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Abstract

Metal organic frameworks (MOFs) have been used as electrochemical sensors owing to their
high surface area and porosity. Unfortunately, the low conductivity and redox activity of MOFs
limit their application in electrochemical sensing. To address this problem redox-active
materials can be incorporated in MOFs to produce MOF composites. In this work we report on
the synthesis and characterization of Zeolitic imidazolate framework-8 (ZIF-8), Zirconium
based MOF (UiO-66) and their corresponding phthalocyanine (Pc) composites. Solvothermal
synthesis was used to obtain ZIF-8, UiO-66, and their composites in powder form. The
morphology and elemental composition were attained using scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX) analysis, respectively. The composites were
composed of agglomerated rods surrounded by irregular polyhedral structures. The presence
of MOF and Pc elements confirmed that the Pcs were within the MOFs. The crystallographic
properties of the composites were probed using powder X-ray diffraction (PXRD) which
showed that the composites were more crystalline thanthe pristine MOFs. The increase in order
of the structure of the composites confirmed incorporation of the Pcs onto the MOFs. The
surface area and pore size distribution of the composites were determined using Brunauer-
Emmett-Teller (BET) analysis. The pore volume ranged from 0.10 to 0.37 cc/g. The decrease
in surface area and pore volume of the composites indicated that the Pcs were adsorbed onto
the MOF pores. The optical properties of the composites were obtained using ultraviolet-visible
(UV-vis) spectroscopy. The composites exhibited the characteristic B and Q bands of
phthalocyanines and showed metal-to-metal charge transfer between MOFs and Pcs
confirming that the phthalocyanines were incorporated within the MOF structure. ZIF-8, UiO-
66 and their corresponding phthalocyanine composites were immobilized on a glassy carbon
electrode (GCE) using the drop drying method. The modified electrodes were used for the
detection of 4-chlorophenol, and the electrochemical responses were recorded using cyclic
voltammetry. The electrocatalytic behaviour of the electrodes modified with MOF composites
showed improved oxidation compared to the ZIF-8 or UiO-66 modified electrodes. The
FePc@ZIF-8 modified electrode showed the best catalytic behaviour with an anodic peak
potential at 0.54 V while FePc@UiO-66 behaved best with respect to enhancing catalytic
currents. The limit of detection ranged from 0.05 mM to 2.8 mM for all redox active
composites. This work shows that phthalocyanine-MOF composites are effective electro-

catalysts and may be developed for the detection of other environmental pollutants.
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Chapter 1: Introduction
1.1 Background

Water is the earth’s most abundant natural resource. However, environmental pollution, which
may be described as the introduction of foreign materials to the ecosystem remains a problem
globally as it poses a threat to living organism, including human health. Industrialisation has
led to the increase of pollutants released into the environment and is the main source of water
pollution. The introduction of foreign substances into the aquatic environment impairs the
water quality which affects aquatic life and causes adverse effectsto human health leading to
an imbalance in the ecosystem. Human beings are mainly exposed to pollutants in water
through ingestion of contaminated water and aquatic products. These pollutants are then
absorbed by the body and failure of the biological system to break them down or flush them

out of the body results in accumulation of foreign substances in biological tissues causing
undesirable health issues (1).

Apart from rapid industrialisation, sewage discharge into water streams and surface run off
from agricultural land where synthetic chemicals are used are also prominent sources of water
pollution (2). Although there are different types of water pollutants, micropollutants will be
pertinent in this study. There has been growing concern in the occurrence of micropollutants
in water bodies over the last couple of years. Natural and synthetic compounds may both be
regarded as micropollutants, these include personal care products (PPCPs), pharmaceuticals,
and endocrine disrupting compounds (EDCs). Despite their existence in the aquatic
environment at very low concentrations (pg.L! to pg.L™1), they are still associated with
ecotoxicological effects such as endocrine disruption, resistance of microorganisms to

antibiotics, interference in platelet, white and red blood cell production, and many other
deleterious effects to human health (3, 4).

On release into the environment, micropollutants undergo degradation which determine their
elimination. Sedimentation, filtration, and disinfecting form part of the main existing
techniques for water purification. Unfortunately, these techniques are not targeted on the
elimination of micropollutants in water but rather on that of suspended particles and
microorganisms (3-6). Recent studies have reported several methods for monitoring and
elimination of micropollutants during the water treatment process and these depend on the
physiochemical properties of a specific micropollutant. Chromatographic, spectrochemical,

and electrochemical sensing techniques are part of these methods amongst others (5-8) and for

1



the purpose of this study we will focus on the latter, paying specific attention to metal organic

frameworks (MOFs) and their composites as electrochemical sensors.

MOFs represent a category of porous materials with exceptional features amongst which a high
surface area is the most outstanding. The chemical composition and structure differs from one
framework toanother, and this determines their application in storage, separation, and catalysis
(9-11). When MOFs are employed as electrochemical sensors, the metal ions in MOFs are
generally expected to exhibit electrocatalytic behaviour and the organic linkers to facilitate
further catalysis by adsorbing target molecules (12). Regardless of all the excellent properties
suggesting that MOFs are suitable candidates for electrochemical sensing, finding redox active
MOFs is still a challenge, due to weak electronic transfer between organic linkers and non-
redox-active metal within some MOFs. To address this problem, MOFs can be modified post
synthesis, by forming composites through host-guest interactions as a benefit of their porous
nature. Guest molecules that can be incorporated into MOFs to enhance their electrochemical
performance include polymers, nanoparticles, carbon nanostructures, biomolecules and many
more (10, 13).

Electrochemical sensors offer better selectivity and sensitivity for adsorption of various
molecules compared to conventional analytical techniques such as chromatography and
spectroscopy. Therefore, changing the surface chemistry of an already existing electrode can
improve its detection limit towards a certain analyte. Thus, in this work we will pay attention
to designing electrochemical sensors using electro-active MOF composites for surface
modification of the glassy carbon electrode (GCE). GCE modified with MOFs and MOF
composites have been reported for determination of a variety of analytes by numerous
researchers. Those that have been studied intensely can be grouped into MOFs doped with
biomolecules, metal oxide MOF composites, metal nanoparticle MOF composites, and MOFs

incorporated with carbon nanomaterials (9, 13).

Carbon nanotubes (CNTSs) have received the outmost popularity as carbon nanomaterials. They
can be single, double, or multiple walled and are sp? hybridised. Their hollow cylindrical
structure permits control of their diameter, length, and wall number (9, 14). Due to their
outstanding electrical conductivity, CNTs have been used in sensor systems in combination
with MOFsto improve their electrocatalytic activity (9, 15). For example, incorporating multi
walled carbon nanotubes (MWCNTS) inside a nickel MOF (Ni-MOF) demonstrated that the
Ni-MOF/MWCNT composite exhibited remarkable sensing ability with selectivity towards



urea and stability over a month (16). Geim and Novoselov discovered another nanomaterial
based on carbon, this was graphene oxide (GO) and its high conductivity and electrocatalytic
activity gained popularity within the scientific community. Like CNTs, GO is also sp?
hybridised and its two-dimensional (2D) sheets offers a high surface area, allowing easy
combination with metallic nanomaterials. It has also been reported that these sheets are
responsible for effective electron transfer between GO and metallic materials such as MOFs
(9, 17). In one case, Zhang et al developed a hybrid polyoxometalate based MOF integrated
with reduced graphene oxide (POMOF/rGO) for dopamine detection. Both materials used were
electrochemically active therefore a synergistic effect was observed towards dopamine
oxidation due to m-7 interactions between the composite and dopamine. Overall, the fabricated
biosensor displayed good stability, reproducibility and selectivity (18).

Palladium, (Pd), copper (Cu), platinum (Pt), silver (Ag), and gold (Au) are some of the
catalytically active metals that have been combined with MOFs for GCE modification in order
to enhance the catalytical activity of the electrode. Owing to their high surface area, excellent
electrochemical properties and biocompatible structure, gold nanoparticles (AuNPSs) have been
used for various sensor applications. Silver nanoparticles have also gained a lot of popularity
over the years due to their superior electrical conductivity, photoelectrochemical and
antimicrobial activity (9, 13). There are three strategies to explore in order to produce metal
nanoparticle/MOF composites. Firstly, pre-synthesized nanoparticles can be loaded into
MOFs. For example, Hosseini et al fabricated an electrocatalyst from Au-SH-SiO2 doped Cu-
MOF which showed efficient electrocatalytic activity for hydrazine and L-cysteine oxidation
(19, 20).

The second method involves the production of nanoparticle/MOF composites within MOF
cavities by using MOFs as templates. This strategy was used to generate AgNPs/Zn-MOF
composites through the reduction of silver nitrate (AgNQO3) in aqueous solution containing
preformed zinc MOF (Zn-MOF) and the composite modified GCE displayed improved
electrocatalytic activity when used for hydrogen peroxide (H2032) reduction (21). The third
approach affords hybrid MOFs through a one pot synthesis procedure. For instance, efficient
electrocatalysis for sodium borohydride (NaBH4) oxidation was achieved with PtNPs/MOF
composites synthesized using this method (22). Metal oxide/MOF composites have provided
improved conductivity, good biocompatibility and high surface area and have been used as
fluorescence sensors among other spectroscopic systems. The sensing ability of such

composites is dependent on their spectroscopic properties (9, 23), while MOFs incapsulated
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with biomolecules have proven to be highly efficient as biosensor, in drugdelivery and various
fields (24).

Porphyrins have also been used to form MOF composites. The macrocyclic compounds can
either be used as a ligand in MOF formation or incorporated in an already existing MOF to
form a composite (10, 11, 25). Porphyrins are redox active, and MOF composites based on
them have shown good electrocatalytic activity for oxidation of various molecules. Owing to
that, porphyrin-based MOFs have been used to develop electrochemical, colorimetric, and
fluorescence sensors. Chemical selectivity between MOFs and guest molecules is attributed to
open metal sites, hydrogen bonding, electrostatic and m-m interactions (12, 13, 26). Like
porphyrins, phthalocyanine have been used for various sensing activity and their extended n-
system permits rapid redox processes (7, 27) . Therefore, in this work will take advantage of
the m-system in phthalocyanines (Pcs) to form zn-m interactions between Pcs and Zeolite
imidazolate framework-8 (ZIF-8). We will also form Pc@MOF composites using Zirconium
based MOF (UiO-66). By doing so we hope to enhance catalytic selectivity and sensitivity of
the MOFs towards 4-chlorophenol detection through the delocalization of -electrons between

the conjugated system of the organic molecules and the MOF composites.
1.2 Problem statements and justification

Water can be used for many purposes, the main one being human consumption. The rapid
growth in population exacerbates pressure on existing water sources, especially in arid places
that are faced with acute water resource constraints (4) . In cases where the water sources are
deemed fit for human consumption, the prevalence of micropollutants still remains a challenge
as monitoring them is still unregulated and water treatment plants are not equipped for
eliminating them to afford clean water for human consumption (6, 28). The ability of
micropollutants to cause severe health issues at trace levels make it even more necessary to
monitor them and eliminate them from water to prevent them from accumulating or forming
metabolites as this may impact human livelihood in the long term (6).

Although chromatography and mass spectrometry have been used for removal of
micropollutants in water (7, 8), simple, inexpensive, and more specific techniques may be used
for this purpose. Therefore, we propose a model for the efficient removal of 4-chlrophenol from
water at low concentrations using metal organic frameworks (MOFs) incorporated with

metallophthalocyanines (MPcs).



1.3 Hypothesis

Incorporation of MPcs in MOFs will enhance selectivity and sensitivity of metal organic

framework ZIF-8 and UiO-66 as electrocatalysts for the detection of 4-chlorophenol.
1.4 Aims and objectives

The study aims at the application of cyclic voltammetry for more efficient detection of 4-

chlorophenol in aqueous media using ZIF-8 or UiO-66 composite modified GCE.

In order to accomplish this, the following objectives are proposed:

I.  Synthesis and characterization of metallophthalocyanines.
ii.  Synthesis and characterization of metal organic frameworks.
iii.  Synthesis and characterization of MPc@MOF composites.
iv.  Electrochemical detection of 4-chlorophenol in aqueous solution.



Chapter 2: Literature review

2.1 Metal organic frameworks (MOFs) and their properties

Metal organic frameworks (MOFs) are crystalline materials formed when polyatomic organic
ligands which may be negatively charged or aromatic (mainly carboxylic acids and nitrogen
containing ligands) coordinate to metal ions and bridge to connect metal centres (Fig. 2.1) (29-
32) . A certain criterion is followed fora compound to be referred to as a MOF. That includes,
a distinct geometric structure which implies high crystallinity of the compound, modifiability
of the organic ligands which link secondary subunits (SBUs) to form frameworks and strong
bonding between SBUs as strong bonding interactions provides stability to the framework (33,
34).

Metal ion Organic linker Metal organic framework

Figure 2.1: Components of metal-organic frameworks.

The appearance of MOFs dates back to the 1990s with the likes of HKUST-1 (HKUST- Hong
Kong University of Science and Technology) and MOF-2 which had a relatively low surface
area (35, 36). Later developments in MOF research led to the discovery of NU-110 (NU -
North-western University) and MIL-101 (MIL - Materials of Institute Lavoisier) (34). These,
among others are highly porous with a surface area ranging from 1000 to 10 000 m2.g-! which
is greater than most conventional porous materials (37, 38). The characteristics mentioned
above render MOFs suitable for applications such as catalysis, biomedicine, gas storage,

sensors, and photovoltaic cells (34, 39-41).



2.2 General synthesis of MOFs

Different synthetic routes are required for MOFs as they have a major effect on the
morphology, particle size, yield, and reaction time. Therefore, different methods have been
used for the synthesis of MOFs. These include the conventional, sonochemical,
mechanochemical, microwave assisted and electrochemical syntheses (42).

2.2.1 Conventional syntheses

The basis of this method is the temperature range, which is distinguished by two categories
namely, solvothermal and non-solvothermal. Reactions that are carried above solvent boiling
point in a closed system and rely on internal pressure are denoted solvothermal. Contrary to
that, non-solvothermal reactions are carried out at temperatures that do not exceed the boiling

point of the solvent under ambient pressure (42).

These reactions allow the control of the nucleation rate and crystal growth through adjustment
of reaction conditions. Common MOFs (Fig. 2.2) such as MOF-5, HKUST-1, and ZIF-8 have
been synthesized at room temperature. Some of these MOFs for example, ZIF-8 and MOF-5
have good chemical and thermal stability (42, 43).

nooc— S—-coon wooc— \—coon
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.\.§--:
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MOF-5 MIL-53 MIL-101 UiO-66
HO COOH
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on COOH
0o ’:;.‘i
MOF-74 HKUST-1 MIL-100 ZIF-8

Figure 2.2: Examples of common MOFs and ligands (32).
2.2.2 Sonochemical synthesis

Sonochemistry is based on the interaction between matter and energy. For a reaction to
proceed, some form of energy is required and, in this case, that energy is supplied by ultrasound

(42, 44). Stock et al (42) described ultrasound as a mechanical vibration with a frequency
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between 20 kHz and 10 MHz. Vibrations occur in cycles and when high energy ultrasound

interacts with liquids, an area of compressions and rarefaction are formed.

Cavities (small bubbles) are formed at low pressure regions (rarefaction). Cavity formation is
a result of a pressure drop below that of the solvent or reactant’s vapour pressure. Under
alternating pressure, the vapor of the solute diffuses into the bubble which grows and
accumulate ultrasound energy until they reach a maximum size at which they become unstable

and collapse, releasing energy rapidly. This process is known as caviation.

2.2.3 Mechanochemical synthesis

The drawbacks of solvothermal techniques is that they require long reaction times and utilize
organic solvents which have serious environmental consequences. To avoid these,
mechanochemical synthesis can be employed. This type of synthesis involves intermolecular

bond breaking followed by chemical transformation (42).

Mechanochemical synthesis (MS) is conducted in solid state or solvent free environment,
whereby coordination and polymerization reactions are a result of mechanically induced
molecular-surface collisions. MS is suitable for large scale synthesis of MOFs with organic

linkers that have poor solubility in common solvents (30).

MS has drawn attention as a green synthesis route because reactions can occur at room
temperature without the use of organic solvents. Reaction times are shortened (10 - 60 min)
with high yields. MOFs that are small in particle size are formed and where metal oxides are

used as precursors, only water is a by-product (30, 42).

There are three ways of constructing MOFs through mechanochemical synthesis. The first
method is known as neat grinding (NG), a method in which the reaction progresses in the
absence of a solvent. The formation of a MOF is accomplished by utilizing oxides/hydroxides
as a metal source which in combination with protons generated by organic ligands form water
as a by-product. Secondly, ligand assisted grinding (LAG) may be used. This method uses
catalytic amounts of liquid phase to increase the mobility of reagents, thus resulting in a quicker
and versatile reaction. Lastly, ion-and-liquid assisted grinding (ILAG) uses small amounts of

solvent with trace amounts of salt derivatives to speed up MOF formation (30, 42).



2.2.4 Microwave assisted synthesis

Energy introduction through microwave radiation is a common technique in synthetic
chemistry, particularly in organic chemistry. Electromagnetic and electronic interactions
between molecules in polar solvents, electrons, ions in solid or solution is the basis of the
method. In the latter case and in the presence of an oscillating electromagnetic field, polar
molecules align themselves while solids form an electric current and the solid’s resistance to
the current is responsible for heating. Thus, when the appropriate frequency is applied, the
Kinetic energy of the system increases due to molecular collisions. MOFs syntheses using
microwave (MW) assisted synthesis has focused mainly on production of nanoscale material,
improvement of product purity, acceleration of crystallization and selective synthesis of

polymorphs (42).

Stock et al (42) reported the first synthesis of MOFs using MW assisted synthesis which
focused on Cr-MIL-100. They recorded a product yield of 44% which was comparable to that
obtained using the conventional synthesis method. Nanosized Cr-MIL-101 (~50 nm) has been
synthesized by optimizing reaction conditions like water, concentration, and pH. It was
reported that size decreased with increase in pH and a decrease in water concentration (45). A
37% vyield was recorded from synthesis of MIL-101 using MW (42, 45). According to Khan et
al MIL-101 was the smallest MOF obtained in fair yield in solid phase (45).

