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PREFACE 

Isaac Asimov once commented about research, “The most exciting phrase to hear in 

science, the one that heralds new discoveries, is not Eureka! (I've found it!), but that’s 

funny”. I am perhaps one of those researchers, who although likes his share of eureka 

moment, but at the same time, doesn’t like to overlook any interesting yet uncommon 

observation. Before you, therefore lies a thesis, containing results and inferences from some 

of those designed experiments and serendipitous observations that I was able to obtain 

during my doctoral research at CSIR-NIIST. 

When I joined the Ajayaghosh group in 2010, one of the ongoing research projects 

in the group was to develop stimuli-responsive supramolecular assemblies, especially those 

which respond to light.
1
 I was therefore entrusted upon to develop porous stimuli 

responsive metal-organic materials, considering the importance of the emerging area of 

metal-organic frameworks (MOFs). Till then, very few reports on photoresponsive metal-

organic materials were rarely present in the scientific literature. But by the end of 2011, 

there was a sudden upsurge in the area of photoresponsive MOFs and to our surprise, 

different research groups came up with interesting ideas, to develop smart porous 

photoresponsive materials. Although we were not at a vantage point to comment on this 

research area, we took it as a challenge to understand and study the approaches adopted by 

various groups and highlighted the area with a big heart to the scientific community.
2
  

As a result, we reconstructed our research problem and were involved in the design 

of photoresponsive coordination polymer gels to study the isomerization property of 

azobenzene in a soft gel scaffold rather than in a rigid crystalline framework. A gel is 
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usually expected to possess a fibrillar network structure, but the gel in our case showed a 

sheet like morphology that assembled to form microscopic flower like structures. In order 

to capture the fibrillar morphology of the gel as well as to understand the gelation 

mechanism, we decided to conduct a time-dependent morphological analysis. Much to our 

surprise, we were able to unravel a kinetically controlled, aggregation induced crystal 

growth pathway in these materials. We were further able to tune this growth process using 

light by inducing a pre-synthetic isomerization of the photoresponsive ligand. The gel 

obtained in the presence of light irradiation possessed a different morphology, comprising 

of micrometer-sized six armed stars. Not only the morphology, but also the properties of 

these two gel materials were affected by the photoirradiation process. The materials once 

formed were not affected by light.
3
 

In our further quest to develop a stimuli-responsive platform for programmable 

release or capture of guest molecules, we were able to design a thermoresponsive 

coordination polymer platform with specifically controlled host-guest interactions. The 

system reported was multi-stimuli responsive and the host-guest interactions could be 

efficiently controlled using chemicals as well. Moreover, we found that the systems 

reported so far respond either in solution or in the solid phase. The coordination polymer 

that we were able to develop was solution processable and therefore could be modulated 

both in solution as well as in the quasi-solid state when incorporated inside a hydrogel 

matrix. It could also be utilized for the chemical decoding of otherwise very difficult to 

identify, optically transparent organic molecules.
4
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Out of the several things, that we had learnt so far in the field of metal-organic 

materials, their tunable crystal growth process and easy to fabricate nano-meso-micro scale 

morphological structures attracted us the most. We hypothesized that, if a surface can be 

functionalized with an ordered arrangement of such structures, perhaps superhydrophobic 

surfaces with dual scale rough features perhaps can be fabricated. We found out that a 

nanoscale coordination polymer, functionalized over an alumina substrate, behaves like the 

superhydrophobic surface of a lotus leaf with a very high water contact angle. Usually, the 

properties of an organic ligand are transferred to a 3-D space, when it is converted to a 

coordination polymer. We therefore thought of investigating the hydrophobic nature of a 

surface, functionalized with the organic ligand. To our surprise, the ligand surface showed 

hydrophobicity as well as water droplet pinning effect, much like the petals of rose. We 

thereby combined these biomimicking observations to utilize water as a lubricant between 

two surfaces in contact. We believe that this proof of concept research can be exploited in 

future to develop slippery iceless skating arenas and save huge amount of energy required 

for the refrigeration of ice.
5
 

Overall, I believe that the present thesis should provide the readers with substantial 

insights, on the research on stimuli-responsive (light, heat, moisture) metal-organic 

materials. Herein, we have incorporated studies and explored properties that are not 

conventionally performed or observed for these materials. The concepts reported herein, are 

represented in a simplistic manner and the chemistry exploited makes use of simple 

observations made in our lab. Finally, I must admit that it would have been impossible to 

write this thesis, without the help, support and guidance of my research supervisor Prof. 
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Ajayaghosh and many others who helped me during the research activities and writing. I 

hope, researchers not only from the chemistry background, but also from other fields of 

science, who love exploring crazy scientific ideas, will enjoy reading it.   
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Stimuli-Responsive Metal-Organic Materials: Recent 
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1.1. Abstract 

Chemists have always been inspired to design materials that are smart enough to 

respond towards an external stimulus, in a predictable and controllable manner. 

Lately, this chemistry has also made a mark in the emerging area of metal–organic 

materials (MOMs). If one can regulate the properties of porous hybrid materials with 

various external stimuli such as light, heat, pressure and chemicals, their scope of 

applications can further be expanded. This field is turning out to be highly promising 

and gradually progressing from nano to mesoscopic size domains. However, one 

needs significant in-depth research to deliver materials that are truly smart and 
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practically viable. In this introductory chapter, an overview on the recent 

developments in the area of stimuli-responsive MOMs has been presented. A special 

emphasis has been laid on MOMs that respond to light. This includes various 

strategies to selectively capture or release guest molecules via photoisomerization 

and cycloaddition reactions inside a metal-organic matrix. According to the reports 

discussed herein, the azobenzene based ligands have been identified as promising 

candidates for the design of photoresponsive MOMs. Nevertheless, these specifically 

designed MOMs, can be exploited beyond photochemical structural transformations 

and host-guest chemistry. The design principles aiming at such applications are 

finally presented as the objectives of the present thesis. 

1.2. Introduction 

The advent of MOMs can be considered as a watershed moment in the field of 

functional supramolecular chemistry. MOMs can be broadly classified as crystalline, 

zero-dimensional (0-D), metallo-supramolecular architectures comprising of metal-

organic polyhedra (MOP), 1-D nanowires, 2-D nanosheets or as polymeric networks 

such as Infinite Coordination Polymers (ICPs), Porous Coordination Polymers 

(PCPs), Porous Coordination Networks (PCNs), Metal-Organic Frameworks (MOFs) 

etc. (Figure 1.1).
1
 Amorphous analogues of MOMs are often referred to as metal-

organic gels (MOGs) or coordination polymer gels (CPGs).
2
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Figure 1.1. Different kinds of MOMs based on the linkages between inorganic clusters and organic 

joints. Illustrative examples involving pyridine and carboxylate-based ligands and their combination are 

demonstrated. The structure in each case can be further classified as discrete 0-D in nature or 

periodically extended in 1-, 2- or 3-D structures.   
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The first reported coordination polymer is perhaps Prussian Blue which was 

synthesized by German painter and colour maker Diesbach in 1704.
3
 However, the 

use of an organic ligand to generate a coordination polymer, dates back to late 1950’s, 

when Saito and co-workers reported crystals of complexes obtained from nitriles of 

aliphatic dibasic acids and Cu(I).
4
 MOMs have therefore existed since long, but this 

research field caught special attention only in the late 1990’s owing to the pioneering 

works of Yaghi (who coined the term MOFs),
5
 Kitagawa (who coined the term 

PCPs)
6
 and many others who consequently explored this rich arena of chemistry.

