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Thesis Overview: 

 

 

Chapter 1 describes potential applications of MOFs in gas (H2, CO2, CH4, CO, etc.) storage and 

fluorescence sensing of a wide variety of analytes (cations, anions, biomolecules, small molecules, 

volatile organic compounds, nitro explosive materials, etc.). Functionalization of MOFs has been 

demonstrated as a promising strategy to enhance the physicochemical stability (air, water, acid-

base, heat, etc.) as well as gas storage and separation properties of the resulting MOFs. The 

attached functional groups can act as interaction sites for specific gas molecules (during gas 

adsorption) and analytes (during fluorescence sensing), thus increasing the selectivity of the MOF 
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material towards the target gas or analyte. In this chapter, recent advancements in rational design 

and synthesis of various functional MOFs in gas storage and fluorescence sensing behavior have 

been discussed.      

Chapter 2 presents an improved synthesis procedure for the preparation of the previously reported 

Zr(IV) trans,trans-muconate framework compound. Instead of using non-commercial Zr6-

methacrylate oxocluster as the metal source, the same MOF material was successfully synthesized 

by using commercially available ZrCl4 as the Zr source. During the synthesis, small amounts of 

H2O (1-H2O-AS) or concd. HCl (1-HCl-AS) were used as additives in DMF. The effect of 

ZrCl4/additive molar ratio on the crystallinity of the compounds has been systematically examined. 

The phase purity of the materials having optimum crystallinity was investigated by a combination 

of XRPD analysis (Figure 1), FT-IR spectroscopy, themogravimetric and elemental analyses. The 

physicochemical stability of the materials was examined. According to the thermogravimetric 

analyses, the two materials are stable up to ~250 ºC in air atmosphere. As confirmed by the XRPD  

analyses, the 1-HCl material is unstable in acetic acid, 1M HCl and 1M NaOH solutions. The 

crystallinity of the materials deteriorated slowly when they were exposed to water as well as 

moisture (from air), suggesting gradual structural collapse of the framework over time. 

 

Figure 1. Calculated (black) XRPD pattern of Zr(IV) muconate, and experimental XRPD patterns of 1-

H2O-AS (blue) and 1-HCl-AS (red).  
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 The effect of activation temperature on the BET surface area of the materials was also 

examined. As corroborated by the N2 sorption measurements, the optimally activated 1-HCl 

exhibited BET surface area of 557 m2 g-1 (Figure 2), which is lower than the isostructural UiO-66 

(950 m2 g-1) but close to the literature value (705 m2 g-1) of Zr(IV) muconate. The moderate 

physicochemical stability along with significant porosity of the material will make it a promising 

candidate in the field of gas storage and separation. 

 

 

Figure 2. N2 adsorption (filled symbols) and desorption (empty symbols) isotherms of thermally activated 

samples of 1-HCl measured at –196 °C. The sample was heated at 150 °C under vacuum for 12 h before 

the sorption measurement. The sorption isotherms of a sample of 1-HCl, which was activated in two steps 

(exchange of guest molecules with methanol, followed by thermal activation at 150 °C under vacuum for 

12 h), are also shown for comparison. (Eur. J. Inorg. Chem., 2015, 2463) 

Chapter 3 presents a successful synthesis of strongly fluorescent 3D Cd(II)-based MOF (1) 

incorporating a highly π-conjugated amide-functionalized ditopic tetrazolate-based organic ligand 

under solvothermal conditions (Figure 3). Selective detection of TNP by activated compound (1') 

with a very high rate of response was confirmed by the steady-state fluorescence titration 

experiments (Figure 4). It was found that the selective detection of TNP was also possible in 

presence of other potentially interfering nitroaromatic explosives. The detection limit of 1' for the 

sensing of TNP was estimated to be 1.87 × 10-7 M (42.84 ppb), which is comparable with other 

MOF-based fluorescence sensors reported until today. The recyclability experiments indicate high 
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photostability and reusability of 1' for long-term in-field detection of nitroaromatic explosive 

materials. The combination of experimental and theoretical results provides indications in favour 

of both energy and electron transfer mechanisms for the highest quenching efficiency of TNP. 

Moreover, the enhanced selectivity of 1' for sensing of TNP can be intuitively attributed to the 

existence of electrostatic interactions between the N-H moiety of the ligand and the hydroxyl group 

of TNP. The outstanding sensing performance renders the material as a promising sensing device 

for the practical detection of TNP. 

 

Figure 3. (a) Structure of H2L ligand employed for synthesizing 1. (b) Ball-and-stick representation 

showing the coordination environment around of Cd2+ ions in 1. (c) The same representation of the 3D 

framework structure of 1. Color codes: Cd, magenta; N, cyan; Cl, green; C, gray; O, red. The guest 

molecules and hydrogen atoms have been removed from the structural plots for clarity. 
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Figure 4. (a) Quenching of fluorescence intensity of 1' by incremental addition of 1 mM TNP solution to 

a 3 mL suspension of 1' in ethanol (λex = 315 nm and λmax = 450 nm). (b) Photographs of fluorescence 

cuvettes containing ethanol suspensions of 1' under visible light (i), UV light before TNP addition (ii) and 

UV light after TNP addition (iii). (Cryst. Growth Des., 2016, 16, 842) 

Chapter 4 presents a new (1′-N3) and an existing (2′-NO2) Ce(IV)-based MOF with UiO-66 

framework topology for the first time as fluorescence turn-on probes for the detection of H2S under 

physiological conditions (Figure 5). Both compounds have demonstrated promising potentials 

towards highly selective, sensitive (detection limits: 12.2 µM for 1′-N3 and 34.8 µM for 2′-NO2) 

and fast detection of H2S. It was found that the Ce-based UiO-66 MOFs exhibited improved 

fluorescence response towards H2S than their Zr-based counterparts. Owing to their extraordinary 

selectivity towards sensing of H2S even in the presence of other potentially interfering 

biomolecules, these compounds could be promising candidates for the real-time monitoring of H2S 

in biological systems. Besides the rapid, selective and sensitive detection of H2S, both of these 

compounds can effectively adsorb considerable amounts CO2 at 0 °C and in pressure range of 0 to 

1 bar. As a consequence, they are also excellent materials in the field of CO2 capture. 
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Figure 5. Fluorescent turn-on probes resulting from the NaHS-mediated reduction of Ce-UiO-66-X (X = 

N3 or NO2) MOFs to Ce-UiO-66-NH2. (CrystEngComm, 2016, 18, 4374) 

Chapter 5 presents the facile synthesis, full characterization and gas adsorption properties of 

seven new functionalized Al-MIL-101-X (X = -CH3, -NO2, -OCH3, -C6H4, -F2, -(CH3)2, -(OCH3)2) 

materials. The seven new materials along with the previously reported Al-MIL-101-NH2 

compound were prepared by using stoichiometric mixtures of Al(ClO4)3·9H2O and H2BDC-X 

linkers in DEF under similar solvothermal conditions (130 °C, 3-12 h) with conventional electric 

(CE) heating. The Al-MIL-101-X materials with X = -CH3, -OCH3, -C6H4 and -(OCH3)2 were also 

prepared under identical microwave-assisted solvothermal conditions (170 °C, 10 min, 150 W) by 

employing similar reaction mixtures as those used during the syntheses with CE heating. A 

substantial reduction in the reaction time was observed in the microwave irradiation method as 

compared to the solvothermal technique. To confirm the phase purity of the materials, XRPD 

analysis, FT-IR spectroscopy, thermogravimetric and elemental analysis were performed. It was 

observed that Al-MIL-101-X materials can sustain up to 260-430 °C in an air atmosphere. The 

thermally activated forms of all the materials show significant porosity, as revealed by the N2 (SBET 

in the range of 1328-2398 m2 g-1) (Figure 6) and CO2 (uptake values in the range of 1.6-3.0 mmol 

g-1 at 0 °C and 1 bar) (Figure 7) sorption analysis. The N2 adsorption capacities of the materials 

are reliant on the size of the attached functional groups, whereas the CO2 uptake values of the 

materials are dependent on both the size and nature of attached functional groups, resulting in 

various CO2-framework interactions. The high thermal and moisture stability of the light-weight, 

non-toxic Al-MIL-101-X-CE materials along with the considerably high porosity would make 

them potential candidates for applications in gas storage and separation. 
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Figure 6. N2 adsorption isotherms of the thermally activated 1-CH3 (black, circles), 2-NO2 (blue, squares), 

3-OCH3 (green, triangles), 4-C6H4 (red, stars), 5-F2 (magenta, pentagons), 6-(CH3)2 (orange, rotated 

squares), 7-(OCH3)2 (cyan, hexagons) and Al-MIL-101-NH2 (violet, upside-down triangles) synthesized by 

solvothermal method. The adsorption curves were recorded at -196 °C. 

 

Figure 7. CO2 adsorption isotherms of the thermally activated 1-CH3 (black, circles), 2-NO2 (blue, 

squares), 3-OCH3 (green, triangles), 4-C6H4 (red, stars), 5-F2 (magenta, pentagons), 6-(CH3)2 (orange, 

rotated squares), 7-(OCH3)2 (cyan, hexagons) and Al-MIL-101-NH2 (violet, upside-down triangles) 

synthesized by solvothermal method. The adsorption curves were measured at 0 °C. (Microporous 

Mesoporous Mater., 2015, 215, 91) 
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Chapter 6 demonstrates the hydrothermal synthesis, complete characterization and sorption 

behavior of functionalized Cr-MIL-101-X (X = -F, -Cl, -Br, -CH3, -C6H4, -F2, -(CH3)2) materials. 

All of the functionalized compounds except Cr-MIL-101-C6H4 were obtained by reacting the 

mixtures of CrO3, H2BDC-X linkers, conc. HCl and water with a molar ratio of 1:1:3.9:222.2 at 

180 °C for 144 h. On the other hand, the Cr-MIL-101-X compounds with X = -Cl, -Br and -C6H4 

was synthesized in a shorter reaction times (12-18 h at 180-210 °C). The phase purity of the 

materials is confirmed by a combination of XRPD analysis, DRIFT spectroscopy and 

thermogravimetric analysis. TG analyses shows that all the Cr-MIL-101-X compounds exhibit 

high thermal stability up to 270-300 °C in an air atmosphere. All the thermally activated materials 

exhibit significant porosity, as verified by the N2 (SBET in the 1273-2135 m2 g-1 range) (Figure 8), 

CO2 (uptake values in the 1.7-2.9 mmol g-1 range at 0 °C and 1 bar) (Figure 9) and benzene 

(adsorption capacities in the 66.2-139.5 molecules per unit cell range at 50 °C and p/p0 = 0.35) 

(Figure 10) sorption analyses. The N2 uptake values of the materials are dependent on the size of 

the attached functional groups whereas, their CO2 and benzene adsorption capacities are dependent 

both on the size and the nature of grafted functional groups, resulting in different adsorptive-

framework interactions. Specially, the mono- and di-fluorinated Cr-MIL-101 materials displayed 

enhanced CO2 adsorption capacities. Moreover, Cr-MIL-101-F exhibited higher benzene uptake 

value compared to the non- and methyl-functionalized Cr-MIL-101, indicating that the fluorination 

induced more hydrophobicity in Cr-MIL-101 as compared to the methylation. The high thermal 

and hydrolytic stability as well as noticeably high porosity would make the Cr-MIL-101-X 

compounds as potential candidates for applications in gas/liquid storage and separation. 

 

Figure 8. N2 adsorption isotherms of the thermally activated 1-F (black, circles), 2-Cl (blue, squares), 3-

Br (green, triangles), 4-CH3 (red, stars), 5-C6H4 (magenta, pentagons), 6-F2 (orange, rotated squares), 7-

(CH3)2 (cyan, hexagons) and Cr-MIL-101 (violet, upside-down triangles) recorded at -196 °C. 
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Figure 9. CO2 adsorption isotherms of the thermally activated 1-F (black, circles), 2-Cl (blue, squares), 3-

Br (green, triangles), 4-CH3 (red, stars), 5-C6H4 (magenta, pentagons), 6-F2 (orange, rotated squares), 7-

(CH3)2 (cyan, hexagons) and Cr-MIL-101 (violet, upside-down triangles) measured at 0 °C. 

 

 

Figure 10. Benzene adsorption isotherms of the thermally activated 1-F (black, circles), 3-Br (green, 

triangles), 4-CH3 (red, stars), 5-C6H4 (magenta, pentagons), 6-F2 (orange, rotated squares) and Cr-MIL-

101 (violet, upside-down triangles) recorded at 50 °C. (J. Solid State Chem., 2016, 238, 195) 
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                                                               CHAPTER 1 

 

Introduction and Brief History of 

Functionalized Metal-Organic Frameworks 

(MOFs) 

 
This chapter presents recent advancements in rational design and synthesis of various 

functionalized MOFs for potential application in gas (H2, CO2, CH4, CO, etc.) storage and 

fluorescence sensing of wide variety of analytes (cations, anions, biomolecules, small molecules, 

volatile organic compounds, nitro explosive materials, etc.). Functionalization of MOFs has 

been demonstrated as a promising strategy to enhance the physicochemical stability (air, 

water, acid-base, heat, etc.) as well as gas storage and separation properties of the resulting 

MOFs. The attached functional groups can act as interaction sites for specific gas molecules 

(during gas adsorption) and analytes (during fluorescence sensing), thus increasing the 

selectivity of the MOF material towards the target gas or analyte. 
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1.1 INTRODUCTION 

 Porous materials have attracted great scientific interest because of their enormous 

application scopes as host molecules in the field of separation and storage,1 molecular sensing,2, 3 

catalysis,4, 5 asymmetric synthesis,6 and as host templates for preparing composite materials (e.g., 

organic/inorganic templates for embedded arrays of nanowires/polymers etc).7-9 Two types of 

porous solids are found: amorphous solids (e.g., plastics and gels) and crystalline solids (e.g., 

nanoporous silicas and zeolites). Based on the size of the pores, these porous solids can be divided 

into three categories: microporous (pore diameter, < 2 nm), mesoporous (pore diameter, 2 – 50 

nm) and macroporous (pore diameter, > 50 nm).  

 Metal-Organic Frameworks (MOFs)10-14 are a new class of highly crystalline porous 

coordination polymers which are composed of metal-containing secondary building units (SBUs) 

interconnected by rigid or semi-rigid polytopic organic linkers. The topology of the framework 

can be tuned by changing the length or geometry of the linkers,15 and also the geometry and 

connectivity of SBUs show a significant effect to the design of directionality for the construction 

of MOFs with larger surface area and tailorability.16, 17 Moreover, the grafting of different 

functional groups into the organic linker18-21 would provide an excellent way to produce MOFs 

having exceptional chemical and physical properties. Owing to their extraordinary porous 

behaviour and tunable framework characteristics, MOFs have received remarkable research 

interests towards a wide range of potential applications including gas storage/separation,22-24 

catalysis,25, 26 drug delivery,27-30 sensing31-36 etc., over traditional porous adsorbents such as 

zeolites, mesoporous silicas, carbon nanotubes and activated carbons. Owing to the accessibility 

of an almost infinite combination of metal ions and organic linkers, a large variety of MOF 

architectures bearing different types of pore systems as well as chemical and physical properties 

have been reported till date (Figure 1.1). However, there are still some ongoing challenges 

regarding the low physiochemical stabilities (moisture, thermal, and acid-base) of MOFs. Indeed, 

several MOFs have displayed promising gas adsorption/separation behavior, but these types of 

stability issues hinder their applications in industrial level. Several investigations on the chemical 

and thermal stability of MOFs have revealed that the framework stability is dependent upon 

various factors such as oxidation state of the metal ion, lability of metal-ligand bonds, etc.37 It has 

been found that the successful construction of MOFs having high hydrolytic stability is possible 
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by using metal ions with higher oxidation states, e.g. Cr(III),38 Al(III),39, 40 Fe(III),41 Zr(IV),42 

Ti(IV).43 

 

Figure 1.1 Number of publications containing the key word “Metal Organic Framework” in the past 15 

years (source: Sci Finder Scholar until 2015). 

1.2 BASIC DESIGN PRINCIPLES 

 MOFs are highly crystalline inorganic-organic framework solids. The network structures 

are constructed by accumulation of metal-containing clusters with organic molecules which serve 

as ligands coordinating via covalent bond. Three different types of strategies have been generally 

used to direct the synthesis of MOFs, which are mainly: (a) node-and-spacer, (b) vertex-linked 

polygons or polyhedra (VLPP), and (c) secondary building unit (SBU) approach. A brief 

description of each of these strategies is provided in this section. 

(a) Node-and-Spacer Strategy 

 The originally reported ‘node-and-spacer’ approach describes that the nets are usually 

constructed from organic ligands as linear ‘spacers’ and metal cations as ‘nodes’. The shapes of 

the spacers and nodes could be square, tetrahedral, octahedral, etc. During the synthesis of MOFs, 

the same strategy can be applied to construct extended framework structures, where both metal 
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centers and organic ligands can appropriately function as either nodes or spacers.44 Figure 1.2 

illustrates some representative examples of organic ligands with linear, angular, trigonal and 

tetrahedral shapes. In the node-and-spacer approach, the metal cluster serves as the node, while 

the multidentate organic ligand is the spacer. Availability of different possible combination of 

metal centers and organic molecules can lead to the design of a diverse arrangement of metal-

organic architectures ranging from 0D discrete nanostructures to 3D infinite networks (Figure 1.3). 

 

Figure 1.2 Representative examples of organic ligands employed for the construction of MOFs (HMTA = 

hexamethylenetetramine). 
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Figure 1.3 “Node-and-spacer” representations of metal-organic frameworks: (a) 0D nanoball; (b) 1D 

zigzag chain; (c) 1D helix; (d) 1D ladder; (e) 2D bilayers; (f) 2D square grid; (g) 2D honeycomb; (h) 3D 

(10,3)-a net; (i) 3D diamondoid net; (j) 3D primitive cubic net; (k) 3D NbO net. The diagrams have been 

adopted from ref. 45. 

 

(b) Vertex-Linked Polygons or Polyhedra (VLPP) Strategy 

 

Figure 1.4 “Vertex-linked Polygons or Polyhedra” (VLPP) representations of metal-organic frameworks: 

a) 0D nanoball; b) 3D (10,3)-a net; c) 3D diamondoid net; d) 3D primitive cubic net; e) 3D NbO net. The 

diagrams have been adopted from ref.45. 
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Based on geometrical principles, another approach was presented which involves the 

definite shapes of the building blocks and represents the nets as being sustained by vertex-linked 

polygons or polyhedra (VLPP)46-49 (Figure 1.4). Notably, the nets shown in Figure 1.3 can also be 

similarly well represented in the VLPP fashion (Figure 1.5). Node-and-spacer approach seems 

more straightforward in cases of linear spacers, whereas VLPP approach reveals more fundamental 

geometrical relationship between various building units. 

 

 

Figure 1.5 Four unitary nets represented in both node-and-spacer and VLPP format: a) (10,3)-a net, b) 

diamondoid net, c) NbO net, d) primitive cubic net. The diagrams have been adopted from ref.45. 

 

(c) SBU Strategy 

 The term ‘secondary building unit’ was initially used in zeolite chemistry where SBUs are 

denoted to common structural motifs occurring in various tetrahedral frameworks.50 Yaghi and co-

workers have extended this idea and introduced the so-called ‘secondary building unit (SBU)’ 

strategy for the construction of rigid and porous frameworks.16, 17, 51 These SBUs are constructed 

from metal containing clusters formed by the aggregation of metal ions and multidentate linkers 

possessing well-defined and highly symmetric coordination geometries. The SBUs serve as rigid 

vertices which are connected through organic linkers to form robust framework with high 

structural stability and permanent porosity. 
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Figure 1.6 Assembly of metal-organic frameworks (MOFs) by the copolymerization of metal ions with 

organic linkers to give (a) flexible metal-bipyridine structures with expanded diamond topology, and (b) 

rigid metal-carboxylate coordination units that can be linked by benzene “struts” to form rigid extended 

frameworks in which the M-O-C core (SBU) of each coordination unit acts as a large octahedron decorating 

a 6-connected vertex in a cube. All hydrogen atoms have been omitted for clarity. In (a): M, orange; C, 

grey; N, blue; in (b): M, pink; O, red; C, grey. The diagram has been adopted from ref.52. 
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1.3 SYNTHETIC METHODS 

 Apart from those geometric principles considered for designing MOFs, several factors also 

need crucial attention for maintaining the structural integrity of the building blocks during 

synthesis. The synthetic conditions must be mild enough to retain the functionality and 

conformation of the rigid organic linker, however at the same time they have to be reactive enough 

to generate the desired SBU to construct the framework structure via establishment of coordinative 

bonds. In general, synthesis of MOFs involves a chemical reaction between organic linkers and 

metal ions as an inorganic component in a polar solvent under mild temperatures (up to 200 ºC) 

and autogenous pressures (up to 100 atm). Transition metal ions are often used as the inorganic 

components which prefer different coordination numbers and geometries, such as linear, T- or Y-

shaped, tetrahedral, square planar, square pyramidal, trigonal bipyramidal, octahedral, trigonal 

prismatic and pentagonal bipyramidal. A wide variety of organic linkers including electronically 

neutral, cationic, or anionic have been used for the synthesis of MOFs (Figure 1.7). Preferably, 

those linkers with rigid backbones are frequently used, because the rigidity makes it easier to 

predict the network geometry in advance of synthesis. Moreover, it also helps to preserve the open-

pore structure after the removal of the occluded solvent molecules. Since most products are 

considered to be thermodynamically or kinetically controlled, factors such as solubility of the 

organic linker and metal salt, solvent polarity, ionic strength of the medium, pH, temperature or 

pressure can play key roles in determining the nature of the products. It has been found that change 

of the crystal quality as well as yield of the reaction or even formation of new phases can occur 

upon variation of these parameters. Several techniques have been applied to produce highly 

crystalline MOF materials by reducing the rate of crystallite nucleation, which include slow 

evaporation of a solution of the precursors, layering of solutions or slow diffusion of one 

component solution into another through a membrane or an immobilizing gel. Prior to coordination 

with the metal ions, ligands such as polycarboxylic acids need to be deprotonated. In cases where 

deprotonation of the organic linker molecule is necessary, amide co-solvents which undergo 

thermal decomposition on heating such as alkyl formamides and pyrrolidinones are very useful for 

gradual neutralization of the solution. In order to increase the crystallinity, modulated synthesis of 

several MOFs have been carried by using common mono carboxylic acids (e.g., acetic acid, formic 

acid, trifluoroacetic acid and benzoic acid) and HCl as modulators. These modulators are assumed 

to play two important roles during the synthesis: (i) facilitate the formation of metal clusters and 
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the growth of crystals; (ii) slow down the crystal growth rate by competing with organic linker 

molecules for the coordination sites at the metal centers.53, 54 

 

Figure 1.7 Representative examples of neutral, cationic and anionic linkers used for the synthesis of MOFs. 
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 Several synthetic procedures including room temperature synthesis, conventional electric 

(CE) heating, microwave (MW) heating, electrochemistry (EC), mechanochemistry (MC) and 

ultrasonic (US) methods have been employed for the synthesis of MOFs.55 Various well-known 

MOFs have been synthesized at room temperature by just mixing the reactants, e.g., MOF-5, MOF-

74, MOF-177, HKUST-1 or ZIF-8.56-58 

1.3.1 Hydro/Solvothermal Synthesis 

 MOFs have mostly been synthesized by solvothermal methods in stainless steel autoclaves 

or sealed Pyrex tubes at high temperature and pressure using conventional electric (CE) heating.12, 

59, 60 In hydrothermal synthesis, only water is used as the solvent. On the other hand, solvothermal 

synthesis includes various solvents other than water that are heated above the boiling point of the 

solvent. Moreover, mixtures of solvents other than pure solvents also have been used for 

synthesizing various MOFs. In order to prepare a robust and stable MOF, hydrothermal techniques 

play a more important role compared to the solution reactions.61 Unlike solution reactions, 

hydrothermal reactions are performed at high temperature and pressure in sealed reaction vessels 

which increases the solubility of the reactants and allows the reactions that do not occur at lower 

temperatures. However, this method usually involves long reaction times (sometimes several hours 

up to several days) depending upon the MOF of interest and other factors including reaction 

solvent, reaction temperature, reagent concentrations, etc. 

1.3.2 Microwave-Assisted and Sonochemical Synthesis 

 Synthesis using microwave (MW) irradiation has been widely applied for the rapid 

synthesis of MOFs under hydrothermal conditions. Besides fast crystallization,62-64 direct 

interaction of the microwave radiation with the solution/reactants allows MW-assisted technique 

to provide a very energy efficient method of heating with phase selectivity65 and decreased size66. 

 Sonochemical or ultrasonic methods via homogeneous and accelerated nucleation upon 

application of high-energy ultrasound to the reaction mixture can also result in a decrease in 

crystallization time and considerably smaller particle size than those obtained by the conventional 

solvothermal synthesis.67 
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1.3.3 Electrochemical and Mechanochemical Synthesis 

 In order to develop an environmentally friendly process, MOFs have also been synthesized 

under solvent-free conditions using electrochemical68 and mechanochemical69, 70 techniques. In 

electrochemical synthesis, the metal ions are continuously introduced through anodic dissolution 

rather than the addition of metal salts, which react with the medium containing dissolved linker 

molecules and a conducting salt. In addition, mechanochemical synthesis involves the mechanical 

breakage of intramolecular bonds followed by a chemical transformation of metal oxides and 

organic linkers at room temperature. 

1.3.4 Post-Synthetic Modification  

 Tuning of chemical/physical properties of MOFs for various applications can be achieved 

by integrating functional groups to the organic linker, which allows control in framework-guest 

molecule interactions leading to tailored properties. However, the introduction of functional group 

for a desired application is sometimes difficult to achieve during synthesis of MOFs owing to the 

high sensitivity and reactivity of the additional functionality during the formation of MOFs. 

Nevertheless, initially synthesizing the desired framework with linkers featuring inert functional 

groups and subsequently transforming those into reactive functional groups has led to the 

formation of several functionalized MOFs. Such post-synthetic modifications (PSMs) are 

emerging as a promising route to the tailor host-guest interactions for more specific and enhanced 

properties of MOFs.71 

1.4 HISTORY 

 It is well established that the reaction of Zn2+ ions with carboxylic acid produces a centered 

tetrazinc cluster, [Zn4O(RCOO)6] where the four Zn2+ ions are bridged together by the µ4-oxo 

group and six bridging carboxylates. For the first time, Yaghi and coworkers showed that it is 

possible to interconnect such tetrazinc clusters into an infinite polymeric cubic network by 

employing a rigid linear dicarboxylic acid instead of a monocarboxylic acid. Thus, the reaction of 

Zn(OAc)2·2H2O with terepthalic acid in presence of a non-coordinating base such as Et3N yields 

a highly robust cubic 3-dimensional MOF, Zn4O(BDC)3 (BDC = 1,4-benzenedicarboxylate). This 

coordination framework features an exceptionally high surface area of 3909 m2g-1 and it is 

popularly abbreviated as MOF-5.72 A series of Cr(III), Al(III) and Zr(IV) based MOFs have been 
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thoroughly investigated and among those UiO-66,42 MIL-10138, 39 and MIL-5338, 73 are very well 

known for their extraordinary physiochemical stability and potential applications. Since the 

preparation of MOFs having the ability to survive when exposed to moist air in order to avoid 

framework collapse is a challenging goal and requires research attention, herein we have aimed to 

synthesize new Al(III), Cr(III) and Zr(IV) based MOFs that can overcome these drawbacks with 

retention of their chemical and physical properties. 

 

 

Figure 1.8 Ball-and-stick representation of the 3D cubic framework structure of UiO-66. (a,b) Spatial 

arrangement of the octahedral (cyan spheres) and tetrahedral (yellow spheres) cages in the framework. (c,d) 

Magnified representation of the octahedral and tetrahedral cages. Zr atoms are shown as octahedra (colour 

codes: Zr, blue; C, blue; O, dark grey). The hydrogen atoms and guest molecules have been removed from 

all structural plots for clarity. The figure was drawn by using atomic coordinates provided in ref.74. 

 The Zr(IV)-based MOF called UiO-66 (UiO = University of Oslo)42 has attracted notable 

attention in recent years owing to its high thermal and chemical stability as well as potential 

properties for CO2/CH4 gas separation.75, 76 The 3D cubic framework of this MOF is built up of 

hexanuclear [Zr6O4(OH)4]
12+ building units in which the triangular faces of the Zr6-octahedron are 
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alternatively capped by µ3-O and µ3-OH groups (Figure 1.8). All the [Zr6O4(OH)4]
12+ building 

units are interconnected by the carboxylate groups of twelve 1,4-benzenedicarboxylate (BDC) 

dianions leading to the formation of [Zr6O4(OH)4(BDC)6] framework having octahedral (Figure 

1.8 c) and tetrahedral (Figure 1.8 d) cages. Each Zr atom exists in a square-antiprismatic geometry 

and coordinates with eight O atoms. One square face of the square antiprism comprises of O atoms 

from the carboxylate groups, whereas the O atoms from the μ3-O and μ3-OH groups construct the 

other face of the square antiprism. 

