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Abstract

Pillared-Layer Metal-Organic Frameworks (MOFs) as Photocatalysts for

Degradation of Dyes

Tesfaye Haile Habtemariam

Addis Ababa University, June 2019

Metal-Organic Frameworks (MOFs) are highly crystalline and porous materials. In this

thesis, three sets of work have been undertaken. The first two involve the synthesis and

characterization of pillared-layer MOFs and the third is a study of the photodegradation

application of selected pillared-layer MOFs in the textile wastewater treatment sector.

In the first work, three pillared-layer Metal-Organic Frameworks (MOFs) were

synthesized at room temperature in water/methanol mixed solvents and fully characterized.

Fumaric acid was converted to its sodium fumarate salt and used as a linker to form MOFs

in combination with the pillar, 4, 4’-bipyridine. The powder x-ray diffraction (PXRD) of

two MOFs were found to be in good agreement with simulated diffractograms from single

crystal data of related MOFs made at higher temperature using DMF as solvent. The study

showed that room temperature synthesis (of such pillared-layer MOFs) could produce

mesoporous MOFs in less toxic solvents. This could be an attractive approach to obtain

MOFs in  a  greener  way and  will  increase  the  applicability.  Even  though single  crystals

couldn’t be obtained from all three newly prepared MOFs, quantitative amounts of MOFs

could be obtained. Determination of the optical band gaps using Tauc plots revealed that

{[Ni2(Ox)2(BPY)]·3.75H2O}n is photo responsive in the visible region, whereas
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{[Zn2(Fu)2(BPY)]·1.5H2O}n and {[Cu2(Fu)2(BPY)]·H2O}n are responsive in the UV

region.

Encouraged by the first set of the work, Zn (II) and Cu (II) based pillared-layer MOFs from

sodium oxalate linker (and also 2-aminotherephtalate) and 4,4’-bipyridine pillar in

water/methanol mixed solvents were synthesized at room temperature and characterized.

Powdered MOFs were obtained and their crystallinity was studied using PXRD techniques.

DICVOL06 in Expo2014 software was used to index PXRD patterns of the MOFs and it

was  possible  to  have  crystal  parameters.  All  the  MOFs  obtained  have  porosities  in  the

mesoporous region. The optical band gap measurements showed that the

{[Zn2(ATA)2(BPY)]·H2O}n is active in the visible region whereas

{[Zn2(Ox)2(BPY)]·3.5H2O}n and {[Cu2(Ox)2(BPY)]·0.5H2O}n are active in the UV

region. Magnetic property studies of the Cu and Ni-based MOFs revealed that there are

long range cooperative spin exchange interactions between paramagnetic metal ions

through diamagnetic units implying that the MOFs behaved as low dimensional magnetic

materials.

In the last sets of the work, the photocatalytic performance of one of the pillared-layer

MOF, {[Cu2(Fu)2(BPY)]·H2O}n, has been studied in detail towards degradation of methyl

orange as a model dye, which is toxic, nonbiodegradable, and discharged to the

environment through wastewater by textile industries. The degradation of this model dye

was investigated with UV radiation in the presence of the semiconducting MOF,

{[Cu2(Fu)2(BPY)]·H2O}n. The optimized conditions for the photodegradation efficiency

of the MOF were achieved after considering the effect of pH, and MOF loading at a fixed

dye concentration. 96 % of the 10-ppm methyl orange is photodegraded with 0.25 g/L
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loading of the photocatalyst at pH 5.2 in 140 min of irradiation time. The photocatalyst

was recycled five times with a 96 %, 88 %, 87 %, 80% and 53 % degradation efficiencies.

The PXRD analysis of the recycled photocatalyst showed that the crystallinity of the MOF

is maintained in the five runs.
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CHAPTER ONE

Introduction

Metal–organic frameworks (MOFs) represent a fascinating class of highly porous materials

which were reported originally by Yaghi and co-workers in the 1990s.13 Chemists have

used porous materials, including clays and zeolites to trap and store gases for decades.14, 15

The pores and channels in naturally occurring porous materials are of varying sizes.

Therefore, researchers have sought to develop porous structures with uniform openings. In

trying to construct such materials in the 1990s, Omar Yaghi at the University of California,

Los  Angeles,  came  up  with  a  novel  method  for  making  frameworks  with  precisely

controlled pore sizes. In 1998, Yaghi engineered the first MOF structure by mixing together

two molecular building blocks, namely metal oxide and organic groups.16

The design and construction of metal–organic frameworks (MOFs) is currently of great

interest in the fields of coordination chemistry and crystal engineering, because MOFs have

an intriguing variety of topologies, fascinating structures, interesting properties and

potential applications.17 In general, the construction of MOFs depends on two primary

components, namely the metal centres, including metal ions, metal clusters or secondary

building units (SBUs), which act as connectors, and the organic ligands, which act as

linkers. The most important characteristics of the connectors and linkers are the number

and orientation of the interacting sites. Typical linkers are multidentate organic ligands

with definite linking sites that determine the spatial arrangement of the connectors in the

framework.18
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During the past decade, MOFs have attracted extensive interest in the fields of chemistry,

material science, medicine, and environmental science. However, most of the MOF

applications, including gas separation, gas storage, chemical sensing, catalysis, drug

delivery, and energy storage and conversion, were based on taking advantage of their

porosity. Very recently, several studies have underscored the importance of the framework

architecture itself, and especially the possibility to utilize the structural reinforcement of

nitrogen-rich MOFs as energetic materials.19

Based on the geometries of the organic linkers and coordination modes of the inorganic

metal ions or clusters of metal ions, MOF structures can be designed according to targeted

properties. Typical conventional porous materials like zeolites, silicas, and carbon

nanotubes have smaller BET surface areas when compared to MOFs (Fig. 1). The figure

also showed that a number of researches are being undergone to increase the surface area

Figure 1 Progress in the synthesis of ultrahigh-porosity MOFs. BET surface areas of MOFs and typical
conventional materials were estimated from gas adsorption measurements. The values in parentheses
represent the pore volume (cm3/g) of these materials.6
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and pore volumes of MOFs. A key structural feature of MOFs is the ultrahigh porosity (up

to 90% free volume) and incredibly high internal surface areas, extending beyond a

Langmuir surface area of 10, 000 m2g-1, which play a crucial role in functional

applications.20

A stable coordination network is achieved by considering the nature of the metal and

ligand. From an industrial point of view, the stability of MOFs is a prerequisite for

utilization. So far, numerous MOFs have been reported; however, very few possess high

chemical stability, especially towards both acids and bases. For example, three typical

MOFs, Cu-BTC, MOF-5, and MOF-74, which have been widely investigated, are unstable

towards water. It has been a challenge to make chemically stable MOFs because of their

susceptibility to link-displacement reactions when treated with solvents over extended

periods of time (days). The first example of a MOF with exceptional chemical stability is

zeolitic imidazolate framework–8 [ZIF-8, Zn(MIm)2; MIm- = 2-methylimidazolate], which

was reported in 2006.  ZIF-8 is unaltered after immersion in boiling methanol, benzene,

and water for up to 7 days, and in concentrated sodium hydroxide at 100°C for 24 hours. 6

MOFs containing highly oxidized metals or a metal cluster tend to be more stable due to

the stronger bonds. On the other hand, from the aspect of the ligand, introduction of

hydrophobic or nonpolar groups can also enhance the water stability of MOFs.21

1.1 Synthesis of Metal Organic Frameworks (MOFs)

A summary of the various approaches for MOF preparation is illustrated in Fig. 2. Most

MOF syntheses are liquid-phase syntheses, where separate metal salt and ligand solutions

are mixed together or solvent is added to a mixture of solid salt and ligand in a reaction
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vial. Selection of a solvent for these liquid-phase reactions can be based on different

aspects such as reactivity, solubility, redox potential, stability constant etc. Solvents also

play an important role in determining the thermodynamics and activation energy for a

particular reaction. Apart from liquid-phase synthesis, researchers have also attempted

solid-phase syntheses of MOFs, because it is quicker and easier, but solid-state synthesis

always faces difficulties in obtaining single crystals, and thereby determining product

structure, which is otherwise quite easy in solution phase reactions. The slow evaporation

method is a regular process of crystallization which has been applied for the last few

decades to prepare MOF crystals. Although routine synthesis of MOFs involves

solvothermal methods (Fig.3), other methods such as microwave-assisted synthesis,

Figure 2 Conditions commonly used for MOF synthesis8
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electrochemical synthesis, mechanochemical synthesis and sonochemical synthesis have

been applied as alternatives for MOF synthesis.8

1.1.1 Solvothermal Synthesis

Solvothermal reactions (Fig. 4) are carried out in closed vessels under autogenous pressure

above the boiling point of the solvent for the formation of new MOFs. Many starting

materials can undergo quite unexpected chemical changes under solvothermal conditions,

which are often accompanied by the formation of nanoscale morphologies that are not

achievable by conventional methods. In most cases, high-boiling organic solvents have

been used for solvothermal reactions. The most commonly used organic solvents are

dimethylformamide, diethylformamide, acetonitrile, acetone, ethanol, and methanol.

Mixtures of solvents have also been used to avoid problems of differing solubility for the

different starting materials and products. Solvothermal reactions can be carried out in

different temperature ranges, depending on the requirement of the reaction. Generally,

glass vials are used for lower temperature reactions, while reactions performed at

temperatures higher than ~400 K require Teflon-lined autoclaves.22 The hydrothermal

Figure 3 Indicative summary of the percentage of MOFs synthesized using the various preparation routes8
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method (water as a solvent) has been used successfully for the synthesis of an enormous

number of inorganic compounds and inorganic organic hybrid materials.2, 8

1.1.2 Microwave-assisted Synthesis

Microwave synthesis techniques have been widely applied for rapid synthesis of nano

porous materials under hydrothermal conditions. Besides fast crystallization, potential

advantages of this technique include phase selectivity (selective synthesis of products with

specific and distinctive crystal structure, les stable to hard, from the same reaction

components), narrow particle size distribution (almost uniform crystal size), and facile

morphology control.23 Commercial microwave equipment provides adjustable power

outputs and has a fiber optic temperature controller and pressure controller. In microwave

synthesis, a substrate mixture in a suitable solvent is transferred to a Teflon vessel, sealed

and placed in the microwave unit, and heated for the appropriate time at the set temperature

(Fig. 5). The microwave approach, where an applied oscillating electric field is coupled

with the permanent dipole moment of the molecules in the synthesis medium inducing

molecular rotations results in rapid heating of the liquid phase.2, 8 MW-assisted synthesis

of MOFs has often been carried out at a temperature above 100oC with reaction times rarely

Figure 4 Conventional solvothermal synthesis of MOF structures2
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exceeding one hour. Some reports describe the systematic variation of compositional and

process parameters (solvent, irradiation time, reaction temperature, power level, molar

ratio of the reactants, reactant concentration, etc.) in order to optimize the reaction

conditions. In general, MW irradiation allows faster synthesis of smaller crystals compared

to CE heating.24

1.1.3 Electrochemical Synthesis

The electrochemical synthesis of MOFs uses metal ions continuously supplied through

anodic dissolution as a metal source instead of metal salts, which react with the dissolved

linker molecules and a conducting salt in the reaction medium (Fig. 6). The metal

deposition  on  the  cathode  is  avoided  by  employing  protic  solvents,  but  in  the  process,

hydrogen is generated. The electrochemical route is also possible to run a continuous

process to obtain a higher solids content compared to normal batch reactions.2, 8

Researchers at BASF have performed the pioneering work and have established synthesis

procedures for some Cu- and Zn-based MOFs. In their  studies,  various combinations of

anode materials (Zn, Cu, Mg, Co) and linkers [1,3,5-H3BTC, 1,2,3-H3BTC, H2BDC, and

Figure 5 Microwave-assisted solvothermal synthesis of MOF structures2
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H2BDC- (OH)2] as well as different experimental setups were reported, which also allowed

the up-scaling of the syntheses. From these combinations, four Cu- or Zn-containing

compounds with high porosity were obtained.24 The  HKUST-1  (  HKUST= Hong Kong

University of science and Technology ) product was tested for its use in gas purification,

i.e., removal of tetrahydrothiophene from natural gas, H2 storage, and the separation of Kr-

Xe mixtures.25 This work was further extended to the chemistry of ZIFs.

1.1.4 Mechanochemical Synthesis

Mechanical breakage of intramolecular bonds followed by a chemical transformation takes

place in mechanochemical synthesis.24 Mechanochemical reactions can occur at room

temperature under solvent- free conditions, which is especially advantageous when organic

solvents can be avoided. Quantitative yields of small MOF particles can be obtained in

short reaction times, normally in the range of 10-60 min. In many occasions, metal oxides

(Fig. 7 and 8) were found to be preferred over metal salts as starting materials, which result

in water as the only side product. The critical contribution of moisture in mechanochemical

synthesis of pillared type MOFs was recently reported by the Kitagawa group.26

Figure 6 Electrochemical synthesis of MOF structures2
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The addition of small  amounts of solvents in liquid-assisted grinding (LAG) can lead to

acceleration of mechanochemical reactions due to an increase of mobility of the reactants

on a molecular level. The liquid can also work as a structure-directing agent. More recently,

the extension of the method to ion- and liquid assisted grinding (ILAG) was reported to be

highly efficient for the selective construction of pillared-layered MOFs.12 However,

mechanochemical synthesis is limited to specific MOF types only and large amounts of

products is difficult to obtain.2

Figure 7 Ion- and liquid-assisted grinding (ILAG), in the construction of MOFs based on terephthalic acid
(Hta)12

Figure 8  Mechanochemical synthesis of MOF structures2
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1.1.5 Sonochemical Synthesis

Sonochemical methods via homogeneous and accelerated nucleation can also achieve a

reduction in crystallization time than those by the conventional solvothermal synthesis. As

shown in Fig. 9, a substrate solution mixture for a given MOF structure is introduced to a

horn-type Pyrex reactor fitted to a sonicator bar with an adjustable power output without

external cooling. Formation and collapse of bubbles formed in the solution after sonication

(acoustic cavitation), produces very high local temperatures (~5,000 K) and pressures

(~1,000 bar), and results in extremely fast heating and cooling rates (>1010K/s) producing

fine crystallites. The primary goal of sonochemical synthesis in MOF science was to find

a fast, energy-efficient, environmentally friendly, room temperature method that can be

carried out easily. This is of special interest for their future application, since fast reactions

could allow the scale up of MOFs. In addition, nanocrystalline particles, which are often

obtained by sonochemical syntheses were also anticipated to be of advantage for their

application. Systematic studies were carried out focusing on the role of reaction time and

temperature, power level, and solvent. Short reaction times at ambient pressure were

reported to lead to high yields of the desired product.24, 27

High-quality MOF-5 crystals in the 5-25 μm range were obtained within 30min by

sonochemical  synthesis  using  NMP  (1-methyl-2-pyrrolidone)  as  the  solvent.  HKUST-1

was  also  prepared  using  DMF/EtOH/H2O mixed-solution in an ultrasonic bath. The

product formed after 5min as a nanocrystalline powder (10-40 nm), and increasing the

reaction time led to larger crystals (50-200 nm) and higher yields, but further reaction

resulted in their partial decomposition.2
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1.1.6 Slow Evaporation Synthesis

The slow evaporation method is a conventional method to prepare MOFs, which mostly

does not need any external energy supply. Although this method is sometimes preferred

because it is a room-temperature process, its major disadvantage remains that it requires

more time compared with other known conventional methods. In the slow evaporation

method, a solution of the starting materials is concentrated by slow evaporation of the

solvent at a fixed temperature, mostly at room temperature. Sometimes the process

involves a mixture of solvents, which can increase the solubility of the reagents and can

make the process faster by quicker evaporation of low-boiling solvents.8, 28

1.2Applications of Metal-Organic Frameworks (MOFs)

1.2.1 Catalytic Transformations Within the Pores

The high surface areas, tunable pore metrics, and high density of active sites within the

very open structures of MOFs offer many advantages in catalysis. MOFs can be used to

support homogeneous catalysts, stabilize short-lived catalysts, perform size selectivity, and

Figure 9  Sonochemical synthesis of MOFs structures2
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encapsulate catalysts within their pores.29 The first example of catalysis in an extended

framework, reported in 1994, involved the cyanosilylation of aldehydes in a Cd-based

framework [Cd(BPy)2(NO3)2; BPy = 4,4′-bipyridine] as a result of axial ligand removal.30

This study also highlighted the benefits of MOFs as size-selective catalysts by excluding

large substrates from the pores.

In 2006, it was shown that removal of solvent from HKUST-1 exposes open metal sites

that may act as Lewis acid catalysts.31  MIL-101 [Cr3X(H2O)2O(BDC)3; X= F, OH] and

Mn-BTT have also been identified as Lewis acid catalysts in which the metal oxide unit

functions as the catalytic site upon ligand removal. In addition, alkane and alkene

oxidation, and oxidative coupling reactions have also been reported; they all rely on the

metal sites within the SBUs for catalytic activity. The study of methane oxidation in

vanadium-based MOF-48 is promising because the catalytic turnover and yield for this

oxidation far exceed those of the analogous homogeneous catalysts. 32, 33

One  early  example  of  the  use  of  a  MOF  as  a  heterogeneous  catalyst  is  PIZA-3,  which

contains a metalloporphyrin as part of the framework.34 PIZA-3 is capable of hydroxylating

alkanes and catalyzes the epoxidation of olefins. Schiff-base and binaphthyl metal

complexes have also been incorporated into MOFs to achieve olefin epoxidation and

diethyl zinc (ZnEt2) additions to aromatic aldehydes, respectively. The incorporation of

porphyrin units within the pores of MOFs can be accomplished during the synthesis (a

“ship-in-a-bottle” approach that captures the units as the pores form), as illustrated for the

zeolite-like MOF.35 The pores of this framework accommodate high porphyrin loadings,

and the pore aperture is small enough to prevent porphyrin from leaching out of the MOF.
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The porphyrin metal sites were subsequently metallated and used for the oxidation of

cyclohexane.

