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Abstract 

Metal organic frameworks (MOFs) are a versatile class of porous crystalline materials 

constructed from metal nodes and organic linkers. Postsynthetic modification (PSM) has 

emerged as an important late-stage approach to functionalizing MOFs. The introduction of the 

desired functional groups via PSM strategies requires chemical handles or tags within the 

MOFs‟ lattice though appropriate linker molecules during their synthesis. Click reactions 

offer dynamic covalent chemistries that result in changes of surface properties by allowing 

very fast and reversible reactions under mild condition. The present work demonstrates the 

synthesis of amine functionalized metal organic frameworks followed by the post synthetic 

modification via various strategies involving click chemistry.  A thermally reversible Diels–

Alder ligation between cyclopendienyl (Cp) groups functionalized MOFs (NH2-MIL-88B-Fe 

and ML-88B-Fe) and small molecules bearing maleimide groups was employed to fabricate 

MOFs with switchable chemical nature. The thermally induced Hetero Diels-Alder (HDA) 

reactions between cyclopendienyl (Cp) groups grafted on NH2-MIL-53-Al and dithioester 

based moieties were performed to prepare MOFs able to reprogrammable chemical nature. 

Maleimide group containing molecules of markedly different chemical nature were utilized to 

demonstrate the reversible switching of functionalities on furan groups containing MOF 

(NH2-UiO-66-Zr) presenting an unprecedented concept of a MOF that may be transformed to 

perform distinct functions simply by switching their chemical functionalities. The potential of 

thiol-ene click chemistry was utilized to postsynthetically modify MOF (IRMOF-3-Zn). The 

thiol–maleimide Michael addition approach allows the maleimide bearing frameworks to graft 

cysteine based biomolecules. All the results in the presented thesis were supported by 

scanning electron microscopy (SEM), Energy-dispersive X-ray spectroscopy (EDX), X-ray 

powder diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Attenuated total 

reflectance Fourier transform infrared spectroscopy (ATR-FTIR), thermogravimetric analysis 

(TGA), and differential scanning calorimetry (DSC) analysis.  

 



 

 

 

 

 

 

INTRODUCTION 
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1.1 Metal Organic Frameworks-A Brief History  
Porous solid materials are of scientific significance due to their unique chemical and physical 

properties.[1-2] These materials are classified as microporous, mesoporous and macroporous 

depending upon the size of their pores. Porous materials with a pore size of 2 nm or below are 

microporous, solids with pore size in the range of 2nm-50nm are known as mesoporous while 

pore size above 50 nm are consider as macroporous materials.[3] Metal-organic frameworks 

(MOFs), also known as coordination polymers, are a class of porous materials that consist of 

metal cations or their clusters, and multidentate organic linkers, which are generally rigid 

anions and can coordinate to the metals through electron pair donor sites.[4-7]  The metal 

nodes and linkers can self-assemble to form 1-D chains, 2-D sheets and 3-D networks.[8-10]  

 

Figure 1 .1 Schematic illustration for the synthesis of metal organic framework  

MOFs have gathered a lot of attention upon their discovery[11], and then in the 1960s[12-13] 

due to their high surface areas and the ability to design their crystal architecture. Though it 

was not until the end of 1980s when Robson and co-workers[14-15] revived and heightened the 

field of MOFs followed by the findings from Kitagawa[16-17], Yaghi[18], Férey[19] and their 

partners during 1990s. The term metal-organic framework was not used for these materials 

until 1995; as before then they were considered as a subset of coordination polymers. Yaghi 

reported the best known example, MOF-5, and described the advantages of MOFs over other 

porous materials, such as zeolites, because of their rational design, shape, size and 

functionalization of pores.[20]  Since then, there has been a growing interest shown by a 

number of research groups in exploring MOFs under the broader fields.[21-22] 
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1.2 The Architecture of MOFs  

MOFs are attracting huge attention due to their tunable pore sizes, structure diversity, high 

surface area of up to several thousand m
2
g

-1
, and ability to produce a wide range of 

framework architectures. [23-25]  The chemical structure of the linker and the properties of 

the connecting metals decide the desired architectural, chemical, and physical properties, pore 

volume and surface area of MOFs.[26] A typical approach for the synthesis of metal-organic 

frameworks is depicted in Figure 1.1. A number of linkers have been developed and 

employed for constructing different MOFs. Following are the details of various linkers used 

in the synthesis of MOFs. 

1.2.1 Carboxylate Linkers Based Metal Organic Frameworks 

Carboxylic acid based linkers are frequently used to construct metal-organic frameworks. 

They exhibit various coordination modes for metal ions such as monodentate, bis-

monodentate, and bidentate resulting in a variety of MOF structures with different 

geometries.[27-29] Various carboxylic acid based linkers used for the construction of MOFs 

are given in Figure 1.2. The coordination via bis-monodentate manner is mostly fascinating as 

it boosts the rigidity and stability of the building blocks and hence the final networks.[30-32] 

Carboxylic acid can be deprotonated to balance the metal charge which in result eludes 

counterions in the pores of MOF.[33] Kitagawa and coworkers constructed stable porous 

frameworks through pillaring approach. [34-35]. Yagi and colleagues used MOF-5, built from 

octahedral Zn-O-C clusters and carboxylate linkers, to exhibit the functionalization of MOFs 

via different organic groups such as –Br, –NH2, –OC3H7, –OC5H11, –C2H4, and –C4H4. They 

found out that  long molecular struts such as biphenyl, tetrahydropyrene, pyrene, and 

terphenyl could expand the pore size.[36] The spectacular growth in the field of these porous 

materials was most probably instigated by unique structure and large potential set of 

applications.[37-46] 
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Figure 1.2 Various Carboxylic acids based linkers used in the construction of MOFs 

1.2.2 Nitrogen-Donor Linkers for the construction of Metal Organic Frameworks 

Nitrogen-donor linkers are usually neutral and lead to the construction of cationic MOFs. 

These ligands possess amazing structural properties and configurations. Many examples of 

MOFs constructed from N-donor linkers have been reported by different groups.[47-53] Due 

to aromaticity, Pyrazine (pyz) is rigid in nature and have been employed as N-donor linker in 

the construction of MOFs.[54-55]. Kim and coworkers designed MOFs by using two types of 

linkers, carboxylates based linker and bridging N,N-donor linker. DABCO was selected as the 
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N-donor linker since it is more basic than pyrazine and has more potential to hold the sheets 

together to produce a 3-D framework.[56] Kitagawa and partners designed 2-D frameworks 

by incorporating 4,4‟-bipyridine (bipy) and isophthalate linkers which allowed the reversible 

breathing behavior of framework on absorption of guest molecules.[57] Chen and group 

reported a framework by using a linker which was consisted of O and N-donor atoms. The 3-D 

framework of width 10 x 11 Å was formed through Cu (II) ions running along the a-axis and 

bridged by carboxylate groups while N-donor atoms from the ligands cover the distorted square 

pyramidal Cu (II) atoms.[58] Various nitrogen-donor based linkers used for the construction of 

MOFs are given in Figure 1.3. 
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Figure 1.3 Various Nitrogen-donor linkers used in the construction of MOFs 

1.2.3 Metal Organic Materials Constructed from Hetero Functional Linkers 

Hetero-functional linkers comprise of at least two types of atoms which can work as donor for 

the coordination bonds (for example O-donor and N-donor). Various hetero-functional linkers 

used for the construction of MOFs are shown in Figure 1.4. Integrating multiple donors within 



5 

 

a single ligand enhances the diversity of building blocks and consequently allows the building 

of a huge variety of materials.[59] The chelating ring reinforces the rigidity and directionality 

that locks the metal in its position and maintains the required geometric and hence the design 

of desired frameworks. Nitrogen groups contribute the directionality of the topology (i.e., 

angular) and the rigidity of the building block is secured by the carboxylate groups by locking 

the metal in its position.[60] Hetero-chelation is possible if the donors are close enough which 

may increase the rigidity of the building block by completing the coordination around the 

metal ion and impeding terminal linkers.[61] 
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Figure 1.4 Various Heterofunctional linkers used in the construction of MOFs 

As an early example, O'Connor and coworkers studied the magnetic properties of material 

based on 2,3-pyrazinedicarboxylic hetero-chelating organic ligand and Cu (II) metal ions as 

building blocks.[62] Later on, design strategies based on hetero-chelation were established by 

Eddaoudi group through the single-metal-ion building block method. According to that 
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method, a relative control of the coordination sphere around the metal ions was possible 

through a judicious selection of metal ions and ligands.[63] Lin and colleagues synthesized 

coordination networks from pyridine derivative ligands, such as 4- pyridinecarboxylic acid, 3-

pyridinecarboxylic acid and studied their nonlinear optical (NLO) properties.[64]  

1.2.4 Phosphonate Linkers Based Metal Organic Frameworks 

Unlike carboxylate linkers, phosphonate linkers (monophosphonic acids or linear 

bisphosphonic acids) are less common for the construction of exciting and extended 

frameworks.[65-68] Mild synthetic conditions are required to synthesize metal phosphonates 

based frameworks. Phosphonates possess three oxygen atoms which can bind to metals 

leading to various possible modes of coordination and structural arrangements.[69] Effective 

packing between phosphonic groups result in the layered structure or a pillared-layered 

structure without void space. Shimizu and co-workers reported the synthesis of copper 

phosphonate frameworks and studied their microporous behavior. The structure owned 

interpenetrated diamondoid topology where both the metal trimer unit and the phosphonate 

ligands acting as the tetrahedral nodes.[70] Generally used phosphonate linkers are depicted 

in Figure 1.5.  
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Figure 1.5 Generally used Phosphonate based linkers employed in the construction of MOFs 

1.2.5 Sulfonate Linkers for the Construction of Metal Organic Frameworks 

Sulfonate linkers can coordinate with metal cations to construct MOFs with a low degree of 

structural predictability due to numerous coordination modes of sulfonate groups.[71]  

Kitagawa and team constructed porous MOF from organosulfonates (i.e., alkylsulfonates or 

aromatic sulfonates) based organic linkers. The framework exhibited high thermal stability 



7 

 

and offered a functional platform for highly polar pore surfaces.[72] However, mostly 

sulfonate based networks possess a densely packed structure and/or a low-dimensional 

topology.[73] Various sulfonate linkers used for the construction of MOFs are shown in 

Figure 1.6. 
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Figure 1.6 Generally used Sulfonates based linkers employed in the construction of MOFs 

1.2.6 Carborane Linkers Based Metal Organic Frameworks 

Carboranes are carbon containing icosahedral boron clusters holding versatile features 

including rigidity, thermal stability, and chemical stability.[74-75] Dicarbon carboranes are 

considered as three-dimensional delocalized aromatic systems without π– π interaction 

leading to less reduce chances of framework collapse. Additionally, carboranes based MOFs 

possess smaller pores than phenyl based MOFs.[76] Mirkin and group reported a Cu-

carborane based MOF, NU-135, as the first highly porous carborane-based MOF. This early 

example sets the basis for carborane-based materials with high surface areas of 2600 

m
2
/g.[77] 

1.3 Synthesis of MOFs  

An appropriate crystal growth technique is required in order to construct a desired MOF.[78-

79] Commonly, the used methods for synthesis of crystalline MOFs are described as follows:  

1.3.1 Conventional Hydrothermal/Solvothermal Synthetic Route 

Solvothermal reactions involve the crystallization process in closed vessels under autogenous 

pressure. Mostly, organic solvents with high boiling points have been employed for these 
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reactions including dimethyl formamide, diethyl formamide, acetonitrile etc. Solvent 

Mixtures has also been used to avoid problems related to difference in solubility of starting 

materials. Hydrothermal/Solvothermal reactions can be performed at a wide range of 

temperatures depending upon the desired product. By using such conditions, the solvent 

temperature could be increased above its atmospheric pressure boiling point, whereas the 

solvent viscosity and dielectric constant are reduced. Reduction of viscosity and dielectric 

constant also enhances the diffusion process and subsequently crystal growth.[80-82] 

1.3.2 Room Temperature Synthesis 

It is a diverse type of solvothermal synthesis, where the heating of the reaction mixture is not 

essential to produce highly crystalline MOFs.[83] Generally, the starting materials are mixed 

in solvent at ambient temperature and kept at room temperature for crystallization.[84] In this 

technique, the mixture of starting materials is placed in an open container which is surrounded 

by a solution of volatile base, for example triethylamine. Subsequent addition of bases like 

triethylamine causes deprotonation of the organic linker to precipitate MOF.[80] This room 

temperature or vapor diffusion strategy can aid to produce large crystals due to slow 

reaction.[85]  

1.3.3 Microwave Assisted Synthesis 

The microwave synthetic approaches have been extensively employed for the quick 

preparation of nanoporous materials under solvothermal conditions.[86] The potential benefits 

of this method include fast crystallization, narrow particle size distribution, phase selectivity, 

and morphology control.[87] In this technique, appropriate solvent containing the reactants is 

placed in the microwave unit in a sealed Teflon vessel. This vessel is heated for the suitable 

time at the fixed temperature and the resulted crystals are good in quality but produced 

quicker than conventional solvothermal method.[88-92]  

1.3.4 Mechanochemical Synthesis 

In this approach, mechanical breaking of intramolecular bonds occurs followed by a chemical 

transformation. The first porous material prepared via mechanochemical reaction was 
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prepared in 2006.[93] Since mostly synthetic approaches utilize solvents in the synthesis of 

MOFs, mechanochemical reactions can occur at room temperature under solvent free 

conditions. In short duration, generally in the range of 10-60 min, highly crystalline MOFs are 

obtained by grinding the starting materials in a steel reactor containing a steel ball or mortar 

and pestle. [94-97] The resulting MOFs contain guest molecules in the pores and could be 

removed by thermal activation process. Kitagawa group stated the synthesis of coordination 

pillared-layer frameworks (CPLs) under humid conditions.[98] The addition of small amounts 

of solvent in liquid-assisted grinding (LAG) can increase the mobility of the reactants on the 

molecular level resulting in the acceleration of mechanochemical reactions.[99-100] Solvents 

can also act as structure-directing agents. Recently, Ion-and-liquid assisted grinding (ILAG) is 

described as an effective approach for the building of pillared-layered MOFs.[101-102] 

Nevertheless, mechanochemical synthetic approach is restricted to only particular types of 

MOF low yield. 

1.3.5 Sonochemical Synthesis 

Sonochemical synthesis is executed by employing intense ultrasonic radiations (20 kHz-10 

MHz) to a reaction mixture. This approach via homogeneous and accelerated nucleation 

results in reduced crystallization time and significantly smaller particles size.[103] Formation 

and collapse of bubbles (the process called as acoustic cavitation) generate very high 

temperatures (~5,000 K) and pressures (~ 1,000 bars). This process results in the very fast 

heating and cooling rates (>1010 K/s) and generates fine crystallites.[104-105] MOF-5,[106] 

MOF-177,[107] and HKUST-1[108] have been prepared sonochemically.  

1.3.6 Electrochemical Synthesis 

The large scale synthesis of MOFs prepared from metal precursors and organic linkers can be 

accomplished by following electrochemical approach.[109] During this process, anodic 

dissolution is a metal source instead of metal salts which further react with the dissolved 

linker present in the reaction medium. The metal deposition on the cathode is evaded by using 

protic solvents which in result generates H2(gas).[110] Electrochemical synthesis approach is 

advantageous over conventional synthesis procedure as the synthesis of MOF is faster at 
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lower temperatures.[111-114] Recycling of solvent is feasible because metal salts are not 

required for the synthesis of MOF and hence separation of anions such as NO3
−
 or Cl

−
 from 

the synthesis solution is not necessary. In addition, total utilization of the linker could be 

achieved in combination with high Faraday efficiencies. During this approach, ions of the 

reagents are formed in solution thus base is also not required for the deprotonation of 

acid.[115] 

1.3.7 Ionothermal synthesis 

Recently, Ionic liquids (ILs) have gathered great attention owing to their particular properties, 

such as low melting points, ability to dissolve various substances, nonflammability, thermal 

stability, nonvolatility, and recyclability.[116] In ionothermal synthesis, ionic liquids or 

eutectic mixtures are employed for the construction of MOFs.[117-120]  Ionic liquids act both 

as solvent and template (structure-directing agent) leading to the construction of 

frameworks.[121] Mostly, ILs derived from 1-alkyl-3 methylimidazolium have been utilized 

in the synthesis of MOF materials.[122] Deep eutectic solvents (DESs) (mixtures of two or 

more compounds having melting points lower than that of either of their components) have 

also been employed in MOF synthesis.[123-124]  DESs are known to display similar 

properties to ILs but advantageous over some types of ILs due to the low prices, and 

unreactivity towards atmospheric moisture.[125-126]  

1.3.8 Microfluidic MOF Synthesis System 

Microfluidic synthesis approach is considered to be a continuous, faster and feasible process 

for the synthesis of MOF on commercial and industrial scale.[127-128] Recently, HKUST-1, 

MOF-5, IRMOF-3, and UiO-66 have been prepared by using a microfluidic device. [129]  

High quality crystals were obtained within a few minutes with reaction kinetics increased by 

approximately two orders of magnitude as compared to the conventional batch 

processes.[130-131] The microfluidic approach for material synthesis offers numerous 

advantages, for example effective mixing into confined droplets enhance the reaction rate and 

the chance to track in-situ material formation via optical microscopy. [132-134] 
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1.3.9 Dry-gel Conversion Synthesis 

Dry-gel conversion (DGC) synthetic technique has been employed extensively to prepare 

zeolites and zeolite membranes [135-138] but rarely used for the construction of MOFs.[139-

140] The DGC technique is classified into two separate categories: the vapor-phase transport 

(VPT) method and steam-assisted crystallization (SAC) method.  In VPT method, a dry gel is 

crystallized in the water vapor and volatile amine. While in the SAC process, a dry gel 

containing a non-volatile amine is crystallized in the steam.[141] The synthesis of porous 

materials via the DGC strategy has potential benefits like reduction of reaction volume, 

minimum waste disposal, and high yield, complete conversion of gel to uniform crystalline 

zeolites.[142]  

1.4 Activation of MOFs  

Crystalline MOF materials have emerged as a promising class of porous materials due to their 

incredible features including high surface areas and porosities.[143] To make use of these 

properties, an activation process is required.[144] This process involves the removal of both 

precoordinating solvent molecules and pore-filling guest molecules (chemicals or solvents 

involved in the synthesis of MOFs) from the pores while upholding the structural integrity 

and hence porosity.[145] Numerous strategies have been exploited for the activation of metal 

organic frameworks including: (a) conventional method, (b) solvent exchange, (c) 

supercritical CO2 (scCO2) exchange, (d) freeze-drying, and (e) chemical treatment.  

1.4.1 Activation of MOFs by Conventional Method 

Conventional method for the activation of MOFs involves the removal of solvent and/or other 

guest molecules by applying heating and vacuum.[146] Férey and coworkers successfully 

employed conventional activation method on Cr-MIL-10.[147] Unluckily, conventional 

method exhibited insignificant efficiency to attain full porosity resulted in the loss of 

crystallinity and lack of porosity upon activation in several MOFs. These unfortunate 

scenarios are caused by the fact that as the material passes through the liquid-to-gas phase 
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boundary, substantial surface tension and capillary forces are generated which cannot be 

balanced by the strengths of coordination bond in various metal organic frameworks.[148] 

1.4.2 Activation of MOFs by Solvent Exchange 

An alternate activation approach is to exchange the high boiling solvents utilized in synthesis 

process (such as, DMF) for a lower boiling solvents (such as, CHCl3) followed by activation 

under vacuum. Lower boiling solvents reduce the surface tension and capillary forces during 

the activation process due to the weaker intermolecular interactions.[149] Wang and team 

successfully used solvent exchange method for the activation of Zr-MOF. The resultant MOF 

possessed high surface area (1433 m
2
/g) and pore volume (0.63 cm

3
/g).[150]  

1.4.3 Activation of MOFs by scCO2 

Activation of MOFs by scCO2 is another highly fascinating choice due to its non-toxicity and 

economical aspects.[151] In this strategy, solvents e.g., ethanol (or other solvents which are 

miscible in liquid CO2 and compatible with the instrument) are exchanged for liquid CO2 at 

high pressure (i.e., >73 atm) for several hours followed by bringing the sample above the 

supercritical temperature of CO2 (i.e., 31 °C) resulting in a framework filled with scCO2. 

Lastly, the scCO2 device is gradually vented while keeping the temperature above the critical 

point. The main aspect of this process is to go directly to the gas phase from the supercritical 

phase, thus evading the liquid-to-gas phase transition and associated capillary forces. 

Furthermore, activation by scCO2 lessens the particle-to-particle aggregation.[152] Nelson 

and coworker established results for four MOFs activated by scCO2, each containing Zn4O 

nodes and dicarboxylate linkers and exhibited an increase in surface area of these MOFs over 

calculated by conventional activation method and solvent exchange method.[153]  

1.4.4 Activation of MOFs by Freeze-Drying 

Activation via benzene freeze-drying is a recently established method to activate MOFs.[154] 

In this approach, solvent molecules with high boiling points present in MOFs are exchanged 

with benzene. Consequently, benzene is removed through sublimation under a vacuum at 

temperatures below its freezing point. Eventually, by evading the liquid-to-gas phase 
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transition under reduced pressure and related effects of surface tension and capillary forces, 

higher surface areas and increased uptake capacities are achieved. [155] Ma and colleagues 

stated that MOFs, prepared from tetracarboxylic acid and Cu2 paddle-wheel units and 

activated by freeze-drying method have enhanced BET surface area as compared to the MOF 

samples dried through conventional method. The freeze-dried MOFs also exhibited higher 

uptake of Hydrogen (1.42 wt% and 1.73 wt%) as compared to those activated by conventional 

method (0.78 wt% and 1.26 wt%).[156] 

1.4.5 Activation of MOFs by Chemical Treatment 

In certain cases, a chemical treatment is required to activate MOFs. MOFs assembled from 

Zr6-based nodes have attracted a lot of attention for their excellent stability in aqueous 

environments including highly acidic aqueous solutions. Frequently a large excess of acid 

(such as, formic, acetic acid, or benzoic acid) is consumed as modulator during the synthesis 

of MOFs to aid the nucleation and growth kinetics.[157-158]  Consequently, it is required to 

remove that acid either by rigorous washing or by chemical treatment. Feng and coworkers 

observed that treatment of PCN-222 MOF with concentrated HCl followed by activation 

under heat and vacuum which in result led to a major increase in the pore volume without any 

collapse of framework.[159] For a similar MOF, NU-1000, Mondloch and group witnessed 

that HCl cleaves the coordinated benzoate ion from the Zr6 node and efficiently opened up 

mesoporosity in this interesting class of MOFs.[160]  

1.5 Functionalization and Modification of MOFs 

The standard rationale of MOFs construction grants not only robust diversity in network 

structures and topologies, but also a targeted modification and functionalization of MOFs for 

specific requirements. The properties of MOFs can be changed via the functionalization of 

ligands with additional groups.[161] The functionalization of the MOFs could be achieved by 

modifying ligands pre-synthetically or post-synthetically.[162] Another approach is the 

modification of the inorganic bricks, for example via coordination of additional groups to 

open metal sites. Nevertheless, due to the fertile synthetic organic chemistry modification of 

the organic moieties is more versatile. [163]  
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1.5.1 Presynthetic Modification of MOFs 

Tailoring or functionalization of MOF pores is very significant in order to improve the host-

guest interactions for catalysis, separation applications, and gas storage. Traditionally, MOFs 

have been functionalized via Pre-synthetic modification approach.[164] Presynthetic 

modification involves the functionalization of ligand before the synthesis of MOF. Figure 1.7 

depicts the general pathway for the pre-synthetic modification of MOFs. Numerous 

functionalized MOFs have been fabricated via Presynthetic modification approach with 

different metal centers and various functional groups (e.g., Br, NH2, and CH3).[165]  IRMOF 

series is well-known system of functionalized MOFs synthesized pre-synthetically.[166]  

 

Figure 1.7 Schematic representation of presynthetic modification of MOFs 

1.5.2 Postsynthetic Modification of MOFs 

Though various functionalized MOFs have been constructed through pre-synthetic 

modification route, but this method is mostly restricted by the solvothermal synthetic 

approaches that are used to synthesize numerous MOFs. Generally, solvothermal techniques 

do not allow the incorporation of thermally labile ligands causing the problematic solubility or 

coordination with metal ions and consequently making the synthesis of the MOFs 

complicated. Unluckily, several interesting functional groups belong to one or more of such 

categories. The incorporation of metal-binding groups, such as hydroxyls and carboxylic 

acids, are particularly challenging as they can interfere with framework construction and 

chelate metal ions in the process. This may result in either an undesired crystalline phase or a 

compromised functionality. Another challenge with pre-synthetic modification involves the 

integration of different functionalities within the MOF.[167] Fortunately, alternative methods 

have been developed for the incorporation of functional groups into MOFs.  In 1990, Hoskins 

and Robson proposed that rather than trying to produce a functionalized MOF directly from a 

functionalized ligand, the framework should be constructed first and modified in a 
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heterogeneous fashion afterwards.[15] Surprisingly, no attempts were made to chemically 

modify MOFs for almost a decade despite the fact that the observation was made during the 

early years of MOF research. In 1999, Lee and coworkers prepared porous structure and 

modified them by introducing pendant groups without destroying the overall crystalline 

topology.[168] Postsynthetic modification (PSM) strategies involve the formation of desired 

MOF product using a “tagged linker” that is stable against the synthetic conditions of MOFs, 

but can then be transformed post-synthetically once MOF is formed.[169-170] General 

approach for the PSM of MOFs is given in Figure 1.8. Post-synthetic approaches have been 

utilized to chemically modify several organic and inorganic materials. Consequently instead 

of functionalizing the molecule precursors, chemical modification could be executed on the 

synthesized materials. Therefore, the freshly incorporated functional groups and the reaction 

conditions ( necessary for the introduction of these groups) only require to be compatible with 

the final MOF materials.[171] 

  

Figure 1.8 Schematic representation of postsynthetic modification of MOFs 

Moreover, it is significant to attain the chemical transformation of MOFs without destroying 

the frameworks under the required reaction conditions.  Postsynthetic approaches are 

envisioned to construct materials that hold the characteristic of MOFs, such as high surface 

areas, crystallinity, and frameworks with regular metal-ligand bonding. The PSM methods 

that result in the collapse of the framework and do not uphold the characteristic features are 

considered as less suitable for constructing the novel MOF materials.[172] 

1.6 Types of Postsynthetic Approaches 

A number of postsynthetic approaches are available to modify MOFs that can alter the 

physical and chemical properties of the framework. Desolvation or “activation” of MOFs is 

considered as a type of PSM at basic level as it produces materials that are distinct from their 
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solvated counterparts (as-synthesized).[173] Drying via supercritical carbon dioxide is an 

excellent example to activate MOFs.[153]  Some noncovalent postsynthetic transformations 

like exchange of guest molecules (anions and cations) from MOFs can intensely change the 

properties of these porous materials.[174] Post-synthetic modification of MOFs is largely 

divided into three categories based on the type of chemical bond formed or broken during the 

modification process (Figure 1.9). These approaches include (a) covalent PSM, (b) dative 

PSM (earlier mentioned as coordinate covalent PSM), and (c) postsynthetic deprotection 

(PSD), and postsynthetic exchange (PSE).[175] 

Covalent PSM can be achieved by modifying a constituent of MOF (metal part or organic 

linker) in a heterogeneous, postsynthetic way to make a new covalent bond. This type of PSM 

usually targets the organic linker of the MOF,[176] but the covalent PSM of secondary 

building units (SBUs) has also been reported.[177] Covalent PSM has most extensively 

explored so far and demonstrated as an influential approach for incorporating a wide range of 

chemical functionalities into MOFs. 

