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Synopsis 

Metal-organic Frameworks (MOFs) have emerged as a promising class of materials in the 

regime of sensory materials mostly due to the rational designing based on the ligand and metal 

ions/clusters, tunable architectures and suitable host-guest interactions in such open frameworks. 

The wide choice of metal and ligands used in the synthesis of MOFs bestow ample opportunities 

to modulate the opto-electronic properties of such porous networked structures. Also, often, the 

inherent ionicity rendered by usage of neutral ligands in the MOF synthesis can be useful in 

sensing/recognition of anion(s) which are realized most by anion exchange processes. Whereas 

ligands play their specific part in recognition of anions, metal centers also have a pivotal role to 

play in such selective sensing processes in response to the changes in their sensitive electronic 

environment. Another strategy that can be employed in recognition of a particular anion is the 

post-synthetic modification, which imparts specific identification sites in the framework. Such 

functionalization in the organic part can also be employed to sense a particular anionic species 

inducing suitable signal transduction. In this regard sensing and capture of toxic anions can be 

fruitful in waste-water treatment and other environmental remediation purposes. If toxic anions 

can be rendered inactive by using MOFs as a molecular level reaction vessel in heterogeneous 

phase, then many pertinent problems involving such environmental hazardous entities can be 

addressed. I have systematically developed strategies for such sensing by anions by judicious 

choice of ligand or metal and also by post-functionalization of the MOF resulting in optical 

responses (fluorescence/visual) as signal output. Finally, I have successfully used a bio-

compatible MOF for the capture of a toxic anion and rendered its activity less by a reaction 

based approach inside the MOF. 

In a nut shell, my 1st chapter deals with the anion sensing properties of MOF which is achieved 

by ligand design resulting in tunable luminescence behaviors upon anion exchange. Following 

up, in the 2nd chapter the judicious choice of the metal center for the construction of MOF has 

been utilized to achieve colorimetric sensing of an anion. In the next (3rd) chapter I have show 

the Post-synthetic Modification (PSM) approach in a MOF to achieve selective sensing of a toxic 

anion, and finally in the 5th chapter I have shown how an anionic MOF can also be utilized to 

achieve selective sensing of a toxic anion and have also shown its reusability and sensing 

performance in human cell lines. 



II 
 

Chapter 1. Introduction 

At the very outset, in this chapter I have discussed about the importance of anion sensing and the 

various aspects that are desired to fabricate a good chemical sensors for anions. Then, I have 

discussed briefly about MOFs and its utility as chemical sensors. Further, I have discussed about 

the role of MOFs in sensing of anions the various methodologies employed in sensing of anions. 

This is mostly achieved by anion exchange processes in cationic MOFs and therefore I have 

discussed about the various ways to construct cationic MOFs. I have also discussed about the 

two major modes of sensing of anions in MOFs i.e. by luminescence and by colorimetry. I have 

also discussed about post-synthetic modification (PSM) which can be employed in MOFs to 

achieve highly selective and sensitive detection of anions. Finally, I have given some insight 

towards the applicability of MOFs for practical purposes and/or for biological sensing which can 

be useful for designing devices for anion sensing in the future. 

 

Chapter 2. Dynamic Metal−Organic Framework with Anion-Triggered Luminescence 

Modulation Behavior 

In this chapter, a three-dimensional cationic framework based on a flexible neutral nitrogen-

donor ligand was synthesized and undergoes guest-driven structural dynamics in a reversible 

way. Size-selective anion-exchange selective anion-exchange results prove the affinity of the 

host framework towards anions of similar nature (Figure 1) and can be an efficient system for 

ion separation. Also, anion-exchanged compounds show anion-dependent tunable luminescence 

and therefore have potential to develop as smart materials for chemical sensors, light-emitting 

devices, and other optoelectronic design strategies (Inorg. Chem. 2014, 53, 12225-12227). 

 

 

 

 

 

 

 

Figure 1: Schematic Representation of a Guest- and Anion-Responsive Dynamic Framework 
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Chapter 3. An Amide-Functionalized Dynamic Metal–Organic Framework Exhibiting 

Visual Colorimetric Anion Exchange and Selective Uptake of Benzene over 

Cyclohexane 

 

In this chapter, I have synthesized a novel 1D metal–organic framework (MOF) based on a 

flexible neutral amide-based N-donor ligand. The framework underwent an interesting structural 

transformation upon desolvation, and this guest-free phase could be utilized for separation of 

CO2 and other non-polar gases such as N2, H2, and CH4 at low temperatures. Moreover, the 

combination of structural flexibility and guest-responsive enzymatic behavior has been used to 

address one of the important challenges of chemical industries, namely the separation of benzene 

and cyclohexane. In view of achieving further versatility, visual colorimetric detection of SCN ͞ 

anions has also been studied by an anion exchange process, which has been rarely reported 

previously. Such incorporation of multi-functionality in MOFs (Figure 2) is an important aspect, 

and if achieved in an economical fashion could be a most sought-after material in chemical 

industry in the future (Chem. Eur. J. 2015, 21, 7071 – 7076). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Representation of the multifunctional behavior of an amide functionalized Metal-

organic Framework.
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Chapter 4. A Post-Synthetically Modified Metal-organic Framework for Selective and 

Sensitive Aqueous-Phase Detection of Highly Toxic Cyanide Ions 

 

In this chapter, selective and sensitive detection of toxic cyanide (CN ̅ ) by a post-synthetically 

altered metal–organicframework (MOF) has been achieved. A post-syntheticmodification was 

employed in the MOF to incorporate thespecific recognition site with the CN ̅ ion over all 

otheranions, such as Cl ͞ , Br ͞  , and SCN ͞   etc. (Figure 3). The aqueous-phasesensing and very 

low detection limit, the essential pre-requisitesfor an effective sensory material, have been 

fulfilledby the MOF. Moreover, the detection level meetsthe standard set by the World Health 

Organization (WHO)for the permissible limit of cyanide concentration in drinkingwater. The 

utilization of MOF-based materials as thefluorometric probes for selective and sensitive 

detection of CN ̅ ions had not been explored till then (Chem. Eur. J. 2016,22,864 – 868). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Figure showing the post-synthetic modification in MOF leading to selective sensing of 

cyanide ion.
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Chapter 5. Aqueous Phase Sensing of Cyanide Ion Using a Hydrolytically Stable 

Metal-organic Framework 

 

Moving on, in the last chapter, a fluorescent bio-compatible anionic metal-organic framework 

(MOF) for pure aqueous phase recognition and detoxification of cyanide ion (CN ̅ ) has been 

shown. The MOF acts as a molecular reaction vessel exclusively for cyanide ions among all 

other competing anions inducing a signal turn on response in pure aqueous media (Figure 4). 

The chemodosimetric approach in heterogeneous phase results in ultrafast response and very low 

detection limit (5.2ppb) for CN ̅ ions by the MOF. Moreover, the MOF has been utilized to 

visualize the cytoplasmic cyanide concentration via in vitro studies and detect even trace amount 

of CN ̅ in living cells. Importantly the MOF could even be recycled via reversible cation 

exchange process to trigger almost the same response towards CN ̅ ion. The simultaneous 

recognition and detoxification of a highly chemically toxic agent like CN ̅ has not been 

demonstrated in the regime of porous materials till date. (Chem. Commun. 2016, DOI: 

10.1039/C6CC08557A). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Figure showing selective sensing of CN ͞  ion by MOF which acts as a molecular 

reaction flask. 

 

 



VI 
 

Chapter 6. Conclusions and Future Outlook 

In summary, the aforementioned four chapters (chapter 2-chapter 5) encompass an ample 

discussion on four different MOFs which have been utilized for sensing of anions using four 

different methodologies. While ligand design and choice of metal centres are the key towards 

development of MOFs as anion sensors, post-synthetic modification and even usage of anionic 

framework has been found to be efficient in highly selective and sensing of anions. The gradual 

improvement in the sensing capability of the MOFs and the corresponding efficiency in even 

detecting toxic anions in human cell lines is one of the significant achievements of my thesis, I 

believe. This systematic improvement in the sensing performance in MOFs will pave way 

towards fabricating biosensors for numerous biologically relevant anions and will certainly 

propel future research in the field of anion sensing by novel materials. 
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1.1 Anion Sensing/Recognition: A key theme of research 

Anion sensing/recognition is one area of research that has gained a considerable amount of 

interest over the past couple of decades.1 Since anions find their specific roles in various 

supramolecular assemblies and myriad of biological processes, it is important to develop 

artificial receptors which can be used for sensing and even quantifying anions. From the basic 

element of life i.e. DNA (a polyanion) to the cofactors of various enzymes, anions are 

ubiquitous. Anion coordination chemistry took a huge leap forward since its birth in the 1960s 

and various acyclic, macrocyclic, and calixarene, metal complexes and nano-particle based 

moieties have proven to be excellent host materials for binding of anions, since then.2 The need 

for developing novel anion sensors for monitoring the concentration in complicated media such 

as blood, cells, freshwater, soil, industrial effluents etc. is thus of paramount importance. 

Systematic designing of anion receptors is challenging because of the varied geometries of the 

anions, their less charge/size ratio and their sensitivity to different pH ranges, make anions more 

gruesome to be recognized selectively by a host material.3 Therefore development of molecular 

systems where selectivity and sensitivity can be achieved for a particular target anion is desired. 

For an efficient chemical sensor for anion(s) extensive research has been focused on small single 

molecules that can suitably identify a single ion in a competitive environment in either a 

reversible/irreversible manner.4 The foremost route of anion sensing involves the selective 

binding of the analyte to the host species resulting in changes in the photo-physical properties of 

the receptor molecules (Scheme 1.1). This primarily involves changes in the absorption or 

emission wavelengths, fluorescence lifetimes and the quantum yield of the host compound.5 

Quantitative analysis of such changes in turn may lead to determination of the concentration of a 

particular anion which is essential for real time applications. Selective sensing of a particular 

analyte is important as the receptor should change their optical properties in response to a sole 

analyte and therefore chances of false response in minimized.6 Chromogenic anion sensors i.e. 

sensors which change their color upon binding/interacting with a particular anion play a pivotal 

role in terms of identification of such species by visual chroma.7 Metal based chromogenic hosts 

involving transition metal ions/ lanthanides and/or π-conjugated coordinated ligands often 

change their color upon suitable interaction or binding of anion(s).8 On the other hand, a reaction 

between the chromogenic host (often non-metal based) and the anion may also result in changes 
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in the optical properties of the host material and can be realized by visual chroma. On the same 

line, a chemodosimetric (reaction based) approach of anion sensing can pave way for the 

fabrication of a suitable sensor with greater selectivity and accuracy.9 For the design of the 

perfect host material for sensing of anion it should fulfill the following criteria, a) they should 

have specific recognition sites for the incoming anions, b) should sense with high degree of 

selectivity and sensitivity and c) should be thermo-chemically stable for practical applications. 

Quest for new materials which can fulfill these conditions is the state-of-art and researchers 

devote significant emphasis on this key theme of research.10 

 

 

 

 

 

 

 

 

Scheme 1.1: Schematic overview of optical changes in the receptor after binding to the anions. 

 

1.2. Metal-organic Frameworks (MOFs): New age smart chemical sensors 

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) have emerged as 

one of the most important class of materials simply because of their plethoric applications in the 

fields of gas storage, separation, catalysis, drug delivery, sensing, conduction, ion-exchange, 

polymerization, photonics etc.11 Build from an organic linker and metal node or clusters 

(Scheme 1.2), MOFs give rise to a wide variety of architectures which range from one-

dimensional coordination polymers (CPs) to three dimensional (3D) PCPs. The large repertoire 
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of organic struts available in nature allows for tailor-made syntheses of MOFs which could be 

used for targeted applications making them one of the most sought materials for chemists and  

 

 

 

 

 

 

 

Scheme 1.2: Schematic representation of the formation of MOF/PCP via self-assembly process. 

 

material chemists. The pore structure and shape can be tuned in view of a specific property 

allowing fabrication of rationally designed MOFs and thus making these materials as an 

exclusive class of materials which has opened a new domain in the field of research and received 

huge impetus since the late 90s.12 Given the wide variety of organic linkers available and the 

choice of metal centers, the scope of tunability in these ordered architectures are plenty and this 

allow  

 

  

 

 

 

 

Scheme 1.3: Some of the key applications related to MOFs/PCPs known in literature. 
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Specific functionalities resulting in diversified applications (Scheme 1.3). Also, the suitable 

incorporation of the signal transduction units inside the MOFs can induce specific changes in the 

optical signals in response to a particular stimuli.13 These signal output can be monitored by 

specific techniques like UV-Vis spectroscopy, fluorescence spectroscopy, localized surface 

plasmon resonance (LSPR), impedance spectroscopy, cyclic voltammetry, interferometry etc.14 

The extensive catalogue of π-electron rich organic linkers and the wide variety of metal centers 

(either d-block/f-block) available allow ample scope of constructing luminescent MOFs which 

can behave differentially to the incoming guest molecules.15 MOFs sets apart as an efficient class 

of chemical sensors mostly because of the high degree of selectivity which depends on a number 

of factors such as a) molecular sieving effect, b) specific interactions like H-bonding, π-π 

stacking etc., c) specific reactions inside the nano-porous channels of the MOF with the analyte 

and d) electrostatic interactions of the framework with the incoming guest molecules.16 In 

addition, considering the high thermal stability and the possibility of reusability of these type of 

architectures, MOFs can be fabricated in thin films and selective membranes and thus could lead 

way to the development of new age smart chemical sensors. 

1.3. Choice of MOFs for sensing applications 

An important aspect of achieving the sensing applications in MOFs depends of the judicious 

choice of the building units for the construction of the same. The available metal nodes and 

numerous number of organic ligands along with combinatorial methods and changes in the 

reaction parameters can yield almost infinite MOF structures. Also, since the wide library of the 

MOFs already reported in literature (Figure 1.1), a proper screening according to the specific 

requirements by computation methods or by using Cambridge Crystallographic Data Centre 

(CCDC), one can even hypothesize the performance of MOFs for sensing of small molecules or 

even separation of gas molecules. For a MOF to be a perfect material for chemical sensor it has 

to fulfill the following criteria: 

a) It should be luminescent to induce the specific optical signal readout. 

b) It should be sufficiently porous for suitable host-guest interactions. 

c) Should possess recognition sites for interaction with the incoming analyte molecule. 

d) It should be sensitive to the stimuli in the micro-environment. 
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The performance of the MOF as a sensory material is directly proportional to the concentration 

of the analyte molecule which can diffuse into the pores (pre-concentration) of the MOF 

framework and thereby leading to suitable signal. This in turn defines the kinetics of and 

thermodynamics of the sensing phenomenon. Additionally, presence of secondary functional 

groups can improve the selectivity factor for enhanced performance. Since the vibrational and 

the rotational degrees of freedom of the coordinated ligand is much restricted after the formation 

of the MOF architecture, the MOF shows improved fluorescence properties as compared to the  

 

  

 

 

 

 

 

Figure 1.1: Representative examples of porous MOFs known for their sensory applications.11e-i 

free ligand itself.17 Also the crystalline nature of the MOFs is essential for the molecular level 

insight to the sensing mechanism which is also a key advantage that these ordered architecture 

possesses.18 
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1.4. MOFs as an advanced class of materials for anion sensing applications 

The wide choice of metal and ligands used in the synthesis of MOFs bestow ample opportunities 

to modulate the opto-electronic properties of such porous networked structures. Porous 

frameworks by design permit the encapsulation of anionic receptors and thereby make it feasible 

to investigate non-covalent interactions like anion-pi, in confined environments. Most of the 

MOFs reported till date have utilized the N-H and O-H units of the organic ligand for 

sensing/recognition of anions.19 MOFs having luminescence accessory can, therefore, be used as 

probes for detection of non-polarized molecules upon their interaction with the host framework 

through physical adsorption or non-covalent interactions. One of the best candidates that 

manifest the anion recognition/sensing applications are the cationic frameworks where the 

cationic nature of the backbone results in the necessity of anions (either free or weakly 

coordinated to the metal center) to neutralize the charge in order to maintain the electrical 

neutrality.20 The ions inside such polarized MOFs are often exchanged with other exogenous 

ions resulting in variable interactions with the framework thus resulting in either selective or 

multiple anion sensing. The role of metal ions/clusters and the choice of ligands are very 

important to develop ionicity in a MOF, which will be discussed in the subsequent sections of 

the thesis. Also, because of charge-induced dipoles created in such a polarized MOF, specific 

applications which are characteristic of such an ionic framework result, which may be otherwise 

difficult to obtain in a neutral MOF.21 Neutral MOFs have also shown to exhibit anion sensing 

applications by virtue of their specific recognition sites and anion responsive metal centers which 

result in signal transduction for sensing of anionic species. In one of an interesting report by 

Chen et al. a MOF based on Tb3+ and benzene-1,3,5-tricarboxylate resulted in the formation of 

Tb(BTC)·G (MOF-76) which upon evacuation resulted in the selective sensing of F− anions.22 