Integration of nanoparticles for catalysis by PSM (Post Synthetic Modification of Metal-

Organic Frameworks) has been carried out to enhance particle stability or to produce

uniform size distributions. Palladium nanoparticles were incorporated within MIL-101(Cr)

for cross-coupling reactions. Most recently, a bifunctional catalytic MOF capable of water-

splitting reactions was reported.36 This MOF uses the organic linker and an encapsulated

nanoparticle to transfer an electron to a proton in solution, leading to hydrogen evolution.

A wide variety of MOFs have been designed with various transition metals as well as

different poly-topic ligands and screened in heterogeneous catalysis of organic

transformations but still there are hundreds of MOF materials that have not been explored

for catalysis. Therefore, the use of MOFs in catalysis is extremely broad and increasing

continuously.37

1.2.2 Photocatalysis

Photocatalysis is an environmentally-friendly technology to convert solar energy into

chemical  energy,  such  as  photocatalytic  splitting  of  water  into  H2, photodegradation of

organic molecules, and CO2 photoreduction into solar fuels.38 The application of MOFs in

photocatalysis  is  emerging  as  an  interesting  topic.  Compared  with  the  traditional

photocatalysts, the superiority of MOFs is based on their desirable topology and high

surface area, which is beneficial for fast transport and good accommodation of guest

molecules. Moreover, the band gap of MOFs is closely related to the HOMO–LUMO gap,

which may be flexibly tuned through rational modification of the inorganic unit or the
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organic linker during synthetic procedures, thus the efficient light harvesting can be

realized. 39 As per the Scopus database result in 2016, the number of published articles

regarding MOFs is increasing very rapidly. The graphs in Fig. 10a and 10b reveal the

number of papers published each year up to 2016.
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In 2007, Alvaro et al. studied the photocatalytic properties of MOF-5 in the degradation of

phenol in aqueous solution. Upon light excitation MOF-5 behaved as a semiconductor

(Scheme 1) and passed through charge separation (electrons and holes) decaying in a

microsecond time scale. The actual conduction band energy value was estimated to be 0.2

V versus NHE (Normal Hydrogen Electrode) with a band gap of 3.4 eV. Photoinduced

electron transfer processes to viologen generates the corresponding viologen radical cation,

while holes of MOF-5 oxidizes N,N,N’,N’-tetramethyl-p-phenylenediamine.10 Serre and

Sanchez9 synthesized the highly photon sensitive Ti8O8(OH)4(O2C-C6H4-CO2)6 (MIL-

125(Ti)) in a solvent mixture of dimethylformamide (DMF) and methanol, and titanium

tetraisopropoxide as a precursor in 2009. The results revealed that the reduction of Ti center

and oxidation of adsorbed alcohol occur simultaneously over MIL-125(Ti) under UV-

visible light irradiation, implying this MIL-125(Ti) is a potential stable photocatalyst

(Scheme 2).

Scheme 1 Photophysical processes that occur after the irradiation of the MOF-5 solid material containing the
terephthalate unit and Zn2+ 10
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The iron(III)-based MOFs photocatalysts reported for the first time by Larurier et al. 40

could photodegrade Rhodamine 6G in aqueous solution under visible light irradiation in

which the Fe-O cluster itself in the iron(III)-based MOFs (including MIL-101(Fe) and

MIL-88(Fe)) could act as a semiconductor to absorb visible light and then induce the whole

photocatalytic reaction, and the organic linkers facilitate the charge separation. Due to their

superior framework topology and well-ordered porous structure in addition to the amenable

organic linker/metal clusters, MOFs based photocatalysts are emerging as interesting

materials.

A bifunctional photocatalyst-Fe-benzenedicarboxylate (MIL-53(Fe)) was synthesized

successfully by Liang et al. 11 via a facile solvothermal method. The resulting MIL-53(Fe)

photocatalyst exhibited an excellent visible light (λ ≥ 420 nm) photocatalytic activity for

the reduction of Cr(VI) to Cr(III) as shown in Scheme 3. The reduction rate has reached

about 100% after 40 min of visible light irradiation, which has been more efficient than

that of N-doped TiO2 (85%) under identical experimental conditions.

Scheme 2 Proposed mechanism for the reduction of MIL-125 in the presence of alcohols under UV radiation9
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In 2016, Nasalevich et al.41 focused on the electronic properties of NH2-MIL-125(Ti), NH2-

UiO-66(Zr) and NH2-UiO- 66(Hf) and their influence on the photocatalytic performance

in hydrogen evolution reaction (HER). They also found out that  LMCT (linker to metal

charge transfer) excited state of NH2-MIL-125(Ti) has a superior lifetime as compared to

the organic-based states of the UiOs. The design of MOF for photocatalysis should focus

on developing sufficiently long excited state lifetimes, thus improving catalytic activity.

Fe-based metal-organic frameworks (MOFs) including MIL-101(Fe), MIL-100(Fe), MIL-

3(Fe), and MIL-88B(Fe) were prepared by  Li. et al. via a facile solvothermal process and

introduced as both adsorbents and catalysts to generate powerful radicals from persulfate

for acid orange 7 (AO7) removal in  aqueous solution.42 The results showed that the ability

Scheme 3  A schematic illustration of simultaneous reduction of Cr (VI) and oxidation of dyes over MIL-
53(Fe) under visible light irradiation.11
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of the materials in the combination of adsorption and degradation was in the order MIL-

101(Fe) >MIL-100(Fe) > MIL-53(Fe) > MIL-88B(Fe), was closely related to the activity

of metal ion in active site of the catalyst and the different cage dimension. The reactive

species in MILs/persulfate system were identified as sulfate radicals and hydroxyl radicals.

The photocatalytic reduction of Cr(VI) was investigated by Shi. et al.  over iron(III)-based

metal–organic frameworks (MOFs) structured as MIL-88B. It is found that MIL-88B (Fe)

MOFs, containing Fe3-μ3-oxo clusters,  can be used as photocatalyst  for the reduction of

Cr(VI) under visible light irradiation, which is due to the direct excitation of Fe3-μ3-oxo

clusters. The amine-functionalized MIL-88B(Fe) MOFs (denoted as NH2–MIL-88B(Fe))

showed much higher efficiency for the photocatalytic Cr(VI) reduction under visible-light

irradiation compared with MIL-88B (Fe). It was revealed that in addition to the direct

excitation of Fe3-μ3-oxoclusters, the amine functionality in NH2–MIL-88B(Fe) could be

excited  subsequent  transfer  of  an  electron  to  Fe3-μ3-oxo clusters, thus enhancing the

photocatalytic activity for Cr(VI) reduction. The enhanced photocatalytic activity for

Cr(VI) reduction is also achieved for two other amine-functionalized iron(III)-based MOFs

(NH2–MIL-53(Fe) and NH2–MIL-101(Fe)).43

In 2013, Gao. et al reported a new Ti(IV)-based porous metal–organic framework (NTU-

9), which displayed strong absorption in the visible region with a bandgap of 1.72 eV. The

electronic structure and band gap were further investigated by DFT calculations.

Photoelectrochemical studies indicated that NTU-9 was photoactive under visible light

illumination (λ > 400 nm) and behaved as a p-type semiconductor. The results

demonstrated that Ti(IV)-based MOFs could be promising visible-light photocatalysts for

energy conversion and environmental remediation.44
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1.2.3 Gas Adsorption for Alternative Fuels and Separations for Clean Air

1.2.3.4 Hydrogen adsorption

Much attention is being paid to increasing the storage of fuel gases such as hydrogen and

methane under practical conditions. The first study of hydrogen adsorption was reported in

2003 for MOF-5.45 This study confirmed the potential of MOFs for application to hydrogen

adsorption, which has led to the reporting of hydrogen adsorption data for hundreds of

MOFs.46 In general, the functionality of organic linkers has little influence on hydrogen

adsorption47, whereas increasing the pore volume and surface area of MOFs markedly

enhances the gravimetric hydrogen uptake at 77 K and high pressure, as exemplified by

the low-density materials: NU-100 and MOF-210 exhibit hydrogen adsorption as high as

7.9 to 9.0 weight percent (wt%) at 56 bar for both MOFs and 15wt% at 80 bar for MOF-

210.48, 49However, increasing the surface area is not always an effective tool for increasing

the volumetric hydrogen adsorption, which can be accomplished by increasing the

adsorption enthalpy of hydrogen (Qst).50

1.2.3.5 Methane adsorption

An alternative high-density fuel source to hydrogen and gasoline is natural gas (methane).

The first study of high-pressure methane adsorption in an extended metal-organic structure

was reported in 2000 for CuSiF6(BPy)2,
51 which demonstrated an uptake capacity of 104

mg/g at 36 atm and 298 K. As is the case for hydrogen adsorption, the total gravimetric

methane uptake capacity is generally proportional to the pore volume of MOFs. The

calculated total uptake values for MOF-177, MOF-200, and MOF-210 are 345 mg/g, 446

mg/g, and 476 mg/g, respectively, at 80 bar and 298 K. These values are much greater than
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those of any other MOF. The amount of methane stored in a vessel filled with one of these

MOFs is at least double the amount that could be stored in an empty vessel at room

temperature and pressures up to 80 bar.48 This technology is now being commercialized by

BASF for automobile fueling.

1.2.3.6 Carbon dioxide adsorption

MOFs also offer reversible carbon dioxide adsorption and are promising materials for the

selective capture of carbon dioxide from the atmosphere and flue gas. Carbon dioxide

adsorption in MOFs was first reported in 1998 for MOF-2 [Zn(BDC)].52 As expected, the

best carbon dioxide uptake reported to date was observed in a MOF with ultrahigh porosity,

MOF-200 (2437 mg/g at 50 bar and 298 K).48 In practical terms, a gas tank filled with

MOF-177 or MOF-200 would store 9 times or 17 times as much carbon dioxide at 35 bar,

respectively, as the corresponding pressurized tank without MOF. On the other hand, many

carbon dioxide capture applications will operate at low pressure so that the Henry’s law

constant (i.e., initial slope of the isotherm) can be used as an indicator of the carbon dioxide

selectivity. MOFs with open metal sites were found to have desirable high initial Qst values

of 62 kJ/mol and 47 kJ/mol for MIL-101(Cr) and Mg-MOF-74, respectively53, 54, thereby

offering enhanced carbon dioxide uptake and selectivity at low pressures. Basic nitrogen

centers have also been post synthetically added to MOFs with open metal sites by using

N,N′-dimethylethylenediamine (DMEN), where the highest initial Qst for

H3[(Cu4Cl)3(BTTri)8(DMEN)12] [BTTri3–= 4,4′,4″-(benzene- 1,3,5-triyl)tris(1,2,3-triazol-

1-ide)] is estimated to be 96 kJ/mol.55 An ideal material for carbon dioxide capture from

fuel and combustion gases requires high selectivity in the presence of water, it is useful to

target MOFs in which the competition between carbon dioxide and water for adsorption is
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minimized. In this respect, chemical binding of carbon dioxide in a recent MOF

synthesized to make organic carbonates reversibly is a promising approach.56

1.2.3.7 Gas Separation

Gas storage experiments on MOFs have also been extended to the separation of

hydrocarbons, toxic molecules (e.g., ammonia and chlorine), and water. For instance,

Cu2(PZDC)2(Pyz) (PZDC = pyrazine-2,3-dicarboxylate; Pyz = pyrazine) selectively takes

up acetylene over carbon dioxide through hydrogen bonding between acetylene and oxygen

atoms on the MOF internal surface.57 Ammonia was previously considered to be too

reactive for MOFs; however, chemically stable Zr-MOFs, such as UiO-66-NH2

[Zr6O4(OH)4(BDC-NH2)6] and other derivatives, maintain their structures after the process

of ammonia adsorption and desorption.58 Gas separation processes in MOFs generally rely

on both the size of the pores and the affinity of MOFs for the targeted gases.

1.2.4 Magnetic properties of MOFs

The magnetic properties such as ferromagnetism, antiferromagnetism, and ferrimagnetism

of poly-metallic systems derive from the cooperative exchange interactions between the

paramagnetic metal ions or organic radicals through diamagnetic bridging entities.

Therefore, their magnetic behaviors depend on the intrinsic nature of both the metal and

the organic ligand as well as the particular level of organization created by the metal–ligand

coordination interaction.  As a result, in pursuing the magnetism of MOFs, the ligand

design is crucial both to organize the paramagnetic metal ions in a desired topology and to

efficiently transmit exchange interactions between the metal ions in a controlled manner.

The formation of a bulk material with non- zero spin requires a framework that allows for
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parallel coupling of the spins of neighboring paramagnetic spin carriers or antiparallel

coupling of unequal spins. Canted spin orientations may also result. It should be pointed

out that there is always a tendency for antiparallel coupling of spins because the state of

low-spin multiplicity is often more stable than the state of high-spin multiplicity. 59, 60

Magnetic studies of MOFs are embedded in the area of molecular magnets and the design

of low-dimensional magnetic materials, magnetic sensors, and multifunctional materials.

Indeed, closed-shell organic ligands that are typically used in MOFs mostly give rise to

only weak magnetic interactions. In order to achieve a strong coupling between the metal

centers, short oxo, cyano, or azido bridges are needed. 61

1.2.5 Luminescence and Sensors in MOFs

Luminescence MOFs (LMOFs) have been widely explored in many sensory applications

due to their unique ability to selectively capture analyte molecules. Their permanent

porosity often serves as a powerful platform for the reversible adsorption and release of

these molecules. Therefore, LMOF based sensors can be highly recyclable and

economically effective. LMOFs have been proven to be successful in the detection of

volatile organic compounds, small molecules, and ionic species. The thermochromic

properties of some LMOFs have led to the discovery of luminescent thermometers. In

addition, the versatile functionalities of LMOFs make them extremely useful in the

biological realm, exemplified by bio-sensing and bio-imaging. Another sphere of

luminescence-based sensing application is the detection of energetic materials, such as

explosives and explosive-like molecules. 62-64
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1.2.6 Drug Storage and Delivery in MOFs

One of the most important challenges in drug delivery research is the efficient delivery of

drugs in the body using nontoxic nanocarriers. Some of the requirements for an efficient

therapy with nanocarriers are to (1) control the release and avoid the “burst effect”, (2)

control matrix degradation and engineer its surface, (3) be detectable by various imaging

techniques, (4) efficiently entrap drugs with high loading capacity. In addition to these

requirements, toxicity and biocompatibility are the two other important criteria related to

the material considered as a potential novel drug carrier. For example, some metals are

known to be highly toxic, yet they still exist in appreciable amounts in the body.65

MOFs can be regarded as optimal drug delivery materials (Scheme 4) due to the possibility

of adjusting the framework’s functional groups and tuning of the pore size. Even though

the major interest in MOFs has been in the area of high-density gas storage for potential

use in separations, fuel cells, and other energy-related applications, recent reports suggest

that MOFs may have a significant role in drug delivery. The ability to engineer controlled

localized delivery of drugs might both contribute to the efficiency of the treatment and

reduce side effects.4

Scheme 4 Generalized scheme for the use of MOFs as drug delivery vehicles.4
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1.3 Formulation of Research Gaps

Majority of the MOFs being synthesized nowadays are in a solvothermal approach using

high boiling solvents like DMF and DEF which are also more toxic in nature. The reaction

takes about 96 h at a minimum temperature of 120 oC. This approach is time taking and

power consuming. High temperatures over long period of time is actually promote the

decomposition of DMF into basic products which could deprotonate the carboxylic acids

functions and bind the metal centers. The guest solvents (DMF: bp= 156 oC) do not easily

evacuate from the MOFs structure after the end of the reaction at low temperature.

Endeavor to evacuate the solvents at higher temperature might sometime lead to collapse

of the framework.

In the present investigation salt form a dicarboxylic acid linker (instead of the acid form)

in aqueous medium coupled with a linear nitrogen containing bipyridine pillar in methanol

and a metal center were included in designing pillared-layer MOFs. The dicarboxylate

linker is fast to bind to the metal center when compared to the dicarboxylic acid at room

temperature. The solvents, water and methanol, are less toxic compared to DMF and can

easily be evacuated from the framework structure at lower temperature. The incorporation

of  nitrogen  containing  pillar  in  the  MOFs  structure  increases  the  water  stability  of  the

MOFs as the N-containing units have higher pKa value than water.

Polluted water out flows from textile industries are responsible for the hazardous situations,

challenging the safety of human, animal and plant population. Literature survey revealed,

this could be due to release of different dyes during coloring of fabrics. Dyes whose

concentrations are higher than 1 ppm are toxic when degraded to aromatic amine.
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Evaluation of the photocatalytic performance of MOFs towards the degradation of these is

a relevant exercise. Researchers are synthesizing and studying the crystal structures of a

large number of MOFs, but are not adequately focusing attention on worthwhile

applications such as photocatalytic performance. The current study aims to fill this gap by

making some selective and systematic photocatalytic studies on the new MOF material.