Dative PSM involves the use of a reagent that makes a dative (i.e., metal-ligand) bond with a 

constituent of the MOF (metal part or organic linker) in a heterogeneous, postsynthetic way. 

In Dative PSM, the modification of MOF takes place either by addition of a linker to the 

framework that subsequently bound to the secondary building units (SBU) of the MOF[178] 

or by addition of a metal source to the MOF which then coordinates to the organic linker of 

the MOF through dative bonds.[179]  

In postsynthetic deprotection (PSD), a reaction is postsynthetically executed on the MOF 

resulting in the cleavage of a chemical bond within the framework. In general, any kind of 

chemical bond (e.g., covalent, dative, etc.) can be broken during a PSD reaction to make the 

frameworks with different properties.[180]   

Postsynthetic exchange (PSE), also referred as building block replacement (BBR), implicates 

the replacement of key structural constituents e.g. exchange of metal ions or ligands from the 

fabricated MOFs.[181-189]  
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Figure 1.9 Schematic depiction of various postsynthetic modification approaches (a) 

Covalent PSM, (b) Dative PSM, and (c) PSD, d) PSE [190] 

1.7 Potential Applications of MOFs 

The building units involved in the construction of framework governs the properties of MOFs. 

The synthesis of MOFs is carried out in a manner where the final product displays the 

significant features of the starting materials that are related to the specific applications.[191] 

MOFs have received substantial interest in recent times for their potential applications in 

various fields such as adsorption, gas storage and separation, sensing, catalysis, optics, drug 

delivery, and electronics.[192]   

1.7.1 Gas Storage 

The gradual increase in energy requirements of the world is leading to the steady depletion of 

fossil fuel reserves. Hence, renewable ways to generate, store, and deliver energy are being 

intensively explored.[193] Being porous materials with extraordinary properties, MOFs are 

ideal candidates for gas adsorption, especially for gas storage and separation.[194] The 
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adsorption capacity of MOFs can be improved by functionalization on the surface and 

adsorption sites of MOFs. Metal organic frameworks are usually employed to efficiently 

entrap and store carbon dioxide, hydrogen, methane and other gas molecules in confined 

spaces for numerous applications.[195]  

The anthropogenic activities have resulted in an excessive release of CO2 into the atmosphere 

which adversely affects the global climate and natural environment. The excessive CO2 

emission can be controlled through the capture and storage of carbon.[196] This process can 

be accomplished in three steps including the separation of CO2 from other emissions, 

transportation of CO2, and finally its permanent storage.[197] To capture CO2, the adsorbent 

materials must be stable chemically, easily regenerate with minimum energy input, and can be 

produced with low capital cost.[198] The large pore volume, high thermal and chemical 

stability, and robust structure of MOFs mark them as best choice for CO2 capture.[199] 

Numerous strategies have been employed to enhance the adsorption of CO2in MOFs. These 

approaches include integration of unsaturated metal centers (UMCs), metal doping, and 

chemical functionalization. [200] Millward and coworkers measured the uptake of CO2 by 

different MOFs (MOF-2, MOF-505, Cu3 (BTC)2, MOF-74, MOF-177, IRMOFs-11, -3, -6, 

and -1) from ambient pressure to 42 bars at room temperature. The result exhibited that MOF-

177 had an extraordinarily high capacity of CO2 adsorption (33.5 mmol/g). [201] 

Recently, hydrogen has emerged as an alternative energy source to hydrocarbon based fuels 

that pose a significant threat of global warming. Hydrogen is extensively accessible and does 

not generate pollutants.[202] The hydrogen-fueled vehicles and portable electronics need 

materials with small volume, low weight, and fast kinetics for recharging and can store a large 

amounts of hydrogen at ambient temperature and relatively low pressures.[203] MOFs with 

pores larger than the kinetic diameter of the H2 act as best storage materials. The interaction 

between H2 and the surface of MOF is dominated by dispersion forces and relatively 

weak.[204] Numerous approaches have been employed to enhance the H2-surface 

interactions. [205] These include systematically changing of pore structure, decreasing the 

pore size to increase van der Waals interactions with H2, and implanting coordinatively 

unsaturated metal centers within the MOF structure to get better interaction with 
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H2.[206]Schröder and coworkers reported the synthesis of a series of frameworks by 

connecting the isophthalates based organic linkers (including hexacarboxylate, 

tetracarboxylate, octacarboxylate) to [Cu(II)2] paddlewheel moieties. The materials displayed 

great structural stability and permanent porosity. Pore sizes, geometries, and functionalities 

were tuned by varying the organic linkers which further control the H2 adsorption on these 

materials.  The highest H2 storage capacity for the tetracarboxylate based frameworks was 

77.8 mg/g at 77 K and 60 bar while for hexacarboxylate based MOFs, the maximum H2 

storage capacity was 111 mg/g at 77 K and77 bar. The H2 adsorption capacity of these 

frameworks was increased by employing a combination of polyphenyl groups linked by 

alkynes. The maximum H2 storage obtained from one of these materials was 164 mg/g at 77 K 

and 70 bar. [207] Lin and his team observed that interpenetration of zinc and dicarboxylate 

based MOFs resulted in high H2 loading due to the reduction in pore size and increased host-

guest interactions.[208]  The concept of building pillared MOF structures based on mixed 

linkers resulted in highly porous materials. Suh and team prepared MOF (SNU-6) that were 

constructed from mixed linkers (benzophenone 4,4‟-dicarboxylic acid (BPnDC) and 4,4‟-

bipyridine (bpy)) and Cu(II) ions. The framework possessed a very large pore size of 18.2 Å 

and H2 storage capacity of 1.68 wt% at 77 K and 1 atm (187 cm
3
/g at STP, 6.85 H2 molecules 

per formula unit).[209]   

Methane is also considered to be an alternative fuel due to its abundance, availability and 

clean combustion. Nevertheless, effective storage systems are required to utilize methane in 

the automotive industry. Typically, methane is stowed as compressed natural gas in heavy 

pressure vessels at a pressure of up to 300 bar. Several materials have been investigated for 

methane storage including carbon nanotubes, zeolites and activated carbon. Porous materials 

improved the storage capacity, lower the storage pressure and help in gas adsorption via 

physisorption.[210] Lately, MOFs were studied as the potential candidates for the storage of 

methane owing to their large surface area and pore volume.[211] Relatively, homogeneous 

pore coverage is observed in MOFs upon the adsorption of methane. [212] Several strategies 

have been employed to enhance the methane storage on MOFs such as, enhancing the 

accessible porosity, increasing the pore size and surface area, designing the ligands, 

introducing different functional groups, improving the binding energy in MOFs by inserting 
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coordinatively unsaturated „„open‟‟ metal sites or by doping the frameworks with metal 

centers.[213] Zhou and coauthors reported an inclusive mechanistic study of methane storage 

in MOF materials including HKUST-1, PCN-11, and PCN-14. These MOFs are constructed 

from the dicopper paddlewheel secondary building units (SBUs) and different organic linkers 

resulted in cage like pores with different sizes and geometries. Methane adsorption was found 

to occur at two adsorption sites: firstly, at the open Cu coordination sites showing improved 

Coulomb attraction toward methane and secondly, at the van der Waals potential pocket sites 

where the total dispersive interactions were improved owing to the molecule being in contact 

with multiple “surfaces”. [214] Ma and coworkers described the synthesis of MOF (PCN-14) 

based on an anthracene derivative [5,5ʹ-(9,10-anthracenediyl) di-isophthalate (H4adip)] with a 

Langmuir surface area of 2176 m
2
/g and a pore volume of 0.87 cm

3
/g. PCN-14 displayed the 

methane adsorption capacity of 230 v/v, 28% at 290 K and 35 bar. [215]  

1.7.2 Separation and Purification 

Gas separation is a process applied to separate multiple or single gas components. This 

selective adsorption could be achieved on the basis of gas affinity for different adsorbent 

under the given set of condition. Many investigations have been carried out to separate and 

purify different gases such as H2, N2, Ar, and CH4, capturing of CO2, removal of CO for fuel 

cell technology, desulfurization of transportation fuels, and noble gas (e.g. Kr-Xe) 

separation.[216]  Various methods have been applied for the separation of gases including 

cryogenic distillation, adsorption and membrane based separations.[217] Adsorption is 

considered as a vital gas separation tool after the development of zeolites in the 1940s 

followed by the advent of numerous adsorbents and adsorption based separation 

processes.[218] In general, adsorptive separation is of two types: bulk separation and 

purification. Bulk separation involves the adsorption of a significant fraction (10% by weight 

or more) from a gas stream, whereas in purification, less than 10% (usually < 2%) by weight 

of the gas stream is adsorbed.[219]  

MOFs have been employed for the adsorptive separation of gases due to their pore size, high 

surface area, controllable surface properties, and functional groups.[220] The functionalities 

on MOFs can be tuned for selective adsorption of gases.[221] MOFs with available open 
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metal sites are also considered as attractive options for the separation processes.[222] Another 

positive aspect is that after separation MOFs can be regenerated by using milder conditions as 

compared to those conditions which are used for zeolites.[223] The adsorptive gas separation 

or purification can be achieved by passing streams of gas mixture through a column packed 

with adsorbents. This process results in a product that is enriched with weakly adsorbed 

components.[224]  Generally, rigid MOFs exhibit different adsorptive selectivity than flexible 

MOFs.  In rigid MOFs, addition of guest molecules depends upon the diameter of the pore 

window of the framework and the kinetic size of the guest molecule. Thus, the molecular 

sieving effect and /or strength of the adsorbate-surface interactions (adsorbent-adsorbate and 

adsorbate-adsorbate) result in the separation process.[225] In flexible MOFs, guest molecules 

behave as external stimuli during the process of structural changes. During the structural 

transformations, „„gate effect‟‟ allows the introduction of some guest molecules by changing 

the framework position from a closed structure to an open structure. This procedure is called 

as „„gate opening process‟‟ and the pressure generated as a result of this process is known as 

„„gate opening pressure‟‟.[226]  

Kim and team constructed the MOF material from Mn (II) and formate ions for the selective 

up take of H2 over N2 (100 mL/g or 0.9 wt % at 1 atm and 78 K) and CO2 over CH4 (105 mL/g 

or 20 wt % uptake at 1 atm and 195 K). This selectivity was attributed to the size of the pores 

relative to the size of the gas molecules. [227] CO2 possess high quadrupole moment whereas 

N2, CH4 and H2 are non-polar or weakly polar. Incorporation of polar functional groups into 

the pores of MOFs possessing high affinity for CO2 results in the separation of CO2 from 

other gases. Due to the greater affinity of amine groups towards CO2, amine functionalized 

linkers have been used in the preparation of MOFs in order to improve the selectivity and 

uptake capacity of CO2. Li and coworkers have synthesized an amine-functionalized MOF 

(TEPA-MIL-101) by introducing tetraethylenepentamine (TEPA) on the coordinatively 

unsaturated Cr (III) sites of MIL-101 for the selective adsorption of CO2 over CO. The 

adsorption capacity of CO2 on TEPA-MIL-101 was greater than that on MIL-101 at lower 

pressures. The MOF material displayed an enhanced selectivity for CO2 over CO from 1.77 to 

70.2 at 298 K.[228]  
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Kitagawa and team reported the control of the adsorption behavior in a series of flexible 

MOFs based on Fe, Co, Ni, Zn, or Mg with analogous crystal structures. The change in the 

type of central metal exhibited the selective adsorption behaviour of MOFs towards hydroxyl 

functionalized guest molecules such as EtOH over MeOH and H2O. A systematic study of 

adsorption measurements and structural analysis of the MOFs discloses that the framework 

flexibility around the central metals of MOFs is truly associated to the selective adsorption 

behaviour.[229] MOFs have also set a benchmark for effective and selective adsorption 

capacity across a range of contaminant gases and vapors. Yaghi and coworker designed a 

series of six MOFs (MOF-5, IRMOF-3, MOF-74, MOF-177, MOF-199, and IRMOF-62) for 

the selective adsorption of eight harmful gases including sulfur dioxide, ammonia, chlorine, 

tetrahdrothiophene, benzene, dichloromethane, ethylene oxide, or carbon monoxide. A sample 

of Calgon BPL activated carbon was used to compare the adsorption capacity of each MOF. 

MOFs that were containing reactive functionality (coordinatively unsaturated metal sites 

(MOF-74 and MOF-199) and amino functionality (IRMOF-3)) showed high dynamic 

adsorption capacities than BPL carbon (up to 35% by weight). [230]    

1.7.3 Metal Organic Frameworks for Sensing  

Selective and sensitive detection of gas and vapor phase analytes have received great attention 

for a variety of applications such as industrial process management, chemical threat detection, 

medical diagnostics, food quality control, occupational safety, and environmental monitoring. 

Several studies have been carried out to investigate the potential of luminescent MOFs as 

sensors. [231] Luminescence can be observed via fluorescence,[232] phosphorescence,[233] 

or with scintillation, [234] type of light emission stimulated by exposure to ionizing radiation. 

Luminescence can be instigated from both organic linkers and metal centers used in the 

building of MOFs. Moreover, ligand to metal charge transfer (LMCT) and metal to ligand 

charge transfer (MLCT) also helps MOF materials in displaying luminescent behavior. [235-

237] Ligand based luminescence (fluorescence) is common because numerous MOFs possess 

conjugated ligands that can luminesce following the visible or UV irradiation, along with the 

d
10

 metal ions such Zn(II) or Cd(II) (i.e., mainly electronically inert ions).[238-240] Metal-

centered luminescence (phosphorescence) is mainly observed in MOFs comprising of f-block 
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elements as metal nodes.[241-243] In several cases, highly absorbing component called a 

lumophore (i.e., conjugated) act as antennas by coordinating to these metal centers and 

amplifying emission through metal-alleviated intersystem crossing from singlet to triplet 

excited states of the component, followed by ligand to- metal energy transfer.[244] One 

significant kind of signal transduction in luminescent MOFs is quenching of photoinduced 

emission on account of guest adsorption.[245] The asset of these changes depends on the type 

of the host guest interactions. Frequently, detected analytes are either efficient electron donors 

(e.g., amines)[246] or electron acceptors (e.g., nitroaromatics)[247]. On the other hand, a 

guest may vary the redox potential of a donor or acceptor, thus inhibit quenching and enhance 

luminescence.[248-250]   The pendent sites to recognize analysts offer the chemical 

interactions of MOFs with adsorbate via open sites, hydrogen bonding, Mulliken-type 

electron donor/acceptor interactions, or formation of coordinate-covalent bonds.[251-252] 

The desired functionalities can be integrated in MOF either pre-synthetically or post-

synthetically.[253-255]  

Lan and team used fluorescent Zn-MOFs containing two linkers (Zn2(bpdc)2bpee (bpdc = 4,4ʹ 

biphenyldicarboxylate; bpee = 1,2-bipyridylethene) for the sensing of nitro based molecules. 

The fluorescence of MOF was quenched by of 1,4-dinitrotoluene (DNT),  and 2,3-dimethyl-

2,3-dinitrobutane (DMNB). MOF exhibited an emission band centered at 420 nm and on 

exposure to 0.18 ppm DNT or 2.7 ppm DMNB, the emission red shifted and intensity 

decreased owing to the electron transfer from the MOF struts to DNT and DMNB guest 

molecules. The fluorescence quenching efficiency was 85% for DNT and 84% for DMNB, 

within 10 s.[256] Xie and coworkers incorporated phosphorescent complexes of iridium (III) 

into a MOF as struts for the sensing of O2 (gas-phase analyte). Emission of MOF was 

quenched by energy transfer to O2 from MOF struts. The responsiveness of MOF to dioxygen 

was due to the triplet electronic configuration of ground state O2.[233] 

1.7.4 Catalysis 

Multiple functionalities, great porosity, uniform pores sizes for selectivity, high surface area, 

tunability, original flexibility, robust to extreme conditions are numerous factors which have 
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proved MOFs as promising materials in the field of catalysis.[257] In MOF based catalysis 

both active sites, metal centers and organic linkers, contribute to the catalytic activities.[258]  

Metal atoms/clusters in MOFs are employed as heterogeneous catalysts (particularly as 

Lewis-acid catalysts) in different chemical reactions.[259] Various transition metals based 

MOF materials have been utilized for a number of catalytic reactions.[260-262] During the 

synthesis of MOFs, the solvent coordinates to metal atoms.  Usually, these solvent molecules 

can be removed by an activation process such as by heating, through solvent exchange, or by 

evacuation to make pores accessible for guest molecules. The activation step detaches labile 

moieties from the metal center leaving an open vacant coordination site and induces a change 

in the number of electrons on the metal center.[263] These MOFs are usually called as „MOFs 

with open metal sites‟ or „MOFs having unsaturated metal sites‟ and are catalytically active in 

oxidation addition/reductive elimination reactions. The vacant coordination sites and or the 

unfilled orbitals on metals behave as strong Lewis acids due to their strong affinity for 

electrons. [264] 

A large number of organic linkers serve as catalytic active sites and can also be further 

modified to provide sites accessible to guest molecules.[265] Basic catalysts could be 

obtained by integrating basic functional groups like amino, [266] pyridyl,[267] and 

amide[268] in MOFs. Recently, the incorporation of mixed ligands in MOF structures has 

been established to tune the physiochemical properties of the resulting MOF structures.[269]  

The general structure, porosity, and active sites of MOFs can be tuned with the careful choice 

of metal and organic bridging linkers.[270] Some multifunctional MOFs possessing 

unsaturated metal centers, metal NPs[271-272] or functional linkers[273-274] have been 

employed as catalyst in various organic reactions. The high surface areas with tunable pores 

and chemical flexibility of MOFs has offered the immobilization of metal nanoparticles, 

transition metal complexes,[275-276] and enzymes into MOFs structures[277-278]. Zhu and 

team monitored the catalytic activity of ZIF-8 in the cycloaddition of CO2 to styrene oxide to 

produce styrene carbonate. ZIF-8 was comprised of Zn
2+

 ions (Lewis acid) and the imidazole 

groups (basic groups) and acted as bifunctional catalyst associated with the both acidic and 

basic sites. Lewis acid Zn
2+

 sites and the nitrogen basic moieties from the imidazole linker 
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stimulated the adsorption of CO2 on the solid surface and further helped in the conversion to 

the cyclic carbonate.[279] Zhao and coworkers reported the deposition of nickel nanoparticles 

(2–6 nm) on MOF-5 by a facile wet impregnation approach to produce Ni@MOF-5. 

Ni@MOF-5 displayed excellent catalytic activity for hydrogenation of C = C bond. By 

utilizing crotonaldehyde as a probe molecule under mild reaction conditions, the 

conversion was greater than 90.0% and the selectivity was above 98.0% at 2.0 MPa, 100 °C, 

and 40 min. In addition, the catalyst could be reused and the structure of MOF-5 framework 

was still maintained.[280]  

MOFs exhibit photoresponsive behavior due to absorption of light by the organic linker or the 

metal oxide nodes.[281] Photocatalytic activity can be observed due to the formation of 

ligand-to-metal charge-separation state by photoexcitation of the light absorbing units in 

MOFs.[282-283] Various approaches have been applied to induct photocatalytic activity in a 

MOF framework; a) the organic ligand acts as an antenna for light sensitizing followed by 

charge transfer to the inorganic cluster, b) the MOF performs as a host for the encapsulation 

of a photocatalyst that directly absorbs light and c) charge transfer happens between the MOF 

network and the encapsulated catalyst. [284-285]  Particularly, the photocatalytic activities of 

metal organic frameworks are employed in H2 evolution,[286] CO2 reduction,[287] 

photooxygenation,[288] and photoreduction.[289] Matsuoka also reported the H2 production 

by using Ti-MOF-NH2 with the absorption band extended to ~500 nm. After irradiation with 

visible light, Ti
3+

 centers in a distorted rhombic oxygen ligand field were detected over Ti-

MOF-NH2. These results demonstrated that the photoexcited electrons from amino 

functionalized linker reduced the center Ti (IV) into Ti (III). Moreover, Pt nanoparticles as 

co-catalysts were deposited onto Ti-MOF-NH2 via a photodeposition process to prepare Pt/Ti-

MOF-NH2. Ti-MOF-NH2 and Pt/Ti-MOF-NH2 displayed excellent photocatalytic activities 

for H2 production from an aqueous solution containing triethanolamine as a sacrificial electron 

donor.[290]  

1.7.5 Biomedical Applications 

MOFs have been demonstrated as a promising platform in biomedical applications such as 

drug storage and delivery, nitric oxide storage and delivery, imaging, and sensing, controlled 
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release, biodegradability.[291-292] MOFs are considered as potential drug delivery system 

because of their high and regular porosity to encapsulate an active molecule and deliver it via 

host-guest/diffusion/degradation approaches.[293-294] Organic moieties (such as 

carboxylates, imidazolates, or phosphonates) present in the structure of MOFs offer 

biocompatibility and are capable of up taking a large amount of drug, while inorganic groups 

may be optimized for controlled release profiles.[295-296] The high structural flexibility in 

MOFs results in the adaptation of porosity to the shape of the guest molecule.[297-298] 

Porous MOFs materials also allow the incorporation of simple biomolecules and 

biocompatible metal cations in their structures.[299-300] MOFs have been fabricated with 

rigid biomolecules as building blocks, and have stable, crystalline structure in biological 

buffers for several weeks.[301-302]  

The exogenous delivery of the gasotransmitter molecules (such as NO, H2S, CO) from outside 

the body with a biological/medical target is an emergent area of research.[303-305] Being an 

active biological molecule nitric oxide is an anticipating candidate for medicinal purposes like 

neuronal, immune, and vascular systems and an important neurotransmitter and 

neuromodulator in the central nervous system.[306] The versatility of MOFs has been 

explored to adsorb and store NO to a significant degree via open metal sites present in the 

frameworks.[307] Post-synthetic modification of organic moieties is an alternate route of 

storing NO on these captivating materials.[308]  Controlled delivery of NO from a storage 

material is the most important aspect for many in vitro and in vivo antibacterial and 

antithrombotic applications. [306] Desorption and release of gas could be triggered 

chemically, photolytically, through reduction in pressure or an increase in temperature, and 

with exposure to moisture.[309] In the area of biomedical imaging, nanomaterials have been 

extensively explored as new molecular probes.[310] Nanoscale MOFs prepared by 

incorporation of suitable metal ions and organic moieties via microemulsion-based approach 

or functionalized and modified with various techniques are used as multimodel imaging 

probes.[311]  

Taylor-Pashow and coworker stated the delivery of an imaging contrast agent and an 

anticancer drug by post-synthetic modification (PSM) of nanoscale MOF (NH2-MIL-101-Fe). 
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The presence of amine groups facilitated the loading of an optical imaging contrast agent 

(1,3,5,7-tetramethyl- 4,4-difluoro-8-bromomethyl-4-bora-3a,4a-diaza-s-indacene (Br-

BODIPY)) with a loading capacity of 5.6-11.6 wt %. The ethoxysuccinato-cisplatin (ESCP), a 

prodrug of cisplatin, was also loaded into NH2-MIL-101-Fe by PSM with an overall payload 

of 12.8 wt %. Furthermore, NH2-MIL-101-Fe based MOF was coated with silica to enhance 

the in vitro stability. This modification resulted in a longer half-life of 14 h in PBS at 37 °C as 

compared to 1.2 h for the uncoated particles. In addition, the silica modified MOF based 

particles were further functionalized with cyclic peptide c(RGDfk) which exhibited the 

cytotoxicity comparable to that of cisplatin when treated against HT-29 cells.[312]  Xiao and 

colleagues reported the gravimetric adsorption measurements of NO in HKUST-1. The 

unsaturated open metal sites present in HKUST-1 acted as strong adsorption sites for NO 

molecules with the adsorption capacity of ∼9 mmol/g at 196 K and 1 bar and 3 mmol/g
 
at 298 

K and 1 bar. On contact with water vapor, NO was released from HKUST-1 with the total 

released amount of around 1μmol NO/g MOF.[313]  
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1.8 Objectives of Present Study 

 To synthesize and characterize amine functionalized Fe, Al, Zr, and Zn based metal 

organic frameworks (MOFs). 