The F− incorporated MOF, i.e. MOF-76b showed a very high enhancement of 

photoluminescence intensity due to H-bonding to the MeOH molecules to the F− ions. The 

terminal solvent molecules play a crucial role in determining the selectivity and therefore this 

worked proved that solvent molecules are an important parameter in determining the sensing of 

anions by MOFs. In an another report by Li and co-workers a tetrazole based ligand was utilized 

to fabricate a MOF with molecular formula {[Cd(µ2-Cl)( µ4-5MT)]n (5MT = 5-methyl-1H-



              CHAPTER-1 
January 10, 

2017 
 

7  

 

tetrazole)}for selective recognition of NO2
− anion due to pore surface and pore size 

characteristics of the MOF.23 

 

Figure 1.2: a) View of the MOF-76b along c axis and b) Optical response of MOF-76b in 

presence of various anions. (Reproduced with permission from reference 22)  

 

1.5. Cationic MOFs: Design and synthesis 

A cationic MOF is mainly comprised of positively charged frame-work with extra counter anions 

to balance the charge of the overall framework.24 The extra anions often lie free in the porous 

channels of the framework or often are weakly coordinated to the metal center via weak 

electrostatic attraction. The routes for rational design of a cationic framework are summarized in 

Scheme 1.4. The first method involves the usage of a neutral ligand mostly nitrogen donor 

ligands (N-donor ligands) for the construction of a MOF resulting in the necessity of extra anions 

to suffice the net charge of the framework.25 The most commonly used nitrogen based ligand 

used for syntheses of cationic MOF is undoubtedly 4-4ꞌ-bipyridine (bpy).26 Pyridyl 

functionalized ligands therefore represent the most easy and comprehensively used ligand as a 

part of a strategy to build up a cationic MOF.  Robson and co-workers in the early 90’s reported 

the first anion exchange in a Zn based framework in which BF4
  anions were exchanged with 



              CHAPTER-1 
January 10, 

2017 
 

8  

 

PF6
  anions.24b In another early report by Yaghi and his group where he demonstrated the 

construction of a MOF by using bpy ligands to build an interpenetrated 3D MOF in which the 

free nitrate anions reside in the porous channels of the framework.26b Several cationic MOFs 

have been reported which reports the role of the neutral ligands in the construction of a cationic 

MOF. Groy and his group workers also synthesized a non-interpenetrated railroad like network 

consisting of Ni2+cations and bpy ligands in which the free ClO4
− anions reside in the pores of 

the framework.27 Kim and his group members prepared a 2D MOF 28 in which he prepared the 

N-donor ligand by threading CB[6] with N,Nꞌ-bis(3-pyridylmethyl)-1,5-diaminopentane 

dihydronitrate and thereafter conjunction with Cu(NO3)2 resulted in the formation of a cationic 

framework in which the free nitrate anions were post-synthetically exchanged with other anions 

to study the anion exchange behavior. Rheingold and his group came up with 1,3-bis(4-

pyridyl)propane (bpp) ligand to build up two novel cationic MOF with molecular formula 

[Ag(bpp)]ClO4and [Ag(bpp)]PF6 in which the anions are free and was studied for further anion 

exchange behavior.29 In 2003, Tang reported a series of cationic frame-works using N-pyridyl 

ligands like 1,3,5-tris(1-imidazolyl)benzene and 1,3-bis(1-imidazolyl)-5-(imidazol-1-

ylmethyl)benzene.30 He explained that the structures obtained using these tripodal ligands were 

mainly governed by the nature of organic linkers used in the syntheses of MOFs. He also 

remarked that the counter anions used in the synthetic scheme are responsible in the formation of 

the frameworks. Lee and co-workers used tripyridyl tri-amides with C3-symmetry for the 

construction of 3D hydrogen bonded cationic frameworks.31 Anion exchange was also studied 

with these cationic frameworks which exhibited luminescent properties at room temperature. 

Another set of ligands that are widely used in the construction of cationic frameworks involves 

the use of cationic imidazolium group in the ligand backbone. This  

Scheme 1.4: Two widely used pre-synthetic approaches for construction of cationic MOFs. 
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strategy has been utilized by several groups to generate positively charged framework. In an one 

such example Hupp and co-workers utilized 1,3-bis(2,6-dimethyl-3,5-

dicarboxylphenyl)imidazolium ligand to synthesize cationic framework with molecular formula 

[Cu2(C23H17N2O4)-(DMSO)2][Cl].32 The structure was made up of paddlewheel Cu2 

(CO2)4clusters and four imidazolium ligands. Wu et al. mixed 1,1-methylenebis-(3-(4-

carboxyphenyl)-imidazol-3-ium) with CuCl2 to get a paddle wheel structure which contained a 

net positive charge and therefore requiring the presence of free nitrate anions. Some other 

examples include the utilization of pyrimidine-2-carboxylate acid to build up a novel cationic 

frame-work in which free hydroxide anions were present to balance the net charge. 

Post synthetically a cationic MOF can be synthesized as explained by Kim and co-workers. A 

carboxylate based MOF with molecular formula [Zn3(µ3-O)(1-H)6]·2H3O·12H2O (d-POST-1) 

was synthesized in which the free pyridyl nitrogen atom were aligned inside the pores of the 

framework.33 When a suspension of POST-1 in N,Nꞌ-dimethyl formamide (DMF) with stirred in 

excess iodomethane at room temperature for 2 h results in the formation of the N-alkylated 

product resulting in the formation of a cationic framework and thereby the free iodide ions were 

found as the charge balancing anions. Bu et al. demonstrated a general method to create a 

cationic MOF from a neutral framework.34 In this pioneering work they demonstrated that the 

differential affinity between distinct metal ions such as Al3+ with framework anionic species 

could strip the anions that are coordinated to the metal center such as the F− ions in Cr-MIL. 

AlCl3was used to carry out this post synthetic modification in which the F− were extracted and 

subsequently the Cl− ions were left free inside the pores of the framework allowing facile 

exchange with other anions like OH− ions. The major routes for the construction of cationic 

frameworks by post-synthetic approaches are shown in Scheme 1.5. 

 

 

 

 

Scheme 1.5: Two widely used post-synthetic approaches for construction of cationic MOFs. 
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1.6. Sensing of anions by cationic MOFs: Luminescence modulation and 

colorimetric approach 

1.6.1. Luminescence based approach for sensing anions: 

 Among most sensory techniques, photoluminescence has been one of the most sought after 

owing to sophistication, ease of sampling, high sensitivity and prompt response.35 In the MOF 

regime, it has been used kindly owing to ample opportunities of tuning the different metal-ligand 

based emissions to suit the desired electronic band-gaps. Additionally the wide choices of 

building units makes MOFs as appropriate candidates for luminescence based transducers for 

understanding molecular behavior in confined nanospaces.36 The features of photoluminescence 

based techniques have been exploited recently in cationic frameworks as a probe for anion 

capture/exchange processes. Some of them have been discussed herewith. In an early work of 

exploring luminescence features in a cationic framework, Tzeng and co-workers synthesized a 

Zn(II) centered amide based cationic coordination polymer.37 Upon heating the two coordinated 

water molecules were lost allowing the anions to interact with the metal directly. Phase 

transformations were observed from a neutral framework bearing coordinated perchlorate ions to 

a cationic framework upon exposure to moisture. Control single crystal experiments were 

performed in presence of dry solvents was performed to prove this transformation. Solid state 

luminescence experiments were performed to monitor this phase transformation (Fig. 24). As a 

continuation, Oliver and co-workers prepared 3 distinct Cd (II) MOFs from a mixture of anionic 

and neutral ligands under hydrothermal conditions.38 Owing to different molar ratios of the 

reactants 3 dissimilar structures were achieved, with two of them being cationic in nature. The 

authors attempted to exchange the free organosulfonate ions with nitrate (NO3
−), permanganate 

(MnO4
−), perchlorate (ClO4

−) and perrhanate (ReO4
−) anions but found that along with the 

electrostatic interactions, strong hydrogen bond interaction with the cationic framework 

precluded any exchange. The separate character of the three compounds was reflected and 

studied via solid state luminescence measurements. Previously, in a comprehensive work Ghosh 

and co-workers have shown the utility of a luminescent cationic framework as a probe to sense 

different anions by a detectable fluorescence signal. A dynamic 1D porous coordination polymer 

(1 NO3‾) constructed from Zn(II) cations and a neutral N-donor ligand had free nitrate anions 



              CHAPTER-1 
January 10, 

2017 
 

11  

 

in its channels and methanol molecules coordinated to the metal center.39 Upon air-drying these 

coordinated solvent molecules were substituted with moisture and correspondingly structural 

changes were observed. This flexible behavior of the MOF was extended to its anion exchange 

studies by replacing the NO3
− anions with guest anions of different coordinating tendencies like 

N3
−, N(CN)2

−, SCN−, ClO4
− .The compound underwent significant changes in its structure which 

were attributed to the varied size and geometry of the replacing anion. Competitive ion exchange 

experiments were performed to understand the affinity order of the chosen ions. The notable 

differences in the solid state luminescence of the ligand and the MOF propelled them to examine 

this as the pathway to recognize the anion exchange process (Figure 1.3). Thereby, the solid-

state luminescence spectra of all the anion exchanged phases were recorded and a remarkable  

 

 

 

 

 

 

 

 

Figure 1.3: Tunable luminescence behavior w.r.t different anions in a flexible cationic 

framework. (Reproduced with permission from reference 39) 

variation was observed. The differences in the observed intensities were correlated to the 

coordinating attributes of the anions and their interactions with the metal center affecting the 

inter-ligand transitions. This report demonstrated anion-responsive luminescence in a MOF for 

the first occasion and serves as a significant juncture in the development of MOF based ion 

sensors. 
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1.6.1. Colorimetric anion sensors: 

The process of ion recognition can be significantly simpler if the host–guest information is 

transduced via visual chroma.40 Cationic networks bearing colored metal ions or 

photochemically active ligands can be sought as appropriate candidates for such applications. 

Anion exchange has been recently explored in a few cationic MOFs, but reports of MOFs acting 

as naked eye sensors have been rare.41 This part covers the literature reviews of cationic MOFs 

exhibiting visual post-synthetic anion exchanging changes. In a pioneering work by Dong et al., 

42 the efficacy of cationic MOFs as anion receptors in a selective and detectable manner was 

explored. The authors synthesized a 2D MOF centered on Cu (II) nodes and pillared on a neutral 

fluorene based ligand which encapsulated nitrate anions in its voids. The free anions were 

substituted with foreign ions like F−, Cl−, Br−, I−, SCN− and N3
−, the progress of which was 

characterized by IR, XPS experiments. The authors observed drastic color change (from blue for 

the pristine sample to different shades of green and brown) with every exchanged anion without 

perturbing the structural integrity in all the cases. Selectivity experiments were performed to 

elucidate the ability of the framework to separate anions from a mixture and the results have 

been attributed to the geometry and coordination affinity of the chosen anions. Zhang and co-

workers explored photochromism in a viologen based coordination polymer.43 A Cd based 1D 

helical CP was synthesized bearing free perchlorate anions in its coordination space. The authors 

successfully replaced ClO4
−ions with foreign anions like I−, Cl−, N3

−and SCN− in a Single 

crystal–Single crystal (SC-SC) manner in a short time. The initially photochromically inactive 

compound was found to be photo chemically active after the exchange process, owing to the 

structural changes occurring upon anion exchange. The different charge transfer (CT) complexes 

between the electron accepting viologen moieties and pseudohalide ions have been attributed to 

the multivariate coloration to the various exchanged phases. Upon irradiation, the different 

phases were found to exhibit different hues originating due to the differential radical generating 

reactions and this process was found to be reversible. On similar lines to the report by Dong et 

al., Bu and co-workers synthesized a cationic framework bearing free nitrate ions in its channels 

and utilized the same as a colorimetric probe for several guest anions.44 A 4-fold novel 

topological network was synthesized by the in situ reduction of Cu (II) to Cu (I) under 

crystallization conditions. The occluded methanol molecules were replaced with water molecules 
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on heating and the resultant phase was found to be air and moisture stable. On exchanging the 

nitrate ions with different anions (F−, Cl−, Br−, I−, N3
−, SCN−, CO3

2−) in aqueous phase, 

remarkable visual changes to the color of the parent compound were observed (Figure 1.4). 

Exploiting the luminescence feature bestowed by the metal center, the authors also recorded 

varying intensities of the different phases by the solid state luminescence experiments. 

 

 

Figure 1.4: a) Cu(I) based four fold helical structure containing NO3‾ anions and b) Visual 

colorimetric changes upon exchanging with different anions. (Reproduced with permission from 

reference 44) 

 

1.7. Capture and sensing of toxic anions by cationic MOFs 

Heavy oxo-anions like ReO4
−, CrO4

2−, TcO4
−, Cr2O7

2−, MnO4−, AsO4
3−, SeO3

2−, etc. are known 

to cause serious threats to human health and environment.45 The U.S. Environmental Protection 

Agency has listed these metal based oxo-anions in the list of top priority pollutants occurring in 

nature. The commonly used techniques for separation of such pollutants from waste water 

involve ion exchange, photocatalytic oxidation and adsorption. However, most of these methods 

are either cost effective or have accessibility issues. The commonly used ion exchangers are 
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mainly divided into (i) organic based polymer resins or (ii) inorganic based zeolites or layered 

double hydroxides (LDHs). But the usage for widespread applications is limited because the poor 

thermal and chemical stability of the organic polymers and the lack of recyclability and low 

selectivity for the anions restricts the use of the inorganic based materials. Cationic MOFs play a 

crucial role in this respect because the readily exchangeable anions which remain free inside the 

pore can be replaced by these heavy pollutants.46 

Oilver et al. reported the application of [Ag2(4,4ꞌ-bipy)2(O3SCH2CH2SO3)·4H2O] (SLUG-21) for 

the treatment of radioactive waste like permanganate and perrhenate.47 The cationic unit of Ag-

bipy chains, charge balanced by interstitial 1,2-ethanedisulfonate (EDS) anions. Anion exchange 

performed with aqueous solutions of MnO4
− showed a trapping of MnO4− and optical images 

taken at different time intervals as high as 94% after 48 has confirmed by UV–vis spectroscopy 

with an adsorption capacity of 283 mg/g which is much higher as compared to the uptake 

capacity of LDHs (10/150 mg/g). The high performance of SLUG-21 in trapping MnO4
− was 

attributed by the authors to the stability of these anions inside the cationic framework upon 

structural transformation. The extra stability gained upon replacement of the EDS anions by 

these oxo-anions is the governing factor for such thermodynamic stability. Exchange capacity of 

SLUG-21 for ReO4
− was also studied by the authors which revealed an adsorption capacity of 

high 602 mg/g based on the molecular weight of ReO4
−. The uncalcined and calcined LDHs are 

only 37 and 125 mg/g which is much lower than SLUG-21. Thus the authors overcame the 

problem of low uptake capacity by the hydrotalcites for this two oxo-anions. The exchange rate 

and capacity of SLUG-21 for other problematic oxo-anions as calculated by the authors follows 

the order MnO4−> ReO4
−> ClO4

−> CrO4
2−> NO3

−> CO3
2−. In another report by Wang and co-

workers48 a new [Ag2-(btr)2]·2ClO4·3H2O (ABT·2ClO4; (btr=4,4ꞌ-bis(1,2,4-triazole))which 

shows capture and separation of Cr2O7
2−in water. This unique MOF composed of distorted 

octahedral and tetrahedral cages showed contains ClO4
− anions in the porous cavities which were 

readily exchanged by dichromate anions. The adsorption capacity of ABT·2ClO4 for Cr2O7
2− was 

calculated to be 0.73 mol/mol after 48 h which precedes the only known lead fluoride material 

for exchanging dichromate anions. The effect of anion exchange on luminescence was observed 

as almost complete luminescence quenching was observed after anion exchange detectable even 

by naked eye. The reason given by the authors was that due to the electron-transfer transitions of 
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Cr2O7
2−which in turn reduces the energy transfer from the btr ligand to Ag+ ions by ligand-to-

metal charge transfer. A more recent report by Zhang et al. two cationic MOFs, 

[Zn2(Tipa)2(OH)]·3NO3·12H2O] (FIR-53) and [Zn(Tipa)]·2NO3·DMF·4H2O] (FIR-54) were 

synthesized and the exogenous anions, i.e. OH− and NO3
− were post synthetically exchanged 

with Cr2O7
2−.49 Because of the ease of diffusion of the dichromate anions in FIR-54 showed a 

high adsorption capacity of 100 mg/g. Both these two compounds trapped the  

Figure 1.5: a) Porous structure of FIR-53 and b) Reversible trapping and release of Cr2O7
2−by 

by FIR-53. (Reproduced with permission from reference 49) 

 

incoming anion by SC–SC transformation. In particular, FIR-53 showed unprecedented 

reversibility behavior without losing its uptake capacity. Zhao et al. synthesized an indium 

trimer-based cationic framework which could be used as an ion exchange based platform for 

separation purposes. Various long chain anionic organic dyes like OG2
− which are otherwise 

difficult to separate by size exclusion effect were separated by the cation MOF. Moreover 

molecules within the range ∼100 Da < Mw< 1000 Da could be separated depending on the 

charge and can be used as an suitable material for anion encapsulation and separation. Chen and 

co-workers fabricated an aminated polymer inside a MOF for facile reversible exchange of 

Au(CN)2
− ions in trace amount.50 Polyvinyl benzyl trimethyl ammonium hydroxide (PVBTAH) 

captured in ZIF-8 for the very first time demonstrated superior ion exchange dynamics as 
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compared to the conventional known ion exchange resins like Amberlyst-A26 ion-exchange 

resin. 