2.2.5 Electrochemical synthesis

In electrochemistry, MOFs serve as catalysts in energy conversion reactions. These include
hydrogen evolution reaction (HER), oxygen evolution reaction (OER) as well as oxygen
reduction reaction (ORR) (40).

The wish to obtain high productivity of MOF HKUST-1 lead to the development of
electrochemical synthesis of MOFs (32, 42). The reaction setup of electrochemical synthesis
of MOFs requires a battery cell which acts as a power supply, an electrochemical medium in
which a cathode and an anode are immersed in. This medium contains the organic linkers and
metal salts needed for formation of a desired MOF (Fig. 2.3) (32).
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Figure 2.3: Electrochemical synthesis of MOFs.

In electrochemical synthesis of MOFs, anodic dissolution is responsible for the continuous
introduction of metal ions to the reaction medium instead of using metal salts. Protic solvents
are utilized to prevent metal deposition on the cathodeand in turn hydrogen gas (H2) is formed
(32, 42).

2.3 Applications of MOFs
2.3.1 Gas separation

Gas separation is carried out for separation of gases that usually consist of elements having
concentrations in the same order of magnitude. The gas uptake ability of MOF-5 was reported
as the property that could make it possible to separate rare gas mixtures through adsorption on
the MOF. Rare gas mixtures are normally found technically under low temperature air

separation units (46).

In contrast to gas purification reactions, three techniques are used to separate gas mixtures.
These are distillation, pressure thermal and thermal swing adsorption-desorption (31). The
noble gas mixture of krypton and xenon (Kr-Xe) has been performed on MOF adsorbentsusing
pressure swing adsorption (31, 46) . Upon gas separation of krypton and xenon, the two can be
marketed individually. Krypton can be used as a filler in lamp industry, while xenon can be

used as a narcotic medical gas (31).

Gas separations are essential for clean energy applications and environmental sustainability.
Natural gas, for example, contains high amounts of acidic gases (H2S and CO2) which we need
to get rid of in order to prevent pipeline corrosion and to increase the heating value. Hydrogen

and carbon dioxide (H2/CO2) separation is important for H2 purifications and pre-combustion
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of COz captured in power plants. Gas separation membranes made up of two-dimensional (2D)
nanomaterials like graphene oxide, transitional metal dichalcogenides (TMDs) and zeolite
nanosheets has been used for gas separation processes. These are highly efficient, which is
attributed to their molecular thickness and extremely low mass-transfer barrier. 2D MOF
nanosheet based membranes have shown some potential in gas separation processes and are
expected to be highly efficient (selective) and attain high productivity (permeability) due to
their well-defined pore structures and nano-meter thickness which recognises small gas

molecules based on shape and size (39).

2.3.2 Biomedicine

The high porosity, tunable pore structure, large surface area and biodegradability of MOFs
makes MOF nanoparticles suitable for host-guest chemistry (34, 39). Evans et al reported on
a drug delivery system that demonstrate desired control of guest encapsulation and release
using MOF nanoparticles and their modified counterparts. For example, nanoparticles of MOFs
Cr-MIL-101 and Fe-MIL-100 were utilized as carriers of biologically active cargo. These were
treated with a dispersion of lipids which led tothe formation of a lipid bilayer around the MOF.
This resulted in the development of a system for dye loaded MOF nanoparticles coated with
the bilayer which was loaded into target cancer cells. The active compounds of the
nanoparticles were delivered inside the cancer cells to carry out their function by triggering
them with a surfactant like triton X-100 (34).

Zhao et al reported on the use of UiO (Zr-MOF) nanosheets for simultaneous and efficient
delivery of cisplatin and pooled small interfering RNAs (siRNAS) to drug resistant ovarian
cancer cells. The large pore size of UiO permits for loading of cisplatin while SiRNA
coordinates to vacant sites on zirconium (Zr) which increases the chemotherapeutic efficacy in
vitro (39).

2.3.3 Sensors

MOFs have proven to be good candidates as detectors of various compounds in aqueous
solution (32). Achievements have been made in the detection of glucose, heavy metal ions,

hydrogen peroxide (H202) etc. owing to developments in nanostructured MOFs that have been
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used as electrochemical sensors. To afford electrochemical sensing capabilities, active ligands

and metals are utilized for the introduction of catalytic and redox active sites to the MOF (40).

Evans et al reported that MOFs possess emission properties and that their tunability renders
them as suitable candidates for sensing of hazardous material such as biomolecules, solvents,
and ions. Five pathways are responsible for the emission property in MOFs, they are metal
based emission, ligand based emission, metal to metal charge transfer (MMCT), metal to ligand
charge transfer (MLCT) and ligand to metal charge transfer (LMCT) (34). 2D MOF nanosheets
were developed to meet the demand for highly sensitive and selective sensors. Due to their

high surface area, they have been used for the detection of adenosine, microRNA and DNA
(39).

2.3.4 Gas storage

Global warming and depletion of fossil fuels inspired research in the field of gas storage and
the exploration of alternative renewable energy resources. Gas adsorption is dependent on the
surface at which molecules adsorb, therefore the surface area and porosity of MOFs allows for
capture of energy rich gases like hydrogen and hydrocarbons (34, 41). Also, MOFs can be used

for capturing carbon monoxide and other greenhouse gases (34).

Hydrogen is considered a clean energy carrier, reason being that on its oxidation in fuel cells
or engines, it only produces water as a by-product. Thus, it is an inexhaustible source of water.
Also, fuel cells that utilize hydrogen as an energy source were reported to have an efficiency
that is more than two-folds when compared to that of internal combustion engines. Regardless
of these attractive attributes, the major drawback lies in the lack of efficient, economical, and
safe systems for hydrogen storage. Since the realisation of hydrogen adsorption on MOFs,
numerous MOFs have been developed and has shown better performances as hydrogen

sorbents compared to other porous materials (47).

Like hydrogen, methane gas is also considered as a clean energy source. Due to its high
hydrogen-to-carbon ratio and low carbon emission, it provides more energy, and its purification
is simpler compared to petroleum oil. Normally, methane is stored in high-pressure tanks.
These tanks are heavy and potentially explosive, therefore the porosity of MOFs prompted their
use as methane storage systems although the first measurement done on MOFs reported limited
uptake. The field of methane storage in MOFs is still developing but at a slower pace than

hydrogen storage (47).
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MOFs have been successfully used for CO2 capture as well in attempt to solve the global
warming issue attributed to high carbon dioxide (CO2) emission due to high energy
consumption. This application takes advantage of the high surface area and porosity of MOFs
(47, 48). The high thermal stability, modifiable chemical functionality and ordered structure of
MOFs also qualifies them as a superior medium for CO2 adsorption (48).

2.3.5 Catalysis

The defined framework of MOFs can be tuned chemically from inside the MOF, this makes
them attractive for catalysis. Compared to conventional homogenous catalysts, MOFs are
heterogenous which deems them fit for recycling and easy removal of the catalyst. MOF based
catalysts can be divided into MOFs with an active site at the metal centre and composites where
the MOF acts as a support for the active catalyst. Structural integrity and rigidity of the
framework is gained from the metal ions functioning as structural nodes. These may however

serve as sites for catalysis, depending on the coordination environment (34).

Catalytic reactions in which MOFs have shown promise include electrocatalysis, and
photocatalysis. In photocatalysis, a reaction relies on the conversion of solar energy to chemical
energy (32) while in electrocatalysis a chemical reaction occurs at an electrode-analyte
interface. Catalytic reactions on MOFs have been used for water remediation, water oxidation,
H2 and CO2 generation among others. Due to their good porosity and high surface area which
can provide multiple metal sites for electrocatalytic reactions, MOFs have shown potential as

substitutes for the scarce and cost inefficient platinum-based catalyst (32, 40).

2.3.6 Photovoltaic cells

Photovoltaic (PV) cells have gained a lot of attention as a green energy source. Regardless of
the silicon solar cell that have been commercialized, more efficient charge separation is still
required to increase the conversion factor of solar energy to electric energy. As a result, MOFs
have been considered for this application (41). For example, MOF-5 was tested as an active
material in a solar cell in the absence of a photosensitizing dye and an electrolyte that increases
charge transport and prevents electron-hole recombination. A photocurrent was observed when
the MOF-5 cell was illuminated with light from a solar simulator which indicated the

conversion of solar energy to electrical energy (49).
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In solar cells MOFs have been utilized to improve device performance by incorporating their
powders into other materials such as perovskites to form composites (50, 51). However, on
their own MOFs allow for the construction of novel materials by modifying the properties of
the organic compounds used as SBUs. An example of this is the fabrication of solids based on
porphyrin which has a high efficiency for absorbing visible light and converting it to electric
energy (52, 53).

MOF based PV devices have been constructed following two concepts that involve the use of
surface supported MOFs (SURMOFs), that being (a) all solid state SURMOF PV (b) dye
sensitized solar cell (DSSC)-like SURMOF PV. A variety of compounds have demonstrated
that SURMOFs and MOF thin films are suitable as photoactive layers in PV devices (52).

2.4 Porosity of MOFs
2.4.1 Porosity and specific surface area

In order to understand the physical properties of MOFs we first need to familiarise ourselves
with the basic concepts of porous materials. In 1994, the International Union of Pure and
Applied Chemistry (IUPAC) made this easy for all scientists when they published a report
titled “Recommendations for the characterization of porous solids”. This report describes a
porous solid as a solid pore with cavities, channels or interstices, that are deeper than they are
wider (54). Size is the major parameter for distinguishing between different porous solids

which are grouped into three subclasses (54-56):

1. Micropores: Pore width is lesser than 2 nm.
2. Mesopores: Pore width is between 2 and 50 nm.

3. Macropores: Pore width is greater than 50 nm.

MOFs have a high surface areas and pore volume. The porosity of a material is measured with
its specific surface area (S). This is the area accessible on a solid surface per unit mass of that
material denoted with the unit m2.gl. The Brunauer-Emmett-Teller (BET) theory is the
standard method applied for determining the specific surface area of porous materials (54, 56).
The specific surface area is measured with nitrogen gas sorption (adsorption and desorption)
isotherms obtained at 77 K (54, 57). It is significant to note that BET analysis relies on the

assumption that adsorption occurs by multilayer formation and that the number of adsorbed
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layers is infinite at the saturation pressure, that is, adsorption occurs as if on a free surface (57).
Adsorption isotherms are used to describe how adsorbates interact with porous materials and
optimize their use. IUPAC classified adsorption isotherms into six main group (Fig. 2.4), with

the first five types initially proposed by Brunauer and co-workers (58).
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Figure 2.4: UIPAC adsorption isotherm classification (58).

Type | also known as the Langmuir isotherm is characteristic of microporous materials. It
indicates an adsorption process with low affinity for the adsorbate while the plateau represents
monolayer coverage, a typical behaviour for chemisorption during which the asymptotic
approach to a limiting quantity shows that all of the surface sites are occupied. The reversible
isotherm may be divided into two groups, type la being a result of microporous materials
primarily having narrow micropores while type Ibis observed with materials having pore size
distributions over a broader range (58). Type Il isotherms (BET isotherms) are observed with
physisorption and are commonly encountered when adsorption occurs on macroporous or non-
porous powders. The inflection point (knee) on this isotherm termed ‘point B’ indicates
completion of monolayer coverage and the onset of multilayer adsorption. Type 111 isotherms
(Freundlich isotherms) are characteristic of microporous or non-porous solids due to weak
attractive forces. This feature allows minimum uptake in the beginning but upon adsorption of

a single molecule, the weak adsorbent-adsorbate interactions, promote clustering of adsorbed
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molecules around the most favourable site on the solid surface. Monolayer and multilayer
adsorption on mesoporous materials is describe by type 1V isotherms. During adsorption there
is an increase in adsorbate uptake as the pores are being filled. This may be observed with an
increase in the slope. The knee of this type of isotherm generally occurs towards complete
adsorption of the first monolayer, that is, towards the beginning of multilayer adsorption (58,
59).

Similarly, to type | isotherm, Type IV is also divided into two groups. A hysteresis loop is
evident in a type 1VVa isotherm and is linked with the occurrence of pore condensation when
the pore diameter surpasses a certain critical diameter that is dependent on the adsorption
system and temperature. For simplicity, it worth noting that the first part of the isotherm
corresponds to the type 11 isotherm in a non-porous form. Type Vb isotherms are observed for
conical and cylindrical mesopores that are closed at the tapered ends. Type V isotherms which
indicates pore condensation and hysteresis can be obtained with microporous or mesoporous
solids (58). The initial part of this isotherm is identical to type 111, indicating relatively weak
interaction between the adsorbent and adsorbate. Lastly, type V1 isotherms are borderline cases
between the two or more aforementioned types. It is associated with rare layer-by-layer
adsorption on a highly uniform non-porous surface and can be identified with steps, whose
height represents the capacity of each adsorbed layer and its sharpness is dependent on the

system and temperature (58, 59).

2.4.2 Pore volume and size distribution

Another important variable of MOFs that can be measured using BET analysis is pore volume
(Vp). This is the total accessible volume per gram of adsorbent material given in the unit cm3/g.
The distribution of this volume with respect to the pore size is known as pore size distribution,
which is an important property as it controls the diffusion of adsorbates into porous materials
(54, 56). This concept assumes that the pores are cylindrical, therefore the size in question is
the pore radius (rp). Thus the pore size distribution is represented by the derivative dVp/dmp
(54).

16



2.5 Zeolitic imidazole frameworks

Microporous materials with crystalline topologies analogous to that of zeolites exist as a
subclass of MOFs. These are known as zeolitic imidazole frameworks (Z1Fs). These were first
reported by Chen et al and Yaghi et al almost concurrently in the early 2000s. ZIF structures
are built through the connecting of 4 tetrahedral units (60-63). Unlike in zeolites, tetrahedral
Si and Al are replaced by transitional metal ions Zn2* or Co2* while the bridging O is replaced

by ligands derived from imidazolate (63).

Similar to zeolites, ZIFsare characterized by large cavities connected through small windows.
This class of MOFs have rapidly become materials of interest due to their low toxicity, good
biocompatibility, low cost, and exceptional chemical and thermal stability making them
capable of diverse applications such as gas adsorptionand storage, heterogenous catalysis, drug
delivery and chemical sensing (60-62, 64). Our study will focus on ZIF-8, a widely investigated
ZIF because it combines desirable properties of both zeolites and MOFs (60, 65).

2.5.1 ZIF-8
2.5.1.1 Properties of ZIF-8

ZIF-8 is composed of zinc ions coordinated with 2-methylimidazole (Hmim) in a tetrahedral
geometry giving the chemical formula Zn(mim)2 . Since zinc possesses a bivalent metal centre
and has a tetrahedral geometry, imidazolate ligands use two coordination sites on the metal
resulting in the formation of different cyclic rings. These rings are further connected via the
remaining coordination sites into 3-dimensional (3D) MOFs with sodalite (SOD) topology (66)
and a large pore diameter of 11.6 A that is accessible through small apertures with diameters
of 3.4 A (60, 67-70).

In essence, coordination is enabled by deprotonation of the imidazole ligand. Imidazole is a
five-membered heterocyclic compound which can be deprotonated to form an azolate anion.
By doing so, each nitrogen atom can ligate to the zinc metal ion. The two nitrogen donors of
the imidazole (im) ligand are oriented at an angle of 135°-145°. Within the imidazole bridging
range, the octagon, nonagon, and decagon geometries requires angles 135°, 140° and 144°

respectively (66, 71). The bridge of the imidazole ligand to zinc at an angle close to 145°
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corresponds with the bridging angle of Si-O-Si that is found and preferred in many zeolites

(71) (Fig. 2.5). Thus, for ZIF-8 we expect a decagon geometry.
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Figure 2.5: Bridging angles in (a) metal imidazole (b) zeolites.

2.5.1.2 ZIF-8 crystal structure

ZIF-8 crystals are characterised as having rhombic dodecahedral (RD), truncated rhombic
dodecahedral (TRD) or cubic morphologies (63, 64, 67, 72)(Fig. 2.6). The formation of cubic
ZIF-8 crystals indicate the beginning of crystal growth in the [100] facet orientation.
According to Wulff’s rules, the final RD morphology of ZIF-8 in its most thermodynamically
stable state is determined by the slowest growing direction [110] (63, 73). RD shaped ZIF-8
crystals can be described as a polyhedral with twelve rhombus-shaped facets. If the vertices of
such a polyhedron are cut, a TRD ZIF-8 crystal is formed. In simple terms the intermediate
TRD shaped crystal may be described as a RD with square cuts in the six [100] vertices and is

a consequence of incomplete crystal growth (63, 74).

Figure 2.6: lllustration of change in ZIF-8 crystal morphology withtime (a) cube (b) truncated

cube (c and d) truncated rhombic dodecahedron (e) rhombic dodecahedron (72).

The crystal growth process may be controlled during synthesis in order to obtain a specific
desired shape. This may be achieved by using capping agents, which when adsorbed on the

surface of a crystalline facet do not only have an effect on the shape of the crystal but inhibits

18



crystal growth as well. In the case of ZIF-8, growth inhibitors also facilitate the formation of
stable colloids by preventing aggregation. Intentionally hindering the growth process of ZIF-8

crystals may be useful for various applications (63, 73).

2.5.2 ZIF-8 synthesis

Great effort has been made in the development of synthesis procedures for ZIF-8 in high purity
and in an environmentally friendly manner. The solvothermal method in different organic
solvents is typically used for the synthesis of ZIF-8. Alternatively, sonochemical, microwave,
mechanochemical, microfluid and dry gel synthesis may be used to prepare ZIF-8 crystals with
ease, at low cost with improved yields (62, 67, 69). Yaghi’s group first synthesized ZIF-8 using
the solvothermal route with heating (140 °C) in dimethylformamide (DMF) fora period of 24

hours, with an intent of investigating the chemical and thermal stability of the framework.