1
 

According to Yaghi, MOFs should be understood as MOMs built by strong covalent 

bonds between an inorganic cluster and an organic ligand and not as a subset of 

coordination polymers, formed from weak coordination linkages.
7
 However, 

according to the International Union of Pure and Applied Chemistry (IUPAC) 

recommendations 2013, “coordination polymer” is the most general term. A subset of 

coordination polymers is often referred to as coordination networks and MOFs are 

considered as a further subset of coordination networks.
8
 These materials are 

generally formed from the interaction of metal ions with an organic molecule 

containing a ligating functionality such as cyanide, pyridyl, phosphate, carboxylate 

etc. Out of these, pyridyl or carboxylate linkers are most commonly used, although 

mixed situations comprising of both kind of metal-ligand linkages may occur in 

several cases. In spite of the fact that we encounter several names and architectures 

(0-D, 1-D, 2-D and 3-D) in the scientific literature, we may consider all these 
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materials under a single category of MOMs (Figure 1.1). In 1998, based on their 

porous nature, Kitagawa and co-workers classified MOMs into three generations 

(Figure 1.2a).
9
 The porosity of the first generation MOMs collapses on removal of 

guest molecules and this transformation is irreversible in nature. The second 

generation MOMs exhibit a robust framework structure and hence permanent 

porosity. The third generation structures, by virtue of their flexibility, exhibit dynamic 

porosity and can reversibly respond to both chemical as well as physical stimuli. 

Therefore, it has been a long held aspiration for material chemists to design and 

synthesize such hybrid materials that respond to various stimuli leading to the 3
rd

 

generation of hybrid porous structures. These multicomponent structures laid the 

foundation for stimuli-responsive MOMs. 

1.3. Strategies for Designing a Stimuli-Responsive MOM   

An ideal stimuli-responsive MOM responds to a single or multiple stimuli in a 

predictable manner. On application of a particular stimulus, the structural changes in 

the MOMs results in detectable response in terms of their inherent physical or 

chemical properties. For reasons related to the reusability of the MOMs, these 

changes should be reversible and the pristine structure of the MOMs should be 

regenerated on withdrawing the stimulus or by the application of an antagonistic 

stimulus.
10

 Stimuli-responsive MOMs can be categorized into two groups, depending 

upon the nature of the applied stimulus.  
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 If a MOM responds to chemical species such as molecules, ions etc. or under 

some specific chemical environment such as pH, redox etc., it can be referred to 

as a chemical stimuli-responsive MOM.  

 Similarly, MOMs responding to physical stimuli such as pressure, heat, light etc., 

can be considered as physical stimuli-responsive MOMs.  

Figure 1.2. (a) Classification of PCPs proposed by Kitagawa and co-workers. (b) Stimuli-responsive 

sites in a MOM. Red halo represents the bulk surface while the blue halo represents the pores of the 

MOM. 

The design principles of a stimuli-responsive MOM should involve a prior 

consideration of the pros and cons of any applied stimulus as well as the intended 

application. For applications such as drug delivery that involves biological systems, a 

х 

1st generation 

2nd generation 

3rd generation 

Stimuli-responsive surface 

Stimuli-responsive pores 

b a 

Physical/Chemical Stimulus 
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non-invasive external stimulus like light is preferred. In such cases, light of higher 

wavelength (infrared region) is desirable due to its better penetration power and 

minimal scattering effects. Systems responding towards chemical stimuli should be 

highly selective and immune towards any other competing stimuli present in the 

system. In most cases, a reaction-based approach is exploited. A chemical interaction 

with a dynamic nature is, in principle, preferred to obtain a reversible and cyclic 

response. A MOM can be made stimuli-responsive by making use of three different 

strategies i.e. via incorporation of a stimuli-responsive organic ligand, a stimuli-

responsive guest molecule, or an inorganic cluster responding towards a particular 

stimulus (see Graphical Abstract). In this regard, it is observed in most cases that, 

according to the functionalization, the chemical/physical stimulus can either affect the 

nanoporous network of a MOM or act on its bulk surface (Figure 1.2b). An ideal 

stimuli-responsive MOM needs to meet the following criteria:  

 The stimuli-responsive motif remains stable during the course of 

synthesis of the MOM.   

 The motif retains its stimuli-responsive nature even inside the metal-

organic matrix.  

 The response should not be localized but occur in larger length scales, 

enabling easy detection by general characterization techniques.  
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 The structure of the MOM should remain intact even after the application 

of a particular stimulus.  

Therefore, based on the aforementioned classification of MOMs, we would like 

to segregate our discussion into two major sections, initially dealing with chemical 

stimuli-responsive MOMs and later with physical stimuli-responsive MOMs.  

1.4. Chemical Stimuli-Responsive MOMs 

Changes in pH and redox environment have been widely used as chemical stimuli for 

responsive MOMs.
10

 However, we would like to focus on MOMs that undergo 

changes in their shape/structure or behavior in presence of a specific chemical species 

(gas, competing guests or solvent molecules).  

Kitagawa and co-workers have developed soft PCP based chemosensors that 

can decode different molecular guests, i.e. these PCPs can detect and differentiate 

aromatic guests from one another with a corresponding fluorescence readout (Figure 

1.3a and 1.3b).
11 

The decoding host was synthesized by embedding 

naphthalenediimide into the scaffold of an interpenetrated PCP network. Due to the 

flexible structural dynamics, an intense turn-on emission was observed when a class 

of aromatic compounds was incorporated inside the framework. The resulting 

luminescence output depended on the chemical substitution of the aromatic guest 

(Figure 1.3c). Such structural variations in a flexible porous coordination polymer has 

been further utilized for the detection of CO2 by incorporating fluorescent guest 
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molecules within the PCP network (Figure 1.3d).
12

 The adsorption of CO2 induced a 

structural transformation in the host at a specific threshold pressure, which in turn 

resulted in conformational variations of the guest, distyrylbenzene (DSB). This 

interaction subsequently led to a change in fluorescence of DSB. Different 

fluorescence response from gases having similar physicochemical properties (CO2 

and acetylene) was reported in this work. Later, Chen et al. have reported a blue 

colored Co
II
 based MOF that can reversibly transform to red in presence of 

coordinative molecules such as H2O and NH3 (Figure 1.4a).
13

 The colorimetric 

response was accompanied with the corresponding changes in the coordination 

environment around the metal centers, which led to a transformation in the framework 

topology and gate opening effect. Yaghi and Stoddart have developed a 

cyclodextrin-based MOF that selectively adsorbs CO2 at low pressures, involving 

reversible carbon fixation and decomposition via carbonate formation.
14

 This binding 

and decomposition events could be visually identified by the color changes of a 

zwitterionic azobenzene-based pH indicator (methyl red) that was incorporated within 

the pores. The color of the MOF turned red on adsorption of CO2. When the source of 

CO2 was removed, the crystals reverted back to yellow (Figure 1.4b). This process 

could be repeated multiple times without any noticeable fatigue. 
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Figure 1.3. Schematic representation of the conventional protocol for (a) molecular sensing and (b) 

molecular decoding. (c) Guest induced changes in dimensions of PCP pores and the corresponding 

photograph showing luminescence of the flexible, molecular decoding PCP suspended in each organic 

solvent after excitation at 365 nm. (d) CO2 adsorption induced structural changes in PCP facilitating the 

conformational changes in DSB (molecular structure represented) and the associated fluorescence 

response. The original and deformed PCP structures are denoted as 1 and 1’ respectively. 