1.8. Post-synthetic modification (PSM): An important tool for anion 

sensing 

Post-synthetic modification (PSM) has for long been one of the versatile methods for 

incorporating the suitable functionality in a MOF. More often than not researchers have 

employed PSM to achieve diverse applications in the field of storage, separation, catalysis, 

proton conduction etc.51 The method of post-functionalization can be a key recognize a particular 

species due to specific interactions (covalent/non-covalent) with the functionalized MOF 

(Scheme 1.6). Post-functionalization can be achieved in heterogeneous medium and a 

chemically robust MOF is best suited for it. Ligand functionalization by PSM is one of the 

widely practiced methods to graft a recognition site in the MOF which in turn can give variable 

response w.r.t the incoming guest molecules. Since the ordered periodical arrangement of ligands 

 

 

 

 

 

Scheme 1.6: Dual PSM strategy for recognition of anions by changes in optical properties. 

 

play a crucial role in generating a signal output, PSM strategy promises to be one of the suitable 

techniques to sense an anionic species. Zhang et al. fabricated a cationic MOF (ZJU-101) by post 
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synthetic modification of MOF-867 in which the pyridyl sites were methylated to form N+–CH3 

units inside the MOF.52 The free NO3
− anions were then exchanged by hazardous Cr2O7

2- anions 

from water resulting in changes in optical properties. Post-synthetic metalation can also be 

effective in selective recognition of a particular anion as exhibited by in a recent report by Yan 

and co-workers. Their group synthesized a lanthanide doped MOF i.e. MIL-125(Ti)-AM-Eu 

which showed excellent photoluminescence response in presence of PO4
3- anions.53 Thus 

judicious strategy of PSM can lead towards development of new MOF based anion sensors with 

greater selectivity and sensitivity and can be an important tool for anion recognition in 

heterogeneous phase.  

1.9. Application of MOFs for biological assay system 

The quantitative and qualitative usage of MOFs for bio-sensing is an active field of research.54 

MOFs have shown tremendous promise in the field of bio-sensing because their structural 

flexibility, tuneable synthesis and in some cases their bio-compatible nature. The usage of MOFs 

for sensing of biologically relevant entities like DNA, ssDNA and dsDNA have shown the 

potential of MOFs to be used for bio-medical applications. For MOFs to be used for in vitro/in 

vivo sensing applications it must be a) bio-compatible in nature, b) must be non toxic towards 

cells, c) must be of required size (preferably in nanometric scale) for injection in the cells and b) 

must be stable at optimum biological conditions. For sensing phenomenon inside the cell lines, a 

turn on fluorescence output is always desired because in that case visualization and 

quantification becomes easy. Sensing of toxic anions inside the cells can lead to significant 

progress in the field of bio-sensing by MOFs and could pave way for designing novel hybridized 

materials in the field of therapeutics, bio-imaging, drug delivery etc. 

1.10. Overview of the thesis:  

In chapter 2, I have designed a cationic MOF based on a simple schieff base ligand and Zn2+ and 

the extra framework anions has been utilized for exchange with other foreign anions resulting in 

anion tunable luminescence modulation behavior. 
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In the next chapter, I have used a newly designed amide functionalized N-donor ligand with 

bichelating sites and in conjunction with Cu2+, I have fabricated a one dimensional CP which 

underwent SC-SC transformation with a foreign anion resulting in visual colorimetric detection. 

In 4th chapter, a porous MOF with functional sites has been utilized for PSM to incorporate 

specific functionalities to sense a toxic anion and this has been realized by fluorescence changes 

after binding of the anion. 

In chapter 5, an anionic CP has been utilized for cationic exchange with a specific dye molecule 

which acts as sensory unit for CN¯ anion and the MOF has been utilized as a reaction vessel to 

achieve detoxification of the same. The sensing properties were found to be effective even in 

vitro studies using human cell lines and the MOF could be recycled for further use also. 

In Chapter 6, conclusions and future outlook of the thesis has been briefly discussed. 
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2.1. Introduction: 

Porous coordination polymers or metal−organic frameworks (MOFs) with tunable properties 

have emerged as an exciting class of multifunctional materials because of their applications over 

a wide range.1 In particular, “soft porous frameworks” have attracted much attention in recent 

years because of their highly ordered network along with structural flexibility.2 They score over 

the conventional rigid porous frameworks in a way that they respond to a specific guest molecule 

and change their micro-cavities into those that match the shape and affinity of the incoming 

guest molecule. These materials undergo solid-state structural transformation when a guest 

molecule comes in or goes out of the framework. Such guest-responsive tailorable behavior 

along with enzyme-like specificity makes it a stimulus-responsive smart host material, thereby 

triggering a manifold increase in the host-guest interactions.2,3 Combinations of a neutral flexible 

ligand and metal ions generally give rise to cationic frameworks.4 These frameworks usually 

harbor solvents as guests in their porous cavities. Upon drying, these loosely trapped guests 

escape, thus leading to structural transformations.5 These guest-driven structural transformations 

often find a way to build up a dynamic framework.4b In addition, these cationic MOFs have extra 

counter anions to neutralize the overall charge of the framework, which usually weakly 

coordinates to the metal ions or sometimes remains free in the framework lattice.6 The 

incorporation of a d10 metal ion in complexation with a nitrogen-donor ligand at room 

temperature often provides luminescent cationic frameworks.7 Variation of the counter anions in 

a luminescent cationic framework by other foreign anions of different size, shape, and geometry 

may often regulate the framework functionalities.8 Especially, the anion-switchable fluorescence 

of a luminescent cationic framework has been one of the most investigated topics in this regard 

because it finds very useful application such as chemical sensors and anion receptors, paving the 

way for a concoction of new materials.4b,7,9 In spite of a lot of reports on dynamic frameworks, 

anion/guest-switchable fluorescence tuning of a MOF mixed with its inherent framework 

flexibility is not so common.10,4b. 

Herein, in this chapter a three-dimensional (3D) cationic luminescent framework built from a 

newly designed nitrogen donor ligand [(E)-N-[1-(pyridin-4-yl)ethyidene]hydrazine 

carbohydrazide; Scheme S1 in the Supporting Information (SI)] with a flexible skeleton (Figure 

2.1.a) with multiple coordinating sites in combination with zinc(II). The framework shows guest-
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driven structural dynamics in a reversible way. The air-dried phase of the compound exhibits 

size-dependent anion exchange behavior, and this is well demonstrated by single crystal-to-

single crystal (SCSC) structural transformation experiments along with other spectroscopic 

techniques. The cationic framework shows interesting anion-responsive tunable luminescent 

behavior (Scheme 2.1). 

 

 

Scheme 2.1. Schematic Representation of a Guest  and Anion-Responsive Dynamic Framework. 

 

2.2. Experimental Section: 

2.2.1. General remarks: 

2.2.1.1. Materials: All the reagents and solvents were commercially available and used without 

further purification. 

2.2.1.2. Physical measurements: Powder X-ray diffraction (PXRD) patterns were measured 

on Bruker D8 Advanced X-Ray diffractometer at room temperature using Cu-Kα radiation (λ= 

1.5406 Å) with a scan speed of 0.5° min–1 and a step size of 0.01° in 2 theta. Thermogravimetric 

analysis was recorded on Perkin-Elmer STA 6000, TGA analyzer under N2 atmosphere with 

heating rate of 10° C/min. FT-IR spectra were recorded on NICOLET 6700 FT-IR 

Spectrophotometer using KBr Pellets. 
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2.2.1.3. X-ray Structural Studies: Single-crystal X-ray data of compound 1כNO3¯ , 1כClO4¯ 

and 1כBF4¯ were collected at 200 K on a Bruker KAPPA APEX II CCD Duo diffractometer 

(operated at 1500 W power: 50 kV, 30 mA) using graphite-monochromatic Mo K radiation (λ 

= 0.71073 Å). Crystal was on nylon Cryo Loops (Hampton Research) with Paraton-N (Hampton 

Research). The data integration and reduction were processed with SAINT11 software. A multi-

scan absorption correction was applied to the collected reflections. The structure was solved by 

the direct method using SHELXTL12and was refined on F2 by full-matrix least-squares 

technique using the SHELXL-9713 program package within the WINGX14 programme. All non-

hydrogen atoms were refined anisotropically. All hydrogen atoms were located in successive 

difference Fourier maps and they were treated as riding atoms using SHELXL default 

parameters. The structures were examined using the Adsym subroutine of PLATON15 to assure 

that no additional symmetry could be applied to the models. PLATON SQUEEZE programme 

was used to omit the diffused electron density associated with disordered solvent molecules 

outside the coordination sphere to improve the % of R. Appendix 2.1, 2.2 and 2.3 contains 

crystallographic data for 1כNO3̅ , 1כClO4¯& 1כBF4¯ respectively. Crystallographic data for the 

structural analysis have been deposited with the Cambridge Crystallographic data Centre. CCDC 

1001339 (1כNO3¯ ) , CCDC 1001338 (1כClO4¯) and CCDC 1001417 (1כBF4¯) . Copies of the 

data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving. html . 

2.2.1.4. Sorption Measurements: Solvent sorption measurements were performed using 

BelSorpmax (Bel Japan). All of the solvents used were of 99.99% purity. The desolvated 

samples was obtained by heating sample at 100 °C under vacuum for 3 hrs. and the dehydration 

was confirmed by TGA and PXRD. Prior to adsorption measurement the desolvated sample was 

pre-treated at 100 °C under vacuum for 3 hrs. 

 using BelPrepvacII and purged with N2 on cooling. 

 

 

 

 

 

 

../Chapter%202/www.ccdc.cam.ac.uk/conts/retrieving.%20html%20.
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2.2.2. Synthesis:  

2.2.2. a Synthesis of Ligand: ((E)-N-(1-(Pyridin-4-yl) ethyidene) hydrazine carbohydrazide): 

To a solution of Carbohydrazide (1gm, 11.1mmol) in 30 ml MeOH, 4-acetyl pyridine (1.47 gm, 

12.1 mmol) was added in presence of catalytic amount of Acetic acid1 (1 ml) to increase the 

electrophilicity of the carbonyl group of 4-acetyl pyridine and refluxed in an ice cold condition at 

80oC for about 5-6 hrs. in an oil bath . White ppt. formed was filtered off and subsequently 

washed with MeOH and EtOH and then dried under vacuum to give 1.65 gm of L. Yield: 1.65 

gm., 95% (Scheme 2.2). The ligand was characterized by 1H-NMR (Appendix 2.4). 

 

Scheme 2.2: Schematic representation of ligand (L). 

 

 

2.2.2. b Synthesis of Compound (1כNO3¯): DCM/MeOH solution of the ligand (19 mg, 0.1 

mmol) was taken in a layering tube and to it a mixture of chlorobenzene and methanolic solution 

of Zn (NO3)2 (29.74 mg, 0.1  mmol) was carefully layered. Transparent rod like crystals of 

1כNO3¯suitable for X-ray studies were obtained after 2 days in 60 % yield. When parent 

crystals were taken out from the mother liquor and kept in open air for about 1-6 hrs, it gives rise 

to another type crystals compound 1כNO3¯. 

2.2.3 Anion exchange study: Crystals of compound 1כNO3¯was slowly stirred in MeOH 

solution (0.5 mmol/5 mL H2O) of NaClO4, NaBF4, respectively for about 5 days at r.t. giving 

rise to the anion exchange product, characterized by FT-IR, XPRD, TGA, solid- state UV & 

solid-state emission spectra. 
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2.2.3. a Synthesis of Compound 1כClO4¯: Crystals of compound 1כNO3¯dipped into MeOH 

solution (0.5mmol/10 mL MeOH) of NaClO4 for about 5 days to get compound 1כClO4¯ 

[{Zn(L)2}(ClO4)2·xG]n , Confirmed from SCXRD study. 

Elemental analysis of 1כClO4¯ (%) calculated (squeezed form) C16 H22 N10 O10 Cl2 Zn: C 29.53, 

H 3.41, N21.53 Found (desolvated phase): C 31.22, H 3.57 N 22.43. 

2.2.3. b Synthesis of Compound 1כBF4¯: Crystals of compound 1כNO3¯ dipped into MeOH 

solution (0.5mmol/5 mL MeOH) of NaBF4 for about 5 days to get compound 1כBF4¯ 

[{Zn(L)2}(BF4)2·xG}]confirmed from SCXRD study. 

Elemental analysis of 1כBF4¯ (%): calculated C16 H22 N10 O2 B2 F8 Zn: C 30.73, H 3.55, N 22.40 

Found (desolvated phase): C 29.77, H 3.45, N 22. 

2.2.3. Reversibility test:  Each solid powder of the exchanged compounds stirred very slowly 

in methanolic solution (5 mL) of tetra butyl ammonium nitrate (0.75 mmol) separately for about 

5 days at r.t. , filtered off, washed with MeOH several times and characterized by FT-IR. 

 

2.3. Result and discussions: The combination of L with zinc (II) in a solvent system of 

methanol/dichloromethane/chlorobenzene at room temperature yielded transparent block-shaped 

crystals of the compound [{Zn(L)2}(NO3)2·xG]n (1כNO3¯; G is a disordered guest molecule). 

Single-crystal X-ray diffraction (SCXRD) analysis of 1כNO3¯ showed that it crystallized in a 

monoclinic system with space group C2/c. The asymmetric unit contains two ligands, one 

zinc(II) ion and two non-coordinated nitrate (NO3¯) anions. Each zinc  (II) ion displays distorted  

 

 

 

 

 

 

 

 

Figure 2.1: a) Chemical diagram of ligand (L) and b) Coordination environment around the zinc 

centre in 1NO3
͞   . 
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octahedral geometry  with a N4O2 donor set from four ligands (Appendix 2.6 a). Two ligands 

bind in a bidentate fashion through amine nitrogen and carbonyl oxygen, and the other two 

connect the same zinc (II) node via pyridyl nitrogen, thus extending into a 3D structure, as 

shown in Figure 2.1 and Appendix 2.6 b. 2-fold interpenetration creates large one-dimensional 

tube like channels along the b axis, in which disordered solvent molecules and nitrate anions 

were located (Figure 2.2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Figure showing porous channel with free NO3¯in 1NO3
͞   along b axis . 

 

A noteworthy feature of the compound is that when 1כNO3¯ was kept out of the mother liquor 

at room temperature and air dried for about 24 h, it showed a drastic structural change and is 

transformed to a new phase, which was evidenced from the time dependent powder X-ray 

diffraction (PXRD) pattern (Figure 2.3a). PXRD patterns at various time intervals and in the 

presence of a small amount of mother liquor indicate that the structural integrity is initially 

maintained. However, after about 1−6 h, the PXRD pattern showed a drastic structural change 

and converted to a new phase, 1כNO3¯, which demonstrates the dynamic nature of compound 

1כNO3¯ (Figure 2.3b). Furthermore, when 1כNO3¯ was immersed in the mother liquor, 

compound 1כNO3¯ reverts back to compound 1כNO3¯, as shown by the PXRD pattern 

(Appendix 2.5), indicating the reversible nature of the framework. Because of the weak 

crystalline nature of 1כNO3¯, the structure could not be obtained even after several attempts. 
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Because 1כNO3¯showed structural transformation at room temperature, we performed anion-

exchange experiments with the air-stable phase 1כNO3¯, which also contains the framework  

 

Figure 2.3: a) PXRD patterns of compound 1 כNO3¯and 1כNO3¯and b) Time dependent PXRD 

patterns of 1 כNO3¯. 

 

NO3¯ anions [confirmed by IR].  Anion induced structural changes were observed when attempts 

were made to exchange 1כNO3¯with other anions. Anion exchange completion was monitored 

by dipping the crystals of 1כNO3¯ in separate methanolic solutions of NaClO4, NaBF4, KPF6, 

KSbF6, and NaCF3SO3 and thereafter characterized by FT-IR spectra and CHNS data after about 

4−5 days. FT-IR spectra of the anion-exchanged products showed strong bands that were 

characteristic of the exchanged anions. For compound 1כNO3¯ with NO3¯anions, inside the 

channels, a characteristic band at 1380 cm−1 is observed as a result of the nitrate anion. However, 

the ligand (L) shows a characteristic band around the same region as that of the NO3¯anion due 

to C−C aromatic stretch. Therefore, although the intensity of this band is unchanged in the 

exchanged products, new peaks at 1080 cm−1 (1כClO4¯) and 1034 cm−1 (1כBF4¯) were observed 

in the respective exchanged compounds (Figure 2.4a).  For PF6¯, SbF6¯, and CF3SO3¯, because 

of larger size, these anions could not be exchanged and therefore show no characteristic peak in 

IR spectra even after 5−10 days. 

