
 
 

SYNTHESIS AND CHARACTERIZATION OF Fe (IRON), Co (COBALT), Ni 

(NICKEL) CONTAINING METAL ORGANIC FRAMEWORKS (MOFs) 

 

 

 

by 

Çağla GALIN 

B.S., Chemistry, Boğaziçi University, 2019 

 

 

 

 

Submitted to the Institute for Graduate Studies in 

Science and Engineering in partial fulfillment of 

the requirements for the degree of 

Master of Science 

 

 

 

 

Graduate Program in Chemistry 

Boğaziçi University 

2022 



iii 
 

ACKNOWLEDGEMENTS 

 

 

 First of all, I would like to express my sincere gratitude my thesis supervisor Assoc. 

Prof. Oktay DEMİRCAN for giving me the opportunity to do research, for his 

encouragement, valuable advices, and the continuous support. His guidance helped me in all 

time of research and writing of this thesis. 

 

 I would like to thank my committee members; Prof. Amitav SANYAL and Prof. 

Emren NALBANT, for allocating their precious time and reviewing my thesis. 

 

 Also, I would like to thank my lab mates, Eslem, Hüseyin, Müşerref, and Furkan for 

their help and motivational support during my thesis study. 

 

 I am also grateful to Asu ZİYLAN YAVAŞ for her advices, helps and 

encouragement. 

 

 Finally, I would like to thank my family, my mother Gülay, my father Yahya, and 

especially my sisters Beyza and Umut Ela for their understanding, love, and endless support.  

 

  



iv 
 

ABSTRACT 

 

 

SYNTHESIS AND CHARACTERIZATION OF Fe (IRON), Co 

(COBALT), Ni (NICKEL) CONTAINING METAL ORGANIC 

FRAMEWORKS (MOFs) 

 

 

 In recent years, scientists and industries have been interested in metal organic 

frameworks (MOFs), a class of porous materials. Metal organic frameworks are formed by 

connecting metal clusters or ions with organic linkers. In addition to porous structures of 

MOFs, they have high surface areas, structural diversity, adjustable chemical functionality, 

high thermal stability, and easy synthesis. MOF can be used in many applications such as 

gas storage (e.g., hydrogen, methane, acetylene, and carbon dioxide), catalysts, and energy 

applications (e.g., batteries and supercapacitors). In this study, cheaper starting materials 

(metal salts of iron (Fe), cobalt (Co), and nickel (Ni)) based MOFs were synthesized via 

sonochemical synthesis method due to its fast, energy-efficient, and environment friendly 

method, and fumaric acid and terephthalic acid were used as organic linkers. The effects of 

temperature, pH, concentration, and solvent on MOF material were investigated. X-Ray 

Diffraction Analysis (XRD), Scanning Electron Microscope/Energy Dispersive X-Ray 

Analysis (SEM/EDX), and Infrared (IR) Spectroscopy, were used for characterization of 

synthesized compounds. In this thesis, the synthesis conditions for Fe (iron) with fumaric 

acid-based MOFs are optimized for the first time by using 1 mmol starting materials at 75 

⁰C and pH=natural (2.57) in 90 minutes sonication. Fe, Co, and Ni containing MOFs are 

synthesized for the first time by using terephthalic acid as organic linker and DMF as solvent, 

successfully by exploiting 90 minutes sonication. When pH of organic ligands solutions 

increased for faster deprotonation of organic ligands, iron oxide nanoparticles, cobalt (II) 

hydroxide and nickel (II) hydroxide were obtained instead of MOF structures. 
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ÖZET 

 

 

Fe (DEMİR), Co (KOBALT), Ni (NİKEL) İÇEREN METAL ORGANİK 

KAFES YAPILARIN (MOFs) SENTEZİ VE KARAKTERİZASYONU 

 

 

 Son yıllarda, gözenekli malzemeler sınıfından olan metal organik kafes yapıları 

(Metal Organic Frameworks, MOFs) birçok bilim insanının ve endüstrinin dikkatini 

çekmektedir. Metal organik kafes yapılar, metal kümeleri veya iyonları ile organik 

bağlayıcıların birleştirilmesi sonucu oluşur. Gözenekli yapılarına ek olarak, MOF yapılar 

yüksek yüzey alanlarına, yapısal çeşitliliğe, ayarlanabilir kimyasal işlevselliğe, yüksek ısıl 

kararlılığa ve kolay sentezlenebilirlik gibi özelliklere sahiptirler. MOF yapılar, gaz depolama 

(örneğin hidrojen, metan, asetilen ve karbon dioksit), katalizörler ve enerji uygulamaları 

(örneğin piller ve süper kapasitörler) gibi birçok uygulamada kullanılabilir. Bu çalışmada, 

hızlı, enerji verimli ve çevre dostu bir yöntem olması nedeniyle sonokimyasal sentez 

yöntemi kullanılmıştır. Daha ucuz başlangıç malzemeleri olan demir (Fe), kobalt (Co), nikel 

(Ni) bazlı metal organik kafes yapılar sentezlemiş ve organik bağlayıcılar olarak fumarik 

asit ve tereftalik asit kullanılmıştır. Bu çalışmada sıcaklık, pH, konsantrasyon ve çözücünün 

MOF yapıları üzerindeki etkileri araştırıldı. Sentezlenen örneklerin karakterizasyonu için X-

Işını Kırınım Analizi (XRD), Taramalı Elektron Mikroskobu/Enerji Dağılımlı X-Işını 

Analizi (SEM/EDX) ve Kızılötesi (IR) spektroskopisi yöntemleri kullanılmıştır. Bu tez 

çalışmasında, Fe (demir) ve fumarik asit içeren MOF yapıların sentez koşulları, ilk kez 1 

mmol başlangıç maddeleri kullanılarak, 75 ⁰C’de ve doğal pH’de 90 dakika sonikasyon ile 

optimize edildi. Fe, Co, Ni içeren MOF yapılar, organik bağlayıcı olarak tereftalik asit ve 

çözücü olarak DMF kullanılarak ve 90 dakika sonikasyon ile ilk kez başarılı bir şekilde 

sentezlendi. Organik bağlayıcı çözeltilerinin pH’si arttırılınca, MOF yapılar yerine demir 

oksit nanoparçacıklar, kobalt (II) hidroksit ve nikel (II) hidroksit elde edildi. 
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1.  INTRODUCTION 

 
 

1.1.  Porous Materials and Metal Organic Frameworks (MOFs) 

 

Porous materials can be defined as any material containing regions of empty space 

that other molecules can be selectively adsorbed or had chemical transformations into some 

other materials [1]. According to International Union of Pure and Applied Chemistry 

(IUPAC) are classified as micropores those of width less than 2 nm, as mesopores those 

ranging from 2 to 50 nm, and as macropores those wider than 50 nm [2]. Zeolites, one of the 

porous materials, have only inorganic molecules. On the contrary, activated carbons have 

only organic molecules. Also, metal organic frameworks have both inorganic and organic 

units. Porous materials are used in energy conversion and storage, gas separation and 

storage, catalysis, adsorption, and biochemistry [3-6]. 

 

Zeolites, porous hydrated aluminosilicates, has tetrahedral crystal structure that 

contains water and cations [7]. Figure 1.1 shows a 2D zeolite structure with extra-framework 

cations (Men+), and a chemical model of a zeolite structure. The name of zeolite that was 

invented by the Swedish mineralogist Alex F. Cronstedt (1722-1765) came from boiling 

stone [8]. When zeolite is heated, it releases water in its pores as water vapor. As zeolites 

can be occurred naturally, they can be made synthetically [9]. Zeolites can be classified 

according to their pore sizes and containing Si/Al ratio [10]. Since zeolites have ion 

exchange capacity, low cost and toxicity, biocompatibility, there are many application areas, 

zeolites used in, such as agriculture, food, water and wastewater treatment, protection of 

environment and ecology, civil engineering [10-15]. Figure 1.1 shows a 2D zeolite structure 

with extra-framework cations (Men+), and a chemical model of a zeolite structure.  
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Figure 1.1.  a) An image of 2D zeolite structure, and b) a model of zeolite structure [16]. 

 

 Activated carbons, amorphous and porous carbon-based materials, have high surface 

area and porosity, good adsorption capacity and mechanical strength [17]. Figure 1.2. shows 

irregular pore structure of activated carbon and relation with various sized molecules. As 

activated carbons can be prepared from non-renewable materials, such as petroleum coke, 

lignite, and coal, agricultural wastes, such as oil palm fiber, coconut shell, orange peel, apple 

peel, rise husk, and among others can be used to produce activated carbons [18-20]. The 

nature of the raw material used, carbonization and activation processes affect the properties 

of activated carbons. Wastewater treatment, catalysis, gas adsorption, dye adsorption are 

some application areas of activated carbons [21-23].  

 

 

Figure 1.2.  The presentation for irregular pore structure of activated carbon [24]. 



3 
 

 Metal organic frameworks (MOFs), hybrid porous materials, are formed by 

connecting metal clusters or ions with organic linkers (as seen in the Figure 1.3.). The 

starting point of metal organic frameworks is based on research made by Hoskins and 

Robson in 1989 [25-26]. The neutral porous network, 

CoC6H3(COOH1/3)3(NC5H5)2.2/3(NC5H5), which was synthesized by Yaghi and Li in 1995 

[27]. Moreover, the term “metal organic framework” was used first time in this publication. 

1,3,5-benzenetricarboxylate (BTC) and Co(NO3)2 were chosen as the building block and 

metal source, respectively. Since MOFs have ordered structure, high thermal stability, 

adjustable chemical functionality, high porosity, they can be used in various applications, 

such as energy storage, drug delivery, cancer therapy, greenhouse gas capture, 

heterogeneous catalysis, gas/vapor separation, luminescent and fluorescent materials [28-

29].  

 

 

Figure 1.3.  Schematic presentation for MOF formation. 

 

 MOFs contain metal ion nodes, linked by at least ditopic organic ligands (linkers), 

making network with permanent 1D, 2D or 3D microporosity. The transition metal or d-

block elements, such as Ti4+, Zr4+, V3+, Cr3+, Mn2+, Fe3+, Ni2+, Co2+, Cu2+, Zn2+, Cd2+, main 

group metals such as Mg2+, Al3+, or Ga3+ are metal ions usually used as MOF materials [30]. 