 To introduced different functionalities in metal organic frameworks via post-synthetic 

modification (PSM) approach. 

 To study the thermally-triggered reversible strategies on MOFs with different small 

molecules and polymers. 

 The detailed investigation of prepared MOFs by using different techniques and to 

explore the effect of introduced functionalities (various functional groups, small 

molecules and polymers) on the morphology of the frameworks. 
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2.1 Literature Review 

Ke et al. functionalized MOFs through coordination bonds by utilizing coordinatively 

unsaturated metal centers present in the frameworks. Thiol functionalized Cu based MOFs 

(HKUST-1), [Cu3(BTC)2(H2O)3]n (BTC = benzene-1,3,5-tricarboxylate), were prepared 

postsynthetically by grafting thiol moieties (DTG=dithioglycol) on coordinatively unsaturated 

copper center (with different S/Cu molar ratio i.e., 0.18, 0.92, and 1.52). The thiol 

functionalized MOF materials were employed for the removal of heavy metal ions (Hg
2+

) 

adsorption from water. The thiol modified HKUST-1 (Cu-BTC-DTG-0.92) displayed high 

adsorption affinity (distribution coefficient, Kd = 4.73 × 10
5
 mL g

−1
) and high adsorption 

capacity (714.29 mg/g) for Hg
2+

 ions from water, whereas the unfunctionalized HKUST-1 did 

not exhibit any Hg
2+ 

adsorption capacity under the same condition.[314] 

Kim et al. exploited postsynthetic exchange (PSE) approach to exchange the ligands from an 

intact metal organic framework (UiO-66-Zr) for the incorporation of other functionalized 

ligands into the MOF structure under solvothermal conditions. The ligand exchange process 

was carried out by suspending a mixture of Zr based UiO-66-NH2 and UiO-66-Br MOFs in 

water for 5 days and was monitored by aerosol time-of-flight mass spectrometry (ATOFMS). 

The results indicated that at room temperature more than half of the UiO-66 particles had 

undergone ligand exchange as >50% of the MOF particles possessed both Br and CN ion 

fragments. While, at an elevated temperature (85 °C) almost all of the UiO-66 particles 

experienced ligand exchange phenomena. Furthermore, PSE approach was utilized to 

introduce more functional ligands in UiO-66 based MOF. UiO-66-Zr was exposed to an 

aqueous solution of 1 equivalent of 2-azido-1,4-benzenedicarboxylate (N3-BDC), 1 equivalent 

of 2-hydroxy-1,4-benzendicarboxylate (OH-BDC), and 1 equivalent 2,5- dihydroxy-1,4-

benzenedicarboxylate (2,5-(OH)2-BDC), separately, under the mild reaction conditions for 5 

days. The 
1
H NMR and ESI-MS analyses showed that the respective degree of conversions 

were ~50%, 48%, and ~15%.[315] 

Morris et al. synthesized zeolitic imidazolate framework (ZIF-90) from zinc (II) nitrate and 

imidazolate-2-carboxyaldehyde (ICA) with an aperture of 3.5 Å and a pore size of 11.2 Å. 

The aldehyde groups of ICA further transformed into alcohol functionalities through the 
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reduction with NaBH4 and converted to imine functionalities by reaction with ethanolamine to 

give ZIF-91 and ZIF-92, respectively. The calculated BET surface area of ZIF-90 was 1270 

m
2
/g. Both functionalized ZIFs materials retained high crystallinity while, ZIF-91 upheld 

permanent porosity with BET surface area of 1010 m
2
/g. [316] 

Mulfort et al. synthesized noncatenated metal organic framework (DO-MOF) by using Zn 

(NO3)2.6H2O, and two ligands (octa-oxygen containg ligand (L1) and diol containing ligand 

(L2).   The synthesized MOF material possessed pendant alcohol functionalities and the 

protons of their hydroxyl groups were further postsynthetically exchanged for either lithium 

or magnesium cations via solution methods. The introduced metal ions exhibited an unusual 

pattern of binding energetics for H2. Consequently, the isosteric heat of adsorption (Qst,) 

displayed an increased trend at higher H2 loading. Moreover, at 1 atm and 77 K, adsorption of 

H2 by DO-MOF was 1.23 wt %t whereas the incorporation of Li
+ 

resulted in slightly greater 

uptake of H2 (1.32 wt %). This increase in H2 adsorption was attributed to the additional two 

H2 molecules per Li+. Besides, Mg
2+

 had a little effect on H2 adsorption and showed the 

uptake of 1.16 wt %.  [317] 

Nasalevich et al. improved the optical absorption of NH2-MIL-125(Ti) by functionalizing with 

dye like molecular fragments. The organic linkers of MOF were functionalized 

postsynthetically with the diazonium salt followed by the reaction with a nucleophilic species 

like diethylaniline. The resulting MOF material with dye like moieties (MR-MIL-125(Ti)) 

showed increased light absorption over a wide range of the visible spectrum. The 

functionalized MOF (MR-MIL-125(Ti) exhibited an enhanced photocatalytic performance for 

the selective photooxidation of benzyl alcohol to benzaldehyde under visible light 

illumination as compared to the parent MOF. The improved photocatalytic performance of 

MR-MIL-125(Ti) was related to the enhanced optical absorption of the solid as a consequence 

of the extended conjugation of the aromatic system of the ligand. The reaction rates of 

benzaldehyde formation for NH2-MIL-125(Ti) and MR-MIL-125(Ti) under the same reaction 

conditions were 77.6 and 86.7 nmol/g/min respectively. [318]  

Zhu et al. prepared two enantiomeric Zn based MOFs (Zn-MOF-1 and Zn-MOF-2) through in 

situ click reactions. The parent Zn-MOF (Zn-DPYI) was synthesized by using ZnCl2, 
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dimethyl-5-(prop-2-ynyloxy) isophthalic acid (H2DPYI), and 4,4-dipyridine. Moreover, the 

crystals of Zn-DPYI were modified postsynthetically with L-AMP and D-AMP to prepare Zn-

MOF1 and Zn-MOF2 respectively. These modified MOFs having L- or D-proline chiral 

functionality were catalytically active in the relative asymmetric aldol reactions between 

aromatic aldehydes (4-nitrobenzaldehyde, 3-nitrobenzaldehyde, 2-nitrobenzaldehyde) and 

cyclohexanone and resulted in the formation of opposite enantiomorphs with almost same 

yields. The % yields of Zn-MOF1 catalyzed aldol reactions with 4-nitrobenzaldehyde, 3-

nitrobenzaldehyde, 2-nitrobenzaldehyde were 75%, 45%, and 22% respectively, while the 

same reactions catalyzed by Zn-MOF2 exhibited the % yields of 76%, 49%, and 19% 

respectively.[319] 

Jung et al. reported the conjugation of functional protein onto MOFs with different structural 

architectures, such as one, two, and three dimensional (1D, 2D, and 3D) structures. 1D-MOF 

was synthesized from In(NO3)3 and 1,4-phenylenediacetic acid (H2pda), 2D-MOF was 

prepared from Zn(NO3)2 and 2,2ʹ-bipyridine 5,5ʹ-dicarboxylate (bpydc) whereas 3D-MOF 

was prepared from Zn(NO3)2 and 2-amino-1,4-dicarboxylicacid (NH2-bdc). The pendent 

carboxylate groups of the organic linkers on the surface of MOFs were activated by using 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) for 1D-MOF and dicyclohexyl 

carbodiimide (DCC) for 2D-MOF and 3D-MOF. Furthermore, MOFs were conjugated with 

functional protein such as enzyme Candida-antarctica-lipase-B (CAL-B). The amounts of 

protein loading on 1D-MOF, 2D-MOF, and 3D-MOF were 0.12, 0.17, and 0.18 mg/g 

respectively. In addition, the conjugated MOFs were catalytically active in transesterification 

of (±)-1-phenylethanol and CAL-B showed high enantioselectivity toward (R)-(+)-1-

phenylethanol (E = ˃200).[320] 

Zhuang et al. developed a pH responsive drug delivery system (DDS) based on zeolitic 

imidazolate framework (ZIF-8) nanospheres, formed by 2-methyl imidazolate and zinc ions 

,with a size of 70 nm which was optimal for cellular uptake. At pH 5.0-6.0, the dissociation of 

linkages between zinc and imidazolate ions resulted in the release of drug molecules. This 

system was ideal for targeting the cancer cells where extracellular surroundings were more 

acidic than healthy tissues (pH 5.7�7.8). Several small molecules, including fluorescein (with 
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a maximum loading amount of 1 wt %, and a loading efficiency of 10%) and the anticancer 

drug camptothecin (CPT) (with a maximum loading amount of 2 wt %, and a loading 

efficiency of 30%) were encapsulated inside the ZIF-8 framework. The Cytotoxicity of the 

small molecules encapsulated ZIF-8 nanospheres was evaluated in the MCF-7 breast cancer 

cell line and found to be minimal. CPT encapsulated ZIF-8 nanospheres exhibited a decrease 

(from 45 to 22 μg/mL) in the value of half maximal effective concentration (EC50) as 

compared to the fluorescein encapsulated ZIF-8 nanospheres suggesting the successful release 

of cytotoxic CPT in cells.[321] 

Wang et al. demonstrated the preparation of highly active heterogeneous catalyst by linking 

molecular catalysts and MOF structures. Mix-and-match synthetic strategy was applied to 

introduce catalytically active Ir, Re, and Ru complexes (H2L1-H2L6) along with the 

dicarboxylic acid linker (bpdc = para-biphenyldicarboxylic acid) to construct an extremely 

stable UiO-67 based MOF (MOFs 1-6). These MOFs were catalytically active in a series of 

reactions that were associated to the utilization of solar energy. MOFs 1-3 consisted of 

[Cp*Ir
III

(dcppy)Cl] (H2L1), [Cp*Ir
III

(dcbpy)Cl]Cl (H2L2), and [Ir
III

(dcppy)2(H2O)2]OTf (H2L3) 

(where Cp*= pentamethylcyclopentadienyl, dcppy = 2-phenylpyridine-5,4ʹ-dicarboxylic acid, 

and dcbpy = 2,2ʹ-bipyridine-5,5ʹ-dicarboxylic acid, OTf = trifluoromethanesulfonate), were 

found to be efficient  water oxidation catalysts (WOCs) and displayed turnover frequencies 

(TOFs) of up to 4.8 h
-1

. MOF 4 contained [Re
I
(CO)3(dcbpy)Cl] (H2L4) and highly active for 

photocatalytic reduction of CO2 with a total turnover number (TON) of 10.9. MOFs 5 and 6 

included phosphorescent [Ir
III

(ppy)2(dcbpy)]Cl (H2L5) and [Ru
II
(bpy)2(dcbpy)]Cl2 (H2L6) 

(where ppy = 2-phenylpyridine and bpy = 2,2ʹ-bipyridine) and exhibited high activities in the 

photocatalytic transformation reactions such as aza-Henry reaction, aerobic amine coupling, 

and aerobic oxidation of thioanisole.[322]  

Wu et al postsynthetically modify [Cu4O(BDC)]n based MOF with dithioglycol to prepare 

thiol functionalized MOF. The thiol functionalized MOF was employed for the selective 

adsorption of heavy metals. The adsorption capacities of thiol functionalized [Cu4O(BDC)]n 

MOF for Hg
2+

, Cr
6+

, Pb
2+

, and Cd
2+ 

were 170, 43.9, 38.7, and 66.9 mg/g respectively. EDTA 

was utilized as desorbent owing to its ability to form stable chelates with these four heavy 
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metals. The recycling data indicated that the thiol functionalized MOF could be reused upto 

three times without the structural collapse of the framework.[323] 

Burrows et al. converted the primary amines of IRMOF-3 (Zn4O(bdc-NH2)3, bdc-NH2 = 2-

amino-1,4-benzenedicarboxylate) into secondary amine via postsynthetic condensation-

reduction approach. The aldehyde groups RCHO(R= Me, Et, Pr, C7H15) reacted with the 

amine groups of IRMOF-3 in THF before the addition of NaBH3CN. The use of THF-MeOH 

solvent mixture improved the degree of modification by removing the boron containing side 

products from the pores. The percentage conversion of secondary amine groups was up to 67 

% at 50 °C.[324] 

Jiang et al. synthesized MIL-101(Cr)-NH2 by using 2-aminobenzene-1,4-dicarboxylate as 

linker. Tandem post-synthetic modification strategy was applied to functionalize Cr based 

MOF. In first step, diazotisation was performed on MOF followed by the incorporation of 

halo- and azo dye-functional groups into the pores via substitution or coupling reactions.  The 

introduction of iodo-, fluoro- and azo-groups into MIL-101(Cr) enhanced the selectivity for 

CO2 over N2 between 15 and 21. MIL-101(Cr)-azo, exhibited excellent selectivity for CO2 

sorption at low pressure as compared to the MOFs containing iodo and fluoro groups. The 

increased selectivity in MIL- 101(Cr)-azo may be attributed to the interactions between the 

phenol groups and CO2 molecules.[325] 

Kardanpour et al. described the Cu (II) catalyzed synthesis of several benzimidazoles and 

benzothiazoles by the condensation of a wide variety of aldehydes with 1,2-

phenylenediamines and 2-aminothiophenol respectively, under mild conditions. The catalyst 

(UiO-66-NH2-TC-Cu) was prepared by anchoring Cu (II) Schiff base onto Zr based UiO-66–

NH2 MOF. First, UiO-66-NH2 was modified with 2-thiophenecarboxaldehyde and then the 

prepared material was used as support to immobilize CuCl2. Various aromatic aldehydes 

groups were reacted with 1, 2-phenylenediamines in the presence of catalytic amount of UiO-

66-NH2-TC-Cu (10 mg, 0.0032 mmol Cu(II)), at 50◦C to prepare the corresponding 

benzimidazoles in the yields of 82-91%. While, benzothiazoles were produced by treating 

different of aldehydes with 2-aminothiophenol in the presence of catalytic amount of UiO-66-

NH2-TC-Cu (10mg, 0.0032 mmol Cu(II)) at room temperature with the yields between 80-
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92%. The Cu(II) catalyst containing MOF was reused five times without any significant loss 

of its efficiency.[326] 

Lin et al. synthesized a series of Cr based MIL-101 sorbents loaded with polyethyleneimine 

(PEI) for post-combustion CO2 capture at low pressures. The modified adsorbents displayed 

increased CO2 adsorption capacity at low pressures despite the decrease in surface area and 

pore volume of MOF after loading with PEI. At 0.15 bar, MIL-101 with 100 wt% PEI loading 

exhibited very reasonable values for CO2 adsorption capacity (4.2 mmol g
-1 

at 25°C and 3.4 

mmol g
-1

 at 50°C). Furthermore, the PEI functionalized MIL-101 MOF displayed fast 

adsorption kinetics and great selectivity for CO2 over N2 in flue gas with 0.15 bar CO2 and 

0.75 bar N2. The  selectivity of CO2 over N2 was found to be 770 at 25°C and 1200 at 

50°C.[327] 

Ablott et al. executed a thermally promoted postsynthetic rearrangement (PSR) on 

dimethylthiocarbamate tagged IRMOF-9 (WUF-1, WUF, Wollongong University 

Framework) via conventional heating at 285 °C. Although the rearrangement reactions were 

performed at high temperature, the resulting MOF (WUF-2) maintained its high accessible 

surface area (1760 m
2
g

-1
). The PSR of MOF resulted in a significant increase of CO2 

adsorption with the gravimetric CO2 uptake of 49 cm
3
/g for WUF-1 and 56 cm

3
/g for WUF-2, 

at 273 K and 760 Torr. The calculated heats of adsorption for both MOFs were identical and 

about 15 kJ/mol up to a loading of 1 mmol/g. The equivalent heat of adsorption values 

suggested that the steric bulk and alignment of the functional groups within the pores  

suppressed the interactions of MOFs with CO2 molecules.[328]  

Chen et al. reported the hydroxyalkylation of phenol to bisphenol F with formaldehyde by 

using Keggin phosphotungstic acid (PTA) encapsulated in MIL-100(Fe or Cr) and MIL-

101(Fe or Cr). PTA@MIL-100 (Fe or Cr) (β) were catalytically more active than PTA@MIL-

101 (Fe or Cr) (β), where β = the molar ratio of W/M, M = Fe or Cr. PTA@MIL-100 (Fe) (β 

= 0.40) exhibited 93.01% selectivity for bisphenol F whereas PTA@MIL-100 (Cr)( β = 0.40) 

showed 71.20% selectivity of 4,4ʹ-isomer bisphenol F.  The nature of transition metal (Fe or 

Cr) present in MIL-100 or MIL-101 MOF materials decided the distribution of isomers of 
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bisphenol F. MIL-Fe and MIL-Cr favored the formation of 2, 4ʹ-isomer and 4,4ʹ-isomer of 

bisphenol F, respectively.[329] 

Yan et al. prepared a series composites composed of Cu-BTC and graphite oxide (GO) by 

employing rapid room temperature synthesis approach for thermally driven adsorption chillers 

(TDCs). The synthesis of Cu-BTC@GO was accomplished within 1 min and possessed 16% 

higher adsorption capacity for ethanol (up to 13.60 mmol/g at 303 K) than the parent Cu-

BTC. This increased adsorption capacity was ascribed to the introduction of GO resulting in 

enhanced surface dispersive forces and the increased mesoporous volume of Cu-BTC@GO. 

The isosteric heat of ethanol adsorption on Cu-BTC@GO was in the range of 45~59 kJ/mol. 

The working capacity and energy efficiency of the composites were 5.8–17.4% higher than 

parent Cu-BTC for the application of refrigeration.[330] 

Fracaroli et al. studied the optimal concentration of reactive sites for carrying out tandem 

post-synthetic reactions in a series of MOFs (MTV-IRMOF-74-III) by utilizing two types of 

organic strut H4L-CH3 and H4L-CH2NHBoc, where Boc = tert-butyloxycarbonyl. Moreover, 

tripeptides, (H2N-Pro-Gly-Ala-CONHL and H2N-Cys-His-Asp-CONHL, with Gly = glycine, 

Pro = proline, Asp = aspartic acid, His = histidine, Cys = cysteine, and L organic struts), were 

incorporated within the pores of multivariate framework (MTV-IRMOF-74-III) via seven 

tandem postsynthetic reactions without losing the porosity or crystallinity. The reactivity of 

primary amine functionalized MOF [MTV-(CH3)0.6(CH2NHBoc)0.4] was compared with the 

aromatic amines containing MOF [MTV-(CH3)0.6(NH2)0.4] and result showed that primary 

amines were more efficient for the tandem reactions within the MOF with 97% greater 

reaction yield as compared to their aromatic amines counterparts.[331]  

Tudisco et al. reported PSM on two MOFs [(NH2-MIL-53(Al) and NH2-MIL101(Cr)] with 

glucose oxidase (GOx) to produce the enzyme functionalized MOFs (MOFs@GOx). The 

multistep synthetic strategy to prepare MOFs@GOx included the incorporation of pendant 

carboxylic acids through glutaric anhydride and NHS ester (N-hydroxysuccinimide esters) 

resulting in the coupling of GOx to MOF via the formation of an amide bond. The amount of 

GOx was found to be around 4.6 wt% for MIL-53(Al)@GOx and 4.1 wt% for MIL-
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101(Cr)@GOx. The prepared MOFs@GOx reserved the enzymatic activity and exhibited the 

selectivity towards glucose over fructose, mannose, galactose, saccharose.[332] 

Ma et al. grafted maltose on metal organic framework (MOF) through a simple two step post-

synthetic modification of MIL-101(Cr)-NH2. The modification approach involved the 

incorporation of azide groups on MOF and then functionalization with maltose through click 

chemistry.  The properties of MIL-101(Cr)-maltose and hydrophilic interaction between 

maltose groups and glycopeptides established efficient sensitivity towards glycoproteomic 

analysis both in standard sample and complex biological sample.[333] 

Liang et al. modified imidazole based Zr-MOF (Im-UiO-66) via PSM approach to prepare a 

bifunctional imidazolium functionalized Zr-MOF (I
-1

)Meim-UiO-66. The bifunctional MOF 

containing Brønsted acid sites and iodide ions acted as an efficient and recyclable 

heterogeneous catalyst for the cycloaddition of carbon dioxide (CO2) with epoxides to 

produce cyclocarbonates. In addition, the cycloaddition was performed without co-catalyst at 

120 °C under 1 atm CO2 pressure. The percentage yield for the cycloaddition reaction of 

epichlorohydrin with CO2 into cyclocarbonatewith was 93%. Besides, cycloaddition of CO2 

with other epoxides including epoxide allyl glycidyl ether offered a yield of 92%, phenyl 

glycidyl ether gave a percentage conversion of 76%.[334] 

Luo et al postsynthetically modified MIL-101 (Cr)-NH2 by a heterogeneous acylation of 

pendant amino groups with thymine-1-aceticacid resulting in thymine-functionalized MIL-

101 (Cr). The adsorption of Hg
2+

 was investigated by using modified MOF and the maximum 

adsorption capacity observed was 51.27 mg/g. The excellent selectivity of MIL-101-Thymine 

MOF towards Hg
2+

over other cations was attributed to the selective interactions of T-Hg
2+
–T 

in MIL-101-Thymine. MIL-101-Thymine was also employed to remove trace Hg
2+

in real 

water samples and the results indicated the Hg removal efficiency in the range of 98.8–

100%.[335] 

Savonnet et al. incorporated catalytically active basic centers (amino groups) and lipophilic 

groups (phenyl groups) into Zn based MOF (DMOF) [Zn2(NH2-bdc)2(dabco)] (dabco = 1,4- 

diazabicyclo[2.2.2]octane, NH2-bdc = 2-amino-terephthalate) through click reactions. First, 
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the amino groups on parent DMOF were converted into the azido groups to obtain DMOF-N3 

(1a). The azido groups were further reacted with phenylacetylene and propargylamine to give 

frameworks containing 1,2,3-triazolyl substituted with phenyl (1b) and tertiary amine at the 4-

position (1c) respectively.  The former modified MOF (1b) exhibited moderate basicity 

originating from the triazolyle group (pKb ≈ 9.4) as well as strong lipophilicity, while the 

latter (1c) was a much stronger base (pKb ≈ 3 for trialkylamines). Bifunctionalized MOF (1d) 

was also prepared that was initially modified with phenyl groups and later the remaining 

azido sites were substituted with tertiary amine groups. The DMOF based catalysts were 

utilized in the transesterification of ethyldecanoate in methanol. The maximum degree of 

modification of 1b, 1c, and 1d were 80%, 85%, and 60% respectively and their respective 

transesterification yield were 80%, 28%, and 84%.[336] 

Fu et al. synthesized reduced copper based MOF (rCu-MOF) containing CuI ions by reducing 

the HKUST-1 MOF (Cu-BTC) in the presence of hydroquinone. In addition, rCu-MOF was 

employed to execute a series of polymer functionalizations and coupling reactions via Cu
I
-

catalyzed azide-alkyne cycloaddition (CuAAC) click chemistry. For polymer modification, an 

azide functionalized poly(ethylene glycol) (PEG-N3,P1) was employed to conjugate with 

propargyl 1-pyrene butyrate (C1) and propargyl alcohol (C2) in the presence of the rCu-MOF 

to afford ω-pyrene and ω -OH terminated PEGs. A click based coupling reaction between 

high molecular weight poly(methyl methacrylate)-azide (P2, Mn = 5.2 kDa, Mw/Mn = 1.11) 

and the alkyne-functionalized poly(methyl methacrylate) (P3, Mn = 12.0 kDa, Mw/Mn = 1.27) 

was also carried out by using rCu-MOF.[337] 

Tuci et al. prepared two N3 functionalized MOFs, UMCM-1-N3 [Zn4O(N3tpa)(btb)4/3; N3tpa
2-

 

= 2-azidoterephthalate; btb
3-

 = 4,4′,4′′-benzene-1,3,5-triyl-tribenzoate] and MIXMOF-5-N3 

[Zn4O(N3tpa)0.4(tpa)2.6; tpa
2-

 = terephthalate]containing different azido functional groups. 