1.4 Significance of the Study

The emission of effluents from textile industries has been a major concern of the modern

world, due to the great pollution that these effluents promote on the water resources.66

Textile wastewater is an amalgam of pollutants but mainly it is characterized by high levels

of Chemical Oxygen Demand (COD), Biological Oxygen Demand (BOD), dissolved solids

and colors. During the dyeing operation a significant amount of dyes remain unfixed on

the fabric and they are directly discharged into the water bodies.67

Dye concentrations higher than 1 mg/L caused by the direct discharges of textile effluents,

give color to the water body and are easily visualized by naked eye. High concentrations

of textile dyes in water bodies stop the reoxygenation capacity of the receiving water and

cutoff sunlight, thereby upsetting biological activity in aquatic life and also the

photosynthesis process of aquatic plants or algae.68

Due to their synthetic nature and aromatic structure, most dyes are non-biodegradable,

having carcinogenic action or causing allergies, dermatitis, skin irritation or different

tissular changes. Various azo dyes show both acute and chronic toxicity, causing high

potential health risk due to their adsorption and breakdown toxic amines through the

gastrointestinal tract, skin, lungs. They also form hemoglobin adducts and disturb blood
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formation. LD50 values reported for aromatic azo dyes range between 100 and 2000 mg/kg

body weight.

Typical conventional porous materials such as zeolites, silica and carbon have low BET

surface areas and low capacity to adsorb large amount of dyes at once. Being a highly

porous material with Langmuir surface area approaching 10,000 m2g-1, metal–organic

frameworks (MOFs) having semiconducting can adsorb and degrade organic textile

effluent dyes in to less toxic substances when exposed to light of appropriate frequency.

Literature  survey  reveals  that  exploration,  innovations  and  applications  in  this  field  of

research need more attention.

In this PhD research project, it is aimed to investigate photocatalytic MOFs for wastewater

treatment in the textile industrial effluent. The motivation in this regard is the observation

of colored/ polluted wastewater near most textile industries in Ethiopia, which is hazardous

situation. This relates to discharged organic dyes in the effluents.

Thus, finding a facile way to design and synthesize novel MOFs with excellent stability

and application may make great contribution towards the development of efficient effluent

treatment methodology while catering to the needs of a healthy community.

Therefore, in this research project, it is aimed to design and synthesize stable MOFs and

study their properties as possible applicants to adsorb and degrade textile effluent dyes into

harmless substances so that the people in the vicinity of textile industries will not suffer a

lot from the effluents when the catalyst is produced in large scale.
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1.5Aims and Objectives of the Study

1.5.1 General Objectives

· To synthesize and characterize pillared-layer metal-organic frameworks

(MOFs)

· To investigate their possible application in the adsorption and photocatalytic

degradation of dyes in textile wastewater effluents.

1.5.2 Specific Objectives

· To synthesize MOFs using transition metal salts, mixed N-heterocyclic and di-

carboxylic linkers

· To characterize the MOFs using elemental analysis, N2 adsorption-desorption,

XRD, SEM and TGA studies; and FT-IR and UV-Vis spectroscopy.

· To  carry  out  band  gap  measurement  of  MOFs  for  selective  application  in

photocatalysis.

· To apply the MOFs in photocatalytic degradation of toxic organic dyes in textile

wastewater effluents using UV and Visible light photoreactors.

· To evaluate the crystallin stability of the MOFs used in the degradation of dyes
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CHAPTER TWO

MOFs Characterization Techniques

The characterization techniques used in the present study are briefly discussed. They are

X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR),

Thermogravimetric Analysis (TGA), N2-Sorption, Scanning Electron Microscopy (SEM),

and Diffuse Reflectance UV-Vis Spectroscopy.

2.1 X-Ray Diffraction (XRD)

XRD analysis has a wide range of applications in material science, chemistry, geology,

environmental science, forensic science, and the pharmaceutical industry for characterizing

materials. Amorphous materials are readily recognized by the absence of peaks in an XRD

pattern. The technique is also used for studying particles in liquid suspensions or

polycrystalline solids (bulk or thin film materials). Other applications of XRD analysis

include determination of phase transitions in a given substance, semi-quantitative

determination of phases present in a sample, measurement of crystallite size particularly in

nano materials, analysis of stress and crystal structure analysis by Rietveld refinement.

The three-dimensional structure of crystalline materials is defined by regular, repeating

planes of atoms that form a crystal lattice. When a focused X-ray beam interacts with these

planes of atoms, part  of the beam is transmitted,  part  is  absorbed by the sample,  part  is

refracted and scattered, and part is diffracted. Diffraction of an X-ray beam by a crystalline

solid is analogous to diffraction of light by droplets of water, producing the familiar

rainbow. X-rays are diffracted by each mineral differently, depending on what atoms make

up the crystal lattice and how these atoms are arranged. When an X-ray beam hits a sample
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and is diffracted, we can measure the distances between the planes of the atoms that

constitute the sample by applying Bragg's Law (Fig. 11), named after William Lawrence

Bragg, who first proposed it in 1921. Bragg's Law is: nλ =2d sinθ, where the integer n is

the order of the diffracted beam, l is the wavelength of the incident X-ray beam, d is the

distance between adjacent planes of atoms (the d-spacings), and θ is the angle of incidence

of the X-ray beam. Since we know and we can measure l, we can calculate the d-spacings.

The geometry of an XRD unit is designed to accommodate this measurement. The

characteristic set of d-spacings generated in a typical X-ray scan provides a unique

"fingerprint" of the mineral or minerals present in the sample. When properly interpreted,

by comparison with standard reference patterns and measurements, this "fingerprint"

allows for identification of the material.

Figure 11  Bragg’s Law, which governs the conditions required for the constructive interference of waves1
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In X-ray powder diffractometry, X-rays are generated within a sealed tube that is under

vacuum. A current is applied that heats a filament within the tube; the higher the current

the greater the number of electrons emitted from the filament. This generation of electrons

is  analogous  to  the  production  of  electrons  in  a  television  picture  tube.  A high  voltage,

typically 15-60 kilovolts, is applied within the tube. This high voltage accelerates the

electrons, which then hit a target, commonly made of copper. When these electrons hit the

target, X-rays are produced. The wavelength of these X-rays is characteristic of that target.

These X-rays are collimated and directed onto the sample, which has been ground to a fine

powder (typically to produce particle sizes of less than 10 microns). A detector detects the

X-ray signal; the signal is then processed either by a microprocessor or electronically,

converting the signal to a count rate. Changing the angle between the X-ray source, the

sample, and the detector at a controlled rate between preset limits is an X-ray scan. The

detector records the angles at which the families of lattice planes scatter (diffract) the x-

ray beams and the intensities of the diffracted x-ray beams. The detector is scanned around

the sample along a circle, in order to collect all the diffracted X-ray beams. The angular

positions (2θ)  and  intensities  of  the  diffracted  peaks  of  radiation  (reflections or peaks)

produce a two-dimensional pattern. Each reflection represents the x-ray beam diffracted by

a  family  of  lattice  planes  (hkl). This pattern is characteristic of the material analyzed

(fingerprint).1 The crystallinity of MOFs were characterized by PXRD (PANalytical X’pert

MPD) with Cu Kα radiation (λ= 1.54178 Å) at a scanning rate of 0.001557 osec-1.

2.2 Thermogravimetric Analysis (TGA)

In thermogravimetric analysis (TGA), the change in mass of a sample is monitored as the

sample is heated. More generally, TGA is used to investigate the thermal degradation of
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inorganic compounds or polymers or the gas uptake of a solid. TGA instrument is able to

simultaneously heat (at a constant rate) and record the mass of a sample. Samples are

usually heated in air or N2, or in an atmosphere of a reactive gas (e.g. H2) for studying the

uptake of a particular gas.69 Thermogravimetric measurements of the MOFs under study

were carried out using TGA Q500 (TA Instruments) with Ar flow rate of 10 mL min-1.

2.3 N2-Sorption

Gas adsorption is of major importance for the characterization of a wide range of porous

materials. Of all the gases and vapors, which are readily available and could be used  for

the adsorption studies, nitrogen has remained universally pre-eminent. With the aid of user-

friendly commercial equipment and on-line data processing, it is now possible to use

nitrogen adsorption at 77 K for both routine quality control and the investigation of new

materials.70

An Adsorption isotherm is obtained by measuring the amount of gas adsorbed across a

wide range of relative pressures at a constant temperature (typically liquid N2, 77K).

Conversely desorption isotherms are achieved by measuring gas removed as pressure is

reduced. The majority of physisorption isotherms could be grouped into the six types as

per the 1985 IUPAC recommendations.  In 2015, IUPAC has refined the original

classifications of physisorption isotherms in to eight types (Fig. 12) and associated

hysteresis loops.3  A  more  gradual  curvature  (i.e.,  a  less  distinctive  point  B)  in  type  II

isotherm is an indication of a significant amount of overlap of monolayer coverage and the

onset of multilayer adsorption in non-porous or macroporous adsorbents.

Adsorption isotherms are classified as based on the strength of the interaction between the
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sample surface and adsorptive, and the existence or absence of pores (Table 1). However,

some adsorption measurements do not fit into any of the adsorption isotherm types I to IV.

These may be classified as mixed types of adsorption isotherms. For example, nitrogen

adsorption for a porous sample with large external surface area may generate a compound

isotherm resembling types I and II, or types I and IV. To analyze an adsorption isotherm, one

has to assume certain sample features, such as the pores from the shape of the isotherm and

analyze them using an appropriate analysis method such as determination of the pore

diameter from porosity distribution curve using NLDFT (Non- Local Density Functional

Theory). The IUPAC classification of pore diameter for a micropore, mesopore, and

macropore materials are up to 2 nm, 2 to 50 nm, and 50 nm or up, respectively.

Figure 12 Classification of physisorption isotherms3



33

Nitrogen adsorption-desorption isotherms in this study were measured using

Micromeritics-Smart Vac Prep System with Micromeritics 3Flex Surface Characterization

Analyzer. The instrument gives information about the pore size, pore volume and surface

area of the material.

2.4 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) provides high-resolution and long-depth-of-field

images of the sample near the surface. SEM is one of the most widely used analytical tools,

due to the extremely detailed images it can quickly provide. Coupled to an auxiliary Energy

Dispersive X-ray Spectroscopy (EDS) detector, SEM also offers elemental identification

of nearly the entire periodic table. Applications include failure analysis, dimensional

analysis, process characterization, reverse engineering, and particle identification.1 The

morphologies and EDS of the MOFs in this study were characterized by FEI Quanta 650

ESEM equipped with Oxford Instruments X-Max 150 mm2 EDS detector with AZtec

software at 20kV, spot 3-4, using low vacuum x-ray cone accessory at 80Pa.

Table 1 features of adsorption isotherms
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2.5 UV-Vis Diffuse Reflectance Spectroscopy

Diffuse reflectance measurement gives a spectrum in percent reflectance vs wavelength

plot for powders. The reflectance spectrum is obtained by collection and analysis of

surface-reflected electromagnetic radiation from a so-called mat or dull surfaces textured

like powders. The reflectance data obtained from the instrument can be processed to give

a Tauc plot which is characterized by having Kubelka-Munk function in the y-axis and

energy (eV) in the X-axis. The optical edges or gaps can be inferred by linear extrapolation

of the absorbance from the high slope region of the Tauc plot or Kubelka-Munk function

((αhν)n) versus hν plot.71 Where: a =  absorptive  coefficient  usually  expressed  as

(1-R¥)2/2R¥, h = planks constant, R¥ = diffuse reflectance, and v =  frequency. The

determination of band gaps in materials is important to obtain the basic solid-state physics.

Band gap indicates the difference in energy between the top of the valence band filled with

electrons and the bottom of the conduction band devoid of electrons. The band gap is

related to the electric conductivity of the materials. There is generally no band gap in

metals, but the band gap value in insulators is known to be large, and that in semiconductors

is typically intermediate between these two. UV-visible diffuse reflectance spectra for the

band gap determination in this research were run using Cary 5000 UV-Vis-NIR

spectrometer.

2.6 Magnetic Susceptibility Measurements

MSB Auto, Sherwood scientific instrument generates gram susceptibility, gc , data for a

given paramagnetic substance. The following calculations were made to arrive at the

magnetic moments, effm .

                              a) MgM ´= cc
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                              b) dia
MM ccc -='

                             c) Tmomentmagnetic meff ´´= '8)( cm   = )2( +nn

Where: Mc = molar magnetic susceptibility

gc  = gram magnetic susceptibility

M = molecular weight of the MOFs

'
Mc  = corrected molar magnetic susceptibility

diac  = diamagnetic corrections for the ligand atoms and the inner core

                     electrons of the metal

effm = effective (spin only) magnetic moment

T = temperature in Kelvin

n = number of unpaired electrons

2.7 Summary of Instruments Used in this Study

The crystallinity of MOFs was characterized by PXRD (PANalytical  X’pert  MPD) with

Cu Kα radiation (λ= 1.54178 Å) at a scanning rate of 0.001557osec-1. The morphologies

and EDX were characterized by FEI Quanta 650 ESEM equipped with Oxford Instruments

X-Max 150 mm2 EDS detector with AZtec software at 20kV, spot 3-4, using low vacuum

x-ray cone accessory at 80Pa. Nitrogen adsorption-desorption isotherms were measured

using Micromeritics-Smart Vac Prep System with Micromeritics 3Flex Surface

Characterization Analyzer. The FT-IR spectra were recorded using a PerkinElmer

Spectrum 65 FT-IR Spectrometer. Thermogravimetric measurements were carried out

using TGA Q500 (TA Instruments) with an Ar flow rate of 10 ml min-1. Micro elemental
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analysis measurement of the MOFs samples was carried out by EA 1112 Flash CHNS/O-

analyser (carrier gas flow rate of 120 ml/min, reference flow rate 100 ml/min, oxygen flow

rate 250 ml/min; furnace temperature of 900 °C and oven temperature of 75 °C). UV-

visible diffuse reflectance spectra for the band gap determination were run using Cary 5000

UV-Vis-NIR spectrometer. The photocatalytic degradation study was done in a laboratory-

UV-reactor system with 150 W UV-immersion lamp of model TQ 150.  The residual

absorbance of the photodegraded dye solution was recorded using T60 UV-Visible

spectrometer. The PXRD of recycled MOFs used in the photodegradation experiment were

studied using Rigaku MiniFlex600- Benchtop XRD instrument. The magnetic properties

of the MOFs were studied using MSB AUTO (Sherwood Scientific) instrument.

2.8 Reagents used in the study

The main reagents used in this dissertation are listed as follows: Copper nitrate trihydrate,

nickel nitrate hexahydrate, zinc nitrate hexahydrate, 4,4’-bipyridyl hydrate, sodium

oxalate, fumaric acid, methanol, DMF; all of which are used as received from Sigma

Aldrich. The pillar 3,6-di(pyridin-4-yl)-1,2,4,5-tetrazine (PYTZ) has been synthesized and

characterized by NMR spectroscopy (Appendix G).

Initially,  the  research  work  was  based  on  the  synthesis  of  MOFs  from  a  dicarboxylate

linker, a metal salt, and a pillar in 1:1:1 mole ratio, respectively. Nearly forty products were

synthesized, but the elemental analysis of almost all of those products couldn’t suggest the

well-known empirical formulae (of the form M2L2P)  for  pillared-layer  type  of  MOFs.

Where M=Metal, L= linker, and P=pillar. In the attempt, we used dicarboxylic linkers such

as fumaric acid,  sodium oxalate,  1,4-benzene dicarboxylic acid both in the acid and salt
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form. The pillars used were 4,4’-bipyridine and pyrazine. The linkers and pillars were

allowed to react with either of the metal ions Ni(II), Co(II), Cu(II), Zn(II) and Fe(III) at

room temperature for 24 h (Appendix I). As this approach couldn’t give pillared-layer

MOFs a modified approach was made by changing the molar ratio to 1:1:0.5 for the linker,

metal, and pillars, respectively.

This PhD research is categorized in to five sections as it is depicted in the scheme 5. The

first three sets of the work involve the room temperature synthesis and characterization of

pillared-layer  MOFs (molar  ratio  for  the  linker,  metal,  and  pillar  is  1:1:0.5).  The  fourth

work involves an attempted solvothermal synthesis of MOFs using longer pillar called

PYTZ. The intended pillared-layer MOFs were not formed as per the elemental analysis

data. The synthetic scheme for the pillar PYTZ and an attempt for the synthesis of pillared-

layer MOFs in this case are shown in Appendix F and H. The last work involves evaluation

of photocatalytic performance of selected MOFs.
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Scheme 5 Generalized research outline
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CHAPTER THREE

Room Temperature Synthesis of MOFs Pillared by 4,4’-bipyridine

3.1Introduction

Pillared-layer MOFs are constructed from infinite layers pillared by linear bidentate linkers

through dative bonds or supramolecular interactions. Such a topology has greatly advanced

in recent years due to the combined use of bipyridine and polycarboxylate.72 In 2009,

Tomislav and László reported the mechanochemical construction of metal–organic

polymers (Fig.13a) from a metal oxide, achieved via a LAG approach and obtained

pillared-layer MOFs.26, 73

Anne and Claudio74 reported synthesis of pillared MOFs using 4,4’-bipyridine as a pillar

and the structure consists of a di-metal paddle wheel unit ( Fig. 13b). The report by Bao et

al75 shows the  reaction  of  Zn(NO3)2· 6H2O, various dicarboxylic acids, and either 4,4′-

bipyridine or N,N′-di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxydiimide in DMF solvent

Figure 13  (a) Construction of pillared MOFs by three-component neutralization and coordination-driven
mechanochemical assembly. (b) Paddle wheel unit of the MOFs reported by Anne10
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and higher temperature produced a family of anisotropic, mixed-ligand, open-framework

compounds featuring paddle-wheel-type coordination of Zn(II) pairs in two dimensions

and pyridyl ligand pillaring in the third. The structure obtained from the CIF of this work

shows a bi metal paddle wheel unit of the MOF (Fig. 14a, 14a’).