Photographs of the composite PCPs in two different states were taken at 195 K under ultraviolet 

irradiation (excitation at 366 nm).11,12  

Moreover, chemical stimuli acting on the surface of MOMs can also be utilized 

for a variety of applications. For instance, Kitagawa and co-workers have shown that  
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Figure 1.4. (a) Structural transformation of a MOM from its blue (1) to red (2) form during water 

adsorption. (b) Schematic representation and photographs of as prepared cyclodextrin-based MOF 

encapsulating a pH indicator, methyl red (i), after CO2 adsorption (ii) and desorption (iii). Structure of 

the cyclodextrin-based MOF (iv).13,14 

a combination of MOF and a self-assembling peptide diphenylalanine (DPA) can be 

exploited to develop an autonomous motor system (Figure 1.5a).
15

 The motor works 

via a two-step mechanism. In the first step, addition of a framework leaching agent 

such as sodium ethylenediaminetetraacetate leads to the partial destruction of the 

MOF structure at the crystal surface. This favors the release of trapped DPA 

molecules into water and their self-assembly at the water/MOF interface generates a 

large surface tension gradient, resulting in a strong Marangoni effect and stronger 

propulsion. Later, Ikezoe et al.  have   demonstrated that  the same  effect  can  be 

reproduced without the decomposition of the MOF and can be further utilized for the 

generation of electrical power.
16

 Similarly, chemical stimuli acting on the bulk surface 

of  the  MOMs have  been  exploited  for the  controlled release  of  entrapped  guest  
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Figure 1.5. (a) Schematic representation of chemical stimuli-responsive mechanical motion of a MOF 

pellet making use of Marangoni effect. Photograph showing actual movement of an added mass (see 

inset). (b) Synthetic scheme for a MOF with its bulk surface modified using CD. The MOF can 

release its incorporated guests (Rhodamine B) in presence of either light or a competing chemical 

stimuli.15,17 
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molecules. Meng et al. have  reported  an azobenzene  functionalized zirconium MOF 

loaded with an organic dye (Rhodamine B).
17

 Further capping with -cyclodextrin, 

forms a host-guest complex with the azobenzene stalks protruding from the surface of 

the MOF and prevents the release of the trapped guest molecules. Such structures can 

release guest molecules in the presence of a chemical stimulus (competing guest 

molecules) (Figure 1.5b).  

1.5. Physical Stimuli-Responsive MOMs 

In this section, MOMs which respond to physical stimuli such as pressure, heat and 

light shall be discussed. Our major focus will be on light, which is considered as the 

champion physical stimulus and has a great potential because of its noninvasiveness, 

abundance and easy availability from a renewable energy source such as the sun.  

1.5.1. Pressure-Responsive or Stress-Responsive MOMs 

When MOMs are subjected to high pressure, it often results in compression, 

amorphization or phase transitions (Figure 1.6a).
18-20

 However, these pressure induced 

structural transformations are not necessarily reversible.
21-23

 Interestingly, abnormal 

stress induced deformations are observed in some MOMs. Negative linear 

compressibility (NLC) is an example of linear elastic phenomena induced by pressure 

in MOMs.
24

 When pressure is applied, the unit cell of a MOM is expected to undergo 

compression along all the three crystallographic axes. However, in certain cases a 
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decrease in two of the cell parameters and an increase in the third is observed. This 

compression induced anisotropic shrinkage behavior is referred to as NLC. 

Tzeng and co-workers have reported the combined effect of pressure and 

moisture in determining the phase transition between two zinc based coordination 

polymers (Figure 1.6b).
25

 One of the polymers with water molecules coordinated to 

zinc ions (CP-1) was strongly emissive, with an emission maximum at ~495 nm, 

while the other coordination polymer (CP-2) devoid of any coordinated water 

molecules was found to be poorly emissive. Authors were able to convert CP-2 to the 

CP-1 via mechanical grinding in the presence of water. Simple heating of CP-1 

transformed it back to CP-2. Ross and co-workers have reported the effect of pressure 

(0–4.7 GPa) on the photoluminescence properties and crystal structure of a terbium-

adipate based MOM.
26

 Within this pressure range, the MOM undergoes three phase 

transitions that leads to changes in the number of symmetry independent Tb
3+

 sites in 

the crystal lattice, thereby altering its 
5
D4-

7
F5 emission profile.  

Mito and co-workers have demonstrated pressure induced structural 

transformations and magnetic property modulation of three types of bimetallic MOM 

magnets, namely Mn
II
Cr

III
 (ferrimagnet), Ni

II
Cr

III
 (ferromagnet) and 

Ni
II
Fe

III
 (ferromagnet) (Figure 1.6c).

27
 The work highlights two significant facts: (a) 

the pressure induced shrinking of the bridging structure and a concomitant increase in 

the antiferromagnetic contribution results in a positive impact on ferrimagnets and a 
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negative impact on ferromagnets and (b) high responsivity and reversibility of the 

frameworks are directly related to their strength and spatial margin. 

     

b a 

c 

CP-2 CP-1 

CP-1 CP-2 

 

Figure 1.6. (a) Possible modes of structural transformations a MOM can undergo, upon application of a 

mechanical pressure. (b) Moisture dependent mechanochemical behavior, tuning the luminescent 

properties of a MOM. (c) Changes in magnetic properties of MOMs induced by pressure.25,27,28  

1.5.2. Thermoresponsive MOMs 

Although heat is considered to be energy expensive, it has been immensely exploited 

as a physical stimulus in MOMs that exhibit reversible changes in their lattice 

parameters in response to the changes in temperature.
28

 Henke and Fischer have 

reported a MOM with dangling side chains that in the as-synthesized state possessed a 

framework with large pores entrapping solvent molecules. Upon activation, the pores 
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shrunk and became narrow (Figure 1.7a).
29

 When the temperature was further raised 

to 493 K, the increase in the thermal mobility of the linker side chains resulted in 

swelling of the MOM, leading to larger pores.  

b a 

c 

d 

Heating up 

Cooling down 

Heating up Cooling down 

Heating 

Cooling 

 