Organic linkers are generally rigid, multitopic ligand molecules that belong to the group of 

bi-, tri-, or tetra-topic carboxylates, amines, phosphonates, or sulfonates [31]. Free 

coordination sites of metal ions or metal-ligand fragments, examples of possible structures 
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for metal organic frameworks, and multidentate organic linkers (bi-dentate, tri-dentate, tetra-

dentate, respectively) are shown in the Figure 1.4. Examples of 1D, 2D, and 3D MOFs are 

given in the Figure 1.5. First synthesis of MIL-53 was made in 2002 from Cr(NO3)3 and 1,4-

benzenedicarboxylic acid [32]. MIL-53 can be used in several applications such as catalyst, 

removal of pharmaceutical pollutant, adsorption of heavy metals [33-35]. MIL-71 

synthesized from vanadium(III) dicarboxylate and 1,4-benzene dicarboxylic acid [36]. 

According to authors, it is the first porous hybrid oxyfluorinated vanado(III)carboxylate. 

[36] MIL-73 refers as nickel succinate, and it has magnetic and sorption properties [37]. 

 

 

 

Figure 1.4.  Schematic representation for the metal ion or metal ligands, the structure of 

MOFs (in 1D, 2D, 3D), and multidentate organic linkers [31]. 
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Figure 1.5.  Examples for 1D, 2D and 3D MOFs [38]. 

 

MOFs are a subset of coordination polymers according to IUPAC (International 

Union of Pure and Applied Chemistry). Terminological nomenclature of MOF materials 

changes according to different conditions. It is categorized as the metal source used in 

synthesis (Fe-MOF, Cu-MOF), institute where MOF materials are synthesized in (MIL; 

Material Institut Lavoisier, DUT; Dresden University of Technology, HKUST; Hong Kong 

University of Science and Technology, UiO; Universitetet i Oslo), the organic ligand used 

in the structure or structure similarities (ZIF; Zeolitic Imidazolate Framework, IRMOF; 

IsoReticular Metal Organic Framework), the numbers after the MOF-term according to order 

of the synthesis (MOF-5, MOF-74, MIL-88, MIL-53, ZIF-8) [39]. 

 

1.2.  Synthesis Methods of Metal Organic Frameworks 

 

 Generally, MOFs are synthesized via solvothermal or hydrothermal synthesis 

routines. The reaction can be varied from several hours to days. Different synthesis methods 

were tried to decrease synthesis time, such as electrochemical, mechanochemical, 

microwave-assisted, and sonochemical methods. Figure 1.6. shows summary of most used 

synthesis methods of metal organic frameworks. Different synthesis methods may affect not 

only the synthesis time, but also crystal size, uniformity of crystals, and yields. Also, the 

ratio of starting materials (metal salt/organic ligand), the type of solvent and amount of 
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solvent, reaction temperature and time, pH of the reaction medium affect the crystal structure 

of the MOF materials and synthesis yield [40,41]. 

 

 

Figure 1.6.  Most used synthesis methods of metal organic frameworks. 

 

1.2.1.  Solvothermal/Hydrothermal Synthesis 

 

 The most widely used methods in the synthesis of the MOF structures are 

solvothermal or hydrothermal synthesis methods by conventional electrical heating. The 

methods are based on the reaction between metal salts and organic ligands in the solvent 

medium (as seen in the Figure 1.7.), and the synthesis time changes from 8-h to 6-days. If 

the reaction occurs at the lower temperatures, sealed glass vials can be used or if the reaction 

occurs at temperatures above 130 ⁰C, the Teflon-lined autoclaves can be used. In 

solvothermal synthesis, high-solubility organic solvents, such as dimethyl formamide, 
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diethyl formamide, acetonitrile, acetone, ethanol, or methanol, are employed. In 

hydrothermal synthesis, water is used instead of organic solvents [42-44]. 

 

 

Figure 1.7.  Solvothermal/Hydrothermal synthesis of MOFs [45]. 

 

1.2.2.  Electrochemical Synthesis  

 

 The main idea of electrochemical synthesis of MOFs is based on anodic dissolution 

of metal ions which react with the organic linkers and electrolytes in the reaction medium. 

Illustration of electrochemical synthesis is shown in the Figure 1.8. Metal ions are used 

instead of metal salts. Since anions from metal salts do not involve into the reaction medium, 

it is possible to obtain high-purity MOF structures [46]. Also, MOFs can be synthesized at 

lower temperature and faster compared to solvothermal synthesis route. Electrochemical 

synthesis route has the possibility to run continuous process and obtain higher yields, 

therefore the method is suitable for industrial process. Electrochemical synthesis of MOFs 

was first reported for HKUST-1 in 2005 by Mueller and co-workers [47]. Solvent, 

electrolyte, voltage-current density, and temperature are possible parameters for the yields, 

structure, and morphology of the MOF materials [48]. 
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Figure 1.8.  Electrochemical synthesis of MOFs [45]. 

 

1.2.3.  Mechanochemical Synthesis 

 

 Intramolecular bonds are broken mechanically in ball-mill grinder then, a chemical 

transformation takes place in mechanochemical synthesis (as seen in the Figure 1.9.) [49]. 

Since reactions usually occur at lower temperature under solvent-free conditions, 

mechanochemical synthesis is environment-friendly method. Metal oxides can be preferred 

as starting material instead of metal salts in some cases, water forms as only side product 

[50]. Use of mechanochemical synthesis for MOFs was first reported in 2006 by Pichon and 

co-workers [51]. In this study, cooper acetate and isonicotinic acid were grinded together for 

10-min without heating. After mechanical process, the material was kept under 200 ⁰C for 3 

hours in order to get rid of water and acetic acid in purification process. Mechanochemical 

reactions can be accelerated by adding small amount of solvent which increases mobility of 

the reactants. Also, the addition of solvent can affect morphology of MOFs. In the study of 

Yang and co-workers for mechanochemical synthesis of HKUST-1, BET surface area 

increased with the addition of 100µl of MeOH [52]. 
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Figure 1.9.  Mechanochemical synthesis of MOFs [45]. 

 

1.2.4.   Microwave-assisted Synthesis 

 

 Microwave-assisted synthesis route is preferred due to shorter synthesis time of 

MOFs, fast crystallization, phase selectivity, narrow particle size distribution, facile 

morphology control [53]. In microwave synthesis, a Teflon vessel, contains starting 

materials and solvent, is sealed, and put into the microwave unit. Representative microwave-

assisted synthesis was shown in the Figure 1.10. Microwave irradiation causes dipole 

rotation and ionic conduction for molecules in the reaction mixture. Dipole rotation and ionic 

conduction provide local heating, therefore rapid synthesis is achieved [54]. Microwave 

irradiation time, power level, temperature, concentration of starting materials are some 

parameters affect the morphology of MOFs and synthesis time. Cr-MIL-100 was the first 

reported MOF for microwave-assisted synthesis [55]. When the compound was synthesized 

in 4 days at 220 ⁰C by hydrothermal synthesis, it was synthesized in 4 hours at 220 ⁰C with 

similar physicochemical and textural properties compared with the conventional method. 

MOF-5 was synthesized by both microwave synthesis and conventional synthesis by Choi 

and co-workers in order to compare effect of synthesis method [56]. When the compound 

was synthesized in 12 hours by conventional method, it was synthesized in 15 minutes by 

microwave-assisted synthesis. Increase in irradiation power and synthesis temperature 

caused reduction of synthesis time with increasing crystal quality.  
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Figure 1.10.  Microwave-assisted synthesis of MOFs [45]. 

 

1.2.5.  Sonochemical Synthesis 

 

 Sonochemical synthesis methods provides a decrease in crystallization time and 

smaller particle size when compared to conventional methods. Ultrasound is sound waves 

with a frequency between 20 kHz and 10 MHz [57]. Direct interaction does not occur 

between ultrasound and molecules to make chemical reactions because the wavelength is 

much larger than molecular dimensions [58]. Ultrasound interacts with liquids and creates 

small bubbles. Formation, growth, and collapse of the bubbles are called as acoustic 

cavitation (as seen in the Figure 1.11). Acoustic cavitation produces hot spots with very high 

temperatures (~5000 K), pressures (~1000 atm), and heating and cooling rates (above 1010 

K/s) [59]. The extreme conditions can cause the excitation of molecules, bond breakage, and 

the formation of radicals. Ultrasonic horn (or probe) and ultrasonic bath are used as 

ultrasonic experimental equipment. The acoustic frequency and intensity, change depending 

on the equipment used, affect cavitation [60]. In addition, vapor pressure, viscosity, and 

chemical reactivity of chosen liquid, the temperature, solvents are important parameters for 

chemical reactions [61]. 
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Figure 1.11.  Schematic presentation of formation, growth, and collapse of bubbles, 

acoustic cavitation [62]. 

 

 Researchers have been interested in sonochemical synthesis of MOFs due to a fast, 

energy-efficient, environment-friendly, low-temperature method. Illustration of 

sonochemical synthesis of MOFs is shown in the Figure 1.12. Sonochemical synthesis 

method has been used since 2008 for synthesis of MOFs. A fluorescent microporous MOF, 

from zinc acetate dihydrate and benzene-1,3,5-tricarboxylic acid (H3BTC) was synthesized 

for different reactions times of 5, 10, 30 and 90 min by Qui and co-workers [63]. Increase in 

size of nanoparticles with increasing reaction times was observed. Another research was 

made by Son and co-workers in 2008 for sonochemical synthesis of MOF-5 [64]. MOF-5 

was synthesized from zinc (II) nitrate hexahydrate and terephthalic acid in 30 min via 

sonochemical method. When synthesis time was compared with conventional solvothermal 

synthesis (24 hours), decrease in synthesis time was observed. Chalati and co-workers 

synthesized Fe-MIL-88A from iron (III) chloride hexahydrate and fumaric acid with using 

an ultrasonic bath [65]. Effect of different parameters, concentration, reaction time, 

temperature, and pH, on particle size of MOF was investigated in this study. Depend on the 

equipment, used in synthesis, larger or smaller increase in temperature may be observed 

during synthesis. Therefore, the reaction temperature can be monitored or kept under same 

starting temperature by using external cooling.  
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Figure 1.12.  Sonochemical synthesis of MOFs [45]. 