Another research group, Fujii et al. 76 in  the  UK  synthesized  pillared  MOFs  in  a

mechanochemical process using ball and mill only and arrived at similar MOFs structure

that some other research groups had synthesized before in DMF and at higher temperature.

This research group got powdered pillared MOFs and compared their powder XRD

patterns with the XRD pattern of the single crystal MOFs made in DMF and at higher

temperature obtained from the CCDC 280541 for Zn pillared MOFs.

Figure 14  (a, a’) Connectivity of the Zn paddle-wheel MOF archived from the CIF of CCDC-280541. (b,
b’) Connectivity of the Cu paddle-wheel MOF archived from the CIF file of CCDC-616535.
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This work describes the synthesis and characterization of Zn and Cu pillared MOFs from

zinc(II) and copper(II) nitrate, 4,4’-bipyiridine pillar and sodium salt of fumaric acid linker

in a mixture of water and methanol solvent. The merit of this method lies in dispensing

with the use of more toxic solvents such as DMF (Scheme 6). The PXRD of these MOFs

were compared with the PXRD patterns calculated from CCDC 280541 for Zn paddle-

wheel MOFs and CCDC  616535 for Cu paddle-wheel MOFs from CIF of the similar

MOFs made in DMF at a higher temperature. Encouraged by the results, a new Ni-based

MOF was prepared under similar synthetic conditions from nickel (II) nitrate, 4,4’-

bipyridine pillar and sodium oxalate linker and included in this report. An attempt to

synthesize crystalline Ni-fumarate-BPY analogue was not successful as the PXRD result

showed a highly amorphous pattern. This might be due to the interpenetration that would

exist in most MOFs when using longer linkers like fumarate and BPY compared to

oxalates. This could disorder the framework when using Ni. Short linkers are usually

employed when working with Ni-pillared MOFs.77

Scheme 6 Schematic representation of synthesis of MOFs in the current work
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Based on the PXRD, CHN analysis, FT-IR, TGA and other characterization techniques and

comparison with similar MOFs made earlier at higher temperature and DMF, the formation

of MOFs with paddle-wheel structures (Fig. 15 or 16) are concluded.

     MOFT-23-RT
{[Cu2(Fu)2(BPY)]·H2O}n

        MOFT-22-RT
{[Zn2(Fu)2(BPY)]·1.5H2O}n

        MOFT-11-RT
{[Ni2(Ox)2(BPY)].3.75H2O}n

Figure 15  Connectivity of the paddle wheel units in the current report or MOFT-22-RT=
{[Zn2(Fu)2(BPY)]·1.5H2O}n; MOFT-23-RT = {[Cu2(Fu)2(BPY)]·H2O}n; MOFT-11-RT =
{[Ni2(Ox)2(BPY)]×3.75H2O}n. Guest solvent molecules are excluded in the structure.

MOFT-23-RT MOFT-22-RT MOFT-11-RT

Figure 16 3D version of the paddle-wheel SBUs for MOFT-23-RT, MOFT-22-RT, and MOFT-11-RT
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3.2Experimental

Synthesis of MOFT-23-RT ({[Cu2(Fu)2(BPY)]·H2O}n)

This compound was synthesized by modification of the procedure previously reported.74,

77, 78 A clear solution of Na2Fu was prepared by dissolving 8 mmol (0.32 g)  of NaOH in

15 mL deionized water and adding 4 mmol (0.4432 g) of fumaric acid while stirring at

room temperature. To the above solution, 40 mL of a methanolic solution of BPY (2 mmol,

0.348 g) (BPY= 4,4’-bipyridyl hydrate) was added. The combined solution was stirred for

30 min and Cu(NO3)2·3H2O (4 mmol, 0.9664 g) in water (5 mL) was added forming a

cyan-colored suspension. The mixture was stirred at room temperature for 24 hours. The

resulting cyan color product was filtered under suction, washed with 3 x 5 mL of deionized

water followed by 3 x 5 mL of methanol and then dried in vacuum oven at 80 oC for 5 h,

yielding 0.95 g (ca. 90 % based on BPY) of a cyan color solid {[Cu2(Fu)2(BPY)]·H2O}n.

Elemental analyses: Calcd. (found) % for C18H14N2O9Cu2: C, 40.80; H, 2.64; N, 5.28%.:

(C, 40.70); (H, 2.39); (N, 5.04).

Synthesis of MOFT-22-RT ({[Zn2(Fu)2(BPY)]·1.5H2O}n)

Procedure  for  the  synthesis  of  this  compound  was  similar  to  that  of

{[Cu2(Fu)2(BPY)]·H2O}n except that Cu(NO3)2·3H2O was  replaced  by  Zn(NO3)2·6H2O.

The reaction yielded 0.66 g (ca. 61 % based on BPY) of {[Zn2(Fu)2(BPY)]·1.5H2O}n in

the form of white solid (Fu=Fumarate). Elemental analyses: Calcd. (found) % for

C18H15N2O9.5Zn2: C, 39.84; H, 2.76; N, 5.16%. (C, 39.73); (H, 2.97); (N, 4.89).
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Synthesis of MOFT-11-RT ({[Ni2(Ox)2(BPY)]·3.75H2O}n)

This compound was synthesized by simple modification of the procedure previously

reported.74, 78 In this synthesis, Na2Ox (4 mmol, 0.540 g) was dissolved in warm deionized

water (20 mL). To this solution 40 mL methanolic solution of BPY·H2O (2 mmol ,0.348

g) was added. The mixture was stirred for 30 min and Ni(NO3)2·6H2O (4 mmol, 1.1632 g)

was added. The pH of the solution was found to be between 5 and 6. The resulting mixture

was stirred at room temperature for 24 hours. A light blue product was formed. The

resulting product was filtered under suction, washed with 3 x 5ml of deionized water and

then with 3 x 5 mL of methanol and evacuated in a vacuum oven at 80 oC for 5 h, yielding

0.94 g (ca. 91 % based on BPY) of {[Ni2(Ox)2(BPY)]·3.75H2O}n in the form of light blue

solid (Ox=Oxalate). Elemental analyses: Calcd. (found) % for C14H15.5N2Ni2O11.75: C,

32.55; H, 2.99; N, 5.41%. (C, 32.49); (H, 2.71); (N, 5.13).
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3.3Results and Discussion

PXRD: The three MOFs were studied by PXRD and it was found that the patterns of the

MOFs prepared at room temperature are in good agreement with the corresponding patterns

of  the  same  MOFs  prepared  in  DMF  at  higher  temperature  (Fig.  17).  For

Figure 17  PXRD patterns of MOFT-22-RT and MOFT-23-RT with their simulated PXRD patterns from
SXRD of pillared MOFs, CCDC 280541 and CCDC 616535, respectively that were originally made in DMF
at higher temperature.

5 10 15 20 25 30 35 40 45 50
2Theta (o)

CCDC 280541

{[Zn2(Fu)2(BPY)]×1.5H2O}n

MOFT-22-RT

CCDC 616535

MOFT-23- RT

{[Cu2(Fu)2(BPY)] × H2O}n

5 10 15 20 25 30 35 40 45 50
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{[Zn2(Fu)2(BPY)]·1.5H2O}n,  comparison  of  the  PXRD  pattern  is  made  with  that  of

simulated  PXRD  pattern  from  the  single  crystal  originally  prepared  in  DMF  at  higher

temperature.75 Both PXRD patterns have similar peaks at 2θ = 6.5, 11.12, 13.07, 13.73,

15.36, and 20.72. The existence of low intensity peaks at 2θ= 12.19 and 12.85 in

{[Zn2(Fu)2(BPY)]·1.5H2O}n that  are  not  seen  in  the  pattern  calculated  from  the  CIF

(CCDC 280541) might be attributed to the presence of water in the MOF structure

replacing DMF in the previously reported system. Similarly, comparison of the PXRD for

{[Cu2(Fu)2(BPY)]·H2O}n was made with that simulated from the previously reported CIF

(CCDC 616535) of the single crystal of the corresponding pillared MOF prepared in DMF

at higher temperature.15 Both MOFs show similar peak position at 2θ = 20.85, 15.29, 14.04.

The peak position that are observed at 12.56, 12.12, and 7.3 in the simulation pattern are

seen at 11.03, 11.38 and 6.5, respectively in the {[Cu2(Fu)2(BPY)]·H2O}n. Some

broadening is observed for these three characteristic peaks, indicating smaller particle size

of the powder obtained using room temperature synthesis. Overall, comparison of PXRD

of {[Zn2(Fu)2(BPY)]·1.5H2O}n and {[Cu2(Fu)2(BPY)]·H2O}n to literature counterparts

confirm that it is possible to prepare MOFs at room temperature, replacing DMF with water

and  methanol  as  solvent.  Fig.  18  shows  the  PXRD  pattern  of  a  crystalline  MOF

{[Ni2(Ox)2(BPY)]·3.75H2O}n, which was synthesized in a similar fashion to

{[Zn2(Fu)2(BPY)]·1.5H2O}n and {[Cu2(Fu)2(BPY)]·H2O}n in water and methanol, but by

replacing the fumarate linker with oxalate and by using Ni(NO3)2·6H2O as the source  of

the metal node. An attempt to synthesize crystalline Ni-Fumarate-BPY analogue was not

successful with the PXRD revealing the formation of a highly amorphous product.
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The MOFs in this study are all obtained as powders and crystal parameters were determined

using DICVOL06 found in Expo2014 software.76, 79, 80 The  PXRD  patterns  of

{[Zn2(Fu)2(BPY)]·1.5H2O}n and {[Cu2(Fu)2(BPY)]·H2O}n were indexed and a Rietveld

refinement used to confirm that both MOFs crystalize in the triclinic P-1 space group. In

contrast, indexing of the PXRD pattern of {[Ni2(Ox)2(BPY)}·3.75H2O}n showed that this

MOF crystalizes in the monoclinic space group P2/m (Table 2). The unit cell volumes for

Table 2 Crystal data and structural refinement parameters indexed by DICVOL06

Figure 18   PXRD of MOFT-11-RT

5 10 15 20 25 30 35 40 45 50 55 60 65 70
2Theta (o)

MOFT-11-RT

{[Ni2(Ox)2(BPY)]×3.75H2O}n
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the MOFs indicate that each system is potentially porous, taking into account the volume

occupied by the framework components. The crystallite sizes of the MOFs products are

estimated using the Scherrer formula (K=0.94) and calculated as 69333.2 Å (Rp(%)=18.1),

1958.6 Å (Rp(%)=11.4), and 771.9 Å (Rp(%)=16.6) for {[Zn2(Fu)2(BPY)]·1.5H2O}n,

{[Cu2(Fu)2(BPY)]·H2O}n, and {[Ni2(Ox)2(BPY)]·3.75H2O}n, respectively. The software

automatically selected the peaks in the PXRD patterns that are appropriate for crystallite

size estimation between 2θ= 30-50o.

FT-IR: The three MOFs {[Zn2(Fu)2(BPY)]·1.5H2O}n, {[Cu2(Fu)2(BPY)]·H2O}n and

{[Ni2(Ox)2(BPY)]·3.75H2O}n were studied by FT-IR. Fig. 19a, 19b (and full size in

Appendix D) show the FT-IR  spectra of those MOFs, linkers and the pillars from which

Figure 19
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the MOFs are derived. In Fig 19a the C=O stretching frequency of fumaric acid appears at

1678 cm-1. This peak is shifted to the lower frequency region (1618 cm-1) after coordination

to Zn(II) in {[Zn2(Fu)2(BPY)]·1.5H2O}n and Cu(II) in {[Cu2(Fu)2(BPY)]·H2O}n.

Similarly, in Fig. 19b the C=O stretching frequency of oxalate is seen at 1642 cm-1, but the

C=O stretching frequency in the resulting {[Ni2(Ox)2(BPY)]·3.75H2O}n shifted  to  a

broader band centered at 1630 cm-1 after  coordination  to  Ni.  The  ring  breathing  mode

observed in BPY in the region between 735-571 cm-1 and 1038-966 cm-1 are seen in the

resulting three MOFs after coordination with the metals with some change in the peak

intensity and position.  The narrow ring breathing at 1405 cm-1 in  BPY  becomes  more

intense and wider in {[Zn2(Fu)2(BPY)]·1.5H2O}n and {[Cu2(Fu)2(BPY)]·H2O}n after

coordination but less intense in {[Ni2(Ox)2(BPY)]·3.75H2O}n. The C-C and C-N stretching

frequency  of  the  pillar  BPY is  observed  at  1583 cm-1. This peak is merged to the C=O

stretching frequency centered at 1618 cm-1 for all three MOFs. These frequency shifts as

well as change in intensity are ascribed to coordination of nitrogen to the metals in the

MOFs under study. The symmetric and asymmetric vibrations of the carboxylate (COO-)

group coordinated to Zn (II) and Cu (II) in {[Zn2(Fu)2(BPY)]·1.5H2O}n and

{[Cu2(Fu)2(BPY)]·H2O}n, are seen at 1618 cm-1 and 1380 cm-1 respectively but merge with

the C-N and ring breathing bands of the pyridyl group. This made the peaks wider and

intense. The same phenomenon is observed for peaks at 1630 cm-1 and 1333 cm-1 in

{[Ni2(Ox)2(BPY)]·3.75H2O}n. Generally, the shift in FT-IR between the unreacted and

reacted linkers and pillar show coordination of oxygen and nitrogen to the metal cations in

each MOF.16,17
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Thermal Analysis

The thermal stabilities of {[Ni2(Ox)2(BPY)]·3.75H2O}n, {[Zn2(Fu)2(BPY)]·1.5H2O}n, and

{[Cu2(Fu)2(BPY)]·H2O}n were examined by TGA under argon atmosphere from room

temperature to 700 oC using heating rate of 10 oC min-1 and the differential curves

associated with the TGA curve show sharp mass losses at different temperature as depicted

in Fig. 20, 21, and 22.

MOFT-11-RT. The TGA curve of {[Ni2(Ox)2(BPY)]·3.75H2O}n in Fig.20 indicates that

the water loss is observed as two steps of 7.2 % (calcd.7.5%) up to 190 oC, corresponding

to 2.15 water molecules followed by 5.9 % (calcd. 5.6 %) assigned to loss of 1.6 water

molecules bellow 345 oC that are deeply adsorbed in the pores. A significant mass loss of

Figure 20 TGA of MOFT-11-RT
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57.7 % (calcd. 58 %) in the temperature ranges 345 - 453 oC of MOFT-11-RT corresponds

to synchronous mass losses of one mole equivalent of 4,4’-pyridine, 2CO and 2CO2. The

final 31 % (calcd. 29 %) residue in the TGA curve of MOFT-11-RT matches satisfactorily

with the formation of 2NiO. The final oxide residue also confirms the presence of two Ni

in the empirical formula of this MOF in the paddle wheel.

MOFT-22-RT.  Fig. 21 shows the TGA curve of {[Zn2(Fu)2(BPY)]·1.5H2O}n. The first

5.12 % mass loss bellow 333 oC showed removal of 1.5 water molecules (calcd.4.98 %).

A sharp mass loss occurred starting between 333 oC - 455 oC indicates collapse of the

frameworks and removal of the organic matter. The 32.7 % residue above 455 oC in this

TGA profile corresponds to two ZnO left at the end (calcd. 30.03 %). The formation of two

Figure 21 TGA of MOFT-22-RT
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ZnO as a residue also imply the presence of two Zn in the empirical formula of this Zn-

MOF in the paddle wheel.

MOFT-23-RT. In the case of {[Cu2(Fu)2(BPY)]·H2O}n a weight loss (Fig. 22) in the range

of 90-240 oC (calcd. 3.4%) is attributed to the removal of one water molecule from the

framework. The second weight loss is observed in the range of 240-360 oC, corresponding

to decomposition of the framework. The final 30.9 % residual weight for MOFT-23-RT

corresponds to two weight equivalents of CuO (calcd. 30.05 %). This confirms that MOFT-

23-RT contains two Cu in its empirical formula in the paddle wheel.