Selective anion exchange, i.e., separation of anions based on similar shape and size, is one of the 

intriguing aspects of such dynamic anion exchange processes. In a typical experiment, crystals of 
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 NO3¯ were immersed in a methanolic solution of mixed anions (BF4¯/ClO4¯) havingכ1

equimolar concentration. Selective anion exchange by the framework was observed in which 

NO3¯ was quantitatively exchanged with BF4¯ (Figure 2.4 b). Reversibility could not be 

attained when I tried to exchange both ClO4¯ and BF4¯ with excess NO3¯ because of the stronger 

hydrogen-bonding interaction of ClO4¯ and BF4¯ with the framework lattice (Appendix 2.9). 

 

Figure 2.4: a) FT-IR spectra of 1 כNO3¯and different anion exchanged compounds showing 

highlighted bands for corresponding anions and b) FT-IR spectra of different binary 

combinations showing selective anion exchange. 

 

During the anion-exchange process, X-ray-quality single crystals were obtained for 1כClO4¯ 

(Figure 2.5) and 1כBF4¯, respectively (Appendix 2.8). Single-crystal analysis of compound 

 and (¯ClO4כ1) BF4¯ revealed that both compounds [{Zn(L)2}(ClO4)2·xG]nכClO4¯and 1כ1

[{Zn(L)2}(BF4)2·xG}]n (1כBF4¯) crystallized in a monoclinic system and were isostructural. The 

asymmetric unit of compound 1כClO4¯ contains half of a zinc ion, one ligand, and one non-

coordinated ClO4¯ anion. The zinc (II) ion displays perfect octahedral geometry, with the N4O2 

donor set having the same coordination environment as that in the case of 1כNO3¯, forming 

two-dimensional (2D) network (Appendix 2.7). Interestingly, close examination of all of the 

structures revealed that during structural transformation the L−ZnII−L angle for the compounds 
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is quite different from 106.22° (1כNO3¯) compared to 112.17° (1כClO4¯) and 66.49° (1כBF4¯; 

Appendix 2.14). This is probably due the cooperative effect of ligand flexibility and the loss of 

low-boiling solvents from the lattice voids, which leads to the drastic change in the overall 

network with Zn−N bond rearrangements, thereby resulting in the formation of these more stable 

2D structures. Single-crystal structural analysis showed complete exchange of NO3¯ in 1כNO3¯ 

by incursive anions in the exchanged compounds, whereas the bulk powder FT-IR analysis and 

CHNS data revealed ∼98% exchange of the same. The PXRD patterns of compounds 1כClO4¯ 

and 1כBF4¯match exactly with their respective simulated patterns, and this proves the phase 

purity of the bulk sample after anion exchange. As observed, compound 1כNO3¯upon air drying 

transforms to a stable phase (1כNO3¯), which thereby undergoes SCSC transformation after  

 

Figure 2.5: Perspective view of Solid state structural transformation from 1NO3
͞ to 1ClO4¯ 

showing overall packing of both phases. 

 

anion exchange to form structures 1כClO4¯ and 1כBF4¯. More interestingly, the PXRD pattern 

of 1כClO4¯ was also quite similar to the experimental PXRD pattern of compound 1כNO3¯, 

thereby indicating that compound 1כNO3¯probably was isostructural with 1כClO4¯ and 1כBF4¯ 

(Figure 2.6). Thermogravimetric analysis (TGA) of compounds 1כNO3¯, 1כClO4¯, and 1כBF4¯ 

demonstrated that the compounds were thermally stable up to ∼225 °C with an  
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Figure 2.6: PXRD patterns of   1כNO3¯, 1כNO3¯and various anion exchanged compounds. 

 

initial loss because of lattice solvent molecules (Appendix 2.10-2.12). Guest-inclusion behavior 

for compounds 1כNO3¯, 1כClO4¯, and 1כBF4¯were examined by solvent sorption 

measurements at 298 K. The ethanol sorption profile for compound 1כNO3¯ showed a typical 

hysteretic gate-opening nature (P/P0 = 0.78) of dynamic frameworks and an uptake amount of 

about 152 mL g−1 (6.82 mmol g−1). For anion-exchanged compounds 1כClO4¯ and 1כBF4¯, the 

uptake amounts were 135 mL g-1 (6.035 mmol g−1) and 173 mL g−1 (7.74 mmol g−1) (Figure 2.7) 

with similar sorption patterns. The difference is the sorption amount with similar sorption 

patterns is due to the differential interaction of guest with similar frameworks but containing 

anions of different shape, size, and electronic nature.  

UV absorptions were measured in order to check the absorption profile for anion-exchanged 

compounds. Compound 1כNO3¯ and anion-exchanged compounds show similar nature in the  

absorption curves (Figure 2.8a). Also, solid-state emission spectra were investigated for 
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Figure 2.7: Ethanol sorption of 1 NO3
͞, 1 ClO4

¯and 1 BF4
¯at 298K. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8: a) Diffused reflectance spectra 1 NO3
͞ and other anion exchanged compounds, b) 

Solid- state luminescence spectra of 1NO3
͞ and other anion exchanged compounds (Normalized 

intensity plot) and c) Solid state emission spectra of 1NO3
͞, free ligand and anion exchanged 

compounds (left) and optical micrographs of the same compounds under UV light (right). 
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for powdered samples of  L, desolvated compounds of both 1כNO3¯ and other anion exchanged 

samples at room temperature. Upon photo-excitation at 350−400 nm, L displays a weak 

fluorescence and, consequently, emission maxima at 440 nm. Compound 1כNO3¯showed an 

intense broad band at 505 nm exhibiting a significant red shift compared to L. This can be 

attributed to π*−π intraligand transitions, metal-to-ligand charge transfer, or the effect of 

coordination of the ligand to the metal center. 1כClO4¯and 1כBF4¯displayed broad peaks with 

intensity maxima at 442 and 497 nm, respectively (Figure 2.8 c). Both exchanged compounds 

showed a blue shift with respect to emission of 1כNO3¯ (Figure 2.8 b). The emission intensity 

of exchanged compounds showed very drastic differences compared to 1כNO3¯, which may be 

due to the differential interaction of anions with the framework lattice. The quantum yields were 

measured for 1כNO3¯and anion-exchanged compounds in the solid state at room temperature 

according to Bril and De Jager-Veenis.16 The calculated quantum yield values of 1כNO3¯, 

 BF4¯ were 0.873, 0.0583, and 0.0337, respectively, which supported theכClO4¯, and 1כ1

corresponding emission profiles of the respective compounds.  

In conclusion, we have synthesized a luminescent cationic porous framework using a newly 

designed flexible chelating nitrogen-donor ligand. The framework showed guest-driven 

structural dynamics in a reversible manner. The framework contains free anions in its lattice 

voids. These anions can be exchanged easily by other anions of different shape and size. These 

anion-exchange experiments were well demonstrated by SCSC structural transformation and 

other spectroscopic techniques. Furthermore, selective anion-exchange results prove the affinity 

of the host framework toward anions of similar nature and can be an efficient system for ion 

separation. Also, anion-exchanged compounds show anion-dependent tunable luminescence and 

therefore have potential to develop as smart materials for chemical sensors, light-emitting 

devices, and other optoelectronic design strategies. 
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Appendix:

 
Appendix 2.1: Crystal data and structure refinement for compound 1כNO3¯. 

 

Identification code  Compound 1 כNO3¯ 
 

 

Identification code  Compound 1כNO3¯ 

Empirical formula  C16 H22 N12 O8 Zn 

Formula weight  575.82 

Temperature  200(2) K 

Wavelength  0.71069 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 27.511(5) Å = 90.000(5)°. 

 b = 23.284(5) Å β= 131.079(5)°. 

 c = 18.752(5) Å γ = 90.000(5)°. 

Volume 9055(4) Å3 

Z 8 

Density (calculated) 0.845 Mg/m3 

Absorption coefficient 0.579 mm-1 

F(000) 2368 

Crystal size 0.120 x 0.110 x 0.100 mm3 

Theta range for data collection 1.395 to 18.393°. 

Index ranges -24<=h<=24, -20<=k<=20, -16<=l<=16 

Reflections collected 16616 

Independent reflections 3320 [R(int) = 0.0582] 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9444 and 0.9338 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3320 / 12 / 334 

Goodness-of-fit on F2 1.095 

Final R indices [I>2sigma(I)] R1 = 0.0645, wR2 = 0.1771 

R indices (all data) R1 = 0.0801, wR2 = 0.1859 

Largest diff. peak and hole 0.502 and -0.410 e.Å-3 
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Appendix 2.2: Crystal data and structure refinement for compound 1כClO4¯ 

 

Identification code  Compound 1 כClO4¯ 
 

Identification code  Compound 1כClO4¯ 

Empirical formula  C16 H22 Cl2 N10 O10 Zn 

Formula weight  650.70 

Temperature  200(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 18.740(4) Å = 90°. 

 b = 12.600(2) Å β= 105.597(4)°. 

 c = 15.198(3) Å γ  = 90°. 

Volume 3456.5(12) Å3 

Z 4 

Density (calculated) 1.250 Mg/m3 

Absorption coefficient 0.918 mm-1 

F(000) 1328 

Crystal size 0.120 x 0.120 x 0.110 mm3 

Theta range for data collection 1.971 to 26.225°. 

Index ranges -23<=h<=23, -15<=k<=15, -18<=l<=18 

Reflections collected 14263 

Independent reflections 3470 [R(int) = 0.0190] 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9058 and 0.8978 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3470 / 0 / 178 

Goodness-of-fit on F2 1.042 

Final R indices [I>2sigma(I)] R1 = 0.0661, wR2 = 0.1765 

R indices (all data) R1 = 0.0717, wR2 = 0.1813 

Largest diff. peak and hole 1.921 and -1.457 e.Å-3 
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Appendix 2.3: Crystal data and structure refinement for compound 1כBF4¯ 

 

Identification code  Compound 1כBF4¯ 
 

 

Identification code  Compound 1כBF4¯ 

Empirical formula  C16 H22 B2 F8 N10 O2 Zn 

Formula weight  625.42 

Temperature  200(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 18.834(5) Å = 90.000(5)°. 

 b = 12.345(5) Å β= 106.163(5)°. 

 c = 15.224(5) Å γ  = 90.000(5)°. 

Volume 3400(2) Å3 

Z 4 

Density (calculated) 1.222 Mg/m3 

Absorption coefficient 0.793 mm-1 

F(000) 1264 

Crystal size 0.140 x 0.110 x 0.100 mm3 

Theta range for data collection 2.249 to 20.013°. 

Index ranges -18<=h<=16, -11<=k<=11, -14<=l<=14 

Reflections collected 6124 

Independent reflections 1543 [R(int) = 0.0434] 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9249 and 0.8970 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1543 / 0 / 186 

Goodness-of-fit on F2 1.096 

Final R indices [I>2sigma(I)] R1 = 0.0540, wR2 = 0.1247 

R indices (all data) R1 = 0.0608, wR2 = 0.1276 

Largest diff. peak and hole 0.359 and -0.333 e.Å-3 
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Appendix 2.4: 1H-NMR of Ligand (L).         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

   

 

 

Appendix 2.5: PXRD patterns of compound 1 NO3¯and 1 NO3¯ showing reversibility. 
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Appendix 2.6: Coordination environment around the metal center in 1 NO3¯ . (Colour code; 

Carbon: gray, oxygen: red, nitrogen: blue, zinc: brown) and b) Overall packing of 1 NO3¯ . 

 

 

 

 

 

 

 

 

 

 

Appendix 2.7: ) Coordination environment around the metal center in 1 ClO4
̅. Hydrogen atoms   

have been deleted for clarity. (Colour code; Carbon: gray, oxygen: red, nitrogen: blue, zinc: 

brown) and b) Overall packing of 1 ClO4
̅ showing free ClO4

̅ anions in the interstitial position. 
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Appendix 2.8: a) Coordination environment around the metal center in 1 BF4
̅. Hydrogen 

atoms   have been deleted for clarity. (Colour code; Carbon: gray, oxygen: red, nitrogen: blue, 

zinc: orange) and b) Overall packing of 1 BF4
̅ showing free BF4

̅ anions in the interstitial 

position. 

 

Appendix 2.9: Hydrogen bonding interaction and distances of free ClO4
̅   and free BF4

̅ in  1 

ClO4
̅  and 1 BF4

̅  respectively. 
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Appendix 2.10: TGA of   1NO3
͞, 1 NO3

͞, solvent exchanged 1 NO3
͞ and desolvated 

compounds. 

             

   

   

   

   

   

   

   

   

   

   

   

   

   

   

   

  

Appendix 2.11: TGA of   1 ClO4
̅ : as synthesized and desolvated compounds. 
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Appendix 2.12: TGA of   1 BF4
̅ : as synthesized and desolvated compounds. 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2.13: FT-IR spectra of free ligand, 1 NO3
͞ and anion exchanged compounds. 
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Appendix 2.14: Changes in M-M-M  angle  of  1′ NO3
¯ during structural transformations. 

 



 

      Cover page for Chapter 3 

 

 

Chapter -3 

An Amide-Functionalized Dynamic 
Metal–Organic Framework Exhibiting 
Visual Colorimetric Anion Exchange 
and Selective Uptake of Benzene over 

Cyclohexane 



CHAPTER-3 
January 10, 

2017 
 

48  

 

3.1 Introduction: 

Metal–organic frameworks (MOFs) are an important class of materials that have shown 

astounding applications in conventional proof-of-concept usage in separation, storage of gases, 

sensing, catalysis, ion-exchange, and fuel cells.1 The serviceability of such ordered crystalline 

networks often depends on the incorporation of various functionalities within it, and 

development of such MOFs that can truly act as a multifunctional material 2 is the demand of the 

current state of art. In this regard, dynamic/flexible MOFs in which the structures and properties 

can be tuned in response to an external stimulus are of significant interest.3Their structural 

dynamism can indeed be the key principle for the concoction of diversified functionalities within 

the MOFs. The major challenges in chemical industries are development of materials which can 

address the issues concerning separation and environmental pollution.4The conventional 

separation techniques which can effectively separate two small molecules are often expensive 

and require processes that are highly energy-demanding. 5 Cyclohexane, which is generally 

produced by the hydrogenation of benzene in industry, has unreacted benzene in the mixture, and 

separation of these two components is of considerable significance. In particular, because of the 

similarity in the boiling points (benzene, 80.1˚C and cyclohexane, 80.7˚C) and comparable 

Lennard–Jones collision diameters of these two components, conventional techniques often face 

a serious impediment in such separation procedures. 6 The current methods of separation of these 

two species involve the removal of residues from the distillate and are often gruesome. MOFs, 

owing their designable architecture and structural dynamism, score over the other conventional 

materials in this aspect, because by the virtue of their sieving effect, 7 they can selectively act as 

an efficient adsorbent for a particular adsorbate over others, such as benzene over cyclohexane, 

or even among other hydrocarbon congeners. 8 Also, one of the intriguing features of MOFs is 

the wide variety of organic ligands available for the construction allows syntheses of tailor-made 

materials for specific interactions with the incoming guest molecules. For instance, an amide-

functionalized MOF can form favorable hydrogen-bonding interactions or sometimes because of 

the inherent basicity of the amide group 2d can even interact differentially with the C-H protons 

of benzene and cyclohexane. An amide integrated framework can also discriminate between 

polar gas molecules such as CO2 and other nonpolar gases owing to strong dipole–quadrupole 

interactions with CO2 and can be an important candidate for carbon dioxide storage and 
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separation. 9, 2d In addition to this, sensing and separation of small anions by cationic/neutral 

MOFs is one of the important area in the realm of the field of MOFs. 10 Most of the anion 

exchange/sensing properties of MOFs reported so far are either dependent on fluorescence based 

methods of detection or by other spectroscopic techniques. Development of anion receptors that 

can sense anions by visual chroma are of great current interest as the anion recognition can 

consequently be realized by the naked eye. 11 Copper (II)-based MOFs are one of the well-known 

systems for such colorimetric anion sensors. 12 They are known to exhibit Jahn–Teller distortions 

in which the axial bonds which are usually coordinated by anions are significantly weakened. 

Anion exchange reactions at these axial sites in such MOFs may often result in visual color 

change and are getting immense importance in the field of sensors and actuators.13 Integration of 

such multiple functionalities such as CO2 separation/storage, separation of commercially 

important cyclic C6 hydrocarbon congeners, and anion sensing by MOFs are rare, and 

development of such MOFs in a targeted fashion are of considerable importance. 