 

1.3.  Factors Effecting Synthesis and Structure of Metal Organic Frameworks 

 

 The crystallization, structure, and morphology of MOFs do not only depend on type 

of synthesis, but also many compositional parameters such as solvent, pH of reaction 

mixture, molar ratio of starting materials, concentration, and process parameters such as 

pressure, time, and temperature [66]. 

 

1.3.1.  Solvent-effect 

 

 Choice of solvent is an important parameter in the synthesis of MOFs, because 

solvent may affect the behaviour of metal and ligand. The solvents may coordinate with 

metal ions or behave as a guest molecule in MOF structure. H2O, DMF, DMSO, DEF, DMA, 

DEE, DPE, DPP, DEP are the main solvents used in MOF synthesis [67]. As solvent choice 

can control deprotonation of carboxylate ligands; the basicity of solvent medium can also 

control deprotonation of carboxylate ligands. In Cheng and co-workers’ study, the 

DMF/EtOH mixture and anhydrous methanol media were used as solvents [68]. When the 

mixture of DMF and ethanol was used in synthesis, 3D pillar-layered framework was 

obtained and when anhydrous methanol media was used, 1D zig-zag chain structure was 

obtained. So, chance in solvent polarity affects the dimensionality of MOF structures. Huang 

and co-workers selected DMF, DMA, and DMP as solvent in cobalt-based MOF synthesis 
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[69]. Pore sizes of the complexes were decrease with decreasing the sizes of the solvent 

molecules.  

 

1.3.2.  pH-effect 

 

 Acidity or basicity of the reaction medium has a significant impact on crystallization 

and growth of metal organic hybrid materials. pH of the reaction medium affects the 

deprotonation of an organic ligand, the connectivity behaviour of organic ligand to metal 

ion, and formation of OH-ligand. In Luo and co-workers’ study, effect of pH on cobalt-based 

metal organic frameworks was studied [70]. The final structures of complexes were varied 

as 2D framework for pH=5, 2D-double-layer framework for pH=7, and 3D framework for 

pH=9. Also, compounds had different colours with changing pH of the reaction medium. 

Pink-coloured crystals at pH=5, purple-coloured crystals at pH=7, and brown-coloured 

crystals at pH=9 were observed. Wang and co-workers, and Chen and co-workers used 

NaOH for changing pH [71-72]. According to these studies, as NaOH makes basic medium 

for deprotonation of an organic ligand, it can take part in the structure of the framework.  

 

1.3.3.  Temperature-effect 

 

 In addition to solvent and pH, reaction temperature is also one of the important 

factors in the synthesis of metal organic frameworks. Solubility of organic ligands, the 

coordination modes of organic ligands can be affected to the reaction temperature. Forster 

and co-workers synthesized cobalt-based MOFs from cobalt hydroxide and succinic acid at 

different temperatures (60 ⁰C, 100 ⁰C, 150 ⁰C, 190 ⁰C, and 250 ⁰C) and change in temperature 

was the only parameter changed. 1D chains at 60 ⁰C and 100 ⁰C, 2D networks at 150 ⁰C, and 

3D frameworks at 190 ⁰C and 250 ⁰C was observed [73]. Also, density of the MOFs in this 

study increased with increasing the reaction temperature. In Deng and co-workers’ study, 2 

different coloured nickel-based MOFs were synthesized in the similar synthesis process at 

120 ⁰C and 180 ⁰C [74]. The green block crystalline Ni-MOF at 120 ⁰C had a 2D layered 

structure and the orange block crystalline Ni-MOF at 180 ⁰C had 2-fold interpenetrating 3D 

framework.  
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1.4.  Applications of Metal Organic Frameworks 

 

 Since metal-organic frameworks have porous structure, high surface area, adjustable 

chemical functionality, thermal stability, they are used in various applications such as gas 

storage, catalysis, batteries, and supercapacitors.  

 

1.4.1.  Gas Storage 

 

 Gases are highly used in industry and daily life for energy demand. H2, CH4, and 

C2H2 gases are used as energy resources, but there are some problems on storage of gases. 

In addition to energy resources, concentration of CO2 gas in atmosphere is an important 

global concern because the global climate system is affected by increase in CO2 

concentration in the atmosphere. Therefore, metal organic frameworks have potential in gas 

storage because of their tunable pore sizes, chemical functionalities, good thermal and 

mechanical properties.  

 

1.4.1.1.  Hydrogen (H2) Storage in MOFs. Alternative energy sources are highly attracted 

attention by scientists because of many reasons: (i) fossil fuel supply is limited in the earth, 

(ii) burning of fossil fuels causes carbon dioxide emission and increase in carbon dioxide 

concentration in the atmosphere causes climate change. Hydrogen is an alternative energy 

resource. When hydrogen is burned, water is produced as a result of the reaction. Also, 

hydrogen provides 3 times more energy compared to gasoline. However, there are challenges 

for storage of hydrogen because of a low density of hydrogen (0.0899 kg/m3) [75]. First 

study of hydrogen storage in MOFs was done with MOF-5 of composition Zn4O(BDC)3 

(BDC= 1,4-benzenedicarboxylate) in 2003 by Rosi and co-workers [76]. Hydrogen was 

stored 4.5 weight % in MOF-5 at 78 K and 1 atm and 1 weight % in MOF-5 at room 

temperature and pressure of 20 bar which was considered as up limit of safe pressure. MOF-

210 from solvothermal reaction of H3BTE (4,4’,4’’-(benzene-1,3,5-triyltris(ethyne-2,1-

diyl)tribenzoic acid), H2BPDC (biphenyl-4,4’-dicarboxylic acid) and zinc(II) nitrate 

hexahydrate had 6240 m2/g BET surface area and hydrogen storage capacity of 17.6 weight 

% at 77 K and 80 bar [77]. 
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1.4.1.2.  Methane (CH4) Storage in MOFs. Methane, is the main component of natural gas, 

has highest hydrogen/carbon ratio in order hydrocarbon-fuels. Natural gas can be used as 

alternative fuel instead of fossil fuels. Natural gas is much environment-friendly when 

compared to fossil fuels since it releases less CO2 which has greenhouse gas effect [78]. A 

tank that contains MOFs provides more gas storage than an empty tank thanks to the large 

surface area of MOFs [79]. First study of methane storage in MOFs was done by Kondo and 

co-workers in 1997 [80]. Cobalt based MOF was prepared from Co(NO3)2.6H2O and 4,4’-

bipyridine and methane adsorption capacity of the Co-MOF was found as 52 cm3/g at 30 

atm and 298 K. Guo and co-workers synthesized UTSA-20 from H6BHB (3,3’,3’’,5,5’,5’’-

benzene-1,3,5-triyl-hexabenzoic acid) and Cu(NO3)2.2.5H2O for methane storage at room 

temperature [81]. Methane storage capacity of UTSA-20 was found as 195 v/v at room 

temperature and 35 bar and this value is higher than DOE methane storage target (180 v/v at 

room temperature and 35 bar).  

 

1.4.1.3.  Acetylene (C2H2) Storage in MOFs. Acetylene is the one of the compounds in 

organic chemistry. As acetylene is used as starting material in the industry, it can be 

alternative energy source. Since acetylene has explosive nature, it should be stored at under 

2 atm [82]. Matsuda and co-workers studied C2H2 storage in microporous 

Cu2(pzdc)2(pyz).2H2O (pzdc=pyrazine-2,3-dicarboxylate and pyz=pyrazine). The material 

stored 42 cm3/g C2H2 at room temperature and 1 atm [83]. The acetylene storage capacity of 

HKUST-1 was found as 201 cm3/g at 295 K and 1 atm [84]. Since open Cu2+ sites in 

HKUST-1 provided binding sites for acetylene, uptake of acetylene in HKUST-1 was high.  

 

1.4.1.4.  Carbon Dioxide (CO2) Storage in MOFs. Level of carbon dioxide, which has the 

biggest portion in greenhouse gases, in the atmosphere is increasing day by day. Increase in 

concentration of greenhouse gases in the atmosphere causes increase in global temperature 

and climate change. Therefore, carbon dioxide capture and storage systems are needed to 

keep the global temperature approximately constant. Metal organic frameworks are 

promising candidate for carbon dioxide capture and storage systems thanks to their open 

metal sites, high surface areas, and tunable pore sizes. Carbon dioxide storage in MOFs is 

based on adsorption of carbon dioxide with MOFs. So, adsorption capacity and enthalpy of 
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adsorption are important parameters [85]. Millward and Yaghi worked with various MOFs 

for capacity of metal organic frameworks for carbon dioxide storage [86]. MOF-177 had 

4508 m2/g surface area and its CO2 capacity was 33.5 mmol/g at room temperature and 35 

bar. The amount of CO2 storage capacity of MOF-177 was 9 times higher than empty 

pressurized container and 2 times higher than zeolites. In another work made by Kim and 

co-workers, MOF-177 was pyrolyzed at 1000 ⁰C and porous carbon materials were obtained 

[87]. After pyrolysis, the amount of carbon dioxide uptake for MOF-177 was approximately 

3 times higher than before.  