 The synthesis of UiO-66 was performed by using commercially available ZrCl4 and 1,4‐

benzenedicarboxylic acid (H2BDC) applying N,N’‐dimethylformamide (DMF) as solvent medium 

at 120 °C in a pre‐heated oven for 24 h. This coordination framework exhibits an exceptionally 

high Langmuir surface area of 1187 m2 g-1. Extending the length of the linker to two and three 

benzene ring dicarboxylic acids resulted in two more very potential MOFs popularly abbreviated 

as UiO-67 and UiO-68 with increased surface area of 3000 and 4170 m2 g-1, respectively. The 

structural integrity of UiO-66 against different solvents like water, DMF, benzene and acetone, 

confirmed by X-ray powder diffraction (XRPD) measurements, also proved the efficacy of this 

material for industrial applications. Functionalization of UiO-66 framework through attachment 

of different functional groups to the BDC ligand (UiO-66-X, X = -CH3, -(CH3)2, -NO2, -NH2, -

OH, -CO2H, -SO3H) enhanced the CO2 uptake compared to that of the un-functionalized UiO-66 

material.21 Moreover, the modulated synthesis of the MOF materials having UiO-66 framework 

topology by the addition of different modulators/additives (e.g., benzoic acid, acetic acid, formic 

acid, conc. HCl and H2O)77, 78 have been carried out in order to investigate their effect on the 

crystallinity of the MOF materials. 

 Ferey and coworkers have developed a very interesting series of MOFs known as the MIL-

n (MIL = Material of the Institute Lavoisier) which possess very high thermal and chemical 

stability in addition to their remarkable porosity.38, 39 Cr-MIL-101 is the most popular amongst 

these MOFs on account of its high moisture stability, high thermal stability (up to 400 °C) and 

extraordinarily high surface area of 4100 m2 g-1.38, 79 This chromium terephthalate MOF having 

formula of [Cr3F(H2O)2O(BDC)3]·nH2O (where n∼25) were synthesized by the reaction of 

Cr(NO3)3·9H2O with H2BDC ligand and HF in H2O under hydrothermal conditions (at 220 °C for 

8 h).  
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Figure 1.9 (a) Framework structure of Cr-MIL-101 having MTN topology and consisting of smaller (green) 

and larger (red) mesoporous cages. The structure is derived from (b) supertetrahedra (ST), which consist of 

trimeric oxido-centered [Cr3(μ3-O)(F)(H2O)2]6+ building units at the vertices cross-linked by the BDC 

linkers. The smaller and larger cages possess only pentagonal (c) or a combination of pentagonal (c) and 

hexagonal (d) windows, respectively. Colour codes: Cr, green octahedra; C, gray; O, red. The MTN 

framework (a) and the portions of Cr-MIL-101 network (b-d) have been drawn by using the atomic 

coordinates provided in “Database of Zeolite Structures”80 and ref.38, respectively. 

 The framework structure of Cr-MIL-101 is constructed from the linkage of BDC dianions 

with inorganic trimeric [Cr3O(H2O)2F(CO2)6] building units. Within the trimeric secondary 

building units, the three Cr atoms are in an octahedral environment and the six coordination sites 

are occupied by four O atoms from the bridging bidentate dicarboxylates, one µ3-O atom and one 

O atom from the terminal water or fluorine group. The structure of Cr-MIL-101 features corner-

sharing supertetrahedra which are made from the linkage of inorganic trimers and BDC dianions. 

The framework has two types of quasi-spherical cages limited by 12 pentagonal faces for the 

smaller (29 Å) and by 16 faces (12 pentagonal and 4 hexagonal) for the larger (34 Å) (Figure 1.9). 

Besides the parent and functionalized Cr-MIL-101-X (X = -H, -F, -Cl, -Br, -I, -CH3, -NO2, -NH2, 

-OH, -CO2H, -SO3H, etc.)81 MOFs, several other hydrolytically stable Fe-based MIL-101-X (X = 
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-H, -Cl, -NH2 and -(CH3)2)
82, 83 materials were also reported. The synthesis of non- and amino-

functionalized vanadium-based materials MIL-101 materials has been reported by the groups of 

Van Der Voort and Zou.84 Nevertheless, the rate of exchange of linkers by water molecules for 

both V(III) and Fe(III)-based MIL-101 materials made them highly sensitive to moisture. Apart 

from the parent and functionalized Cr(III), Fe(III) and V(III)-based MIL-101 materials, the 

synthesis, thermal and chemical properties of Al-MIL-101-NH2 compound have been also 

studied.40, 85, 86 However, the synthesis procedures of Al-MIL-101 derivatives having any other 

functional group than amino is so far unknown. 

1.5 MOFs AS CHEMICAL SENSORS 

 Recently, the development of porous crystalline luminescent MOF materials have attracted 

great interest over other sensor materials for sensitive and selective detection of various analytes 

for a range of applications including chemical threat detection, medical diagnostics, industrial 

process management, food quality control and environmental monitoring.87-95 The tunability of the 

specific surface area and pore volume of MOFs offers a high degree of molecular specificity and 

selectivity for the detection of analytes. Most notably, the large surface areas of MOFs along with 

the sustainable pores within the framework increase the chances of guest-host interactions and 

allow the confinement of analytes within their pores, which leads to high sensitivity detection of 

the analytes. Moreover, functional groups within the framework, such as Lewis acidic or basic and 

open metal sites, can serve as specific recognition sites for the detection of different analytes.94, 96-

98 The selective accumulation of the targeted analyte within the cavities of MOFs by these 

recognition sites can result in increased detection performance with lower detection limit up to 

single molecule level. In addition, the incorporation of organic ligands with aromatic moieties or 

extended π systems in the rigid frameworks of MOFs leads to stronger fluorescence emissions that 

might be visible to the naked eye. Most of the luminescent MOF materials display high thermal 

and chemical stability, which is necessary for the practical application of a sensor material. Above 

all, the availability of a huge combination of metal ions and organic ligands allows fine-tuning of 

valance and/or conduction band (and hence optical band gap) of MOFs, which is very important 

for sensing applications. Inspired by the above-mentioned advantages, a broad variety of MOF 

materials have been synthesized and examined for the detection of a wide range of analytes 
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including cations, anions, biomolecules, small molecules, volatile organic compounds and nitro 

explosive materials.87-95 

 The mechanism of generating fluorescence in MOFs can be explained in different ways 

based on their mode of fluorescence behavior. Such mode of mechanisms includes linker-based 

luminescence (ligand-localized emission), ligand-to-metal charge transfer (LMCT), metal-to-

ligand charge transfer (MLCT), metal-based emission, antennae effects, adsorbate-based emission, 

sensitization, excimer/exciplex emission and surface functionalization.99, 100 In principle, for turn-

off or turn-on sensing experiments, the change in fluorescence intensity of a luminescent MOF 

(LMOF) can be considered as change in their spectroscopic characteristics, which can potentially 

be used as a sensing signal. Depending on the electronic nature of the analyte molecule, electron 

transfer or energy transfer between the analyte molecule and the LMOF or a combination of the 

two can occur, which leads to either quenching or enhancement of the luminescence. Owing to 

their high electron affinity, nitroaromatic explosives are known as strong quencher molecules101-

103 whereas paramagnetic metal ions, such as Mn2+, Co2+, Ni2+ and Cu2+ also show quenching 

efficiency via LMCT and by relaxation of the excitation energy through a non-radiative pathway. 

Conversely, electronically rich benzene and its derivatives with electron donating substituents can 

enhance fluorescence, probably due to their ability to donate electrons from the excited-state to the 

LUMO or conduction band (CB) of the LMOF.104 On the other hand, in turn-on fluorescence 

experiments, the addition of analyte molecules results in the shift of an emission peak or a new 

emission peak (typically in the visible range) evolving from a previously dark background. For 

instance, the selective binding of analyte molecules can post-synthetically trigger the strong 

emission of an originally low-emitting or non-emitting MOF, which is known as guest-induced 

emission.105 In order to act as a useful sensor, a MOF material must possess few properties: (i) it 

must exhibit some change when allowed to interact with an analyte, (ii) it must show selectivity 

towards the targeted analyte, (iii) the change must be detectable. 

1.5.1 MOFs for Sensing of Nitroaromatic Explosives  

 The rapid and selective detection of nitroaromatic explosive compounds is very important 

for security screening, homeland security, environmental safety and human health. The major 

industrial explosives are 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-DNT), 2,6-

dinitrotoluene (2,6-DNT) and 2,4,6-trinitrophenol (TNP). 2,4,6-Trinitrophenol (TNP), which is 
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more powerful explosive than its well-known counterpart 2,4,6-trinitrotoluene (TNT), has been 

extensively used in the manufacture of landmines, rocket fuels, fireworks and matches.106, 107 It is 

also commonly used in leather, pharmaceutical and dye industries. TNP has become a major 

environmental pollutant due to its extensive use. Uncontrolled exposure of TNP to the environment 

from chemical industries rigorously affects the soil and aquatic system, causing various problems 

for wildlife and humans. In addition, mutagenic and/or carcinogenic activities of TNP can cause 

various health problems and fatal environmental pollution. Therefore, discriminative sensing of 

TNP from other nitroaromatic explosives having a very low detection limit is a vital task for 

reduction of its detrimental effects on the environment. Current in-field detection techniques for 

explosives use sophisticated instruments, which possess many disadvantages such as low 

selectivity, limited portability, high cost and enormous complexity. The fluorescent MOF 

materials, which have been employed so far as sensors for detecting nitroaromatic explosives, 

consists of various metal ion. When the electronically rich luminescent MOFs interact with the 

electron-deficient nitroaromatic explosives, the electron transfer takes place from the MOF to the 

nitroaromatic explosive compound. This electron transfer process leads to a “turn-off” effect due 

to the reduction of the luminescence emission intensity. In the following, several examples of 

luminescent MOFs containing three different types of metal ions and exhibiting fluorescence 

sensing properties towards nitroaromatic explosives, are presented.108 

(a) Transition Metal Based Luminescent MOFs 

 MOF materials constructed from π-electron rich ligands can be easily quenched by 

electron-poor nitroaromatic explosive guests due to their suitably confined environment for 

efficient electron transfer from electron-rich ligands to the guest molecules. Transition metal ions, 

especially Zn(II) and Cd(II) with d10 electronic configuration, are very promising candidates for 

the construction of ligand-centered luminescent MOFs due to their excellent luminescent behavior. 

A large number Zn-based luminescent MOFs have been reported until today for the detection of 

nitroaromatic explosives.104, 109-120 For example, a 3D Zn(II)-based MOF having molecular 

formula [Zn4O(cpi)2(H2O)3]∙3DMA·3EtOH·6H2O (H3cpi = 5-(4-

carboxyphenylethynyl)isophthalic acid) has been built up of π-conjugated H3cpi ligand. This 

shows significant quenching efficiencies for various nitroaromatic explosives such as NB, NT, 

NP, DNT and TNT (Figure. 1.10).119 Besides Zn(II)-based luminescence MOFs, a wide variety of 
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Cd(II)-based luminescent MOF materials have been also examined for the sensing of highly 

explosive nitroaromatic compounds (Figure 1.11). 121-124,125-128  

 

Figure 1.10 Reduction in fluorescence intensity of Zn(II)-based MOF (plotted as quenching efficiency) 

observed upon the addition of several quenchers. CB = chlorobenzene, BB = bromobenzene, BA = benzoic 

acid, 4-MeO-BA = 4-methoxybenzoic acid, BQ = benzoquinone. Reproduced with permission from 

ref.119. Copyright 2011 Royal Society of Chemistry. 

 

Figure 1.11 Emission spectra of NENU-503 at different concentrations of TNT (inset: color changes upon 

incremental addition of TNT solution. The photos from left to right are TNT, NENU-503 in DMA, NENU-

503 in DMA containing TNT, respectively). Reproduced with permission from ref.121. Copyright 2014 

John Wiley and Sons. 
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 Moreover, several other transition metal based MOFs have been developed for the 

fluorimetric detection of nitroaromatic explosives.129-131 A Zr(IV)-based MOF having composition 

Zr6O4(OH)4(ppdc)6 (ppdc = 2-phenylpyridine-5,4′-dicarboxylic) having Lewis basic pyridyl sites 

have been demonstrated for the rapid, selective and sensitive detection of TNP in aqueous medium 

(Figure 1.12).96 Another 3D Zr-MOF also provides selective sensing ability towards TNP where 

the guest-accessible Lewis basic N-donor sites of thienothiophene moieties can act as recognition 

sites for TNP via electrostatic interactions (Figure 1.13).132 

 

 

Figure 1.12 Highly selective detection of nitroaromatic explosives by Zr6O4(OH)4(ppdc)6 in aqueous phase. 

Reproduced with permission from ref.96. Copyright 2014 Royal Society of Chemistry. 

 

 

 

Figure 1.13 Fluorescent Zr(IV)-based MOF with attached amine functionality for highly selective detection 

of TNP in aqueous phase.132 
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(b) Lanthanide Based Luminescent MOFs 

 Indeed, a huge number of Zn(II) and Cd(II)-based luminescent MOFs have been applied 

for the detection of nitro explosives. However, the major drawback of these sensors is the small 

stokes shift, which prevents the detection by naked eye as there is not much difference in color 

between excitation light. Lanthanide based MOF sensors with large stokes shift exhibit excellent 

luminescence properties. Hence, they open up another potential way of for the fluorimetric sensing 

of nitroaromatic explosives. Especially, Tb3+ 133-137 and Eu3+ 120, 138-142 (Figure 1.14) based MOFs 

have been found to be very promising as sensor materials for the selective detection of 

nitroaromatic explosives. 

 

Figure 1.14 Luminescence quenching percentage when the MOF having composition 

Eu3(H0.75MHFDA)4(NO3)4·5.5DMF (H2MHFDA = 9-methyl-9-hydroxy-fluorene-2,7-dicarboxylic acid) 

was dispersed in eight different nitro explosives and toluene solutions in DMF. Reproduced with permission 

from ref.139. Copyright 2015 Royal Society of Chemistry. 

(c) Main Group and Metalloligand Based Luminescent MOFs 

 In addition to these two types of MOFs, main group-based luminescent MOFs143-146 and 

MOFs with metalloligands147-149 (as metal-containing complexes instead of pure organic ligands) 

are widely used for the fluorescence-based selective and sensitive detection of nitro explosive 

compounds. For example, an In(III)-based MOF having molecular formula [In2(tdmm)] 

TH-1686_136122029



Chapter-1 

 

20 
 

[NH2(CH3)2]2· (DMF)4(H2O)16 (tdmm = tetrakis[(3,5-dicarboxyphenoxy) methyl]methane) have 

displayed highly selective and sensitive sensing properties towards nitrobenzene (NB).146 

Furthermore, a highly luminescent heteronuclear MOF having composition 

Zn[(L)2]·3DMF·5H2O2 {L = [Ir(ppy)2(dcbpy)2]}; ppy = 2-phenylpyridine, dcbpy = 2,2′-

bipyridine-4,4′-dicarboxylate, based on a highly light-harvesting cyclo-metalated iridium(III) unit, 

have featured highly selective sensing of TNT on the ppm scale.150  

 Although a large number of MOF-based fluorescent sensor materials87-95 have been 

investigated until today for the detection of nitroaromatic explosive compounds, only a few of 

them151-160 have exhibited rapid and selective sensing properties towards TNP. 

1.5.2 MOFs for Sensing of Hydrogen Sulphide  

 MOF-based turn-on fluorescent probes with improved sensitivity over other traditional 

methods would be a promising strategy for the prompt detection and real-time monitoring of H2S. 

Only a few MOF materials (nitro-, azide-, malonitrile-functionalized and metalloporphyrin-based) 

have been reported as a fluorescence turn-on probe for the selective sensing of H2S under 

physiological conditions.161-165 These MOF-based fluorescent probes for detection of H2S can be 

classified into three categories based on their different fluorescence turn-on mechanism. (i) Probes 

containing azide/nitro group can be converted to turn-on fluorescence probe from their initial turn-

off state by H2S-facilitated reduction of azide/nitro functional group to amine.161-163 (ii) Probes 

incorporating reactive metal centers which can act as recognition sites for H2S within the 

framework. For example, Cu/Al-nano-MOF based on porphyrin acted as a fluorescent turn-on 

probe when treated with H2S as a consequence of leaching of Cu as CuS and simultaneous release 

of the fluorescent MOF.165 (iii) Probes with specific functional groups can efficiently uptake and 

respond to thiol-containing species. For example, malonitrile units in malonitrile-functionalized 

ZIF-90 MOF acted as recognition sites for thiol moieties by increasing the photoluminescence 

behavior as a result of the reaction between the malonitrile units and thiol compounds.164 

1.6 MOFs FOR CO2 ADSORPTION 

 The declining climate condition due to global warming caused by the rising of atmospheric 

CO2 level resulting from anthropogenic emissions is a matter of widespread public concern. The 
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increasing dependency on combustion fossil fuels (coal, petroleum and natural gas) is a major 

source of CO2 emission, which contributes 86% of anthropogenic greenhouse gas emissions.166 

The annual global emission of CO2 has been increased by approximately 80% between 1970 and 

2004. It is expected to continue to increase in the future due to economic growth and industrial 

development, particularly in the developing nations. Therefore, the urgent need of strategies to 

reduce the atmospheric CO2 levels has urged action from national and international governments 

and industries. Several methods have been proposed for the effective capture and 

sequestration/separation of CO2 (CCS) including membrane separation, chemical absorption with 

solvents, adsorption with solid adsorbents, cryogenic separation, electrochemical separation and 

fuel cells.167 The most essential parameter for any CO2 capture material is high selectivity toward 

CO2 in order to completely remove the CO2 component of the flue gas for subsequent 

sequestration. However, the affinity of the material toward CO2 is also a crucial parameter which 

controls and optimizes the interaction of CO2 with the material and energy penalty of capture. If 

the interaction is too strong, a high energy will be required for desorption of the captured CO2. On 

the other hand, a weak interaction although lowers the regeneration cost but it would afford low 

selectivity for CO2 over the other components of the flue gas. In addition, the material should 

exhibit a high stability under the conditions of capture and regeneration. It should also adsorb CO2 

at a high density. 

 The CO2 adsorptive capacity of a porous material can be measured by both gravimetric and 

volumetric methods. The gravimetric CO2 uptake reveals the quantity of CO2 adsorbed within a 

unit mass of the material whereas the volumetric uptake refers to how densely CO2 can be stored 

within the material. Porous materials are chosen as potential candidates for CO2 adsorption due to 

their porosity and high internal surface areas. The CO2 adsorption within the pores of the material 

depends on various factors including structural effects to surface functionalization. Besides porous 

materials, aqueous alkanol amine solutions (e.g., monoethanolamine, triethanolamine, N-

methyldiethanolamine) show very high affinity towards CO2 due to the presence of amine 

functional groups, which participate in nucleophilic attack at the C atom of CO2 to form a C ̶ N 

bond resulting in the formation of carbamate or bicarbonate species, as shown in Scheme 1.1.168  
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Scheme 1.1 Reaction of CO2 with monoethanolamine (MEA) to give carbamate product (upper), and the 

corresponding reaction with triethanolamine (TEA) resulting in a bicarbonate species (lower). 

 Despite the affinity for CO2, alkanolamine has also some major disadvantages as absorbent. 

First, the full regeneration of CO2 from the adsorbent materials is not possible because the solution 

of alkanolamine is relatively unstable towards heating which limits the regeneration. Secondly, the 

performance of the absorbent material deteriorates over time. Therefore, the lifetime of the 

solutions is reduced due to decomposition of the amines. In addition, the corrosive nature of the 

amines is a major drawback for this type of adsorbents, which prevents their practical applications. 

A large number of solid physical adsorbents have been reported so far for CO2 capture including 

carbon-based sorbents, zeolites, chemically modified mesoporous materials, metal oxides, 

hydrotalcite-like compounds and organic solids such as covalent organic frameworks (COFs).146 

The solid adsorbents are promising candidates for CO2 adsorption because the smaller heat 

capacities of solids may reduce the functional temperature required for regeneration. Utilization 

of the solid adsorbents would also minimize the corrosion issues resulting from the use of aqueous 

amines. Zeolite LTA, a porous and low-cost solid adsorbent material, has shown a significant 

impact on the rapid and effective CO2 adsorption.169 However, the hydrophilic nature of the 

zeolites leads to ready adsorption of water vapor, which reduces the CO2 adsorption capacity of 

the materials. Furthermore, the large enthalpy of adsorption of CO2 limits their practical 

applications by increasing the CO2 desorption temperature (ca. 135 ºC). Later, these difficulties 

were overcome by using highly porous and hydrophobic activated carbons, which exhibit effective 

CO2 adsorption compared to zeolites with reduced effect of water vapor on the adsorbent.170 

Therefore, the development of new materials combining the high affinity of amines and the 
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advantages of using a porous solid adsorbent to improve the CO2 uptake capacity is very crucial 

task. In last two decades, a new class of porous crystalline materials known as metal-organic 

frameworks (MOFs) has shown remarkable progress in CO2 adsorption.171 These materials have 

attracted much attention due to their unique structural properties including robustness, high 

internal surface areas, high chemical and thermal stabilities, high void volumes and low densities. 

In addition to the adsorption capacity, the selectivity is a principal property relevant to adsorptive 

gas separation, and is determined by interplay of factors including molecular sieving effect, 

thermodynamic equilibrium effect and kinetic effect. The high tunability of the framework design 

of MOFs allows greater functionality with reduced adsorbent mass and volume compared to 

conventional solid adsorbents. In addition, the presence of coordinatively unsaturated metal 

centers (open metal sites) along the pore surfaces provides Lewis acidity to the framework. Besides 

large surface areas and pore volumes, the available open metal sites in some MOFs (e.g., M2-dobdc 

or M-MOF-74; M = Mg, Mn, Fe, Co, Ni, Zn; dobdc4− = 2,5-dioxido-1,4-benzenedicarboxylate) 

make them potential candidates for CO2 adsorption.172 The majority of the known MOFs, which 

have been investigated for CO2 adsorption, are catalogued in Table 1.1.  

Table 1.1 Summary of known MOFs investigated for CO2 adsorption. 

MOFs Conditions Adsorbed 

amount 

(mmol/g) 

Ref. 

Mg/DOBDC / MOF-74 (Mg) / CPO-27-Mg 298 K, 1 bar 8.48 173 

HKUST-1 / Cu-BTC 298 K, 1 bar, 4% 

hydrated 

8.18 174 

Mg/DOBDC / MOF-74 (Mg) / CPO-27-Mg 296 K, 1 atm 8.00 175 

Co/DOBDC / MOF-74 (Co) / CPO-27-Co 298 K, 1 bar 7.55 173 

Ni/DOBDC / MOF-74 (Ni) / CPO-27-Ni 298 K, 1 bar 7.15 173 

Co/DOBDC / MOF-74 (Co) / CPO-27-Co 296 K, 1 atm 6.95 175 

Mg/DOBDC / MOF-74 (Mg) / CPO-27-Mg 298 K, 1 atm 6.82 176 

Ni/DOBDC / MOF-74 (Ni) / CPO-27-Ni 298 K, 1 atm 6.82 176 

bio-MOF-11 273 K, 1 bar 6.00 177 
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MOFs Conditions Adsorbed 

amount 

(mmol/g) 

Ref. 

Ni/DOBDC / MOF-74 (Ni) / CPO-27-Ni 296 K, 1 atm 5.82 175 

Zn/DOBDC / MOF-74 (Zn) / CPO-27-Zn 296 K, 1 atm 5.54 175 

Ni/DOBDC / MOF-74 (Ni) / CPO-27-Ni 303 K, 1 atm 5.00 178 

HKUST-1 / Cu-BTC 298 K, 1 bar, 

dehydrated 

5.00 174 

HKUST-1 / Cu-BTC 295.25 K, 1 bar 4.20 179 

bio-MOF-11 298 K, 1 bar 4.10 177 

HKUST-1 / Cu-BTC 298 K, 1 bar 4.07 180 

CUK-1 298 K, 760 torr 3.48 181 

YO-MOF  273 K, 1 atm 3.39 182 

SNU-M10 273 K, 1 atm 3.3 183 

H3[(Cu4Cl)3-(BTTri)8] 298 K, 1 bar 3.25 184 

USO-2-Ni-A 303 K, 1 atm 3.18 185 

USO-1-Al-A 303 K, 1 atm 2.73 185 

ZIF-69 273 K, 1 atm 2.62 1 

HKUST-1 / Cu-BTC 318.15 K, 1 bar 2.60 179 

Ni-STA-12 298 K, 1 bar 2.60 186 

[Pd(m-F-PYMO-N1,N3)2·(H2O)m]n 293 K, 650 torr 2.49 187 

[Fe(PZ)Ni(CN)4] 298 K, 1 bar 2.48 188 

MIL-53(Cr) 303 K, 0.1 Mpa 2.39 189 

USO-1-Al 303 K, 1 atm 2.27 185 

MOF-5 / IRMOF-1 296 K, 1 bar 2.10 190 

SNU-M10 298 K, 1 atm 2.10 183 

USO-2-Ni 303 K, 1 atm 2.05 185 

MIL-47 298 K, 1 bar 2.00 173 

Amino-MIL-53(Al) 288 K, 1 bar 2.00 191 

MIL-53 304 K, 1 bar 2.00 192 

UoC-1’ 273 K, 1 bar 2.00 193 
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MOFs Conditions Adsorbed 

amount 

(mmol/g) 

Ref. 

MOF-5 / IRMOF-1 298 K, 1 bar 1.92 190 

HKUST-1 / Cu-BTC 295.25 K, 1 bar 1.80 179 

[Cu2(IMTA)(DMSO)2]·2H2O 298 K, 1 bar 1.80 194 

ZIF-100 273 K, 1 atm 1.70 195 

[Pd(2-PYMO)2]n 298 K, 1 atm 1.68 196 

[Pd(m-H-PYMO-N1,N3)2·(H2O)m]n 293 K, 650 torr 1.64 187 

HKUST-1 / Cu-BTC 318.15 K, 1 bar 1.50 179 

MOF-5 / IRMOF-1 273 K, 1 bar 1.50 193 

H3[(Cu4Cl)3(BTTri)8]-(en) 298 K, 1 bar 1.25 184 

SNU-9 273 K, 1 atm 1.25 197 

Zn2(tetrakis[4-(carboxyphenyl)oxamethyl]  

methane)(4,4′-bipyridine) 

298 K, 1 bar 1.14 198 

MOF-5 / IRMOF-1 298 K, 1 bar 1.13 190 

MOF-5 / IRMOF-1 298 K, 1 bar 1.12 190 

ZIF-8 298 K, 1 bar 1.02 173 

[Cu2(HBTB)2(H2O)(EtOH)]·H2O·EtOH 298 K, 1 bar 1.00 199 

ZIF-100 298 K, 1 atm 0.96 195 

USO-3-Ni 303 K, 1 atm 0.91 185 

UMCM-1 298 K, 1 bar 0.91 173 

[Cu(2-PYMO)2]n 298 K, 1 atm 0.90 187 

MOF-5 / IRMOF-1 298 K, 1 bar 0.83 173 

[Cu3(m-TATB)2Py(CH3OH)2] 273 K, 1 atm 0.82 200 

[Pd(m-Br-PYMO-N1,N3)2·(H2O)m]n 293 K, 650 torr 0.74 187 

[Zn2(4,4',4'',4'''-benzene-1,2,4,5-

tetrayltetrabenzoic acid)(py-R)2]n 

298 K, 1 bar 0.62 201 

[Zn2(4,4',4'',4'''-benzene-1,2,4,5-

tetrayltetrabenzoic acid)(DMF)2]n 

298 K, 1 bar 0.60 201 
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MOFs Conditions Adsorbed 

amount 

(mmol/g) 

Ref. 

MOF-2 298 K, 1 bar 0.57 180 

[Pd(m-I-PYMO-N1,N3)2·(H2O)m]n 293 K, 650 torr 0.41 187 

[Mg(HCOO)2·2H2O] 298 K, 700 torr 0.30 202 

ZIF-20 273 K, 760 torr 0.16 203 

Ligand abbreviations: BTC = benzenetricarboxylate; BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene; F-

PYMO = 5-fluoropyrimidin-2-olate; PZ = pyrazine; H-PYMO =  pyrimidin-2-olate; TATB = 4´,4´,4´´-s-

triazine-2,4,6-triyl-tribenzoate; IMTA = imidazolium tetracarboxylic acid; BTB = 1,3,5-tris(4-

carboxyphenyl)benzene. 

1.7 MOTIVATION AND OBJECTIVES  

 So far, a large number of MOFs have shown application potentials in gas (H2, CO2, CH4, 

CO, etc.) storage and fluorescence sensing of a wide variety of analytes (cations, anions, 

biomolecules, small molecules, volatile organic compounds, nitro explosive materials, etc.). 

Functionalization of MOFs has been performed by using pre-functionalized ligands during the 

synthesis or by using the post-synthetic modification approach. The functional groups introduced 

in either strategy have been demonstrated to affect the physicochemical stability (air, water, acid-

base, heat, etc.)204 as well as gas storage and separation205, 206 properties of the resulting MOFs. 