PSM approach eas applied through Cu
I
 mediated acetylene-azide coupling reaction (CuAAC) 

resulting in the complete conversion of azido groups into triazole groups. The modification 

was performed by using single acetylene derivatives or mixtures of reactive terminal alkynes 

in variable molar fractions to give homo and heteroderivatized MOFs. Finally, an acetylene 
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end-capped dye was employed as both model polycyclic reagent and fluorescent probe for the 

observing the guest molecule distribution within the three dimensional frameworks.[338] 

Gee et al. employed diketene to postsynthetically modify amino-functionalized MOFs 

resulting in MOFs with pendant β-amidoketone arms (MOF-NHak). Four different 

frameworks including DMOF-1-NH2 [Zn2(bdc-NH2)2(dabco)] (bdc-NH2 = 2-amino-1,4-

benzenedicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane), IRMOF-3 [Zn4O(bdc-NH2)3], 

FCS-NH2 [Zn3I6(tpt)2]·atp-NH2 [tpt = 2,4,6-tris(4-pyridyl)-1,3,5-triazine and atp-NH2 = 

aminotriphenylene]and a mixed-ligand system [Zn2(bdc)(bdc-NH2)(dabco)] were selected to 

validate the scope of this transformation. The transformation exhibited high conversion range 

of >80% with the retained crystallinity in PSM products. The β-amidoketone group was a 

known metal chelating group with acidic character and may allow the MOF pore to undergo a 

host of further transformations.[339] 

Yang et al. described the N-methylation of Zr based MOF (UiO-67-bpy, bpy = 2,2‟-bipyridyl-

5,5‟-dicarboxylate) through postsynthetic modification method to incorporate N,N‟-dimethyl-

2,2‟-bipyridinium (dmbpy) moieties in the framework. The electron deficient bipyridinium 

moieties in UiO-67-dmbpy produced a stable ground state charge-transfer (CT) interacting 

sites/complex with the electron rich amine group which offered a driving force for the 

recognition of amine molecules. Moreover, the results suggested that UiO-67-dmbpy 

exhibited fast and reversible vapochromism and luminescence quenching in response to 

alkyamines.[340] 

Saedi et al. reported the synthesis of two oxidative heterogeneous Mo (VI) catalysts supported 

on TMU-16-NH2 MOF prepared via dative and covalent and dative postsynthetic 

modification approaches. Catalyst I was prepared by reaction of MoO2 (acac)2 with TMU-16-

NH2 while catalyst II was obtained by reaction of MoO2(acac)2 with salicylidimine groups 

functionalized TMU-16-NH2. Both MOF based catalysts exhibited higher catalytic activities 

for alkenes epoxidation by tert-butylhydroperoxide (TBHP). Catalyst II displayed a low 

conversion rate as compared to catalyst I which was attributed to the bulky salicylidimine 

groups that filled the pores and restricted the accessibility of substrates to the catalytic active 

sites.[341] 
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Li et al. prepared different types of functionalized cages in MOFs through controlling the size 

of cage windows. MIL-101-Cr based MOF was selected to produce DPF-MOF (different pore 

function MOF) possessing more than one type of cages. One cage exhibited a diameter of 2.9 

nm with pentagonal windows and other cage showed a diameter of 3.3 nm and exhibited both 

pentagonal windows and large hexagonal windows. Both cages were interconnected with 

pentagonal windows and the DPF-MOF contained both acidic and basic functionalities. The 

basic functionality was grafted on both cages with the help of ethylenediamine (ED) to 

prepare MIL-101-ED, while the acidic functionality was incorporated in the large cages of 

MIL-101-ED through phosphotungstic acid (PW). MIL-101-ED-PW MOF was used in 

cascade reactions and the PW present in the large cages of MIL-101-ED-PW involved in the 

acid catalyzed deprotection while ED groups present in the small cages contributed in the 

base catalyzed Henry reactions. Furthermore, the selective cage decoration was extended by 

immobilization of tetrasulfophthalocyanine (TSP) to prepare MIL-101-ED-TSP which also 

helped to catalyze the deacetalization-Henry cascade reactions. Additionally, the DPF-MOF 

was also modified by grafting the amino groups on the linker to prepare MIL-101-NH2.  The 

PW anions were encapsulated into the large cages while the remaining amino groups were 

then treated with bromoethylamine to prepare MIL-101-NHCH2CH2-NH2-PW. MIL-101-

NH2-PW catalyzed the first step of cascade reactions while MIL-101-NHCH2CH2-NH2-PW 

catalyzed the deacetalization-Henry cascade reactions. The intermediates of the cascade 

reactions were also trapped by using an amine-Lewis acid system and hence controlling the 

reaction route.[342] 

Lian et al. postsynthetically modified MIL-125(Ti)-NH2 with lanthanides to prepare europium 

functionalized MOF (MIL-125(Ti)-AM-Eu) and monitored their photocatalytic oxidation 

properties and fluorescence quenching behaviors. The functionalized material exhibited 

excellent efficiency for the photocatalytic oxidation of α-phenethyl alcohol to acetophenone 

under ultraviolet light irradiation. Additionally, MIL-125(Ti)-AM-Eu also showed effective 

sensitivity and selectivity towards the detection of α- phenethyl alcohol based on its 

photocatalytic property and luminescence. Acetophenone instigated the attenuation of 

fluorescence intensity under UV irradiation which was induced by the oxidation of α-

phenethyl alcohol.  This attenuation could be witnessed just through the naked eye. In short, 
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MIL-125(Ti)-AM-Eu was promising candidate as a new turn-off fluorescence sensor for α-

phenethyl alcohol.[343] 

Luan et al. employed a simple postsynthetic modification method for the incorporation of a 

primary alkyl amino group into transition metal (Zn, Cr, Zr, and Al) derived MOFs. These 

functionalized frameworks (MOF-RNH2) were used as heterogeneous catalyst supports for 

Knoevenagel condensation reactions and exhibited improved Knoevenagel condensation 

reactivities towards a variety of aldehyde electrophiles. The Zn based IRMOF-3 was turned 

out to be an incompatible heterogeneous catalyst support owing to its fragile nature on 

treatment with base, while zirconium based UiO-66-NH-RNH2, aluminum based Al-MIL-53-

NH-RNH2, and chromium based Cr-MIL-101-NH-RNH2 MOF materials revealed excellent 

catalytic activities. Besides, the catalytic activities were examined for Henry reactions to 

demonstrate the effectiveness of MOF-RNH2 based catalysts in basic catalysis.  The UiO-66-

NH-RNH2, Al-MIL-53-NH-RNH2, and Cr-MIL-101-NH-RNH2 based catalysts were recycled 

up to five times.[344]   

Zhou et al. postsynthetically grafted uncoordinated carboxyl groups into MIL-101(Cr)-NH2 

framework through dual acyl chlorides (oxalyl chloride and terephthaloyl dichloride) to 

produce MIL- 101(Cr)-amide-1 and MIL-101(Cr)-amide-2, respectively, at mild conditions. 

The conversion rates of amine groups calculate from the integral data were above 97% and 

nearly 87% for MIL- 101(Cr)-amide-1 and MIL-101(Cr)-amide-2, respectively, indicating the 

successful grafting of uncoordinated carboxyl groups on the MIL-101(Cr)-NH2 framework. 

The modified materials showed enhanced adsorption selectivity of CO2 over N2. The CO2 

selectivities at 0.1 MPa were up to 10.93 for MIL-101(Cr)-NH2, 12.49 for and 16.44 for MIL-

101(Cr)-amide-1, and MIL-101(Cr)-amide-2.[345] 

Gotthardt et al. synthesized four linker molecules based on 4,4‟-biphenyldicarboxylic acid 

with additional amine, alkyne, azide or nitro groups. These linkers were incorporated during 

the preparation of Al based MOF (DUT-5, DUT = Dresden University of Technology) 

resulting in the formation of DUT‐5‐amine, DUT‐5‐alkyne, DUT‐5‐azide, and DUT‐5‐nitro. 

The amine, alkyne, azide, and nitro functionalized MOFs were highly porous with a surface 

area of 1570 m
2
 g

−1
, 1270 m

2
 g

−1
, 540 m

2
 g

−1
, and 550 m

2
 g

−1
, respectively. The mixed-linker 
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based MIXDUT-5 was prepared by using the different ratios of functionalized and 

unfunctionalized linker molecules. The increased surface area (1630 m
2 

g
−1

) of MIXDUT-5 

was due to the decrease in the percentage of functionalized linker molecules present 

incorporated in the frameworks. Furthermore, postsynthetic modification was performed on 

the amine functionalized mixed-linkers based MOF (MIXDUT-5-amine) using maleic 

anhydride, salicylaldehyde and 2-pyridinecarboxaldehyde. The results showed that the 

crystallinity and porosity of the frameworks were retained throughout the modification 

process with a surface area of 1200 m
2
 g

−1
 to 1600 m

2
 g

−1
.[346]  

Wu et al. confined the Brønsted ionic liquid 1,4-butanediyl-3,3′-bis(3-sulfopropyl) 

imidazolium dihydrogensulfate (DAIL) in an amine functionalized magnetic MOF composite 

(Fe3O4@NH2-MIL-88B (Fe)) via interaction of the -SO3H group of DAIL and the -NH2 group 

of the carrier MOF.  Magnetic Fe3O4 nanoparticles were attached to NH2-MIL-88B (Fe) 

carrier for the improved separation performance. The synthesized composite with high acidity 

(1.76 mmol H
+
 g

−1
) worked as effective catalyst in the synthesis of biodiesel from oleic acid 

and ethanol with a yield of 93.2%, optimized by Box-Behnken response surface methodology. 

Besides, the catalyst was magnetically separated without apparent mass loss and could be 

reused for six times without substantial change in activity.[347] 

Chen et al. utilized tetrazine based click reaction for the tandem postsynthetic modification of 

two MOFs with different topology (UMCM-1-NH2 and IRMOF-3). MOFs were treated with 

pentenoic anhydride to produce frameworks with an olefin group attached to the 1,4- 

benzenedicarboxylate linkers.  The olefin bearing frameworks were then modified with 

dimethyl-1,2,4,5-tetrazine- 3,6-dicarboxylate (TDC) at ambient temperature. The facile 

reactivity of the UMCM based MOF as compared to the IRMOF was attributed to the 

hindrance in PSM reactions due to the smaller pore size and steric crowding of the olefin 

groups in IRMOF. Mixed ligands based IRMOF containing suitable ratio of 1,4-

benzenedicarboxylate (BDC) and an olefin tagged BDC derivative was also prepared and 

displayed efficient functionalization. [348] 

Xu et al. reported a controllable conversion of Zr based UiO-66 (MOF 1) between rigid and 

flexible structures. Initially, postsynthetic bromination was performed on 4,4'-
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stilbenedicarboxylate linker, which was used in the construction of MOF, to produce MOF 2. 

The modified MOF 2 exhibited a series of dynamic behaviors including reversible structural 

deformations between single-crystallinity and non-crystallinity, vapour sorption hysteresis 

and unexpected adsorption of bulky guest molecules. The flexible modified MOF 2 could be 

converted back to parent rigid MOF 1 through solvent assisted debromination by using DMF 

or trimethylphosphine. The crystal formation/deformation process of modified MOF 2 was 

achieved with DMF adsorption/desorption upto eight times, indicating a high degree of 

reversibility. Owing to its flexibility, modified MOF 2 adsorbed a series of bulky guest 

molecules including porphyrin, phthalocyanine derivatives and chiral phosphoric acids and 

trinuclear gold(I) compound which were much larger than the window size.[349] 

Du et al. prepared ethoxycarbonyl isothiocyanate (ECIT) functionalized MOF (UMCM-4-

NH2-ECIT) by treating UMCM-4-NH2 with ethoxycarbonyl isothiocyanate. The introduction 

of multiple N and O atoms into the cavities of the framework permitted the interaction of 

UMCM-4-NH2-ECIT with Fe
3+

 resulted in the fluorescence quenching of UMCM-4-NH2-

ECIT by Fe
3+

. The probe demonstrated broad Fe
3+

 ions detection range of 10
-6

-10
 
mol/L, high 

sensitivity of 10
-6 

mol/L, fast response time of 1 min, and efficient selectivity and 

recyclability.[350] 

Dau et al. studied the cyclometalation reactions on two non-interpenetrated MOFs and one 

interpenetrated MOF with Ir (I) and Rh (I) precursors. 2-phenylpyridine-5,4'-dicarboxylic acid 

(dcppy) was incorporated into the frameworks (including the non-interpenetrated UiO-67-

dcppy, DMOF-1-dcppy (DMOF =dabco MOF), and the interpenetrated BMOF-1-dcppy 

(BMOF =4,4'-bipyridine MOF) as building block to support cyclometalated complexes. In 

case of non-interpenetrated MOFs, a random PSM was observed throughout the frameworks. 

On the other hand, cyclometation of the interpenetrated frameworks proceeded on those 

ligands which were directed along the crystallographic b-axis, whereas the ligands along the 

crystallographic c-axis were not modified because of the steric interactions with the 

interpenetrated frameworks. The results provided a path for the site selective functionalization 

of metal organic frameworks and a degree of control on the modification of porous materials. 
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Additionally, the degree of cyclometalation enhanced the sorption capacity of the 

interpenetrated MOFs.[351] 

Dong et al. postsynthetically synthesized glycine-MIL-53(Fe) through the phenomena of 

electrostatic interactions by simple mixing the water dispersible MIL-53(Fe) and glycine. The 

glycine-MIL-53(Fe) showed an increased peroxidase like activity and stability under alkaline 

or acidic conditions as compared to parent MIL-53(Fe).  Glycine-MIL-53(Fe) could catalyze 

the oxidation of TMB (3,3′,5,5′-tetramethylbenzidine) by H2O2 and the improved catalytic 

activity was attributed to the enhanced affinity between TMB and the glycine-MIL-53(Fe). 

On the basis of these characteristics, a simple and sensitive method was established for the 

detection of hydrogen peroxide (H2O2) and glucose. The detection limits for hydrogen 

peroxide (H2O2) and glucose were 49 nM and 0.13 μM, respectively. The linear detection 

range for H2O2 was 0.10–10 μM with a detection limit of 49 nM, and glucose could be 

linearly detected in the range from 0.25 to 10 μM with a detection limit of 0.13 μM.[352] 

Marshall et al. reported the postsynthetic bromination across the alkyne moeities present in 

the UiO-66 based MOF [Zr6O4(OH)4(sdc)6]n (sdc = 4,4′-stilbene-dicarboxylate). Bromination 

of unsaturated C–C bonds led to the change in hybridization of the central carbon atom from 

sp
2
 and sp

3 
accompanied by mechanical contraction of MOF with the decrease in unit cell 

edge from 29.8884(3) Å for parent MOF (2) to 29.784(4) Å for MOF after bromination (2-

Br2).  Upon bromination, a decrease in the average elastic modulus of the framework (from 

≈11.1 (±0.4) to ≈8.9 (±0.4) GPa) was also observed.[353] 

Sun et al. synthesized lanthanide based luminescent MOFs (Ln-MIL-61, Ln = Eu3+, Tb3+, 

Sm3+, Dy3+) by encapsulating the Ln
3+

 into the MIL-61 crystals (Ga (OH)(btec)·0.5H2O, 

H4btec = Pyromellitic acid) and investigated the luminescence of Ln-doped MIL-61  in the 

visible light region. When excited at 314 nm, the emission spectra of Eu-MIL-61, Tb-MIL-61 

and Eu/Tb-MIL-61 displayed their respective strong sharp emission bands. Nevertheless, Sm-

MIL-61 and Dy-MIL-61 gave emission trend similar to MIL-61 and no luminescence of Sm3+ 

and Dy3+ were observed. The weak fluorescence of Sm3+ or Dy3+ doped MIL-61 was 

successfully sensitized by introducing a transition metal ion (Ag+
). Single-phase white-light 

emission, established as a result of 4d–4f heterometallic co-doped MOFs, was realized. 
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Furthermore, The Ag/Ln-MIL-61 MOFs exhibited longer luminescence lifetimes and 

reasonably high quantum yields than Ln-MIL-61 MOFs. It was found that Sm-MIL-61 

expressed more highly sensitive and selective sensing towards Ag+ and worked as promising 

optical sensor for Ag+ detection.[354] 

Liu et al. prepared functionally diverse alkenyl-derived Cr-MIL-101 based MOF by 

employing palladium catalyzed carbon-carbon bond forming Mizoroki-Heck reaction under 

mild conditions. Furthermore, the obtained MOF with benzyl alcohol moieties was converted 

to a MOF with both alkenyl and thiol side chains in a tandem PSM manner by chlorination, 

sulfuration, and hydrolysis. The thiol modified MOF showed excellent adsorbent ability 

(99.3%) in removing mercury ions from water where the initial Hg
2+

 concentration was10 

ppm. The modified Cr-MIL-101 could be reused at least two times without any significant 

loss of activity.[355] 

He et al. synthesized a Zn
II
-based MOF (BUT-31, BUT = Beijing University of Technology) 

through newly designed aldehyde tagged polypyrazole ligand (2,5-di(1H-pyrazol-4-

yl)benzaldehyde (H2bdp-CHO)). BUT-31possessed a pillared layered framework structure 

with 3D channels of approximately 3.4–5.4 Å in size and exhibited permanent porosity with a 

BET surface area of 926 m
2
 g

−1
. The prepared MOF was stable in boiling water and highly 

basic aqueous solution (4 M sodium hydroxide) while gradually decomposed in dilute acid. 

Further, BUT-31 was postsynthetically modified by treating with concentrated ammonia 

solution (25 %) at room temperature resulting in an imine-functionalized MOF (BUT-31A). 

Gas adsorption results revealed that the aldehyde-functionalized (BUT-31) and imine-

functionalized (BUT-31A) MOFs exhibited higher selectivities for CO2 over N2 and CH4 

respectively. The adsorption capacities of BUT-31 and BUT-31A for these gases were almost 

similar, therefore only the results of adsorption experiment for BUT-31 were presented. BUT-

31 showed maximum uptakes of 118.3 cm
3
g
−1

 and 80.5 cm
3
g
−1

for CO2 at 273 K and 298 K, 

while 21.9 cm3 g
−1

 and 10.4 cm3 g
−1

 for CH4, 12.9 cm3 g
−1

 and 6.0 cm3 g
−1

 for N2 at 273 K 

and 298 K, respectively. The estimated CO2/CH4 selectivities were 12.6:1 at 273 K and 12.1:1 

at 298 K, and the CO2/N2 selectivities were calculated to be 18.6:1 at 273 K and 15.8:1 at 298 

K.[356] 
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Liu et al. prepared a series of mixed-linker based MOFs (Zn4O(BDC)x(ABDC)3–x) and 

transformed into nickel catalysts by treating with nickel bromide through quantitative 

postsynthetic modification. IRMOF-3 and MixMOFs (MixMOF-a, MixMOF-b, MixMOFc) 

were synthesized by using similar procedure expect that partial 2-aminobenzene-1,4-

dicarboxylate (H2ABDC) linker was substituted by 1,4-benzenedicarboxylate (H2BDC) in 

MixMOFs. The modified MixMOF-Ni was more stable and showed higher selectivities for 

ethylene oligomerization than IRMOF-3-Ni (prepared by direct modification). In case of 

IRMOF-3-Ni, crystallinity was damaged during modification and the residual amino acted as 

a Lewis base exhibiting a worse selectivity for ethylene dimerization while, the structural 

integrity of MixMOFs-Ni catalysts was preserved and the active Ni centers were assumed to 

be anchored into MOFs resulting in better selectivity for ethylene dimerization. MixMOFs-

Ni-a with specific surface area of 1080 m
2
·g

-1
 gave more long-chain olefins, and MixMOFs-

Ni-b exhibited highest activity (46.0 104 g mol
-1

 h
-1

) with suitable density of active centers 

(0.20 10
-3

mol g
-1

).[357] 

 Drache et al. postsynthetically exchanged the modulator of DUT-67-Zr MOF (containing 

Zr6O6(OH)2 and 2,5-thiophenedicarboxylate) with different fluorinated monocarboxylic acids, 

such as trifluoroacetic acid, pentafluorobenzoic acid, 4-(trifluoromethyl)-benzoic acid, and 

perfluorooctanoic acid.  Water adsorption isotherms indicated that the functionalization of the 

inner pore surface by fluorinated monocarboxylic acids affected the hydrophobicity of the 

frameworks and also induced a reversal in the pore filling sequence. Moreover, the stability of 

DUT-67 MOF towards the removal of adsorbed water could be significantly enhanced by 

integrating fluorinated molecules and could be used for the adsorption based heat-exchange 

applications and solar cooling. The DUT-67 MOF modified with 4-(trifluoromethyl)-benzoic 

acid, and perfluorooctanoic acid were considered as more hydrophobic materials with an 

enhanced contact angles of ≥103°.[358] 

Qin et al. described the one pot organic-acid-directed postsynthetic modification to graft the 

molecular iron/citric acid complexes into the amine functionalized Al-MOFs (NH2-MIL-

101(Al) and NH2-MIL-53(Al) by liquid spraying method under mild conditions. The 

amidation reaction between organic acid and -NH2 groups of ligands allowed iron based 
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nanoparticles (NPs) to be well dispersed into the frameworks and the resulting [Fe-O-

C]@NH2-MOFs showed the enhanced catalytic activity of the metal sites for photo splitting 

of H2O2 to generate ·OH. At the concentrations of 10.77 mg·L
-1 

and 19.42 mg·L
-1 

for ·OH, the 

maximum generation rates (0.5 h) for CFH@NH2-MIL-53 and CFH@NH2-MIL-101 were 

80.32 μg·L
-1

 min
-1

 and 143.22 μg·L
-1

 min
-1

,respectively.[359] 

Klinkebiel et al. employed sulfonyl chlorides as reactive intermediates to postsynthetically 

modify amino and sulfonic acid containing MOFs (CAU-1-NH2 and Cr-MIL-101-SO3H). 

Different N-alkyl and N-aryl substituted sulfonamides and N-pyridine substituted linkers were 

used to obtain MOFs with various substituents and different orientations of the sulfonamide 

moiety attached to the framework.[360] 

Cao et al. prepared a novel 3D microporous MOF-COOH (generated from a carboxyl rich 

ligand of 1,1ʹ:2ʹ,1ʹʹ-terphenyl-4,4ʹ,4ʹʹ,5ʹ- tetracarboxylic acid (H4ttca), and the auxiliary ligand 

4,4ʹ-bpy and Zn(ClO4)2.6H2O). The uncoordinated carbonyl groups were pointing to the 

interior of channels and acted as postsynthetic modification sites for cation exchange. Sodium 

cations were loaded into the pores of MOF-COOH MOF to produce Na
+
@MOF-COO

-
. This 

ionization process generated a driving force for the cation exchange studies and such MOF 

materials could be used for binding and sensitizing lanthanide cations (Ln = Sm
3+

, Eu
3+

, Dy
3+

 

or Tb
3+

). The results demonstrated that MOF-COOH can effectively and selectively serve as 

an efficient antenna for sensitizing the visible-emitting Tb
3+

 cation.[361]  

Zhang et al. illustrated the synthesis of azide functionalized IRMOF-3 as a novel turn-on 

fluorescent probe for H2S detection. The amino groups present on ligands served as efficient 

scaffold for PSM and were transformed into N3 by treating with trimethylsilylazide. The MOF 

probe (IRMOF-3(-N3)) exhibited high sensitivity and selectivity with a detection limit of 28.3 

µM and fast response of <2 min toward H2S over other biologically relevant species (GSH, 

Hcy, Cys, HCO3
–
, H2PO4

–
, HPO4

2–
, NO3

–
, NO2

–
, I

–
, Br

−
, and Cl

−
).[362] 

Liu et al described an efficient Cu(I)-catalyzed aerobic alcohol oxidation system by treating 

MIL-101-NH2 (Cr) with 2-pyridinecarbaldehyde. Iminopyridine derived MIL-101-N-2-pyc 

MOF could make complexes with the copper ion from Cu(I) to form the CuI/MIL-101-N-2-
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pyc catalyst. Numerous primary (including aliphatic ones) and secondary alcohols (relatively 

inert) were converted to their corresponding ketones in high yields and selectivities in the 

presence of Cu(I)/MOF catalyst and air as the oxidant. Besides, the MIL-101-N-2-pyc could 

be reused several times without any loss of activity.[363] 

Wang et al. demonstrated the use of covalent postsynthetic modification (PSM) strategy to 

modulate the breathing effect in Zn based MOF (DMOF-1-NH2). DMOF-1-NH2 was 

converted to corresponding amides (DMOF-1-AM) materials on treatment with linear alkyl 

anhydrides. The results showed that modified MOFs with longer alkyl chains possessed 

reasonable porosity with BET surface areas of ∼700 m
2
g

-1
 while, those with shorter alkyl 

chains displayed unexpectedly low BET surface areas of ∼300 m
2
g

-1
. It was proposed that 

shorter alkyl chains supported the np structure, longer alkyl chains favored the lp phase. 

Breathing (switching between np (narrow pore) and lp (large pore) phases) could be observed 

in case of medium alkyl chains which resulted in bistable formulations thereby making the 

materials either more or less prone to breathing.[364] 

Hu et al. illustrated the synthesis of a positively charged porous drug carrier MOF-74-Fe(III)  

through the oxidation of the neutral crystal MOF-74-Fe(II). The cationic host (MOF-74-

Fe(III))   showed a low cytotoxicity on PC12 cells addition by 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium (MTT) assay. The drug (ibuprofen anions) loading capacity was 

~15.9 wt% and the drug release process was controlled by anion exchange mechanism.[365] 

Morris et al. prepared nanoparticles of UiO-66-N3 MOF (Zr6O4OH4(C8H3O4-N3)6) and 

covalently functionalized the surface of these nanoparticles with oligonucleotides.  A Cu-free 

strained-alkyne click reaction between DNA attached to dibenzylcyclooctyne and azide-

functionalized UiO-66-N3 was used to prepare the MOF nanoparticle-nucleic acid conjugates. 

