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PREFACE 
 

Metal-organic frameworks (MOFs) are a novel class of organic-inorganic hybrid 

crystalline network which can be synthesized by the coordination bond formation 

between multitopic organic linkers with metal cations or clusters. MOFs have been used 

for promising new applications like gas storage, gas/vapor separation, chemical sensing, 

enantio-selective catalysis, drug delivery and conductivity. Owing to MOFs high surface 

area with tunable pore size and functionality, it can be hosted for a variety of guest 

molecules. Since its discovery, enormous efforts have been driven in last two decades on 

MOFs to improve their property and applicability. Bottom up construction of MOF 

architecture rely on the judicious choice of organic spacers and metal modes. Hence, 

various organic linkers of diverse length, shape, size and functionality have been reported 

for the fine tuning of overall MOF architecture. The most fascinating aspect in the MOF 

research is the direct structure-property relationship for challenging applications. Till now 

the main focus on MOFs are for adsorption and separation of industrially relevant gases 

viz. N2, CO2, H2, CH4, thanks to its framework void or porous backbone. However, 

recently many other interesting applications e.g. water adsorption, proton transport, 

electron mobility and light harvesting property has been investigated in MOF. In future, 

MOFs will definitely pioneer synthesis of functional solids with tailor made properties 

embedded within for future challenges. 

Chapter 2 will address six new homochiral Metal-Organic Framework isomers that 

have been synthesized using pyridine derivatives of L-leucine, L-serine and L-threonine, 

respectively as organic link and Cd(CH3COO)2
.2H2O as metal precursor under 

hydrothermal condition. These MOFs show interesting water adsorption profile depending 

on the structure, hydrophobicity and hydrophilicity of the MOF interiors (Cryst. Growth 

Des. 2012, 12, 4633−4640 and CrystEngComm, 2013, 15, 9634-9640). 

In Chapter 3, synthesis and characterization of four chiral MOFs were reported 

with an unprecedented zeolitic unh-topology and helical continuous water chain inside the 

pores. These MOFs exhibit single crystal to single crystal reversibility and different proton 

conductivity of almost zero to ~ 4.45 × 10-5 Scm-1 at ambient temperature although the 

MOFs adopt similar architecture. (J. Am. Chem. Soc., 2011, 133, 17950)  

In Chapter 4, we observed unprecedented hydrolytic regenerability in all these 

homochiral MOFs i.e. they intent to dissolve in water at elevated temperature (>90 °C), 

forming a clear solution. Nevertheless, it again tends to recrystallize and regenerate 

evaporated to regain the original structure and the recrystallization complete whilst all water 
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molecules departed. The ligand backbone and coordinated anions greatly modulate the 

framework recrystallization time. Furthermore, we have performed salt metathesis reaction 

on these 3D MOFs the hydrolytic regenerable nature with different Ag precursors which 

resulted in different Zn based 2D coordination polymers. These MOFs exhibit moderate to 

low water sorption based on framework constituents. (Chem. Commun. 2013, 49, 5262) 

In Chapter 5, we present a systematic analysis of diverse ZnO morphologies 

derived from calcination of porous 3D MOFs with different halogen anions, and their 

solar cell activities. Herein, two chiral 3D MOF isomers have been synthesized in micro 

form and systematically calcined both under air and nitrogen environment to get three 

different ZnO architectures. Both MOFs possesses similar architecture and only 

difference lies in halogen substitution (-Cl, -Br) in the crystal structure. (Cryst. Growth & 

Des. 2012, 12, 2572) 

In chapter 6, three two dimensional MOFs are presented namely Ca-SBBA, Sr-

SBBA and Ba-SBBA, constructed from alkaline earth metals and 4,4′-sulphobisbenzoic 

acid (SBBA) as organic linker. Interestingly, the structures are completely different from 

each other although they bear same ligand and same group of metal atoms. All these three 

MOFs have thermal stability up to 500 °C, with a crystalline phase change above 100 °C. 

Most interestingly, they exhibit difference in proton conductivity under hydrous 

condition. (Chem. Commun. 2012, 48, 4998) 

Finally chapter 7 will describe the conclusion of the overall work presented and 

the future direction of this thesis. 

An extended Appendix describes crystallographic information of all the MOF 

crystals reported in this thesis. 
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CHAPTER 1 

 

 INTRODUCTION TO METAL ORGANIC FRAMEWORKS (MOFs) 

 

1.1 Emergence of MOFs: 

Porous materials have undergone a huge revolution in the last century. Before that, it is 

limited to amorphous carbon based adsorbants, which have been synthesized mostly by the 

pyrolysis of carbon-rich materials [1.1]. Later, Zeolites have emerged as porous crystalline 

materials with a variety of pore size [1.2]. They have been widely used for their usefulness 

in day to day chemical processes as well as industrial applications. However, limited pore 

size span encouraged researchers in the search of advanced materials with high degree of 

pore size tunability and crystallinity. Surfactant templating and coupling with organic 

moieties to form periodic mesoporous organosilicas (PMOs) solved the problem to some 

extent [1.3]. However, the realization of these structures requires high temperature 

processing route which is disadvantageous as discussed later in this chapter. Researchers 

attempted to combine the advantages of organic porous materials (lightweight, functional 

tunabilty etc.) with the virtues of the inorganic solids (thermal stability). At the end of the 

century, metal-organic frameworks (MOFs) emerged as a material which bridges these two 

aspects [1.4]. MOFs are hybrid porous crystalline materials, principally comprised of 

coordination bonds between metal nodes (individual ion or in a cluster form) and organic 

connectors (pyridyl, carboxylates, sulfonates, phosphonates etc.) possessing permanent 

pores or voids that are accessible for gases, solvents and any type of guest molecules [1.5]. 

Soon after its discovery, MOFs became the most promising candidate for adsorbent 

applications [1.6]. MOFs have much higher surface areas than the traditional porous 

materials such as Zeolites, porous carbon [1.7]. In addition, the advantages of crystallinity 

in MOF materials provide an unique opportunity to determine the high resolution crystal 

structure and accurate pore size/dimension of the MOF channel via X-ray crystallography. 

This advantage provides better insight into the structural parameters that facilitates the 

rational design of MOF based porous solids. Moreover, various functionalities of the 

organic linkers inside the MOF facilitate post-synthetic modifications. The porosity of the 
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MOFs has been utilized for traditional applications including gas adsorption and storage, 

gas separation etc. [1.8]. However, in recent years, focus has been broadened to other 

relevant applications such as solvent adsorption, proton conduction, redox catalysis, light 

harvesting etc. [1.9]. These applications are particularly appealing in terms of renewable 

energy research, which have drawn attention worldwide.  In the following parts of this 

chapter, we will depict a brief section of synthesis, structural aspects, particularly that of 

the chiral MOFs, and a bit of their applications. 

1.2. Synthesis of MOFs: 

The synthesis of metal-organic frameworks (MOFs) has been of prime interest due to the 

possibility of obtaining unprecedented structures with novel topologies. Before the 

discovery of MOFs, researchers explored various topologies from new inorganic and 

organic extended structures like Zeolites and Periodic Mesoporous Organosilicas (PMOs). 

After the initial evolution of MOFs, researchers understood the innumerable possibilities of 

combining organic and inorganic entities in a reaction vessel and generating a myriad of  

 

 

Figure 1.1: General scheme of synthesis for the preparation of MOFs. 
 

structural libraries where the MOFs are screened for predicted and non-predicted topologies 

(Figure 1.1). In general, MOFs are synthesized via liquid phase combination method where 

the metal salt solution and the ligand solutions are mixed homogenously in a culture tube 

(made of hard glass or pyrex) or in a hydrothermal bomb (made of Teflon with stainless 

steel lining) and heated the assembly at higher temperatures (100-180 °C) for an extended 

period of time (48-72 h). The solvent is one of the most important factors of MOF 

formation reactions which determine the solubility criteria of the constituents and the 

thermodynamic control over the system [1.10]. This aspect is critical to assay the 



Chapter 1  Introduction to Metal… 

3 

 

crystallinity as well as the phase purity of the resulting MOF. High temperature 

solvothermal reactions mainly prefer high boiling solvents like DMF, DEF and NMP as it 

effectively solubilizes the ligand entity. Apart from that, aqueous medium in combination 

with suitable bases are also used for the abovementioned purpose. Temperature is another 

tipping point for MOF synthesis, which controls the thermodynamics to selectively 

crystallize one particular phase if other factors remain constant [1.11]. Time allowed for the 

reaction also allows kinetic control over the MOF formation [1.12]. A recent review 

highlights the different synthetic approaches to obtain the MOF structure [1.13]. The form 

of energy that is provided for the MOF formation mainly devide the various synthetic 

routes along with time, temperature and solvent which ultimately decide the preferable 

pathway to realize MOF architectures (Figure 1.4). For example, solvothermal processes 

rely on the thermal energy. In combination with the classical room temperature 

crystallization techniques (where dissolved metal salt and ligand solution are left to 

evaporate at ambient condition), microwave, electrochemical and sonochemical reactions 

have been used for production of MOFs. To enhance the screening rate and the scale up 

synthesis in solvothermal process, researchers have developed high-throughput methods for 

the production of MOF. Solid state reactions were also attempted for the synthesis of MOFs 

due to its simplicity, time efficiency and solvent free conditions. One of such example of 

solid phase reaction is the mechano-chemical aided synthesis where MOFs have been 

generated by mechanochemical force [1.14]. However, we must acknowledge that 

solvothermal process have been the primary source for the synthesis of three dimensional 

(3D) metal-organic frameworks (MOFs). This may be due to the opportunity of growing 

single crystals which is a necessary step for the structure determination of the MOFs.  

 

 

Figure 1.2: Scheme of various synthetic approaches and the conditions used for the preparation of 
MOFs. 
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1.3 Structure of MOFs: 

Classical porous materials like activated carbons and porous polymers have no control over 

the structural integrity because the starting materials do not maintain their periodic 

arrangement in the long range [1.15]. On the other hand, Zeolites and PMOs have long 

range ordering but limited porosity [1.16]. However, MOF maintain periodic structural 

integrity in bulk phase owing to the rigid molecular joints made up from the ligand entity 

and metal ions or clusters. Thus, successful identification of the assembly between primary 

building blocks and secondary building units (SBUs) dictate the final topology of a 

framework (Figure 1.3). As a result, while considering the structure of MOFs, it is often 

necessary to be familiar with the the process of bringing two or more distinct SBUs 

together and recognize their underlying symmetry after MOF formation. In General, MOF  

 

 

Figure 1.3: Assembly of various SBUs to form the MOF architecture. 
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synthesis involve reacting two types of primary building units. The first one is the 

multitopic organic spacer and the other one is polytopic metal centre or metal cluster. 

During the synthesis, two primary building units connects with each other to form 

secondary building units (SBUs) which finally results in higher dimension complex (1D, 

2D and 3D) MOF architectures. All types of network structures of higher dimensions (i.e. 

organic, inorganic or organic-inorganic hybrid materials) possess inherent nets, and the 

interest of researchers lies in the successful understanding of the topological construction of 

MOF networks based on rational assembly of building units in different magnitude [1.17]. 

To simplify the aforementioned rationale we will discuss the structural aspects of one of the 

primitive MOF architectures i.e. MOF 5. The detailed investigation of the MOF 5 structure 

reveals tetrahedral Zn4O SBU connected with organic linker terepthalic acid and extends 

over three dimensional cubic networks with interconnected pores of 8 Å apertures and 12 Å 

pore diameter [1.4]. In contrast, by changing the metal building block from Zn4O to Cr3O 

keeping terepthalic acid constant generate a totally different structure called MIL-101 

which have different pore aperture and diameter (~3 nm) compared to MOF 5 [1.18]. A 

Further complicated building block made of Zr (Zr6O4) which combines with the same 

linker to yield UiO-66 MOF, with different architecture and pore size and shape than both 

MOF 5 and MIL-101 [1.19].  

1.4 Chiral MOFs: 

1.4.1 Introduction to chiral MOFs:  

Chirality is inherent in living beings in the form of amino acids, peptides, proteins, 

hormones and DNAs [1.20]. Even different ion channels prefer chiral architecture [1.21]. 

Although natural chiral molecules are abundant, synthetic or artificial chirality has its own 

importance from industrial perspectives. Chirality has become an intriguing part in many 

fields such as agriculture, pharmaceutical industry, chemical plants and clinical analysis 

[1.22]. In many cases, enantiomers of the same substance have been proved to behave 

differently in the physiology (being markers of different diseases and inactive substrate) or 

the environment. For example, if one enantiomer of a drug is therapeutic, the other may be 

toxic [1.23]. Therefore, enantiomerically pure drugs are a mandatory for their use in the 

body. As a result, the production and availability of enantiomerically pure drugs are one of 
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the great significance in the chemical and pharmaceutical industries. Currently available 

methods to provide enantiopure chemical products are the following: a) resolution of 

racemic mixtures, b) isolation from natural resources and c) asymmetric catalysis with 

resolution. In particular, chirality has a very crucial role in determining enantioselectivity in 

chiral recognition or separation and catalysis.  

In past decades, huge research efforts have been devoted to the development of chiral 

Zeolites. On this line, there has been success in the synthesis of Zeolites with pores larger 

than 13 Å. However, researchers frequently failed to obtain chiral Zeolites in enantiopure 

form till date. No wonder, Zeolite β and titanosilicate ETS-10 are the only two types of 

Zeolitic structures that have chiral forms [1.24]. Zeolite β possess a three-dimensional 

architecture which crystallizes in chiral polymorph, in either a left or right handed form. 

However, it is extremely difficult to obtain Zeolite β and ETS-10 in enantiopure form. The 

Zeolite VFI is a typical example of chiral Zeolite, which has cylindrical pore structure and a 

helical water channel along crystallographic c axis [1.25]. The water chains form a complex 

triple helicate structure inside the pore via hydrogen bonding with the neighbouring water  

 

 

Figure 1.4: a) Example of a chiral Zeolite, VFI having cylindrical channel filled with water 
molecules. b) Complex helical hydrogen bonding between the water molecules within the channel. 
c) Perspective view of the water molecules viewed from crystallographic c axis. Color code: Silicon 
sky blue, coordinated Oxygen red, solvent Oxygen green.   
 

molecules (Figure 1.4). The realization of enantiopure Zeolites is difficult in the sense that 

they are typically synthesized in presence of chiral surfactant templates, which are removed 
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after formation via calcinations at 400-550 °C [1.26]. Thus, synthesis of chiral Zeolites is 

totally depending on the ability of the chiral surfactants to assemble the Zeolite precursors 

into its chiral forms. However, calcinations at high temperatures disrupt the chiral 

arrangements which most of the cases result in either achiral or racemic mixtures of the 

Zeotypes. As a result, completely new strategies are required to synthesize chiral Zeolitic 

materials for industrially relevant applications. 

The abovementioned rationale explains that although Zeolites have been widely used for 

the production of many industrial chemicals and domestic products, its applications in 

enantioselective separations and catalysis have been rarely observed. In comparison, MOFs 

are mostly synthesized under mild conditions (100-180 °C), which allow simplistic 

assembly in homochiral MOFs by judicious choice of the chiral ligands. In practical, these 

homochiral MOFs possess chiral functionalities that should be accessible through the pore 

cavity. Such ordered chiral functionalities can be a boon towards realizing heterogeneous 

asymmetric catalysts, which can combine both the advantages of homogeneous catalysts 

(homogeneity of active sites, high solubility and effectiveness, reproducibility, 

controllability and mild reaction conditions) and heterogeneous catalysts (easy catalyst 

separation and recovery via filtration, size selectivity and high thermal stability). Thus, 

homochiral MOFs with chiral open channels can be envisaged for applications in 

enantioselective uptake and separations. In this way, rational design of homochiral MOFs 

can overcome the limitations of Zeolitic materials into the chiroselective processes. 

 

1.4.2 Literature examples of chiral MOFs:  

Till date three distinct strategies have been used for designing and synthesizing homochiral 

MOFs for enantioselective reactions;  

a) Chiral MOF from achiral building blocks  

b) Chiral MOF from ancillary chiral building blocks  

c) Chiral MOF from totally chiral building blocks  

As a special class and relevant to this thesis, we will also focus on d) amino acid derived 

MOFs, which comprises both the second and third strategy. Another strategy involving e) 

post synthetic modification of an achiral MOF with chiral substrate is out of scope of the 

current discussion. 
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1.4.2.1 Chiral MOF from achiral building blocks: 

In the first strategy, homochiral MOFs are synthesized from entirely achiral constituents. In 

this process, resolution of chirality has been evolved during crystal growth phenomena. The 

greatest advantage of this approach lies in absence of initial chiral components, which is 

often expensive. However, almost all of these MOFs are racemic as the bulk MOFs 

 

 

Figure 1.5: Example of a chiral MOF synthesis from achiral linker. 

 

comprises both enantiomorphs. The first example of such homochiral MOF is the 

Cd(apd)(NO3)2H2O.EtOH which is synthesized by combining achiral Cd(II) centers and 5-

(9-anthracenyl)pyrimidine (apd) bridging ligand [1.27]. The MOF crystallizes in the chiral 

space group P21. The chirality is generated from the pyrimidine-Cd(II) helical 

arrangements (Figure 1.5). The MOF crystals were observed to grow from the first nucleus, 

which suggests the case of seed mediated growth of the homochiral MOF in the bulk phase. 

Solid-state circular dichroism spectroscopy confirms the seed-mediated synthesis of the 

homochiral MOF from totally achiral components. It is to be noted that the handedness of 

the MOF crystals cannot be predicted a priori. As a result, although simple and cost 

effective, this method has major drawbacks in practical purposes from enantiomeric purity 

point of view. 

 

1.4.2.2 Chiral MOF from ancillary chiral building blocks: 

In the following approach, homochiral MOFs are synthesized from an achiral linker, in 

combination of an ancillary chiral building block. In this method, most of the cases the 

chiral building block bridges metal nodes in a neutral manner where the achiral component 

balances the charge and add to the dimensionality of the frameworks. One of the 



Chapter 1  Introduction to Metal… 

9 

 

representative examples of this kind is a salen based homochiral MOF, which has been 

synthesized using the following strategy [1.28]. The chiral MOF was constructed using 

metallosalen ligand (L1), biphenyl-4,4’-dicarboxylic acid (H2bpdc), and Zn(II) as metal  

 

 

Figure 1.6: Example of a chiral MOF synthesized from achiral biphenyldicarboxylate and 

ancillary metallosalen linker. a) Asymmetric unit of the MOF structure. b) 3D interpenetrated 

spacefill model of the structure that exhibit porosity along c axis. c) Asymmetric olefin epoxidation 

reactions using the MOF. 

 

node (Figure 1.6a). The bpdc linker form a paddlewheel building block with Zn(II) whereas 

the metallosalen acts as struts. The framework [Zn2(bpdc)2L1](10DMF)(8H2O) was 

synthesized by solvothermal method, and shows a twofold interpenetrating structure with 

3D network (Figure 1.6b). The channel dimensions along the crystallographic a and c axis 

are 6.2 × 6.2 Å and 6.2 × 15.7 Å, respectively. All the Mn(III) active sites are directed 

towards the channels and thus accessible to the guest molecules. The framework was 

investigated for asymmetric olefin epoxidation reactions, which efficiently catalyzed 2,2-

dimethyl-2H-chromene to the desired epoxidated product in 71% yield and excellent chiral 

selectivity of 82% ee (Figure 1.6c). Interestingly, the MOF has a higher activity than its 

homogeneous analogue, with slightly lower enantioselectivity. Moreover, it maintained the 

activity throughout a three hour reaction time where related homogeneous epoxidation 

catalysts are highly active only for few minutes. In Addition, it was recycled and reused 

upto three times, with a slight decrease in activity and no further loss in enantioselectivity. 

In 2006, the catalytic separation applications of a homochiral porous MOF for 

enantioselective adsorption and oxidation of thioethers have been explored [1.29]. The 
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homochiral porous material [Zn2(bdc)(L-lac)(DMF)]·(DMF) was prepared by heating a 

mixture of Zn(NO3)2, Terephthalic acid (H2bdc) as primary linker and L-lactic acid (lac) as 

an auxiliary building block in DMF at 110 °C for 2 days. The zinc ions bridged by lactate 

anions form parallel chiral 1D chains along the crystallographic a axis. These chains are  

 

 

Figure 1.7: a) Example of a chiral MOF synthesized from achiral terephthalate and chiral lactate 

ancillary ligand. b) Thioether oxidation reaction using MOF column. 

 

interconnected by terephthalate spacers to give a 3D porous structure, with pore dimensions 

of 5 × 5 Å (Figure 1.7a). The chiral centers of the L-lactate functionalities are poked 

towards the channels. The evacuated MOF was stirred in a CH2Cl2 solution containing a 

racemic mixture of small sulfoxides with smaller substituents for ~ 16 h, which showed 

excellent sorption ability. The ee values for the occluded sulfoxides were ∼ 27%, with the 

S enantiomer in preference in both cases. However, inclusion of sulfoxides with larger 

substituents could not be achieved in significant amount due to pore size constraints. Such 

size and enantioselectivity in guest uptake indicates that the MOF has a robust structure 

with uniform chiral pore size, which could be readily regenerated and reused in the 

successive cycles without considerable loss of sorption capacity. In addition, the MOF can 

also used for high size and chemoselective catalytic oxidation of thioethers to sulfoxides by 

either urea hydroperoxide (UHP) or H2O2, signifying that the reaction primarily occurs 

inside the pores within the MOFs (Figure 1.7b). Although chemoselectivity toward the 

sulfoxides was good to end of the column, both (R)- and (S)-sulfoxides could be isolated 

with relatively high yields because the sulfide (PhSMe) comes out from the column before 

PhSOMe. This work firstly recognized the use of MOFs as chiral stationary phases for 

preparative liquid phase chromatography. 
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 The advantage of this method is that it combines both the chiral and achiral building 

blocks, which effectively minimizes the cost of using pure enantiomeric spacer. However, 

one major drawback is that the position and the exposure of the active sites cannot be 

predicted in all cases and thus sans warranty for their activity in catalytic and 

enantioselective recognition processes. 

  

1.4.2.3 Chiral MOF from totally chiral building blocks: 

This strategy involves synthesis of homochiral MOFs from entirely enantiopure chiral 

linkers. The spacers self organize surrounding the metal centre to build the homochiral  

  

 

Figure 1.8: Example of a chiral MOF consisting entirely chiral linker and trinuclear Zn node. It 

exhibit moderate enantioselectivity towards transesterification reaction. 

 

framework. One of the primitive example of such case is the homochiral MOF reported in 

2000, where the first example of asymmetric catalysis has been documented [1.30]. In this 

account, a chiral porous MOF [Zn3O(L1)](2H3O)(12H2O)(D-POST-1) was synthesized by a 

solvothermal reaction between Zn(NO3)2 and chiral ligand L1 which is readily derived from 

the enantiopure D-tartaric acid (Figure 1.8). The oxo-bridged trinuclear zinc unit is 

connected by six carboxylate groups to form a SBU, which is further extended through 

coordination via zinc ions and pyridyl functionalities to result in large chiral 1D channels of 

the dimension of c.a. 13 Å through the crystallographic c axis. Interestingly, each trinuclear 

zinc cluster surrounds six pyridyl groups, three of which are coordinated, and two are 
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protonated. These remaining exposed pyridine groups showed moderate catalytic activity in 

the transesterification reaction of esters. For example, when a racemic alcohol 1-phenyl-2-

propanol was used, the ester shows a modest enantiomeric excess (ee ~ 8%) in favor of the 

S-enantiomer. Although the figure is not prominent, this example opens up the possibilities 

of using MOFs as a catalyst for enantioselective reactions. 

Later in 2004, a series of chiral BINOL based tetracarboxylic acid ligands (Figure 1.9a) 

have been synthesized with orthogonal dihydroxy functional groups [1.31]. Combining the 

tetracarboxylate groups of the linkers with carboxylate-bridged di-copper paddlewheel 

SBUs resulted in a series of 4,4-connected isoreticular CMOFs (Figure 1.9b). All the above  

 

 

Figure 1.9: a) Some instances of chiral BINOL linkers used for preparing chiral MOFs (CMOFs). 

b) Asymmetric unit of one of the CMOFs. c) 3D packing spacefill model of the CMOF along a axis. 

d) Post-synthetic modification of the catalytic sites by Ti(OiPr)4. e) Asymmetric reduction of 

substituted benzaldehydes by the CMOF catalyst.  
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CMOFs are isostructural and have a 3D non-interpenetrating crystal structure of the same 

chiral space group I4122. Due to the elongated nature of the tetracarboxylate linkers, the 

resulting non-interpenetrating frameworks have large open channels which prevail in all the 

three axes of the crystals (Figure 1.9c). The homochiral MOFs acts as a tunable platform to 

produce heterogeneous asymmetric catalysts through post-synthetic modification with 

excess Ti(OiPr)4 (Figure 1.9d). This led to the formation of an active catalysts for the 

addition of diethylzinc to a variety of aromatic aldehydes with near quantitative 

conversions (~ 99%), high selectivity for secondary alcohols (~ 92%), and high ee (~ 91%) 

(Figure 1.9e). The tunable structures of the MOFs allow differential substrate and product 

diffusion and thus the dependence of the ee’s on the pore sizes. 

In 2008, semiflexible pyridyl-functionalized salen-based ligand that forms cyclic clusters 

with enzyme-like chiral pores was introduced as a promising candidate for applications in 

enantioselective separation of chemicals [1.32]. When a mixture of the L1 [6,6'-

cyclohexane-1,2-diylbis(azanylylidene))bis(methanylylidene))bis(2-(tert-butyl)-4-(pyridin-

4-yl)phenol] and Zn(NO3)2·6H2O was heated in a solvent mixture of DMF-CH3CN or 

DMF-THF it led to the formation of two crystalline materials [Zn4(L1)4]·4CH3CN and 

[Zn6(L1)6]·6THF, respectively. Both compounds have an unsaturated zinc site and two  

  

 

Figure 1.10: Example of pyridyl-functionalized salen linker for chiral MOF synthesis. a) Packing 

view of the MOF along crystallographic c axis. b) Chiral separation reaction performed with 

racemic alcohol affords single crystal evidence of the occluded R isomer. 

 

semiflexible pyridyl groups extend the framework to form a cyclic ring. Each of these rings 

contains six such units of metallosalen linkers. The rings form a chiral cavity with CH3CN 
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or THF molecules as solvents. The six pairs of the tert-butyl groups of the metallosalen 

units are oriented towards the pore to generate six hydrophobic cavities. Noncovalent 

interactions (mainly intermolecular π…π and CH…π interactions) led to a porous 3D 

nanotubular structure with a pore opening of 1.4 × 1.0 nm (Figure 1.10a). Single-crystal 

XRD and PXRD confirms that both the materials undergo reversible single-crystal to 

single-crystal structural transformations upon guest reversible removal (Figure 1.10b). The 

permanent porosity was measured by its N2 adsorption isotherm (Langmuir surface area of 

504 m2g-1 and a pore volume of 0.48 mLg-1). The chiral resolution of 2-butanol was 

achieved by immersing the evacuated material in racemic alcohols in a vial at 40 °C for 2-3 

days. Chiral GC analysis proved ee value of 99.8% in preference of the (R) isomer. Similar 

enantioselective inclusion was observed for racemic 3-methyl-2-butanol. However, longer 

alcohols e.g. 2-pentanol cannot be resolved as the pore cavity is smaller than the guest 

dimensions. 

The advantage of this strategy is the uniform distribution of the homochiral sites, which 

increases both the catalytic and separation processes many fold than any of the previous 

approaches. However, high cost of the building blocks is one typical barrier for this 

process.  

 

1.4.2.4 Amino acid derived MOFs: 

Amino acids are one of the first molecules that appear on earth even before the evolution of 

first life. Its chiral environment translated into various forms of building blocks like 

peptides, proteins, and hormones which control the basic processes of our body. 

Undoubtedly, amino acids are one of the most abundant and the cheapest chiral source in 

Nature. Hence, several attempts have been driven to design amino acid based materials for 

synthetic polymers and biomaterials [1.33]. In this regard, synthesis of amino acid based 

MOFs should be one fascinating structure having low synthetic cost with diverse 

functionalities comprising chirality and porosity. These aspects will have definite impact on 

chiral recognition and enantioselective catalysis applications. However, in practical most of 

the amino acid based MOF structures are either 0D complexes or 1D chains due to the high 

chelating ability of the amino acids (as found in metalloenzymes) [1.34]. In this section, we 
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will give a brief overview on some of the structures and the strategies applied to increase 

the dimensionality of the MOF architectures. 

In 2006, a series of porous homochiral MOFs have been reported based on amino acid 

backbone for the separation of racemic alcohols [1.35]. The MOF [Ni2(L-asp)2(bipy)]· 

xCH3OH·yH2O was synthesized by solvothermal reaction between Ni(asp)·3H2O (a 1D 

coordination chain) and 4,4’-bipyridine (bipy) in a water/methanol mixture at 150 °C. The  

 

 

Figure 1.11: a) Chiral MOF synthesis scheme using bipy as struts and aspertate as ancillary linker. 

The 1,2-propanediol occupy the pore cavity. b) The higher bipy analogues resulted in pore space 

occlusion by uncoordinated spacers. 

 

neutral chiral Ni(L-asp) layers are connected via 4,4’-bipyridine linkers to form a pillared 

framework with 1D channels having dimension of ~ 3.8 × 4.7 Å, with ∼ 23% solvent-

accessible space. This approach could be a modified version of the second strategy, where 

the bipy act as a primary building block and framework extender and the asp behave as an 

ancillary linker and balances the charge. Moreover, the replacement of 4,4’-bipyridine with 

longer bridging ligands afford analogous MOFs with larger channel dimensions. The 

permanent porosity is verified by CO2 adsorption isotherm (BET surface area of 247(3) 

m2g-1). The enantioselective adsorption of guests was investigated by a library of chiral 
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small molecules. For a preset chain length of four carbon atoms, 1,3-butanediol showed 

significantly greater enantioselective uptake compared to 1,2-butanediol and 2,3-

butanediol. The preferential uptake of the 1,3-substituted diol units was further 

corroborated by the high ee value of 2,4-pentanediol, with reference to the 1,2-pentanediol 

and 2,5-hexanediol. The highest ee value observed for the diol guests was 53.7% for 2-

methyl-2,4-pentanediol. The details of the interactions between a diol guest and the internal 

porous surface are disclosed by the crystal structure of [Ni2(asp)2(bipy)]·1,2-propanediol 

(Figure 1.11a), where the diol is located within the pocket made by two neighboring 4,4’-

bipyridine molecules and the diol groups are hydrogen bonded with the oxygen atoms of 

the carboxylate moieties of the Ni(asp) layers. As a result, it is evident that besides good 

match between the size and shape of the MOF pores and the guest molecules, the channel 

surface also plays a significant role in chiral recognition and separation processes. 

However, further attempt to increase the pore size by increasing the length of the bipy 

spacer (Figure 1.11b) was mostly unsuccessful as the noncoordinated spacers occupy the 

pore spaces of the resulting MOFs [1.36]. 

 

 

Figure 1.12: Example of chiral MOF synthesis by dipeptide spacers. a) Gly-Ala peptide resulted in 

MOF with square-grid pore. b) Ala-His peptide have higher connectivity and form elliptical pore. 
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Further, dipeptide based linkers are also utilized to achieve chiral MOFs. They are endowed 

with porosity as well as flexibility by the help of rotatable peptide bonds. In this regard, 

Gly-Ala peptide was reacted with Zn(II)  ion in slightly basic methanol-water mixture to 

afford the Zn(Gly-Ala)2 MOF with 2D layered structure [1.37]. Similar kind of structure 

with greater connectivity has been achieved for Zn(Ala-His)2 MOF by incorporating 

histidinyl moieties within the backbone [1.38]. The interesting aspect for the MOFs are 

their CO2 adsorption isotherms, which exhibited gate-opening behavior at a pressure above 

2 bar, and additional step adsorption at higher pressure which also prevail in the desorption 

hysteresis. Combined experiments and simulations signified that the torsion and 

displacement of the peptide linkers, in addition to the change in pore alignment is 

responsible for these uncommon phenomena. 

In 2009, the naturally available chiral amino acid L-serine was functionalized with 

methylpyridine substituent (by reductive Schiff-Base addition with pyridine 4-

carboxaldehyde) to afford the chiral linker (S)-3-hydroxy-2-(pyridin-4-ylmethylamino)- 

propanoic acid (HL2). The reaction of HL2 with CuCl2 in a water and ethanol mixture forms  

 

Figure 1.13: Chiral MOF synthesis from pyridyl functionalized serine linker and its catalytic 

activity for Biginelli reaction and α,β-unsaturated aldehyde addition reaction. 

 

the homochiral solid Cu(L2)Cl (Figure 1.13), which is 1D in nature and it is better to term it 

as coordination polymer than MOF [1.39]. There are two distinct Cu(II) atoms present in 

the framework. Each Copper atom is coordinated by a carboxylate group of the linker, an 

amino group and a hydroxy group of the serine moiety and by one pyridyl group from 
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another linker. A striking feature of this coordination geometry is that the nitrogen atom of 

the amino group is chirally induced by the neighboring chiral carbon atom. Moreover, one 

copper atom is coordinated by one chlorine atom and another copper atom is coordinated 

by two chlorine atoms to balance the overall charge, resulting in a distorted square 

pyramidal and octahedral geometry along the copper unit, respectively. The 1D chains of 

the framework run along two different directions. These chains are held by supramolecular 

interactions forming a framework structure which contains one-dimensional channels with 

a pore size of 5.1 × 2.9 Å. Unfortunately, these channels are too small for substrate 

inclusion. The framework was examined for catalysis of the Biginelli reaction of 

benzaldehyde, urea and ethyl acetoacetate to provide dihydro-pyrimidinone. The product 

was isolated in ~ 90% yield without any enantioselectivity. Another test reactions of the 

addition of cyclohexylmagnesium chloride to various α,β-unsaturated aldehydes suggests 

that the reaction is assisted by the outer crystallite surface of the framework, rather than the 

inside channels which are too small for guest accommodation. Undoubtedly, there is an 

urgent need to develop amino acid based MOF with higher dimensions and pore sizes for 

any practical application, which is the main point addressed in this thesis. 

In 2011 eight 3D MOF architectures based on 2:1 cocrystal of pure amino acid proline and 

Li salts were reported [1.40]. The MOFs was synthesized in water by reacting Proline with 

 

 

Figure 1.14: Example of a chiral MOF using Li(I) as metal source and Proline as linker.  
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different Li(I) salts (LiCl, LiBr, LiNO3 etc.). The carboxylate groups coordinate with the 

Li(I) in a bridging fashion while the proline backbones remain uncoordinated. Although the 

resulting structures feature high dimensionality, water stability, structural diversity with 

interesting dia and lon topology, in all cases the proline and the non-coordinated anions 

(e.g. Chloride, Bromide, Nitrate) occupy the pore cavity.  As a result, all the chiral MOFs 

are non-porous in nature and thus unsuitable for use in industrially relevant purposes.      

