)[Zn2(0x)s3]-3H20 (top) and (NH4)2(H2adp)[Zn2(ox)s]-3H20 (middle), (K: pink,
N: blue); bottom graphs shows proton conduction of Kz(Hz2adp)[Zn2(0ox)s]-3H20 (blue
squares) and (NHa)2(Hzadp)[Zn2(0x)3]-3H20 (red circles);®® c) structure of Bu-MnCr
and its packing showing the plane of cationic species present between planes of
oxalate framework (top), variation of proton conduction with the change in structural
unit of cationic plane (bottom).”
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Temperature rise also improves conduction from 5.5 x 10® S/cm to 2.2 x 10° S/cm at
120 °C.The difference in the imidazole mobility for proton hopping in its pure form, in
AI(OH)(1,4-ndc) and in AI(OH)(1,4-bdc) was clearly observed from their conductivity
values and from ?H solid state NMR spectroscopy. From ?H solid state spectra, peak
splitting at lower temperatures and sharpening of peak at high temperatures with
single peak profile in the case of AI(OH)(1,4-ndc)>Ilm (deuterated) revealed the
directional activity of occluded guest Imidazole molecules with rise in temperature for
facile proton conduction. Later Prof. Shimizu reported example of MOF called (-
PCMOF2 made from Na(l) and 2,4,6-trihydroxy-1,3,5-benzenetrisulfonate, which
exhibits high proton conduction at high temperatures (~150 °C) (Figure 2.15a).%8 In
this case also, the advantage of N-heterocycles for hopping of protons was utilised
inside the 3D porous chemically active scaffold of B-PCMOF2. Since MOF constructed
from the linker constituting sulfonate donor group, framework channels decorated with
hydrogen bond donating SO2 and OH groups in addition to the externally added
heterocyclic guest species. The importance of guest species was realised from the
decrease in proton conduction above 70 °C in the case of non-guest containing
framework and increase in conduction up to 5 X 10* S/cm at 150 °C for 1H-1,2,4-
trizole (Tz) loaded B-PCMOF2. Loss of proton due to dehydration upon heating and
eventual decrease in proton conduction was intentionally avoided using Tz guest
insertion into the channels of B-PCMOF2, which can serve as a source of protons to
hop in the hydrogen bonded network within the channel. Considering potential in
MOFs for H* conductions, several other frameworks were reported by MOF
researchers, with major contribution from Prof. Hiroshi Kitagawa from Kyoto
University. H. Kitagawa and co-workers have developed MOF systems with

deliberately introduced different guests inside channels by ionic exchange, and
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monitored high proton mobility.%°-7° They proved the importance of hydrogen bonding
inside MOF channels for proton hopping by cation substitution using cations which can
either promote or inhibit hydrogen bonding. In specific, oxalate—based framework
[Zn2(0x)3]-H2adp-2NH4-3H20 containing hydrogen bonded ammonium (NHa4) cations
was successfully transformed into framework containing non-hydrogen bonded K*
cation of formula [Zn2(ox)s]-H2adp-2K-3H20 without losing crystallinity of the
framework (Figure 2.15b).%% It was found that [Zn2(ox)s]-H2adp-2K-3H20 exhibited
lower proton conductivity of 1.2 x 10 S/cm at 25°C and 98% RH compared to the 0.8
X 102 S/cm exhibited by [Znz(ox)3]-H2adp-2NH4-3H20 at the same conditions. The
decrease in proton conductivity and single crystal structural features were direct
evidences for proving the fact of hydrogen bonding role in conducting the protons. The
same research group explored the effect of hydrophilicity in altering the proton
conduction. MOF with same organic linkers but with hetero metal centres were
designed possessing charge neutralising cations. A series of frameworks of common
formula [NR3(CH2COOH)] [M-Cr(ox)s], (where R = Methyl, Ethyl, Butyl and M= Fe, Mn)
were made to check the effects on proton conduction (Figure 2.15c).”® Sandwich
layers of cations NRs, offer the tuning of hydrophilicity of the framework channels.
Among all frameworks, [NMe3(CH2COOH)] [Fe-Cr(ox)s] has the highest hydrophilicity
due to methyl group in cation and presence of Fe which allows high sorption of water
molecules inside the framework promoting high proton conduction. Figure 2.15c
shows the trend observed in conductivity with variable %RH, which reveals the order

of framework hydrophilicity.

A noteworthy report based on proton conductivity triggered by solvent guests
was documented by Joseph Hupp and co-workers (Figure 2.16).”* In their study, one

of the most studied MOF called HKUST-1 bearing easily achievable UMCs at Cu(ll)
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sites was used to attain variable and promising proton conduction. UMC sites were
used to coordinate water molecules and then different solvent species with varying
degree of interaction with H20 were introduced into the porous channels of HKUST-1
to modify proton conduction of the pristine framework (Figure 2.16a). Water
coordination to Cu(ll) UMCs or other solvent coordination and occlusion were
monitored using H! NMR study. It was found that coordination of other non-protonic
solvent at Cu(ll) reduces the conduction as other solvents without proton do not help
in proton Grotthuss-type hopping mechanism. Moreover, other protonic solvent
coordination like MeOH or EtOH with lower acidity compared to H20 exhibit lower
proton conductivity as H20 possesses almost 30 times higher acidity (pKa = 14.0) to

that of methanol (pKa = 15.5) and 32.5 times higher to that of ethanol (pKa = 15.9).
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Figure 2.16 a) Representation of variation in proton conduction response observed by
replacement of coordinating and interacting solvents, b) bar chart that compares the
observed proton conduction in HKUST-1 by switching coordinating solvent and the
guest solvent.’*

Therefore, water coordination to UMCs plays a significant role and among occluded
guests methanol helps in extracting proton from coordinated water and its further

conduction in HKUST-1 channels. Comparison of the conductivities of different guest
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vapours were performed using an exposure of H20 coordinated HKUST-1 to the
vapours of methanol, ethanol, acetonitrile and hexane. It was found that hexane
exposure lowers the conductivity compared to the higher conductivity for ethanol

exposed framework, and the highest was observed from methanol exposed framework

(Figure 2.16b).

2.3.6 MOF based gel materials
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Figure 2.17 MOF based gel materials a) Fe-BTC based gel material used as scaffold
for UV assisted polymerisation’? b) SEM image of Fe-BTC based metal-organic gel
showing MOF patrticles aggregated together, inset: xerogel (black) and wet monolithic
gel (brown),”® ¢) scheme showing formation of MOF based gels from Al(lll) and BDC
system,’ d) recent report on MOF based gel using UiO-66 MOF components (ZrOCl2
and BDC), figure shows fine constituents of gels observed under TEM, inset: larger

picture seen under TEM and other inset shows successful gelation evidenced by tube
inversion method.”
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Like conventional low molecular weight gel materials, some MOF systems tend to form
gels upon aggregation of MOF particles. Early report in 2005 by Stuart James and co-
workers documented the formation of gel material from Fe(NO3)3.9H20 and 1,3,5-
Benzenetricarboxylic acid.”? In their report, it is described that cross linking between
metal ions and organic linkers lead to coordination polymerisation, which generates
coordination polymer particles. Coordination polymer particles further cross link to
each other leaving macroscopic spaces behind for solvent molecules to trap. Entire
process then results into the hybrid gel material. Interestingly, same gelation also
occurred in presence of other organic polymer precursors, which allowed
polymerisation process to happen in presence of gel material (Figure 2.17a). Such
example of scaffolding for polymerisation using metal organic gels was claimed to be
the first example by the authors. Later, similar Fe-BTC based gel material was
reported by Martin Lohe et al. in 2009.72 The detail study of gel composition, monolithic
aerogel formation (Figure 2.17b inset), and porosity estimation by N2 sorption had
been carried out by Martin Lohe et al. Their results from SEM (Figure 2.17b) and
elemental analysis directly showed the evidence of MOF particle formation with the
formula Fe("30(CsH3(COO)3)2NO3 matching exactly with the MIL-100(Fe) compound.
In 2013, Li et al. reported series of Al(lll) containing MOF based gel materials (Figure
2.17c).”* Their report describes the use of rigid linker and Al(lll) for creating light weight
metal organic aerogels. Synthetic mechanism and possible route for the formation of
metal-organic framework and metal-organic framework particle assisted gel network
were clearly depicted/described in their report. Furthermore, this report sheds light on
the transition in structure of gel material to that of aerogel and, comparison of dry gel
powder pattern with the simulated PXRD pattern of MIL-53(Al) structure. Li et al.

explored the surface area, pore volume, gas (N2, CO2, H2) and vapour (benzene, n-
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hexane, methanol) sorption properties of several combinations of Al(l11):BTC and BDC
based gel materials, to show the significance of MOF aerogel material over pure MOF
compounds. Moreover, dye separation study was also conducted in their study
explaining efficiency for liquid state dye molecular separation from water in
comparison with the conventional polymer membranes (Polydimethylsiloxane).
Recently this year, Bart Bueken et al. documented series of Zr** containing MOF
based gel materials involving gel material of UiO-66-X (X :H, NH2, NO2, (OH)z), UiO-
67, MOF-801, MOF-808 and NU-1000 (Figure 2.17d).”> With careful air and
supercritical CO2 drying, they derived high surface area xerogels and aerogels
displaying as high as 1459 m?/g (number denotes BET surface area for UiO-66 based
xerogel) surface area. In their report, aspects like shaping of MOF gels, fabrication of
optically transparent xerogels using solvent and heat treatment, and creation of
mesoporous MOF gel spheres using oil-drop granulation method are discussed in
detail. Similar high surface area MOF (ZIF-8) based monolithic material derived from
sol-gel approach was reported back in 2015 by Tian Tian et al.,’® which is now
commercial product sold under the start-up company named ‘Immaterial’ which is
based in Cambridge. Interestingly, monolithic material made from ZIF-8 nanopatrticles
showed 3 times higher volumetric surface area compared to the conventional ZIF-8
powder samples. According to the report, monolithic material exhibited higher
densities with respect to much lower density of ZIF-8 powder samples. From above
examples, itis clear that MOF based gel materials are slowly growing in numbers with
more promising porosity and monolithic physical form, which is suitable for industrial

processing and applications.
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2.4  Optoelectronic Materials

2.4.1 Background

Material science has seen overwhelming growth in the field with its great significance
to human lives, dated way back to 29,000 BC as a source to construct pottery to
today’s smart and advanced world of materials to design highly advanced devices and
tools. Material science has given us the life of comfort through technology developed
tools like smartphones, batteries, watches, computers, biomedical devices etc. Most
of the electronic or smart appliances composed of materials of various types including
smart glasses, phase change chalcogenides, conducting carbons, polymeric
assemblies, quantum dots, organic molecules, metal-complexes, oxides, etc. Among
all these materials, the most common factor is that they respond to electrical energy
and/or they change their behaviour upon interacting with light and thus useful for
designing a device, sensor or emitter. Some of the important examples are discussed

below to highlight the progress in optoelectronic materials science.

2.4.1.1 Chalcogenides

Chalcogenide is the general term used to describe heteroatom compounds containing
chalcogen anion and electropositive atom, e.g. sulphides, selenides, tellurides.
Chalcogenides is one of the most explored class of materials for optoelectronic
applications. The most common examples of chalcogenides are ZnS, CdS
(monochalcogenides); WSez, TiSe2 (Dichalcogenides); MoSs (Trichalcogenides), VS4
(Tetrachalcogenides) etc. Interesting aspect of chalcogenides is that they show
reversible structural changes from amorphous to crystalline and allow us to tune
various properties like optical, electrical, thermal, etc. Structural change behaviour in
chalcogenides were recently adopted in an innovative manner by Prof. Bhaskaran and

co-workers from the University of Oxford. They developed simple devices from thin
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layers of GST (Gez2Sb2Tes) of a few nm thickness (~7 nm) with the aim of flexible
electronics in mind (Figure 2.18).”” GSTs were previously used for rewritable optical
data storage technologies, and non-volatile phase change memories. Recent work
published in Nature by Bhaskaran et al.”” demonstrates the significance of combining

optical and electronic behaviour of GSTs.

t =50 nm t=120 nm
crystalline

t=70nm
crystalline

t=180 nm
crystalline

t=180nm t=70nm
amorphous amorphous

Figure 2.18 a) A concept of GST based device for optoelectronic application, b) smart
response in the form of colour change of 10s nm-thick layer GST device with different
thickness of ITO as indicated in a, c) a flexible device having nanoscale imprints
printed electronically.”’

They showed that the variation in thickness of the ITO layer in device with a constant
GST thickness allows the tuning of the reflected optical colour in the visible range
(Figure 2.18a, b). They reported the possible use of newly developed devices in
ultrafast solid—state displays with pixels in the nanometer range, smart glasses, smart

lenses, artificial retinal tools, etc. As GST exhibits amorphous phase in R.T. and
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crystalline phase at ~220 °C, the device shows the change in colour upon heating at
~220 °C. Devices with different thicknesses of bottom ITO electrode varies in colour
at RT and high temperatures. Furthermore, they demonstrated the strategy for
developing flexible microdevices by printing nm level designs electronically and by
following the same ITO thickness formula (Figure 2.18c). As GST also shows the
structural transition by application of an external voltage, such devices could be very

promising in the optoelectronic field.

2.4.1.2 Supramolecular Assemblies

2.4.1.2.1 Molecular Cages

Cage assemblies are purely organic based or hybrid metal-organic containing
molecular assemblies having void spaces within. Such assemblies interact weakly with
each other in solution state or in an aggregated form in solid state and form
supramolecular network. Such cages are useful to derive controlled optoelectronic
properties. A notable recent example of such cage assembly is platinum (IlI) based
tetraphenylethylene containing molecular cage assembly reported by Prof. Peter
Stang and co-workers (Figure 2.19).”® The advantage of emissive properties of
tetraphenylethelene organic moiety and its changing optical behaviour upon phenyl
ring rotation and ethylenic bond twist was utlised to design smart emissive

metalacages using Pt(Il) metal centre.
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Figure 2.19 a) Scheme represents the synthesis of metallacages from aromatic
organic ligand and Pt based salt, b) tuneable emission of metallacages from blue to
dark orange in different solvents.”®

Metallacage shown in Figure 2.19a is an example with interesting emission
behaviour drastically different from the emission of pure organic moiety which
generally show aggregated induced quenching. While light emission which is in
general difficult to attain was obtained by metallacage upon making solution in THF
solvent. Different solutions made using various solvents emitted light of wide spectra
comprising light blue, intense blue, light green, yellow, pink, brown etc. (Figure 2.19b).
Such behaviour with changing emission by solvent interactions are useful as sensors

for detecting volatile organic solvents or small organic molecules. Demonstration of
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ester compound detection was also documented in the same report using
metallacage. Nonpolar or polar interactions, n-r interactions, H-bonding are the key
parameters that determine assembly behaviour by separating the cages from each
other or putting them close enough for aggregation to derive switchable emission. The
same report also mentioned the problems in MOF compounds, which show solubility

problems and difficulty of attaining the switchable emission in the solution state.

2.4.1.2.2 m-Gelators

n-Gelators are soft molecular gels derived from gelators possessing aromatic m-units
containing fused naphthalene, anthracene, pyrene moieties or conjugated systems.”®
n-molecular systems are particularly interesting for their interesting electronic
properties like luminescence, charge transfer, electrical conduction etc. Such
properties allowed researchers to use them in making LEDs, FETs and PVDs. -
molecular systems offer easy processing methods for thin film device fabrication and
thus allow switching of electronic properties based on the aggregation of molecules.
Organogels containing n-gelators have also been used in photovoltaic applications
such as fabrication of dye sensitised solar cells, thin film solar cells in the form of gelled
electrolytes. Organogel electrolyte provides better contact between active materials
for improving the performance of the device. Anodic photocurrent generation from
organo gel films of thiophene based n-gelators, PBI based gels, or photocurrent
generation from hybrids made from n-gelators in conjunction with C60 derivatised acid
are notable examples of n-gelators for optoelectronics. Apart from PVDs, n-gelators
also found extensive use in sensing and imaging as they are effective fluorescent

molecular systems.
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Figure 2.20 Thiophene derivative n-gelator molecule for making gel composite that
displays luminescence derived write and erase activity by the virtue of UV or Visible
light or thermal heating,®° b) Oligo p-phenylvinylene derivative based gel for CHCIz
sensitive emission to further utilise in overwrite-erase optoelectronic applications,! c)
phenanthroline derivate based gel exhibits dramatic emission switch as a result of
addition of triflic acid and gel to sol conversion by heat treatment; blue emission
observed in sol state at 90 °C while green emission after addition of TFA, pink
emission is the pristine emission of the gel.8?

Interestingly, m-molecular systems exhibit tuneable optical properties when they
gelate. Additionally, use of changes in the chemical surroundings of n-gelators offer
their use for sensing a variety of molecular based materials or analytes like acids,
explosive, volatile organic compounds, enantiomers etc. Extra advantage of phase
conversion of organo-gels from gel to sol assisted by changes in molecular assembly
can be utilised in reversible tuning of fluorescent properties. For example, oligo p-
phenylvinylene derivative based gel with green emission coverts into the phase with

blue emissive behaviour due to disintegration of assembly at high temperatures
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(Figure 2.20b).8! Blue emission again reverts back to green emission upon exposure
of film material to chloroform. Such molecular changes have found important uses as
molecular switch or to create rewritable-erasable fluorescent images. A similar
application can be achieved using light sensitive Thiophene-based organo-gels, which
become non-fluorescent when exposed to UV or by heating the gel that in turn reverts
to emissive phase upon exposing to the visible light (Figure 2.20a).2° Some organo
gels could show a drastic change in emission just by minute changes in the chemical
structure like proton transfer in presence of proton acceptors or proton donors.
Phenanthroline derivate based organogel is an example of such phenomenon, it
shows purple to green emission change when subjected to the molar concentration of
trifluoroacetic acid and upon disintegrating the gel by heating at 90 °C, it further

changes emission to blue (Figure 2.20c).82

2.4.1.3 Quantum Dots

Quantum dots are tiny semiconductor particles of few nanometre size which emit light
of different wavelength based on the size of particles upon applying electric field, and
thus extremely useful for the fabrication of LED devices or smart displays, etc. Several
examples can be found in literature on tuning of the emission properties from lower
wavelengths of blue light to higher wavelength of red light. Well known example of
QDs are CdSe, CdTe nanoparticles, which are straightforward to synthesise and allow
tuning of core—shell composition for further tuning of material emission, and electrical
conducting properties. Since the sizes of such particles are in nanometre range,
fabrication of thin film uniform displays is the easiest task for optoelectronics, which
also make possible design of flexible displays. In the last two decades, flexible display
technology has been revolutionised with the help of QD based materials. QDs

generally exhibit high quantum yields and high thermal stabilities compared to other
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organic molecules or dyes. Figure 2.21a, b show the emission of CdSe QDs of different
sizes.®3 As the size of the nanoparticles increases, emission shits to higher
wavelengths and reduces the band gap values. Average size of 4.8 nm for red emitting
QDs can be seen from TEM image. With different size of QDs, LED that emits different

colour of light can be fabricated (Figure 2.21c).
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Figure 2.21 a) Spectra (top) and emission picture (bottom) of CdSe quantum dots with
different particle sizes (number to the right of each spectrum indicates time in minutes),
b) size of red emitting QD particles determined from dynamic light scattering
experiment, c) two different particle size QD based purple and red LEDs, spectra at
bottom for respective LEDs.83
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Possibilities of structural tuning further allowed improvement of optoelectronic
properties of QDs, which enable the development of quantum dot infrared
photodetectors (QDIPs), quantum dot solar cells (QDSCs), quantum dot super

luminescent diodes (QDSLDs) and quantum dot amplifiers.

2.4.1.4 Polymer Assemblies
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Figure 2.22 a) Rhodamine derivative moiety present in poly(ethylene oxide)-b-poly(N-
isopropylacrylamide-co-RhBHA) that senses Hg?* as a result of spirolactum to ring
open process accompanied by no fluorescence to fluorescence,® b) Fe3* sensing
polymer based on quinolone derivative as a side chain and methacrylate moiety as
backbone,® c) a polymer based on cobalt containing porphyrin as a side chain
molecule (left) used in double layer device (right) in which bottom layer made from
pyrene derivative and top layer from polymer matrix for luminescence based oxygen
sensing application.8¢
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Polymer based assemblies offer many advantages over small organic molecules as a
single polymer chain could possess multiple recognition sites for specific analyte
interactions, different pendant like functional side groups for optimising properties like
molecular packing, stability of overall polymer etc. Depending on side pendants, both
the electronic and optical properties can be modified. Additionally, entire polymer
solubility can be upgraded based on such side pendants, which could allow an entire
matrix to solubilise even in water for real world applications like sensing or element
recognition application, for instance Hg?* sensing from contaminated natural water
sources (Figure 2.22a).84 Due to continuous uniformity in backbone chemistry of
polymers, they generally exhibit intense optoelectronic properties. Flexibility In
polymer side chain chemistry allows the easy processing of material for large area thin
film coatings, free standing films, etc. An example of polymer reported by Lu et al.
specifically recognises Fe®* metal cations amongst other metallic cations Zn?*, Ni%*,
Cu?*, CO?* by showing quenching in fluorescence upon binding of particularly Fe3*
(Figure 2.22b).85 Fluorescence was attained in the polymer by selection of quinoline
derivative as a monomer for co-polymerisation with the soft methacrylate segment.
Another example of smart double layered fluorescent polymer based on pyrene
backbone and Co-porphyrin moiety was utilised as oxygen sensor at atmospheric
pressure (Figure 2.22c).86 Double layer polymer containing a layer of pyrene and
another layer of Co-porphyrin act as luminescence quenching centre and oxygen
binding sites respectively. Terpolymers shown in Figure 2.22c served as Oz sensors

at practical pressures of Oz in the atmosphere in the range 10-21 kPa.

2.4.1.5 Metal Oxides
Some of the outstanding challenges of optoelectronic field including low carrier

mobility, optical opacity, poor current carrying capacity and mechanical flexibility of
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devices have been overcome to a greater extent by the introduction of metal-oxide
materials in the field. After the discovery of metal-oxide materials, the conventional
hydrogenated semiconducting silicon based thin film transistors (TFTs) used for
device fabrication as a display backplane were replaced by metal oxide materials
having much better carrier mobility, optical transparency, mechanical stress tolerance,
compatibility with other materials. SnO2 was the first metal oxide reported in 1964 for
making TFT. Later, the field developed with a number of other polycrystalline materials
like In203, and ZnO documented in the literature. Furthermore, many other metal oxide
materials were used commercially as useful transparent TFTs including tin-doped

indium oxide, In-Ga-Zn mixed metal oxide etc.

Metal oxides

Crystalline Amorphous

Metal ns-orbital

Figure 2.23 Representation of orbitals that contributes to the conduction band in
amorphous and crystalline oxide materials.8”

Most interestingly, the crystalline or amorphous phases of metal oxides do not get
modified drastically in terms of their electronic properties unlike other types of

optoelectronic materials.®” As the valence band in metal oxide comprises 2p anti—
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bonding O orbital and the conduction band comprises spherical ns orbital of metal
bonding states, lattice distortion of crystalline material to cause phase change from
amorphisation does not affect the spherical metal s orbitals, thus keeping the
electronic properties intact (Figure 2.23). Moreover, addition of dopants into a metal
oxide allows change in band gap values of the entire thin layer transparent oxide
coatings for example In203 band gap (3.7 eV) can be modified by doping it with Al
(band gap of INAIO = 3.8 eV). Transparent conducting ITO was extensively used in
fabrication of a variety of optoelectronic devices like solar cells, LEDs, photovoltaic
devices, etc. due to its excellent optical transparency (optical band gap of 4 eV),
minimum toxicity, ease in uniform large area film deposition on glass or plastics and

low sheet resistance of 10 Q/m?2.

2.4.1.6 Metal-Complexes

First optoelectronic device based on metal complexes was reported in 1948.88 Metal
complexes are basically the combinations of the advantages of two main components,
metal ions and organic molecules. The metal centres provide different coordination
sites to design complexes of different sizes shape and geometries. Redox states of
metal centres and their electronic delocalisation of energy states offer differentiating
optoelectronic properties when combined with charge carrying organic molecules. Algs
based thin film light—-emitting diode is the first example of metal complex derived
device which was first reported by Tang and Van Slyke of Kodak Company in late
1980s.88 Use of metal complexes for fabrication of OLEDs later revolutionised the
world of optoelectronics and witnessed several materials based on a variety of metal-
complexes made from metal centres mainly Zn?*, AI* Ir3* etc. The progress of metal-

complex use in optoelectronics can be seen from the Figure 2.24.
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Figure 2.24 Important milestones in the growth of optoelectronic devices purely based
on metal-complexes.®8

Since molecular rigidity reduces the non-radiative transitions by minimising vibrations
and ultimately avoids intersystem crossing to triplet state and collision heat loss,
complexation of organic molecules to metal centres improves optical properties by
rigidifying them and by allowing charge injection and transportation. Example of Zn(ll)
based metal complexes demonstrates such tuneable optical properties. By varying R
group in metal complex, emission can be shifted from blue to green as energy states

can be changed by effects of organic donating—accepting groups.

2.4.2 Importance of Material Morphology in Optoelectronics

Material morphology is one of the vital parameters in optoelectronics, which
contributes largely to resultant variations in properties like absorption, emission,
electrical conduction, etc. Mainly morphological control of material in nano regime
offers highly improved optoelectronic properties compared to bulk size or large size
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morphologies. The field of optoelectronic benefits from the rising era of materials with
2D layered morphologies or structure. The main advantage of 2D morphologies is that
they are easy to process for flexible device fabrication, allowing interactions between
layers of materials, to yield enhanced light matter interactions and photon absorption.
Several examples of 2D materials can be found in literature, which have proven better
optoelectronic characteristics compared to their bulk or 3D counterpart like atomically
thin heterostructures of chalcogenides, atomically thin graphene layer, thin 2D van der

Waal’s layered materials etc.8%-%2

2.4.3 Why MOFs for Optoelectronics?

From above discussion of optoelectronic materials, it is quite clear that materials
having structural dynamics with phase change properties or metal-organic interactions
or having voids in the form of cages or ordered structure or metal hetero atom clusters
display significant optoelectronic behaviour. The MOF field has witnessed thousands
of examples until today with control on almost all aspects of framework, including pore
symmetry, pore dimensions, pore stability, pore flexibility, metal centres, metal
coordination number, redox states, heterometal centres, mixed organic linkers,
electron donating or withdrawing atoms, charge balancing ions, guest assisted phase
changes, flexible SBU assisted framework dynamics, linker exchange, metal
exchange, ion exchange, thermal phase change, pressure induced framework
breathing etc. Therefore, MOF materials are the most promising candidates for

advancing the field of optoelectronics to the new higher level of smart technology.

2.5 Nano MOFs: Concept, Design and Synthesis

Well documented significance of material particle size at nanoscale points to the need

for designing the MOF particles in nanometre scale for better performance of material
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and device development. Conventional synthesis of MOFs mainly consists of the use
of hydrothermal or solvothermal reactions, which mostly yields rather large size
crystals in micrometre range. There are several advantages of large crystals in
determining structural transitions using single crystal diffraction or to study single
crystal structure properties for gaining in-depth understanding. However, the biggest
disadvantage of large size crystals is difficulty in making thin film devices or uniform
coatings. Therefore, it is essential to derive nanometre size MOF particles or ordered
large scale deposition of MOF ordered structures. Maspoch and co-workers
documented several reports from literature that demonstrated strategies for making
nano scale MOFs.** Two main documented methods of nano MOF synthesis are i)
emulsion mediated or template supported self-assembly formation of MOFs, and ii)
controlled growth and harvest of nanoscale MOF once they formed (Figure 2.25a). In
the emulsion method, small droplets stabilised by surfactant molecules served as
reaction sites for MOF formation; since droplet sizes are smaller, they allow the control
over the crystal size in nano regime. Templates have been used in the form of small

molecules, solvent molecules or polymeric scaffolds to develop nano scale MOFs.