Due to the small pore sizes, the MOF particles were only functionalized at their surfaces. The 

oligonucleotides generated a steric and electrostatic barrier that stabilized the nanoparticles in 

high dielectric media and enhanced the cellular uptake. The cellular uptake capacity of the 

nanoparticle-DNA conjugates was evaluated with HeLa (human cervical cancer) cells and 

results showed an uptake of 5 × 10
6
 and 5 × 10

5
 nanoparticles per cell for the conjugates with 

14 and 19 nm MOF size. [366] 
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Manna et al. synthesized a series of porous bipyridyl- and phenanthryl-based UiO MOFs 

(BPV-MOF, mBPV-MOF and mPT-MOF). BPV-MOF was prepared from bipyridyl-

functionalized dicarboxyate linker, whereas, both mBPV- and mPT-MOF were prepared from 

a mixture of bipyridyl- or phenanthryl-functionalized and unfunctionalized dicarboxylate 

linkers. Furthermore, the postsynthetic metalation of these frameworks with 

([Ir(COD)(OMe)]2 =(1,5-Cyclooctadiene)(methoxy)iridium(I) dimer) produced Ir-

functionalized MOFs (BPV-MOF-Ir, mBPV-MOF-Ir and mPT-MOF-Ir). These modified 

MOFs were catalytically active for hydrosilylation of aryl ketones and aldehydes followed by 

ortho-silylation of benzylicsilyl ethers and C-H borylation of arenes using B2pin2 

(Bis(pinacolato)diboron). Both mBPV-MOF-Ir and mPTMOF- Ir showed greater catalytic 

activities than BPV-MOF-Ir owing to the larger open channels present in the mixed linker 

based MOFs. It was observed that MOF-Ir were catalytically more active (up to 95 times) and 

stable as compared to their homogeneous analogues for all the tandem reactions affirming the 

benefits of active site isolation in frameworks.[367] 

Nguyen et al. incorporated medium to long alkyl substituents into IRMOF-3 by utilizing 

postsynthetic covalent modification to protect these materials against moisture and to stabilize 

them in ambient air. Experiments showed that the parent MOFs materials could be 

transformed from hydrophilic to hydrophobic or superhydrophobic materials.  IRMOFs 

modified with longer alkyl substituents and branched alkyl substituents displayed contact 

angles of ≥116° and ≥125°repectively. While, IRMOFs modified with smaller alkyl chains 

showed 0° contact angle and absorbed the applied water droplet. Hence, the smaller alkyl 

chains resulted in a higher percentage of modification in order to efficiently integrate 

hydrophobicity within the MOF materials.[368] 

Wang et al. electrochemically deposited polyaniline (PANI) chains on ZIF-67 to reduce the 

bulk electric resistance of the frameworks. Cobalt based MOF crystals (ZIF-67) were 

synthesized onto carbon cloth (CC) followed by electrical deposition of PANI to produce a 

flexible conductive porous electrode (PANI-ZIF-67-CC). PANI-ZIF-67-CC displayed areal 

capacitance of 2146 mF cm
-2

 at 10 mV s
-1

.Besides, a flexible SSC device was also constructed 

from two symmetric PANI-ZIF-67-CC electrodes with areal capacitance of 35 mF cm
-2

 and a 
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power density of 0.833Wcm
-3

 at a current density of 0.05 mA cm
-2

, The MOF based SSC 

device reserved more than 80% of its initial capacitance after 2000 cycles. [369] 

Canivet et al. postsynthetically immobilized amino acids within the structure of (In) MIL-68-

NH2 based MOF via solid-phase peptide coupling strategy. (In) MIL-68-NH2 were treated 

with Fmoc (fluorenylmethyloxycarbonyl) protected enantiopure amino acids (L-proline (Pro-

OH) and D-alanine (Ala-OH)) to prepare two amino acid decorated metal organic frmeworks, 

(In) MIL-68-NH-Pro- Fmoc and (In) MIL-68-NH-Ala-Fmoc, followed by chemically assisted 

deprotection step by employing piperidine in DMF.  This approach could offer new 

perspective for the immobilization of highly active and/or coordinating moieties within the 

structure of MOFs.[370] 

Mckinlay et al. measured the adsorption of the biologically active nitric oxide (NO) over a 

series of highly flexible iron (III) dicarboxylate MOFs of the MIL-88 frameworks. The results 

indicated that the structure of dried forms of MIL-88 did not expand in the presence of nitric 

oxide.  The significant amount of NO was physisorbed and/or chemisorbed on MIL-88 due to 

the combination of very narrow pores and trimers of iron polyhedra [iron(II) or iron(III) 

coordinatively unsaturated metal sites (CUS)]. The loading capacities were within the range 

of 1-2.5 mmol g
-1

 which were far below the theoretical values (2.5-3.6 mmol g
-1

) due to the 

absence of any breathing of the frameworks and low accessibility of the pores. The delivery 

of NO in the presence of wet gas or in simulated body fluid (PBS) were lower, close to a few 

tenth of mmol g
-1

, which was due to desorption of physisorbed NO before the release 

tests.[371] 

Bromberg et al. synthesized porous polymer/MOF hybrid materials via polymerization of 

vinyl monomer and crosslinker impregnated within the pores of the frameworks followed by 

the functionalization of the resulting composite. A stable hybrid composite [poly (maleimide-

co-divinylbenzene)] was prepared in the presence of MOF (MIL-101(Cr)). Furthermore, this 

network was brominated to produce porous hybrid of crosslinked poly (N-bromomaleimide), 

a polymeric analogue of N-bromosuccinimide, interconnected with crystalline nanoparticles 

of the MIL-101(Cr). The active bromine (halamine) groups in the polymer network enhanced 
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the catalytic activity of the composite for the conversion of D-fructose into 5-

hydroxymethylfurfural.[372] 

Burrows et al. prepared a series of zinc MOFs containing linear 4,4ʹ-biphenyldicarboxylate 

ligands bearing substituent sulfur moieties. In the presence of dimethyldioxirane, sulfide 

groups were oxidized to sulfones through postsynthetic modification.[373] 

Hwang et al.  selectively functionalized the coordinatively unsaturated sites (CUSs) in MIL-

101 (Cr), containing zeotypic giant pores. The chromium (III) CUSs provided an intrinsic 

chelating property with electron-rich functional groups (ethylenediamine or 

diethylenetriamine) and resulted in the formation of thermally stable, amine species 

functionalized MOF. The modified MOF showed high activities in the Knoevenagel 

condensation as compared to the mesoporous materials.[374] 

Wang et al. covalently modified Zn
II
 based three different MOFs (IRMOF-3, MCM-1-NH2, 

and DMOF-1-NH2) with a series of aromatic anhydrides or isocyanates (benzoic anhydride, 

phenylisocyanate) and the hydrogen sorption properties were investigated. The storage 

capacities and isosteric heats of adsorption indicated increased sorption affinity of modified 

MOFs with hydrogen and in some cases enhanced gravimetric and volumetric uptake of the 

gas as much as 40 %.[375] 

Morris et al synthesized UiO-66 from ZrCl4 and amino functionalized linker (H2BDC-NH2) 

and reported that the resulting framework (UiO-66-A) possessed a mixture of linkers with 

amino and NH3
+
Cl

-
 salt functionalities. UiO-66-A was postsynthetically modified by 

acetaldehyde which could stabilize a highly reactive hemiaminal within the pore cavities. The 

hemiaminal was transformed into an aziridine upon heating. All MOF materials were 

chemically stable with the BET surface areas of 780-820 m
2
g

-1
. The chemical stability was 

evident by reversible storage of ammonia with the uptake capacities ranging from 134 to 193 

cm
3
g

-1
. [376] 

Sun et al. prepared zinc based MOF with trifunctional tag (carboxylate, imidazolate, and 

hydroxyethyl groups) followed by two sequential postsynthetic modifications (elimination 

and bromination) on the tag groups. First, water molecules were thermally eliminated from 
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the hydroxyethyl groups to produce vinyl groups in the channels (1ʹʹ). Furthermore, these 

vinyl groups were treated with Br2 to perform bromination at the surface of the framework 

(1ʹʹ-Br). The modifications affected the luminescence properties, absorption of gases (N2, 

CO2), solvents (H2O, CH3OH, C2H5OH, C3H7OH), and I2. The partial distortion in 1ʹʹ 

framework hindered the restoration of N2 and CO2, while solvent molecules, small water or 

methanol molecules were completely restored in the channels.  Large ethanol molecules were 

partially absorbed in the channels. After surface modification (1ʹʹ-Br), the Br groups 

precluded the absorption of N2, CO2, I2 and slowed down the uptake and release of H2O, 

MeOH, and EtOH molecules.[377]  

Saleem et al. have post-synthetically modified UiO-66-NH2 based MOFs to incorporate 

thiourea, isothiocyanate and isocyanate functionalities into the frameworks. They employed 

UiO-66, UiO-66-NH2 and the functionalized MOFs (UiO-66-NHC(S)NHMe, UiO-66-

NHC(S)NHPh, UiO-66-NCS and UiO-66-NCO) as adsorbents to a range of heavy metals 

from homoionic aqueous solution. It was determined that functionalization significantly 

enhanced the metal removal efficiency up to 99%. In case of UiO-66-NHC(S)NHMe, the 

calculated maximum adsorption capacities was 49, 117, 232 and 769 mg/g for Cd
2+

, Cr
3+

, 

Pb2
+
 and Hg

2+
 respectively.[378]  

Garz n-Tovar et al. demonstrated the use of spray drying (SD) technique to postsynthetically 

modify MOFs via Schiff-base condensation reactions. The Zr based amine terminated UiO-

66-NH2 and the Zn based aldehyde terminated ZIF-90 were selected for this SD approach 

owing to the uncoordinated and available amine and aldehyde groups within their 

frameworks, respectively. Different aldehyde (4-pyridinecarboxaldehyde, 2-

pyridinecarboxaldehyde, salicylaldehyde) and amine groups (butylamine) were used for the 

PSM of UiO-66-NH2 and ZIF-90, respectively. A series of ethanolic colloidal suspensions of 

MOF (UiO-66-NH2 or ZIF-90) and the respective functional groups used for PSM (aldehydes 

or amine) were spray-dried at an inlet temperature of 130 °C, a feed rate of 3.0 mL min
-1

, and 

a flow rate of 336 mL min
-1

 using a Mini Spray Dryer B-290 (BUCHI Labortechnik; spray 

cap: 0.5 mm hole). The conversion efficiencies of amine terminated UiO-66 MOF to aldehyde 

functioned UiO-66 MOF was up to 20% and the conversion degree of aldehyde groups of 
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ZIF-90 to amine groups was 42%. Furthermore, the aldehyde groups of ZIF-90 were cross 

linked by using a diamine molecule (hexamethylenediamine) with a conversion efficiency of 

70%.[379] 

Ponomareva et al. reported the impregnation of the chromium (III) based MOF (MIL-101) 

via nonvolatile acids H2SO4 and H3PO4 to prepare H2SO4@MIL-101 and H3PO4@MIL-101. 

The addition of acids was fast and reversible and acids were completely removed by washing 

with water. The molar amount of the H2SO4 confined in the pores of H2SO4@MIL-101was 

∼10 M (∼70%) and molar amount of H3PO4 present in the pores of H3PO4@MIL-101was 

∼14 M (∼80%). The proton conductivities of MOF materials at T = 150 °C were found to be 

1 × 10
−2

 S·cm
−1

 for H2SO4@MIL-101 and 3 × 10
−3

 S·cm
−1

 for H3PO4@MIL-101 (both values 

were recorded at a low humidity of 0.6 mol %, relative humidity (RH) = 0.13%).[380] 

Halls et al. reported the postsynthetic modification of zinc (II) and aluminium(III) based MOF 

materials with ferrocenyl groups via an amine to amide functional group interconversion. The 

redox active MOFs were examined by voltammetry in organic and aqueous media and the 

results showed that oxidation of ferrocene occurred in both cases.  In organic media, stable 

redox processes were witnessed due to the oxidation and back reduction of the ferrocenes 

present on the pore surface. In this case, the voltammetric response was described as “surface-

confined” with fast surface hopping of electrons and without damaging the structure of MOF 

materials. Whereas, in aqueous media a more complex pH dependent multi stage redox 

process was observed owing to the chemically irreversible bulk oxidation and collapse of the 

frameworks. A characteristic 30 mV per pH unit dependence of redox potentials was recorded 

in terms of a “framework effect” (dissolution of hydroxide driven MOF framework).[381] 

Zhuang et al. reported the synthesis of cobalt based MOF through tetrakis[(3,5-

dicarboxyphenyl)-oxamethyl] methane acid (H8TDM) for the effective inactivation of gram-

negative bacteria, Escherichia coli (strains DH5alpha and XL1-Blue). The potential of Co-

TDM based MOF as disinfectant was 10-15 ppm within a short incubation time period of <60 

min. The activation process involved the lipid peroxidation, catalyzed by Co
2+

 active sites, 

resulting in the rupture of the bacterial membrane. The Co-TDM based system exhibited rapid 

bactericidal effect with 100% recycling and high persistence of upto >4 weeks.[382] 
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Quirós et al. described the synthesis of a composite mats from cobalt based MOF (Co-SIM-1) 

and polylactic acid (PLA) fibers through electrospinning with MOF loadings in the range of 

2–6 wt.%. The suspension was stabilized throughout the electrospinning injection time by 

using a solution of PVP 2.5 wt.%. Co- SIM-1 particles were present in the form of aggregates 

of several microns and were completely embedded inside the PLA fibers (diameters in the 

range of 1–2 µm) in composite mats. Fluorescent stains were used to identify viable and non-

viable cells directly on mat surface and in the culture media embedding the fibers. The results 

revealed an increase in non-viable cells for 6 wt.% Co-SIM-1 mats of up to 40% for 

Pseudomonas putida with a parallel decrease in viable microorganisms The comparison 

between the amount of viable cells (Fluorescein diacetate (FDA) staining) and the number of 

colony forming units (CFU) for cultures of Pseudomonas putida and Staphylococcus aureus 

revealed a higher sensitivity of Pseudomonas putida to the inclusion of cobalt in fibers with a 

reduction in the number of viable cells reaching 40% with respect to neat PLA mats.[383] 

Sadeghi et al. demonstrated the postsynthetic modification of Zr based UiO-66-NH2 MOF 

with melamine to prepare UiO-66-NH2-Mlm followed by the impregnation of CuO 

nanoparticles (NPs) on the surface of UiO-66-NH2-Mlm through the amine groups and π–

electron interactions of melamine and ligands. The CuO supported MOF (UiO-66-NH2-

Mlm/CuO NP) was employed as a heterogeneous catalyst for C–O coupling in Ullmann 

condensation. A catalytic amount of CuO supported MOF based catalyst (5% CuO) induced 

the condensation reaction for various aryl chlorides, bromides, and iodides with a yield range 

of 30–95%. The Ullmann condensation reactions were carried out at 100 °C with KOH 

serving as a base within 18–24 h and could be reused up to fifth cycle without the significant 

loss in activity. Besides, the copper leaching from the catalyst was as low as 1.2 wt% after 

being reused four times. [384] 
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3.1 Experimental Methods 
3.1.1 Materials and Reagents 

Iron (III) chloride-hexahydrate (FeCl3.6H2O, 98%), 1,4-benzenedicarboxylic acid (BDC) 

(98%), α-bromoisobutyryl bromide (98%), triethylamine (TEA, 99%), N-(4-chlorophenyl)-

maleimide, zirconium (IV) chloride (ZrCl4, 99.5 %), zinc nitrate-hexahydrate (Zn 

(NO3)2.6H2O, 98%),  N,N-dimethylformamide (DMF) (99%), , dry dichloromethane (DCM) 

(99.8%), dry THF (99.9%), chloroform (99%) and methanol were purchased from Sigma 

Aldrich, Germany. 2-aminoterephthalic acid (NH2-BDC) (99%), L-Cysteine (98 %) were 

received from Alfa Aesar, Germany. Sodium iodide (NaI) was obtained from Fisher Scientific 

UK Limited, Triphenyl phosphine (TPP, ≥ 99%), 2-furoyl chloride (C5H3ClO2, 98.0 %), 

Aluminum nitrate-nonahydrate (Al(NO3)3.9H2O, 98.5 %), were obtained from Merck 

Schuchardt OHG, Hohenbrunn Germany. Bis(cyclopentadienyl)nickel (NiCp2, Nickelocene, 

99%) was purchased from ABCR GmbH & Co KG, Germany. mPEG-Mal (Mw 550) was 

purchased from Creative PEGWorks, Germany. All chemicals and solvents were used as 

received without further purification. (N-(3-Bromo-propyl)-maleimide) (Br-Mal) was 

prepared according to a literature procedure.[385] Dithioester based moieties 2-cyanopropan-

2-yl(diethoxyphosphoryl)methane-dithioate (HDA-1) and phosphoryl dithioester (HDA-2) 

were synthesized according to literature protocols respectively[386-387]. 4-

Maleimidobutyroyl chloride was synthesized from 4-maleimidobutyric acid according to a 

previously reported procedure.[388] Triethylamine (TEA) was dried by refluxing overnight 

with calcium hydride followed by distillation and was stored under nitrogen. 

3.2 Postsynthetic Modification of MIL-88-Fe MOFs via Cyclopentadienyl-Maleimide 

Diels-Alder/reversible Diels-Alder Ligation  

3.2.1 Synthesis of NH2-MIL-88B-Fe 

A typical method for the synthesis of NH2-MIL-88B-Fe is as follows:[389] NH2-BDC (0.67 

g) and FeCl3 ·6H2 O (1 g) and DMF (80 mL) were taken in a round bottom flask and 

sonicated to get a clear solution. The flask was kept at 140°C for 48 h. The resulting product 

was separated by centrifugation and washed with fresh DMF and chloroform, then suspended 
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in chloroform overnight, and washed with chloroform, before being dried under vacuum 

overnight.  

NH2

HO O

OHO

+ FeCl3.6H2O
DMF

140 °C, 48 h

NH2

O O

O O

Fe Fe

FeFe
 

3.2.2 Synthesis of ML-MIL-88B-Fe 

A typical method for the synthesis of ML-MIL-88B-Fe is as follows[390]: 2-

Aminoterephthalic acid (0.335 g), Terephthalic acid (0.335 g) and Iron (III) chloride-

hexahydrate (1 g) and DMF (80 mL) were taken in a round bottom flask and sonicated to get 

a clear solution. The flask was kept at 140°C in an oil bath for 48 h. The resulting product was 

separated by centrifugation and washed with fresh DMF and chloroform, then suspended in 

chloroform overnight, and washed with chloroform, before being dried under vacuum 

overnight. To remove organic species trapped within the pores, the product was activated in 

boiling methanol overnight and then dried at 80 °C under vacuum. 

NH2

HO O

OHO

+ FeCl3.6H2O
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140 °C, 48 h
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3.2.3 Synthesis of Br Functionalized MIL-88B  

The synthesis of Br functionalized MOFs were adapted from the method reported in 

literature.[391]
 
NH2-MIL-88B-Fe (0.5g) and ML-MIL-88B-Fe (0.5 g) were taken separately 

in dry DCM (10 mL).  To these solutions, dry TEA (100 μL) and α-bromoisobutyryl bromide 

(75 μL) were added under inert atmosphere and stirred at room temperature for 24 h. The 
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obtained products were washed with DCM and methanol and soaked in methanol for 24 h. 

The particles were subsequently dried under vacuum at ambient temperature after washing 

with methanol. 

CH2Cl2, BIBr, Et3N

rt, 2.5 h
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O
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FeFe
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3.2.4 Synthesis of Cp Terminated MIL-88B 

The synthesis of Cp terminated MIL-88B-Fe MOFs was performed at ambient temperature in 

a glovebox under N2 (g) atmosphere using previously stated method.[392] Br-MIL-88B-Fe 

(0.5 g) and Br-ML-MIL-88B-Fe (0.5 g) were taken separately in dry THF (20 mL). To which 

NaI (0.069 g), TPP (0.040 g) and NiCp2 (0.058 g) were added.  The reaction mixtures were 

stirred at ambient temperature for 24 h. The particles were washed with THF and methanol 

and soaked in methanol for 24 h. After 24 h, the particles were washed with methanol and 

dried under vacuum at ambient temperature.  
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3.2.5 Conjugation of Maleimide Derivative to Cp Terminated MOFs via DA Ligation 

Diels Alder ligation was employed utilizing the reported procedure.[393] Cp-MIL-88B-Fe 

(0.2 g) and Cp-ML-MIL-88B-Fe (0.2 g) were taken in separate flasks. To which chloroform 

(3 mL) and Br-Mal (0.1 g) were added under inert atmosphere. The solutions were stirred at 

room temperature for 24 h. The products were washed with chloroform and methanol and 

dried under vacuum at ambient temperature.  
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3.2.6 Retro Diels-Alder Strategy 

The retro Diels-Alder reactions were performed by heating the MOFs (obtained after DA 

conjugation) at 150 °C under vacuum for 24 h.  

N
H

O

OO

O O

Fe

Fe Fe

Fe

N
H

O

OO

O O

Fe

Fe Fe

Fe

NO
O

Br

150 oC

Vacuum

 

 

3.2.7 Second Diels-Alder Ligation 

The second Diels-Alder cycloaddition reactions were performed to support the hypothesis that 

the MIL-88B-Fe MOFs after rDA could be reused.  MOFs (obtained after rDA) (0.1 g) and 

Cl-Mal (0.05 g) were added to Chloroform (1.5 mL) under inert atmosphere in separate flasks. 

The solutions were stirred at room temperature for 24 h. The products were washed with 

chloroform and methanol and dried under vacuum at ambient temperature.  
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3.3 Postsynthetic Modification of MIL-53-Al MOFs via Hetero Diels-Alder/ Reversible 

Hetero Diels-Alder (HDA) Strategy 

3.3.1 Synthesis of NH2-MIL-53-Al 

A typical method for the synthesis of NH2-MIL-53-Al is as follows[394]: 2-

Aminoterephthalic acid (1.1 g), Al(NO3)3.9H2O (1 g), and DMF (60 mL) were taken in a 

round bottom flask and sonicated to get a clear solution. The mixture was kept at 130°C in an 

oil bath for 48 h. The resulting product was separated by centrifugation and washed with 

DMF and acetone and dried under vacuum overnight. To remove organic species trapped 

within the pores, the product was activated in boiling methanol overnight and then dried at 80 

°C under vacuum. 

NH2

HO O

OHO

+ Al (NO3)3.9H2O
DMF

130 °C, 48 h
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Al Al
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3.3.2 Synthesis of Br Functionalized MIL-53-Al  

The synthesis of Br functionalized MIL-53-Al was adapted from the method reported in 

literature.[391]
 
NH2-MIL-53-Al (0.6 g) was taken in dry DCM (12 mL).  To this solution, 

TEA (120 μL) and α-bromoisobutyryl bromide (90 μL) were added under inert atmosphere 

and stirred at room temperature for 24 h. The obtained product was washed with DCM and 

methanol and soaked in methanol for 24 h. The particles were subsequently dried under 

vacuum at ambient temperature. 
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3.3.3 Synthesis of Cp Terminated MIL-53-Al  

The synthesis of Cp terminated MIL-53-Al MOFs was performed at ambient temperature in a 

glovebox under inert atmosphere according the method given in literature.[392] Br-MIL-53-

Al (0.3 g) was taken in dry THF (12 mL) and further NaI (0.041 g), TPP (0.024 g) and NiCp2 

(0.035 g) were added to this solution.  The reaction mixture was stirred at ambient 

temperature for 24 h. The particles were washed with THF and methanol and soaked in 

methanol for 24 h. After 24 h, the particles were washed with methanol and dried under 

vacuum at ambient temperature. 
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3.3.4 Conjugation of Cp-MIL-53-Al with HDA Moiety via HDA Reaction 

HDA click reactions were employed by using literature protocols.[393] Cp-MIL-53-Al (0.1 

g), HDA-1 (0.03 g), and ZnCl2 (0.004 g) were added in 3 mL of CHCl3. The reaction mixture 

was stirred for 12 h at ambient temperature. Subsequently, the particles were washed with 

CHCl3 and dried under vacuum at ambient temperature.  
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3.3.5 Retro-HDA Reaction 

The retro Diels-Alder reactions were performed by heating the MOF (obtained after HDA 

conjugation) at 150 °C under vacuum for 24 h. 
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3.3.6 Second Hetero Diels-Alder Ligation 

The second hetero Diels-Alder cycloaddition reaction was performed to support our idea that 

the MOFs after rDA could be reused. MOF (obtained after rDA) (0.1 g), HDA-2 (0.03 g), and 

ZnCl2 (0.004 g) were added in 3 mL of CHCl3. The reaction mixture was stirred for 12 h at 

ambient temperature. Subsequently, the particles were washed with CHCl3 and dried under 

vacuum at ambient temperature.  
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3.4 Postsynthetic Modification of UiO-66-Zr MOF via Furan-Maleimide Diels-

Alder/reversible Diels-Alder Cycloaddition Reaction  

3.4.1 Synthesis of NH2-UiO-66-Zr 

A typical method for the synthesis of NH2-UiO-66-Zr is as follows:[395] 2-Aminoterephthalic 

acid (0.39 g), ZrCl4 (1 g), and DMF (125 mL) were taken in a round bottom flask and 

sonicated to get a clear solution. The mixture was kept at 120°C for 48 h. The resulting 

product was separated by centrifugation and washed with DMF and methanol. Then the solid 

was soaked in methanol for 24 h, and centrifuged and soaked in fresh methanol. This process 

was repeated for three days and then dried at 100 °C under vacuum. 
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3.4.2 Synthesis of Furan Functionalized UiO-66-Zr  

Furan functionalized Zr based MOF was prepared by following the literature procedure.[396] 

NH2-UiO-66-Zr (0.2 g), Et3N (200 µL), and dry THF (8 mL) were taken in a round bottom 

flask. Further, 2-furoyl chloride (200 µL) was added and this mixture was stirred at room 

temperature for 24 h under inert atmosphere. The resulting product was washed with THF and 

methanol. Next, the particles were soaked in methanol for 24 h, centrifuged and dried under 

vacuum at room temperature.  
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3.4.3 Conjugations of Poly (ethylene glycol) Bearing Maleimide to Furan-UiO-66-Zr via 

DA Ligation  

The DA conjugation between furan terminated MOF and maleimide moiety was performed by 

following the reported protocol.[397] Furan-UiO-66-Zr (0.1 g), PEG-Mal (0.048 g) were 

added to chloroform (3 mL) under inert atmosphere. The solution was stirred at room 

temperature for 24 h. The products were washed with chloroform and methanol and dried 

under vacuum at ambient temperature. 
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3.4.4 Retro Diels-Alder Ligation 

The retro Diels-Alder reaction was performed by heating the MOF (obtained after 1
st
 DA) at 

150 °C under vacuum for 24 h. 
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3.4.5 Second Diels-Alder Ligation  

The second Diels-Alder cycloaddition reaction was performed on the product obtained after 

retro Diels-Alder reaction. MOF (after rDA reaction) (0.05 g) and Br-Mal (0.025 g) were 

added to chloroform (1.5 mL) under inert atmosphere in separate flasks. The solution was 

stirred at room temperature for 24 h. The product was washed with chloroform and methanol 

and dried under vacuum at ambient temperature.  
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3.5 Postsynthetic Modification of IRMOF-3-Zn via Reversible Thiol-Maleimide Click 

Chemistry  

3.5.1 Synthesis of IRMOF-3-Zn 

A typical method for the synthesis of IRMOF-3-Zn is as follows:[398] 2-Aminoterephtalic 

acid (0.3 g), Zn (NO3)2·4H2O (1.2 g), and DMF (30 mL) were taken in a flask and dissolved 

under sonication to get clear solution. The reaction mixture was heated at 105 °C for 48 h. 