 

1.4.2.  Catalysis 

 

 Catalyst makes the chemical reactions faster with decreasing activation energy of the 

chemical reaction. In the end of the reaction, catalysts are not consumed, and their chemical 

structures do not change. Since metal organic frameworks may be similar to behaviour of 

metal complex catalysts, they can take advantages of homogeneous catalysts. Also, they can 

take advantages of heterogeneous catalysts because they can separate from the reaction 

medium easily and they are recyclable [88]. MOFs can be used in catalysis reactions due to 

their properties such as their controllable pore size, high surface area, acid sites and basic 

sites, stability [89]. The use of MOFs for catalyst was first reported in 1994 by Fujita and 

co-workers [90]. [Cd(4,4’-Bpy)2](NO3)2 (Bpy=bipyridine) was used for cyanosilylation of 

aldehydes. The reaction was catalysed by the Cd-MOF because there was no reaction with 

Cd(NO3)2 and 4,4’-bpy alone. MIL-53 (Fe) was prepared from FeCl3.6H2O and H2BDC (1,4-

benzenedicarboxylic acid) in DMF by Liang and co-workers [91]. MIL-53 (Fe) was used as 

bifunctional photocatalyst for reduction of Cr(VI) in this study. After 40 min of visible light 

irradiation, the MIL-53 (Fe) photocatalyst reduced Cr(VI) at a rate of about 100% and 

catalytic activity of Fe-MIL-53 was found more efficient than N-doped TiO2 under the same 

experimental conditions. In another study, [CoII(BPB)]3DMF was synthesized from CoII 

nitrate and 1,4-bis(4-pyrazolyl)benzene (H2-BPB) in DMF [92]. Since the MOF contained 

redox activity CoII atoms, it was used as catalyst for the oxidation of cyclohexene with tert-

butyl hydro-peroxide as oxidant. When catalyst did not present in the reaction medium, the 

reaction did not occur under the same conditions.  
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1.4.3.  Energy Applications 

 

 The need for energy in modern life constantly increasing, and one of the biggest 

problems for humanity is dealing with the energy crisis. Mostly, fossil fuels are used for the 

energy needs. However, the world has limited fossil fuel resources and the use of fossil fuels 

has harmful effects on the environment and human health. Therefore, there is an urgent need 

for efficient, clean, and sustainable resources. Electricity can be generated from renewable 

energy sources such as wind and solar energy but produces electricity from wind and solar 

energy needs energy storage systems. Supercapacitors and batteries are important 

technologies for applications such as portable electronics and electric vehicles. However, 

they have some limitations. Capacitors show high-rate performance, but the energy density 

is not enough for electric vehicles and batteries have high energy density, but their power 

density is low [93-94]. Metal organic frameworks have attracted attention for 

electrochemistry since they have high porosity, large surface areas, and tunable structural 

properties. Figure 1.13. shows usage of MOFs and MOF-derived materials in electric energy 

storage and applications. 

 

 

Figure 1.13.  Usage of metal organic frameworks in energy applications [95]. 
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 Supercapacitors, also called electrochemical capacitors are energy storage devices. 

Despite their high-power density and long cycle life, the energy density of supercapacitors 

needs further improvements. There are two types of supercapacitors: electrochemical 

double-layer capacitors (EDLCs) and pseudo-capacitors. Carbon based active materials with 

high surface areas such as graphene and carbon nanotube are used in EDLCs. Pseudo-

capacitors are based on fast and reversible redox reactions on the surface of the electrode 

materials. Transition metal oxides and conductive polymers are used as pseudo-capacitors 

[95,96]. MOFs are candidates for supercapacitors due to their high surface area and excellent 

pore sizes. In Lee and co-workers’ study, cobalt-based MOF from Co(NO3)2.6H2O and 

terephthalic acid had pseudo-capacitor behaviour [97]. As pristine MOFs are used as 

supercapacitors, MOF-derived materials are also used as supercapacitors. In Meng and co-

workers’ study iron-based MOF was used as template to prepare porous Fe3O4/carbon 

composite electrode [98]. A specific capacitance of 139 F/g was found and 83.3% of 

capacitance of the electrode remained after 4000 cycles.  

 

 There are many types of batteries such as ion batteries, metal-air batteries, and metal-

sulphur batteries. These batteries work with different mechanism, but they have same units: 

the electrodes (cathode and anode), and the electrolytes. The chemical reactions occur at the 

part of cathode and anode. Electrolyte make ion transportation and prevents electronic 

conduction. Since metal ions and metal oxides have redox active sites and metal organic 

frameworks contain metals as inorganic unit, they can be used in batteries [99]. In 2007, use 

of Fe-based MOF was first reported by Ferey and co-workers [100]. Fe-MIL-53 was chosen 

cathode material for lithium-ion batteries. Also, nickel and cobalt-based MOFs are 

promising candidates as anodes of lithium-ion batteries [101-103]. 
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2.  SCOPE OF THESIS 

 

 

 Metal organic frameworks (MOFs) are classified in porous materials and formation 

of MOFs is based on connection between metal clusters or ions and organic linkers. MOFs 

are used in various applications such as energy storage, drug delivery, gas capture and 

storage, heterogeneous catalysis, luminescent and fluorescent materials since they have high 

surface area, tunable pore size, tunable chemical functionality, high porosity. This study is 

aimed to synthesize iron (Fe), cobalt (Co), and nickel (Ni) based metal organic frameworks, 

and investigate effects of temperature, pH, concentration, and solvent on synthesized 

compounds. In this thesis study, metal salts of iron (Fe), cobalt (Co), and nickel (Ni) are 

selected as metal source of different MOFs due to their abundance and cost for different 

types of applications such as gas storage, and energy conversion. Fumaric acid and 

terephthalic acid are preferred as organic linkers due to their stability at different conditions 

and their lab scale synthesis easily. 

 

 Chapter 1 gives a brief introduction about porous materials, especially for MOFs. 

Synthesis methods of MOFs, factors (solvent, pH, and concentration) effecting synthesis and 

structure of MOFs, and some applications (gas storage, catalysis, and energy applications) 

of MOFs are explained in the Chapter 1. Chapter 2 includes aim of this thesis and 

summarizes this thesis, briefly. Materials used in the experiments are given in Chapter 3 and 

structure and properties of ligands used in the synthesis of Fe, Co, Ni based MOFs are 

explained in this chapter. Also, Chapter 3 includes process of synthesis of fumaric acid and 

selected MOFs and explanation about characterization techniques. MOFs were synthesized 

via Sonochemical synthesis method that was fast, energy-efficient, and environment friendly 

method. Results and discussion are presented in Chapter 4. Effects of varied parameters 

(temperature, pH, concentration, metal ion, and solvent) on Fe, Co, Ni based MOFs were 

studied. Synthesized materials were characterized by X-Ray Diffraction Analysis (XRD), 

Scanning Electron Microscope/Energy Dispersive X-Ray Analysis (SEM/EDX), Infrared 

(IR) Spectroscopy. Conclusion of this study is given in Chapter 5 and possible future work 

for this study is commented in Chapter 6. 
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3.  EXPERIMENTAL 

 

 

3.1.  Materials 

 

 Iron (III) chloride hexahydrate (98%, Alfa Aesar), cobalt (II) chloride hexahydrate 

(98%, Alfa Aesar), nickel (II) chloride (98%, Acros Organics, maleic anhydride (98%, 

Merck), terephthalic acid (98+%, Thermo Scientific), triethanol amine (98%, Merck), 

sodium hydroxide (99%, Sigma-Aldrich), and ultra-pure water (obtained from Millipore, 

Milli-Q) were used in the experiments. Mercury Ultrasonic Cleaner with 40 kHz for 

sonochemical synthesis and Domel Centric 260 R for centrifuge were used in the 

experiments. 

  

3.2.  Structure and Properties of Ligands 

 

Fumaric acid was synthesized from maleic anhydride (as seen in section 3.3.1.). 

Fumaric acid also known as trans-butenedioic acid that is a carboxylic acid has the chemical 

formula HO2CCH=CHCO2H. Structure of fumaric acid is shown in the Figure 3.1.  

 

 

Figure 3.1.  Structure of fumaric acid. 

 

 Terephthalic acid with chemical formula C6H4-1,4-(COOH)2 also known as benzene-

1,4-dicarboxylic acid. Structure of terephthalic acid is shown in the Figure 3.2. Terephthalic 

acid has different coordination modes with metals (as seen in the Figure 3.3.) [104].  
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Figure 3.2.  Structure of terephthalic acid. 

 

 

Figure 3.3.  Various coordination modes of terephthalate ion, a) bidentate, b) monodentate, 

c) bis-monodentate. 

 

3.3.  Synthesis 

 

3.3.1.  Synthesis of Fumaric Acid 

  

 Fumaric acid synthesis was made according to textbook in reference 105. 11 g of 

maleic anhydride was dissolved in 15 ml of hot water at 80 ⁰C in a round bottom flask. The 

solution was allowed in order to cool to room temperature. When temperature of the solution 

reached room temperature, 15 ml of concentrated HCl was added slowly into the solution. 

The mixture was put into the reflux set-up. After boiling of the mixture, reflux was done for 

10 min. Then, the mixture was kept under fume hood in order to cool to room temperature. 

Vacuum filtration was applied to obtain white crystalline precipitate. The precipitate was 

washed several times with cold water. Then, the wet solid material was left in order to dry. 

After 2 days, dry white crystals were collected and stored in a glass bottle for subsequent 

uses.  
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3.3.2.  Synthesis of MOFs 

 

 Iron and fumaric acid-based compounds were synthesized according to modification 

of synthesis process in reference article [65]. Modified synthesis processes were given in the 

below. 

 

 FeIII(FA).H2O-1: 10 mM FeCl3.6H2O solution was prepared from 0.2703 g of 

FeCl3.6H2O and 100 ml of distilled water. 10 mM fumaric acid (FA) solution was prepared 

from 0.1161 g of fumaric acid and 100 ml of distilled water. The two solutions were mixed 

into a 250 ml beaker. Then, the mixture was put in ultrasonic bath (as seen in the Figure 3.4.) 

at 20 ⁰C for 90 min. Temperature was checked for every 15 min and when increase in 

temperature was observed, the temperature was kept constant by adding ice into the 

ultrasound bath. After 90 min sonication, centrifuge was done to the mixture for 10 min at 

6000 rpm. Brown coloured precipitate was washed 3 times with distilled water and 3 times 

with ethanol. Then, precipitate was allowed to dry and brown coloured crystals were 

collected after 2 days and kept in a glass bottle for subsequent uses.  

 

 FeIII(FA).H2O-2: Same procedure in FeIII(FA).H2O at 20 ⁰C was applied for 50 ⁰C 

instead of 20 ⁰C. Brown coloured precipitate was observed.  

 

 FeIII(FA).H2O-3: Same procedure in FeIII(FA).H2O at 20 ⁰C was applied for 75 ⁰C 

instead of 20 ⁰C. Lighter brown coloured precipitate than the ones at 20 ⁰C and 50 ⁰C was 

observed. 