Figure 22  TGA of MOFT-23-RT
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Determination of Surface Area, Pore Volume and Pore Size

The Brunauer-Emmet-Teller (BET) surface areas of the samples were calculated using N2

adsorption data at 77 K. Pore diameter, BJH pore volume and BET surface area are given

in Table 3. It is known that samples of Zn2(Fu)2(BPY) prepared from DMF does not exhibit

any uptake of N2
75 and similarly the structure of Cu2(Fu)2(BPY)81 has small pores, ca. 3.6

Å in diameter, both probably as a result of doubly interpenetrated arrangements. It is likely

that Ni2(Ox)2BPY  also  has  small  pores  as  a  result  of  the  shorter  linker  (oxalate)  in

comparison to fumarate. The similar pore diameters of over 3 nm observed in each case

suggests that the interpenetration or the network effect might be resolved to some extent

when the MOFs are prepared in water/methanol mixed solvents than in DMF. The shape

of the isotherms shown in this study could be ascribed to the fact that dynamic/ flexible

pillared-layer MOFs can reversibly change their channels by a large magnitude while

retaining similar topologies, corresponding to expansion (lp phase) and contraction (np

phase) up on the guest N2 adsorption and desorption.82 The structural transformation has

an effect83 on  the  shape  of  the  isotherm  or  hysteresis  (Fig.  23a,b,and  c)  and  could  not

exactly fit to the models reported by IUPAC.3 This is expected for most real samples and

the models work best for rigid MOFs that do not show flexibility. The pore widths from

MOFs Pore
diameter

[ nm]

BJH Pore Volume
[ cm3g-1]

BET Surface area
[m2g-1]

MOFT-11-RT 3.27 1.180 981.74
MOFT-22-RT 3.27 1.407 1,604.44
MOFT-23-RT 3.03 0.995 775.16

Table 3 N2-sorption data for MOFT-11-RT, MOFT-22-RT and MOFT-23-RT
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NLDFT fit or dV/dW vs pore size distribution plot obtained from the instrument are shown

in Fig. 23a’, b’, and c’ for {[Ni2(Ox)2(BPY)]·3.75H2O}n, {[Zn2(Fu)2(BPY)]·1.5H2O}n, and

{[Cu2(Fu)2(BPY)]·H2O}n, respectively depicting that the MOFs have pore sizes in lower

mesoporous region. It is also evident from Table 3 that {[Zn2(Fu)2(BPY)]·1.5H2O}n has

the largest BET surface area of the three MOFs in this study.

Figure 23 Porosity properties of MOFT-11-RT, MOFT-22-RT and MOFT-23-RT determined by N2

adsorption–desorption method. (a, b, c) N2 adsorption–desorption isotherms of MOFT-11-RT, MOFT-22-
RT and MOFT-23-RT, respectively. (a’, b’, c’) The pore size distribution curves for the corresponding
MOFT-11-RT, MOFT-22-RT and MOFT-23-RT, respectively synthesized under the same conditions.
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Morphological Characterization

SEM micrographs and X-ray microanalysis (SEM/EDX) were recorded by using FEI

Quanta 650 ESEM instrument equipped with Oxford Instruments X-Max 150mm2 EDS

detector with AZtec software at 20kV spot 3-4, using low vacuum x-ray cone accessory at

80Pa.  SEM  images  of  the  three  MOFs  are  shown  in  Figure  24.  Both

{[Ni2(Ox)2(BPY)·3.75H2O}n and {[Zn2(Fu)2(BPY)]·1.5H2O}n show crystals with

parallelepiped-like morphologies whereas {[Cu2(Fu)2(BPY)]·H2O}n contains much

smaller crystallites giving a cotton-like appearance. SEM/EDX analysis gives information

about the sample surfaces with high depth of field and lateral resolutions of around 1-

20nm,84, 85 indicating that EDX only provides microanalysis for the surface of particles

(Figure 25-27). This means that the EDS cannot show the bulk micro analysis and is only

the surface analysis.  SEM/EDS analysis of {[Ni2(Ox)2(BPY)]·3.75H2O}n (O: 63.0%; C:

22.1%; Ni: 14.8%), {[Zn2(Fu)2(BPY)]·1.5H2O}n (O: 63.4%; C: 22.5%; Zn: 13.5%) and

{[Cu2(Fu)2(BPY)]·H2O}n (O: 64.0%; C: 22.8%; Ni: 13.2%). Importantly it is noteworthy

that the SEM/EDX microanalysis confirms the absence of sodium in the MOF materials.
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(a)

(b)

(c)

Figure 24 SEM images of MOFT-11-RT (a), MOFT-22-RT (b) and MOFT-23-RT (c)
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(a)

(a’)

Figure 25 SEM (a) and EDS (a’) of MOFT-11-RT
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(b)

(b’)

Figure 26 SEM (b) and EDS (b’) of MOFT-22-RT
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(c)

(c’)

Figure 27 SEM (a) and EDS (b) of MOFT-23-RT
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Solid State UV-Vis Study

The solid state UV-Vis spectra shown in Fig. 28 for the powdered microcrystaline

{[Ni2(Ox)2(BPY)]·3.75H2O}n, {[Zn2(Fu)2(BPY)]·1.5H2O}n, and {[Cu2(Fu)2(BPY)]·H2O}n depict

the  electronic  transitions  with  in  the  linkers.  The  absorption  coeficients  (F(R)  or a) at

225nm, 230nm, and 240nm for {[Cu2(Fu)2(BPY)]·H2O}n,  {[Zn2(Fu)2(BPY)]·1.5H2O}n, and

{[Ni2(Ox)2(BPY)]·3.75H2O}n, respectively are ascribed to the n ® s* electronic transitions

with in the linkers and pillars in the framework. The absorptions at 280 nm, 275 nm and

350 nm are also assigned to the p®p*  electronic  transitions  in  the  pillar  aswell  as  the

linkers in the framework. The weak absorption broad band centered at 735 nm for

{[Cu2(Fu)2(BPY)]·H2O}n confirms the 2T2 ¬ 2E   electronic transition in the SBU and Cu2+

is in its d9 state. The distorted octahedral geometry around Cu2+ is expected to show three

absorptions in this region. The broad band appearing in the spectrum is attributed to be a

combination  of  them.  The  Ni-based  {[Ni2(Ox)2(BPY)]·3.75H2O}n showed a weaker broad

band centered at 630 nm corresponding to the d-d transition of Ni2+(d8) in the paddle-wheel

unit. The bands at 275 nm, 350 nm, and 630 nm as shown in Fig. 28 are ascribed to the

electronic transitions 3T1(P) ¬ 3A2, 3T1(F) ¬ 3A2, and 3T2(F) ¬ 3A2, respectively. The

white  Zn-based  {[Zn2(Fu)2(BPY)]·1.5H2O}n did not show any absorptions in the visible

region, consistent with its d10 configuration.
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Figure 28 Solid state absorption coefficient Vs wavelength spectra for MOFT-11-RT, MOFT-22-
RT, and MOFT-23-RT
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Band Gap Determination

The electronic band gaps of the MOFs were determined (Fig. 29) from the plots of (αhν)1/2

versus photon energy (hν).71 Where a or (F(R¥) is the absorption coefficient and hν is

photon energy. Data for these plots were calculated and obtained from the diffuse

reflectance versus wavelength spectral data run using Cary 5000 UV-Vis-NIR

spectrometer. The optical edges or gaps were inferred by linear extrapolation of the

absorbance from the high slope region obtained from the modified Kubelka-Munk

((αhν)1/2) versus hν plot (Fig. 29). This results in a band gap of 2.67eV and 3.76 eV for

Figure 29 The optical band gaps of MOFT-11-RT (a), MOFT-22-RT (b), MOFT-23-RT (c) and UV-vis
reflectance of the three MOFs from which the optical band gaps are determined (d).
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{[Ni2(Ox)2(BPY)]·3.75H2O}n which is ascribed to particles with varying size or the

presence of some kind of defect, 3.93 eV for {[Zn2(Fu)2(BPY)]·1.5H2O}n and 3.6 eV for

{[Cu2(Fu)2(BPY)]·H2O}n. We can generalize that {[Ni2(Ox)2(BPY)]·3.75H2O}n is active

both  in  the  visible  region  and  UV  region,  whereas  {[Zn2(Fu)2(BPY)]·1.5H2O}n and

{[Cu2(Fu)2(BPY)]·H2O}n only in the UV region for application purposes.

3.4 Summary

In summary, three pillared-layer MOFs were synthesized at room temperature in low

toxicity  solvents.  The  PXRD  of  two  of  the  MOFs  were  compared  to  calculated  PXRD

patterns from literature CIFs of the analogous MOFs prepared in DMF at higher

temperatures, giving close agreement. Determination of the optical band gaps revealed that

{[Ni2(Ox)2(BPY)]·3.75H2O}n is active in the visible region, whereas

{[Zn2(Fu)2(BPY)]·1.5H2O}n and {[Cu2(Fu)2(BPY)]·H2O}n are  active  in  the  UV  region.

Even though single crystals could not be obtained from each MOFs, it is apparent that we

are able to prepare quantitative amounts of MOFs (compared to the conventional synthesis

of MOFs in a solvothermal approach using scintillation vials) under simple conditions in a

beaker in benign water and methanol solvents. Our approach offers promise for preparing

MOFs under sustainable conditions and potentially on large scale.

.
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CHAPTER FOUR

4,4’-Bipyridyl Pillared MOFs: Oxalate And 2-Aminoterephthalate Salts

as Source of Linkers at Room Temperature

4.1Introduction

Metal-Organic Frameworks (MOFs) are new class of porous crystalline materials

consisting of metal ions or clusters and organic linkers. MOFs are prepared by assembly

of metal cations/metal clusters and organic ligands.19 As of the Scopus database result over

9,060 MOFs papers are published (Fig. 30a) from 1985 to May 2018. Of those MOFs 165

publications (Fig. 30b) are on Pillared-layer MOFs. This shows that researchers are

intensively working and publishing articles on Metal-Organic Frameworks. This is due to

the fact that MOFs have fascinating applications on gas storage,86-89 gas separation,18, 90-92

chemical sensing,62, 93, 94 catalysis,72, 95, 96 drug delivery97-99 and energy storage. 100-103

Figure 30 (a) Number of MOFs articles published per year, (b) Number of Pillared-Layer MOFs articles
published per year.



65

MOFs are now a days classified in to four generations (Fig. 31) based on their interaction

with guest species and active sites:5 1st generation MOFs collapse on guest removal, 2nd

generation. MOFs have permanent porosity against guest removal, 3rd generation MOFs

show flexible and dynamic properties, and 4th generation  MOFs  can  sustain  post-

processing (modifiable positions: (1) metal/cluster sites, (2) organic linkers, and (3) vacant

space).5

Pillared-layer MOFs are amongst the third generation flexible MOFs which can undergo

framework flexibility and dynamics in the solid state and may bring new applications to

heterogeneous catalysis by enforcing physical, chemical and environmental stimuli

responses, and utilizes the guest-host responses to accomplish transition state recognition

and regulation reminiscent of the allosteric nature of enzymes.104 Room temperature

synthesis of MOFs has an advantage in that it prevents the thermally sensitive organic

linkers from decomposing before they form the MOFs.105

Pillared-layer MOFs are constructed from infinite layers pillared by linear bidentate linkers

through dative bonds or supramolecular interactions. Such a topology has greatly advanced

Figure 31 Classification of MOFs based on host-guest interaction5
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in recent years due to the combined use of bipyridine and polycarboxylate (Scheme 7).72,

74, 106, 107

Most MOFs prepared only from dicarboxylate linkers and metal salts are unstable when

exposed to water or humid as the water displaces the coordinated carboxylate oxygen. This

is due to the fact that water has a higher pKa value in comparison to carboxylates. The

stability of MOFs in water is increased by incorporation of nitrogen donor pillars having

higher pKa value than water. The other option is to use the metal center with higher

oxidation state or linkers functionalized with non-polar group.101, 108-110

This work is an extension of the study in Chapter Three, where we synthesized and

characterized the M2(Fu)2BPY MOFs at room temperature in a mixture of water and

methanol  solvents.  In  the  work,  we  were  able  to  compare  the  PXRD  of  the  room

temperature synthesized MOFs with that of the previously prepared same MOFs in DMF

solvent and at a higher temperature. We also remind that the {[Ni2(Ox)2(BPY)]·3.75H2O}n

was synthesized and characterized. This encouraged us to extend the synthesis and

Scheme 7 Linkers (L) and Pillars (P) in paddle-wheel based nets 1-8 reported by Chun109
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characterization to zinc and copper-based pillared MOFs from Zn (II) and Cu (II) nitrate,

4,4’-bipyridine pillar and sodium oxalate as a source of a linker in a mixture of water and

less toxic methanol solvents than DMF (Scheme 8).

Another attention was given to conversion of 2-aminoterephthalic acid into its sodium salt

by reacting two equivalents of NaOH with one equivalent of 2-aminoterephthalic acid

before the actual MOFs synthesis. An aqueous solution of zinc (II) nitrate, a methanolic

solution of 4,4’-bipyridine and sodium salt of 2-aminoterephthalic acid could form MOFs.

A salt form of the linker could easily and quickly form MOFs. This enabled the reaction to

proceed at room temperature in water and methanol solvents.  Researchers have been using

toxic DMF solvent just to deprotonate the acidic protons of the poly-carboxylate linkers at

high temperature for long period of reaction time. The current work could address this

limitation and adopts a greener approach of MOFs synthesis. Analysis of PXRD, CHN,

FT-IR, TGA results in the current report showed that a bi-metallic paddle-wheel is formed

as the basic unit  of the crystal  system in each MOFs (Fig.  32 or 33).  In 1973, Kanda et

al.111 published an article on the  dithiooxamide copper coordination polymer. It was a two-

Scheme 8 Schematic representation of MOFs synthesis in the current work
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dimensional polymer consisted of a bi-metallic unit without a pillar. The dithiooxamide

group has similar connectivity to bi-copper unit as oxalate does in this report.

Figure 32 Paddle-wheel units in the current report: MOFT-08-RT= {[Zn2(Ox)2(BPY)]·3.5H2O}n; MOFT-
09-RT={[Cu2(Ox)2(BPY)]·0.5H2O}n; and MOFT-53-RT={[Zn2(ATA)2(BPY)]·1.8H2O}n. Note that guest
solvent molecules are excluded from the paddle- wheel units.

MOFT-08-RT
{[Zn2(Ox)2(BPY)]·3.5H2O}n

     MOFT-09-RT
{[Cu2(Ox)2(BPY)]·0.5H2O}n

     MOFT-53-RT
{[Zn2(ATA)2(BPY)]·1.8H2O}n

MOFT-08-RT MOFT-09-RT MOFT-53-RT

Figure 33 3D version of the paddle-wheel units for MOFT-08-RT, MOFT-09-RT, and MOFT-53-RT
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4.2Experimental

Synthesis of MOFT-08-RT ({[Zn2(Ox)2(BPY)]·3.5H2O}n )

{[Zn2(Ox)2(BPY)]·3.5H2O}n was synthesized by a simple modification of the procedure

previously reported.74, 78 In this synthesis, Na2Ox (4 mmol, 0.540 g) was dissolved in  warm

deionized water (20 mL). To this solution 40 mL methanolic solution of BPY·H2O (2

mmol, 0.348 g) was added. The combined mixture was stirred for 30 min and

Zn(NO3)2·6H2O (4 mmol, 1.189 g) was added. pH of the solution was monitored and found

to be about 6. The overall mixture was stirred at room temperature for 24 hours. A white

colored product was observed. It was filtered under suction, washed with 3 x 5 mL of

deionized water and then with 3 x 5 mL of methanol and dried in a vacuum oven at 80 oC

for 5 h, yielding 0.95 g (ca. 91 % based on BPY) of [Zn2(Ox)2(BPY)]·3.5H2O}n in the form

of white solid. Elemental analyses: Calcd. (found) % for C14H14.5N2O11.25Zn2: C, 32.24; H,

2.80; N, 5.32 %. (C, 32.36); (H, 2.58); (N, 5.13).

Synthesis of MOFT-09-RT ({[Cu2(Ox)2(BPY)]·0.5H2O}n)

{[Cu2(Ox)2(BPY)]·0.5H2O}n was synthesized by the simple modification of the procedure

previously reported.74, 78 In this synthesis, Na2Ox (1 mmol, 0.134 g) was dissolved in warm

deionized water (10 mL). To this solution 30 mL methanolic solution of BPY·H2O (0.5

mmol, 0.087 g) was added. The combined mixture was stirred for 30 min and

Cu(NO3)2·3H2O (1 mmol, 0.242  g) was added. The overall mixture was stirred at room

temperature for 24 hours. The resulting product was filtered under suction, washed with 3

x 5 mL of deionized water and then with 3 x 5 mL of methanol and evacuated in a vacuum

oven  at  80 oC for 5 h, yielding 0.198 g (ca. 84% based on BPY) of
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{[Cu2(Ox)2(BPY)]·0.5H2O}n in the form of light blue solid (Ox=Oxalate). Elemental

analyses: Calcd. (found) % for C14H9N2Cu2O8.5: C, 35.9; H, 1.94; N, 5.98%. (C, 35.83);

(H, 1.73); (N, 5.97).