On the other hand, second method involves the synthesis of self-assembled
MOF system using controlled reaction conditions like solvent, temperature, light or
microwave radiation, ultra sonication etc. to limit the crystal growth at the nanoscale
and then to harvest immediately upon formation. There are several demonstrations
available in the literature focussing on the miniaturisation of MOF morphology using
above mentioned factors. Microwave synthesis is one such strategy that has been

explored to make nanoscale MOFs like IRMOF-1, 2, 3.%4
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Figure 2.25 a) Different synthetic routes to yield nanoscale MOFs,** b) newly
developed method of vapour deposition technique for fabrication of nm-thick coatings
of ZIF-8 compound, supported by atomic force microscopy (scale in nm), PXRD and

scanning electron microscopy experiments.®®
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The use of synthetic strategies for making nanoscale MOFs and their advanced
applications have been targeted and accomplished to a certain extent in the realm of
MOF materials. Some of them worth mentioning are the nano drug delivery molecular
system using porous spaces of MOFs, catalysis, contrast agents, optical properties,
sensors etc. As nano MOFs are controlled morphologies of porous molecular systems,
they offer the advantages of integration into smart devices for achieving promising
results in the above mentioned applications. Particularly 2D morphologies found to
play significant role in terms of making thin layer coatings either through layer-by-layer
deposition or by casting method, or by solvothermal method. Very recently, a novel
method was developed by Ameloot and co-workers that defined and demonstrated a
way to build highly controlled uniform thin films of MOFs using vapour deposition
method (Figure 2.25b).°® Vapour deposition method is a well-known concept for
materials researchers as it has been used to develop several conducting, semi
conducting devices, solar cells based on metal oxides/chalcogenides/perovskites etc.
However, their work showing a very promising discovery of ZIF-8 thin film fabrication
using vapour deposition method is a highly positive sign for the MOF field for taking a

big leap towards real world applications.

2.6  Potential Applications of MOFs in Optoelectronics to Date

Rapid progress in the research of MOF field expanded applications of MOFs in
technologically advanced applications like microelectronics, sensing, optics, lighting
etc.> ° There are various ways adopted by MOF researchers to fabricate functional

MOFs useful for optoelectronic purpose.
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Figure 2.26 a) bio-MOF-1 transformation into functionalised bio-MOF-1 by cation
exchange route using lanthanide cations, b) decrease in emission of Yb3*@bio-MOF-1
upon subjecting to the oxygen at ambient pressure, c) consecutive cycles with
maintained emission recovery by exposing material to nitrogen gas.®

One such route is to use ionic MOF bearing either cation or anion in their voids for
charge neutralisation and later with post-modification replace the occluded ions with
functional ions. Rosi and co-workers reported the first bio-MOF compound based on
amino acid and Zn?* cation. Among bio-MOF series, bio-MOF-1 i.e.
[Zns(ad)4(BPDC)s0]-2MeNH2-8DMF-11H20 was utilised for sensitisation of lanthanide
cations and their use as NIR emitting material (Figure 2.26a).2® Lanthanide cations
offer tuning of the emission properties over a broad range of the spectrum, however
their diminishing optical properties in water limits use in aqueous medium. Moreover
lanthanide based complexes face solubility problems in water and hence lanthanide
emission properties for bio-medical imaging sensing could not be achieved. Since bio-
MOF-1 possesses large cavities with 1D elongated porous channel exhibiting total
surface area of ~1700 m?/g, it serves as large host of functional cationic guests like
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lanthanide cations. An idea put forth by researchers in this case is the replacement of
pre-existing dimethylammonium cations inside porous channels by lanthanide cations.
Rigidified by an organic bridge of BPDC organic linker gives high thermal stability to
the MOF which adds plus point for achieving stable optoelectronic material. The
successful cation replacement was achieved in this case and compounds with
occluded Tbh*", Eu3* and Yb%* were characterised in detail. All samples shown
crystalline nature evidenced from PXRD even after soaking into the water. Each
sample also exhibited sensitisation in organic solvents with enhanced emission
properties. Surprisingly emission of lanthanide cations was found intact in water
medium as well, which otherwise quench easily. Use of NIR emitting bio-MOF
encapsulated with Yb3* was demonstrated by showing changes in the emission
behaviour of compound in solid state upon exposure to the oxygen gas at ambient
pressure (Figure 2.26b). A signal reduction to 40% was observed on exposing
compound to O2, however the signal of emission was found to recover with inert

nitrogen gas (Figure 2.26c).

Host-guest strategy has always proved its significance for functionalising
composite material or to tune already existent inherent host framework properties.
Using the same bio-MOF-1 compound, another research group from Zhejiang
University demonstrated two photons pumped lasing.1° In their report, pyridinium
hemicyanine dye: 4-[p-(dimethylamino)styryl]-1-methylpyridinium (DMASM) was used
as a guest material to functionalise the bio-MOF-1 crystals and generate guest loaded
MOF i.e. DMASM@bio-MOF-1 (Figure 2.27a). From the realisation of the importance
of two-photon excited fluorescence and two photon-pumped (TPP) lasing for
applications like optical data storage, biological imaging etc., Yu et al. used a dye

molecule with known TPP lasing behaviour, i.e. pyridinium hemicyanine cationic dye.
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Figure 2.27 a) bio-MOF-1 Functionalisation using external cationic dye DMASM, b)
change in the emission of bio-MOF crystal as cationic dye enters into the pores in
different concentration, c) in situ tracking of dramatic entry of red emitting dye into the
pores of bio-MOF-1 with the help of confocal microscopy, d) emission enhancement
of DMASM on confinement compared to its pure form in solid state and solution state,
e) emission behaviour of DMASM@bio-MOF-1 at two different excitation wavelengths,
inset picture is the red light generated from DMASM@bio-MOF-1 by exciting it at 1064
nm using Nd-YAG laser.1°
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Although such molecules display ideal TPP behaviour in solution state, in solid state
they have been observed to exhibit aggregation caused quenching (ACQ) and thus
minimises their use in solid state devices. Here, bio-MOF-1 has been used as a
medium to sort out dye molecules in a spatially ordered manner, avoiding ACQ. This
is the first report that documents interesting cation exchange phenomenon by external
cationic dye with the help of dramatic changes in the emission of a single crystal of
bio-MOF-1. Slow entry of the dye into bio-MOF-1 via 1D porous channels, replacing
dimethylammonium cation was monitored using confocal microscopy. Figure 2.27c
shows direct evidential changes in emission of different regions of crystal especially
with low amount loading edges were found to emit higher intensity red light and with
higher loading of cationic dye, all regions of the crystal were found to show uniform
red emission throughout. Light has also been shed on host emission with low loading
of dye, then slow dominance of red emission from dye, causing host—guest charge
transfer, explained on the basis of emission profiles that exhibit red shift (Figure
2.27b). The first achievement of this study was the high fold improvement in the
emission intensity of guest dye, which otherwise found weakly emissive in solution
form or in solid form in its pure form (Figure 2.27d). The numbers presented in the
report were surprising; the study showed that DMF solution of dye exhibit 0.45%
guantum yield and in solid state it exhibits 1.48%. However, the dye in a confined state
within the bio-MOF-1, quantum yield achieved was 25.87%. These are the evidences
that points to the minimisation of intermolecular interactions, significantly reducing the
ACQ effect. Another noteworthy phenomenon attained from this host-guest couple
was the two photon excited emission. It was found that emission observed at 637 nm

when excited at 532 nm was red shifted by 15 nm under the excitation wavelength of
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1064 nm (Figure 2.27e). Red shift occurred along with the change in full width at half

maximum from 50 to 33 nm.
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Figure 2.28 a) Scheme representing QD sensitisation of MOF for light harvesting,®®
b) carbon QD functionalised ZIF-8 material with blue emission, inset shows TEM
images of material,®” ¢) scheme that shows porphyrin based MOF compound for light
harvesting,® d) emission based small molecule sensing using lanthanide metal centre
MOF shown inset,®® e) 3D luminescent MOF for solid state nitro-group containing
explosive sensing f) from the effect of luminescence quenching upon exposure to
vapours of explosive powders,® f) bar diagram showing selective TNP explosive
sensing using naphthalene based luminescent 3D MOF compound (inset).%%

It was claimed that re-absorption process occurs due to high concentration of

dye content within the bio-MOF-1 that affects the emission in the process. Two

56



Chapter 2 Literature Review

photons pumped lasing was generated by pumping centre of the DMASM@bio-MOF-1
crystal using Nd-YAG laser at 1064 nm. Light output was collected using fibre optic

spectrometer and turned out that red light of 50 um spot size can be generated.

The MOF field has made the greatest progress over the last two decades,
aiming at applications in sensing, optics, electronic and multifunctional devices. Apart
from above mentioned examples of MOF for optoelectronics, another few important
ones worth to mention include : quantum dot assisted light harvesting MOF reported
by Hupp and co-workers (Figure 2.28a);%® fluorescent carbon quantum dot
functionalised ZIF-8 for sensing applications reported by Chen and co-workers (Figure
2.28b);°" light harvesting from porphyrin based MOF reported again by Hupp and co-
workers (Figure 2.28c);?® luminescent lanthanide based MOF for sensing small
molecule species reported by Banglin Chen et al. (Figure 2.28d);>® and MOF
luminescence quenching based selective explosive detection by Li et al. (Figure

2.28e,)1% and Ghosh et al. (Figure 2.28g).1*

More recently, new approaches have been adopted by researchers to develop
nano scale MOF materials to fabricate thin film devices for advanced optoelectronic
applications. More efforts are taken in the direction of improving electronic and
optoelectronic properties. Huge contribution has been made in this area by Mark
Allendorf and co-workers, demonstrating the achievable MOF properties, particularly
band gap engineering, electrical conduction, luminescence properties, thermo-
elctronic behaviour, photovoltaic response etc. Review paper published by Allendorf
and co-workers in 2009 documented the progress till then about the optical properties
of MOF, in which different concepts of charge transport in MOFs, emission possibilities
via metal cores or ligand based or guest oriented are discussed in detail
accompanying literature reports.19? Very recently, an updated roadmap was published
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by Ameloot and co-workers, which gives a clear picture of MOF progress in the
microelectronics, sensing, and optoelectronic sector.’®> Important topics including
fundamental properties required in MOF for optoelectronic devices, charge transport
mechanism, energy harvesting, light emitting devices, magnetic and dielectric
properties, microfabrication processes, and several MOF based devices reported in

literatures have been covered in this 2017 review article.
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Chapter Three

Materials Synthesis and Characterisation

3.1 Synthesis Methods
3.1.1 Synthesis of HKUST-1 Based SupraMOFs

1,3,5-benzenetricarboxylic (BTC) acid (2 mmol) was dissolved in 1 mL of the
respective solvents, and then triethylamine (6 mmol) was added in order to achieve
complete soluble ligand in the solvent. This solution was sonicated for 5 minutes prior
to reaction with the copper nitrate solution, which was prepared in a corresponding
1 mL solvent by taking 3 mmol of Cu(NOs)2 and dissolving further with sonication for
1~2 minutes. Solution of copper nitrate was then added to 1,3,5-benzenetricarboxylic
acid with vigorous shaking for a few seconds, the mixture was then left undisturbed till

it showed gel-like behaviour as confirmed by the tube inversion method (Figure 3.1).

BTC (2 mmol) Cu(NO;), Supramolecular GSMEH GoETH GDACN GODMF —
* (3 mmol) Self-assembly
NEt; (6 mmol)

Figure 3.1 a) Scheme showing synthesis of the HKUST-1-based supramolecular
hybrid self-assembly (reactants were solubilised in 1 mL of DMF), b) gel (G) samples
synthesised by using different solvents (MEH: methanol, ETH: ethanol, ACN:
acetonitrile, DMF: N,N-dimethylformamide, DMSO: dimethyl sulfoxide)
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3.1.2 Thin Film Fabrication Using HKUST-1 Nanoparticles Harvested From
SupraMOF Gel Materials

Hybrid gel materials obtained from the aforementioned synthesis were used as
precursors for fabricating MOF thin films. Each material was washed three times using
20 mL of methanol and then centrifuged to collect the NMOF particles. Suspension
remained at the bottom of centrifuge tube was collected and later used to deposit thin
films of MOF onto glass substrates via the doctor blade technique (Figure 3.2), with
varying gap size set between the tip of the blade and surface of the glass substrate
[from a few microns (4 um), up to 10s of microns (50 um)]. The same NMOF
suspension has also been successfully used for dip coating and spin coating methods

[step wise: (i) 500 rpm for 50 s, (ii) 800 rpm for 50 s, (iii) 2000 rpm for 20 s].

Figure 3.2 MOF thin films with increasing thickness, from left to right ca. 1, 2, 5 10
pm, obtained from sol-gel method of GoDMSO and deposited via doctor-blade
technique. Film thicknesses were characterised by Alicona infinite focus microscopy
using a 3D non-contact optical profilometer.

3.1.3 Synthesis of Host-Guest Znq@ZIF-8 Material

The hybrid host-guest material was synthesised employing combination reaction IV in
Table 3.1, where ZnQ was obtained from a concentration ratio of 0.5 : 1 mmol (Zn?*:

8HQ). Initially, ZnQ was synthesised by mixing Zn?* and 8HQ in 25 mL of methanol.
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In another flask, 4 : 16 mmol of Zn?* : mim was added in 25 mL of methanol. This
solution was kept stirring for 5 minutes and after that ZnQ solution was added slowly.
After vigorous stirring, the temperature was raised to 80 °C. Yellow colloidal
nanocrystals started to appear at this stage and the yielded product can be further

maximised by adding an excess amount of both Zn?* and mim in 1 : 4 mmol ratio.

Figure 3.3 Optical images of a mixture of crystals obtained in the (sub-optimal)
reactions | and Il. (a-b) show partially-formed ZnQ hexagonal crystals whose crystal
faces are decorated by small crystallites of other unknown side-products. (c-d) show
hexagonal microplates of ZnQ complex obtained in the product mixture, which
correspond to the 2-D hexagonal crystal morphology'®® identified in an isolated
synthesis to yield phase pure ZnQ.

The synthesis took ~10 minutes. The crystalline product was washed thoroughly (4
cycles) using copious amount of methanol and acetone to remove excess ZnQ
compound and residual soluble products. The final product was separated by

centrifugation at 8000 rpm.
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Zn?* 4+ 8HQ = ZnQ 1)
ZnQ + Zn?* + mIm = ZnQ@ZIF-8 (2)
Table 3.1. Solution-based chemical reactions designated as | to IV, conducted at

80 °C using different combinations of starting reactant concentrations in 25 ml of
methanol (concentrations are mentioned in mmol).

Reaction | ZnQ guest ZIF-8 host Products

no. Zn** |8HQ |Zn** | mim

I 3 6 4 16 Impure product mixtures (Figure 3.3)
[l 2 4 4 16 Impure product mixtures (Figure 3.3)
[l 1 2 4 16 No crystallisation

\Y% 05 |1 4 16 Phase pure nanocrystals (Figure 3.4)

Figure 3.4 Optical microscopy images of ZnQ@ZIF-8 hybrid host-guest compound
obtained from the (optimal) reaction IV, yielding a phase pure product exhibiting
uniform crystal size.
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3.1.4 Synthesis of Porous OX-1 2D Nanosheets as Host Framework Material

2 mL N,N-dimethylformamide (DMF) clear solution of Zn(NO3s)2 (1.5 mmol, termed
Solution A) was combined with 3 mL clear solution of 1,4-benzenedicarboxylic acid
(3 mmol, BDC) plus triethylamine (NEts*) (6 mmol) (termed Solution B). A fibrous gel-
like supramolecular material formed immediately upon combining solutions A and B
(Figure 3.5). The gel phase is disordered, comprising both crystalline (2D nanosheets)
and non-crystalline materials in addition to excess amounts of reactants and guest
molecules. The nanosheet rich fibers were washed twice with copious amounts of
polar solvents: first using DMF followed by methanol and acetone, and with
simultaneous sonication (10 minutes per solvent, then centrifugation). This washing
procedure quickly breaks down the supramolecular fibres to release the 2D
nanosheets (insoluble), and at the same time removing externally adhered guest

species (not in MOF pores) and excess reactants.

Figure 3.5 a) and b) Supramolecular synthesis of OX-1 nanosheets showing stepwise
development of fibrous soft matter at the interface of two reactants, c) and d) forming
a bulk of hybrid gel material confirmed by vial inversion test.

Finally, nanosheets harvested can be separated by centrifugation (8000 rpm) and
subject to vacuum drying at 110 °C for 4 hours. The isolated nanosheets are highly
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crystalline MOF material: (HNEts)2[ZnsBDC4]-DMF, designated as the “OX-1”

nanosheets.

3.1.5 Synthesis of Functionalised MOF Nanosheets: ZnQomr@OX-1 and
ZnQoma@OX-1

Preparation of functionalised MOF nanosheet materials (Guest@OX-1) involves a
simple additional step of in situ mixing of N,N-Dimethylformamide (as clear solution)
containing guest species e.g. ZnQ/AlQ/Naphthalene/Anthracene/Fluorescein into
Solution B. This facile high-concentration reaction (HCR) method is shown in Figure
3.6. To ensure that luminescent guests are not left adhered to the MOF surface, the
product was washed thoroughly twice using solvents that will solubilise the guest
species (first using DMF, followed by methanol and acetone). Note that the washing
step is carried out with simultaneous sonication (10 minutes per solvent, then

centrifugation) to further expedite the removal of external guest species.

Solution B
Solution A Solution B Guest Solution 4

Guest Solution

—

—

HCR:
[ supramolecular assembly
2 ~ producing OX-1 nanosheets

ZnQ + BDC
solution

Figure 3.6 Clear solutions of Zn(ll) in DMF (2 mL solution A), BDC linker plus NEts* in
DMF (3 mL solution B), and ZnQ guest solution (1 mL). Image on the far right shows
the high-concentration reaction (HCR) when combining the A + B + ZnQ guest
solutions, producing instantaneous supramolecular assembly containing OX-1
nanosheet materials.
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Mixture of solvents (Benzene: DMF = 1:2) was used for Anthracene or
Naphthalene guest solution, and the same solvent mixture was used for washing the

product material to remove excess reactants.

3.1.5.1 Preparation of Different “Guest Solutions” For Functionalisation of
the OX-1 Host

a) ZnQ: ZnQ was synthesised in 1 mL of DMF by reacting 1:2 molar ratio of Zn(ll),
(0.5 mmol) and 8-Hydroxyquinoline (8HQ), (1.0 mmol).

b) AlQ: AIQ was synthesised in a similar manner to that of ZnQ except by taking 1:3
molar ratio of Al(lll), (0.5 mmol) and 8HQ (1.5 mmol).

c) Naphthalene: 0.5 mmol of Naphthalene was dissolved in 1.5 mL of Benzene and
then it was mixed with 1.5 mmol solution of Zn(ll) in 3 mL of DMF prior to the
reaction with BDC linker solution.

d) Anthracene: 0.5 mmol of Anthracene was dissolved in 2 mL of Benzene and then
mixed with Zn(ll) solution in 3 mL of DMF and sonicated further to prepare a clear
solution.

e) Fluorescein: 0.1 mmol of Fluorescein was dissolved in 1 mL of DMF and mixed

with Zn(ll) solution before reaction with the BDC linker.
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Table 3.2. Systematic set of reactions to show that it is possible to control the loading
of guest species confined within the OX-1 nanosheet host framework. Changes in the
absorption behaviour of the different products as a function of guest loading are plotted

in Figure 3.7 below.

Reaction ZnQ (Guest Concentration) Zn-BDC (OX-1 Concentration)
Zn(l1) 8HQ Zn(l1) BDC?

1 0.1 mmol 0.2 mmol 1.5 mmol 3.0 mmol

2 0.3 mmol 0.6 mmol 1.5 mmol 3.0 mmol

3 0.5 mmol 1.0 mmol 1.5 mmol 3.0 mmol

4 1.0 mmol 2.0 mmol 1.5 mmol 3.0 mmol

= O X-1 Nanosheets

Guest
Loading

Intensity (normalized)

I
300 400 500
Wavelength (nm)

T
200

Figure 3.7 Controlled experiment with loading of various amounts of ZnQ guest
emitters in OX-1 nanosheet host material (table above). Notice how the absorption
spectra being modified significantly with higher guest concentration loading, signifying
a stronger host-guest coupling effect.
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3.1.6 Synthesis of ZIF-8 SupraMOF Gel Material

12.0 mmol of 2-methylimidazole was dissolved and deprotonated in 3 mL of DMF,
followed by addition of 12.0 mmol of trimethylamine (NEts). Another solution was
prepared by dissolving 3.0 mmol of Zn(NOs3)2 solution in another 3 mL of DMF. The
former solution was then combined with the latter solution, they immediately reacted
to form a fibrous architecture in solution phase. This solution containing fibrous product
was then sonicated for 5 seconds which yielded a uniform and stable supraMOF gel

material.

3.1.7 Synthesis of Lower-Symmetry ZIF-8 Nanoplates Extracted from
SupraMOF Gel

The supraMOF gel material was disintegrated by adding 50 mL of additional DMF and
then sonicated for 10 minutes. It produced a solution containing the dispersed white
particles of ZIF-8 nanoplates. This colloidal suspension was centrifuged at 8000 rpm
for 5 minutes, to isolate a white compound at the bottom of the tube. This precipitated
product was then washed thoroughly using 50 mL of methanol twice and 50 mL of
acetone later. At each washing step, compound in centrifuge tube was sonicated for
10 minutes before centrifuging. After washing, the compound was dried under vacuum
at 110 °C. This final drying step will transform the powder precipitate by reconstituting

the ZIF-8 nanoplates into a monolith.

3.1.7.1 Synthesis of Conventional ZIF-8

2-methylimidazole (12.0 mmol) and Zn(NO3)2 (3.0 mmol) were dissolved together in

50 mL of methanol and stirred till white product precipitates at room temperature. The
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obtained product was thoroughly washed with plenty of methanol, centrifuged, and

finally dried under vacuum at 100 °C.

3.1.8 Synthesis of Perylene@ZIF-8 Nanoplates and Monoliths

Three clear solutions were prepared in three different glass vials namely: 1) 6.0 mmol
of Zn(NO3)2 solution in 15 mL of DMF, 2) 0.2 mmol of Perylene in 18 mL of
Dichloromethane (DCM), and, 3) 15 ml DMF solution of 24.0 mmol of 2-
methylimidazole (mIm) deprotonated using 24.0 mmol of Triethylamine (NEts) (named
as solution A). Zn?* solution and Perylene solutions were mixed together (to form
solution B), which was then combined with solution A. Instantaneous product formation
was observed upon the mixing of solutions A and B, yielding a light-yellow coloured
compound (Figure 3.8). 50 mL of DCM was added into the Erlenmeyer flask containing

the product and sonicated for 10 minutes, then the product was separated by

centrifugation at 8000 rpm for 5 minutes.

) /A R After '\ ~ Dry monolith
+ / \ addition g8 - 3
Perylene / of mim

£y g / q ;_ :.. 6 : = i ) ;
Zn(l) ‘ Perylene . 4 - T e I
3 ’ i

(DMF) (bCcm) |

Figure 3.8 Photographs depicting the synthesis protocol of the Perylene@ZIF-8
compound. Upon mixing the clear solutions A and B, a rapid reaction was observed
leading to the formation of a light-yellow coloured product.

To make sure that the obtained product (i.e. Perylene@ZIF-8) was free from any
surface adhered Perylene, the centrifuged product was further washed twice with 50

mL of DCM, each time accompanied by vigorous sonication (10 min) during the
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washing steps. After washing the sample with DCM, it was further washed with 50 mL
of methanol (to make sure product is free from unreacted 2-methylimidazole) and then
finally with 50 mL of acetone, accompanied by a 10 min vigorous sonication at each
washing stage. The washed sample isolated by centrifuge was dried at 90 °C under
vacuum for 6 hours. Drying of sample resulted in a darker-yellow coloured monolithic

material containing Perylene@ZIF-8 (Figure 3.8).
3.2  Materials Characterisation

3.2.1 Rheological Measurements on Gel-Like SupraMOF Materials

Rheological measurements were performed on HKUST-1 based supraMOF using the
Physica MCR-301 (Anton Paar) rheometer equipped with a temperature controlled
basal plate (Figure 3.9). Parallel plate configuration was used for all studies by keeping
a 1 mm gap distance between the basal and the top plates. A constant shear stress
of 10 Pa was applied for creep and stress recovery tests. Rheological measurements
on the ZIF-8 nanoplates based supraMOF gel sample were performed using a 2-mm

gap between the basal and the top plates.

Top flat plate

SupraMOF sample

Basal plate

Figure 3.9 Photograph showing HKUST-1 supraMOF on basal plate of the rheometer,
it also shows top flat plate used for measurements.
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3.2.2 Microscopic Studies

3.2.2.1 Sample Texture, Thin Film Topography Using Optical Microscopy

Alicona Optical Profilometer Theory: Alicona Profilemeter is based on focus variation
microscopy in which one can measure the surface texture by calculating roughness of
a specimen (Figure 3.10). Profilometer creates 3D surface images, that contain colour
and topographical information. The information further gets used for analysis of
surface roughness parameters. The focus variation of an optic provides multiple
images at different vertical distances (Figure 3.10 (right) inset). With the help of optical

sharpness and focus one can obtain a full high-resolution 3D surface image.

aray detector
lenses polariser
analyser lenses
light beam
Ring light and white light
Magnification lens beam spiter
objective
Composite fing light
sample
Motorised
siage specimen
|

Figure 3.10 Image showing various parts of Alicona instrument (left) and its internal
components (right) highlighting the working principle behind instrument.

For understanding fibrous texture and morphological nature of gel samples, reactants
were coated on top of each other using doctor blade coater and then left for drying at
R.T. (Figure 3.11). Optical images and surface height topography of MOF thin films

were characterised using infinite focus microscopy, IFM (Alicona Infinite Focus 3D
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Profilometer). Thin film thickness was characterised by scratching thin film to the hard
glass surface and then measuring the depth of scratch using the non-contact optical

profilometer (see Figure 3.12 for details).

Cu(ll) solution

Glass substrate

Layer of BTC®

Figure 3.11 Schematic representation for making a thin coated sample on glass
substrate to study the material topography.
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Figure 3.12 Example of thin film thickness measurement method involving optical
imaging of the material through the scratches made on film surface: (a) 3D optical
colour image determined via non-contact profilometer (Infinite Focus Alicona), and (b)
2D image of the sample with two different scratches imaged in a single scan showing
(c) film thickness of ~2 um. Film obtained from the sol of GoMEH.