The attached functional groups can act as interaction sites for specific gas molecules (during gas 

adsorption) and analytes (during fluorescence sensing), thus increasing the selectivity of the MOF 

material towards the target gas or analyte. In this thesis, the synthesis, characterization, gas storage 

and fluorescence sensing behavior of new MOFs possessing different functional groups will be 

presented. The synthesis of air- and moisture-stable MOFs bearing desired functional groups is 

still a key challenge. Some of the well-known MOF materials207, 208 displaying application 

potentials in adsorption, separation or catalysis collapse after prolonged exposure towards 

moisture from air. This type of instability hampers their practical applications. For enhancing their 

hydrolytic stabilities, hydrophobic functional groups (e.g., -F, -CH3, -CF3, -OCF3, etc.) have been 

incorporated in their frameworks. In addition, the use of metal ions with higher oxidation states 

than divalent ions (e.g. Al(III),20, 209 Cr(III),38 Ti(IV),43 Zr(IV),42 Ce(IV),210 etc.) has been 

demonstrated to be a successful approach, which results in MOFs having relatively higher 
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physiochemical stabilities (air, water, heat, acid-base, etc.). In this dissertation, the gas adsorption 

and fluorescence sensing applications of highly stable MOFs bearing metal ions in high oxidation 

states (Al(III), Cr(III), Zr(IV) and Ce(IV)-based MOFs including one Cd(II)-based MOF) will be 

presented.  
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                                                               CHAPTER 2 

 

Improved Synthesis of Zirconium(IV) 

Muconate MOF: Characterization, Stability 

and Gas Sorption Properties 

 

This chapter presents an improved synthesis procedure for the preparation of the previously 

reported Zr(IV) trans,trans-muconate framework compound. Instead of using non-commercial 

Zr6-methacrylate oxocluster as the metal source, the same MOF material was successfully 

synthesized by using commercially available ZrCl4 as the Zr source. The N2 sorption isotherms 

confirms the microporous nature of the thermally activated Zr(IV) muconate compound. The 

moderate physicochemical stability along with significant porosity of the material will make it 

a potential candidate in the field of gas storage and separation. 

 

 

 

 

TH-1686_136122029



Chapter-2 
 

 

39 
 

2.1 INTRODUCTION 

 Metal-organic frameworks (MOFs) are highly porous and crystalline materials which are 

composed of metal ions or metal clusters cross-linked by rigid, polytopic organic ligand 

molecules.1-5 Owing to their structural tunability because of a huge combination of metal ions 

and organic ligands and improved chemical as well as physical properties compared to other 

traditional porous materials (e.g. zeolites, mesoporous silicas and activated carbons), MOFs have 

gained a remarkable attention for application in several areas including gas storage and 

separation,6, 7 sensing,8-16 catalysis6, 17 and drug delivery18-21 etc. A large variety of porous MOF 

structures possessing different types of pore systems have been reported until today. Several 

well-known MOFs22-26 have exhibited strong possibilities for adsorption/separation. However, 

their industrial application is limited due to low physicochemical stabilities (air, water, thermal, 

acid-base, etc.).  MOFs with transition metal ions having higher oxidation states (e.g. Ti(IV),27 

Zr(IV),28 etc.) have shown higher physicochemical stabilities. The popularly known UiO-66 

(UiO = University of Oslo)28 MOF with Zr(IV) metal ions has attracted tremendous attention in 

recent years due to its high thermal and chemical stability as well as potential properties for 

CO2/CH4 gas separation.29, 30 The 3D cubic framework of this MOF is constructed from a centric 

octahedral cage linked to eight corner tetrahedral cages by means of trigonal windows and 1,4-

benzenedicarboxylate (BDC) dianions as ligand molecules. The Zr(IV) trans,trans-muconate 

network (Figure 2.5)31 possesses the same structural topology as the UiO-66 compound. The 

Zr(IV) muconate material bears moderate physicochemical stabilities, whereas the aromatic 

BDC ligands impart high physicochemical stabilities to the UiO-66 material. 

 In order to increase the crystallinity of the resulting Zr(IV)-based MOF materials having 

UiO-66 framework topology, several modulators and/or additives32 have been employed during 

the synthesis.33-60 Typically, the solvothermal reaction of a Zr(IV) salt with the respective ligand 

in a polar amide solvent in presence of a modulator/additive results in the formation of highly 

crystalline and porous Zr(IV)-based MOF compound. The Zr(IV) trans,trans-muconate material 

(1) was prepared for the first time by exchanging the methacrylate anions of the oxocluster 

[Zr6O4(OH)4(OMc)6] (Mc = methacrylate) by trans,trans-muconate dianions.31 Indeed, this 

“precursor approach”32 allowed the modulation of the size of the MOF nanoparticles as a 

function of reaction time. However, the starting “precursor” compound is commercially 
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unavailable and the preparation of this  precursor requires inert atmosphere for handling of the 

reactants.61 In the original report,31 the researchers could not succeed to synthesize the Zr(IV) 

muconate compound by using commercially available ZrCl4 as the precursor and by varying the 

reaction conditions. In this work, we show that the same MOF material can be successfully 

prepared by employing cheap, commercially available ZrCl4 as the Zr(IV) source and small 

quantities of H2O (1-H2O-AS; AS = as-synthesized) or concd. HCl (1-HCl-AS) as additives in 

N,N-dimethylformamide (DMF). Herein, we present the improved synthetic procedure, 

characterization, thermal and chemical stability, and gas sorption behavior of the Zr(IV) 

muconate compound.  

2.2 EXPERIMENTAL SECTION 

2.2.1 Materials and General Methods 

 All the starting materials were of reagent grade and used as received from the commercial 

suppliers. Fourier transform infrared (FT-IR) spectra were recorded in the region of 440-4000 

cm–1 with a Perkin Elmer Spectrum Two FT-IR spectrometer. The following indications are used 

to characterize absorption bands: very strong (vs), strong (s), medium (m), weak (w), shoulder 

(sh), and broad (br). Elemental analyses (C, H, N) were carried out on a Eurovector EA3000 

CHNS-O analyzer. Thermogravimetric analysis (TGA) was performed with a Mettler-Toledo 

TGA/SDTA 851e thermogravimetric analyzer in a temperature range of 25-750 °C under air 

atmosphere at a heating rate of 5 °C min−1. Ambient temperature X-Ray powder diffraction 

(XRPD) patterns were recorded on a Bruker D2 Phaser X-ray diffractometer operated at 30 kV, 

10 mA using Cu-Kα (λ = 1.5406 Å). The nitrogen sorption isotherms up to 1 bar were measured 

using a Quantachrome Autosorb iQ-MP gas sorption analyzer at -196 °C. Prior to the sorption 

experiments, the compounds were degassed at 150 °C for 12 h under dynamic vacuum.    

2.2.2 Synthesis of [Zr6O4(OH)4(C6H4O4)6]∙1.5DMF∙10H2O (1-H2O-AS) 

 A mixture of ZrCl4 (100 mg, 0.43 mmol), trans,trans-muconic acid (61 mg, 0.43 mmol) 

and H2O (20 µL, 1.11 mmol) in 3 mL of DMF was heated in a sealed glass tube at 150 ºC for 24 

h using a block heater. After spontaneous cooling to room temperature, the white precipitate was 

collected by filtration, washed with acetone and dried in air. The yield was 114 mg (0.07 mmol, 

92%) based on the Zr salt. Anal. Calcd for C40.5H54.5N1.5O39.5Zr6: C, 27.92 H, 3.15 N, 1.20. 
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Found: C, 27.97 H, 2.82 N, 1.50%. FT-IR (KBr, cm-1): 3420 (br), 2926 (sh), 1618 (vs), 1554 

(sh), 1388 (vs), 1291 (sh), 1187 (w), 999 (m), 865 (w), 731 (sh), 658 (s), 585 (sh), 488 (w).   

2.2.3 Synthesis of [Zr6O4(OH)4(C6H4O4)6]∙1.2DMF∙12H2O (1-HCl-AS) 

 A mixture of ZrCl4 (100 mg, 0.43 mmol), trans,trans-muconic acid (61 mg, 0.43 mmol) 

and concd. HCl (36 µL, 0.43 mmol) in 3 mL of DMF was heated in a sealed glass tube at 150 ºC 

for 24 h using a block heater. After spontaneous cooling to room temperature, the white 

precipitate was collected by filtration, washed with acetone and dried in air. The yield was 116 

mg (0.07 mmol, 96%). Anal. Calcd for C39.9H49.1N1.3O37.3Zr6: C, 28.33 H, 2.92 N, 1.07. Found: 

C, 27.93 H, 2.73 N, 1.12%. FT-IR (KBr, cm-1): 3431 (br), 2927 (sh), 1613 (vs), 1558 (sh), 1382 

(vs), 1297 (sh), 1193 (w), 1005 (m), 865 (w), 731 (sh), 658 (s), 585 (sh), 488 (w). 

2.2.4 Activation of The Compounds 

 The as-synthesized compounds were activated by employing two procedures. In one 

procedure, which is similar to the previous report,31 the as-synthesized samples were directly 

heated under vacuum at different temperatures (100, 130 and 150 ºC) for 12 h. In the other 

procedure, the as-synthesized samples were activated in two steps. In the first step, the as-

synthezed samples (0.3 g) were stirred in methanol (50 mL) under ambient conditions for 24 h. 

In the second step, the methanol-exchanged forms of the materials were heated at 150 ºC under 

vacuum for 12 h. 

2.3 RESULTS AND DISCUSSIONS 

2.3.1 Syntheses, Activation and FT-IR Analysis  

 The optimization of the synthesis conditions for Zr(IV) muconate compound was 

performed by performing reactions of trans, trans-muconic acid ligand with Zr(IV) salts (ZrCl4, 

ZrO(NO3)2∙xH2O or ZrOCl2∙8H2O) in presence of modulators/additives (H2O, concd. HCl, 

benzoic acid, formic acid, acetic acid or trifluoroacetic acid) in polar amide solvents such as 

DMF, N,N-diethylformamide (DEF) and N,N-dimethylaetamide (DMA). Reactions in all 

possible combinations (Table 2.1) of the Zr(IV) salts, modulators/additives and solvents were 

carried out. Zr(IV) muconate compounds with very high crystallinity were achieved when ZrCl4 

was used as the metal source and water/concd. HCl was employed as the additive in DMF. The 
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optimized ZrCl4/ligand/H2O and ZrCl4/ligand/HCl molar ratios correspond to 1:1:2.6 (1-H2O-

AS) and 1:1:1 (1-HCl-AS). The influence of ZrCl4/additive molar ratio on the crystallinity of the 

Zr(IV) muconate material was investigated by varying the ZrCl4/H2O and ZrCl4/HCl molar ratios 

in the ranges 1:1.3-1:100 (Figure 2.1) and 1:1-1:10 (Figure 2.2), respectively. It was observed 

that the excess of additives than the optimized molar ratio had a detrimental effect on the 

crystallinity of the compounds. The reactions in the presence of monocarboxylic acids (formic, 

acetic and trifluoroacetic acid) as modulators also produced crystalline products. However, none 

of these products corresponded to the Zr(IV) muconate phase, as verified by the XRPD 

measurements.  

Table 2.1 The 18 possible combinations of reactants for the synthesis of the Zr(IV) muconate 

compound employing ZrCl4 and trans, trans-muconic acid ligand at 150 ºC. 

 

 

water concd. 

HCl 

benzoic 

acid 

formic 

acid 

acetic 

acid 

trifluoro-

acetic 

acid 

N,N'-dimethylformamide       

N,N'-diethylformamide       

N,N'-dimethylacetamide       

 

 In the literature, Zr(IV) muconate solid was synthesized using the non-commercial Zr6-

methacrylate oxocluster as the metal source, since the researchers failed to prepare the MOF 

initially with commercially available ZrCl4.
31 Herein, we demonstrate that the same Zr(IV) 

muconate material can be successfully synthesized by employing commercially available ZrCl4 

as the Zr(IV) source and following the above-mentioned optimized reaction conditions.  

 

Solvent 

 

Additive 
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Figure 2.1. XRPD patterns of Zr(IV) muconate samples prepared with different equivalents (with respect 

to ZrCl4) of H2O as an additive.  

 The as-synthesized forms of 1-H2O and 1-HCl were washed with sufficient amounts of 

acetone after filtration for the removal of the physisorbed DMF molecules from the external 

surface of the samples. In order to optimize the conditions for thermal activation (i.e., removal of 

the occluded molecules from the pores of the compounds), two independent methods were 

employed and surface area analyses (cf. Gas Sorption Properties section) were carried out with 

all the samples obtained by using the two procedures. In one method, the as-synthesized samples 

were directly heated under vacuum at different temperatures (100, 130 and 150 ºC) for 12 h. The 

optimum BET surface area was obtained when the sample was heated at 150 ºC. This 

temperature was employed in the second method, which consisted of two steps. In the first step, 

the guest solvent (H2O and DMF) molecules within the pores were exchanged with more volatile 

methanol molecules. In the second step, the methanol-exchanged form of the compound was 

heated at 150 ºC under vacuum in order to remove the methanol molecules from the pores. Both 

of the methanol-exchanged and thermally activated compounds displayed similar XRPD patterns 

(Figure 2.3) as the as-synthesized compounds, verifying structural integrity of the 1-HCl 

compound upon treatment with methanol and heat, respectively.    
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Figure 2.2. XRPD patterns of Zr(IV) muconate samples prepared with different equivalents (with respect 

to ZrCl4) of concd. HCl as an additive. Note that an additional peak (marked with a blue asterisk) for an 

impure phase was observed when 10 equivalents of HCl was used. 

 

Figure 2.3 XRPD patterns of 1-HCl in different forms: as-synthesized (black), methanol-exchanged 

(red), thermally activated (blue), after surface area analysis (green), exposed to air for 7 days (cyan), and 

treated with water (magenta). 
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 The FT-IR spectra of the thermally activated forms of structurally related 1-H2O and 1-

HCl (Figure 2.4) are similar, as expected. In the FT-IR spectra, the strong absorption bands 

owing to the asymmetric and symmetric –CO2 stretching vibrations of the coordinated 

trans,trans-muconate ligand molecules are located at around 1615 and 1385 cm-1, respectively.62, 

63    

 

Figure 2.4. FT-IR spectra of the thermally activated forms of 1-H2O (black) and 1-HCl (blue) 

compounds. 

2.3.2 Structure Description 

 The refined unit cell parameters (Table 2.2) of 1-H2O-AS and 1-HCl-AS compounds 

were determined from the corresponding XRPD patterns collected at ambient conditions. The 

values of lattice parameters match closely with those reported in the literature for Zr(IV) 

muconate material.31 The experimental XRPD patterns (Figure 2.6) are very similar to those 

documented in the literature and they match well with the simulated XRPD patterns. The slight 

discrepancy between the calculated and experimental XRPD patterns might be owing to the fact 

that the simulated patterns correspond to the dehydroxylated form whereas the experimental 

patterns relate to the as-synthesized (i.e. hydroxylated) form of the compound. As described in 

the earlier report,31 the hydroxylated form of Zr(IV) muconate framework is constructed from 

hexanuclear [Zr6O4(OH)4] building units in which the triangular faces of the Zr6 octahedron are 

alternatively capped by μ3-O and μ3-OH groups.  
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Figure 2.5 Ball-and-stick representation of the 3D cubic framework structure of Zr(IV) muconate. (a,b) 

Spatial arrangement of the octahedral (yellow spheres) and tetrahedral (orange spheres) cages in the 

framework. (c,d) Magnified representation of the octahedral and tetrahedral cages. Zr atoms are shown as 

octahedra (color codes: Zr, blue; C, gray; O, red). The hydrogen atoms and guest molecules have been 

removed from all the structural plots for clarity. The figure was drawn by using atomic coordinates 

provided in ref. 31. 

 The Zr6 polyhedra are interconnected along the edges by carboxylate groups of twelve 

trans,trans-muconate ligand molecules. This structural connectivity results in the formation of a 

cubic, three-dimensional (3D) framework exhibiting both octahedral and tetrahedral microporous 

cages (Figure 2.5a, b). Each Zr atom coordinates with eight O atoms and resides in a square-

antiprismatic geometry. One square face of the square antiprism is constructed from O atoms 

from carboxylate groups. The second square face is built up of O atoms from the μ3-O and μ3-

OH groups. In the microporous framework, each centric octahedral cage (Figure 2.5c, free 

diameter: ~12 Å) is coordinated with eight corner tetrahedral cages (Figure 2.5d, free diameter: 

~7.5 Å) through trigonal windows. During the reaction, a surprising change in the geometry (cis-

trans isomerism) of the ligand molecule occurs, resulting in the formation of disordered cis,cis-

muconate molecule in the framework from starting trans,trans-muconic acid molecule in the 

reaction mixture. 
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Figure 2.6 Calculated (black) XRPD pattern of Zr(IV) muconate, and experimental XRPD patterns of 1-

H2O-AS (blue) and 1-HCl-AS (red). 

Table 2.2. Refined lattice parameters for the as-synthesized 1-H2O and 1-HCl compounds 

having cubic unit cells. 

Compound a (Å) V (Å3) Figures of Merit 

1-H2O-AS 20.950(9) 9194.5(14) F10 = 21.7 (0.014, 34) 

1-HCl-AS 21.082(7) 9369.8(22) F9 = 45.8 (0.007, 30) 

Zr(IV) muconate31 20.818(1) 9022.6(7) F25 = 20 (0.0070, 103) 

2.3.3 Thermal and Chemical Stability 

 In order to investigate the thermal stability of the two compounds, thermogravimetric 

analyses (TGA) were carried out with the as-synthesized samples in air atmosphere. According 

to the TG analyses (Figure 2.7), 1-H2O-AS and 1-HCl-AS compounds are thermally stable up to 

~250 ºC, which is comparable with the literature value.31 Thus, the thermal stabilitites of 1-H2O-

AS and 1-HCl-AS are considerably lower compared to those of nonfunctionalized (430 ºC) and 

functionalized UiO-66 compounds.33,37 The lower thermal stability of Zr(IV) muconate 

compound compared to that of UiO-66 has been formerly ascribed to the easier thermal 

decomposition of the olefinic muconate ligand compared to the aromatic terephalate ligand.31 In 
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the TG curves of 1-H2O-AS and 1-HCl-AS (Figure 2.7), the first weight loss steps (10.3 wt%, 1-

H2O-AS; 11.7 wt%, 1-HCl-AS) in the range 25-130 °C can be assigned to the removal of 10 and 

12 occluded H2O molecules per formula unit (calcd: 10.5 wt%, 1-H2O-AS; 11.8 wt%, 1-HCl-

AS), respectively. The second weight loss steps (6.7 wt%, 1-H2O-AS; 4.4 wt%, 1-HCl-AS) in 

the range 130-250 °C can be attributed to the removal of 1.5 and 1.2 guest DMF molecules per 

formula unit (calcd: 6.3 wt%, 1-H2O-AS; 4.8 wt%, 1-HCl-AS), respectively. Above 250 °C, the 

compounds start to decompose due to the loss of organic ligand molecules from the frameworks. 

 In order to determine the chemical stabilities, samples of 1-HCl were stirred at ambient 

conditions in water, acetic acid, 1M HCl and 1M NaOH solutions for 12 h. After that the 

material was collected by filtration and their crystallinity was examined by XRPD experiments 

(Figure 2.3). The crystallinity of the 1-HCl compound significantly detoriated after treatment 

with water solutions. Drastic reduction in the crystallinity was also observed when the thermally 

activated samples were exposed to moisture (from air) for 7 days. After treatment with acetic 

acid, 1M HCl and 1M NaOH solutions, the materials lost their crystallinity and became totally 

amorphous. Therefore, the 1-HCl sample possess significantly lower chemical stabilities 

compared to the pristine28 and functionalized UiO-66 materials.33,34, 37, 64  

 

Figure 2.7 TG curves of 1-H2O-AS (black) and 1-HCl-AS (red) recorded in air atmosphere in the 

temperature range 25-750 °C. 
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2.3.4 Gas Sorption Properties 

 N2 adsorption and desorption experiments were carried out with the thermally activated 

1-HCl compound. The N2 sorption isotherms (Figure 2.8) exhibit type-I behavior, confirming 

microporous nature of the thermally activated Zr(IV) muconate compound. The optimization of 

the activation temperature was performed by utilizing the results of N2 sorption measurements. 

The BET surface areas were calculated from the N2 adsorption isotherms. The BET surface areas 

of samples of 1-HCl were found to be 186 and 282 m2 g-1, when the samples were heated 

directly at 100 and 130 °C under vacuum for 12 h, respectively. The highest BET surface area of 

557 m2 g-1 (micropore volume of 0.34 cm3 g-1 at p/p0 = 0.9) was obtained when the sample was 

heated directly at 150 °C under vacuum for 12 h. Similar BET surface area (496 m2 g-1; 

micropore volume of 0.31 cm3 g-1 at p/p0 = 0.9) was obtained with a sample of 1-HCl, which 

was activated in two steps: exchange of guest molecules with methanol, followed by heating at 

150 °C under vacuum for 12 h. The thermally activated compound retained their crystallinity 

after the sorption analyses, as confirmed by the XRPD experiments (Figure 2.3).  

 

Figure 2.8 N2 adsorption (filled symbols) and desorption (empty symbols) isotherms of thermally 

activated samples of 1-HCl measured at –196 °C. The samples were heated directly at 100, 130 and 150 

°C under vacuum for 12 h before the sorption measurement. The sorption isotherms of a sample of 1-

HCl, which was activated in two steps (exchange of guest molecules with methanol, followed by thermal 

activation at 150 °C under vacuum for 12 h), are also shown for comparison. 
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 Noticeably, the highest BET surface area of 1-HCl is considerably lower compared to 

UiO-66 (ca. 950 m2 g-1) but it is close to the value reported in the literature (ca. 705 m2 g-1) for 

Zr(IV) muconate compound.31 The lower BET surface area of Zr(IV) muconate compared to that 

of UiO-66 was formerly attributed to the lower stability of the former compound upon removal 

of the guest solvent molecules compared to the high thermal and chemical stability of the later 

compound.31 

2.4 CONCLUSIONS 

 An improved synthesis procedure has been developed for the preparation of the 

previously reported Zr(IV) trans,trans-muconate framework compound. Instead of non-

commercial Zr6-methacrylate oxocluster as the metal source, the present investigation 

demonstrates the successful synthesis of the same MOF material by using commercially 

available ZrCl4 as the Zr source. During the synthesis, small amounts of H2O (1-H2O-AS) or 

concd. HCl (1-HCl-AS) were used as additives in DMF. The effect of ZrCl4/additive molar ratio 

on the crystallinity of the compounds has been systematically examined. The phase purity of the 

materials having optimum crystallinity was investigated by a combination of XRPD analysis, 

FT-IR spectroscopy, themogravimetric and elemental analyses. The physicochemical stability of 

the materials was investigated. According to the thermogravimetric analyses, the two materials 

are stable up to ~250 ºC in air atmosphere. As confirmed by the XRPD analyses, the 1-HCl 

material is unstable in acetic acid, 1M HCl and 1M NaOH solutions. The crystallinity of the 

materials deteriorated slowly when they were exposed to water as well as moisture (from air), 

suggesting a gradual structural collapse of the framework over time. The effect of activation 

temperature on the BET surface area of the materials was also examined. As corroborated by the 

N2 sorption measurements, the optimally activated 1-HCl exhibited BET surface area of 557 m2 

g-1, which is lower than the isostructural UiO-66 (950 m2 g-1) but it is close to the literature value 

(705 m2 g-1) of Zr(IV) muconate. The moderate physicochemical stability along with significant 

porosity of the material will make it a promising candidate in the field of gas storage and 

separation. 
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                                                               CHAPTER 3 

 

3D Luminescent Amide-Functionalized 

Cadmium Tetrazolate Framework for 

Selective Detection of 2,4,6-Trinitrophenol 

 

This chapter presents the successful synthesis of strongly fluorescent 3D Cd(II)-based MOF 

incorporating a highly π-conjugated amide-functionalized ditopic tetrazolate-based organic 

ligand under solvothermal conditions. Selective detection of TNP by this compound with a very 

high rate of response was confirmed by the steady-state fluorescence titration experiments. It 

was found that the selective detection of TNP was also possible in presence of other potentially 

interfering nitroaromatic explosives. The outstanding sensing performance renders the 

material as a promising sensing device for the practical detection of TNP. 
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3.1 INTRODUCTION 

 The prompt and selective detection of nitroaromatic explosive compounds is very vital for 

security screening, environmental safety, homeland security and human health.1-3 2,4,6-

trinitrotoluene (TNT), 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT) and 2,4,6-

trinitrophenol (TNP) are considered as major industrial explosives.4 Compared to the well-known 

counterpart 2,4,6-trinitrotoluene (TNT), TNP or 2,4,6-trinitrophenol (more commonly known as 

picric acid) is a more powerful explosive which has been widely used in the manufacture of 

landmines, rocket fuels, fireworks and matches.5, 6 and also frequently used in leather, 

pharmaceutical and dye industries. Consequently, TNP has become a major environmental 

pollutant owing to its widespread use. Uncontrolled exposure of TNP to the environment from 

chemical industries severely disturbs the soil and aquatic system, triggering various problems for 

wildlife and humans. Furthermore, mutagenic and/or carcinogenic activities of TNP can cause 

several health problems along with fatal environmental pollution. Therefore, discriminatory 

detection of TNP from other nitroaromatic explosives with a very low detection limit is an essential 

task in order to decrease its detrimental effects on the environment. Existing on-site detection 

methods for explosives employ sophisticated instruments, which suffer from low selectivity, 

limited portability, high cost and enormous complexity.4 Fluorescence-based detection techniques 

for nitroaromatic explosives have attracted increasing attention in recent years due to their high 

sensitivity, portability, simplicity, low cost, short response times and dual compatibility in solid 

and solution media. The fluorescent sensor materials including conjugated polymers,1-3 

nanoparticles,7, 8 and metal-organic frameworks (MOFs)9-17 have been employed so far for the 

sensing of nitroaromatic explosives.   

 The porous crystalline structures of luminescent MOF materials and their ability to tune 

the sorption properties provide a high degree of molecular specificity and selectivity for the 

detection of targeted analytes over other sensor materials.9-17 Besides the size-selectivity, the large 

surface areas of MOFs along with confinement of the analytes inside their pores can potentially 

result in high sensitivity detection of analytes. Additionally, the functional sites such as Lewis 

acidic or basic and open metal sites within porous MOFs can function as specific recognition sites 

for the detection of different analytes.16, 18-20 This lead to increased detection performance via 

selective accumulation of the targeted analyte within MOF cavities by those recognition sites. 
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Furthermore, the incorporation of organic ligands in the rigid frameworks of MOFs results in 

stronger fluorescence emissions. Luminescent MOF materials are found to exhibit high 

physicochemical stability (air, water, heat, acid-base, etc.), which is desirable for the practical 

application of a sensor material. In addition, the availability of a huge combination of metal ions 

and organic ligands exclusively allows the fine-tuning of valance and/or conduction band (and 

hence optical band gap) of MOFs, which makes them more versatile for sensing applications. 

Encouraged by the above-mentioned advantages, several MOF materials have been synthesized 

and examined for the detection of a wide range of analytes including cations, anions, biomolecules, 

small molecules, volatile organic compounds and nitroaromatic explosive materials.9-17 

 Indeed, a large number of MOF-based fluorescent sensor materials9-17 have been 

investigated until today for the detection of nitroaromatic explosive compounds but only a few of 

them18-26 have displayed rapid and selective sensing behaviour towards TNP. Herein, we present 

a new fluorescent Cd(II)-based MOF having molecular formula [Cd5Cl6(L)(HL)2]·7H2O (1) {H2L 

= 4-(1H-tetrazol-5-yl)-N-[4-(1H-tetrazol-5-yl)phenyl]benzamide} and incorporating the amide-

functionalized luminescent ditopic tetrazolate-based H2L ligand. The activated form of the 

compound (denoted as 1' hereafter) shows its potential for the highly selective, sensitive and rapid 

detection of TNP, even in the presence of other potentially interfering nitroaromatic explosive 

compounds. The collective experimental and theoretical study described herein suggests that 

energy and electron transfer processes as well as electrostatic interactions of the MOF material 

with TNP play important roles in determining the extraordinary selective quenching. 

 

3.2 EXPERIMENTAL SECTION 

3.2.1 Materials and General Methods 

 All the starting materials were of reagent grade and used as received from the commercial 

suppliers. The organic ligand H2L was prepared by following a previously published procedure.27 

Fourier transform infrared (FT-IR) spectra were recorded in the region of 440-4000 cm–1 with a 

Perkin Elmer Spectrum Two FT-IR spectrometer. The following indications are used to 

characterize absorption bands: very strong (vs), strong (s), medium (m), weak (w), shoulder (sh) 

and broad (br). Thermogravimetric analysis (TGA) was performed with a SDT Q600 V20.9 Build 

20 thermogravimetric analyser in a temperature ranges of 25-900 °C under air atmosphere at a 
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heating rate of 5 °C min−1. Ambient temperature X-Ray powder diffraction (XRPD) patterns were 

recorded on a Bruker D2 Phaser X-ray diffractometer operated at 30 kV, 10 mA using Cu-Kα (λ 

= 1.5406 Å). The nitrogen sorption isotherms up to 1 bar were measured using a Quantachrome 

Autosorb iQ-MP gas sorption analyzer at -196 °C. Prior to the sorption experiments, the compound 

was degassed at 120 °C for 12 h under dynamic vacuum. The UV-vis absorption spectra in solution 

were recorded with a PerkinElmer LAMBDA 750 UV-Vis spectrophotometer. The solid-state UV-

Vis absorption spectra were collected on a JASCO V-650 UV-Vis spectrophotometer by using a 

150 mm integrating sphere. BaSO4 was used as an internal standard. Fluorescence emission studies 

were carried out with a HORIBA JOBIN YVON Fluoromax-4 spectrofluorometer. Fluorescence 

lifetimes were measured using time correlated single-photon counting (TCSPC) method on an 

Edinburgh Instrument Life-Spec II instrument. The samples were excited at 308 nm keeping the 

emission wavelength at 450 nm using a pulsed diode laser. The fluorescence decays were analysed 

by reconvolution method using the FAST software provided by Edinburgh Instruments. 