Synthesis of MOFT-53NT-RT ({[Zn2(ATA)2(BPY)]·H2O}n)

{[Zn2(ATA)2(BPY)]·H2O}n was  synthesized  by  a  simple  modification  of  the  procedure

previously reported.74, 77, 78 A clear  solution  of  Na2(ATA) was prepared by dissolving 8

mmol (0.32 g)  of NaOH in 45 mL Milli-Q water and adding 4 mmol (0.7243 g) of 2-

aminoterephthalic acid while stirring at room temperature. To the above solution, 50 mL

of a methanolic solution of BPY (2 mmol, 0.348 g) (BPY= 4,4’-bipyridyl hydrate) was

added. The combined solution was stirred for 30 min and Zn(NO3)2·6H2O (4 mmol, 1.189

g) in water (5 mL) was added forming a yellowish-colored suspension. The overall mixture

was stirred at room temperature for 24 hours. The resulting product was filtered under

suction, washed with 3 x 5 mL of Milli-Q water followed by 3 x 5 mL of methanol and

then dried in an evacuated vacuum oven at 80 oC for 12 h, yielding 1.057 g (ca. 79% based

on  BPY)  of  a  yellowish  colour  solid  {[Zn2(ATA)2(BPY)]·H2O}n. Elemental analyses:

Calcd. (found) % for C26H20N4O9Zn2: C, 47.08; H, 3.04; N, 8.45%. (C, 47.43); (H, 2.97);

(N, 8.49).
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4.3 Results and Discussion

PXRD: The crystallinity of the MOF products was determined by powder x-ray diffraction

(PXRD) technique. As shown in Fig. 34, the well-defined diffraction pattern revealed the

Figure 34 PXRD patterns for (a) MOFT-08-RT, (b) MOFT-09-RT and (c) MOFT-53-RT
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high crystallinity of the MOFs products. Sharp and high-intensity diffraction peaks in the

range of 2θ= 10 – 25 were observed in common to {[Zn2(Ox)2(BPY)]·3.5H2O}n,

{[Cu2(Ox)2(BPY)]·0.5H2O}n, and {[Zn2(ATA)2(BPY)]·H2O}n. The Zn (II) based MOFT-

08-RT (Fig. 34a) showed sharp diffraction peaks at 2θ= 10.9, 14.8, 16.1, 18.6, 22.7. The

PXRD patterns of the MOFs were indexed and Rietveld refined with DICVOL06 in

Expo2014 software.79  This  resulted  in  MOFT-08-RT  (Table  4)  crystallized  with

monoclinic crystal system and space group: P2/m, cell parameters: a 16.3668Å b 15.5878Å

c 8.1424Å, a 90.00 b 93.79 g 90.00 and r (g/cm3) 2.13. Similarly, the Cu (II) based MOFT-

09-RT (Fig. 34b) showed sharp and high-intensity diffraction peaks at 2θ= 11.3, 16.2, 17.7,

18.6, 22.85, and 25.2. Indexation with DICVOL06 and Rietveld refinement revealed that

MOFT-09-RT (Table 4) crystallized with a monoclinic crystal system and space group:

P2/m, cell parameters: a 10.9529Å b 11.1327Å c 5.5095Å, a 90.00 b 94.01 g 90.00 and

r(g/cm3) 1.18. These two MOFs products differ only in the metal center and have the same

linker (oxalate) and the same pillar (4,4’bipyridine). The third and the Zn(II) based MOFT-

53-RT (Fig. 34c) is shown with diffraction peaks at 2θ= 10.8, 11.8, 14.8, 17.0, 19.4, 21.7,

and 25.4. This MOFs product has the same pillar and metal center as MOFT-08-RT but

differs in its linker (2-aminoterephthalic acid). DICVOL06 indexation and Rietveld

refinement of the PXRD pattern by Expo2014 showed that MOFT-53-RT (Table 4) has a

triclinic crystal system with space group: P-1, cell parameters: a 9.650(3)Å b 10.920(2)Å

c 13.382(3)Å, a 98.988(12) b 91.49(2) g 106.301(11) and r(g/cm3) 1.82.  The  MOFs

products were obtained as powder and were not soluble in most solvents. Therefore,

recrystallization and crystal growth experiment to find crystals suitable for single crystal

x-ray diffraction (SXRD) study was not done for all the MOFs. In the case when powdered
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MOFs are obtained by synthesis, Expo2014 software is a good tool of kits for phasing

crystal structures directly from powder data.79

The crystallite sizes estimated by the Scherrer formula (K= 0.94) using the match! 3

software are 482.6 Å, 2521.0 Å, and 2381.6 Å for MOFT-08-RT, MOFT-09-RT, and

MOFT-53-RT, respectively. The peaks in the XRD patterns between 2θ= 30-50 that are

appropriate for crystallite size estimation were automatically selected by the software.

FT-IR: The IR spectra of {[Zn2(Ox)2(BPY)]·3.5H2O}n, {[Cu2(Ox)2(BPY)]·0.5H2O}n, and

{[Zn2(ATA)2(BPY)]·H2O}n are shown in Fig. 35 and Appendix D. The asymmetric and

symmetric NH2 stretching vibrations observed at 3507 and 3390 cm-1 for 2-

aminoterephthalic acid (2ATA) in Fig. 35d are shifted to 3401 and 3322 cm-1 in the

resulting MOFT-53-RT (Fig. 35c). The broad band merging to the NH2 vibrations signifies

that there is water molecule in this MOFs. The peaks at 1610 and 1500 cm-1 in Fig. 35d

MOFT-08-RT MOFT-09-RT MOFT-53-RT
Empirical formula C14H14.5N2Zn2O11.25 C14H9N2Cu2O8.5 C26H20N4O9Zn2

Formula weight 521.53 468.32 663.22
Crystal system Monoclinic Monoclinic Triclinic
Space group P2/m P2/m P-1
a(Å) 16.3668 10.9529 9.650(3)
b(Å) 15.5878 11.1327 10.920(2)
c (Å) 8.1424 5.5095 13.382(3)
a (°) 90.00 90.00 98.988(12)
b (°) 93.79 94.01 91.49(2)
g (°) 90.00 90.00 106.301(11)
V(Å3) 2072.78 670.15 1333.3(6)
Z 4 1.5 2
rcalc (g cm-3) 2.13 1.18 1.82
Counts 2475 2347 2475
l(nm) 1.540598 1.540598 1.540598

Table 4 Crystal data and structural refinement parameters
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might represent N-H bending band and NH2 wagging and twisting band, respectively. The

C=O stretching frequency observed in 2ATA at 1678 cm-1 is shifted to 1564 cm-1 in the IR

spectrum of MOFT-53-RT (Fig. 35c). Similarly, in Fig. 35f the C=O stretching frequency

of oxalate is observed at 1642 cm-1, and the C=O stretching frequency (strong) in the

resulting MOFT-08-RT and MOFT-09-RT are observed at 1618 cm-1 after coordination to

Figure 35 FT-IR Spectra of (a) MOFT-09-RT, (b) MOFT-08-RT, (c) MOFT-53-RT, (d) 2-
Aminoterephthalat (e) 4,4’-bipyridine, (f) Sodium oxalate
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Zn(II) and Cu(II), respectively. The C-N stretching frequency of the pillar (4,4’-BPY) is

observed at 1583 cm-1 (Fig. 35e). This peak is shifted and coincident with the C=O

stretching frequency of MOFT-08-RT, MOFT-09-RT, and MOFT-53-RT. The peaks at

407 cm-1 in Fig. 35a, c and 454 cm-1 in Fig. 35b are ascribed to the coordination of nitrogen

to the corresponding metal center.112, 113 The broad bands centered at about 3400 cm-1 are

ascribed to presence of water in all the MOFs. Generally, the shift in the vibrational

frequency in the FT-IR spectra show coordination of oxygen and nitrogen to the Zn(II) in

MOFT-08-RT and MOFT-53-RT, Cu(II) in MOFT-09-RT.114-117

Thermal Analysis

The thermal stabilities of {[Zn2(Ox)2(BPY)]·3.5H2O}n and {[Cu2(Ox)2(BPY)]·0.5H2O}n

were examined by TGA under an argon atmosphere and that of

{[Zn2(ATA)2(BPY)]·H2O}n in air from room temperature to 700 oC using heating rate of

10 oC min-1 and the differential curves associated with the TGA curve shows the sharp

weight losses at a different temperature as depicted in Fig. 36-38.

MOFT-08-RT: The  TGA curve  of  {[Zn2(Ox)2(BPY)]·3.5H2O}n in  Fig.36  shows a  first

sharp differential weight loss of 5.7 % (calcd.5.46 %) at 94.3 oC implying a loss of 1.6

adsorbed water molecules from the moisture. The next 7.4 % differential weight loss

(calcd.7.31 %) at 186.9 oC is assigned to loss of two guest water molecules from the MOF

structure. The massive and sharp differential weight losses at 327 oC and 352 oC show

collapse of the framework and losses of the organic matter. The final 32 % (calcd. 31 %)

residue in the TGA curve of MOFT-08-RT is attributed to the formation of two ZnO. The
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final oxide residue also confirms the presence of two Zn (II) in the empirical formula of

{[Zn2(Ox)2(BPY)]·3.5H2O}n in the paddle wheel unit.

MOFT-09-RT: In Fig.37, a thermogravimetric analysis shows

{[Cu2(Ox)2(BPY)]·0.5H2O}n lost 1.7 % of its weight (calc. 1.9 %) as 0.5 H2O up to 227

oC.  The next massive and sharp weight loss shown by the differential curve centered at

247 oC is ascribed to collapse of the MOFs framework and removal of the organic matter.

The plateau in the TGA curve above 300 oC corresponding to 33. 57 % weight residue

matched very well with two CuO (calc. 33.97 %). The weight percent of 2CuO residue

Figure 36 TGA of MOFT-08-RT
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gave information about the weight percent of Cu in the MOFs. This corresponds to two

Cu(II) in the empirical formula of {[Cu2(Ox)2(BPY)]·0.5H2O}n.

MOFT-53-RT. The TGA curve in Fig. 38 depicts {[Zn2(ATA)2(BPY)]·H2O}n has good

thermal stability up to nearly 400 oC.  The first 3.11 % (calc. 2.72 %) weight loss until 225

oC is assigned to losses of one guest water molecules from the MOFs structure. The huge

and sharp differential weight loss shown and centered at 425 oC depicts the collapse of the

framework by losing the organic matter. This is the point where the MOFs loses its

stability. The 24.0 % weight residue (calc. 24.54 %) shown in the plateau above 470 oC in

the TGA curve corresponds to the two equivalents of residual ZnO. This residue also

Figure 37 TGA of MOFT-09-RT
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confirms two Zn (II) in the empirical formula of {[Zn2(ATA)2(BPY)]·H2O}n in the paddle-

wheel.

Determination of Surface Area, Pore Volume and Pore Size

The Brunauer-Emmet-Teller (BET) surface areas of MOFs were determined as follows:

About 40 mg MOF samples were degassed under vacuum at 180 0C for  3  h  to  remove

moisture from the pores of the MOFs. The MOF samples were then placed in an automatic

Surface Area Analyzer (Micromeritics 3Flex Surface Characterization Analyzer), which

measures adsorption/ desorption of nitrogen gas at 77 K. The BET surface areas of the

samples were calculated using N2 adsorption data at 77 K. Fig. 39 and Table 5 show the

Figure 38 TGA of MOFT-53-RT
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N2-gas adsorption/ desorption isotherms, porosity distribution curves and summary of the

BET surface areas, respectively. The pore diameter of MOFT-08-RT is calculated and

determined from porosity distribution curve as 3.27 nm with a BJH pore volume of 0.67

cm3g-1 and a BET surface area of 711.6 m2g-1. MOFT-09-RT showed a pore diameter of

3.17 nm and a BJH pore volume of 0.93 cm3g-1 with a BET surface area of 988.6 m2g-1.

MOFT-53-RT is different from the above two MOFs in its linker. It was prepared by

replacing the oxalate linker with 2-aminoterephitalate keeping the pillar 4,4’-bipyridine the

same and using Zn (II) metal source. The average pore diameter for MOFT-53-RT is 3.27

nm and BET surface area of 454.3 m2g-1. Of the three MOFs reported in here, MOFT-53-

RT has the least BET surface area. This is ascribed to the amino functionality takes space

and decreases the BET Surface area in the MOFs. The adsorption and desorption of N2 gas

in the hysteresis overlapped one over the other (Fig. 39a, b, c). Room temperature

synthesized powdered MOF-5 by Yaghi and co-workers105 shows similar isotherm to the

current work. The isotherms are somewhat different from the models explained in report

given in 2015 by IUPAC.3 This is attributed to the flexibility that exist in most pillared-

layer MOFs as the pore size differ during the host-guest interaction up on adsorption and

desorption process.118 Information about the pore widths was obtained from the mesopore

MOFs Pore diameter
[ nm]

BJH Pore Volume
[ cm3g-1]

Surface area [m
2
g

-1
]

BET
MOFT-08-RT 3.27 0.67 711.6
MOFT-09-RT 3.17 0.93 988.6
MOFT-53-RT 3.27 0.41 454.3

Table 5 N2-sorption data for MOFT-08-RT, MOFT-09-RT, and MOFT-53-RT
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size distribution curves of the three MOFs in this study as shown in Fig. 39a’, b’, and c’

for MOFT-08-RT, MOFT- 09-RT and MOFT-53-RT, respectively.
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Figure 39 N2 adsorption-desorption isotherms for MOFT-08-RT (a), MOFT-09-RT (b) and MOFT-53-RT
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Morphological Characterization

SEM micrographs and X-ray microanalysis (SEM/EDS) were recorded by using FEI

Quanta 650 ESEM instrument equipped with Oxford Instruments X-Max 150 mm2 EDS

detector with AZtec software at 20kV, spot 3-4, using low vacuum x-ray cone accessory at

80Pa. Fig. 40a shows that MOFT-08-RT crystals have very tiny cubic like morphology. In

comparison, MOFT-09-RT crystals (Fig. 40b) were rod-shaped. SEM image of MOFT-53-

RT (Fig. 40c) shows needle-shaped morphology forming a sphere like cluster. The

SEM/EDS analysis gives information about the sample surfaces with high depth of field

and lateral resolutions of around 1-20 nm.84, 85 This means that the EDS microanalysis

cannot show the bulk micro analysis and is only the surface analysis. SEM/EDS analysis

of MOFT-08-RT in some portion of the surface (Fig. 41a’) shows 67.2 % oxygen, 24.4 %

carbon and 8 % Zinc by weight. Similar analysis of MOFT-09-RT in some portion of the

surface (Fig. 42b’) shows 64.3 % oxygen, 22.9 % carbon, 12.5 % copper by weight.

SEM/EDS micro analysis of MOFT-53-RT also gave information about the surface (Fig.

43c’) as 68.5 % oxygen, 25.1 % carbon, and 6.1 % zinc. The SEM/EDS micro analysis

depicted the major species that constitute the MOFs framework near the surface.
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(a)

(b)

(c)

Figure 40 SEM images of MOFT-08-RT (a), MOFT-09-RT (b) and MOFT-53 (c)
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(a)

(a’)

Figure 41 SEM image (a) and EDS (a’) of MOFT-08-RT
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(b)

(b’)

Figure 42 SEM image (b) and EDS (b’) of MOFT-09-RT
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(c)

(c’)

Figure 43 SEM image (c) and EDS (c’) of MOFT-53-RT
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Solid State UV-Vis Study

The solid state uv-vis spectra of MOFT-08-RT, MOFT-09-RT, and MOFT-53-RT are

shown in Fig. 44. The spectra are plotted as the absorption coefficient a or F(R) which is

known as the Kubelka-Munk function vs wavelength of the uv-vis light absorbed by

microcrystalline powdered MOFs. The Cu- based MOFT-09-RT in Fig. 44b was recorded

Figure 44 Solid state Uv-Vis spectra of MOFT-53-RT, MOFT-09-RT, and MOFT-08-RT
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as having a week absorptive coefficient broadband centered at 715 nm corresponding to

the 2T2g ¬ 2Eg . This shows that the paddle wheel unit consists of Cu2+ species in d9 state.

The Zn-based MOFT-08-RT (Fig. 44c) and MOFT-53-RT (Fig. 44a) do not show such a

week intensity broad band at higher wevelengths. This is ascribed to the presence of Zn2+

in the paddle wheel with filled d10 orbitals. The most intense bands bellow 400 nm in all

the MOFs  at 245 nm, 230 nm, and 210 nm are assigned to the n®s* electronic transitions

in with in the linkers and pillars in the framework as showen in Fig 44. The band

assignments at 330 nm 290 nm, and 270 nm are asscribed to the p®p* electronic

transiotions with in the linkers and pillars in the respective MOFs.