3.2.2.2 Atomic Force Microscopy (AFM)
AFM theory: AFM is a popular technique to study surface texture and morphology. It

involves scanning a sharp tip situated at the end of a flexible cantilever that moves
across a sample surface (Figure 3.13). The tips typically have an end radius of 2 to 20
nm, depending on tip type. The forces generated between the tip and sample surface
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results in the deflection of a cantilever. The interaction between sample surface and
tip involve mechanical contact forces, van der Waal's forces, capillary forces, chemical
bonding, electrostatic forces, and magnetic forces. The deflection of a cantilever is
monitored by a laser beam falling on the back of the cantilever. The two most
commonly used modes of operation are contact mode AFM and tapping mode AFM,
which can be conducted in air or liquid environments. In the contact mode, sample
scanning is performed while monitoring the change in cantilever deflection with the
split photodiode detector. On the other hand, the tapping mode involves oscillations of
cantilever at its resonance frequency (typically~300 kHz). The electrostatic forces
increase when tip gets close to the sample surface, therefore the amplitude of the
oscillation decreases. The laser deflection method is used to detect the amplitude of
cantilever oscillation. Similar to the contact mode, feedback loop maintains a constant
oscillation amplitude by moving the scanner vertically at every x,y data point.

Recording this movement forms the topographical image.

Photodetector
Laser beam

Cantilever

Figure 3.13 A schematic illustration showing basic components of AFM.

Sample preparation: samples were prepared in a similar way they were prepared for
doing optical microscopy, i.e. by drop coating onto glass piece and then dried at R.T.
AFM height topography and AM-FM tapping mode imaging were carried out using the

Asylum Research MFP-3D AFM in air. Silicon AFM probe (Tap300-G, Budget Sensor)
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with resonant frequency of 300 kHz and a force constant of 40 N/m mounted on the
AM-FM cantilever holder was used for nanomechanical characterisation; the tip
calibration was performed using a standard sample of Matrimid®5218 with an
established YounG’s modulus (E = 4 GPa). Veeco Dimension 3100, under the
standard tapping mode and a silicon tip was used for AFM imaging of Perylene @ZIF-

8, and ZIF-8 derived from supraMOF samples.

3.2.2.3 Scanning Electron Microscopy (SEM) and Sample Preparation
Incident beam

X-rays

Chemical composition of the surface Elastic backstatered slgctrons

Atomic number and toporgaphy

Cathodoluminescence Inelastic backscattered electrons
Electrical information Surface toporgaphy

N\

Figure 3.14 SEM uses inelastic backscattering for recording surface topography of
sample. Above diagram shows different effects of electron beam interaction with
sample and the further use of interacted beam for detailed study of sample.

SEM theory: SEM provides surface topography along with information about other
surface characteristics such as chemical composition, electrical conductivity etc. The
data get generated from the reflection of accelerated electron beams by sample
surface. When electrons hit the sample surface, they lose their energy by repetitive
random scattering and adsorption in an outer layer into the depth varying from 100 nm
to 5 microns. A resultant interaction between electron beam and the surface provides
signals. The signals mainly originate from secondary or inelastic scattered electrons
(Figure 3.14). Secondary electrons are ejected from the k-orbitals of atoms within the
surface layer of thickness about a few nanometers. Secondary backscattered

electrons provide the most common signal to investigate surface topography with
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lateral resolution up to 0.4 - 0.7 nm. The SEM image formed is the result of the intensity
of the secondary electron emission from the sample at each x,y data point during the

scanning of the surface.

Sample preparation: gel specimens were coated with a thin layer of gold for 30
seconds using the SC7620 Polaron sputter coater (Quorum Technologies) before
examination under the SEM. Similarly, nanoparticles and nanosheet or nanoplate
MOF samples were drop coated using dilute dispersion in methanol onto the small
piece of glass and then dried by leaving them at R.T. for an hour before gold sputtering.
Scanning electron microscopy was performed on gold coated gel and nanoscale MOF

samples using the Carl Zeiss EVO LS15 environmental electron microscope set up.

3.2.2.4 Transmission Electron Microscopy (TEM)

Electron gun

Magnetic
Lens == ==

< Electron beam

Sample w—  —

Screen

Figure 3.15 Above diagram is a sketch showing basic components of TEM instrument.

TEM theory: In TEM, the source of illumination is a beam of electrons of very short
wavelength, generated using a tungsten filament placed at the top of a cylindrical
column of about 2 m high. The entire optical system of TEM is enclosed under vacuum.
Magnetic coils present along the column at specific intervals are used for focussing
the electron beam. In short, TEM involves a high voltage beam of electron emitted by
a cathode and formed by magnetic lenses, which later transmit through the thin sample

to create the sample image (Figure 3.15). The beam of electron that has been partially
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transmitted through the very thin specimen carries information about the structure of
the specimen. The spatial variation in this information gets magnified by a series of
magnetic lenses until it is recorded by hitting a fluorescent screen, photographic plate,
or light sensitive sensor like CCD (charge-coupled device) camera. The image

detected by the CCD can be displayed in real time on a monitor or computer.

Sample preparation: for performing transmission electron microscopy, very dilute
solutions of thoroughly washed wet nanoscale compounds were used. Dilute sample
dispersion in methanol were subjected to sonication for a minimum ofl5 minutes
before drop coating them on holey carbon coated copper grids (300 mesh, Agar
scientific). Sample on copper grid was dried by leaving it at R.T. for an hour prior to
TEM imaging. TEM images were acquired using the JEOL JEM-2100 LaB6

transmission electron microscope at 200 kV.

3.2.3 Spectroscopic Studies

3.2.3.1 Raman Spectroscopy
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Figure 3.16 Above illustration shows difference between the Rayleigh scattering and
the Raman scattering.

Raman spectroscopy theory: Raman spectroscopy is based on Raman Effect, which

is a frequency shift of a small fraction of scattered radiation, different from a frequency
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of monochromatic incident radiation. Raman spectra obtained from the inelastic
scattering of incident radiation through its interaction with vibrating molecules (Figure
3.16). It investigates the information about the molecular vibrations. When a
monochromatic radiation strikes at sample, it scatters in all directions after its
interaction with sample molecules. Much of this scattered radiation has a frequency
which is equal to frequency of incident radiation and constitutes Rayleigh scattering.
Only a small fraction of scattered radiation has a frequency different from frequency
of incident radiation and constitutes Raman scattering. When the frequency of incident
radiation is higher than frequency of scattered radiation, Stokes lines appear in Raman
spectrum. But when the frequency of incident radiation is lower than frequency of
scattered radiation, anti-Stokes lines appear in Raman spectrum. Stokes shifted
Raman bands involve the transitions from lower to higher energy vibrational levels and
therefore, Stokes bands are more intense than anti-Stokes bands and hence are
measured in conventional Raman spectroscopy while anti-Stokes bands are
measured with fluorescing samples because fluorescence causes interference with
Stokes bands. A change in polarizability during molecular vibration is a pre-requisite
condition to obtain Raman spectrum of sample.

Sample preparation: Raman spectroscopy on the ZnQ@ZIF-8 sample was performed
by dispersing some crystalline powder of sample on glass slide and then imaged under
the Bruker Senterra dispersive Raman microscope equipped with 532 nm, 633 nm
and 785 nm lasers. Sample was tested by using various laser powers from 5 mW to
50 mW and then spectra were recorded using the 532 nm laser. For other samples
including OX-1 framework, functionalised OX-1 frameworks ground powder samples
were used to monitor Raman spectra using MultiRAM FT-Raman Spectrometer

(Bruker) equipped with a 532 nm laser.
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3.2.3.2 Infrared (IR) Absorption Spectroscopy

IR theory: Infrared spectroscopy is a technique based on the vibrations of the atoms
of a molecule. An infrared spectrum is commonly obtained by passing infrared
radiation through a sample and determining what fraction of the incident radiation is
absorbed at a particular energy. The energy at which any peak in an absorption
spectrum appears corresponds to the frequency of a vibration of a part of a sample
molecule. An FTIR spectrometer works by taking a small quantity of sample and
introducing it to the infrared cell, where it is subjected to an infrared light source, which
is scanned from 4000 cm™ to around 600 cm™. The intensity of light transmitted
through the sample is measured at each wavenumber allowing the amount of light
absorbed by the sample to be determined as the difference between the intensity of
light before and after the sample cell. This is known is the infrared spectrum of the
sample. In the infrared region of the spectrum, the resonance frequencies of a
molecule are due to the presence of molecular functional groups specific to the
molecule.

Sample preparation: Infrared absorption spectroscopy was performed using the
Bruker Vertex 80V FTIR interferometer on dry solid powder.

3.2.3.3 UV-Visible Spectroscopy

UV-Vis theory: Ultraviolet and visible radiation interacts with material to cause
electronic transitions (promotion of electrons from the ground state to a high energy
state). The ultraviolet region covers the wavelength region of 190-380 nm, the visible
region fall between 380-750 nm. The following electronic transitions could occur in
UV-Vis range: a) n-n* b) n-n* ¢) 0-0* d) n-0*. The o to o* transition requires an
absorption of a photon with a wavelength which does not fall in the UV-vis range. Thus,

only © to #* and n to =* transitions occur in the UV-vis region are observed.
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Sample preparation: solid—state diffuse reflectance spectra (DRS) were recorded on

a UV-2600 Shimadzu spectrophotometer using a standard sample holder.

3.2.3.4 Fluorescence Emission Spectroscopy

Fluorescence spectroscopy theory: Upon absorption of light, molecules get excited to
higher energy excited state levels. Molecular excitation process allows molecules to
reach any of the vibrational sub-levels associated with each electronic state. Having
absorbed energy and reached one of the higher vibrational levels of an excited state,
the molecule rapidly loses its excess of vibrational energy by collision and falls to the
lowest vibrational level of the excited state. In addition, almost all molecules occupying
an electronic state higher than the second undergo internal conversion process and
travel from the lowest vibrational level of the upper state to the higher vibrational level
of a lower excited state which has the same energy. From there the molecules again
lose energy until the lowest vibrational level of the first excited state is reached. From
this level, the molecule can return to any of the vibrational levels of the ground state,
emitting its energy in the form of fluorescence (Figure 3.17). Since the emission of
fluorescence always takes place from the lowest vibrational level of the first excited
state, the shape of the emission spectrum is always the same, despite changing the

wavelength of exciting light.
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Jablonski Energy Diagram
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Figure 3.17 Above image is a Jablonski diagram explaining the electronic states of a
molecule and the transitions between them.

Sample preparation: solid—state emission spectra of ZnQ@ZIF-8, ZnQ and ZIF-8
samples were measured using the Horiba FluoroMax spectrofluorometer at a fixed slit
width of 5 nm and a constant excitation wavelength of 350 nm. Emission spectra for
samples of ZnQovr@OX-1, ZNQoma@OX-1, dispersion of ZnQomr@OX-1 in different
solvents and Perylene@ZIF-8 were recorded using the UPRtek MK350N+
photospectrometer, together with the CIE chromaticity. Quantum yield and
fluorescence lifetime measurements were performed on the Hamamatsu Quantaurus-
QY Absolute PL quantum vyield spectrometer (C11347) and Quantaurus-Tau
fluorescence lifetime spectrometer (C11367), respectively. Diluted nanosheet
dispersions in respective solvents were used for fluorescence QY and lifetime

measurements.
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3.2.4 Other Material Characterisation

3.2.4.1 Powder X-ray Diffraction (PXRD)

Theory: X-ray diffraction is a common material characterisation method for the study
of crystal structures and atomic spacing. The basis of X-ray diffraction is a constructive
interference between monochromatic X-rays and a crystalline sample. X-rays are
generated by a cathode ray tube, filtered to obtain monochromatic radiation, collimated
to concentrate, and focussed to the sample. A constructive interference gets
generated when X-rays interact with the sample and satisfies Bragg's Law i.e. nA=2d
sin 8. Bragg’s law is the direct relation between the wavelength of electromagnetic
radiation and the diffraction angle and the lattice spacing in a crystalline sample.
Diffracted X-rays can be detected further by the detector for evaluation of the sample
structures, purity, and/or phase change. In powder X-ray diffraction (PXRD), the
random orientations of the powdered sample allow the diffraction from all directions of
the lattice, when sample gets scanned for a particular range of 206 angles. By
converting diffraction peaks to d-spacings, compound identification can be achieved
as every compound reflects unique d-spacings. PXRD is widely used for the
identification of unknown crystalline materials (minerals, inorganic compounds, hybrid

materials).

Pawley Refinement in Material Studio: Pawley refinement is a refinement procedure
for obtaining the best possible unit cell from diffraction data, starting with a suggested
unit cell.1%* In the Reflex module of Materials Studio, Pawley refinement is one of the
four methods of powder pattern refinement. It enables user to refine crystal structures
against experimental powder diffraction data by decreasing the weighted R-factor,
Rwp. In Pawley refinement Rwp is decreased regardless of the molecular structure

present inside the unit cell. A wide range of parameters can be refined using the
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Pawley method, encompassing a choice of peak profile and asymmetry functions,
crystallite size, lattice strain, lattice constants, integrated Bragg intensities, and
background coefficients. The peak fitting process involves two steps. Optimisation of
integrated intensities and background coefficients is the first step, while other
parameters are fixed. In the second step, the peak shape, cell parameters and zero-
point shift parameters are optimized for fixed values of intensities and background
coefficients. The two step refinement process can be further continued until it reaches

the convergence.

PXRD on samples: For powder X-ray diffraction, samples were prepared by drying
them in vacuum oven and then ground to fine powders using mortar and pestle.
Ground powders were subjected to X-ray diffraction using the Rigaku Smart Lab
diffractometer with Cu Ka source (1.541 A) and Miniflex Rigaku bench—top X-ray
diffractometer. Diffraction data were collected from 2° to 30° of Bragg diffraction 20

angle, at the rate of 1°/min with 0.01° step size.

3.2.4.2 Particle Size Determination

ZIF-8, ZnQ@ZIF-8 patrticle sizes were determined using dynamic light scattering
(DLS) measurements. Dilute dispersions of samples measured using the Malvern

Zetasizer Nano ZS ZEN3600 set up.

3.2.4.3 Thermal Gravimetric Analysis (TGA)

Theory: Thermal gravimetric analysis (TGA) is the material characterisation technique
for powder samples, which allows the study of sample composition and its behaviour
with temperature rise. TGA measures the amount of weight change of a material, as
a function of increasing temperature in an atmosphere of nitrogen, helium, air, other
gas, or in a vacuum. TGA provides information regarding phase transitions, absorption

and desorption, chemisorption, thermal decomposition, and solid-gas reactions (e.g.,
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oxidation or reduction). The amount of sample required for the analysis can vary
between 1 mg to 150 mg. This technique is sensitive enough to detect weight change
of as small as 0.01 mg of weight. It helps to determine temperature and the weight
change of decomposition reactions, which allows quantitative composition analysis.
This helps in determining water content or the residual solvents in a material. TGA can
also give information about the purity of samples like mineral, inorganic compound, or

organic material.

Sample preparation for TGA: powdered samples free from solvent molecules by drying
in vacuum and high temperature were sealed in glass vials and then used for recording
thermal gravimetric data. It was recorded using the TA Instrument Q50 at a heating

rate of 20 °C min- from 30-700 °C under dry nitrogen.

3.2.4.4 Electrical Conductivity Measurement of SupraMOF Containing
HKUST-1 Nanoparticles

Theory: Electronic versus ionic conductivity: Electrical conductivity indicates the ability
of material to conduct an electric current. Electrical conductivity generally observed in
metals. The atoms of metals normally possess one to three electrons in their outer
shells. In a solid-state condition, freely bound electrons n outer electronic shell can
move from atom to atom. When a charge is applied to one side of a lump of metal its
electrons move easily in response, away if it is negative and towards if it is positive.
One can make a wire out of the metal and apply a steady supply of electrons at one
end and get a current through the wire. On the other hand, ionic conductivity occurs in
solutions of various salts (also in melted salts.) When an ionic compound (salt) is
formed the electrons from the metallic atoms are captured by the atoms of the non
metal. For instance in sodium chloride, the sodium atoms give up their single outer

electron becoming positive sodium ions and the chlorine atoms capture those
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electrons becoming negative chlorine ions. In the solid state the positive and negative
ions are held together by their opposite charges in a rigid lattice. In the liquid state
(solution or melted) the ions move around freely. If positive and negative electrodes
are inserted into an ionic liquid the positive ions will migrate towards the negative pole
and the negative ions will move towards the positive pole. At the negative pole, positive
ions capture electrons. At the positive pole negative ions give up their extra electrons.
Each ion is changed chemically in some way. The movement of charged ions in the

liquid is ionic conduction.

Alternating current (AC) versus direct current (DC) measurement. There are two

techniques used to measure electrical conductivity.

i) AC conductivity measurement: this technique is used to identify good ionic
conductors. Complex impedance, admittance, permittivity and modulus, are the four

basic functions to analyse the ac data.

if) DC conductivity measurements: this technique is used to identify good ionic as well

as electronic conductors. The contribution of ionic or electronic components to the

conductivity depends on the temperature range.

Frequency dependence of ac conductivity: there are three mechanisms of charge
transport that can contribute to a direct current in amorphous semiconductors. They
all can contribute to the ac conductivity as follows. (a) Transport by carriers excited to
the extended states; (b) Transport by carriers excited into the localized states at the
edges of the valence or conduction band and (c) If energy density of states is finite,
hopping transport occurs by electrons with energies near the Fermi level.

In AC electrical conductivity measurement, electric conductivity originates because of

applied potential dependent of time. The potential is of oscillatory type with sinusoidal
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wave from, here the classical parameter electric resistance is termed as impedance.
Thus, impedance is the analogue term for electric resistance in an alternating current.
The potential oscillates between +V and -V magnitude. Here, the impedance is a
complex number, in which the imaginary part provides information about the
magnitude of signal loss, with relation to previous potential magnitude applied by an
equipment. The magnitude loss of original signal investigated as a function of
frequency gives the impedance spectroscopy. During the experiment, the electric
potential is constant and with small intensity, the frequency is continuously changed.
The electric conductivity called dc does not depend on the time, this conductivity is the
classical term determined by Ohm’s law V=RI.

Sample preparation and conductivity measurement of gel samples: electrical
conductivity of gel samples were measured using the Keithley 2614B sourcemeter and
a custom designed conductivity cell lined with aluminium electrodes spaced at 1 cm
apart. The conductivity of the visco-elastic solid was measured from a thin layer of

VESACN material sandwiched between a pair of flat aluminium electrodes.

3.2.5 Theoretical Calculations

3.25.1 Molecular Orbital Energy Calculations

Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels for both species (i.e. ZIF-8 and ZnQ) were calculated
considering 1x1x1 unit cell and a single molecule respectively, using the DMol3
density functional theory (DFT)% code implemented in Accelrys Material Studio. The
generalised-gradient approximation (GGA) exchange-correlation functional by Perdew
and Wang (PW91)1°¢ was adopted to determine the HOMO-LUMO band gaps. A

1x1x1 unit cell was considered for calculating the energy levels of the (vacant) ZIF-8
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framework and the isolated Perylene molecule in the case of Perylene@ZIF-8. To
model the guest@host assembly containing a confined Perylene guest molecule, the
Perylene molecule was docked into the void of the ZIF-8 (host) framework and
geometrically optimised using the Forcite module. The band gap of the optimised
guest@host structure was then calculated using DMol3. The calculation parameters

used are listed in the Appendix provided at the end of the thesis (Table A6).

3.25.2 Geometry Optimisation and Band Gap Calculations

Geometrical optimisation was performed using the Forcite module implemented in
Materials Studio v.8. For the OX-1 host framework structure, molecular cluster
comprising a single pore was taken into consideration by using the 1x2x1 super cell,

to calculate the plausible guest geometry as a result of host confinement effects.
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Chapter Four

New Class of Materials: “SupraMOFs”’

4.1 Background

4.1.1 Supramolecular Chemistry

The chemistry beyond the molecule, known as ‘supramolecular chemistry’107-108
has witnessed a rapid growth over the past two decades.36 109-111 Notably, the
traditional candidates in the field of supramolecular science, featuring the self-
assembly of small molecules comprising purely organic compounds have been
superseded by exotic and very diverse families of hybrid (organic-inorganic)
molecular assemblies and composite systems.!1?115  Self-assembly
methodologies that yield functional gel materials have attracted significant
interest owing to their potential applications in medicine,3? 116 energy,!1’-118 and
environmental sustainability.11® Within this broad class of soft matter, metal-
containing gel materials termed ‘metallogels’1?0-122 could offer additional
controls for tuning the structural and physico-chemical properties for many
targeted applications.1?3125 Metal-containing metallo-gelators studied to date
can basically be divided into two main categories: (a) solvent immobilisation
attributed to metal-coordination effects,'?® and (b) solvent immobilisation
conferred by metal complex species used in constructing metallogels.11?. 122
Recently, researchers have also focused on metal-organic gels (MOGs),1?7-131
which generally contain continuous chains of alternating metal and organic

molecules to enable the immobilisation of solvents.132133
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4.1.2 Whats is SupraMOF

Innovative implementation of the basic principle of continuous chain formation
of metal-organic building blocks has opened the door to the recent development
of smart supramolecular gels,” 134135 containing porous 3D scaffolding of
metal-organic frameworks (MOFs).13 136 | termed these materials —
‘supraMOF’, as derived from supramolecular gel self-assemblies coexisting with
in-situ generated MOF entities. Literature on MOF compounds has proliferated
to cover a very wide and diverse spectrum of applications.> 1. 137139 Despite
their vast potential utilities, MOF science in combination with self-assembled
supramolecular materials is, hitherto, a largely unexplored research topic. One
exciting possibility is to yield ‘smart’ supramolecular materials!3413> py
leveraging the tuneability of MOF compounds, to attain stimuli-responsive
behaviours towards: magnetism, light, sound waves, mechanical stresses,
temperature, electricity, etc. Moreover, sol-gel systems will offer new
possibilities for facile processing and affordable deposition of functional films
towards engineering of sensors, actuators and microelectronic devices.* 15 140
In this study, | present a rare type of supramolecular hybrid material built from
self-organisation of nano-metal-organic framework (NMOF) particles, which are
accommodated within highly-aligned fibre network scaffolding. Metal-organic
framework (MOF)%%: 136, 138 141 s g rapidly expanding class of crystalline
nanoporous materials, whose three-dimensional (3D) framework consists of
ordered units of metal ions or clusters bridged by organic linkages. MOFs offer
rich chemical functionalities combined with vast structural versatility.14% 142 The

high uniformity and 3D microporous architecture of MOF crystals could provide
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the unique platform for symbiotic effects, yielding orthogonal interactions43-144

central to achieve supramolecular self-assembly.

4.2  SupraMOF Materials Containing HKUST-1

The microporous material designated as HKUST-1,#° represents one of the
most intensely studied MOFs today due to its wide-ranging potential
applications. Typically, it can be obtained via solvothermal reactions between
Cu(ll) and BTC®* (1,3,5-benzene tricarboxylic acid), vyielding crystalline
HKUST-1 [Cu3(BTC)2], as the most thermodynamically favourable product.14® In
fact, HKUST-1 is renowned for its ease of synthesis using different solvents,
temperatures, or bases,*#’-1%0 in addition to membranes, hollow capsules and
superstructures derived from it.151-152 Herein | demonstrate that, by employing a
high concentration of standard reactants of HKUST-1 in a relatively small
quantity of solvents, yields previously unreported gel-like hybrid materials that

exhibit counterintuitive chemico-physical properties.

4.3 High Concentration Reaction (HCR) Approach for Synthesis

In the present work, | discovered that room-temperature reaction between Cu(NO3)2
solution and deprotonated BTC, using triethylamine base (NEt3) yields facile formation
of an unconventional gel-like supramolecular self-assembly. Interestingly, the
aforementioned reactions can be accomplished in both polar-protic and -aprotic
solvents, resulting in an entirely new system of MOF-based supramolecular hybrid
materials, which | termed: GACN, GoDMF, GoDMSO, GoETH and GoMEH (where
G denotes gel obtained using solvent ACN: acetonitrile, DMF: N, N-dimethyl

formamide, DMSO: dimethyl sulfoxide, ETH: ethanol, MEH: methanol). The formation
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mechanism was investigated utilising different solvents, which allowed us to study the
rich morphological and structural diversity of these novel hybrid materials. | found that
the use of different solvents yields hybrid materials that exhibit distinct structural,
mechanical, chemical and electrical properties. Noteworthy, sol-gel transitions occur
only in the case of GoDMSO, while viscoelastic phase conversion (from soft to rigid
network) is evident only in GOACN. Moreover, detailed characterisation of physico-
mechanical properties has enabled us to pinpoint structural dependencies of
uncommon functions. The above mentioned are key highlights of the current study

which are explored in detail herein.

4.4  Smart Behaviour of SupraMOFs: Stimuli Response

4.4.1 Sol-Gel Transition

Application of DMSO as a solvent for making solutions of Cu(NO3s)2 and BTC produces
a hybrid gel compound featuring unique properties, as depicted in Figure 4.1 Although
the reaction of BTC and Cu(ll) in DMSO solvent has previously been reported,®2 in
proposed approach, the addition of triethylamine (NEts) triggers an unexpected
auxiliary effect leading to the formation of a new supramolecular material. Remarkably,
this hybrid gel compound, GoDMSO, exhibits multiple responses against thermal,
mechanical and chemical stimuli (Figure 4.1a). First, it was found that subsequent
alternate additions of 1molar equivalent of BTC and/or 1.5 equivalent of Cu(ll) solution
cause the hybrid assembly to undergo a rapid phase transformation, i.e. switching
from gel to sol, and vice versa. This observation confirms that the hybrid gel can be
broken down by dissolution, but subsequently re-assembled upon the addition of

cationic Cu(ll) or anionic BTC?, such that chemical triggering accounts for the
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reversible nature of sol-gel transformation observed. Nevertheless, as this process is
repeated with successive cycles of additions of BTC and/or Cu(ll) solutions, an

increasingly longer time was required to recover the gel form.

Heat, 80 °C l [Cool, shake

. Thermo- @ ; @ Chemo-
Gel responsive Responsive
_
@ Mechano-

Responsive

VEDACN

Figure 4.1 (a) Multi-stimuli chemo-mechano-thermo responsive behaviour enabled via
sol-gel transformation of Go>DMSO. (b) Schematic illustration showing phase
transformation of GoACN, after ~48 hours, forming the visco-elastic material, termed
VESACN. Schematics: fibrous strands (dark green) represent the 3D network
scaffolding, which is integrated with HKUST-1 NMOF particles (light blue). Right: a
cuboid measuring 5x5x5 mm?2 moulded from a monolith of VESACN. (c) Examples of
several 3D objects made from VESACN.

Second, mechanical stresses invoked by shaking could disrupt the structural integrity
of the GoDMSO hybrid assembly, causing the gel to collapse into a viscous sol (Figure
4.1a). This gel phase, however, can be regained either by subjecting the sol to
sonication for ~1-2 minutes, or simply by leaving it uninterrupted for ~10-15 minutes.
The gel was found to be extremely sensitive to application of external forces, such that

phase recovery (sol to gel) takes longer to occur when gel is mechanically agitated for
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a longer period of time. Third, further to chemical and mechanical responses, this
particular hybrid gel also demonstrates thermo-responsive behaviour; for instance, the
sol of GoDMSO can be transformed back into a gel when heated at 80 °C for just ~1-

2 minutes.