 

 FeIII(FA).H2O-4: 1.352 g (5 mmol) of FeCl3.6H2O was dissolved in 100 ml of 

distilled water and 0.580 g (5 mmol) of fumaric acid was dissolved in 90 ml of distilled water 

and 10 ml of ethanol Then, two solutions were mixed into a 250 ml beaker and put in 

ultrasound bath at 75 ⁰C for 90 min. Temperature was checked for every 15 min and kept 

constant by adding ice when temperature increased. After 90 min, the mixture was cooled at 
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room temperature and transferred into 50 ml of centrifuge tubes and centrifuged for 10 min 

at 6000 rpm. Light-brown coloured precipitate was washed 3 times with distilled water and 

3 times with ethanol. Precipitate was dried for 2 days. Then, crystals were kept in a glass 

bottle for subsequent uses.  

 

 FeIII(FA).H2O-5: 2.703 g (10 mmol) FeCl3.6H2O was dissolved in 100 ml of distilled 

water and 1.161 g (10 mmol) of fumaric acid was dissolved in 90 ml of distilled water and 

10 ml of ethanol. They were mixed into a 250 ml beaker. Then, the mixture was put in 

ultrasonic bath at 75 ⁰C for 90 min. Temperature was controlled for every 15 min and kept 

constant at 75 ⁰C by adding ice. After sonication, the mixture was cooled at room temperature 

and transferred into 50 ml of centrifuge tube in equal portions. The mixture was centrifuged 

for 10 min at 6000 rpm. Light-brown coloured precipitate was washed 3 times with distilled 

water and 3 times with ethanol. After washing precipitate was allowed to dry and crystals 

were collected after 2 days and kept in a glass bottle for subsequent uses.  

 

 FeIII(FA).H2O-6: 0.2703 g (1 mmol) of FeCl2.6H2O was dissolved in 100 ml of 

distilled water. 0.1161 g (1 mmol) of fumaric acid was dissolved in 100 ml of distilled water 

and adjusted to pH⁓7 by addition of 1 M NaOH solution. Then, the two solutions were mixed 

into a 250 ml beaker and the mixture was put in ultrasonic bath at 75 ⁰C for 90 min. The 

mixture was cooled to room temperature at the end of 90 min sonication. Then, the mixture 

was transferred into 50 ml of centrifuge tubes and centrifuged for 10 min at 6000 rpm. 

Washing process (3 times with distilled water and 3 times with ethanol) was applied and the 

precipitate was allowed to dry. Black coloured crystals were collected after 2 days and kept 

in glass a bottle for subsequent uses. 

 

 FeIII(FA).H2O-7: The same procedure that for FeIII.H2O-0.01 M at 75 ⁰C (pH=7) was 

used except that pH was adjusted to 10. Black coloured crystals were obtained.  

 Iron, cobalt, and nickel containing compounds with terephthalic acid were prepared 

with respect to modified synthesis process in reference article [106] and these synthesis 

processes were given in the below. 
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 FeIII(TPA).DMF: 0.2027 g (0.75 mmol) FeCl3.6H2O and 0.1246 g (0.75 mmol) 

terephthalic acid were added into the mixture of 32 ml DMF, 2 ml ethanol, and 2 ml distilled 

water. The mixture was stirred and 0.8 ml of triethanol amine (TEA) was added into the 

mixture. The yellow-coloured mixture was put in ultrasonic bath at 75 ⁰C for 90 min. 

Temperature was checked for every 15 min and when increase in temperature was observed, 

the temperature was kept constant by adding ice into the ultrasound bath. After 90 min 

sonication, the dark-orange-coloured mixture was cooled to room temperature and 

transferred into 50 ml centrifuge tubes and centrifuged for 10 min at 6000 rpm. The 

precipitate was washed 3 times with distilled water and 3 times with ethanol and allowed to 

dry. Dark-orange-coloured crystals were collected after 2 days and kept in a glass bottle for 

subsequent uses. 

 

 CoII(TPA).DMF: 0.1784 g (0.75 mmol) CoCl2.6H2O and 0.1246 g (0.75 mmol) 

terephthalic acid were added into the mixture of 32 ml DMF, 2 ml ethanol, and 2 ml distilled 

water. The mixture was stirred, and blue coloured solution was observed. 0.8 ml TEA was 

added into the mixture and colour of the mixture changed to purple. The mixture was put 

into ultrasonic bath at 75 ⁰C for 90 min. Temperature was checked every 15 min and kept 

constant at 75 ⁰C. After 90 min sonication, Light-pink coloured mixture was obtained, and 

the mixture was cooled to room temperature. The mixture was transferred into 50 ml 

centrifuge tubes and centrifuges for 10 min at 6000 rpm. Precipitate was washed 6 times 

with ethanol because the compound was found as soluble in water. The precipitate was dried 

in 2 days and collected. Light-pink compound was kept in a glass bottle for subsequent uses.  

 

 NiII(TPA).DMF: 0.0972 g (0.75 mmol) nickel (II) chloride and 0.1246 g (0.75 mmol) 

terephthalic acid were added into the mixture of 32 ml DMF, 2 ml ethanol, and 2 ml distilled 

water. The mixture was stirred, and light-yellow-coloured mixture was obtained. 0.8 ml TEA 

was added into the mixture and colour of the mixture did not change. The mixture was put 

in ultrasonic bath at 75 ⁰C for 90 min and temperature kept constant with controlling 

temperature for every 15 min. After sonication, light-blue-coloured mixture was obtained. 

The mixture was cooled to room temperature and transferred into 50 ml centrifuge tubes and 

centrifuged for 10 min at 6000 rpm. Washing 3 times with distilled water and 3 times with 
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ethanol was applied and precipitate was allowed to dry. Light-blue coloured compound was 

collected after 2 days and kept in a glass bottle for subsequent uses.  

 

 CoII/NiII(TPA).DMF: 0.75 mmol metal salt mixture (0.0486 g nickel (II) chloride and 

0.0892 g CoCl2.6H2O) and 0.75 mmol terephthalic acid (0.1246 g) were added into the 

mixture of 32 ml DMF, 2 ml ethanol, and 2 ml distilled water. After the mixture was stirred, 

blue coloured solution was observed. 0.8 ml TEA was added into the mixture and colour of 

the mixture changed to pink. The mixture was put in ultrasound bath at 75 ⁰C for 90 min and 

temperature was controlled for every 15 min. When temperature increased, temperature kept 

constant at 75 ⁰C by addition of ice into the ultrasound bath. After sonication, light-blue 

coloured mixture was obtained and transferred into the 50 ml centrifuge tubes and 

centrifuged for 10 min at 6000 rpm. The mixture was washed 6 times with ethanol because 

the compound was soluble in water. Then, precipitate was allowed to dry, and light-blue 

crystals were collected after 2 days. The compound was kept in a glass bottle for subsequent 

uses.   

 

 FeIII(TPA).H2O: 0.75 mmol terephthalic acid (0.1246 g) was added into 50 ml of 

distilled water and adjusted to pH⁓7 by addition of 1 M NaOH. 0.75 mmol FeCl3.6H2O 

(0.2027 g) was dissolved in 50 ml of distilled water and two solutions were mixed in 250 ml 

beaker. The mixture was put in ultrasonic bath for 30 min and 90 min at 75 ⁰C by controlling 

of the temperature and ice was added when temperature increased. After sonication, the 

mixtures were cooled to room temperature and transferred into 50 ml of centrifuge tubes and 

centrifuged for 10 min at 6000 rpm. The precipitates were washed with 3 times with distilled 

water and 3 times with ethanol and dried. Brown coloured crystals for 30 min and orange-

coloured crystals for 90 min and were collected after 2 days and kept in a glass bottle for 

subsequent uses. 

 

 CoII(TPA).H2O: 0.75 mmol terephthalic acid (0.1246 g) was added into 50 ml of 

distilled water and adjusted to pH=10 by addition of 1 M NaOH. 0.75 mmol CoCl2.6H2O 

(0.1784 g) was dissolved in 50 ml of distilled water and they were mixed in 250 ml beaker. 

0.8 ml of triethanol amine (TEA) was added into the reaction mixture to increase 
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deprotonation of terephthalic acid. Then, the mixture was put in ultrasonic bath at 75 ⁰Cfor 

90 min and cooled to room temperature after sonication. The mixture was transferred into 

50 ml centrifuge tubes and centrifuged for 10 min at 6000 rpm. Washing process 6 times 

with ethanol was applied and precipitate was allowed to dry. Dark-green coloured crystals 

were collected after 2 days and kept in a glass bottle for subsequent uses. 

 

 NiII(TPA).H2O: 0.75 mmol terephthalic acid (0.1246 g) was added into 50 ml of 

distilled water and adjusted pH=10 by addition of 1 M NaOH. 0.75 mmol NiCl2 (0.0972 g) 

was dissolved in 50 ml of distilled water and mixed with terephthalic acid solution in 250 

ml beaker. 0.8 ml TEA was added into the reaction mixture and put in ultrasonic bath at 75 

⁰C for 90 min. Then, it was cooled to room temperature and transferred into 50 ml centrifuge 

tubes and centrifuged for 10 min and 6000 rpm. The precipitate was washed 3 times with 

distilled water and 3 times with ethanol and dried. After 2 days, light-green coloured crystals 

were collected and kept in a glass bottle for subsequent uses.  

 

3.4.  Characterization Techniques 

 

 The characterizations of MOF materials were completed by SEM/EDX, XRD, and 

IR spectroscopy. SEM was used to determine particle size, surface morphology of materials, 

and EDS was used to determine elemental composition of materials. XRD was used to obtain 

information about crystallinity and purity of materials. IR spectroscopy was used to 

determine intermolecular bonds of organic molecules.  

 

3.4.1.  X-Ray Diffraction Analysis (XRD) 

 

 Crystallinity of materials can be obtained by using X-ray diffraction technique. X-

rays are diffracted into many specific directions due to the crystalline structure of sample. A 

spectrum is obtained by the diffracted X-rays and the spectrum is like fingerprint for the 

materials. If sample has low crystallinity, broaden peaks are obtained in the spectrum. 
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 XRD spectrums were collected with Rigaku D/MAX-Ultima+/PC Diffractometer 

with Cu-Kα radiation (λ=1.54 Å) at Boğaziçi University Advanced Technologies Research 

and Development Center. 