Figure 1.7. (a) Thermoresponsive swelling of pores in a MOM. (b) Pore modification in a MOM in 

response to temperature, with concomitant release/capture of free intrinsic Eu3+ ions. (c) Changing of 

interlayer distance and in the crystallographic ab plane of a 2-D MOM due to the shrinkage (heating) 

and expansion (cooling) of the framework. (d) Post-synthetic thermoresponsive chemical modulation in 

a MOM.28,30,31  

Zhang and co-workers have reported temperature-controlled reversible single-

crystal to single-crystal transformation in a MOM, resulting in specific capture/release 

of free intrinsic Eu
3+

 ions (Figure 1.7b).
30

 At room temperature, the MOM contains 

free carboxylate groups bordering the 1-D square channels containing free Eu
3+

 ions. 
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Upon lowering the temperature, the carboxylate-hooks spontaneously captures the 

free intrinsic Eu
3+

 ions, leading to the distortion of the 1-D square channels. In 

another report, Zhao and co-workers have reported molecular sieve membranes based 

on 2-D MOMs for effective gas separation. These membranes were found to be 

thermally switchable with good reversibility, thanks to the molecular level flexibility 

of its metal-organic components (Figure 1.7c).
31

  

Temperature has also been used as a stimulus to perturb the proton 

conductivity of MOMs. Kitagawa and Shimizu groups have independently 

demonstrated high temperature induced proton conductivity in MOMs under 

anhydrous conditions. While the former reported a maximum proton conductivity of 

2.2  10
-5 

S cm
-1

 at 120 C,
32

 the latter reported a value almost a magnitude higher (5 

 10
-4 

S cm
-1

) at 150 C.
33

 Ghosh and co-workers have also demonstrated similar 

temperature dependent proton conductivity (1  10
-4 

S cm
-1 

at 150 C) under 

anhydrous conditions. The MOM also showed high degree of proton conductivity in 

presence of water vapor.
34

 

Apart from imparting changes in the porous architecture, thermal treatment can 

also alter the molecular composition of the MOM. For example, organic linkers 

containing amine groups protected by bulky tert-butylcarbamate (Boc) group can be 

deprotected by heating to higher temperatures (Figure 1.7d).
35-36

 This kind of thermal 

post-synthetic modification of MOM may alter its degree of interpenetration and pore 

functionalization. 
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 1.5.3. Photoresponsive MOMs 

Unlike pressure and heat, light is a cheap as well as non-invasive stimulus, which can 

instantly be focused at a precise location and controlled by the use of different 

wavelengths and intensity. Photoresponsive smart materials have therefore attracted 

great attention of the scientific community over the past several years. Out of several 

photoresponsive systems, the chemistry of azobenzenes and diarylethenes has been 

widely explored in the area of MOMs, which will be discussed in the forthcoming 

sections. 

1.5.3.1. Photochemistry of Diarylethene-derived MOMs 

Diarylethenes appended with  heterocyclic  aryl  groups  are considered  as  an  

important  class  of molecules because of their ability to undergo fatigue resistant  

photochromic transformation  between their open ring (generally colorless) and closed 

ring (generally colored) isomers (Figure 1.8a). Moreover, these transformations are 

thermally irreversible.
37 

This kind of photoinduced cyclization or ring-opening in 

solution and in solid state (single crystal to single crystal) has been reported in a few 

MOMs. Clever and co-workers have investigated MOM cages composed of 

dithienylethene and demonstrated the reversible interconversion between a 

structurally flexible open form and a rigid closed form, respectively with UV and 
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visible light.
38

 These structural changes were also accompanied by a change in the 

affinity of the cage towards an anionic guest, [B12F12]
2-

(Figure 1.8b).  

a 

  

b 

 

Figure 1.8.  Schematic and structural representation of (a) photoinduced cyclization/ring opening of a 

diarylethene-based ligand and (b) in a 0-D MOM, showing the corresponding capture and release of an 

anionic guest [B12F12]2-.38 

Grzybowski and co-workers utilized this chemistry after imprinting 

micropatterns of a diarylethene dye into the crystals of a MOM and these modified 

crystals were used for monitoring environmental changes caused by light exposure.
39

 

Luo et al. have used a photosensitive diarylethene ligand to construct a photochromic 

MOM. Low energy CO2 capture and release was demonstrated with a record high 

desorption capacity under irradiation conditions (Figure 1.9a).
40

 A general perception 

might be that, such changes are more feasible in soft hybrid materials like 

supramolecular gels. In a quest to answer this question, Zhang and co-workers 

incorporated a photochromic dithienylethene moiety as a linker in a metal-organic gel 
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exhibiting thermoreversible sol-gel transition.
41

 The gel was also found to respond 

towards water, anions as well as light, and reversible photochromism was observed 

(Figure 1.9b). 

a 

b 

c Ultraviolet light 

Visible light 

 

Figure 1.9. (a) Photoinduced changes in CO2 adsorption and desorption isotherms in a diarylethene-

based MOF. Photographs showing the photochromic changes in the MOF crystal upon exposure to UV 

and visible light. (b) A diarylethene-based metal-organic gel that responds to multiple stimuli like light, 

heat, anions and water. (c) Photoinduced tuning of energy transfer pathways between open and closed 

forms in a diarylethene-based MOF to control singlet oxygen generation.40,41,43 

Shustova and co-workers have shown that the open and closed forms of a 

diarylethene ligand having different absorption properties can provide different 

pathways for energy transfer to porphyrins in a mixed ligand MOF.
42

 Later, Zhou and 
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co-workers extended these findings and demonstrated that, porphyrins being a well-

known photosensitizer, such MOFs can exhibit photochemical control over singlet 

oxygen (
1
O2) generation (Figure 1.9c).

43-44
 

1.5.3.2. Photochemistry of Azobenzene-derived MOMs 

The chemistry of photoinduced cis-trans isomerization is essentially nature inspired, 

since it is well-understood and investigated with regard to the phenomenon of vision. 

Such a change in molecular orientation, as in cis-trans isomerization, leads to larger 

structural changes and is not expected to occur in the rigid crystalline state. 

Azobenzenes can exist in either trans or cis conformation. Azobenzene 

photochemistry may be one of the most widely studied cis-trans isomerization in 

synthetic systems.
45-47 

The cis-trans isomerization can occur via the irradiation of light 

of appropriate wavelength, in presence of mechanical stress or electrostatic 

stimulation. Azobenzene exhibits remarkable photostability and negligible 

photodecomposition even after prolonged irradiation. The large change in the size, 

shape and polarity of the molecule associated with trans to cis photoisomerization, 

has been extensively used to design a variety of smart materials when integrated into 

polymers, elastomers, liquid crystals, etc. Incorporation of azobenzene in various self-

assembled soft materials like supramolecular and polymeric gels has facilitated the 

reversible modulation of their functional properties.
48-49 
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Figure 1.10. (a) E/Z isomerization of azobenzenes within 0-D MOMs, leading to an interconversion 

between tetranuclear to dinuclear Pd-Re metallo-supramolecular squares. (b) Schematic and structural 

representation of the azobenzene functionalized M12L24 spherical complex and the chemical structure 

of the guest used in the study.77 

While efficient photoisomerization of azobenzene has been shown to facilitate 

drastic changes in properties, partial isomerization can also be advantageous for the 

controlled property modulation as demonstrated with the Ostwald type ripening of 

organic nanodots to 1-D supramolecular rods and chopping of gel fibers.
50-51

 Another 

interesting report pertaining to partial isomerization of an azobenzene moiety is the 

thermally assisted photonic inversion of supramolecular  handedness in π-systems.
52

 

Similarly, E/Z isomerization of azobenzenes has been used for photonically switching 

the properties of MOMs.   