In our endeavor to incorporate multifarious functionality in a MOF, in this chapter I synthesized 

a novel coordination polymer with molecular formula [{CuL2(NO3)2}·o-xylene·DMF]n 

 by solvothermal reaction of Cu(NO3)2·6H2O and a newly designed amide (¯NO3כ1)

functionalized N-donor ligand L (Figure 3.1 a) in a solvent combination of 1:1 DMF/o-xylene 

(see the Supporting Information). The compound 1כNO3¯transforms to a new phase 1כNO3¯ 

upon desolvation. The desolvated compound shows a preferential uptake of benzene over 

cyclohexane at room temperature by the virtue of favorable interaction with the benzene 

molecules. The compound 1כNO3¯ also showed a strong affinity for CO2 over other gases at 

low temperature. Moreover, the parent Copper (II)-based compound, that is 1כNO3¯, exhibited a 

visual colorimetric detection of SCN¯ anion through an anion-exchange process, which was 

monitored by a solid state structural transformation process (Scheme 3.1). 
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Scheme 3.1:Schematic representation showing multifunctional behaviour of compound 1כNO3¯. 

             

3.2 Experimental Section: 

3.2.1. General remarks: 

3.2.1.1. Materials: All the reagents and solvents were commercially available and used without 

further purification. 

3.2.1.2. Physical measurements: Powder X-ray diffraction (PXRD) patterns were measured 

on Bruker D8 Advanced X-Ray diffractometer at room temperature using Cu-Kα radiation (λ= 

1.5406 Å) with a scan speed of 0.5° min–1 and a step size of 0.01° in 2 theta. Thermogravimetric 

analysis was recorded on Perkin-Elmer STA 6000, TGA analyzer under N2 atmosphere with 

heating rate of 10° C/min. FT-IR spectra were recorded on NICOLET 6700 FT-IR 

Spectrophotometer using KBr Pellets. 

3.2.1.3. X-ray Structural Studies: Single-crystal X-ray data of compound 1כNO3¯, 

1DכNO3¯and 1כSCN¯ were collected at 200 K on a Bruker KAPPA APEX II CCD Duo 

diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite-monochromatic Mo 

K radiation (λ = 0.71073 Å). The data integration and reduction were processed with SAINT14 

software. A multi-scan absorption correction was applied to the collected reflections. The 
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structure was solved by the direct method using SHELXTL15 and was refined on F2 by full-

matrix least-squares technique using the SHELXL-9716 program package within the WINGX17 

programme.  All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were 

located in successive difference .The structures were examined using the Adsym subroutine of 

PLATON18 to assure that no additional symmetry could be applied to the models. PLATON 

SQUEEZE programme was used to omit the diffused electron density associated with disordered 

solvent molecules outside the coordination sphere to improve the % of R. Appendix3.1, 3.2 and 

3.3 contains crystallographic data for the 1כNO3¯, 1DכNO3¯and  1כSCN¯respectively. 

3.2.1.3 Sorption Measurements: Low pressure gas and solvent sorption measurements were 

performed using BelSorpmax (Bel Japan). The sorption-recyclability experiments were recorded 

in BelAqua (Bel Japan). All the gases used were of 99.999% purity. The desolvated samples was 

obtained by heating sample at 100 °C under vacuum for 3h and the desolvation was confirmed 

by TGA and PXRD. Prior to adsorption measurement the desolvated sample was pre-treated at 

100 °C under vacuum for 4h using BelPrepvacII and purged with N2 on cooling. Low pressure 

gas sorption measurements were performed using BelSorpmax (Bel Japan). All of the gases used 

were of 99.999% purity. 

3.2.2. Synthesis:  

3.2.2. a Synthesis of Ligand (L): The solution 4-Aminopyridine in DMF (13.2mmol) was 

added to the solution of 5-tert-Butylisophthalic acid in DMF (4.4 mmol) under ice cold 

conditions (Scheme 3.2). The mixture was treated with DCC (11.2mmol) and HOBt (11.2mmol). 

The reaction mixture was stirred for about 12 h at room temperature and the completion of the 

reaction was monitored by TLC. After completion of the reaction, the reaction mixture was 

diluted with EtOAc (100 mL) and DCU was filtered through the sintered funnel. The EtOAc 

layer was washed with brine (3 × 50 mL) followed by 5% aq. HCl (3 × 50 mL), 10% aq. Na2CO3 

(1 × 50 mL), brine (3 × 50 mL) and dried over anhydrous Na2SO4. The crude product was 

purified by column chromatography using MeOH/DCM to get the pure product.  Yield 2.6 gm., 

82%. The Ligand was characterized by 1H-NMR (Appendix3.4). 
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Scheme 3.2:Schematic representation of the synthesis of ligand (L). 

             

 

3.2.2. b Synthesis of Compound (1כNO3¯): 0.1mmol of L (0.0374gm) and 0.1 mmol of 

Cu(NO3)2  were taken in a glass vial containing 1 ml DMF and 1 ml o-xylene. The resulting 

solution was heated at 90˚C for two days. After cooling dark blue crystals of compound crystals 

compound 1כNO3¯were formed in about ~70% yield. ([CuL2 (NO3)2].o-Xylene.DMF)n. 

 

3.2.2. c Synthesis of Compound 1DכNO3¯: When compound 1כNO3¯was exchanged in 

acetone for 6-7 days and then heated at 50˚C for 5hrs it gave another type of crystal 1DכNO3¯ 

(Characterized by SC-XRD study).The bulk sample of 1DכNO3¯[Elemental analysis 

(%):Calculated C88 H87 Cu2 N20O12:C 55.99 H 4.65 N14.64] loses the coordinated water 

molecule readily and transforms to the new phase i.e. 1כNO3¯[Found C56.45 H 4.10 N 14.92]. 

 

3.2.2. d Synthesis of Compound 1כSCN¯: Crystals of compound 1כNO3¯dipped into MeOH 

solution (0.5mmol/10 mL MeOH) of KSCN for about 5hrs to get compound 1כSCN¯ 

[{CuL(SCN)2}.xG]n. Confirmed from SCXRD study.  

Elemental analysis of 1כSCN ¯ (%): calculated (squeezed form) : C 59.56, H 4.67, N 15.10 S 

6.91 Found (desolvated phase): C 57.53, H 5.12 N15.45 S 7.07. 
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3.3. NMR study of Guest-included phases: Compound 1כNO3¯was exposed 

to vapors of different guests, digested with DCl and then extracted with CDCl3 and D2O. The 

organic extract was then characterized by 1H and 13C NMR experiments. 

3.4. Result and discussions: Single crystal X-ray diffraction analysis of compound 

 NO3¯revealed that the compound crystallized in Monoclinic system with space groupכ1

P2/c.The asymmetric unit contains one Cu(II), one L, one coordinated nitrate (NO3¯) anion, one 

DMF molecule and half o-xylene molecule. The Cu(II) center is coordinated byfour nitrogen 

atoms from four L and two coordinated NO3¯ to furnish an octahedral geometry  (Figure 3.1). In 

complex 1כNO3¯ the ligand L exhibits a cis-conformation. The N-H protons of the ligands are 

hydrogen bonded to the oxygen atoms of the solvent DMF molecules and the oxygen atoms of 

the coordinated nitrate anion to form a hydrogen bonded structure.The dihedral angles between 

its phenyl ring and two pyridine rings are 42 and 40.5 respectively. Two ligands connect the 

Cu(II) nodes forming an infinite dimeric chain of copper resulting in overall 1D porous 

framework along crystallographic a axis(Figure 3.2 and Appendix 3.5-3.6). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1:a) Chemical diagram of ligand (L) and b) Coordination environment around the 

copper centre in 1כNO3¯. 

 

Powder X-ray diffraction analysis of bulk sample of 1כNO3¯showed considerable difference 

from the simulated pattern (Figure 3.3 a) which prompted us to believe that the compound 
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Figure 3.2: a) Porous view of compound 1כNO3¯with solvent molecules and b) Porous view of 

compound 1כNO3¯along a axis. 

 

 NO3¯underwent structural changes when brought out of mother liquor, indicative of theכ1

structural dynamism of the compound. Thermogravimetric analysis (TGA) performed under N2 

revealed that the compound 1כNO3¯showed an initial loss of about 22% which corresponds to 

the DMF and o-xylene molecules (Figure 3.3 b) after which the compound is stable upto 

∼280˚C with no further  

 

 

 

 

 

 

 

 

 

 

Figure 3.3: a) PXRD patterns of 1כNO3¯,1DכNO3¯ and 1כNO3¯ and b) TGA profile of 

 .¯NO3כNO3¯and 1כ1
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weight loss. In our attempt to obtain the air dried phase or the desolvated phase of compound 

 NO3¯I performed solvent exchange experiment with the compound by dipping the singleכ1

crystals of 1כNO3¯in acetone for about 6-7 days and then heating the compound at 50˚C under 

vacuum to get the guest solvent free phase of compound 1DכNO3¯(Figure 3.4). Single crystal 

X-ray analysis of compound 1DכNO3¯revealed that it belonged to Monoclinic system with space 

group P21/c with molecular formula [Cu2L4(NO3)4(H2O)]n. The asymmetric unit of compound 

contains two nonequivalent copper centers, four ligands, one coordinated water molecule, two 

nitrate anions coordinated to one copper centre in one case and one coordinated nitrate anion and 

one free nitrate anion in the other case. The ligand though adopts a cis- conformation as in 

 NO3¯is sufficiently deviated from the parent compound and connects the nearby copper nodeכ1

.This results in breaking of the metal to ligand bond and the overall packing of the compound 

therefore changes drastically from the parent compound i.e.1כNO3¯resulting in the  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 a) Asymmetric unit of 1DכNO3¯. Metals are shown in dark blue polyhedra and b) 

Single net of 1DכNO3¯ in perspective view. Metals are shown in dark green polyhedra. 

 

formation of non-porous 2D structure in 1DכNO3¯in which the N-H protons of the ligand are 

hydrogen bonded to the oxygen atom of the coordinated nitrate anion (Appendix 3.7). Such 

structural changes in 1D coordination polymers upon desolvation have been vividly explained by 

Vittal and co-workers.19 Although the compound 1DכNO3¯has one coordinated water molecule 

the TGA pattern of the bulk sample shows no loss even at high temperature thereby confirming 
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that the compound loses the water molecule and our assumption is that free pyridyl nitrogen 

from the adjacent sheet coordinates to the copper centre. This may often happen because of air 

drying of the single crystals which results in the loss of the coordinated water molecules evenat 

ambient temperature. The PXRD pattern of the simulated pattern of the single crystal compound 

1DכNO3¯and of the bulk sample 1כNO3¯(after replacement of water molecule by pyridyl 

group) almost matches thereby confirming there is not much structural changes (2D structure is 

maintained) in the bulk sample after the loss of the water molecule from the copper node.As 

evidenced from X-ray data in as-synthesized compound 1כNO3¯the axial bonds containing 

coordinated NO3¯ are much elongated than the equatorial bonds and are consequently weakened 

due J-T distortion. In this view , I tried to perform anion exchange experiments with coordinating 

anions like SCN  ̅ , N3  ̅, Cl  ̅, Br  ̅, I  ̅ and F  ̅ ions in compound 1כNO3¯. While in all the other 

cases I observed the loss of crystallinity after anion exchange processes crystallinity were 

maintained in the case of SCN ̅ anions. Interestingly such anion exchange process could be 

monitored in a naked eye manner as the blue compound of 1כNO3¯transformed into dark green 

colour (Figure 3.4 a). Single crystals were obtained for compound 1כSCN¯during anion 

exchangeprocess which revealed that the compoundbelonged to Monoclinic  

 

 

 

 

 

 

 

 

 

 

Figure 3.5: a) Single-crystal to single-crystal structural transformation from 1כNO3¯ to 

 ,SCN¯, resulting in a color change from blue to green. and b) FT-IR spectra of free ligandכ1

 .¯SCNכNO3¯, and 1כ1
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system with space group P21/n and molecular formula [{CuL(SCN)2}•xG]n. (G=disordered 

guest molecules). The asymmetric unit of compound 1כSCN¯contains one copper, two ligands, 

one coordinated SCN¯ anion and one free SCN ̅ anion. Each copper centre is coordinated to four 

pyridyl nitrogen of the four ligands and one coordinated SCN ̅ which replaced the NO3¯ anions 

from the axial position in 1כNO3¯to furnish a square pyramidal geometry (Figure 3.6).The two 

cooper centers are connected by two strands of ligands and results in a one- dimensional 

ribbonlike structure (Appendix 3.8). The two different one dimensional strands are notparallel as 

in the case of 1כNO3¯due to the loss of the o-xylene guest molecules during anion exchange 

process. This results in a complete non- porous structure of compound 1כSCN¯. The change in 

the structure of  

 

 

Figure 3.6:Two different dimensional chains in 1כSCN¯. Metal centers and anions are shown in 

space fill model. 

 

the compound upon anion exchange was also supported by PXRD data which shows a definite 

difference in the patterns of the two compounds (1כNO3¯and 1כSCN¯) which demonstrates the 

dynamic anion exchange properties of 1כNO3¯(Appendix 3.10).  The anion exchange 

completion was monitored by FT-IR and whereas bulk sample purity was confirmed by PXRD 

(Appendix 3.9) and CHNS results. The IR spectra of the compound 1כNO3¯and 1כSCN¯shows 

disappearance of the peak for NO3¯anion and emergence of new peak of SCN  ̅ around 
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~2071cm-1(Figure 3.5 b) whereas CHN results confirm quantitative exchange (∼95%) exchange 

of NO3¯ by SCN  ̅  anions. Also such an anion exchange process was found to be irreversible in 

nature. SCN ͞   anions are known to be present in blood plasma because of its source from foods, 

car exhausts and cigarettes and therefore have a biological impact.20 Therefore selective sensing 

of SCN ͞   anions by visual colorimetric anion exchange behavior in MOFs are important and 

have been reported very rarely in literature. 

To investigate the structural dynamism and the effect of amide functionality of the non-porous 

framework 1כNO3¯sorption measurements were carried out for various gases and solvent 

vapors. Gas adsorption measurements were carried out at lowtemperatures for various gases like 

CO2, N2, H2, Ar and CH4. For CO2 measurement at 195 K the compound shows a uptake of 

around 84mL/g whereas for other gases (N2, H2, Ar and CH4) the compound shows negligible 

uptake (Figure 3.7). Such selectivity of CO2 and corresponding transformation from the 

nonporous phase to microporous phase of compound 1כNO3¯can be ascribed to the strong 

dipole quadrupolar interaction of the CONH groups with the incoming CO2 molecules. This 

results in strong host  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Gas adsorption isotherms of CO2 and other gases (H2, Ar and CH4) at low 

temperatures in 1כNO3¯ showing clear separation. 
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guest interaction due to confinement effect and therefore results in such preferential uptake. 

Solvent sorption measurements were carried out at 298K to confirm the dynamic nature of the 

compound. Hydrophilic solvents like EtOH, PrOH, BuOH and H2O show a very high uptake 

amount with a typical hysteretic nature at low P/P0 pressures. This type of behavior is consistent 

with the dynamic nature of the compound 1כNO3¯which results due to structural changes in the 

host framework. The favorable attractive hydrogen bonding interactions of the  -OH groups of 

the incoming guest molecules with the pendent amide groups result in opening of the host 

framework consequently giving rise to such high uptake (Figure 3.8). Also, such uptake amount 

is size dependent which confirms the size effect in such adsorption process. In order to confirm 

the structural dynamism as evidenced from the sorption results PXRD experiment was performed 

with the vapor exposed sample of 1כNO3¯with various hydrophilic solvents. From the PXRD 

pattern it is evident that upon exposure to solvents like EtOH, PrOH, BuOH the host framework 

undergoes subtle structural changes which may be due the dynamic nature of the compound 

and/or may be also because of inclusion of solvents of different sizes (Figure 3.9 b). 

 

Figure 3.8: a) Sorption profile showing size dependent uptake of alcohols for compound  

1כNO3¯ at 298K and b) adsorption profile comparison of ethanol and acetonitrile for 

compound 1כNO3¯. 
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As discussed earlier separation of benzene and cyclohexane requires significant attention 

because of their similarities in physical properties resulting in difficulties in their separation in 

petrochemical industries. Although non-porous, compound 1כNO3¯was found to be structurally 

flexible in nature and I speculated that the amide functionality with basic sites21 could be utilized 

for separation of benzene and cyclohexane. In this regard, I performed sorption measurements 

with these two species at 298K. Sorption results show a considerably high uptake amount of 

benzene (~2 molecules per formula unit) whereas negligible uptake amount in the case of 

cyclohexane (Figure 3.9 a). This may be because acidity of C-H proton in benzene is 

 

Figure 3.9: a) Benzene and cyclohexane adsorption profile of compound 1כNO3¯ at 298 K, b) 

PXRD patterns of 1כNO3¯ and other solvent exposed samples and c) 13C- NMR spectra of 

digested sample of 1כNO3¯ exposed to 1:1 mixture of benzene and cyclohexane vapors. 

 

comparatively more than cyclohexane C-H proton due the hydrogen atom in benzene is located 

in the sp2 hybridized orbital as compared to the sp3 hybridized orbital of the hydrogens of 
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cyclohexane.22As a result the interaction of benzene is much more with basic amide functionality 

in the framework. Moreover, due to π–π interactions or C–H/π interactions between the adsorbed 

molecules and the aromatic rings of the framework the preferential uptake of benzene is favored.  