Band gap determination

The band gaps of the MOFs were determined (Fig. 45) from the plots of (αhν)1/2 versus

photon energy (hν).71 Where a or (F(R¥) is the absorption coefficient and hν is photon

energy. Data for these plots were calculated and obtained from the diffuse reflectance

versus wavelength spectral data run using Cary 5000 UV-Vis-NIR spectrometer. The

optical edges or gaps were inferred by linear extrapolation of the absorbance from the high

slope region obtained from the modified Kubelka-Munk ((αhν)1/2)  versus  hν plot.  This

results in a band gap of 3.86 eV for MOFT-08-RT (photo active in the UV region), 3.18

eV for MOFT-09-RT (photo active in the UV region) and 2.63 eV for MOFT-53-RT (photo

active in the visible region).
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Magnetic Properties

The magnetic properties of the three MOFs, {[Cu2(Ox)2(BPY)]·0.5H2O}n,

{[Ni2(Ox)2(BPY)]·3.75H2O}n, and {[Cu2(Fu)2(BPY)]·H2O}n are measured at 294 K using

the MSB AUTO (Sherwood Scientific) and shown in Table 6. Magnetic susceptibility

measurement of MOFT-23-RT ({[Cu2(Fu)2(BPY)]·H2O}n) by the inverse Gouy method

shows that the gram susceptibility or gc = 3.379 x 10-6 for which the effective magnetic

Figure 45 Optical band gaps of MOFT-08-RT (a), MOFT-09-RT (b), MOFT-53-RT (c)  and DRS of  the
respective MOFs from which the energy gaps are determined.
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moment, µeff, after calculating the diamagnetic correction is 2.1 BM. This value

corresponds to the presence of 1.37 unpaired electrons (n) in this bimetallic system. This

is less than the two unpaired electrons expected in the two Cu(II) centers (one for each,

(dz
2)1 or (dx

2
-y

2)1) in the paddle wheel. The decrease in the number of unpaired electrons

observed is ascribed to the presence of metal to metal magnetic communication (Scheme

9) through the diamagnetic pillar (BPY) and /or linker (fumarate). If the single unpaired

electron occupies (dz
2) or (dx

2
-y

2) orbital of the first Cu(II) center, it interacts magnetically

with another unpaired electron in the (dz
2)  or  (dx

2
-y

2)  orbital  of  the  next  Cu(II)  center

through the diamagnetic (D) unit. The interaction might also extend directly between the

two metals. This could result in significant magnetic coupling between the two spins

through the conjugated bridges.119, 120 A similar explanation of metal to metal magnetic

communication (Scheme 10) can also be applied for MOFT-09-RT

({[Cu2(Ox)2(BPY)]·0.5H2O}n) with the magnetic moment of 2.3 BM and an unpaired

electrons (n) of 1.5. Note that the longer fumarate linker in MOFT-23-RT is replaced by

the shorter oxalate linker in MOFT-09-RT. A canted antiferromagnetism121, 122  is

observed in MOFT-11-RT ({[Ni2(Ox)2(BPY)]·3.75H2O}n). The observed spin-only

magnetic moment indicates that there are only 0.083 unpaired electrons (n) in the paddle

wheel system as a result of magnetic coupling. The two unpaired electrons per Ni(II) are

(dz
2)1 and (dx

2
-y

2)1. The supper exchange through the diamagnetic unit (Scheme 11) may

act to cant the spins and could make MOFT-11-RT antiferromagnetic.
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Table 6 Magnetic susceptibility data of the MOFT-23-RT ({[Cu2(Fu)2(BPY)]·H2O}n), MOFT-11-RT
({[Ni2(Ox)2(BPY)]·3.75H2O}n), and MOFT-09-RT ({[Cu2(Ox)2(BPY)]·0.5H2O}n at 294 K.

MOF M
(g/mol)

gc
(294K)

ࡹ࣑ =
ࢍ࣑ ࡹ∗

diac ᇱࡹ࣑ =
ࡹ࣑ ࢇ࢏ࢊ࣑−

ࢌࢌࢋࣆ =
ඥૡ ∗ ᇱࡹ࣑ ∗ ࢀ
        (BM)

n

MOFT-23-RT 527.93 3.379
x 10-6

1.78
x 10-3

-1.84
x 10-4

1.96
     x 10-3 2.1 1.37

MOFT-11-RT 517.17 1.385
x 10-5

7.16
x 10-3

-2.29
x 10-4

7.394
x 10-5 0.4 0.083

MOFT-09-RT 468.32 4.473
x 10-6

2.09
x 10-3

-1.87
x 10-4

      2.28
x 10-3 2.3 1.5

Scheme 9 Schematic representation of magnetic exchange between Cu(II) centres through diamagnetic
bridge in MOFT-23-RT ({[Cu2(Fu)2(BPY)]·H2O}n). Note that “D” is a diamagnetic unit (Fumarate or BPY).
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Scheme 10 Schematic representation of magnetic exchange between Cu(II) centres through diamagnetic
bridge in MOFT-09-RT ({[Cu2(Ox)2(BPY)]·0.5H2O}n) Note that “D” is a diamagnetic unit (oxalate or BPY).
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Scheme 11 Schematic representation of magnetic exchange between Ni(II) centres through diamagnetic
bridge in MOFT-11-RT ({[Ni2(Ox)2(BPY)]·3.75H2O}n).  Note  that  “D”  is  a  diamagnetic  unit  (oxalate  or
BPY).
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4.4 Summary

In summary, we have synthesized and characterized Zn (II) and Cu (II) based pillared-layer

MOFs  from  sodium  salt  of  oxalate  linker  (and  also  2-aminotherephtalate)  and  4,4’-

bipyridine pillar in water/methanol mixed solvents to address problems of solubility at

room temperature. Powdered MOFs were obtained and their crystallinity was studied using

PXRD techniques. DICVOL06 in Expo2014 software was used to index PXRD patterns of

the MOFs and to obtain their crystal parameters. All the three MOFs obtained have porosity

in the mesoporous region. The optical band gap measurement showed the Zn (II) based

MOFT-53-RT is active in the visible region, whereas the Zn (II) based MOFT-08-RT and

Cu  (II)  based  MOFT-09-RT  are  active  in  the  UV  region.  The  magnetic  studies  of  the

MOFs, {[Cu2(Fu)2(BPY)]·H2O}n and {[Ni2(Ox)2(BPY)]·3.75H2O}n (Synthes shown

Chapter 3) and {[Cu2(Ox)2(BPY)]·0.5H2O}n (synthesis shown in this chapter) indicate that

there are metal to metal magnetic communication of the spins through the diamagnetic

bridge in all the three dimension of the framework.
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CHAPTER FIVE

Investigation of Photocatalytic Performance of MOFT-23-RT Towards

Toxic Dye Degradation in Wastewater Effluents

5.1 Introduction

Textile wastewater consists of different types of contaminants. Dyes which remain unfixed

to clothing are usually the main environmental contaminants discharged into water bodies

by textile industries. In addition to textile industries, the leather processing industry, paper

industry, food industry, hair colorings also contribute towards the presence of dyes in

wastewater. Over 10,000 types of dyes are being manufactured with a total annual

production of more than 7 x 105 tones.123 About 10 % of the dyes used in industries are

discharged to the ecosystem which is very harmful.124 Most dyes, especially the azo dyes

are highly toxic and are carcinogenic in nature which should be treated before their

discharge to the environment.125 Water bodies polluted with dyes are easily seen as colored

even at low concentration and they block sunlight from reaching the bulk of the affected

water, thereby disturbing the photosynthetic activity. They also reduce the level of

dissolved oxygen required by organisms in water streams. The biological oxygen demand

(BOD) and chemical oxygen demand (COD) in water body will therefore be high.126

There are different ways to remove dyes from the affected wastewater; adsorption,127

flocculation-coagulation,128 membrane filtration and biological treatment.129 However,

most of these processes simply transfer the pollutants from one to another medium, causing

secondary pollution. Oxidation of dyes through photocatalysis, using semiconductors can

effectively remove dyes by converting them in to water and carbon dioxide. Photocatalytic
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degradation of organic dyes is advantageous over adsorption in that no further treatment is

required to eliminate the organics.130

The photocatalytic reaction proceeds through an electron promotion process involving the

highest occupied molecular orbital (HOMO, the VB) and the lowest unoccupied molecular

orbital  (LUMO,  the  CB).131, 132 Under light of sufficient frequency of irradiation, the

electrons (e-) in the VB excite to the vacant CB leaving the holes (h+) behind in the VB.

The adsorbed oxygen can accept e- to form oxygen radicals (�O2-) (O2 + e- ®  (�O2-), and

it further transforms in to active �OH (�O2- + 2H+ ® �OH + OH-). Meanwhile, the h+ in the

VB can interact with OH-, forming the �OH active species for dye degradation.133, 134

Metal-Organic Frameworks (MOFs) are highly crystalline structures composed of metal

clusters bound via coordination to organic ligands. The structures are highly porous and

tunable.6  The optical property of MOFs coupled to their ability to host other more photo-

sensitive molecules play a great role in the degradation of toxic organic dyes.135, 136 Most

MOFs including MOF-5 are unstable in water and hence the synthesis of water stable

MOFs should be systematically designed so as to use them in the photodegradation of an

aqueous solution of azo dyes. A span of publication results on the Scopus database in the

last four years shows that the utilization of MOFs for photodegradation of dyes is

increasing nowadays (Fig. 46). Photocatalytic dye degradation is affected by several

operational conditions like, the initial concentration of the dye, the pH of the medium, and

the effect of the catalytic dosage or loading.137 Optimum condition for a dye degradation

is investigated after working on the above parameters. Adsorption of the dye molecules

occurs on the surface of the MOFs before photocatalytic degradation and it proceeds
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through a number of different mechanisms such as electrostatic interactions, hydrogen

bonding, p-p stacking/interactions, and hydrophobic interactions.138

In this study, the photocatalytic performance of one of the water stable pillared-layer MOFs

synthesized and characterized fully in Chapter Three (MOFT-23-RT =

{[Cu2(Fu)2(BPY)]·H2O}n) is evaluated towards the degradation of methyl orange which is

mostly released to the environment as textile wastewater effluent. Methyl orange (MO) is

one of the most stable azo dyes which are extensively used in the textile industry and

resistant to biodegradation. Degradation of such a dye molecules into some simpler

molecules can reduce the environmental pollution caused by them.139 Methyl orange

having a chemical formula of C14H14N3NaO3S and molecular weight of 327.33 g/mol has

an absorption maximum at 464 nm when subjected to UV-visible light in aqueous form. A

photoreactor system with a UV lamp and MO having lmax at 464 nm are shown in Fig. 47.

This absorption maximum decreases as a function of increasing light irradiation time if the
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Figure 46 Number of papers published in the last 4 years spanned on Scopus database from 2014 to 2018
using key words “dye photodegradation using MOFs”
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catalyst has a semiconducting nature and appropriate band gap. The optical band gap of

MOFT-23-RT (Eg = 3.6 eV) was determined using the data obtained from diffuse

reflectance spectroscopy (see Chapter Three). This shows that the MOFs under study is

active in the UV region, and the photocatalytic performance of MOFT-23-RT is evaluated

by degradation of MO under laboratory-UV-reactor system with 150 W UV-immersion

lamp of model TQ 150 at room temperature.

The photocatalytic evaluation of {[Cu2(Fu)2(BPY)]·H2O}n is highly based on its stability

in aqueous medium for prolonged hours of time. The Zn-based MOFs

{[Zn2(Fu)2(BPY)]·1.5H2O}n and {[Zn2(Ox)2(BPY)]·3.5H2O}n are also evaluated but the

MOF-dye suspension became opaque on stirring and it was not possible to recover the

MOF. {[Ni2(Ox)2(BPY)]·3.75H2O}n and {[Zn2(ATA)2(BPY)]·H2O}n are active in the

visible region and we could not evaluate their photocatalytic activity using a vis-LED

(a) (b) (c) (d)

(e)

(f)

Figure 47 a) oxygen gas for purging in to the dye suspension; b) laboratory-UV-reactor system with 150
W UV-immersion lamp of model TQ 150 containing 10 ppm MO stirring in dark; c) UV light on MO/
MOFT-23-RT suspension for 140 min; d) Methyl orange (MO); e) 20 min interval withdrawn samples of
photodegraded MO for 140 min; f) percentage degradation efficiency of MOFT-23-RT in the first run.
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photoreactor in our lab. Therefore, the focus of the research is on {[Cu2(Fu)2(BPY)]·H2O}n

(MOFT-23-RT).

5.2Experimental

5.2.1 Photocatalytic dye degradation experiment

The photocatalytic performance of MOFT-23-RT ({[Cu2(Fu)2(BPY)]·H2O}n) was

evaluated by photodegradation of methyl orange (MO) under laboratory-UV-reactor

system with 150 W UV-immersion lamp of model TQ 150 at room temperature (25 oC).

The immersion lamp is equipped with outside quartz glass jacket through which water

flows continuously to prevent over heating of the system. A 0.25 g/L or 0.5 g/L of MOFT-

23-RT was placed in to 100 mL of MO aqueous solution having an initial concentration of

10 ppm in a quartz reactor. Prior to UV light irradiation, the suspension was magnetically

stirred in dark for 40 min to ensure establishment of an adsorption-desorption equilibrium.

During photodegradation reaction, stirring was maintained to keep the mixture in

suspension, and oxygen gas was purged continuously as a primary oxidant to produce

radicals. About 5 mL of the sample was extracted at every 20-minute time interval using a

syringe fitted with a needle and centrifuged for 5 min. The change in the intensity of

absorption maxima of MO (i.e. at 464 nm fixed wavelength) was recorded to determine the

residual concentration of the dye in solution using T60 UV-Visible spectrometer. The

percentage degradation of the dye molecules was calculated using the equation 1.

Dye degradation efficiency (%) = (Ct /Co) x100 ………………………... (1)

where Co is the initial dye concentration and Ct is the concentration at any time t.
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The degradation kinetics study was carried out by varying the MOFs dosage from 0.25 g/L

to 0.5 g/L and also at pH 5.2 and 8.3. The pseudo first order kinetic model is followed for

all  the  conditions  by  fixing  the  initial  dye  concentration  the  same as  represented  by  the

Langmuir–Hinshelwood equation (equation 2).

 ln (Ct /Co) = -Kt   ……….……………………………….…………… (2)

where, Co represents the initial concentration of the dye before irradiation and Ct, the

residual dye concentration, after irradiation at time t. K is the rate constant (min-1) which

is determined by executing linear regression.

5.3 Results and Discussion

5.3.1 Evaluation of Photocatalytic Activity of MOFT-23-RT Towards MO

Degradation

The photocatalytic activity of MOFT-23-RT was studied using methyl orange (MO) as a

model dye molecule under UV irradiation based on the band gap of the MOFs catalyst.

Before UV light irradiation and O2 purging, the MOF/dye suspension was first stirred in

the dark for ca. 40 min, to ensure establishment of adsorption/desorption equilibrium.

Within 40 min stirring in dark, MOFT-23-RT was able to adsorb and remove below 3 %

of the dye at pH 5.2 with initial dye concentration of 10 ppm and MOF loading of 0.25 g/L.

The photocatalytic degradation of 10 ppm MO dye solution was studied by considering

parameters like the effect of MOFs loading, pH of the media, and degradation kinetics. The

catalytic performance of the MOFs was also evaluated for five cycles at pH 5.2.
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5.3.2 Effect of MOFs Loading

The effect of MOFs loading on the MO degradation was studied at a fixed dye

concentration and pH of the medium under UV light irradiation. 0.25 g/L and 0.5 g/L of

the MOFs catalyst were used to degrade 10 ppm of the dye solution in the presence of UV

light in quartz reactor by keeping the pH conditions the same both in less acidic (pH 5.2)

and basic (pH 8.3) medium. The result of MOFs loading on MO degradation (Fig. 48c)

shows that a 0.25 g/L MOFs loading would degrade MO to a greater extent (96 %) when
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Figure 48 a decrease in the absorption maxima (l » 464 nm) of MO with UV-light irradiation time at pH 5
in the pressence of (a) 0.25g /L MOFT-23Hf-RT, (b) 0.5g/L MOFT-23Hf-RT. ( c) Photocatalytic MO
degradation efficiency (%) in the presence of (i) 0.25 g/L and (ii) 0.5g/L of MOFT-23Hf-RT under UV-light
irradiation at pH 5. (d) Fitting of pseudo-first-order kinetics lines for the photodegradation of 10ppm MO in
the presence of (i) 0.25 g/L, and (ii) 0.5g/L MOFT-23Hf-RT at pH 5, respectively.
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compared to a 0.5 g/L loading (38 %) at pH 5.2 for the same 10 ppm MO initial

concentration after 140 min UV light irradiation. The photodegradation reaction catalyzed

by a 0.25g/L MOFT-23-RT proceed by a pseudo-first order kinetics (Fig. 48d(i)) and has

a higher rate constant (k=0.02259 min-1) when compared to the one catalyzed by a 0.5 g/L

MOFs, k= 0.00249 min-1 (Fig. 48d(ii). This is ascribed to the fact that an excess use of a

photocatalyst particles may increase the opacity of the suspension which may retard the

MO degradation rate.140 Another possible reason could be the fact that as the amount of

MOFs loading increases, an aggregation of the MOFs might occur and cannot evenly

disperse in to the dye solution, and hence the amount of dye degraded decreases. An

excessive amount of a photocatalyst might also block light penetration which can then

decrease the rate constant.141, 142 A 96 % MO degradation (with comparatively higher rate

constant) achieved after a dosage of 0.25 g/L MOFT-23-RT shows that the MOF has more

active sites at this dosage and could absorb large number of photons.143

5.3.3 Effect of pH of the media

The pH of  the  suspension  plays  an  important  role  in  the  degradation  of  most  dyes.  The

photocatalytic degradation of MO is investigated at pH 2, 5.2, and 8.3 at a fixed dye

concentration and MOFs dosage. MOFT-23-RT was found to be unstable in the suspension

at pH 2. Most textile wastewater effluents are released to the environment having pH range

from 5 to 8 and the study focused mainly on pH 5.2 and 8.3 (Fig. 49 & 50).  It is observed

from the fig. 49c that the maximum degradation efficiency (96 %) is achieved at pH 5.2

whereas 45 % of the MO is photodegraded at pH 8.3 after 140 min UV light irradiation at

a 0.25 g/L MOFs loading.  For a 0.5 g/L MOFs loading, 38% of the MO was photodegraded

at pH 5.2, but only 7 % at pH 8.3 for the 140 min UV light irradiation time (Fig. 50c). This
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shows that  in either MOFs loading, it  is  at  pH 5.2 that  the maximum amount of the dye

molecules are photodegraded and removed. This is attributed to the fact that lower pH

value is able to increase the positive surface charges of MOFT-23-RT and hence it could

adsorb through electrostatic interaction and assist photodegradation of anionic methyl

orange up on UV light irradiation.137, 144, 145  For a 0.25 g/L loading, the reaction kinetics

has fitted the pseudo first order model with rate constants of k= 0.02259 min-1 at pH 5.2,
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Figure 49  a decrease in the absorption maxima (l » 464 nm) of MO with UV-light irradiation time at (a)
pH 5.2  and (b) pH 8.3 in the presence of 0.25g /L MOFT-23-RT. (c) Photocatalytic MO degradation
efficiency (%) in the presence of 0.25 g/L of MOFT-23-RT under UV-light irradiation at (i) pH 5.2, and  (ii)
pH 8.3. Reaction rate constant (k) of the pseudo-first-order kinetic model for photodegradation of 10ppm
MO in the presence of (d) 0.25 g/L and MOFT-23-RT at (i) pH 5.2, and (ii) pH 8.3
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and k= 0.00354 min-1 at pH 8.3 (Fig. 49d). When the MOFs loading was doubled in to 0.5

g/L, the pseudo first order kinetic model could result in lower rate constants of k= 0.00249

min-1 at pH 5.2, and k= 0.000324 min-1 (Fig. 50d’). This shows that fast photodegradation

of MO is observed at pH 5.2 for a 0.25 g/L MOFT-23-RT dosage.
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Figure 50 a decrease in the absorption maxima (l » 464 nm) of MO with UV-light irradiation time at (a’)
pH 5.2  and (b’) PH 8.3 in the pressence of  0.5g /L MOFT-23-RT. (c’) Photocatalytic MO degradation
efficiency (%) in the presence of 0.5 g/L of MOFT-23-RT under UV-light irradiation at (i) pH 5.2, and  (ii)
pH 8.3. Reaction rate constant (k) of the pseudo-first-order kinetic model for photodegradation of 10ppm
MO in the presence of (d) 0.25 g/L and (d’) 0.5 g/L MOFT-23-RT at (i) pH 5.2, and (ii) pH 8.3
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Reusability of MOFT-23-RT Photocatalyst