Lees and co-workers have synthesized a series of Pd-Re as well as Pd 

tetranuclear squares bridged by photoresponsive linkages. Irradiation of these squares 

with  ultra violet (UV)  light  led  to  the  formation  of  the  corresponding  dinuclear  

Cage 

Guest 

Hν, 366  
or 313 nm 

Heat 

a b 
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squares which subsequently reconverted to the tetranuclear squares on thermal 

treatment (Figure 1.10a).
53

 The Pt-Re squares did not exhibit such transformations, 

instead a photo-triggered disassembly of the metallo-squares was observed and all 

processes were influenced by the lability of the metal centres. In 2007, Fujita and co-

workers reported a photoresponsive cationic spherical metallo-supramolecular cage 

complex composed of 24 pyridine based bent bridging ligands and 12 metal ion 

centres.
54

 The ligand was designed in such a way that the azobenzene functionality 

attached to the concave side of the bridging ligand always project towards the core of 

the spherical complex, making it hydrophobic in nature (Figure 1.10b). In 1:1 

CH3CN/H2O, a hydrophobic probe, 1-pyrenecarboxaldehyde was incorporated within 

the pores of the cage. Upon UV light irradiation, the interior of cage became less 

hydrophobic as cis-azobenzene is more polar than trans-azobenzene, resulting in a 

weaker interaction between the cage and the guest thereby driving the guest out of the 

host cavity. Later in 2010, Clever et al. demonstrated the visible light triggered 

photoisomerization and release of cis-4,4′-azobenzene bis-sulfonate guest from a 

metal-organic cage. The MOM was composed of four rigid, bent bis-monodentate 

pyridyl ligands and two Pd(II) ions.
55

 These cages were functionalized with 

polyethylene glycol (PEG) chains. When less soluble cages (without the glycol 

chains) were used, photoisomerization of the guest followed by its release from the 

cage cavity caused immediate crystallization via cross-linking of the individual cages. 

It was also observed that even excess cis-isomer can promote such crystallization 
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(without the need of any photoisomerization), although the morphology of the crystals 

(oval shaped) differed from that obtained via photoisomerization (square shaped). 

Although a number of 0-D azobenzene-based MOMs were reported, the 

isomerization of azobenzenes as direct linkers in the structural backbone of rigid 

polymeric MOMs, has always been a challenging task. However, Stock and co-

workers, were able to show that a covalently linked azobenzene moiety dangling in 

the MOF pore walls retained its inherent isomerization ability.
56

 Soon after this, the 

same group extended this chemistry to a large number of frameworks and also via 

post-synthetic modifications, whereby successful photoisomerization of azobenzene 

moieties was demonstrated in the synthesized MOFs.
57-59

 Subsequently, Zhou and co-

workers utilized this chemistry to reversibly alter CO2 uptake via photochemical and 

thermal treatment of an azobenzene appended MOF (Figure 1.11a).
60

 A structural 

envelope generated from the powder X-ray diffraction data showed an increase in 

electron density around the Zn4O clusters in the UV irradiated materials (cis-state) 

than in the heat treated (trans-state) ones, justifying why CO2 molecules faced a 

difficulty in approaching the metal clusters, the main sites for CO2 adsorption. The 

interpenetrated nature induced steric restrictions in these MOFs and a delayed change 

of gas adsorption properties limited the photochemical applications of these MOMs.  
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Figure 1.11. Schematic representation of (a) reversible alteration of CO2 uptake in a MOF with an 

azobenzene appendage, (b) a non-interpenetrated MOF with an azobenzene appendage that can 

encapsulate a luminescent dye as a guest, (c) photoinduced structural changes of an azobenzene 

guest in a soft PCP host, affecting its gas adsorption behavior and (d) dynamic photoswitching in a 

MOF containing azobenzene-4,4’-dicarboxylate (AzDC) and trans-1,2-bis(4-pyridyl)ethylene (4,4’-BPE) 

ligands capable of low energy CO2 uptake and release.77 

Yaghi and co-workers, therefore, tried to address this challenge using a MOM 

having an azobenzene appendage.
61

 In this MOF-74 based structure, the magnesium 

clusters and organic ligands stack in a linear fashion, leading to the formation of large, 

non-interpenetrated 1-D hexagonal pores (Figure 1.11b). Spectroscopic studies 

revealed that an encapsulated luminescent dye was not released under ambient 

conditions. The release of the dye from the pores was triggered only upon irradiation 
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of the MOF at the isosbestic point in the absorption spectrum of the ligand during 

photoisomerization, inducing a wagging motion of the azobenzene appendages via a 

two way cis–trans isomerization. In another strategy, Kitagawa and co-workers 

reported the isomerization of azobenzene as a guest within the pores of a flexible 

MOM.
62

 The isomerization yield was found to be higher than that in the previous 

reports, probably due to the comparatively less steric constraints around the 

azobenzene guests (Figure 1.11c). The photoisomerization of azobenzene triggered a 

remarkable structural transformation of the host MOM framework. The MOM with 

azobenzene in the trans-state did not adsorb N2 due to the close contact between the 

host framework and the encapsulated azobenzene molecules that caused pore 

blockage. Upon UV irradiation, the formed cis-azobenzene molecules caused the 

expansion of the framework to a tetragonal form with an 8.3fold increase in N2 

adsorption. In this work, light induced photoisomerization of azobenzene was utilized 

to trigger guest (N2) capture rather than release, via light induced host to guest 

structural transformation. Such isomerization also depends on the close packing of the 

guest molecules within the MOM pores.
63

 A MOF prepared by Hill et al. exhibited 

low energy photoresponsive behavior, where a dynamic bending of the azobenzene 

core was observed; although on a local scale (Figure 1.11d).
64

 During adsorption 

experiments, this photoresponsive behavior was exploited to trigger the uptake and 

release of CO2 in real time. On exposure to UV light, 64% of the adsorbed CO2 was 
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instantaneously released and this was achieved using broadband radiation, much like 

concentrated solar sources. 