Safety note! Metal azides, tetrazolate compounds, TNP and TNT are potentially explosive, and 

caution should be exercised when dealing with such materials. However, the small quantities used 

in this study were not found to present a hazard. 

3.2.2 Synthesis 

 Synthesis of [Cd5Cl6(L)(HL)2]·7H2O (1): CdCl2·H2O (24 mg, 0.12 mmol) and H2L (20 

mg, 0.06 mmol) ligand were dissolved in a mixture of DMF (1.5 mL) and MeOH (1.5 mL) by 

sonication for 15 min. After that two drops of conc. HCl were added to the solution. The resulting 

solution was heated in a sealed glass tube at 80 °C for 2 days using a block heater. After 

spontaneous cooling to room temperature, colorless prism-shaped crystals were collected by 

filtration, washed with DMF (10 mL) and methanol (10 mL) and dried in air. The yield was 14 mg 

(0.007 mmol, 31%) based on the Cd salt. Anal. calcd for C45H43N27O10Cd5Cl6 (1896.77): C, 28.83 

H, 2.94 N, 19.76. Found: C, 28.50 H, 2.28 N, 19.93%. FT-IR (KBr, cm-1): 3443 (br), 3350 (w), 

3049-2776 (w), 1665 (vs), 1601 (m), 1544 (s), 1529 (sh),1458 (s), 1417 (m), 1389 (w), 1327 (m), 

1257 (w), 1157 (w), 1101 (w), 1009 (s), 900 (w), 861 (sh), 842 (m), 748 (m), 663 (w). 
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3.2.3 Activation of the Compound 

 The as-synthesized form of 1 was heated at 120 °C under vacuum for 12 h in order to get 

the activated form of the compound (1'). 

3.2.4 Single-Crystal X-Ray Diffraction 

 Structure of 1 was determined from single-crystal X-ray diffraction data. Single-crystal X-

ray diffraction intensities of 1 was recorded at 175 K on a Bruker D8 Quest diffractometer with a 

Photon 100 CMOS detector equipped with an Oxford Cryosystems 700 series cooler, a TRIUMPH 

monochromator and a MoKα fine-focused sealed tube (λ = 0.71073 Å). Crystals collected at lower 

temperatures appeared to crack in the cryostream. Initial structures were solved by XT and refined 

by full-matrix least-squares techniques based on F2 using the SHELXTL package (version 6.14).28 

Statistical information of the single-crystal data collection and refinement of 1 are summarized in 

Table 3.1. The structure of 1 was found to be disordered at the six-membered ring and amide 

group. The entire ligand lies on a two-fold rotation axis, which causes the disorder. Several 

attempts to split the disorder into separate parts were unsuccessful (atoms became non-positive 

definite and refinement was unstable). In the end, the six-membered ring was refined using 

anisotropic parameters while a FRAG command was used to fix the coordinates of the amide. The 

amide itself was left isotropic as all other attempts to split the amide or refine it anisotropically 

also proved unsuccessful. Disordered water molecule was found solvated within the structure. The 

oxygen atom of the water molecule lies on a three-fold rotation axis and residual electron density 

surrounding the oxygen atom was refined as H atoms. Subsequent refinement placed both H atoms 

along the three-fold symmetry causing deviated H-O-H bond angles and O-H distances but further 

treatment using a combination of restraints gave poor results (again, atoms went non-positive 

definite and refinement was unstable). The H atoms were left in the refinement for the purpose of 

proper formulation of the water molecule. It should be noted that a lower symmetry space group, 

P213 was attempted in order to remove the two-fold rotation along the amide group, however the 

amide was still clearly disordered. No indication of the presence of counter ions was observed in 

the difference Fourier map or from the elemental analysis. The structural model having no counter 

ions indicates that two-thirds of the tetrazole units of the ligands are protonated in order to maintain 

the electrostatic neutrality of the framework.  

TH-1686_136122029



Chapter-3 

 

59 
 

Table 3.1. Single-crystal X-ray data and structure refinement parameters for compound 1. 

Formula C48H27Cd5Cl6N27O3, 2(H2O) 

Formula mass 1840.70 

T/K 175(2) 

λ/Å 0.71073 

Crystal dimensions/mm 0.25×0.15×0.10 

Crystal system Cubic 

Space group P 4132 

a/Å 20.8320(11) 

V/Å3 9040.5(14) 

Z 4 

Dc/g cm−3 1.352 

µ/mm−1 1.382 

F(000) 3560 

θ Range/° 3.092-27.097 

Measured reflections 105333 

Independent reflections/Rint 3341/0.0638 

Data/restraints/parameters 3341/12/115 

R1 (I >2σ(I))a 0.0476 

wR2 (all data)b 0.1513 

Goodness-of-fit on F2 1.188 

Δρmax, min/e Å−3 1.625, -0.837 

aR1 = ∑||Fo| – |Fc||/ ∑|Fo|. bwR2 = {∑ [w(Fo
2 – Fc

2)2]/ ∑[w(Fo
2)2]}1/2 
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 Although protonation could not be observed in the difference Fourier map, it can be implied 

from elemental analysis and IR spectroscopy that protonation does occur. The bonding scheme as 

determined by the X-ray structure indicates that protonation occurs at N(2) atom. Therefore, it is 

reasonable to assume that the ligand resides in the HL-/L2- deprotonation states. Similar 

deprotonation states have been formerly29 observed in two manganese MOFs incorporating ditopic 

tetrazolate-based ligands. CCDC-1420421 contains the supplementary crystallographic data for 

this structure.  

3.2.5 Fluorescence Quenching Titration Experiments  

 In order to make a stable suspension, 1.5 mg of 1' was stirred in 3 mL of ethanol for 30 

min and subsequently sonicated for 30 min. The resulting suspensions were allowed to stand 

undisturbed for one day before the fluorescence titration experiments. The fluorescence titration 

measurements were carried out by the gradual addition of 1 mM solution of various nitroaromatic 

explosives (up to 400 µL) to a 3 mL well-dispersed ethanol suspension of 1'. The solid-state 

fluorescence emission measurements were performed by exciting the compound at 356 nm. For 

all the fluorescence titration measurements, the excitation wavelength (λex) was 315 nm. The 

quenching efficiency was calculated by using (1-I/Io) × 100 %, where Io is the initial fluorescence 

intensity of 1' dispersed in ethanol and I is the fluorescence intensity after addition of the analyte. 

3.3 RESULTS AND DISCUSSIONS 

3.3.1 Synthesis 

 In order to obtain the single-crystal crystals of 1, reactions were performed in various 

combinations of reactants at different temperatures. Two cadmium salts, namely CdCl2·H2O and 

Cd(NO3)2·4H2O, were employed. The solvents, which were used for these reactions, included 

DMF, N,N-dimethylacetamide (DMA), ethanol, methanol, DMF/ethanol, DMF/methanol, 

DMA/ethanol and DMA/methanol. The reaction temperatures ranged from 60 to 140 °C. Various 

metal salt/ligand molar ratios (1:1, 2:1, 3:1 and 4:1) were used. Very small crystals were obtained 

when a mixture of CdCl2·H2O and H2L in a 2:1 molar ratio was heated at 80 °C in DMF/methanol 

(50:50, v/v) mixture. For increasing the size of the crystals, the same reaction was performed by 

adding various amounts (1-6 drops) of conc. HCl to the reaction mixture. Fortunately, the reaction 
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mixture containing 2 drops of conc. HCl resulted in the formation of prism-shaped single-crystals, 

which were suitable for single-crystal XRD measurement. The addition of more than 2 drops of 

conc. HCl led to decrease in yield of the product. Good quality single-crystals having similar shape 

were also achieved with Cd(NO3)2·4H2O by applying the same procedure, except 3 drops of conc. 

HCl were added instead of 2 drops. 

 The as-synthesized crystals of 1 were thoroughly washed with DMF after filtration for the 

removal of the physisorbed DMF molecules from the external surface. After that the compound 

was heated at 120 °C under vacuum in order to remove the occluded water molecules from the 

pores. In this way, the activated form of the compound (1') was obtained. 

3.3.2 Structure Description 

 Single-crystal X-ray diffraction analysis disclosed that 1 crystallizes in a cubic crystal 

system within space group P4132 and features a three-dimensional (3D) framework structure 

(Figure 3.1d). The asymmetric unit of compound 1 (Figure 3.2) consists of two 

crystallographically independent Cd2+ ions (Cd(1) lies on a two-fold rotation axis with occupancy 

of 1/2 whereas Cd(2) lies on a three-fold rotation axis with occupancy of 1/3), half of H2L ligand 

molecule (Figure 3.1a) and one µ2-Cl atom. Each Cd2+ ion resides in a distorted octahedral 

environment. The two types of Cd2+ ions are arranged in an alternative fashion having two different 

types of coordination environments (Figure 3.1b). In the first type of coordination environment, 

which contains CdCl2N4 unit, each Cd(1) atom is coordinated with two µ2-Cl atoms and four N 

atoms from four different H2L ligand molecules. On the other hand, the second type of 

coordination environment consists of CdCl3N3 unit where every Cd(2) atom is connected with 

three µ2-Cl atoms and three N atoms from three different H2L ligand molecules. Each ditopic 

tetrazolate-based ligand molecule is bound with six Cd2+ ions through three N atoms of each 

tetrazolate ring. Thus, each H2L ligand molecule shows η3:μ6 coordinating motif. As shown in 

Scheme 3.1, only one type of binding mode (Mode VIII) is present in the structure of compound 

1 among all possible binding modes of tetrazole ring.30 Such binding mode of the tetrazole moiety 

has been reported in the literature for only few metal-tetrazolate coordination polymers.31, 32 The 

adjacent Cd2+ ions are interconnected by the bridging Cl atoms and ligand molecules, resulting in 

a non-interpenetrated 3D network structure (Figure 3.1c). If the bridging ligand molecules are 

omitted, the resulting framework structure (Figure 3.1d) can be imagined to possess larger oval- 
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and smaller square-shaped pores. The selected bond distances and angles are shown in Table 3.2. 

The Cd-N bond distances vary from 2.343(7) to 2.489(8) Å, whereas the two kinds of Cd-Cl bond 

distances are 2.601(2) and 2.596(2) Å. The Cd-N bond distances observed in the present compound 

are in agreement with the formerly reported Cd-tetrazolate MOFs.33-46 According to the program 

PLATON,47 the total potentially accessible void volume is 3521.7 Å3, which is 39% of the unit 

cell volume (9040.5 Å3). Under ambient conditions, these void regions of the network are occupied 

by seven water molecules per formula unit, which is in agreement with the thermogravimetric 

(TG) and elemental analysis. Despite having considerable pore volume, the N2 sorption analysis 

(Figure 3.3) indicated that compound 1 is non-porous towards N2 (specific BET surface area: 4 m2 

g-1). This fact can be related to the very small pore apertures, which restricts the passage of 

relatively larger N2 molecules into the framework of compound 1. 

 

Scheme 3.1. All possible coordination modes of tetrazole ring. 
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Figure 3.1 (a) Structure of H2L ligand employed for synthesizing 1. (b) Ball-and-stick representation 

showing the coordination environment around of Cd2+ ions in 1. (c) The same representation of the 3D 

framework structure of 1. (d) The network of 1 with the ligand molecules omitted. Color codes: Cd, 

magenta; N, cyan; Cl, green; C, gray; O, red. The guest molecules and hydrogen atoms have been removed 

from the structural plots for clarity. 

 

 

Figure 3.2 Ball-and-stick representation of the asymmetric unit of 1. 
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Table 3.2 Selected bond distances (Å) and angles (o) for 1. 

Bond Distances (Å) Bond Angles (o) 

Cd(1)-N(1) 2.343(7) N(1)-Cd(1)-N(1)#1 87.4(4) 

Cd(1)-N(1)#1 2.343(7) N(1)-Cd(1)-N(4)#1 97.1(3) 

Cd(1)-N(4)#1 2.489(8) N(1)#1-Cd(1)-N(4)#1 86.1(3) 

Cd(1)-N(4) 2.489(8) N(1)-Cd(1)-N(4) 86.1(3) 

Cd(2)-N(3) 2.381(7) N(1)#1-Cd(1)-N(4) 97.1(3) 

Cd(2)-N(3)#2 2.381(7) N(4)#1-Cd(1)-N(4) 175.6(4) 

Cd(2)-N(3)#3 2.381(7) N(1)-Cd(1)-Cl(1)#1 86.51(19) 

Cd(1)-Cl(1)#1 2.601(2) N(1)#1-Cd(1)-Cl(1)#1 173.4(2) 

Cd(1)-Cl(1) 2.601(2) N(4)#1-Cd(1)-Cl(1)#1 91.96(19) 

Cd(2)-Cl(1)#3 2.596(2) N(4)-Cd(1)-Cl(1)#1 85.19(18) 

Cd(2)-Cl(1)#2 2.596(2) N(1)-Cd(1)-Cl(1) 173.4(2) 

Cd(2)-Cl(1) 2.596(2) N(1)#1-Cd(1)-Cl(1) 86.52(19) 

  N(4)#1-Cd(1)-Cl(1) 85.19(18) 

  N(4)-Cd(1)-Cl(1) 91.96(19) 

  Cl(1)#1-Cd(1)-Cl(1) 99.65(10) 

  N(3)-Cd(2)-N(3)#2 85.3(3) 

  N(3)-Cd(2)-N(3)#3 85.3(3) 

  N(3)#2-Cd(2)-N(3)#3 85.3(3) 

  N(3)-Cd(2)-Cl(1)#3 86.38(18) 

  N(3)#2-Cd(2)-Cl(1)#3 166.67(18) 
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Bond Distances (Å) Bond Angles (o) 

  N(3)#3-Cd(2)-Cl(1)#3 83.61(17) 

  N(3)-Cd(2)-Cl(1)#2 166.67(18) 

  N(3)#2-Cd(2)-Cl(1)#2 83.61(17) 

  N(3)#3-Cd(2)-Cl(1)#2 86.38(18) 

  Cl(1)#3-Cd(2)-Cl(1)#2 103.05(6) 

  N(3)-Cd(2)-Cl(1) 83.61(17) 

  N(3)#2-Cd(2)-Cl(1) 86.38(18) 

  N(3)#3-Cd(2)-Cl(1) 166.67(18) 

  Cl(1)#3-Cd(2)-Cl(1) 103.05(6) 

  Cl(1)#2-Cd(2)-Cl(1) 103.05(6) 

  Cd(2)-Cl(1)-Cd(1) 97.50(8) 

Symmetry transformations used to generate equivalent atoms: 

#1 y-1/4,x+1/4,-z+9/4    #2 y-1/2,-z+3/2,-x+1    #3 -z+1,x+1/2,-y+3/2 

 

Figure 3.3 N2 adsorption (filled circles) and desorption (empty circles) isotherms of thermally activated 1' 

measured at –196 °C. The samples were heated at 120 °C under vacuum for 12 h before the sorption 

measurement. 
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3.3.3 X-ray Powder Diffraction and FT-IR Analysis 

 The phase purity of 1 was verified by using XRPD patterns recorded from as-synthesized 

1 at ambient conditions. The experimental XRPD pattern (Figure 3.4) of as-synthesized 1 matches 

closely with the simulated XRPD pattern obtained from the single-crystal X-ray diffraction data. 

The thermally activated 1' retains its crystallinity, as corroborated from the XRPD patterns (Figure 

3.4) of the corresponding sample. 

 In the FT-IR spectrum (Figure 3.5) of 1, the strong absorption band at 1665 cm-1 can be 

assigned to the C=O stretching vibration of the amide group of the ligand molecules. The 

absorption bands owing to the N-H stretching and bending vibrations of the amide group of the 

ligand molecules are located at 3350 and 1544 cm-1, respectively.48, 49 

 

Figure 3.4 Calculated and experimental XRPD patterns of 1 and 1'. 

3.3.4 Thermal Stability 

 In order to investigate the thermal stability of 1, thermogravimetric analysis (TGA) was 

performed in the temperature range of 25-900 °C in an air atmosphere. According to the TG 

analysis, 1 is stable up to 300 °C. In the TG curve of 1 (Figure 3.6), the first weight loss step of 

6.1 wt% in the temperature range of 25-80 °C can be attributed to the removal of seven guest water 

molecules per formula unit (calcd.: 6.6 wt%). No further weight loss step is observed below the 
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decomposition temperature (300 °C) of 1. Above 300 °C, the compound starts to decompose due 

to the loss of the organic linker molecules from the framework. In the TG trace of 1', the one 

weight loss step below the decomposition temperature can be ascribed to the removal of absorbed 

water molecules. The exposure of 1' to air after thermal activation presumably resulted in the 

hydration of the compound. 

 

Figure 3.5 FT-IR spectra of 1 (black) and H2L (red). 

 

Figure 3.6 TG curves of 1 and 1' recorded in an air atmosphere in the temperature range of 25-900 °C with 

a heating rate of 5 °C/min. 
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 The high thermal stability of 1' was also verified by variable temperature XRPD 

experiments (Figure 3.7), which disclosed that the compound is stable up to 300 °C. This result is 

in agreement with that obtained from the thermogravimetric analyses.  

 

Figure 3.7 Variable temperature XRPD patterns of compound 1 recorded in an air atmosphere in the 

temperature range of 30-600 oC with a heating rate of 5 °C/min. 

3.3.5 Photoluminescence Properties 

 MOFs based on d10 metal ions with π-conjugated aromatic ligands are well known for their 

excellent luminescence behaviour and thus regarded as potential candidates for applications as 

fluorescent sensors.11 Since 1' is constructed from d10 (Cd2+) metal ions and π-electron rich 

conjugated organic ligand, it was hypothesized to be a potential fluorophore with tremendous 

photoluminescence (PL) properties. The solid-state fluorescence emission spectrum of the H2L 

ligand (Figure 3.8) shows an emission maximum at 456 nm upon excitation at 344 nm, which can 

be ascribed to the intra-ligand π-π* transition of the aromatic rings.11 On the other hand, 1' (Figure 

3.8) displays an emission maximum at 470 nm in the solid-state upon excitation at 356 nm. The 

similarity between the emission bands of H2L ligand and 1' indicates that the photoluminescence 

behaviour of 1' is mainly due to ligand-centred electronic excitation.50 However, a red shift (14 

nm) of the emission band of the compound compared to the parent ligand is observed, which can 

be attributed to the perturbation caused by the complexation of the ligand with Cd2+ ions.50, 51 
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Figure 3.8 Solid-state fluorescence emission spectra of H2L ligand (λex = 344 nm) and 1' (λex = 356 nm) 

measured at room temperature. 

 

Figure 3.9 Fluorescence emission spectra of 1' in common organic solvents (λex = 315 nm). 

 The photoluminescence behaviour of 1' (Figure 3.9) in common organic solvents 

(tetrahydrofuran, benzene, dichloromethane, DMF, ethanol, chloroform, methanol, acetonitrile, 2-

propanol, toluene, acetone and nitrobenzene) and in water was also investigated. All the 

fluorescence emission experiments were performed with a stable suspension of 1' (1.5 mg) in 

different organic solvents (3 mL). An ethanol suspension of 1' showed the strongest emission band 
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at 450 nm upon excitation at 315 nm at room temperature. Hence, all the fluorescent experiments 

were performed in ethanol. Due to the instability of 1' in water (as revealed from the XRPD 

analysis), the luminescence behavior of the compound in water was not investigated. 

3.3.6 Sensing of Nitroaromatic Explosives  

 The highly fluorescent nature of 1' in both solution and solid-state inspired us to explore 

its potential applications as a sensor for the detection of nitroaromatic explosives (NAEs). In order 

to investigate the applicability of electron rich 1' as a promising detecting device for electron-

deficient NAEs, the fluorescence sensing behavior of 1' in presence of the NAEs were examined. 

 

Figure 3.10 (a) Quenching of fluorescence intensity of 1' by incremental addition of 1 mM TNP solution 

to a 3 mL suspension of 1' in ethanol (λex = 315 nm and λmax = 450 nm). (b) Photographs of fluorescence 

cuvettes containing ethanol suspensions of 1' under visible light (i), UV light before TNP addition (ii) and 

UV light after TNP addition (iii). 
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 The NAEs, which were used for this work, included 2,4,6-trinitrophenol (TNP; commonly 

known as picric acid), 2,4-dinitrophenol (DNP), p-nitrophenol (PNP), 2,4,6-trinitrotoluene (TNT), 

2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 4-nitrotoluene (4-NT), 1,3-

dinitrobenzene (1,3-DNB) and nitrobenzene (NB). For this purpose, fluorescent titration 

measurements were performed by the gradual addition of 1 mM ethanol solution of the NAEs to 

the well-dispersed suspensions of 1' in ethanol. A successive quenching of the fluorescence 

intensity of 1' was observed upon incremental addition of the analytes. It is remarkable that the 

visible light blue emission of 1' under UV light disappeared after addition of 400 µL of 1 mM TNP 

solution, which resulted in nearly 92% quenching of the initial fluorescence intensity (Figure 3.10). 

A small red shift (10 nm) of the emission band upon increasing addition of TNP solution could be 

a consequence of energy transfer mechanism occurring between the analyte and the compound.51 

The detection performance of 1' for other nitroaromatic explosives (Figure 3.11) was very low and 

the lowest quenching efficiency was observed for NB. The quenching efficiencies for the selected 

analytes decreased in the sequence: TNP > PNP > DNP > TNT > 4-NT > 2,4-DNT > 2,6-DNT > 

1,3-DNB > NB. This sequence is not completely in agreement with the trend of electron-deficient 

nitro groups present in the analytes. 

 

Figure 3.11 Quenching efficiencies of different nitroaromatic explosives at 1.18 × 10-4 M concentration 

(λex = 315 nm and λmax = 450 nm). 
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Figure 3.12 Quenching efficiencies of TNP (1.43 × 10-4 M) in presence of other nitroaromatic explosives 

(1.43 × 10-4 M). 

 In order to study the quenching efficiency of TNP in presence of other NAEs, fluorescence 

titration experiments were carried out by the gradual addition of 1.43 × 10-4 M TNP solution to the 

suspension of 1' containing 1.43 × 10-4 M solution of other NAEs. As shown in Figure 3.12, the 

quenching efficiency of TNP remains almost same in presence of other NAEs, except for NB 

where quenching efficiency decreases by nearly 20%. These results clearly show the high 

selectivity of 1' for TNP, even in the existence of a higher concentration of other NAEs. For 

effective quenching, a compound must show a defined and assessable response to the analytes at 

a specific concentration. In Figure 3.13, the change of fluorescence quenching efficiencies upon 

incremental addition of different analytes is shown. The figure discloses that the quenching 

efficiencies increase considerably at lower concentrations, but they increase slightly at higher 

concentrations. 

 In order to investigate the recyclability of 1', the material was recovered after every 

fluorescence titration experiment by centrifugation, followed by washing with ethanol for several 

times. Remarkably, the compound almost regains its initial fluorescence intensity and quenching 

efficiency over 5 cycles of repetition (Figure 3.14). As verified by the XRPD measurements 

(Figure 3.15), 1' maintained its crystallinity (and hence structural integrity) after 5 repeated cycles 

of fluorescence titration experiments with 1 mM TNP solution. These results imply high 
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photostability and reusability of the material, making it potentially applicable for long-term in-

field detection of nitroaromatic explosive compounds. 

 

Figure 3.13 Change of fluorescence quenching efficiencies upon gradual addition of 1 mM solution of 

different nitroaromatic explosives to a 3 mL suspension of 1' in ethanol. 

  

 

Figure 3.14 Reproducibility of the quenching efficiency of the ethanol suspension of 1' towards 1 mM 

TNP solution. 
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Figure 3.15 XRPD patterns of 1 in different forms: as-synthesized (black); thermally activated (green); 

after BET measurement (blue); in ethanol (cyan); after 5 cycles of fluorescence titration experiments with 

1 mM TNP solution (magenta). 

3.3.7 Estimation of Quenching Constant and Detection Limit for TNP 

 Quenching of fluorescence intensity can occur by two quenching processes: collisional or 

dynamic quenching and complex formation or static quenching. Dynamic quenching takes place 

when the excited fluorophore comes in contact with the quencher molecule, which facilitates non-

radiative transition to the ground state. This process leads to quenching of the fluorescence 

intensity. On the other hand, the static quenching involves the formation of a non-fluorescent stable 

complex (dark complex) between the fluorophore and the quencher molecule.52, 53 If only one type 

of quenching process is taking place, the quenching can be expressed by the Stern-Volmer (S-V) 

equation, (I0/I) = Ksv [A] + 1, where I0 is the initial fluorescence intensity before addition of analyte, 

I is the fluorescence intensity after addition of analyte, [A] is the molar concentration of analyte 

and Ksv is the quenching constant (in M-1). In order to determine the Stern-Volmer binding constant 

(Ksv), a steady state fluorescence measurement was performed. The S-V plot for TNP at low 

concentrations (Figure 3.16) showed a linear curve, indicating that either dynamic or static 

quenching is taking place. But the deviation of the S-V plot from linearity at higher concentrations 

(inset of Figure 3.16) suggests the presence of both dynamic and static quenching processes. The 

Ksv value determined from the linear portion of the S-V plot for TNP towards luminescent 1' was 

estimated to be 4.05 × 104 M-1. This is among the highest values reported18, 19, 21-23, 26, 51, 52 (Table 
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3.3) until today for MOF-based sensor materials. The distinction between the two quenching 

mechanisms can be predicted by performing time-resolved fluorescence measurement of 

photoluminescence decays of the fluorophore at different concentrations of the quencher. If the 

fluorescence lifetime of the sensor material decreases, the quenching process is regarded as 

dynamic because additional relaxation of the excited-state lifetime in this process is resulted by 

collision with the quencher. However, if the fluorescence lifetime of the sensor material remains 

unchanged after gradual addition of the quencher, it is considered as a static quenching process. 

The time-resolved fluorescence experiments (Figure 3.17) revealed that the average excited state 

lifetimes (<τ>) of 1' are 1.12 ns and 1.09 ns (Table 3.4) before and after addition of 400 µL TNP, 

respectively. These average lifetime values indicate that the quenching process is mainly static in 

nature. 

 

Figure 3.16 Stern-Volmer plot for the fluorescence quenching of 1' upon addition of TNP. Inset: non-

linearity of the plot at higher concentrations of TNP. 

Table 3.3 A comparison of the Stern-Volmer constant (Ksv), detection limit and medium used for 

TNP detection for MOFs reported until today. 

Sl. 

No. 

MOF Ksv (×104 M-1) Detection 

Limit 

Medium 

Used 

Ref. 

1 [Cd5Cl6(L)(HL)2]·7H2O 4.05 1.87 × 10-7 M 

(42.84 ppb) 

Ethanol This 

work 
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Sl. 

No. 

MOF Ksv (×104 M-1) Detection 

Limit 

Medium 

Used 

Ref. 

2 [Cd3(TPT)2(DMF)2]·(H2O)0.5 6.56  Ethanol 22 

3 Zr6O4(OH)4(L)6(UiO-67@N) 2.9  Water 18 

4 Cd(NDC)0.5(PCA) 3.5  Acetonitrile 19 

5 [Zn2(NDC)2(bpy)].Gx 0.422  Ethanol 54 

6 Bio-MOF-1 4.6 2.9 ppb Water 21 

7 [Tb(1,3,5-BTC)] 3.41 8.1 × 10-8 M Ethanol 26 

8 Zn2(PAM)2(1,3-PDA)2  1.27 × 10-8 M DMSO 55 

9 [Eu2(MFDA)2(HCOO)2(H2O)6]·

(H2O)n 

 4.5 × 10−7 M DMF 6 

Ligand abbreviation: TPT = p-terphenyl-3,4,5-tricarboxylic acid; NDC = 2,6-napthalenedicarboxylic acid; 

PCA=4-pyridinecaboxylic acid; bpy = 4,4-bipyridine; G = guest solvent molecules; BTC = 1,3,5-

benzenetricarboxylic acid; PAM = 4,4′-methylenebis (3-hydroxy-2-naphthalenecarboxylic acid); PDA = 

1,3-propanediamine; MFDA = 9,9-dimethylfluorene-2,7-dicarboxylic acid. 

 

 

Figure 3.17 Fluorescence lifetime decay profile of 1' before and after addition of 400 µL TNP solution (λex 

= 308 nm, λem = 450 nm). 
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Table 3.4 Average excited-state lifetime (<τ>) values of 1' before and after addition of different 

volume of 1 mM TNP solution (λex = 308 nm, λem = 450 nm) 

Volume of 

TNP added 

(µL) 

B1 B2 a1 a2 τ1 (ns) τ2 (ns) <τ>* (ns) 

00 0.413 0.012 0.97 0.03 1.029 4.2 1.12 

100 0.494 0.014 0.97 0.03 0.959 3.91 1.04 

200 0.459 0.014 0.97 0.03 0.974 4.09 1.07 

300 0.468 0.014 0.97 0.03 0.947 4.16 1.04 

400 0.377 0.013 0.97 0.03 0.98 4.2 1.09 

*<τ> = a1τ1 + a2τ2 

3.3.8 Response Time of 1′ towards the Detection of TNP 

 For determination of the response time for the sensing of TNP by 1′, time-dependent 

fluorescence investigations were performed at four different concentrations of TNP (100, 200, 300 

and 400 μL of 1 mM TNP solutions added to a 3 mL suspension of 1′ in ethanol). At a particular 

concentration of TNP, the fluorescence intensity of 1′ was monitored at regular time intervals up 

to 320 s of exposure time. The plots of quenching efficiencies versus exposure times (Figure 3.18) 

reveal that the addition of 400 μL of TNP to the ethanol suspension of 1′ leads to very fast detection 

of the former. At this concentration of TNP, it takes only a few seconds (<25 s) to attain almost 

complete quenching (92%) of the preliminary fluorescence emission intensity of 1′. 