While doing so, the porosity of the framework was demonstrated. A surface area of 1947 m?/g
and a and pore volume of 0.663 cm?/g was reported. However, solvent effects were observed
on introduction of an organic solid molecules in the SOD cage (67, 71). Apart from the solvent,
recent reports have shown that there are other factors to consider during ZIF-8 synthesis that
influence the size and morphology of crystals which in turn will determine the application of
the MOF. Therefore, in addition to solvent effects we will highlight the effect of reactant
concentration, temperature, metal source and added surfactant during ZIF-8 synthesis.

2.5.2.1 Solvent effect

DMEF is one of the organic solvents that have been used in the synthesis of ZIF-8. However,
the solvent can be trapped inside the aperture of the SOD cage due its large molecular size. To
rectify this, DMF can be removed from the pore network through solvent exchanged. DMF can
be replaced with methanol, reason being that methanol molecules have a smaller diameter than
DMF. The solvent influences crystal morphology significantly because the rate of crystal
growth and mass transport can be altered by the depletion and movement of ions that promote
crystal growth at the crystal/solution interface. Most researchers have reported the synthesis of
ZIF-8 in other organic solvents, however, organic solvents may pollute the environment and
can also pose great risk resulting from their flammability and toxicity. Therefore, water is the
best choice of solvent for ZIF-8 synthesis (65, 67).

19



Water has smaller molecules than the SOD cage of ZIF-8 and it also promotes a rapid depletion
rate as opposed to when methanol is used which results in the formation of ZIF-8 crystals with
a large size and in some cases may be aggregated (65). The initial report of ZIF-8 synthesis in
aqueous solution was performed at room temperature and the crystals obtained exhibited poor
porosity and low surface areas as compared to those synthesized in organic solvents (75). This
suggested that amorphous compounds were formed as by-products. Eventually, Tanaka’s
group managed to prepare pure crystals under the same condition, but it required excess of the
imidazole source which in turn will influence the crystal size of ZIF-8 in aqueous solution (67,
76).

2.5.2.2 Reactant concentration

Colloidal particles are formed through crystallization, however the nucleation rate determines
the size of the particles formed. Rapid nucleation leads to the formation of a large number of
nuclei and slows down crystal growth which in turn results in formation of small sized particles.
Slow nucleation on the other hand has the opposite effects, yielding particles that are large in
size. The nucleation rate is dependent on the reaction rate between the ligand and metal ions to
form a coordination complex (77). Therefore, size control of ZIF-8 particles can be controlled
by regulating the concentration of the reagents. This can be achieved in two ways (a) changing
the reactant ratio by adjusting the concentration of either one of the reactants and (b) adjusting
the concentration of both reactants at a constant ratio. Increasing the concentrations of both
Zn?* and 2-Hmim simultaneously promotes both nuclei growth and nucleation of ZIF-8,
whereas increasing the concentration of either Zn2*or 2-Hmim enhances ZIF-8 nucleation but

hampers nuclei growth leading to the formation of small ZIF-8 particles (61, 67).

The use of excess Hmim can be used toexplain ZIF-8 formation, reason being that Zn?* is most
likely to undergo hydrolysis and many other side reactions. Thus, ZIF-8 formation begins with
Hmim deprotonation followed by formation of Zn(mim)z. In its deprotonated form Hmim can
act as a linker while in its neutral form it can act as a stabilizer. While ZIF-8 crystallization
drives deprotonationof Hmim, having excess of the neutral form in solution terminates crystal

growth, resulting in the formation of small ZIF-8 particles (78, 79).
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2.5.2.3 Temperature effect

The first time Chen et al synthesized ZIF-8 at room temperature it took a month while Yaghi’s
method at 140 °C only took 24 hours. This can be partially attributed to the high temperature
which has an impact on the crystallization process (71, 80). ZIF-8 particle size and shape can
be controlled through temperature adjustments which was demonstrated by comparing two
experiments, one performed at room temperature and another in an ice bath. ZIF-8 nucleation
was driven by supercooling instead of supersaturation. A reduction in the reaction temperature
increased supercooling which induced a big drop in Gibbs energy thus enhancing nucleation
over crystal growth. Therefore, ZIF-8 crystals synthesized in the presence of ice were smaller
in size compared to those synthesized at room temperature. Nuclei growth of ZIF-8 was further
hindered by low reaction rate at low reaction temperature which also confirmed that nuclei
growth was strongly suppressed. The purification process also influenced the particle size.
Under both conditions, the particle size increased with time although ZIF-8 particles
synthesized at room temperature were still larger than those synthesized in the presence of ice.
This is a result of a strong centrifugal forces that bring the ZIF-8 particles together thus grow
larger through further framework connections between smaller particles. Both methods did
however exhibit comparable yields. Therefore, the size of ZIF-8 particles can be controlled

without sacrificing yields (61).

The effect of reaction temperature was also investigated under heating where one reaction was
carried out at 80 °C and the other at 140 °C. ZIF-8 with a RD geometry was obtained at 80 °C
and a TRD geometry was observed at 140 °C. Controlling the reaction temperature alters the
degree of saturation which changes the growth rate of each crystallographic face of ZIF-8. The
RD resulted from a high degree of saturation which induces rapid growth on the [100] facets
and delays growth on the [110] facets. The resulting RD structure at 80 °C is in accordance
with Bravis’ rule, which stipulates that rapid growth on the [100] facets will lead to an
expansion of the slower growing [110] faces and shrinkage of the other crystallographic faces.
On the other hand, lower levels of saturation most likely led to immediate growth rates of the
[100], [110] and [111] crystallographic faces yielding TRD shaped ZIF-8 (81).
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2.5.2.4 Metal source

A variety of zinc salts have be used in ZIF-8 synthesis, notwithstanding the advantages metal
salts offer with respect to processability, as a metal ion source, metal salts have been utilized
to manipulate the crystal size and morphology of ZIF-8 (82). Reactivity of the metal in solution
determines the size of ZIF-8 crystal. In methanol, small sized ZIF-8 particles can be generated
in the presence of Zn(NO3)2 as the metal source. This is due to relatively weak solvation of the
Zn?* jon in methanol which drives quick nucleation and coordination between the metal ion
and ligand. Substituting Zn(NO3)2 with Zn(CH3COO)2 slows down the speed at which ZIF-8
crystals are generated drastically, resulting in the production of ZIF-8 crystals that are large in
size. The strong interaction between (CH3COO) and Zn?* paired with the weak solvation of
the metal ions in methanol prohibits rapid nucleation. Hence medium sized particles can also
be obtained using Zn(CH3COO)2 in methanol by limiting interaction between the solvent and
the metal ion. This strategy involves mixing the metal salt and withthe ligand prior to addition
of the solvent. This reduces solvation time of the Zn?* in solution as Hmim immediately reacts

with the metal ion upon the addition of methanol (67).

Schejn et al also investigated the role of different zinc sources in ZIF-8 synthesis at room
temperature and in the presence of methanol. They used Zn(acac)2, Zn(AOcC)2, ZnBry,
Zn(ClOa)2,ZnCl2, Znl2, (ZnNO3)2 and ZnSO4 as metal precursors. In their report they evaluated
the relationship between crystal grown rate, size, and morphology. It was evident that crystal
morphology evolves with time resulting in cubic structured crystals changing to intermediate
shapes and finally to a stable rhombic dodecahedral morphology. With respect to size, using
Zn(acac)z, Zn(ClOa4)2, (ZnNO3)2and ZnSO4yielded nanosized crystals with sizes ranging from
50 to 200 nm. ZIF-8 crystals with sizes between 350 and 650 nm were observed when
Zn(AOcC)2, ZnClz, and Znl, were used. Lastly, micro-sized crystals were obtained with ZnBr
as a precursor. Their study also demonstrated that changes in particle size and morphology has
a significant impact on adsorption properties and catalytic activity of ZIF-8, with crystals
attained from Zn(NOs3)2 having the highest BET surface area and unsurpassed catalytic activity

in Knoevenagel and Friedlander condensation reaction models (82).

2.5.2.5 Effect of added surfactant

Surfactants have also been utilized for modulating the size and morphology of MOFs. They do

this by acting as capping agents during the early stages of crystal growth.
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Cetyltrimethylammonium bromide (CTAB) has been used for this purpose during the
formation of ZIF-8 crystals in aqueous solution. It has been demonstrated that the addition of
a small amount of this surfactant in an aqueous system during ZIF-8 synthesis results in a
change in morphology from the typical RD shape to a TRD shape with a decrease in mean
particle size. When the concentration of CTAB concentration is increased the particle size
decreases from a micromitre to a nanometre range with another change in morphology, now
from TRD to truncated cubes (TC). A further increase in CTAB concentration only leads in a
further decrease in the particle size while the TC morphology is maintained. On the other hand,
the TRD morphology in ZIF-8 particles may be maintained by controlling both the ligand and
capping agent concentration which in turn tunes the particle size. Therefore, the caping effect
of CTAB is attributed to competition between the surfactant and the ligand in interacting with
the zinc ions (73, 83, 84). The surface area and pore volume of ZIF-8 crystals formed in the
presence of a surfactant in aqueous media is similar to that obtained when synthesis is

performed in organic solvents suggesting that the crystallinity is also maintained (73, 84).

In order to understand therole of the quaternary ammonium head, hydrocarbon tail and counter
ion of CTAB in ZIF-8 synthesis, Pan et al synthesised ZIF-8 in the presence of three other
surfactants, that is cetyltrimethylammonium chloride (CTAC), trimethylstearylammonium
chloride (STAC) and tetrapropylammonium bromide (TPABr). Unlike CTAB, TPABr does
not have a hydrocarbon tail while CTAC is similar to CTAB in that regard but contain a
different anion. Similar to CTAC, the chloride ion is found in STAC, but the hydrocarbon tails
of these surfactants differ. Pure ZIF-8 crystals can be obtained fromall three surfactants. Using
CTAC and STAC has the same effect as CTAB as these two surfactants also change both the
crystal size and morphology while these properties do not change much with the use of TPABr
regardless of its concentration. Thus, we can speculate that the long hydrocarbon chains are
responsible for controlling the morphology and size of ZIF-8 crystal while the counter anions
only changes the size of the crystals (73). In addition to these surfactants,
tris(hydroxyethyl)aminomethane (TRIS) has been used to control the crystal morphology of
ZIF-8 nanocrystals because it preferentially adsorbs on the [111] facet giving rise to octahedral
shaped crystals unlike CTAB which stabilizes the [100] facet resulting in a TC morphology
(85).
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2.6 Zirconium based MOFs

In 2008, Professor Karl Peters from the Chemistry department at the University of Oslo
developed a zirconium (Zr) based MOF and named it UiO-66 (ZrsO4(OH)4(CO2)12) (86, 87).
Isoreticular expansion of UiO-66 using elongated linkers resulted in the formation UiO-67 and
UiO-68. The benzene dicarboxylate (BDC) ligand used for UiO-66 synthesis was replaced with
biphenyl-dicarboxylate (BPDC) to form UiO-67, and terphenyl dicarboxylate (TPDC) to
obtain UiO-68 (88). The UiO MOF series has not only gained interest due to its stability and
porosity, but its derivatives can also be synthesized with ease at a low cost. Initially, the UiO
MOF series was obtained as polycrystalline powders, and their structures were determined
using PXRD (86). The UiO-66 derivatives have a much higher surface area, but UiO-67 is less
stable in aqueous media or moisture compared to UiO-66 (89). This work will report on the

parent compound which is discussed below.
2.6.1 UiO-66 crystal structure and properties

UiO-66 was synthesized by connecting 1,4-benzene dicarboxylate (BDC) to twelve
Zrs04(OH)4 clusters forming a closed packed cubic structure in which the triangular faces of
the Zrs octahedron are capped by ps3-O and p3-OH groups alternatively (87). The robust porous
material with a face centred cubic crystal structure is composed of large octahedral
microporous cages which are centres to small tetrahedral cages with diameters, 11 A and 8 A,
respectively. Asseen in Fig. 2.7 these two cages are linked through narrow triangular windows
that are approximately 6 A in diameter (90, 91).

Figure 2.7: lllustration of the crystal structure of UiO-66 indicating the octahedral (blue
sphere) and tetrahedral cage (green sphere) (91).
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The MOF has a high surface area, high thermal stability with a decomposition temperature
above 500 °C and also shows chemical resistance in organic solvents such as acetone, benzene,
DMF and in aqueous media. The stability of the MOF is attributed to the 12-fold coordination

which is the highest coordination number reported for clusters (87, 92, 93).
2.6.2 UiO-66 synthesis

Highly crystalline UiO-66 with a high BET surface area of approximately 1200 m2/g was
obtained when the MOF was synthesised using zirconium chloride (ZrCls) as a metal source
(90, 91). Owing to the high porosity, and high surface area, UiO-66 can be used for several
applications which can be expanded by functionalizing the MOF or forming composites using
metals and nanoparticles (89). However, conventional synthesis of UiO-66 using zirconium
chloride (ZrCls) hinders its usage as it leads to the production of hydrochloric acid (HCI) which
makes it a challenge to encapsulate HCI sensitive materials such as gold nanoparticles
Zirconium propoxide (Zr(OnPr) can be used as an alternative to ZrCls (94). Exercising control
over MOF synthesis is essential in ensuring reproductivity of the physical properties of the
MOF which include porosity, crystallinity, particle size and morphology. We will discuss on
how the solvent, reaction time, temperature, and addition of a modulator influences some of

these properties during UiO-66 synthesis.
2.6.2.1 Solvent effect

The low thermal stability of many MOFs make them unsuitable as adsorbents at high
temperatures predominantly in the separation of CO2 from flue gas. The synthesis of the UiO-
66 MOF with good thermal stability allowed for its use in gas adsorption. A nanosized Zr-MOF
was synthesized by Abid et al (95) and used it as a hydrogen and CO2 adsorbent. The UiO-66
MOF with enhanced surface area and thermal stability was synthesized through the solvent-
exchange activation process. The process involved immersing UiO-66 synthesised using DMF
in chloroform for a few days. Following filtration and vacuum drying, the activated MOF was
used for adsorption of hydrogen and CO: at different temperatures. The use of chloroform for
solvent exchange is efficient for the removal of DMF and unreacted BDC from the MOF pores

improving porosity, surface area and enhancing the gas adsorption capacity of the UiO-66.

After reporting the effect of the solvent exchange activation process in UiO-66 synthesis,
Abid’s group investigated the effects of ammonium hydroxide (NHsOH) addition in the

synthesis solution. The cubic morphology of Zr-MOFs was maintained with NHsOH
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modification. The NH4OH modified Zr-MOF (Zr-MOF-NH34) did not cause a significant
change in the in the crystallite structure but the particle size of the MOF was reduced . Addition
of the base increased BDC solubility and prevented the metal ion from aggregating to form
large crystals. The BET surface area and pore volume of Zr-MOF-NH4 were slightly lower
compared to Zr-MOF but the thermal stability of the MOF was not sacrificed. A small
reduction in gas adsorption capacity was observed with Zr-MOF-NH4, however selectivity of

the MOF towards carbon dioxide and methane was enhanced (96).
2.6.2.2 Reaction time

The heating temperature and time used for MOF synthesis affects the crystallization process.
Many researchers have synthesized UiO-66 at 120 °C for 24 hours in DMF. Rahmawati et al
(97) investigated the effect of reaction time in the solvothermal synthesis of UiO-66 at 140 °C
and different time intervals. The reactions were performed at 6, 12, 24, 36, 48, 72 and 144
hours. They observed that increasing the reaction time up to 72 hours increases the weight of

the crystals, thereafter weight loss of the crystal was observed.

The XRD results obtained showed that UiO-66 with good crystallinity can be formed within 6
hours of heating. Heating hours above 24 hours indicated a change in the XRD pattern and
intensity. New peaks were generated indicating a phase change which were consistent with the
SEM results that showed a cubic morphology after 6 hours of heating and a needle like
morphology after 72 hours of heating. Although 72 hours of heating produced an optimum
weight, the group concluded that running the reaction for 6 hours was the best at 140 °C as the

crystallinity and morphology corresponded to those reported for standard UiO-66 (95).
2.6.2.3 Temperature effect

Shearer and co-workers (98) investigated the effect of the reaction temperature on thermal
stability of UiO-66. In their study, UiO-66 was synthesized varying the temperature between
100, 160 and 220 °C for 12 hours. They reported that UiO-66 synthesized at 220 °C with a 2:1
BDC:Zr ratio as opposed to the standard 1:1 ratio yielded the best thermal stability up to 350
°C. It was concluded that the reactant ratio had no significant effect on the thermal stability of
the material. Therefore, thermally stable UiO-66 with good crystallinity can be synthesized at

higher temperatures within a short period of time.
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Contrary to the high stability of UiO-66 synthesized at high temperatures, producing Zr-MOF
with regular crystalline morphology can be a challenge. Zhao et al (99), managed to solve this
problem by synthesizing UiO-66 at 50 °C. This was done in a water bath to allow crystallization
to proceed under static conditions resulting in the formation of octahedral nanocrystals. The
octahedral shaped crystal were about 150 - 200 nm in size. Thus, low temperature synthesis
did not only afford UiO-66 with a well-defined morphology but also controlled the size of the
MOF crystals without compromising the high surface area or thermal stability of the MOF.

2.6.2.4 Effect of added modulator

Zr-MOFs reported in literature have typically displayed morphologies compromising of
aggregated irregular inter-grown polyhedral microcrystals, resulting from the high charge
density of Zr (1) which polarizes the Zr-O bond. Polymerization of the Zr-O bond slows down
the ligand exchange reaction between Zr clusters and carboxylate ligands (100, 101). This has
led to the formation of UiO-66 with disordered phases and low surface area, limiting its
application in hydrogen adsorption. Kitagawa et al demonstrated a modulation approach for
MOF synthesis which inspired the modulated synthesis of Zr-MOFs. Modulated synthesis
refers to the regulation of the coordination equilibrium by introducing a substance with similar
chemical properties as the organic ligand and competes with the ligand for coordinating to the
metal ion. Modulated synthesis has proven to improve reproducibility of synthesis procedures,

tune the size, morphology and crystallinity of the MOF (101, 102).