The solvent was decanted, and product was washed three times with dry DMF. The material 

was rinsed and then soaked in dry CHCl3 for 3 days, replacing the solvent each day with fresh 

one. Afterwards the crystals were dried at 80 °C for 24 h.   
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3.5.2 Synthesis of Maleimide Functionalized IRMOF-3-Zn 

Maleimide functionalized IRMOF-3-Zn was prepared by following the literature 

protocol.[388] IRMOF-3-Zn (0.1 g), TEA (50 µL), 4-maleimidobutyroyl chloride (0.053 g) 

were stirred in dry THF (3 mL) under inert atmosphere. The reaction was allowed to proceed 

for 24 h. The resulting product was washed with THF and then with methanol to remove the 

quaternary ammonium salt which was formed during the reaction. Subsequently, the particles 

were dried under vacuum at ambient temperature.   
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3.5.3 Synthesis of Cys-IRMOF-3-Zn via Thiol-Maleimide Click Chemistry 

Mal-IRMOF-3-Zn (0.05 g), cysteine (0.028 g), and methanol (3 mL) were taken in a round 

bottom flask. To this solution, TEA (0.04 mL) was added and allowed to stir for 24 h at room 

temperature. The resulting material was washed with methanol, and then dried under vacuum 

overnight.  
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3.6 Analytical Methods 

3.6.1 X-ray Diffraction (XRD) 

Each sample was characterized by using a Bruker D8 Advance equipped with a Si-strip 

detector (PSD Lynxeye
©

; position sensitive detector) with Cu Kα1,2 radiation (λ = 0.15418 nm) 

in θ–θ geometry, and a variable slit on primary circle. Scans were run with a step width of 

0.024° in the 3-40 2θ range. Lattice parameters were determined using the Bruker program 

TOPAS 5.0[399] and applying the Pawley[400]. 

3.6.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy measurements were performed using a K-Alpha+ XPS 

spectrometer (ThermoFisher Scientific, East Grinstead, UK). All samples were analyzed using 
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a microfocused, monochromated Al Kα X-ray source (400 μm spot size). The kinetic energy 

of the electrons was measured by a 180° hemispherical energy analyzer operated in the 

constant analyzer energy mode (CAE) at 50 eV pass energy for elemental spectra. Data 

acquisition and processing using the Thermo Avantage software is described elsewhere.[401] 

The spectra were fitted with one or more Voigt profiles (BE uncertainty: ±0.2eV). The 

analyzer transmission function, Scofield sensitivity factors[402] and effective attenuation 

lengths (EALs) for photoelectrons were applied for quantification. EALs were calculated 

using the standard TPP-2M formalism.[403] All spectra were referenced to the C 1s peak of 

hydrocarbon at 285.0 eV binding energy controlled by means of the well-known 

photoelectron peaks of metallic Cu, Ag, and Au, respectively. 

3.6.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric measurements were carried out on a TGA Q50 V6.2 Build 187 

thermogravimetric analyzer. Sample was heated at 10 °C min
-
1 from ambient temperature to 

700 °C under nitrogen flow.  

3.6.4 Differential Scanning Calorimetry (DSC) 

DSC analysis were performed using DSC Q100 V8.2 Build 268 instrument over a 

temperature range from room temperature to 150 °C with heating rate of 10 °C min
-1

.  

3.6.5 Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray spectroscopy 

(EDX) 

Morphological and compositional analyses were carried out using FEI Nova NanoSEM 450 

Scanning Electron Microscope equipped with Oxford‟s energy dispersive x-ray detector 

(EDX).  

3.6.6 Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) 

Spectroscopy 

A Bruker Tensor 27 Fourier transform IR spectrometer (Bruker Optik GmbH, Ettlingen, 

Germany), with a Bruker Platinum Attenuated total reflectance (ATR) cell. The cell was 

equipped with an ATR crystal made from diamond, onto which the samples were pressed 
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directly. A total of 32 scans in the 4000−400 cm
-1

 spectral range were recorded with a scan 

velocity of 10 kHz and a spectral resolution of 4 cm
-1

. The reference spectra were acquired 

with the unloaded diamond crystal.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

RESULTS & DISCUSSION 
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4.1 Motivation and Overview of Present Investigations 

Postsynthetic modification (PSM) allows the introduction of a variety of functional groups 

into the main skeleton of presynthesized MOFs without significant distortion of their lattice 

structure. The introduction of desired functional groups in any PSM strategy requires 

chemical handles or tags that are incorporated in MOFs though appropriate selection of linker 

molecules during their synthesis. Several organic transformations have been utilized to 

postsynthetically modify organic linkers and alter the physical and chemical properties of 

MOFs.[176, 312, 333, 339, 404-407] Click chemistry is a prevalent chemical approach 

capable of introducing complex organic and organometallic moieties into MOFs through 

extremely efficient and robust reactions with high yields.[171, 319, 408-412] Among the early 

examples of PSM click chemistry includes the catalyst based click reaction of azide tagged 

organic linkers with small alkynes functionalized molecules.[346, 413-414] Moreover, 

catalyst free azide-alkyne click reactions have also been widely demonstrated by a number of 

research groups.[415-416]  Another type of PSM click chemistry on MOFs involves the thiol-

ene reactions on olefin tagged MOFs.[417-418] More recently, Diels Alder strategy has also 

been investigated as a PSM approach for MOFs.[348, 419] Irrespective of the nature of 

chemical reaction, the primary focus of almost all the PSM strategies has been the fabrication 

of MOFs with certain functionalities that are required to perform a targeted function, and 

hardly any attention has been paid to establishing a PSM strategy where one could reversibly 

switch the functionalities on MOFs. Such a strategy, if successful, can lead to MOF platforms 

that may be transformed to perform distinct functions simply by switching their chemical 

functionalities. The aforementioned challenges are targeted in the present thesis. The overview 

of all investigations presented herein is as follow: 

 The synthesis of Fe, Al, Zr, and Zn based amine functionalized metal organic 

frameworks (MOFs).  

 The utilization of catalyst-free reversible Diels-Alder reactions as an efficient 

postsynthetic modification tool to fabricate functional Fe based MOFs (NH2-MIL-

88B-Fe) with a thermally driven switchable chemical nature.  
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 The introduction of ultra-fast reversible hetero Diels-Alder (HDA) ligation as a facile 

postsynthetic modification approach to Al based MOF (NH2-MIL-53-Al) lattices at 

ambient temperature leading to the MOFs which are thermally reprogrammable in 

their chemical functionality. 

 Employing the furan-maleimide reversible Diels-Alder strategy to prepare Zr based 

MOFs (NH2-UiO-66-Zr) able to switch their interlattice chemistry.  

 Postsynthetic modification of Zn based MOFs (IRMOF-3-Zn) by employing the thiol-

ene click reactions.   

 The detailed investigation of prepared MOFs by using different techniques to explore 

the effect of various synthetic approaches and introduced functionalities (various 

functional groups, small molecules and polymers) on the morphology of the 

frameworks and to monitor the thermally-triggered reversible strategies on MOFs . 
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4.2 Postsynthetic Modification of MIL-88-Fe MOFs via Cyclopentadienyl-Maleimide 

Diels-Alder/ Reversible Diels-Alder Ligation 

Among the wide variety of MOF materials, the highly flexible iron based MIL-88B 

frameworks (MIL = Materials from Institute Lavoisier) have been much sought since the first 

report on their exceptionally large breathing effect in 2007. In this context, Breathing 

illustrates the capacity of the framework‟s unit cell to reversibly swell and shrink under the 

influence of an external stimulus (temperature, pressure, chemical inclusion etc.) without 

damaging the framework topology.[420-422] Diels–Alder (DA) reactions between dienes 

and dienophiles have been investigated for reversibly switching chemical functionalities and 

modulating the chemical nature of materials.  

 

Scheme 4.2.1 General strategy for the preparation of iron based switchable metal organic 

frameworks. 
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By appropriate selection of dienes and dienophiles, DA reactions can offer a facile access to 

temperature-dependent dynamic covalent systems. Application of reversible DA ligation 

strategy to MOFs requires incorporation of the dienophile or diene in the framework of these 

materials. Among different variants of reacting species that have been explored, employing 

cyclopentadienyl (Cp) group as diene in a DA conjugation not only favors a rapid click 

reaction with dienophiles but also offers a possibility of invoking thermally driven unclick 

reactions (retro-Diels–Alder) under mild conditions.[423]
 
  

Herein, Cp groups were introduced in the framework of MOFs following the chemical 

strategy as depicted in Scheme 4.2.1. MIL-88B framework, an iron based MOF was employed 

in the present study.[420-422] Amine functionalized iron MOF (NH2-MIL-88B-Fe) was 

prepared by using 2-amino-benzenedicarboxylic acid (NH2-BDC) linker. In order to control 

the functional group density in the framework, MOF with mixed linkers, i.e., 1,4-

benzenedicarboxylic acid (BDC) and 2-amino-benzenedicarboxylic acid (NH2-BDC), was 

also synthesized and is referred to as ML-MIL-88B-Fe. The amino groups of the framework 

were reacted with α-bromoisobutyryl bromide to prepare bromo functionalized MOFs, which 

was then transformed into Cp group by reacting with nickelocene (NiCp2). DA conjugation 

between Cp grafted on MOFs as diene and small molecules bearing maleimide group as 

dienophiles was carried out at ambient temperature in chloroform. In order to demonstrate the 

versatility of our approach, two different molecules with maleimide groups (N-(3-Bromo-

propyl)-maleimide) here named as Mal-Br and (N-(3-chloro-4-methyl-phenyl)-maleimide) 

here named as Mal-Cl were successfully employed. Following DA conjugation on MOFs, 

retro DA (rDA) reaction was carried out by heating the MOFs at 150 ˚C under vacuum. 

Scanning electron micrographic (SEM) images confirmed the successful construction of the 

MOF crystals. The NH2–MIL-88B-Fe crystals were needle-shaped with a length of about 1.4 

μm and a diameter of 280 nm while in comparison the ML-MIL-88B-Fe crystals had a 

spindle-shaped morphology with an average size of 1.0 μm in length and 347 nm in diameter 

(Figure 4.2.1). No crystal collapse or face crack was witnessed during the modification of 

MOFs.  
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Figure 4.2.1 SEM micrographs of (a) NH2-MIL-88B-Fe (b), 1
st
-DA-MIL-88B-Fe (c), 2

nd
-

DA-MIL-88B-Fe (d) ML-MIL-88B-Fe, (e) 1
st
-DA-ML-MIL-88B-Fe, (f) 2

nd
-DA-ML-MIL-

88B-Fe 
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To uphold the special properties of MOF materials and to avoid any damage to frameworks is 

particularly important in the modifications of MOFs. The X-ray powder diffraction (XRD) 

patterns for iron based metal organic frameworks and after their modifications are shown in 

Figure 4.2.2.The XRD reflections revealed that the synthesized MOF materials were well 

crystalline, stable and did not show any significant change in the crystalline structure after the 

functionalization steps. The peaks obtained were in good agreement with the literature pattern 

and indexed in the hexagonal space group P63/mmc of the MIL-88B and thereby exhibiting 

that products obtained were with MIL-88B topology.[424] The cell parameter data before and 

after the grafting of different functionalities are shown in Table 4.1.1. The cell volume of both 

frameworks increased after the DA functionalization (from 1958.7 Å
3
 to 2020.8 Å

3
 for NH2-

MOF and 2
nd

 DA-MOF respectively; from 1809.9 Å
3
 to 2000.3 Å

3
 for ML-MOF and 2

nd
 DA-

ML-MOF respectively). These values illustrate the flexibility of the MIL-88-Fe frameworks. 

Slight changes in the intensity of the reflections and shifts of the position originate from the 

structural flexibility and movement of the MOF skeleton due to the guest species incorporated 

in the pore channels. The magnitude of the motion is strongly affected by the degree of pore 

filling and the nature of guest molecules.[389, 425-426]  

The individual switches of the MOFs (Diels-Alder/cyclo-reversion/Diels-Alder) were 

evidenced by X-ray Photoelectron Spectroscopy (XPS). The relative atomic concentration is 

given in Table 4.2.2. The main N 1s peak at 399.6 eV[427] (Figure 4.2.3) evidenced the 

presence of amino groups in the synthesized MOFs (NH2-MIL-88B-Fe and ML-MIL-88B-

Fe). The nitrogen signal could be deconvoluted into further components that are attributed to 

the protonated amino groups and oxidized nitrogen moieties. The nitrogen concentration in 

NH2-MIL-88B-Fe was found to be close to 4.0 at%. The targeted reduction of amino group 

density in case of the MOF derived from the mixed linker strategy was corroborated by the 

lower concentration of nitrogen (1.3 at%) that was found in the XPS analysis of ML-MIL-

88B-Fe. The appearance of a bromine signal in the spectra of Br-MOF and Br-ML-MOF at 

70.1 eV (Br 3d5/2) [393] verified the functionalization of MOFs with bromo groups as a result 

of the reaction with α-bromoisobutyryl bromide. The successful transformation of the bromo 

moieties into Cp groups was evident by a substantial decrease in the signal intensity of the 

doublet attributed to the bromine covalently bound to carbon (with Br 3d5/2 at 70.1 eV). 
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Figure 4.2.2 Powder XRD pattern for the synthesized NH2-MIL-88B-Fe (top), ML-MIL-88B-

Fe (bottom) and after employing the Diels Alder strategies on these MOFs 
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Table 4.2.1 Calculated cell parameters of NH2-MIL-88B-Fe and ML-MIL-88B-Fe; before 

modification and after incorporation of the different functional groups. 

 

 

 

 

 

 

 

MOFs a [Å] c [Å] Space Groups V [Å
3
] 

NH2-MIL-88B-Fe 10.86 ± 0.002 19.14 ± 0.008 P63/mmc 1958.75 

Br-MIL-88B-Fe 11.011 ± 0.002 19.15 ± 0.006 P63/mmc 2011.73 

Cp-MIL-88B-Fe 11.09 ± 0.001 19.36 ± 0.004 P63/mmc 2062.82 

1
st
-DA-MIL-88B-Fe 10.98 ± 0.016 19.10 ± 0.023 P63/mmc 1997.67 

2
nd

-DA-MIL-88B-Fe 11.04 ± 0.001 19.11 ± 0.005 P63/mmc 2020.85 

ML-MIL-88B-Fe 10.44 ± 0.001 19.14 ±0.003 P63/mmc 1809.95 

Br-ML-MIL-88B-Fe 10.74 ± 0.0008 19.21 ± 0.002 P63/mmc 1921.86 

Cp-ML-MIL-88B-Fe 11.01 ± 0.002 19.13 ± 0.005 P63/mmc 2009.44 

1
st
-DA-ML-MIL-

88B-Fe 

10.97 ± 0.003 19.08 ± 0.008 P63/mmc 1990.45 

2
nd

-DA-ML-MIL-

88B-Fe 

10.99 ± 0.007 19.12 ± 0.019 P63/mmc 2000.30 
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For the MOFs using the mixed linker approach (ML-MIL- 88B-Fe), the bromide was 

completely substituted by Cp groups (Figure 4.2.5, bottom) whereas a small amount of bromo 

groups was still present after the transformation of Br into Cp groups for the MOFs 

constructed entirely from an amino group bearing linker, see Figure 4.2.4. This observation 

might be attributed to the lesser number of bromo functions present in Br-ML-MIL-88B-Fe 

and thus a lower steric crowding of the functional groups leading to a complete 

transformation. Further, a bromo group containing maleimide molecule (Br-Mal) was 

employed as a dienophile to perform the DA coupling with the diene Cp present on the 

synthesized MOFs, which resulted in a clear increase in the intensity of the Br 3d signals for 

both 1
st
-DA-MIL-88B-Fe and 1

st
-DA-ML-MIL-88B-Fe, thus indicating a successful DA 

coupling reaction. The DA ligation was followed by cycloreversion at 150 °C for 24 h to 

reprogram the MOFs‟ interlattice chemistry. Cycloreversion was observed for rDA-MIL-88B-

Fe and rDA-ML-MIL-88B-Fe as verified by the disappearance of the Br 3d signal at 70.1 eV 

(Figure 4.2.4 and Figure 4.2.5, respectively), thus evidencing the thermally driven 

reversibility of the reaction between maleimide moieties and Cp within the MOFs. The 

doublet for Br 3d5/2 at 68.0 eV reveals the capturing of non-covalently bound bromine in the 

structure. Nevertheless this did not hinder the DA reaction. Thus, importantly, we evidenced a 

second DA reaction by treating the reconstituted plain MOFs post-cycloreversion with Br-Mal 

and Cl-Mal to prove the reversibility of the DA reaction. The XPS spectra confirmed the 

presence of covalently attached chlorine moieties (Cl 2p3/2 at 200.5 eV)[428] in the 2
nd

-DA-

MIL-88B-Fe after the DA with Cl-Mal (see Figure 4.2.4). In Figure 4.2.5 (top), the 

reappearance of the Br 3d signals with Br 3d3/2 at 70.1 eV confirmed the successful second 

DA reaction with Br-Mal and thus the reestablishment of the initial Cp-based MOF reactivity. 

These results clearly underpin the MOFs´ full recovery of their initial reactivity after the rDA, 

demonstrating their ability to switch chemical functionalities. 

In addition, differential scanning calorimetry (DSC) was carried out to assess the rDA 

reactions (Figure 4.2.6). Endothermic transitions were observed in the range of 110°C-130°C, 

attributed to the cycloreversion leading to the recovery of Cp functionalized MOFs ready for a 

subsequent DA reprogramming.  
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Figure 4.2.3 N 1s XPS spectra of NH2-MIL-88B-Fe (bottom) and ML- MIL-88B-Fe (top). 

 

 

 



77 

 

 

Figure 4.2.4 Br 3d and Cl 2p XPS spectra of NH2-MIL-88B-Fe series at different steps of the 

reactions. On the left side from bottom to top: Cp-MIL-88B-Fe, 1
st
-DA-MIL-88B-Fe, rDA-

MOF, 2
nd

-MIL-88B-Fe), on the right side: rDA-MIL-88B-Fe (bottom) and 2
nd

-DA- MIL-

88B-Fe (top). On the left side, the pink doublets indicate the presence of covalently attached 

bromide (Br-Mal was used for the 1
st
 DA reaction) while on the right side, it shows the 

covalently bound chloride after the 2
nd

 DA reaction with Cl-Mal. Some Br
-
 and Cl

-
 are also 

present inside the frameworks. For a better visualization, all spectra are normalized to the 

maximum of intensity. 
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Figure 4.2.5 Br 3d XPS spectra of ML-MIL-88B-Fe series. From bottom to top: Cp-ML-

MIL-88B-Fe, 1
st
-DA-ML- MIL-88B-Fe, rDA-ML-MIL-88B-Fe and 2

nd
-DA-ML-MIL-88B-Fe 

(Br-Mal was used for both DA reactions). The pink doublet indicates the signal contribution 

from covalently attached bromide after every DA reaction. This doublet disappears after rDA. 

The violet traces describe the capturing of some Br
-
 inside the frameworks. For a better 

visualization, all spectra are normalized to the maximum of intensity.  
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Figure 4.2.6 DSC analysis of NH2-MIL-88B-Fe (top) and ML-MIL-88B-Fe (bottom) with 

respect to rDA reactions. The visible drop (endothermic transitions) indicates the unclicking 

reactions. 
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Table 4.2.2 The relative atomic concentrations of MOFs before and after employing Diels 

Alder strategies. The C 1s signal was deconvoluted into three peaks centered at 285.0, 286.6, 

and 288.8 eV corresponding to the C-C/C-H, C-N/C-O, and C=O-O/C=O-N structural 

features, respectively. 

Relative Atomic Concentration [%] 

MOFs C-C/C-H C-N,C-O C=O-

O/C=O

-N 

N C-Br C-Cl 

NH2-MIL-88B-Fe 58.1 6.7 6.2 4.0 - - 

Br-MIL-88B-Fe 51.5 9.3 7.6 1.7 0.3 - 

Cp-MIL-88B-Fe 63.5 7.0 5.1 0.3 0.1 - 

1
st
 -DA-MIL-88B-Fe 56.8 7.5 8.1 1.2 0.2 - 

rDA-MIL-88B-Fe 56.8 9.7 8.3 0.4 - - 

2
nd

 -DA-MIL-88B-Fe 55.9 7.5 8.4 0.8 - 0.2 

ML-MIL-88B-Fe 58.3 6.8 7.5 1.3 - - 

Br-ML-MIL-88B-Fe 55.3 7.2 7.8 1.4 0.2 - 

Cp-ML-MIL-88B-Fe 59.1 9.0 6.3 1.2 - - 

1
st
 -DA-ML-MIL-88B-Fe 50.1 9.0 9.1 1.5 0.2 - 

rDA-ML-MIL-88B-Fe 50.0 8.6 6.1 0.9 - - 

2
nd-

DA-ML-MIL-88B-Fe 50.4 9.9 9.2 2.3 0.5 - 
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The progress of the PSM reactions by following the appearance of specific XPS signals 

associated with hetero atom markers (Br and Cl) was monitored. The bar charts depicted in 

Figure 4.2.7 provide information on the concentration of bound bromine and chlorine in the 

different samples, generated as a result of different PSM reactions. The data provided in these 

charts helps in better appreciating the quantitative increase and decrease of Br and Cl 

contents, and validate the success of PSM reactions within both MOF platforms. Only the 

relevant C-Br and C-Cl components (covalently bound bromine and chlorine) with Br 3d3/2 at 

70.1 eV and Cl 2p3/2 at 200.5 eV are depicted in the Figure since the other signal at 68.0 eV 

and 198.0 eV refer to the presence of captured Br
-
 and Cl

-
 and do not contribute towards the 

effectiveness of the reactions. 

The data provided in the bar charts in Fig. 4.2.7 suggest that the mixed linker approach is 

more effective than the one using only an amino group linker. This also supported the 

observation that only for the mixed linker MOF platform the PSM reactions resulted in the 

functionalization followed by the complete substitution of the covalently bound bromine (Fig. 

4.2.7 bottom). The XPS data suggested a yield of 100 % for the transformation of bromo 

groups of Br-ML-MIL-88B-Fe to the Cp groups resulting in the formation of Cp-ML-MIL-

88B-Fe. The 1
st
 DA PSM reaction on Cp-ML-MIL-88B-Fe employing a Br group bearing 

maleimide molecule resulted in the appearance of Br signal that again completely disappeared 

during the rDA PSM reaction, indicating a 100% yield of the rDA reaction and suggesting a 

complete recovery of the Cp groups ready for a second DA reaction.  

In case of the MOF platform synthesized by using only the amino group bearing linker, the 

transformation of Br into Cp groups indicated a conversion degree of close to 80% (Fig. 4.2.7, 

top). The XPS data also revealed (Fig. 4.2.7, top) a complete replacement of Br by Cl during 

the 2
nd

 DA reaction, where a Cl functionalized maleimide molecule was employed. While 

considering these estimations, it is suggested to reflect upon the sampling depth of XPS 

analysis, which is close to 10 nm from the sample surface. 