 

1.5 Water stable MOFs: 

The design and synthesis of moisture and water stable porous materials are crucial for their 

development in industrial applications e.g. gas sorption and separation, sensing, catalysis, 

and ion conduction. However, despite the large interest on MOFs encouraged by the high 

surface area and tunable pore size, full or partial degradation of them in the open 

atmosphere has drastically limited their competences for industrial relevance. On the one 

hand, solubility of MOFs in biological medium is vital for their in vivo applications such as 

drug delivery [1.41]. On the other hand, understanding of the degradation 

mechanisms/pathways is important for the future design of porous MOFs with appreciable 

water stability for industrial applications. This section will deal with the strategies to 

control over water stability and adsorption property in MOFs. The following discussions 

are largely adapted from a recent review highlighting the necessary aspects on the 

aforementioned notes [1.42]. 

Water adsorption behavior is vital for many microporous solids, and of prime importance in 

MOFs. For example, the water adsorption properties of molecular sieves in 

chromatography columns are dependent on their temperature. Although Zeolites are 

typically hydrophilic, hydrophobic Zeolites have particular importance for environmental 

applications [1.43]. Water uptake property is crucial for CO2 capture of hydrophilic 

materials as water acts as a competing binder. For instance, a controlled amount of water 

adsorption can promote CO2 uptake capacity in MOFs particularly in MIL-101 (Al/Cr-

terephthalate), HKUST-1 (Cu-trimesate), and MIL-53 (Al/Cr-terephthalate) [1.44]. 

Although several applications can be envisaged for water adsorption in MOFs, few are 

timely relevant e.g. water purification, dehumidification, thermal batteries, heat-pumps, 

chillers and proton conduction [1.45]. Astonishingly, till date the structure (such as effects 
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of pore size, pore morphology, and flexibility) and water adsorption relationship has not 

been studied in a systematic manner for MOFs. However, water adsorption-desorption 

isotherms was discretely performed on a series of MOFs with diverse structure and 

property. This contains a broad variety of behaviors ranging from hydrophobic ZIF-8 (Zn-

methylimidazolate) to hydrophilic MIL-101. Herein, based on the water stability, MOFs 

can be broadly divided in 3 major sections. They are the following: 

 

1.5.1 MOFs stable in water vapor: 

The stability of a series MOFs with different organic ligands, pore apertures, metal node 

and coordination numbers were determined in combination with molecular modelling and 

experimental screening relied on X-ray diffraction (PXRD) studies [1.46]. The conclusion 

was that the metal-ligand bond strength is the key criterion for water-stability of the MOFs, 

which is more important than the metal coordination geometry or valency. The most stable  

 

 

Figure 1.15: Example of MOFs used for water stability and adsorption study.  

 

MOFs emerged as MIL-101, MOF-74 and ZIF-8. More recently, Zr-MOFs e.g. UiO-66 

(Zr-terephthalate) were found to be tremendously stable in water, while isostructural UiO-

67 (Zr-biphenyldicarboxylate), MOF-805  and MOF-806 (Zr-bipyridinedicarboxylate) are 

unstable in humid condition due to the induced torsional strain inside the crystal leading to 

structural collapse. Similar adsorption isotherms indicate that Al-MIL-100 (Al-

terephthalate) and Ni/Mg-MOF-74 (Ni/Mg-2,5-dioxidoterephthalate) MOFs are unstable 

leading to partial or full collapse of the framework dependent on exposure time. 

 

1.5.2 MOFs stable in liquid water: 
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The stability of various MOFs were investigated by immersing them in pure water or in wet 

dimethylformamide (DMF) with different H2O : DMF ratio on a timescale ranged from 

hours to months and measuring patterns PXRD before and after exposure at ambient 

conditions [1.47]. Three well known MOFs viz. MOF 5, MOF 177 and UMCM 150 were 

found to be unstable in H2O : DMF combinations with ratios greater than 1 : 4. In contrast, 

copper paddlewheel MOFs such as HKUST-1 were found to be stable for months in H2O : 

DMF = 5 : 1, but starts to decompose in contact with pure water after 24 hours. On the 

other hand, the Cr-MIL-100 and ZIF-8 were stable in pure water for months and in boiling 

water for 24 hours. Finally, Al-MIL-53 (Al-terephthalate) undergoes degradation in boiling 

water to form gamma alumina (γ-Al2O3) under these conditions. 

 

1.5.3 Stability in aqueous acid/base: 

Most of the MOFs created from carboxylates or imidazolates linkers dissolve in acidic 

environment due to the protonation, such as aqueous HCl or HF solution which is common 

in case of silica based materials. However, a class of Zr-MOFs e.g. Zr-porphyrin PCN-222, 

224, and 225 retain its crystalline architecture under extreme acidic conditions in aqueous 

media [1.48]. MOF stability in strong alkaline solutions has been evaluated for a few 

materials. In an early report of the PXRD patterns of ZIF-8 showed to remain unchanged 

after 24 hours in 8 M aqueous NaOH solution at 100 °C, which is superior to MCM and 

SBA mesoporous silicas [1.49]. On the other hand, MOFs which are designed for medical 

applications were studied in pH ~ 7.4 i.e. simulated physiological media. The stability of a 

series of seven carboxylate-based MOFs was assayed in a phosphate buffer solution at pH ~ 

7.4 and 37 °C. The stability order is as follows: Fe-MIL-100 > Fe-MIL-53 > UiO-66-NH2 > 

Fe-MIL-53-Br > UiO-66 > UiO-66-Br which is directly related to the donor effect of the 

ligand substituent as the most electron-rich linker bearing MOFs is the most stable [1.50].  

 

1.6 Water adsorption property of MOFs: 

There are three major kinds of water adsorption mechanism which dominates within the 

different sorts of MOF architecture based on the role of the metal centers, pore size and 

shape and pore functionality relied on the ligand nature.  
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(i) Direct water adsorption on metal nodes or metallic clusters of the MOFs involving the 

first coordination sphere of the metal ion. This is a typical chemisorption process and 

irreversible, which is primarily achieved by evacuation of the as-synthesized MOFs with 

coordinated water molecules at elevated temperature to generate unsaturated metal sites 

suitable for this process. It should be noted that sample pretreatment is a key issue in this 

case. For example, the shape of water adsorption isotherm in Ga-MIL-53 MOF is strongly 

dependant on the initial activation procedures [1.51].  

(ii) Layer/cluster adsorption within the MOFs which is related to the pore size and shape 

for 3D MOFs and interlayer distances for 2D ones, and are generally reversible provided 

the MOF backbone have least interaction with the water molecules.  

(iii) Capillary condensation of water molecules on the MOF particle surface or the 

intercrystallite spaces, where the pore surface has strong hydrophobic character to repel the 

incoming water molecules. This process is irreversible in nature.  

All these mechanisms are well studied in MOFs and we will exemplify those using well-

known MOFs including MOF-74, UiO-66, MIL-101 and ZIF-8.  

Water adsorption-desorption isotherms of Ni- and Mg-MOF-74 demonstrate a type-I profile 

characterized by a large amount of water uptake at low partial pressure and a long 

saturation plateau; an usual pattern found in microporous Zeolites. The large adsorption 

capacity at low partial pressure makes these porous solids as promising hydrophilic 

adsorbents which rely on physisorptive process. The pore diameters of UiO-66 are 0.75 nm 

and 1.2 nm, and exhibit water adsorption-desorption isotherms of ‘‘S’’ shape with small 

uptake at low partial pressure followed by an adsorption step with inflexion point at P/Po = 

0.2. Interestingly, the desorption pathway do not coincide with the adsorption one, which 

indicates minor alterations of the structure induced by host-guest interactions and some 

degree of network flexibility [1.52]. Repeated adsorption-desorption cycles were carried 

out to evaluate the effect of hydration-dehydration on structural properties and the stability 

of the structure on recycling. The low temperature soft evacuation was performed to avoid 

the dehydration of the Zr6O4(OH)4 cluster which shows shift with respect to hard one, 

indicating the operation of both physisorptive and chemisorptive phenomena. Water 

adsorption-desorption in MIL-101 exhibit very high water uptake within relative humidity 

range of P/Po = 0.25 - 0.60. The total uptake capacity of MIL-100 (ca. 0.8 gg-1) is lesser 
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than MIL-101 (1.2 gg-1), as expected from their pore volumes [1.53]. Although different 

Cr-MIL-101, Fe- and Cr-MIL-100, Al-MIL-100 samples give variation of adsorption 

capacity due to lower degree of crystallinity or ineffective evacuation procedures, the type I 

isotherm remains unchanged. The hydrophobic characteristic of ZIF-8 was evaluated by 

significantly less water uptake performance even at relative pressure P/Po = 1 [1.54]. Such 

behaviors are usual for the hydrophobic sodalite Zeolites of similar topology. However, at 

large pressures, liquid water penetrate the microporous structure of ZIF-8 (0.5 mLg-1 at 27 

mPa. A treatise of the water adsorption capacity and correlation with the surface area of the 

MOF can be found in the following table 1 [1.55]. 

MOF 

Structure 

 

Pore 

diameter 

in nm 

 

BET surface area 

in  m
2
g

-1
 

 

Pore 

volume 

in cm
3
g

-1
 

 

Water vapor 

uptake in 

cm
3
g

-1
 

Ref. 

Ni-MOF-74 1.1 1040 0.46 0.50 1.55a 

Mg-MOF-74 1.1 1400 0.65 0.68 1.55b 

HKUST-1 0.6-0.9 1270 0.62 0.51 1.55b 

Fe-MIL-100 2.5-2.9 1549 0.82 0.81 1.55c 

Al-MIL-100 2.5-2.9 1814 1.14 0.50 1.55d 

Cr-MIL-100 2.5-2.9 1330 0.77 0.40 1.55e 

Cr-MIL-101 2.9-3.4 3124 1.58 1.40 1.55f 

Cr-MIL-101-
NH2 

2.9-3.4 2690 1.6 1.06 1.55g 

Cr-MIL-101-
NO2 

2.9-3.4 2146 1.19 1.08 1.55f 

UiO-66 0.75-1.2 1290 0.49 0.42 1.55a 

UiO-66-NH2 0.75-1.2 1328 0.22 0.38 1.55h 

UiO-66-NO2 0.75-1.2 792 0.4 0.37 1.55i 

UiO-67 1.2-1.6 2064 0.97 0.18 1.55h 

MIL-125-NH2 0.6-1.2 1220 0.55 0.37 1.55h 

In-MIL-68-
NH2 

0.6-1.2 850 0.302 0.32 1.55j 

CAU-10 0.7 635 0.25 0.31 1.55k 
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1.7 Introduction to proton conductivity in MOFs: 

The projected energy consumption by the world will increase by 50% from 2012 to 2030 

mainly due to the rapid urbanization, booming number of industries increasing day by day 

and obvious population expansion [1.56]. As a result, there is urgent need to advance from  

 

 

Figure 1.16: Pictorial representation of proton transport mechanism a) Grotthuss proton hopping 

mechanism. b) Vehicular mechanism. 

 

fossil fuel based resources to an alternative renewable energy for environmental issues and 

cost-cutting measures [1.57]. Fuel cell based technology is one of the most attractive 

renewable energy source and gathered considerable attention in the past decades [1.58]. A 

fuel cell device typically converts chemical energy to electrical energy by reacting 

hydrogen from fuel with oxygen from the air to produce heat and water as major by-

products. A basic fuel cell setup consists of a negative end (anode), a positive end (cathode) 

and an electrolyte media that allows charges to move freely between the both ends of the 

fuel cell. Different fuel cell systems have been developed over the past decades, among 

which the polymer electrolyte membrane fuel cells (PEMFCs) [1.59] are of prime interest, 

and will be discussed due to its relevance to the thesis. In PEMFCs, the basic strategy lies 

ZIF-8 1.1 1255 0.64 0.02 1.55l 

ZIF-90 1.1 1200 0.48 0.29 1.55m 
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on the passage of protons from anode end to cathode through the proton-exchange 

membrane inside the cell, while the electrons generated at the anode end pass along the 

external circuit to cathode generating electricity [1.59]. Although numerous proton 

conducting materials have been reported in the literature, till date only a group of 

sulfonated fluoropolymers (viz. Nafion) [1.60] (having high proton conductivity > 0.1 Scm-

1) has been successfully commercialized as proton exchange membrane in PEMFCs. 

Fluorous backbone provide additional hydrolytic, mechanical as well as oxidative stability 

to the material, and sulfonate groups promote high conductivity in humid conditions via 

uptake of several water molecules within the porous cavity of the polymers. However, this 

usher in another primary drawback of this material as humidified condition is required to 

achieve high proton conductivity without which conducting efficacy decreases drastically. 

Besides, there is also a need to power up a humidifier for humidity monitoring. Such 

bottlenecks also limit the use of Nafion at higher operating temperatures which suffer the 

following danger of poisoning of Pt catalysts by CO at less than 100 °C (CO is generated 

from the steam reforming while producing H2) and slow reaction kinetics. Undoubtedly, 

there is an urgent development needed that can exhibit similar or higher proton conduction 

values than Nafion at lower as well as higher temperatures (100-200 °C) under both 

hydrous and anhydrous condition depending on the system. On this line, several new 

materials emerged with high proton conductivity values at different conditions, which are 

out of scope for this thesis, but covered in different review articles. Only during the past 

decade metal-organic frameworks (MOFs) have been explored as an proficient proton 

conducting material due to their permanent porosity, chemical functionalty and thermal 

stability which could be advantageous for the advancement of proton-conducting 

membranes. Generally, two pathways of proton conduction have been proposed for 

understanding the mechanisms; (1) Grotthuss proton hopping mechanism (2) Vehicular 

mechanism [1.61]. In Grotthuss mechanism proton transportation occurs via the ordered 

transporter molecules situated within close proximity so that protons can be interchanged 

without appreciable movement. For example, this mechanism occurs under hydrous 

condition and lower temperatures (< 80 °C). By contrast, vehicular mechanism, as evident 

from the term, happens by the activation energy induced movement of the carrier molecules 

(e.g. imidazole, triazole) along any direction to transfer the proton to nearby molecules 
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(Figure 1.16). This mechanism is of particular interest while considering conductivity at 

higher temperatures (i.e. near the boiling point of the transporter molecules). Based on the 

above discussion the proton conductivity in MOFs is divided mainly in two ways a) water 

mediated (hydrous) proton conductivity [1.62] b) Anhydrous proton conductivity [1.63]. 

 

1.7.1 Challenges and opportunities of proton conduction in MOFs:  

The prime challenges and prospectives in designing MOF based proton conductors are 

many, some of which are discussed vide supra:  

a) As MOFs are constructed in organic medium by joining metal ions with organic linkers 

via coordination bonds, reverse phenomena i.e. deconstruction of MOF backbone can be 

accelerated in water or simple ambient humidity to result in corresponding metal 

oxide/hydroxide and bare organic ligand. At present most of the MOFs cannot withstrand 

high humidity, which is the major operational bottleneck in developing MOF based 

conducting materials. In most of the cases, the water stability cannot be predicted a priori. 

However, few selected metal clusters linked by carboxylate moieties [e.g. 

Cr3O(COO)6F/OH, Zr6O4(OH)4(COO)6] proved to be effective in tolarating water even at 

higher temperatures.  

b) As MOFs have high density of metal ions preferably transitional one, it is heavier and 

costlier than its polymer analogue and thus has to bear with gravimetric issues while 

considering MOFs for on board applications. MOFs based on earth abundant light weight 

group of metals [e.g. Mg(II), Ca(II)] can solve this issue to some extent, while high bond 

dissociation energy of alkali earth metal oxide can be utilized for highly water stable 

MOFs. For information, the chapter 6 of this thesis specifically deals with this prospect of 

MOFs.  

c) The inherent porosity of MOFs can give rise to unwanted fuel cell crossover problem in 

PEMFCs, which can be effectively minimized by filling the pores with water or a 

nonvolatile proton carrier. In addition, providing proton conducting functional groups to the 

ligand backbone can serve dual purpose to assist proton transport and decrease porosity. 

d) The high crystallinity of MOFs in the form of large sized crystals or microcrystalline 

powder create interparticle spaces while preparing a compact pellet or membrane for proton 

conduction measurement. This phenomenon is well-known as grain boundary and can 
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substancially lower the proton conduction rate and also can evoke crossover problems. 

Diminishing the particle size of the MOFs is one strategy, while combining with polymeric 

binder to make a composite is another pathway to address this issue. Interestingly, pure 

MOF based membranes are also an active research area, which should be focused on to get 

added advantage to solve the current problems.  

At present situation although most of the points have been addressed in the literature 

separately, there is an urgent development needed to combine the aforementioned aspects 

in a single domain to envisage MOF based proton conductor for practical applications in 

the near future. 

 

1.7.2 Water assisted proton conductivity in MOFs: 

Hydrous state proton conductivity occurs in MOFs in presence of certain amount of 

humidity (expressed in %RH) to the outer environment. Water molecules thus adsorped 

inside the porous cavity of the MOF architecture along with trapped within the 

intercrystallite spaces. Protons proceeds via simultaneous formation and breakage of 

covalent bonds. In this manner, the hydrogen bonded network of water molecules carry 

protons by a very low activation energy (< 0.4 eV) and at lower operational temperatures 

(below 100 °C) which is the typical characteristics of Grotthuss proton hopping 

mechanism. Based on the framework nature, conduction pathways and carrier molecules, 

proton conductivity in MOFs under humid condition can be broadly categorized into two 

primary sections; a) inherent water assisted proton conduction in hydrous condition and b) 

framework ion assisted proton conduction in humid condition.    

 

1.7.2.1 Inherent water assisted proton conduction:  

A well-organized proton conduction pathway relies on the facile movement of protons 

along the pores of the MOF backbone. Inherent water molecule assisted conductivity inside 

the MOF channels can happen through the following two categories; a) MOF backbone 

where water molecules are coordinated to the metal center and b) Porous MOFs with water 

molecules entrapped inside as lattice solvent. In both the cases, however, hydrous 

atmosphere enhances the proton conduction values. As most of the thesis deals with the 

proton conduction phenomenon in hydrous conditions, we will put particular interest to 
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explore this section and comprehend the governing factors that promote proton 

conductivity in humid conditions.  

Proton conducting ability has been investigated on one-dimensional metal organic chain 

systems with oxalate bridging moieties [1.62c]. The first system examined was ferrous 

oxalate dihydrate [Fe(ox)2.2H2O] which contains octahedral Fe(II) metal centers 

coordinated with bidentate oxalate anions and coordinated water molecules. The bridging 

behavior of oxalate moieties resulted in the formation of one-dimensional (1D) 

coordination chains (Figure 1.17a). The proton conductivity value exhibited by this  

 

 

Figure 1.17: a) Constituents and packing view of Ferrous oxalate coordination polymer. b) 
Constituents and packing view of 2,5-dihydroxy-1,4-benzoquinone (dhbq) Mn(II) based 
coordination polymer. Color code: Fe/Mn green, O red, C gray and H white.  
 

material is 1.3 × 10-3 Scm-1 at 25 °C under 98% RH with an activation energy barrier of 

0.37 eV. The Lewis acidic Fe(II) tend to polarize protons from the coordinated water 

molecules, which assist periodic arrangement of coordinated water molecules with partially 

acidic nature inside the structure to facilitate the proton conduction pathway under hydrous 

condition. Similar kind of mechanism has been observed in case of another coordination 

polymer viz. M(dhaq), [M = Co, Mg, Mn, Ni, Zn and dhbq = 2,5-dihydroxy-1,4-

benzoquinone] (Figure 1.17b). M(dhaq) posses the same kind of structure as Fe(ox)2.2H2O 

with only difference in the linker. Despite the structural similarities, the proton conductivity 

of these coordination polymers is comparatively low [lies in the range of 4 × 10-5 Scm-1] in 

hydrous condition, suggesting that the linkers play a vital role in proton conduction. 
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However, both of the coordination polymers do not show proton conductivity in absence of 

humidity which indicates that the coordinated as well as humidity induced water molecules 

play an important role in determining their proton conducting ability.  

In another approach, proton conductivity has been examined on MOFs where the pore 

cavity is blocked by hydrogen bonded water molecules which can aid the conduction 

pathway through the MOF backbone. A perfect example of this kind is a Zn(II) based two 

dimensional coordination polymer PCMOF3 bearing phosphonate linker. The MOF has 

been synthesized under hydrothermal condition by combining the 1,3,5 

benzenetriphosphonic acid and Zn(NO3)2 as metal source. The coordination of the 

phosphonate ligand via Zn(II) resulted in 2D layered network stacked through alternating 

sets of zinc metal centers. This coordination environment creates elliptical pores filled with 

solvent water molecules (4 in numbers per pore). The protons are presumed to [1.62b] 

mediate through the solvent water molecules aligned in a periodic manner through 

intermolecular hydrogen bonding within elliptical pores as well as further interactions with  

 

 

Figure 1.18: Structure of a) PCMOF-3 in polyhedral model showing 1D water filled channels. b) 
PCMOF21/2 formed by combining 1,3,5 benzene triphosphonic acid and 1,3,5 benzene trisulphonic 
acid. Color code: Zn green, O red, C gray P magenta and S brown. 
 

the framework backbone (Figure 1.18a). PCMOF3 showed moderate proton conductivity 

value of 3.5 × 10-5 Scm-1 at 25 °C and 98% RH. However, in anhydrous condition the 

conductivity decreases drastically which indicates that the conducting pathways for 

PCMOF3 are highly humidity dependant. To improve on the conductivity of this material, 

an acidic functionalization strategy has been utilized by combining with PCMOF2. The 

PCMOF2 structure [trisodium salt of 2,4,6-trihydroxy-1,3,5-benzenetrisulfonate (L1)] 

contains pores lined with sulfonate oxygen atoms and exhibit poor proton conducting 

efficiency in undoped condition, while the conductivity increases many upon 1,2,4 triazole 
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loading (out of scope of this discussion). In order to improve on the proton conductivity of 

PCMOF2, partial linker replacement strategy aided by grinding with monosodium salt of 

1,3,5 benzenetriphosphonic acid has been applied to get the hybrid structure comprising the 

characteristics of both the PCMOF2 and PCMOF3 [1.62i]. The resulting material viz. 

PCMOF21/2 has much higher proton conductivity [2.1 × 10-2 Scm−1 at 90% RH and 85 °C] 

than either of its constituting MOF [Figure 1.18b]. The incorporation of additional proton 

presumed to play a vital role in determining the high conductivity of the hybrid MOF. The 

PCMOF21/2 also exhibit humidity dependant proton conductivity, which confirms the role 

of water in assisting the conducting process. The activation energy (Ea) was measured to be  

 

 

Figure 1.19: Three dimensional arrangement of Mg-iminophosphonate network starting from its 
constituents. Mg green, O red, C gray and N blue. 
 

0.21 eV, which is an indicative of the Grotthuss proton hopping mechanism. In another 

account, a similar structure like PCMOF2 has been obtained using an extended aliphatic 

iminophosphonate linker L1 = Octamethylenediamine-N,N,N′,N′-tetrakis-(methylenephos 

phonic acid), [H8ODTMP] and Mg(II) as metal source [1.62t]. The MOF 

(MgH6ODTMP.2H2O.DMF0.5) structure is 3D and posseses tetragonal pore filled with 

solvent water and DMF molecules (Figure 1.19). The conductivity values are a bit higher 

than PCMOF one, exhibiting 1.6 × 10-3 Scm-1 at 19 °C and ∼ 100% relative humidity with 

activation energy value of 0.31 eV. 

 

1.7.2.2 Ion assisted proton conduction:  

MOFs where the coordination around the metal center creates anionic or cationic 

framework also have a non-coordinated countercations/anions within the pore cavity. This 

creates an unique opportunity to utilize the cationic/anionic guests to aid the proton 



Chapter 1  Introduction to Metal… 

31 

 

conducting pathways under hydrous condition. In general, for the neutralization of the 

anionic framework various cationic molecules [NH4
+, (CH3)2NH2

+, (C2H5)2NH2
+ etc.] are  

 

 

Figure 1.20: Honeycomb layered structure of Zinc oxalate framework with ammonium cation, 

water molecules and adipate anion trapped inside the interlayer spaces of 2D network. Color code: 

Zn green, O red, C gray and N blue.  

 

present inside the network. A landmark example of such kind of MOF is the zinc oxalate 

based framework (NH4)2(adp)[Zn2(ox)3]·3H2O, which contains two ammonium cations, 

three water molecules and one adipate anions (adp) trapped inside the voids of the 2D 

network (Figure 1.20)[1.62e]. The interesting structural aspect is that it incorporates both 

cationic and anionic guests for optimized performance towards the proton conduction 

processes. The proton conductivity of this MOF was 8 × 10-3 Scm-1 at 25 °C under 98% 

RH. The high proton conductivity at hydrous condition is owing to the extended hydrogen-

bonded network produced by both the complex intermolecular as well as intramolecular 

hydrogen bonding between ammonium cations, adipate anions and solvent water molecules 

inside the 2D architecture.  

A similar kind of oxalate-bridged bimetallic chiral MOF (NH4)4[MnCr2(ox)6].4H2O have 

been examined for proton conductivity with a 

helical oxalate chains (Figure 1.21)[1.62u]. 

The interesting aspect of this type of structure 

is that this is the only chiral MOF studied till 

date for hydrous state proton conductivity. It 

reveals moderate proton conductivity of ca. 1 

× 10-4 Scm-1 where the ammonium cations in 

combination of solvent water molecules form 

 

Figure 1.21: Chiral structure of mix-

metal oxalate framework. Color code: Cr 

Violet, Mn green, O red, C gray, N blue.  



Chapter 1  Introduction to Metal… 

32 

 

the proton conduction pathways. 

The hydrous state proton conductivity is reported for the MOFs are limited to mostly 

oxalate and phosphonate type linkers. They provide strong chelating effect to the metal ion 

which is suitable for the water stability of the resulting MOFs in extreme humid conditions 

and elevated temperatures. The following chapters of this thesis will open up new 

possibilities of using the chelating ability of the amino acids to design water stable MOFs 

which also have high water uptake capacity. 
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CHAPTER 2 

 

VARIABLE WATER ADSORPTION IN A SERIES OF AMINO ACID DERIVED 

MOFS  

 

2.1 Introduction: 

Enantiopure amino acids and its derivatives had been a cynosure in the eyes of researchers 

as it serves as a backbone in the chemical processes of all flora and fauna. Extensive 

research on the property studies of the naturally occurring amino acids and their derivatives 

(e.g. peptides) as well as their synthetic analogues has been evolved in the last decades for 

their potential biomimetic activities [2.1]. Despite all these promising facts, till date it is 

extremely complicated to completely understand their structure and property relationships. 

For example, a small change in amino acid within the peptide backbone resulted in 

unexpected twist in the peptide conformers [2.2]. Hence, comprehensive understanding of 

the basic interactions between amino acids and other substrates would reveal the prime 

features of the amino acids functional property and ultimately will serve as the basis to 

comprehend the various chemical processes in vivo. In this context, several attempts have 

been made in order to introduce amino acid moieties in organic biopolymers [1.33]. On the 

other hand, organic-inorganic hybrid structures based on amino acids reveal their potential 

applications in enantioselective catalysis, separation, and most importantly to probe 

complex biochemical processes and cycles [2.3]. In this regard, metal-organic frameworks 

(MOFs), a class of porous organic-inorganic hybrid materials, serve as a potential platform 

for its application in chiral separation and sensing, nonlinear optics apart from gas sorption, 

catalysis, magnetism, and conductivity [1.6, 1.32, 1.35, 1.39, 1.62]. Hence, introduction of 

amino acid moiety in extended three dimensional backbones of MOFs assure diverse 

functionality and applicability due to different sidearm residue of the amino acids. In 

practical, high binding and chelation ability of pure amino acids with transition metals often 

resulted in zero/one dimensional (0D/1D) complex formation instead of higher order 

porous homochiral MOFs [1.34]. No surprise, till date three dimensional (3D) MOFs with 

amino acid backbone are only handful in numbers [1.35, 1.36, 1.40]. Moreover, rarely there 
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has been a systematic study to directly correlate the structures and applications. Amino 

acids are primarily hydrophilic due to presence of polar groups; hence water and polar 

solvent adsorption studies will reveal important characteristics about the corresponding 

amino acid based MOFs. Till date, no such aspect has been revealed in the literature. 

Herein, in this chapter, we report a detailed structure to property relationship in 2D and 3D 

amino acid based MOFs through extensive measurement of water and polar solvent 

adsorption isotherm; followed by their correlation with the parent MOF structure. We have 

developed two approaches to execute this study; a) we have examined the water and polar 

solvent adsorption isotherms in a series of isostructural amino acid derived MOFs with 

increasing hydrophilic functionality b) we have probed water sorption isotherm in a series 

of MOFs with different structure, different functionality and different pore sizes. In order to 

implement the first idea, we report three homochiral metal-organic frameworks, viz. 

ValZnOAc, AlaZnOAc and ThrZnOAc, a member of the extremely rare zeolitic unh 

family, having valine, alanine and threonine as the amino acid backbone [Val = (pyridin-4-

yl)methylamino-valine, Ala = (pyridin-4-yl)methylamino-alanine, Thr = (pyridin-4-

yl)methylamino-threonine], respectively. The pyridyl groups along with the amino and 

carboxylate groups of the ligands bridge Zn(II) ions to form 3D networks, whereas 

remaining sidearm (isopropyl, methyl and chiral 2-hydroxyethyl) can act as a functional 

group for desired applications like sorption, sensing and catalysis. As a proof of concept 

application, we have performed solvent adsorption studies, which revealed that hydrophilic 

interactions inside the porous cavity of ThrZnOAc increases in many fold due to poking 

hydroxyl group compared to isopropyl or methyl groups in case of ValZnOAc or 

AlaZnOAc, respectively (Figure 2.1). Extensive solvent sorption isotherms have been 

collected to explore their interactions with the pore surface with diverse polarity of solvents 

viz. water, methanol, isopropanol and toluene. ValZnOAc and AlaZnOAc show very low 

uptake followed by pore condensation behavior while ThrZnOAc exhibit excellent water 

uptake capability even at lower relative pressure (15 wt% at STP, P/P0 ≤ 0.25). Methanol 

and isopropanol sorption isotherm also reveal the enhanced uptake capacity in case of 

ThrZnAOc with respect to ValZnOAc and AlaZnOAc due to polar interaction inside the 

pore surface. However, toluene sorption profiles reveal the exact opposite trend due to 

hydrophobicity. ValZnOAc exhibits higher toluene sorption capacity (6 wt% at STP; P/Po~ 
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0.9) than AlaZnOAc (4 wt% at STP; P/Po~ 0.9) and ThrZnOAc (2 wt% at STP; P/Po~ 0.9). 

This aforementioned strategy of tuning the framework polarity for sorption of wide polarity 

of solvent molecule is unprecedented in amino acid based homochiral MOFs, which we 

believe will surely pave the way for functional amino acid based MOFs in several 

industrially relevant applications. Regarding implementation of the second idea, we report 

six new homochiral metal-organic framework isomers viz. LeuCdCl, LeuCdBr, SerCdCl, 

SerCdBr, ThrCdCl, ThrCdBr [Leu = (pyridin-4-yl)methylamino)-leucine, [Ser = (pyridin-4-

yl)methylamino-serine] and [Thr = (pyridin-4-yl)methylamino-threonine]. These MOFs 

have been synthesized using pyridine derivatives of L-leucine, L-serine and L-threonine, 

respectively as organic link and Cd(CH3COO)2
.2H2O as metal precursor under 

hydrothermal condition. The additional pyridyl group together with the carboxylate group 

of the ligand can bridge transition metal ions to form three dimensional networks, while the 

remaining sidearms can act as a functional group for special applications. MOFs 

LeuCdCl/LeuCdBr, SerCdCl/SerCdBr and ThrCdCl/ThrCdBr are structural isomers with 

different anions (Clˉ or Brˉ) coordinated to the metal atoms (Figure 2.2). MOFs 

LeuCdCl/SerCdCl and MOF ThrCdCl/ThrCdBr are isostructural, while MOF SerCdCl and 

SerCdBr posses structural diversity due to the bulkiness of coordinated halogen atoms. 

MOF LeuCdCl/LeuCdBr and SerCdCl/SerCdBr adopt 3D architecture while MOF 

ThrCdCl and ThrCdBr are 2D in nature. These MOFs exhibit distinct water adsorption 

nature and capacity e.g. form hydrophobic nature (in case of leucine) to high adsorption at 

low partial pressure (in case of serine and threonine) based on architectural diversities as 

well as the amino acid functionalities. 

 

2.2 Result and discussion: 

2.2.1 Structural aspects of the MOFs:  

The hydrothermal synthesis has been proven to be a useful technique in the preparation of 

organic-inorganic framework materials. Generally, hydrothermal conditions can overcome 

the differential solubility of the organic and inorganic components and optimize the 

environment for crystal growth. All the linkers (ThrOAc, LeuCl, LeuBr, SerCl, SerBr, 

ThrCl, ThrBr) and the metal precursors [Zn(OAc)2 and Cd(OAc)2] are soluble in water, 

hence hydrothermal conditions have been adapted for the synthesis of the MOFs. 



Chapter 2  Variable Water Adsorption in a… 

36 

 

 

 

Figure 2.1: Schematic representation of the linkers ValOAc, AlaOAc and ThrOAc that react with 

Zn(OAc)2 to produce corresponding MOF architectures (ValZnOAc, AlaZnOAc and ThrZnOAc). 

These MOFs possesses isostructural integrity (unh topology) along with linker variety (from 

hydrophilic to hydrophobic in order) and their framework architecture has been shown highlighting 

the side arms responsible for functional property. Color codes: Zn (dark green), N (blue), O (red), C 

(gray). Figure adapted from ref. 2.13. 

 

ThrZnOAc crystallizes in the P61 space group, comprising one Zn(II), one Thr ligand, one 

OAcˉ ion and five lattice H2O molecules in the asymmetric unit. Each Zn(II) centre adopts 

a slightly distorted square pyramidal geometry (τ = 0.026), chelated by monodentate 
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carboxylate [(Zn1−O1; 2.137(3) Å)], one amino functionality [(Zn1−N1; 2.080(6) Å)] of 

the Thr link, one pyridyl functionality and one carboxylate oxygen atom of the Thr ligand 
  

 

Figure 2.2: Synthesis of MOFs from the corresponding ligands a) LeuCdCl from LeuCl b) 
LeuCdBr from LeuBr, c) SerCdCl from SerCl, d) SerCdBr from SerBr, e) ThrCdCl from ThrCl, f) 
ThrCdBr from ThrBr. Color codes: Zn (dark green), N (blue), O (red), C (gray), Cl (light green) and 
Br (brown). 
 

coordinate to the axial and equatorial positions of the Zn(II), respectively. One OAcˉ ion 

coordinates to the equatorial site which balance the overall negative charge of the Zn(II) 

atom. All adjacent Zn(II) nodes are bridged by pyridyl functionalities to form a helical 

pitch along the crystallographic a axis. These pyridyl moieties constitute the cylindrical 

pore wall of the framework, which is hydrophobic in nature. Most importantly, the sidearm 

residue [–CH(OH)CH3] of the threonine bears another chiral centre for functional 

application (Figure 2.3), which is absent in the valine/alanine counterparts. For example, 

the open channel along crystallographic c axis are filled with solvent H2O molecules, which 

are two per asymmetric unit of ValZnOAc and AlaZnOAc, whereas there are five H2O 

molecules present per asymmetric unit in ThrZnOAc due to enhanced hydrophilic 

intermolecular interactions between 2-hydroxyethyl [–CH(OH)CH3] groups, metal-bound 

acetate groups (exposed towards the pore) with the water molecules. These channels have a 

cylindrical cross sectional area of 8.2 × 8.2 Å. A striking feature observed in this case is the 

interaction between ligand sidearm and solvent water molecules [O3···O10, 3.571(3) Å]. 
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There are further intermolecular hydrogen bonds along the pore through neighboring H2O 

molecules due to the short separation [O6···O7, 2.560(4) Å; O6···O9, 2.477(4) Å; O7···O10, 

2.785(3) Å] (Figure 2.4). Comparing the molecular structures of these three MOFs viz. 