Monocarboxylic acids (MAs) are normally used for modulated synthesis of MOFs. Formic acid
has been used as a modulator for UiO-66 synthesis, yielding UiO-66 with relatively higher
crystallinity within 2 hours. The products were reproducible and larger crystals were obtained
at longer reaction times. The Zr-MOF exhibited high stability in aqueous media, high thermal
stability, comparable surface area and hydrogen storage capacity to literature values. A change
in morphology and crystallite size was observed with an increase in the concentration of the
modulator. Octahedral shaped particles around 100 nm in size were attained with 50
equivalents of formic acid while octahedral crystals with sharp edges in the range of 1-3 um
were synthesized when the concentration of the modulator was doubled (103). Acetic, benzoic
and hydrofluoric acid have also been used as modulators for UiO-66 synthesis. Behrens’ group
produced single octahedral shaped crystals using benzoic acid as a modulator. The size ranged
from 85 nm to 200 nm with an increase in modulator concentration (100). The UiO-66 crystal

could be tuned from small, truncated cubes to large cuboctahedra with sizes between 150 nm
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and 7 um when hydrofluoric acid was used as a modulator. The porosity and thermostability

of UiO-66 was improved on the introduction of fluorine ions (104).

Inadditionto gas storage, UiO-66 has shown promise as a material for biomedical applications
due to its exceptional chemical stability and biocompatibility. Therefore, upon realising that
the pore size might be controlled by varying the alkyl chain length of the organic ligand and
concentration of a modulator, Wang and co-workers (105) developed a strategy in which
dodecanoic acid and triethylamine (TEA) we used as co-modulators for controlling the size
and porous structure of UiO-66. The purpose of the base was to increase the deprotonation
degree of the carboxylic group on the coordinating ligand and consequently shorten the
nucleation period, yielding crystals with a narrow size distribution while the acid controlled
the particle size. With the aid of TEA, mesoporous UiO-66 (mesoUiO-66) was synthesized,
and the crystal size was tuned within the range of 40 - 270 nm. Taking advantage of the large
pore size, and the ability to accommodate a model protein of cytochrome C (Cyt ¢), mesoUiO-
66 served as a delivery agent for the protein and regulated its release from the endosome into
the cytoplasm. Evaluation of the size dependent cellular uptake showed that mesoUiO-66 with
particle that are 90 nm in size could be endocytosed in living cells with high efficiency, making

mesoUiO-66 a promising delivery system for membrane-impermeable biomolecules .
2.7 MOF Composites and their applications

Most MOFs are insulators or semiconductors with poor electrocatalytic activities which limits
their application in electrochemistry. The poor conductivity and electrocatalytic abilities of
some MOFs has allowed researchers to explore further on how to make the most of the
ultrahigh surface area, high porosity, thermal and chemical stability of these MOFs which led
to the development of hybrid structures. Composite formation can improve the conductivity
and catalytic activity of MOFs like ZIF-8 and UiO-66 making them good candidates for
electrochemical sensing, photocatalysis, drug delivery and other applications which we will
discuss in the next section (106-108).
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2.7.1 MOF composites as drug carriers

There has been a lot of progress made in the pharmaceutical industry as new drugs are being
developed. This include the development of drug delivery systems which aim at improving
drug efficacy, effectiveness, and safety in vivo. Drug delivery systems may come in the form
of a small carriers and formulations that introduce the therapeutic drug to the body. Carrier
based drug delivery systems in particular are known to protect the therapeutic molecule while
improving its bioavailability, preventing biodegradation, decreasing toxicity and controlling
drug plasmatic levels in the body (109).

Over the years drug delivery carriers such as polymeric nanoparticles, micelles, liposomes, and
porous solids have been studied. With each carrier possessing its own benefits and short
comings, MOFs were considered as one of the suitable candidatesfor drugdelivery. However,
for this to be possible it is required that they are non-toxic, biocompatible, and chemically
stable to a certain degree . Anticancer drugs are the most popular drugs that have been loaded
on MOFs and their drug releases kinetics have been studied. ZIF-8 has been used as drug a
carrier. Anti-tumour drug, 6-mercaptopurine (6-MP) has been loaded inside ZIF-8 and the
composite has been investigated for its drug release properties. On its own, 6-MP has a short
plasma half-life and suffers from poor bioavailability. The drug delivery study of 6-MP through
6-MP@ZIF-8 composites showed that at neutral pH the drug is released after 7 days while at
pH 5 it was released after 10 hours. The acidic pH mimicked the internal environment of cancer
cells and it has been demonstrated that ZIF-8 decomposes in acidic pH, hence monitoring pH
closely can aid in controlling decomposition of ZIF-8 resulting in the release of the drug in

tumour cells without affecting the normal ones (110).

In cancer treatment drug delivery systems are meant to minimize the side effects of
chemotherapy without causing harm to healthy cells. Owing to the attractiveness of ZIF-8 for
drug encapsulation, transportation and selected pH mediated release, another antitumor agent,
doxorubicin (DOXO) has been incorporated into ZIF-8 through surface adhesion and released
into tumour cells upon increase in acidity of the surrounding environment. However, the
DOXO-ZIF-8 composite showed lower cytotoxicity to tumour cells compared to pure
doxorubicin therefore it was essential to improve the therapeutic profile of the drug. For this
reason, Sharsheeva et al further enhanced the effect of the composite in neuroblastoma (IMR-

32) cells by depositing it onto photosensible titanium dioxide nanotubes (TNTSs) to accelerate
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further control of the pH mediated release of DOXO using ultraviolet (UV) light. The DOXO-
ZIF-8-TNT model demonstrated that the viability of tumour cells can be supressed effectively

in less than an hour (111).

Considering the high loading capacity of ZIF-8 and magneticity of Fes3Oas, another
nanocomposite was fabricated and used as a drug carrier for controlled release of DOXO to
tumour cells. The Fe304-ZIF-8 composite was detectable using magnetic resonance imaging
(MRI), minimized cytotoxicity of the drug, reduced viability of hepatocellular carcinoma
(HCC) cells, and also promoted tumour cell apoptosis. Thus, Fe304-Z1F-8 can be used for HCC
therapy (112). Fe3O4 nanoparticles (NPs) have also been combined with UiO-66 for DOXO
delivery by forming Fe3Os@UiO-66 core shell composites. Fabrication of these composites
did not only rely on the biocompatibility of the FesO4NPs and the compound’s prevalence in
MRI but also exploited the numerous metal sites, open cavities and amphiphilic property of
Ui0O-66 which permits strong coordination between the hydroxyl groups in the drug and metal
centres in UiO-66. Also, UiO-66 showed a relatively low toxicity, thus when tested in vitro
and in vivo the FesO4@UiO-66 nanocomposite showed outstanding tumour size inhibition and
high cancer cell mortality indicating effective drug delivery. Therefore, the composites show

promise in cancer diagnosis and therapy (113).

2.7.2 MOF composites in photocatalysts

Immense attention has been given to the development of heterogenous catalytic systems for
the degradation of photo-active pollutant molecules during water remediation. Semiconductor
nanoparticles are one of the materials that have been studied extensively for this purpose. In
this pool, titanium oxide (TiO2) was the most preferred because of its low production cost, flat
band structure, ease to apply in ambient to harsh conditions and its non-toxicity. The basis of
the photocatalytic mechanism of TiO2 involves the generation of an electron-hole pair in the
conduction and valence band of the material which interact through columbic forces and
produce excitons. These excitons catalyse the degradation of pollutants such as dyes by
dissociation. This is possible in the presence of UV radiation which provides enough energy
for the process. This is not the case in the presence of visible light as it does not provide enough
energy for exciton generation, instead in aqueous solution TiO2 NPs produce reactive oxidative
species (ROS) from dissolved and aerial oxygen and the exciton energy is transferred to these

species.
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ROS further oxidise dyes and pollutant molecules in order to degrade them and this mostly
results in mineralization, or dye molecules are degraded when the hole reacts directly with the
dye. In an attempt to solve this problem, TiO2 NPs have been encapsulated in different MOFs
which resulted in partial loss of activity in the NPs and chemical instability of some MOFs.
ZIF-8, however, was found to be a good encapsulation agent because of its thermal and
chemical stability therefore Chandra and colleagues fabricated a TiO.@ZIF-8 composite.
Combining the two resulted in enhanced photocatalytic degradation of dyes in visible light and

the composite still retained high catalytic efficiency after several cycles (114).

The dependence of most photocatalysts on UV radiation has limited their application.
Emerging research has introduced a new generation of catalysts that are sensitive to visible
light such as molybdenum disulphide (MoS2) and graphitic carbon nitride (g-C3Na). g-C3Nas is
an organic semiconductor with high chemical and thermal stability that is synthesised from
cheap precursors. It is suitable for a variety of photocatalytic application which are limited by
high exciton recombination and low surface area of the material. To correct this, a strategy that
combines adsorption and photocatalysis was developed. Taking advantage of the high surface
area of ZIF-8, g-C3N4 was anchored on ZIF-8 forming a photo-generable bifunctional
composite for removal of harmful water contaminants without the requirement of a secondary
remediation process. The composite exhibited a high adsorption capacity for tetracycline
antibiotics through m-m and electrostatic interactions between the aromatic groups of the
composite and the pollutant antibiotic. Subsequently, exposure to sunlight degraded over 90 %
of the antibiotic within an hour. Thus, this strategy offers an environmentally benign and
greener method for efficient degradation of water contaminants (115). Efficient tetracycline
removal was also observed using recyclable cobalt-doped UiO-66 NPs. Similarly, the enhanced
adsorption capacity is attributed to n-nm and electrostatic interactions between the MOF
composite and antibiotic. On the other hand, cobalt (Co) was responsible for enhanced visible
light adsorption and facilitating electron transfer which enhanced photocatalytic performance
(116).

Photo-active ZIF-8 composites have also been used to try and solve other environmental
problems such as global warming caused by excessive CO2 emission. Due to a remarkable
optical response and suitable band structures, cadmium sulphide (CdS) based photocatalysts
have been investigate immensely but these suffer from photocorrosion. On the other hand, ZIF-

8 has been used for CO2 capture and storage which is attributed to its high porosity and surface
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area. Combining CdS and ZIF-8 to form a core-shell composite (CdS/ZIF-8) enhanced the
photostability of CdS. Composite formation also improved the CdS adsorption capacity for
CO2 without interfering with its light harvesting property. As a photocatalyst, CdS/ZIF-8
showed elevated photostability, enhanced selectivity and improved photocatalytic efficiency
for reduction of CO2to CO compared to the unmodified CdS photocatalyst (117). CdS has also
been incorporated into UiO-66 and the potential of the resulting composite as a photocatalyst
for water splitting was demonstrated as CdS/UiO-66 showed superior hydrogen evolution
activity when irradiated under visible light compared to both materials individually. Enhanced
hydrogen production with the hybrid material could be ascribed to efficient interfacial charge
transfer from the CdSto UiO-66 though which photoactivity efficiency trumps photogenerated

electron-hole pair recombination (118).

2.7.3 MOF composites as sensors

Rapid, sensitive, and accurate detection of molecules such as rutin is important in clinical
analysis. Rutin is a therapeutic medicine that can dilute blood, lower blood pressure and lower
capillary permeability. For its detection, an electrochemical sensor was fabricated by
modifying a GCE with a methylene blue (MB) loaded ZIF-8 immobilized on reduced GO
composite (MB@ZIF-8/RGO). The sensor based on this composite revealed superior
sensitivity in the detection of rutin and this could be attributed to the high surface area of ZIF-
8 and synergetic effects of RGO and MB as they both possess strong conductive and catalytic
properties (119).

Dopamine (DA) is also important in clinical diagnostics. A deficiency of this neurotransmitter
may result in neurological disorderswhile elevated levels of DA may lead to a rise in the risk
of depression. A series of methods have been used for the detection of DA and amongst them
electrochemical methods are the most preferred with advantages including simple
instrumentation, rapid response, superior sensitivity, and selectivity. Lu et al reported
successful synthesis of ZIF-8 embedded with gold nanoparticles (Au@ZIF-8) composites at
GCE for the detection of DA. The modified GCE electrode exhibited good selectivity, high
sensitivity, low limit of detection (LOD), reproductivity and stability for DA detection as a
result of the high ZIF-8 surface area and high catalytical activity of Au NPs which could
accelerate electron transfer (107). Zheng et al also detected DA using an electrochemical sensor
fabricated by modifying GCE with a graphene (G) doped ZIF-8 composite (G-ZIF-8/GCE).
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The sensor showed high sensitivity to DA owing to the high surface area of ZIF-8 and

conductivity of graphene (106).

Quantum dots (QDs) are one of the inorganic materials that have been incorporated into ZIF-8
for sensing. Attractive properties of QDs such as low toxicity, quantum size effect, high
quantum efficiency, water solubility, narrow and symmetric fluorescence emission spectra
among many have made ZnS QDs an excellent choice for fluorescence sensing. Water soluble
Mn2* doped ZnS QDs have been used successfully for bioanalysis. Contrary to that, after
precipitation and drying QDs may agglomerate. ZIF-8 can serve as a carrier which reduces
agglomeration as well as an inexpensive fluorescence ion detecting tool. Cobalt (1) is one of
metal ions that play an important role in the human body. It is part of vitamin B12, which
stimulates the production of the bone marrow, formation of haemoglobin and promotes the
increase in the number of red blood cells in humans. Although this is the case, the body only
requires a certain amount of this metallic ion as excessive amounts in the blood may cause
allergies, lung, and neurodegenerative diseases. Hence an accurate detection system of
cobalt(ll) in the body is necessary and for this purpose a Mn2* doped ZnS QDs/ZIF-8
fluorescent probe was developed. The probe displayed outstanding fluorescence properties for
the detection of cobalt (I1). It also showed exceptional detection ability towards potassium
dichromate, a carcinogenic pollutant that is lethal to plants and aquatic life which may be found

in wastewater from the manufacturing industry (120).

The magnetic FesO4-ZIF-8 composite mentioned earlier is not only useful in drug delivery
systems but may be utilized for water remediation as well. This is applicable for elimination of
heavy metal ions like arsenic (As®*) from water. As(l11) is extremely toxic to human beings
and adsorption onto porous solid material has been considered as an easy, cost effective and
highly effective approach for its removal from water. Unfortunately, most porous materials had
low capacity or showed dissatisfactory kinetics for As(l11) which required a complicated
procedure for oxidation of As(I11)to less toxic As(IV). The FesOs-ZIF-8 composite indicated
a strong affinity for As(l11) in aqueous solution and a high removal efficiency at broad pH
range. The study also indicated that ordinary anions would not hamper adsorption of As(11l)
with the exception of phosphate and carbonate which may compete with As(I11) for adsorption
sites. Considering this, the composite was deemed as a good candidate for removal of As(lI1)
in aqueous solution which can be separated from the composite by magnetism (121). Similarly,
UiO-66 was decorated with Fe3Os and the FesO4@UiO-66 adsorbent showed a higher
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adsorption capacity for As(l11) than that of Fe3O4 due to the high porosity and increase in the

number of active sites on the composite (122).

Eutrophication is of great concern in water treatment and phosphorus (P) is an important factor
for this process. Phosphate may be the principal source of phosphorus but phosphite also
supports the growth of algae found in water bodies and can also be converted to phosphate
though different pathways. Majority of researchers have therefore focused on the development
of sensors for the detection of phosphate with a few reports on phosphite detection due to
interference of phosphate and other P species that may be found in contaminated water. Yang
et al reported on the development of an electrochemical sensor for phosphite detection in the
presence of other P species by modifying a GCE with UiO-66/GO composites. Although, the
potential of UiO-66 as an electrochemical sensor for P has been reported, its functionality as
an electrode material for P detection is limited. Therefore, to enhance P adsorption, UiO-66
was coupled with graphene oxide (GO) because it has a high surface area, good catalytic
performance, high electron conductivity and ion absorption. The UiO-66/GO/GCE displayed
a wide detection range and outperformed UlO-66/GCE, GO/GCE and palladium film
electrochemical sensors for phosphite detection in the presence of unavoidable interferences
from phosphate (123).

Organophosphorus pesticides (OPs) in the environment are not only toxic to aquatic life and
plants but to humans as well and exposure to them may lead to fatalities. Therefore, it was
necessary to functionalize UiO-66/GO/GCE with a compound with high affinity for phosphate
such as TiO2 (T). The TGO@UIiO-66/GCE sensor revealed a fast response, wide linear
detection range with low LOD, satisfactory stability and reproducibility in detecting
chlorpyrifos and paraoxon which are two of the most dangerous OPs used in households and
crop farming (124). This has motivated us to fabricate phthalocyanine-ZIF-8 and
phthalocyanine-UiO-66 composites which will be used for the development of sensors for the

detection of other toxic environmental contaminants.

2.8 Phthalocyanines

2.8.1 Origin, properties, and applications

Phthalocyanines (Pcs) are a class of macrocyclic organic compounds. Braun and Techrniac

accidentally discovered these compounds in 1907, as a blue substance resulting from heating
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0-cyanobenzamide (125-128). In 1928, they were obtained synthetically at the Grangemouth
works of Scottish Dyes Ltd, as a by-product, during phthalimide preparation using ammonia
and phthalic anhydride as precursors (129, 130). Professor Linstead however, was the first to
characterize the structural and chemical properties of phthalocyanine in 1933 (126, 130). Due
to structural similarity to naturally occurring macrocyclic porphyrins (Fig. 2.8),
phthalocyanines became second-generation photosensitizers based on the assumption that they
behaved like porphyrins. Apart from being cyclic, porphyrins and phthalocyanines adhere to
Huckel’s rule of aromaticity as they are both planar, conjugated, with an 18-n electron system
(126, 127, 129, 131, 132). Phthalocyanines may be distinguished from porphyrins which have
four n-fused isoindole units (129). The macrocyclic ring in phthalocyanines is di-anionic (Pc
2) and can form a metal phthalocyanine complex through the introduction of suitable metal ion

inside the ring. Thus, Pcs exists as metal-free phthalocyanines (H2Pcs) and

CJ

metallophthalocyanines (MPcs) (133).

DS

(2) (b)

Figure 2.8: Structure of (a) Porphyrin and (b) Phthalocyanine.