 In order to obtain the limit of detection for TNP towards 1', very low concentrations of 

TNP (µM) solution were added incrementally to 1' dispersed in ethanol and the fluorescence 

quenching was monitored. The plot of change in fluorescence intensity versus concentration of 

TNP exhibited a linear curve (Figure 3.19) with a slope (K) of 2 × 1010 and correlation coefficient 

(R2) of 0.9965. The limit of detection (LOD) was calculated by using the equation: LOD = 3σ/K, 

where σ is the standard deviation of initial intensity of 1' without analyte and K denotes the slope 

of the above-mentioned linear curve. The detection limit of 1' for sensing of TNP was found to be 
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1.87 × 10-7 M (42.84 ppb), which compares well with other reported18, 19, 21-23, 26, 51, 52 (Table 3.3) 

MOF-based sensor materials. 

 

Figure 3.18 Quenching efficiency as a function of exposure time at four different concentrations of TNP 

(100, 200, 300, and 400 μL of 1 mM TNP solutions added to a 3 mL suspension of 1′ in ethanol). 

 

Figure 3.19 Change in the fluorescence intensity of 1' at different concentrations of TNP. 
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3.3.9 Mechanisms for the Detection of Nitroaromatic Explosives 

 The sensing mechanism was investigated for understanding the high selectivity of 1' for 

TNP. For all the nitroaromatic explosives (NAEs), only surface adsorption is anticipated to occur 

due to the smaller pore apertures of the framework structure of 1'. A photo-induced electron 

transfer mechanism can be proposed for the highly selective sensing of NAEs by 1'.9-14 Despite 

their extended framework structures, MOFs often bear definite band gap energies owing to the 

highly localized electronic structures (especially for MOFs with d10 metal ions).56 Usually, the 

lowest unoccupied MOs (LUMOs) of the electron-deficient NAEs reside between the valence band 

(VB) and conduction band (CB) of the luminescent MOFs.57 Efficient transfer of electrons can 

occur from the CB of 1' to the LUMO of NAEs, leading to quenching of the fluorescence intensity 

upon excitation. The HOMO and LUMO orbital energies (Table 3.5) for the H2L ligand and the 

selected analytes are depicted in Figure 3.20. These values were calculated by the density 

functional theory (DFT) at B3LYP/6-31G* accuracy level using Gaussian 09 package of 

programs58. Figure 3.7 reveals that the photoluminescence behaviour of 1' is ligand-centred. The 

LUMO energy of the electron-rich H2L ligand was estimated to be -1.8757 eV, which is higher 

than those of the selected NAEs (-2.2213 to -3.898 eV). 

 

Figure 3.20 HOMO and LUMO energies for H2L ligand and selected analytes. 
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 These LUMO energy values indicate that the excited-state electron transfers from 1' to the 

NAEs can take place efficiently. The calculated LUMO energy values of the analytes increase in 

the order: TNP < TNT < DNB < 2,4-DNT < 2,6-DNT < DNP < NB < 4-NT < PNP. The ease of 

electron transfer to the electron-deficient analytes should follow the opposite trend. Thus, the 

lowest LUMO energy value of TNP is in good agreement with the maximum quenching observed 

for this analyte. However, the order of experimental quenching efficiencies (i.e., TNP > PNP > 

DNP > TNT > 4-NT > 2,4-DNT > 2,6-DNT > 1,3-DNB > NB) is not completely in agreement 

with the LUMO energies of other NAEs. Therefore, it can be inferred that the photo-induced 

electron transfer is not the only mechanism for the observed quenching. Long-range energy 

transfer might also be operative in the quenching process. 

Table 3.5 HOMO and LUMO energy levels of H2L ligand and analytes calculated by density 

functional theory (DFT) at B3LYP/6-31G* accuracy level using Gaussian 09 package of 

programs58. 

Analytes HOMO (eV) LUMO (eV) Band Gap (eV) 

H2L -5.9865 -1.8757 4.1108 

TNP -8.2374 -3.898 4.3394 

DNP -7.6644 -2.8202 4.8442 

PNP -6.9207 -2.2213 4.6994 

TNT -8.4793 -3.479 5.0003 

4-NT -7.3626 -2.3171 5.0455 

2,4-DNT -8.1131 -2.9769 5.1362 

2,6-DNT -7.8913 -2.8501 5.0412 

1,3-DNB -8.4129 -3.135 5.2779 

NB -7.5917 -2.4294 5.1623 
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 Resonance energy transfer from the fluorophore of the organic ligand to non-emissive 

analytes can take place if the absorption bands of the analytes have an efficient overlap with the 

emission band of the fluorophore. The effective energy transfer increases the fluorescence 

quenching efficiency of the analyte. It is noticed from Figure 3.21 that the absorption band of TNP 

has a large overlap with the emission band (450 nm) of 1', whereas other analytes have less or 

almost no overlap. The maximum overlap between the absorption band of TNP and the emission 

band of 1' (as compared to other analytes) is in agreement with the highest quenching efficiency 

of TNP. From the spectral overlap, it can be proposed that the fluorescence quenching by TNP 

occurs by an energy transfer mechanism. This mechanism can be also supported by the red shift 

of the fluorescent intensity (Figure 3.9) observed during gradual addition of TNP solution to a 

suspension of 1'. Evidence in support of energy transfer mechanism can also be obtained from the 

non-linearity of the S-V plots (inset of Figure 3.16) at higher concentrations. 

 

 

Figure 3.21 Spectral overlap between the absorption spectra of the analytes and emission spectrum of 1' in 

ethanol. 
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 The highest quenching efficiency of TNP may also be related to the strong electrostatic 

interactions between the Lewis basic amide group of H2L ligand and the highly acidic hydroxyl 

group of TNP.19 The presence of amide group in H2L ligand enhances the surface area of 

interaction of 1' with the acidic hydroxyl group of TNP via hydrogen bonding and ionic interaction. 

This increase in surface interaction between the host and the analyte leads to a turn-off 

fluorescence response for TNP.59, 60  Other analytes (except DNP and PNP) do not possess any 

acidic hydroxyl group in order to interact with the free basic amide sites of the ligand. Thus, the 

above-mentioned electrostatic interactions are absent in the other analytes, resulting in 

significantly lower quenching performances. Overall, the combined effects of energy and electron 

transfer mechanisms as well as electrostatic interactions may be ascribed for the high selectivity 

of 1' for the detection of TNP. 

3.4 CONCLUSIONS 

 A strongly fluorescent 3D Cd(II)-based MOF (1) incorporating a highly π-conjugated 

amide-functionalized ditopic tetrazolate-based organic ligand has been successfully synthesized 

under solvothermal conditions. The activated compound (1') can selectively detect TNP with a 

very high rate of response, as verified by the steady-state fluorescence titration experiments. The 

selective detection of TNP in presence of other potentially interfering nitroaromatic explosives has 

also been demonstrated. The detection limit of 1' for the sensing of TNP was estimated to be 1.87 

× 10-7 M (42.84 ppb), which is comparable with other MOF-based fluorescence sensors reported 

until today. The recyclability experiments imply high photostability and reusability of 1' for long-

term in-field detection of nitroaromatic explosive materials. The combination of experimental and 

theoretical results provides indications in favour of both energy and electron transfer mechanisms 

for the highest quenching efficiency of TNP. Moreover, the enhanced selectivity of 1' for sensing 

of TNP can be intuitively attributed to the existence of electrostatic interactions between the N-H 

moiety of the ligand and the hydroxyl group of TNP. The outstanding sensing performance renders 

the material as a promising sensing device for the practical detection of TNP. 
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                                                               CHAPTER 4 

 

Cerium Based Azide- and Nitro-Functionalized 

UiO-66 Frameworks as Fluorescent Turn-On 

Probes for the Sensing of H2S 

 

This chapter presents a new and an existing Ce(IV)-based MOF with UiO-66 framework 

topology for the first time as fluorescence turn-on probes for the detection of H2S under 

physiological conditions. Both compounds have demonstrated promising potentials towards 

highly selective, sensitive and fast detection of H2S. Owing to their extraordinary selectivity 

towards sensing of H2S even in the presence of other potentially interfering biomolecules, these 

compounds could be promising candidates for the real-time monitoring of H2S in biological 

systems. Besides the rapid, selective and sensitive detection of H2S, both of these compounds can 

effectively adsorb considerable amounts CO2 and hence could be an excellent material in the 

field of CO2 capture. 
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4.1 INTRODUCTION 

 Hydrogen sulphide (H2S), a colorless stinky gas present in the environment and industrial 

processing,1, 2 has been usually considered as a toxic gas. The overexposure to H2S causes lethal 

effect on living systems due to its catastrophic nature.1, 3 However, after nitric oxide (NO) and 

carbon monoxide (CO), H2S is identified as the third endogenous gaseous signaling molecule.4-8 

This third endogenous gas, produced by enzymatic reactions,9 is involved in various 

physiological processes such as modulation of blood pressure,10 neurotransmission,11 anti-

inflammatory action,12 antioxidation,13 angiogenesis,14 and apoptosis15. Furthermore, H2S also 

provides protection against ischemia/reperfusion injury,16 but failure of H2S homeostasis could 

be a key reason for many pathological processes in human body such as Alzheimer’s disease,17 

diabetes,18 Down’s syndrome,19 liver cirrhosis,20 and cancer21. Due to its significant role in living 

systems, controlling of H2S level is a vital task which makes it a potential target in the diagnostic 

and treatment of these diseases. As a consequence, detection of H2S in living systems for 

investigation and better understanding of its physiological and pathological functions is very 

essential and has become a crucial subject of scientific research. Several traditional methods 

have been applied to monitor the H2S level including gas chromatography,22 colorimetry,23, 24 

electrochemical analysis,25 and metal-induced sulphide precipitation26. Although, these 

traditional techniques have shown remarkable achievement in H2S detection but prerequisite 

post-mortem processing or even destruction of living cells or tissues in order to perform the 

analysis prevent these methods from in-situ detection of H2S in living bio systems. Moreover, 

due to its high diffusible and reactive properties, selective and real-time detection of endogenous 

H2S is still a major challenge and depends on sample preparation and detection method27, 28. 

Owing to its high sensitivity, simplicity, short response time, non-invasive nature, real-time 

monitoring and easy sample preparation, fluorescence-based detection methods have been 

gaining notable attention for the selective and precise detection of endogenous H2S.29, 30 Notably, 

change in fluorescence intensity in response to H2S, high selectivity over other interfering 

biological substances, rapid interaction (within minutes or even seconds) with H2S and cell 

permeability are the primary requirements of an ideal fluorescent probe.27, 28 In particular, 

fluorescence turn-on probes are always favored to avoid false detection and enhanced signal to 

noise ratio as the detection takes place relative to dark background.8 Indeed, several turn-on type 
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fluorescent probes for the rapid detection of H2S have been reported, however, the development 

of an efficient fluorescent probe combining all these properties is a challenging task. Recently, 

fluorescent turn-on probes based on the reduction of hydroxyl amide, nitro and azide groups 

have attracted much more attention towards the fast and selective detection of H2S.27, 31-44 

 The application of MOF-based fluorescent turn-on probes with enhanced sensitivity over 

other traditional methods would be a promising strategy for the rapid detection and real-time 

monitoring of H2S. Only a few MOFs with nitro and azide functionalities have been reported till 

date as fluorescent turn-on probes for the selective detection of H2S under physiological 

conditions.32, 33, 44 Indeed, cerium is the most abundant of the rare earth elements and has various 

applications including catalysis, yet cerium-based MOFs are still rare. Only two Ce(IV)-based 

MOFs (one for CO2 sorption and another for catalysis),45, 46 and three luminescent Ce(III)-based 

MOFs47-49 have been reported till date. Herein, we present a new azide-functionalized and an 

existing nitro-functionalized46 Ce(IV)-based MOF as fluorescent turn-on probes for detection of 

H2S under physiological conditions. We have also compared the detection performances of the 

two Ce-based MOFs with their Zr-based counterparts. Since H2S-facilitated reduction of azide 

and nitro groups to amine functionalities (Scheme 4.1) is a widespread practice50-53 for designing 

fluorescent turn-on probes, we aim to use NaHS as a source of H2S in this present work. 

 

 

Scheme 4.1 Fluorescent turn-on probes resulting from the NaHS-mediated reduction of Ce-UiO-66-X (X 

= N3 or NO2) MOFs to Ce-UiO-66-NH2.  

 

TH-1686_136122029



Chapter-4 
 

89 
 

4.2 EXPERIMENTAL SECTION 

4.2.1 Materials and General Methods 

 Synthesis of H2BDC-N3 linker was carried out by following the previously published 

procedure.54 Zr-UiO-66-N3
55 and Zr-UiO-66-NO2

32 MOFs were prepared by following the 

earlier reported procedures. All other chemicals were commercially available and used without 

further purification. Fourier transform infrared (FT-IR) spectra were recorded in the region of 

440-4000 cm–1 with a Perkin Elmer Spectrum Two FT-IR spectrometer. The following 

indications are used to characterize absorption bands: very strong (vs), strong (s), medium (m), 

weak (w), shoulder (sh) and broad (br). Thermogravimetric analyses (TGA) were performed with 

a SDT Q600 V20.9 Build 20 thermogravimetric analyzer in a temperature range of 25-650 °C 

under air atmosphere at a heating rate of 5 °C min−1. Ambient temperature X-Ray powder 

diffraction (XRPD) patterns were recorded on a Bruker D2 Phaser X-ray diffractometer operated 

at 30 kV, 10 mA using Cu-Kα (λ = 1.5406 Å). Lattice parameters were determined by using the 

DICVOL program56 and refined by using STOE’s WinXPow57 software package. The nitrogen 

sorption isotherms up to 1 bar were measured using a Quantachrome Autosorb iQ-MP gas 

sorption analyzer at -196 °C. The CO2 adsorption up to 1 bar was measured using a 

Quantachrome iSorb-HP gas sorption analyzer at 0 °C. Prior to the sorption experiments, the 

compounds were degassed at 120 °C for 12 h under dynamic vacuum. The UV-Vis absorption 

spectra in solution were recorded with a PerkinElmer LAMBDA 750 UV-Vis spectrophotometer. 

Fluorescence emission studies were carried out with a HORIBA JOBIN YVON Fluoromax-4 

spectrofluorometer.  

4.2.2 Synthesis of Ce-UiO-66-N3 (1-N3) 

 A mixture of H2BDC-N3 linker (44 mg, 213 µmol) in DMF (1.2 mL) and an aqueous 

solution of ammonium cerium(IV) nitrate (400 µL, 0.5333 M) was sealed in a glass tube and 

heated using an aluminium block heater under magnetic stirring at 100 °C for 15 min. The light 

yellow precipitate was first washed with DMF (2 × 2 mL) and then with acetone (4 × 2 mL). The 

resulting solid was dried at 70 °C for 1 h in a conventional oven. The yield was 37 mg. FT-IR 

(KBr, cm-1): 3428 (br), 2927 (w), 2425 (w), 2210 (w), 2120 (vs), 1654 (s), 1582 (s), 1493 (m), 
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1403 (sh), 1381 (vs), 1277 (m), 1158 (w), 1103 (w), 945 (w), 896 (w), 793 (sh), 766 (s), 656 (w), 

594 (m), 531 (s). 

4.2.3 Synthesis of Ce-UiO-66-NO2 (2-NO2) 

 A mixture of H2BDC-NO2 linker (45 mg, 213 µmol) in DMF (1.2 mL) and an aqueous 

solution of ammonium cerium(IV) nitrate (400 µL, 0.5333 M) was sealed in a glass tube and 

heated using an aluminium block heater under magnetic stirring at 100 °C for 15 min. The 

yellow precipitate was first washed with DMF (2 × 2 mL) and then with acetone (4 × 2 mL). The 

resulting solid was dried at 70 °C for 1 h in a conventional oven. The yield was 34 mg. FT-IR 

(KBr, cm-1): 3428 (br), 2927 (w), 1650 (sh), 1590 (s), 1530 (sh), 1493 (m), 1392 (vs), 1255 (w), 

1124 (w), 1062 (w), 924 (w), 821 (w), 780 (w), 717 (w), 670 (w), 580 (m), 518 (m). 

4.2.4 Activation of the Compounds 

 The as-synthesized materials were activated in two steps. In the first step, the as-

synthesized compound (100 mg) was solvent-extracted in methanol (200 mL) for 24 h. In the 

second step, the methanol-exchanged forms of 1-N3 and 2-NO2 were heated at 90 and 120 °C 

under vacuum for 3 and 12 h, respectively. The thermally activated samples will be designated as 

1′-N3 and 2′-NO2 hereafter. 

4.2.5 Preparation of the Medium for Fluorescence Studies 

 Solid HEPES (0.2383 g) was dissolved in deionized water (100 mL) and pH of the 

medium was adjusted to 7.4 by using 0.5 N NaOH solution. 

4.2.6 Fluorescence Titration Experiments 

 In order to perform the fluorescence titration measurements, each (0.5 mg) of 1′-N3 and 

2′-NO2 (1.35 µmol of -N3 and -NO2 functionalities, respectively) was suspended in 2 mL of 

HEPES buffer (10 mM, pH 7.4) inside a quartz cuvette. For all the fluorescence measurements, 

the excitation wavelength (λex) was 334 nm and the emission spectra were recorded in the range 

of 344-650 nm. For recording the fluorescent turn-on responses of 1′-N3 and 2′-NO2 towards 

H2S, NaHS (10 equivalents with respect to the azide and nitro functionalities in 1′-N3 and 2′-

NO2, respectively) was added to the suspension and fluorescence spectra were recorded at a 

regular time interval (60 s) till saturation. The concentrations of each probe and NaHS in the 
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resulting suspensions were 0.11 and 6.6 mM, respectively. Similar experiments were also 

performed by replacing NaHS with other analytes such as glutathione, cysteine, alanine, serine, 

NaCl, NaBr, NaI, NaNO2 and NaNO3. Moreover, a comparative fluorescence titration study was 

performed with Zr-based azide- and nitro-functionalized UiO-66 MOFs for revealing the effect 

of metal ions on H2S detection. 

4.3 RESULTS AND DISCUSSIONS 

4.3.1 Synthesis and Characterization  

 Both 1-N3 and 2-NO2 were synthesized by using similar synthetic procedures reported 

formerly for Ce-UiO-66-X MOFs.46 The solvothermal reaction (under magnetic stirring at 100 

°C for 15 min) of a mixture containing an aqueous solution of ammonium cerium(IV) nitrate and 

a solution of H2BDC-N3 (for 1-N3) or H2BDC-NO2 (for 1-NO2) linker in DMF resulted in light 

yellow crystalline solids of the title compounds.  

 

Figure 4.1 XRPD patterns of 1-N3 in different forms: as-synthesized (black), methanol-exchanged (red) 

and activated at 90 °C (green). 

 The guest molecules encapsulated within the pores of the as-synthesized samples of 1-N3 

and 2-NO2 were removed in a two-step activation procedure. At first, the occluded molecules 
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entrapped inside the pores were exchanged with easily removable methanol molecules by using 

the Soxhlet extraction process. In the second step, the methanol-exchanged samples were heated 

under vacuum to remove the methanol molecules from the pores. In this way, the thermally 

activated forms of the two compounds were achieved. Both as-synthesized and thermally 

activated forms of the compounds exhibited similar XRPD patterns (Figures 4.1 and 4.2). Thus, 

both compounds retained their structural integrity after the activation procedures. 

 

Figure 4.2 XRPD patterns of 2-NO2 in different forms: as-synthesized (black), methanol-exchanged (red) 

and activated at 90 °C (blue). 

 In the FT-IR spectra of the as-synthesized and thermally activated samples of 1-N3 and 2-

NO2, the asymmetric and symmetric –CO2 stretching vibrations of the coordinated linker 

molecules are located in the regions 1580-1590 and 1380-1390 cm-1, respectively (Figures 4.3 

and 4.4). The appearance of a strong peak at 2120 cm-1 in the FT-IR spectra of the as-synthesized 

and activated samples of 1-N3 can be assigned to the stretching of the azide functional group 

attached with the H2BDC-N3 linker molecule (Figure 4.3).58 

 The experimental XRPD patterns of the as-synthesized samples of structurally related 1-

N3 and 2-NO2 (Figure 4.5) are very similar, as expected. The unit cell parameters (Table 4.1) 

derived from the XRPD patterns are similar to the recently reported, isostructural Ce-UiO-66 

TH-1686_136122029



Chapter-4 
 

93 
 

material.46 The values of the lattice parameters suggest that both compounds possess cubic 

structures. As described previously,46 the 3D cubic frameworks of both compounds are 

constructed from [Ce6O4(OH)4]
12+ building units, which are interconnected by the carboxylate 

groups of twelve linker molecules. The resulting microporous frameworks comprise larger 

octahedral (free diameter ~11 Å) and smaller tetrahedral (free diameter ~8 Å) cages. 

 

Figure 4.3 FT-IR spectra of as-synthesized 1-N3 (black) and activated (red) 1′-N3. 

 

Figure 4.4 FT-IR spectra of as-synthesized 2-NO2 (black) and activated 2′-NO2 (red). 
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Table 4.1 Unit cell parameters of as-synthesized 1-N3 and 2-NO2 having cubic unit cells. The 

values are compared with those of the formerly reported Ce-UiO-66 and Ce-UiO-66-NO2.
46 

 

 

 

 

 

 

 

Figure 4.5 Experimental XRPD patterns of the as-synthesized samples of 1-N3 (black) and 2-NO2 (red) 

measured at room temperature. 

4.3.2 Thermal and Chemical Stability 

 In order to examine the thermal stability of 1-N3 and 2-NO2, thermogravimetric analyses 

(TGA) were performed under air atmosphere in the temperature range of 25-650 °C at a heating 

rate of 5 °C min-1. The TG curves of the as-synthesized samples of 1-N3 and 2-NO2 (Figures 4.6 

and 4.7) disclose that the materials are stable up to 200 and 300 °C, respectively. Therefore, 2-

Compound a (Å) V (Å3) 

1-N3 21.492(12) 9927.5(6) 

1-NO2 21.464(7) 9889.4(13) 

Ce-UiO-66 21.4727(3) 9900.6(4) 

Ce-UiO-66-NO2 21.5194(2) - 
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NO2 has higher thermal stability as compared to 1-N3. The thermal stability of 2-NO2 is same as 

that of the recently reported Ce-UiO-66-NO2.
65  

 

Figure 4.6 TG curve of as-synthesized 1-N3 recorded in an air atmosphere in the temperature range of 25-

650 °C with a heating rate of 5 °C min-1. 

 

Figure 4.7 TG curve of as-synthesized 2-NO2 recorded in an air atmosphere in the temperature range of 

25-650 °C with a heating rate of 5 °C min-1. 
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 In order to check the chemical stability of 1′-N3, the material was stirred in water, 

methanol, ethanol, DMF, acetic acid, 1M HCl and 1M NaOH solutions. Then, the crystallinity of 

the filtered materials was examined by XRPD experiments (Figure 4.8). The crystallinity (and 

hence structural integrity) of the material was completely retained after treating with water, 

methanol, ethanol, DMF and acetic acid solutions. However, treatment of the material with 1M 

HCl solution led to significant loss of crystallinity. After treatment with 1M NaOH solution, the 

material lost its crystallinity and became completely amorphous. Therefore, the chemical 

stability of 1′-N3 is comparable with the formerly reported Ce-UiO-66 compound.65 It is worthy 

to note that both materials showed good stability in water (Figures 4.8 and 4.9). Based on this 

observation, the H2S sensing experiments for both compounds were carried out in HEPES buffer 

(pH = 7.4). 

 

 

Figure 4.8 XRPD patterns of 1-N3 in different forms: as-synthesized (black), DMF (red), EtOH (green), 

acetic acid (blue), water (cyan), 1M HCl (pink) and after H2S sensing experiment (yellow). 
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Figure 4.9 XRPD patterns of 2-NO2 in water (red) and after H2S sensing experiment (green). 

4.3.3 Fluorescence Turn-On Experiments: Sensing of H2S 

 Ce-based fluorescent turn-on probe for H2S detection has not been reported till today. On 

the other hand, UiO analogues have proven its usefulness in biological systems without causing 

any toxicity.59 Encouraged by these facts, herein we have explored the application potentials of 

an azide- and a nitro-functionalized Ce-based UiO-66 material as fluorescent turn-on probes 

under physiological conditions (pH = 7.4).  

 In order to investigate the detection performances of 1′-N3 and 2′-NO2 towards H2S, 

fluorescent turn-on experiments were performed under physiological conditions by employing 

NaHS as the source of H2S. Both azide and nitro groups (attached with the linker molecules), 

which can effectively quench fluorescence, undergo reduction to amine when exposed to H2S. 

Thus, the azide- and nitro-functionalized Ce-UiO-66 compounds are post-synthetically 

transformed to the amine-functionalized Ce-UiO-66 material during the reaction-based sensing 

of H2S. The highly fluorescent amine-functionalized MOF is responsible for the fluorescent turn-

on behaviour when excited at 334 nm. Owing to the presence of electron-withdrawing azide and 

nitro groups attached with the linker molecules, both 1′-N3 and 2′-NO2 exhibited very weak 

fluorescence and remained in the fluorescent turn-off state. For investigating of the turn-on 
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response of 1′-N3 and 2′-NO2 towards H2S, 10 equivalents of NaHS per azide/nitro group were 

added to the suspension of the compounds in HEPES buffer (pH = 7.4) and the fluorescence 

emission spectra were measured in a regular time interval (60 s). For 1′-N3, there was nearly 7-

fold increase in the fluorescence emission (λem = 429 nm) intensity after 60 s and almost 

saturation of the fluorescence intensity was observed after 760 s (Figure 4.10). On the other 

hand, for Zr-UiO-66-N3, the addition of NaHS caused 4-fold increase in the fluorescence 

emission (λem = 429 nm) intensity after 60 s and almost saturation of the fluorescence intensity 

was observed after 180 s (Figure 4.11). A very fast response for H2S detection was also observed 

for 2′-NO2, showing ~16-fold increase in the fluorescence intensity (λem = 429 nm) after 60 s and 

achieving saturation of the fluorescence intensity after 760 s (Figure 4.12). On the other hand, 

only 3-fold increase in the fluorescence emission (λem = 429 nm) intensity after 60 s was 

observed for Zr-UiO-66-NO2 and saturation of the fluorescence intensity was noticed after 480 s 

(Figure 4.13). The immediate turn-on of the fluorescence intensity after addition of NaHS 

renders 1′-N3 and 2′-NO2 as potential fluorescent sensor materials for the fast and real-time 

detection of H2S. It is worthy to note that the present compounds exhibited slightly slower 

response times towards H2S as compared to those of the previously reported32, 33, 42, 43, 58 MOF-

based sensor compounds (Table 4.2) but they  showed higher fluorescent turn-on efficiency than 

their Zr-based counterparts.     

 

Figure 4.10 Fluorescence turn-on response of 1′-N3 towards addition of NaHS at a regular time interval 

(60 s) up to 900 s. Inset: Time-dependence of the emission intensity at 429 nm. 
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Figure 4.11 Fluorescence turn-on response of Zr-UiO-66-N3 towards addition of NaHS at a regular time 

interval (60 s) up to 900 s. Inset: Time-dependence of the emission intensity at 429 nm. 

 

 

Figure 4.12 Fluorescence turn-on response of 2′-NO2 towards addition of NaHS at a regular time interval 

(60 s) up to 900 s. Inset: Time-dependence of the emission intensity at 429 nm. 
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Figure 4.13 Fluorescence turn-on response of Zr-UiO-66-NO2 towards addition of NaHS at a regular 

time interval (60 s) up to 900 s. Inset: Time-dependence of the emission intensity at 429 nm. 

Table 4.2 Comparison of the response time, detection limit and analyte used for H2S detection 

with MOFs reported till date. 

Sl. No. MOF Response 

time (s) 

Detection 

Limit (µM) 

Analyte Ref. 