ValZnOAc, AlaZnOAc and ThrZnOAc, it is evident that change in amino acid residue in a 

functionalized amino acid derivate although did not exert structural transformation but 

provide a huge change in material property among the isostructural frameworks (Figure 

2.5). This observation indicates that changing the polarity of the sidearm [from –CH(CH3)2 

to –CH3 to –CH(OH)CH3] can create enhanced intermolecular interactions between the 

framework backbone and the solvent molecules, resulted in many fold increase in the guest 

solvent loading (increase of two to five water molecules) while keeping the pore size and 

the framework architecture same.  

 

 

Figure 2.3: Packing view of ThrZnOAc a) single pore with hydroxy group in spacefill mode. b) 
Spacefill model of the ThrZnOAc featuring four pore. Figure adapted from ref. 2.13. 
 

MOF LeuCdCl (C12H19N2O3Cd1Cl1) crystallizes in the P212121 space group, comprising 

one Cd(II), one Leu ligand, one Clˉ ion and one lattice H2O molecule in the asymmetric 

unit. The Cd(II) center adopts a slightly distorted square pyramidal geometry (τ = 0.025), 

chelated by monodentate carboxylate [(Cd1−O1 2.323(4) Å)], one amino 

functionality[(Cd1−N1 2.352(4) Å)] of the Leu link, one pyridyl functionality and one 

carboxylate oxygen atom of the Leu ligand coordinate to the axial and equatorial positions 

of the Cd(II) coordination sphere, respectively. One Clˉ ion coordinates to the equatorial 

site (Figure 2.6a). Noticeably, the amine group upon coordination to the Cd(II) creates one 
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further homochiral center. All adjacent Cd(II) nodes are bridged by pyridyl groups to form 

a helical chain along the crystallographic a axis. Two carboxylate oxygens stay axial to 

each other. Four sets of such di-Cd-centers are bridged together by carboxylate oxygen to 

form an oval shaped helical channel along a axis while pyridyl units extend the lattice 

along bc plane (Figure 2.6b). These channels are filled with H2O molecules despite the  
 

 

Figure 2.4: a) A snapshot of the hydrogen bonding interaction between the hydroxy group of the 
hydroxyethyl sidearm and the solvent water molecules (3.57 Å) along the pore.  b) two dimensional 
view of the intermolecular hydrogen bonding interaction between the solvent water molecules 
inside the pore featuring high hydrophilic pore surface in case of ThrZnOAc. c) three dimensional 
hydrogen bonded water molecules arranged as continuous cluster along the pore of ThrZnOAc. 
Figure adapted from ref. 2.13. 
 

hydrophobic isopropyl groups and two metal bound bulky Clˉ ions are exposed towards the 

pore. These channels have a cross sectional area of 9.8 × 9.8 Å (Figure 2.6c). In MOF 

LeuCdCl the H2O molecules are hydrogen bonded to the carboxylate oxygen [O2···O3, 

3.364(1) Å]. There are no further intermolecular O―H···O hydrogen bonds along the pore 

as well as between the neighboring H2O molecules (Figure 2.6d) due to large separation (~ 

7.12 Å). MOF LeuCdBr is isostructural to MOF LeuCdCl with increased pore aperture (~ 

10.4 × 10.0 Å). Interestingly, unlike MOF LeuCdCl, there are no lattice H2O molecules 

present inside the pores of MOF LeuCdBr. We believe that the insertion of Br-atom makes 
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the pore much more hydrophobic as well as less porous than MOF LeuCdCl and hence 

lattice H2O molecules cannot be accommodated inside the 1D channels.  

We synthesized a serine derived link (Ser) with an expectation that replacement of 

hydrophobic isopropyl group [_CH(CH3)2] with much more hydrophilic hydroxylmethyl 

functionality (_OH) in the side arm may play a pivotal role in molecular arrangement via 

different weak intermolecular interactions. In MOF SerCdCl (C9H11 N2O4Cd1Cl1), the _OH  
 

  

Figure 2.5: Packing diagram of ValZnOAc, AlaZnOAc and ThrZnOAc displaying cylindrical pore 

along crystallographic c axis. Figure adapted from ref. 2.13. 
 

group provide a new binding site to metal centre and coordinates to metal in its protonated 

form. The asymmetric unit of MOF SerCdCl contains one Cd(II) ion , one Ser ligand, one 

Clˉ ion and one lattice H2O molecule. Like MOF LeuCdCl/LeuCdBr, The Cd(II) centre 

adopts a distorted octahedral geometry where one amino functionality, OH-group of the 

side arm of the first Ser link and one pyridyl unit and one carboxylate of second link 

constitutes the in-plane coordination geometry (Figure 2.7a). The monodentate carboxylate 

oxygen and Clˉ ion coordinates at the axial positions. In MOF SerCdCl the in-plane Cd–

Namine and axial Cd–Ocarboxylate bond lengths are longer [~ 2.360(1) – 2.500(1) Å] compared 

to the corresponding amino acid complexes (~ 1.96 Å)[2.4]. Carboxylate groups of two 

different ligands are bridged to form a dimeric Cd-center which repeats along the bc plane. 

Each dimeric unit is connected via pyridyl functionality in an anti-clockwise fashion to 

form a one dimensional pore along a axis (Figure 2.7b). Two Cl-atoms of each dimeric unit 

are exposed towards the pore and hydrogen bonded to one lattice H2O molecule [2.5]. The 

cross-sectional area of this one dimensional pore is 12.0 × 8.2 Å (Figure 2.7c). The 3D 
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architecture shows a hydrophobic and hydrophilic arrangement along the ac-plane induced 

by pyridyl units and carboxylate functionality. We prepared MOF SerCdBr 

(C18H27N4O9Cd1Br2), a Br-analog of MOF SerCdCl (C9H13N2O4Cd1Cl1) to observe the 

effect of anion. Surprisingly, introduction of bulky Br-atom made a dramatic change in  
 

 

Figure 2.6: (a) SBU representation of the MOF LeuCdCl. (b) Polyhedral representation of lattice 
LeuCdCl viewed down the a axis. Magenta colored polyhedra represent Cd(II) centers, and chlorine 
atoms are shown as green balls. (c) 3D spacefill arrangement of MOF LeuCdCl, showing a 1D pore 
along the a axis. (d) Red colored ball represents molecular arrangement of the lattice H2O 
molecules viewed along b axis. Figure adapted from ref. 2.14. 
 

lattice arrangement. The asymmetric unit of MOF SerCdBr posses two different Cd(II) 

centers, and carboxylate oxygens of Ser ligand bridged to two Cd(II) centers and bound in a 

monodentate and bidentate fashion (Figure 2.8a). These dimeric units are arranged as a 

triangular repeating manner and propagate along the bc plane (Figure 2.8b). These 
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arrangements results in almost non-porous structure (Figure 2.8c). Viewing along a axis 

show a sheet like architecture where carboxylate bridged molecular chains (vertically) are  
  

 

Figure 2.7: (a) SBU representation of the MOF SerCdCl. (b) Polyhedral representation of lattice 

SerCdCl viewed down the a axis. Magenta colored polyhedra represent Cd(II) centers, and chlorine 

atoms are shown as green balls. (c) 3D Lattice arrangement of MOF SerCdCl, showing a large 1D 

pore along a axis. Solvents are removed from the pores for clarity. (d) Lattice H2O molecules are 

arranged along b axis with a separation of 5.87 Å. Figure adapted from ref. 2.14. 
 

linked by pyridyl units (horizontally). It is noteworthy that the substitution of halogen has a 

huge impact on structural arrangement of MOF SerCdCl and SerCdBr. In MOF SerCdCl, 

there is only one H2O molecule per Cd(II) center included in the crystal lattice. These H2O 

molecules stay close to the pyridyl ring and there is no interaction among the H2O 

molecules along the pore due to the large separation (Figure 2.7d). But in SerCdBr, there 
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are three hydrogen-bonded H2O molecules per asymmetric unit. All three H2O molecules 

are clustered by multiple interactions and form complex hydrogen bonded network 
  

 

Figure 2.8: SBU representation of the MOF SerCdBr. (b) Polyhedral representation of lattice 
SerCdBr viewed down the c axis. Magenta polyhedra represent Cd(II) centers, and bromine atoms 
are shown as yellow balls. (c) 3D Lattice arrangement of SerCdBr, along the a axis. Solvents are 
removed from the pores for clarity. (d)  Lattice H2O molecules are arranged along b axis with a 
complex H-bonding architecture. Figure adapted from ref. 2.14. 
 

[O8⋅⋅⋅O7, 2.730(3) Å; O7⋅⋅⋅O9, 2.667(6) Å] (Figure 2.8d). This hydrogen bonded network 

is further stabilized by the interaction with the metal bound Br-atoms (O8⋅⋅⋅Br1, 3.336(4); 

O9⋅⋅⋅Br2, 3.367(1) Å) and carboxylate groups [O7⋅⋅⋅O6, 2.714(8) Å; O8⋅⋅⋅O5, 3.003(6) Å].  

We have synthesized ligand Thr, a derivate of threonine, with slight variation in the side 

arm keeping all binding sites same. The ligand Thr has an extra methyl (-CH3) group in the 
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side arm compared to Ser. Surprisingly the resulting MOFs ThrCdCl (C10H13N2O5Cd1Cl1) 

and ThrCdBr (C10H13N2O5Cd1Br1) adopts a 2D arrangement rather than the 3D network  
 

 

Figure 2.9: (a) SBU representation of the MOF ThrCdCl. (b) Polyhedral representation of lattice 

ThrCdCl viewed down the c axis. Magenta colored polyhedra represent Cd(II) centers, and chlorine 

atoms are shown as green balls. (c) 2D Lattice arrangement of ThrCdCl, along the a axis. Solvents 

are removed from the pores for clarity. (d)  Lattice H2O molecules are arranged viewed along b axis 

with a separation of 4.15 Å. Figure adapted from ref. 2.14. 
 

found in MOFs LeuCdCl/LeuCdBr and SerCdCl/SerCdBr. MOF ThrCdCl and ThrCdBr 

have the halogen atoms (Clˉ/Brˉ) that stay in axial positions opposite to the –OH group of 
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the side arm (Figure 2.9a). These halogen atoms prevent this particular site to growth 

further. As a result these two MOFs (ThrCdCl and ThrCdBr) are forced to adopt 2D  
  

 

Figure 2.10: Structural comparison of the MOFs with their underlying nets. a) LeuCdCl and 
LeuCdBr. b) SerCdCl c) SerCdBr d) ThrCdCl and ThrCdBr. Figure adapted from ref. 2.14. 
 

architecture. MOF ThrCdCl and ThrCdBr posses an inter-layer distance of ~6.8 Å (Figure 

2.9b and 2.9c). These 2D layers propagate along bc plane where carboxylate bound 

molecular chains are linked by pyridyl units. In ThrCdCl, two H2O molecules reside inside 

the crystal lattice and are strongly hydrogen bonded between each other [O19⋅⋅⋅O20, 

2.741(5) Å] followed by additional weak interactions with metal bound Clˉ atoms 

[Cl⋅⋅⋅O19, 3.231(7); Cl⋅⋅⋅O20, 3.174(3) Å] (Figure 2.9d). Similarly in ThrCdBr, two lattice 
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H2O molecules are hydrogen bonded with hydroxyl oxygens [O3⋅⋅⋅O4, 3.007(3); O3⋅⋅⋅O5, 

2.690(4) Å] and halogen atoms [Br1⋅⋅⋅O4, 3.371(1); Br1⋅⋅⋅O5, 3.290(8) Å]. 

Comparing the molecular structures of MOF LeuCdCl, SerCdCl, and ThrCdCl (Figure 

2.10), it is clear that ligand Ser contains an additional coordination site at the sidearm (-

CH2OH), compared to Leu. This plays a key role for the structural modification of MOF 

SerCdCl (Figure 2.10b) with respect to LeuCdCl (Figure 2.10a). Similarly comparing 

SerCdCl with ThrCdCl we could find that the lattice arrangement in MOF ThrCdCl is 2D 

(Figure 2.10d) rather than a 3D structure, even though the binding mode of Ser and Thr are 

similar. This observation indicates that changing the bulkiness of the sidearm [from -

CH2OH to –CH(OH)CH3] create steric crowding near the carboxylate oxygen co-ordination 

site, which restrict the in-plane rotation of the carboxylate moiety. As a result the molecular 

system adopts a 2D architecture in MOF ThrCdCl. Moreover, architectural diversity 

observed from MOF SerCdCl to SerCdBr can be anticipated by the increased bulkiness of 

the halogen atom (from Clˉ to Brˉ) and different bridging modes of the carboxylate 

moieties, which results in two kinds of Cd(II) centers (in MOF SerCdBr) rather than only 

one observed in the former case (Figure 2.10c). Hence, it is evident that those halogen 

atoms, along with the side arms, play a pivotal role for structural diversity among the 

aforementioned MOFs. 
 

2.2.2 X-ray powder diffraction analysis and Thermo-gravimetric Analysis:  

Thermo-gravimetric analysis (TGA) performed on as-synthesized MOFs revealed that 

ThrZnOAc has high thermal stability for all data regarding guest mobility and 

thermochemical stability. The TGA trace for ThrZnOAc showed a gradual weight-loss step 

of 19% [4.3 H2O; calcd. 21% for 5 H2O molecules per SBU] (25–120 °C), corresponding to 

the escape of all H2O molecules trapped in the pores followed by a plateau (120–210 °C) 

indicating its high thermal stability in absence of guest molecules (Figure 2.11a). Further 

weight loss (~55%) indicates the decomposition of the framework. Similar trend has been 

observed in case of ValZnOAc and AlaZnOAc corresponds to escape of occluded H2O 

molecules followed by framework disruption. 

    Confirmation of the phase purity of the bulk material was carried out on ThrZnOAc 

using powder X-ray diffraction (PXRD) experiments. Experimental and simulated PXRD 
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patterns are shown in the Figure 2.11b. All the major peaks of experimental PXRD match 

quite well with the simulated one, indicating good crystalline phase purity in the bulk  
  

 

Figure 2.11: (a) Thermogravimetric analysis of ThrZnOAc compared with their valine and alanine 

analogue, i.e. ValZnOAc and AlaZnOAc, showing release of all guest water molecules at ~100 °C. 

(b) Powder XRD pattern of ThrZnOAc at different condition (red; as-synthesized at room 

temperature, green; in water at room temperature for 72 h. (c) VT-PXRD data for ThrZnOAc 

compared with simulated one shows stability upto 200 °C. d) FT-IR spectra of the ligand ThrOAc 

compared to MOF ThrZnOAc. Figure adapted from ref. 2.13. 

 

material. The variable temperature PXRD measurements (VT-PXRD) (Figure 2.11c) were 

performed to explore the thermal stability, framework rigidity as well as crystallinity of 

ThrZnOAc at elevated temperature range (upto 200 °C). The VTPXRD pattern is in well 

agreement with the simulated one, showing the thermal stability as well as crystallinity of 

the material at elevated temperatures. However, the peak broadening at higher temperature 

might be attributed to structural flexibility of the frameworks upon desolvation as well as 
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thermal vibration of the heavy atoms. Concisely, ThrZnOAc exhibit high thermal stability 

as well as degree of crystallinity even at higher temperature (upto 200 °C) as evident from 

VTPXRD and TGA profile. These aforementioned feature along with easy synthesis from 

inexpensive starting materials with bulk scale phase purity put ThrZnOAc above 0D/1D 

amino acid based complexes from practical application perspective.  
 

 

Figure 2.12: Comparison of the experimental PXRD pattern of as-synthesized MOF (top) with the 

simulated from its single crystal structure (bottom). a) LeuCdCl b) LeuCdBr c) SerCdCl d) SerCdBr 

e) ThrCdCl f) ThrCdBr. Figure adapted from ref. 2.14. 
 

Thermal gravimetric analysis (TGA) performed on as-synthesized Cd(II) based MOFs 

revealed that these compounds have high thermal stability for all data regarding guest 

mobility and thermal stability. The TGA trace for MOF LeuCdCl showed a gradual weight-

loss step of 4.3% [1 H2O; calcd. 4.6%] (100–120 °C), corresponding to the escape of all 

H2O molecules trapped in the pores followed by a plateau (120–280 °C) indicating its high 

thermal stability in absence of guest molecules (Figure 2.14). Further weight loss (~35%) 

indicates the decomposition of the framework. Similar trend has been observed in case of 

MOF LeuCdBr. Analysis of TGA trace for MOF SerCdCl reveals 4.4% weight loss [1 

H2O; calcd. 4.9%] (100–140 °C), and the dehydrated framework is stable upto 280 0C, as 

evident from the plateau region in the TGA traces. MOF SerCdBr shows weight loss step 
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of 6.2% [3H2O; calcd. 6.5%] (100–140 °C) which corresponds to the dehydration 

phenomena. MOF ThrCdCl exhibit 5% weight loss [2H2O; calcd. 5.1%] corresponds to 

escape of occluded H2O molecules. MOF ThrCdBr follows the similar trend like MOF 

ThrCdCl. It is noteworthy that MOFs ThrCdCl and ThrCdBr posses lower decomposition 

temperature (200 °C) than MOFs LeuCdCl/LeuCdBr and SerCdCl/SerCdBr (280 °C) due to 

lower degree of dimensionality. In order to confirm the phase purity of the bulk materials, 
  

 

Figure 2.13: Comparison of the experimental VT-PXRD patterns of as-synthesized MOF (top) with 
the simulated from its single crystal structure (bottom). a) LeuCdCl b) LeuCdBr c) SerCdCl d) 
SerCdBr e) ThrCdCl f) ThrCdBr. Figure adapted from ref. 2.14. 
 

powder X-ray diffraction (PXRD) experiments were carried out on these MOFs 

(LeuCdCl/LeuCdBr, SerCdCl/SerCdBr and ThrCdCl/ThrCdBr). Experimental and 

simulated PXRD patterns are shown in the Figure 2.12. All the major peaks of 

experimental PXRD of the six Cd-MOFs match quite well with those of simulated PXRD, 

indicating their reasonable crystalline phase purity in the bulk scale. The variable 

temperature PXRD measurements (Figure 2.13) were performed to explore the thermal 

stability, framework rigidity as well as crystallinity of these Cd-MOFs at elevated 

temperature ranges (upto 200 °C). The VTPXRD patterns are well matched with the 

simulated one, showing the thermal stability as well as crystallinity of these materials at 

elevated temperatures. However, peak splitting occurs (at 2θ = 16.5 for MOF ThrCdBr) at 

higher temperatures in some cases, which might be attributed to structural flexibility of the  
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Figure 2.14: TGA analysis of the MOFs. a) LeuCdCl b) LeuCdBr c) SerCdCl d) SerCdBr e) 

ThrCdCl f) ThrCdBr. Figure adapted from ref. 2.14. 
 

frameworks upon desolvation as well as thermal vibration of the heavy atoms. The high 

thermal stability as well as degree of crystallinity, as evident from VTPXRD and TGA 

profile, puts these materials above 0D/1D amino acid based complexes from practical 

application point of view.  
 

2.2.3 Solvent adsorption studies on the MOFs: 

MOFs, by definition, constituted from coordination bonds between metal ions and organic 

linkers (either anionic or neutral). Hence, major drawback of MOFs lies in their 

susceptibility towards hydrolysis in presence of moisture to form corresponding metal 

oxide/hydroxide and bare linker, followed by collapse of the porous architecture. Only few 

MOFs with porous architecture (e.g. ZIF 8, MIL-101, UiO-66) can withstand humidity 

[1.46]. In this regard, we have explored a family of porous homochiral MOFs 

(Val/AlaZnX, X being Clˉ, Brˉ, HCO2ˉ and CH3CO2ˉ) with unh topology, which exhibit 

excellent hydrolytic stability as well as retention of crystallinity as verified by well matched 

simulated and Powder XRD patterns with Powder XRD patterns collected at humidified 

condition Powder XRD patterns. We showed that the hydrophilicity can be finely tuned by 

simply changing the coordinated anions (Clˉ, Brˉ, HCO2ˉ and CH3CO2ˉ) in the framework 

(discussed in upcoming chapters) and same anion substitution (CH3CO2ˉ). In all cases, the  
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Figure 2.15: Arrangement of solvent molecules according to their polarity along with their 

differential dipole moment, which follow the reverse order with respect to each other. (a) Water 

adsorption trend (b) Methanol adsorption and (c) Isopropanol adsorption trend of the MOFs.  (d) 

Toluene adsorption trend show the reverse trend in all three MOFs. Figure adapted from ref. 2.13. 

 

pyridyl moieties constitute the cylindrical hydrophobic pore wall of the framework and the 

Zn(II) coordinated acetate groups are poking towards the pore surface to maintain a 
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hydrophobic environment. Moreover, the hydrophobic isopropyl groups (in case of 

ValZnOAc) and methyl groups (in case of AlaZnOAc) are directed from the pore wall to  
 

 

Figure 2.16: (a) Water sorption isotherm of ThrZnOAc featuring high hydrophilic interaction at 

low partial pressure, while ValZnOAc and AlaZnOAc exhibit pore condensation behaviour. (b) 

Methanol sorption profile of ValZnOAc, AlaZnOAc and ThrZnOAc at STP. (c) Isopropanol 

sorption isotherm reveal higher uptake in case of ThrZnOAc while ValZnOAc and AlaZnOAc 

remain almost non-adsorbent.  (d) However, toluene sorption isotherm of all three MOFs exhibits 

the reverse trend. Figure adapted from ref. 2.13. 
 

impart additional hydrophobicity inside the pores. Although twelve water molecules per 

pore [two water molecules per asymmetric unit and Z (number of asymmetric unit per unit 

cell) being 6] are present in case of ValZnOAc and AlaZnOAc but there is no 

intermolecular hydrogen bonding within the water molecules or among the water molecules 

and the framework backbone. The only difference in ThrZnOAc is the 2-hydroxyethyl [–
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CH(OH)CH3] sidearm where hydroxyl group (–OH) is poking through pore wall which is 

hydrophilic in nature, resulted in enhanced polar interactions between framework backbone 

and solvent water molecules, leading to increased accommodation (thirty in numbers per 

pore; five water molecules per asymmetric unit and Z  being 6) of water molecules in case 

of ThrZnOAc. We have carefully unveiled the solvent uptake property using different 

solvent (water, methanol, isopropanol and toluene) sorption isotherm of the MOFs (Figure  

 

 

Figure 2.17: a) H2O sorption of MOF LeuCdCl showing pore condensation behavior along with 
sorption hysteresis. b)  H2O sorption curve for MOF SerCdCl having ~10 wt% H2O sorption 
capability and high H2O affinity at lower humidity ( P/P0=0.0-0.2) region. c) H2O sorption isotherm 
for MOF SerCdBr shows very low H2O uptake (~3.5 wt%) due to congestion of the pore by bulky 
bromine atom. d) H2O sorption profile of MOF ThrCdCl, which exhibit comparable uptake (~10 
wt%) and high H2O affinity at lower P/P0 values. Figure adapted from ref. 2.14. 
 

2.16), which reveal their backbone, resulting in hydrophilic environment in Val/AlaZnCl 

whereas hydrophobic in case of ValZnOAc or AlaZnOAc (discussed in detail in the next 

chapters). However, effect of change in sidearm residue of the amino acid has not been 
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studied thoroughly yet, remaining a crucial part to be explored in this regime. In order to 

improve on the hydrophilicity of intrinsically hydrophobic MOFs, we have identified the 

acetate analogues of the unh series (viz. ValZnOAc, AlaZnOAc) as a model hydrophobic 

system and prepare their hydrophilic threonine analogue i.e. ThrZnOAc with isostructural 

integrity differential interaction with the framework backbone. The reason behind the 

choice of these solvents is their variable size and dipole moment (Figure 2.15). In terms of 

size the trend could be arranged as H2O < CH3OH < (CH3)2CH(OH) < C7H8 whereas in 

terms of dipole moment they follow the exact opposite order (H2O > CH3OH > 

(CH3)2CH(OH) > C7H8). All these MOFs show sorption hysteresis, confirming the 

solvophilic interaction between the pore surface and the solvent molecules. ValZnOAc and 

AlaZnOAc exhibit hydrophobic pores with dangling isopropyl or methyl chains poking 

within the molecular cavity, as evident from their very low water uptake at low pressure 

(less than 0.5 P/Po) followed by pore condensation behavior at higher pressure during the 

water sorption isotherm measurement, measured at STP. This pore condensation of the 

water molecules occur on the surface of the ValZnOAc and AlaZnOAc is a common 

phenomenon for porous hydrophobic materials like BPL carbon [2.6]. However, 

ThrZnOAc, as expected, exhibit high water uptake capacity (14 wt% at STP) at very low 

relative pressure (P/Po ~ 0.25) (Figure 2.16a). In case of methanol sorption, ValZnOAc 

exhibit lowest methanol uptake (6 wt% for P/Po ~ 0.9 at STP) among these MOFs, which 

improved a bit in case of AlaZnOAc (12 wt% for P/Po ~ 0.9 at STP). ThrZnOAc posses 

highest methanol affinity (15 wt% for P/Po ~ 0.9 at STP) among these MOFs owing to the 

polar pore surface (Figure 2.16b). Isopropanol sorption study also revealed the similar 

trend. ThrZnOAc exhibit moderate isopropanol uptake (7 wt% for P/Po ~ 0.9 at STP) while 

ValZnOAc and AlaZnOAc exhibit negligible sorption (Figure 2.16c). To assay whether 

solvent polarity and hydrophobicity plays a pivotal role in aforementioned MOFs, we have 

chosen toluene as solvent for uptake measurements, having high hydrophobicity, low 

dipole moment (0.36 D) and comparable molecular diameter (~8 Å) with respect to the 

pores of the MOFs (~8.2 Å). As expected, ValZnOAc showcases higher toluene sorption 

capacity (6 wt% at STP; P/Po~ 0.9) than AlaZnOAc (4 wt% at STP; P/Po~ 0.9) and 

ThrZnOAc (2 wt% at STP; P/Po~ 0.9) (Figure 2.16d), proving our concept that 

hydrophobicity as well as solvent polarity are the driving force in solvent uptake 
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capabilities of these MOFs. Hence, we can summarize that introduction of threonine moiety 

inside the MOF backbone with unh topology proved to be an effective strategy of 

enhancing the solvophilic interaction inside the pore which eventually results in high polar 

solvent uptake. 

Hydrolytic stability of MOFs is one among the most important issues for practical 

application. However, most of the MOFs reported till date is highly susceptible towards 

humidity including some well known MOFs like MOF 177, MOF 5 etc. All six MOFs 

reported herein exhibit excellent H2O sustainability verified by well matched simulated and 

humidified Powder XRD pattern. We have explored the H2O sorption isotherm of the MOF 

LeuCdCl, SerCdCl, SerCdBr and ThrCdCl (Figure 2.17), which reveals its possible 

application as a desiccant material like molecular sieve and silica gel. All these MOFs show 

sorption hysteresis, confirming the hydrophilic interaction between the polar pore surface 

and the solvent water molecules. Among these MOFs, MOF LeuCdCl posses the most 

hydrophobic pore with dangling isopropyl chain poking within the molecular cavity. It 

justifies the low water uptake (~5 wt%) even upto P/Po value of 0.8.  However, at higher 

P/Po values (0.8-1.0), the pore condensation of the water molecules occur on the surface of 

the MOF LeuCdCl (Figure 2.17a) which is a common phenomenon for porous hydrophobic 

materials like BPL carbon [2.6]. On the contrary, MOF SerCdCl and ThrCdCl also show 

good sorption capacity of ~10 wt% (Figure 2.17b and 2.17d, respectively). Enrichment of 

highly hydrophilic chlorine, oxygen and nitrogen molecules within the framework cavity is 

chiefly responsible for high H2O uptake and hysteresis of water sorption isotherm of MOF 

SerCdCl and ThrCdCl. In case of MOF ThrCdCl, highly hydrophilic interlayer void plays a 

pivotal role as H2O molecules connect the 2D layers via strong interlayer hydrogen 

bonding. MOF SerCdBr is almost non-porous due to the presence of bulky bromine atom 

within the pore aperture, which is evident from its very low H2O uptake (~3.5 wt%) (Figure 

2.17c). Interestingly, MOF SerCdCl and ThrCdCl shows very high H2O uptake at lower 

P/Po values (0.0-0.2). This is due to the fact that open framework type architecture (MOF 

SerCdCl) as well as strong interlayer hydrogen bonding (MOF ThrCdCl) are responsible for 

high H2O affinity of these MOFs, showing its capability to work as a suitable material as 

desiccant for packaging application.  
 

2.3 Conclusion: 
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In conclusion, we have synthesized a new Zn(II) based homochiral MOF, viz. ThrZnOAc 

with rare unh topology by simply changing the amino acid residue (from valine/alanine to 

threonine), keeping the framework integrity same. This resulted in accommodation of more 

water molecules in of the pores of ThrZnOAc with respect to previously reported 

ValZnOAc and AlaZnOAc due to presence of intermolecular hydrogen bonding interaction 

between 2-hydroxyethyl [–CH(OH)CH3] sidearm and solvent water molecule, an unique 

phenomenon absent in the later cases. On the other hand, Six new Cd-containing 

homochiral metal–organic framework materials have been synthesized hydrothermally 

using amino acid derived homochiral links with Cd(CH3COO)2
.2H2O. Size of the sidearm 

in different amino acid derivatives and anions (Clˉ/Brˉ) play an important role in the 

structural diversity among these MOFs. MOFs LeuCdCl and LeuCdBr show a 3D 

architecture with a 1D channel. On the other hand, effect of anions and sidearm 

dramatically produce diverse structural motifs in MOFs SerCdCl and SerCdBr. A large 

open spaced cavity was observed in MOF SerCdCl but it decreased subsequently after Br-

substitution in MOF SerCdBr due to the structural modification. In MOF ThrCdCl and 

ThrCdBr, a large structural variation was clearly observed after slight variation in side arm 

where the resulting MOFs adopt a 2D lattice arrangement rather than 3D as compared to 

MOF SerCdCl and SerCdBr. These MOFs exhibit thermal stability as well as retention of 

crystallinity upto 200 °C. ThrZnOAc, AlaZnOAc and ValZnOAc show distinct 

solvatophilic characteristics and substitution of amino acid resulted in enhanced solvent 

(water, methanol, isopropanol sorption isotherm) uptake capacity in case of ThrZnOAc. In 

terms of hydrophilic solvents e.g. H2O, CH3OH and (CH3)2CH(OH) uptake these MOFs 

align as ThrZnOAc> AlaZnOAc> ValZnOAc while in case of hydrophobic solvent e.g. 

toluene uptake these MOFs put themselves in reverse order. These MOFs exhibit thermal 

stability as well as retention of crystallinity upto 200 °C. It is noteworthy that there are very 

few chiral MOFs reported based on amino acids or its derivatives. Among the limited 

reports on amino acid based MOFs, owing to high substrate binding ability of amino acids, 

in most cases the resulting molecules are 0D/1D orientation with very few higher order of 

molecular arrangements. So introduction of amino acids/amino acid derivatives in chiral 

MOF synthesis will be a good roadmap for development of promising chiral catalyst or 

chiral separation material. The aforementioned rationale for synthesis of functionalized 
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chiral MOFs will surely find its utility in industrially relevant chiral solvent sorption and 

separation. We hope that our finding will lead to incorporation of diverse amino acid 

moiety inside the MOF backbone for industrially relevant gas/solvent sorption and 

separation, and desiccant material for packaging purpose.  

2.4 Experimental details: 

2.4.1 Materials: 

Cd(CH3COO)2·2H2O, Zn(CH3COO)2·2H2O, L-leucine, L-serine, L-threonine, sodium 

borohydride, and 4-pyridinecarboxaldehyde were purchased from Aldrich Chemicals. All 

starting materials were used without further purification. All experimental operations were 

performed in air. 

2.4.2 Synthetic methods: 

2.4.2.1 Synthesis of the ligands: 

a) Synthesis of (Pyridin-4-yl)methylamino-threonine.NaOAc [ThrOAc]: To an aqueous 

solution (10 mL) of L-threonine (2 g, 17 mmol) and Na2CO3 (0.91 g, 8.5 mmol), 4-

pyridinecarboxaldehyde (1.82 g, 17 mmol) in MeOH (10 mL) was added slowly. The 

solution was stirred for 1 h and cooled in an ice bath. NaBH4 (0.76 g, 20.4 mmol) in 5 mL 

of H2O was added. The mixture was stirred for 3 h, and 3 N AcOH was used to adjust the 

pH to 5−6. The clear solution was stirred further for 2 h and then evaporated to dryness. 

The solid was extracted in hot and dry MeOH (150 mL×3), and the filtrate was evaporated 

to get the ligand along with sodium acetate salt in form of a white powder. Yield: 2.7 g, 

70%.  1H NMR (D2O, ppm): -CH3 (1.12, d, 3H), -CH (1.66, m, 1H), -CH2 (2.19, dd, 2H), -

HN-CH (3.55, d, 1H), -HN (3.69, m, 1H), -CH2 (4.19, s, 2H), py-H (7.49, d, 2H), py-H 

(8.56, d, 2H).m.p.200 °C. Elemental Analysis: C, 53.79; H, 6.60; N, 9.65; (calc.); C, 53.12; 

H, 6.21; N, 9.38; (obs.). 

b) Synthesis of (Pyridin-4-yl)methylamino-leucine.NaCl [LeuCl]: The ligand (LeuCl) 

was prepared using a modified literature procedure. To an aqueous solution (10 mL) of L-

leucine (2 g, 15 mmol) and Na2CO3 (0.78 g, 7.5 mmol), 4-pyridinecarboxaldehyde (1.60 g, 

15 mmol) in MeOH (10 mL) was added slowly. The solution was stirred for 1 h and cooled 

in an ice bath. NaBH4 (0.76 g, 20.4 mmol) in 10 mL of water was added. The mixture was 

stirred for 1 h, and 3 N HCl was used to adjust the pH to 5−6. The solution was stirred 
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further for 2 h and then evaporated to dryness. The solid was extracted in hot and dry 

MeOH (150 mL×3), and the filtrate was evaporated to get a white powder. Yield: 2.7 g, 

70%. IR (KBr, cm–1): νOH, 3406; νas(CO2), 1626; νs(CO2), 1412. 1H NMR (D2O, ppm): -

CH3 (0.90, d, 6H), -CH (1.66, m, 1H), -CH2 (2.19, dd, 2H), -HN-CH (3.55, d, 1H), -HN 

(3.69, m, 1H), -CH2 (4.19, s, 2H), py-H (7.49, d, 2H), py-H (8.56, d, 2H). 

c) Synthesis of (Pyridin-4-yl)methylamino-leucine.NaBr [LeuBr]: The ligand (LeuBr) 

was prepared exactly as LeuCl, except HBr was used instead of HCl for pH adjustment. 