Owing to their structure, phthalocyanines possess outstanding properties. These include redox
versatility, high absorption coefficients, chemical and thermal stability (127, 132, 134). Due to
their remarkable properties, there has been an increase interest in the use of phthalocyanines
in different areas such as gas sensing (135), non-linear optics (136), photocatalysis (137),
semiconductors (138), photodynamic therapy (139), and photovoltaic cells (140). The type of
application for phthalocyanines and its derivatives is however dependent on the metal ion

introduced into the cavity of the Pc ring and the functional groups introduced onto the non-
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peripheral (o) and peripheral () positions of the Pc (Fig. 2.9). This is because these factors

influence the chemical and physical behaviour of the compounds (133, 141).

/ B/peripheral

N S

o/non-peripheral

Figure 2.9: Nomenclature of positions in the phthalocyanine core. M being a metal.

Although phthalocyanines have received a lot of attention, they suffer from significant
disadvantages. The first being low solubility in common organic solvents and aqueous media
(126, 127, 129). Introducing bulky or long chain substituents in the peripheral position of Pcs
can enhance their solubility in organic solvents. These include alkoxy and alkylthio groups. In
aqueous solution, the solubility of Pcs may be improved by the addition of quaternized
ammonium groups, carboxylic acid and sulfo groups in the B position of Pcs (126, 127, 129,
131).

2.8.2 Phthalocyanine synthesis

Phthalocyanine can be prepared from different precursors which include o-dibromobenzene,
o-cyanobenzamide, phthalic acid and its derivative, which are phthalic anhydride, phthalimide,
benzenedicarboxamide and phthalonitrile (Scheme 2.1). While anhydrides are the most

affordable option, nitriles are the most popular choice as they give high yields (142).
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Scheme 2.1: Synthetic routes of MPcs from different precursors.

Substituted metal free or metalated phthalocyanines may be synthesised through electrophilic
aromatic substitution reactions and cycloaddition reactions of an already existing
phthalocyanine core. An alternative may be through cyclotetramerization of mono substituted
phthalocyanine precursors, a method developed by Linstead in the 1930s. This leads to the
formation of tetrasubstituted phthalocyanine that exist as regioisomers of Dan, Can, C2v and Cs
symmetry, while the cyclization of disubstituted precursors results in the formation of

octasubstituted phthalocyanine as a single isomer of D4n or C4v Symmetry (142-144).

Octasubstituted phthalocyanines are usually less soluble than their corresponding
tetrasubstituted phthalocyanines which may be attributed to the formation of isomers and the
high dipole moment in tetrasubstituted phthalocyanines that results from the unsymmetrical
arrangement of substituents at the periphery (143, 145). Octasubstituted phthalocyanines are
however simpler to purify using chromatographic methods as they exist as a single isomer as
opposed to tetrasubstituted phthalocyanines. Soxhlet extraction may also be used for the
purification of phthalocyanines (144).
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Preparation of substituted phthalocyanines that are soluble in most organic solvents requires
an inert atmosphere and a high boiling point solvent. The presence of a metal salt drives the
formation of a metallophthalocyanine, regardless of the precursor (128, 131). Where phthalic
anhydride is used as a precursor, urea is used as the nitrogen source while ammonium
molybdate catalyses the reaction (128, 146). The formation of a metal free phthalocyanines
from phthalonitriles however, requires the presence of lithium metal or a nitrogen donor base
such as 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) which also acts a catalyst (127, 131, 133,
143).

2.8.3 Ultraviolet-visible spectroscopy of phthalocyanines

Several techniques can be employed for the characterization of phthalocyanines. These include
Fourier transform infrared (FTIR) spectroscopy, nuclear magnet resonance (NMR) and
Ultraviolet-visible (UV/vis) spectroscopy, among others. UV-vis spectroscopy is significant
for understanding the electronic properties of phthalocyanines. The most probable electronic
transition observed on the absorption spectra occurs between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMOQO) (147).

Phthalocyanines are characterised by two absorption bands in the visible region, known as the
Q band and B or Soret band. These are due to n-n* transitions between the HOMO and the
LUMO energy levels. The Soret band arises from transitions between the two azu (7) and bay
(r) HOMOs to the doubly degenerate eg (7*) LUMO. The Q band is a result of an electronic
transition involving the a1u () HOMO and the n* (eg) LUMO (133, 148) (Fig. 2.10).
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Figure 2.10: Molecular orbital diagram showing electronical transitions that results in the
characteristic B and Q band in phthalocyanines.

The more intense band which is the Q band may be observed between 600-750 nm, while the
B band appears between 300-400 nm on an absorption spectrum (131, 149). As seen in Fig.
2.11 MPcs show a single Q-band which depicts D4n symmetry of the complexes and metal free
(unmetalated) Pcs show a split Q-band which is due to Dzn symmetry (127, 131, 143).
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Figure 2.11: Absorption spectra of unmetalated and metalated phthalocyanine showing
characteristic phthalocyanine absorption bands.
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The absorption spectra of substituted metalated phthalocyanines usually show two effects on
the Q band that being either a red (bathochromic) or blue (hypsochromic) shift. The latter may
result from the presence of electron withdrawing substituents and the former from substituting
Pcs with electron donating groups. The red shift may also be attributed to substituents that
enhance the delocalization of m-electrons in a Pc molecule (128, 149, 150). An increase in the
extent of conjugation causes the electronic levels to move close together, decreasing the energy
required to produce a transition from the HOMO to the LUMO. Thus, light of longer
wavelength is absorbed (147). In addition to that, the position of the substituent in the
macrocycle also influences the shift in the Q band. Therefore, substitution at the less crowded

a-position does not only reduce aggregation tendencies but also cause a red shift (145).

2.8.4 Electrocatalytic activity of metallophthalocyanines

MPcs have been investigated extensively as electrocatalysts for many reactions. The ability of
MPc complexes to undergo rapid redox reactions and retain a stable structure during
electrocatalysis qualifies them as good candidates for the development of stable, sensitive, and
selective sensors. Earlier studies on the electrocatalytic activity of Pc complexes were mostly
focused on the oxygen reduction reaction (ORR) for the production of low cost fuel cells with

the aim of replacing the existing platinum electrodes (151, 152).

Also, the catalytic activity of the complexes can be defined in terms of more definite
parameters. These include chemical and physical properties, chemical structures and
identification of reactive metal centres which provide interesting theoretical and experimental
models. In most fuel cells, electro-reduction of oxygen occurs at the cathode. The reaction
involves the complete reduction of oxygen into water through a transfer of four electrons and
proceeds via high energy intermediate which slow downthe overall reaction. The reaction may
however stop afterthe transfer of two electrons resulting in the formation of hydrogen peroxide.
This is observed on most electrode material and is likely a repercussion of the high stability of
the O-O bond. The reaction may reach completion through the use of non-noble metal catalysts
(153).

Modification of electrodes with MPcs influences the potential and current at which the
electrode and analyte interact during an electrochemical reaction. A good electrocatalyst is

expected to lower the potential that drives redox reactions and increase the selectivity towards
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a target analyte with respect to the unmodified electrodes. Catalytic activity of MPc modified
electrodes depend on the nature of the metal centre and ring based processes (151, 152). Redox
inactive M(I1) metals behave similar to unmetalated phthalocyanines during redox reaction, the

only difference being the potentials corresponding to electron transfer reactions (151).

The peak potentials of MPcs with redox inactive metals shift towards negative potential as a
result of the small effective nuclear charge of the M(11) ions as opposed to having the H* ion in
the core of the Pc ring. Redox inactive metal centres with +2 oxidation states such as Ni(ll),
Cu(ll), Zn(11) and Pb(Il) are generally preferred for the formation of MPc but the catalytic
activity of complexes with redox inactive metal centres may be attributed to the Pc ring which
Is not the case for MPc complexes with redox active ions in the Pc core. The redox activity of
MPc complexes with redox active ion in the Pc core is dependent on whether the d-orbital of
the metal ion located between the HOMO and LUMO of the Pc ring is empty or occupied. The
presence of empty d-orbitals of the metal ion results in reduction of the metal ion prior to the
Pc ring while when occupied d-orbitals of the metal ion are found between the HOMO and
LUMO of the Pc ring, oxidation of the metal ion precedes that of the Pc ring. Apart from
undergoing redox reaction, MPc complexes with redox active metal centres can further partake

in electron transfer reactions (151).

2.8.5 Optimization of metallophthalocyanines redox activity

Several authors have reported that there is a correlation between the catalytic activity of MPc
and their redox potential. Reason being that the activation energy in electrochemical reaction
is lowered in the presence of MPcs as they provide sites for molecular interactions. The redox
potential of MPc does not only lower the activation energy of the reaction but also provides
free energy required for the reaction to proceed. Therefore, it has been suggested that tuning
the redox potential is a good strategy for optimizing the catalytic activity of MPcs in

electrochemical reactions when they are attached on electrode surfaces (154).

The nature of a metal has an effect onthe redox behaviour of Pcs, with cobalt derivatives giving
excellent results for the oxidation of thiols and the reduction of corresponding disulphides. For
example, during the reduction of 2-mercaptodisulfide, catalytic activity is improved as the
Co(I1/Co(l) couple becomes more negative (155). On the other hand, a strong interaction is
expected to occur between the active site and the sulphur atom prior to or during electron

transfer when MPc are used for oxidation of thiols. Thus, the reaction can be regarded as an
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inner sphere reaction. In cases where the interaction is too strong, the species adsorbed on the

MPc modified electrode can block the active sites, inhibiting the catalytic process (155, 156).

Substituents on the Pc ligands can also influence the redox properties of MPc complexes. For
examples, the attachment of an electron donating groups on the Pc ring makes the complex
easier to oxidize, while the presence of electron withdrawing groups makes it easier to reduce
the complex. In comparison to unsubstituted CoPc complexes, a less positive potential can be
observed for complexes substituted with electron donating groups and a more positive potential
can be observed for complexes substituted with electron withdrawing groups. It has also been
demonstrated that the redox potential of MPcs is dependent on the electrolyte and pH of the
buffer solution. For example, electrocatalytic oxidation of cysteine by CoPc complexes in
acidic media is associated with the Co(111)/Co(ll) couple and the Co(l1)/Co(l) couple in basic
media. In basic solution, the Co(l1)/Co(l) couple shifts to more negative potential while the

Co(I1)/Co(ll) couple shifts to more positive potential values in acidic media (157).

2.8.6 Electrode modification using metallophthalocyanines

MPc based electrochemical sensors can be developed by anchoring of the complexes on the
surface of working electrodes. This can be achieved through different approaches, the first one
being adsorption. Adsorption can be achieved by either dipping an electrode in a solution of
MPc and drying (dip-dry) or by placing a few droplets of the solution on the surface of
electrode, allowing it to dry and rinsing off the non-adsorbed species with a suitable solvent
(drop-dry). Similarly, spin coating may be employed if films are desired, whereby droplets of
MPc are placed on the surface of a rotating electrode. MPcs may also be immobilized on
electrode surfaces by binding graphite powder and the metal complex together. The resulting
paste can be packed to fabricate a working electrode known as the modified carbon paste
electrode (CPE). Another approach for modifying electrodes with MPcs is through self-
assembled monolayers (SAMSs). SAMs can be formed by assembling thiol-substituted Pcs onto
substrates such as a gold electrode. In addition to all these methods, electropolymerized films
of macrocyclic complexes such as MPcs may be formed on conductive substrates. Cyclic
voltammetry (CV) can be used for electrochemical reduction or oxidation of polymerizable

groups present on the complex or by integrating them into other polymers (151, 152).

The most widely used electrodes and support materials used in electroanalytical chemistry are

carbon-based. Reason being that carbon materials have robust mechanical strength, high
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electrical conductivity, and good chemical stability. The ability of MPcs to strongly adsorb on
carbon materials make them suitable for modification of conventional electrodes like GCE and
the preparation of composites for electrochemical sensing. The most commonly used carbon
materials combined with MPcs for this purpose are graphite, graphene oxide and carbon
nanotubes. Interaction between the two materials normally happens via non-covalent
interaction, primarily -7 stacking. Covalent bonds are possible in the case that supports are
functionalized with specific functional groups which further react with Pcs. Different methods

can be used for characterization of electrodes modified using phthalocyanine (151).

2.8.7 Techniques for characterization of electrodes modified with phthalocyanines

Microscopy, spectroscopy, and electrochemical methods such as atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS) and cyclic voltammetry (CV) can be used for
characterization of modified electrodes. These methods provide information on the
effectiveness of the modification, properties, and integrity of the surface layer. CV has
prevailed as an electrochemical method for studying the surface chemistry of MPc modified
electrodes. Surface coverage () of the modified electrode can be determined using equations
land 2:

where Ip is the peak current, nis the number of electrons transferred during the redox reaction,
F is Faraday’s constant, A is the surface area of the electrode, v is the scan rate, R is the gas
constant, T is the temperature and Q is the total charge. CV also allows determination of the
diffusion coefficient (D) and concentration (C) of the electroactive species in solution which

can be described using the Randles-Sevcik equation (151):
Ip=(2.69 x 10°5)n32ACDY2VY2 ... .......... 3

In this study cyclic voltammetry was employed for determination of electroactive molecules in

solution. This technique is discussed briefly in the next section.
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2.9 Cyclic voltammetry (CV)

Cyclic voltammetry and linear sweep voltammetry were first reported in 1938 as techniques in
which a large potential change is imposed in a system. In 1948, Randles and Sevcik described
CV theoretically as a technique in which two predetermined limits are chosen, and the potential
is swept back and forth between these two points for one or more cycles and the current is
monitored concurrently (158). The potential of the working electrode changes linearly with
time from an initial potential (Ei) where no redox reaction occurs to potentials where the analyte
of interest is either reduced or oxidised until the maximum limit also known as the switching
potential (Ef) is reached and the scan is reversed. Reactions of intermediates and products
formed during the forward scan can often be detected during the reserve scan. CV
measurements are recorded in the presence of a supporting electrolyte which suppresses

migration of charged reactants and products (159-161).

Electrochemical reactions occur at the working electrode like the GCE, and the potential of this
electrode is measured against a reference electrode such as the silver/silver chloride (Ag|AgCl)
electrode and the saturated calomel electrode (SCE). Platinum wire is normally used as the
counter electrode to complete the circuit and the inertness of the metal permits flow of current
without causing any chemical changes which may alter the experimental results of the system
being studied (159). There are several important parameters that are used for characterization
of a cyclic voltammogram. These are the anodic peak and cathodic peak. The anodic peak
indicates the anodic potential (Epa) and current (Ipa) while the cathodic peak indicate the
cathodic potential (Epc) and current (Ipc). Fig. 2.12 indicates that the cathodic peak results from
the reduction of species in solution as the potential is swept to more negative values while the
anodic peak is observed upon oxidation of species in solution as the potential is swept to more
positive values (160). Pcs have been used to form Pc-MOFs for sensing applications using

voltammetry.
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Figure 2.12: A typical cyclic voltammogram.

2.10 Phthalocyanine based MOFs and composites

2.10.1 Pc-MOFs

MOF-IP was the first microporous Pc-based MOF to be reported about a decade ago. It was
designed with the hope of obtaining well defined microporous hydrogen storage material with
strong hydrogen physisorption. Theoretical studies had shown that hydrogen binds strongly
with aromatic compounds, therefore Pcs had a potential as hydrogen storage materials.
Designing a Pc-based hydrogen storage systems did not only rely on the aromatic system of Pc
but also on increasing the number of available adsorption sites by introducing more
electronegative atoms and strong hydrogen binding clusters using ions such as Zn?* to form the
MOF. It is for that reason that MOF-IP was designed from a ZnPc with nitrogen rich
substituents at its peripheral. Physisorption studies of the Pc-based hydrogen system displayed
the capability of using the Pc-based MOF as a material with improved hydrogen storage. It was
anticipated that structure optimization of MOF-IP could enhance its hydrogen uptake,

following which MOF-IP analogs were investigated (162).

Two-dimensional (2D) MOFs with outstanding electrical conductivity have attracted attention
as potential electrode material in lithium batteries (L1Bs) which were mostly dependent on 3D

nanoporous materials. Like in 3D porous structures, it was proposed that the porosity of 2D
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MOFs could also facilitate ion transport and prevent deterioration that may results from the
insertion of lithium ions. Therefore, a conductive 2D MOF based on Cu-CuPc was synthesized
by bridging tetracatechol copper phthalocyanine (CuPcOH) ligands to Cu?* ions in a square
planar geometry. Pc was chosen as the bridging ligand because it possesses redox activity and
good carrier transport ability due to its large conjugated system. On the other hand, the ability
of catechol derivatives to form square planar complexes with metal ions displays redox activity
which stem from reversible interconversions between catechol, semiquinone, and quinone
forms. Thus, the use of a Pc-based framework with electrical conductivity and redox activity
as a LIB cathode resulted in the formation of L1Bs with large charge or discharge capacity and
high stability (163). A 2D NiPc-MOF was also studied and similarly, NiPc acted as an
electrocatalytic active site in addition to its use as a linker to form the framework. The MOF
catalyst showed remarkable durability and good OER performance under alkaline conditions
which may facilitate the development of conjugated conductive MOFs for energy applications
(164). Not many Pc-based MOFs have been reported, but Pcs have been used to form
composites with other MOFs (Pc@MOF).