Perhaps, the next bigger challenge is to control such stimuli responsive 

behavior at the mesoscopic dimensions, to construct devices out of functional 

materials for real world applications.
65

 Unearthing unprecedented properties from 

MOMs by exploiting chemistry at the mesoscale level is therefore no exception.
66,67

 In 

this context, photoswitching and cargo release in a dual reservoir and valve layered, 

surface mounted metal–organic framework (SURMOF) can be considered promising 

(Figure 1.12a).
68

 Quartz crystal microbalance experiments proved that the release of 

the guest molecule could be optically triggered. Synthesis of such intelligent two 

component systems is possible by allowing the growth of a second layer of 

photoresponsive MOF over a SURMOF via liquid phase epitaxy. MOFs having such 

interfaces between two distinct mesoscale crystal boundaries can be of great 

significance in near future. Recently, control on the solubility and guest inclusion 

properties of a MOP (0-D MOM) using light has been reported (Figure 1.12b).
69

 A 

MOP with azobenzene appendages pointing outside the polyhedral nanospace favors 

π–π interactions with an adjacent MOP, leading to aggregation and formation of an 

insoluble precipitate. The mesoscopic pockets created in between the MOPs are 

suitable for inclusion of comparatively large guest molecules like methylene blue.  
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Figure 1.12. Photoisomerization at a MOM surface. (a) Schematic representation of light mediated 

cargo capture, storage and release in a two component SURMOF. (b) Photo controlled solubility 

variation and cargo (methylene blue) release from mesoscopic pockets in a MOP.77 

Upon irradiation with UV light, the trans-azobenzene appendages isomerize to 

the cis-state, thereby disfavoring π–π interactions, leading to the disaggregation and 

hence an  increase in solubility. In addition  to  this, cis-azobenzene, due  to its higher  
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Figure 1.13. (a) Photoinduced guest release in a CD modified MOF. Photoinduced release profile of 

encapsulated dye (rhodamine B). (b) Schematic illustration of a photoswitchable MOF membrane with 

tunable molecular selectivity. Left-hand side of the membrane shows the molecular feed mixture 

depicted in red and blue. The permeate composition on the right-hand side of the membrane can be 

continuously tuned by photoirradiation. The structure of the MOM and the associated photochemical 

changes are represented along with.17,70 

dipole moment facilitates the solubility of the MOP in polar solvents. This 

disaggregation process is accompanied by simultaneous release of the trapped 

methylene blue molecules. Both guest capture as well as precipitation can be 

reversibly triggered using blue light as the antagonistic optical stimulus and the whole 

process can be repeated for several cycles. Therefore, via proper surface 

functionalization, the guest release profiles of a MOM can be greatly tuned. For 

a b 
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example, in the MOM prepared by Meng et al. as described in section 1.4., the surface 

functionalization with CD not only allows the guest release in presence of chemical 

stimuli, but also in presence of light (Figure 1.5b).
17

 UV light induces trans to cis 

isomerization of the azobenzene stalks over the MOF surface favoring the release of 

both CD and the encapsulated rhodamine B molecules (Figure 1.13a). Very 

recently, Wang et al. have reported photo-tunable molecular separation using 

azobenzene based MOF membranes. By controlling the irradiation times or by 

simultaneous UV and visible light irradiation, authors were able to control the cis-

trans ratio. This affects the membrane permeability and hence the separation factor to 

a large extent and could be continuously fine-tuned (Figure 1.13b).
70

  

Despite the reports on reversible photoisomerization mentioned above, there 

are two major drawbacks that limit the practical application of azobenzenes in 

biological systems and in the field of materials. The major disadvantage is the 

requirement of UV light to induce the E→Z isomerization via π→π* excitation. UV 

irradiation is known to be invasive and potentially interfering with biological samples, 

thereby destroying the specimen. The typically incomplete reverse Z→E 

photoisomerization, induced by irradiating in the visible region can be considered as 

another potential problem. In most of the azobenzene derivatives the n→π* 

absorption bands of both E- and Z-isomers mostly overlap with each other (Figure 

1.14a and 1.14b). 
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Figure 1.14. (a) Molecular structure of trans-azobenzene (E) and trans-o-tetrafluoraoazobenzene (E-

1). (b) Energy level diagram of the π, n, and π* orbitals of azobenzene and o-tetrafluoraoazobenzene 

in trans (E and E-1) and cis (Z and Z-1)   states respectively. (c) Two way photoisomerization with 

visible light in a MOF with o-difluoraoazobenzene appendage. Photoinduced changes in the UV-vis 

spectra of fluorinated azobenzene derivatives in (d) solution state where PSS represents 

photostationary state and (e) in the MOF (F-azo-Uio-66).71,75 

Therefore, while exciting the Z isomer with visible light leads to E→Z 

isomerization in both directions, as a result E rich photostationary states are deprived 

after back-switching. These limitations can be circumvented by separating the n→π* 

bands of E- and Z-isomers by clever modification of the azobenzene chromophore.
71-

74
 Thus, in principle, very high to complete E/Z photoconversions can be achieved 
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using visible light, that can in turn be used to isomerize each isomer selectively if the 

separation between the two n→π* bands is large enough. Such a separation of the 

n→π* bands of E- and Z- isomers of azobenzenes was achieved by incorporating 

fluorine atoms ortho to the azo moiety (Figure 1.14a and 1.14b). Castellanos et al. 

incorporated o-difluoroazobenzene photoswitches as pendant groups in aluminium 

and zirconium based MOMs (Figure 1.14c).
75

 Both the organic ligand as well as the 

MOM (F-azo-Uio-66) showed reversible photoresponse towards blue and green light 

(Figure 1.14d and 1.14e). In another report, Lyndon et al. demonstrated visible light 

triggered capture and release of CO2 molecules by a nanocomposite of MOMs, 

formed via adsorption of a visible light responsive azobenzene dye (methyl red) on to 

its external surface.
76

  

The introduction of stimuli-responsive functionalities within MOMs to develop 

smart porous materials has therefore been a tedious, but interesting research odyssey. 

In this chapter, we have tried to highlight the major milestones and challenges in the 

field of stimuli-responsive MOMs.
77 

Inspired by the extent of available knowledge 

and the promising applications, we planned to explore the possibilities of designing 

stimuli-responsive MOMs with unprecedented properties, spatiotemporal control and 

applications, leading to novel multifunctional materials. With a huge library of 

already reported MOMs and much more to be discovered, controllable and non-

invasive stimuli-responsiveness is envisioned to open up fascinating research in the 

field of porous materials with real world applications. 
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1.6. Objectives of the Present Investigation 

Azobenzene photochemistry has been successfully applied in the design of polymers, 

elastomers and liquid crystal based smart materials. However, from Chapter 1, one 

can understand that the exploitation of azobenzene photochemistry in MOMs is 

limited to the development of porous materials, capable of capturing and/or releasing 

guest molecules, assisted by photoirradiation. Therefore, the utilization of 

azobenzene-based MOMs for other significant and scientifically relevant applications 

needs to be specifically addressed to: 

 investigate the self-assembly pathways of porous materials by the application 

of physical stimulus such as light. 

 develop host-guest systems with controllable and programmable, step-wise 

release and encapsulation profiles of guest molecules. 

 fabricate functional (such as bioinspired superhydrophobic) surfaces composed 

of azobenzene based MOMs, having nano-meso scale rough morphological 

features. For instance, light controlled variation of hydrophobicity of such 

surfaces can be an added advantage. 