Yield: 3.0 g, 66%. IR (KBr, cm–1): νOH, 3414; νas(CO2), 1612; νs(CO2), 1409. 1H NMR 

(D2O, ppm): -CH3 (0.92, d, 6H), -CH (1.65, m, 1H), -CH2 (2.19, dd, 2H), -HN-CH (3.57, d, 

1H), -HN (3.71, m, 1H) -CH2 (4.17, s, 2H), py-H (7.48, d, 2H), py-H (8.46, d, 2H). 

d) Synthesis of (Pyridin-4-yl)methylamino-serine.NaCl [SerCl]: To an aqueous solution 

(10 mL) of L-serine (2 g, 19 mmol) and Na2CO3 (0.99 g, 9.5 mmol), 4-

pyridinecarboxaldehyde (2.03 g, 19 mmol) in MeOH (10 mL) was added slowly. The 

solution was stirred for 1 h and cooled in an ice bath. NaBH4 (0.76 g, 20.4 mmol) in 10 mL 

of water was added. The mixture was stirred for 1 h, and 3 N HCl was used to adjust the pH 

to 5−6. The solution was stirred further for 2 h and then evaporated to dryness. The solid 

was extracted in hot and dry MeOH (150 mL×3), and the filtrate was evaporated to get a 

white powder. Yield: 2.6 g, 60%. IR (KBr, cm–1): νOH, 3420; νas(CO2), 1602; νs(CO2), 

1410. 1H NMR (D2O, ppm): -CH2 (3.65, dd, 2H), -HN-CH (3.58, m, 1H), -CH2 (4.19, s, 

2H), py-H (7.45, d, 2H), py-H (8.52, d, 2H). 

e) Synthesis of (Pyridin-4-yl)methylamino-serine.NaBr [SerBr]: The ligand SerBr was 

prepared exactly as SerCl except HBr was used instead of HCl for pH adjustment. Yield: 

3.3 g, 63%. IR (KBr, cm–1): νOH, 3382; νas(CO2), 1619; νs(CO2), 1412. 1H NMR (D2O, 

ppm): -CH2 (3.61, dd, 2H), -HN-CH (3.53, m, 1H), -CH2 (4.22, s, 2H), py-H (7.47, d, 2H), 

py-H (8.52, d, 2H). 

f) Synthesis of (Pyridin-4-yl)methylamino-threonine.NaCl [ThrCl]: To an aqueous 

solution (10 mL) of L-threonine (2 g, 16 mmol) and Na2CO3 (0.84 g, 8.0 mmol), 4-

pyridinecarboxaldehyde (1.71 g, 16 mmol) in MeOH (10 mL) was added slowly. The 

solution was stirred for 1 h and cooled in an ice bath. NaBH4 (0.75 g, 20.0 mmol) in 10 mL 

of water was added. The mixture was stirred for 1 h, and 3 N HCl was used to adjust the pH 
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to 5−6. The solution was stirred further for 2 h and then evaporated to dryness. The solid 

was extracted in hot and dry MeOH (150 mL×3), and the filtrate was evaporated to get a 

white powder. Yield: 2.7 g, 70% yield. IR (KBr, cm–1): νOH, 3353; νas(CO2), 1597; 

νs(CO2), 1412. 1H NMR (D2O, ppm): -CH3 (1.18, dd, 2H), -CH (3.72, dd, 1H), -HN-CH 

(3.55, m, 1H), -CH2 (4.20, s, 2H), py-H (7.46, d, 2H), py-H (8.50, d, 2H). 

g) Synthesis of (Pyridin-4-yl)methylamino-threonine.NaBr [ThrBr]: The ligand ThrBr 

was prepared exactly as ThrCl except HBr was used instead of HCl for pH adjustment. 

Yield: 3.4 g, 75% yield. IR (KBr, cm–1): νOH, 3382; νas(CO2), 1607; νs(CO2), 1409. 1H 

NMR (D2O, ppm): -CH3 (1.21, dd, 2H), -CH (3.74, dd, 1H), -HN-CH (3.53, m, 1H), -CH2 

(4.21, s, 2H), py-H (7.44, d, 2H), py-H (8.49, d, 2H). 

2.4.2.2 Synthesis of the MOFs: 

a) Synthesis of ValZnCl and AlaZnCl: Detailed synthesis of ValZnOAc and AlaZnOAc 

is described in the next chapters. 

b) Synthesis of [{Zn(Thr)(OAc)}(H2O)5]∞ (ThrZnOAc): To an aqueous solution (1 mL) 

of Thr.NaOAc (0.05 g, ~0.2 mmol), Zn(CH3COO)2
.2H2O (0.022 g, 0.1 mmol) in 5ml 

MeOH was added and sonicated for 10 min to produce a clear solution, which was left for 

evaporation for 48-72 h to produce rod-shaped transparent crystals. Although NaOAc has 

been used, no incorporation of Na(I) ion incorporated in the crystal structure. Yield: 0.025 

g, 59%. Elemental analysis: calcd C (37.22%), H (4.94%), N (7.23%); found C (38.20%), 

H (4.88%), N (7.25%). 

c) Synthesis of [{Cd(Leu)(Cl)}(H2O)]∞ (LeuCdCl): To an aqueous solution (2 mL) of 

LeuCl (0.05 g, 0.2 mmol), Cd(CH3COO)2
.2H2O (0.027 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 ˚C to produce rod-shaped transparent crystals. Yield: 0.025 g, 65%. IR (KBr, cm–1): νOH, 

3421; νN_H, 2927; νas(CO2), 1598; νs(CO2), 1400. Elemental analysis: calcd C (37.22%), H 

(4.94%), N (7.23%); found C (38.20%), H (4.88%), N (7.25%). 

d) Synthesis of [Cd(Leu)(Br)]∞ (LeuCdBr): To an aqueous solution (2 mL) of LeuBr 

(0.05 g, 0.2 mmol), Cd(CH3COO)2
.2H2O (0.027 g, 0.1 mmol) was added and sonicated for 

10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 90 ˚C to 

produce rod-shaped transparent crystals. Yield: 0.025 g, 65%. IR (KBr, cm–1): νOH, 3421; 
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νN_H, 2927; νas(CO2), 1598; νs(CO2), 1400. Elemental analysis: calcd C (37.22%), H 

(4.94%), N (7.23%); found C (38.20%), H (4.88%), N (7.25%). 

e) Synthesis of [{Cd(Ser)(Cl)}(H2O)]∞ (SerCdCl): To an aqueous solution (2 mL) of 

SerCl (0.046 g, 0.2 mmol), Cd(CH3COO)2
.2H2O (0.027 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod-shaped transparent crystals. Yield: 0.023 g, 62%. IR (KBr, cm–1): 

νas(CO2), 1625; νs(CO2), 1512. Elemental analysis: calcd C (32.19%), H (3.51%), N 

(7.50%); found C (32.2%), H (3.48%), N (7.47%). 

f) Synthesis of [{Cd(Ser)(Br)}(H2O)1.5]∞ (SerCdBr): To an aqueous solution (2 mL) of 

SerBr (0.055 g, 0.2 mmol), Cd(CH3COO)2
.2H2O (0.027 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod-shaped transparent crystals. Yield: 0.024 g, 58%. IR (KBr, cm–1): νOH, 

3445; νas(CO2), 1550; νs(CO2), 1427. Elemental analysis: calcd C (26.07%), H (3.40%), N 

(6.75%); found C (26.0%), H (3.41%), N (6.69%). 

g) Synthesis of [{Cd(Thr)(Cl)}(H2O)2]∞ (ThrCdCl): To an aqueous solution (2 mL) of 

ThrCl (0.05 g, 0.2 mmol), Cd(CH3COO)2
.2H2O (0.027 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod-shaped transparent crystals. Yield: 0.027 g, 70%. IR (KBr, cm–1): νOH, 

3642; νas(CO2), 1593; νs(CO2), 1433. Elemental analysis: calcd C (30.55%), H (4.35%), N 

(7.12%); found C (30.52%), H (4.36%), N (7.14%). 

h) Synthesis of [{Cd(Thr)(Br)}(H2O)2]∞ (ThrCdBr): To an aqueous solution (2 mL) of 

ThrBr (0.058 g, 0.2 mmol), Cd(CH3COO)2
.2H2O (0.027 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod-shaped transparent crystals. Yield: 0.028 g, 65%. IR (KBr, cm–1): νOH, 

3686; νN_H, 2924; νas(CO2), 1580; νs(CO2), 1395. Elemental analysis: calcd C (27.44%), H 

(3.91%), N (6.40%); found C (27.41%), H (3.92%), N (6.41%). 

 

2.5 General characterization methods: 

a) Powder X-Ray Diffraction (PXRD):  Powder XRD patterns of the aforementioned 

MOF samples were analyzed to confirm the crystallinity as well as the phase purity of the 

bulk materials. Powder X-ray diffraction (PXRD) patterns were recorded on a Phillips 
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PANalytical diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å), with a scan 

speed of 2° min-1 and a step size of 0.02° in 2θ. 50 mg of as synthesized materials were 

made pellet and subjected to analysis over glass slides. 

b) Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC): 

TGA and DSC were performed on a SDT Q600 TG-DTA instrument. ca. 8 mg of the 

MOFs were heated from 25 to 800 °C under the N2 flow at heating rate of 5 °C min–1. 

c) IR Spectroscopy: The Fourier transform (FT) infrared spectra of the MOFs were 

collected on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr pellets (2 

mg MOF in 20 mg of KBr) were prepared and 50 scans were measured at 2 cm-1 resolution 

for each sample. The spectra were measured over the range of 4000-600 cm-1. 

b) Solvent Adsorption Analysis: Solvent adsorption studies were done to confirm the 

permanent porosity of the as synthesized sample as well as to determine the surface area 

accessible to the solvent molecules to get adsorbed onto the surface of the MOFs. All low-

pressure Gas adsorption experiments (up to 1 bar) were performed on a Quantachrome 

Quadrasorb automatic volumetric instrument. 100 mg sample were evacuated for 6 h at 

room temperature and subsequently loaded for adsorption analysis. 

2.6 X-ray Crystallography  

General Data Collection and Refinement Procedures: 

 All single crystal data were collected on a Bruker SMART APEX three circle 

diffractometer equipped with a CCD area detector and operated at 1500 W power (50 kV, 

30 mA) to generate Mo Kα radiation (λ = 0.71073 Å). The incident X-ray beam was 

focused and monochromated using Bruker Excalibur Gobel mirror optics. All crystals 

reported in this chapter were mounted on nylon CryoLoops (Hampton Research) with 

Paraton-N (Hampton Research).  

Initial scans of each crystal were performed to obtain preliminary unit cell parameters and 

to determine the mosaicity (breadth of spots between frames) of the crystal to select the 

required frame width for data collection. In every case frame widths of 0.5° were judged to 

be appropriate and full hemispheres of data were collected using the Bruker SMART 

software suite. Following data collection, reflections were sampled from all regions of the 

Ewald sphere to redetermine unit cell parameters for data integration and to check for 
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rotational twinning using CELL_NOW [2.7]. Fortunately, no crystal decay was encountered 

in case of the data collection. Following exhaustive review of the collected frames the 

resolution of the dataset was judged. Data were integrated using Bruker SAINT [2.8] 

software with a narrow frame algorithm and a 0.400 fractional lower limit of average 

intensity. Data were subsequently corrected for absorption by the program SADABS [2.9]. 

The space group determinations and tests for merohedral twinning were carried out using 

XPREP [2.9]. In all cases, the highest possible space group was chosen. 

All structures were solved by direct methods and refined using the SHELXTL 97 [2.10] 

software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final models were refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C–H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. 

All structures were examined through the Adsym subroutine of PLATON [2.11] to ensure 

that no additional symmetry could be applied to the models. All ellipsoids in ORTEP 

diagrams are displayed at the 50% probability level unless stated otherwise. For all 

structures we observed elevated R-values; a problem commonly encountered in MOF 

crystallography [2.12].  

Experimental and refinement details for ThrZnOAc: Colorless rod shaped crystal (0.60 

× 0.20 × 0.20 mm3) was mounted on 0.7 mm diameter nylon CryoLoops (Hampton 

Research) with Paraton-N (Hampton Research). The loop was mounted on a SMART APEX 

three circle diffractometer equipped with a CCD area detector (Bruker Systems Inc., 1999) 

and operated at 1500 W power (50 kV, 30 mA) to generate Mo Kα radiation (λ = 0.71073 

Å). The incident X-ray beam was focused and monochromated using Bruker Excalibur 

Gobel mirror optics. Analysis of the data showed negligible decay during collection. The 

structure was solved in the hexagonal P61 space group, with Z = 6, using direct method. All 

non-hydrogen atoms were refined anisotropically. Very high displacement parameters, high 

esd’s and partial occupancy due to the disorder make it impossible to determine accurate 

positions for the hydrogen atoms in water molecules. Crystallographic data (excluding 

structure factors) for this structure have been deposited with the CCDC as deposition No. 

CCDC 943050. The ORTEP diagram is provided with 50% probability (Figure 2.18g). 
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Figure 2.18: ORTEP diagrams for the asymmetric unit of the MOFs in 50% probability level. a) 

LeuCdCl b) LeuCdBr c) SerCdCl d) SerCdBr e) ThrCdCl f) ThrCdBr g) ThrZnOAc. Figure adapted 

from ref. 2.13 and 2.14. 

 

Experimental and refinement details for LeuCdCl: A colourless rod shaped crystal of 

LeuCdCl (0.3 × 0.2× 0.1 mm3) was placed in 0.7 mm diameter nylon CryoLoops (Hampton 

Research) with Paraton-N (Hampton Research). The loop was mounted on a SMART 

APEX three circle diffractometer. All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms attached to the lattice water molecules in LeuCdCl could not be located or 

fixed. MOF LeuCdCl contains one ligand and one chloride atom and metal atom with one 

lattice water in the asymmetric unit. It should be noted that other supporting 

characterization data are consistent with the crystal structure. Final full matrix least-squares 

refinement on F2 converged to R1 = 0.0475 (F >2σF)) and wR2 = 0.1079 (all data) with 

GOF = 1.033. Crystallographic data (excluding structure factors) for this structure have 

been deposited with the CCDC as deposition No. CCDC 851353. The ORTEP diagram is 

provided with 50% probability (Figure 2.18a).  
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Experimental and refinement details for LeuCdBr: A colourless rod shaped crystal of 

LeuCdBr (0.3 × 0.21 × 0.12 mm3) was placed in 0.7 mm diameter nylon CryoLoops 

(Hampton Research) with Paraton-N (Hampton Research). The loop was mounted on a 

SMART APEX three circle diffractometer. All non-hydrogen atoms were refined 

anisotropically. MOF LeuCdBr contains one ligand and one bromine atom and metal atom 

in the asymmetric unit. It should be noted that other supporting characterization data are 

consistent with the crystal structure. Final full matrix least-squares refinement on F2 

converged to R1 = 0.0461 (F >2σF)) and wR2 = 0.1342 (all data) with GOF = 1.066. 

Crystallographic data (excluding structure factors) for this structure have been deposited 

with the CCDC as deposition No. CCDC 851354. The ORTEP diagram is provided with 

50% probability (Figure 2.18b). 

Experimental and refinement details for SerCdCl: A colourless rod shaped crystal of 

SerCdCl (0.3 × 0.2 × 0.1 mm3) was placed in 0.7 mm diameter nylon CryoLoops (Hampton 

Research) with Paraton-N (Hampton Research). The loop was mounted on a SMART 

APEX three circle diffractometer. All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms attached to the lattice water molecules of SerCdCl could not be located or 

fixed.  MOF SerCdCl contains one ligand and one chloride atom and metal atom in the 

asymmetric unit. It should be noted that other supporting characterization data are 

consistent with the crystal structure. Final full matrix least-squares refinement on F2 

converged to R1 = 0.0341 (F >2σF)) and wR2 = 0.0956 (all data) with GOF = 1.097. 

Crystallographic data (excluding structure factors) for this structure have been deposited 

with the CCDC as deposition No. CCDC 851355. The ORTEP diagram is provided with 

50% probability (Figure 2.18c). 

Experimental and refinement details for SerCdBr: A colourless rod shaped crystal of 

SerCdBr (0.3 × 0.2 × 0.1 mm3) was placed in 0.7 mm diameter nylon CryoLoops (Hampton 

Research) with Paraton-N (Hampton Research). The loop was mounted on a SMART 

APEX three circle diffractometer. All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms attached to the lattice water molecules in and one side arm oxygen atoms 

of SerCdBr could not be located or fixed. MOF SerCdBr contains one ligand and one 

bromine atom and metal atom in the asymmetric unit. It should be noted that other 

supporting characterization data are consistent with the crystal structure. Final full matrix 
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least-squares refinement on F2 converged to R1 = 0.0506 (F >2σF)) and wR2 = 0.1344 (all 

data) with GOF = 1.067. Crystallographic data (excluding structure factors) for this 

structure have been deposited with the CCDC as deposition No. CCDC 851356. The 

ORTEP diagram is provided with 50% probability (Figure 2.18d). 

Experimental and refinement details for ThrCdCl: A colourless rod shaped crystal of 

ThrCdCl (0.3 × 0.2 × 0.1 mm3) was placed in 0.7 mm diameter nylon CryoLoops (Hampton 

Research) with Paraton-N (Hampton Research). The loop was mounted on a SMART 

APEX three circle diffractometer. All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms attached to the lattice water molecules of ThrCdCl could not be located or 

fixed. MOF ThrCdCl contains one ligand and one chloride atom and metal atom in the 

asymmetric unit. It should be noted that other supporting characterization data are 

consistent with the crystal structure. Final full matrix least-squares refinement on F2 

converged to R1 = 0.0189 (F >2σF)) and wR2 = 0.0501 (all data) with GOF = 1.021. 

Crystallographic data (excluding structure factors) for this structure have been deposited 

with the CCDC as deposition No. CCDC 851357. The ORTEP diagram is provided with 

50% probability (Figure 2.18e). 

Experimental and refinement details for ThrCdBr: A colourless rod shaped crystal of 

ThrCdBr (0.3 × 0.1 × 0.1 mm3) was placed in 0.7 mm diameter nylon CryoLoops 

(Hampton Research) with Paraton-N (Hampton Research). The loop was mounted on a 

SMART APEX three circle diffractometer. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms attached to the lattice water molecules and side arm 

oxygen atoms of ThrCdBr could not be located or fixed. MOF ThrCdBr contains one ligand 

and one bromine atom and metal atom in the asymmetric unit. It should be noted that other 

supporting characterization data are consistent with the crystal structure. Final full matrix 

least-squares refinement on F2 converged to R1 = 0.0630 (F >2σF)) and wR2 = 0.1450 (all 

data) with GOF = 1.081. Crystallographic data (excluding structure factors) for this 

structure have been deposited with the CCDC as deposition No. CCDC 851358. The 

ORTEP diagram is provided with 50% probability (Figure 2.18f). 

NOTE: The results of this chapter have already been published in Cryst. Growth Des. 

2012, 12, 4633-4640 with the title: “Variable Water Adsorption in Amino Acid Derivative 

Based Homochiral Metal Organic Frameworks” and CrystEngComm, 2013, 15, 9634-
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9640. with the title “Relating pore hydrophilicity with vapour adsorption capacity in a 

series of amino acid based metal organic frameworks”. These publications were the results 

from the group of Dr. Rahul Banerjee and his students Subash Chandra Sahoo and Tanay 

Kundu from CSIR-National Chemical Laboratory, Pune, India. Major experimental works, 

data interpretation and manuscript preparation were contributed by Tanay Kundu using 

instrumental facilities of CSIR-National Chemical Laboratory. Subash Chandra Sahoo did 

the crystallization. 
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CHAPTER 3 

 

RARE unh TOPOLOGY OF AMINO ACID DERIVED MOFS WITH 

DIFFERENT PROTON CONDUCTING ABILITY  

 

3.1 Introduction: 

The art of knitting molecular building units by coordination bonds are leading to the 

formation of extended structures with novel architectures. Thus, realization of new 

structures in which typically metal ion acting as nodes or joints are used in connecting 

organic linkers or spacers to make porous metal-organic frameworks (MOFs). At present, 

researchers from different fields are involved in the design and study of MOF structures and  

  

 

Figure 3.1: Predicted structural details (but not yet synthesized) of the Zeolitic Imidazolate 

Framework (ZIF) having unh topology. 
 

their properties. As expected, a system of organization and nomenclature should be 

developed to facilitate the navigation within the field for current and future researchers. 

Knowledge on Self organization of molecular components is essential for the pre-designed 



Chapter 3  Rare unh topology of a amino acid … 

68 

 

synthesis of MOFs and related materials. For proper understanding of Nets, breaking down 

MOF architectures into its fundamental units without sacrificing its chemical importance is 

necessary. One can also think of it as a top down approach. Another aspect for knowing 

about nets and their occurrences is their application in computer simulation of MOF 

adsorbate interactions, adsorption isotherms, prescreening of MOF as an emergent aspect 

[3.1]. 

Recent advances on three-periodic nets have come from the tiling theory. In a natural tiling, 

the tiling has the same symmetry as the natural symmetry of the net. Subject to these 

limitations, the natural tiling is composed of the smallest possible tiles. For example, in a 

polyhedron three edges meet at each vertex. Similarly, in a simple tiling four tiles meet at a 

vertex and exactly three meet at an edge. A suitable regularity of a net is measured as 

transitivity, composed of a set of four integers, abcd, that represents a tiling has a kinds of 

vertex, b kinds of edge, c kinds of face, and d kinds of tile [3.1].  

In this regard, the concept of secondary building units (SBUs) has been proposed as a 

harmonizing concept for the classification of the MOF structures into their underlying 

topology. Typically MOFs are composed of two types of secondary building units (SBUs) 

or points of extension. One type is essentially organic ligands, which could be multitopic in 

nature. The second type of SBU is a metal atom or finite polyatomic clusters having two or 

more metal atoms of same (homometallic, e.g. Zn4O,Zr6O4) or different kinds 

(heterometallic, e.g. Polyoxometallates). The two types of SBU exhibit their different roles 

in the construction of three dimensional MOF architectures. The details of nets are 

available as searchable database known as the Reticular Chemistry Structure Resource 

(RCSR), having a collection of more than 2000 different nets. There nets are assigned 

three-letter symbols such as abc (pts, soc, rht etc.). TOPOS, a computer generated program 

which identifies underlying nets within a structure, have a huge database over 70,000 nets. 

Olaf Delgado Friedichs’ developed a complex mathematical program called Systre, which 

even identifies new nets that are not included in RSCR database. Nets with one type of 

vertex are called uninodal, whereas with two types of vertex are binodal, and so on. Metal-

containing SBUs are produced during synthesis, which are generally polygonal or 

polyhedral. On the other hand, although organic SBUs have predetermined shape and 

geometry, flexibility often determine the final architecture [3.1]. Hence, it is vital to 
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identify all vertices and edges rather than just identifying the nets. Identification of novel 

nets always has been a cynosure in the eyes of the researchers in MOF or any other fields. 

Typically, new nets provide more opportunities to study metal-ligand organization 

strategies. In this respect, we report a novel unh topology in MOFs built with amino acid 

derived linkers and Zn(II) as metal ion. Additionally, these MOFs show single crystal to 

single crystal structural dehydration-rehydration phenomenon, structural dependant water 

adsorption and proton conducting ability. 

 

3.2 Result and discussion: 

3.2.1 Structural aspects of the MOFs:  

Chirality, helicity and porosity play important roles in chemistry and biology and it is 

indeed a challenge to combine all the aspects in a single entity. The construction of helical 

MOFs are considered to be a fascinating structure as helical assemblies such as protein 

bundles and DNA are ubiquitous in biological systems and play key roles in molecular 

recognition, replication, and catalysis [3.2]. Several approaches have been developed for 
  

 

Figure 3.2: Schematic representation of the chiral linkers used for MOF synthesis. 

 

constructing chiral MOFs and their potential applications in the field of chiral synthesis, 

optical devices, sensory functions, modelling of biological compounds etc. Multitopic 

linkers derived from natural amino acids are an attractive choice for chiral MOF synthesis 

because of their functional biological properties along with highly selective substrate-

binding abilities. Based on the above facts it is evident that amino acid derivatives 

(naturally available and pure enantiomer) are good choice as chiral links for designing 3D 

homochiral MOFs for various promising applications. 
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MOFs reported in this chapter were synthesized by mixing Zn(CH3COO)2.2H2O and 

(Pyridine-4-yl)methylamino-valine (a valine derived link) (Figure 3.2) using hydrothermal 

condition in water medium. Phase pure rod shape crystals were grown in the caped vial at 

90 °C within 5-6 h, while optimal growths were accomplished at 12 h. All the MOFs are 

structural isomers with respect to either different anions (–Clˉ or –Brˉ) coordinated to metal 

atoms or enantiomers with respect to (–d or –l) ligand backbone. l-ValZnCl crystallizes in 

the P61 space group, which consists of one Zn(II), one l-ValCl ligand and two lattice water  

molecules in the asymmetric unit. The Zn(II) center adopts a distorted square pyramidal 

geometry (τ = 0.88) chelated by monodentate carboxylate [(Zn1–O2 2.170(3) Å)] anion, 

and one neutral amino functionality [(Zn1–N1 2.092(4) Å)] of first l-ValCl link. One 

pyridyl functionality and one carboxyl oxygen atom of the second l-ValCl ligand 

coordinates to the equatorial positions, and one free chloride anion occupies the axial site 

(Figure 3.3) for charge balance. Noticeably, the amine group is induced by the neighboring 

chiral carbon center into a homochiral unit to coordinate the Zn(II) ion. As a result, the 

Zn(II) acquires a third homochiral center associated with two homochiral centers. All 

adjacent zinc nodes are bridged by pyridyl group to form a 61 helical chain with a pitch of 

12 Å through the crystallographic c axis (Figure 3.3). The two coordinated carboxylate 

oxygens stay opposite to each other along c axis through which link to additional molecules 

form the wall of the helical chain. Among the pyridyl rings, one set of pridyl rings run in 

clockwise direction while other run anti-clockwise to extend (linking two molecular chains) 

the lattice along the ab plane. This result in a 3D architecture containing close-packed 1D 

open channel along the c axis filled with solvent water molecules (Figure 3.4a). All pyridyl 

rings and isopropyl groups constitute the wall of the helical channel and provide a 

hydrophobic environment to it. This molecular arrangements result in a unprecedented 

zeolitic unh topology which has not been perceived till date by any other synthetic means 

even though it is theoretically proposed in ZIFs (Figure 3.1)[3.3]. The unh topology has a 

vertex symbol 5.5.5.52.12.12. We analyzed the complexity of the nets in terms of their 

natural tiling, where the set of edges and vertices of the tiles is the same as that of the net. 

All the MOFs reported in this chapter have the transitivity value of 1221, which means that 

the tiling has one kind of vertices, two kinds of edges, two kinds of faces, and one kind of 

tiles. The MOFs comprise a uninodal nets having an isohedral kind of tile. The tile has two 
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five-sided and two twelve-sided faces with face symbol 52.122 (Figure 3.4b). The Lattice 

water molecules are weakly H-bonded to Zn–Cl atom [(O···Cl–Zn, 3.175(1) Å)] run along 
 

 

Figure 3.3: Schematic representation of the chiral MOF synthesis starting from chiral links.  

 

the helical channel (Figure 3.4c) in case of l-ValZnCl. The second water molecule resides 

within the H-bonding distance of the 1st water molecule (DO…..O = 3.234(3) Å) to make a 

continuous water channel along crystallographic c axis. This H-bonding distance is well 

within the range of DO…..O of O–H···O hydrogen bonding reported in the literature. As a 

result a secondary helical water chain surrounded by the molecular helix is formed. Week 

(O–H···Cl–Zn) H-bonding facilitate the water protons to become more acidic in nature. It 

was found that helical orientation of water molecules are the structural basis by which the 

K+ ion and proton transport occurs inside KcsA K+ channel and in protein aquaporin-1, 

respectively [3.4]. 1D water chains also play vital roles in stabilizing the native 

conformation of several biopolymers, but such helical water chains are less observed in 

synthetic homochiral crystal hosts and particularly rare in MOFs, because most of the high 

boiling solvents like DMF, DMA, DMSO, DEF are used for MOF synthesis instead of 

water [3.5]. Single crystal X-ray diffraction analysis revealed that MOF d-ValZnCl, l-

ValZnBr, and d-ValZnBr are isomorphous to l-ValZnCl where l-ValZnCl and l-ValZnBr 

are isomers with respect to substituted halogen atoms. On the other hand, l-ValZnCl and d-

ValZnCl pair and l-ValZnBr and d-ValZnBr pair are enantiomers to each other. In l-

ValZnBr each Zn(II) cation has similar coordination environment except the axial position 
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is occupied by Br-atom. The τ (trigonality factor) is almost same (τ = 0.89) as that of l-

ValZnCl. The Lattice water molecules in l-ValZnBr are weakly H-bonded and placed  
 

 

Figure 3.4: a) Polyhedral packing image of l-ValZnCl along crystallographic c axis. b) Topological 

representation of the l-ValZnCl tiling image. c) Hydrogen bonded helical chain along 

crystallographic b axis. Figure adapted from ref. 3.13. 

 

almost in equivalent position with respect to –Br atom show a helical arrangement similar 

to l-ValZnCl. For comparative purpose, we prepared enantiomer analogue of l-ValZnCl i.e. 

d-ValZnCl. The O···Br–Zn and O···O hydrogen bonding distance in d-ValZnCl is 3.175(1) 

and 3.341(7) Å, respectively. We obtained two enantiomorphic frameworks, l-ValZnBr and 

d-ValZnBr based on self-assembly between d-ValCl and d-ValBr with 

Zn(CH3COO)2.2H2O under identical hydrothermal synthetic conditions. The CD 

measurements on bulk crystals of l-ValZnCl and of d-ValZnCl show opposite Cotton 

effects at ~ 238 and 265 nm (Figure 3.5), indicating that they are enantiomers. MOF l-

ValZnBr and d-ValZnBr have similar coordination environment to that of l-ValZnCl and d-

ValZnCl except the resulting crystal structure adopts opposite handedness. l-ValZnBr and 

d-ValZnBr also contain two water molecules as lattice solvent having week H-bonding 
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interactions distance 3.158(3) Å (for O···Cl–Zn) and 3.175(1) Å (for O···Br–Zn), 

respectively. Overall it has been confirmed that all the four MOF isomers have similar  
 

 

Figure 3.5: CD spectra of the enantiomorphic MOFs a) l-ValZnCl and d-ValZnCl b) l-

ValZnBr and d-ValZnBr. Figure adapted from ref. 3.13. 

 

lattice arrangements (unh topology) and the helical water chain persists irrespective of the 

different halogen substitutions or change in chirality of the ligand backbone.  
 

3.2.2 X-ray powder diffraction analysis and Thermo-gravimetric Analysis:  

The phase purity of the bulk materials were confirmed by powder X-ray diffraction 

(PXRD) experiments which are in well agreement with the simulated PXRD patterns 

(Figure 3.6). Thermogravimetric analysis (TGA) performed on as-synthesized MOFs 

revealed that these compounds have thermal stability upto ~270 °C (Figure 3.7). The TGA 

trace for as-synthesized MOFs exhibit a gradual weight-loss step of ~ 7 wt% [2 H2O in l-

ValZnCl and d-ValZnCl; calcd. 10.5 wt%] and ~ 6 wt% [2 H2O in l-ValZnBr and d-

ValZnBr; calcd. 9.3 wt%] at temperature range of 40–100 °C, corresponding to escape of 

guest water molecules from the pores (Figure 3.7). We note that the water molecules of l- 

ValZnCl and l-ValZnBr were released without damaging the framework architecture, as 

evidenced by the coincidence of the PXRD patterns of the MOF samples heated and held at 

150 °C in N2 atmosphere with the PXRD patterns simulated from single-crystal structures. 

The above fact is also supported by in situ VT-PXRD of l-ValZnCl (Figure 3.9a). All major 
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peaks of experimental and simulated PXRDs are well matched, indicating the sample’s 

phase purity.  A combined heating and cooling in situ VT-PXRD experiment reveals that  
 

 

Figure 3.6: PXRD patterns of the MOFs compared with the simulated one. a) l-ValZnCl  b) l-
ValZnBr c) d-ValZnCl d) d-ValZnBr e) evacuated l-ValZnCl  f) evacuated l-ValZnBr. 
Figure adapted from ref. 3.13. 
 

the frame work is stable and remain crystalline over a wide temperature range (heating  

from 25 to 200 °C and then cooling from 200 to 25 °C) and remain stable after solvent 

removal (solvent escapes ~100 °C, confirmed by TGA). Escape of solvent water molecules 

from the crystals were also monitored by hot stage microscopy at different temperature 

intervals (25–270 °C). Pictures taken on hot stage microscope reveals that the trapped water 

molecules escape the lattice in between 60–120 °C as heating goes on and cracking appears 

on the crystal surface, but crystallinity remain intact up to 250 °C (Figure 3.9b). This 

observation indicated that it is possible to monitor the arrangement of water molecules with 

respect to temperature and we can realize a solvent free framework after successful removal 

of solvents at the higher temperatures. 
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Figure 3.7: TGA analysis of the as-synthesized MOFs compared with the evacuated one. a) l-
ValZnCl  b) l-ValZnBr c) d-ValZnCl d) d-ValZnBr. Figure adapted from ref. 3.13. 
 

      

3.2.3 Single crystal to single crystal transformation studies on the MOFs: 

It is noteworthy that the water molecules adopt similar arrangements in all MOFs reported 

in this chapter except the handedness. The guest free frameworks of MOFs show high 

affinity for water irrespective of different structural variations. It is worth mentioning that 

only a handful of Zn(II) based MOFs reported in literature can withstand moisture [3.6]. To 

provide a further evidence of water affinity apart for crystallographic information, MOFs 

were extensively studied by various experiments. l-ValZnCl shows a reversible 

transformation in presence of water vapor. After evacuation at 150 °C for two days, the 

dehydrated polycrystalline sample of l-ValZnCl was exposed in a closed chamber saturated 

with water vapor. Single crystalline nature of l-ValZnCl comes back within 6-12 h (Figure  
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Figure 3.8: a) Structural reversibility in the light of optical microscopy in case of l-ValZnCl b) FT-

IR spectra comparison study in case of b) l-ValZnCl  c) l-ValZnBr. Figure adapted from ref. 3.13. 
 