2.10.2 Pc@MOF composites

Ui0O-66 (Zr) showed potential as a photocatalyst for dye degradation when incorporated with
Ag2CO3 (165). Unfortunately when compared to commercial standards and inorganic
photocatalysts, the MOF failed toachieve good photocatalytic activity on its own dueto limited
visible light absorption (166, 167). Taking advantage of the wide visible light possessed by
semiconductor materials, Liang et al used zinc tetracarboxy phthalocyanine (ZnTPc) as a
photosensitizer to improve photocatalytic activity of UiO-66 (Zr) and its analogue UiO-66
(NH2). However, due to its high conjugation, ZnTPc suffers from aggregation, which the high
surface area and porosity of MOFs confine, thus maximizing active sites for photocatalysis.
The composites were used for methylene blue degradationand ZnTPc/UiO-66 (NH2)exhibited
superior photocatalytic activity compared to ZnTCPc/UiO-66 (Zr ). Unlike the physical
interaction that occurs when the impregnation method is used to form ZnTCPc/UiO-66 (Zr ),
ZnTCPc/UiO-66 (NH2) was obtained via a covalent amide bond between the MOF and
phthalocyanine which promoted efficient separation of generated electron-hole pairs and

charge transfer when the composite was exposed to visible light (168).
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Monama et al also reported on the development of a MPc@MOF composites. In their work, a
CuPc@MOF composite was synthesized in order to modify and improve the catalytic activity
of an electrode towards HER. Platinum based electrocatalyst are common and highly efficient
electrocatalysts in HER, but their application is restricted by the scarcity of the metal and it
high cost. HER predominately occurs on the surface of the electrocatalyst and enhanced
reactivity is dependent on the size, shape, interface, and composition of the material used for
the reaction. Amongst many materials, unique MOF structures hold great potential as
multifunctional materials for HER. However, when applied as materials for HER, MOFs suffer
from moisture instability, hydrogen embrittlement and poor hydrogen physisorption atambient
conditions. This can be improved by reducing the pore size which introduces open metal sites.
Hydrogen uptake can also be enhanced through the hydrogen spill over effect which can be
achieved using metal embedded MOFs. Palladium (Pd) is one of the metals used in this
phenomenon due to its high affinity for hydrogen. The spillover mechanism using Pd@MOF
is affected by many factors unfortunately, thus doping the MOF with MPc can improve and
generate new functionalities on the building blocks which results from the ability of the Pc to
be stabilized in the formed hybrid structure while substrates are adsorbed onto the pores. In
addition, active metal sites for catalysis can be easily realized by tuning the peripheral
environments of the Pcs. Therefore, Pd@CuPc/MOF composites were developed and they
displayed exceptional structural stability, thermal stability and electrocatalytic activity for HER
in acidic medium (169). Monama et al also synthesized a CuPcC@HKUST-1 composite using
CuPc and undoped Cu-MOF (HKUST-1). The undoped composite did not depend on the
spillover effect for enhanced hydrogen uptake but compared to the use of the HKUST-1 alone
in HER, the presence of CuPc within the composite showed improved catalytic performance
(170). Tetranitro substituted Pc was also used for the same purpose under acidic conditions
(171). Inthis work we will focus on the application of Pc@MOF composites in electrochemical

sensing.

2.10.3 Pc-MOF and Pc@MOF composites as electrochemical sensors

Research on the applications of Pc@MOFs composites is still in its infancy. However, to date
there have been some hybrid materials used for LIBs, photocatalysis, ORR, OER, HER and
electrochemical sensing. Therefore, this section will briefly highlight on what has been

reported on the use of Pc@MOF composites in electrochemical sensing.
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Several analytical techniques have been used for monitoring unwanted chemical molecules in
the environment. These include chromatography, spectrometry, and capillary electrophoresis.
Despite the high degree of accuracy and good selectivity, these techniques are costly, time
consuming, requires more operational skills and complex sample treatment prior to analysis.
Thus, the electrochemical approach has received more attention in recent years. Vanillin,
commonly known as a food preservative was also found to have antioxidant, antidepressant,
anti-inflammatory, and anticancer properties. However, excess intake of vanillin can cause
liver and kidney malfunction therefore rapid detection of vanillin is essential and it can be done
electrochemically since the molecules contains electrochemically active groups. However, on
a bare GCE, the overpotential for vanillin oxidation is too high and the ease of adsorption of
vanillin results in electrode poisoning thus limiting its detection. Considering the unique
properties of MOFs and MPcs, an electrochemical sensor for vanillin was developed based on
FePc@MOF composite modified GCE. Good electrocatalytic performance was observed when
the sensor was used for vanillin detection in tablets and human serum. This may be attributed
to adsorption of vanillin onto the MOF pores and the extended n-system which facilitates rapid

electron-transfer resulting in increased oxidation rate (172).

Nitrite is another common environmental contaminant that may be found in soil and water. It
is also used in farming and the food industry as a preservative but accumulation of nitrite in
the environment results in negative impacts in the eco-system and threatens public health. Thus,
development of a detection strategy with high sensitivity, selectivity and rapid response
towards nitrite is important. A 2D NiPc-MOF nanosheet biosensor was developed for this
purpose. The biosensor exhibited a very wide detection range with LOD, great stability and
good selectivity towards nitrite. This is because the high electrochemical conductivity of the
nanosheets improves electron transfer which in turn enhances sensitivity towards nitrite
detection. The high surface area of the MOF nanosheets also presents excess electrochemically
active catalytic sites for nitrite detection (173). A similar strategy was used for detection of
cytotoxic trichloracetic acid in drinking water using a FePc@ZIF-8 sensor which exhibited
excellent sensitivity, LOD and good selectivity towards the contaminant. The enhanced
adsorption of the analyte was due to the high adsorption capacity of ZIF-8 which prevents

agglomeration in FePc and enhances its sensing ability (174).

Realising the gap in the use of Pc@MOF composites modified electrodes as electrochemical

sensors in environmental monitoring, our work will focus on the utilization of these hybrid
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materials as catalysts for emerging water contaminants. Prior to modelling a water remediation
system based on the electrochemistry of Pc@MOF composites, we need to know the sources
of the pollutants, understand their effects and why existing water treatment processes are

ineffective.

2.11 Micropollutants in water: An overview
2.11.1 Sources, effects, and remediation

The essence of water for the sustainability of all life on earth is undeniable. Regardless of its
use, water remains a very important commodity, therefore it is crucial to protect water sources
from contamination. The impairment of the natural state of water to an extent that it cannot
serve its purpose to humankind and biotic communities can be described as water pollution.
Water pollution results from human activities and inadequate removal of hazardous substances
from water bodies may results in serious consequences such as the onset of fatal diseases
making water pollution a major global concern (175, 176). Amongst many other water

pollutants, in this study we will focus on micropollutants.

Toxic chemical compounds detectable in the environment at trace concentrations qualify as
micropollutants. Micropollutants are also known as emerging water contaminants (EWC).
These come from our homes, pharmaceutical, and agricultural industry and amongst various
anthropogenic and endocrine disrupting contaminants (EDCs), pharmaceutical and personal
care products (PPCPs) are the most common contaminants found in water. Often, EWC are
used to improve human livelihood and are ubiquitous, making it difficult to remove significant
levels from the water environment. The persistence of EWC in wastewater when conventional
water treatment processes are used for remediation threaten human health and the ecosystem
(177). To circumvent this problem chromatography, spectrochemistry and fluorescence
amongst others have been explored as techniques for monitoring micropollutants in water
system. However, these techniques have low specificity and requires multistep sample
preparation (178). Simple, affordable, specific, and efficient detection of micropollutants in
water systems may be achieved through electrochemical sensing and for the purpose of this
study we will briefly discuss on the electrochemical detection of chlorophenols as emerging

water contaminants.
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2.11.2 Electrochemical detection of chlorophenols in water

Phenols are a group of compounds that contain at least one aromatic ring and hydroxyl
substituents. They are mainly produced from industrial processes but may also be a product of
waste incineration. Chlorophenols (CPs) in particular are widely used in our homes,
agricultural and pharmaceutical industry as disinfectants, dyes, insecticides, herbicides, drugs
and in wood preservation. Due to their resistance to biodegradation and accumulation in the
environment, CPs have been classified as priority pollutants because of their potent toxicity to
both terrestrial and aquatic ecosystems. Therefore, it is crucial to monitor CPs rapidly and
efficiently in the environment. Thus, electrochemical analysis has taken precedence over other

conventional analytical techniques in the detection of CPs (179-181).

The basis of electrochemical analysis is the generation of a measurable electrical signal when
an analyte interacts with a material sensitive to it. CPs are good candidates for this technique
as their phenol and hydroxyl groups make them electrochemical active. Unfortunately, there is
weak interaction between CPs and conventional electrochemical sensors therefore electrode
modification is required in order to improve electrode performance. Many materials have been
used for this purpose for example, Cu-Au NPs had been loaded on rGO for modification of a
GCE which was used for CP detection. The modified Cu-Au/rGO/GCE demonstrated high
sensitivity and selectivity towards 4-CP even in the presence of other organic compounds and
common ions owing to an increased surface area which improves electron transfer. The
composite electrode also exhibited high stability, could be reproduced and its shelf-life made

it suitable for industrial use (182).

To our knowledge, MPc@ZIF-8 and MPc@UiO-66 composites have not yet been used for the
detection of chlorophenols. Therefore, this study will focus on the electrochemical sensing of
4-chlorophenol on GCE modified with MPc@MOF composites.
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Chapter 3: Experimental
3.1 Materials

All reagents and solvents were obtained from accredited suppliers. 1,4-Benzene dicarboxylic
acid (H2BDC), 1,8-Diazabicyclo (5.4.0) undec-7-ene (DBU), 2-methylimidazole (Hmim) 4-
chlorophenol, acetic anhydride (Ac20), aluminium oxide (Al203), ammonium solution
(NH4OH), cobalt (I1) acetate (Co(OAc)2), formamide (HCONH?:?) , formic acid (HCO2H), iron
(1) phthalocyanine (Fe(I1)Pc), manganese (Il) phthalocyanine (Mn(Il1)Pc), monobasic
potassium phosphate (KH2POa), phthalic acid, sodium hydroxide (NaOH), thionyl chloride
(SOClI), zinc acetate dihydrate (Zn (OAc)2.2H20), zirconium (1V) chloride (ZrCls) were
purchased from Merck. Diethyl ether, deuterated dimethyl sulfoxide (6-DMSQO), N, N-
dimethylformamide (DMF), n-pentanol were purchased from Radchem or Merck. All solvents
were used without further purification except DMF which was distilled before use. Dry
solvents were dried on molecular sieved purchased from Merck and Millipore water was used

for aqueous solutions.
3.2 Instrumentation

A thermo scientific Labofuge 700 centrifuge was used to separate the pellet from the
supernatant. Brunker Alpha Fourier transform infrared (FTIR) spectroscopy with platinum
attenuated total reflectance (ATR) sampling accessory was employed for recording infrared
spectra. Proton NMR (*H-NMR) spectrum was recorded on Brunker Avance Il 300 MHz
NMR spectrometer. Brunker D2 Phaser benchtop diffractometer using Cu Ka (A = 1.5405 A)
was used for recording powder X-ray diffraction (PXRD) patterns. A rate of 2 per minute at 5°
<20 < 70° was applied when scanning the samples. UV -vis measurements were recorded on
Agilent Cary 60 UV-Vis spectrophotometer. Information about the topography of the samples
was obtained by scanning the surface of the samples using the Zeiss Crossbeam 540 FEG
scanning electron microscopy (SEM) coupled with energy dispersive X-ray (EDX)
spectroscopy to determine the elemental composition of the samples. The BET surface area
analysis was carried out on Quantachrome (NOVAtouch NT 2LX-1, Volts 220, USA), a gas
sorption analyser operated with Quantachrome TouchWin Software Version 1.22. The samples

were degassed at 150 °C.
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3.3 Electrochemical analysis

A three-electrode system was used to obtain CV data. A modified GCE with a 3 mm diameter
was used as a working electrode. The electrode was modified by drop casting of concentrated
MOF composites on the surface of the GCE. Ag|AgCl wire was employed as the reference
electrode while a platinum wire was used as the counter electrode. The datawas recorded using
the VersaSTAT 3F potentiostat from Princeton Applied Research operated with Versa Studio
software. Phosphate buffered saline (PBS), pH 7 was used as the supporting electrolyte. Prior
to performing the experiments, the GCE was polished with a slurry of alumina on a Buehler
felt pad and rinsed with Millipore water. Electrocatalytic measurements for oxidation of 4-

chlorophenol were performed in solutions containing 0.2 — 1 mM of the analyte.
3.4 Synthesis
3.4.1 Phthalocyanine

Phthalocyanines were synthesized following procedures similar to those reported in (183) and
(184).

3.4.1.1 Phthalic anhydride (2)

Phthalic acid (1) (10 g, 60.19 mmol) was refluxed in Ac20 (12 ml) until a yellow solution was
formed. Following which, the solution was refluxed for another 10 minutes. The solution was
transferred from the round bottom flask into a porcelain dish and allowed to cool. As a result
of cooling, a yellow precipitated was formed, ground with a pestle then washed with diethyl
ether several times until the unreacted acid was undetected. Yields: 8.5g (85%). IR (Vmax/cm
1): 1757 (C=0).

3.4.1.2 Phthalimide (3)

Compound 2 (8g, 54.02 mmol) was heated under reflux in the presence of HCONH2 (13 ml).
The mixture formed was cooled at room temperature, and the resulting product was washed

with water and isolated through suction filtration. The title compound was dried in an oven at
60 °C. Yield: 7.4 g (93%). IR (Vmax/cm): 3180 (N-H).

3.4.1.3 Phthalamide (4)

In 35% NH4OH (60 ml), phthalimide (3) (7 g, 47.58 mmol) was stirred for 24 hours. The

mixture was filtered and the resulting precipitated was washed several times with ice cold water
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until excess ammonia was untraceable, then the compound was dried at 60 °C. Yield: 6.5 g
(92%). IR (vmax/cmt): 3424 (N-H).

3.4.1.4 Phthalonitrile (5)

Ina two-necked round bottom flask, dry DMF (61 ml) was cooled to 0 °C under nitrogen (N2).
SOCI2 (62 ml) was added dropwise under continuous stirring and the temperature was
maintained at 0 °C for 2 hours using an ice bath. Compound 4 (6g, 36.55 mmol) was introduced
to the reaction, forming a yellow mixture. The temperature was maintained below 5 °C while
the mixture was stirred for an additional 5 hours then allowed to reach ambient temperature
and left to stir overnight. Finally, the mixture was precipitate on crushed ice, and the precipitate
was isolated by filtration and washing with cold water. The light-yellow compound was then
dried at 110 °C. Yield: 5 g (83%). IR (Vmax/cm): 2233 (CN). *H-NMR (DMSO-ds): & (ppm):
8.16 (1H, m, Ar-H), 7.94 (1H, m, Ar-H).

3.4.1.5 Metal (I1) phthalocyanine (6-8)

A mixture of phthalonitrile (5) (2 g, 15.61 mmol), Co(OAc)2 (0.7 g, 3.9 mmol) and anhydrous
pentanol (15 ml) were heated at 160 °C under nitrogen. The reaction was performed in the
presence of DBU (8 drops) as a catalyst. The temperature was maintained while stirring for 24
hours. The mixture was filtered off and the crude product was refluxed in ethanol for 2 hours,
then washed multiple times with hot ethanol, water, and diethyl ether to obtain Cobalt (1)
phthalocyanine (6). The product was left to dry in air. Yield: 1.3 g (58%). Formation of the
title compound was confirmed by the Q-band at Amax: 667 nm and B-band at Amax: 320 nm
observed in the UV /vis spectrum of the compound. Iron (I1) phthalocyanine (7) and manganese

(1) phthalocyanine (8) were obtain in a similar way using FeCl2 and MnCl2 as metal sources.
3.4.2 MOF synthesis

3.4.2.1 ZIF-8(9)

ZIF-8 was prepared by dry-gel conversion (62) with some changes. Zn (OAc)2.2H20 (3 g,
13.67 mmol) and Hmim (11.22 g, 136.7 mmol) were placed in a Teflon lined stainless steel
autoclave. Millipore water (55 ml) was added at the bottom of the autoclave. The autoclave
was sealed tightly and heated at 120 °C for 24 hours. The autoclave was then allowed to cool
down at ambient temperature. Centrifugal force was applied to isolate the newly prepared ZIF-

8. The product was washed repeatedly with Millipore water then dried in vacuum at 150 °C for
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6 hours to obtain a white powder. Yield: 1.96 g, (63%). The PXRD pattern corresponded to

literature (67) which confirmed successful synthesis of the ZIF-8.
3.4.2.2 Ui0-66 (10)

UiO-66 was synthesized following a procedure reported in (185) with some modifications.
ZrCls (1.069, 4.55 mmol) and H2BDC were dissolved in DMF and sonicated for 30 minutes.
HCO:2H (17 ml) was added in the mixture then transferred to Teflon lined autoclave and placed
in an oven at 120 °C for 24 hours. The crude product was collected by centrifugation and finally
washed with hot ethanol. The final white precipitate obtained was then dried at 80 °C in a
conventional oven. Yield: 1.07 g. PXRD confirmed that the white powdery compound was
indeed UiO-66.

3.4.3 MOF composites

3.4.3.1 ZIF-8 composites

CoPc@ZIF-8 (11) was obtained by dry gel conversion. Compound 6 was dispersed into DMF
(50 ml) and sonicated for 30 minutes. Compound 9 was added to the mixture then sonicated
for a further 30 min. The solution was placed in a Teflon plate inside a stainless-steel autoclave
and heated for 24 hours at 120 °C. The composite was isolated by centrifugation, washed with
water several times, and dried in a vacuum oven for 6 hours at 150 °C. This was repeated for
FePc@ZIF-8 (12) and MnPc@ZIF-8 (13) replacing compound 6 with compound 7 and 8
respectively.

3.4.3.2 UiO-66 composites

CoPc@Ui0-66 (14), FePc@UiO-66 (15) and MnPc@UiO-66 (16) were prepared as described
for ZIF-8 composites (11-13) except compound 9 was replaced with compound 10 and hot

ethanol was used for washing.
3.5 4-Chlorophenol solution preparation

A solution of 4-chlorophenol (1 mM) in PBS was prepared in a 200 ml volumetric flask. This
was diluted with PBS to 0.8 mM, 0.6 mM, 0.4 mM, and 0.2 mM in 50 ml volumetric flasks

and the different concentrations were used to determine the limit of detection of the composite
modified electrodes in pH 7 buffer.
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Chapter 4: Results and discussion
4.1 Phthalocyanine synthesis and characterization

Metal phthalocyanines were synthesized according to literature (131, 186) as shown in Scheme

4.1. Phthalic acid (1) was used as a precursor for phthalonitrile (5) synthesis which was used
for the synthesis of unsubstituted metal phthalocyanines (MPcs) (6-8).