4.4.2 Gel to Viscoelastic Transition

| identified another striking phase change phenomenon conferred by the acetonitrile
solvent (ACN), wherein the corresponding hybrid gel synthesised is designated as
G>ACN. Initial observation of GoACN gels transforming into a semi-solid-like material
has prompted us to study this effect in detail. | established that, by allowing GoACN
sample (sealed in a vial) unperturbed for more than 48 hours would eventually
transform the gel phase into a visco-elastic (VE) material (Figure 4.1b, c), which |
termed VESACN (detailed visco-elastic mechanical behaviour presented in later
sections). Its two major characteristics are: (1) if gentle mechanical stress is imposed
onto GHACN in the gel state (for instance, by shaking sample vial), this causes the
fibrous gel scaffolding to break down to yield a sol; and (2) more vigorous mechanical
agitation of the reactant mixture ultimately produces only precipitation, prohibiting any
further gelation from occurring. Above findings support the notion that gel to visco-
elastic phase change can be accomplished, only if, the underlying gel scaffolding (i.e.
building skeleton) is kept stress-free and maintained stable with encapsulated solvent
molecules. In the light of this, the foundation for constructing a rigid fibre network stems
from the gel itself, acting as the 3D scaffold; but without which, phase change into the
visco-elastic material cannot occur. An attractive physical property of the VESACN

material lies in its shape-persistent capacity; it is mechanically robust enough to be
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dissected, deformed, or moulded into a range of 3D shapes, a few examples of which

illustrated in Figure 4.1b and 4.1c.

4.5 Microstructural Features of SupraMOF

Figure 2 shows microstructural characteristics of the supramolecular hybrid gel
materials characterised by scanning electron microscopy (SEM), revealing exquisite
fine-scale morphologies that correlate to their chemical structures and physical
properties (Figure 4.2). Comparing Figures 4.2a to 4.2b, it was found that the visco-
elastic material (VESACN) consists of fine fibrous filaments hierarchically packed
within fibre bundles, which are reminiscent of fibrils present in structural biological
materials®+3°. Such a microstructure, however, is absent in the initial gel material
(GoACN) prior to its visco-elastic conversion. It can be seen that micrographs of the
GoDMSO system that displays multi-stimuli response reveal relatively thicker rods of
gel-like blocks; two examples of which shown in Figure 4.2c and 4.2d with dimensions
of ~200 x 50 um. In contrast, the remaining gel samples (Figure 4.2e-j) feature
appreciably smaller bundles of microscopic fibres, growing unidirectionally in the form
of strips, whose lengths may extend from several um up to 100s of microns. It is worth
noting that recent literature on MOF-based aerogels,’3 133 154 xerogels'>® and metal-
organic gels (MOGs)!3% 156 exhibit substantially different fine-scale microstructures,

compared with the distinctive fibre micro-architectures | reported here.
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Figure 4.2 SEM micrographs of hierarchically self-assembled gel microstructures
(dried samples) obtained from synthesis employing different solvents. (a) GoACN and
(b) its corresponding visco-elastic material VESACN, (¢ and d) GoDMSO, (e and f)
GoMEH, (g and h) GoDMF, (i and j) GoETH.
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Given the identical chemical precursors employed in all the synthesis (Figure 3.1),
apart from the choice of solvent, it is intriguing that sol-gel transformation was
identified only in the case of GoDMSO, whereas visco-elastic conversion evidenced
only in the case of GOACN. This result underscores the critical role played by the
specific solvent molecules, which in turn, affects the microstructures of the resultant
fibore network assembly (Figure 4.2) and, henceforth its physico-chemical
characteristics. Electron donor atoms, viz. O, N, S, which are present in certain solvent
molecules enhance interaction with Cu(ll) centres, and may extend the structural
connectivity by means of hydrogen bonding. Especially in the DMSO solvent, for
example, | propose that soft S and hard O donor atoms (at opposing ends of molecule)
facilitate switchable connections for weak bond making-breaking process; this
mechanism could accommodate supramolecular association-dissociation processes
thus triggering sol-gel conversion of GoDMSO (Figure 4.1). Moreover, because S and
O readily interact with soft and hard electrophiles, DMSO forms strong hydrogen
bonding (Kamlet-Taft parameters: a = 0.00, B = 0.76)°7 with BTC.%8 Of the systems |
studied, GoDMSO requires the longest gelation time, suggesting that the reaction
responsible for fibre formation is occurring at a relatively slower rate, due to effects of
solvent interaction that may cage BTC? linkers approaching the Cu(ll) cations.
Although O donor is also present in other solvent molecules, | found that monodentate
ligation property is inadequate to trigger microstructural re-integration fundamental to
reversible sol-gel conversions. Turning to GoACN, the linear molecular structure of
acetonitrile (ACN) means that, not only its associated geometrical constraints should
be weaker, but also it offers opportunity for coordination to the Cu(ll) centres to further
stabilize the overall supramolecular network assembly. Together, it is projected that

such auxiliary effects, over time, perpetuate transformation of gel into the visco-elastic
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material, which constitutes fine-scale fibrous architecture specific to VESACN (Figure

4.2b).

4.6 Mechanism Underpinning Hybrid Self-Assembly

By virtue of the rapid formation of GoMEH gels from methanol (~2 minutes), | probed
this material to gain insights into the basic structural development mechanisms. During
the reaction, | observed intense colour emerging from nanoparticles embedded in the
fibres as time advances; these nanopatrticles can be easily harvested from embedding

fibrous matter by washing the gel thrice using excessive methanol.
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Figure 4.3 Schematic illustrating the proposed mechanism underpinning hierarchical
growth of MOF hybrid network encompassing highly directional fibers. (a)
Fundamental building blocks reacted to create (b) weak interaction with each other via
the mismatch effect (c) template effect involving development of coordinating bonds
between BTC? and Cu(ll), facilitated by inter-penetration of one-dimensional networks
bound by weak interactions. (d) Patterned growth by means of the synergistic effects
between nanoparticles and self-assembled fibrous structure, informed from SEM
image of GoMEH containing nano- HKUST-1 particles integrated in fibers (see
Figure 4.49). Note: black dotted lines represent weak inter-molecular interactions; red
bold lines denote coordination bonding. (e) Formation of a defective crystal of
HKUST-1 embedded in the fiber network of GoDMSO.
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Bulk amount of nanoparticles collected this way have been examined by powder X-
ray diffraction, scanning electron microscopy and atomic force microscopy, confirming
that they are in fact nanometre-sized MOF (NMOF) particles of phase pure HKUST-1.

| rationalise that the mechanism underpinning the construction of
supramolecular MOF hybrid progresses in accordance with Figure 4.3 (a-d), endorsed
by experimental observations. At the beginning of the self-assembly process, organic
and inorganic basic building blocks coalesce via weak interactions in a nascent
network of gel material. This development is subsequently accompanied by stronger
coordination bonds forming between Cu(ll) and BTC?; despite overcoming weaker
molecular interactions, it caused no collapse to the former assembly, therefore yielding
HKUST-1 nanoparticles in the fibre network.

Recent reports on inter-convertible polymer-metal-organic framework (poly-
MOF)>% hybrid materials and conversion of MOFs into gel-like MOFs'69-161 gre worth
describing here for comparison. In the case of poly-MOFs, amorphous polymers
bearing coordinating donor atoms (in repeating units) interact with metal ions to form
MOF-containing hybrid material. Gel-like MOF material,1%-161 on the other hand, is
thought to form by interconnection of Functionalised cross-linking organic linkers
present in the MOF. In contrast, the supramolecular assembly of the current series of
hybrid materials follows an entirely different mechanism. Distinctively, MOF
nanoparticles evolved by overcoming the weakly interacting species present in the
nascent assembly, which ultimately yields hierarchical architecture where NMOFs
constitute the major crystalline phase of the overall soft matter. Abundance of
HKUST-1 NMOF particles and unoccupied metal sites in HKUST-1 crystal lattice offers
prospect to other molecules to either coordinate or penetrate the intrinsically hollow

MOF channels (resembling templating effects, Figure 4.3c). It can be inferred that the
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3-fold rotational symmetry of BTC molecules, paired with coordination to Cu(ll)
centres, may direct growth of fibrous network in a highly aligned fashion (patterning
effect). Moreover, the use of NEts for deprotonating BTC generates cationic NEts*
species; it can be noted from literature 162-163 that the propensity of NEts to coordinate
with Cu(ll) in the presence of coordinating organic ligands. Such a mechanism, termed
the ‘mismatching molecular effect’,'33 creates competition between multiple
coordinating molecular species alongside NMOF formation due to the resultant
synergistic effects (Figure 4.3d).

To further understand the growth behaviour, in another experiment | have
interrogated the effects of uneven dissemination of starting materials have on the self-
assembly mechanism. A layer of BTC3 solution in DMSO (solution viscosity 3.92x102
Pa-s) was first coated on the glass substrate by dip coating, on top of which was
subsequently introduced several droplets of Cu(ll) solution containing DMSO. This
approach generates a concentration gradient attributed to the localised mixing of
organic and inorganic reactants. Because DMSO is a high-boiling-point solvent, the
wet sample of GoDMSO obtained was left to dry at room temperature; SEM images
acquired from the dried sample revealed interesting microstructural attributes
elucidating the synergistic self-assembly process, see Figure 4.3e. This finding reveals
not only that, NMOF patrticles integrated in nanometre-sized fibres could behave as
small seeds (nuclei) that lead to formation of larger HKUST-1 crystals, but also
because of mismatching molecular interactions,33 defective crystals featuring screw-
like dislocations!®* have evolved on the hybrid gel fibre networks. Here it is worth
emphasising that normal synthesis of hybrid materials (performed in glass vials with

uniform mixing of reactants) will not result in the formation of such defective crystals.
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4.7 Rheological Properties of SupraMOFs

4.7.1 Frequency Sweep Measurements

Dynamic rheological experiments were performed to study the structural integrity of
the supramolecular hybrid MOFs, when subjected to shear deformation () and
corresponding shear stress (7). The main results are summarised in Figure 4.4, where
the storage modulus (G’) and loss modulus (G”) are measures of the recoverable
elastic response and dissipative viscous behaviour, respectively. It follows that the
shear modulus (G = 7.7), whose magnitude is, [(G")?+(G")? thereby reflects the
material’s mechanical rigidity, i.e. its structural resistance (stiffness) against distortion
caused by a shear deformation. From Figure 4.4a and 4.4b, it can be seen that the
storage (G’) and loss (G”) moduli of the gel samples are distinct from one another,
which indicate tuneable mechanical properties of this family of hybrid materials based
on judicious choice of solvents. On one hand, higher storage moduli of the order of
G~15-25 kPa have been determined for GOACN, GoDMF and GoETH; on the other
hand, significantly lower magnitudes were found for GoDMSO (~5 kPa) and GoMEH
(~1 kPa) highlighting that an exceedingly low shear modulus is also attainable.

The loss tangent (tan 6 = G’/G’) versus frequency plot in Figure 4.4c shows
characteristic peaks appearing in GoACN, GoMEH and GoETH, corresponding to
phase changes associated with higher angular frequencies between ~50-100 Hz.
Particularly large deviation was observed in GOACN, indicating that its hybrid network
is relatively weaker against shear forces imposed at higher frequencies; conversely,
Go>DMSO demonstrates virtually negligible phase change implying good mechanical

stability towards shear deformation.
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Figure 4.4 Frequency sweep rheological properties under shear deformation for all
hybrid materials as a function of oscillatory angular frequency, w = 0.1 to 100 Hz: strain
= 1% (a) storage moduli G’, (b) loss moduli G”, and (c) loss tangent (tan 6= G’/G’). All
samples were tested after 1 h from the point of material synthesis (because gelation
time in different solvents varies). Evolution of the mechanical response of GoACN
measured at 1, 24, 48, 72 h after material synthesis, each of which acquired using a
different fresh sample: (d) storage moduli, (e) loss moduli, and (f) loss tangent data,
indicating phase stability of VESACN beyond ~48 h. (g) Optical microscopy image
showing highly-ordered HKUST-1 nanoparticles embedded inside the fibers, and (h)
schematic representing the proposed microstructural changes occurring over phase
transition in the hybrid fiber bundles subjected to an opposing pair of shear stresses
7.

4.7.2 Dynamic Strain Sweep: Reversibility of Phase

Thixotropic nature!®® of the GoDMSO sample has been investigated by performing
dynamic strain sweep measurements,3° which confirmed the reversible recovery of
the gel phase (within 15 minutes, over shear strain relaxation from 100% to 0.1% at
0.1 Hz angular frequency). Below | have studied the shear-induced disintegration of
the supramolecular network assembly using the schematic proposed in Figure 4.4h,
in accordance with the observed fibrous architecture integrating HKUST-1
nanoparticles, as exemplified in Figure 4.4g. Indeed the thixotropic timescales!®® of

the order of minutes have been established in GoDMSO, for which could be linked to
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the high concentration of nano-MOF patrticles affecting the nature of supramolecular
hybrid breakdown and its subsequent reconstruction (i.e. recovery upon strain

removal. Figure 4.5).
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Figure 4.5 Dynamic strain sweep (DSS) measurement on stimuli-responsive
G>DMSO to confirm its (a) thixotropic behaviour, and (b) to determine the maximum
strain tolerance limit (o = 0.1 Hz). Gel phase recovery in 15 minutes is in agreement
with the observed sol to gel transition time lapse observed for mechanical stimulus (c)
strain sweep measurement demonstrating the non-linear viscoelastic response of
reversible gel phase for multiple consecutive strain cycles.

4.7.3 Creep Recovery Tests to Understand Visco-Elastic Response

By monitoring the structural transitions of GoOACN via rheology, | have established
how the conversion into subsequent visco-elastic phase (VESACN) alters the overall
network rigidity. Figures 4.4d and 4.4e present the storage and loss moduli data,
corresponding to 1, 24, 48 and 72 hours, where dynamic structural variations were
evidenced from substantial rise in storage moduli with time in a non-linear fashion. For

instance at 0.1 Hz, the magnitude of G’ was initially at 17 kPa (1 h), but increased to
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26 kPa (48 h) and finally reached 45 kPa (72 h); likewise at higher frequencies (e.g.
100 Hz) | found G’exceeds a factor of three times higher than that of a freshly prepared
sample. Significantly, the loss tangent plot in Figure 4.4f shows that, independent of
frequency, there is no phase change detected beyond 48 h. This finding further
substantiates the claim that, over time, weak supramolecular network in GoACN gel
has become more rigid (higher G) and thus mechanically strengthened against further
shear-induced deformation, as it evolves into VESACN, constituting a vastly

interwoven microstructure (Figure 4.2b).
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Figure 4.6 Creep-recovery tests at room tempeture performed under a constant shear
stress r=10 Pa, and followed by complete unloading at 300 sec. The resulting strains
as a function of time shows the visco-elastic nature of the GoACN - VESACN
compounds at 24 h and 72 h, with respectively experiencing ~36% and ~60% in strain
recovery (w.r.t. maximum strain prior to unloading). This finding confirms that the
transformation of ‘weak’ GoACN gel network (suffers from substantial creep) to the
VESACN semi-solid material confers major improvement in mechanical rigidity.
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Dynamic strain sweep measurement on VESACN has established a strain tolerance
of ~11%, which was determined from the crossover point between the storage and
loss moduli (Figure 4.5b). Moreover, | performed constant-stress creep experiments
comparing the strain recovery of samples at 24 h versus 72 h, in which the latter case
corresponding to VESACN shows remarkably higher creep resistance and strain
recovery response (Figure 4.6).

4.8 Electrical Conductivity Response of SupraMOF Hybrids

Electrical conductivity measurements were performed under direct current settings
using a potential bias of +10 V. The conductivity data presented in Figure 4.7 show
tuneable electrical properties, for which the magnitude of charge mobility can be varied
for samples synthesised from different solvents. Notably, the sample of GoMEH
exhibits the highest electrical conductivity value at 9.44 S m, whereas the lowest
conductivity was determined for GoDMSO at 0.14 S m%, i.e. approaching two orders
of magnitude below that of the former gel. The second highest conductivity was
determined in GHACN (2.51 S mt), which is followed by GoETH (1.14 S m1). While
a relatively low conductivity has been ascertained for GoACN (2.51 S m),
surprisingly, the visco-elastic material (VESACN) derived from the same gel sample
yields a markedly higher conductivity value of 9.86 S m. Indeed the unique ability for
tuning the electrical properties of MOF materials is currently of great interest.6®
Additionally given that VESACN is malleable, displaying good strain tolerance and it
can be easily shaped or moulded into stable structures (Figure 4.1b), its improved

electrical conduction property may potentially find utility in future device integration.’
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Figure 4.7 Current versus voltage (I-V) curves demonstrating tuneable electrical
conductivities of supramolecular MOF-based hybrid materials synthesised by using
different solvents. The inset shows the relatively flat sections between approximately
15 V, which can be associated with the work function of the aluminium electrodes used
in direct current conductivity measurements. This electrode surface effect is similar to
other examples present in the literature.68

Hydrogen bonding and m—= interactions dominating the fiber network
architecture could play an important role for integration of multiple charge carrier
species, which are responsible for facile charge (ionic) transport in the current series
of supramolecular MOF hybrids. In situ formation of nano- HKUST-1 patrticles in the
supramolecular assembly also function as molecular anchors to adjacent fibrous
network, in which MOF channels occupied with (guest) charge carrier species will
facilitate additional charge transfer. Nevertheless, poorer electrical conductors in the
case of, for example, GoDMF (0.23 S m?) and GoDMSO (0.14 S m) could be
explained by the “cage effect”'® of charge carriers (weakly interacting ions), whose
mobility is impeded by strongly-interacting solvent molecules surrounding the stable

gel phase, thus suppressing its overall charge mobility.
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a) Sourcemeter ——

Al electrode
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1cm

Figure 4.8 a) Experimental setup and geometry of test cell used in electrical
conductivity measurements of gel samples, where gels are in direct contact with large
surface of Aluminium electrode, b) illustration depicting potential charge carriers
encompassing reactive Cu metal sites in MOF nanopatrticles, weakly interacting Cu(ll)
cations and other ionic species present in fibrous network, in addition to H+ ions from
occluded solvent.

Allendorf et al.1’° revealed that electrical conduction mechanism in HKUST-1
can be explained by the extrinsic guest doping mechanism, where
tetracyanoquinodimethane (TCNQ) guest molecules interact with Cu(ll) sites across
the framework voids, forming an uninterrupted linear chain of Cu(paddle wheel)—
TCNQ clusters enabling charge transport. Following this line of enquiry, here | propose

that electrical conductivity witnessed in the current family of supramolecular fibre
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networks may be attributed to the integrated effects of weakly-interacting charge
carrying species, encompassing Cu(ll), BTC3, NEts*, NO3 and HKUST-1
nanoparticles (active metal sites) bearing charge carriers, all of which are abundant in
the hybrid supramolecular assemblies (Figure 4.8). It is important to note that the
conductivity observed in this case is contribution from ions present in gels and the
conductivity observed in the case of HKUST-TCNQ compound is pure solid state

electronic conduction due to electron hoping.

4.9 Use of SupraMOFs for Thin Film MOF Coatings

In addition to the unique physical properties of supramolecular MOF hybrids discussed
above, another advantage of such sol-gel phases lies in the making of HKUST-1
NMOF thin films. By exploiting hybrid gels as precursors, | have established the
applicability of three different techniques to fabricate HKUST-1 films, namely dip
coating, doctor blade coating and spin coating. High uniformity in crystallite size
contributes to the generation of compact and high-quality thin films, particularly without
having to resort to the use of relatively costly self-assembled monolayer (SAM). For
the exemplar in Figure 4.9, addition of solvent (here methanol) to GOMEH breaks
down rapidly the gel fibrous network to yield pure HKUST-1 nanoparticles (NPs),
whose sol suspension can be dip coated onto a glass substrate or a silicon wafer.
Such NP suspension facilitates large-area thin film deposition operation, for instance,
sol obtained from GoDMSO is especially effective for use with the doctor blade
technique to produce films with controlled thicknesses, which have been characterised
via infinite focus microscopy.

Coated films were air dried and then washed by careful immersion into
methanol for ~15 minutes; this step removes unwanted soluble parts thus leaving

behind pure HKUST-1 NMOF films. Unwashed coatings show green colour upon
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heating to higher temperature while the washed version shows colour change
expected of an activated HKUST-1 material, i.e. switching from turquoise to dark blue
(Figure 4.9b) upon removal of coordinated water from the copper centres within the
porous framework. Thin films produced by sol-gel approach display excellent
uniformity with typical surface roughness of ~10-30 nm and a mean grain size of ~100
nm, as determined by AFM surface topography (Figure 4.9c and 4.9d). Furthermore,
the high sensitivity of AFM is ideal for characterising fine-scale mechanical properties
of thin film surfaces. In a first experiment, | attempted the combined AM-FM approach
(amplitude modulated-frequency modulated)!’* using high-resolution amplitude
tapping mode (topography by AM) and high-sensitivity frequency modulation mode
(elasticity by FM) to interrogate the nano-mechanical behaviour of HKUST-1 coatings.
Figure 4.8e shows the elastic stiffness map of HKUST-1 thin film, where the YounG’s
modulus (E) was found to lie between ~3-6 GPa; this stiffness magnitude is broadly
consistent with elastic constants measured for a wide range of porous MOF materials,
where E <10 GPa.l’? Herein | demonstrate that the AM-FM approach recently
implemented in an AFM setup is promising for studying nanomechanical properties of
MOF thin films, which otherwise will be inaccessible to other mechanical

characterisation techniques.
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Figure 4.9 Thin films of HKUST-1 fabricated by dip coating using nanoparticle
suspension (sol) of GoMEH: (a) on a glass substrate, (b) thin film demonstrating
reversible color change upon heating, (c) AFM height topography, (d) surface
roughness profile extracted from AFM line scan marked in (c). () YounG’s modulus
stiffness map of the thin film surface measured by AM-FM technique. The wide range
of elastic moduli obtained (3-6 GPa) may be linked to elastic anisotropy,’’? suggesting
that the external facets of HKUST-1 nanocrystals are oriented across a range of
crystallographic directions.

4,10 Summary

In this chapter | demonstrated that, by employing a high concentration of standard
reactants of HKUST-1 in a relatively small quantity of solvents, yields previously
unreported gel-like hybrid materials that exhibit counterintuitive chemico-physical
properties. Novel development of multifunctional materials is ultimately dictated by
precise control over its fine-scale microstructural organisation, made possible only
through the mechanism of molecular self-assembly. Indeed it is central to establish

the collective effects underpinning complex structural evolution, specifically to gain
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insights into structure-property relationships across the multiple temporal and length
scales. In this work, | have illustrated an unconventional system comprising MOF-
based supramolecular hybrid gels, termed “SupraMOFs”, can be created via
hierarchically self-organising inorganic and organic basic building blocks. The highly
tunable microstructural features reported in this study are distinctively different from

the ‘traditional’ hybrid gels and soft matter.
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Chapter Five

Towards Optically Active MOFs: Fluorescent MOF Crystals Using in
situ Guest Encapsulation

5.1 Background

An exciting topic area in the field of light-emitting materials concerns the bottom-up
fabrication of optoelectronic devices integrating materials with controlled architectures
and ordered microstructures,*’®174 which are fundamentally important to effect
unidirectional light production, inter-/intra-molecular electron transport, efficient light
conversion and energy harvesting. One of the most promising contemporary materials
featuring a highly-ordered crystalline network are the hybrid (inorganic-organic)
coordination compounds,® 17> known as metal-organic frameworks (MOFs) or porous
coordination polymers (PCPs).3 140.176 MOFs or PCPs possess two active sites to tune
their optoelectronic properties, viz. organic linkers and metal centers. In principle by
varying these two basic building blocks, the optical and electronic properties of the
compound can be manipulated.> 177 Furthermore, their nanoporous framework
architectures offer active coordination voids (via long-range ordered nanocages)
which could establish complex intermolecular interactions® and, by accommodating
functional guest molecules to tune energy transfer and electronic conductivity.1’8
There are many recent studies of luminescent MOFs* 179-181 that elaborated on a
number of promising methodologies to afford encapsulation of light-emitting metal
complexes either as a linker82-183 or as a guest,8* for instance: cationic dyes,0: 185-186
guantum dots,** 187 nanoparticles,8818° or small luminous molecules®® within MOFs
for manipulating its light emission behaviour and photophysical properties. In fact the
guest-induced properties of MOFs is an emerging area that could yield numerous

novel device applications.5 178
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5.2  Why In Situ Guest Encapsulation?

At present, however, there are at least two major constraints encountered in this field
of research. Firstly, conventional ex situ encapsulation methods usually require long
processing times; guest infiltration or exchange processes can consume many
hours!® and this could extend into several days.1% 19! Secondly, effective infiltration of
MOFs is further limited to guest molecules whose size is typically smaller than that of
the pore window aperture of the host framework material, after taking into account
framework flexibility associated with lattice dynamics. To this end, identification of a
suitable MOF structure with the propensity to self-organize spontaneously (via mixing
of organic linker and metal ion solutions at ambient conditions) would be fundamental

to accomplish in situ encapsulation of molecular guests inside its pores.

Guest

\ Metal Centre
\‘ Organic Linker

Scheme 5.1 Schematic diagram illustrating the concept of in situ confinement of a
bulky guest in the nanocage of a MOF coordination space (A). Typically this nanoscale
void space will become inaccessible to a bulkier molecule after the completion of MOF
self-assembly process (B-C), because of steric hindrance imposed by narrow pore
window apertures.
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53 Host-Guest Selection

5.3.1. ZIF-8: Promising Zn(ll) Based MOF Candidate For Optical Properties

a) =

HN N
Zn(N) + \( ——»  Zeolitic Imidazolate Framework-8 (ZIF-8)

b)a b
[ ;

C

Internal pore diameter = 11.178 X 13.322 A2

Figure 5.1 (a) Scheme showing synthesis of ZIF-8 MOF; b) packing diagram with
solvent accessible surface showing very small pores along [100] axis and c) along
[110] axis; (d) internal pore with more than 1 nm (excluding van der Waal radii)
effective dimension.

Specifically, the advantage of facile MOF synthesis (e.g. ZIF-8 nanocrystals)®? can
be exploited to offer a straightforward route to confine a guest molecule bigger than
the physical dimensions permitted by the MOF window opening. In this study, |
selected the zeolitic imidazolate framework-8 (ZIF-8)*’ material to act as the
nanoporous host structure, within which | encapsulate a luminescent molecular guest.
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This strategy was motivated by the larger internal void size of ZIF-8 at 13.32 A x 11.18
A (excluding van der Waals surface) viewed along its cubic cell axis (see Figure 5.1b-
d); noting that albeit its pore window aperture is much narrower with a diameter of
~3.4 A. While ZIF-8 is a topical MOF material whose sodalite topology?” is identical to
that of inorganic zeolites, the former framework exhibits an appreciably lower elastic
modulit®3194 (of at least a factor of ten times lower).19-1% |ts intrinsically smaller
window aperture may, however, hinder the true advantage of having a larger internal
void space. Indeed recent studies showed that only small gas molecules could
penetrate the internal void cavity of ZIF-8 upon application of a threshold pressure!®’
and as facilitated by flexible gate-opening dynamics.®® In this work, | have exploited
the ease and rapidity of ZIF-8 nanocrystal formation (via simple mixing of 2-
methylimidazole (mIm) and Zn(NOs3): solutions in methanol)'®® in combination with the
concept of in situ guest confinement (Scheme 5.1), to construct a new host-guest MOF
hybrid composite (Figure 5.2) with tunable guest-induced electronic and optical

emission properties.