As shown in the previous sections, the optimized conditions for the photodegradation of

10 ppm MO is loading of 0.25 g/L MOFT-23-RT at pH 5.2. This could result in a 96 %

photodegradation  efficiency  of  the  MOF.  The  reusability  of  the  MOF  under  study  was

tested over five cycles (Fig. 51 and 52). The recycled catalyst was washed with deionized

water several times and then kept in vacuum oven at 80 oC for 3 h. The first, second, third,

and the fourth runs showed a photodegradation efficiency of 96 %, 88 %, 87%, and 80 %,

respectively. 53% of the dye is photodegraded by the photocatalyst in the fifth cycle. A

remarkable decrease in the photodegradation efficiency is observed in using the catalyst

for the fifth cycle. The pseudo first order kinetic (Fig. 52b and Table 7) resulted in rate

constants k= 0.02259, k=0.01463, k=0.01422, k=0.01303, and k=0.00458 min-1 for the first,

second, third, fourth, and fifth cycles, respectively. The results showed that the

performance of MOFT-23-RT towards photodegradation of MO did not decrease

significantly over the first three cycles and the photodegradation was very rapid as

witnessed by the rate constants.
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Figure 51 a decrease in the absorption maxima (l » 464 nm) of MO with UV-light irradiation time at pH 5
in the pressence of 0.25g /L MOFT-23-RT for the  (a) first cycle, (b) second cycle, and (c) third cycle. (d)
fourt cycle, and and fivth cycles
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Figure 52 (a) Photocatalytic MO degradation efficiency (%) in the presence of 0.25 g/L of MOFT-
23-RT under UV-light irradiation at pH 5.2 for the five consequtive cycles. (b) Reaction rate constant
(k) of the pseudo-first-order kinetic model for photodegradation of 10ppm MO in the presence of 0.25
g/L MOFT-23-RT at pH 5.2 for five conseqitive cycles.
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Cycles MOFs
loading
(g/L)

pH Co
(ppm)

Degra-
dation
(%)

k
(min-1)

R2

Cycle-1

0.25 5.2 10 96 0.02259 0.98147

0.5 5.2 10 38 0.00249 0.8547

0.25 8.3 10 45 0.00354 0.91445

0.5 8.3 10 7 0.000324 0.86542

Cycle-2 0.25 5.2 10 88 0.01463 0.9459

Cycle-3 0.25 5.2 10 87 0.01425 0.95469

Cycle-4 0.25 5.2 10 80 0.01303 0.95536

Cycle-5 0.25 5.2 10 53 0.00458 0.95756

Table 7 Parameters of pseudo-first order kinetics model for the degradation of methyl orange (MO)
under UV light irradiation (R2 = correlation coefficient).
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5.3.4 XRD Analysis of The Recycled MOFs

It was observed in the previous section that the reused catalyst showed a degradation

efficiency of 96 %, 88 %, 87 %, 80 %, and 53 % for the photodegradation of 10 ppm MO

Figure 53  The PXRD patterns of MOFT-23-RT before and after the five consecutive photocatalytic
degradation cycles towards 10 ppm methyl orange (recorded using Rigaku MiniFlex 600 XRD instrument)
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at pH 5.2 during the first, second, third, fourth, and fifth cycles, respectively under UV

light irradiation in the presence of oxygen purging. It was also indicated that the reused

MOF was filtered, washed and then dried after each experiment. In order to make sure that

the dye degradation over the MOFT-23-RT is a catalytic process and also prove that it is

stable, the PXRD of the fresh MOFs was compared with the ones used for the five cycles

in the dye degradation study (Fig. 53). This shows that PXRD patterns have close

similarities with each other except for minor reduction in the intensity of the peak at 2θ =

6.6 after the third cycle. The result demonstrated that MOFT-23-RT is stable to dye

photodegradation and may be recycled for the catalytic degradation of methyl orange and

wastewater effluents of textile industry.

5.3.5 Mechanism for The Photodegradation of MO by MOFT-23-RT

An aqueous solution of model azo dye (10 ppm methyl orange) was subjected to UV light

irradiation in the presence of MOFT-23-RT having a band gap of 3.6 eV for an irradiation

time of 140 min. The color was changing from orange towards colorless as a function of

increasing irradiation time. The concentration of the dye molecules in aqueous solution has

been decreased to a greater extent as witnessed by the UV-Vis instrument and shown in

the previous sections. The photocatalyst was also recycled over three runs and showed no

obvious decay in its catalytic efficiency towards degradation of methyl orange. The PXRD

patterns of the recycled MOFs have close similarity to the unused MOFs indicating no

significant adsorption of the MO on the surface of the photocatalyst after use and wash up.
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The photocatalytic performance is ascribed to the high surface area, value of band gap, and

crystallinity of the photocatalyst.146 The general mechanism for MO photodegradation by

MOFT-23-RT are proposed and shown in Fig. 54. Upon sufficient UV light irradiation,

electrons from the 2p orbitals of O, C, and N of the linker and pillar (valence band (VB))

jump  to  conduction  band  (CB)  of  the  metal  cluster  (Cu2+).136, 147 This  leaves  holes  (h+)

behind in the VB and electrons (e-) in the CB. The electrons and holes migrate to the surface

of MOFT-23-RT. The holes (h+) oxidize hydroxyl (H2O) to highly reactive hydroxyl

radicals (�OH). The electron in the CB are scavenged by molecular oxygen on the

photocatalyst forming superoxide radicals (�O2-) which finally transform in to hydroxyl

radicals (�OH). Hydroxyl radicals generated by the electrons and holes have the ability to

Figure 54  Main pathways proposed for methyl orange photodegraded by MOFT-23-RT under UV light
irradiation. Adapted from reference. 7
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decompose the non-biodegradable methyl orange into carbon dioxide, water and some

other simpler products.139, 146

5.2 Summary

In this chapter, the photocatalytic performance of one of the pillared-layer MOFs,

{[Cu2(Fu)2(BPY)]·H2O}n, has been studied in detail towards degradation of methyl orange

which is toxic, nonbiodegradable, and discharged to the environment as a wastewater by

textile industries. This model dye is degraded in the laboratory in the presence of UV light

and {[Cu2(Fu)2(BPY)]·H2O}n. The optimized conditions for the photodegradation

efficiency of the MOF were achieved after considering the effect of pH, and MOF loading

at a fixed dye concentration. 96 % of the 10-ppm methyl orange is photodegraded after

loading of 0.25 g/L of the photocatalyst in to 100 mL of an aqueous solution of the dye at

pH 5.2 for 140 min UV light irradiation time.  The photocatalyst is recycled for five times

and we were able to achieve a 96 %, 88 %, 87 %, 80 %, and 53 % degradation efficiencies

in the first, second, third, fourth, and fifth cycles, respectively.  The PXRD analysis of the

used photocatalyst showed that the crystallinity of the MOF is maintained in the five runs.

Thus {[Cu2(Fu)2(BPY)]·H2O}n can be applied for the degradation of methyl orange in the

real textile wastewater.
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CONCLUSIONS

In this dissertation, the synthesis and characterization of six MOFs has been included. The

MOFs differ in their metal centers and length of the linkers keeping the pillar the same.

The synthesis avoids use of toxic organic solvents and is at room temperature. The

photocatalytic evaluation of {[Cu2(Fu)2(BPY)]·H2O}n is studied in detail based on its

stability in aqueous medium for prolonged hours of time using UV irradiation in the

presence of oxygen towards degradation of one of the toxic azo dyes called methyl orange.

{[Ni2(Ox)2(BPY)]·3.75H2O}n and {[Zn2(ATA)2(BPY)]·H2O}n are active in the visible

region. Those MOFs are strongly recommended for the degradation of dyes in visible light

reactor system. Overall, sustainable approach of MOFs synthesis was employed for

environmental remediation.
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APPENDIX A: Extended frameworks

MOFT-23-RT ({[Cu2(Fu)2(BPY)]·H2O}n) MOFT-22-RT ({[Zn2(Fu)2(BPY)]·1.5H2O}n)

MOFT-11-RT ({[Ni2(Ox)2(BPY)]·3.75H2O}n)



135

MOFT-08-RT ({[Zn2(Ox)2(BPY)]·3.5H2O}n)         MOFT-09-RT ({[Cu2(Ox)2(BPY)]·0.5H2O}n)

O
O

O
OO

O

Cu
Cu

O
O

O
O

O O

O
O

O O

NH2

H2N
H2N

NH2

O
OO

O

Cu
Cu

O
O

O

O O

O

O O

NH2

H2N
H2N

O
OO

O

Cu
Cu

O
O

O

O O

O

O O

NH2

H2N
H2N O

OO
O

Cu
Cu

O
O

O

O O

O

O O

NH2

H2N
H2N

O
O

O
OO

O

Cu
Cu

O
O

O
O

O O

O
O

O O

NH2

H2N
H2N

NH2

O
OO

O

Cu
Cu

O
O

O

O O

O

O O

NH2

H2N
H2N

O
OO

O

Cu
Cu

O
O

O

O O

O

O O

NH2

H2N
H2N O

OO
O

Cu
Cu

O
O

O

O O

O

O O

NH2

H2N
H2N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

N

MOFT-53-RT ({[Zn2(ATA)2(BPY)]·H2O}n)



136

APPENDIX B: MOFS Synthetic Schemes

Synthetic scheme for {[Cu2(Fu)2(BPY)]·H2O}n

Synthetic scheme for {[Zn2(Fu)2(BPY)]·1.5H2O}n
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Synthetic scheme for {[Ni2(Ox)2(BPY)]·3.75H2O}n

Synthetic scheme for {[Zn2(Ox)2(BPY)]·3.5H2O}n



138

Synthetic scheme for {[Cu2(Ox)2(BPY)]·0.5H2O}n

Synthetic scheme for {[Zn2(ATA)2(BPY)]·H2O}n
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APPENDIX C: PXRD patterns of MOFs
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………PXRD patterns of MOFs
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……...PXRD patterns of MOFs
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………PXRD patterns of MOFs
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…….PXRD patterns of MOFs
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…….PXRD patterns of MOFs
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APPENDIX D: FT-IR spectra (Full size)
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….. FT-IR spectra (Full size)
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……. FT-IR spectra (Full size)
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…… FT-IR spectra (Full size)
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……. FT-IR spectra (Full size)
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…………. FT-IR spectra (Full size)
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……. FT-IR spectra (Full size)
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……. FT-IR spectra (Full size)
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…….. FT-IR spectra (Full size)
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…… FT-IR spectra (Full size)
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Tabular summary of FT-IR assignments for the MOFs, linkers and pillars

{[M2(Fu)2(BPY)]·mH2O}n {[M2(Ox)2(BPY)]·mH2O}n Assignments
Fu BPY Ox Zn Cu Ni

1678 - 1642 1618 1618 1630 C=O stretching
- 1405(n) - 1405(st) 1405(st) 1405(s) Ring breathing
- 1583 - 1618(w) 1618(w) 1630(w) C-C + C-N

1430 - 1320 1380 1380 1333 COO- (sy + as)
- 3400 3500 3500 3450(st) H2O

ATA BPY  Ox {[M2(Ox)2(BPY)]·mH2O}n {[M2(ATA)2(BPY)]·mH2O}n Assignments
Zn Cu Zn

3507
3390

-
-

-
-

-
-

-
-

3401
3322

NH2 (sym + asym),

1610
1500

-
-

-
-

-
-

-
-

                       -
-

N-H bending, NH2 wagging,
twisting

1678 1642 1618 1618 1564 C=O stretching
- 1583 - 1618 1618 1564 C-N
- - - 3400 3400 3400 H2O(w)
- - - 454 407 407 M-N

*  NB: Numbers are in cm-1 unit and n= narrow, w= wide, st= strong, sy= symmetric stretching, as= asymmetric stretching
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APPENDIX E: Microelemental analysis

Elemental analysis of {[Cu2(Fu)2(BPY)]·H2O}n

MOFT-23-RT
Mwt = 527.93 gmol

-1
C (%) H (%) N (%)

Calcd. Found Calcd. Found Calcd Found.

C
18

H
14

N
2
O

9
Cu

2
40.80 40.70 2.64 2.39 5.28 5.04

Elemental analysis of {[Zn2(Fu)2(BPY)]·1.5H2O}n

MOFT-22-RT

Mwt = 542.08 gmol-1

C (%) H (%) N (%)

Calcd. Found Calcd. Found Calcd Found.

C18H15N2O9.5Zn2 39.84 39.73 2.76 2.97 5.16 4.89

Elemental analysis of {[Ni2(Ox)2(BPY)]·3.75H2O}n

MOFT-11-RT

Mwt = 517.17 gmol-1

C (%) H (%) N (%)

Calcd. Found Calcd. Found Calcd Found.

C14H15.5N2Ni2O11.75 32.55 32.49 2.99 2.71 5.41 5.13
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Elemental analysis of {[Zn2(Ox)2(BPY)]·3.5H2O}n

MOFT-08-RT

Mwt = 521.53 gmol-1

C (%) H (%) N (%)

Calcd. Found Calcd. Found Calcd Found.

C14H14.5N2O11.25Zn2 32.24 32.36 2.80 2.58 5.32 5.13

Elemental analysis of {[Cu2(Ox)2(BPY)]·0.5H2O}n

MOFT-09-RT

Mwt = 468.32 gmol-1

C (%) H (%) N (%)

Calcd. Found Calcd. Found Calcd Found.

C14H9N2Cu2O8.5 35.9 35.83 1.94 1.73 5.98 5.97

Elemental Analysis for {[Zn2(ATA)2(BPY)]·H2O}n

MOFT-53-RT

Mwt = 663.22 gmol-1

C (%) H (%) N (%)

Calcd. Found Calcd. Found Calcd Found.

C26H20N4O9Zn2 47.08 47.43 3.04 2.97 8.45 8.49
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APPENDIX F: PYTZ synthesis scheme

Synthetic scheme for 3,6-di(pyridin-4-yl)-1,2,4,5-tetrazine or PYTZ pillar
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APPENDIX G: Proton NMR of PYTZ

1H NMR of PYTZ

j_oga.T_51NT33.001.esp
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APPENDIX H: Solvothermal synthesis scheme

A scheme on the attempts to synthesize pillared-layer MOFs from a mixture of Cu(II) or

Zn(II), ATA and PYTZ in DMF solvent in a solvothermal approach. (NB: desired Pillared-

layer MOFs were not obtained as per elemental analysis result)
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APPENDIX I: 1:1:1 synthetic approach

Attempts to synthesize PMOFs in 1:1:1 ratio of the L:M:P, respectively
(L=linker, M=Metal salt, P= Pilar)
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APPENDIX J: calibration curves
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Ab
s

Concentration (ppm)

 Calibration curve
 Linear fit

Equation y = a + b*x
Plot Abs
Weight No Weighting
Intercept 0.00397
Slope 0.03334
Residual Sum of Square 0.0018
Pearson's r 0.99852
R-Square(COD) 0.99705
Adj. R-Square 0.99656

Calibration curve for effect of MOFs Loading
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 Calibrarion curve
 linear fit

Equation y = a + b*x
Plot Abs
Weight No Weighting
Intercept 0.00582
Slope 0.03061
Residual Sum of Squares 0.00124
Pearson's r 0.99877
R-Square(COD) 0.99753
Adj. R-Square 0.99712

Calibration curve for the effect of pH
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1.2  Calibration Curve
 linear fit

A
bs

Concentration (ppm)

Equation y = a + b*x

Plot Abs

Weight No Weighting
Intercept 0.00718

Slope 0.04659
Residual Sum of Squares 3.31848E-4
Pearson's r 0.99986

R-Square(COD) 0.99971
Adj. R-Square 0.99967

Calibration curve for the reusability test