3.8a), which is confirmed by IR, TGA, and crystallography. FT-IR spectra of the evacuated 

l-ValZnCl sample collected at a time interval of one hour showed gradual increase in 

intensity of water peaks after exposed to moisture (Figure 3.8b), which further confirms the 

high affinity of l-ValZnCl for water. Further, the water affinity of l-ValZnCl and l-ValZnBr 

were examined by water adsorption isotherm. Surprisingly we found that l-ValZnCl shows 

12 wt% water vapor uptake (150 cc/g at STP) (Figure 3.9c) whereas l-ValZnBr shows 6 wt 

% (75 cc/g at STP) (Figure 3.9d) which is almost half at relative pressure (P/Po) of 0.9. It is 

quite clear that l-ValZnBr has less water affinity compared to l-ValZnCl, though 

framework arrangements of both the MOFs are similar. N2 adsorption isotherm indicates 

very less uptake which signifies low degree of interaction points inside the pore.  
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Figure 3.9: a) VT-PXRD pattern compared with simulated one in case of l-ValZnCl b) Hot stage 
microscopy images at different temperatures in case of l-ValZnCl. Water adsorption isotherms in 
case of  c) l-ValZnCl and d) l-ValZnBr. Figure adapted from ref. 3.13. 
 

Inspired by the above results we considered to establish the abovementioned fact by in situ 

variable temperature single crystal x-ray diffraction experiment (SCXRD). Variable 

temperature SCXRD on MOF l-ValZnCl (Figure 3.10a) and l-ValZnBr (Figure 3.10b) are 

performed at different temperature interval of 25, 40, 50, 60, 70, 80, 90, 100 and 115 °C. 

Before data collection, single crystallinity of MOFs suitable for single crystal diffraction 

were checked by taking snap shots and unit cell determination at that particular temperature 

which confirms that the sample’s crystallinity remain intact for suitable data collection. 

From TGA experiments it was found that the MOFs loose lattice water molecules during a 

temperature range of 40–100 °C. Taking clue from the above observations we anticipated 



Chapter 3  Rare unh topology of a amino acid … 

78 

 

that not only we could possibly achieve an evacuated framework via a single-crystal to 

single-crystal (SC-SC) transformation but also can monitor the dynamics of H2O inside the  
 

 

Figure 3.10: Single crystal to single crystal dehydration phenomena in case of a) l-ValZnCl and 
b) l-ValZnBr. Figure adapted from ref. 3.13. 
 

molecular framework over the temperature range. After carefully solving the above 

collected data sets we found that 80 °C is the ideal temperature at which we could able to 

achieve stable and solvent free framework of l-ValZnCl with reasonable good structural 

parameters [(R1) = 6.4%, weighted R (wR2) = 14.7%, GOF = 1.005] below which water 

stay at lattice as solvents and the framework remains intact but high thermal vibration 

observed in some of the atom sites results in high refinement parameters i.e. thermal 

ellipsoids. Similar experiment performed on l-ValZnBr reveals that we can achieve an 

evacuated framework at much lower temperature of 40 °C [(R1) = 5.7%, weighted R (wR2) 

= 15.12%, GOF = 1.071]. So far the amount of water uptake of l-ValZnCl with respect to l-

ValZnBr and achieving evacuated framework of l-ValZnBr at only 40 °C clearly indicates 

that l-ValZnBr has lower water affinity than l-ValZnCl.  

It has been mentioned already that the structural arrangement of the MOFs are all similar 

except the handedness and halogen atoms in the framework [Zn–X (X = –Cl, –Br)]. It is 

well established that metal halides (M–X) have shown to be strong hydrogen bond 

acceptors, compared to organic halides (e.g. C–Cl and C–Br bonds). The normalized 

distance function, RHX, for D–H⋅⋅⋅⋅X–M hydrogen bonds [(RHX = d(H⋅⋅⋅⋅ X)/(rH + rX)][RHX 

value of 0.799 and 0.820 for O–H⋅⋅⋅⋅X–M (X = Clˉ, Brˉ)] show a acceptor capabilities of 

halogens. It is anticipated that due to increase in polarity of the D–H bond, for a given 
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halide ion, O–H donors can contribute stronger interaction than N– H donors. Similarly 

comparison of halide ion acceptors for a given donor are compared, interactions follow an 

order H⋅⋅⋅⋅F > H⋅⋅⋅⋅Cl > H⋅⋅⋅⋅Br > H⋅⋅⋅⋅I.  In the present scenario for MOFs l-ValZnCl and l-

ValZnBr, it is expected that O–H⋅⋅⋅⋅X–Zn interaction is stronger in l-ValZnCl than l-

ValZnBr. 
  

3.2.4 Proton conductivity studies on the MOFs 

The X-ray crystal structures of the MOFs established that these materials are amenable to 

proton conducting property owing to the continuous (O···O) helical 1D water chain (DO···O = 

3.234(3) Å) in a confined hydrophobic and acidic environment [DO⋅⋅⋅⋅Cl–Zn = 3.164(3) Å, 

DO⋅⋅⋅⋅Br–Zn = 3.175(2) Å]. The proton conductivities of two halogen isomers l-ValZnCl and 

d-ValZnCl were measured by a quasi-two-probe method, with a Solartron 1287 

Electrochemical Interface with frequency response Analyzer. The conductivities were 

determined from the semicircles in the Nyquist plots (Figure 3.11). The proton 

conductivities of l-ValZnCl and d-ValZnCl were 4.45 × 10-5, 4.42 × 10-5 S cm-1, 

respectively, at 304 K and 98% relative humidity (RH). This value was highly humidity-

dependent and dropped to 1.49 × 10-5 S cm-1, 1.22 × 10-5 S cm-1 at 75%, and 60% RH 

respectively at 304 K (Figure 3.11b). Surprisingly, l-ValZnBr and d-ValZnBr show almost 

zero proton conductivity. Before coming to any conclusion, the reproducibility was tested 

by measuring the aforementioned proton conduction 4-5 times on different batch of 

samples. Each experiment revealed similar result. The above anomalous behavior is 

attributed to the following reasons. (a) Water holding capacity of l-ValZnBr (6 wt%) is less 

than l-ValZnCl (12 wt%) confirmed by water adsorption. (b) At room temperature (~35 

°C), l-ValZnCl has a continuous water chain while l-ValZnBr has a discrete water assembly 

confirmed by VT-SCXRD experiments. (c) Interior cavity decorated with halogen atoms 

with different electronegativity are hydrogen bonded to water molecules. To prove the role 

of water molecules, we synthesized l-ValZnCl taking D2O as solvent of synthesis, studied 

further by IR and solid sate 2H SSNMR (Figure 3.11d) which confirmed the D2O 

incorporation in l-ValZnCl. Impedance studies on the deuterated sample in an atmosphere 

humidified (98%) with D2O, gave a conductivity value of 1.33 × 10-5 Scm-1. The lower 

value is expected due to the heavier isotopic substitution. Proton conductivity 
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measurements performed at different temperature shows gradual increase in proton 

conductivity value from 3.13 × 10-5 to 4.45 × 10-5 Scm-1 as the temperature increases from 

299 K to 304K, respectively (Figure 3.11a). At higher temperature, above 40 °C the proton  
 

 

Figure 3.11: a) Nyquist plot for l-ValZnCl at different temperatures.  b) Nyquist plot for 
conductivity as a function of relative humidity and c) its graphical representation. Inset shows 
Nyquist plots for conductivity as a function of carrier molecules i.e. H2O vs. D2O. d)  Arrhenius plot 
for the activation energy showing least square fitting. Inset shows 2H SS NMR data potraying 
incorporation of D2O molecules. Figure adapted from ref. 3.13. 
 

conductivity of  l-ValZnCl vanishes due to partial dehydration as indicated by TGA plot 

and the VT-SCXRD data. Similar property was also observed by a previously reported 

PCMOF2 [1.62b]. The activation energy (Ea) for the proton transfer derived from the bulk 

conductivity of l-ValZnCl and d-ValZnCl were 0.34 and 0.36 eV, respectively, as 

determined by least-square fitting of the slopes. l-ValZnCl show high Ea value than Nafion 

(0.22 eV) [3.7], but comparable with Zr(HPO4)2 (0.33 eV)[3.8] and HUO2PO4[3.9] (0.32 
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eV). This low Ea observed in l-ValZnCl indicates that the ordered helical water chain 

(observed crystallographically) function to transport protons via a Grotthuss hopping 

mechanism as opposed to the higher Ea value observed for vehicular transfer mechanism. 

Proton conductivity value of l-ValZnCl is higher than MIL-53 (~10-6–10-9 studied at 25 °C, 

95% RH), and comparable to PCMOF3 (1.33 × 10 -5 S cm-1 at 25 °C, 98% RH)[1.62b] and 

possess  a lower  value as compared to Fe(ox)2 (1.3 × 10 -3 S cm -1 at 25 °C, 98% 

RH)[1.62c] and under similar condition.  
 

3.3 Conclusion: 

In conclusion, we have synthesized four new homochiral Zn-MOFs using amino acid 

derived links. These MOFs adopt 3D periodic architecture with 1D helical water chains 

irrespective of type of halogen atom substitutions or enantiomeric differences. All four 

MOFs show an unprecedented zeolitic (unh) topology which are not perceived so far by 

any other synthetic means. Two Lattice water molecules hydrogen bonded with the 

framework and also among them, form a secondary helical water chain inside the molecular 

helix. In MOFs l-ValZnCl and l-ValZnBr, water escapes at ~40–100 °C but show reversible 

crystallization by readily re-absorbing moisture which is also confirmed by VT-FT-IR and 

VT-PXRD experiments. The hydrophobic environment of the 1D channel along with the 

weak H-bonding with halogen atoms provide a helical pathway for proton conduction in 

humid conditions. In l-ValZnCl and d-ValZnCl this is the first example in which proton 

conductivity has been observed in chiral MOFs having helical water chains confined in 

hydrophobic and acidic environment controlled by metal bound halogen atoms. 

Substitution of different halogen atom results an anomalous behavior in proton conductivity 

of l-ValZnCl and d-ValZnCl with respect to l-ValZnBr and d-ValZnBr. High Water uptake 

capacity, high water holding capacity and high electronegativity of chlorine with respect to 

bromine may be the possible reason for high proton conductivity value of l-ValZnCl than l-

ValZnBr. Stronger O–H⋅⋅⋅Cl–Zn interaction results in the increasing acidity of the water 

protons and subsequently becomes the major driving force of the proton conduction in l-

ValZnCl and d-ValZnCl. The role of water chain in proton conduction has been further 

confirmed by D2O exchanged experiments. These results will provide good roadmap 
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towards tuning and precise control over the proton conductivity and consequently enable us 

to develop useful materials both for solid electrolytes and biological perspectives.  

 

3.4 Experimental details: 

3.4.1 Materials: 

Zn(CH3COO)2·2H2O, l-valine, d-valine, sodium borohydride, and 4-pyridine 

carboxaldehyde were purchased from Aldrich Chemicals. All starting materials were used 

without further purification. All experimental operations were performed in air. 

3.4.2 Synthetic methods: 

3.4.2.1 Synthesis of the ligands: 

a) Synthesis of (Pyridin-4-ylmethyl)-l-valine.NaCl [l-ValCl]: To an aqueous solution (10 

mL) of l-valine (2 g, 17 mmol) and Na2CO3 (0.91 g, 8.5 mmol), 4-pyridinecarboxaldehyde 

(1.82 g, 17 mmol) in MeOH (10 mL) was added slowly. The solution was stirred for 1 h 

and cooled in an ice bath. NaBH4 (0.76 g, 20.4 mmol) in 5 mL of H2O was added. The 

mixture was stirred for 3 h, and 3 N HCl was used to adjust the pH to 5−6. The clear 

solution was stirred further for 2 h and then evaporated to dryness. The solid was extracted 

in hot and dry MeOH (150 mL × 3), and the filtrate was evaporated to get the ligand along 

with sodium Chloride salt in form of a white powder. Yield: 2.9 g, 70%.  IR (KBr, cm-1): 

νOH, 3421; νas(CO2), 1562; νs(CO2), 1409. 1H NMR (D2O, ppm): -CH3 (1.21, d, 3H), -CH3 

(1.35, d, 3H), -CH (3.20, m, 1H), -HN-CH (3.65, m, 1H), -CH2 (3.82, dd, 2H), py-H (7.34, 

d, 2H), py-H (8.38, d, 2H). 

b) Synthesis of (Pyridin-4-ylmethyl)-l-valine.NaBr [l-ValBr]: The ligand (l-ValBr) was 

prepared exactly as l-ValCl only HBr was used instead of HCl for pH adjustment. Yield = 

3.4 g (70%). IR (KBr, cm-1): νOH, 3420; νas(CO2), 1560; νs(CO2), 1411. 1H NMR (D2O, 

ppm): -CH3 (1.20, d, 3H), -CH3 (1.33, d, 3H), -CH (3.24, m, 1H), -HN-CH (3.63, m, 1H), -

CH2 (3.79, dd, 2H), py-H (7.34, d, 2H), py-H (8.37, d, 2H). 

c) Synthesis of (Pyridin-4-ylmethyl)-d-valine.NaCl [d-ValCl]: The ligand (d-ValCl) was 

prepared exactly as l-ValCl only d-valine was used instead of l-valine. Yield: 3.1 g, 72%. 

IR (KBr, cm–1): νOH, 3417; νas(CO2), 1564; νs(CO2), 1415. 1H NMR (D2O, ppm): -CH3 



Chapter 3  Rare unh topology of a amino acid … 

83 

 

(1.21, d, 3H), -CH3 (1.34, d, 3H), -CH (3.22, m, 1H), -HN-CH (3.65, m, 1H), -CH2 (3.78, 

dd, 2H), py-H (7.30, d, 2H), py-H (8.36, d, 2H). 

d) Synthesis of (Pyridin-4-ylmethyl)-d-valine.NaCl [d-ValCl]: The ligand (d-ValBr) was 

prepared exactly as l-ValBr only d-valine was used instead of l-valine. Yield: 3.6 g, 72%. 

IR (KBr, cm–1): νOH, 3419; νas(CO2), 1570; νs(CO2), 1421. 1H NMR (D2O, ppm): -CH3 

(1.20, d, 3H), -CH3 (1.34, d, 3H), -CH (3.24, m, 1H), -HN-CH (3.63, m, 1H), -CH2 (3.80, 

dd, 2H), py-H (7.35, d, 2H), py-H (8.37, d, 2H). 

3.4.2.2 Synthesis of the MOFs: 

a) Synthesis of [{Zn(l-Val)(Cl)}(H2O)2]∞ (l-ValZnCl): To an aqueous solution (2 mL) of 

l-ValCl (0.044 g, 0.2 mmol), Zn(CH3COO)2.2H2O (0.022 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod shaped transparent crystals. Yield: 0.025 g, 71%. Elemental analysis: 

calcd- C (38.8%), H (4.44%), N (8.23%); found C (38.78%), H (4.41%), N (8.25%). 

b) Synthesis of [{Zn(l-Val)(Br)}(H2O)2]∞ (l-ValZnBr): To an aqueous solution (2 mL) of 

l-ValBr (0.044 g, 0.2 mmol), Zn(CH3COO)2.2H2O (0.022 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod shaped transparent crystals. Yield: 0.026 g, 67%. Elemental analysis: 

calcd- C (34.37%), H (3.90%), N (7.29%); Found C (34.35%), H (3.92%), N (7.25%). 

c) Synthesis of [{Zn(d-Val)(Cl)}(H2O)2]∞ (d-ValZnCl): To an aqueous solution (2 mL) of 

d-ValCl (0.044 g, 0.2 mmol), Zn(CH3COO)2.2H2O (0.022 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod shaped transparent crystals. Yield: 0.023 g, 67%. Elemental analysis: 

calcd- C (38.82%), H (4.44%), N (8.23%); Found C (38.79%), H (4.42%), N (8.24%). 

d) Synthesis of [{Zn(d-Val)(Br)}(H2O)2]∞ (d-ValZnBr): To an aqueous solution (2 mL) 

of d-ValBr (0.044 g, 0.2 mmol), Zn(CH3COO)2.2H2O (0.022 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod shaped transparent crystals. Yield: 0.026 g, 69%. Elemental analysis: 

calcd- C (34.37%), H (3.90%), N (7.29%); Found C (34.36%), H (3.91%), N (7.27%). 

 

3.5 General characterization methods: 
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a) Powder X-Ray Diffraction (PXRD):  Powder XRD patterns of the aforementioned 

MOF samples were analyzed to confirm the crystallinity as well as the phase purity of the 

bulk materials. Powder X-ray diffraction (PXRD) patterns were recorded on a Phillips 

PANalytical diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å), with a scan 

speed of 2° min-1 and a step size of 0.02° in 2θ. 50 mg of as-synthesized materials were 

made pellet and subjected to analysis over glass slides. 

b) Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC): 

TGA was performed on a SDT Q600 TG-DTA instrument. ca. 8 mg of the MOFs were 

heated from 25 to 800 °C under the N2 flow at heating rate of 5 °C min–1. 

c) IR Spectroscopy: The Fourier transform (FT) infrared spectra of the MOFs were 

collected on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr pellets (2 

mg MOF in 20 mg of KBr) were prepared and 50 scans were measured at 2 cm-1 resolution 

for each sample. The spectra were measured over the range of 4000-600 cm-1. 

d) Water Adsorption Analysis: All low-pressure water adsorption experiments (up to 1 

bar) were performed on a BELSORP-max volumetric instrument. Approximately 50 mg of 

the sample was activated after solvent exchange by the use of activation chamber. The 

activated sample was loaded inside the glass bulb of water adsorption instrument and 

measured the capacity. 

e) Hot-Stage Microscopy: Leica M-80 optical microscope with hot stage and camera 

attachment was used for collecting photographs. 

f) Proton Conductivity: Proton Conductivities were measured using Solartron 1287 

Electrochemical Interface with 1255B frequency response analyzer via a quasi-four-probe 

method. ca. 120 mg of the as-synthesized MOFs were pressed in a pellet maker to obtain 

uniform pellets of ca. 0.38 mm, which was subject to humidification (98% RH) for 24 h 

and subsequently measured the proton conductivity. Resistances were measured from the 

semicircle of the Nyquist plots. Proton conductivity was measured by the following 

equation; σ = L/(R.A) where σ = proton conductivity, L = thickness of the pellet, R = 

resistance of the pellet and A = area of the pellet = πr2  where r = radius of the pellet. 

For high-temperature proton conductivity measurements, the pellets were inserted within a 

humidification chamber, which was encircled with a controlled heating coil attached with 
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an automated temperature controller. The heat flow within the temperature controller was 

controlled by a dimmerstat accordingly. The temperature of the chamber was measured by 

an infrared temperature sensor attachment, having a sensing accuracy of ±0.5 °C.  

For low-temperature proton conductivity measurements, the pellets were inserted within a 

humidification chamber, which was encircled with a water circulation coil attached with a 

chiller integrated with an automated temperature controller. The heat flow within the 

chamber was controlled by the chiller accordingly. The temperature of the chamber was 

measured by an infrared temperature sensor attachment, having a sensing accuracy of ±0.5 

°C. 

3.6 X-ray Crystallography:  

General data collection and refinement procedures: 

 All single crystal data were collected on a Bruker SMART APEX three circle 

diffractometer equipped with a CCD area detector and operated at 1500 W power (50 kV, 

30 mA) to generate Mo Kα radiation (λ = 0.71073 Å). The incident X-ray beam was 

focused and monochromated using Bruker Excalibur Gobel mirror optics. All crystals 

reported in this chapter were mounted on nylon CryoLoops (Hampton Research) with 

Paraton-N (Hampton Research).  

Initial scans of each crystal were performed to obtain preliminary unit cell parameters and 

to determine the mosaicity (breadth of spots between frames) of the crystal to select the 

required frame width for data collection. In every case frame widths of 0.5° were judged to 

be appropriate and full hemispheres of data were collected using the Bruker SMART 

software suite. Following data collection, reflections were sampled from all regions of the 

Ewald sphere to redetermine unit cell parameters for data integration and to check for 

rotational twinning using CELL_NOW [2.7]. Fortunately, no crystal decay was encountered 

in case of the data collection. Following exhaustive review of the collected frames the 

resolution of the dataset was judged. Data were integrated using Bruker SAINT [2.8] 

software with a narrow frame algorithm and a 0.400 fractional lower limit of average 

intensity. Data were subsequently corrected for absorption by the program SADABS [2.9]. 

The space group determinations and tests for merohedral twinning were carried out using 

XPREP [2.9]. In all cases, the highest possible space group was chosen. 
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All structures were solved by direct methods and refined using the SHELXTL 97 [2.10] 

software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final models were refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C–H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. 

All structures were examined through the Adsym subroutine of PLATON [2.11] to ensure 

that no additional symmetry could be applied to the models. All ellipsoids in ORTEP 

diagrams are displayed at the 50% probability level unless stated otherwise. For all 

structures we observed elevated R-values; a problem commonly encountered in MOF 

crystallography [2.12].  

Experimental and refinement details for l-ValZnCl: A colourless rod shaped crystal 

(0.80 × 0.16 × 0.12 mm3) of l-ValZnCl was placed in a 0.7 mm diameter nylon CryoLoops 

(Hampton Research) with Paraton-N (Hampton Research). The loop was mounted on a 

SMART APEX three circle diffractometer. The range of θ was from 2.30 to 26.81º. All 

nonhydrogen atoms were refined anisotropically. l-ValZnCl contains one ligand and one 

chloride atom and metal atom in the asymmetric unit. It should be noted that other 

supporting characterization data are consistent with the crystal structure. Final full matrix 

least-squares refinement on F2 converged to R1= 0.0384 (F >2σF) and wR2 = 0.1203 (all 

data) with GOF = 1.017. Very high displacement parameters, high esd’s and partial 

occupancy due to the disorder make it impossible to determine accurate positions for the 

hydrogen atoms in water molecules. Crystallographic data (excluding structure factors) for 

this structure have been deposited with the CCDC as deposition No. CCDC 831054. The 

ORTEP diagram is provided with 50% probability (Figure 3.12a). 

 Experimental and refinement details for l-ValZnBr: A colourless rod shaped crystal of 

l-ValZnBr was placed in 0.7 mm diameter nylon CryoLoops (Hampton Research) with 

Paraton-N (Hampton Research). The loop was mounted on a SMART APEX three circle 

diffractometer. The range of θ was from 2.29 to 20.90º. All nonhydrogen atoms were 

refined anisotropically. l-ValZnBr contains one ligand and one bromine atom and metal 

atom in the asymmetric unit. It should be noted that other supporting characterization data 

are consistent with the crystal structure. Final full matrix least-squares refinement on F2 
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Figure 3.12: ORTEP diagrams for the asymmetric unit of the MOFs at different temperatures in 

50% probability level. Figure adapted from ref. 3.13. 

 

converged to R1= 0.0618 (F >2σF)) and wR2 = 0.2133 (all data) with GOF = 1.017. Very 

high displacement parameters, high esd’s and partial occupancy due to the disorder make it 

 impossible to determine accurate positions for the hydrogen atoms in water molecules. 

Crystallographic data (excluding structure factors) for this structure have been deposited 

with the CCDC as deposition No. CCDC 831055. The ORTEP diagram is provided with 

50% probability (Figure 3.12g).  

Experimental and refinement details for d-ValZnCl: A colorless rod shaped crystal of d-

ValZnCl was placed in 0.7 mm diameter nylon CryoLoops (Hampton Research) with 

Paraton-N (Hampton Research). The loop was mounted on a SMART APEX three circle 

diffractometer. The range of θ was from 2.34 to 27.13º. All nonhydrogen atoms were 

refined anisotropically. d-ValZnCl contains one ligand and one chloride atom and metal 

atom in the asymmetric unit. It should be noted that other supporting characterization data 

are consistent with the crystal structure. Final full matrix least-squares refinement on F2 
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converged to R1= 0.0469 (F >2σF)) and wR2 = 0.1387 (all data) with GOF = 1.053. Very 

high displacement parameters, high esd’s and partial occupancy due to the disorder make it 

impossible to determine accurate positions for the hydrogen atoms in water molecules. 

Crystallographic data (excluding structure factors) for this structure have been deposited 

with the CCDC as deposition No. CCDC 831056.  

Experimental and refinement details for d-ValZnBr: A colorless rod shaped crystal of 

d-ValZnBr was placed in 0.7 mm diameter nylon CryoLoops (Hampton Research) with 

Paraton-N (Hampton Research). The loop was mounted on a SMART APEX three circle 

diffractometer. The range of θ was from 2.29 to 22.66º. All nonhydrogen atoms were 

refined anisotropically. d-ValZnBr contains one ligand and one bromine atom and metal 

atom in the asymmetric unit. It should be noted that other supporting characterization data 

are consistent with the crystal structure. Final full matrix least-squares refinement on F2 

converged to R1= 0.0583 (F >2σF)) and wR2 = 0.1859 (all data) with GOF = 1.046. Very 

high displacement parameters, high esd’s and partial occupancy due to the disorder make it 

impossible to determine accurate positions for the hydrogen atoms in water molecules. 

Crystallographic data (excluding structure factors) for this structure have been deposited 

with the CCDC as deposition No. CCDC 831057.  

NOTE: The results of this chapter have already been published in J. Am. Chem. Soc., 2011, 

133, 17950. with the title: “Helical Water Chain Mediated Proton Conductivity in 

Homochiral Metal–Organic Frameworks with Unprecedented Zeolitic unh-Topology” The 

publication was resulted from the group of Dr. Rahul Banerjee and his students Subash 

Chandra Sahoo and Tanay Kundu from CSIR-National Chemical Laboratory, Pune, India. 

Major experimental works were contributed by Tanay Kundu using instrumental facilities 

of CSIR-National Chemical Laboratory. Subash Chandra Sahoo did the data interpretation 

and manuscript preparation. 
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CHAPTER 4 

 

HYDROLYTIC REGENERABILITY IN A SERIES OF AMINO ACID DERIVED 

MOFS   

 

4.1 Introduction: 

Metal-organic frameworks (MOFs) are structured by linking metal ions or clusters by 

organic connecting units called linkers via coordination bonds. The reversibility of the 

coordination bonds in high boiling solvents (DMF, DMA, DEF, NMP, DMSO etc.) resulted 

in single crystallinity of the MOFs. However, the same phenomena become irreversible in 

water, leading to the formation of metal oxides or hydroxides and the bare organic links, as 

the case happens for majority of the MOFs (> 90%). Well known MOFs like MOF 5 [1.4] 

and MOF 177 [1.5b] shows this kind of behavior. The abovementioned bottleneck of MOFs 

restricts its application (e.g. catalysis) in toxic organic solvents (e.g. DMF, DMSO, 

CH3CN) rather than environmentally benign H2O. Only limited number of water stable 

MOFs (e.g. MIL-101, ZIF-8, UiO-66) [1.46] have been reported in the literature for their 

practical utility in aqueous medium. Researchers approach involves incorporation of 

multiple alkane and fluorine functionality. For example, methyl modified MOFs was 

successfully synthesized by incorporation methyl group in the parent ligand [4.1]. In 

another case, fluorine atoms have been decorated in the ligand to repel water molecules 

[4.2]. However, such approach involves diminished pore aperture and further 

functionalization of the framework backbone for industrial relevance remains a challenge. 

As a result, a simple design for MOFs having water stability and structural reversibility is 

highly anticipated.  

In this chapter, we present the design of amino acid derived MOFs which possesses 

ambient temperature hydrolytic stability as well as high temperature hydrolytic 

regenerability. A series of eight homochiral metal-organic frameworks (MOFs) (ValZnCl, 

ValZnBr, ValZnFor, ValZnOAc, AlaZnCl, AlaZnBr, AlaZnFor, AlaZnOAc) have been 

synthesized by using pyridyl derivative of l–valine or l–alanine, and Zn(II) salt as metal 

precursor with different coordinated anions (Clˉ, Brˉ, HCO2ˉ and CH3CO2ˉ). A 3D 
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homochiral architecture with parallel 1D helical channel along the crystallographic c axis 

results in extremely rare zeolitic unh topology in all the cases. Interestingly, lattice water 

molecules hydrogen bonded to the coordinated anions (Clˉ, Brˉ, HCO2ˉ and CH3CO2ˉ) 

form a secondary double helical arrangement of water molecules inside the homochiral 

frameworks. Replacement of valine (amino acid residue of the ligand) with more 

hydrophilic alanine results in enhanced polar intermolecular interaction, higher water 

sorption capability of the aforestated MOFs. The coordinated anions largely determine the 

differential regenerability of the aforementioned MOFs. A solution state processing method 

has been demonstrated to utilize the unique water soluble property to yield completely 

different MOF architectures. 

 

4.2 Result and discussion: 

4.2.1 Structural aspects of the MOFs:  
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Figure 4.1: Schematic representation of the chiral MOF synthesis starting from chiral links. Figure 

adapted from ref. 4.3.  

 

MOFs reported in this chapter were synthesized by mixing Zn(CH3CO2)2.2H2O and 

(pyridine-4-yl)methylamino-valine (a valine derived link for ValZnX) or  
 

 

Figure 4.2: a) Polyhedral packing image of AlaZnCl along crystallographic c axis. b) b axis. c) 

Helical packing of AlaZnCl backbone. b) Topological representation of the AalZnCl tiling image. 

Figure adapted from ref. 4.3. 
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 (pyridin-4-yl)methylamino-alanine (an alanine derived link for AlaZnX) either in caped 

vial at 90 °C or in an open vial by slow evaporation within 12-48 h. Interestingly, the as-

synthesized bulk ligand is composed of neutral pyridyl substituted valine or alanine link  
 

 

Figure 4.3: Crystal packing view of a) Val ligand through crystalligraphic b axis, b) Ala ligand 

from a axis c) ValZnNO3 from b axis d) AlaZnNO3 through c axis e) ValZnClO4 and f) 

ValZnBF4through a axis. Figure adapted from ref. 4.3. 

 

and corresponding Na(I) salt of anions (Clˉ, Brˉ, HCO2ˉ and CH3CO2ˉ). AlaZnCl 

crystallizes in the P61 space group, which comprises of one Zn(II), one AlaCl ligand and 

two lattice water  molecules in the asymmetric unit [a = b = 17.4587(2), c = 10.24475(14)]. 

All adjacent square pyramidal zinc nodes are bridged by AlaCl to form a 61 helical chain 

with a pitch of 12.9 Å along the crystallographic c axis. Clockwise and anti-clockwise 

coordination of the pyridyl groups extend the lattice along the ab plane resulting in 3D 

framework architecture with extremely rare zeolitic unh topology containing close-packed 

1D open channel (1.2 nm) along the c axis filled with solvent water molecules (Figure 4.1). 

AlaZnBr, AlaZnFor and AlaZnOAc possess similar framework architecture as compared to 

AlaZnCl, only difference is coordinated anions (Brˉ, HCO2ˉ and CH3CO2ˉ) in place of Clˉ. 

However, the anions are decorated towards the pore aperture. As a result, in every case 
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there are subtle changes in the pore cavity (Figure 4.1). On the other hand, ValZnCl 

(structure discussed in detail in the earlier chapter) exhibit analogous structural integrity 

with AlaZnCl, albeit with increased hydrophobicily as well as less porosity owing to 

replacement of methyl (–CH3) group by comparatively bulky and hydrophobic isopropyl [–

CH(CH3)2] group in the side chain of the amino acid derived links. ValZnBr, ValZnFor and 

ValZnOAc are different isomers of ValZnCl with respect to different coordinated anions 
 

 

Figure 4.4: Solubility chart and hydrogen bonding distance for the MOFs. 

 

(Brˉ, HCO2ˉ and CH3CO2ˉ). All the alanine based MOFs possess higher pore aperture as 

well as framework polarity than its valine counterparts due to substitution of bulky and 

hydrophobic isopropyl group [–CH(CH3)2] with methyl group (–CH3). The lattice water 

molecules are weakly H-bonded to the Zn–Cl unit [(O···Cl–Zn, 3.124(7) Å) in AlaZnCl] 

which run along the helical channels, resulting secondary helical water arrangement. The 

different polarity of the Zn–X bond (Clˉ, Brˉ, HCO2ˉ or CH3CO2ˉ) largely determine their 

distance from adjacent water molecules, which is lowest for Zn–Cl [3.124(7) Å in 

AlaZnCl] and highest for Zn-OAc [4.812(5) Å in AlaZnOAc] (Figure 4.4). Moreover, the 

distances are shorter in alanine than its valine congeners, justified from the fact that 
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enhanced intermolecular interaction resulted due to the enhancement of hydrophilicity at 

the side chain (isopropyl in valine to methyl in alanine) (Figure 4.4). Single-crystal X-ray 

diffraction analysis revealed that all the eight MOFs are structural isomers with respect to 

either coordinated anions (Clˉ, Brˉ, HCO2ˉ or CH3CO2ˉ) or side chain substitution 

(isopropyl in case of valine and methyl group in case of alanine) and helical water 

arrangement persists irrespective of the different coordinated anion substitution or change 

in the ligand backbone (Figure 4.1). 
 

4.2.2 X-ray powder diffraction analysis and Thermo-gravimetric Analysis:  

The phase purity of the bulk MOFs were confirmed by powder X-ray diffraction (PXRD) 

experiments which are in well agreement with the simulated PXRD patterns (Figure 4.5). 

The coordination polymers synthesized from the MOFs are also exhibit bulk phase purity 

and the peak positions matched exactly with that of the simulated ones.  Thermogravimetric 

analysis (TGA) performed on as-synthesized MOFs revealed that these compounds have 

thermal stability upto ~270 °C (Figure 4.8). Interestingly, the chloride (Clˉ) and bromide  
 

 

Figure 4.5: PXRD patterns of the MOFs compared with the simulated one. a) ValZnFor b) 
ValZnOAc c) AlaZnBr d) AlaZnCl e) AlaZnFor f) AlaZnOAc. Figure adapted from ref. 4.3. 
 

(Brˉ) coordinated valine and alanine MOFs (i.e. ValZnCl, ValZnBr, AlaZnCl and AlaZnBr) 

possess higher thermal stability (upto 270 °C) than the formate (HCO2ˉ) and acetate 
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(CH3CO2ˉ) counterparts (ValZnFor, ValZnOAc, AlaZnFor and AlaZnOAc), having thermal 

stability upto ~210 °C. TGA traces for the as-synthesized MOFs showed a gradual weight-

loss step at temperature range of 40–100 °C, corresponding to escape of guest water 

molecules from the pores (Figure 4.8). The other two coordination polymers viz. 

ValZnNO3 and AlaZnNO3 exhibits thermal stability of the frameworks after guest removal 

upto ~270 °C (Figure 4.7c and d). Interestingly, the water molecules were released without 

damaging the frameworks, as evidenced by Variable Temperature Single Crystal XRD data 

and coincidence of the PXRD patterns of the as-synthesized samples heated to and held at 

200 °C in N2 atmosphere with the PXRD patterns simulated from single-crystal structures. 

All major peaks of experimental VT-PXRD and simulated PXRDs are well matched,  
  

 

Figure 4.6: VT-PXRD patterns of the a) ValZnFor b) AlaZnCl. Figure adapted from ref. 4.3. 
 

indicating the sample’s phase purity (Figure 4.6). A combine heating and cooling in situ 

VT-PXRD experiment reveals that the frameworks are stable and remain crystalline over a  
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Figure 4.7: PXRD patterns compared with the simulated one. a) ValZnNO3 and b) AlaZnNO3. 
TGA analysis of c) ValZnNO3 and d) AlaZnNO3.  Figure adapted from ref. 4.3. 
 

wide temperature range (heating from 25 to 200 °C followed by cooling from 200 to 25 °C) 
and remain stable after solvent removal (H2O escapes ~100 °C, confirmed by TGA) (Figure 
4.6). 