 

 



82 

 

 

 

Figure 4.2.7 Variation in the concentration of the covalently bound Br and Cl during the PSM 

reactions, estimation is based on XPS data obtained on the MOF synthesized from an amine 

group bearing linker (top) and the MOF synthesized from the mixed linker approach (bottom).  
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The successful synthesis of amine functionalized iron based metal organic frameworks and 

their efficient modifications were investigated by recording Attenuated total reflectance 

Fourier transform infrared (ATR-FTIR) spectroscopy (Figure 4.2.8). The FTIR spectra 

depicted the characteristic bands at 1588 cm
-1

 and 1508 cm
-1

 for NH2-MIL-88B-Fe whereas at 

1576 cm
-1

, 1507 cm
-1

 for ML-MIL-88B-Fe corresponding to the asymmetric stretching of the 

carboxylate groups (COO). The bands at 1430 cm
-1

 and 1407 cm
-1

 for NH2-MIL-88B-Fe and 

at 1442 cm
-1

 and 1403 cm
-1

 for ML-MIL-88B-Fe were associated to the symmetric stretching 

of the COO group. The peak at 1654 cm
-1

 attributed to molecules of free NH2-BDC 

encapsulated within the pores of the NH2-MIL-88B-Fe in their protonated form (-CO2H). The 

IR spectra of ML-MIL-88B-Fe did not show any band at or around 1654cm
-1

 illustrating that 

NH2-BDC was incorporated into the MOF framework and there were no free NH2-BDC 

molecules within the pores of the structure.  A medium strength band associated with the C-O 

stretch of NH2-BDC was perceived at 1252cm
-1

 for NH2-MIL-88B-Fe and at 1245 cm
-1

 for 

ML-MIL-88B-Fe.  Furthermore, the double peaks were clearly observed at 3462 cm
-1

 and 

3344 cm
-1

 NH2-MIL-88B-Fe while at 3310 cm
-1

, 3479 cm
-1

 for ML-MIL-88B-Fe ascribed to 

the asymmetrical and symmetrical stretching vibration of the primary amine groups, while in 

lower frequency region, characteristic peak for C–N stretching of aromatic amines peak was 

also viewed at 1345 cm
-1

 and 1337 cm
-1

.  This difference in the intensity of peaks may be 

related to a change in the coordination of the carboxylate ligands from the NH2-BDC in 

frameworks. 

The thermal stability of the NH2-MIL-88B-Fe and ML-MIL-88B-Fe were analyzed by 

thermogravimetric analysis from 25 to 600 °C. The typical weight loss curves (Figure 4.2.9) 

depicted the initial weight loss at around 100 °C due to the removal of water and solvent 

molecules from the pores. The major weight loss of about 51% was observed around 300 °C 

was attributed to the decomposition of the frameworks. After grafting bromo groups (Br-NH2-

MIL-88B and Br-ML-MIL-88B), two types of distinct weight loss events were clearly 

observed at 140 °C and 260 °C corresponding to the decomposition of the grafted 

functionality.  
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Figure 4.2.8 ATR-FTIR spectra of NH2-MIL-88B-Fe (top), ML-MIL-88B-Fe (bottom) before 

and after their modification. 
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Figure 4.2.9 TGA thermo grams of NH2-MIL-88B-Fe (top) and ML-MIL-88B-Fe (bottom) 

before and after the functionalization. 
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The functionalization of the frameworks with Cp groups enhanced the carbonaceous contents 

of MOFs (Cp-NH2-MIL-88B-Fe and Cp-ML-MIL-88B-Fe). The respective 

thermogravimetric profile depicted the complete degradation of frameworks at slightly higher 

temperature (470 °C). The thermal decomposition data of DA products (1
st
-DA-NH2-MIL-

88B-Fe and 2
nd

-DA-ML-MIL-88B-Fe) showed an additional weight loss between 100-170 °C 

due to retro DA reactions between cyclopentadiene functionalized MOFs and maleimide 

groups. The second step ranges from 180 °C to 310 °C pointed towards the thermal 

decomposition of the maleimide moieties due to the release of CO2, ammonia, water, and 

carbon monoxide. The final step indicated the decomposition of the remaining groups and 

hence the collapse of the final frameworks. 

The EDX quantification data of NH2-MIL-88B-Fe and ML-MIL-88B-Fe and after employing 

PSM on both MOF systems were also recorded (Figures 4.2.10-4.2.15). The EDX analysis 

indicated that Fe, C and O were the main constituents of the synthesized and modified MOF 

materials. The presence of 1.68 wt % of Br in Br-MIL-88B-Fe and 0.57 wt % in Br-ML-MIL-

88B-Fe confirmed the successful functionalization of MOFs with bromo groups. The 

variation in the wt % of bromo groups in both MOF systems was due to the reduced amino 

group density in the mixed linker approach based MOF (ML-MIL-88B-Fe) and hence the 

lesser number of bromo functionalities in Br-ML-MIL-88B-Fe. The increase in the wt % of C 

clearly showed the transformation of bromo groups into Cp groups in Cp-MIL-88B-Fe and 

Cp-ML-MIL-88B-Fe. Small amount of Br in Cp-MIL-88B-Fe was attributed to the steric 

crowding of functional groups resulting in transformation of around 83 %. The increase in wt 

% of Br in both MOFs (1
st
-DA-MIL-88B-Fe and 1

st
-DA-ML-MIL-88B-Fe) confirmed the 

successful DA conjugation with Br-Mal. The disappearance of Br element in the EDX 

analysis of rDA-MIL-88B-Fe and rDA-ML-MIL-88B-Fe verified the cycloreversion reaction 

between Cp functionalized MOFs and maleimide moieties. The presence of Cl (1.09 wt %) 

and Br (1.05 wt %) elements evidenced the success of second DA reactions by treating the 

MOFs obtained after rDA with Cl-Mal in case of 2
nd

-DA-MIL-88B-Fe and with Br-Mal in 

case of 2
nd

-DA-ML-MIL-88B-Fe.  
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Figure 4.2.10 EDX spectra of NH2-MIL-88B-Fe (top) and after functionalization with Br 

groups (Br-MIL-88B-Fe, bottom); inset is the table showing the wt % of the respective 

components. 
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Figure 4.2.11 EDX spectra of Cp-MIL-88B-Fe (top) and after employing 1
st
 DA reaction 

with Br-Mal (1
st
-DA-MIL-88B-Fe, bottom); inset is the table showing the wt % of the 

respective components. 
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Figure 4.2.12 EDX spectra of MOF after retro Diels-Alder reaction (rDA-MIL-88B-Fe, top) 

and after 2
nd

 DA reaction with Cl-Mal (2
nd

-DA-MIL-88B-Fe, bottom); inset is the table 

showing the wt % of the respective components. 
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Figure 4.2.13 EDX spectra of ML-MIL-88B-Fe (top) and after functionalization with Br 

groups (Br-ML-MIL-88B-Fe, bottom); inset is the table showing the wt % of the respective 

components. 



91 

 

 

Figure 4.2.14 EDX spectra of Cp-ML-MIL-88B-Fe (top) and after employing 1
st
 DA reaction 

with Br-Mal (1
st
-DA-ML-MIL-88B-Fe, bottom); inset is the table showing the wt % of the 

respective components. 
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Figure 4.2.15 EDX spectra of MOF after retro Diels-Alder reaction (rDA-ML-MIL-88B-Fe, 

top) and after 2
nd

 DA reaction with Br-Mal  (2
nd

-DA-ML-MIL-88B-Fe, bottom); inset is the 

table showing the wt % of the respective components. 
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4.3 Postsynthetic Modification of MIL-53-Al MOFs via Hetero Diels-Alder/ Reversible 

Hetero Diels-Alder (HDA) Strategy 

The metal organic frameworks belonging to the MIL family (MIL=Materials of Institute 

Lavoisier) are thermally and chemically very stable and exhibit exceptional structural 

flexibility.  
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Scheme 4.3.1 The general strategy for the preparation of aluminum based switchable metal 

organic frameworks 
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MIL-53(Al) materials are lightweight, nontoxic, and exhibit excellent chemical and solvent 

stability. [429-430] They are constructed from Al
3+

, 1,4-benzenedicarboxylic acid (BDC). The 

hydrogen-bonding between water molecules trapped within the channels and the carboxylate 

groups of the BDC linkers are responsible for the dynamic switching of the structure. In 

addition, an external stimulus such as temperature, pressure, or the presence of guest 

molecules in the porous structure results in volume expansion. Nevertheless, the most 

versatile method for the modification of frameworks involves the addition of functional 

groups to the linker. Mostly, amine functionalized organic linker (NH2- BDC) has been 

employed for the covalent PSM of MIL-53-Al.[431-436] Hetero Diels-Alder (HDA) reactions 

are special type of Diels-Alder (DA) reactions where a heteroatom is a part of the diene 

and/or dienophile. These reactions are widely used due to their potential in term of fast 

bonding-debonding mechanisms in a reasonable temperature range. The mostly employed 

example for an HDA pair that can undergo reversible reactions at relatively mild temperatures 

is the dithioester/Cp pair. The use of the more reactive cyclopentadienyl (Cp) as diene not 

only favors a rapid reaction with dienophiles, but also allows the possibility to invoke 

thermally driven rHDA reactions. The affinity of dithioester to undergo HDA cycloaddition 

reaction could be enhanced by the addition of a Lewis acid (e.g. ZnCl2) or Trifluoroacetic acid 

(TFA) as a catalyst.[437-439]  

Herein, hetero-Diels-Alder (HDA) reaction have been employed to postsynthetically modify 

NH2-MIL-Al-53 MOF in a reversible fashion (Scheme 4.3.1). The amine functionality in the 

framework would not only facilitate covalent modification of the material but may also affect 

the structural flexibility. The HDA pairs used for the desired HDA reactions were based on 2-

cyanopropan-2yl(diethoxyphosphoryl)methanedithioate (here termed as HDA-1), phosphoryl 

dithioester (here termed as HDA-2), and cyclopentadiene (Cp) moieties. The coupling 

reaction between Cp-MIL-Al-53 and the HDA moieties was performed in chloroform at 

ambient temperature in the presence of ZnCl2. The HDA cycloreversion reactions (rHDA) 

between Cp functionalized MOF and HDA moieties were performed at 150 °C under vacuum.  

The morphology of the synthesized and modified MOF materials was investigated by 

scanning electron microscopy (SEM), shown in Figure 4.3.1.  
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Figure 4.3.1 SEM images of (a) HN2-MIL-53-Al, (b) 1
st
-DA-MIL-53-Al, (c) 2

nd
-DA-MIL-

53-Al.  
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The crystals of NH2-MIL-Al-53 were rod shape with a length of about 200 nm and a diameter 

of about 60 nm. The results indicated that the morphology of crystals was retained throughout 

the modification process.  

The XRD studies revealed that the NH2-MIL-53-Al based MOF was well crystalline and 

exhibited a pattern which was in good agreement with the literature pattern of MIL-53-Al 

framework with monoclinic Cc phase (Figure 4.3.2, top). The results indicated that 

framework remained crystalline after the modification via HDA click reactions. The 

postsynthetic modification of NH2-MIL-53-Al with different functional groups displayed the 

breathing behavior of the frameworks.[440] The details of cell parameters are given in the 

Table 4.3.1. These values of cell volume suggested the breathing nature of NH2-MIL-53-Al 

upon the grafting of different molecules. The cell volume of NH2-MIL-53-Al increased from 

978.1 Å
3 

to 980.8 Å
3
 after grafting of bromo groups (Br-MIL-53-Al) and increased upto 991.4 

Å
3 

after functionalization with
 
cyclopentadiene moieties (Cp-MIL-53-Al). The cell volume 

was further increased upto 1216.4527 Å
3
 after first HDA based click reaction between Cp 

functionalized MOFs and dithioester based HDA-1 moiety (1
st
-MIL-53-Al). Furthermore, the 

cell volume decreased upto 1198.3 Å
3 

after employing second click reaction with dithioester 

based HDA-2 moiety (2
nd

-MIL-53-Al). These values illustrated the breathing nature and 

flexibility of MIL-53-Al frameworks owing to the host guest interaction. By the addition of 

bulky groups, the cell expanded which resulted in the increment of its cell volume. Further 

integration of functional groups caused a decrease in cell volume due to the excess loading 

and hence pore filling. The changes in intensity of the reflections are due to the structural 

flexibility of the frameworks which results in the movement of the skeleton accompanied by 

the position shift as well as the change in intensity of the reflections according to the guest 

species (organic and/or inorganic species) in the pore channels.[394] 

The ATR-FTIR (Attenuated total reflectance Fourier transform infrared) spectra of 

synthesized NH2-MIL-53-Al material and after employing various modification steps are 

given in Figure 4.3.2, bottom. The spectrum of NH2-MIL-53 showed the typical vibrational 

bands characteristic of asymmetric and symmetric O-C-O stretching at around 1552 cm
-1

 and 

1440 cm
-1

, respectively and bands for C-H (CH2) stretching at 2966 cm
−1

.  
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Figure 4.3.2 XRD pattern (top) and ATR-FTIR spectra (bottom) of NH2-MIL-53-Al before 

and after the modification via HDA click reactions.         
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Table 4.3.1 Calculated cell parameters of NH2-MIL-53-Al before and after employing 

different functionalization routes. 

       

 

 

 

 

 

 

 

 

 

 

MOFs a [Å] b [Å] c [Å] β (°) Space 

Groups 

V [Å
3
] 

NH2-MIL-53-Al 19.6±0.02 7.8±0.003 6.5 ±0.003 105.5±0.06 Cc 978.1 

Br-MIL-53-Al 19.5±0.03 7.9±0.005 6.5±0.006 105.7±0.1 Cc 980.8 

Cp-MIL-53-Al 19.0±0.3 8.4±0.05 6.4±0.10 104.0±4.45 Cc 991.4 

1
st
-HDA-MIL-

53-Al 

19.8±0.005 9.6±0.006 6.4±0.007 93.1±0.08 Cc 1216.4 

2
nd

-HDA-MIL-

53-Al 

19.8±0.01 9.6 ±0.01 6.3±0.01 92.4±0.13 Cc 1198.3 
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The C-N stretching absorption at 1336 cm
-1

 was distinctive of aromatic amines. The band at 

3389 cm
-1

 was due to the stretching vibration of N-H. The appearance of absorption band at 

1662 cm
-1

 corresponding to C=O stretching vibrations confirmed the grafting of carbonyl 

group. The presence of absorption band at 1026 cm
-1

 associated to the C=S stretching 

supported the successful incorporation of dithioester based HDA moieties in frameworks. 

All the chemical modifications were determined via X-ray Photoelectron Spectroscopy (XPS) 

and atomic concentrations of all respective functional groups are given in Table 4.3.2. The 

signals at 400.1 eV[441] corresponding to the N 1s orbitals validated the successful synthesis 

of amine functionalized MIL-53-Al. Furthermore, the subsequent grafting of bromo groups on 

NH2-MIL-53-Al was ascertained by the appearance of the signal at 70.1 eV[393] for Br 3d5/2. 

The effective transformation of the bromide to cyclopentadiene (Cp) moiety resulted in the 

masking of bromine signals and an increase in the C 1s signal at 285.0 eV for C–C/C–H 

relative to the other carbon signals. The successful conjugation of Cp functionalized 

framework (Cp-MIL-53-Al) with the HDA-1 (dienophile) was evidenced by the appearance 

of signals at 163.7 eV[442] for S 2p3/2 and at 133.8 eV[443] for P 2p3/2. The HDA ligation 

was followed by cycloreversion at 150 °C for 24 h and led to the recovery of Cp 

functionalized MOFs ready for a subsequent HDA reprogramming. Reversible DA reaction 

was observed for rDA-MIL-53-Al as verified by the disappearance of the P 2p3/2 and S 2p3/2 

signals at 133.8 and 163.7 eV respectively (Figure 4.3.3), thus evidencing the thermally 

driven reversibility of the reaction between dithioester based HDA moieties and Cp within the 

MOFs. The second HDA cycloaddition reaction was performed between the MOFs (post-

cycloreversion) and HDA-2 (dienophile). The advent of the signals at 163.7 eV for sulfur S 

2p3/2 and at 133.8 eV for P 2p3/2 supported the idea of reversibility and ability to switch 

chemical functionalities.  

The differential scanning calorimetry (DSC) was carried out to assess the rDA reactions 

(Figure 4.3.4, bottom). Endothermic transitions were observed in the range of 110°C-120°C, 

attributed to the reversible HDA reactions leading to the recovery of Cp functionalized MOFs 

ready for a subsequent HDA reprogramming. 
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Figure 4.3.3 S 2p and P 2p XPS spectra of NH2-MIL-53-Al series at different steps of the 

reactions. On the left side (XPS analysis for S 2p) from bottom to top: Cp-MIL-53-Al, 1
st
-

DA-MIL-53-Al, rDA-MIL-53-Al, 2
nd

-MIL-53-Al, on the right side (XPS analysis for P 2p) 

from bottom to top: Cp-MIL-53-Al, 1
st
-DA-MIL-53-Al, rDA-MIL-53-Al, 2

nd
-MIL-53-Al. For 

a better visualization, all spectra are normalized to the maximum of intensity. 

 

 

 

 



101 

 

Table 4.3.2 The relative atomic concentrations corresponding to NH2-MIL-53-Al and after 

employing HDA click reactions. The C 1s signal was deconvoluted into three peaks centered 

at 285.0, 286.6, and 288.8 eV corresponding to the C-C/C-H, C-N/C-O, and N-C=O/O-C=O 

structural features, respectively. 

 

 

 

 

 

 

 

Relative Atomic Concentration [%] 

MOFs C-C/ C-

H 

C-N/C-

O 

N-C= 

O/O-

C=O 

N C-Br S P 

NH2-MIL-53-Al 31.9 9.7 12.6 4.9 - - - 

Br- MIL-53-Al 35.0 9.4 11.0 3.9 1.7 - - 

Cp- MIL-53-Al 38.5 9.5 10.2 3.9 0.7 - - 

1
st
-DA- MIL-53-Al 41.0 9.8 10.2 3.7 0.7 0.5 04 

rDA- MIL-53-Al 39.2 9.6 10.2 3.6 0.4 - - 

2
nd

-DA- MIL-53-Al 39.6 9.5 10.8 3.8 0.4 0.7 0.6 
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Figure 4.3.4 TGA thermo grams of NH2-MIL-53-Al before and after the functionalization 

(top) and DSC analyses with respect to rDA reactions (bottom). The visible drop in the DSC 

measurements (endothermic transitions) indicates the unclicking reactions. 
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The thermal stability of NH2-MIL-53-Al based MOF materials and after their 

functionalization via HDA approach was examined through thermogravimetric analysis 

(TGA).  The initial weight loss at around 100 °C, due to the removal of water and solvent 

molecules from inside the pores, was observed in all curves corresponding to synthesized and 

modified NH2-MIL-53-Al frameworks (Figure 4.3.4, top). For NH2-MIL-Al-53, the major 

weight loss of about 72.28 % was observed around 550 °C attributed to the degradation of the 

framework.  

After grafting bromo groups (Br-MIL-53-Al), first weight loss was at 260 °C corresponding 

to the decomposition of the attached functionality followed by the second weight loss due to 

the collapse of the framework at around 560 °C. The total weight loss of 75.65 % was 

observed in case of Cp functionalized MIL-53-Al (Cp-MIL-53-Al). The thermal 

decomposition of DA products (1
st
-DA-MIL-53-Al and 2

nd
-DA-MIL-53-Al) showed an 

additional weight loss between 100-170 °C due to retro DA reactions between 

cyclopentadiene and dithioester based moieties. Furthermore, the final decomposition of the 

framework was achieved around 550 °C. 

The success of PSM reactions was determined by following the appearance of specific XPS 

signals associated with hetero atom markers (Br, P, and S). The bar charts depicted in Figure 

4.3.5 show the concentration of bound Br, P, and S in the different MOF samples that were 

obtained after different PSM reactions. The relevant C-Br, C-S, and P-O components 

(covalently bound components) with Br 3d3/2 at 70.1 eV, S 2p3/2 signals at 133.8, and P 2p3/2 at 

163.7 eV are shown in the Figure. 

The XPS data suggested a conversion degree of close to 60% for the transformation of bromo 

groups of Br-MIL-53-Al to the Cp groups resulting in the formation of Cp-MIL-53-Al. The 1
st
 

DA PSM reaction on Cp-MIL-53-Al was carried out by employing S and P groups bearing 

molecule that resulted in the appearance of S and P signals that again completely disappeared 

during the rDA PSM reaction, indicating a 100% yield of the rDA reaction and suggesting a 

complete recovery of the Cp groups ready for a second DA reaction.  The XPS data also 

revealed the appearance of S and P signals during the 2
nd

 DA reaction, where another S and P 

functionalized molecule was employed. While considering these estimations, it is suggested to 
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reflect upon the sampling depth of XPS analysis, which is close to 10 nm from the sample 

surface. 

The EDX quantitative analyses of NH2-MIL-53-Al and after employing PSM were also 

monitored (Figures 4.3.6-4.3.8). The EDX data indicated that Al, C and O were the main 

constituents of the synthesized and modified MOF materials. The presence of 2.11 wt % of Br 

in Br-MIL-53-Al verified the successful functionalization of MOFs with bromo groups by 

using α-bromoisobutyryl bromide. The increase in the wt % of C clearly indicated the 

transformation of bromo groups into Cp groups in Cp-MIL-53-Al. 

Small amount of Br in Cp-MIL-53-Al was attributed to the unreacted functional groups 

resulting in the transformation of around 62 %. The successful DA conjugation of Cp 

functionalized MOF with S and P bearing small molecule (HDA-1) was asserted by the 

presence of S (0.56 wt %) and P (0.28 wt %) elements in 1
st
-DA-MIL-53-Al. The 

disappearance of S and P signals in the EDX analysis of rDA-MIL-53-Al corroborated the 

cycloreversion reaction between Cp functionalized MOFs and HDA moiety. The 

reappearance of S (0.76 wt %) and P (0.71 wt %) signals confirmed the success of second DA 

reactions by treating the MOFs obtained after rDA with S and P bearing HDA-2 moiety.  
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Figure 4.3.5 Estimated variation based on XPS data in the concentration of the covalently 

bound Br, S, and P during the PSM reactions on NH2-MIL-53-Al.  

 

 

 

 

 

 

 



106 

 

 

 

Figure 4.3.6 EDX spectra of NH2-MIL-53-Al (top) and after functionalization with Br groups 

(Br-MIL-53-Al, bottom); inset is the table showing the wt % of the respective components. 
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Figure 4.3.7 EDX spectra of Cp-MIL-53-Al (top) and after employing 1
st
 DA reaction with 

HDA-1 moiety (1
st
-DA-MIL-53-Al, bottom); inset is the table showing the wt % of the 

respective components. 
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Figure 4.3.8 EDX spectra of MOF after retro Diels-Alder reaction (rDA-MIL-53-Al, top) and 

after 2
nd

 DA reaction with HDA-2 moiety (2
nd

-DA-MIL-53-Al, bottom); inset is the table 

showing the wt % of the respective components. 
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4.4 Postsynthetic Modification of UiO-66-Zr MOF via Furan-Maleimide Diels-

Alder/Reversible Diels-Alder Cycloaddition Reaction  

Zirconium based MOFs (UiO-66, UiO = University of Oslo) possess robust structure types, 

exceptional thermal and chemical stability and large surface area. UiO-66-Zr is built up from 

the octahedral secondary building units (SBU) Zr6O4(OH)4 which are connected to twelve 

dicarboxylate linkers (BDC) leading to a three dimensional network. However, NH2-UiO-66-

Zr based frameworks are constructed by connecting Zr
IV

 clusters with amine functionalized 

dicarboxylate linkers (NH2-BDC).[444] The greater thermal stability is ascribed to the 

combination of strong Zr-O bonds and on the ability of the inner Zr6 cluster to arrange 

reversibly upon dehydroxylation of μ3-OH groups.[81]  
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Scheme 4.4.1 General strategy for the preparation of zirconium based switchable metal 

organic frameworks 
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The Diels-alder (DA)/reversible Diels-Alder (rDA) reactions between furans (as diene) and 

maleimides (as dienophiles) are undoubtedly the most explored system due to negligible side 

reactions and possible thermal reversibility. 

Herein, furan maleimide based Diels-alder (DA) approach has been employed to post-

synthetically modify NH2-UiO-66-Zr. Furan groups were introduced in the NH2-UiO-66-Zr 

based framework by reacting the amino groups with 2-furoyl chloride (Scheme 4.4.1). DA 

conjugation between furan grafted on MOFs as diene and polymer bearing maleimide group 

as dienophiles was carried out at ambient temperature in chloroform. In order to establish the 

versatility of our approach, two different molecules with maleimide groups (Poly (ethylene 

glycol) methyl ether maleimide) here termed as PEG-Mal and (N-(3-Bromo-propyl)-

maleimide) here termed as Br-Mal were successfully employed. Following DA conjugation 

on MOFs, retro DA (rDA) reaction was carried out by heating the MOFs at 150 ˚C under 

vacuum. 

Scanning electron micrographic (SEM) images confirmed the successful construction of the 

crystals. The intergrown small cubic crystals of approximately ~100 nm size were observed. 

(Figure 4.4.1) No crystal collapse was observed during the modification of MOFs. 