 

3.4.2.  Scanning Electron Microscope/Energy Dispersive X-Ray Analysis (SEM/EDX) 

 

 SEM is a characterization technique to determine particle size, microscopic surface 

structures, and EDX gives information about elemental composition of the sample. In SEM, 

high-energy electrons across the surface of the sample. Reflected electron signal is detected 

by detector and the signal forms an image. 

 

 SEM/EDX analyses of this thesis were carried out using FEI-Philips XL30 

instrument (equipped with EDAX-energy dispersive X-ray analysis unit) at Boğaziçi 

University Advanced Technologies Research and Development Center. 

 

3.4.3.  Infrared (IR) Spectroscopy 

 

 The sample interacts with infrared radiation and infrared radiation can be absorbed, 

emitted, or reflected due to intermolecular motions. IR spectrums are made as intensity 

versus wavelength (cm-1) graphs. Functional groups (-OH, C=O, N-H, CH3, etc.) are seen at 

4000-1500 cm-1 and the region of 1500-400 cm-1 is called as fingerprint region. Peaks in this 

region are generally specific for the material.  

 

 IR spectrums of the compounds were received from Thermo Fisher Scientific 

Nicolet 380 FT-IR spectroscopy with ATR-Diamond and 32 scans were applied.  
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4.  RESULTS AND DISCUSSION 

 

 

4.1.   Characterization of Fumaric Acid 

 

In the spectrum (in Figure 4.1.), broad peak between 3000 and 2500 cm-1 comes from 

O-H stretch of carboxylic acid, The C=O stretching band and C=C stretching band give 

broadband at 1634 cm-1. C-OH bend is also observed at 1420 cm-1. Peak at 1272 cm-1 refers 

to C-O stretching and broad peak at 884 cm-1 refers to OH wag vibrations. Peaks in the 

infrared spectrum of fumaric acid that synthesized in the lab are consistent with the literature 

[107-109].  

 

 

Figure 4.1.  IR spectrum of fumaric acid synthesized in the lab.  
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4.2.  Characterization of Fe, Co, Ni Based Metal Organic Frameworks 

 

 Results and discussion of Fe, Co, Ni based metal organic frameworks are given 

according to effect of parameters: temperature, concentration, pH, metal ion. SEM images 

and XRD patterns of Fe, Co, Ni based MOFs are given in the following subheadings.  

 

4.2.1.  Effect of Temperature on FeIII(FA).H2O 

 

 In this part of the study, temperature effect on the synthesis of FeIII(FA).H2O was 

investigated. FeIII(FA).H2O was synthesized via sonochemical synthesis method at 20 ⁰C, 50 

⁰C, and 75 ⁰C. The compounds were named as FeIII(FA).H2O-1 for synthesis at 20 ⁰C, 

FeIII(FA).H2O-2 for synthesis at 50 ⁰C, and FeIII(FA).H2O-3 for synthesis at 75 ⁰C. 

FeIII(FA).H2O-1 and FeIII(FA).H2O-2 had brown colour while FeIII(FA).H2O-3 had lighter 

brown colour.  

 

SEM images of the compounds were given in the Figure 4.2., Figure 4.3., and Figure 

4.4. Hexagonal rod-like structures were obtained at all three temperatures and with 

increasing temperature, particles became more monodispersed. In addition, particle size of 

FeIII(FA).H2O-3 was found as approximately 4 µm with respect to its SEM images. In EDX 

analysis, C (27.8 w %), O (50.3 w %), Fe (20.0 w %) and Cl (1.9 w %) for FeIII(FA).H2O-1, 

C (29.4 w %), O (50 w %), Fe (15.3 w %), and Cl (5.2 w %) for FeIII(FA).H2O-2, and C (24. 

7 w %), O (42.9 w %), Fe (32.4 w %), and Cl (0.45 w %) for FeIII(FA).H2O-3 were detected. 

Cl peaks probably came from impurity in fumaric acid.  

 

XRD patterns of the compounds were not matched with database of Boğaziçi 

University Advanced Technologies Research and Development Center therefore, XRD 

peaks were compared with literature [65, 110]. Peaks at nearly 10⁰ (2θ) were characteristic 

peaks of iron fumarate and peaks were observed at 10.2⁰ and 10.8⁰ (2θ) for  FeIII(FA).H2O-

1, 10.2⁰ and 10.8⁰ (2θ) for FeIII(FA).H2O-2, and 10.9⁰ and 11.8⁰ (2θ) for FeIII(FA).H2O-3 

(Figure 4.5., Figure 4.6.,and Figure 4.7.). Also, comparison of XRD patterns for the 
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compounds was given in the Figure 4.8. for clear observing of similar peaks. The peak shift 

in FeIII(FA).H2O-3 was considered because of growing crystal at higher temperature. Since 

peaks were sharper with increasing temperature, crystallinity of the compounds increased 

with increasing temperature.  

 

O-H stretch of fumaric acid did not appear between 3000 and 2500 cm-1, C-OH bend 

(at 1420 cm-1) and OH wag vibrations (at 884 cm-1) of fumaric acid were not observed, peaks 

at nearly 1590 cm-1 came from C=C stretching band, and peaks at nearly 1390 cm-1 came 

from C-O stretching band in the IR spectrums of FeIII(FA).H2O-1, FeIII(FA).H2O-2, and 

FeIII(FA).H2O-3 (Figure 4.9.). 

  

 

Figure 4.2.  SEM images of FeIII(FA).H2O-1 synthesized at 20 ⁰C. 

 

 

Figure 4.3.  SEM images of FeIII(FA).H2O-2 synthesized at 50 ⁰C. 
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Figure 4.4.  SEM images of FeIII(FA).H2O-3 synthesized at 75 ⁰C. 

 

 

Figure 4.5.  XRD pattern of FeIII(FA).H2O-1 synthesized at 20 ⁰C. 
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Figure 4.6.  XRD pattern of FeIII(FA).H2O-2 synthesized at 50 ⁰C. 

 

 

Figure 4.7.  XRD pattern of FeIII(FA).H2O-3 synthesized at 75 ⁰C. 
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Figure 4.8.  Comparison of XRD patterns for FeIII(FA).H2O-1 (20 ⁰C) in black, 

FeIII(FA).H2O-2 (50 ⁰C) in blue, FeIII(FA).H2O-3 (75 ⁰C) in red.  

 

 

Figure 4.9.  IR spectrums for FeIII(FA).H2O-1 (20 ⁰C) in green, FeIII(FA).H2O-2 (50 ⁰C) in 

red, FeIII(FA).H2O-3 (75 ⁰C) in blue. 
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 As a result of all these analysis in this part, Fe-MOF can be synthesized from iron 

(III) chloride hexahydride and fumaric acid via sonochemical synthesis method in 90 min at 

various temperatures (20 ⁰C, 50 ⁰C, and 75 ⁰C). As seen in the SEM results, MOFs 

synthesized at all three temperatures had hexagonal rod-like structures, but monodispersity 

of particles increased when temperature was increased. All three XRD patterns had 

characteristic peaks of iron fumarate at nearly 10⁰ (2θ) and crystallinity of the compounds 

was increased with increasing temperature. In addition, deprotonation of fumaric acid was 

seen in all three IR spectrums. Increase in temperature provided faster motions of metal ions 

and organic ligand molecules and they found each other in shorter time. Therefore, the best 

crystallization and monodispersed particles were obtained for the synthesis at 75 ⁰C. 

 

4.2.2.  Effect of Concentration on FeIII(FA).H2O 

 

 Effect of concentration was studied for 1 mmol, 5 mmol, and 10 mmol starting 

materials (equivalent amount of metal salts and organic ligands) in 100 ml solvent. 

Sonochemical synthesis method was used, and synthesis was performed at 75 ⁰C. 

Temperature of 75 ⁰C was selected because high crystallinity was observed at 75 ⁰C (as seen 

in section 4.1.1.). The compounds were called as FeIII(FA).H2O-3 for 1 mmol starting 

materials, FeIII(FA).H2O-4 for 5 mmol starting materials, and FeIII(FA).H2O-5 for 10 mmol 

starting materials. Since fumaric acid had low solubility in water, ethanol was used as 

auxiliary solvent to dissolve fumaric acid in FeIII(FA).H2O-4 and FeIII(FA).H2O-5. Although 

5 mmol fumaric acid could be soluble in 100 mol water, no precipitate was observed when 

synthesis performed in only water. All three compounds had same colour of light brown.  

 

 Uniform particle distributions were not observed in SEM images of FeIII(FA).H2O-4 

and FeIII(FA).H2O-5 (Figure 4.10. and Figure 4.11.). Result for the SEM image of 

FeIII(FA).H2O-3 was explained in section 4.1.1. According to SEM images, the compound 

had porous structure.  
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 Characteristic XRD peaks at 10.2⁰ and 10.8⁰ (2θ) were observed for FeIII(FA).H2O-4 

and FeIII(FA).H2O-5 (Figure 4.12. and Figure 4.13.). Peaks at between 20⁰ and 30⁰ (2θ) 

probably came from impurities like iron oxide because oxygen in the air could react with 

iron ions in the reaction mixture. XRD patterns for FeIII(FA).H2O-4 and FeIII(FA).H2O-5 

were seemed very similar except intensity numbers. Comparison of XRD patterns for 

FeIII(FA).H2O-3, FeIII(FA).H2O-4, and FeIII(FA).H2O-5 were given in the Figure 4.14. and 

decrease in crystallinity of the compounds with increasing the concentration of starting 

materials were noted in the XRD patterns. 

 

 IR spectrums of FeIII(FA).H2O-4  and FeIII(FA).H2O-5 were similar IR spectrums in 

Section 4.1. Peaks at nearly 1550 cm-1 were related C=C stretching band, and peaks at nearly 

1380 cm-1 were related C-O stretching band in the IR spectrums of FeIII(FA).H2O-4  and 

FeIII(FA).H2O-5 (Figure 4.15.). 