1 Ce-UiO-66-N3 760 12.2 NaSH This Work 

2 Ce-UiO-66-NO2 760 34.84 NaSH This Work 

3 Zr-UiO-66-N3 180 176.7 NaSH  

4 Zr-UiO-66-NO2 480 95.4 NaSH  

5 IRMOF-3-N3 < 120 28.3 NaSH 33 

6 Zr-UiO-66-NO2 ≈ 460 188 Na2S 32 

7 Zr-UiO-66-N3 180 118 Na2S 58 

8 MN-ZIF-90 - - - 43 

9 Al-TCPP-Cu - - - 42 
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 For practical applications in biological systems, high selectivity towards the target 

analyte molecule over other interfering biomolecules (in order to avoid false responses) is a 

primary criterion for a fluorescence turn-on probe. In order to determine the selectivity of 1′-N3 

and 2′-NO2 for H2S over other potentially interfering biomolecules (such as alanine, serine, 

cysteine and glutathione) and some common reducing anions (such as NaCl, NaBr, NaI, NaNO2 

and NaNO3), the fluorescence responses of the compounds towards these potentially interfering 

biological species were investigated. Figure 4.14 reveals that thiol-containing amino acids (such 

as cysteine and glutathione) and alanine also showed slight fluorescence turn-on response under 

identical conditions, whereas other amino acids and reducing anions showed negligible changes 

in the fluorescence intensity of 1′-N3. On the other hand, no significant effect on the fluorescence 

intensity by any of these interfering biomolecules was observed for 2′-NO2 (Figure 4.15). It is 

worthy to note that the thiol-containing amino acids such as cysteine and glutathione are known 

to be responsible for the reduction of azide groups to amine functionalities leading to off-target 

H2S detection.53, 60 We have also investigated the reducing behavior of (tris(2-

carboxyethyl)phosphine (TCEP), a common reductant in biological assays, towards  1′-N3 and 

2′-NO2 (Figures 4.16 and 4.17).  

 

Figure 4.14 Relative fluorescence response of 1′-N3 towards various analytes (10 equivalents per azide 

group) after 900 s of analyte addition.  
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 It was found that the azide group was easily reduced to amine in presence of TCEP and 

hence showed fluorescence turn-on response when treated with 1′-N3. However, 2′-NO2 still 

remained in fluorescence turn-off state even after treating with TCEP. Thus, it can be concluded 

that nitro group in 2′-NO2 cannot be reduced by TCEP.  

 

Figure 4.15 Relative fluorescence response of 2′-NO2 towards various analytes (10 equivalents per nitro 

group) after 900 s of analyte addition. 

 

 

Figure 4.16 Relative fluorescence response of 1′-N3 towards TCEP (10 equivalents per azide group) after 

900 s of analyte addition. 
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Figure 4.17 Relative fluorescence response of 2′-NO2 towards TCEP (10 equivalents per azide group) 

after 900 s of analyte addition. 

 

Figure 4.18 Fluorescence turn-on response of probe 1′-N3 at 429 nm in presence of a competing analyte 

(blue), followed by addition of NaHS to the solution containing the analyte (red).  

 An efficient fluorescence turn-on response of the sensor material in presence of other 

competing molecules is crucial for successful detection of H2S in complex biological systems. 

Therefore, the selective fluorescence turn-on responses of 1′-N3 and 2′-NO2 towards NaHS in 

presence of other interfering analytes were examined. In these experiments, 10 equivalents of 

NaHS were added to a HEPES-buffered solution (10 mM, pH = 7.4) containing the sensor 

material and the competing analyte (10 equivalents), and the fluorescence spectra were recorded 

after 15 min (Figures 4.18 and 4.19). Both of the sensor materials exhibited significant 

fluorescence turn-on responses towards H2S even in the presence of other potentially interfering 
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molecules. Thus, fast and selective detection of H2S was achieved without any interference from 

competing analytes, eluding off-target reactivity and false response. Except glutathione (for 2′-

NO2), all the competing molecules showed minimal interference with the detection of H2S. For 

2′-NO2, the presence of glutathione showed a detrimental effect on the fluorescence response 

towards H2S (Figure 4.19). 

 

Figure 4.19 Fluorescence turn-on response of probe 2′-NO2 at 429 nm in presence of a competing analyte 

(blue), followed by addition of NaHS to the solution containing the analyte (red). 

 For quantitative determination of the fluorescence responses of 1′-N3 and 2′-NO2 towards 

H2S, fluorometric titrations were carried out with different concentrations of NaHS (0 to 10 

equivalents). Upon incremental addition of NaHS, the fluorescence emission intensities of both 

compounds increased gradually (Figures 4.20 and 4.21). The plots of the fluorescence intensity 

versus the concentration of 1′-N3 and 2′-NO2 are shown in the insets of Figures 4.20 and 4.21, 

respectively. Both of these plots disclose linear relationships. The slopes (S) of the linear curves 

have been calculated to be 545599 (for 1′-N3) and 134778 (for 2′-NO2). By following the 

standard equation (detection limit = 3Sb/S, where Sb is the standard deviation for replicating 

detections of blank solutions)34 for calculation of the detection limit, it has been found that the 

detection limits of 1′-N3 and 2′-NO2 towards H2S are 12.2 µM and 34.8 µM, respectively. The 

estimated detection limits towards H2S in the present work fall within the range of H2S 

concentration found in the biological systems.61, 62 In contrast, the Zr-based counterpart of these 
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two MOFs have shown higher detection limits (176.7 µM for Zr-UiO-66-N3 and 95.4 µM for Zr-

UiO-66-NO2) (Figure 4.22 & 4.23) compared to 1′-N3 and 2′-NO2. The detection limits of the 

present compounds are comparable with those of the formerly reported32, 33, 42, 43, 58 MOF-based 

H2S sensor materials (Table 4.2). It is noteworthy that both materials retained their crystallinity 

(and hence structural integrity) after the H2S sensing experiments, which has been corroborated 

by the XRPD (Figures 4.8 and 4.9) experiments. 

 

Figure 4.20 Fluorescence turn-on response of 1′-N3 with increasing concentrations of NaHS. All the 

experiments were carried out in HEPES buffer (10 mM, pH = 7.4). 

 

Figure 4.21 Fluorescence turn-on response of 2′-NO2 with increasing concentrations of NaHS. All the 

experiments were carried out in HEPES buffer (10 mM, pH = 7.4). 
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Figure 4.22 Fluorescence turn-on response of Zr-UiO-66-N3 with increasing concentrations of NaHS. All 

the experiments were carried out in HEPES buffer (10 mM, pH = 7.4). 

 

 

Figure 4.23 Fluorescence turn-on response of Zr-UiO-66-NO2 with increasing concentrations of NaHS. 

All the experiments were carried out in HEPES buffer (10 mM, pH = 7.4). 
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4.3.4 Recyclability Test 

 In order to investigate the recyclability of 1′-N3, the material was recovered after every 

fluorescence titration experiment with 10 equivalents of NaHS by centrifugation, followed by 

washing several times with water. Recyclability test of 1′-N3 revealed that the material displayed 

a strong emission after the first cycle (when excited at 334 nm) before the addition of NaHS and 

almost negligible response was observed after the addition of NaHS (Figure 4.24). After the 

treatment with NaHS (during first cycle of use), the azide functional group of the material is 

permanently reduced to amine, which resulted in strong fluorescence emission before the 

addition of NaHS (during the second cycle of use). The same trend was also observed during the 

third cycle of fluorescence titration experiment. Thus, the material exhibited poor recyclability. 

 

Figure 4.24 Recyclability test for the fluorescence turn-on response of 1′-N3 towards NaHS. 

4.3.5 Gas Adsorption Properties 

 N2 adsorption analyses were performed with the thermally activated 1′-N3 and 2′-NO2. 

The N2 adsorption isotherms exhibit type-I isotherms (Figure 4.25). The calculated specific BET 

surface area of 1′-N3 (835 m2 g-1) lies within the range of BET surface area of the recently 

reported Ce-UiO-66-X (X = –F, –CH3, –Cl and –NO2) compounds (727-1075 m2 g-1; Table 

4.3).65 The specific BET surface area of 2′-NO2 (819 m2 g-1) is slightly higher compared to that 

of the recently reported Ce-UiO-66-NO2 compound (727 m2 g-1).65 At p/po = 0.5, 1′-N3 and 2′-

NO2 exhibit total micropore volumes of 0.44 and 0.43 cm3 g-1, respectively. 
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Figure 4.25 N2 adsorption (solid symbols) and desorption (empty symbols) isotherms of the thermally 

activated 1′-N3 (blue, circles) and 2′-NO2 (red, squares) recorded at –196 °C. 

Table 4.3 Specific BET surface areas and micropore volumes of thermally activated 1′-N3 and 

2′-NO2. The values are compared with those of the previously reported Ce-UiO-66 and Ce-UiO-

66-X compounds.46 

Compound BET Surface Area (m2 g-1) Micropore Volume (cm3 g-1) 

1-N3 835 0.44 

1-NO2 819 0.43 

Ce-UiO-66 1282 0.50 

Ce-UiO-66-F 1075 0.42 

Ce-UiO-66-CH3 985 0.39 

Ce-UiO-66-Cl 770 0.31 

Ce-UiO-66-NO2 727 0.29 

 The CO2 adsorption measurements were performed with the thermally activated 1′-N3 

and 2′-NO2 at 0 °C up to 1 bar. The CO2 adsorption isotherms (Figure 4.26) of both compounds 
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display type-I behavior in the pressure range from 0 to 1 bar. The CO2 uptake values of 1′-N3 

and 2′-NO2 at 1 bar are found to be 2.6 and 3.7 mmol g-1, respectively. These CO2 adsorption 

capacities are among the highest values reported for isostructural, Zr-based UiO-66-X (X = –

NO2, –NH2, –OH, –CH3 and –(CH3)2) materials. 63-65 

 

Figure 4.26 Low-pressure CO2 adsorption isotherms of the thermally activated 1′-N3 (blue, circles) and 

2′-NO2 (red, squares) measured at 0 °C. 

4.4 CONCLUSIONS 

 A new (1′-N3) and an existing (2′-NO2) Ce(IV)-based MOF with UiO-66 framework 

topology have been employed for the first time as fluorescence turn-on probes for the detection 

of H2S under physiological conditions. Both compounds show significant potentials towards 

highly selective, sensitive (detection limits: 12.2 µM for 1′-N3 and 34.8 µM for 2′-NO2) and fast 

detection of H2S. The detection performances (in terms of fold enhancement) of the Ce-based 

UiO-66 MOFs towards H2S are higher as compared to their Zr-based counterparts. Owing to 

their extraordinary selectivity towards sensing of H2S even in the presence of other potentially 

interfering biomolecules, these compounds could be promising candidates for the real-time 

monitoring of H2S in biological systems. Apart from the rapid, selective and sensitive detection 
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of H2S, both of these compounds can effectively adsorb considerable amounts CO2 at 0 °C and in 

pressure range of 0 to 1 bar. Thus, they are also promising materials in the field of CO2 capture. 
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                                                               CHAPTER 5 

 

Synthesis and Gas Adsorption Properties of New 

Functionalized Al-MIL-101-X (X = -CH3, -NO2, -

OCH3, -C6H4, -F2, -(CH3)2, -(OCH3)2) Materials 

 

This chapter presents the facile synthesis, full characterization and gas adsorption properties 

of seven new functionalized Al-MIL-101-X (X = -CH3, -NO2, -OCH3, -C6H4, -F2, -(CH3)2, -(OCH3)2) 

materials. To confirm the phase purity of the materials, XRPD analysis, FT-IR spectroscopy, 

thermogravimetric and elemental analysis were performed. The thermally activated forms of 

all the materials show significant porosity, as revealed by the N2 and CO2 sorption analysis. The 

high thermal and moisture stability of the light-weight, non-toxic Al-MIL-101-X-CE materials 

along with the considerably high porosity would make them potential candidates for 

applications in gas storage and separation. 
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5.1 INTRODUCTION 

 Metal-organic frameworks (MOFs)1-6 have been extensively used in a broad range of 

areas such as gas storage/separation,7-9 heterogeneous catalysis10, 11 and drug delivery12-15 in the 

last two decades due to their highly crystalline and extremely porous nature. Although a wide 

variety of potential applications of MOFs in different fields have been largely explored, the 

development of air- and moisture-stable MOFs having usable functional organic sites is still a 

major challenge. The structures of some famous un-functionalized MOFs,16-19 which have 

displayed potential applications in adsorption, separation or catalysis, collapse when exposed to 

moisture from air. This structural instability hampers their industrial applications. In order to 

improve their hydrolytic stabilities, hydrophobic functional groups (e.g., -F, -CH3, -OCF3, etc.)20-

24 have been introduced into their frameworks. Besides the employment of hydrophobic 

functional groups to the organic linkers, the incorporation of metal cations with higher oxidation 

states (e.g. Al(III),25, 26 Cr(III),27 Ti(IV),28 Zr(IV),29 etc.) has been found to be a promising 

strategy for achieving MOFs possessing reasonably higher physicochemical stabilities (moisture, 

thermal and acid-base). 

The MIL-n (MIL = Material of the Institute Lavoisier) family of MOFs, originally 

developed by Ferey and coworkers, have exhibited high thermal and chemical stability as well as 

considerably high porosity.25-27 The hydrolytically stable Cr(III)-based MIL-101 MOF, for 

example, displays high thermal stability above 400 °C and bears extraordinarily high surface area 

of 4100 m2 g-1.27, 30 Stock’s and several other groups have reported single- and mixed-linker Cr-

MIL-101 derivatives.30-39 In addition to the parent and functionalized Cr-MIL-101-X (X = -H, -F, 

-Cl, -Br, -I, -CH3, -NO2, -NH2, -OH, -CO2H, -SO3H, etc.) compounds, hydrolytically stable Fe-

MIL-101-X (X = -H, -Cl, -NH2 and -(CH3)2) compounds were also reported in the literature.40, 41 

The synthesis of non- and amino-functionalized vanadium-based MIL-101 materials was 

reported by the groups of Van Der Voort42 and Zou43. However, the vanadium MOF materials 

were found to be sensitive to air. In addition to the pristine and functionalized Cr(III), Fe(III) and 

V(III)-based MIL-101 materials, the synthesis, CO2/CH4 separation and catalytic properties of 

Al-MIL-101-NH2 compound possessing high thermal and chemical stability were also reported. 

26, 44, 45 Although the Al-MIL-101 derivatives are expected to be light-weight, non-toxic, highly 

porous and stable against hydrolysis, yet the synthesis procedures of Al-MIL-101 derivatives 
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having any other functional group than amino are hitherto unknown. In this work, we wish to 

report on the synthesis, complete characterization, thermal stability as well as gas adsorption 

characteristics of seven new functionalized Al-MIL-101-X (X = -CH3, -NO2, -OCH3, -C6H4, -F2, 

-(CH3)2, -(OCH3)2) materials. The effect of the various attached functional groups (Scheme 5.1) 

on the thermal stability and gas adsorption performance of the resulting Al-MIL-101-X 

compounds has been investigated.   

 

 

Scheme 5.1 Structures of the functionalized terephthalic acid linker molecules H2BDC-X used for the 

preparation of the Al-MIL-101-X compounds. 

5.2 EXPERIMENTAL SECTION 

5.2.1 Materials and General Methods 

 The H2BDC-CH3,
46  H2BDC-OCH3,

47 H2BDC-F2
48 and H2BDC-(OCH3)2

49 ligands were 

synthesized by following previously published procedures. All other starting materials were of 

reagent grade and used as received from the commercial suppliers. Fourier transform infrared 

(FT-IR) spectra were recorded in the region of 440-4000 cm–1 with a Perkin Elmer Spectrum 

Two FT-IR spectrometer. The following indications are used to characterize absorption bands: 

very strong (vs), strong (s), medium (m), weak (w), shoulder (sh) and broad (br). 

Thermogravimetric analysis (TGA) was performed with a Netzsch STA-409CD thermal analyzer 

in a temperature range of 25-600 °C under air atmosphere at a heating rate of 4 °C min−1. 

Ambient temperature X-Ray powder diffraction (XRPD) patterns were recorded on a Bruker D2 

Phaser X-ray diffractometer (30 kV, 10 mA) or a Thermo Scientific ARL X’Tra diffractometer 

(40 kV, 40 mA), using Cu-Kα (λ = 1.5406 Å). Energy dispersive X-ray (EDX) analyses were 

carried out with a Hitachi S3400N SEM-EDX (SEM = scanning electron microscope) 

instrument. The nitrogen sorption isotherms up to 1 bar were measured using a Belsorp Mini 

apparatus at -196 °C. The carbon dioxide adsorption analyses were performed using a 
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Micromeritics TriStar 3000 analyzer at 0 °C. Prior to the sorption experiments, the compounds 

were degassed at 130 °C under vacuum for 24 h.     

 Caution! Perchlorate salt is potentially explosive and caution should be exercised when 

dealing with such material. However, the small quantities used in this study were not found to 

present a hazard. 

 The frequencies of FT-IR absorption bands for all the thermally activated Al-MIL-101-X 

compounds are presented in Tables 5.1. 

5.2.2 Synthesis  

General Procedure for the Synthesis of the Al-MIL-101-X Materials by Solvothermal 

Method  

 A mixture of Al(ClO4)3·9H2O and H2BDC-X (50 mg) ligand with a 1:1 molar ratio 

(Table 5.2) in 2 mL of N,N-diethylformamide (DEF) was placed in a Pyrex tube (15 mL). 

The tube was sealed and heated in a preheated heating block to 130 ºC, held at this 

temperature for a specific reaction time (Table 5.3), then cooled to room temperature 

spontaneously. The precipitate was collected by filtration using membrane filters, washed 

with acetone (2 × 3 mL) and dried in air. The compounds obtained by using the solvothermal 

method are denoted as Al-MIL-101-X-CE (CE = conventional electric) hereafter.  

General Procedure for the Synthesis of the Al-MIL-101-X Materials by Microwave 

Irradiation Method 

  A mixture of Al(ClO4)3·9H2O and H2BDC-X (50 mg) ligand with a 1:1 molar 

ratio (Table 5.1) in 2 mL of DEF was placed in a Pyrex tube (10 mL). The tube was sealed 

and heated in a microwave synthesizer (CEM, Discover S) to 170 ºC at 150 W, held under 

these conditions for 10 min with stirring, then cooled to room temperature. The precipitate 

was collected by filtration using membrane filters, washed with acetone (2 × 3 mL) and dried 

in air. The compounds produced by using the microwave irradiation method are referred to as 

Al-MIL-101-X-MW (MW = microwave) hereafter. 
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Table 5.1 Frequencies of infrared absorption bands[a] for the thermally activated forms of Al-

MIL-101-X-CE compounds. 

 

Compound Infrared Absorption Frequencies (cm-1) 

1-CH3 3435 (br), 1598 (vs), 1496 (w), 1427 (vs), 1385 (sh), 1293 (w), 1265 (w), 1145 

(w), 1122 (s), 1089 (sh), 1020 (w), 770 (m), 632 (m), 604 (sh), 539 (w) 

2-NO2 3424 (br), 1617 (vs), 1538 (m), 1505 (m), 1427 (vs), 1122 (s), 1094 (sh), 1020 

(br), 835 (w), 780 (w), 752 (w), 599 (br), 484 (w) 

3-OCH3 3424 (br), 1603 (vs), 1501 (m), 1455 (sh), 1427 (vs), 1380 (sh), 1307 (w), 

1251 (s), 1140 (w), 1122 (s), 1094 (sh), 1029 (m), 886 (w), 780 (s), 636 (m), 

613 (m), 549 (sh), 479 (w) 

4-C6H4 3424 (br), 1607 (vs), 1515 (w), 1459 (sh), 1422 (s), 1385 (sh), 1265 (w), 1117 

(m), 1104 (sh), 1020 (m), 867 (w), 789 (w), 664 (w), 613 (w) 

5-F2 3413 (br), 1630 (vs), 1542 (w), 1487 (m), 1445 (vs), 1413 (sh), 1380 (sh), 

1367 (s), 1297 (w), 1191 (m), 1122 (m), 1029 (s), 900 (w), 807 (m), 780 (m), 

599 (m), 544 (w)  

6-(CH3)2 3428 (br), 1700 (w), 1598 (vs), 1496 (w), 1436 (vs), 1380 (w), 1362 (w), 1288 

(w), 1191 (w), 1122 (m), 1089 (sh), 1020 (sh), 988 (s), 914 (w), 794 (m), 761 

(w), 669 (w), 627 (w), 585 (s), 470 (m) 

7-(OCH3)2 3432 (br), 1612 (vs), 1505 (w), 1459 (sh), 1422 (s), 1385 (sh), 1339 (w), 1265 

(w), 1214 (m), 1122 (m), 1025 (m), 937 (m), 807 (m), 636 (m)  

Al-MIL-

101-NH2 

3394 (br), 1621 (sh), 1584 (vs), 1496 (m), 1441 (vs), 1404 (sh), 1334 (sh), 

1260 (sh), 1122 (s), 1089 (sh), 1020 (m), 775 (s), 618 (s), 553 (w) 

 

[a] Abbreviations: s = strong; vs = very strong; m = medium, w = weak, sh = shoulder. 
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Table 5.2 Amounts of Al(ClO4)3·9H2O and H2BDC-X linkers used for the synthesis of the Al-

MIL-101-X compounds via both solvothermal and microwave irradiation method. 

Compound Amount of Al(ClO4)3·9H2O Amount of H2BDC-X 

mmol mg mmol mg 

1-CH3 0.277 135 0.277 50 

2-NO2 0.236 115 0.236 50 

3-OCH3 0.255 126 0.255 50 

4-C6H4 0.232 113 0.232 50 

5-F2 0.247 121 0.247 50 

6-(CH3)2 0.257 126 0.257 50 

7-(OCH3)2 0.221 108 0.221 50 

Al-MIL-101-NH2 0.276 135 0.276 50 

Table 5.3 Summary of the reaction times used for synthesizing the Al-MIL-101-X compounds 

by solvothermal method. 

MOF Reaction Time (h) 

1-CH3 5 

2-NO2 6 

3-OCH3 12 

4-C6H4 12 

5-F2 3 

6-(CH3)2 12 

7-(OCH3)2 5 

Al-MIL-101-NH2 12 

 

5.2.3 Activation of the As-Synthesized Al-MIL-101-X-CE Materials 

 All the as-synthesized Al-MIL-101-X materials, prepared by the solvothermal method, 

were activated in two steps. In the first step, the suspension of each material (0.2 g) in 30 mL 

methanol was placed in a Teflon-lined stainless steel autoclave and heated at 85 °C for 24 h in a 

conventional oven. In the second step, the white materials were collected by filtration and heated 

at 130 °C under dynamic vacuum for 24 h. 
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5.3 RESULTS AND DISCUSSIONS 

5.3.1 Synthesis and Activation 

 The strategies used for the preparation of the functionalized Al-MIL-101-X materials 

were adopted from earlier reports on the M3+/H2BDC-X (M = Al, Cr, Fe) system which resulted 

in MIL-53,25 MIL-101 or CAU-1 (CAU = Christian-Albrechts-University)50 phases depending 

on the synthesis parameters. It has been well-established in the literature51 that MIL-101 

corresponds to the kinetically stable phase, whereas MIL-53 belongs to the thermodynamically 

stable phase. Initially, the metastable phase of MOF-235 is observed, which is converted to MIL-

53 or MIL-101 phases, depending on the reaction parameters.52 MIL-101 and MIL-53 phases are 

formed at shorter and longer reaction times, respectively.50 It has been suggested that the initially 

formed MIL-101 phase is transformed into MIL-53 phase when the reaction time is longer. 

Furthermore, the employment of higher reaction temperatures facilitates the formation of MIL-

53 phase.43 Thus, for the synthesis of the Al-MIL-101-X phases, we have employed shorter times 

(3-12 h) and moderate temperature (130 ºC for Al-MIL-101-X-CE materials). We have avoided 

the use of polar, protic solvents (e.g. H2O, methanol and ethanol), since these solvents in 

Al3+/H2BDC-X system leads to Al-MIL-53 or CAU-1 phases.50,52 Thus, polar, aprotic solvents 

such as N,N-dimethylformamide (DMF), N,N-diethylformamide (DEF) and N,N-

dimethylacetamide (DMA) have been employed for the synthesis of the Al-MIL-101-X 

materials. The nature of metal salt also plays determining role in synthesizing Al-MIL-53 and 

Al-MIL-101 phases. Synthesis using Al(NO3)3·9H2O causes the formation of Al-MIL-53 phase, 

irrespective of the solvent.26,50 Hence, we have avoided this metal salt and limited our choice of 

metal salt to AlCl3·6H2O and Al(ClO4)3·9H2O.    

 The procedures used for the synthesis of the functionalized Al-MIL-101-X compounds 

differ considerably from the formerly reported Al-MIL-101-NH2 material.26,44 For the 

optimization of the synthesis conditions of the Al-MIL-101-X materials, mixtures of aluminum 

salts [AlCl3·6H2O and Al(ClO4)3·9H2O] and H2BDC-X linkers in all possible combinations were 

heated in polar amide solvents such as DMF, DEF and DMA. The molar ratio between the 

specific Al salt and the corresponding H2BDC-X linker was kept constant at 1:1. Many of these 

combinations lead to the formation of Al-MIL-53-X materials. Interestingly, the reaction 

mixtures of Al(ClO4)3·9H2O and H2BDC-X linkers having a molar ratio of 1:1 in DEF under 
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solvothermal conditions (130 °C) produced highly crystalline Al-MIL-101-X materials. The 

optimized reaction times varied from 3 to 12 h (Table 5.3). When the reactions were carried out 

for a longer time compared to the optimized reaction times, Al-MIL-53-X compounds were 

obtained. Similar effect of reaction time on the synthesis of metal-terephthalates (i.e., MIL-53 

and MIL-101 phases) has been previously documented in the literature.51 The synthesis 

procedures for the Al-MIL-101-X (X = -CH3, -NO2, -OCH3, -C6H4, -F2, -(CH3)2, -(OCH3)2) 

materials were highly reproducible. On the other hand, the attempts of synthesis of non-, fluoro- 

and chloro-functionalized Al-MIL-101 materials under the similar conditions yielded Al-MIL-

53-X (X = -H, -F, -Cl) materials. The synthesis of the formerly reported26 amino-functionalized 

Al-MIL-101 materials was accomplished under the presented solvothermal reaction conditions. 

We were able to prepare Al-MIL-101-NH2 in only 12 h, compared to the report of Serra-Crespo 

et al.26, who have synthesized this material in 72 h. AlCl3·6H2O in DMF was used in the former 

synthesis procedure26 of Al-MIL-101-NH2, whereas Al(ClO4)3·9H2O in DEF was employed in 

the presented preparation method. In both cases, the syntheses were carried out at 130 °C. It is 

worthy to note that Al-MIL-101-NH2 material was also prepared by Hartmann et al.44 These 

researchers have used a new approach, in which AlCl3·6H2O was added in a step-wise manner 

(total reaction time = 20.5 h) to the reaction mixture in DMF at 110 °C.  

 Since shorter reaction times were found to be suitable for the synthesis of the Al-MIL-

101-X materials, preparation of the same materials were attempted by microwave irradiation 

method, which also requires shorter reaction times.53 In fact, we were successful in synthesizing 

four of the presented Al-MIL-101-X (X = -CH3, -OCH3, -C6H4, -(OCH3)2) materials under 

identical microwave-assisted solvothermal conditions (170 °C, 10 min, 150 W). Similar to the 

solvothermal reactions with CE heating, the reaction mixtures of Al(ClO4)3·9H2O and H2BDC-X 

linkers with a molar ratio of 1:1 in DEF were used in the microwave irradiation method. 

Unfortunately, the crystallinity of the Al-MIL-101-X-MW materials (Figure 5.1) decreased 

considerably upon extended exposure to moisture from air. Due to the sensitivity of the as-

synthesized Al-MIL-101-X-MW materials towards moisture, they were not activated in order to 

achieve permanent porosity. In contrast, the as-synthesized Al-MIL-101-X-CE materials were 

found to be relatively more stable in air and they were activated for gas adsorption studies.    
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Figure 5.1 XRPD patterns of the freshly synthesized Al-MIL-101-X-MW materials: 1-CH3 (black), 3-

OCH3 (green), 4-C6H4 (red) and 7-(OCH3)2 (cyan). The XRPD patterns (magenta) of the same samples 

after exposure to air for 15 days are also shown.  

 

 

Figure 5.2 XRPD patterns of the freshly synthesized Al-MIL-101-X-CE materials: 1-CH3 (black), 2-NO2 

(blue), 3-OCH3 (green), 4-C6H4 (red), 5-F2 (magenta), 6-(CH3)2 (orange), 7-(OCH3)2 (cyan) and Al-

MIL-101-NH2 (violet). The XRPD patterns (yellow) of the same samples after stirring with water for 24 h 

are also shown.  
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 The guest molecules encapsulated within the pores of the as-synthesized Al-MIL-101-X-

CE materials were removed in a two-step activation procedure similar to that reported for the 

previously reported26 Al-MIL-101-NH2 material. In the first step, the guest molecules were 

exchanged with more volatile and thus easily removable methanol molecules by heating the as-

synthesized compounds in methanol. In the second step, the methanol molecules were removed 

from the pores by heating the filtered materials at 130 °C under dynamic vacuum for 24 h in 

order to obtain the thermally activated materials. The thermally activated Al-MIL-101-X-CE 

materials were not sensitive towards moisture from air. However, the crystallinity (and hence 

structural integrity) of the samples deteriorated significantly when treated with water, as verified 

by the XRPD experiments (Figure 5.2). It is worthy to note that MIL-101 analogues of Fe(III)54 

and Al(III)44 were formerly found to be unstable in water, whereas those of Cr(III)27 possess high 

hydrothermal stability. Furthermore, the MIL-53 analogues of Fe(III),55 Al(III)25 and Cr(III)56 are 

stable in water. The higher hydrothermal stability of MIL-53 analogues compared to the MIL-

101 variants might be ascribed57 to the sterically more shielded [MO6] inorganic building units 

(IBUs) of MIL-53 as compared to the open ones of MIL-101. Hence, except for Cr-MIL-101, the 

IBUs of Fe(III) and Al(III) analogues of MIL-101 are prone to attack by water. The 

hydrothermal stability of Cr-MIL-101 is typically attributed58 to the considerably low exchange 

rates of the ligands with water because of the gain in energy by ligand field stabilization energy.      