0 0
COOH
AcyO HCONH,
oflux, 10 min 0 NH
reflux, 10 min reflux, 3hr
COOH
1 2 0 3 o)
CONH; CN
NH,OH/H,0 SOCI,/DMF
—_— ,
rt, 24 hrs 1.0-5°C
CONH, 2.1t 3hr CN
4 5

Co(OAc),, DBU
'
pentanol, N,, 160 °C

»

Scheme 4.1: Synthetic pathway to MPc formation.

M = Co(1I) (6)
Fe(ll) (7)
Mn(1I) (8)

Fourier transform infrared (FTIR) spectroscopy datawas obtained for the stepwise synthesis
of the Pc precursor (5). The presence of the two C=0 bands at 1757 cm'! and 1845 cm
confirmed conversion of the acid (1) to an anhydride (2). Amide formation to yield compound

3 was confirmed by the appearance of the N-H band at 3180 cm™t. Ammonium solution was
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used for the conversion of compound 3 to compound 4, an amide band at 3424 cm-t confirmed
successful conversion. The disappearance of the amide band and appearance of the CN stretch
at 2233 cm1, presence of the aromatic C-H band at 3040 cmt and multiple C=C bands between
1400 — 1600 cm-! (Fig. 4.1) confirmed formation of compound 5.
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Figure 4.1: IR spectrum of compound 5.

Nuclear magnetic resonance (NMR) was used to confirm formation of the symmetrical
compound (5). The proton NMR of compound 5 (Fig. 4.2) shows a doublet of doublets (d,d)
at 8.16 ppm corresponding to proton a, and another at 7.94 ppm corresponding to proton b.
This type of coupling is due to ortho and meta coupling. Meta coupling, being the coupling
between protons that are four bonds apart and is normally observed in aromatic compounds
due to maximised orbital interactions between protons, lining up in a zig-zag planar fashion.
Proton a appears downfield due to the presence of electron withdrawing nitrile groups which
pull electron density away from the nucleus, deshielding it, leading to a larger chemical shift.
As a result of symmetry in the chemical structure of the compound, two protons can be found
in the same environment. Therefore, each doublet of doublets represents two protons (2H) for
protons a and b which in total represents all the four protons present in the phthalonitrile

structure.
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Figure 4.2: *H NMR spectrum of compound 5 in DMSO-ds.

Compound 5 was used for the formation of MPcs (compounds 6-8). This was confirmed using
UV-vis spectroscopy amongst other techniques. Fig. 4.3 shows the absorption spectra of CoPc
(6), FePc (7) and MnPc (8) in DMF which exhibit the characteristic absorption peaks of
phthalocyanines. The B band result from transitions between the azu () and bau (r) HOMO to
the doubly degenerate eq (7*) LUMO. The Q band is a result of an electron transition between
the a1u (1) HOMO and the n* (eg) LUMO (Fig 2.10). Compounds 6, 7 and 8 exhibit B bands at
321 nm, 326 nm, and 358 nm respectively while the Q bands of the compounds were observed
at 662 nm, 653 nm, and 715 nm respectively.

The Q band of compound 8 is red shifted compared to those of compound 6 and 7. This can be
attributed to the Mn(I1) ion being very labile, therefore, strong electron donor power of the Pc
ligand may result in easy oxidation of the complex to Mn(l11) state (187). Among all transition
metal Pcs, Mn(I1)Pc possesses the smallest energy gap between occupied and unoccupied
molecular orbitals of the complex which results in the red shift of the Q band (188). The
delocalisation of m-electrons within the conjugated system of MPcs permit interaction between
the metal and ligand and this can lead to charge transfer. There are three types of charge transfer
reactions, namely, ligand to metal charge transfer (LMCT), metal to ligand charge transfer
(MLCT) and metal to metal charge transfer (MMCT). MLCT bands were observed at 450 nm
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and 500 nm in the absorption spectra of the MPcs (Fig. 4.3) which are attributed to m-n*
transitions between the HOMO of the metal and the LUMO of the ligand (189).

1,0
Q band =—=CoPc
FePc
0,8 [— R

=
o

Vibronic band
0,44

CT band

0,2 -

Normalised absorbance (a.u)

0,0 v

L T

L] T T T ¥
500 600 700 800 900
Wavelength (nm)

L)
400

Figure 4.3: Absorption spectra of CoPc (black), FePc (red) and MnPc (blue) in DMF.
4.2 MOF synthesis and characterization

ZIF-8 and UiO-66 were synthesized using previously reported methods (62, 185). Zn
(OAC)2.2H20 and ZrCls were used as metal sources. Hmim and H2BDC were used as
coordinating ligands to form ZIF-8 and UiO-66, respectively. The reactions were performed in
a sealed Teflon lined stainless steel autoclave at 120 °C, overnight. Water was used a solvent
for ZIF-8 synthesis and DMF was used for UiO-66 synthesis. The crude products were isolated
using centrifugal force, washed with water or ethanol, and dried in a conventional oven or

under vacuum to obtain white ZIF-8 or UiO-66 powders.
4.2.1 Scanning electron microscopy (SEM) and EDX

SEM was used to investigate the morphology of ZIF-8, and UiO-66. A rhombic morphology
was observed for ZIF-8 which corresponds to what is reported in literature (64, 67). However,
the experimental sample displayed aggregated particles with irregular sizes (Fig. 4.4a).
Similarly, the SEM images for UiO-66 revealed aggregated particles of irregular sizes and

shapes (Fig.4.4b). EDX was used to analyse the elemental composition of the MOFs (Fig. 4.4c
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and d). The compounds were coated with carbon prior to analysis and during analysis nitrogen
and oxygen may have also been picked up from the atmosphere while hydrogen is too light to
be detected by the instrument. Although the synthesized compounds contain these elements,
we will only focus on the atomic masses of the transition metal elements to confirm the
composition of the compounds. Table S1 displays that ZIF-8 contains 29% Zinc (Zn) and Fig
4.4c shows that a peak which arises from the removal of an electron from the core K shell of
the atom was detected at 8.2 ekV. Table S2 shows that UiO-66 contains 16% of zirconium (Zr)
which was confirmed by the presence of the peak at 2 keV (Fig. 4.4d) resulting from the

ejection of an electron from the L shell of the Zr atom. The MOFs showed high purity as no

impurities were detected.
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Figure 4.4: SEM images of (a) ZIF-8 and (b) UiO-66. EDX spectra of (c) ZIF-8 and (d) UiO-
66.
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4.2.2 Powder X-ray diffraction (PXRD)

PXRD was used to assess the phase purity and crystallinity of ZIF-8 and UiO-66. The ZIF-8
diffractogram (Fig. 4.5a) exhibited peaks at 7.48° 10.55° 12.87°, 14.89° 16.69°, 18.26°,
24.61°, 25.88°, 26.78°, 29.85°, 30.89°, 32.61° which correspond to (011), (002), (112), (022),
(013), (222), (222), (114), (223), (134), (044), (244), (235) planes withmore pronounced peaks
visible at 20 <20°. UiO-66 (Fig. 4.5b) exhibited peaks at 7.53°, 8.66°, 12.17°, 14.34°, 18.75°,
19.28°, 21.14°, 22.34°, 24.51°, 25.93°, 28.33°, 30.05°, 30.94°, 32.44°, 33.34°, 34.68° which
correspond to the (111), (002), (022), (113), (222), (004), (133), (024), (115), (044), (135),
(006), (335), (444), (117), (246), (355), (008) planes.
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Figure 4.5: Diffractograms of simulated and experimental (a) ZIF-8 and (b) UiO-66.

The XRD patterns were in good agreement with the XRD COD database file 4118891 and
CCDC database file 733454 simulated using Mercury software. This revealed that the
synthesized MOFs were pure. Furthermore, the diffraction peaks of the synthesized MOFs are
sharp compared to the simulated pattern, indicating good crystallinity. The sample crystallite
sizes of 276 nm and 34 nm were calculated from half the peak widthat maxima (011) and (111)

for ZIF-8 and UiO-66 respectively, using Scherrer’s equation:

0.9
BCoso

= 4.1
where D is the crystallite size, 1 is the copper wavelength (1.5405 A), @is Bragg’s diffraction

angle of the most the intense peak and f is peak broadening, measured in radians (Rad) at the
full width at half maximum (FWHM) of the most intense peak. g is calculated using Origin

software.
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4.2.3 Brunauer Emmett Teller (BET) analysis

The specific surface area and pore volume of ZIF-8 and UiO-66 were calculated using BET.
The surface area and a pore volume of 1943 m2/g and of 0.58 cc/g were obtained for ZIF-8 in
agreement with literature (71) . On the other hand, a surface area and a pore volume of 1634
m2/g and 0.66 cc/g were reported for UiO-66, which are also similar to literature (190). ZIF-8
exhibits a type | isotherm with a H3 type loop (Fig 4.6a) indicating a combination of
microporous and mesoporous particles (191). The H3type loop observed in the ZIF-8 isotherm
is related to non-rigid aggregates of plate-like particles giving rise to slit-like pores (192). The
N2 sorption isotherms of UiO-66 (Fig. 4.6b) shows a type IV isotherm for UiO-66. The increase
in adsorbate uptake observed for this isotherm is associated with monolayer and multilayer
adsorption on mesoporous materials with smaller mesopore widths. This type of isotherm is
characteristic of conical and cylindrical mesopores that are closed at the tapered end (58). A

narrow pore size distribution (Fig. 4.6 ¢ and d) was obtained for both ZIF-8 and UiO-66.
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Figure 4.6: Adsoprtion isotherms of (a) ZIF-8 (b) UiO-66 and pore size distribution of (c) ZIF-
8 (d) UiO-66.
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4.3 MOF composite synthesis and characterization

MPc@MOF composites were synthesize according to the dry-gel conversion method (62).
MPcs (CoPc, FePc or MnPc) were dispersed in DMF and sonicated for 30 minutes. ZIF-8 or
UiO-66 were added to the MPc mixture then sonicated for another 30 minutes. The solution
was placed in a Teflon plate inside a stainless-steel autoclave and heated overnight at 120 °C.
The crude products were isolated by centrifugation, washed with water several times, and dried

in a vacuum oven, obtaining green or blue MPc@MOF composite powders.
4.3.1 Scanning electron microscopy (SEM) and EDX

The morphology of the MOF composites was investigated using SEM. Fig. 4.7 shows the SEM
micrographs of the MOF composites. As seen from the SEM images, the composites appear as
highly agglomerated structures with particles of undefined shapes wrapped around rod like
structures. EDX was used to perform elemental analysis and the atomic percentages of the
metal elements that the ZIF-8 composites contains can be seen in Tables S3-S5. We except the
composites to be composed of either Zn or Zr from the MOFs and Fe, Mn, or Co from the
MPcs. The FePc@ZIF-8 composite (Table S3) is composed of 10% Zn and 45% iron (Fe). The
MnPc@ZIF-8 composite (Table S4) is made up of 20% Zn and 10% Mn. The CoPc@ZIF-8
composite (Table S5) contains 70% Co and 30% Zn. As seen in Fig. S1 a-c, the EDX spectra
of the ZIF-8 composites indicate that the elemental data was obtained by removing an electron
from the core K shell of Fe, Mn, and Co metals in FePc@ZIF-8, MnPc@ZIF-8and CoPc@ZIF-
8, respectively. The presence of the Fe signal at 6.2 keV (Fig. S1a) , Mn and Co signals at 6
keV (Fig. S1 b and c) confirm that the MPcs were incorporated into ZIF-8.
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Figure 4.7: SEM images of MOF composites (a) FePc@ZIF-8 (b) MnPc@ZIF-8 (c)
CoPc@ZIF-8 (d) FePc@Ui0O-66 and (e) MnPc@Ui0O-66 and (f) CoPc@UiO-66.

Similarly, the MPc@UiO-66 composite (Fig. S1d-f) displayed elemental signals attributed to
the Fe, Mn and Co atoms of the MPcs. The signals observed on the EDX spectra of UiO-66
composites in Fig. S1 d show that an electron was lost from the core K shell of Fe at 6.2 keV
for the FePc@UiO-66 composite. Two elemental signals were observed for the MnPc@UiO-
66 and CoPc@Ui0-66 composites (Fig. S1 e and f). The first signal at 2 keV indicates the loss
of an electron from the L shell of Zr and the second signal at 6 keV indicates the loss of the
core K shell electron from Mn and Co, respectively. The atomic percentages are in agreement
with the EDX spectra for the UiO-66 composites. Tables S6-S8, show that FePc@UiO-66
contains 10% Fe and 7% Zr. The MnPc@UiO-66 composite is made up of 13% Zr and 4%
Mn. Lastly, the CoPc@UiO-66 composite contains 19% Zr and 28% Co.

4.3.2 Powder X-ray diffraction (PXRD)

XRD analysis was used to probe the crystallographic properties and phase purity of the MOF
composites. Fig. 4.8 shows that the diffraction peaks of the all the MPc@ZIF-8 composites are
sharp and clear indicating good crystallinity. All the diffraction peaks agreed with the XRD
patterns for the MPcs and MOFs. An increase in peak intensity is evident in the XRD patterns
of the FePc@ZIF-8 composite (Fig 4.8a) and is usually an indication of increased order in the
structure. The MnPc@ZIF-8 composite (Fig 4.8b) exhibit narrow peaks indicating a reduction
in crystallite size while the opposite is true for the CoPc@ZIF-8 composite (Fig. 4.8c)
displaying broad peaks.
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Figure 4.8: PXRD patterns for (a) FePc@ZIF-8 (b) MnPc@ZIF-8 (c) CoPc@ZIF-8 (d)
FePc@UiO66 (e) MnPc@UiO-66 and (f) CoPc@UiO-66.

MPc@ UiO-66 composite formation was a success as seen in the diffraction patterns of the
synthesized composites. The diffraction pattern of FePc@UiO-66 (Fig. 4.8d), exhibits good
crystallinity. The appearance of a new peak observed at 15° for MnPc@UiO-66 (Fig. 4.8e) is
an indication of formation of new phase (193). The diffractogram of the composite also
displays a right hand shift of peaks at higher 2theta values. The peak shift can be attributed to
internal stress within the crystal lattice and phase transformation (194). An increase in peak
intensity was observed on the diffraction pattern for CoPc@UiO-66 (Fig. 4.8f) and peak
enhancement indicates increase in crystallinity (195, 196). Furthermore, no additional peaks
resulting from impurities were detected which indicates phase purity of the composite (197).
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4.3.3 Brunauer Emmett Teller (BET) analysis

BET analysis was used for investigating the surface area and pore size of the synthesised
MPc@MOF composites. The N2 adsorption curves of ZIF-8 composites (Fig. 4.9 a-c) exhibit
a type | isotherm and a H3 type hysteresis loop. Contrary to what was observed for ZIF-8, a
low-pressure hysteresis loop was observed for the ZIF-8 composites which is associated with
irreversible chemical interaction between ZIF-8 and FePc, MnPc or CoPc for the FePc@ZIF-
8, MnPc@ZIF-8 and CoPcPc@ZIF-8 composites, respectively. Itis also related to deformation
of the nonrigid pores of the adsorbent upon interaction with the adsorbate which may be
attributed to uptake of adsorbate molecules into pores of the same width (192). Type IV
isotherms were observed for UiO-66 composites (Fig. 4.9 d-f) with the exception of
MnPc@UiO-66 (Fig. 4.9e) displaying a hysteresis loop that is typical of type IV isotherms
and results from condensation of adsorbed vapour into the mesopores, limiting N2 uptake at
higher pressures. With both monolayer and multilayer adsorption demonstrated by this type of
isotherm we can assume that the MPc molecules that are not in contact with the surface of the
UiO-66 are adsorbed in a non-porous form (58). The pore size distribution of ZIF-8 composites
(Fig. S2 a-c) is broad with the exception of FePc@ZIF-8 (Fig. S2a) which shows a narrow
pore size distribution like ZIF-8. Similarly to UiO-66, its corresponding phthalocyanine

composites display a narrow pore size distribution (Fig. S2 d-f).
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Figure 4.9: Adsorption isotherms of MOF composites (a) FePc@ZIF-8 (b) MnPc@ZIF-8 (c)
CoPc@ZIF-8 (d) FePc@UiO-66 (e) MnPc@UiO-66 and (f) CoPc@UiO-66.
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Table 4.1 shows the surface areas and pore volumes obtained for the MOFs and their
corresponding composites. ZIF-8 shows the highest surface area and pore volume and these
decrease upon modification with MPcs. A similar trend was observed for UiO-66 and its
composites. However, the UiO-66 composites show a much more significant decrease. The
decrease in the surface area and pore volume indicate that the MPcs are within the pores of the
MOFs.

Table 4.1 BET surface area and pore volume for MOFs and MOF composites.