One of the fundamental problems that scientists are trying to understand is, 

how complex structural forms evolve from simple precursors in both living as well as 

non-living systems. It is believed that molecular building blocks are transformed into 

complex architectures through the mesoscopic space, with the aid of assembly 
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processes induced by chemical and physical forces.
65,78

 Having a clear balance 

between molecular aggregation and crystallization, one can create a number of 

functional hybrid superstructured materials exhibiting exceptional properties, via self-

assembly at the mesoscale level.
79

 From a chemist’s view point, natural evolution of 

mesoscopic objects is via a combination of chemical synthesis, molecular self-

assembly (supramolecular chemistry) and co-ordination chemistry (the very basis of 

metal-organic materials chemistry) in soft scaffolds, triggered by physical forces such 

as heat, magnetic fields and light. Therefore, in Chapter 2, we have combined the 

MOM and gel chemistry to create photoresponsive structures to understand the effect 

of light on the kinetic pathways of mesoscopic structural evolution in synthetic 

molecular systems. We demonstrate that, light induced photoisomerization of an 

azobenzene based ligand can restrict the crystal growth process of a MOM via 

coordination modulation. This modulation leads to soft viscoelastic materials having 

different morphologies (flowers and stars) and properties (porosity and 

viscoelasticity). It may further be noted that post-synthetic photoisomerization is not 

observed in any of the materials due to the rigid nature of the framework.
80

 

Our next approach was to generate solution processable MOMs for the 

controlled stimuli-responsive release of guest (cyclodextrin) molecules. Herein, we 

synthesized a water soluble MOM, composed of an azobenzene-based ligand tethered 

with a chiral metal oxide chain on one side. The azobenzene ligands act as suitable 

binding sites for cyclodextrin molcules. These multicomponent systems can reversibly 
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encapsulate and release cyclodextrins in response to a physical stimulus such as heat 

and chemical stimulus such as competitive guest molecules. The release and capture 

profiles can be specifically controlled and programmed using the thermodynamic 

advantages of a system in equilibrium. Such controllable stimuli-responsive reversible 

guest encapsulation and release is demonstrated in Chapter 3 using optical 

characterization techniques such as induced circular dichroism spectroscopy.  

Since MOMs can form various nano-meso-microscopically structured 

morphological features, we thought of fabricating superhydrophobic surfaces with 

MOMs. It was observed that in presence of water as an external stimulus, our MOM 

functionalized surface behaved like a lotus leaf showcasing slippery hydrophobicity, 

while the organic ligand displayed sticky hydrophobicity just like the rose petals. 

Negligible photoisomerization was observed for the prepared MOMs, in the solid 

state and therefore light controlled superhydrophobicity was not achieved. However, 

by combining these two aforementioned biomimetic observations, we were able to 

explore frictionless mechanical motion of small objects, using water as a lubricant in 

Chapter 4. The concept that we tried to explore at the laboratory scale may open up 

avenues for the construction of iceless skating arenas in the future. This can save huge 

amount of energy that is spent on the refrigeration of ice.  

 The present thesis, therefore, presents a systematic investigation on the 

synthesis and properties of a few tailor-made MOMs. Herein, the formation of various 
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nano to mesoscale architectures of these MOMs and their stimuli-responsive 

properties are investigated and reported in detail. 
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Light Driven Mesoscale Assembly of a Coordination 

Polymeric Gelator into Flowers and Stars with 

Distinct Properties 
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2.1. Abstract  

Control over the self-assembly process of porous metal-organic materials at the 

mesoscopic domain, with an external stimulus, often leads to unprecedented 

polymorphism and properties. Herein, we demonstrate how light can be used as a 

powerful tool to intervene the kinetically controlled mesoscale self-assembly of a 

coordination polymeric gelator. Light (bandpass = 350 nm) induced coordination 

modulation via photoisomerization (~37.5 %) of an azobenzene-based dicarboxylate 

linker (ADA) followed by aggregation mediated crystal growth resulted in two 
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distinct morphological forms (flowers and stars) that showed subtle difference in their 

physical properties. Scanning electron microscopic (SEM) investigation indicated a 

diffusion limited kinetic self-assembly process in these colloidal coordination 

polymeric gel (CPG) particles. This process probably coupled with the formation of 

multiple structure-directing inorganic building blocks due to strong interactions 

between Fe(III) and carboxylate linkers, resulted in the formation of a number of 

morphological forms. With time, flower and star like structures evolved respectively 

from trans (CPG1) and a mixture of trans-cis isomers (CPG2) obtained after 

irradiation. The molecular level packing of the gel material was confirmed from the 

reconstructed high-resolution transmission electron microscopic (HRTEM) images. 

Moreover, it was found that the two gels differed in their viscoelastic behavior and 

porosity.  

2.2. Introduction 

Mesoscopic science is broadly defined as the space between nanoscopic (atoms, 

molecules and assemblies up to a few nanometres in size) and the macroscopic 

(hierarchical assemblies, a few micrometres in size or more) domains. The evolution 

of mesoscopic materials is controlled by chemical and physical processes, wherein 

atoms and molecules interact through physical forces, guided by thermodynamic and 

kinetic phenomena. Molecular self-assembly is a key nucleation point for mesoscopic 

evolution of functional materials and occupies a unique space in the field of 
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‘nanoarchitectonics’,
1-4

 which is a novel conceptual idea for the construction of 

functional materials via control over reactions or assembly of molecules, making use 

of different physical stimuli.
3
 In recent years, metal–organic frameworks (MOFs) or 

porous coordination polymers (PCPs),
5-8

 known for their highly crystalline porous 

nature and ubiquitous applications, have been receiving attention in the field of 

nanoarchitectonics. 

Kitagawa and co-workers have extensively published on the control of 

MOF/PCP self-assembly in the mesoscopic domain to explore the opportunities to 

integrate novel functions into these materials, without changing their crystal 

structures.  In 2009, the group demonstrated a coordination modulation method using 

monobasic acetic acid molecules as capping reagents to perturb the framework 

extension of PCPs (Figure 2.1a).
9
 The reaction rate and crystal morphology was 

mainly determined by the competitive interaction between the coordination mode 

used to construct the framework and the acetate–copper interaction. This process 

favours anisotropic one-dimensional fusion of the cubic nanocrystals, indicating an 

oriented attachment mechanism to form nanorod like structures (Figure 2.1b). The 

growth process of nanocubes was a consequence of aggregation-mediated crystal 

growth. The growth of nanorods in the [001] direction was mainly favoured by the 

selective coordination modulation on the [100] surfaces of the nanocubes. Moreover, 

it was observed that the coordination modulation method can produce highly 
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crystalline and porous nanorods as compared to that of bulk crystals obtained using 

the conventional solvothermal method (Figure 2.1c). 

a 

b c 

Nanocube Nanorod 

Anisotropic crystal growth 

Organic linker 

Metal ion 

Modulator 

 

Figure 2.1. (a) Schematic representation of the coordination modulation process in the synthesis of 