The corresponding X-ray diffraction (XRD) patterns of NH2-UiO-66-Zr and the modified 

NH2-UiO-66-Zr material are shown in Figure 4.4.2, top. The XRD reflections exhibited that 

the synthesized MOF materials were well crystalline, stable and did not show any significant 

degradation in the crystalline structure after the functionalization steps. The details of unit cell 

parameters before modifications are given in Table 4.4.1.The peaks obtained were in good 

agreement with the literature pattern[445] and indexed in the cubic space group Fm-3m with a 

unit cell volume of 8831.23 Å
3
.  

The synthesis of NH2-UiO-66-Zr based MOF and the incorporation of chemical 

functionalities on NH2-UiO-66-Zr were successfully ascertained by Attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) spectroscopy (Figure 4.4.2, bottom).  The 

peak at 1440 cm
-1

 and 1570 cm
-1

 were assigned to the stretching modes of the carboxylate 

groups. The peaks at 661 cm
-1

 and 762 cm
-1

 were due to O-H and C-H bending. 
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Figure 4.4.1 SEM micrographs of (a) NH2-UiO-66-Zr (b), 1
st
-DA- UiO-66-Zr (c), 2

nd
-DA- 

UiO-66-Zr. 
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Figure 4.4.2 XRD pattern (top) and ATR-FTIR spectrum (bottom) of NH2-UiO-66-Zr before 

and after the modification via furan-maleimide based Diels-Alder reactions.  
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Table 4.4.1 Calculated cell parameters of NH2-UiO-66-Zr; before functionalization and after 

incorporating different functional groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MOFs a [Å] Space 

Groups 

V [Å
3
] 

NH2-UiO-66-Zr 20.67 ±0.0021 Fm-3m 8831.23 

Furan-ML-UiO-66-Zr 20.73 ±0.0014 Fm-3m 8908.36 

1
st
-DA-ML-UiO-66-Zr 20.70 ±0.0016 Fm-3m 8869.74 

2
nd

-DA-ML-UiO-66-Zr 20.75 ±0.0034 Fm-3m 8934.17 
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The characteristic asymmetric and symmetric vibrations attributed to the amine groups were 

witnessed at 3476 cm
-1 

and
 
3367 cm

-1
 respectively. Moreover, the successful grafting of 

maleimide groups on NH2-UiO-66-Zr was confirmed by the presence of symmetric C-N-C 

stretching vibration at around1350 cm
-1

 and С-О stretching vibrations at 1029 cm
-l
. 

The chemical nature of the framework and the success of the postsynthetic modifications was 

further established by X-ray photoelectron spectroscopy (XPS), shown in Figure 4.4.3. The 

presence of N 1s signals at 400.3 eV[441] indicated the successful synthesis of NH2-UiO-66-

Zr. The conjugation of PEG-Mal and Br-Mal to the furan functionalized frameworks, via 1
st
 

DA and 2
nd

 DA respectively, was ascertained by the C 1s multiplet (C-O, C-N / C-C, C-H). 

The increased intensity of 286.4 eV signals for C-O in 1
st
 DA step confirmed the successful 

grafting of polyethylene glycol. The ratio between C-O, C-N and C-C, C-H also decreased 

from 0.6 (conjugation with PEG-Mal) to 0.3 (conjugation with Br-Mal). Additionally, the 

presence of the Br 3d signal at 70.6 eV confirmed the successful conjugation of furan 

functionalized UiO-66 with Mal-Br during the 2
nd

 DA reactions (Figure 4.4.3, right). The 

doublet for Br 3d5/2 at 68.0 eV reveals the capturing of non-covalently bound bromine in the 

structure. However, this did not hinder the DA reaction. Cycloreversion was observed for 

rDA-UiO-66-Zr as corroborated by the decrease of the signal at 286.3 eV for C-O, C-N 

(Figure 4.3.3, left), thus evidencing the thermally driven reversibility of the reaction between 

maleimide moieties and furan functionalized MOFs. The relative atomic concentrations are 

also given the Table 4.4.2.  

The differential scanning calorimetry (DSC) was carried out to evaluate the rDA reactions 

(Figure 4.4.5, bottom). Endothermic transitions were observed in the range of 110°C-120°C, 

attributed to the reversible DA reactions, between furan functionalized MOFs and maleimide 

moieties, resulting in the recovery of furan functionalized MOFs ready for another DA 

reaction. 

The step wise PSM reactions were monitored by following the appearance of specific XPS 

signals associated with hetero atom markers. The bar charts depicted in Figure 4.4.4 provide 

information on the change in the C1s multiplet (top) and concentration of bound bromine 

(bottom) in the different samples, generated during different PSM reactions. While 
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monitoring the change in the Br signal, focus was on the relevant C-Br component (i.e., 

covalently bound bromine) using the Br 3d3/2 signal at 70.1 eV, since the other signal at 68.0 

eV corresponds to the captured Br
-
 and does not contribute towards the effectiveness of the 

reactions. 

Within the C1s multiplet by comparing the C-N/C-O and C-C/C-H ratio, an increase of 

around 40 % was observed during the transformation of NH2-UiO-66-Zr into Furan 

functionalized MOF (Furan-UiO-66-Zr). The 1
st
 DA PSM reaction on Furan-UiO-66-Zr by 

employing a polymer (PEG bearing maleimide, PEG-Mal) resulted in a clear increase in the 

peak intensity at 286.3 eV with respect to C–O/C-N and also an increase of around 35 % was 

observed in C-N/C-O to C-C/C-H ratio. The decrease in the intensity of C 1s signal in rDA-

UiO-66-Zr evident the recovery of the Furan groups ready for a second DA reaction. The XPS 

data also reveal the appearance of Br and subsequent increase in the C-N/C-O to C-C/C-H 

ratio during the 2
nd

 DA reaction, where a Br functionalized maleimide molecule was 

employed. While considering these estimations, it is suggested to reflect upon the sampling 

depth of XPS analysis, which is close to 10 nm from the sample surface. 

The thermal stability of pristine NH2-UiO-66-Zr and modified NH2-UiO-66-Zr were 

examined through thermogravimetric analysis (TGA). As observed in Figure 4.4.5 (top), the 

TGA curve of NH2-UiO-66-Zr displayed an initial solvent loss near 100 °C followed by a 

weight loss of 29.04 % at 300 °C which is attributed to the dehydration of the Zr6O4(OH)4 

nodes to Zr6O6. The final weight loss of around 37.9 % near 500 °C was due to the 

decomposition of the organic linker. The furan functionalized UiO-66 showed the release of 

furan from the sample around 150 °C followed by the degradation of the frameworks around 

500 °C with a total weight loss of 56.92 %. The UiO-66 MOF modified after DA conjugations 

with PEG-Mal and Br-Mal exhibited the primary weight loss around 200 °C which was 

attributed the release of furan groups and the weight loss of approximately 49.5 % and 67.68 

%, respectively, till 500 °C was due to the decomposition of maleimide moieties and 

framework.  

The EDX quantification data of NH2-UiO-66-Zr after employing PSM were also recorded 

(Figures 4.4.6-4.4.8). The EDX analysis indicated that Zr, C and O were the main constituents 
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of the synthesized and modified MOF materials. The increase in the wt % of C (61.71 wt %) 

in Furan-UiO-66-Zr confirmed the successful functionalization of MOFs with Furan groups. 

Further the increase in the wt % of C clearly showed the DA conjugation of PEG-Mal with 

Furan functionalized MOF.  The decrease in the wt % of C the EDX data corresponding to 

rDA-UiO-66-Zr verified the cycloreversion reaction between Furan functionalized MOFs and 

PEG bearing maleimide. The presence of Br (0.75 wt %) evidenced the successful second DA 

reaction by treating the MOF obtained after rDA with Br-Mal.  
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Figure 4.4.3 C 1s and Br 3d XPS spectra corresponding to the NH2-UiO-66-Zr series at 

different steps of the reactions. On the left side (XPS analysis for C 1s) from bottom to top: 

1
st
-DA-UiO-66-Zr, rDA-UiO-66-Zr, on the right side (XPS analysis for Br 3d): rDA-UiO-66-

Zr (bottom) and 2
nd

-DA-UiO-66-Zr (top). On the right side, the orange doublets indicate the 

presence of covalently attached bromide (Br-Mal was used for the 2
nd

 DA reaction). Some Br
-
 

are also present inside the frameworks. For a better visualization, all spectra are normalized to 

the maximum of intensity. 
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Table 4.4.2 The relative atomic concentrations of Zr based MOFs after employing 1
st
 and 2

nd
 

Diels-Alder reactions. The C 1s signal was deconvoluted into three peaks centered at 285.0, 

286.6, and 288.8 eV corresponding to the C-C/C-H, C-N/C-O, and C=O/N-C=O structural 

features, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Relative Atomic Concentration [%] 

MOFs  C-N/C-O:C-C/ C-H Br 

NH2-UiO-66-Zr 0.24 - 

Furan-UiO-66-Zr 0.45 - 

1
st
-DA-UiO-66-Zr 0.61 - 

rDA-UiO-66-Zr 0.28  

2
nd

-DA-UiO-66-Zr 0.34 0.1 
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Figure 4.4.4 Change in the ratio of C-N/C-O at 286.6 eV and C-C/C-H at 285.0 eV (top) and 

concentration of the covalently bound C-Br (bottom) during the PSM reactions on NH2-UiO-

66-Zr. The estimation is based on XPS data obtained during all reaction steps. Only the 

relevant C-Br component (covalently bound bromine) with Br 3d3/2 at 70.1 eV is depicted 

since the other signal at 68.0 eV refers to the presence of captured Br- and does not contribute 

towards the effectiveness of the reaction 
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Figure 4.4.5 TGA thermo grams of before and after the modification of NH2-UiO-66-Zr (top) 

and DSC analysis with respect to rDA reactions (bottom). The visible drop in the DSC 

measurements (endothermic transitions) suggests the unclicking reactions.  
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Figure 4.4.6 EDX spectra of NH2-UiO-66-Zr (top) and after functionalization with Furan 

groups (Furan-UiO-66-Zr, bottom); inset is the table showing the wt % of the respective 

components. 
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Figure 4.4.7 EDX spectra of MOF after employing 1
st
 DA reaction with PEG-Mal (1

st
-DA-

UiO-66-Zr, top) and performing after retro Diels-Alder reaction (rDA-UiO-66-Zr, bottom); 

inset is the table showing the wt % of the respective components. 

 



123 

 

 

 

Figure 4.4.8 EDX spectrum of MOF after 2
nd

 DA reaction with Br-Mal (2
nd

-DA-UiO-66-Zr); 

inset is the table showing the wt % of the respective components. 
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4.5 Postsynthetic Modification of IRMOF-3-Zn via Reversible Thiol-Maleimide Click 

Chemistry 

Isoreticular metal organic frameworks (IRMOFs) represent the most intensively studied class 

of MOFs in which an oxide-centered Zn4O tetrahedron is edge-bridged by six carboxylates to 

construct the octahedron shaped secondary building unit (SBU) that reticulates into a three 

dimensional cubic porous network. Based on the cubic topology of IRMOF-1, a wide variety 

of functionalized carboxylate linkers (-Br, -NH2, -OC3H7, -OC5H11, -C2H4, and C4H4) result in 

the construction of IRMOF-2 through -7. However, carboxylate based longer linkers have 

been utilized in the synthesis of IRMOF-8 through -16 to obtain more open frameworks.[36] 

Thiol–maleimide chemistry is an efficient approach in the context of surface chemistry.  

 

Scheme 4.5.1 General strategy for the postsynthetic modification of zinc based metal organic 

frameworks. 
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The high selectivity and reactivity of maleimides towards sulfhydryl groups have been 

employed for the conjugation of polymers, DNA, peptides, monoclonal antibodies.[446]  

Herein, IRMOF-3-Zn, containing pendant amino groups, is utilized to demonstrate the 

postsynthetic modification of MOFs based on thiol-maleimide Michael addition click reaction 

(Scheme 4.5.1). The amino moieties within the networks of IRMOF-3-Zn were treated with 4-

maleimidobutyroyl chloride to obtain the maleimide grafted MOFs. Moreover, thiol–

maleimide Michael addition approach enables the reactivity of maleimide bearing frameworks 

toward grafting of biomolecules (cysteine) in the presence of TEA as catalyst.  

Scanning electron micrographic (SEM) images revealed the cubic crystals of IRMOF-3-Zn 

with good crystallinity were efficiently produced (Figure 4.5.1). The average crystal size of 

about 300-400 nm was observed, the biggest crystal observed was upto 80 µm in width.  In 

addition, the modification of IRMOF-3-Zn did not affect the morphology of frameworks.  

The X-ray powder diffraction (XRD) patterns of IRMOF-3-Zn before and after the 

modifications were monitored (Figure 4.5.2, top). The results indicated that the synthesized 

MOF materials were well crystalline, stable and did not show any significant change in the 

crystalline structure after the modification steps. The details of unit cell parameters before 

modifications are given in Table 4.5.1. The results suggested the trigonal symmetry (space 

group R-3m) for these MOFs different from the original IRMOF-3 structure which was solved 

in the cubic symmetry (space group Fm-3m). These results may be attributed to the Zn-O 

species in the pores leading to the changes in the axes lengths which reflected the distortion of 

symmetry. The framework was highly flexible and endorsed the significant changes in the 

unit cell axes without destroying the structure. The XRD spectra also showed that the peak 

positions were not significantly changed but a trend of reduced peak intensities was observed. 

Such differences in the intensities present in XRD pattern of MOFs are common and may be 

attributed to the pore filling by the guest molecules. In the MOF materials where large voids 

are accessible to the solvent and other guest molecules, the intensities of the XRD reflections 

(mainly at low 2θ angles) are vastly dependent on the amount and scattering power of the 

moieties present in the pores. 
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Figure 4.5.1 SEM micrographs of (a) IRMOF-3-Zn, (b) Mal-IRMOF-3-Zn, and (c) Cys-

IRMOF-3-Zn. 
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Figure 4.5.2 XRD pattern (top) and ATR-FTIR spectrum (bottom) of IRMOF-3-Zn before 

and after the modification via Michael addition click reaction. 
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Table 4.5.1 Calculated cell parameters of IRMOF-3-Zn MOFs: before and after the 

incorporation of the different functional groups. 

MOFs a [Å] c [Å] 
Space 

Groups 
V [Å

3
] 

IRMOF-3-Zn 18.35   ±0.006 
43.66 

±0.018 
R-3m 12739.65 

Mal-IRMOF-3-Zn 18.11   ±0.079 
43.29  

±0.375 
R-3m 12297.82 

Cys-IRMOF-3-Zn 18.13   ±0.014 
43.33 

±0.028 
R-3m 12340.02 
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For IRMOF-3-Zn under study, the second reflection at 9.7° was visibly strongest and in 

satisfying agreement with the literature. The increase in pore filling subsequently increased 

the intensity of the reflection at 9.7°.[447] 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was 

employed to investigate the successful synthesis and chemical modification of IRMOF-3-Zn 

(Figure 4.5.2, bottom). For IRMOF-3-Zn the characteristic bands at 3379 cm
-1

 and at 3463 

cm
-1

 were assigned to the asymmetric and symmetric stretching vibrations of -NH2. The two 

bands corresponding to the symmetric and asymmetric vibrations of the carboxyl groups were 

observed at 1382 cm
-1

 and 1569 cm
-1

 respectively.  Furthermore, the successful grafting of 

maleimide group on IRMOF-3-Zn was confirmed by the presence of symmetric C-N-C 

stretching vibration at 1369 cm
-1

, asymmetric bending vibrations of the -CH3 at 1433 cm
-1

, 

and a broad band at 1129 cm
-l
 assigned to the stretching vibrations (νС-О). The successful 

immobilization of cysteine via Michael addition reaction was affirmed by the presence of -SH 

stretching vibrations at 2551 cm
-1

. 

The successful post-synthetic modification of IRMOF-3-Zn was further evidenced by X-ray 

Photoelectron Spectroscopy (XPS). The respective atomic concentrations are given in Table 

4.5.2. The presence of N 1s peak at 400.4 eV[441] and C 1s signals at 289.0 eV for O=C-O 

confirmed the synthesis of amino functionalized IRMOF-3. The successful grafting of 

maleimide groups on IRMOF-3-Zn was ascertained by the appearance of a C1s signal for the 

N-C=O bond at 288.7 eV[388] (Figure 4.5.3, left). The subsequent Michael addition reaction 

between maleimide functionalized MOF (Mal-IRMOF-3-Zn) and cysteine led to a decrease in 

the intensity of N-C=O bond signal and an increase in the intensity of the signal 

corresponding to C-C, C-H and C-N bonds at 285.0 eV and 286.4 eV respectively[448]. In 

addition, the presence of the sulfur signals S 2p3/2 corresponding to chemisorbed sulfur 

confirmed the functionalization of Mal-IRMOF-3-Zn with cysteine.[442] The S 2p3/2 spectra 

were resolved into two sets of doublet at 162.3 eV and at 163.8 eV[449] as shown in Figure 

4.5.3, right. The doublet at 162.3 eV was due to sulfide bond and could be attributed to the 

formation of ZnS due to presence of some Zn in the framework.[450] 
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Figure 4.5.3 C 1s and S 2p XPS spectra of IRMOF-3-Zn series at different steps of the 

reactions. On the left side (XPS analysis for C 1s) from bottom to top: IRMOF-3-Zn, Mal-

IRMOF-3-Zn, Cys-IRMOF-3-Zn, on the right side (XPS analysis for S 2p) from bottom to 

top: IRMOF-3-Zn, Mal-IRMOF-3-Zn, Cys-IRMOF-3-Zn. For a better visualization, all 

spectra are normalized to the maximum of intensity. 
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Table 4.5.2 The relative atomic concentrations corresponding to IRMOF-3-Zn and after 

employing Michael addition click reactions. The C 1s signal was deconvoluted into three 

peaks centered at 285.0, 286.4, and 289.1 eV corresponding to the C-C/C-H, C-N/C-O, and 

N-C=O/O-C=O structural features, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Relative Atomic Concentration [%] 

MOFs  C-C/ C-H C-N/C-O N-C=O/O-

C=O 

N S 

IRMOF-3-Zn 43.9 7.1 11.0 3.8 - 

Mal-IRMOF-3-Zn 41.8 10.6 12.9 4.7 - 

Cys-IRMOF-3-Zn 38.5 15.8 10.1 3.2 4.2 
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IRMOF-3-Zn based frameworks were evaluated by thermal gravimetric analysis (TGA) 

before and after the modification to confirm the thermal and structural stability of the crystals 

(Figure 4.5.5).  

The first weight loss for all three MOFs at low temperatures (200 °C) could be attributed to 

the release of adsorbed water and volatile solvent molecules (such as CHCl3, ethanol, and 

DMF). For IRMOF-3-Zn, the major weight loss of 47% was observed at around 450 °C 

resulted from the decomposition of the framework. The TGA curve for Mal-IRMOF-3-Zn 

showed a weight loss of around 51 % at 325 °C due to release of CO2, ammonia, carbon 

monoxide, and ethylene and finally decomposition of maleimido functionality. The TGA 

curve for IRMOF-3-Zn after thiol-ene click reaction displayed two discernible steps besides 

the initial weight loss. The weight loss of approximately 16% until the temperature was close 

to 320 °C was due to the loss of grafted L-cysteine on the frameworks. The weight loss after 

320 °C till around 500 °C revealed the decomposition of maleimide based moieties.  

The success of PSM reactions was determined by following the appearance of specific XPS 

signals associated with hetero atom markers. The bar charts showed in Figure 4.5.4 provide 

information on change in the intensity of C 1s signals (top) and the concentration of bound S 

(bottom) in the different MOF samples during different PSM reactions. The relevant C-S 

components (S 2p3/2 signals at 133.8) and the ratio between C-N/C-O and C-C/C-H (C-N/C-O 

at 286.6 eV and C-C/C-H at 285.0 eV) are shown in the Figure. The gradual increase in the 

intensity of C1s signal suggested a successful functionalization of IRMOF-3-Zn with 

maleimide group. The PSM reaction via Michael addition reaction on Mal-IRMOF-3-Zn was 

carried out by employing cysteine that resulted in the appearance of S signals in XPS analysis.  

The XPS data indicated a conversion degree of around 61% for the conjugation of maleimide 

groups of Mal-IRMOF-3-Zn with the cysteine resulting in the formation of Cys-IRMOF-3-

Zn. While considering these estimations, it is suggested to reflect upon the sampling depth of 

XPS analysis, which is close to 10 nm from the sample surface. 
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Figure 4.5.4 Change in the ratio of C-N/C-O at 286.6 eV and C-C/C-H at 285.0 eV (top) and 

concentration of the covalently bound C-S (bottom) during the PSM reactions on IRMOF-3-

Zn. The estimation is based on XPS data obtained during all reaction steps.  
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Figure 4.5.5 TGA thermograms of IRMOF-3-Zn before and after the functionalization via 

Michael addition click reactions.  
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The EDX elemental analyses of IRMOF-3-Zn and after employing PSM were also monitored 

(Figures 4.5.6-4.5.7). The EDX data indicated that Zn, C and O were the main constituents of 

the synthesized and modified MOF materials. The increase in the wt % of C (53.58 wt %) in 

Mal-IRMOF-3-Zn verified the successful functionalization of MOFs with maleimide groups. 

Furthermore, the appearance of signals for S (15.14 wt %) in Cys-IRMOF-3-Zn confirmed the 

success of Michael addition reaction between maleimide functionalized MOF and cysteine.  
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Figure 4.5.6. EDX spectra of IRMOF-3-Zn (top) and after functionalization with maleimide 

groups (Mal-IRMOF-3-Zn, bottom); inset is the table showing the wt % of the respective 

components. 
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Figure 4.5.7 EDX spectrum of Cys-IRMOF-3-Zn corresponding to the Michael addition 

reaction between maleimide functionalized MOF and cysteine; inset is the table showing the 

wt % of the respective components. 

 

 

 

 



 

 

 

 

 

CONCLUDING REMARKS 
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5.1 Concluding Remarks and Future Prospects 
The concept of postsynthetic modification (PSM) is highly important for tailoring the 

physicochemical properties of MOFs. Click chemistry is a prevalent PSM strategy capable of 

efficiently introducing functional moieties into MOFs. The present thesis has demonstrated 

the versatility and efficiency of click chemistry by a number of examples to fabricate MOFs 

with thermally-triggered switchable chemical nature.  

The Diels-Alder reactions between cyclopentadienyl (Cp) functionalized Fe-MOFs (NH2-

MIL-88B-Fe and ML-MIL-88B-Fe) as diene and small molecules bearing maleimide groups 

as dienophiles were performed at ambient temperature. In order to demonstrate the versatility 

of our approach, two different molecules with maleimide groups (N-(3-Bromo-propyl)-

maleimide) here named as Mal-Br and (N-(3-chloro-4-methyl-phenyl)-maleimide) here 

named as Mal-Cl were successfully employed. Following DA conjugation on MOFs, retro 

DA (rDA) reaction was carried out by heating the MOFs at 150 ˚C under vacuum. 

The ultra-fast hetero Diels-Alder (HDA) conjugations were performed at ambient temperature 

between cyclopentadienyl (Cp) functionalized Al-MOF (NH2-MIL-53-Al) (as diene) and 

dithioester based moieties (as dienophile) in the presence of ZnCl2 as a catalyst. Two different 

dithioester based moieties (2-cyanopropan-2yl(diethoxyphosphoryl)methanedithioate, here 

termed as HDA-1) and (phosphoryl dithioester, here termed as HDA-2) were employed for 

the desired HDA reactions.  It was demonstrated that the dithioester/Cp pair exhibited 

reversible reactions at 150 ˚C under vacuum. 

For switching the chemical functionality within MOF lattices, the Diels-Alder (DA)/thermally 

induced reversible Diels-Alder (rDA) approach was employed between furan functionalized 

Zr-MOF (NH2-UiO-66-Zr) and maleimide bearing polymer ((Poly (ethylene glycol) methyl 

ether maleimide), here termed as PEG-Mal). The DA ligation was followed by cycloreversion 

at 150 °C for 24 h to reprogram the MOFs‟ interlattice chemistry. In order to establish the 

versatility of our approach, a second DA reaction was successfully performed by treating the 

MOF (post-cycloreversion) with small molecule bearing maleimide group (N-(3-Bromo-

propyl)-maleimide, here termed as Br-Mal). 
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The thiol-ene click reaction was carried out on Zn-MOF (IRMOF-3-Zn) via Michael addition 

of thiols across the carbon double bond of the ene.  The amino moieties within the networks 

of IRMOF-3 were treated with 4-maleimidobutyroyl chloride to obtain the maleimide 

functionalized MOFs. Furthermore, thiol–maleimide Michael addition approach enables the 

reactivity of maleimide bearing frameworks toward grafting of biomolecules (cysteine). 

In addition, the prepared MOFs were investigated by using different techniques (SEM, EDX, 

XRD, XPS, FTIR, TGA, DSC) to explore the effect of various synthetic approaches and 

introduced functionalities (various functional groups, small molecules and polymers) on the 

morphology of the frameworks and to monitor the thermally-triggered reversible strategies on 

MOFs . 

In summary, this work highlights the scope of reversible DA ligations as a facile covalent 

postsynthetic modification approach to MOF lattices at ambient temperature and introduces 

an unprecedented avenue to MOFs capable of being thermally reprogrammed with respect to 

their chemical functionality. The presented work makes a significant contribution to broaden 

the field of postsynthetic MOF chemistry. It is envisioned that these results will pave a way to 

design a range of sophisticated MOFs based functional materials addressing diverse 

applications.  
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