MOF/ Composite Surface area (m2/g) | Pore volume (cc/g)

ZIF-8 1943 0.58
UiO-66 1634 0.66
CoPc@ZIF-8 801 0.24
FePc@ZIF-8 806 0.31
MnPc@ZIF-8 1229 0.37
CoPc@UiO-66 238 0.13
FePc@UiO-66 182 0.10
MnPc@UiO-66 192 0.12

4.3.4 UV-vis absorption of MOF composites

Ultraviolet-visible spectroscopy was used to explore the absorption properties of the MOF
composites. Unlike MPcs, ZIF-8 and UiO-66 do not absorb in the visible region. The
absorption spectra of the composites however, matched those of the MPcs, with the B and Q
bands present in the composites between 300-400 nm and 600-700 nm respectively (Fig. 4.10a
- ). Apart from the charge transfer band around 500 nm observed for MNnPc@ZIF-8, a new
band was also observed around 600 nm (Fig. 4.10b). This peak may result from MPc
dimerization due to metal-metal interactions between MnPc molecules. The discovered
absorption properties of the composites support all the other characterization techniques in

confirming that the MOF composites were formed.
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Figure 4.10: Absorption spectra of (a) FePc@ZIF-8 (b) MnPc@ZIF-8 (c) CoPc@ZIF-8 (d)
FePc@UiO-66 (e) MnPc@UiO-66 and (f) CoPc@UiO-66.
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Chapter5: Electrocatalysis
5.1 Electrode modification

Phthalocyanine-metal organic framework sensors were fabricated as illustrated in Fig. 5.1. The
synthesized MOFs and MPc@MOF composites were dispersed in DMF and ultrasonicated to
form suspensions. Prior to electrode modification, the GCE surface (3 mm) was polished using
alumina slurry on a polishing pad and rinsed off with Millipore water. The GCE was modified
using the drop dry method. A sufficient amount of suspension was dropped on the shiny surface
of the GCE, and thereafter the electrode was dried in the oven at 100 °C for 5 minutes. The

electro-oxidation of 4-chlorophenol on the modified electrode was probed using cyclic
voltammetry.
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Figure 5.1: llustration of electrode modification using the drop drying method.
5.2 4-Chlorophenol oxidation

Electrocatalytic oxidation of 4-chlorophenol does not occur at the bare electrode. Therefore,
MPc@MOF modified electrodes were used to mediate electron transfer with the aim of
reducing the potential and enhancing catalytic currents. Fig. 5.2 shows catalytic responses of
the MOFs and MPc@MOFs. Amongst the ZIF series (Fig. 5.2a), the ZIF-8 (9) modified GCE
showed better catalytic potential with an oxidation peak at 0.49 V. The FePc@ZIF-8 (12)

modified GCE however, displayed better catalytic current with a peak at 20.06 pA and the
MnPc@ZIF-8 (13) modified electrode showed no catalytic response.
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Figure 5.2: Cyclic voltammograms of bare GCE, (a) ZIF-8 composite modified GCE and (b)
UiO-66 composite modified electrode for 1 mM 4-chlorophenol oxidation in PBS. Scan rate =
500 mV.st,

Table 5.1 shows the catalytic responses obtained with Ui0-66 (10) and FePc@UiO-66 (15)
modified electrodes displaying catalytic responses within the UiO-66 series (Fig. 5.2b). The
FePc@Ui0O-66 (15) modified GCE showed better catalytic response with an oxidation peak at
0.58 V and catalytic current at 26.62 pA. As seen in Table 5.1 overall, ZIF-8 (9) showed the

best catalytic performance in terms of potential reduction, and FePc@UiO-66 (15) showed the
best catalytic current.

Table 5.1 Oxidation of 1 mM 4-chlorophenol on phthalocyanine-MOF modified electrodes in
pH 7 PBS buffer. Scan rate 500 mV.s1,

Complex Er(Vvs I, (LA) Limit of
Ag/AgCl) detection
(mM)
ZIF-8 (9) 0.49 16.39 1.3
Ui0-66 (10) 0.65 20.08 2.8
CoPc@ZIF-8 (11) 0.57 17.62 0.34
FePc@ZIF-8 (12) 0.54 20.06 0.05
FePc@UiO-66 (15) 0.58 26.62 0.67
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The ability of the MOFs to detect 4-chlorophenol in aqueous medium can be attributed to their
high surface area which provides more active sites for the MOF to interact with 4-chlorophenol
in solution. It is noteworthy that the high pore volumes of the MOFs permits adsorption of the
MPcs through n-r interactions. Higher catalytic currents were observed using the composites
modified electrodes which imply that the presence of MPcs in the composites increases the
number of active sites for interaction between the composites and 4-chlorophenol hence better
catalytic activity. This is a result of the extended conjugated system that exists in MPc that
enhances electron transfer and adsorption of 4-chlorohenol though n-r interactions. Thus on

the composites, catalysis occurs on the MPcs with the MOF providing electron transmission.

The limit of detection of the electro-active sensors towards 4-chlorophenol detection was
studied and calculated using the 3o criteria. The results revealed that the current observed for
the responsive modified electrodes increased linearly with an increase in 4-chlorophenol
concentration (Fig. 5.3). The detection limit for the materials ranged from 0.05 mM to 2.8 mM
for 9to 15 and was calculated using data points shown in Table S9. The composites showed a
lower limit of detection compared to the MOFs alone which agrees with the high currents
observed implying superior sensitivity of the composites towards 4-chlorophenol detection
compared to the MOFs. The World Health Organization limits the concentration of various
chlorophenols in aqueous environment to values less than 2.3 mM (182), which suggests that
the MPc@MOF composites are suitable for fabrication of sensors for detection of 4-
chlorophenol in aqueous medium.

(e) R* =0,9733

(b) R = 0,7146
aa) R*=09117
(d) R* = 0,7968
{c) R' = 0,8853

L L) L Ll Ll L)
0,2 04 0,6 038 1.0 12 14

[4-chlorophenol]/ mM

Figure 5.3: Plot of anodic peak current against concentration for the oxidation of 4-

chlorophenol on composite (a) 9 (b) 10 (c) 11 (d) 12 and (e) 15 modified electrodes in pH 7
buffer.
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The effect of scan rate on the performance of the newly developed sensors was explored and
MPc@MOF modified electrode surfaces were passivated after the first or second scan rate
(Fig. S3). The FePc@ZIF-8 (12) modified electrode however, showed the least electrode
fouling compared tothe other modified electrodes. Fig. 5.4 shows the catalytic voltammograms
obtained using the FePc@ZIF-8 (12) modified electrode and as seen in the graph, catalytic
currents increased with increasing scan rate. This suggests that the FePc@ZIF-8 (12) modified

electrode can be employed in routine monitoring of 4-chlorophenol levels in water for human

safety.
. — 100 mV/s
— 200 mVis
— 300 mVis
2. =400 mV/s
— 500 mV/s

00 02 04 06 08 10
E (V) vs Ag/AgCl
Figure 5.4 Effect of scan rate on 4-chlorophenol oxidation using composite 12 modified

electrodes, in pH 7 buffer.

Electrocatalytic oxidation of 4-chlorophenol on MPc@MOF electrocatalysts has been reported
in literature (198, 199). Therefore, based on these previous reports and the resistance of the
FePc@ZIF-8 electrocatalyst to passivation we propose that the reaction mechanism of 4-
chlorophenol oxidation on FePc@ZIF-8 (12) is as depicted in Scheme 5.1. The first step of the
reaction is the deprotonation of 4-chlorophenol (step 1) followed by the electrochemical
oxidationof Fe''toFe!"! (step 2). The oxidised Fe'!' reacts with the deprotonated 4-chlorophenol

in the presence of water molecules to form benzoquinone (step 3).
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Scheme 5.1: Proposed reaction mechanism for 4-chlorophenol oxidation.

0-
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In cyclic voltammetry an electrocatalytic reaction can either be controlled by diffusion or
adsorption. Therefore, the reaction kinetics of 4-chlorophenol oxidation on the composite 12
modified electrode were investigated. In diffusion controlled reactions, peak currents are
linearly proportional to the square root of the scan rate (200) while in adsorption controlled
reactions the peak current is linearly proportional to the scan rate. This means that in the case
of diffusion, the number of particles diffusing through the catalyst is proportional to the
concentration differences across the catalyst while electroactive species migrate from the bulk
phase to the interface in the case of adsorption processes. Both processes are dependent on the
scan rate, therefore, to determine if the catalysis is diffusion or adsorption controlled the slope
of the plot of the logarithm of current against the logarithm of scan rate can be used. The slope
is 0.5 for diffusion controlled reactions and 1 for adsorption dominated reactions (201). Fig 5.5
shows the plot of log current (Ip) versus log scan rate (v) for the oxidation of 4-chlorophenol
on FePc@ZIF-8 (12) modified electrode. The value of the slope of the graph is 1 indicating an
adsorption process. Thus during the detection of 4-chlrophenol in water on the FePc@ZIF-8
(12) modified electrode, oxidation is driven by the migration of 4-chlorophenol particles to the
catalyst on the electrode surface, hence the adsorption of 4-chlorophenol on FePc@ZIF-8 (12)

modified electrode.
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Figure 5.5: Plot of the logarithm of peak current versus the logarithm of scan rate for electro-
oxidation of 1 mM 4-chlorophenol on composite 12 modified electrode in pH 7 buffer.

The rate determining step of the adsorption process occurring during the detection of 4-
chlorophenol was assessed from the plot of Ep vs log scan rate and equation 5.1 (202).

Ep = [2.3RT/ 2(1- &) naF]log v + K 5.1

where Ep is the peak potential, R is the rate constant, T is the temperature, a is the transfer
coefficient, na is the number of electrons involved in the rate determining step. F is Faraday’s

constant, v is the scan rate and K is a constant.

The gradient of the plot in Fig. 5.6 gives b/2 where b is the tafel slope (200), therefore b =
0.059/ (1- a)na. Tafel slopes close to 60 mV/decade suggest that the rate determining step is a
chemical step that is preceded by a fast one electron transfer process while tafel slopes ~ 120
mV/decade imply that the first electron transfer is the rate determining step. Tafel slopes above
120 mV/decade have been related to a mechanism in which a chemical step or weak substrate-
catalyst interaction controls the rate of the reaction. Tafel slope values above 300 mV/decade
have been reported and they reflect that the rate of the reaction is determined by strong
substrate-catalyst interactions. A tafel slope of 208 mV/decade was obtained for the composite
12 electrocatalyst and because the reaction occurring at the electrode surface is dominated by
adsorption, the tafel slope obtained suggests that the rate determining step is the weak
interaction between the FePc@ZIF-8 (12) composite and intermediate product formed during
the oxidation of 4-chlorophenol. Furthermore, the transfer coefficient, o, can be used to
determine if the reaction is reactant or product favoured. Transfer coefficient values lie between
0 and 1. o values between 0 and 0.5 indicate that there is a high probability for reactant

formation, that is, the reverse reaction is favoured while a values between 0.5 and 1 imply that
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there is a high probability for product formation, that is, the forward reaction is favoured. In
our work the transfer coefficient, a, was determined to be 0.72 indicating that the oxidation of
4-chlorophenol to benzoquinone on composite 12 modified electrode is a favourable process
(202, 203).

0,54 R? = 0,98731
0,52+
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Figure 5.6: Anodic peak potential variation versus the logarithm of scan rate for electro-
oxidation of 1 mM 4-chlorophenol on composite 12 modified electrode in pH 7 buffer.

Lastly, the total number of electrons (n) transferred during electrocatalysis was determined
using equation 5.2 (204) .

Ip = (2.69 x 10°) n¥2ACD 2112 5.2

where A is the area of the electrode, C is the concentration of 4-chlorophenol, and D is the
diffusion coefficient of 4-chlorophenol.

Approximately four electrons were transferred in total, suggesting that the detection of 4-
chlorophenol using the FePc@ZIF-8 (12) sensor in water requires the transfer of four electrons
between 4-chlorophenol and the FePc@ZI1F-8 electrocatalyst which results in the formation of
benzoquinone, a well-known product for the electrocatalytic oxidation of 4-chlorophenol.
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Chapter 6: Conclusion and future prospects
6.1 Conclusion

In this work, unsubstituted Co, Fe and Mn Pcs were synthesised using a phthalonitrile as the
starting material. UV-vis was employed to confirm the formation of the synthesized MPcs.
ZIF-8 and UiO-66 MOFs were synthesized and characterised using standard spectroscopic
methods which confirmed successful synthesis. The MPcs and MOFs were combined to form
MPc@MOF composites which were characterised using appropriate spectroscopic methods.
SEM images for ZIF-8 showed the desired rhombic morphology while UiO-66 did not exhibit
the expected cubic structure. The composites on the other hand showed agglomeration.
Elemental analysis of the composites confirmed successful synthesis as both the elements for
MPc and MOF were present for all composites. XRD analysis of the free MOFs and composites
confirmed the structural information obtained from SEM analysis as the diffraction patterns of
the composites displayed phase transformation through changes in peak intensities, peak
position, and peak narrowing. The results obtained from BET analysis revealed that the
composites had lower surface areas and pore volumes compared to the free MOFs, further

confirming the incorporation of the MPcs within the MOF structures.

The MOFs and corresponding composites were immobilized on GCE using the drop-dry
method and the modified electrodes were studied for 4-chlorophenol oxidation.
Electrochemical analysis showed that the bare GCE was incapable of oxidising 4-chlorophenol.
However, electro-oxidation of 4-chlorophenol was possible upon modification of the electrode
surface with the synthesized MOFs and their corresponding composites. The voltammograms
obtained showed that 4-chlorophenol oxidation on the fabricated sensors occurred at catalytic
potentials between 0.49 - 0.65 V with catalytic currents ranging between 16.39 — 26.62 pA.
The peak currents of the composite modified surfaces were higher than when modified with
the MOFs alone. This showed that the composites were better catalysts compared to the free
MOFs. This implies that the MPcs impart significant improvement on the electrochemical
properties of the electrode. The limit of detection of the modified electrodes ranged from 0.05
mM to 2.8 mM. The FePc@ZIF-8 catalyst displayed the best catalytic performance with the
lowest LOD. As expected, the free MOFs showed the least electrochemical activity with low

currents and high LODs.

75



6.2 Future prospects

Electrocatalysis is dependent on the materials used for electrode surface modification.
Therefore, in future, it would be beneficial to invest in research directed at strategies that will
minimise electrode fouling. Understanding the structural contribution of MOFs and MPcs in
the detection of 4-chlorophenol is essential, thus size and morphology control of the materials
will be explored to find out if these parameters have an effect on the catalytic performance of
the fabricated sensors. We will further investigate the effect of pH on the catalytic response of
the sensors. Examining the effect of the amount of catalyst used for electrode modification is
key to understanding the interaction between the MPc@MOF catalysts and 4-chlorophenol
which will be help in developing sensors with improved catalytic activity. The consequences
of interfering ions in real wastewater samples on the sensing ability of the modified electrodes
will be probed in order to fabricate and reproduce electrochemical sensors with fast electron

transfer, very low LOD, and improved sensitivity towards 4-chlorophenol.
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Supplementary information

Appendix A

Table S1 showing the elemental composittion of ZIF-8.

Element Wt% Wt% Sigma Atomic %
N 31.64 0.48 65.07
0] 3.55 0.23 6.38
Mn 0.00 0.00 0.00
Fe 0.00 0.00 0.00
Zr 0.11 0.21 0.03
Total: 100.00 100.00
Table S2 showing the elemental composition of UiO-66.
Element Wt% W1t% Sigma Atomic %
N 2.47 0.48 5.01
0] 43.82 0.39 77.88
Cl 0.73 0.07 0.58
Mn 0.07 0.08 0.04
Fe 0.00 0.00 0.00
Zn 0.02 0.13 0.01
Total: 100.00 100.00
Table S3 showing the elemental composition of FePc@ZIF-8.
Element Wt% W1t% Sigma Atomic %
N 10.77 0.52 29.52
0) 6.48 0.23 15.56
Mn 0.00 0.00 0.00

Zr

1.13

0.35

0.48

Total:

100.00

100.00
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Table S4 showing the elemental comosition of MnPc@ZIF-8.

Element Wt% W1t% Sigma Atomic %
N 22.02 0.58 45.71
0] 13.16 0.35 23.92
. Fe ]/ o000 ] 000 | 000 |
Zr 0.62 0.29 0.20
Total: 100.00 100.00
Table S5 showing the elemental composition of CoPcZIF-8.
Element Wt% Wt% Sigma Atomic %

Total: 100.00 100.00
Table S6 showing the elemental composition of FePc@Uio-66.
Element Wt% W1t% Sigma Atomic %
N 19.89 0.58 35.20
0] 30.68 0.42 47.54
Mn 0.10 0.09 0.05

Table S7 showing the elemental composition of MnPc@UiO-66.

Element Wt% W1t% Sigma Atomic %
N 2.78 0.49 5.42
0] 45.42 0.41 77.48
Fe 0.10 0.09 0.05
Zn 0.00 0.00 0.00
Total: 100.00 100.00




Table S8 showing the elemental composition of CoPc@UiO-66.

Element Wt% W1t% Sigma Atomic %
0] 19.60 0.34 52.35

Total: 100.00 100.00

Table S9 Showing data used to calculate the limit of detection of 4-chlorophenol on ZIF-8,
UiO-66, CoPc@ZIF-8, FePc@ZIF-8 and FePc@UiO-66 modified electrodes in pH 7 buffer.
Scan rate 500 Mv.st.

4-chlorophenol ZIF-8 1, UiO-66 I, | CoPc@ZIF- | FePc@ZIF- | FePc@UiO-
concentration (HA) (HA) 8 1, (A) 8 Ip (MA) 66 Ip (LA)
(mM)
0.2 4.64 16.55 0.57 1.68 9.28
0.4 6.57 11.82 0.42 1.89 16.31
0.6 14.68 17.00 0.72 8.47 16.78
0.8 12.68 20.23 8.89 3.89 21.03
1.0 16.39 20.08 17.62 20.06 26.62
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Appendix B

Figure S1: Elemental analysis spectra for MOF composites (a) FePc@ZIF-8 (b) MnPc@ZIF-
8 (c) CoPc@ZIF-8 (d) FePc@UiO-66 (e) MnPc@UiO-66 and (f) CoPc@UiO-66.
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Figure S2: Pore size distribution of MOF composites (a) FePc@ZIF-8 (b) MnPc@ZIF-8 (c)
CoPc@ZIF-8 (d) FePc@UiO-66 (e) MnPc@UiO-66 and (f) CoPc@UiO-66.
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Appendix D

4 pu— e
e 100 eV —200 MVis —3:\».
& e 200 VIS 80
300 == Vi — 302 mVJs,
—aamy 3 e 800 mVis
e 400 IV
400 mVis — 500 mVis,
4 | s 500 VIS e 500 MVs.
3 21 b ]
< a 2 g C
= -' - 20
0
o ol
0 62 . 06 o8 40 00 02 04 08 08 10 @0 02 04 05 08 10
E (V) vs Ag/AgCI E (V) vs Ag/AgCI E (V) vs Ag/AgCI
— 100 mVis
304 e 200 mV's
— 309 mVin
— 400 mVin
204 e 500 VIS

0 ©2 04 06 03 10
E (V) vs Ag/AgCl

Figure S3: Effecct of scan rate on 4-chlorophenol oxidation using compound (a) 9 (b) 10 (c)
11 and (d) 15 modified electrodes in pH 7 buffer.
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