5.3.2. ZnQ: Promising Zn(ll) Based Small Emissive Metal Complex For
Functionalisation

Herein the choice of a compatible guest molecule containing interaction sites for
effective intermolecular interactions with host framework is key. By considering the
structural dimensions of ZIF-8 (Figure 5.1), | identified the highly luminescent
monomeric inorganic metal complex: Zn-(bis-8-hydroxyquinoline), termed ZnQ,%°° for
encapsulation within the internal pores of ZIF-8 (Figure 5.2). Noteworthy, ZnQ is one
of the relatively smaller and yet highly luminescent (quantum yield 36.6%)2%* metal

complexes amongst the renowned Mqn series (e.g. Algz, Gags, Ings).?%2
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Figure 5.2 Scheme illustrating in situ encapsulation of supramolecular guest bis-
(8-hydroxyquinoline)Zn' inside the internal pore of ZIF-8.

Molecular dimensions of the ZnQ metal complex is approximately 11.74 x 6.49 A2
(with van der Waals radii), which is geometrically favorable for nanoconfinement within
the pore of ZIF-8. Although many studies have been carried out for ZnQ complex
alone, to the best of our knowledge this is the first demonstration of emission effect

upon confinement of ZnQ within a porous MOF material.
5.4  Synthesis of Guest@MOF Material

5.4.1. One Step Synthesis Method

To obtain host-guest hybrid complexation of ZnQ@ZIF-8, | first attempted the material
synthesis by direct addition of Zn?* cations into a transparent solution containing an
equal amount of 2-methylimidazole (mim) and 8-hydroxyquinoline (8HQ) linkers.
Nonetheless, | discovered that such an approach would only result in an instantaneous
formation of ZnQ guests (confirmed by immediate intense yellow coloration of the
solution), whereas the crystallisation of ZIF-8 was suppressed completely. Accordingly

it became evident that since | am dealing with a common metal ion in both the host
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and guest, the coordination tendency of 8HQ linker towards Zn?* is considerably
stronger than the mim linker, due to the presence of the electron-rich naphthalene
moiety (constituting O, N donors) in 8HQ compared to the 5-membered mim ring
(comprising one secondary and one tertiary amine sites). To overcome this obstacle
for accomplishing reactions (1) and (2), | have designed a set of reactions by
maintaining a constant molar ratio of Zn?* : mim (i.e. ZIF-8 formation) but
systematically adjusting the concentrations of Zn?* : 8HQ (i.e. ZnQ formation), in
accordance to Table 5.1.
Zn%** + 8HQ = ZnQ (1)
ZnQ + Zn?* + mIm = ZnQ@ZIF-8 (2)
Table 5.1 Solution-based chemical reactions designated as | to IV, conducted at 80 °C

using different combinations of starting reactant concentrations in 25 ml of methanol
(concentration mentioned in mmol).

Reaction | ZnQ guest ZIF-8 host

Products
no. Zn?* 8HQ | zZn% mim
I 3 6 4 16 Impure product mixtures
I 2 4 4 16 Impure product mixtures
1] 1 2 4 16 No crystallisation
\Y 0.5 1 4 16 Phase pure nanocrystals

5.4.2. Right Combination of Host to Guest Reactant Ratio

Results summarising different combinations of reactions (Table 5.1) provide important
insights of the optimal concentration of ZnQ guest molecules required for successful
confinement in the ZIF-8 host. For instance, the application of a high concentration of
ZnQ in reactions | and Il yielded non phase-pure products containing a mixture of

crystalline stable forms of ZnQ complexes. This outcome can be explained by the
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strong chelating effects of 8HQ forcing the oligomerisation of monomers into
tetramers.?°> As a corollary, raising the concentration of ZnQ may encourage the
formation of ZnQ stable species, instead of achieving guest encapsulation inside the
MOF pores. Especially | found that reaction 1V utilising a much lower concentration of
ZnQ complex produced a purely crystalline phase; in contrast reaction Il formed no
crystalline products, implying that ZnQ converts into (ZnQz2)n oligomers that remain
stable in solution state. | pinpointed reaction IV as the optimal route for undertaking
successful ZnQ@ZIF-8 encapsulation reaction, thereby properties of this sample are

studied in detail below.
55 Material Characterisation

5.5.1. Morphological Study of Host-Guest System Using Optical Microscopy,
Dynamic Light Scattering and Transmission Electron Microscopy (TEM)

Visual inspections indicated that the pure crystalline dried product obtained from
reaction IV (Table 5.1) showed a pale ivory color, unlike the distinctively white color of
pristine ZIF-8, or the yellow color characteristic of pristine ZnQ powder. Optical and
TEM images of this sample confirmed a rhombic dodecahedral morphology (of twelve
facets)!%? and, its crystal size in the range of 500 nm to 2 um (Figure 5.3).
Comprehensive information about the crystal size distribution was further determined
by means of dynamic light scattering (DLS) experiments. It can be seen in Figure 5.3c
that the pristine ZIF-8 nanocrystals exist in the range of 200-500 nm, as synthesised
at room temperature using methanol. In contrast, | established from Figure 5.3d that
the nanoconfinement process to afford encapsulation of ZnQ guest within ZIF-8 has

resulted in a relatively larger crystal size distribution of between 800 nm to 2 um.
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Figure 5.3 (a) Optical micrograph of ZnQ@ZIF-8 crystals and (b) the corresponding
TEM image showing the single-crystal rhombic dodecahedral morphology. Dynamic
light scattering spectra of (c) pristine ZIF-8 versus (d) encapsulated ZnQ@ZIF-8.

The DLS data suggest that the co-operative self-assembly route (Figure 5.2)

responsible for guest species encapsulation could also stimulate the growth rate of

ZIF-8 nanocrystals.

5.5.2. Powder X-Ray Diffraction, Raman and FT-IR Spectroscopy

Figure 5.4 presents the structural data of the pristine ZIF-8 material compared with its
guest-encapsulated counterpart. Powder X-ray diffraction data (PXRD) in Figure 5.4a

show the structural integrity of ZnQ@ZIF-8 evidenced from the sharp peaks and the
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phase purity of the bulk sample, showing a good agreement to the simulated X-ray
pattern of ZIF-8. Likewise, vibrational data measured by Raman and infrared (IR)
spectroscopy further demonstrated matching signatures in agreement with the pristine
ZIF-8 compound (Figure 5.4b-c). Together | found that the ZIF-8 host has retained its
pristine structural form, upon confinement of the ZnQ guests, for which no major
structural changes have been observed. This behaviour is similar to examples in
literature which reported no change in structural X-ray diffraction pattern upon guest

encapsulation in the ZIF-8'# and ZIF-90%°4 host compounds.
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Figure 5.4 Structural characterisation of encapsulated ZnQ@ZIF-8 and pristine ZIF-8.
(a) Powder X-ray diffraction pattern, (b) Raman vibrational spectra, and (c) infrared
spectra. Note that the vertical axis represents intensity in arbitrary units.
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5.5.3. Thermal Gravimetric Analysis

However, thermal gravimetric analysis (TGA) of hybrid and pure materials showed the
indication of guest confinement and increased stability of guest upon confinement.
Pure ZIF-8 exhibited thermal stability till 280°C however it showed two step loss for
hybrid form i.e. with ZnQ encapsulated form (Figure 5.5). 4% sudden weight loss from
200°C to 235°C could be assigned to the coordinated water molecules of ZnQ
molecule and further slow decomposition from 235 °C to 410 °C suggests the
integrated slow decomposition of framework and guest, after 410 °C sudden
decomposition was observed. TGA curves suggest that due to confinement effect
coordinated water (loss at 180 °C for pure ZnQ and at 200 °C for confined form) and
remained of guest molecule (slow decomposition from 200 °C for pure ZnQ and

235 °C for integrated form) decomposes at higher temperatures compared to their

pure form.
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Figure 5.5 Thermal gravimetric analysis of compounds showing evidence of presence

of guest within ZIF-8 framework by comparison with the curves of their pristine
compounds.

5.5.4. Optical Properties

5.5.4.1. Absorption Properties

Absorption and emission optical spectra of the ZIF-8 host, ZnQ guest, and
encapsulated ZnQ@ZIF-8 hybrid are presented in Figure 5.6 and 5.7, which elucidate
the underlying host-guest interaction behaviours. Specifically, it can be seen in
Figure 5.6a that pristine ZIF-8 exhibits a strong absorption peak at 221 nm, alongside
two weaker absorption peaks at 304 nm and 370 nm (Figure 5.6b). On the other hand,
the pure ZnQ metal complex has a broad absorption peak at 412 nm accompanied by
a small distinctive hump at 261 nm (Figure 5.6b), which can be assigned to the
intermolecular m—r interaction and the n—n* transition events, respectively. It is
important to recognize that the characteristic absorption spectrum for the hybrid
material, i.e. host-guest ZnQ@ZIF-8 in Figure 5.6, exhibits distinguishable identities

of both the host and the guest species though with apparent deviations in peak

profiles.
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Figure 5.6 a) UV-Vis absorption spectra of the host and guest versus that of the

encapsulated compound; b) normalised magnified spectra showing hidden weak
absorption of confined guest.
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More precisely, three main characteristics have been established: (i) the sharp peak
of ZIF-8 at 221 nm was detected at the original position, but with an additional small
hump at the base (266 nm) corresponding to the ZnQ guest. (ii) Absorption peaks
reminiscent of ZnQ were recorded in the host-guest hybrid, but of a narrower peak
area compared to the broader bands found in pristine ZnQ. (iii) Distinct shifts in peak
positions were identified for ZnQ after guest encapsulation. Specifically, the red-shifted
hump at 335 nm could be assigned to stabilisation of the excited state n—n* transition,
while the blue-shifted main absorption peak at 384 nm can be attributed to spatial
confinement (i.e. caging effect)?%® of guest molecule imposed by the sodalite cage of

ZIF-8.

5.5.4.2. Photoluminescence Properties
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Figure 5.7 Fluorescence emission spectra of the three compounds excited at 350 nm.
Fluorescence spectra in Figure 5.7 provide evidence of co-operative host-guest
intermolecular interactions responsible for the red-shifted emission spectrum
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evidenced in ZnQ@ZIF-8. It can be seen that the maximum emission peak of ZnQ at
~500 nm has red-shifted by ~36 nm to a higher wavelength of Aem ~536 nm, which
occurred upon encapsulation of ZnQ guests inside the sodalite cage of ZIF-8 (pristine

Aem ~466 nm).

5.5.4.3. Photo-Stability: Shielding of Light Sensitive Guests by the Host

Framework
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Figure 5.8 Emission intensity variation for the encapsulated form of ZnQ within ZIF-8
pores (ZnQ@ZIF-8 host-guest system) compared against the pure ZnQ species after
exposure to sunlight irradiation for a period of 5 days. Note that the intensity for each
thin film sample was normalised to 100% of its initial emission, and the change in
photostability was determined by monitoring the same two thin film samples. It is
evident that the photostability of the ZnQ emitter when shielded by the ZIF-8 pores are
at least twice more stable than the unprotected ZnQ species. Inset. Emission of a
freshly synthesised dry powder sample of ZnQ under exposure to UV light, and (e) its
diminished luminescence after exposure to sunlight in under four days.

Another important observation concerns the preservation of the luminescence

property of encapsulated-guest species by nanoconfinement in the MOF host.
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Surprisingly, | discovered that ZnQ@ZIF-8 hybrid exhibits enhanced photostability,
see Figure 5.8, whereas the ‘unprotected’ ZnQ complex is more susceptible to
photochemical degradation upon exposure to sunlight irradiation (~4 days). Moreover,
from the Raman experiments | observed that a laser power of 50 mW was adequate
to instantaneously damage the ZnQ sample causing complete photochemical
decomposition, however the encapsulated sample remained stable when tested in the
same conditions. This provides additional evidence demonstrating the poor
photostability of ZnQ against monochromatic laser lights (e.g. 532 nm, 12.5 to 50 mW),
whereas | found that the encapsulated ZnQ could retain its optical properties after
nanoconfinement in the ZIF-8 pore. The findings support the notion that trapping of
light-sensitive guest molecules by caging them in the ordered porous architecture of

MOFs may offer a simple method of shielding against swift photo-induced decay.

5.6 Theoretical Calculations: Effect of Guest on Host

5.6.1. HOMO-LUMO Orbitals

To understand the possible excitation mechanism behind such a host-guest
interaction, | have studied the donor-acceptor type emission-absorption spectra, and
also examined the HOMO-LUMO theoretical orbital energies of ZIF-8 against that of
ZnQ (Figure 5.9). Interestingly, from the absorption spectrum of ZIF-8 (the anticipated
acceptor) compared with the emission band of ZnQ (the anticipated electron-rich
donor), | found no overlap between the isolated host and guest, suggesting that there

is no energy transfer from ZnQ to ZIF-8.

On the basis of the HOMO and LUMO orbital alignments predicted by DFT
calculations (Figure 5.9), | postulated that the higher-energy LUMO orbital of ZIF-8

could transfer its charge (harvested upon excitation) onto the low-lying LUMO orbital
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of ZnQ, through an intermolecular weak interaction established by guest confinement.
This energy transfer mechanism can shift the emission band to much higher

wavelengths as witnessed in the experiments (Figure 5.7).

2.015 eV 5.470 eV
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Figure 5.9 (a) HOMO-LUMO energy levels for ZnQ and ZIF-8 and their corresponding
band gaps computed from DFT.

121



Chapter 5 Fluorescent Guest@Host — In Situ Synthesis

5.6.2. Band Gap Values: Comparison between Experiment and Theory
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Figure 5.10 (b) Kubelka-Munk (KM) function to determine band gap values at the
designated photon energy intercepts.

| have measured the change in band gap values of the ZnQ@ZIF-8 hybrid material
compared to the pristine ZIF-8 or ZnQ by adopting the Kubelka-Munk (KM) function,
whose results are shown in Figure 5.10. The band gap of pristine ZIF-8 (Eg = 5.04 eV)
was found to decrease by 0.63 eV (to Eg = 4.41 eV) once the ZnQ guest has been
encapsulated to form ZnQ@ZIF-8. On the contrary, encapsulated ZnQ shows a band
gap of 2.74 eV, which is 0.27 eV higher than the isolated ZnQ complex (Eg = 2.47 eV).
Additionally, | performed theoretical orbital energy calculations that predicted band gap
values of 5.47 eV for ZIF-8 and 2.02 eV for ZnQ (Figure 5.9). It is worth highlighting
that the experimental band gap of ZIF-8 as well as the theoretically calculated values
obtained in this work are consistent with the experimental?®® and calculated?’

magnitudes from recent literature.
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5.7 Structural Characteristics for Host-Guest Interaction

Figure 5.11 (a) Weak intermolecular interactions in ZnQ crystal packing showing n--'n
and O--H interactions.'%® (b) Hydrogen bonding and N-H---r interactions of the mim
packing.?°® [Red: oxygen; Dark blue: zinc; Light blue: nitrogen; Gray: carbon; White:
hydrogen]

To further corroborate the photophysical phenomena presented above, | have
examined detailed crystal structures of the mim linker (2-methylimidazole) and the
ZnQ complex from the perspective of their propensity to develop intermolecular
bonding interactions. Figure 5.11a depicts the crystal-packing diagram of the ZnQ
metal complex,®® showing the parallel offset type n-'m stacking interaction to a
neighboring ZnQ molecule (whose spacing, d = 3.4 A), together with the presence of
a strong intermolecular hydrogen bonding (d = 1.906 A) from its coordinated water to
the other ‘O’-site (of 8HQ) coordinated to the Zn center of an adjacent ZnQ molecule.
Turning to the mim organic molecule, Figure 5.11b shows the reported crystal
configurations?%® revealing its ability to form strong N-H--r interactions with an
adjacent mim molecule (d = 2.5 A), plus an intramolecular N---H bonding (d = 1.942
A). Hence in the context of the ZnQ@ZIF-8 hybrid, its spatially confined host-guest
intermolecular environment consists of: (i) n--© interactions established between the
electron-rich aromatic moiety of ZnQ guest and the mim linkages of ZIF-8 host, in

conjunction with (ii) hydrogen bonding associated with the coordinated water
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molecules in ZnQ guests to the N sites situated on the ZnNa4 tetrahedra of the sodalite

ZIF-8 host.

5.8 Guest@Host Material asTuneable Emissive Coatings for LEDs

| have fabricated simple proof-of-principle LED-based lighting devices (Figure 5.12a)
featuring a thin functional coating of active material made from ZnQ@ZIF-8. The
improvement in luminescence intensity attributed to guest encapsulation was visibly

detectable under the excitation of an ultraviolet (UV) LED source.

a) ZnQ@ZIF-8

ZnQ@ZIF-8

>

Visible ZnQ

01 02 03 04 05 06 07

Figure 5.12 Visible light photographs showing UV LED (switched off) coated with a
thin layer of encapsulated ZnQ@ZIF-8 versus pristine ZIF-8; bottom panel shows the
corresponding devices taken in the dark with the UV LED switched on, showing
ZnQ@ZIF-8 with light yellow emission and inactive ZIF-8 (blue intensity is from UV
source). b) CIE 1931 color coordinates space of pure ZnQ (x: 0.2567, y: 0.4096)
compared with the encapsulated ZnQ@ZIF-8 (x: 0.3055, y: 0.4630).

Significantly, it can be seen in Figure 5.12a that the ZnQ@ZIF-8 coating emits
a light-yellow emission under UV excitation, whereas the pristine ZIF-8 coating in

Figure 5.12a is essentially inactive (note that blue light is transmission from UV
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source). Furthermore, | have evaluated the CIE chromaticity color coordinates shown
in Figure 5.12b, and determined the correlated color temperature (CCT) of the
samples. It is worth highlighting that the CCT of the pristine ZnQ is at ~8188 K (i.e.
amongst cool colors), but this reduces to ~6196 K for ZnQ@ZIF-8 after
nanoconfinement of ZnQ guest in the sodalite cage of ZIF-8, which translates into a

perceptible red-shift towards a relatively warmer color rendering (Figure 5.12b).

59 Summary

| have demonstrated the efficacy of the concept of rapid in situ host-guest
nanoconfinement, where encapsulation of a highly-emitting ZnQ guest molecule in the
long-range ordered porosity of ZIF-8 yielded a hybrid nanomaterial with bespoke
optoelectronic properties and enhanced photostability. In this study, | have discovered
that there is a strong co-operative intermolecular interaction of the guest species with
the framework host material, giving rise to a distinctive red-shifted emission measured
in the ZnQ@ZIF-8 hybrid crystals. | have gathered evidence indicating the sodalite
cage of ZIF-8 not only provides stabilisation of the guest via spatial nanoconfinement
mechanism, but the host may function as a photon harvester transferring charge to
the encapsulated guest via intimate host-guest electronic pathways. Furthermore, |
have demonstrated that enhancement in photochemical stability can be accomplished

through host-guest nanoconfinement within the protective molecular vessels of ZIF-8.
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Chapter Six

Rapid and Easier Method towards Optically Active Host-Guest MOF
Materials: HCR Approach

6.1 Background

Two-dimensional (2D) nanosheets are contemporary materials with exceptional
physical and functional properties, derived from a broad class of low-dimensional
solids containing atomically thin structures,?%°-219 exfoliated 2D frameworks,?!: 211-212
and molecular membranes.?'3214 Considerable efforts are being devoted to 2D
graphene-related materials®® to yield improved mechanical, electronic and optical
modulations, important for device integration and disruptive technologies. On the
contrary, far less widespread are thin-layered materials derived from self-assembled
supramolecular systems,?”> 215 whose weak interlayer non-covalent chemical
interactions are van der Waals in nature. Such molecule-based 2D materials may
provide significant benefits towards physical and chemical tunability, structural
flexibility, and ease of exfoliation.?’® There is recent intensifying interest in an
emergent class of 2D nanosheets constructed by downsizing 3D metal-organic
frameworks (MOFs),13 33 213, 217-220 which are inorganic-organic (hybrid) structures
possessing an enormous physicochemical'#%: 221-223 and structural versatility.+9: 151, 224
Furthermore, the nanoscale porosity of MOFs could function as a vessel to “host” a
variety of functional “guest” molecules,3% 225227 imparting a unique combination of
properties through intimate host-guest interactions.'’® 228 Yet, preparation of
Functionalised MOF as 2D nanosheets exemplifying tunable host-guest sensing

response is uncommon in literature, unlike its traditional counterparts.* 180,
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6.2 SupraMOF for Functional Guest@Host Systems

6.2.1 One Step Rapid Synthesis

Scheme 6.1 Proposed supramolecular synthetic strategy for constructing an
optochemically active Guest@MOF (Host) system. (a) In situ assembly began with a
one-pot solution mixture of high-concentration reactants, combined with functional
guest species (e.g. luminescent complexes represented by yellow spheres). (b) This
solution mixture produces a fibrous supramolecular assembly, facilitating formation of
(c) periodic MOF structures encapsulating functional guest molecules. (d)
Disassembly of scaffolding fibers to harvest functionalised Guest@MOF composite
systems.

In this work, | present a simple supramolecular self-assembly strategy to accomplish
concomitant 2D nanosheet synthesis and functionalisation of a porous MOF system,
and demonstrate its efficacy for application as a tunable optochemical sensor. |
leverage our recently elucidated supramolecular “high-concentration reactions” (HCR)
approach,3* to realize one-pot synthesis of functionalised MOF nanosheets at
ambient conditions; the basic concept is illustrated in Scheme 6.1. Here | describe a

representative study employing 1,4-benzenedicarboxylic acid (BDC) as the organic
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linker, because of its strong propensity to construct an extended chemical network
upon coordination with metal centers; for instance, by utilising divalent Zn?*.
Triethylamine base (NEts) featuring a flexible tripodal geometry was used to trigger

fast activation (deprotonation) of the BDC linkers.

6.2.2 Fibrous Morphology

It is striking to see that, a white gel-like fibrous soft matter was immediately obtained
at room temperature (Figure 6.1a), arising from the high-concentration reaction (HCR)
between Zn?* and BDC?, augmented by the NEts* cations. | observed a discernible
two-stage material transformation via optical microscopy (Figure 6.1b): initially
witnessing development of highly oriented fibers, prior to formation of a visually shiny
phase prevalent on the fiber surfaces. The gel fiber diameter was found to be ~1 to

10s um by scanning electron microscopy (SEM), see Figure 6.1c.
6.3 2D Nanosheets from SupraMOF

6.3.1 Thin Sheet Morphology Characterised Using Microscopy

Intriguingly, SEM revealed those supramolecular fibers are, in fact, constituting
densely packed crystalline nanosheets (Figure 6.1d), thus confirming the (shiny)
faceted appearance detected under optical microscopy (Figure 6.1b). To establish the
detailed 2D morphologies, | examined nanosheets harvested from the supramolecular
gels using transmission electron microscopy (TEM) and SEM (Figure 6.1e-f), as well
as by atomic force microscopy (AFM) with which | have estimated the nominal
thickness of the exfoliated 2D sheets is of the order of 10s nm (Figure 6.1g). Additional
microscopy images showing the 2D nanosheet morphologies are presented in

Figure 6.2.
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Figure 6.1 Two-dimensional nanosheets of self-assembled OX-1 MOF materials. (a)
Supramolecular synthesis showing stepwise development of fibrous soft matter (left),
forming a bulk of hybrid gel material (right: confirmed by vial inversion test). (b) Optical
microscopy image of highly oriented fibrous material revealing shiny fiber surfaces. (c)
SEM images of aligned fiber microstructures, and (d) densely packed nanosheets on
gel fibers connected by weak intermolecular interactions. Samples (b-d) were
synthesised by layering reactant solutions onto a flat glass substrate. () TEM images
of thin 2D morphologies of the exfoliated OX-1 nanosheets; the inset shows similar
morphology of functionalised (Guest@Host) nanosheets of ZnQomr@OX-1. (f) SEM
of ZnQomr@OX-1 nanosheets revealing the dissociated 2D layers (this image is a
magnified view of the inset micrograph) (g) AFM height topography showing the
thickness of exfoliated layers.
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Figure 6.2 SEM images of functionalised nanosheet material i.e. ZNQomr@OX-1
which clearly shows growth of thin extended sheets intertwined with each other as a
result of HCR approach. Layered ZnQomr@OX-1 material started to delaminate after
thorough washing and 1 hour sonication. These images also give insights into how
multiple layers of nanosheets are stacked together prior to the exfoliation step.

130



Chapter 6 Fluorescent Guest@Host — HCR Synthesis, 2D MOF Nanosheets

6.3.2 New 3D Framework Structure in 2D Morphology

6.3.2.1 Discovery of OX-1 (Oxford University-1) Framework Material: Pawley
Refinement for Structural Elucidation

Powder X-ray diffraction studies (PXRD) (Figure 6.3) of nanosheets extracted from the
supramolecular fibers (Figure 6.1e-f) showed crystallographic resemblance to a 3D
MOF structure: (H2NEt2)2[ZnsBDCa]-3DEF reported by Burrows et. al??® and Stock et.
al?®°, However, there are important differences between the present MOF nanosheets
and the materials mentioned earlier, from both the structural and the synthetic points
of view. First, the diffraction data evidenced strong signature of peak shifts, especially
of the diagonal (110) planes (Figure 6.3), which was solved by Pawley refinement
(Figure 6.3a) revealing salient variations in the basic unit cell geometry (triclinic vs.
monoclinic, see Table A3 in Appendix); and there are substantial peak broadening
arising from the fine-scale nanosheet morphology (Figure 6.3). Crucially the crystal
structure has predominantly unidirectional pores (Figure 6.3a inset), comprising 1D
undulating channels down the c-axis. Second, neutralisation of the framework
negative charges was previously mediated by diethylammonium cations (H2NEt2*)
liberated from hydrolysis of N, N-diethylformamide (DEF) solvent, accomplished either
in a strong acidic solution (2M HNO3) at high-temperature synthesis (120 °C, 1 day),>*°
or in the presence of water molecules under protracted conditions (~weeks).??° In
contrast, MOF nanosheets prepared via the proposed rapid HCR method at room
temperature (less than 1 min) incorporate charge-balancing cations NEts* (derived
from its neutral form, when activating BDC linkers). Considered together our results
show that, inclusion of NEts* cations inside MOF pores leads to deformation of host
framework, where structural distortion by straining has reduced unit cell symmetry (see

Table A3 in Appendix).

131



Chapter 6 Fluorescent Guest@Host — HCR Synthesis, 2D MOF Nanosheets

6.3.3 Powder X-ray Diffraction of the OX-1 Host

a)
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Figure 6.3 a) Pawley refinement of the OX-1 crystal structure incorporating NEt3*
charge-balancing cations (Rwp = 0.084). Color scheme: zinc in yellow, nitrogen in blue,
oxygen in red, carbon in gray, hydrogen in white. The traces indicate data as follows;
red: experimental data, blue: calculated from structural refinement, green: observed
Bragg peak positions; inset : undulating pore architecture of 1D channels along c axis,
solvent accessible volume is denoted by yellow surfaces. b) XRD patterns of MOF
nanosheets with and without emissive ZnQ functional guests. Extra peaks are
ascribed to the diffraction of ZnQ guest designated by the * symbol. Peak shift in OX-1
host in the case of ZnQoma@OX-1 (marked by arrows on top of each peak at small
angles) implies guest@host structural modification causing slight expansion in the cell
dimensions.
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6.3.3.1 Formula Determination from Thermal Gravimetric Analysis

| subsequently established the chemical formula of the present MOF structure to be:
(HNEt3)2[Zn3BDC4]-solvent where solvent = DMF or DMA (vide infra), validated by
thermogravimetric analysis (TGA) (Figure 6.4, 6.5). Hereafter the identified MOF

nanosheet structure is designated as “OX-1” (i.e. Oxford University-1 material).
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Figure 6.4 Thermogravimetric analysis (TGA) of OX-1-DMF nanosheet material
synthesised in N, N-Dimethylformamide (DMF) revealing the formula for the material
which is in close agreement to the expected weight loss of the components present in the
material. Free solvent species occluded in the voids can be easily removed by thorough
washing in low-boiling point solvents like acetone and evacuated by heating and vacuum
treatment. This behaviour is very similar to the reported MOF structure??® where they
claimed removal of BDC linker achieved in the respective temperature range.
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Figure 6.5 TGA of OX-1-DMA compound synthesised in N,N-Dimethylacetamide (DMA)
with thorough washing and heat-vacuum treatment afterwards. Initial weight loss
attributed to free solvent species that reveals entrapped solvent species cannot be
removed by washing with low boiling solvent and heat-vacuum pre-treatments. (Washing
step and pre-treatment conditions used were exactly the same for both compounds i.e.
OX-1-DMF and OX-1-DMA, however, negligible initial weight loss for OX-1-DMF suggests
removal of free solvents after pre-treatment. Conversely free solvents stay intact in
OX-1-DMA even after pre-treatment).