All these factors combined, 1כNO3¯can efficiently act as a suitable adsorbate for selective 

uptake of benzene over cyclohexane. The selectivity achieved in this case is comparable to the 

selectivity of Benzene/Cyclohexane by MOFs reported in literature (Appendix 3.13). The PXRD 

pattern of the benzene and cyclohexane vapor exposed samples of 1כNO3¯shows that in case of 

cyclohexane exposed samples there are not much changes in the PXRD pattern of the compound. 

However, in case of benzene exposed samples a slight variation in PXRD pattern is observed 

which may be attributed to the interaction of the benzene molecules with the framework.To 

further corroborate this fact the compound 1כNO3¯was exposed to vapors of 1:1 mixture 

containing benzene and cyclohexane and thereafter digested with DCl and extracted with CDCl3 

and D2O afterwhich the sample was characterized by 13C-NMR. The 13C NMR spectra shows a 

prominent peak of benzene along with the ligand  which conclusively proves that the compound 

1כNO3¯selectively takes benzene even from a mixture of benzene and cyclohexane (Figure 3.9 

c). UV-VIS reflectance spectra of 1כNO3¯, benzene and cyclohexane exposed sample were 

recorded at 298K. The UV spectra shows that the benzene exposed sample shows a prominent 

shift whereas the cyclohexane exposed sample shows no remarkable shift with respect to 

compound 1כNO3¯(Appendix 3.12). 

In conclusion, I synthesized a novel 1D metal-organic framework base on a flexible neutral 

amide based N donor ligand. The framework underwent interesting structural transformation 

upon desolvation and this guest free phase could be utilized for separation of CO2 and other non-

polar gases like N2, H2, and CH4 at low temperatures. Moreover, the combination of structural 

flexibility and guest responsive enzymatic behavior has been used to address one of the 

important challenges of chemical industries i.e. separation of benzene and cyclohexane. In view 

of achieving further versatility visual colorimetric detection of SCN ̅ anions has also been studied 

via anion exchange process which is rarely reported in literature. Such incorporation of multi-

functionalities in MOFs is an important aspect and if achieved in an economical fashion could be 

the most sought material in chemical industries for the future. 
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Appendix:

 
Appendix 3.1: Crystal data and structure refinement for compound 1כNO3¯. 

 

Identification code  Compound 1כNO3¯ 
 

Identification code  Compound 1כNO3¯ 

Empirical formula  C58 H64 Cu N12 O12 

Formula weight  1184.75 

Temperature  200(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 2/c 

Unit cell dimensions a = 16.6868(19) Å = 90°. 

 b = 13.6318(16) Å β= 107.420(2)°. 

 c = 15.1712(18) Å γ = 90°. 

Volume 3292.7(7) Å3 

Z 2 

Density (calculated) 1.195 Mg/m3 

Absorption coefficient 0.396 mm-1 

F(000) 1242 

Theta range for data collection 1.279 to 28.323°. 

Index ranges -22<=h<=21, -18<=k<=18, -20<=l<=20 

Reflections collected 33031 

Independent reflections 8151 [R(int) = 0.0546] 

Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8151 / 0 / 381 

Goodness-of-fit on F2 1.260 

Final R indices [I>2sigma(I)] R1 = 0.0683, wR2 = 0.1955 

R indices (all data) R1 = 0.0955, wR2 = 0.2082 

Extinction coefficient n/a 

Largest diff. peak and hole 1.402 and -1.137 e.Å-3 
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Appendix 3.2: Crystal data and structure refinement for compound 1DכNO3¯ 

 

Identification code  Compound 1DכNO3¯ 
 

Identification code  Compound 1DכNO3¯ 

Empirical formula  C88 H90 Cu2 N20 O21 

Formula weight  1890.87 

Temperature  293(2) K 

Wavelength  0.71069 Å 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 26.374(5) Å = 90.000(5)°. 

 b = 15.514(5) Å β= 109.561(5)°. 

 c = 23.053(5) Å γ = 90.000(5)°. 

Volume 8888(4) Å3 

Z 4 

Density (calculated) 1.413 Mg/m3 

Absorption coefficient 0.563 mm-1 

F(000) 3936 

Theta range for data collection 0.819 to 22.284°. 

Index ranges -19<=h<=27, -16<=k<=16, -24<=l<=23 

Reflections collected 74975 

Independent reflections 10923 [R(int) = 0.3244] 

Completeness to theta = 25.240° 67.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10923 / 42 / 1144 

Goodness-of-fit on F2 0.998 

Final R indices [I>2sigma(I)] R1 = 0.1228, wR2 = 0.2814 

R indices (all data) R1 = 0.3148, wR2 = 0.3955 

Extinction coefficient n/a 

Largest diff. peak and hole 1.561 and -0.629 e.Å-3 
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Appendix 3.3: Crystal data and structure refinement for compound 1כSCN ̅ 

 

Identification code  Compound 1כSCN ̅ 
 

 

Identification code  Compound 1כSCN  ̅

Empirical formula  C46 H43 Cu N10 O4 S2 

Formula weight  927.56 

Temperature  200(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 12.3742(14) Å = 90°. 

 b = 29.549(3) Å β= 97.083(2)°. 

 c = 14.0120(16) Å γ = 90°. 

Volume 5084.3(10) Å3 

Z 4 

Density (calculated) 1.212 Mg/m3 

Absorption coefficient 0.561 mm-1 

F(000) 1928 

Theta range for data collection 1.378 to 26.718°. 

Index ranges -13<=h<=15, -25<=k<=37, -17<=l<=17 

Reflections collected 81491 

Independent reflections 10679 [R(int) = 0.0961] 

Completeness to theta = 25.242° 100.0 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10679 / 12 / 574 

Goodness-of-fit on F2 1.187 

Final R indices [I>2sigma(I)] R1 = 0.0688, wR2 = 0.1845 

R indices (all data) R1 = 0.1018, wR2 = 0.1974 

Extinction coefficient n/a 

Largest diff. peak and hole 1.643 and -0.927 e.Å-3 
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Appendix 3.4: 1H-NMR of Ligand (L).         
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Appendix 3.5: Coordination environment around the metal centre showing octahedral geometry 

around Cu centre in 1כNO3¯. Hydrogen atoms have been deleted for clarity. (Color code; 

Carbon: gray, oxygen: red, nitrogen: blue, zinc: brown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3.6: Surface view of 1כNO3¯. Metals are shown in blue polyhedra. 
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Appendix 3.7: Single net of 1DכNO3¯
 in perspective view. Metals are shown in dark green 

polyhedra. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 3.8: Ribbon like one dimensional chain in 1כSCN ̅. 
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Appendix 3.9: PXRD patterns of compound 1כSCN ̅  simulated, assynthesized and desolvated. 

    

    

    

    

    

    

    

    

    

 

 

 

 

Appendix 3.10: Comparison of PXRD patterns of compound 1כSCN ̅  (Experimental) and 

compound 1כNO3¯ (Experimental).          
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Appendix 3.11: TGA pattern of the desolvated compound 1כSCN  ̅

 

   

   

   

   

  

 

 

 

 

 

   

             

          

Appendix 3.12: UV-VIS reflectance spectra benzene and cyclohexane exposed phases of 1 

 .¯NO3כ
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Appendix 3.13: Benzene Cyclohexane separation results of some known porous materials. 
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Appendix 4.1: Cage structure of ZIF-90 showing void space (Yellow ball) in between. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Appendix 4.2: Perspective view of ZIF-90 showing porous channels. 
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Appendix 4.3: TGA curve of ZIF-90; MeOH exchanged (green) and desolvated (wine red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 4.4: Mass spectra of digested M-ZIF-90 in DCl/D2O showing highlighted bands for 

the imidazole carboxyaldehyde and the malononitrile functionalized ligand after PSM. 
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Appendix 4.5: N2 adsorption isotherm of ZIF-90 and M-ZIF-90 at 77K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 4.6: Fluorescence changes of upon addition of N3͞   as Sodium salt in (1:1) H2O/ 

DMSO to M-ZIF-90. 
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Appendix 4.7: Fluorescence changes of upon addition of NO3͞   as tetrabutyl salt in (1:1) H2O/ 

DMSO to M-ZIF-90. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 4.8: Fluorescence changes of upon addition of Br ̅ as tetrabutyl salt in (1:1) H2O/ 

DMSO to M-ZIF-90. 
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Appendix 4.9: Fluorescence changes of upon addition of Cl ͞   as tetrabutyl salt in (1:1) H2O/ 

DMSO to M-ZIF-90. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 4.10: Fluorescence changes of upon addition of F ͞   as tetrabutyl salt in (1:1) H2O/ 

DMSO to M-ZIF-90. 
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Appendix 4.11: Fluorescence changes of upon addition of SCN  ͞   as tetrabutyl salt in (1:1) H2O/ 

DMSO to M-ZIF-90. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4.12: Fluorescence changes of upon addition of NO2 ̅ as tetrabutyl salt in (1:1) H2O/ 

DMSO to M-ZIF-90. 
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Appendix 4.13: Fluorescence response of ZIF-90 upon addition of CN ̅ as tetrabutyl salt in (1:1) 

H2O/ DMSO. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4.14: Fluorescence decay profile of M-ZIF-90 upon addition of CN ̅  ions w.r.t. time in 

seconds. 
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Appendix 4.15: Linear region of fluorescence intensity of probe upon addition of CN ̅ (20 ‒ 200 

μL, 0.1  stock solution) at em = 450 nm (upon λex = 365 nm) (R2 = 0.96). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 4.16: Stern-Volmer plot of different anions with concentration. 
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Appendix 4.17: Dark field confocal images of a) M-ZIF-90 and b) upon addition 

of CN ͞  anions to it showing quenching effect. 
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5.1 Introduction: 

Cyanide ion is one of the most toxic chemical species to living animals as listed by Environment 

Protection Agency (EPA) and the World health Organization (WHO).1 The release of cyanide 

ion in any form can be lethal, as owing to its negative charge it can bind to the Fe3+ ion of the 

cytochrome oxidase and inhibits normal functioning of lungs and brain leading to eventual death. 

Moreover, since CN ̅ is a chemical warfare agent (CWA), it is imperative to monitor, control and 

simultaneous detoxification of cyanide ions.2 Since the source of cyanide ion is mostly from 

industrial wastes and even biogenic processes, a significant attention is required for 

quantification and management of its concentration in drinking water, waste water or any other 

natural/artificial sources. The currently known methods of removal/detoxification of cyanides 

involving inorganic nitrites, thiosulfates or organic based aminophenols, glucose etc. have 

demerits because of their own toxicity issues in few cases and dependence of usage in binary 

combinations in other cases. Further, detoxifications by standard chemical means (sulphite, 

hydrogen peroxide or Caro’s acid) that have been employed by many industries often involve the 

formation of toxic cyanogen derivatives.3Additionally, the extent of reusability of such materials 

poses a key challenge to design near perfect tools for cyanide sequestration. Therefore the 

International Cyanide Management Institute (ICMI) devotes a considerable attention to the 

detoxification techniques of ionic cyanides by alternative eco-friendly pathways. 

Metal-organic Frameworks (MOFs) have emerged as a new class of solid-state crystalline 

materials where their intrinsic pervious nature allows a wide spectrum of applications.4 Very 

recently MOFs have shown promising potential as “crystalline molecular flasks” where solution 

phase reactions can be mimicked in solid state with greater degree of molecular recognition and 

reaction sensitivity.5 MOFs as molecular flasks/reaction vessels have often been employed to 

achieve important applications such as sensing, catalysis, chiral separation etc.6 Due to the 

molecular sieving effect in combination with the confinement effect in MOFs, these materials 

can act as the prefect host materials for a wide variety of analytes, often rendering toxic/harmful 

chemicals inactive by subsequent reduction in their chemical reactivity.6  

In recent times MOFs have proven to be one of the prime candidates for recognition and counter 

measure of toxic chemical species from the environment. Although chemical adsorption based 

methods are prevalent in MOFs for capturing of toxic species, capturing of such toxic 
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species/pollutants and consequent sequestration techniques by MOFs is required for 

environmental remediation purposes.7 An irreversible reaction based approach i.e. the 

chemodosimetric approach for capturing a particular analyte is more reliable as it proves to be a 

more concrete and efficient way of recognition of a particular species. Also the added advantage 

of heterogeneous phase reactions allow for the recovery of the MOFs for recyclability purposes. 

If such a reaction can be monitored by fluorometric methods using MOFs as reaction vessels, 

then suitable signal transduction can be achieved paving way for segregation of toxic entities.8 

Fluorometric methods of sensing score over the other conventional techniques owing to their 

ease of handling, high signal output and easy fabrication into devices. Conjointly, a turn-on 

fluorescence response in aqueous phase is desired because it does not lead to any loss of signal 

after capturing of the analyte(s).9 

Ionic MOFs (i-MOFs) are perhaps the best manifestations of MOF based host matrices because 

the residual charge (positive or negative) can often be exchanged with more suitable 

cations/anions which may be responsible in imparting a suitable functional behaviour.10 In this 

regime, bio-MOF-1 which is a hydrolytic stable and porous anionic MOF, has been the 

forerunner because the freely lying dimethyl ammonium (DMA) cations can be exchanged 

resulting in versatile applications in sensing, non-linear optics, catalysis and drug delivery.11 

Strategic incorporation of a cationic dye molecule in such anionic MOF may not only result in 

tuning the electronic properties of the composite material, but also depending upon the nature of 

the dye molecule loaded, one can induce specific recognition sites for a particular analyte in the 

host framework. 

Herein in this chapter, I have shown the incorporation of a cationic dye 3, 6-Diaminoacridinium 

cation (DAAC) inside the porous channels of bio-MOF-1 by the conventional cation exchange 

process. The dye loaded bio-MOF-1 i.e. bio-MOF-1כDAAC serves as a molecular flask for 

selective reaction with toxic CN ̅ anion via Michael type addition12a at the electrophilic position 

(C9 position) of the dye molecules confined in the pores. This results in the high signal output 

via turn on response (Figure 1) and synergistically reducing the toxicity factor of CN ̅ via 

formation of a covalent bond with the dye molecules. The cyanide detoxification via 

fluorescence switch on response has been utilized to check the efficacy of the MOF to monitor 

the cytoplasmic CN ̅concentration in human breast cancer cell lines (MCF-7). In addition, the 

heterogeneous phase reaction based approach allow for the reusability of the MOF for practical 
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applications in cyanide detection and detoxification. Notably, this report not only inaugurates the 

utilization of MOFs as crystalline molecular flask for pure aqueous phase recognition of trace 

amount toxic molecule such as CN ̅ ion both in chemical and biological systems (human cells) , 

but its consequent detoxification in heterogeneous phase has also been achieved. 

 

 

 

 

 

 

 

 

 

Scheme 5.1:Schematic overview of selective sensing of CN ͞   ion by MOF which as a molecular 

reaction flask. 

 

5.2 Experimental Section: 

5.2.1 General remarks: 

5.2.1.1 Materials: All the reagents and solvents were commercially available and used without 

further purification. 

5.2.1.2 Physical measurements: Powder X-ray diffraction (PXRD) patterns were measured on 

Bruker D8 Advanced X-Ray diffractometer at room temperature using Cu-Kα radiation (λ= 

1.5406 Å) with a scan speed of 0.5° min–1 and a step size of 0.01° in 2 theta. Thermogravimetric 

analysis was recorded on Perkin-Elmer STA 6000, TGA analyzer under N2 atmosphere with 

heating rate of 10° C/min. FT-IR spectra were recorded on NICOLET 6700 FT-IR 

Spectrophotometer using KBr Pellets. The fluorescence images of cells were taken using 

Olympus Inverted IX81 equipped with Hamamatsu Orca R2 microscope. 
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5.2.1.3 Sorption Measurements: Gas sorption measurements were performed using 

BelSorpmax (Bel Japan). All of the solvents used were of 99.99% purity. The desolvated 

samples was obtained by heating sample at 120 °C under vacuum for 8h and the dehydration was 

confirmed by TGA and PXRD. Prior to adsorption measurement the desolvated sample was pre-

treated at 100 °C under vacuum for 3h using Bel Prepvac II and purged with N2 on cooling. 

5.2.2 Synthesis:  

5.2.2.a Synthesis of bio-MOF-1: The synthesis method of bio-MOF-1 was carried out 

according to previous literature reports 1. To a solution of adenine (0.25 mmol) and 4,4'-biphenyl 

dicarboxylic acid (H2BPDC) (0.39 mmol) in DMF (30 ml), was added dropwise a solution of 

Zinc acetate dihydrate (0.15 mmol) in water (5 ml). A white precipitate formed was dissolved 

after the addition of nitric acid (0.3 ml), and the resultant solution was heated at 130˚C for 24 h 

to afford transparent rod-like crystals. Crystals of regular morphology were collected by 

filtration, washed with DMF and dried in air. Elemental analysis: C132H158N30O44Zn8 = 

Zn8(Ad)4(BPDC)6O• 2(NH2(CH3)2)
+, 8DMF, 11H2O Calcd. C, 46.74; H, 4.70; N, 12.39. Found 

C, 47.55; H, 4.74; N, 12.4. 