 

 

Figure 4.8: TGA analysis of the MOFs a) ValZnFor  b) ValZnOAc c) AlaZnCl d) AlaZnBr e) 
AlaZnFor f) AlaZnOAc. Figure adapted from ref. 4.3. 
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4.2.3 Single crystal to single crystal transformation studies on the MOFs: 

It is noteworthy that the water molecules adopt almost similar arrangements in all the 

MOFs reported in this chapter except the relative distances from the framework backbone 

and the distance between themselves let alone their handedness. However, the guest free 

frameworks of the MOFs show high affinity towards water molecules irrespective of their 

different structural variations. In the previous chapter we have shown that ValZnCl shows a 

reversible transformation in presence of water vapor, which was proved by various 

experiments. To provide evidence of water affinity from crystallographic point of view, 

MOFs were extensively studied by numerous in situ VT-SCXRD experiments. The single 

crystal data of AlaZnCl collected at 100 K shows well resolved two water molecules 

hydrogen bonded with the coordinated chloride anion. At near ambient temperature, we 

evidenced only one water molecule in AlaZnCl crystals. At higher temperatures (>50 °C) 

an evacuated framework with no trace of solvent water molecules observed 

crystallographically. This phenomenon is reversible like the ValZnCl. From the 

abovementioned experiment it is evident that it is possible to obtain a desolvated 

framework with high crystalline architecture in amino acid derived MOFs.  
 

 

Figure 4.9: a) Structural reversibility in the light of VT-SCXRD in case of AlaZnCl. 
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4.2.4 Water adsorption studies on the MOFs: 

To further explore the relationship between the framework modulation and material 

characteristics, water sorption experiment have been performed. AlaZnCl possess highest  
 

 

Figure 4.10: Water adsorption isotherms for the MOFs a) AlaZnCl compared with ValZnCl b) 
AlaZnCl compared with AlaZnBr. c) ValZnFor and d) ValZnOAc. Figure adapted from ref. 4.3. 
 

 water adsorbing capacity [210 cc/g (~17 wt%) at P/P0 = 0.89 and STP] among all these 

MOFs reported in this chapter (Figure 4.10a). In cases of AlaZnBr, however, decrease in 

hydrophilicity resulted in low water sorption of 80 cc/g (~6 wt%) at similar conditions. 

Their corresponding valine congeners (i.e. ValZnCl and ValZnBr) exhibit even lesser 

sorption capacity owing to hydrophobic isopropyl groups. However, formate (HCO2ˉ) and 

acetate (CH3CO2ˉ) based valine and alanine MOFs (ValZnFor, ValZnOAc, AlaZnFor and 

AlaZnOAc) exhibit low water uptake followed by pore condensation behavior (Figure 

4.10d). From the above behavior of the MOFs towards water adsorption, it is evident that 
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the hydrophobicity is controlled by both the framework backbone (amino acid sidearm) as 

well as the coordinated anions. The water affinity order is also a reminiscent of the relative 

distances of the water molecules from the corresponding frameworks (Figure 4.4). 
 

4.2.5 Hydrolytic regenerability studies on the MOFs: 

The most important aspect, however, we believe these MOFs possess is their unprecedented 

hydrolytic regenerability i.e. deconstruction of the MOF in water and regeneration of the 

same framework from aqueous solution. Water degradability of MOFs and coordination 
 

 

Figure 4.11: Regenerability process in the light of a) electron microscopy and b) Powder XRD. 
Figure adapted from ref. 4.3. 
 

polymers are common due to hydrolysis of coordination bonds in aqueous medium. These 

homochiral MOFs are stable towards moisture in room temperature for over 6 months 

irrespective of the framework constituents (Figure 4.12e). However, at elevated 

temperature (50–120 °C) these homochiral MOFs (Figure 4.11a) get deconstructed in water 

to form initially a turbid solution, which in turn forms a clear solution after continual 

refluxing at 90 °C (0.5–6 h) (Figure 4.11b), confirming completion of the deconstruction 



Chapter 4  Hydrolytic Regenerability in a … 

100 

 

process. This clear solution when further heated continually at 90 °C for 2 h, the 

regenerated MOF crystals started to precipitate out from the solution (Figure 4.11c). After 

that, complete regeneration of the MOFs was completed when water molecules were 

evaporated completely (Figure 4.11d). Valine based MOFs deconstruct slowly and  
 

 

Figure 4.12: Regenerability process in the light of FT-IR spectra (a,b,c). d) The solution state 13C 
NMR of deconstructed solution of ValZnCl (red) matches well with the ligand solution (blue). 
However, the MOF possess distinct peak positions (green). e) Water stability of the MOFs. 
Figure adapted from ref. 4.3. 
 

recrystallized faster than their Alanine congeners due to hydrophobicity of the former. 

Originally rod shaped crystals get deconstructed and looses crystallinity in the aqueous 

solution at boiling temperatures, as evident from the Powder XRD pattern of the flash-dried 

solution (Figure 4.11b). The SEM of the flash-dried solution (Figure 4.11b) also yielded 

amorphous material with random morphology in contrast to parent rod shaped crystals 

(Figure 4.11a). The FT-IR spectra of the solution exactly matched with the corresponding 

ligands (Val/Ala), where carboxy stretching frequency remain centered at 1612 cm-1 in all 
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cases, further confirming the deconstruction phenomena (Figure 4.12b). In addition, 

significant agreement was observed between the 13C NMR characteristic peaks of the 

solution with the ligands, where identical chemical shift of carbon (of the carboxy group) at 

181.8 ppm eludes to the deconstruction of the framework in solution (Figure 4.12d). 

Further evaporation of water leads to saturation of the solution resulting recrystallization of 

the corresponding MOFs. The Powder XRD patterns of this regenerated material (Figure 

4.11d) shown well agreement with the simulated one, confirming precise reconstruction of 

the building blocks. The FT-IR patterns of the as-synthesized materials exactly match with 

the FT-IR patterns of the regenerated MOFs (Figure 4.12c). Furthermore, the SEM images 

of the MOF powder thus obtained finally after the regeneration process recapitulate the rod 

shaped morphology of the as-synthesized MOFs. To explore the solution state properties of 

these MOFs, we have performed salt metathesis reaction using different Ag(I) salts e.g. 

AgNO3, AgBF4, AgClO4 and studied the reorganization pathway critically. The idea is to 

identify the constituents individually in solution and correlate with the mechanism 

proposed. The deconstructed ValZnCl (20 mg in 2 mL water) when treated with 250 µl 1N   
  

 

Figure 4.13: SEM image of the regenerated MOFs revealed retention of parent rod shaped 
morphology a) ValZnCl, b) ValZnBr, c) ValZnFor, d) ValZnOAc, e) AlaZnCl, f) AlaZnBr, g) 
AlaZnFor and h) AlaZnOAc. Figure adapted from ref. 4.3. 
 

AgNO3, resulted in creamy white precipitation of AgCl. The solution was filtered using 

Whatman filter paper and one part (containing Zn(II) ion, bare ligand and NO3ˉ anion) was 
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treated with either NaCl or NH4Cl, which yielded rod shaped transparent ValZnCl crystals 

[P61, a = b =17.691(2), c = 10.5617(12)], thus confirming the reconstitution in presence of  
 

 

Figure 4.14: Schematic representation of the salt metathesis reaction on ValZnCl by addition of 
different Ag salts (AgNO3,AgBF4,AgClO4) to yield 2D coordination polymers 
ValZnNO3,ValZnBF4,ValZnClO4. The filtrate on addition of NaCl/NH4Cl yielded prototypical 
ValZnCl. Figure adapted from ref. 4.3. 
 

Clˉ anions (Figure 4.14). Furthermore, another part when kept at room temperature for slow 

evaporation crystallizes into another new cationic homochiral framework, ValZnNO3 (C2, a 

= 25.117(2), b = 5.7802(4), c = 21.993(2), β = 120°) (Figure 4.3c). Change in the Ag 

precursor generalizes the salt metathesis reaction with ValZnCl resulting in two more 

coordination polymers viz. ValZnBF4 (Figure 4.3e) and ValZnClO4 (Figure 4.3f). In a 

similar fashion, neutral AlaZnCl can be converted to a new coordination polymer,  
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Figure 4.15: Schematic representation of the regenerability and salt metathesis process. 
 

AlaZnNO3 [P21212, a = 12.8683(3), b = 16.2028(4), c = 5.4706(1)] (Figure 4.3d). 

Interestingly, ValZnNO3 contains both tetra and pentacoordinated Zn(II) nodes, whereas 

AlaZnNO3 contains solely tetracoordinated Zn(II) centers. ValZnBF4 and ValZnClO4 are 

isostructural in nature (P21) with Pentacoordinated Zn(II) and coordinated as well as 

uncoordinated (protonated) amine groups, where BF4ˉ or ClO4ˉ lie within pore cavity to 

neutralize the cationic framework. This experiment precisely confirms that the 

deconstructed solution is expected to be composed of Zn(II) ions,  corresponding 

uncoordinated ligands and the anions in their hydrated form. Presence of free Clˉ has been 

confirmed by precipitation of AgCl upon addition of AgNO3. Furthermore, the coordination 

environment as well as the coordination number change of the Zn(II) ion can only be 

possible in case of complete separation of the metal ligand assembly (Figure 4.15b). Hence 

we conclude that in presence of boiling water the MOF get deconstructed to form bare 

ligand, hydrated metal ion and anions of the corresponding MOFs (Figure 4.15b). We, for 
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the first time, studied this unprecedented hydrolytic regenerable nature in 3D MOFs and 

utilized this property to perform salt metathesis reaction (Figure 4.15c) which in turn 

yielded 2D ionic coordination polymers (Figure 4.15d). 
 

4.3 Conclusion:                                                                                                                                                                                                      

In conclusion, we have synthesized eight porous homochiral Zn based MOFs using two 

different amino acid derived links. These MOFs adopt 3D periodic architecture with 1D 

helical water arrangement irrespective of the type of anion (Clˉ, Brˉ, HCO2ˉ and CH3CO2ˉ) 

substitution or side chain difference (methyl and isopropyl). All MOFs exhibit extremely 

rare zeolitic (unh) topology. Lattice water molecules are weakly hydrogen bonded to the 

coordinated anions to form a helical water arrangement inside the framework. Owing to 

hydrophilic nature of the pore aperture these MOFs exhibit diverse water sorption capacity 

subject to framework integrity. More importantly, These MOFs are regenerable from water 

via unprecedented deconstruction-reconstitution pathway, which has not been reported in 

MOF literature so far. For the first time, salt metathesis reaction has been performed on 3D 

MOFs to demonstrate the solution state property and utilized the same to synthesize 

different homochiral 2D coordination polymers with different architectures. Markedly 

different water solubility of these MOFs along with the unique regenerable property will 

surely open up numerous possibility of fabrication of these materials onto supporting 

surfaces for industrially relevant applications.  

 

4.4 Experimental details: 

4.3.1 Materials: 

Zn(CH3COO)2·2H2O, l-valine, l-alanine, sodium borohydride, and 4-

pyridinecarboxaldehyde were purchased from Aldrich Chemicals. All starting materials 

were used without further purification. All experimental operations were performed in air. 

4.4.2 Synthetic methods: 

4.4.2.1 Synthesis of the ligands: 

a) Synthesis of (Pyridin-4-yl)methylamino-l-valine.HCOONa [ValFor]: To an aqueous 

solution (10 mL) of l-valine (2 g, 17 mmol) and Na2CO3 (0.91 g, 8.5 mmol), 4-

pyridinecarboxaldehyde (1.82 g, 17 mmol) in MeOH (10 mL) was added slowly. The 
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solution was stirred for 1 h and cooled in an ice bath. NaBH4 (0.76 g, 20.4 mmol) in 5 mL 

of H2O was added. The mixture was stirred for 3 h, and 3 N HCOOH was used to adjust the 

pH to 5−6. The clear solution was stirred further for 2 h and then evaporated to dryness. 

The solid was extracted in hot and dry MeOH (150 mL × 3), and the filtrate was evaporated 

to get the ligand along with sodium formate salt in form of a white powder. Yield: 2.9 g, 

70%.  IR (KBr, cm-1): νOH, 3421; νas(CO2), 1562; νs(CO2), 1409. 1H NMR (D2O, ppm): -

CH3 (1.21, d, 3H), -CH3 (1.35, d, 3H), -CH (3.20, m, 1H), -HN-CH (3.65, m, 1H), -CH2 

(3.82, dd, 2H), py-H (7.34, d, 2H), py-H (8.38, d, 2H). 

b) Synthesis of (Pyridin-4-yl)methylamino-l-valine.CH3COONa [ValOAc]: The ligand 

(ValOAc) was prepared exactly as l-ValCl only HBr was used instead of HCl for pH 

adjustment. Yield = 3.4 g (70%). IR (KBr, cm-1): νOH, 3420; νas(CO2), 1560; νs(CO2), 1411. 
1H NMR (D2O, ppm): -CH3 (1.20, d, 3H), -CH3 (1.33, d, 3H), -CH (3.24, m, 1H), -HN-CH 

(3.63, m, 1H), -CH2 (3.79, dd, 2H), py-H (7.34, d, 2H), py-H (8.37, d, 2H). 

c) Synthesis of (Pyridin-4-yl)methylamino-l-alanine.NaCl [AlaCl]: The ligand (d-ValCl) 

was prepared exactly as l-ValCl only d-valine was used instead of l-valine. Yield: 3.1 g, 

72%. IR (KBr, cm–1): νOH, 3417; νas(CO2), 1564; νs(CO2), 1415. 1H NMR (D2O, ppm): -

CH3 (1.21, d, 3H), -CH3 (1.34, d, 3H), -CH (3.22, m, 1H), -HN-CH (3.65, m, 1H), -CH2 

(3.78, dd, 2H), py-H (7.30, d, 2H), py-H (8.36, d, 2H). 

d) Synthesis of (Pyridin-4-yl)methylamino-l-alanine.NaBr [AlaBr]: The ligand (d-

ValBr) was prepared exactly as l-ValBr only d-valine was used instead of l-valine. Yield: 

3.6 g, 72%. IR (KBr, cm–1): νOH, 3419; νas(CO2), 1570; νs(CO2), 1421. 1H NMR (D2O, 

ppm): -CH3 (1.20, d, 3H), -CH3 (1.34, d, 3H), -CH (3.24, m, 1H), -HN-CH (3.63, m, 1H), -

CH2 (3.80, dd, 2H), py-H (7.35, d, 2H), py-H (8.37, d, 2H). 

e) Synthesis of (Pyridin-4-yl)methylamino-l-alanine.HCOONa [AlaFor]: The ligand (d-

ValBr) was prepared exactly as l-ValBr only d-valine was used instead of l-valine. Yield: 

3.6 g, 72%. IR (KBr, cm–1): νOH, 3419; νas(CO2), 1570; νs(CO2), 1421. 1H NMR (D2O, 

ppm): -CH3 (1.20, d, 3H), -CH3 (1.34, d, 3H), -CH (3.24, m, 1H), -HN-CH (3.63, m, 1H), -

CH2 (3.80, dd, 2H), py-H (7.35, d, 2H), py-H (8.37, d, 2H). 

f) Synthesis of (Pyridin-4-yl)methylamino-l-alanine.CH3COONa [AlaOAc]: The ligand 

(d-ValBr) was prepared exactly as l-ValBr only d-valine was used instead of l-valine. 
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Yield: 3.6 g, 72%. IR (KBr, cm–1): νOH, 3419; νas(CO2), 1570; νs(CO2), 1421. 1H NMR 

(D2O, ppm): -CH3 (1.20, d, 3H), -CH3 (1.34, d, 3H), -CH (3.24, m, 1H), -HN-CH (3.63, m, 

1H), -CH2 (3.80, dd, 2H), py-H (7.35, d, 2H), py-H (8.37, d, 2H). 

4.4.2.2 Synthesis of the MOFs: 

a) Synthesis of [{Zn(Val)(HCOO)}(H2O)2]∞ (ValZnFor): To an aqueous solution (2 mL) 

of ValFor (0.055 g, 0.2 mmol), Zn(CH3COO)2.2H2O (0.022 g, 0.1 mmol) was added and 

sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h at 

90 °C to produce rod shaped transparent crystals. Yield: 0.023 g, 71%. IR (KBr, cm-1): νOH, 

3420; νN-H, 2975; νas(CO2), 1589; νs(CO2), 1397. νC-N,1627. Elemental Analysis: Calcd- C 

(40.51%), H (5.25%), N (8.59%); Found C (40.54%), H (5.28%), N (8.57%). CCDC No. 

918487. 

b) Synthesis of [{Zn(Val)(CH3COO)}(H2O)2]∞ (ValZnOAc): To an aqueous solution (2 

mL) of ValOAc (0.058 g, 0.2 mmol), Zn(CH3COO)2.2H2O (0.022 g, 0.1 mmol) was added 

and sonicated for 10 min. The clear solution was kept in a tightly capped 5 mL vial for 24 h 

at 90 °C to produce rod shaped transparent crystals. Yield: 0.026 g, 72%. IR (KBr, cm-1): 

νOH, 3425; νN-H, 2970; νas(CO2), 1592; νs(CO2), 1395. νC-N,1622. Elemental Analysis: 

Calcd- C (35.65%), H (4.62%), N (7.60%); Found C (35.60%), H (4.64%), N (7.62%). 

CCDC No. 918488. 

c) Synthesis of [{Zn(Ala)(Cl)}(H2O)2]∞ (AlaZnCl): To an aqueous solution (0.5 mL) of 

AlaCl (0.048 g, 0.2 mmol), Zn(CH3CO2)2.2H2O (0.022 g, 0.1 mmol) in 5 mL MeOH was 

added and sonicated for 10 min. The clear solution was kept in a 15 mL vial for 24 h at 

room temperature to produce rod shaped transparent crystals (0.025 g, 75% yield). IR (KBr, 

cm-1): νOH, 3421; νN-H, 2977; νas(CO2), 1589; νs(CO2), 1395. νC-N, 1626. Elemental 

Analysis: Calcd- C (40.51%), H (5.25%), N (8.59%); Found C (40.57%), H (5.21%), N 

(8.62%). CCDC No. 918489. 

d) Synthesis of [{Zn(Ala)(Br)}(H2O)2]∞ (AlaZnBr): To an aqueous solution (0.75 mL) of 

AlaBr (0.048 g, 0.2 mmol), Zn(CH3CO2)2.2H2O (0.022 g, 0.1 mmol) in 5 mL MeOH was 

added and sonicated for 10 min. The clear solution was kept in a 15 mL vial for 24 h at 

room temperature to produce rod shaped transparent crystals (0.026 g, 70% yield). IR (KBr, 

cm-1): νOH, 3427; νN-H, 2974; νas(CO2), 1590; νs(CO2), 1394. νC-N,1623. Elemental 
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Analysis: Calculated- C (34.45%), H (4.62%), N (7.60%); Found C (35.68%), H (4.60%), 

N (7.63%). CCDC No. 918490. 

e) Synthesis of [{Zn(Ala)(HCOO)}(H2O)2]∞ (AlaZnFor): To an aqueous solution (0.5 

mL) of AlaFor (0.05 g, 0.2 mmol), Zn(CH3CO2)2.2H2O (0.022 g, 0.1 mmol) in 5 mL 

MeOH was added and sonicated for 10 min. The clear solution was kept in a 15 mL vial for 

24 h at room temperature to produce rod shaped transparent crystals (0.023 g, 71% yield). 

IR (KBr, cm-1): νOH, 3424; νN-H, 2975; νas(CO2), 1589; νs(CO2), 1397. νC-N,1627. Elemental 

Analysis: Calculated- C (40.51%), H (5.25%), N (8.59%); Found C (40.54%), H (5.28%), 

N (8.57%). CCDC No. 918491. 

f) Synthesis of [{Zn(Ala)(CH3COO)}(H2O)2]∞ (AlaZnOAc): To an aqueous solution 

(0.25 mL) of AlaOAc (0.044 g, 0.2 mmol), Zn(CH3CO2)2.2H2O (0.022 g, 0.1 mmol) in 5 

mL MeOH was added and sonicated for 10 min. The clear solution was kept in a 15 mL 

vial for 24 h at room temperature to produce rod shaped transparent crystals (0.026 g, 72% 

yield). IR (KBr, cm-1): νOH, 3423; νN-H, 2970; νas(CO2), 1592; νs(CO2), 1395. νC-N,1622. 

Elemental Analysis: Calculated- C (35.65%), H (4.62%), N (7.60%); Found C (35.60%), H 

(4.64%), N(7.62%). CCDC No. 918492. 

 

4.5 General characterization methods: 

a) Powder X-Ray Diffraction (PXRD):  Powder XRD patterns of the aforementioned 

MOF samples were analyzed to confirm the crystallinity as well as the phase purity of the 

bulk materials.  Powder X-ray diffraction (PXRD) patterns were recorded on a Phillips 

PANalytical diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å), with a scan 

speed of 2° min-1 and a step size of 0.02° in 2θ. 50 mg of as synthesized materials were 

made pellet and subjected to analysis over glass slides. 

b) Thermogravimetric Analysis (TGA): TGA was performed on a SDT Q600 TG-DTA 

instrument. ca. 8 mg of the MOFs were heated from 25 to 800 °C under the N2 flow at 

heating rate of 5 °C min–1. 

c) IR Spectroscopy: The Fourier transform (FT) infrared spectra of the MOFs were 

collected on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr pellets (2 
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mg MOF in 20 mg of KBr) were prepared and 50 scans were measured at 2 cm-1 resolution 

for each sample. The spectra were measured over the range of 4000-600 cm-1. 

d) Water Adsorption Analysis: All low-pressure water adsorption experiments (up to 1 

bar) were performed on a BELSORP-max volumetric instrument. Approximately 50 mg of 

the sample was activated after solvent exchange by the use of activation chamber. The 

activated sample was loaded inside the glass bulb of water adsorption instrument and 

measured the capacity. 

e) Nuclear Magnetic Resonance (NMR) spectroscopy:  Solid state NMR spectra 

(SSNMR) of the MOFs were taken in a Bruker 300 MHz NMR spectrometer while the 

solution state ligand NMR data were taken in Bruker 200 MHz NMR spectrometer. 

 

4.6 X-ray Crystallography:  

General data collection and refinement procedures: 

 All single crystal data were collected on a Bruker SMART APEX three circle 

diffractometer equipped with a CCD area detector and operated at 1500 W power (50 kV, 

30 mA) to generate Mo Kα radiation (λ = 0.71073 Å). The incident X-ray beam was 

focused and monochromated using Bruker Excalibur Gobel mirror optics. All crystals 

reported in this chapter were mounted on nylon CryoLoops (Hampton Research) with 

Paraton-N (Hampton Research).  

Initial scans of each crystal were performed to obtain preliminary unit cell parameters and 

to determine the mosaicity (breadth of spots between frames) of the crystal to select the 

required frame width for data collection. In every case frame widths of 0.5° were judged to 

be appropriate and full hemispheres of data were collected using the Bruker SMART 

software suite. Following data collection, reflections were sampled from all regions of the 

Ewald sphere to redetermine unit cell parameters for data integration and to check for 

rotational twinning using CELL_NOW [2.7]. Fortunately, no crystal decay was encountered 

in case of the data collection. Following exhaustive review of the collected frames the 

resolution of the dataset was judged. Data were integrated using Bruker SAINT [2.8] 

software with a narrow frame algorithm and a 0.400 fractional lower limit of average 

intensity. Data were subsequently corrected for absorption by the program SADABS [2.9]. 
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The space group determinations and tests for merohedral twinning were carried out using 

XPREP [2.9]. In all cases, the highest possible space group was chosen. 

All structures were solved by direct methods and refined using the SHELXTL 97 [2.10] 

software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final models were refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C–H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. 

All structures were examined through the Adsym subroutine of PLATON [2.11] to ensure 

that no additional symmetry could be applied to the models. All ellipsoids in ORTEP 

diagrams are displayed at the 50% probability level unless stated otherwise. For all 

structures we observed elevated R-values; a problem commonly encountered in MOF 

crystallography [2.12].  
 

Experimental and refinement details for MOFs:  

Colorless rod shaped crystals were mounted on 0.7 mm diameter nylon CryoLoops 

(Hampton Research) with Paraton-N (Hampton Research). The loop was mounted on a 

SMART APEX three circle diffractometer equipped with a CCD area detector (Bruker 

Systems Inc., 1999) and operated at 1500 W power (50 kV, 30 mA) to generate Mo Kα 

radiation (λ = 0.71073 Å). The incident X-ray beam was focused and monochromated using 

Bruker Excalibur Gobel mirror optics. Analysis of the data showed negligible decay during 

collection. The structure was solved in the hexagonal P61 space group, with Z = 6, using 

direct methods. All non-hydrogen atoms were refined anisotropically. Very high 

displacement parameters, high esd’s and partial occupancy due to the disorder make it 

impossible to determine accurate positions for the hydrogen atoms in water molecules. 

Crystallographic data (excluding structure factors) reported in this chapter have been 

deposited with the CCDC as deposition No. CCDC 918487–918500, 926615–926616. The 

ORTEP diagrams are provided with 50% probability (Figure 4.16 and 4.17).  
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 ORTEP Diagrams for the MOFs and Coordination Polymers 

 

 

Figure 4.16: ORTEP diagrams for the asymmetric unit of the MOFs in 50% probability level. a) 

ValZnFor  b) ValZnOAc  c) AlaZnCl  d) AlaZnBr e) AlaZnFor and f) AlaZnOAc. Figure adapted 

from ref. 4.3. 

 

 

 Figure 4.17: ORTEP diagrams for the asymmetric unit of the ligands and coordination polymers in 

50% probability level. a) Val  b) ValZnNO3 c) ValZnBF4 d) Ala e) AlaZnNO3 f) ValZnClO4. Figure 

adapted from ref. 4.3. 

 

NOTE: The results of this chapter have already been published in Chem. Commun. 2013, 

49, 5262. with the title: “Salt metathesis in three dimensional metal–organic frameworks 
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(MOFs) with unprecedented hydrolytic regenerability” The publication was resulted from 

the group of Dr. Rahul Banerjee and his students Subash Chandra Sahoo, Subhadeep Saha 

and Tanay Kundu from CSIR-National Chemical Laboratory, Pune, India. Major 

experimental works and manuscript preparation were contributed by Tanay Kundu using 

instrumental facilities of CSIR-National Chemical Laboratory. Subash Chandra Sahoo and 

Subhadeep Saha did the crystallization. 
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CHAPTER 5 

 

ANION INDUCED MORPHOLOGICAL IMPACT ON ZINC OXIDE BY 

THERMOLYSIS OF AMINO ACID DERIVED MOFS  

 

5.1 Introduction: 

In recent years, the synthesis and characterization of the transition-metal oxides with 

controlled size and shape have gathered huge interest among researchers. In particular, 

unique physical and chemical properties made them attractive towards potential 

applications e.g. catalysis and photo-electronic devices [5.1]. Among those transition-metal 

oxides, zinc oxide (ZnO) is of very high importance owing to its multifaceted properties in  

 

 

Figure 5.1: Morphological diversity of ZnOs synthesized by various methods; a) hexagonal plate 

shaped b) vertically oriented one dimensional spike shaped c) flake shaped d) flower shaped e) dry 

pea shaped f) multipod shaped ZnOs [5.8]. 

 

catalysis [5.2], gas sensing [5.3], varistors [5.4], piezoelectric actuator [5.5], oxide layer for 

solar cell applications [5.6], semiconductors or transparent conductors, UV-protection 
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films, and chemical sensors [5.7]. ZnO nanoparticles are well-known for wide band gap 

semiconductors and environment-friendly oxide semiconductors. In the last decade, great 

progresses have been made in the synthesis of diverse morphological variations of ZnO 

[5.8] including stars, rods, 

snow flakes and spheres in 

anticipation of various 

targeted applications (Figure 

5.1). For example, fabrication 

of long, vertically aligned 

ZnO nanowire arrays by 

economically viable methods 

provide a definite solution for 

Dye Sensitized Solar Cell 

(DSSC) applications with 

high power conversion 

efficiency due to significantly 

increase in electron diffusion 

length [5.9]. Among many 

methods of synthesis of ZnO, 

the sol–gel route remains 

favorable because of the low 

cost, easiness of fabrication 

and non-destructive nature of 

processing [5.10]. Different 

synthetic conditions result in 

ZnO particles with 

uncommon morphologies as 

well as diverse properties with moderate yields. Still, the control of ZnO in terms of type, 

shape, morphology, and especially large-scale synthesis of ZnO particles from a simple, 

controllable, low-cost and environmentally viable method remains a challenge. Recently, 

solid-state pyrolysis of metal-organic frameworks (MOFs) has emerged as an alternative 

 

Figure 5.2: Synthesis of ZnOs from MOFs via thermolysis 

methods; a) hexagonal rod shaped mix-linker coordination 

polymer derived ZnOs of similar shape and size [5.13] b) 

hexagonal fibre shaped ZnO and ZnCN2 obtained from 

similar structured Zn-aminotriazolate MOF [5.15]. 
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route to synthesize ZnO with diverse morphologies [5.11]. MOFs are crystalline solids 

composed of single or multi-nuclear metal ions as the building units with tunable organic 

linkers as the two key components [5.12]. Advantage of MOFs over the other precursors 

are its porosity and long range ordering that offers unique opportunity to synthesize unusual 

ZnO morphologies. In this regard, a mix-ligand approach (i.e. mixture terephthalic acid and 

salen based dicarboxylic acid or acetylene dicarboxylic acid) have been used to synthesize 

hexagonal columnar like hollow core coordination polymer, which upon heat treatment in 

air led to ZnO structures with shape persistency (Figure 5.2a) [5.13]. Researchers have 

heated Zn based materials in air or in N2 environments, to get pure ZnO or ZnO 

nanoparticles embedded in carbon matrix [5.14]. The intrinsic porous backbone of MOFs  

 

 

Figure 5.3: Schematic synthesis of diverse ZnOs from amino acid derived MOFs reported in this 

chapter via thermolysis methods. 

 

retained its shape even upon solid state calcination, which provided us a direct route to 

envisage porous, shape persistent ZnO structures. In another account, the Zn based amino-

triazolate framework exhibit hexagonal rod like morphology, which upon heating in air at 
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600 °C resulted in ZnO microparticles with similar size and shape compared to the pristine 

MOF. On the other hand, pyrolysis at 600 °C in absence of O2 environment led to the 

formation of ZnCN2 with retention of the pristine architecture (Figure 5.2b) [5.15]. 

However, all these attempts lack systematic investigation on impact of framework 

constituents as templating effect, as well as judicious choice of environment to control the 

size and shape of ZnO micro-texture, which, in turn, manifested in their potential 

application in DSSCs. 

In this chapter, we will discuss a systematic investigation and analysis of diverse ZnO 

morphologies derived from calcination or pyrolysis of porous isostructural amino acid 

derived 3D MOFs with only difference in coordinated halogen anions. Herein, we report 

the synthesis of two homochiral 3D MOF isomers (ValZnCl and ValZnBr), derived from 

Zn(CH3COO)2.2H2O and amino acid (valine) derived ligand, with different halogen 

substitutions (Cl, Br). These MOFs have been synthesized in both bulk crystals as well as 

in microcrystalline forms. Systematic calcination and pyrolysis of both the microcrystalline 

MOFs under air and nitrogen environment lead to ZnO and carbon matrix embedded ZnO, 

respectively. When ValZnCl and ValZnBr were calcined in air, elliptical aggregations of 

ZnO microparticles with average aspect ratio of 3 were obtained in both cases (termed as 

ZnO(O2)Cl  and ZnO(O2)Br, respectively). On the contrary, when the same MOF was 

pyrolysed in N2 environment, rod like ZnO microparticles (termed as ZnO(N2)Cl) with very 

high aspect ratio of 20 was obtained. However, when ValZnBr was pyrolysed under similar 

condition, hexagonal columnar of ZnO microparticles (ZnO(N2)Br) with much lower 

average aspect ratio of 3 were obtained (Figure 5.4). Both MOFs (ValZnCl and ValZnBr) 

possesses similar architecture and the only difference lies in halogen substitutions (-Cl, -Br) 

in the crystal structure. In comparison with other conventional synthesis of ZnO, the 

advantage of this synthetic route lies in its simplicity by one step thermolysis technique 

without using any template, surfactant, and other additives. We have thoroughly 

characterized these ZnO microparticles and evaluated its efficacy in terms of 

photoluminescence and solar cell activity. In this chapter, we have achieved distinct 

morphological diversity of ZnO microstructures from isostructural MOFs. We believe that 

our findings will motivate researchers to design suitable MOFs for the solid state synthesis 

of ZnO with uncommon size and shape for its application in solar cells. 
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5.2 Result and discussion: 

5.2.1 Structural aspects of the MOFs:  

The hydrothermal synthesis has been proven to be a useful technique in the preparation of 

organic–inorganic framework materials. Generally, hydrothermal conditions can overcome 

the differential solubility of the organic and inorganic components and optimize the 

environment for crystal growth. Both the linkers (ValCl and ValBr) and the metal precursor  

 

Figure 5.4: a) Schematic synthesis of microcrystalline ValZnCl MOF reported in this chapter. b) 

PXRD pattern comparison of the MOFs with simulated one. c) SEM images of the microcrystalline 

ValZnCl MOFs. Color codes: Zn (dark green), N (blue), O (red), C (gray) and Cl (light green). 

 

(Zn(OAc)2.2H2O) are highly soluble in water. As a result, we choose water as a suitable 

solvent for the synthesis of the MOF crystals, which resulted in high quality large sized (0.5 

mm) crystals with random size distribution (0.3 mm to 0.6 mm length). For any material  
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synthesis, effective size distribution always stands at the top priority as properties of 

materials vary widely with respect to the size and shape of the nanoparticles. Hence, to 

obtain any functional property with reproducible results, control over size and shape are the 

two key issues which needed to be addressed during the synthesis of the materials. 

Unfortunately, our initial attempts to synthesize ZnO particles from the pristine MOF 

crystals resulted in inhomogeniety of the size and shape of the ZnO particles. As a result, 

we opt for the synthesis of microcrystalline MOFs with both size and shape uniformity (see 

experimental section). In order to get a good size and shape distribution of the MOF 
 

 

Figure 5.5: a) Schematic synthesis of microcrystalline ValZnBr MOF reported in this chapter. b) 

PXRD pattern comparison of the MOFs with simulated one. c) SEM images of the microcrystalline 

ValZnBr MOFs. Color codes: Zn (dark green), N (blue), O (red), C (gray) and Br (dark brown). 