6.4 Use of ZnQ Dynamics for Smart Luminescent Properties

6.4.1 Synthesis of ZnQ@OX-1 from DMF and DMA
Remarkably our HCR strategy can be adopted, to directly functionalise OX-1 nanosheets
to derive new photoactive “Guest@Host” composite systems. To illustrate this, below |

will demonstrate in situ nanoscale confinement of the luminescent metal complex “guest”
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molecule: zinc(l1) bis(8-hydroxyquinoline),?°3 termed ZnQ, spatially confined inside the 1D
pore channels of the OX-1 “host” framework employing one-pot supramolecular

synthesis.

6.4.2 Same Guest, Same Host but Different Emission in Two Products

| discovered that, the coupled Guest@Host systems synthesised from N, N-
dimethylformamide (DMF) and N, N-dimethylacetamide (DMA) solvents displayed
significantly different luminescent behaviour, although identical synthetic conditions were
applied, other than their solvent type. When subject to UV irradiation it can be seen that
(Figure 6.6), nanosheets synthesised in DMF solvent emit an intense blue light (Aem =470
nm), whereas samples from DMA solvent display a green light emission (Aem = 510 nm).
Henceforth, these two new Guest@Host nanosheet systems were designated as:
ZnQomr@OX-1 and ZnQoma@OX-1, respectively (subscript denotes solvent type used in
synthesis). To understand their differential structure-property relationships, | performed

spectroscopic measurements to study the detailed photophysical properties.

-

Figure 6.6 Photographs of emissive samples taken under 365 UV exposure.
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6.4.3 Absorption Properties Elucidating ZnQ Dynamics under Confinement

Absorption UV-Vis spectroscopic measurements were used to elucidate the nature of the
host-guest interactions and to identify spatial confinement effects due to nanoscale
porosity. It can be seen in Figure 6.7a that, functionalised nanosheets of ZnQomr@OX-1
and ZnQova@OX-1 exhibit an appreciably enhanced n—n* electronic transition at 291
nm, confirming the successful encapsulation of luminous ZnQ guest emitter within the
pores of the OX-1 host framework. This energy transfer phenomenon is caused by close-
packing of host-guest aromatic moieties, characteristic of the caged guest molecules.
Figure 6.7b shows the modification of band gaps as a consequence of intimate host-guest
coupling. Through encapsulation of ZnQ in the OX-1 pores, a clear reduction in band gap
of the OX-1 framework had been detected, which fell from greater than 4 eV to just below
2.8 eV. Interestingly, | found that ZnQoma@OX-1 exhibits a maximum absorption
corresponding to the ZnQ guest contribution at 371 nm, indicative of the confinement of
neat ZnQ?3! inside OX-1 pores. Compared to DMF, because DMA is a relatively bulkier
molecule, its coordination to the Zn center of ZnQ at two axial positions (Figure 6.7a inset)
might be misplaced upon pore confinement, implicated by caging in the spatially
constrained channels (Figure 6.3a inset). Neat ZnQ complex thus confers extra degrees
of freedom to the coordinated bis-8-hydroxyquinoline (8HQ) aromatic moieties around the
Zn?* center of the guest emitter; this effect is illustrated in the inset of Figure 6.7a. In
contrast, because Zn metal centers strongly prefer DMF over DMA,?32 coordinated DMF
helps to stabilise the ZnQ structure. This is in agreement with the absorption data of
ZnQomvr@OX-1 nanosheets, where Amax was pinpointed at 387 nm indicating that the ZnQ

has coordinated DMF.
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Figure 6.7 a) UV-Vis electronic absorption spectra of the OX-1 host framework, ZnQ
guest emitter, and guest@OX-1 composite systems. Inset depicts conformational
changes of the neat ZnQ guest emitter molecule, after losing two DMA coordinated
solvent molecules from its axial positions. b) Band gap values determined from diffuse
reflectance spectra and photon energy intercepts, signifying host-guest interactions.

6.4.4 Raman Spectroscopy to Study ZnQ Dynamics

Utilising Raman vibrational spectroscopy (Figure 6.8), | have achieved further insights
into symmetry alterations of the ZnQ guest emitter due to pore confinement. For
ZnQoma@OX-1, the doubly-degenerate Raman modes at 503.8 cm™ (assigned to skeletal
in-plane bending vibrations?33) and 514.04 cm™ (Figure 6.8b) are pointing towards a
reduction in molecular symmetry of the neat ZnQ (i.e. without DMA coordination, see
Figure 6.7a inset); this phenomenon is prominent also in pure ZnQ. Interestingly for
ZnQomr@OX-1, only a single band was identified at 507.9 cm, which meant that the
confined ZnQ guest (with DMF) has higher structural symmetry. Relative mode intensities
at 740.42 cm? associated with aromatic ring deformation is appreciably higher in
ZnQoma@OX-1 compared to ZnQomr@OX-1, further supporting the notion that the former

nanosheet confines neat ZnQ (higher degrees of freedom). The band at 862.5 cm*
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corresponds to the out-of-plane ©C-H) bending mode of BDC molecules?** in the host
framework. For ZnQomr@OX-1, this mode is accompanied by a doubly-degenerate band
identified at a lower frequency of 852.2 cm™ (Figure 6.8b), implicated by strong
intermolecular interactions of host-guest aromatic rings hence lessening structural

symmetry.

126



Chapter 6 Fluorescent Guest@Host — HCR Synthesis, 2D MOF Nanosheets

a)’|

. ZnQ

& P

]

- | : ZnQ,,, @OX-1
=3 | ! 1
8 : !
2 | i
B ] |
C | | 1
2 aal 1 1 !
= 1 ’\ 1 !
E— | \ 1

) 1 1 !

|
= [ Lo - - - s ar
1138.2cm™  862.5cm™ 740.4 cm™ 507.9 cm™
i OX-1 Nanosheets
L o I % 1 L I ¥ I v I . I L] |
1200 1050 900 750 600 450 300
Wavenumber (cm™)
b). i ]
ZnQ,,,@0X-1

5 |
8
'a\ < i)
=
[
a) -
= ZnQ,,, @O0X-1

T T I Y T
8;30 selso 84I10 760 740 720 520 500
Wavenumber (cm™)
Figure 6.8 a) Raman spectra revealing intensity and peak alterations arising from the
host-guest confinement effects. b) The doubly-degenerate bands at 852.2 cm™ and

514.04 cm arising from symmetry alterations of neat ZnQ guest emitter as affected by
pore confinement.
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6.4.5 Theoretical Calculations

6.4.5.1 Supporting Structural Dynamics

Figure 6.9 Optimised geometries of the ZnQ guest in three different structural
configurations: (a) DMF solvent molecules coordinated axially to the Zn?* octahedral
center; less steric DMF molecule allowing planar spatial arrangement of the 8HQ aromatic
rings (indicated by green and orange van der Waals surfaces). (b) Steric hindrance from
axially coordinated DMA solvent molecules deforming the planarity of 8HQ aromatic rings;
yellow surfaces represent CHs groups of the coordinated DMA. (c) Tetrahedral (Td)
configuration achieved upon removal of the two axially coordinated DMA molecules,
permitting a 90° rotation of one of the two 8HQ aromatic planes. ZnQ(Td)@OX-1
assembly in which (d) HOMO located on the BDC linker of the host framework, while (e)
LUMO on the aromatic rings of ZnQ guest molecule confined within OX-1 pore. Blue and
yellow isosurfaces are positive and negative charges respectively.

Our experimental results are further supported by theoretical calculations (see section
3.2.5.2 in chapter 3), elucidating that the ZnQ guest molecule could adopt different

geometrical configurations under pore confinement. Figure 6.9a shows the optimised
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structure of ZnQ with two DMF molecules coordinated to the Zn?* axial positions, where
the adjacent 8HQ aromatic rings are planar. However, these rings became non-planar
when DMF was substituted by the bulkier DMA molecules (Figure 6.9b), leading to a
significant geometrical distortion in confinement of the OX-1 framework; such a host-
guest configuration is not favourable. In fact, the theoretical calculations revealed that
ZnQ guest with tetrahedral center (Td) has the preferred geometry (Figure 6.9c: without
coordinated DMA) formed by a 90° rotation of the 8HQ aromatic plane; this configuration

also offers good interactions with the host framework via -t and hydrogen bonding.

6.4.5.2 Transitions in Energy Gaps Due To ZnQ Dynamics inside OX-1: DFT
Calculations

Density functional theory (DFT) band gap calculations show that, for example, when
considering ZnQ(Td)@OX-1 pore confinement (Figure 6.9d,e) the highest occupied
molecular orbital (HOMO) is localised on the BDC ring of the OX-1 host, whereas the
lowest unoccupied molecular orbital (LUMO) is located on the aromatic rings of the ZnQ
molecule. This HOMO-LUMO configuration suggests that host-guest energy transfer will
be favorable during photoexcitation of the Guest@Host assembly. It can be seen that the
hybrid orbitals of the ZnQ(Td)@OX-1 and ZnQowmr@OX-1 systems are exhibiting a
notable reduction in bandgap energies, relative to the isolated OX-1 host and pure ZnQ
guest molecule. Our results further support the recent literature where it has been
proposed that: (i) mechanical deformation of flexible MOF structures could produce
significant band gap changes?®® and, (ii) localised electronic density distribution of an
encapsulated host-guest assembly could enable efficient energy transfer during

excitation process.?3¢
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Figure 6.11 DFT calculated band gap energy values of the OX-1 host framework (1x2x1
supercell) and ZnQ guest emitter considering different possible host-guest configurations
(DMF, DMA, Td). Formation of hybrid orbitals in Guest@OX-1 lowers the energy levels
due to intimate host-guest interactions, shown on the right for the case of ZnQ(Td)@OX-
1 and ZnQovr@OX-1. Note that ZnQoma@OX-1 is equivalent to ZnQ(Td)@OX-1, i.e.
without DMA solvent coordination at its two axial positions.

6.4.6 Effect on Emission Behaviour of ZnQ Dynamics: Photoluminescence, Life
Time and Quantum Yield

| measured the fluorescence quantum vyield (QY%) of pure ZnQ guest emitter in DMF

suspension (35%) and found that, it has risen to 43.8% upon nanoconfinement in the

ZnQomr@OX-1 system, which further resulting in an improved emission lifetime (Figure

6.10). Conversely, QY of the ZnQoma@OX-1 system deteriorated to 23.3% (compared to
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33% for pure ZnQ in a DMA suspension, see Figure 6.10). The findings are in line with
the reported photophysical phenomena where ground and excited states of metal
complexes can be modified by fine structural changes from pressure effects, which are
manifested as decreasing non-radiative or increasing radiative rates.?®’23° My data
suggest that ZnQ caged inside ZnQovr@OX-1 is experiencing compressive strains
enhancing its luminescence emission; but ZnQoma@OX-1 is showing a reduction in
luminescence due to higher intermolecular interactions between neat ZnQ aromatic rings
and the host framework. This reasoning is consistent with the UV-Vis and Raman

spectroscopic data discussed in sections 6.4.3 and 6.4.4.
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Figure 6.10 Fluorescence lifetime decay profiles for the ZnQ guest only, and the
guest@host MOF materials revealing the nanoconfinement effects on the excited-state
lifetime of fluorescent guest species. ¢ is quantum yield (%) and t are time constants (ns).
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6.5 Use of Confined ZnQ Dynamics for Opto-Chemical Sensing

6.5.1 Blue Emission of ZnQomr@OX-1 for Sensing

| harnessed the tunable luminescent properties of the Functionalised Guest@OX-1
nanosheets as photactive materials, accomplishing optochemical sensing of volatile
organic compounds (VOCs). Figures 6.12a and 6.13 show the luminescence data of
ZnQomr@OX-1 nanosheets as solution-state dispersions, upon perturbation by a series
of main solvent species used as analytes. | discover major photophysical response not
only in characteristic fluorescence wavelength and intensity (Figure 6.12b), but also in

terms of colour chromaticity tuning behaviour (Figure 6.12c).

6.5.2 Intensity and Emission Wavelength Shifts of Solvent Dispersion

Between the small aliphatic alcohols being probed, methanol caused a fully diminished
fluorescence intensity (quenching) after 3-4 minutes exposure, while nanosheets in
isopropanol (IPA) retained majority of its intensity. In fact with rising alcohol polarity
(Figure 6.13), | observed a sharper decline in emission intensity and a higher frequency
red shift following the sequence of: methanol (510 nm) > ethanol (504 nm) > IPA (501
nm). Strongly polarisable protic solvent destabilises the ZnQ emitter guests, leading to
fluorescence quenching via protonation of coordinated oxygen in 8HQ linkers.?*° The data
indicate excited state proton-induced charge transfer of ZnQ guests in protic solvents,?4!

where such a mechanism depresses luminescence.

Functionalised nanosheets exposed to non-polar aliphatic long-chain alkane (n-
hexane) and cyclic alkane (cyclohexane) displayed interesting optochemical stimulation

behaviours.
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Figure 6.12 (a) Visible to naked eye are distinct modulations in emission properties of
dispersions of functionalised nanosheets in a range of small-molecule solvents (each
comprising 5 mg of active material in 15 mL solvent). (b) Emission profiles and emission
intensities of respective dispersions showing different levels of blue (hypsochromic) or
red (bathochromic) shifts. (c) Chromaticity plot (CIE 1931) indicating the emission color
coordinates of the respective dispersions. (d) A family of luminescent host-guest materials
synthesised by one-pot supramolecular method (Scheme 6.1), adopting the same OX-1
host framework but confining different light-emitting guest molecules (e): i - Anthracene,
il - ZnQ, iii - AlQ (Al-(tris-8-Hydroxyquinoline), iv - Fluoresceine. Color scheme: zinc in
yellow, aluminum in pink, nitrogen in blue, oxygen in red, carbon in gray, hydrogen in
white.
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Samples of ZnQomr@OX-1 (Aem = 470 nm) dispersed in these aliphatic analytes produced
similar fluorescence intensities, but peaked at very different characteristic wavelengths

(xem(n-hexane) =496 nm vs. Kem(cyclohexane) =477 nm, see Figure 6.13).
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Figure 6.13 Small-molecule sensing ability of ZnQomr@OX-1 nanosheets via changing
emission intensity and shifting in wavelength due to optochemical perturbations in MOF

pores. Numbers on top of each bar denotes the emission wavelength Aem (nm).

This meant that higher molecular mobility of linear n-hexane in the OX-1 pores generates
a stronger red shift, which can be used to distinguish against the bulkier cyclohexane
analyte. Indeed molecular-size selectivity effect was best demonstrated for the aromatic

pair — benzene vs. toluene (both of similar polarity), where nanosheets exposed to
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bulkier toluene experienced only a minor intensity rise, however that caused by benzene
was the most intense detected amongst all the analytes being tested (Figure 6.13).
Significantly this result elucidates that by increasing n—mn interaction within the
ZnQovr@OX-1 system, it strengthens fluorescence intensity without modifying the
emission wavelength. Considering yet another pair of related analytes —
dichloromethane (DCM) vs. chloroform, | established that the relatively smaller DCM
molecules can readily infiltrate the tortuous 1D MOF channels yielding a major red shift
(>30 nm), while diminishing fluorescence intensity due to its strong electron withdrawing
nature. Collectively the above comprehensive perturbation data confirmed that, the
functionalised nanosheets are extremely sensitive towards salient solvent parameters,
encompassing polarity, molecular size, hydrogen bond donor and acceptor affinity, and
non-covalent —mn interactions. Long-range crystallinity of the OX-1 host implies that
there is a well-ordered arrangement of functional guests (e.g. ZnQ emitters), where its
periodicity and accessible porosity offers direct interaction with incoming solvent analytes
permitting fast chemical detection. In fact we must recognise that, analyte dependent
sensing capability is absent when deploying pure ZnQ complexes alone, i.e. without the

host-guest nanoconfinement environment imparted by the porous OX-1 nanosheets.
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6.5.3 Paper Device for Quick Reversible Acetone Vapour Sensing
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Figure 6.14 Optochemically active sensory materials comprising ZnQomr@OX-1
nanosheets. (a) Paper-based optochemical sensor demonstrating reversible acetone
sensing ability. (b) A 31-nm red shift upon acetone exposure and, recovery to its original
emission wavelength upon DMF exposure. Inset shows chemical structures of DMF and
acetone analytes and their differential molecular sizes. (c) Proposed mechanisms
involving multiple host-guest interactions under the nanoscale confinement of 1D
undulating (tortuous) channels of OX-1 host framework (vertical: c-axis, corresponding to
1D channels of OX-1), and upon the introduction of a DMF analyte triggering a blue shift
transformation.

Motivated by the capacity exhibited by functionalised guest@OX-1 nanosheets in

the detection of numerous solvent analytes and VOCs, | present a simple proof-of-
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concept device demonstrating the efficacy of ZnQomr@OX-1 as a reversible solid-state
chemical sensor. A paper-based device (Figure 6.14a) was fabricated by drop coating a
small amount of ZnQomr@OX-1 (e.g. ~2 pL dispersion made from 5 mg nanosheets
suspended in 1 mL hexane) onto a Whatman filter paper. | tested this paper device with
a small concentration of analyte. For example, ~1 pL acetone applied to this paper device
swiftly produced a substantial 31 nm red shift (under 365 nm UV), which is clearly
perceptible to the naked eye (Figure 6.14a). Intriguingly this transition is reversible (507
= 476 nm, Figure 6.14b); the device is again reusable after ~10 sec drying time at room
temperature as acetone is volatile (in contrast the ZnQoma@OX-1 has an initial emission
wavelength of 2em = 510 nm, thus rendering it unsuitable for wavelength-shift based
sensing of acetone). Nonetheless, repetitive exposures to acetone could retain the device

emission at a higher wavelength of 507 nm.

6.5.4 Mechanism for Emission Change

The results presented above suggests that increased acetone occupancy in OX-1 pores
is strengthening non-covalent interactions bridging the ZnQ emitter to the host framework.
However, even such an effect is non-permanent in nature; it can be reverted to its initial
476 nm (blue) emission simply by exposing the device to DMF for several minutes. Key
observations made in emission response upon DMF exposure elucidates the plausible
host-guest interaction mechanisms, as depicted in Figure 6.14c. The moment the active
material was exposed to DMF, it was observed that emission colour quickly turned
greenish-yellow for fraction of a second before beginning to undergo blue shifting and
eventually returning to its original 476 nm. On this basis, | hypothesise that weak

interactions connecting the ZnQ guest and the host framework sites began to slowly
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rupture upon infiltration of external DMF analyte. | reasoned that penetration of DMF
molecules through the 1D tortuous pore channels of the OX-1 host is relatively sluggish,
thereby isolating ZnQ from adjacent weak interactions in a stepwise fashion (Figure
6.14c); eventually this reaches a complete conversion evidenced by the (blue) 476 nm
emission. Comparatively immediate response towards acetone exposure can be
explained by contrasting the molecular size of the analytes concerned (Figure 6.14b
inset): acetone molecule is approximately 16% smaller compared to DMF, so the former
infiltrates the undulating pores much easier given its smaller size and weakly interacting

nature.

6.6 Summary

In summary, this Chapter presents a new paradigm to prepare Guest@MOF porous
nanosheets, resulting in tunable nanoscale material systems highly sensitive to coupled
optoelectronic and chemical perturbations. The proposed high-concentration reaction
(HCR) supramolecular strategy is very powerful, and it could be utilised to systematically
engineer a variety of functionalised Guest@MOF composite systems. To show that this
is an exciting possibility, | have implemented the HCR approach in conjunction with the
Guest@OX-1 platform to integrate a number of topical guest emitters successfully (see

Figures 6.12d-e), including anthracene, ZnQ, AlQ, naphthalene, and fluorescein.
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Chapter Seven

Mechanochromic luminescent MOF Nanoplates: Spatial Molecular
Isolation of Light-Emitting Guests in a Sodalite Framework Structure

7.1 Background

7.1.1 Concept of Mechanochromic luminescence

Functional nanomaterials with adjustable luminescent properties®® 91 242 gre greatly
sought after to achieve new generation photonics-based sensing and tunable
optoelectronics applications.1®> 243244 |ndeed, a vast range of fluorescent materials,
including conjugated organic molecules, metal complexes, liquid crystals, oligomers,
polymers, metallogels, supramolecular assemblies and quantum dots have shown huge
potential for use in many luminescent based devices and sensors.36 245247 One of the
most intriguing findings in this topic area is mechanochromic luminescence.
Mechanochromic luminescent materials have gained increasing attention in recent years,
where researchers seek to understand, control and tune luminescent properties with the
help of exogenous mechanical stimuli, ranging from shearing, grinding and rubbing, to

tension, compression and impact.

7.1.2 Uses, Challenges and New Direction for Mechanochromic luminescent
Materials

It is envisaged that smart mechanochromic luminescent materials can be integrated into
deformation-based detectors, security papers, optical memories, and photonic strain

gauges.?*824% Regarding material design, it is essential to control its intermolecular weak

139



Chapter 7 Mechanochromic Fluorescent Guest@Host —2D Nanoplates

interactions, which are dictating the optical behaviour as a function of mechanical stress
and strain.?®%-251 Qutstanding challenges in the field include aggregation caused
guenching (ACQ), solid-state phase change and amorphisation, limited structural
resilience and difficulty in the precise control of molecular orientations needed for practical
applications. Traditional approaches for making mechanochromic luminescent materials
often require complicated molecular designs and will involve difficult multistep synthetic
procedures.?>22%° To address the foregoing challenges, one possible solution is to
combine chemical traits of existing fluorophoric molecules into ordered nanoscale host

assemblies, by leveraging the host-guest spatial confinement strategy.135 139, 256-257

7.2 MOF as a Host to Achieve Mechanochromic luminescence

To trigger switchable optical properties of guest molecules under the confinement of the
nanoscale pores in MOF host, dynamic MOF systems is highly desirable owing to their
structural versatility. In Chapter 5, | have demonstrated the efficacy of the sodalite cage
of ZIF-8 for hosting bulky metal complexes to engineer luminescent material with
improved photostability.13° In this study, | combine our understanding of the dynamic
behaviour of ZIF-8 framework and its use as a host for accommodating external guest
species to contrive a new mechanoluminescent host-guest material. There are already a
few examples of (host-only) mechanoluminescent MOFs reported in the literature (e.g.
refs.?58-262) in which mechanoluminescence originated typically from the N-donor based
coordinating linkers. To the best of knowledge, the host-guest system reported herein is
the first example of a mechanoluminescent material demonstrating spatially ordered

fluorophoric guests constrained in a periodic MOF structure.
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7.3  One Step Straightforward Synthesis for Guest@Host Assembly

7.3.1 Ease of Host Synthesis, Porosity and Potential Structure for
Multifunctionality
Facile reaction of 2-methylimidazole (mIm) with Zn(ll) cations yields the formation of ZIF-8
adopting the sodalite framework topology.'®* ZIF-8 is a highly topical MOF structure for
encapsulation of functional guest molecules, for example see refs, 14 97. 139, 188, 190, 225, 263-
265 pecause it features long-range periodicity with a relatively large pore (~1 nm diameter)
located in the middle of each sodalite cage. The ease of synthesis combined with the
unique pore architecture and mechanical properties of ZIF-8 (elasticity’®® and
dynamics),'%® could offer vast possibilities to engineer novel Guest@MOF systems
exhibiting tunable functionalities. In this study, | have exploited the spherical voids of
ZIF-8 as spatially arranged “host” spaces, allowing encapsulation of the polycyclic
aromatic hydrocarbon: Perylene (C20H12), which is an efficient light-emitting “guest”
molecule.
7.3.2 HCR Synthesis Approach for Guest Confinement in ZIF-8 Voids
| adopted the concept of high-concentration reaction (HCR) introduced in Chapter 6 to
synthesize a new host-guest assembly termed: Perylene@ZIF-8, at ambient conditions.
The detailed synthetic procedures are described in Chapter 2. In essence, the proposed
self-assembly route enables us to achieve nanoscale spatial confinement of bulky
Perylene guest molecules in the voids of the ZIF-8 host. Introduction of triethylamine
(NEts) during HCR, not only accelerates the reaction process resulting in a high amount

of Perylene@ZIF-8 product, but also it provides additional control over the morphology of
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the product, specifically the downsizing of the 3-D framework architecture of the ZIF-8

material to derive two-dimensional (2-D) nanoplates (Figure 7.1).

7.4  Highly Controlled Morphology of Materials
7.4.1 2D Nanoplates of Host-Guest System
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Figure 7.1 (a) AFM topography image of nanoplates of Perylene@ZIF-8. (b)
Representative thickness profiles of nanoplates obtained from the AFM image in (a),
indicating a typical thickness of the order of ~10s nm. (c) TEM micrograph showing the
aggregated nature of the finer scale Perylene@ZIF-8 nanoplates. (d) A higher-
magnification TEM image showing the intertwined 2-D microstructural features of the
nanoplates.
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Figure 7.1 shows the 2-D morphologies of the Perylene@ZIF-8 compound | obtained,
where TEM and AFM were applied to characterize the microstructural features of the
nanoplates. The lateral size of the nanoplates of Perylene@ZIF-8 varies from ~15 nm to
~150 nm, however, their thickness ranges from ~6 nm to ~20 nm (Figure 7.1a, b, more
details in Appendix- Figure A1l and Table Al). The TEM micrographs (Figure 7.1c, d)
revealed that, in fact the HCR product consists of an aggregation of intertwining finer
scale nanoplates. Notably, the aggregated nanoplates will readily transform into a
monolith simply by drying at 90 °C under vacuum for 6 hours (see Chapter 2 for details),

which can be attributed to the densification of the intertwined 2-D nanoplates.