5.3.2 Structure Description 

 The experimental XRPD patterns of Al-MIL-101-X-CE and Al-MIL-101-X-MW 

compounds (Figure 5.3 and 5.4) are similar to the calculated XRPD pattern of un-functionalized 

Cr-MIL-101 exhibiting a cubic structure (Figure 5.5). Therefore, the Al-MIL-101-X materials 

are isostructural with Cr-MIL-101, which is also clear from the similarity between their XRPD 

patterns. The framework structures of Al-MIL-101-X materials are described here in brief, since 

the structure of Cr-MIL-101 (Figure 5.5) is already reported.27 The structures of the as-

synthesized Al-MIL-101-X materials are built up of trimeric oxo-centered [Al3(μ3-

O)Cl(DEF)2]
6+ building blocks that contain [AlO6] octahedra. It is worthy to note that the 

formation of chloride anions by thermal decomposition of metal perchlorate salts has been 

previously reported in literature.59 The trimeric building blocks are interconnected by the 

functionalized terephthalate ligands along the edges resulting in the formation of supertetrahedra 
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(ST). Further connection of the ST with each other in three-dimension leads to the augmented 

zeolite Mobil Thirty-Nine (MTN) type of framework.  

 

Figure 5.3 Calculated XRPD pattern of Cr-MIL-101 (pink) and experimental XRPD patterns of the 

thermally activated 1-CH3 (black), 2-NO2 (blue), 3-OCH3 (green), 4-C6H4 (red), 5-F2 (magenta), 6-

(CH3)2 (orange), 7-(OCH3)2 (cyan) and Al-MIL-101-NH2 (violet) synthesized by solvothermal method. 

 

 
Figure 5.4 Calculated XRPD pattern of Cr-MIL-101 (pink) and experimental XRPD patterns of the as-

synthesized 1-CH3 (black), 3-OCH3 (green), 4-C6H4 (red) and 7-(OCH3)2 (cyan) synthesized by 

microwave irradiation method. 
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Figure 5.5 (a) Framework structure of Cr-MIL-101 having MTN topology and containing smaller 

(green) and larger (red) mesoporous cages. The structure is constructed from (b) supertetrahedra 

(ST), which consist of trimeric oxido-centered [Cr3(μ3-O)(F)(H2O)2]6+ building blocks at the vertices 

interconnected the by terephthalate ligands. The smaller and larger cages bear only pentagonal (c) or 

a combination of pentagonal (c) and hexagonal (d) windows, respectively. Color codes: Cr, green 

octahedra; C, gray; O, red. The MTN framework (a) and the portions of Cr-MIL-101 network (b-d) 

have been drawn by utilizing the atomic coordinates given in “Database of Zeolite Structures”60 and 

ref. 27, respectively. 

 

 It is noteworthy that the labile coordination sites of the [AlO6] octahedra in the as-

synthesized Al-MIL-101-X materials are filled with the O-donor atoms from DEF molecules or 

chlorine atoms, rather than fluorine atoms or water molecules as in the case of Cr-MIL-101. The 

existence of such coordinated DEF molecules in the structures of the as-synthesized Al-MIL-

101-X materials has been verified by IR spectroscopy and TG analyses (cf. Infrared 

Spectroscopy and Thermal Stability sections). The presence of coordinated chloride anions has 

been corroborated by energy dispersive X-ray (EDX) experiments (Figures 5.6 to 5.13). The 

frameworks comprise two types of mesoporous cages. The smaller cage is built up of 12 

pentagonal rings possessing a free diameter of ca. 12 Å, and the accessible diameter of the cage 
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is ca. 29 Å. The larger cage consists of 12 pentagonal and 4 hexagonal rings with a free diameter 

of the hexagonal rings of ca. 16 Å and an accessible cage diameter of ca. 34 Å. The smaller and 

larger cages are composed of 20 and 28 ST, respectively. They are present in a ratio of 2:1. 

 It is worthy to mention that the molecular formula (i.e., [Al3OCl(DEF)2(BDC-X)3]) of the 

as-synthesized Al-MIL-101-X materials have been assigned based on the fact that the existence 

of chloride anions and DEF molecules in 1:2 ratios will make the structures electrostatically 

neutral. The assignment of the molecular formulae of the as-synthesized materials by 

spectroscopic techniques (TG, EDX and IR) is tentative. This is due to the fact that the chloride 

anions or DEF molecules ascribed as coordinated ligands might also correspond to the guest 

species inside the pores. For example, the investigation of the structure of Al-MIL-100 by solid-

state NMR spectroscopy disclosed that the pores also encapsulate different species such as 

nitrate, unreacted trimesic acid and water molecules.61 It is noteworthy that the DMF molecules 

were found to serve as the coordinated ligands in the previously reported Al-MIL-101-NH2 

material.26 

 

 

Figure 5.6 EDX spectrum of thermally activated 1-CH3. 
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Figure 5.7 EDX spectrum of thermally activated 2-NO2. 

 

 

 

Figure 5.8 EDX spectrum of thermally activated 3-OCH3. 

 

TH-1686_136122029



Chapter-5 
 

126 

 

 

 

Figure 5.9 EDX spectrum of thermally activated 4-C6H4. 

 

 

Figure 5.10 EDX spectrum of thermally activated 5-F2. 
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Figure 5.11 EDX spectrum of thermally activated 6-(CH3)2. 

 

 

 

Figure 5.12 EDX spectrum of thermally activated 7-(OCH3)2. 
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Figure 5.13 EDX spectrum of thermally activated Al-MIL-101-NH2. 

  The TG curves and FT-IR spectra of the thermally activated materials indicate that 

the coordinated DEF molecules are absent in the structures. Thus, we hypothesize the 

following: during the activation process, the coordinated DEF molecules have been 

exchanged with methanol molecules, which have been subsequently removed by heating. The 

thermally activated materials absorb water from air after cooling to room temperature. In this 

way, the activated Al-MIL-101-X materials incorporate coordinated H2O molecules in the 

structures and they bear tentative molecular formula of [Al3OCl(H2O)2(BDC-X)3.Lx(H2BD-

X)] (Table 5.4). 

5.3.3 Infrared Spectroscopy 

 As expected, the FT-IR spectra of each of the Al-MIL-101-X material (Figures 5.14-

5.16) are very similar, since all the materials are isostructural. In the FT-IR spectra of the 

thermally activated Al-MIL-101-X-CE materials, the strong absorption bands owing to the 

asymmetric and symmetric –CO2 stretching vibrations of the coordinated terephthalate ligand 

molecules are located in regions 1595-1625 cm-1 and 1420-1445 cm-1, respectively.62  
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Figure 5.14 FT-IR spectra of the thermally activated 1-CH3 (black), 2-NO2 (blue), 3-OCH3 (green), 4-

C6H4 (red), 5-F2 (magenta), 6-(CH3)2 (orange), 7-(OCH3)2 (cyan) and Al-MIL-101-NH2 (violet) 

synthesized by solvothermal method. 

 

 

 

Figure 5.15 FT-IR spectra of the thermally activated 1-CH3 (black), 3-OCH3 (green), 4-C6H4 (red) and 

7-(OCH3)2 (cyan) synthesized by microwave irradiation method. 

TH-1686_136122029



Chapter-5 
 

130 

 

 

Figure 5.16 Comparison among the FT-IR spectra of the as-synthesized (red) and thermally activated 

(black) Al-MIL-101-X materials synthesized by solvothermal method. AS = as-synthesized. 

 In the IR spectra of the as-synthesized materials, the carbonyl stretching vibrations of the 

coordinated DEF molecules show strong absorption bands in the region 1625-1645 cm-1, which 

are overlapped with the asymmetric –CO2 stretching vibrations of coordinated BDC-X 

molecules. The absorption bands for the occluded H2BDC-X (especially for -CO2H groups) and 

coordinated DEF molecules (particularly for carbonyl stretching vibrations) are very weak or 

absent in the IR spectra of the thermally activated materials, indicating almost complete removal 

of guest molecules from the pores of the materials.63 

5.3.4 Thermal Stability 

 In order to investigate the thermal stability of all the Al-MIL-101-X materials, 

thermogravimetric analyses (Figure 5.17) were performed with the as-synthesized as well as 

thermally activated forms of the materials in air atmosphere. According to the TG analyses, all 

the materials are thermally stable up to 260-430 °C. This wide temperature range suggests that 

the various functional groups play great roles in determining thermal stability of all the Al-MIL-

101-X materials. The thermal stability of the materials decreases in the following order: 4-C6H4 

(430 °C) > 5-F2 (410 °C) > 1-CH3 (400 °C) > 6-(CH3)2 (370 °C) > 3-OCH3 (350 °C) > 2-NO2 

(300 °C) > 7-(OCH3)2 (260 °C). In general, materials bearing less hydrophilic functional groups 

(e.g. -C6H4, -F and -CH3) have shown higher thermal stability compared to those possessing 
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more hydrophilic functional groups, which is in agreement with an earlier report.64 However, as 

pointed out by Makal et al.,64 the standard TG experiment might not describe the thermal 

stability of a MOF compound precisely, since the thermal stability obtained from TGA and in-

situ synchrotron XRPD thermal decomposition experiments were different in their studies. The 

highest thermal stability of 4-C6H4 is slightly higher than the un-functionalized Cr-MIL-101 

compound, which decomposes above 400 °C.65 The thermal stability of the previously reported 

Al-MIL-101-NH2 material, which decomposes above 380 °C, lies within the range of thermal 

stability of the presented materials.26  

 

 

Figure 5.17 TGA curves of the thermally activated 1-CH3 (black), 2-NO2 (blue), 3-OCH3 (green), 4-

C6H4 (red), 5-F2 (magenta), 6-(CH3)2 (orange) and 7-(OCH3)2 (cyan) synthesized by solvothermal 

method. The TG analyses were performed in an air atmosphere.   

 In the TG traces of the as-synthesized Al-MIL-101-X materials, the first weight loss steps 

in the 50-200 °C range might be ascribed to the removal of occluded/coordinated water and DEF 

molecules. The second weight loss steps, which occur up to the decomposition temperatures, 

might be attributed to the removal of guest H2BDC-X molecules. Below the decomposition 

temperatures, the TG curves of the thermally activated (Figure 5.17) forms of all the materials 

(except 2-NO2 and 7-(OCH3)2) exhibit one weight loss step in the 250-390 °C range due to the 

removal of occluded H2BDC-X molecules. The observed weight losses for the thermally 
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activated materials are in agreement with the calculated ones (Tables 5.4). The presence of guest 

functionalized terephthalic acid molecules in the pores of the thermally activated materials 

indicates incomplete activation of the materials. 

Table 5.4 Weight loss steps in TG curves for the thermally activated forms of Al-MIL-101-X-

CE materials and their tentative molecular formula. 

Compound Lx 
[a] 2nd Weight Loss (%): 

Obs. / Cal. 

Molecular Formula 

1-CH3 0.8 16.7/17.0 [Al3OCl(H2O)2(C9H6O4)3]·0.8(C9H8O4) 

2-NO2 - - [Al3OCl(H2O)2(C8H3NO6)3] 

3-OCH3 0.9 19.3/19.0 [Al3OCl(H2O)2(C9H6O5)3]·0.9(C9H8O5) 

4-C6H4 0.4 10.4/9.7 [Al3OCl(H2O)2(C12H10O4)3]·0.4(C12H12O4) 

5-F2 0.6 13.4/13.6 [Al3OCl(H2O)2(C8H2F2O4)3]·0.6(C8H4F2O4) 

6-(CH3)2 0.4 9.5/9.4 [Al3OCl(H2O)2(C10H8O4)3]·0.5(C10H10O4) 

7-(OCH3)2 - - [Al3OCl(H2O)2(C10H8O6)3] 

[a] Lx = No. of H2BDC-X Molecules Removed in 2nd Weight Loss Step 

5.3.5 Gas Adsorption Properties 

 The N2 sorption experiments performed with the thermally activated forms of all the Al-

MIL-101-X-CE compounds exhibit type-I adsorption isotherms (Figure 5.18) with a small step 

in the adsorption curves at p/p0 = 0.2. These two steps were previously attributed to the different 

fillings of the cavities. Only the supertetrahedra (ST) are filled at very low relative pressures 

(p/p0 < 0.05), whereas the medium (p/p0 = 0.15) and the larger (p/p0 = 0.20) cavities are filled as 

the relative pressures increase.66 These types of shapes of the adsorption isotherms have been 

formerly reported in the literature for the M-MIL-101-X (M = Cr, Fe, V and Al) materials.12, 26, 

27, 30-44, 67 The specific BET surface areas (Table 5.5) were determined from the N2 adsorption 

isotherms. They reveal significant porosities, which are lower compared to those of the un-

functionalized Cr-MIL-101 material.27 The value of BET surface area is highest for 1-CH3 

among the functionalized Al-MIL-101-X materials. The BET surface areas of the materials 

decrease in the order: 1-CH3 > Al-MIL-101-NH2 > 3-OCH3 > 7-(OCH3)2 > 2-NO2 ≈ 6-(CH3)2 > 

4-C6H4 > 5-F2. In most cases, the mono-functionalized Al-MIL-101-X materials have displayed 

higher BET surface area values compared to those of the di-functionalized variants, as expected. 

In general, the observed BET surface area values of the compounds are in agreement with the 

size of the attached functional groups. The discrepancies between the experimental and expected 
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(based on the size or steric dimension of the functional groups)68 BET surface area values for 

some materials might be attributed to the incomplete activation of the materials. It is worthy to 

note that the BET surface area of the Al-MIL-101-NH2 material (2230 m2 g-1) is significantly 

lower compared to the report of Hartmann et al. (3099 m2 g-1),44 but it is slightly higher 

compared to the value reported by Serra-Crespo et al. (2100 m2 g-1).26     

  

 

Figure 5.18 N2 adsorption isotherms of the thermally activated 1-CH3 (black, circles), 2-NO2 (blue, 

squares), 3-OCH3 (green, triangles), 4-C6H4 (red, stars), 5-F2 (magenta, pentagons), 6-(CH3)2 (orange, 

rotated squares), 7-(OCH3)2 (cyan, hexagons) and Al-MIL-101-NH2 (violet, upside-down triangles) 

synthesized by solvothermal method. The adsorption curves were recorded at -196 °C. 

Table 5.5 Specific BET surface areas of the Al-MIL-101-X materials synthesized by 

solvothermal method.  

MOF BET Surface Area 

(m2 g-1) 

MOF BET Surface Area 

(m2 g-1) 

1-CH3 2398 5-F2 1328 

2-NO2 1725 6-(CH3)2 1728 

3-OCH3 1928 7-(OCH3)2 1906 

4-C6H4 1350 Al-MIL-101-NH2 2230 
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 The CO2 adsorption experiments were performed with the thermally activated Al-MIL-

101-X-CE materials at 0 ºC up to 1 bar. As shown in Figure 5.19, the CO2 adsorption isotherms 

of all the compounds follow type-I behavior in the pressure range from 0 to 1 bar. The CO2 

uptake values (mmol g-1) of the materials at 1 bar (i.e. p/p0 = 0.3) decrease in the order: 1-CH3 

(3.0) > Al-MIL-101-NH2 (2.9) > 3-OCH3 (2.7) > 2-NO2 (2.5) > 7-(OCH3)2 (2.2) > 6-(CH3)2 

(1.9) > 5-F2 (1.8) > 4-C6H4 (1.6). In comparison, the N2 adsorption capacities at p/p0 = 0.3 follow 

the same sequence as that of the specific surface areas. Hence, at p/p0 = 0.3, the order of CO2 

uptake values does not completely match with that of N2 adsorption capacities. This fact suggests 

that the CO2 adsorption capacities of the Al-MIL-101-X materials are dependent on both the size 

and nature of the attached functional groups. The size of the functional groups determines the 

specific surface areas, whereas the nature of attached functional groups governs the nature of 

framework-CO2 interactions. 

 

 

Figure 5.19 CO2 adsorption isotherms of the thermally activated 1-CH3 (black, circles), 2-NO2 (blue, 

squares), 3-OCH3 (green, triangles), 4-C6H4 (red, stars), 5-F2 (magenta, pentagons), 6-(CH3)2 (orange, 

rotated squares), 7-(OCH3)2 (cyan, hexagons) and Al-MIL-101-NH2 (violet, upside-down triangles) 

synthesized by solvothermal method. The adsorption curves were measured at 0 °C. 
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5.4 CONCLUSIONS 

 We have presented the facile synthesis, full characterization and gas adsorption properties 

of seven new functionalized Al-MIL-101-X (X = -CH3, -NO2, -OCH3, -C6H4, -F2, -(CH3)2, -

(OCH3)2) materials. The seven new materials along with the formerly reported Al-MIL-101-NH2 

compound were prepared by employing stoichiometric mixtures of Al(ClO4)3·9H2O and H2BDC-

X linkers in DEF under similar solvothermal conditions (130 °C, 3-12 h) with conventional 

electric (CE) heating. The Al-MIL-101-X materials with X = -CH3, -OCH3, -C6H4 and -(OCH3)2 

were also prepared under identical microwave-assisted solvothermal conditions (170 °C, 10 min, 

150 W) by employing similar reaction mixtures as those used during the syntheses with CE 

heating. Thus, a significant reduction in the reaction time was observed in the microwave 

irradiation method as compared to the solvothermal technique. The phase purity of the materials 

was verified by XRPD analysis, FT-IR spectroscopy, thermogravimetric and elemental analysis. 

All the Al-MIL-101-X materials showed high thermal stability up to 260-430 °C in an air 

atmosphere. The thermally activated forms of all the materials show significant porosity, as 

disclosed by the N2 (SBET in the range of 1328-2398 m2 g-1) and CO2 (uptake values in the range 

of 1.6-3.0 mmol g-1 at 0 °C and 1 bar) sorption analysis. The N2 adsorption capacities of the 

materials are dependent on the size of the attached functional groups. On the other hand, the CO2 

uptake values of the materials are dependent on both the size and nature of attached functional 

groups, resulting in various CO2-framework interactions. The high thermal and moisture stability 

of the light-weight, non-toxic Al-MIL-101-X-CE materials along with the considerably high 

porosity would make them potential candidates for applications in gas storage and separation.   
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                                                               CHAPTER 6 

 

Synthesis, Characterization and Sorption 

Properties of Functionalized Cr-MIL-101-X (X 

= -F, -Cl, -Br, -CH3, -C6H4, -F2, -(CH3)2) Materials 

 

This chapter presents the hydrothermal synthesis, complete characterization and sorption 

behavior of functionalized Cr-MIL-101-X (X = -F, -Cl, -Br, -CH3, -C6H4, -F2, -(CH3)2) materials. All 

of the functionalized compounds except Cr-MIL-101-C6H4 were obtained by reacting the 

mixtures of CrO3, H2BDC-X linkers, conc. HCl and water. On the other hand, the Cr-MIL-101-X 

compounds with X = -Cl, -Br and -C6H4 were synthesized in a shorter reaction times. The phase 

purity of the materials is confirmed by a combination of XRPD analysis, DRIFT spectroscopy 

and thermogravimetric analysis. TG analyses shows that all the Cr-MIL-101-X compounds 

exhibit high thermal stability up to 270-300 °C in an air atmosphere. All the thermally activated 

materials exhibit significant porosity, as verified by the N2, CO2 and benzene sorption analyses. 

The high thermal and hydrolytic stability as well as noticeably high porosity would make the 

Cr-MIL-101-X compounds as potential candidates for applications in gas/liquid storage and 

separation. 
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6.1 INTRODUCTION 

 Synthesis of air- and moisture-stable MOF materials possessing effective functional 

organic sites is still a major challenge for their applications in industry. Several famous un-

functionalized MOF compounds1-4 showing promising applications in adsorption, separation or 

catalysis suffer from low physicochemical stabilities (moisture, thermal, acid-base), which 

hinder their industrial applications. In order to increase the hydrolytic stabilities, several 

hydrophobic functional groups (e.g., -F, -CH3, -OCF3, etc.)5-9 have been integrated into their 

frameworks. In addition, MOFs possessing relatively higher physicochemical stabilities have 

been attained through the employment of metal cations having higher oxidation states than 

divalent cations (e.g. Al(III),10, 11 Cr(III),12 Ti(IV),13 Zr(IV),14 etc.). Among several approaches 

that have been employed so far for increasing the water stability of MOFs, ligand 

functionalization is the most widely employed strategy.15, 16 

 Ferey’s group introduced the MIL-n (MIL = Material of the Institute Lavoisier) series of 

MOFs that exhibited not only high thermal and chemical stability but also surprisingly high 

porosity.10-12, 17 For example, the Cr(III)-based MOF material represented as MIL-101, which is 

stable in air, water and acidic conditions, shows high thermal stability up to 275 °C.12, 18 This 

material possesses extremely high BET surface area of 4100 m2 g-1.12 The incorporation of 

various functional groups into the frameworks of Cr(III), Fe(III) and Al(III)-based MIL-101 

materials was carried out by several research groups. The functionalized (single- and mixed-

linker) Cr-MIL-101-X (X = -H, -F, -Cl, -Br, -I, -CH3, -NO2, -NH2, -OH, -CO2H, -SO3H, etc.) 

compounds were documented in the literature by the groups of Stock, Kitagawa and several 

others.18-28 Moreover, Xu’s group reported on the preparation of highly proton conductive 

membrane materials with the hydrolytically stable Fe-MIL-101-NH2 compound.29 The V-MIL-

101 and V-MIL-101-NH2 materials, which were separately documented in the literature by the 

groups of Van Der Voort30 and Zou,31 were found to be sensitive to air. The group of Gascon 

reported on the CO2/CH4 separation and catalytic activities of the Al-MIL-101-NH2 material, 

which showed high thermal and chemical stability.11, 32, 33 Recently, a report has been published 

by our group on the facile synthesis (by both conventional and microwave irradiation method) 

and gas adsorption behavior of seven new functionalized Al-MIL-101-X (X = -CH3, -NO2, -

OCH3, -C6H4, -F2, -(CH3)2, -(OCH3)2) materials.34 Inspired by the above-mentioned distinctive 
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and advantageous properties of the pristine and functionalized Cr-MIL-101 materials, we have 

introduced several new functional groups into the framework of Cr-MIL-101. In this chapter, we 

wish to present the synthesis, thorough characterization, thermal stability as well as gas/vapor 

adsorption features of seven functionalized Cr-MIL-101-X (X = -F, -Cl, -Br, -CH3, -C6H4, -F2, -

(CH3)2) compounds. A systematic study on the influence of the different functional groups 

(Scheme 1) on the thermal stability as well as gas/vapor adsorption characteristics of the Cr-

MIL-101-X materials has been carried out. Although some of these functionalized Cr-MIL-101-

X (X = -F, -Cl, -Br, -CH3, -(CH3)2) materials have been recently reported, they were prepared by 

employing different synthesis conditions compared to those presented in this chapter.19, 28 

Moreover, the effect of the functional groups on the thermal stability and gas/vapor sorption 

properties of the functionalized Cr-MIL-101-X materials was not evaluated. 

 

Scheme 6.1 Structures of the functionalized terephthalic acid linkers H2BDC-X used for the synthesis of 

the Cr-MIL-101-X materials. 

6.2 EXPERIMENTAL SECTION 

6.2.1 Materials and General Methods 

 The H2BDC-F,35 H2BDC-Cl,35 H2BDC-CH3,
35 and H2BDC-F2

36 ligands were synthesized 

as described previously. All other starting materials were of reagent grade and used as received 

from the commercial suppliers. Diffuse-reflectance infrared Fourier transform (DRIFT) spectra 

were carried out with a Thermo Nicolet 6700 FTIR spectrometer equipped with a nitrogen-

cooled MCT detector and a KBr beam splitter. The DRIFT cell was connected to a vacuum 

manifold. The following indications are used to characterize absorption bands: very strong (vs), 

strong (s), medium (m), weak (w), shoulder (sh) and broad (br). Thermogravimetric analyses 

(TGA) were carried out with a Netzsch STA-409CD thermal analyzer in a temperature range of 

25-600 °C under air atmosphere at a heating rate of 4 °C min−1. Ambient temperature X-Ray 

powder diffraction (XRPD) patterns were measured on a Thermo Scientific ARL X’Tra 
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diffractometer (40 kV, 40 mA), using Cu-Kα (λ = 1.5406 Å). The nitrogen sorption isotherms up 

to 1 bar were recorded using a Belsorp Mini apparatus at -196 °C. The carbon dioxide adsorption 

measurements were carried out using a Micromeritics TriStar 3000 analyzer at 0 °C. The vapor 

phase isotherms of benzene at 50 °C were measured by the gravimetric method using a 

microbalance of VTI Corporation. The compounds were degassed at 160 °C under vacuum for 

18 h prior to the sorption experiments. The surface morphology of the as-synthesized Cr-MIL-

101-X materials was investigated by Field Emission Scanning Electron Microscope (FESEM) 

using a Zeiss (Gemini) instrument or by SEM using Hitachi S3400N equipment.   

 The frequencies of infrared absorption bands for all the Cr-MIL-101-X compounds are 

presented in Table 6.1. The weights of the samples used for the TG and adsorption analyses are 

summarized in Table 6.2. The synthesis of Cr-MIL-101 was carried out according to a formerly 

published procedure.37 The routine characterization measurements (XRPD, TGA, IR 

spectroscopy and N2 sorption analysis) were carried out in order to verify its purity. 

Table 6.1 Frequencies of infrared absorption bands[a] for the thermally activated forms of Cr-

MIL-101-X compounds. 

Compound Infrared Absorption Frequencies (cm-1) 

1-F 1630 (vs), 1498 (s), 1417 (vs), 1392 (sh), 1315 (w), 1289 (m), 1162 (w), 

1089 (w), 1064 (w), 988 (w), 958 (w), 843 (m), 805 (w), 770 (s) 

2-Cl 1631 (vs), 1489 (m), 1404 (vs), 1281 (w), 1251 (w), 1162 (w), 1056 

(m), 907 (w), 834 (w), 770 (vs) 

3-Br 1630 (vs), 1545 (m), 1498 (m), 1421 (vs), 1281 (w), 1162 (w), 1064 

(w), 992 (w), 839 (m), 805 (w), 770 (s), 728 (w), 702 (w) 

4-CH3 1617 (vs), 1498 (s), 1408 (vs), 1378 (sh), 1204 (w), 1162 (w), 1098 (w), 

864 (w), 839 (w), 762 (s), 719 (w) 

5-C6H4 1617(vs), 1464 (s), 1426 (vs), 1370 (vs), 1264 (s), 1213 (m), 1162 (m), 

1030 (w), 919 (w), 851 (w), 834 (w), 787 (s), 740 (w)  

6-F2 1630 (vs), 1511 (w), 1485 (w), 1426 (vs), 1374 (vs), 1289 (s), 1196 (m), 

1153 (w), 941 (w), 911 (w)  

7-(CH3)2 1613 (vs), 1536 (sh), 1493 (w), 1421 (vs), 1383 (sh), 1358 (s), 1289 (w), 

1191 (m), 1153 (m), 919 (m), 860 (w), 796 (s), 753 (m) 

Cr-MIL-101 1630 (vs), 1511 (s), 1404 (vs), 1162 (m), 1022 (s), 881 (w), 834 (m), 

813 (sh), 749 (s), 719 (w)   

[a] Abbreviations: s = strong; vs = very strong; m = medium, w = weak, sh = shoulder. 
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Table 6.2 Weights of the samples used for the TG and adsorption analyses. 

 

Compound Weight (mg) 

TGA N2 adsorption CO2 adsorption Benzene adsorption 

1-F 17.438 28.3 36.1 9.772650 

2-Cl 12.611 32.3 30.6 - 

3-Br 12.805 26.8 73.4 9.892967 

4-CH3 10.479 24 29.1 9.799967 

5-C6H4 11.345 22.4 32.9 8.994550 

6-F2 9.89 28.3 33.9 10.027800 

7-(CH3)2 12.233 40.8 63.8 - 

Cr-MIL-101 - 29.1 36.5 9.902467 

6.2.2 Synthesis 

 General Procedure for the Synthesis of Cr-MIL-101-X Compounds with X = -F, -Cl, -Br, 

-CH3, -F2 and -(CH3)2: A mixture of CrO3 (125 mg, 1.25 mmol), H2BDC-X linker (1.25 mmol), 

water (5 mL) and conc. HCl (0.15 mL, 4.89 mmol) was placed in a 50 mL Teflon-lined stainless 

steel autoclave and heated at 180 °C for 144 h in a conventional oven. After cooling to room 

temperature, the green materials were collected by filtration using membrane filters, washed with 

acetone (3 × 5 mL) and dried in air. The yields of the Cr-MIL-101-X compounds were: - F, 280 

mg; -Cl, 285 mg; -Br, 350 mg; -CH3, 295 mg; -F2, 300 mg; -(CH3)2, 305 mg.  

 Synthesis of Cr-MIL-101-C6H4: A mixture of CrCl3·6H2O (266 mg, 1.00 mmol) and 

H2BDC-C6H4 linker (216 mg, 1.00 mmol) in water (5 mL) was placed in a 50 mL Teflon-lined 

stainless steel autoclave and heated at 180 °C for 12 h in a conventional oven. After cooling to 

room temperature, the green materials were collected by filtration using filter papers, washed 

with acetone (3 × 5 mL) and dried in air. The yield was 255 mg. 