 

 

Figure 4.10.  SEM images of FeIII(FA).H2O-4 with 5 mmol starting materials. 
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Figure 4.11.  SEM images of FeIII(FA).H2O-5 with 10 mmol starting materials. 

 

 

Figure 4.12.  XRD pattern of FeIII(FA).H2O-4 with 5 mmol starting materials. 
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Figure 4.13.  XRD pattern of FeIII(FA).H2O-5 with 10 mmol starting materials. 

 

 

Figure 4.14.  Comparison of XRD patterns for  FeIII(FA).H2O-3 (1 mmol) in red, 

FeIII(FA).H2O-4 (5 mmol) in blue, FeIII(FA).H2O-5 (10 mmol) in black. 
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Figure 4.15.  IR spectrums for FeIII(FA).H2O-3 (1 mmol) in purple, FeIII(FA).H2O-4 (5 

mmol) in red, FeIII(FA).H2O-5 (10 mmol) in blue. 

 

 In conclusion of effect of concentration on FeIII(FA).H2O, fumaric acid was dissolved 

in water and ethanol mixture because of low solubility of fumaric acid in water. Uniform 

particle distribution was observed in FeIII(FA).H2O-3 that synthesized with 1 mmol starting 

materials, while it was not observed in FeIII(FA).H2O-4, and FeIII(FA).H2O-5 that were 

synthesized with 5 mmol and 10 mmol starting materials, respectively. Characteristic peaks 

of Fe-MOF (from iron (III) chloride hexahydride and fumaric acid) were present in all three 

XRD patterns. Crystallinity of the compound synthesized at the lowest concentration was 

found as highest. The cause of this situation could be that reaction possibility of metal ion 

with fumaric acid decreased with increasing concentration of starting materials. 

 

4.2.3.  Effect of pH on FeIII(FA).H2O 

 

 This part of the study was aimed that higher yields of the compounds were wanted to 

obtain with increasing pH of solution of fumaric acid by addition of NaOH because 

deprotonation of fumaric acid increased with increasing pH of the solution. Effect of 
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pH=natural (2.57) for FeIII(FA).H2O-3, pH=7 for FeIII(FA).H2O-6, and pH=10 for 

FeIII(FA).H2O-7 was investigated. FeIII(FA).H2O-3 was light brown coloured crystals and 

FeIII(FA).H2O-6 and FeIII(FA).H2O-7 were black coloured crystals. Yields were calculated 

as 44.7% for FeIII(FA).H2O-3, 38.2% for FeIII(FA).H2O-6 and 36.8% for FeIII(FA).H2O-7. 

When increase in yields with increasing pH of fumaric acid solution was expected, yields of 

the compounds decreased with increasing pH of the fumaric acid solution. 

 

 Figure 4.16. and Figure 4.17. showed SEM images of the compounds. According to 

SEM images of the compounds, nanoparticles were observed instead of MOF-compounds. 

It was possible due to the fact that iron ions in the reaction mixture were coated with 

deprotonated fumaric acid, and this caused formation of iron nanoparticles. Particle size of 

the nanoparticles was nearly 10 nm. In EDX analysis, C (8.8 w %), O (52.1 w %), and Fe 

(39.0 w %) for FeIII(FA).H2O-6, and C (3.3 w %), O (35.1 w %), and Fe (61.6 w %) for 

FeIII(FA).H2O-7 were detected. Result of EDX analysis was consisted with formation of iron 

nanoparticles.  

 

 XRD peaks (at 33.1⁰ (2θ), 35.6⁰ (2θ), 62.3⁰ (2θ), and 63.9⁰ (2θ) for FeIII(FA).H2O-6 

and at 33.1⁰ (2θ), 35.6⁰ (2θ), 62.4⁰ (2θ), and 63.9⁰ (2θ) for FeIII(FA).H2O-7) were matched 

with iron oxide compound (JCPDS number: 89-0597) in database of Boğaziçi University 

Advanced Technologies Research and Development Center. (Figure 4.18. and Figure 4.19.). 

Peaks at 35.6⁰ (2θ) and 63.9⁰ (2θ) for FeIII(FA).H2O-6 and FeIII(FA).H2O-7  were labelled to 

(1 0 0) and (3 0 0), respectively. It was also consisted with literature for formation of iron 

oxide nanoparticles [111]. 

 

 When results of SEM images and XRD pattern were compared with literature, similar 

SEM images and XRD patterns were obtained. Comparison of FeIII(FA).H2O-3, 

FeIII(FA).H2O-6, and FeIII(FA).H2O-7 was given in the Figure 4.20. to see difference in XRD 

patterns of MOF-compound and iron oxide nanoparticles. 
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 In IR spectrum of FeIII(FA).H2O-6, there were O-H stretch of fumaric acid at between 

3000 and 2500 cm-1 and C-OH bend at 1455 cm-1 (Figure 4.21.). The reason of this was 

considered as pH=7 was not enough to deprotonate all fumaric acid compounds in the 

solution. C=C stretching band was at 1557 cm-1 and C-O stretching band was at 1373 cm-1. 

When pH increased to 10, O-H stretch of fumaric acid at between 3000 and 2500 cm-1 and 

C-OH bend at 1455 cm-1 were disappeared. Fumaric acid was fully deprotonated at pH=10. 

 

 

Figure 4.16.  SEM images of FeIII(FA)H2O-6 at pH=7. 

 

 

Figure 4.17.  SEM images of FeIII(FA)H2O-7 at pH=10. 
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Figure 4.18.  XRD pattern of FeIII(FA).H2O-6 at pH=7. 

 

 

 

Figure 4.19.  XRD pattern of FeIII(FA).H2O-7 at pH=10. 
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Figure 4.20.  Comparison of XRD patterns for  FeIII(FA).H2O-3 (pH=2.57-natural) in red, 

FeIII(FA).H2O-6 (pH=7.00) in blue, FeIII(FA).H2O-5 (pH=10.00) in black. 

 

 

 Figure 4.21.  IR spectrums for FeIII(FA).H2O-3 (pH=2.57-neutral) in red, FeIII(FA).H2O-6 

(pH=7) in blue, FeIII(FA).H2O-7 (pH=10) in green. 
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 This part of the research was aimed to study the pH effect on MOF structures, but 

nanoparticle formation was observed instead of metal organic framework when pH was 

increased using sodium hydroxide. Formation of nanoparticles was confirmed with XRD 

analysis and SEM images of the compounds.  

 

4.2.4.  Effect of Metal Ion on M(TPA).DMF (M=Fe, Co, Ni, and Co/Ni) 

 

 Terephthalic acid was used as organic linker to synthesize iron, cobalt, nickel, and 

cobalt/nickel bimetallic MOFs. Since terephthalic acid had low solubility in water, DMF 

was used as solvent and triethanol amine (TEA) was used for deprotonating agent. All 

syntheses were performed at 75 ⁰C via sonochemical synthesis method. Colour of the 

compounds changed as metal ion changed. Dark orange coloured compound for 

FeIII(TPA).DMF, light pink coloured compound for CoII(TPA).DMF, light blue coloured 

compound for NiII(TPA).DMF, and light blue compound for CoII/NiII(TPA).DMF were 

obtained.  

 

 SEM images of FeIII(TPA).DMF showed particle size as nearly 10 nm (Figure 4.22.). 

Flower-like shapes were observed in SEM images of CoII(TPA).DMF, particles of 

NiII(TPA).DMF had rectangular shape, and CoII/NiII(TPA).DMF contained mixed shapes of 

CoII(TPA).DMF and NiII(TPA).DMF (Figure 4.23.,  Figure 4.24., and Figure 4.25.). C (30.3 

w %), O (30.2 w %), and Fe (32.1 w %) for FeIII(TPA).DMF, C (55.6 w %), O (29.5 w %), 

and Co (14.9 w %) for CoII(TPA).DMF, C (53.6 w %), O (33.6 w %), and Ni (12.8 w %) for 

NiII(TPA).DMF, and C (54.1 w %), O (25.3 w %), Co (9.2 w %), and Ni (6.5 w %) were 

found in EDX analysis. 

  

 No matched with database of Boğaziçi University Advanced Technologies Research 

and Development Center in XRD patterns of the compounds. Peaks at 6.42⁰ and 13.6⁰ (2θ) 

for FeIII(TPA).DMF were consistent in the literature [112] (Figure 4.26.). CoII(TPA).DMF, 

NiII(TPA).DMF and CoII/NiII(TPA).DMF had similar XRD patterns, and this is consistent 

in the literature [107] (JCPDS number: 36-1451) and XRD patterns of these compounds are 
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seen in Figure 4.27., Figure 4.28., and Figure 4.29. Similarity of XRD pattern of these 

compounds was due to the fact that Co and Ni had 3d7-84s2 valence electron structures.  

 

 In IR spectrum of FeIII(TPA).DMF, O-H stretch from terephthalic acid was not 

observed at between 3000 and 2500 cm-1, and peaks at 1574 cm-1 and 1372 cm-1 came from 

aromatic ring. Terephthalic acid was deprotonated and included in the structure of the 

compound. In addition, peaks at 1557 cm-1 and 1372 cm-1 for CoII(TPA).DMF, peaks at 1538 

cm-1 and 1373 cm-1 for NiII(TPA).DMF, and peaks at 1538 cm-1 and 1373 cm-1 for 

CoII/NiII(TPA).DMF were present in IR spectrums  of the compounds. No peak was present 

at between 3000 and 2500 cm-1 in all three compounds (Figure 4.30.). 

 

 

Figure 4.22.  SEM images of FeIII(TPA).DMF. 
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Figure 4.23.  SEM images of CoII(TPA).DMF. 

 

 

Figure 4.24.  SEM images of NiII(TPA).DMF. 

 

 

Figure 4.25.  SEM images of CoII/NiII(TPA).DMF. 
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Figure 4.26.  XRD pattern of FeIII(TPA).DMF. 

 

 

Figure 4.27.  XRD pattern of CoII(TPA).DMF. 
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Figure 4.28.  XRD pattern of NiII(TPA).DMF. 