Interestingly, | discovered that the optical properties of the monolithic form of
Perylene@ZIF-8 and its fine powder counterpart (viz. ground monolith), are distinctively
different as summarised in Figure 7.2. It can be seen that the monolith material emits a
light yellow-green emission, when excited under a 365 nm UV light (Figure 7.2a, b). But
grinding of monolith into a fine powder resulted in a blue shift to emit in the lower
wavelength. This drastic change in emission behaviour due to mechanical grinding effect
has inspired us to investigate the phenomenon in detail. | found that, as depicted in Figure
7.2c, the fine powders experienced a red-shift (442 nm—502 nm) when being
mechanically compressed into a pellet utilising a relatively low pressure of less than ~40
MPa. Conversely, | show that by breaking the pellet down into a fine powder produced a

blue-shift (502 nm—442 nm) instead, as illustrated in Figure 7.2d.
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Figure 7.2 (a) Fine powder and monolithic form of Perylene@ZIF-8 seen in the visible
light, and (b) their distinctively different emissions observed under the 365 nm UV
excitation. (c) Reversible mechanoluminescent behaviour (442 = 502 nm) of
Perylene@ZIF-8: a pale-yellow powder (hand pressed into a metallic mould 13 mm)
seen under visible light and under 365 nm UV excitation, a red-shift in emission to green
502 nm can be seen upon application of 0.036 GPa pressure. Inset shows the deep-
orange emission of a pristine Perylene pellet under UV, for comparison. (d) A dark-yellow
pellet observed under visible light, showing the recovery of the light-blue 442 nm emission
(under UV) after being crushed to recover a fine powder form.

This effect is reversible upon the application and removal of mechanical forces. In the
sections below, | shall interrogate the mechanoluminescent mechanism underpinning
Perylene@ZIF-8, using UV-Vis spectroscopy, theoretical band gap calculations, and

X-ray diffraction techniques.
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7.5 Photophysical Characterisation to Reveal Host-Guest Interactions and
Energy Transfer

7.5.1 Absorption Spectroscopy
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Figure 7.3 (a) Comparison of absorption behaviour obtained from diffuse reflectance of
the pristine host (ZIF-8), pristine guest (solid Perylene), and host-guest system
(Perylene@ZIF-8). (b) Kubelka-Munk (KM) function for determining the band gaps based
on the photon energy intercepts. (c) Fluorescence emission spectra of the pristine
Perylene compared with Perylene@ZIF-8 compounds when excited at 365 nm. (d)
Emission spectra of different concentrations of Perylene solution (in dichloromethane)
and solid-state Perylenepowder@ZIF-8. Inset: CIE 1931 color chromaticity diagram
showing the drastic effect of Perylene confinement within ZIF-8 in solid state, and how
this behaviour is resembling the dilution of Perylene solution at a very low concentration
of 0.00625 mM.
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| performed diffuse reflectance spectroscopy to correlate the mechanoluminescence
behaviour to salient changes in the molecular structure of the host-guest assembly.
Figure 7.3a shows a broad absorption peak detected between 255-510 nm for the
Perylene@ZIF-8 monolith, which is completely absent in the pristine ZIF-8; this result
confirms the successful confinement of Perylene (guest) within the spherical voids of
ZIF-8 (host). Importantly, the spectra show significant changes observed in the absorption
properties of Perylene@ZIF-8, when it was converted from a monolith into powder form
(by grinding in mortar). More precisely, the distinct absorption band at 304 nm has
experienced a sharp decline in its intensity when the monolith was crushed into a powder
form. This finding indicates that the monolith has a pronounced n—r* transition because
of the densely-packed arrangement of the nanoplate aggregates, which disappears after
being converted into a loosely-packed powder form. This notion is further supported by:
() The disappearance of the broad absorption band associated with the Perylene guest
species, which transformed into multiple more well-defined peaks between 380-450 nm
when the monolith was crushed into powder. (ii) The absorption peak observed at 225
nm corresponding to the pristine ZIF-8 structure has blue-shifted by ~10 nm when
converting the monolith into powders, again signifying a decline in its nominal packing

density.

7.5.2 Solution-Like Absorption of Solid Samples

Unlike the absorption spectra of pure Perylene in the solid-state, interestingly | found that
spatially confined Perylene has absorption bands akin to the ones observed in the liquid

solution.?%% Allendorf et al.1%? described the “solution-like” optical properties in the case of
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organic linkers in solid-state as a result of isolation in space due to MOF formation. Similar
effects are observed in the current host-guest system, but the difference here is that the
guest molecules (not linkers) have been isolated in space through 3-D partitioning
afforded by the MOF porosity. Weak intermolecular interactions, such as n—r interactions
could modify the optical behaviour. Being structurally planar and aromatic in nature, the
Perylene molecule may readily establish n—n stacking, therefore a deep-orange emission
is observed for the solid Perylene powder (Figure 7.2c inset). Similar effects have been
reported in organic molecules due to formation of the J (or H) type of aggregates.?5’
Importantly, the ZIF-8 host environment offers tuning of the weak interactions of the
confined Perylene guest emitters. In Chapter 5, | have described the ability of ZIF-8 for
making weak interactions via the 2-methylimidazole (mIm) linkers.'3° Likewise, in this
case the confined Perylene molecules could establish CH-r and/or n—r interactions with
the adjacent imidazole rings. In fact, the resultant broad emission band of the monolith
from 430 nm to 600 nm (Figure 7.3c) can be explained by the presence of weak host-

guest interactions elucidated above.

7.5.3 Effect on Band Gap

Direct evidence of intermolecular weak interactions was witnessed from modifications to
the band gap values, determined from the diffuse reflectance data. Figure 7.3b shows
how the band gap increases from the monolith (2.45 eV) to a fine powder (2.68 eV).
Electronic properties of the host framework (ZIF-8) was found to be affected by guest
confinement, with its band gap decreasing from 5.16 eV to 5.07 eV. Conversely, the band

gap of the Perylene guest molecule has increased due to spatial confinement, compared
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to that of a pure Perylene solid. Figure 7.4 presents the theoretical band gap calculations
confirming this outcome, where the calculated band gap of Perylene was found to rise
from 1.313 eV to 1.793 eV when it is positioned in a confined pore environment. However,
the calculated band gap of the distorted ZIF-8 host was found to be relatively lower (4.361
eV) compared with that of a cubic ZIF-8 structure (5.204 eV). A good qualitative
agreement in terms of band gap values can be seen, between the experiments and
theoretical trends associated with host-guest confinement effects. These new results
illustrate the potential of accomplishing band gap engineering exploiting the Guest@MOF

confinement strategy.

7.5.4 Solution-Like Emission

From the photograph of the monoliths in Figure 7.2b, interestingly one may observe that
there are different regions displaying light green to dark yellow emissions when subjected
to UV excitation. The edges of the monolith mainly emit a lighter green-blue colour which
can be assigned to the emission of ‘loosely packed’ nanoplates of Perylene@ZIF-8; while
a darker yellow-green emission can be assigned to regions containing ‘densely packed’
nanoplates. These varying color characteristics are detectable in the emission spectrum
of the monolith shown in Figure 7.3c, corresponding to the spectral hump and shoulder
located at 440 nm and 479 nm, respectively. | reasoned that additional small humps
observed at, for instance 543, 554, 568 and 581 nm, could arise due to entrapped
Perylene molecules between the aggregation of 2-D nanoplates (but not within ZIF-8
pores). Surprisingly, the maximum emission observed at 510 nm in the case of monolithic

Perylene@ZIF-8 could not be attained by the reconstituted fine powders (mechanically
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compressed into a pellet). Instead, an emission spectrum with only a single feature, Amax
=502 nm, was observed for the pellet of Perylene@ZIF-8 pressed under 0.036 GPa. Like
absorption, fluorescence of the finely ground powder obtained from the monolithic
Perylene@ZIF-8 also shows a solution-like emission behaviour. Indeed, | have confirmed
this phenomenon in Figure 7.3d, in which the emission spectra of different concentrations
of Perylene solutions in dichloromethane revealed that the aggregation of molecules in a
solution state causes merging of peaks at around 450 nm, but upon dilution the merged
peaks became more and more separated to eventually give a maximum emission at 442
nm. This is in good agreement with the solid-state spectra of Perylenepowder@ZIF-8.
Particularly, the heavily diluted Perylene with a concentration of 0.00625 mM shows less
influence from its neighboring molecules, which is precisely the “solution-like” effect
observed in the solid-state when the Perylene molecules have been spatially separated
through nanoconfinement within the ZIF-8 host framework. Figure 7.3d clearly shows the
transition of emission behaviour of concentrated and diluted solutions and how it finally

overlaps (at 442 nm) with the solid-state emission spectrum of Perylenepowder@ZIF-8.

In Figure 7.3c, emission of the reconstituted pellet at 502 nm suggests that the
dense packing achieved in the original monolith (obtained from drying a wet sample post
synthesis), cannot be fully recovered upon strain relaxation after being ground into a
powder form. Therefore, the emission of monolith observed at a relatively higher
wavelength of 510 nm, can be attributed to the greater charge transfer between densely
aggregated nanoplates. | propose a mechanism behind the mechanoluminescence of
Perylene@ZIF-8 nanoplates, as illustrated in Figure 7.5. It is reasonable to expect some

microscopic sized voids to be present between the randomly-oriented nanoplates in
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powder form (Figure 7.5a). After application of an external pressure during the
pelletisation process its packing will improve, offering better inter-nanoplate interaction to
enhance electronic charge delocalisation between the adjacent nanoplates (Figure 7.5b),
facilitated by the electron-rich Perylene guest entrapped in the pores of the sodalite cages

of the ZIF-8 host.

7.5.5 Theoretical Calculations to Gain Insights of Optical Properties

0 -

4.361 eV

BAWs 31 v
Perylene Perylene@ZIF-8

-8 - ZIF-8

Figure 7.4 Effect of host-guest confinement on the band gap values of Perylene was
calculated theoretically, which followed the trends observed experimentally in Figure 7.3b
Symbols used: HOMO (black) = LUMO (red) for the energy levels; dark pink and yellow
iso-surfaces representing the positive and negative charges of the molecular orbitals.
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The modification of the electronic structure of the host-guest assembly is presented in
Figure 7.4, calculated using DFT. Theoretical band gap energy levels give additional
insights into the plausible energy transfer pathway, from the LUMO (lowest unoccupied
molecular orbital) of ZIF-8 to the LUMO of Perylene upon photoexcitation. The HOMO
(highest unoccupied molecular orbital) hybrid orbitals of Perylene@ZIF-8 show an
electronic distribution that is highly localised on the Perylene molecules, with limited
sharing with the C=C bonds in the imidazole moiety of the ZIF-8 host. The LUMO of
Perylene@ZIF-8 is exclusively occupied by the Perylene molecule, indicating the
propensity for energy transfer between the hybrid orbitals of the host-guest assembly and
the guest species confined within. The role of the flexible nature of ZIF-8 framework can
be seen in the reduction of band gap energy (~1 eV) upon shear distortion of the host
structure,’®® which is again important in the context of host-guest assembly for
establishing intermolecular interactions upon application of external pressure. It is well
documented in literature that planarity of molecules will contribute to the reduction of band
gaps by facilitating conjugation of adjacent molecules.*? On this basis | suggest that,
under pressure or mechanical stress the elasticity of ZIF-81°2 permits better planarity to
be established between the local intermolecular alignment of mim===Perylene, yielding
the “molecular wire effect’?%® (Figure 7.5b) that could account for the red shifts being
observed in the absorption and emission spectra (Figure 7.3). However, apart from this

possible mechanism another possibility that could also occur is discussed in section 7.6.2.
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Figure 7.5 Schematic representing a) the randomly oriented nanoplates of
Perylene@ZIF-8, with air gaps present in the powder form due to its loosely-packed
configuration. Upon compaction by an externally applied hydrostatic pressure, the
nanoplates rearrange themselves to become more densely aggregated together. b)
Proposed energy transfer pathway of two adjacent nanoplates attributed to the “molecular
wire effect”, facilitated by the n—=n interactions connecting the mim===Perylene==mim
molecular pathways. c¢) Second possible mechanism that could occur due to grinding
step, where grinding of monolithic sample can trigger the formation of ZIF-8
simultaneously separating and encapsulating Perylene molecules.
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7.6 Structural Evolution as a Function of Compressive Stress

7.6.1 Structural Changes in Host Framework: Pawley Refinement

X-ray diffraction (XRD) technique was used to characterise structural changes in the
ZIF-8 host. It can be seen in Figure 7.6a that, the XRD pattern of Perylene@ZIF-8
monolith showed its crystalline nature, but with the presence of relatively broad peaks.
Upon grinding of the monolith for ~5 minutes (via mortar and pestle) to yield a ‘powder’
sample, sharper Bragg peaks were detected that are coinciding with the simulated pattern
of the ideal ZIF-8 structure. However, in addition to all the matching primary peaks, the
splitting and broadening of peaks were observed suggesting the reduction of ZIF-8’s cubic

cell symmetry.
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Figure 7.6 (a) Comparison of the XRD patterns of the monolithic, powder (~5 min grinding
in mortar), and fine powder forms (~20 min grinding) of Perylene@ZIF-8. (b) Pawley
structural refinement (Rwp = 8.2%) of an X-ray diffraction pattern of a powder sample of
Perylene@ZIF-8. Symbols used: blue circles are experimental data; red line is the
calculated pattern; green bars representing the observed Bragg reflections. The inset
shows the structural distortions of ZIF-8 viewed along the b-axis. (c) Systematic XRD
study to monitor changes in relative peak intensities of the {110}- and {211}-oriented
crystallographic planes upon compression of the fine powdered Perylene@ZIF-8 sample
using different pressures. (d) Proposed structural fracture mechanism endorsed by XRD
data, suggesting the cleavage of Perylene@ZIF-8 nanoplates across the {211} planes
due to shearing deformation attributed to compressive stress, eventually causing
amorphisation of the compound at ~1.5 GPa.
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Hence, | performed Pawley structure refinement on the experimental powder data, to
establish the precise changes to the cell parameters of the host. The results in Figure
7.6b revealed that: a=b = ¢ = 16.992 A of the pristine ZIF-8 have increased to a = 17.339
A, b=17.127 A, c=17.072 A, whereas, a = 8 = y= 90° of its cubic cell have deformed to
a=387.073° B =90.321° and y= 84.677° (see details in Table A4 in Appendix). The cell
expansion of the host framework can be attributed to the spatial confinement of the bulky
Perylene guest molecules in the pore of ZIF-8. This is accompanied by reduction in the a
and y angles, which can be explained by shear deformation'®? (inset of Figure 7.6b) of

the 2-D nanoplate morphology from aggregation-induced mechanical strains.

7.6.2 Grinding Effects on Structure Using Powder X-Ray Diffraction

Grinding (via mortar and pestle) of the Perylene@ZIF-8 ‘powder’ for a further ~15-20
minutes yielded a ‘fine powder’ sample, exhibiting broadened Bragg peaks evidenced in
Figure 7.6a. Here, the disappearance of peak splitting can be ascribed to the relaxation
of strains in the aggregated nanoplates, while peak broadening observed is indicative of
the formation of finer scale particles by crushing larger aggregates. To test the effect of
grinding on emission, | have compared the emission spectra of samples ground for 5-
minute (powder) vs. 20-minute (fine powder), but detected no further changes. Another
possible molecular arrangement that could occur will be the actual ZIF-8 formation from
the constituent elements present in the monolith upon grinding. During the grinding
process non-confined or aggregated Peryelene molecules would be expected to separate
from each other by ZIF-8 framework walls of each void. The emission arising from ground

powder will be the blue emission from individual Perylene molecules separated from other
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peryelene molecules, which otherwise will exhibit green yellow emission in aggregated

form as seen from monolith form.

7.6.3 Pressure Effects on Structure Using Powder X-Ray Diffraction

To further investigate the ability of the reconstituted Perylene@ZIF-8 fine powder to
exhibit red shift beyond 502 nm, | systematically prepared a series of pellets using an
increasing pressure and monitored their structural evolution by XRD (Figure 7.6¢c) and
emission spectroscopy. | found that the emission of the reconstituted pellets stayed
unchanged at 502 nm, for all pellets prepared from as low as 0.036 GPa to a maximum
stress of 1.47 GPa. Results above support the notion that the aggregated nanoplates in
the monolithic form are very tightly packed together (yielding emission 510 nm), which
cannot be regained in the reconstituted powder pellets (less dense, thus, lower emission
at 502 nm).

Detailed analysis of the relative peak intensities from XRD data of different pellets
made with ascending pressures can give us a deeper insight into structural changes of
the material. Figure 7.6¢c shows a decreasing trend in the intensity of the (110) plane,
accompanied by a gradual increase in the intensity of the (211) plane. The ratios of the
changing relative peak intensities of (110):(211) planes are summarised in Figure 6c,
where the initial ratio rises from 1:0.47 for a ground fine powder sample to attain 1:1 for
the pellet pressurised at 0.219 GPa. Then by more than doubling the pelleting pressure
to 0.49 GPa, a ratio of 0.32:1 was obtained alongside the appearance of extra diffraction
peaks. Eventually at a significantly higher pressure of 1.47 GPa, this led to the
disappearance of all the Bragg peaks associated with ZIF-8 because of framework

amorphisation.?®® Figure 6d illustrates the proposed fracture mode of ZIF-8 that can
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account for such a phenomenon, in which the cleavage planes oriented along the {211}
facets rupturing by shear stresses. In fact, this failure mechanism is reminiscent to that
reported for ZIF-8 subject to a high-rate impact mechanical deformation, which also led
to formation of the preferred {211}-oriented planes.?”®

Significantly, all the pellets described above showed reversible
mechanoluminescence behaviour. Surprisingly, the amorphised sample prepared at 1.47
GPa remains mechanoluminescent by retaining its emission at 502 nm; this finding is
suggesting that the spatial confinement of Perylene within the pores of ZIF-8 remains

effective despite the host framework losing its long-range periodicity via amorphisation.

100 T
90 -
80 - 2 DMF 590°C
70 4 1Perylene

% Weight
3

{ Formula: (CgH,,N,Zn)y-Perylene-2DMF

40 A
30 Pery|ene@Z|F'8monomh
20 ] Perylene@ZIF-8, ...
| —zIF-8 —
101+ ' ' ' ' ' | |

| T T T |
400 500 600 700 800

Temperature (°C)

| | |
100 200 300

157



Chapter 7 Mechanochromic Fluorescent Guest@Host —2D Nanoplates

Figure 7.7 TGA of Perylene@ZIF-8 compound revealing its probable formula. Higher
thermal stability of monolithic Perylene@ZIF-8 can be seen from the figure compared to
the pristine ZIF-8 or powdered Perylene@ZIF-8 compound. Sharp decomposition at
590°C of the monolithic compound and higher thermal stability suggest dense packing of
nanoplates of Perylene@ZIF-8 could enhance thermomechanical stability compared with
the pristine ZIF-8 host.

Finally, thermogravimetric analysis (TGA) of the Perylene@ZIF-8 powder indicated that
the thermal stability of the monolithic form is higher than its powder form by ~200°C
(Figure 7.7). This finding is in support of denser arrangement of nanoplates in monolithic

form possessing a greater thermal stability than its fine powder form.

7.7 Summary

In summary, | have shed new light on the use of orderly-arranged voids conferred
by MOF compounds acting as 3-D nanoscale scaffolding, to spatially isolate emissive
guest molecules for accomplishing a unique “solution-like” luminescent behaviour. In our
materials design, | have employed an optically-inactive MOF host (sodalite cage of ZIF-8)
for the spatial confinement of a bulky polycyclic fluorophore guest (Perylene), resulting in
a novel Guest@MOF system — Perylene@ZIF-8 — with switchable emission properties
(442 = 502 nm) when subject to a reversible mechanical stress or hydrostatic pressure.
| have harnessed the high-concentration reaction (HCR) synthetic strategy for
morphology control, yielding nanoplates of an inherently 3-D ZIF-8 structure co-
assembled with the Perylene guests. Remarkably, such nanoscale 2-D configuration
permits facile aggregation and separation of Perylene@ZIF-8 nanoplates under stress
(~10s MPa), which is responsible for the reversible mechanoluminescence phenomenon

being reported in this Chapter.
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Chapter Eight

Mechano-Stimulus ZIF-8 gel: Promising Way for Development of
Other Functional Materials

8.1 Background
In this chapter, | will show that HCR synthetic approach can be extended to hybrid

molecular systems to obtain new smart SupraMOF materials. Here details of SupraMOF
possessing reversible sol-gel transition will be described and supported with detailed

rheological measurements.
8.2 Mechano-Stimulus Responsive SupraMOF

8.2.1 Rapid One Step Synthesis

Figure 8.1 Photograph showing tube inversion test for SupraMOF gel material containing
ZIF-8.
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The ZIF-8 supraMOF (Figure 8.1) was synthesised by adopting the ‘high concentration
reaction’ (HCR) approach.'3# It involves high concentrations of mim and Zn(NOs)2 (see
Table 8.1, reaction A); but prior to mixing the mim organic linkers to the Zn(ll) metal ion
solution, the former was first to be deprotonated by taking an equivalent molar
concentration of trimethylamine base (NEts). Upon combining the above solution
reactants, | observed that a white phase containing fibre-like morphologies formed
immediately, which quickly converted into a gel phase within a few seconds. Sonication
for a further 5 seconds resulted in the formation of a mechanically stable gel phase. After
sonication, the sample container was inverted to test for gelation (by inversion test), and
| found that similar to the conventional low-molecular-weight gels (LMWG),*? this gel

material can resist gravity by refusing to flow downwards.

8.2.2 Rapid Sol-Gel Conversion

Interestingly, this candidate of ZIF-8 supraMOF exhibited rapid sol-gel phase transition

upon application of an external mechanical stimulus (stress).

— —

Figure 8.2 Photos show reversible sol-gel conversion of SupraMOF material containing
ZIF-8.
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Vigorous shaking of the sealed glass vial containing the gel material quickly transformed
it into a sol phase, which could easily revert back to a stable gel phase simply by allowing
the sol unperturbed for about 5 seconds (Figure 8.2). The real-time sol = gel recovery
can be seen in the video clip?’, which demonstrates fast phase reversibility in a matter
of seconds.

8.3 Rheological Studies

8.3.1 Frequency Sweep Measurements
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Figure 8.3 Oscillatory frequency-sweep rheological experiments for the ZIF-8 based
supraMOF gel tested under a constant applied shear strain of 0.1%. G’ and G” are the
storage and loss moduli, respectively. Loss tangent, tan(o) = G’/G’ data indicating a phase
change at above ~30 Hz.

To gain detailed insights into gel stability and sol-gel conversion phenomenon, dynamic

rheological measurements were performed using controlled parameters as shown in
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Figure 8.3. It can be seen in Figure 8.3 that oscillatory frequency sweep between 0.1 Hz
to 100 Hz showed a relatively steady behaviour for the storage modulus (G’) and loss
modulus (G”), without any strong dependence on the frequency until beyond ~30 Hz. After
which, the magnitude of G’ suddenly fell while G” began to increase, this behaviour
signifies the collapse of an integrated network of the gel phase. Likewise, the distinct rise
of the loss tangent (tan(o) = G’/G") versus frequency data above ~30 Hz is evident of an
occurrence of the gel-to-sol phase transformation. G’is an order of magnitude higher than
G”, indicating that the ZIF-8 supraMOF can be considered as a stable gel material
unperturbed. Figure 8.4 shows the dynamic strain sweep measurements performed from
0.1 to 100% strain at 0.1 Hz, to characterise the stability of the gel against phase change
under an incremental shear strain. Horizontal profiles of G’ and G” between 0.1 to ~2%
shear strain was found to start becoming strain dependent with an increase in strain. The
G’ and G” profiles coincided at ~4%, marking the yield point of the gel (more details in
Figure A2 in Appendix). Subsequently, the magnitude of G” became much greater than
G’ for between shear strains of ~5 and 100%, clearly this meant that energy dissipation
has exceeded energy storage because the stable gel phase has collapsed into a sol

suspension (see Figure 8.4).
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Figure 8.4 Dynamic strain sweep measurement established the yield point at ~4%, at
which the gel converts to sol.

8.3.2 Sol-gel conversion: cyclic dynamic strain sweep measurements
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Figure 8.5 Mechano-stimulus response of the ZIF-8 supraMOF material tested by
performing a cyclic dynamic strain-sweep experiment (consecutive 5 cycles are shown),
demonstrating its capability to transform reversibly between gel = sol with highly
reproducible mechanical properties.
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By imposing a cyclic (load-unload) mechanical stimulus, | have characterised the phase
reversibility of the ZIF-8 supraMOF material as shown in Figure 8.5, so as to establish its
thixotropic nature under a cyclic shear strain set between 0.1% = 100%. | found that the
results in Figure 8.4 are in fact reversible, that is upon removal of shear strain from 100%

to 0.1% the sol recovered to the gel form evidenced by G>G” (storage>loss).

E Cycle 1 i Cycle 2 E Cycle 3 i Cycle 4 : Cycle 5 !

m : s, :
100001 g &GGI% “—,; W 68 & 88 S
! S LI O £ ] P g
g ) A g ¥ 8 o 8 o
;¢ 31 ¢ 8 e g & g
£ s ¢ 21 ¢ ¢ e & e ¢
8 ¢
g 8 ¢ v ¢ % ¢ 8% ¢ 8 g
> 18 ¢ 8 ¢ 8 g :
> 3 o) Q 9 o 9 o 9
2 |8 ¢ & ¢ § 5 @ o § ¢
$1000 % g g g 8 g 8 g 8 g
> -
> g 8 g 8 g g
> 0 0 0 0 0
[ 8 8 - P 8 8 8
g % g SOIQB § g 8 8
- - ofz g § §
g
100 loo%in
0 5 10 15 20 25 30 35 40 45 50
Time (min)

Figure 8.6 Complex viscosity measurement of ZIF-8 supraMOF gel sample for
consecutive five cycles with dynamic strain sweep between a shear strain of 0.1% to
100%. Removal of strain recovers viscosity of gel sample confirming the reversible phase
change of material switching between the sol = gel phases under cyclic mechanical
deformation. Each cycle consists of: 250 sec from 0.1% to 100% strain causing gel —
sol, hold for 100 sec, 250 sec from 100% to 0.1% strain causing sol — gel, hold for 100

sec, and then repeat.
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Such gel = sol reversibility tests were performed for multiple consecutive cycles, for
example, shown in Figure 8.5 are data representing the profiles obtained by allowing 150
seconds for the recovery of gel from a collapsed sol phase. Furthermore, the cyclic stress
experiments revealed precisely how the complex viscosity can be very reversibly tuned,
over a wide range of 10? - 10* Pa-s as effected by the recoverable sol-gel transformations

(Figure 8.6).

8.4 Reasons behind Smart Response

8.4.1 Material Morphology

To study the origin of the mechano-responsive behaviour, | carried out a systematic
materials characterisation study to correlate the observed property with its underlying
material structure. Gel sample prepared on a piece of glass substrate by layering a thin
layer of material was imaged under the scanning electron microscope (SEM) to
characterise its microstructure. The SEM micrographs obtained are shown in Figure 8.7,
where the gel material forms what appeared to be densely packed and continuous sheet-
like phase, very unlike the typical fibrous network3% 272 found in conventional gel

materials.
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Figure 8.7 SEM images of the supraMOF gel sample coated onto glass substrates.

8.4.2 Inner Constituents of Gel: Nanoplates of Hybrid Framework Compound

To further understand the supraMOF gel constitution, | used copious amounts of DMF
and methanol to break down (disintegrate) the gel phase, liberating an abundance of ‘fine
particles’ that were then isolated by centrifugation (8000 rpm). Surprisingly, transmission
electron microscopy (TEM) revealed that, the isolated particles are resembling the two-

dimensional (2D) morphologies of nanoplates (Figure 8.8a,b). | confirmed the nanoplate
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geometry via atomic force microscopy (AFM) as presented in Figure 8.8(c-d), where the
averaged nanoplate thickness was found to be of the order of 10s nm and with an aspect

ratio (i.e. width/thickness) of at least ~5 (more details in Appendix- see Figure A3-7 and

Table A2).