 Alternative Synthesis of Cr-MIL-101-Cl: A mixture of CrCl3·6H2O (266 mg, 1.00 mmol) 

and H2BDC-Cl linker (200 mg, 1.00 mmol) in water (5 mL) was placed in a 50 mL Teflon-lined 

stainless steel autoclave and heated at 180 °C for 12 h in a conventional oven. After cooling to 

room temperature, the green materials were collected by filtration using filter papers, washed 

with acetone (3 × 5 mL) and dried in air. The yield was 215 mg.   
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 Alternative Synthesis of Cr-MIL-101-Br: A mixture of Cr(NO3)3·9H2O (400 mg, 1.00 

mmol) and H2BDC-Br linker (245 mg, 1.00 mmol) in water (5 mL) was placed in a 50 mL 

Teflon-lined stainless steel autoclave and heated at 210 °C for 18 h in a conventional oven. After 

cooling to room temperature, the green materials were collected by filtration using filter papers, 

washed with acetone (3 × 5 mL) and dried in air. The yield was 310 mg. 

6.2.3 Activation of the As-Synthesized Cr-MIL-101-X Compounds 

 All the as-synthesized Cr-MIL-101-X compounds were activated in a three-step 

activation process. At first, the suspension of each compound (0.2 g) in 20 mL DMF was placed 

in a Teflon-lined stainless steel autoclave and heated at 155 °C for 24 h in a conventional oven. 

In the second step, the filtered solids were suspended in ethanol (30 ml) and heated at 100 °C for 

24 h in a conventional oven. In the third step, the green compounds were collected by filtration 

and heated at 160 °C under dynamic vacuum for 18 h. 

6.3 RESULTS AND DISCUSSIONS 

6.3.1 Synthesis and Activation 

 Six of the Cr-MIL-101-X (X = -F, -Cl, -Br, -CH3, -F2 and -(CH3)2) materials were 

prepared by a general synthesis approach. The reaction conditions for the synthesis of these 

materials are different compared to that employed in the literature for few other functionalized 

Cr-MIL-101-X compounds.19, 24, 25, 28 Indeed, the reaction of a mixture of CrO3, H2BDC-X 

ligand, conc. HCl and water with a molar ratio of 1:1:3.9:222.2 at 180 °C for 144 h led to the 

formation of highly crystalline Cr-MIL-101-X materials. It is noteworthy that the preparation of 

the chloro- and bromo-functionalized Cr-MIL-101 materials under similar synthetic conditions 

has recently been demonstrated by the Stock group.19 Furthermore, the synthesis of the Cr-MIL-

101-(CH3)2 compound under similar reaction conditions has been very recently reported by 

Kitagawa’s group.28 The Cr-MIL-101-C6H4 material could not be synthesized by the above-

mentioned general synthetic method. It was prepared by the reaction of a stoichiometric mixture 

of CrCl3·6H2O and H2BDC-C6H4 in water at 180 °C for 12 h. Compared to the 120 h of reaction 

time as described in ref.19, the chloro- and bromo-functionalized Cr-MIL-101 compounds could 

also be synthesized in only 12 and 18 h, respectively. In these cases, the synthesis conditions for 

the Cr-MIL-101-Cl material were similar to those of the presented Cr-MIL-101-C6H4 compound. 

TH-1686_136122029



Chapter-6 
 

146 

 

On the other hand, the Cr-MIL-101-Br material was prepared by the reaction conditions that 

were formerly employed for the preparation of the parent Cr-MIL-101 material.37 The FESEM 

and SEM images (Figures 6.1 (a)-6.1 (i)) of as-synthesized Cr-MIL-101-X (X= 1-F, 2-Cl, 3-Br, 

4-CH3, 5-C6H4, 6-F2 and 7-(CH3)2) materials confirm that the compounds were formed in 

homogeneous crystallite phases and there is almost no sign of amorphous phase in the samples.  

 

Figure 6.1 FESEM images for (a) 1-F, (b) 2-Cl (6d), (c) 3-Br (6d), (d) 4-CH3, (e) 5-C6H4, (f) 7-(CH3)2 

and SEM images for (g) 6-F2, (h) Cr-MIL-101-Br (18h), (i) Cr-MIL-101-Cl (12h). 

 The removal of the guest molecules encapsulated within the pores of the as-synthesized 

Cr-MIL-101-X materials was accomplished in a three-step activation method similar to that 

reported in the literature38 for the pristine Cr-MIL-101 material. At first, the guest molecules 

were exchanged by heating the as-synthesized materials in a polar solvent such as DMF. In the 

second step, the exchange of the DMF molecules was performed with more volatile and thus 

easily removable ethanol molecules by heating the DMF-exchanged materials in ethanol. In the 
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third step, the ethanol molecules were removed from the cavities by heating the ethanol-

exchanged materials under vacuum, leading to the empty-pore forms of the materials.  

6.3.2 Structure Description 

 The experimental XRPD patterns of the functionalized Cr-MIL-101-X materials (Figure 

6.2) are similar with the calculated XRPD pattern of parent Cr-MIL-101 exhibiting a cubic 

structure (Figure 6.3). The Cr-MIL-101-X materials are thus isostructural with Cr-MIL-101, 

which is also obvious from the similarity between their XRPD patterns. Since the structure of Cr-

MIL-101 (Figure 6.3) is already reported in the literature,12 a brief description of the framework 

structures of Cr-MIL-101-X materials is presented here.39  

 

Figure 6.2 Calculated XRPD pattern of Cr-MIL-101 (pink) and experimental XRPD patterns of the 

thermally activated 1-F (black), 2-Cl (blue), 3-Br (green), 4-CH3 (red), 5-C6H4 (magenta), 6-F2 (orange), 

7-(CH3)2 (cyan) and Cr-MIL-101 (violet). 

 The structures of Cr-MIL-101-X materials are constructed from trimeric oxo-centered 

[Cr3(μ3-O)Cl(H2O)2]
6+ building units that are composed of [CrO5Cl] octahedra. The trimeric 

building units are interconnected by the functionalized terephthalate ligands along the edges, 

resulting in the formation of supertetrahedra (ST). Further connection of the ST with each other 

in three-dimension leads to the augmented zeolite Mobil Thirty-Nine (MTN) type of framework. 
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The frameworks are composed of two types of mesoporous cages. The smaller cage is 

constructed from 12 pentagonal rings bearing a free diameter of ca. 12 Å, and the accessible 

diameter of the cage is ca. 29 Å. The larger cage is built up of 12 pentagonal and 4 hexagonal 

rings possessing a free diameter of the hexagonal rings of ca. 16 Å and an accessible cage 

diameter of ca. 34 Å. The smaller and larger cages, that are present in a ratio of 2:1, consist of 20 

and 28 ST, respectively. 

 

Figure 6.3 (a) MTN topological framework structure of Cr-MIL-101 having smaller (blue) and larger 

(orange) mesoporous cages. The structure is constructed from (b) supertetrahedra (ST), which comprise 

trimeric oxido-centered [Cr3(μ3-O)(F)(H2O)2]6+ building blocks at the vertices cross-linked by 

terephthalate linkers. The smaller and larger cages possess only pentagonal (c) or a combination of 

pentagonal (c) and hexagonal (d) windows, respectively. Color codes: Cr, blue octahedra; C, gray; O, red. 

The MTN framework (a) and the parts of Cr-MIL-101 network (b-d) have been drawn by using the 

atomic coordinates provided in “Database of Zeolite Structures”40 and ref.12, respectively. 

6.3.3 DRIFT Analysis 

 The DRIFT spectra of the Cr-MIL-101-X materials (Figure 6.4) show high similarity 

with each other, as expected. The DRIFT spectra of the functionalized Cr-MIL-101-X materials 

also bear resemblance with that of the pristine Cr-MIL-101 material. In the DRIFT spectra of the 

thermally activated Cr-MIL-101-X materials, the strong absorption bands due to the asymmetric 
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and symmetric –CO2 stretching vibrations of the coordinated terephthalate ligand molecules are 

observed in the regions 1613-1630 cm-1 and 1404-1425 cm-1, respectively.41,42 In the DRIFT 

spectra, the absorption bands for the protonated guest H2BDC-X molecules are very weak or 

absent. This fact suggests that almost complete removal of guest molecules from the pores of the 

Cr-MIL-101-X materials has occurred. 

 

Figure 6.4 DRIFT spectra of the thermally activated 1-F (black), 2-Cl (blue), 3-Br (green), 4-CH3 (red), 

5-C6H4 (magenta), 6-F2 (orange), 7-(CH3)2 (cyan) and Cr-MIL-101 (violet). 

6.3.4 Thermal Stability 

 In order to investigate the thermal stability of all the Cr-MIL-101-X materials, 

thermogravimetric analyses (Figure 6.5) were carried out with the thermally activated forms of 

the materials in air atmosphere. According to the results of the TG analyses, all the materials are 

thermally stable up to 270-300 °C. This narrow temperature range indicates that the various 

functional groups do not play significant roles in determining the thermal stability of the Cr-

MIL-101-X materials. The decreasing order of the thermal stability of the materials is 5-C6H4 

(300 °C) > 2-Cl (280 °C) ≈ 7-(CH3)2 (280 °C) > 1-F (270 °C) ≈ 3-Br (270 °C) ≈ 4-CH3 (270 °C) 

≈ 6-F2 (270 °C). The highest thermal stability of 5-C6H4 is slightly higher than the pristine Cr-

MIL-101 material, which shows thermal stability up to 275 °C.12 In literature, it has been stated 
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that hydrophobicity increases the thermal stability of MOFs, but there is no clear evidence. 

Therefore, we cannot assign the highest thermal stability of Cr-MIL-101-C6H4 to its 

hydrophobicity. It is worthy to note that the recently reported Al-MIL-101-C6H4 material 

exhibited the highest thermal stability among the functionalized Al-MIL-101-X (X = -CH3, -

NO2, -OCH3, -C6H4, -F2, -(CH3)2, -(OCH3)2) compounds.34 Below the decomposition 

temperatures, the TG curves of the thermally activated forms of all the materials do not exhibit 

any weight loss step owing to the removal of guest (solvent or H2BDC-X ligand) molecules. The 

absence of occluded molecules in the pores of the thermally activated materials verifies complete 

activation of the materials. 

 

Figure 6.5 TG curves of the thermally activated 1-F (black), 2-Cl (blue), 3-Br (green), 4-CH3 (red), 5-

C6H4 (magenta), 6-F2 (orange) and 7-(CH3)2 measured in an air atmosphere. 

6.3.5 Sorption Properties 

 N2 sorption measurements were performed with the thermally activated forms of all the 

Cr-MIL-101-X materials. All the materials display type-I N2 adsorption isotherms (Figure 6.6). 

A small step is observed in the adsorption curves at p/p0 = 0.2. The occurrence of these two steps 

in the adsorption isotherms was formerly ascribed to the different fillings of the cages. At very 

low relative pressures (p/p0 < 0.05), only the supertetrahedra (ST) are filled. As the relative 

pressures increase, the medium (p/p0 = 0.15) and the larger (p/p0 = 0.20) cages are filled.43 The 
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adsorption isotherms possessing similar shapes have been previously reported in the literature for 

the M-MIL-101-X (M = Cr, Fe, V and Al) materials.11, 12, 18-32, 44, 45 The specific BET surface 

areas (Table 6.3) were derived from the N2 adsorption isotherms. The values of BET surface 

areas disclose substantial porosities, which are considerably lower compared to that of the parent 

Cr-MIL-101 material.12, 18, 25 Among the presented functionalized Cr-MIL-101-X materials, the 

highest value of BET surface area is observed for 4-CH3. The BET surface areas of the materials 

decrease in the order: Cr-MIL-101 > 4-CH3 > 1-F > 6-F2 > 2-Cl > 7-(CH3)2 > 5-C6H4 > 3-Br. 

 

Figure 6.6 N2 adsorption isotherms of the thermally activated 1-F (black, circles), 2-Cl (blue, squares), 3-

Br (green, triangles), 4-CH3 (red, stars), 5-C6H4 (magenta, pentagons), 6-F2 (orange, rotated squares), 7-

(CH3)2 (cyan, hexagons) and Cr-MIL-101 (violet, upside-down triangles) measured at -196 °C. 

 The CO2 adsorption measurements were carried out with the thermally activated Cr-MIL-

101-X materials at 0 ºC up to 1 bar. All the Cr-MIL-101-X materials display type-I CO2 

adsorption isotherms (Figure 6.7) in the pressure range of 0-1 bar. The decreasing order of the 

CO2 adsorption capacities (mmol g-1) of the materials at 1 bar (i.e. p/p0 = 0.3) is 1-F (2.9) > Cr-

MIL-101 (2.2) > 4-CH3 (2.0) ≈ 6-F2 (2.0) > 5-C6H4 (1.8) ≈ 7-(CH3)2 (1.8) > 2-Cl (1.8) > 3-Br 

(1.7). In comparison, the N2 adsorption capacities at p/p0 = 0.3 shows the same trend as that of 

the specific BET surface areas. Therefore, at p/p0 = 0.3, the sequence of CO2 uptake values 

differs from that of the N2 adsorption capacities. 
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Table 6.3 Specific BET Surface Areas of the Cr-MIL-101-X materials determined from the N2 

Adsorption Isotherms. 

Compound BET Surface 

Area (m2 g-1) 

Micropore 

Volume 

(cm3 g-1)[a] 

CO2 uptake 

at 1 bar 

(mmol g-1) 

C6H6 uptake at p/po = 

0.35 

(molecules per unit cell) 

Ref. 

1-F 1899[b] 0.92 2.9 139.5 This work 

2282[c] 1.20 - - 19 

2-Cl 1556[b] 0.75 1.8 - This work 

1720[c] 0.87 - - 19 

3-Br 1273[b] 0.62 1.7 66.2 This work 

1631[c] 0.87 - - 19 

4-CH3 2135[b] 1.04 2 119.5 This work 

1467[c] 0.68 - - 19 

5-C6H4 1413[b] 0.68 1.8 90.5 This work 

6-F2 1647[b] 0.82 - - This work 

7-(CH3)2 1452[b] 0.69 1.8 - This work 

2127[b] - - - 28 

Cr-MIL-

101 

2172[b] 1.07 2.2 132.9 This work 

2367-4100 2.0(1)[d] - - 12, 46, 25 

[a] Micropore volume determined at p/p0 = 0.5; [b] Specific BET surface area estimated in the p/p0 range of 

0.05-0.1; [c] Specific BET surface area estimated using the Rouquerol method.47; [d] Determined using the 

Dubinin-Radushkevich equation. 

 The CO2 adsorption capacities of the mono- and di-fluorinated Cr-MIL-101 compounds 

at 1 bar deserve special attentions as the employment of the fluorinated ligands in MOFs 

increases the CO2 uptake capacity.48-50 The mono-fluorinated 1-F shows the highest CO2 uptake 

value at 1 bar, although it bears lower BET surface area compared to those of un-functionalized 

Cr-MIL-101 and 4-CH3. Similarly, the CO2 adsorption capacity of the di-fluorinated 6-F2 equals 

to that of 4-CH3, despite the fact that the BET surface area of the former is considerably lower 

compared to that of the latter. Thus, the fluorination of the pore walls inside the framework 

enhances the CO2 uptake of Cr-MIL-101. Similar effect of the attached fluorine groups in 

enhancing the CO2 adsorption capacities of the un-functionalized MOFs has been previously 

documented in the literature.48-50 All these observations suggest that both the size and the nature 

of the attached functional groups determine the CO2 uptake values of the Cr-MIL-101-X 

materials. The values of the specific BET surface areas are dependent on the size of the attached 
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functional groups, whereas the nature of framework-CO2 interactions is governed by the nature 

of the attached functional groups. 

 

Figure 6.7 CO2 adsorption isotherms of the thermally activated 1-F (black, circles), 2-Cl (blue, squares), 

3-Br (green, triangles), 4-CH3 (red, stars), 5-C6H4 (magenta, pentagons), 6-F2 (orange, rotated squares), 

7-(CH3)2 (cyan, hexagons) and Cr-MIL-101 (violet, upside-down triangles) measured at 0 °C. 

 Although the fluorination has been demonstrated to enhance the CO2 adsorption capacity 

of Cr-MIL-101, it should be noted that specific BET surface area of the material decreases with 

increase in the number of attached –F groups. The observed CO2 uptake is also dependent on the 

specific BET surface area, apart from the extent of fluorination. Thus, the CO2 adsorption 

capacity of 1-F at 1 bar is higher than 6-F2 (which is in agreement with their specific BET 

surface areas), although the reverse is expected from the degree of fluorination (i.e., the number 

of attached –F groups per linker molecule). 

 The Cr-MIL-101 material has formerly been demonstrated to show high benzene 

adsorption capacities due to the high packing efficiency and strong π-interaction of benzene with 

the adsorption sites in the framework.44 Inspired by this fact, we have measured benzene 

adsorption isotherms with the Cr-MIL-101-X materials at 50 °C. The benzene adsorption 

isotherms (Figure 6.8) display type-I behavior with a small step at p/p0 = 0.12. Similar to the N2 

adsorption isotherms, the presence of these two steps in the benzene adsorption isotherms might 
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be related to the different filling of the cages.49 The benzene adsorption capacities (molecules per 

unit cell) of the materials at p/p0 = 0.35 decrease in the order: 1-F (139.5) > Cr-MIL-101 (132.9) 

> 4-CH3 (119.5) > 6-F2 (107.04) > 5-C6H4 (90.5) > 3-Br (66.2). The benzene uptake value 

(132.9 molecules per unit cell at 50 °C and p/p0 = 0.6) of the un-functionalized Cr-MIL-101 

material is lower compared to that reported in the literature (229.6 molecules per unit cell at 32 

°C and p/p0 = 0.6). Considering that the unit cell of Cr-MIL-101 consists of a total of 24 cages 

(16 smaller and 8 larger cages),51 the descending order of benzene adsorption capacities 

(molecules per cage) at p/p0 = 0.35 becomes 1-F (5.8) > Cr-MIL-101 (5.5) > 4-CH3 (5.0) > 6-F2 

(4.5) > 5-C6H4 (3.8) > 3-Br (2.8). Interestingly, the mono-fluorinated 1-F displays the highest 

benzene uptake value at p/p0 = 0.35, despite the fact that it has lower BET surface area compared 

to those of un-functionalized Cr-MIL-101 and 4-CH3. Since benzene is a nonpolar molecule, this 

observation can be assigned to the higher hydrophobicity of the fluorine-functionalized Cr-MIL-

101 as compared to the non- and methyl-functionalized Cr-MIL-101. Similar trend in 

hydrophobicity between the methyl-functionalized and fluorinated frameworks has been 

documented in the literature for highly hydrophobic nickel MOFs possessing bi-pyrazolate 

linkers.52 

 

Figure 6.8 Benzene adsorption isotherms of the thermally activated 1-F (black, circles), 3-Br (green, 

triangles), 4-CH3 (red, stars), 5-C6H4 (magenta, pentagons), 6-F2 (orange, rotated squares) and Cr-MIL-

101 (violet, upside-down triangles) recorded at 50 °C. 
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6.4 CONCLUSIONS 

 The hydrothermal synthesis, thorough characterization and sorption properties of 

functionalized Cr-MIL-101-X (X = -F, -Cl, -Br, -CH3, -C6H4, -F2, -(CH3)2) materials have been 

demonstrated. A general synthetic approach was employed for the preparation of all of the 

functionalized Cr-MIL-101-X materials except Cr-MIL-101-C6H4. In this approach, the highly 

crystalline materials were obtained by reacting the mixtures of CrO3, H2BDC-X ligands, conc. 

HCl and water with a molar ratio of 1:1:3.9:222.2 at 180 °C for 144 h. In sharp contrast to the 

144 h of reaction time, three of the Cr-MIL-101-X materials with X = -Cl, -Br and -C6H4 could 

be prepared in considerably shorter reaction times (12-18 h at 180-210 °C). The main advantage 

of the alternative synthesis method described herein for 2-Cl and 3-Br compared to the 

previously reported synthesis procedure is that the present method (12 h and 18 h for 2-Cl and 3-

Br, respectively) involves shorter reaction times than the previous procedure (120 h for each 

compound). However, the 2-Cl and 3-Br prepared by the alternative method exhibit relatively 

lower crystallinity and specific BET surface areas compared to the materials synthesized by the 

previous procedure. The phase purity of the materials was verified by a combination of XRPD 

measurements, DRIFT spectroscopy and thermogravimetric analysis. As corroborated by the TG 

analyses, all the Cr-MIL-101-X materials exhibit high thermal stability up to 270-300 °C in an 

air atmosphere. All the thermally activated materials exhibit significant porosity, as confirmed by 

the N2 (SBET in the 1273-2135 m2 g-1 range), CO2 (uptake values in the 1.7-2.9 mmol g-1 range at 

0 °C and 1 bar) and benzene (adsorption capacities in the 66.2-139.5 molecules per unit cell 

range at 50 °C and p/p0 = 0.35) sorption experiments. The N2 uptake values of the materials are 

dependent on the size of the grafted functional groups. On the other hand, their CO2 and benzene 

adsorption capacities are dependent both on the size and the nature of attached functional groups, 

leading to different adsorptive-framework interactions. Specifically, the mono- and di-

fluorinated Cr-MIL-101 materials exhibited enhanced CO2 adsorption capacities. Furthermore, 

Cr-MIL-101-F showed higher benzene uptake value compared to the non- and methyl-

functionalized Cr-MIL-101, suggesting that the fluorination induced more hydrophobicity in Cr-

MIL-101 as compared to the methylation. The high thermal and hydrolytic stability as well as 

remarkably high porosity would make the Cr-MIL-101-X materials as potential candidates for 

applications in gas/liquid storage and separation. 
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CONCLUSIONS AND OUTLOOK 

 

 

 

 The work presented in this thesis demonstrates that the functionalization of MOFs is a 

promising strategy to enhance the physicochemical stability (air, water, acid-base, heat, etc.) as 

well as gas storage and separation properties of the resulting MOFs. The attached functional groups 

can act as interaction sites for specific gas molecules (during gas adsorption) and analytes (during 

fluorescence sensing), thus increasing the selectivity of the MOF material towards the target gas 

molecule or analyte. Therefore, the functionalized MOFs can be employed for the separation of 

gas mixtures. Furthermore, they can be utilized for the selective fluorimetric detection of a target 

analyte in the presence of potentially interfering analytes.  

 In Chapter 2, an improved synthesis procedure for the preparation of the formerly reported 

Zr(IV) trans,trans-muconate framework material is presented. Instead of using non-commercial 

Zr6-methacrylate oxocluster as the metal source, the same MOF material was successfully 

synthesized by using commercially available ZrCl4 as the Zr source. During the synthesis, small 

amounts of H2O or conc. HCl were used as additives in DMF. The influence of ZrCl4/additive 

molar ratio on the crystallinity of the materials has been systematically examined. According to 

the thermogravimetric analyses, the two materials are stable up to ~250 ºC in N2 atmosphere. As 
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confirmed by the XRPD analyses, both of the materials are unstable in acetic acid, 1M HCl and 

1M NaOH solutions. The crystallinity of the materials deteriorated slowly when they were exposed 

to water as well as moisture (from air), suggesting gradual structural collapse of the framework 

over time. The effect of activation temperature on the BET surface area of the materials was also 

examined. As corroborated by the N2 sorption measurements, the optimally activated material 

exhibited BET surface area of 557 m2 g-1, which is lower than the isostructural UiO-66 (950 m2  

g-1) but it is close to the literature value (705 m2 g-1) of Zr(IV) muconate. Owing to its moderate 

physicochemical stability and significant porosity, the material is a potential candidate in the field 

of gas storage and separation. 

 The successful solvothermal synthesis of strongly fluorescent 3D Cd(II)-based MOF 

incorporating a highly π-conjugated amide-functionalized ditopic tetrazolate-based organic ligand 

is presented in Chapter 3. Selective detection of explosive 2,4,6-trinitrophenol (TNP) by activated 

material with a very high rate of response was confirmed by the steady-state fluorescence titration 

experiments. It was observed that the selective detection of TNP was also possible in presence of 

other potentially interfering nitroaromatic explosives. The detection limit of the material for the 

sensing of TNP was estimated to be 1.87 × 10-7 M (42.84 ppb), which is comparable with other 

MOF-based fluorescence sensors reported until today. The recyclability experiments indicate high 

photostability and reusability of the compound for long-term in-field detection of nitroaromatic 

explosive materials. The combination of experimental and theoretical results provides indications 

in favor of both energy and electron transfer mechanisms for the highest quenching efficiency of 

TNP. Moreover, the enhanced selectivity of the material for sensing of TNP can be instinctively 

assigned to the existence of electrostatic interactions between the N-H moiety of the ligand and 

the hydroxyl group of TNP. The outstanding sensing performance renders the material as a 

promising sensing device for the real-world detection of TNP. 

 In Chapter 4, a new azide- and an existing nitro-functionalized Ce(IV)-based MOF with 

UiO-66 framework topology have been presented for the first time as fluorescence turn-on probes 

for the detection of H2S under physiological conditions. Both materials demonstrated promising 

potentials towards highly selective, sensitive (detection limits: 12.2 µM for azide-functionalized 

mof and 34.8 µM for nitro-functionalized MOF) and rapid detection of H2S. It was observed that 

the Ce-based UiO-66 MOFs exhibited improved fluorescence response towards H2S than their Zr-
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based counterparts. Owing to their extraordinary selectivity towards sensing of H2S even in the 

presence of other potentially interfering biomolecules, these materials could be promising 

candidates for the real-time monitoring of H2S in biological systems. Besides the fast, selective 

and sensitive detection of H2S, both of these materials can effectively adsorb considerable amounts 

CO2 at 0 °C and in pressure range of 0 to 1 bar. As a result, they are also excellent materials in the 

field of CO2 capture. 

 The facile synthesis, complete characterization and gas adsorption properties of seven new 

functionalized Al-MIL-101-X (X = -CH3, -NO2, -OCH3, -C6H4, -F2, -(CH3)2, -(OCH3)2) materials 

are demonstrated in Chapter 5. The seven new materials along with the formerly reported Al-MIL-

101-NH2 compound were prepared by using stoichiometric mixtures of Al(ClO4)3·9H2O and 

H2BDC-X linkers in DEF under similar solvothermal conditions (130 °C, 3-12 h) with 

conventional electric heating. The Al-MIL-101-X materials with X = -CH3, -OCH3, -C6H4 and -

(OCH3)2 were also prepared under identical microwave-assisted solvothermal conditions (170 °C, 

10 min, 150 W). A substantial reduction in the reaction time was observed in the microwave 

irradiation method as compared to the solvothermal technique. It was observed that Al-MIL-101-

X materials can sustain up to 260-430 °C in an air atmosphere. The thermally activated forms of 

all the materials showed significant porosity, as revealed by the N2 (SBET in the range of 1328-2398 

m2 g-1) and CO2 (uptake values in the range of 1.6-3.0 mmol g-1 at 0 °C and 1 bar) sorption analysis. 

The N2 adsorption capacities of the materials are reliant on the size of the attached functional 

groups, whereas the CO2 uptake values of the materials are dependent on both the size and nature 

of attached functional groups, resulting in various CO2-framework interactions. The high thermal 

and moisture stability of the light-weight, non-toxic Al-MIL-101-X materials along with the 

significantly high porosity would make them potential candidates for applications in gas storage 

and separation. 

 Chapter 6 demonstrates the hydrothermal synthesis, complete characterization and sorption 

properties of functionalized Cr-MIL-101-X (X = -F, -Cl, -Br, -CH3, -C6H4, -F2, -(CH3)2) materials. 

All of the functionalized compounds except Cr-MIL-101-C6H4 were obtained by reacting the 

mixtures of CrO3, H2BDC-X linkers, conc. HCl and water with a molar ratio of 1:1:3.9:222.2 at 

180 °C for 144 h. On the other hand, the Cr-MIL-101-X materials with X = -Cl, -Br and -C6H4 

was synthesized in a shorter reaction times (12-18 h at 180-210 °C). According to the TG analyses, 
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all the Cr-MIL-101-X materials exhibit high thermal stability up to 270-300 °C in an air 

atmosphere. All the thermally activated materials displayed significant porosity, as verified by the 

N2 (SBET in the 1273-2135 m2 g-1 range), CO2 (uptake values in the 1.7-2.9 mmol g-1 range at 0 °C 

and 1 bar) and benzene (adsorption capacities in the 66.2-139.5 molecules per unit cell range at 50 

°C and p/p0 = 0.35) sorption measurements. The N2 uptake values of the materials are dependent 

on the size of the attached functional groups whereas, their CO2 and benzene adsorption capacities 

are dependent both on the size and the nature of grafted functional groups, resulting in different 

adsorptive-framework interactions. Specially, the mono- and di-fluorinated Cr-MIL-101 materials 

displayed enhanced CO2 adsorption capacities. Moreover, Cr-MIL-101-F exhibited higher 

benzene uptake value compared to the non- and methyl-functionalized Cr-MIL-101, indicating 

that the fluorination induced more hydrophobicity in Cr-MIL-101 as compared to the methylation. 

The high thermal and hydrolytic stability as well as noticeably high porosity would make the Cr-

MIL-101-X materials as potential candidates for applications in gas/liquid storage and separation. 
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