5.2.2.b Synthesis of bio-MOF-1כDAAC: Crystals of bio-MOF-1 were immersed in a 

aqueous solution of solution of DAAC.HCl (1mmol) for 7 days to yield bio-MOF-1כDAAC 

MOF/ dye composites. The products were washed thoroughly with MeOH, DMF, H2O four 

times each to remove residual DMASMI on the surface of bio-MOF-1 and dried at 100˚C for 4 h. 

The resulting deep yellow compound was obtained as crystalline powder form. Elemental 

Analysis: Found C, 52.55; H, 5.34; N, 13.7. 

5.2.3. Recyclability Experiment: To check the Recyclability about 30 mg of desolvated bio-

MOF-1כDAAC in H2O was taken and 0.75 mmol of tetrabutylammonium cyanide was added 

and kept for about 10 days. After the completion of the reaction the solid compound was further 

dipped in aqueous solution of DAAC.HCl (1mmol) for about 7-10 days. Elemental Analysis: 

Found (for recycled bio-MOF-1כDAAC):  C, 54.43; H, 4.11; N, 11.7. 

 

5.2.4. Cell viability assay: 5 x 103 MCF-7 (human breast cancer) cell lines were seeded per 

well in 96-well L plate and incubated at 37°C in a 5% CO2 incubator overnight for attachment. 

Cells were then treated with bio-MOF-1כDAAC and DACC-CN in different concentrations (0, 

3, 6.25, 12.5, 25, 50 µg/ml). After 24 h, 20 µl of MTT reagent (5 mg/ml) was added to each well 
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and incubated for another 4 h at 37°C. Formazan crystals were then solubilized in 100 µL of the 

solubilization buffer (10 gm SDS in 0.1 N HCl) and incubated overnight. Absorbance was 

measured by spectrophotometer at 550 nm. The percent cell viability was calculated considering 

the untreated cells as 100 percent viability and thus cytotoxicity of the bio-MOF-1כDAAC and 

DACC-CN was determined. 

5.2.5. Cellular internalization: 1.5 x 104 MCF-7 cells were seeded in a lab tek chamber 

slide 8 well (per well) and incubated at 37°C in a 5% CO2 incubator overnight for 

attachment. Cells were then treated with 20 µl MOF-1כDAAC (1 mg/2 ml autoclaved 

water with constant sonication) for 6 h. Cells were then washed thrice with PBS (pH = 7.4) 

and treated with CN ̅ (0.01mmol) and incubated in dark at 37 °C for 30 min. Staining 

solution was aspirated and cells are washed thrice with PBS. The lab-tek chamber slide 8 

wells were subjected to fluorescence imaging using a CLSM (Zeiss LSM 710). 

 

5.3. Result and discussions: bio-MOF-1 having molecular formula 

[Zn8(ad)4(BPDC)6O•2Me2NH2]•G(G=DMF and water) was prepared according to previous 

literature reports (see the SI). The infinite zinc–adeninate secondary building units (SBUs) are 

interconnected by BPDC (BPDC=biphenyl dicarboxylic acid) linkers to constitute a 3D porous 

extended framework (Figure 5.1 and Appendix 5.1). The 1D channels along crystallographic c 

axis containing the DMA cations are sufficiently porous to accommodate large cationic dye 

molecules. Bearing this in mind, the DMA cations were exchanged by DAAC molecules by 

simple cation exchange process resulting in the formation of bio-MOF-1כDAAC. The progress 

and completion of the cation exchange reaction was monitored by CHNS, UV, Powder X-ray 

diffraction (PXRD), gas-adsorption, fluorescence results. The PXRD data reveals that the 

pristine framework of bio-MOF-1 is maintained even after the cation exchange process (Figure 

5.2 a). The UV absorption data reveals a clear change in the profile with new absorption band 

between 420-460 nm owing to the incorporated DAAC moieties in the anionic framework 

(Figure 5.4 a). In the emission spectra also I saw that characteristic peak of the bio-MOF-1 at 

420 nm (blue region) being gradually quenched with new peak at ~510 nm which corresponds to 

the green region of the spectrum (Figure 5.3 and 5.4 b). This is mainly because of the energy 
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transfer from the MOF to the encapsulated dye molecules. The 1H-NMR of the digested samples 

of bio-MOF-1כDAAC showed peaks corresponding to the DAAC molecules in the  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Porous view of bio-MOF-1 along c axis. 

framework (Appendix 5.2). From the CHNS and 1H-NMR data the percentage of dye loaded 

inside the bio-MOF-1 framework were calculated to be ~70%. From the N2 gas adsorption  

 

 

 

 

 

 

 

 

 

Figure 5.2: a) PXRD of bio-MOF-1 (assyn.) and to bio-MOF-1כDAAC (assyn.) and b) N2 

adsorption isotherm of bio-MOF-1כDAAC at 77K showing considerable decrease in porosity. 

results performed at 77 K, a considerable decrease in porosity (BET surface area 33 m2g-1) was 

observed due to blockage of the pores by the bulky DAAC molecules (Figure 5.2 b). The DAAC 
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unit having a positive charge located at the quaternary Nitrogen centre is susceptible to attack at 

the C9 position by nucleophiles12b (Figure 5.5 a-b). A conceivable idea such as this, prompted 

 

Figure 5.3: Visual change in the supernatant solution upon exchange of DMA cations with 

DACC cations in bio-MOF-1. 

 

me to check the reactivity of different anions assuming that the nucleophile would attack the 

carbon centre via Michael type addition reaction. To investigate the response of bio-MOF-

 DAAC towards different nucleophiles 1 mg of the desolvated MOF compound was dispersedכ1

in HEPES buffer solution (10 mM, pH 7.4), and incremental addition of 0.1 mmol of 

 

Figure 5.4: a)UV absorption spectra of bio-MOF-1 and bio-MOF-1כDAAC b) Emission profile 

of bio-MOF-1 and bio-MOF-1כDAAC (after 7 days of exchange). 
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Tetrabutylammonium (TBA) salts of F ̅, Cl ̅, Br ̅, I ̅, SCN ̅, NO3 ̅, NO2 ̅ , HCO3 ̅ , OAc ̅  and CN ̅ 

in 1 ml H2O was carried out. While in other cases I observed negligible fluorescence response 

(Appendix 5.3-5.11), CN ̅ gave a very strong fluorescence turn on response (~17 fold) upon 

addition of 246 L addition of its solution (Figure 5.5 f). The CN ̅ ions after attacking the C9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5:Representation of the reaction of DAAC cation with CN ̅,  b)electronic potential map 

of the LUMO energy state of the DACC molecule, c)  no change observed upon addition of  

cyanide  ion  to DACC molecules only d) colour change observed after incorporation of DAAC 

in bio-MOF-1 by cation exchange, e) visual change in the supernatant solution upon addition of 

cyanide ions to bio-MOF-1כDAAC and f) changes in fluorescence intensity via  turn-on  

response upon addition of  CN ̅  ions to bio-MOF-1כDAAC. 

 

carbon of the DAAC molecules form a covalent bond with it rendering the cationic dye, neutral. 

The neutral dye which is also highly fluorescent in aqueous phase (Figures 5.5 c Appendix 

5.12) then escapes the reaction vessel (MOF) to the solution, which results in “switch on” signal 

(Figures 5.7 a-c, Appendix 5.13). The counter cation i.e. TBA replaces the cationic dye in the 
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bio-MOF-1כDAAC resulting in the formation of bio-MOF-1כTBA (Figure 5.6), thus 

maintaining the charge neutrality. This was further supported as the supernatant solution after 

addition of the CN ̅ ions shows a distinct visual color change (Figure 5.5 e). A peak in the UV 

absorption profile corresponding to the DAAC molecules arise when CN ̅ solution was added to 

bio-MOF-1כDAAC at different time intervals (Figure 5.7 g).  

 

Figure 5.6:Figure showing the reaction based (chemodosimetric) approach in bio-MOF-

 .DAAC prompted by CN ̅  inspiring in a turn-on fluorescence responseכ1

 

The aggregation-caused quenching (ACQ) prevail in both the DACC moiety and bio-MOF-

 DAAC and therefore exhibit a weak fluorescence in solid state. However once the neutral dyeכ1

is released in the solution upon the addition of cyanide, there is a release in stress from both the 

π-π interactions of the dye with the framework and the aggregation as otherwise observed in the 

solid state. Thus an increase in fluorescence intensity is observed. The mass spectroscopic 

analysis of the supernatant solution shows peaks for the neutral dye molecule (Appendix 5.19) 

in which the cyanide is covalently linked to it. Such a concerted reaction in the molecular 

reaction vessel does not lead to any changes in the overall framework which is evident from the 

PXRD pattern and SEM images even after dipping bio-MOF-1כDAAC in aqueous CN ̅ solution 

for a period of 1 month (Figures 5.7 d, Appendix 5.17). The linear fit of the kinetics gave a 

linear progression of intensity with time and concentration which prove the fact that the receptor 

(DAAC) has a strong affinity for CN ̅, which is the strongest nucleophile as compared to the 
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other anions (Figures 5.7 e, Appendix 5.14-5.15). In an effort to check the efficiency of the 

MOF to detect CN ̅  in presence of other anions equimolar concentration of other intrusive anions 

were added after which CN ̅  ions were added to the same solutions systematically. No spectral 

was observed in the case of other anions,whereas CN ̅ ions incurred almost the same increase in 

fluorescence intensity as previously observed insingle component analysis (Figure 5.7 f). Thus  

 

Figure 5.7:a) Confocal images of (a) bio-MOF-1, (b)  bio-MOF-1כDAAC and (c) bio-MOF-

-DAAC and bio-MOFכDAAC +CN ̅ in dispersed phase (d) SEM images of bio-MOF-1כ1

 DAAC +CN ̅ (inset) showing crystalline morphology in both the cases (e) response inכ1

fluorescence of other anions as compared to CN ̅  ions  (f) fluorescence change of bio-MOF-

 DAAC upon addition of other anions (black) followed by the addition of cyanide ion (gray)כ1

and g) change in the absorption spectra bio-MOF-1כDAAC upon addition of CN ̅  ions to it. 

 

the MOF could be used in practical purposes for detecting cyanide even in presence of other 

interfering anions. Also, when bio-MOF-1כTBA was further exchanged with DACC to form 

bio-MOF-1כDAAC to check the reversibility of such a cation exchange process, an almost 

similar response was observed when CN ̅ was added to it (Figures 5.8 a and Appendix 5.17). 

This was testimonial of the fact that that the MOF could be recycled even after the reaction 

inside its nano-porous channels and thereafter regenerated for further usage via simple and rapid 

cation exchange process. The limit of detection (LOD) was calculated to be 5.2 ppb (table 5.1  
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and 5.2) which is well within the permissible limit of cyanide concentration in drinking water as 

set by WHO/EPA.  

 

Table 5.1: Standard deviation for probe. 

 

 

Moreover it is a well-known fact that ionic cyanides are much more toxic to living cells than 

covalently linked cyanides mainly due their superior reactivity. In order to check the cytotoxicity 

of bio-MOF-1כDAAC for sensing and detoxification of CN ̅ ions in living cells, I carried out 

MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-DiphenyltetrazoliumBromide] assay in human breast 

cancer cell lines (MCF7). After about incubation of the cells with bio-MOF-1כDAAC for 24 h, 

the cells were found to ~75% viable at higher concentration of the MOF (50 g/mL) which was 

then used for live cell imaging (Figure 5.8 b). For in vitro live cell imaging, we incubated bio-

MOF-1כDAAC for 6 h at 37˚C and thereafter washed three times with PBS buffer and 

performed confocal laser scanning microscopy (CLSM). A weak fluorescence was observed for 

 

Blank Readings (only probe) 

 

FL Intensity 

 

Reading 1 

 

50430 

 

Reading 2 

 

58595 

 

Reading 3 

 

64514 

 

Reading 4 

 

74235 

 

Standard Deviation () 

 

10024 
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the bio-MOF-1כDAAC incubated cells (Figure 5.8 c). However, when the same experiment was 

repeated with the addition of the CN ̅ for about 30 minutes, a strong fluorescence turn on signal 

 

Table 5.2: Calculattion of limit of detection (LOD). 

 

 

 

 

 

 

 

 

 

was observed (~16 folds) which was in accordance to the response observed in fluorescence 

microscopy (Figure 5.8 d). The morphology of the MCF-7 cells was intact during the course of 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8:Fluorescence response of the MOF compound after recyclability test b) MTT assay of 

bio-MOF-1כDAAC and the neutral dye compound formed after addition of cyanide ions ,CLSM 

images of bio-MOF-1כDAAC before c) and d) after the addition of cyanide  showing drastic 

change in fluorescence. 

 

Slope from 

Graph (m) 

 

1.48x108 

 

mM-1 

 

Detection limit 

(3/m) 

2.01 x10-4 mM 
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the imaging experiment (Figure S33). This result corroborated to the fact that the MOF could be 

used to detect even trace amount CN ̅ ions in living cells and thus could beefficiently used for 

monitoring its concentration. In order to check the cytotoxicity of the neutral dye, we incubated 

the cells again with the supernatant solution of the bio-MOF-1כDAAC after addition of the CN ̅  

ions and checked its cytotoxicity. Interestingly, we observed a high viability of cells (62%) after 

the cells were incubated with the DACC molecules treated with CN ̅ ions (Figure 5.8 b). Thus 

the highly reactive nature of the ionic cyanides was rendered ineffective by a reaction based 

approach in heterogeneous medium inside the MOF. 

In conclusion a bio-compatible anionic MOF has been utilized as a crystalline reaction flask to 

recognize a highly toxic chemical species i.e. CN ̅ ions. The heterogeneous phase reaction inside 

the MOF results in a signal turn on response in presence of CN ̅ ions thus proving as an efficient 

sensor of such a chemically reactive pollutant. The pure aqueous phase recognition and very low 

detection limit are in well accordance to the standard set by WHO/EPA for monitoring CN ̅   ion 

concentration in natural and artificial sources. In vitro studies have been carried out to monitor 

the efficacy of the MOF to detect trace amount of CN ̅ in the cytoplasm. This work paves way to 

a new approach for bio-sensing and presents a new platform for development of antidotes for the 

highly toxic CN ̅ ions. 
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Appendix 5.1: Perspective view of bio-MOF-1 along c axis. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Appendix 5.2: 1H-NMR spectra of DAAC, bio-MOF-1 and bio-MOF-1כDAAC digested in HF 

and dmso-d6 showing peaks for DAAC molecules (shown with blue asterisk). 
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Appendix 5.3: Fluorescence changes of upon addition of F ͞   as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Appendix 5.4: Fluorescence changes of upon addition of Cl ͞   as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC. 
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Appendix 5.5: Fluorescence changes of upon addition of Br ͞   as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 5.6: Fluorescence changes of upon addition of I ͞   as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC. 
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Appendix 5.7: Fluorescence changes of upon addition of NO2 ͞    as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Appendix 5.8: Fluorescence changes of upon addition of NO3 ͞   as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC. 
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Appendix 5.9: Fluorescence changes of upon addition of HCO3͞   as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Appendix 5.10: Fluorescence changes of upon addition of OAc ͞    as Tetrabutylammonium salt 

in aqueous phase to bio-MOF-1כDAAC. 
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Appendix 5.11: Fluorescence changes of upon addition of SCN ͞   as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Appendix 5.12: Fluorescence response upon addition of CN ̅ ions to 3,6-Diaminoacridine 

hydrochloride. 
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Appendix 5.13: Turn on response upon gradual addition of  CN ̅ as Tetrabutylammonium salt in 

aqueous phase to bio-MOF-1כDAAC. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 5.14: Fluorescence response upon addition of CN ̅  ions to bio-MOF-1כDAAC w.r.t. 

time in seconds 
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Appendix 5.15: Linear fit of Fluorescence change vs. conc. upon addition of CN ̅ ions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 5.16: Fluorescence response of CN ̅ ions compared to other anions when the anions 

w.r.t to different concentration of anions. 
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Appendix 5.17: PXRD pattern of bio-MOF-1כDAAC and bio-MOF-1כDAAC dipped in CN ̅ for 

about 1 month showing bulk crystallinity and structure retainment. 

 

 

 

 

 

 

 

 

 

Appendix 5.18: Fluorescence response in presence of cyanide ions after recyclability 

experiments. 
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Appendix 5.19: MALDI-TOF spectra of the supernatant solution of spectra of bio-MOF-

 .̅ DAAC treated with CNכ1
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6.1. Conclusion and Future Outlook 

In view of the tremendous amount of research devoted to the sensing and recognition of anions 

which play a crucial role in biological and chemical processes, the present thesis can add a new 

dimension towards escalating research on this aspect of supramolecular chemistry. Anions 

recognition are mostly realized by changes in optical and visual changes upon 

interaction/binding to the host receptor. MOFs, due to their tunable opto-electronic properties 

can be an efficient sensory probes for anions which has been demonstrated by following various 

approaches in this thesis. While the conventional anion exchange process has been illustrated in 

exploring the tunable luminescence and colorimetric changes w.r.t. different anions, other 

important strategy that can be employed in recognition of a particular anion is the post-synthetic 

modification, which imparts specific recognition sites in the framework. Also the inherent 

iconicity of the MOFs, which can be obtained by judicious choice of metal or ligands can offer 

that extra liberty of changes in luminescence modulation which can be tuned for selective 

recognition of even toxic anionic species.  