 

materials, we have synthesized ValZnCl and ValZnBr in different synthetic environment 

(1:5 H2O/Et2O media; see details in experimental section) by room temperature 
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precipitation method. These synthetic modulations led to better homogeneity and uniform 

particle morphology distribution in terms of the size and shape. The ValZnCl (Figure 5.4) 

and ValZnBr (Figure 5.5) exhibit lesser dimensions (15 µm length and 5 µm width) 

compared to the pristine MOF crystals (300-600 µm length and 100-150 µm width). It is 

noteworthy to mention that, crystallinity of both these MOFs remains intact in their 

microcrystalline forms, evident from the peak to peak match of the simulated powder XRD 

patterns of the MOF crystals and the microcrystalline form of both these MOFs (Figure 

5.4c and 5.5c). Henceforth, through the entire chapter, we will denote the microcrystalline 

form of the MOFs as ValZnCl and ValZnBr. 

 Both the microcrystalline MOFs viz. ValZnCl and ValZnBr synthesized in the 

aforementioned way were calcinated or pyrolysed to 800 °C in either air or N2 atmosphere. 

Diffraction patterns of individual ZnO produced correspond to the ISCD reference for 

polycrystalline zinc oxide [5.16] with no unidentified phases detected. XRD studies of the 

material synthesized reveals wurtzite ZnO has been produced in all cases. 
 

 

 

Figure 5.6: a) Schematic synthesis of ZnOs from ValZnCl MOF in different conditions.  

 

Investigation of the as-synthesized MOFs via scanning electron microscopy (SEM) 

revealed uniform rod shape morphologies. The scale range was taken as 10 µm at a 

magnification of 5000×. The phase purity of the rod shape crystals confirmed by well 

matched peaks (Figure 5.4c and 5.5c) of simulated and as-synthesized PXRD data. When 
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ValZnCl was pyrolysed at 800 °C in N2 environment, narrow needle shaped ZnO was 

formed (Figure 5.6). The resulting ZnO morphology adopts the parent MOF shape with 

increased aspect ratio. The as-synthesized ValZnCl have ca. 5 µm width and 15 µm length. 

However, the ZnO adopts ca. 0.4 µm width and 8 µm length. Hence, the parent MOF posses 

an aspect ratio of 1.5/0.5 = 3 whereas the resulting ZnO adopts a much higher aspect ratio 

of 8/0.4 = 20. 

Surprisingly, when the same ValZnCl was subjected to calcination under air at the same 

temperature (800 °C), aggregated elliptical microparticles of ZnO with the similar wurtzite 

phase (Figure 5.6) was obtained. In this case, the ZnO particle posses 2 µm length and 0.7 

µm width (the aspect ratio being 2/0.7 = 3). This result clearly indicates that the oxygen 

atom source in as-synthesized ValZnCl (two oxygen atom per Zn atom in the unit cell of 

dehydrated ValZnCl) is sufficient enough for the production of ZnO. However, presence of  
 

 

Figure 5.7: Schematic synthesis of ZnOs from ValZnBr MOF in different conditions. 
 

air i.e. excess oxygen makes a dramatic difference in size and shape of the ZnO although 

both morphologies are in wurtzite phase. As compared to various procedures reported in the 

literature for synthesis of ZnO particles, it is among the most convenient methods as it is 

free from any template and surfactants. There exists only a handful report where MOFs 

have been used as precursors for ZnO synthesis with a hope that Zn-based MOFs can 
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provide a metal source and different MOF topology will directly produce ZnO particle with 

various shape and size. Till now it is not clear, so as in the present case, weather the MOF 

integrity is playing any key role or not. To confirm the same we subjected the calcination 

and pyrolysis of ValZnBr, which has almost similar crystallographic parameters as well as 

morphological architecture like ValZnCl, except the –Cl atom is substituted by the –Br in 

the crystal structure (Figure 5.3). Phase pure ValZnBr was synthesized via the same room 

temperature precipitation method, confirmed by the peak to peak match of the powder XRD 

patterns of the simulated and as-synthesized ValZnBr (Figure 5.5b). When ValZnBr was 

subjected to calcination or pyrolysis in an identical environment with respect to ValZnCl, a 

dramatic morphological change was encountered. When ValZnBr was pyrolysed at 800 °C 
 

 

Figure 5.8: PXRD pattern of the ZnOs derived in different conditions from the MOFs; a) 

ZnO(O2)Cl  b) ZnO(O2)Br c) ZnO(N2)Cl  d) ZnO(N2)Br. 
 

in N2, it produces uniform hexagonal columnar shaped ZnO microparticles of 1.5 µm length 

and 0.5 µm width, aspect ratio being 1.5/0.5 = 3 (Figure 5.7). However, when we calcined 

ValZnBr in air, elliptical ZnO microparticles resulted with length of 2 µm and width of 0.7 
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µm (aspect ratio being 2/0.7 = 3). Figure 5.7 shows a hexagonal wurtzite phase confirmed 

by PXRD of ZnO. However, pyrolysis at lower temperatures (600 °C) resulted in non-

homogeneity of morphology of the ZnO microparticles. 
 

 

 

Figure 5.9: Raman spectra of the ZnOs derived from the MOFs; a) ZnO(O2)Cl  b) ZnO(O2)Br c) 
ZnO(N2)Cl  d) ZnO(N2)Br. 
 

The aforementioned observations indicate that anions (-Cl and -Br) play a very vital role in 

controlling the resulting ZnO morphology. As mentioned above, ValZnCl and ValZnBr, 

although posses similar crystal structures, resulted in completely different size and shaped 

ZnO microparticles while calcined or pyrolysed in exactly similar temperature (800 °C) and 

environment (N2 or air). Hence, the template effect of the halogen atoms should be the 

factor responsible for these morphological diversities. Moreover, heating environment also 

controls the aspect ratio of the aforementioned ZnO. ValZnCl and ValZnBr, while calcined 

in air, produced completely different size and shape of ZnO microparticles than that 

obtained by pyrolysis in inert, O2 free environment (N2 atmosphere). This result hints 

towards the fact that aspect ratio of ZnO microparticles also can be tuned by controlling the 

O2 content of the heating environment. 
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 5.2.2 X-ray powder diffraction analysis, Transmission Electron Microscopy (TEM) 

and gas adsorption analysis:  

In order to confirm the phase purity of the bulk materials, powder X-ray diffraction 

(PXRD) experiments were carried out on ValZnCl and ValZnBr. All major peaks of 

experimental PXRD patterns of as-synthesized MOFs matches well with simulated PXRDs, 

indicating their reasonable crystalline phase purity (Figure 5.4b and 5.5b). We have 

collected the PXRD data to confirm the phase purity of ZnO microstructures. All the 

  

 

Figure 5.10:  Nitrogen adsorption isotherms for a) ZnO(N2)Cl and b) ZnO ZnO(N2)Br. c) TEM 

imaging of ZnO(N2)Cl showed needle type morphology as observed in SEM. d) SAED pattern of the 

ZnO showing diffraction patterns. 

 

diffraction patterns of the synthesized ZnO microparticles correspond to the ISCD 

reference for polycrystalline zinc oxide [5.16] with no unidentified phases detected. XRD 
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studies of the as-synthesized ZnO revealed wurtzite phase produced in all the cases, 

irrespective of the MOF template and calcination or pyrolysis environment (Figure 5.8). 

TEM analysis of as-synthesized materials revealed that ZnO(N2)Cl have ~7-8 µm length and 

~0.35-0.40 µm width, which was also consistent with the SEM imaging. Additionally, we 

have got the Selected Area Diffraction patterns having the distances as 1.18 Å and 1.63 Å, 

which corresponds to (110) and (104) plane of ZnO microstructure with hexagonal wurtzite 

phase (Figure 5.10d). N2 adsorption analysis of as-synthesized ZnO(N2)Cl  exhibit its BET 

surface area of 120 m2g-1, having a mesoporous nature of the pore, which is evident from 

the hysteresis (type IV isotherm) of the N2 adsorption curve. However, in case of 

ZnO(N2)Br a much less surface area of 60 m2g-1 was obtained. The ZnO(O2)Cl and 

ZnO(O2)Br materials have negligible surface area. These observations revealed that the 

different synthetic conditions not only change their external morphologies but also affect 

their intrinsic properties. 

 

5.2.3 Photoluminescence properties of zinc oxide microparticles: 

The room temperature solid-state photoluminescence spectra of as-synthesized the ZnO 

microstructures obtained from ValZnCl MOF and ValZnBr MOF under different 

conditions were shown in figure 5. ZnO(O2)Cl  shows a weak wide emission at 325 nm, 

observed by solid state UV-Vis spectra and a strong wide band emission from 450 nm to 

740 nm centered at 605 nm were observed from solid state PL spectra (Figure 5.10a). 

Similar study for ZnO(O2)Br shows excitation maxima at 325 nm, observed by solid state 

UV-Vis spectra and a wide emission from 400 nm to 600 nm centered at 510 nm was 

observed for solid state PL spectra and coined as maximum emission (Figure 5.10c). It is 

well known that these wide emissions represent the intrinsic emission and defect related 

emission of the ZnO particles (wurtzite phase), respectively. To confirm the mechanism of 

above emission of ZnO microparticles, the Fourier transform infrared (FT-IR) spectrum 

was measured at room temperature, which shows bands at 3440 cm-1 and 1636 cm-1 are 

attributed to the existence of hydroxyl groups of water molecules adsorbed on the surface 

of microparticles. It is to be noted that the constituent of parent MOFs play a vital role for 

resulting different ZnO morphology followed by PL spectra (Figure 5.10). The above result 

is attributed to the fact that facile synthesis of ZnO with different morphology can be tuned 
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Figure 5.10: UV-Vis and PL spectra patterns in case of a) ZnO(O2)Cl and c) ZnO(O2)Br. Solar cell 
efficiency studies on b) ZnO(O2)Cl and d) ZnO(O2)Br. 
 

with respect to MOF morphology as far as the development of MOF field in recent years is 

concerned. The PL spectra of each of these abovementioned ZnO particles are again 

repeated after five month of interval and show almost no change in PL maxima position 

and intensity. 

 

5.2.4 Dye sensitized solar sell activity measurements: 

Use of ZnO in DSSC serves the advantage of increase in diffusion rate without increasing 

the recombination rate, ease processability and low cost [5.17]. The most interesting part of 

this work is of course the DSSC activity measurement data. We have studied the potential 

of ZnO particles derived from thermolysis of MOF for DSSC applications. The DSSC 

activity measurement data reveals 0.15% power conversion efficiency for the ZnO(O2)Cl 

and 0.14% DSSC activity for the ZnO(O2)Br, which lie below than typical ZnO DSSC 

activity of ~1-2%. However, we could not able to get DSSC activity measurement data for 

the ZnO(O2)Cl and ZnO(O2)Br due to poor conductivity and crystallinity of the carbon 

present in as-synthesized ZnO samples. 
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5.3 Conclusion: 

In conclusion, anion and environment controlled zinc oxide microstructures are obtained by 

one step solid state thermolysis of two Zn(II) based homochiral MOFs both in air and in 

nitrogen. Apart from diverse morphologies, these ZnO microparticles show visible light 

emission centered at 605 nm or 510 nm. These ligand free ZnO microparticles are very 

stable and their PL spectra show almost no change after keeping samples in air for at least 5 

months. The visible light emission band may be attributed to one of the following i.e. 

singly charged oxygen vacancy or surface defects. These ZnO microparticles show 

potential for DSSC applications. The advantage of this work is that a simple experiment 

leads us to understand the role of the anions as the structural directing agent and effect of 

environment on the ZnO morphologies. The produced ZnO particles with stable visible 

emission bears huge possible applications in the field of optical devices, fluorescent 

labeling in biomedical applications by various surface modifications. This solid state 

transformation of ZnO microparticles with tunable morphology using different Zn(II) based 

MOFs provides an important sign for facile synthesis of various metal oxide functional 

materials.  

 

5.4 Experimental details: 

5.4.1 Materials: 

All starting materials were purchased from the Sigma Aldrich Chemicals and used without 

further purification. 

5.4.2 Synthetic methods: 

a) Synthesis of microcrystalline ValZnCl: To an aqueous solution (2 mL) of ValCl 

(0.044 g, 0.2 mmol), Zn(CH3COO)2.2H2O (0.022 g, 0.1 mmol) was added and  sonicated 

for 10 min. Then it was placed on a hot plate for stirring at 50 °C, and then slowly dropwise 

diethyl ether was added. Crystalline precipitates begin to separate within an hour. The 

precipitate was washed firstly with water for 3 times (2 mL × 3), then with diethyl ether for 

2 times (3 mL × 2), dried in air and characterized by powder XRD, SEM, and EDX. 

b) Synthesis of microcrystalline ValZnBr: To an aqueous solution (2 mL) of ValBr 

(0.055 g, 0.2 mmol), Zn(CH3COO)2.2H2O (0.022 g, 0.1 mmol) was added and  sonicated 

for 10 min. Then it was placed on a hot plate for stirring at 50 °C, and then slowly drop 
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wise diethyl ether was added. Crystalline precipitates begin to separate within an hour. The 

precipitate was washed firstly with water for 3 times (2 mL × 3), then with diethyl ether for 

2 times (3 mL × 2), dried in air and characterized by powder XRD, SEM, and EDX. 

c) Calcination of ValZnCl and ValZnBr in air: 100 mg sample of ValZnCl MOF or 

ValZnBr MOF was placed in a silica combustion boat, inserted within a quartz tube, in 

which moisture free air (O2 : N2 = 1:4) was passed. Then the tube was slowly heated (5 °C 

min-1) up to 800 °C, kept for 2 h and then slowly cooled (2 °C min-1) to room temperature. 

Heating and cooling rate is essential for uniform particle size distribution. The product 

appears as whitish crystalline powder, which was characterized by powder XRD, SEM, 

EDX and TEM (Yield ~ 20% for ValZnCl MOF and ~ 18% for ValZnCl MOF).  

d) Pyrolysis of ValZnCl and ValZnBr in N2: 100 mg sample of ValZnCl MOF or 

ValZnBr MOF was placed in a silica combustion boat, inserted within a quartz tube, in 

which 99.99% pure N2 was passed. Then the tube was slowly heated (5 °C min-1) up to 800 

°C, kept for 2 h and then slowly cooled (2 °C min-1) to room temperature. Heating and 

cooling rate is essential for uniform particle size distribution. The product appears as 

blackish crystalline powder, which was characterized by powder XRD, SEM, EDX and 

TEM (yield ~ 50% for ValZnCl MOF and ~ 40% for ValZnBr MOF). 

 

5.5 General characterization methods: 

a) Powder X-Ray Diffraction (PXRD):  Powder XRD patterns of the aforementioned 

ZnO samples were analyzed to confirm the crystallinity as well as the phase purity of the 

bulk materials.  Powder X-ray diffraction (PXRD) patterns were recorded on a Phillips 

PANalytical diffractometer equipped with Cu Kα radiation (λ = 1.5406 Å), with a scan 

speed of 2° min-1 and a step size of 0.02° in 2θ. 50 mg of as synthesized materials were 

made pellet and subjected to analysis over glass slides. 

b) Gas Adsorption Analysis: Gas adsorption studies were done to confirm the permanent 

porosity of the as synthesized sample as well as to determine the surface area accessible to 

dye molecules to get adsorbed onto the surface of the ZnO microparticles. All low-pressure 

Gas adsorption experiments (up to 1 bar) were performed on a Quantachrome Quadrasorb 

automatic volumetric instrument. 100 mg sample were evacuated for 6 h at room 

temperature and subsequently loaded for adsorption analysis. 
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c) Scanning Electron Microscopy (SEM): SEM images were recorded using a Zeiss DSM 

950 scanning electron microscope and FEI Quanta 200 3D scanning electron microscope 

with tungsten filament as electron source. Samples for SEM analysis were prepared by 

dropcasting one drop of the sample dispersion (1 mg/ 2 mL isopropanol) onto a silicon 

wafer and allowed to dry for 24 h to 36 h at ambient temperature followed by gold coating 

(3 nm) before subjection to SEM analysis. 

d) Transmission Electron Microscopy (TEM): An FEI Tecnai F30 electron microscope 

operating at 100 kV was used for HRTEM sample observation. It was equipped with a 

Gatan digital camera for recording micrographs. Samples were prepared from 1 mg/5 mL 

isopropanol ZnO dispersion and one drop was dropcasted onto a holey carbon-coated 

copper grid of 200 mesh size (Ted Pella) and allowed to dry at room temperature for 24 to 

36 h. The size of microrods was analyzed from TEM images using ImagePro software.  

e) Raman Spectroscopy: Raman spectroscopic analysis was performed on the as-

synthesized sample to obtain the Raman shift. Raman analysis were obtained from 

HORIBA Jobin Yvon raman Spectrometer with model number HR800. Helium- Neon laser 

Excitation source (632.81 mm) were taken for all analysis, with slit width of 100 mm and 

hole width 400 mm. The resolution of the instrument is 0.35 cm-1 per pixel. The 

magnification of the instrument was maintained as 50X zoom for ZnO obtained in N2 

environment and 10X zoom for ZnO obtained from air. The grating was maintained as 800 

and activation parameters were a) RTD exposure 15 sec, b) Exposure time 20 sec and c) 

accumulation number was 2. 50 mg of as-synthesized samples were handled once, made 

thin pellet using glass slide and subject to Raman analysis. 

f) Photoluminescence Spectroscopy: Solid state UV/Vis spectra were recorded using a 

Perkin–Elmer Lambda 35 UV/Vis spectrometer, with solid state sample holder attachment. 

Steady-state fluorescence emission measurements were performed using a Fluorolog 

HORIBA Jobin Yvon fluorescence spectrophotometer. The emission as well as excitation 

slit width was maintained at 1 nm throughout the experiments, and the data was obtained in 

S1c/R1 mode (to account for the variations in lamp intensity). Measurements were made at 

908 positions for solution/dispersions and 22.58 in front-face films. 

g) Dye Sensitized Solar Cell (DSSC) activity Measurements: DSSC activity 

measurements were done on as-synthesized ZnO microparticles to account for its efficiency 
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in DSSCs. Solar cell tests were performed on Newport USA Solar simulator and incident-

photon-to-current conversion efficiency (IPCE) instrument (Toy model) and all 

measurements were carried out in power of the solar simulator as 1 sun (100 MW/cm2). 

The formation of ZnO films was carried out by the doctor blade method, and the films were 

then annealed at 450 °C for 30 min. The thickness of as-prepared ZnO films was ∼ 12 µm. 

For sensitization, the ZnO films were impregnated with 0.5 mM N719 dye in ethanol for 24 

h at room temperature. The sensitizer-coated ZnO films were washed with ethanol. The 

FTO electrodes were washed with acetone, ethanol, and deionized water (18.2 MΩ·cm)  in 

an ultra-sonication bath for 15 min with a final wash in isopropyl alcohol. 

 

NOTE: The results of this chapter have already been published in Cryst. Growth & Des. 

2012, 12, 2572-2578. with the title: “Solid-State Thermolysis of Anion Induced Metal–

Organic Frameworks to ZnO Microparticles with Predefined Morphologies: Facile 

Synthesis and Solar Cell Studies”. The publication was resulted from the group of Dr. 

Rahul Banerjee and his students Subash Chandra Sahoo and Tanay Kundu from CSIR-

National Chemical Laboratory, Pune, India. Major experimental works and manuscript 

preparation were contributed by Tanay Kundu using instrumental facilities of CSIR-

National Chemical Laboratory. Subash Chandra Sahoo did the data interpretation. 
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CHAPTER 6 

 

 ALKALI EARTH METAL DERIVED MOFS FOR PROTON CONDUCTION  

 

6.1 Introduction: 

Past decades have witnessed tremendous growth in the field of metal-organic frameworks 

(MOFs), a crystalline class of compounds, with diverse topological architectures and 

promising applications like gas sorption, catalysis, magnetism, and conductivity. In 

particular, proton conductivity in MOFs is of recent interest, where either MOF backbone 

and/or guests therein lead the pathway to transport protons. For majority of the cases, 

proton conducting MOFs are synthesized by combining transition such as Mn, Cr, Fe, Cu, 

Zn(II) or lanthanide e.g. Gd(III) metals and suitable organic linkers. However, uses of 

lightweight group of metals (e.g. alkaline earth metals) are far less explored. Alkaline earth 

metals (Ca, Sr, Ba) are relatively cheaper than transition and lanthanide metals, have less 

toxicity and appreciable earth abundance, which could be beneficial for designing 

inexpensive proton conducting materials. Alkaline earth metals also posses high binding 

affinity towards oxygen (high bond energy of M �O, M = Mg, Ca, Ba, Sr), which could 

impart thermochemical stability in MOF backbone. Additionally, alkaline earth metals have 

different coordination numbers despite having same valency, which may lead to 

architectural variety. However, till date alkali earth metal based MOFs are scarce, and a 

handful of them exhibit promising applications like gravimetric hydrogen uptake, catalysis, 

proton conductivity [6.1]. For the aforesaid reasons, we have chosen group II alkali earth 

metals as an appropriate candidate for synthesizing a series of MOFs. Recently, a 

systematic study revealed the effect of ligand substitution on the proton conductivity nature 

of MOFs [1.62a]. These results demonstrated increasing acidic nature of the ligand by 

imparting acidic functional group (phenolic OH, COOH) within the ligand backbone, 

increases proton conduction and decreases activation energy required for this process. 

However, till date effect of metal ion substitution in a series of MOFs and its impact on 

proton transport is still unprecedented. Hence, a systematic approach might unfold us the 

needful characteristics for judicious choice of the metal node to design organic–inorganic 
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hybrid materials with enhanced proton conducting ability. As a part of our ongoing research 

on proton conducting MOFs, we pursue our interest to explore the proton conductivity of a 

specific group of metals, i.e. alkali earth metals, keeping the ligand constant.  

For the abovementioned purpose, we opt for 4,4′-sulphobisbenzoic acid (SBBA), a suitable 

linker to construct MOFs for a number of reasons; a) SBBA has a bent (V shaped) 

geometry with two carboxylate groups which could provide structural diversity towards 

different metals, b) SBBA has 

high thermal stability (ca. 400 °C) 

which could be utilized to design 

thermally stable MOFs, c) the 

sulfone group provide additional 

scope to functionalize the linker 

backbone with acidic (e.g. 

sulfonic acid, carboxylic acid) 

groups for high proton 

conductivity. In polymeric 

backbone, the SBBA moiety 

provides additional mechanical 

and oxidative stability with the 

opportunity of ortho 

functionalization through 

lithiation (Figure 6.1a) [6.2]. 

Surprisingly, SBBA based MOFs 

are rare, and a handful of them exhibit practical applicability. For example, till date only 

one Zn(II) based 1D coordination polymer bearing sulfone group i.e. Zn-SDBA (SDBA: 

sulfone biphenyldicarboxylic acid) has been reported for the application in proton 

conductivity (Figure 6.1b) [6.3]. Although the framework consists of free SDBA ligand 

hydrogen bonded with the coordination polymer chains and water molecules, the material 

exhibit low proton conductivity of 2.5 × 10-7 Scm-1. We, upon judicious arrangement of the 

metal nodes and organic spacer, took the opportunity to prepare alkali earth metal based 

 

 
Figure 6.1: a) Functionalization scheme of sulfone 

group bearing membranes for high proton conductivity 

[6.2]. b) Synthetic scheme of reported  Zn-SDBA 

coordination polymer [6.3]. Color codes: Zn (green), 

N (blue), O (red), C (gray). and S (yellow). 
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MOFs with SBBA as a linker and unveil their structural diversity and proton transporting 

ability. 

Herein, we present three 2D MOFs, namely Ca-SBBA, Sr-SBBA and Ba-SBBA, 

constructed from alkaline earth metals i.e. Ca(II), Sr(II) and Ba(II)  as metal nodes and 4,4′-

sulphobisbenzoic acid (SBBA) as an organic linker. Interestingly, the structures are 

completely different from each other although they bear same group of metal atoms and the 

same linker. They have remarkable thermal stability up to 500 °C. Moreover, they exhibit 

noticeable difference in proton conductivity under hydrous condition. Ca-SBBA shows 

proton conductivity of 8.58 × 10-6 Scm-1, whereas Sr-SBBA shows proton conductivity of 

4.4 × 10-5 Scm-1 at 298 K in 98% relative humidity (RH). Ba-SBBA does not show any 

proton conductivity due to structural instability under similar condition. We hope that these 

findings will lead the systematic exploration of proton conducting MOFs with high thermal 

and chemical stability. 

 

6.2 Result and discussion: 

6.2.1 Structural aspects of the MOFs:  

The solvothermal synthesis has been proven to be a useful technique in the preparation of 

organic–inorganic framework materials. Generally, solvothermal conditions can overcome 

the differential solubilities of the organic and inorganic components and optimize the 

environment for crystal growth. SBBA linker is partially soluble in DMF and DEF at 

ambient temperature and pressure; hence solvothermal route has been chosen to crystallize 

Ca-SBBA, Sr-SBBA and Ba-SBBA materials. 

Ca-SBBA crystallizes in P21/c space group, which contains only one type of Ca(II) SBU. 

The asymmetric unit of Ca-SBBA contains one Ca atom, one deprotonated SBBA ligand, 

two coordinated and one solvent DMF molecule. The Ca(II) center adopts an octahedral 

geometry; where four µ2 carboxylate oxygen of SBBA coordinates in the equatorial 

position. The axial positions are occupied by two coordinated DMF molecules. These µ2 

carboxylate connects another Ca(II) to form one dimensional Ca(II) chains (Figure 6.2a). 

These Ca(II) chains are linked through SBBA ligands, resulting 2D sheet like structure 

(Figure 6.2b). In the 2D sheets, the sulfone groups of the SBBA linker are coordinated in a 



Chapter 6  Alkali earth metal derived MOFs… 

132 

 

zigzag fashion. The coordinated DMF molecules are interdigitated within two sheets 

(Figure 6.2c). These sheets are further self assembled through the interaction between  
 

 

Figure 6.2:  a) Crystal structure of Ca-SBBA in polyhedral mode viewed through crystallographic 

b axis. b) 2D layer structure of Ca-SBBA and c) stacking of the 2D layers. Color codes: Ca (green), 

N (blue), O (red), C (gray) and S (yellow). 
 

coordinated and solvent DMF molecules (3.35 Å and 4.68 Å, respectively) entrapped 

within two sheets to form the 3D supramolecular architecture.  

Sr-SBBA crystallizes in P-1 space group. The asymmetric unit of Sr-SBBA contains three 

Sr(II) atoms, two deprotonated SBBA ligand, one formate anion (generated by in situ 

decomposition of DMF molecules) and four coordinated and two solvent DMF molecules. 

The crystal structure of Sr-SBBA consists of a pentanuclear Sr(II) cluster linked through 

carboxylate groups of the SBBA ligand (Figure 6.3a), creating three distinct type of SBU 

(SBU-1, SBU-2 and SBU-3). The Sr(II) centers are either ten coordinated SrO10 (SBU-1) or 

eight coordinated SrO8 polyhedra. Among these three SBUs, SBU-1 consists of one Sr(II)  

 

 

Figure 6.3:  a) Crystal structure of Sr-SBBA in polyhedral mode viewed along crystallographic c 

axis, b) b axis and  c) a axis. Color codes: Sr (violet), N (blue), O (red), C (gray) and S (yellow). 
 

atom coordinated by two µ1 carboxylate groups, six µ2 carboxylate groups. SBU-2 contains 

one Sr(II) atom coordinated by two µ1 carboxylate groups, two µ2 carboxylate oxygen and 

two coordinated DMF molecules, whereas SBU-3 consists one µ1 formate anion, four µ2 
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carboxylate oxygen and two coordinated DMF molecules. These clusters are connected to 

the neighboring clusters via four SBBA ligands to form the 2D architecture (Figure 6.3b). 

Interestingly, the pentanuclear cluster posses two fold rotation symmetry (C2), but due to 

solvent ordering the resulting crystal structure adopts asymmetric space group (Figure 

6.3c). 
 

 

Figure 6.4:  a) Crystal structure of Ba-SBBA in polyhedral mode viewed along crystallographic c 

axis, b) a axis and  c) b axis. Color codes: Ba (magenta), N (blue), O (red), C (gray) and S (yellow). 
 

Ba-SBBA crystallizes in P-1 space group. The asymmetric unit of Ba-SBBA consists of 

two Ba(II) atom, two deprotonated SBBA ligand and three coordinated DEF molecules. In 

the crystal structure of Ba-SBBA, three 

types of SBUs are present, where the Ba(II) 

metal centers form nine coordinated BaO9 

polyhedra (SBU-1 and -2) and ten 

coordinated BaO10 polyhedra (SBU-3). The 

carboxylate group of the ligand SBBA are 

linked with Ba(II) atoms in a µ3 fashion, 

with η4 connectivity (Figure 6.4a). Among 

these three SBUs, SBU-1 consists of one 

Ba(II) atom coordinated with two µ1 

carboxylate groups, three µ2 carboxylate 

groups and two coordinated DEF 

molecules, whereas SBU-2 consists of one 

Ba(II) atom coordinated with two µ1 

carboxylate groups, four µ2 carboxylate groups and one coordinated DEF molecule. SBU-3 

consists of one Ba(II) atom coordinated with two µ1 carboxylate groups, three µ2 

 

Figure 6.5:  Schematic structural 

differences between the three MOFs viz. 

Ca-SBBA, Sr-SBBA and Ba-SBBA. 
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carboxylate groups and three coordinated DEF molecules. These µ2 carboxylate groups 

links two neighboring Ba(II) to form an one dimensional Ba(II) chain along 

crystallographic a axis. SBBA links two Ba(II) chain in a zigzag fashion to construct the 

two dimensional architecture, which forms square shaped pores (Figure 6.4b). However, 

the coordinated DEF molecules are poking inside the pore to block the pore aperture. 

Further self assembly of these 2D motifs via var der Waal interaction forms the 3D lattice 

(Figure 6.4c). 
 

 

Figure 6.6: Structural stability of the MOFs in humid conditions (98% humidity for 24 h);  
exhibited by comparison of simulated, as-synthesized (before proton conduction) and after proton 
conduction experiment in case of a) Ca-SBBA b) Sr-SBBA and c) Ba-SBBA. FT-IR spectra 
comparison reveals the same fact by comparing as-synthesized and hydrated (98% humidity for 24 
h) d) Ca-SBBA e) Sr-SBBA and f) Ba-SBBA. 
 

Collectively, crystal structure analysis of the three MOFs reveals that the metal-carboxylate 

chain (in case of Ca and Ba) or the metal cluster-carboxylate chain (in case of Sr) are linked 

through the organic linker SBBA to form a 2d sheet like structure (Figure 6.5). Further 

stacking of these sheets built the 3D MOF architecture. In all the cases, the interlayer and 

intralayer voids are occupied by coordinated or non-coordinated DMF or DEF molecules. 

As a result, all these MOFs are non-porous to gases (e.g. CO2, N2, O2). This feature is 
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desired in fuel cell membrane, where materials having low gas permeation and high proton 

diffusion is preferred. 

Architectural stability of the MOF structures is an essential step towards their practical 

utility in various industrial processes. All the MOF crystals are stable in common organic 

solvents (DMF, MeOH, Dioxane etc.). Moreover, water stability of the MOFs are verified 

by exposing them in 98% relative humidity for 24 h. Ca-SBBA and Sr-SBBA show 

retention of the framework architecture; as evident from the comparison between as-

synthesized and humidity exposed materials. Ca-SBBA exhibited identical peak intensity in 

case of humidity exposed materials as compared with the simulated one (Figure 6.6a). The 

FT-IR spectra of as-synthesized Ca-SBBA also matches well with the humidity exposed 

material; with increase in O–H stretching frequency in the later case due to incorporation of 

water within the crystals (Figure 6.6d). Similar phenomena are observed in case of Sr-

SBBA (Figure 6.6b and 6.6e). However, Ba-SBBA shows collapse of the framework 

integrity in humid condition. The PXRD pattern of humidity exposed Ba-SBBA exhibit 

amorphous phase (Figure 6.6c). In addition, FT-IR spectroscopy reveals different peak 

position and intensity compared with the as-synthesized one (Figure 6.6f). The 

aforementioned results clearly suggest that although Ca-SBBA and Sr-SBBA is stable for 

their utility in proton conduction, Ba-SBBA is not suitable for this application. As a result, 

we have performed proton conductivity experiments using the humidified Ca-SBBA and 

Sr-SBBA materials. 

   

6.2.2 X-ray powder diffraction analysis and Thermo-gravimetric Analysis:  

In order to confirm the phase purity of the bulk materials, powder X-ray diffraction 

(PXRD) experiments were carried out on Ca-SBBA, Sr-SBBA and Ba-SBBA. All major 

peaks of experimental PXRDs of as-synthesized compounds matches well with simulated 

PXRDs, indicating their reasonable crystalline phase purity (Figure 6.6a-6c). One of the 

major concerns regarding MOFs is their limited thermal stability, which prevents them 

from competing with inorganic Silica and Zeolites in practical applications. Variable 

temperature PXRD experiments (VTPXRD) reveals all the materials viz. Ca-SBBA, Sr-

SBBA and Ba-SBBA undergo irreversible structural transformation above 100 °C, which 

results from the irreversible loss of the solvent molecules at elevated temperatures (Figure 
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6.7a and 6.7b). However, the structural integrity remains intact till 500 °C. The structurally 

transformed materials exhibit appreciable crystalline peaks, and no abrupt change in peak  

 

 

Figure 6.7: VT-PXRD patterns (upto 500 °C) in comparison with the simulated patterns in case of 
a) Ca-SBBA and b) Sr-SBBA.  
 

position and intensity was observed till 500 °C. The DSC curves for the three MOFs also 

reflect similar fact; indicating irreversible structural changes above 100 °C (Figure 6.8). We 

anticipate that above 100 °C, the loss of the interlayer solvent molecules that hold the 3D  

  

 

Figure 6.8: The DSC data for (a) Ca-SBBA (b) Sr-SBBA and (c) Ba-SBBA. 

 

motifs as well as structural reordering of the 2D sheets at elevated temperature are 

responsible for the irreversible architectural transformation as observed in many 2D MOFs. 



Chapter 6  Alkali earth metal derived MOFs… 

137 

 

Moreover, The FT-IR spectroscopy reveals that the thermally treated (ca. 500 °C) materials 

have identical peak position and intensity than the pristine materials (Figure 6.9); with 

 

 

Figure 6.9: FT-IR comparison between as-synthesized MOFs and thermally treated MOFs at 500 

°C in case of a) Ca-SBBA, b) Sr-SBBA and c) Ba-SBBA. 

 

significant decrease in the peak intensity correspond to the DMF and DEF molecules (ca. 

1700 cm-1). Collectively, these experiments hint at the architectural rigidity as well as the 

thermal stability of all the MOFs. Finally, the TGA traces well reflect the aforementioned 

fact, showing remarkable thermal stability upto 500 °C (Figure 6.10). High bond energy 

between the alkali earth metals and the carboxylate oxygens are presumed to be primarily 

 

 

Figure 6.10: TGA data for (a) Ca-SBBA (b) Sr-SBBA and (c) Ba-SBBA. 
 

accountable for the high thermal stability. The thermograms for the as-synthesized Ca-

SBBA, Sr-SBBA and Ba-SBBA showed a weight-loss step of ca. 10 wt% (25–95 °C), 5 

wt% (25–95 °C) and 10 wt% (25–95 °C) respectively, which corresponds to the escape of 

the adsorbed moisture and solvent molecules from the frameworks. Further weight loss step 

[19 wt% (95–182 °C) for Ca-SBBA, 14 wt% (95–203 °C) for Sr-SBBA and 9 wt% (95–205 

°C) for Ba-SBBA] signifies escape of solvent DMF molecules. The stable plateau from ca. 
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200-500 °C landmarks the thermal stability of the frameworks at elevated temperatures. We 

have also performed the TGA analysis of the humidity exposed Ca-SBBA and Sr-SBBA 

materials. As expected, they exhibit less weight loss than as-synthesized MOFs, which 

justifies the fact that the high molecular weight DMF molecules have been replaced by the 

low molecular weight water molecules. The abovementioned experiments confirm the 

potential of Ca-SBBA and Sr-SBBA as a proton conductor discussed vide infra. 