Figure 8.8 TEM image of the nanoplates obtained after breaking down the gel material
into fine powder particles and b) the enlarged area from same image (c) AFM topography
image revealing the 2D morphology of larger isolated nanoplates, and (d) their individual
thickness profiles of ca. 10-20 nm corresponding to the specific regions marked in (c).
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Intriguingly the mechano-responsive gel phase is comprising nanoplates of distorted

ZIF-8, whose crystal structure will be elucidated below.

8.4.3 Molecular Structural Features of Nanoplate: ZIF-8 Structure

8.4.3.1 Dynamics of ZIF-8 from Molecular Crowding: Powder X-Ray Diffraction
Study to Monitor Structural Changes

The bulk aggregates of nanoplates harvested from the supraMOF gel phase transformed
into a monolith after drying at 110°C. This monolith was carefully ground into a fine
powder and then characterised using powder X-ray diffraction (PXRD). Figure 8.9 shows
that its PXRD pattern has sharp peaks matching the ideal simulated XRD pattern of ZIF-8,
but with the appearance of a few broadened extra peaks suggesting the reduction of
crystal symmetry. To investigate this effect, | have carried out a systematic study by
varying the reactant concentrations in accordance with Table 8.1. Specifically, different
reactions using mim and Zn(ll) were performed by maintaining the same synthetic
parameters apart from the total volume of the DMF solvent used, which was varied from
6 mL (for highly concentrated reaction) to 500 mL (very diluted reaction condition). The
products obtained from the five reactions were washed and dried prior to PXRD (Figure
8.9), showing a systematic reduction in intensity of the extra peaks as a function of rising
solvent used. This result is supported by systematic colour change of the samples
detectable by naked eye (Figure 8.9 inset), | reasoned that additional guest species (e.g.
NEts, DMF) trapped in framework from concentrated reactions will decompose upon

heating of compound producing a yellowish powder (vs. a whiter powder of ZIF-8).
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Figure 8.9 PXRD patterns of samples derived from the reactions labelled A-E in Table 1,
where the subscripts denote the drying temperature of either 90°C or 160°C. Sample
colours obtained (shown to the left of XRD spectra) revealed the apparent variations
between the A to E reaction products. Dotted arrows designate the positions of the extra
diffraction peaks due to occluded guests.

Table 8.1 Series of reactions A-E to investigate the effects of concentration on the
framework structure of ZIF-8. Note: DMF volume was divided 50:50 between Zn(NO3)2
and mIM.

Reaction DMF (total) Zn(NOs)2 | mim NEts3

A (Gel) 6 mL 3 mmol 12 mmol 12 mmol
B 25 mL 3 mmol 12 mmol 12 mmol
C 100 mL 3 mmol 12 mmol 12 mmol
D 300 mL 3 mmol 12 mmol 12 mmol
E 500 mL 3 mmol 12 mmol 12 mmol
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8.4.3.2 Distortion in ZIF-8 Investigated Using Pawley Refinement
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Figure 8.10 Pawley refinement method to determine the lattice geometry of the distorted
ZIF-8 framework from the experimental PXRD data of sample A160. Inset: structural
changes from the (standard) cubic cell of ZIF-8 to a tricilinic distorted structure of ZIF-8.

To determine the salient changes of the structural parameters of ZIF-8, the PXRD data
from reaction A160 (gel) were utilised for Pawley structural refinement. Refinement
results in Figure 8.10 show that the high-symmetry (cubic) structure of ZIF-8 has reduced
to a low-symmetry (triclinic) crystal structure (Rwp = 6.42%) for the nanoplates extracted
from the ZIF-8 supraMOF gel. Cell dimensions of the cubic ZIF-8 structure were found to

have been modified from a, b, c = 17.086 A to a = 17.46A, b = 17.12A, ¢ = 16.95A, and,
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the unit cell angles changed from a, 8, y=90° to a = 89.01°, 8 = 89.50°, y=88.19° (see

details in Table A5 in Appendix).

8.4.4 Thermal Stability
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Figure 8.11 TGA of a series of compounds obtained ranging from concentrated to dilute
reaction conditions (A—E), in accordance with Table 8.1. Comparing Ag to Aiso (both
extracted from SupraMOF gel), it can be seen that by simply drying the same product “A”
at a higher temperature of 160°C prior to TGA could enhance its thermal stability up to
~250°C, suggesting the removal of occluded guests (e.g. NEts, DMF). Thus more
concentrated reaction results in products that entrap more guest species leading to a
faster decomposition upon heating. In contrast, the thermal stability of diluted reaction
products (such as Eieo) is approaching the thermal stability of conventional ZIF-8
compound.
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Moreover, thermogravimetric analysis (TGA) of these compounds detected changes to
the thermal stability of the framework material when being synthesised in concentrated
conditions (Figure 8.11). Unlike thermal stability of conventional ZIF-8 powder till ~350°C,
the nanoplates comprising reduced symmetry ZIF-8 (derived from supraMOF) have a
relatively lower thermal stability up to ~250°C, which can be ascribed to the

decomposition of entrapped guest species.

8.5 Summary

| have demonstrated the efficacy of the high-concentration reaction (HCR) strategy to
derive a previously unreported ZIF-8-based supraMOF gel material. Surprisingly, this
supraMOF gel contains an abundance of ZIF-8 nanoplates with only ~10s nm thickness,
completely dissimilar to the conventional ZIF-8's rhombic dodecahedral crystals
ubiquitous in the literature.*’ Exceptionally this ZIF-8 supraMOF gel is mechano-stimuli
responsive, exhibiting fast sol-gel conversions and highly reversible mechanical

properties subject to a multi-cyclic strain deformation.
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Chapter Nine

Conclusions and Future Work

9.1 Smart SupraMOFs and Their Stimuli Responsive Properties
The HKUST-1 MOF-based supramolecular hybrid materials ‘SupraMOFs’ synthesised

from unigue solvent molecules could afford unconventional combination of chemico-
physical properties, which are linked to their very distinctive micro-architectures
generated from hierarchical self-organisation. To illustrate this, hybrid gels derived from
dimethyl sulfoxide (termed GoDMSO) display remarkable multi-stimuli responsive sol-gel
switching phenomena, which are reversible, when Dbeing subjected to
chemical-mechanical-thermal stimuli. Another example concerns the even more striking
phase change phenomenon, witnessed in the hybrid gel synthesised using acetonitrile
(termed G>ACN), highlighting the radical structural conversion that eventually yields a
‘rigid’ viscoelastic hybrid material (termed VESACN). Intriguingly, the latter material not
only is mechanically robust, but also is highly malleable and electrically conducting (~10
S m1). Other major findings encompass the demonstrations that, the entire family of
MOF-based supramolecular hybrids (examples derived from polar-protic and -aprotic
solvents) possess very promising potential to accommodate straightforwardly tuneable
electrical and mechanical properties. Moreover, the uniformly-sized MOF nanoparticles
(=100 nm) that have been synergistically created in the hybrid gel-like network, can
indeed be easily harvested (via rapid sol-gel switching), and subsequently used as a sol-
based precursor to fabricate high-quality MOF thin films with defined thicknesses. This

exciting new approach opens up the possibility of combining supramolecular materials
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science and low-cost sol-gel routes (thus avoiding the need to use costly self-assembled
monolayers, SAMs) to engineer multifunctional MOF thin-film coatings, for targeting
emergent technological device applications, such as next-generation sensors, actuators,

supercapacitors and ultralow-k dielectrics.

9.2 In Situ Metal-Complex Guest Encapsulation for Improved Optical Properties

One attraction of the proposed in-situ guest encapsulation approach lies in its capacity to
confine bulky guest molecules in certain MOF hosts, particularly ones featuring narrow
window apertures that inevitably prevent conventional (ex situ) guest infiltration or ion-
exchange strategies. It is envisioned that, this strategy can be extended to nano-caging
and nano-manipulation of a wide variety of light-sensitive fluorophores combined with the
diverse family of MOF hosts!#! 273 and porous structures?’ exist in literature. In the
current study, well known ZnQ metal complex has been explored from completely new
direction in order to obtain different emission behaviour compared to that of pure ZnQ
complex. Indeed improving the photostability performance and overall long-term material
durability through nanoporous host-guest encapsulation is important to the field of light-
matter interactions science, with many exemplars already demonstrated for inorganic
zeolites,?’”® self-assembled cavitand-based capsules,?® and molecular sieves;?’’ the
current study offers an attractive strategy whereby MOF can also be utilised to achieve

such an effect.

9.3 Extension of High Concentration Reaction to Attain Functional Nanosheets
of MOFs

My work has demonstrated that the synergistic effects of molecular crowding interaction
and molecular self-assembly help to derive a supramolecular material incorporating MOF
nanosheets. While the basic idea of supramolecular assembly is not new in the field of
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materials science, this is its first creative implementation to accomplish a MOF nanosheet
assembly within another supramolecular gel assembly. The one-pot synthetic approach
developed is exceedingly fast, requiring less than 1-minute of reaction time to obtain
nanosheets with a thickness of the order of 10s nanometers. In addition to morphological
control, the process opens the door to novel materials functionalisation through the
formation of host-guest systems, termed “Guest@MOF” nanosheets. Such Guest@MOF
nanosheets are excellent photochemical sensors, exhibiting an extraordinary propensity
for the detection of a vast range of harmful volatile organic compounds (VOCs), and small
polar and non-polar molecules important for applications. This is possible thanks to the
intimate nature of host-guest coupling bestowed by MOF nanoscale confinement,
implicating substantial optochemical perturbations that are easily detectable by the naked
eye (emission blue-to-red shifts, intensity modification or luminescence quenching). The
promising results pave the way for the future development of photonics-based chemical
sensors and tunable optoelectronics. In the light of this, | anticipate that the proposed
methodology will open the door to a new family of low-dimensional MOF-based smart
materials, whose bespoke physico-chemical properties will be of significant utility to the

chemical sensors, photonics, and electronics material sectors.

9.4 High Concentration Reaction (HCR) for Host-Guest Dependent
Mechanoluminescent MOF System.

| show that using the HCR synthetic approach, MOF host-guest system can be made
exhibiting unusual emissive behaviour unlike normal emission seen in the pure form of
the guest compound. From detailed experiments, | concluded that framework flexibility
and weak interaction between guest and host are crucial parameters to obtain reversible

mechano-triggered luminescent properties. | also discovered that the structural transition

175



Chapter 9 Conclusions and Future Work

from a crystalline to amorphous phase could retain its mechanoluminescence properties,
thereby opening an exciting route for fabricating functional amorphous materials
constituting fluorescent Guest@MOF nanocomposites. Together, the demonstrated new
findings and innovative approach towards mechanoluminescence will be valuable in
expanding the frontier of MOF science, especially in the pursuit of next-generation host-

guest nanomaterials exhibiting tunable optoelectronic and sensing properties.

9.5 Creating Other Smart SupraMOF

| further demonstrated that the HCR strategy has tremendous potential for making
supramolecular systems containing nanoMOFs (SupraMOF systems). For
demonstration, | have shown the possibility of making SupraMOF gel using Zn(ll) and
mim ligand, a combination of reactants that subsequently forms the hierarchical assembly
enriched with ZIF-8 nanoplates. Fine scale thickness of only ~10s nm observed in the
case of MOF nanoplates indicates the huge advantage of a new way of accomplishing
2D self-assembly. Remarkably this supraMOF gel is receptive to the exertion of an
external mechanical force, displaying rapid sol-gel transformations and reversible
mechanical response for multiple strain cycles. The current study not only presents the
first discovery of a ZIF-type gel material, but also describes the simple synthetic
methodology that may be widened to explore its applicability for other well-studied MOFs

to yield supramolecular stimuli-responsive systems and to achieve rare 2D morphologies.

9.6 Future Work

9.6.1 Pre-Functionlisation of SupraMOFs

From above study it is clear that prior to the assembling of metal ions, organic linkers and

solvents together into SupraMOF assembly, one can functionalise SupraMOFs by simply
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mixing functional organic molecules, metal-complexes, dye molecules into the reactant
solutions. For examples ZnQ@ZIF-8, ZnQ@OX-1, Perylene@ZIF-8 are the direct
demonstrations of this concept. In future work, study can be extended to other guest

species and other MOF host structures to tailor the optical properties.

9.6.2 Post-Doping of SupraMOFs

Sol-gel transitions are useful phase changes that allow mixing of external molecular
species into the assembly. Already formed gel phase of SupraMOF can be functionalised
by simply mixing fluorescent molecules like fluorescein in sol phase. Other molecular
engineering processes like metal exchange or metal ion insertion into the final framework
product may be attempted by introducing metal ion solution into the sol phase of
SupraMOF. Further study can be directed at post-functionalised SupraMOFs and such
materials can be studied for their possible optoelectronic, ionic conduction, and sensing

properties.

9.6.3 Precise Morphological Control of MOF Nanostructures

Current work also has potential to create highly controlled morphologies of MOF
structures from the bottom up to yield nanosheets, nanoplates, nanoparticles etc.
Reported synthetic strategies in the current thesis hold a lot of promise for making other
exotic nano scale MOF systems that otherwise will only form in large size. In addition to
morphological control significant changes in structural arrangement can be achieved,
which could allow tuning of the band gap values of material either by structural changes

in MOF or by close packing of framework hosts with confined guest species.
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9.6.4 Thin Film Fabrication for Optoelectronic Properties

As above listed points i.e. functionalisation, emission, conduction, band gap engineering,
structural control, morphological control in nano regime etc. are essential for engineering
smart devices. SupraMOF systems and HCR synthetic approach will enable facile
processing of thin fiim MOF based devices for various applications falls under

optoelectronics.
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Appendices

Figure Al Atomic force microscopy image showing nanoplate morphology of
Perylene@ZIF-8 material. Twenty-six different nanoplates were selected in above image
for elucidating their thickness profile, which are plotted separately on following page and

tabulated in Table A1l.
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Table Al. Nanoplate dimension analysis from AFM image shown in Figure Al.
Profile | Height/Thickness | Mean with Width | Breadth | Aspect Ratio 1 | Aspect ratio 2
Standard w
h (nm) Deviation (nm) b (hm) w/h b/h
1 10.73 9.28 + 2.56 nm 77 54 7.17 5.03
2 10.28 93 48 9.07 4.66
3 8.22 53 41 6.44 4.98
4 7.1 69 48 9.71 6.76
5 6.4 NA NA — —
6 7.11 NA NA — —
7 10.05 81 59 8.05 5.87
8 6.32 86 52 13.6 8.22
9 9.51 NA NA — —
10 11.67 NA NA — —
11 11.01 95 57 8.62 5.17
12 9.1 NA NA — —
13 11.3 NA NA — —
14 12.19 NA NA — —
15 7.27 NA NA — —
16 7.54 NA NA — —
17 13.67 100 65 7.31 4.75
18 12 NA NA — —
19 13.77 NA NA — —
20 9.53 NA NA — —
21 6.52 NA NA — —
22 5.64 NA NA — —
23 7.32 NA NA — —
24 13.79 NA NA — —
25 6.62 NA NA — —
26 6.79 NA NA — —
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Figure A2. Dynamic strain sweep measurements for five consecutive shear strain
cycles of 0.1% to 100%, corresponding to the data in Figure 8.5. The yield points (in %)
were established at the intercepts of the G’ and G” data.
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Figure A3. Atomic force microscopy (AFM) images for determining the nanoplate
thickness of distorted ZIF-8 (Table A2). The thickness profiles correspond to the
locations marked in the height topography image at the top.
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Figure A4. Nanoplate thickness profiles of distorted ZIF-8 using AFM.



20 7 15 4~
3 — Profie 1 . \\ — Profile 2
E ] =N
153 3 \\\/‘
E 10 !
— 3 = 3 L"\
E103 E 7 \
= 3 = — ‘\
53 ] ST N—
E ] \,_—/\/
03 03
lllllllllIIIIIllllllllllllll|IllllllllllIlllllllIIIIIIIIIIIIIIIIIII“ |IIIIIIIIIIIlllllllllllllllllllllllllllllllllllll
0 10 20 30 40 50 60 70 0 10 20 30 40 50
x [nm] x [nm]
20 3 15 §
e — Profile 3 3 — Profile 4
= 145
= i - E
53 N, 135
3 T— 3
3 N E
= 3 : —123
E 103 ™ E 3
-~ ™ S
E \ e E
53 L ,/\\//_' 10 —E
= 95
03 8 3
lllllll||]|||ll||||||||||l||||||ll||ll| |||||llllIlllIIIIII]IIIIIIIIIIIIIIIIIII
0 10 20 30 40 0 10 20 30 40
x [nm] x [nm]
18 7 55 o
S Y — Profile 5 ] — Profile 6
E S ]
163 72 S ]
3 \/ g
E \\ //\ 50—
__ 143 L — ]
E = \ E ]
= S \ S 7 /
= 3 \\ = -
12 ~ e /
3 \ 45 /
3 \ 7
= \ -
10 \ ] /
E T ] —1
8 3 wd
|||||||||||||||||||||l|||||IIIII||||||||||||||||| |||||||||||III|||||||||||||||||||||||||||||||||||
0 10 20 30 40 50 0 10 20 30 40 50
x [nm] x [nm]

Figure A5. Nanoplate thickness profiles of distorted ZIF-8 using AFM.
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Figure A6. Nanoplate thickness profiles of distorted ZIF-8 using AFM.
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Figure A7. Nanoplate thickness profiles of distorted ZIF-8 using AFM.
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Table A2: Quantification of the nanoplate thickness using the AFM height topography
data. Based on 35 sampling points, the thickness was determined to be 9.3 + 3.8 nm.

Figure No.

Profile #

Thickness (nm)

Mean = standard deviation
(nm)
calculated from 35 samples

A3

25.6-17.2=8.4

14-4=10

18-11=7

AIWINEF

1)= 28-20=8

2)= 34-28=6

A4

17-9=8

13-6=7

28.4-24.3=4.1

15.4-6.8=8.6

28-20.4=7.6

29.5-25.8=3.7

A5

16-3=13

15-3=12

16-4=12

14-8.5=5.5

17-8.6=8.4

52-40=12

A6

47-43=4

15-4=11

16-11=5

18-9=9

23-13=10

22-14=8

A7

19-14=5

26-8=18

16.6-8=8.6

10.6-3=7.6

11-5.6=5.4

46-32=14

14-6.8=7.2

Figure 8.8 (c-d)

(in chapter 8)

13

11

11

18

R WINPFPINOOAWINIFPIOIOHPRAWINIFRPIOIOIA WINIFRIOIO|RARIWIN|PF

16

9.26 + 3.77 nm
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Table A3 Structural parameters for OX-1 determined by Pawley refinement of the X-ray
diffraction data (performed in Reflex module in Accelrys Material Studio v.8), compared

with reported MOF structures with a higher symmetry.

OX-1 MOF reported by | MOF reported by
Compound
Nanosheets Burrows et al 2% Stock et al 230
Crystal System Triclinic Monoclinic Monoclinic
Space Group P1 C2/c C2/c
X-ray Source CuKa not mentioned MoKa
A [A] 1.5418 - 0.71073
Refined Range [°] 4t040 - -
a [A] 33.576 33.6075 33.3724
b [A] 9.8147 9.8727 9.8317
c[A] 18.2668 18.1642 18.1967
a[°] 90.1257 90.00 90.00
B[] 90.5996 92.226 92.4550
v [°] 90.4146 90.00 90.00
Volume [A3] 6019.11 6022.27 5964.99
Step Size 0.02 - -
Peak Profile Pseudo-Voigt - -
R factors 0.084 (Rwp) 0.0510 (R1) 0.0395 (R1)
0.09 (Rp) 0.1458 (wR2) 0.0843 (wR2)
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Table A4 Changes in the unit cell parameters of the (distorted) ZIF-8 structure due to

high concentration reaction and encapsulation of the Perylene guest within the pore of

ZIF-8.

Compound ZIF-8 reported by Yaghi et al.*’ Nanoplates of ZIF-8
Crystal System Cubic Triclinic
Space Group -43m P1
X-ray Source MoKa CuKa
A [A] 0.71073 1.5418
Refinement Range of 26 [°] - 5to 30
a [A] 16.9910(12) 17.339
b (A] 16.9910(12) 17.127
c[A] 16.9910(12) 17.072
a[°] 90 87.073
B[] 90 90.321
v [°] 90 84.677
Volume [A3] 4905.2 5041.48
Peak Profile - Pseudo-Voigt
R factor 0.0314 (R1) 0.0818 (Rwp)

Structure Solution Method

Single Crystal

Powder Refinement

Software

SHELXTL' 97

Reflex (Material
Studio)
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high concentration reaction.

Table A5 Changes in the unit cell parameters of the (distorted) ZIF-8 structure due to

Compound ZIF-8 reported by Yaghi et al. ¥/ Nanoplates of ZIF-8
Crystal System Cubic Triclinic
Space Group -4 3 m P1
X-ray Source MoKa CuKa
A [A] 0.71073 1.5418
Refinement Range of 26 [°] - 5to0 30
a [A] 16.9910(12) 17.46
b (A] 16.9910(12) 17.12
c [A] 16.9910(12) 16.95
o [°] 90 89.01
B[] 90 89.50
v [°] 90 88.19
Peak Profile - Pseudo-Voigt
R factor 0.0314 (R1) 0.0642 (Rwp)

Structure Solution Method

Single Crystal

Powder Refinement

Software

SHELXTL' 97

Reflex (Material
Studio)

192




Table A6 Theoretical parameters used for calculation of band gap values.

Task parameters for ZIF-8 and ZnQ used for calculation of band gap values reported in
Chapter 5

Scf_density_convergence : 1.000000e-006
Scf_charge_mixing : 2.000000e-001
Scf_spin_mixing : 5.000000e-001
Scf _diis 6 pulay
Scf_iterations : 50

Electronic parameters

Spin_polarisation: unrestricted
Charge: 0

Basis: dnp
Pseudopotential: none

Functional: gga(p91l)
Aux_density : octupole
Integration_grid : fine

Occupation : fermi
Cutoff_Global : 4.4000 angstrom
Calculated properties

Print_eigval_window : -1.d9

Plot : homo

Plot : lumo

Grid msbox 3 0.2500 0.2500 0.2500 3.0000

Task parameters for compounds reported in Chapter 6

Task parameters for ZnQowmr

Calculate energy
Symmetry on
Max_memory 15000
File_usage smart
Scf_density _convergence 1.000000e-006
Scf_charge_mixing 2.000000e-001
Scf_spin_mixing 5.000000e-001
Scf_diis 6 pulay

Scf _iterations 50

Electronic parameters

Spin_polarisation unrestricted
Charge 0

Basis dnp
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Pseudopotential none

Functional gga(p91l)
Aux_density octupole
Integration_grid fine

Occupation fermi
Cutoff_Global 4.4000 angstrom

Task parameters for ZnQopwma

Calculate energy
Symmetry on
Max_memory 15000
File_usage smart
Scf_density _convergence 1.000000e-006
Scf_charge_mixing 2.000000e-001
Scf_spin_mixing 5.000000e-001
Scf_diis 6 pulay
Scf_iterations 50

Electronic parameters

Spin_polarisation unrestricted
Charge 0

Basis dnp
Pseudopotential none
Functional gga(p91l)
Aux_density octupole
Integration_grid fine
Occupation fermi
Cutoff_Global 4.4000 angstrom

Task parameters for ZnQ(Td)

Calculate energy
Symmetry on
Max_memory 15000
File_usage smart
Scf_density _convergence 1.000000e-006
Scf_charge_mixing 2.000000e-001
Scf_spin_mixing 5.000000e-001
Scf_diis 6 pulay

Scf _iterations 50

Electronic parameters
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Spin_polarisation

unrestricted

Charge 0

Basis dnp
Pseudopotential none

Functional gga(p9l)
Aux_density octupole
Integration_grid fine

Occupation fermi
Cutoff_Global 4.4000 angstrom

Task parameters for OX-1

Electronic parameters

Spin_polarisation

unrestricted

Charge 0

Basis dnp
Pseudopotential none

Functional gga(p9l)
Aux_density octupole
Integration_grid medium
Occupation fermi
Cutoff_Global 4.4000 angstrom
Kpoints off

Task parameters for ZnQomr@OX-1

Symmetry on
Max_memory 15000
File_usage smart

Scf_density_convergence

1.000000e-006

Scf_charge_mixing

2.000000e-001

Scf_spin_mixing

5.000000e-001

Scf_diis

6 pulay

Scf _iterations

50

# Electronic parameters

Spin_polarisation

unrestricted

Charge 0

Basis dnp
Pseudopotential none
Functional gga(p9l)
Aux_density octupole
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Integration_grid

medium

Occupation fermi
Cutoff_Global 4.4000 angstrom
Kpoints off

Task parameters for ZnQ(Td)@OX-1

Symmetry on
Max_memory 15000
File_usage smart

Scf_density _convergence

1.000000e-005

Scf_charge_mixing

2.000000e-001

Scf_spin_mixing

5.000000e-001

Scf_diis

6 pulay

Scf_iterations

50

Electronic parameters

Spin_polarisation

unrestricted

Charge 0

Basis dnp
Pseudopotential none

Functional gga(p9l)
Aux_density octupole
Integration_grid medium
Occupation fermi
Cutoff_Global 3.9000 angstrom
Kpoints off

Task parameters for compounds reported in Chapter 7.

Task parameters for Perylene @ZIF-8

Calculate energy
Symmetry on
Max_memory 15000
File_usage smart

Scf_density_convergence

1.000000e-006

Scf_charge_mixing

2.000000e-001

Scf_spin_mixing

5.000000e-001

Scf_diis

6 pulay

Scf _iterations

50

Electronic parameters
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Spin_polarisation

unrestricted

Charge 0

Basis dnp
Pseudopotential none

Functional gga(p9l)
Aux_density octupole
Integration_grid fine

Occupation fermi
Cutoff_Global 4.4000 angstrom
Kpoints off

Calculated properties

Print_eigval _window -1.d9

Plot homo

Plot lumo

Grid msbox 3 0.2500 0.2500 0.2500 3.0000

Task parameters for ZIF-8 & distorted ZIF-8

Calculate energy
Symmetry on
Max_memory 15000
File_usage smart

Scf_density _convergence

1.000000e-006

Scf_charge_mixing

2.000000e-001

Scf_spin_mixing

5.000000e-001

Scf_diis

6 pulay

Scf_iterations

50

Electronic parameters

Spin_polarisation

unrestricted

Charge 0

Basis dnp
Pseudopotential none

Functional gga(p9l)
Aux_density octupole
Integration_grid fine

Occupation fermi
Cutoff_Global 3.9000 angstrom
Kpoints off

Calculated properties

Print_eigval _window

-1.d9
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Plot homo
Plot lumo
Grid msbox 3 0.2500 0.2500 0.2500 3.0000

Task parameters for Perylene

Calculate energy
Symmetry on
Max_memory 15000
File_usage smart

Scf_density _convergence

1.000000e-006

Scf_charge_mixing

2.000000e-001

Scf_spin_mixing

5.000000e-001

Scf_diis

6 pulay

Scf_iterations

50

Electronic parameters

Spin_polarisation

unrestricted

Charge 0

Basis dnp
Pseudopotential none

Functional gga(p9l)
Aux_density octupole
Integration_grid fine

Occupation fermi
Cutoff_Global 3.7000 angstrom

Calculated properties

Print_eigval _window -1.d9
Plot homo
Plot lumo
Grid msbox 3 0.2500 0.2500 0.2500 3.0000
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