Halogen-bonding-based anion receptors and utility of anion receptors in organo catalysis are 

some of the fields that has seen tremendous growth in the last few years.  Since halogen bonding 

receptors are operative even in polar solvents, they are more competent than even the 

conventional hydrogen bonding that has been extensively studies for anion binding and 

recognition over the years. Since MOFs have proven to be one of the efficient class of materials 

for sensing applications due to their structural tailor ability, good physio-chemical stability and 

possibility of fabrication into smart devices, they hold great promise for the future for real time 

applications based on anion sensing. 
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ABSTRACT: A three-dimensional cationic framework
based on a flexible neutral nitrogen-donor ligand was
synthesized and undergoes guest-driven structural dynam-
ics in a reversible way. Size-selective anion-exchange and
tunable luminescent behavior of the framework has been
explored.

Porous coordination polymers or metal−organic frameworks
(MOFs) with tunable properties have emerged as an

exciting class of multifunctional materials because of their
applications over a wide range.1 In particular, “soft porous
frameworks” have attracted much attention in recent years
because of their highly ordered network along with structural
flexibility.2 They score over the conventional rigid porous
frameworks in a way that they respond to a specific guest
molecule and change their microcavities into those that match
the shape and affinity of the incoming guest molecule. These
materials undergo solid-state structural transformation when a
guest molecule comes in or goes out of the framework. Such
guest-responsive tailorable behavior along with enzyme-like
specificity makes it a stimulus-responsive smart host material,
thereby triggering a manifold increase in the host−guest
interactions.2,3 Combinations of a neutral flexible ligand and
metal ions generally give rise to cationic frameworks.4 These
frameworks usually harbor solvents as guests in their porous
cavities. Upon drying, these loosely trapped guests escape, thus
leading to structural transformations.5 These guest-driven
structural transformations often find a way to build up a dynamic
framework.4b In addition, these cationic MOFs have extra
counteranions to neutralize the overall charge of the framework,
which usually weakly coordinates to the metal ions or sometimes
remains free in the framework lattice.6 The incorporation of a d10

metal ion in complexation with a nitrogen-donor ligand at room
temperature often provides luminescent cationic frameworks.7

Variation of the counteranions in a luminescent cationic
framework by other foreign anions of different size, shape, and
geometry may often regulate the framework functionalities.8

Especially, the anion-switchable fluorescence of a luminescent
cationic framework has been one of the most investigated topics
in this regard because it finds very useful application such as
chemical sensors and anion receptors, paving the way for a
concoction of new materials.4b,7,9 In spite of a lot of reports on
dynamic frameworks, anion/guest-switchable fluorescence tun-
ing of a MOF mixed with its inherent framework flexibility is not
so common.10,4b

Herein, we present a three-dimensional (3D) cationic
luminescent framework built from a newly designed nitrogen-
donor ligand [(E)-N′-[1-(pyridin-4-yl)ethyidene]hydrazine car-
bohydrazide; Scheme S1 in the Supporting Information (SI)]
with a flexible skeleton (Figure S1a in the SI) with multiple
coordinating sites in combination with zinc(II). The framework
shows guest-driven structural dynamics in a reversible way. The
air-dried phase of the compound exhibits size-dependent anion-
exchange behavior, and this is well demonstrated by single
crystal-to-single crystal (SCSC) structural transformation experi-
ments along with other spectroscopic techniques. The cationic
framework shows interesting anion-responsive tunable lumines-
cent behavior (Scheme 1).

The combination of L (Scheme S1 in the SI) with zinc(II) in a
solvent system of methanol/dichloromethane/chlorobenzene at
room temperature yielded transparent block-shaped crystals of
the compound [{Zn(L)2}(NO3)2·xG]n ( 1′⊃NO3

−; G is a
disordered guest molecule). Single-crystal X-ray diffraction (SC-
XRD) analysis of 1′⊃NO3

− showed that it crystallized in a
monoclinic system with space group C2/c. The asymmetric unit
contains two ligands, one zinc(II) ion and two noncoordinated
nitrate (NO3

−) anions. Each zinc(II) ion displays distorted
octahedral geometry with a N4O2 donor set from four ligands
(Figure S1b in the SI). Two ligands bind in a bidentate fashion
through amine nitrogen and carbonyl oxygen, and the other two
connect the same zinc(II) node via pyridyl nitrogen, thus
extending into a 3D structure, as shown in Figures S2 and S3 in
the SI. 2-fold interpenetration creates large one-dimensional
tubelike channels along the b axis, in which disordered solvent
molecules and nitrate anions are located.
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Scheme 1. Schematic Representation of a Guest- and Anion-
Responsive Dynamic Framework
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An Amide-Functionalized Dynamic Metal–Organic Framework
Exhibiting Visual Colorimetric Anion Exchange and Selective
Uptake of Benzene over Cyclohexane

Avishek Karmakar, Aamod V. Desai, Biplab Manna, Biplab Joarder, and Sujit K. Ghosh*[a]

Abstract: A novel porous metal–organic framework (MOF)
architecture is formed by a neutral amide-functionalized
ligand and copper(II). Upon desolvation, this compound
undergoes a dynamic structural transformation from
a one-dimensional (1D) porous phase to a two-dimension-
al (2D) non-porous phase that shows selective uptake of
benzene over cyclohexane. The as-synthesized compound
also acts as a visual colorimetric anion sensor for thiocya-
nate.

Metal–organic frameworks (MOFs) are an important class of
materials that have shown astounding applications in conven-
tional proof-of-concept usage in separation, storage of gases,
sensing, catalysis, ion-exchange, and fuel cells.[1] The servicea-
bility of such ordered crystalline networks often depends on
the incorporation of various functionalities within it, and devel-
opment of such MOFs that can truly act as a multifunctional
material[2] is the demand of the current state of art. In this
regard, dynamic/flexible MOFs in which the structures and
properties can be tuned in response to an external stimulus
are of significant interest.[3] Their structural dynamism can
indeed be the key principle for the concoction of diversified
functionalities within the MOFs.

The major challenges in chemical industries are develop-
ment of materials which can address the issues concerning
separation and environmental pollution.[4] The conventional
separation techniques which can effectively separate two small
molecules are often expensive and require processes that are
highly energy-demanding.[5] Cyclohexane, which is generally
produced by the hydrogenation of benzene in industry, has
unreacted benzene in the mixture, and separation of these
two components is of considerable significance. In particular,
because of the similarity in the boiling points (benzene, 80.1 8C
and cyclohexane, 80.7 8C) and comparable Lennard–Jones colli-

sion diameters of these two components, conventional tech-
niques often face a serious impediment in such separation pro-
cedures.[6] The current methods of separation of these two spe-
cies involve the removal of residues from the distillate and are
often gruesome. MOFs, owing their designable architecture
and structural dynamism, score over the other conventional
materials in this aspect, because by the virtue of their sieving
effect,[7] they can selectively act as an efficient adsorbent for
a particular adsorbate over others, such as benzene over cyclo-
hexane, or even among other hydrocarbon congeners.[8] Also,
one of the intriguing features of MOFs is the wide variety of
organic ligands available for the construction allows syntheses
of tailor-made materials for specific interactions with the in-
coming guest molecules. For instance, an amide-functionalized
MOF can form favorable hydrogen-bonding interactions or
sometimes because of the inherent basicity of the amide
group[2d] can even interact differentially with the C¢H protons
of benzene and cyclohexane. An amide integrated framework
can also discriminate between polar gas molecules such as
CO2 and other nonpolar gases owing to strong dipole–quadru-
pole interactions with CO2 and can be an important candidate
for carbon dioxide storage and separation.[9, 2d]In addition to
this, sensing and separation of small anions by cationic/neutral
MOFs is one of the important area in the realm of the field of
MOFs.[10] Most of the anion exchange/sensing properties of
MOFs reported so far are either dependent on fluorescence-
based methods of detection or by other spectroscopic tech-
niques. Development of anion receptors that can sense anions
by visual chroma are of great current interest as the anion rec-
ognition can consequently be realized by the naked eye.[11]

Copper(II)-based MOFs are one of the well-known systems for
such colorimetric anion sensors.[12] They are known to exhibit
Jahn–Teller distortions in which the axial bonds which are usu-
ally coordinated by anions are significantly weakened. Anion
exchange reactions at these axial sites in such MOFs may often
result in visual color change and are getting immense impor-
tance in the field of sensors and actuators.[13] Integration of
such multiple functionalities such as CO2 separation/storage,
separation of commercially important cyclic C6 hydrocarbon
congeners, and anion sensing by MOFs are rare, and develop-
ment of such MOFs in a targeted fashion are of considerable
importance.

In our endeavor to incorporate multifarious functionality in
a MOF, we have synthesized a novel coordination polymer
with molecular formula [{CuL2(NO3)2}·o-xylene·DMF]n (1�NO3

¢)
by solvothermal reaction of Cu(NO3)2·6 H2O and a newly de-
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A Post-Synthetically Modified MOF for Selective and Sensitive
Aqueous-Phase Detection of Highly Toxic Cyanide Ions

Avishek Karmakar, Naveen Kumar, Partha Samanta, Aamod V. Desai, and Sujit K. Ghosh*[a]

Abstract: Selective and sensitive detection of toxic cya-

nide (CN¢) by a post-synthetically altered metal–organic
framework (MOF) has been achieved. A post-synthetic

modification was employed in the MOF to incorporate the
specific recognition site with the CN¢ ion over all other

anions, such as Cl¢ , Br¢ , and SCN¢ . The aqueous-phase

sensing and very low detection limit, the essential prereq-
uisites for an effective sensory material, have been fulfilled
by the MOF. Moreover, the present detection level meets
the standard set by the World Health Organization (WHO)

for the permissible limit of cyanide concentration in drink-
ing water. The utilization of MOF-based materials as the

fluorometric probes for selective and sensitive detection
of CN¢ ions has not been explored till now.

Cyanide is considered to be one of the most toxic and lethal

pollutants presently occurring in nature. It is known to be
a noxious environmental contaminant causing serious health
hazards, the production of which is mostly from anthropogenic

sources as well as from naturally occurring biogenic processes
in various plants.[1] The effect of cyanide in physiological sys-

tems in humans and other animals is mostly inhibition of respi-
ration in the mitochondrial respiratory chain, because it binds
to cytochrome c and inhibits its normal functions.[2] Various

methods, such as mass spectrometry,[3] Raman spectrometry,[4]

cyclic voltametry,[5] chromatographic techniques,[6] and electro-

chemical methods,[7] have been developed to date for the de-
tection of cyanide ions. However, fluorescence-based detection
techniques are more effective than the other techniques, be-
cause of their simplicity in the handling procedures, prompt

response, and their ability to detect any trace amount of ana-

lytes with greater accuracy.[8] Although various organic-[9] and
inorganic-based[10] chemosensors and chemodosimeters have

been utilized to date to sense cyanide ions, the quest for
a new class of materials, which could provide a platform for

the aqueous-phase detection of toxic anions at very low con-

centrations, is of major interest at the present time.
Metal–organic frameworks (MOFs) represent examples of

metal ions/clusters along with organic struts, which combine
together through self-assembly resulting in various architec-

tures.[11] Though the applications of MOFs[12] in fields like gas

storage, separation, and heterogeneous catalysis have been
comprehensively exploited by researchers, the use of MOFs as

sensors is gathering immense importance among material
chemists.[13] The pre-designing ability and tunable properties of

MOFs sets them apart from other known organic/inorganic
chemosensors.[14] Taking advantage of the confinement effect

in MOFs, one can also trigger manifold increase in the host–

guest interaction, thereby facilitating suitable signal transduc-
tion in response to a particular analyte.[15] The intrinsic hydro-

lytically stable nature in some MOFs could also render an
added advantage for the aqueous-phase sensing, which is of

great current interest. Moreover, by chemically modifying the
organic substituents of the MOF by a post-synthetic modifica-

tion[16] (PSM), an appropriate functionality can be incorporated

within the MOF, which can act as a receptor or recognition site
for a particular target/analyte molecule (Scheme 1). Herein, we

report for the first time the selective and sensitive aqueous-
phase detection of cyanide ions by a MOF-based system. The
MOF used in the present study has been chemically modified
to graft a specific recognition site for the cyanide ion that ex-

hibits fluorescence modulation behavior with high chemose-

lectivity to detect the cyanide at very low concentrations.
Zeolitic imidazolate frameworks[17] (ZIFs) are an important

subclass of MOFs that have long been known for their chemi-
cal and thermal stability. Since the discovery of this subfamily

of MOFs, several derivatives of ZIFs have been established and

Scheme 1. Schematic overview of the post-synthetic modification in MOF
leading to selective sensing of cyanide ion.
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Aqueous phase sensing of cyanide ions using a
hydrolytically stable metal–organic framework†

Avishek Karmakar,‡ Biplab Joarder,‡ Abhik Mallick, Partha Samanta,
Aamod V. Desai, Sudipta Basu and Sujit K. Ghosh*

A pure aqueous phase recognition and corresponding detoxification

of highly toxic cyanide ions has been achieved by a fluorescent

metal–organic framework (MOF). The cyanide detoxification has

been shown to be effective even in in vitro studies and the MOF

could be recycled to show the same efficiency of detoxification.

The cyanide ion is one of the most toxic chemical species to living
animals as listed by the Environment Protection Agency (EPA) and
the World Health Organization (WHO).1 The release of a cyanide
ion in any form can be lethal, as owing to its negative charge it can
bind to the Fe3+ ion of the cytochrome oxidase and inhibit the
normal functioning of the lungs and brain, leading to eventual
death. Moreover, since CN� is a chemical warfare agent (CWA),
it is imperative to monitor, control and simultaneously detoxify
cyanide ions.2 Since the source of cyanide ions is mostly industrial
wastes and even biogenic processes, significant attention is
required for quantification and management of their concen-
tration in drinking water, waste water or any other natural/artificial
sources. The currently known methods of removal/detoxification
of cyanides involving inorganic nitrites, thiosulfates or organic
based aminophenols, glucose, etc., have demerits because of their
own toxicity issues in few cases and dependence of usage in binary
combinations in other cases. Further, detoxification by standard
chemical means (sulphite, hydrogen peroxide or Caro’s acid) that
have been employed by many industries often involves the forma-
tion of toxic cyanogen derivatives.3 Additionally, the extent of
reusability of such materials poses a key challenge to designing
near perfect tools for cyanide sequestration. Therefore, the
International Cyanide Management Institute (ICMI) devotes
considerable attention to the detoxification techniques of ionic
cyanides by alternative eco-friendly pathways.

Metal–organic frameworks (MOFs) have emerged as a new
class of solid-state crystalline materials where their intrinsic
pervious nature allows a wide spectrum of applications.4 Very
recently, MOFs have shown promising potential as ‘‘crystalline
molecular flasks’’ where solution phase reactions can be
mimicked in the solid state with a greater degree of molecular
recognition and reaction sensitivity.5 MOFs as molecular flasks/
reaction vessels have often been employed in achieving important
applications such as sensing, catalysis, chiral separation, etc.6

Due to the molecular sieving effect in combination with the
confinement effect in MOFs, these materials can act as perfect
host materials for a wide variety of analytes, often rendering
toxic/harmful chemicals inactive by subsequent reduction in
their chemical reactivity.6

In recent times, MOFs have proven to be one of the prime
candidates for recognition and as countermeasure of toxic
chemical species from the environment. Although chemical
adsorption based methods are prevalent in MOFs for capturing
toxic species, capture of such toxic species/pollutants and con-
sequent sequestration techniques by MOFs are required for
environmental remediation purposes.7 An irreversible reaction
based approach, i.e. the chemodosimetric approach for capturing
a analyte, is more reliable as it proves to be a more concrete and
efficient way of recognition of a particular species. Also the added
advantage of heterogeneous phase reactions allows for the
recovery of the MOFs for recyclability purposes. If such a reaction
can be monitored by fluorometric methods using MOFs as reaction
vessels, then suitable signal transduction can be achieved, paving
the way for segregation of toxic entities.8 Fluorometric methods of
sensing score over the other conventional techniques owing to their
ease of handling, high signal output and easy fabrication into
devices. Conjointly, a turn-on fluorescence response in the aqueous
phase is desired because it does not lead to any loss of signal after
capturing of the analyte(s).9

Ionic MOFs (i-MOFs) are perhaps the best manifestations of
MOF based host matrices because the residual charge (positive
or negative) can often be exchanged with more suitable cations/
anions which may be responsible for imparting a suitable
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