 

6.2.3 Proton conducting properties of the MOFs: 

Proton transport under hydrous condition occurs in solid state materials via the framework 

backbone or some carrier mediated pathways (e.g. H2O, H3O
+, HO-). We have used the 

 

 

Figure 6.11: a) Nyquist plots for Ca-SBBA at ambient temperature. b) Nyquist plots for Ca-SBBA 

at elevated temperatures. c) Nyquist plots for Ca-SBBA at lower temperatures. d) Arrhenius plot for 

activation energy calculation. 

pelletized MOFs (details in experimental section) for proton conductivity studies. 

Interestingly, the as-synthesized Ca-SBBA and Sr-SBBA compounds are highly resistive 
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and do not show any proton conductivity. However, after humidification for 24 h they 

exhibit proton conduction, which eventually confirms the role of water as proton 

transporter. Presumably, the water molecules are absorbed within the crystal (confirmed 

from FT-IR spectroscopy and TGA analysis discussed vide supra) by hydrogen bonding 

with the carboxylate bound metal clusters, highly electronegative sulfone group and the 

non-coordinated DMF molecules to facilitate the proton conduction pathways. The proton 

conductivity value (Figure 6.11) was measured for Ca-SBBA as 8.5 × 10-6 Scm-1 at ambient 

temperature (298 K) in 98% relative humidity (RH). In the identical condition, Sr-SBBA  

 

  
Figure 6.12: a) Nyquist plots for Sr-SBBA at ambient temperature. b) Nyquist plots for Sr-SBBA 
at elevated temperatures. c) Nyquist plots for Sr-SBBA at lower temperatures. d) Arrhenius plot for 
activation energy calculation. 
 

shows proton conductivity (Figure 6.12) of 4.4 × 10-5 Scm-1. We have also performed a 

variable humidity proton conduction experiment to assay the role of humidity in proton 

transport. The proton conductivity values were highly humidity-dependent and dropped to 

2.8 × 10-7 Scm-1 in case of Ca-SBBA at 60% RH at 298 K. Similar phenomenon was 
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observed in Sr-SBBA which exhibit 3.4 × 10-6 Scm-1 in identical experimental condition. 

Finally, we have carried out both low and high temperature proton conduction experiments 

to evaluate the proton conductivity as a function of temperature (Figure 6.13) as well as to 

calculate the respective activation energy values. Ca-SBBA and Sr-SBBA shows high 

proton conductivity upto 318 K and 313 K, respectively. The proton conductivity value of  

 

 
Figure 6.13: Proton conductivity as a function of temperature in a) Ca-SBBA and b) Sr-SBBA. 
 

Ca-SBBA is comparable with MIL-53 (10-6-10-7 Scm-1) [1.62a] whereas the proton 

conductivity value of Sr-SBBA is similar to PCMOF3 (3.5 × 10-5 Scm-1) [1.62b] and 

ValZnCl (4.4 × 10-5 Scm-1) [3.13] where identical hydrous conditions had been applied. 

Moreover, the conductivity value is two order higher than the literature reported Zn-SDBA 

coordination polymer. The low temperature proton conductivity experiments reveal the 

activation energy of 0.23 eV and 0.56 eV for Ca-SBBA and Sr-SBBA, respectively. Hence, 

the proton conduction for Ca-SBBA follows the Grotthuss proton hopping mechanism. 

However, higher activation energy for Sr-SBBA indicates Grotthuss mechanism along with 

some other process such as direct diffusion of additional protons with water molecules or 

DMF molecules (vehicle mechanism). The fact that Sr-SBBA exhibits higher proton 

conduction than Ca-SBBA despite the large Ea is indicative of a high carrier concentration, 

originating from the combination of metal clusters along with coordinated and non-

coordinated solvent molecules. Ba-SBBA fails to show reproducible conductivity results 

owing to its structural instability in humid conditions. Thus, the three alkali earth metal 

based MOFs exhibit significant difference in their proton conducting ability owing to 

structural variation as well as physico-chemical properties. We believe that our findings 
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will motivate researchers to employ eco-friendly alkali earth metal to design functional 

MOFs with high stability to compete with polymers and Zeolite based materials in practical 

applications. 

 

6.3 Conclusion: 

In summary, we have successfully synthesized three new 2D MOFs (Ca-SBBA, Sr-SBBA, 

Ba-SBBA) from alkali earth metal (Ca, Sr, Ba) salts and 4,4′-sulphobisbenzoic acid 

(SBBA) as a linker. These MOFs exhibit interesting structural variation although they are 

derived from the same group of metals and same SBBA ligand. They show remarkable 

thermal stability upto 500 °C. Most interestingly, these three MOFs show significant 

difference in their proton conducting ability. We hope that our study will motivate 

researchers to systematically explore proton conducting MOFs with high thermal stability 

to compete with Nafion and Zeolite based materials in practical applications.  

 

6.4 Experimental details: 

6.4.1 Materials: 

All starting materials (e.g. metal salts, SBBA, DMF, DEF) were purchased from the Sigma 

Aldrich Chemicals and used without further purification. 

6.4.2 Synthetic procedure of the MOFs: 

Synthesis of Ca-SBBA:  1 mL 0.2 M DMF stock solution of Ca(NO3)2.4H2O  was mixed 

with 1 mL 0.2 M DMF stock solution of SBBA in a 5 mL screw capped vial and sonicated 

briefly. The vial was then inserted in a preheated oven at 100 °C for 48 h. The block shaped 

colorless crystals were isolated by filtration and washed with DMF (× 2) and acetone (× 2) 

followed by drying in air (10 min). [Yield: 70 %, 0.013 g based on Ca(NO3)2.4H2O]. FT-

IR : (KBr 4000-600 cm-1): 3369(br), 3051(w), 1656(s), 1591(s), 1545(s), 1384(s), 1158(s), 

1095(s), 744(s), 660(s).  

Elemental Analysis: C23N3O9H29S1Ca1= [Ca(SBBA).(DMF)2].DMF:  

Calcd. C, 49.02; H, 5.15; N, 7.46. Found C, 49.41; H, 5.72; N, 7.23. 

Synthesis of Sr-SBBA: 1 mL 0.2 M DMF  stock solution of Sr(NO3)2  was mixed with 1 

mL 0.2 M DMF stock solution of SBBA in a 5 mL screw capped vial and sonicated for 30 

min. The vial was then inserted in a preheated oven at 100 °C for 96 h. The block shaped 
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colorless crystals were isolated by filtration and washed with DMF (× 2) and acetone (× 2) 

followed by drying in air (10 min). [Yield: 74%, 0.0074 g based on Sr(NO3)2]. FT-IR: 

(KBr 4000-600 cm-1): 3463(br), 3051(w), 1659(s), 1598(s), 1560(s), 1383(s), 1098(w), 

1290(s), 1161(s), 1098(s), 783(s), 730(s). 

Elemental Analysis: C82H88N8O36S4Sr5 = [Sr5(SBBA)4.(HCOO)2.(DMF)8].2DMF:  

Calcd. C, 42.72; H, 4.16; N, 5.66. Found C, 42.41; H, 4.09; N, 5.47. 

Synthesis of Ba-SBBA: 11 mL 0.2 M DEF stock solution of Ba(NO3)2  was mixed with 1 

mL 0.2 M DEF stock solution of SBBA in a 5 mL screw capped vial and sonicated for 20 

minutes. The vial was then inserted in a preheated oven at 100 °C for 72 h. The colorless 

plate crystals were isolated by filtration and washed with DMF (× 2) and acetone (× 2) 

followed by drying in air (10 min). [Yield: 74%, 0.0074 g depending on Ba(NO3)2. FT-IR : 

(KBr 4000-600 cm-1): 2880(br), 1596(s), 1538(s), 1367(s), 1288(s), 1098(w), 1037(m), 

783(s), 722(s). 

Elemental Analysis: C48 H56 Ba2 N4 O16 S2 = [Ba2(SBBA)2].4DEF:  

Calcd. C, 44.86; H, 4.44; N, 4.36. Found C, 44.39; H, 4.46; N, 4.39. 

6.5 General characterization methods: 

a) Powder X-Ray Diffraction (PXRD):  The PXRD patterns were collected on a Phillips 

PANalytical diffractometer on a CuKα radiation (λ = 1.5406 Å), with a scan speed of 2° 

min-1. The tube voltage and amperage were set at 40 kV and 30 mA, respectively. Each 

sample was scanned between 5 and 50° 2θ with a step size of 0.02°.  

b) Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC): 

TGA and DSC were performed on a SDT Q600 TG-DTA instrument. ca. 8 mg of the 

MOFs were heated from 25 to 800 °C under the N2 flow at heating rate of 5 °C min–1. 

c) IR Spectroscopy: The Fourier transform (FT) infrared spectra of the MOFs were 

collected on a PERKIN ELMER FT-IR SPECTRUM (Nicolet) spectrometer. KBr pellets (2 

mg MOF in 20 mg of KBr) were prepared and 50 scans were measured at 2 cm-1 resolution 

for each sample. The spectra were measured over the range of 4000-600 cm-1. 

d) Proton Conductivity: Proton Conductivities were measured using Solartron 1287 

Electrochemical Interface with 1255B frequency response analyzer via a quasi-four-probe 

method. ca. 120 mg of the as-synthesized MOFs were pressed in a pellet maker to obtain 
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uniform pellets of ca. 0.38 mm, which was subject to humidification (98% RH) for 24 h 

and subsequently measured the proton conductivity. Resistances were measured from the 

semicircle of the Nyquist plots. Proton conductivity was measured by the following 

equation; σ = L/(R.A) where σ = proton conductivity, L = thickness of the pellet, R = 

resistance of the pellet and A = area of the pellet = πr2  where r = radius of the pellet. 

For high-temperature proton conductivity measurements, the pellets were inserted within a 

humidification chamber, which was encircled with a controlled heating coil attached with 

an automated temperature controller. The heat flow within the temperature controller was 

controlled by a dimmerstat accordingly. The temperature of the chamber was measured by 

an infrared temperature sensor attachment, having a sensing accuracy of ±0.5 °C.  

For low-temperature proton conductivity measurements, the pellets were inserted within a 

humidification chamber, which was encircled with a water circulation coil attached with a 

chiller integrated with an automated temperature controller. The heat flow within the 

chamber was controlled by the chiller accordingly. The temperature of the chamber was 

measured by an infrared temperature sensor attachment, having a sensing accuracy of ±0.5 

°C. 

6.6 X-ray Crystallography  

General data collection and refinement procedures: 

 All single crystal data were collected on a Bruker SMART APEX three circle 

diffractometer equipped with a CCD area detector and operated at 1500 W power (50 kV, 

30 mA) to generate Mo Kα radiation (λ = 0.71073 Å). The incident X-ray beam was 

focused and monochromated using Bruker Excalibur Gobel mirror optics. All crystals 

reported in this chapter were mounted on nylon CryoLoops (Hampton Research) with 

Paraton-N (Hampton Research).  

Initial scans of each crystal were performed to obtain preliminary unit cell parameters and 

to determine the mosaicity (breadth of spots between frames) of the crystal to select the 

required frame width for data collection. In every case frame widths of 0.5° were judged to 

be appropriate and full hemispheres of data were collected using the Bruker SMART 

software suite. Following data collection, reflections were sampled from all regions of the 

Ewald sphere to redetermine unit cell parameters for data integration and to check for 
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rotational twinning using CELL_NOW [2.7]. Fortunately, no crystal decay was encountered 

in case of the data collection. Following exhaustive review of the collected frames the 

resolution of the dataset was judged. Data were integrated using Bruker SAINT [2.8] 

software with a narrow frame algorithm and a 0.400 fractional lower limit of average 

intensity. Data were subsequently corrected for absorption by the program SADABS [2.9]. 

The space group determinations and tests for merohedral twinning were carried out using 

XPREP [2.9]. In all cases, the highest possible space group was chosen. 

All structures were solved by direct methods and refined using the SHELXTL 97 [2.10] 

software suite. Atoms were located from iterative examination of difference F-maps 

following least squares refinements of the earlier models. Final models were refined 

anisotropically (if the number of data permitted) until full convergence was achieved. 

Hydrogen atoms were placed in calculated positions (C–H = 0.93 Å) and included as riding 

atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached C atoms. 

All structures were examined through the Adsym subroutine of PLATON [2.11] to ensure 

that no additional symmetry could be applied to the models. All ellipsoids in ORTEP 

diagrams are displayed at the 50% probability level unless stated otherwise. For all 

structures we observed elevated R-values; a problem commonly encountered in MOF 

crystallography [2.12].  

Experimental and refinement details for Ca-SBBA: A Colorless block like crystal (0.3 × 

0.2 × 0.1 mm3) of Ca-SBBA was placed in 0.7 mm diameter nylon CryoLoops (Hampton 

Research) with Paraton-N (Hampton Research). The loop was mounted on a SMART 

APEX three circle diffractometer equipped with a CCD area detector and operated at 1500 

W power (50 kV, 30 mA) to generate Cu Kα radiation (λ = 1.54184 Å) at 296(2) K. A total 

of 4407 reflections were collected of which 3315 were unique. The range of θ was from 

1.71 to 24.99. Analysis of the data showed negligible decay during collection. The structure 

was solved in the monoclinic P21/c space group, with Z = 4, using direct methods. All non-

hydrogen atoms were refined anisotropically with hydrogen atoms generated as spheres 

riding the coordinates of their parent atoms. Final full matrix least-squares refinement on F2 

converged to R1 = 0.0386 (F >2σF) and wR2 = 0.1045 (all data) with GOF = 1.028. All the 

atoms were made anisotropic and the ORTEP diagram is provided with 50% probability 

(Figure 6.14a). 
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Figure 6.14: ORTEP diagrams for the asymmetric unit of Ca-SBBA, Sr-SBBA and Ba-SBBA in 

50% probability level. 

 

Experimental and refinement details for Sr-SBBA: 

A colorless needle like crystal (0.28 × 0.16 × 0.08 mm3) of Sr-SBBA was placed in 0.7 mm 

diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The 

loop was mounted on a SMART APEX three circle diffractometer equipped with a CCD 

area detector and operated at 1500 W power (50 kV, 30 mA) to generate Cu Kα radiation (λ 

= 1.54184 Å) at 293(2) K. A total of 11542 reflections were collected of which 8511 were 

unique. The range of θ was from 3.26 to 73.36. Analysis of the data showed negligible 

decay during collection. The structure was solved in the monoclinic P-1 space group, with 

Z = 1, using direct methods. All non-hydrogen atoms were refined anisotropically with 

hydrogen atoms generated as spheres riding the coordinates of their parent atoms. Final full 

matrix least-squares refinement on F2 converged to R1 = 0.0825 (F >2σF) and wR2 = 0.2534 

(all data) with GOF = 1.116. 

          Modeling of electron density within the voids of the frameworks did not lead to 

identification of guest entities in Sr-SBBA structure due to the disordered contents of the 

pores in the frameworks. Increasing the exposure time of the crystal to x-rays did not 

improve the quality of the high angle data, as the intensity from low angle data saturated 

the detector. The only optimal crystals suitable for analysis were generally small  and 

weakly diffracting, and unfortunately, larger crystals, which would usually improve the 

quality of the data, presented a lowered degree of crystallinity and attempts to optimize the 

crystal growing conditions for large high-quality specimens has not yet been fruitful. 
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Electron density within void spaces, which could not be assigned to any definite guest 

entity, was modeled as highly disordered DMF molecules and isolated oxygen and carbon 

atoms, and the foremost errors in all the models lies with assignment of guest electron 

density. To prove the correctness of the atomic positions in the framework the application 

of the SQUEEZE routine of A. Spek had been performed. The SQUEEZE structure is 

devoid of any solvent entity, and matches well with the elemental analysis value of the 

evacuated Sr-SBBA sample. We have provided the squeezed structure of Sr-SBBA. The 

formate anion (O8, C44, O7), symmetry generated DMF (O12, C18, C19) and disordered 

DMF [(O13, C41, C42, C43, N5) and (C20, C21, C39)] were kept isotropic. Except these 

all the atoms were made anisotropic and the ORTEP diagram is provided with 50% 

probability (Figure 6.14b).  

Experimental and refinement details for Ba-SBBA: 

A colorless rod shaped crystal (0.3 × 0.2 × 0.2 mm3) of Ba-SBBA was placed in 0.7 mm 

diameter nylon CryoLoops (Hampton Research) with Paraton-N (Hampton Research). The 

loop was mounted on a SMART APEX three circle diffractometer equipped with a CCD 

area detector and operated at 1500 W power (50 kV, 30 mA) to generate Mo Kα radiation 

(λ = 0.71073 Å) at 296(2) K. A total of 12609 reflections were collected of which 8752 

were unique. The range of θ was from 1.71 to 24.99. Analysis of the data showed negligible 

decay during collection. The structure was solved in the triclinic P-1 space group, with Z = 

2, using direct methods. All non-hydrogen atoms were refined anisotropically with 

hydrogen atoms generated as spheres riding the coordinates of their parent atoms. Final full 

matrix least-squares refinement on F2 converged to R1 = 0.0557 (F >2σF) and wR2 = 0.1413 

(all data) with GOF = 1.074. All the atoms were made anisotropic and the ORTEP diagram 

is provided with 50% probability (Figure 6.14c). 

 

NOTE: The results of this chapter have already been published in Chem. Commun. 2012, 

48, 4998. with the title: “Alkali earth metal (Ca, Sr, Ba) based thermostable metal–organic 

frameworks (MOFs) for proton conduction”. The publication was resulted from the group 

of Dr. Rahul Banerjee and his students Subash Chandra Sahoo and Tanay Kundu from 

CSIR-National Chemical Laboratory, Pune, India. Major experimental works and 

manuscript preparation were contributed by Tanay Kundu using instrumental facilities of 
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CSIR-National Chemical Laboratory. Subash Chandra Sahoo did the X-ray data 

interpretation. 
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CHAPTER 7 

 

 

CONCLUSION OF ALL CHAPTERS AND FUTURE DIRECTION 

 

 

7.1 Conclusion: 

In this dissertation, the applications of MOFs have been emphasized on high H2O storage 

capacity and proton transporting ability. A series of MOFs have been synthesized, 

characterized and screened successfully for such aspects.   

The conclusion of chapter 2 is divided in two parts. In first part, the MOFs are 

arranged according to their hydrophilicity with almost similar structural backbone and pore 

size/shape with only difference in the poking sidearm of the amino acids. Thus, the 

incoming guest solvent molecules interact with the MOFs based on their differential 

polarity and hydrophilicity. It has been concluded from extensive solvent uptake (water, 

methanol, isopropanol and toluene) studies that the hydrophilic MOFs prefer hydrophilic 

guest over the hydrophobic one. In the second part, we have demonstrated the effects of 

changing MOF structure and pore size/shapes to assay their effect on water adsorption 

affinity. In this case, hydrophobic MOFs showed pore condensation behaviour while 

hydrophilic MOFs allow water inclusion regardless of their pore size albeit with varying 

capacity. 

 In chapter 3, we have demonstrated the chirality of amino acid derived MOFs and 

their isomerism with respect to change in anions. These subtle changes usher in drastic 

change in water adsorption capacity, proton conducting capability and single crystal to 

single crystal transformation ability.  

 In chapter 4, we have presented the design of amino acid derived MOFs which 

possesses ambient temperature hydrolytic stability as well as high temperature hydrolytic 

regenerability. A series of eight homochiral MOFs have been synthesized by using pyridyl 

derivative of l–valine or l–alanine, and Zn(II) salt as metal precursor with different 
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coordinated anions. Replacement of valine (amino acid residue of the ligand) with more 

hydrophilic alanine results in enhanced polar intermolecular interaction, higher water 

sorption capability of the aforestated MOFs. The coordinated anions largely determine the 

differential regenerability of the aforementioned MOFs. A solution state processing method 

via salt metathesis has been demonstrated to utilize the unique water soluble property of 

these MOFs to yield completely different MOF architectures from a single precursor 

solution.   

 In chapter 5, anion and environment controlled ZnO microstructures are obtained by 

one step solid state thermolysis of two Zn based homochiral MOFs both in air and in N2. 

Apart from diverse morphologies, these ZnO microparticles show visible light emission 

centered at 605 nm or 510 nm. These ligand free ZnO microparticles are very stable and 

their PL spectra show almost no change after keeping samples in air for at least 5 months. 

These ZnO microparticles show potential for DSSC applications. The advantage of this 

work is that a simple experiment leads us to understand the role of the anions as the 

structural directing agent and effect of environment on the ZnO morphologies. 

 In chapter 6, we have successfully synthesized three new 2D MOFs (Ca-SBBA, Sr-

SBBA, Ba-SBBA) from alkali earth metal (Ca, Sr, Ba) salts and 4,4′-sulphobisbenzoic acid 

(SBBA) as a linker. These MOFs exhibit interesting structural variation although they are 

derived from the same group of metals and same SBBA ligand. They show remarkable 

thermal stability upto 500 °C. Most interestingly, these three MOFs show significant 

difference in their proton conducting ability, which could be related to their structure and 

stability. 

 

7.2 Future directive: 

Plan-1: Design and synthesis of extended linkers to realize highly porous MOFs with 

unh topology. 

The aim of this future plan is to synthesize elongated linkers based on amino acid 

backbone. The design will involve use of 4-pyridylphenylcarboxaldehyde, quinoline 

carboxaldehyde and quinoline carboxylic acid instead of 4-pyridinecarboxaldehyde. The 

reaction should involve both reductive Schiff base coupling as well as amide bond 

formation reaction (Figure 7.1). This will impart two effects a) The new links will have 
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longer length compared to the earlier one which will provoke added porosity within the 

systems. b) The optical property of such linker will be useful for designing sensory device. 

The designs will open up ne

relevant applications. 

 

Figure 7.1: Scheme of linkers proposed to get extended metal

porosity. 

 

Plan-2: Phosphoric acid doped benzimidazole based covalent organic 

(COFs) for proton conduction.

The objective of this plan is to design and synthesis of

which can show very high proton conductivity at anhydrous condition. 

(H3PO4) doped benzimidazole 

( > 100 °C) without humidification. The proton conduction of the

by doped H3PO4 molecules which form a salt by protonation of the imine N group of 

imidazole ring (Figure 7.1c

backbone. Keep these things in

COFs which will have repeating benzimidazole units 

backbones as such units have proton anchoring sites. 

made porosity, regular arrangement of voids and dynamic behaviour

beneficial for their use as proton conductors compare to 
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systems. b) The optical property of such linker will be useful for designing sensory device. 

The designs will open up new possibilities for amino acid based MOFs in industrially 

linkers proposed to get extended metal-organic frameworks for higher 

: Phosphoric acid doped benzimidazole based covalent organic 

(COFs) for proton conduction. 

The objective of this plan is to design and synthesis of new benzimidazole based COFs 

which can show very high proton conductivity at anhydrous condition. Phosphoric acid 

) doped benzimidazole COFs can have high proton conductivity at high temperature 

without humidification. The proton conduction of the COFs have been initiated 

molecules which form a salt by protonation of the imine N group of 

c) and creates proton hopping channel through the 

these things in perspective; our approach focuses on the synthesis of stable 

COFs which will have repeating benzimidazole units (Figure 7.1a) in the framework 

backbones as such units have proton anchoring sites. The long range periodicity, tailor

porosity, regular arrangement of voids and dynamic behaviour of COFs are especially 

beneficial for their use as proton conductors compare to conventional PBI based polymers.
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We have designed both C2 as well as C3 symmetric linkers to form porous COFs with 

desired characteristics (Figure 7.1b).  
 

 

Figure 7.2: Scheme of synthesis and proposed proton conduction mechanism in phosphoric acid 
loaded benzimidazole based covalent organic frameworks. 
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 APPENDIX 1 

Table A1. Crystallographic table for chapter 2: 
 

 ThrZnOAc LeuCdCl LeuCdBr SerCdCl SerCdBr ThrCdCl ThrCdBr 

Formula 
C12H26N2O10Zn C12 H17 Cl N2 

O3 Cd 
C12 H17 Br N2 O2 

Cd 
C9 H11 Cl N2 O4 

Cd 
C18 H21 Br2 N4 

O9Cd2 

C10 H13 Cl N2 
O5Cd 

C10 H13 Br N2 O5 

Cd 

Mr 423.66 385.14 413.59 359.06 822.01 389.08 432.53 

CCDC No. 943050 851353 851354 851355 851356 851357 851358 

Temperature 100(2)K 296(2)K 296(2)K 296(2)K 296(2)K 296(2)K 296(2)K 

Crystal 
system 

Hexagonal 
Orthorhombic Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic 

Space group P61 P212121 P212121 P212121 P21 P21 P21 

a (Å ) 

b (Å ) 

c (Å ) 

17.4807(3) 

17.4807(3) 

10.4350(2) 

7.123(3) 

13.896(5) 

15.893(6) 

7.2398(6) 

13.7041(11) 

16.5286(13) 

5.8751(17) 

15.067(4) 

16.416(5) 

9.4628(12) 

15.1900(19) 

10.0319(12) 

7.9060(7) 

10.7338(10)  

8.9647(8) 

       7.9689(12)  

10.7406(15) 

8.9501(13) 

β(°)     110.630(2) 110.5280(10)       110.444(13) 

V[Å3] 2761.47(9) 1573.1(11)  1639.9(2) 1453.1(7)  1349.5(3)  712.45(11)  717.80(18)  

Z 6 4 4 4 2 2 2 

ρ/g cm-1 1.492 1.626 1.675 1.641 2.020 1.814 2.001 

µ/mm-1 1.385 1.563 3.779 1.689 4.587 1.736 4.320 

F(000) 1272 768 808 704 790 384 418 

Flack 
parameter 

0.0(9) 
0.01(5) 0.0009(2) 0.0009(1) 0.055(14) -0.02(2) 0.11(3) 

Reflections 
collected 

7339 
3677 3871 3420 6139 2583 2245 

Independent 
reflections 

3035 
3445 3568 3389 5890 2571 2197 

GOF 1.05 1.033 1.066 1.097 1.067 1.021 1.081 

Final R1, 

wR2[I > 
2σ(I)] 

R1 = 0.0513, 
wR2 = 0.1358 R1 = 0.0434, 

wR2 = 0.1059 
R1 = 0.0421,  
wR2 = 0.1300 

R1 = 0.0336,  wR2 = 
0.0952 

R1 = 0.0485,  
wR2 = 
0.1325 

R1 = 0.0189,  
wR2 = 0.0501 

R1 = 0.0625,  
wR2 = 0.1446 

R indices 
(all data) 

R1 = 0.0533, 
wR2 = 0.1378 

R1 = 0.0475,  
wR2 = 0.1079 

R1 = 0.0461,  
wR2 = 0.1342 

R1 = 0.0341,  wR2 = 
0.0956 

R1 = 0.0506,  
wR2 = 
0.1344 

R1 = 0.0190,  
wR2 = 0.0501 

R1 = 0.0630,  
wR2 = 0.1450 
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Table A2. Crystallographic table for chapter 3: 

 

 l-ValZnCl l-ValZnBr d-ValZnCl d-ValZnBr l-ValZnCl@120 l-ValZnBr@40 

Formula 
C11 H15 Cl N2 O4 

Zn 
C11 H15 Br N2 O4 

Zn 
C11 H15 Cl N2 O4 

Zn 

C11 H15 Br N2 O4 

Zn 

C11 H15 Cl N2 O2 

Zn 

C11 H15 Br N2 O2 

Zn 

Mr 340.09 384.54 340.09 384.54 308.09 352.54 

CCDC No. 831054 831055 831056 831057 831058 831059 

Temperature 195(2)K 195(2)K 195(2)K 195(2)K 353(2)K 313(2)K 

Crystal system Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal 

Space group P61 P61 P65 P65 P61 P61 

a (Å ) 

b (Å ) 

c (Å ) 

17.691(2) 

17.691(2) 

10.5617(12) 

17.768(2) 

17.768(2) 

10.4796(11) 

17.703(2) 

17.703(2) 

10.585(5) 

17.7786(7) 

17.7786(7) 

10.4868(18) 

17.661(15) 

17.661(15) 

10.5104(16) 

 

17.8590(10) 

17.8590(10) 

10.5031(12) 

V[Å3] 2862.76(6)  2865.2(5) 2872.9(14)  2870.6(5)  2873.0(6)  2901.1(4)  

Z 6 6 6 6 6 6 

ρcalcd[g cm-1] 1.184 1.337 1.179 1.335 1.068 1.211 

Absorption 
coefficient 

1.434 3.385 1.423 3.379 1.414 3.330 

F(000) 1044 1152 996 1152 948 1056 

θ range[°] 2.30- 26.81 2.29- 20.90 2.34 - 27.13 2.29 - 22.66 1.32- 27.46 1.32- 27.46 

Reflections 
collected 

4581 4567 4460 4492 4331 4368 

Independent 
reflections 

4302 3827 4023 3555 3241 4137 

GOF 1.017 1.017 1.053 1.046 1.005 1.071 

Final R1, 

wR2[I > 2σ(I)] 

R1 = 0.0384,  
wR2 = 0.1154 

R1 = 0.0618,  wR2 
= 0.1928 

R1 = 0.0469,  wR2 
= 0.1325 

R1 = 0.0583,  wR2 = 
0.1731 

R1 = 0.0642,  wR2 
= 0.1470 

R1 = 0.0573,  wR2 = 
0.1512 

R indices (all 
data) 

R1 = 0.0430,  
wR2 = 0.1203 

R1 = 0.0803,  wR2 
= 0.2133 

R1 = 0.0532,  wR2 
= 0.1387 

R1 = 0.0750,  wR2 = 
0.1859 

R1 = 0.0915,  wR2 
= 0.1665 

R1 = 0.0600,  wR2 = 
0.1532 
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Table A3. Crystallographic table for chapter 4: 

 

 ValZnFor ValZnOAc AlaZnCl AlaZnBr AlaZnFor AlaZnOAc 

Formula C12 H15 N2 O6 Zn C13 H18 N2 O6 Zn 
C9 H11 Cl N2 O4 

Zn 
C9 H11 Br N2 O4 Zn 

C10 H11 N2 O6  

Zn 

C11 H13 N2 O6  

Zn 

Mr 348.65 363.68 312.04 356.49 320.60 334.62 

Temperature 100(2)K 100(2)K 100(2)K 100(2)K 100(2)K 100(2)K 

Crystal system Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal 

Space group P61 P61 P61 P61 P61 P61 

a (Å ) 

b (Å ) 

c (Å ) 

17.7336(11) 

17.7336(11) 

10.3433(8) 

17.4542(6) 

17.4542(6) 

10.3953(3) 

17.4587(2) 

17.4587(2) 

10.24475(14) 

17.7440(3) 

17.7440(3) 

10.17155(19) 

17.5911(7) 

17.5911(7) 

10.1716(3) 

 17.5806(7) 

17.5806(7) 

10.1486(2) 

V[Å3] 2817.0(5)  2742.63(16)  2704.31(6)  2773.45(12)  2725.87(17)  2716.5(3)  

Z 6 6 6 6 6 6 

ρcalcd[g cm-1] 1.233 1.321 1.150 1.281 1.172 1.227 

Absorption 
coefficient 

1.329 1.368 1.513 3.492 1.368 1.376 

F(000) 1074 1128 948 1056 978 2264 

θ range[°] 3.03- 29.24 3.33 – 29.10 3.07- 29.14 3.05 – 29.22 3.06 – 29.11 3.07 – 28.05 

Reflections 
collected 

7392 6242 19898 6778 8057 6610 

Independent 
reflections 

3718 2991 4382 4042 3676 3289 

GOF 1.108 1.102 1.142 1.093 1.090 1.073 

Final R1, 

wR2[I > 2σ(I)] 

R1 = 0.0711,  
wR2 = 0.1895 

 R1 = 0.0546,  
wR2 = 0.1480 

 R1 = 0.0420,  
wR2 = 0.1237 

R1 = 0.0482,   

wR2 = 0.1309 

     R1 = 0.0645,  
wR2 = 0.1891 

     R1 = 0.0732,  
wR2 = 0.1952 

R indices (all 
data) 

R1 = 0.0793,  
wR2 = 0.2060 

 R1 = 0.0586,  
wR2 = 0.1505 

 R1 = 0.0436,  
wR2 = 0.1253 

     R1 = 0.0507,    
wR2 = 0.1351 

     R1 = 0.0783,  
wR2 = 0.2059 

     R1 = 0.0903,  
wR2 = 0.2109 
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Table A4. Crystallographic table for chapter 6: 

 

 Ca-SBBA  Ba-SBBA  Sr-SBBA  

Empirical formula C23 H29 Ca N3 O9 S C48 H56 Ba2 N4 O16 S2 C80 H76 Sr5N8 O36 S4  

Formula weight 563.633 1283.77 2291.87 

Temperature 296(2)K 296(2)K 293(2)K 

Wavelength 1.54184 Å 0.71073 Å 1.54184 Å 

Crystal system Monoclinic Triclinic Triclinic 

Space group P 21/c P ī P ī 

Unit cell dimensions 

a = 8.7220(3)Å   
b = 27.5302(8)Å 
c = 11.2194(3) Å 

a = 13.985(2) Å   
b = 14.614(3) Å   
c = 16.700(3) Å  

a = 13.9492(9) Å 
b = 15.6692(13) Å   
c = 15.9071(13) Å  

Volume 2572.31(13) Å3 2784.1(9) Å3 2871.2(5) Å3 

Z 4 2 1 

Density (calculated) 1.455/m3 1.531 /m3 1.326 /m3 

Absorption coefficient 3.361 1.548 4.247 

F(000) 1184 1288 1154 

Crystal size 0.30 × 0.20 × 0.10 mm3 0.30 × 0.20 × 0.20 mm3 0.28 × 0.16 × 0.08 mm3 

Reflections collected 4407 12609 19525 

Independent reflections 3315 8752 8511 

Completeness ( to theta)  95 %(67.70) 98 %(27.56) 94.8 % (73.36) 

Absorption correction Multi-scan Multi-scan Multi-scan 

Goodness-of-fit on F2 1.028 1.074 1.116 

Final R indices 
[I>2sigma(I)] 

R1 = 0.0386,  wR2 = 
0.0936 

R1 = 0.0557,  wR2 = 
0.1273 

R1 = 0.0825,  wR2 = 
0.2336 

R indices (all data) 
R1 = 0.0591,  wR2 = 
0.1045 

R1 = 0.0837,  wR2 = 
0.1413 

R1 = 0.0990,  wR2 = 
0.2534 
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