 

 

Figure 4.29.  XRD pattern of CoII/NiII(TPA).DMF. 
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Figure 4.30.  IR spectrums for FeIII(TPA).DMF in yellow, CoII(TPA).DMF in blue, 

NiII(TPA).DMF in purple, and CoII/NiII(TPA).DMF in red. 

 

 As a result of these analysis, MOF structures were synthesized from ions of iron, 

cobalt, nickel metals and terephthalic acid via sonochemical synthesis method. Since Fe, Co, 

Ni had 3d6-84s2 valence electron structures, XRD patterns of the compounds were expected 

similar patterns. CoII(TPA).DMF, NiII(TPA).DMF and CoII/NiII(TPA).DMF had similar 

XRD patterns, and they were coherent with the literature. However, FeIII(TPA).DMF had 

different XRD pattern, and it was also consistent with the literature. The reason of this case 

was considered as coordination of iron ion and terephthalic acid was different when 

compared to cobalt and nickel ions. As seen in the SEM images, the compounds had their 

own structures.  

 

4.2.5.  Effect of Solvent on M(TPA).H2O (M=Fe, Co, Ni) 

 

 Aim of this part of the study was use of water as solvent instead of DMF because 

water is cheaper and cleaner solvent than DMF. Since terephthalic acid has low solubility in 
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water, pH of terephthalic acid solution was adjusted to pH=7 by addition of NaOH. When 

syntheses made with metal salts in ultrasonic bath at 75 ⁰C for 90 min only the experiment 

with iron (III) hexachloride hexahydride was give precipitate. Therefore, pH of terephthalic 

acid solution was adjusted to pH=10 for cobalt and nickel salts by addition of NaOH and no 

precipitate was observed for this case. Lastly, triethanol amine (TEA) was used as auxiliary 

base to increase deprotonation of terephthalic acid and precipitate of CoII(TPA).H2O and 

NiII(TPA).H2O was obtained. The compounds were characterized with using SEM/EDX and 

XRD techniques.  

 

 SEM images were given in Figure 4.31, Figure 4.32, and Figure 4.33. FeIII(TPA).H2O 

had no specific structure and CoII(TPA).H2O and NiII(TPA).H2O had spherical structures. 

According to EDX analysis, C (43.3 w %), O (35.8 w %), and Fe (20.53 w %) in 

FeIII(TPA).H2O, C (13.7 w %), O (23 w %), and Co (61.8 w %) in CoII(TPA).H2O, and C 

(14.7 w %), O (29.3 w %), and Ni (54 w %) in NiII(TPA).H2O were found.  

 

 All peaks in XRD pattern of FeIII(TPA).H2O were matched with Fe3O4 (JCPDS 

number: 89-0951) and terephthalic acid (JCPDS number: 31-1916) and peaks at 17.3⁰  and 

28⁰ (2θ)  might be indexed to (1 1 0) and (2 0 0) from terephthalic acid and peak at 30⁰ (2θ)  

might be indexed to (2 2 0) from magnetite. No characteristic peaks at 6.42⁰ and 13.6⁰ (2θ) 

for FeIII(TPA).DMF were found (Figure 4.34.). According to SEM/EDX and XRD results of 

FeIII(TPA).H2O, the compound did not have structure of metal organic framework. XRD 

patterns of CoII(TPA).H2O and NiII(TPA).H2O were very similar (Figure 4.35.,  Figure 4.36., 

and Figure 4.37.). Similarity was expected because of their 3d7-84s2 valence electron 

structures. However, XRD patterns of CoII(TPA).H2O and NiII(TPA).H2O were not matched 

with XRD patterns at section 4.2.4. the patterns were matched with cobalt hydroxide and 

nickel hydroxide in the literature [113,114]. Reason of this case was considered as that cobalt 

and nickel ions first reacted hydroxide ion from NaOH and there was no free cobalt or nickel 

ions remained to react with deprotonated terephthalic acid.  
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Figure 4.31.  SEM images of FeIII(TPA).H2O. 

 

 

Figure 4.32.  SEM images of CoII(TPA).H2O. 

 

 

Figure 4.33.  SEM images of NiII(TPA).H2O. 
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Figure 4.34.  XRD pattern of FeIII(TPA).H2O. 

 

 

Figure 4.35.  XRD pattern of CoII(TPA).H2O. 
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Figure 4.36.  XRD pattern of NiII(TPA).H2O. 

 

 

Figure 4.37.  Comparison of XRD patterns for CoII(TPA).H2O in black and NiII(TPA).H2O 

in red. 
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 This study was aimed to use water instead of DMF. Since terephthalic acid has low 

solubility in water, pH=7 and 10 by addition of sodium hydroxide were studied in order to 

deprotonate TPA. Only iron gave precipitate at pH=7 and cobalt and nickel gave precipitate 

at pH=10 when using auxiliary base (TEA). Increase in pH caused formation of Fe3O4 for 

FeIII(TPA).H2O and cobalt hydroxide and nickel hydroxide for CoII(TPA).H2O and 

NiII(TPA).H2O, respectively. As a conclusion of this study, changing solvent as water 

instead of DMF and increasing pH for deprotonation of terephthalic acid was not found as 

successful way to synthesize MOF structures. 
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5.  CONCLUSION 

 

 

This study is aimed to synthesize compounds that are Fe with fumaric acid-based 

MOFs and Fe, Co, and Ni with terephthalic acid-based MOFs in 90 minutes via 

sonochemical method for the first time and then, characterize these compounds by using 

XRD analysis, SEM/EDX images, and IR spectrums. The compounds were synthesized for 

the first time in 90 minutes via sonochemical synthesis method and synthesis time of MOF 

compounds were shorter when compared with conventional methods. Also, effects of 

temperature, concentration, pH, metal ion, and solvent on synthesis of these compounds 

were investigated for the first time.  

 

 Effect of temperature on FeIII(FA).H2O material was found as increase in synthesis 

temperature leaded better crystallinity of the compound because motions of metal ions and 

organic linker increased with increasing temperature and their possibility of finding each 

other increased. As seen in SEM images of the compounds, they had hexagonal rod-like 

structures. Also, monodispersity of the compounds was increased with increasing 

temperature.  

 

 On the other hand, uniform particle distributions were not observed when 

concentration of starting materials was increased from 1 mmol to 5 mmol and 10 mmol. The 

all three compounds synthesized with 1 mmol, 5 mmol, and 10 mmol had characteristic iron-

fumaric acid metal organic framework peaks in their XRD patterns and crystallinity of the 

compounds decreased with increasing the concentration of starting materials. 

 

Main idea of studying higher pH was increasing yield of Fe-MOF materials and pH 

of fumaric acid solution was increased to 7 and 10 for better deprotonation of fumaric acid. 

Because reaction between metal ion and organic ligand was considered as faster when 

deprotonation rate of organic ligand increases. However, decrease in yield was obtained with 

increasing pH of fumaric acid solution and iron nanoparticles were formed instead of MOF 



55 
 

structures. It was probably due to the fact that iron ions in the synthesis mixture reacted with 

oxygen, and they were coated with deprotonated fumaric acid.  

 

Fe, Co, Ni metals was chosen because of abundant and common metal salts and 

similar valence electron structures. When XRD patterns of CoII(TPA).DMF, 

NiII(TPA).DMF, and CoII/NiII(TPA).DMF had similar peaks, XRD pattern of 

FeIII(TPA).DMF had different than the others. The reason for this case could be that 

coordination of Fe ion and terephthalic acid had different crystal structure than Co and Ni 

ions.  

 

Lastly, we wanted to change solvent with water instead of DMF because water is 

abundant and easily removable solvent when compared to DMF. Since terephthalic acid has 

low solubility in water, the solution of TPA was adjusted to higher pH (7 and 10). However, 

iron oxides, cobalt (II) hydroxide, and nickel (II) hydroxide were obtained instead of MOF 

structures. 

 

In conclusion, this study shows how temperature, concentration of starting materials, 

pH of organic ligand solution, using different metal salts, and solvent affect the synthesis of 

Fe, Co, Ni based metal organic frameworks via sonochemical synthesis method and analysis 

results of the compounds can be a library for future works. 
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6.  FUTURE WORK 

 

 

The surface area of metal organic frameworks (MOFs) synthesized in this study is 

needed to measure by using BET theory so that the potential of MOFs as a storage material 

for different gases such as hydrogen, methane, carbon dioxide and etc. However, the surface 

area measurements are not completed by good nitrogen adsorption-desorption isotherms. It 

may be due to shorter degassing time or lower degassing temperature. Therefore, BET 

surface area analysis can be repeated by extending the degassing time or raising the 

degassing temperature. Increase in temperature may damage the bonding between metal ions 

and organic linkers. This case should be considered.  

 

JCPDS numbers of the compounds synthesized for this study were matched with 

database of research and development center in Boğaziçi University were given in related 

sections and XRD patterns of the compounds had no match were compared with XRD 

patterns of related compounds in literature. JCPDS or PDF file numbers for most MOF 

structured compounds were not given in articles. Therefore, further details in XRD patterns 

of the compounds are needed and detailed XRD analysis for these compounds will be 

completed in the near future. 

 

Performance of synthesized metal organic frameworks should be tested in some 

applications such as gas adsorption and storage, catalysis, electrochemistry. Also, 

synthesized compounds can be calcinated at different temperatures and porous metal oxides 

can be obtained for appropriate applications.  

 

In addition, since synthesis was made by sonochemical synthesis method, frequency 

or power of ultrasound can be changed, or ultrasonic probes can be used instead of ultrasonic 

bath because ultrasound hits the wall of a beaker and power of ultrasound decreases. 

Ultrasonic probes are put in reaction mixture, directly. Therefore, using ultrasonic probes 
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can be more efficient than ultrasonic baths. Effect of change in frequency or power of 

ultrasound on metal organic framework compounds can be investigated.     

 

The syntheses of metal organic frameworks from cobalt and nickel salts and fumaric 

acid as an organic linker are tried via the same procedure of FeIII(TPA).H2O-3 synthesis. 

However, no precipitate was obtained. Therefore, these syntheses can be repeated with using 

more powerful ultrasonic baths, probes or different solvents or different synthesis method 

can be tried.  
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