Cu-acetate MOF. (b) TEM images showing anisotropic growth of the crystals from nanocubes to 

nanorods at the mesoscopic size-domain. (c) Carbon dioxide adsorption isotherm at 195 K for bulk 

powder and nanorod PCP samples prepared via coordination modulation.9 

Third generation elastic porous coordination polymers are known to change 

their structure in response to molecular encapsulation. The original structure is 

however recovered, once the guest has been removed from the nanoporous cavities 

(see Chapter 1, Figure 1.2a). Utilizing the process of coordination modulation, 
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Kitagawa and co-workers demonstrated crystal downsizing of a PCP, 

[Cu2(dicarboxylate)2(amine)]n, in the mesoscopic domain (Figure 2.2a), thereby 

influencing its structural flexibility and inducing a molecular scale shape-memory 

effect in the coordination framework (Figure 2.2b).
10

 Shape-memory materials alter 

their morphological appearance in response to an external stimulus, hold on to their 

new temporary shape, even after the removal of the stimulus and return to their 

original morphological state when another external stimulus is applied. In mesoscale 

PCPs exhibiting a molecular shape-memory effect, the original nanopore was 

deformed to a temporary shape under the action of an adsorption stress. The 

temporary shape of the nanopore was maintained even after the desorption process. 

The original shape was restored only upon thermal treatment (Figure 2.2c and 2.2d).  

Kitagawa et al. have shown that spatial organization of PCP crystals results in 

higher-order mesoscopic structures.
11 

This kind of mesoscopic modulation of PCP 

growth is important in separation systems, heterogeneous catalysis, in ion/electron 

transport and photonic devices. Inspired by geological pseudomorphic mineral 

replacement events, the authors demonstrated how the nucleation site of PCP crystal 

growth could be spatially controlled, leading to the fabrication of mesoscopic 

architecture, in both two and three dimensions (Figure2.3a). The method may be 

interpreted as the morphological replacement of a shaped sacrificial metal oxide 

substrate with an analogous PCP architecture. From time dependent field-emission  

scanning  electron   microscopy  (FESEM)  analysis,   it  was  observed  that  the  fine 
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Figure 2.2. (a) Schematic representation of crystal downsizing to obtain meso-sized crystal in 

[Cu2(dicarboxylate)2(amine)]n, having a doubly interpenetrated crystal structure. (b) Schematic 

representation of comparative structural changes observed in an elastic bulk PCP and in a meso-sized 

PCP showing shape memory effect. (c) Methanol adsorption isotherm at 303 K for shape memory PCP 

for the first cycle of adsorption-desorption process showing gate opening behavior and (d) absence of 

structural changes in the second cycle of adsorption-desorption process.10 

morphological details of periodic alumina inverse opal structures were preserved by 

using such a method (Figure 2.3b). The metal oxide substrate acts both as a source for 

metal ions as well as an ‘architecture-directing’ agent. The method was also utilized 

to obtain alumina aerogels with hierarchical porosity. The hydrophobic micropores of 

the PCP along with the mesopores/macropores inherited from the parent alumina 

aerogel network synergistically enhanced the selectivity and mass transfer for water-

ethanol separation. 

a b c 

d 
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Figure 2.3. (a) Concept of coordination replication and formation of mesoscopic architectures inspired 

by pseudomorphic mineral replacement events. (b) FESEM images of alumina substrate with periodic 

inverse opal structures obtained after 0 s (i), 1 s (ii), 4 s (iii), 6 s (iv), 10 s (v), 20 s (vi), 40 s (vii) and 60 

s (vii) of replication process. Scale bars, 1 m.11 
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While wide range of applications are envisaged for MOFs and PCPs, reversible 

control on the porosity and gas adsorption properties of such materials remains a 

challenging task. Therefore, an innovative approach in tuning the properties of MOFs 

or PCPs is of paramount importance. Such considerations encourage chemists to 

explore the possibility of light sensitive metal–organic systems.
12-13

 In this context, 

azobenzene, a widely explored photoswitch,
14-17

 has been utilised recently by a 

number of research groups to design photoresponsive crystalline porous materials.
18-24

 

However, photoisomerization of directly linked azobenzene moieties in a rigid 

coordination framework is often found to be difficult.
18

 Therefore, an alternate 

approach is required to explore the utility of cis–trans photoisomerization of 

azobenzene moieties in a metal–organic coordination framework. Unlike rigid 

crystalline MOFs or PCPs, amorphous organogels are an entirely different class of 

soft material, possessing a flexible supramolecular network.
25-35

 Gels are known to 

provide an excellent medium to create a dynamic environment, ideal for crystal 

growth process via defect rectification during reversible self-assembly.
36-37

 A gel 

medium is also a clever option to create hierarchical mesoscopic structures having 

complex forms.
38

 While there are several reports on photoresponsive gels,
16,39

 reports 

on photoresponsive microporous coordination polymeric gels are rare.
40

 Moreover, a 

deeper understanding of the structural evolution of MOFs and PCPs at the mesoscopic 

scale under the influence of light is, as yet, unknown. This is rather surprising while 
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considering the importance of mesoscopic structures in the field of materials 

science.
41-42

  

Herein, we combine the chemistry of metal–organic materials and gels to 

create photoresponsive structures, to understand the effect of light on the kinetic 

pathways of mesoscopic structural evolution in synthetic molecular systems and study 

their properties. For this purpose, we designed a photoresponsive coordination 

polymeric gelator, which forms a gel having a flower-like morphology. Interestingly, 

pre-synthetic photoirradiation of the gelator resulted in star-shaped morphology with 

distinct rheological and gas adsorption properties. Our experience with 

supramolecular gels
31

 encouraged us to exploit the Materials of Institute Lavoisier 

(MIL) family of coordination polymers, many of which are known for instantaneous 

gelation of the reaction mixture.
43-47

 Since the structural rigidity of MOFs and PCPs 

do not facilitate post-synthetic photoisomerization of azobenzene on larger length 

scales,
21

 we hypothesized that if a pre-synthetic isomerization is carried out, the cis-

form of azobenzene should, in principle, get locked in the rigid matrix of the hybrid 

material, thereby leading to self-assembled forms with different properties. 
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2.3. Results and Discussion 

2.3.1. Synthesis of Organic Linker ADA 

Azobenzene-4,4'-dicarboxylic acid (ADA) was synthesized from p-Nitrobenzoic acid 

(PNBA) as shown in Scheme 1. The nitro group in PNBA was converted to the azo 

moiety, via oxidative coupling in presence of glucose and air, under alkaline 

conditions. The reaction was highly exothermic and care was taken to control the 

reaction temperature around 50 °C. The obtained disodium salt of ADA was soluble 

in water and was therefore slowly acidified with glacial acetic acid to obtain crude 

ADA. The overall yield of this reaction was 62%. 

50 C 
 

Scheme 1. Reagents and conditions for the synthesis of ADA from PNBA. 

2.3.2. Synthesis and Characterization of Coordination Polymer Gel 

(CPG) 

In a typical experiment, a gently warmed mixture of the azobenzene-4,4’- 

dicarboxylic acid (ADA, 10 mg, 0.037 mmol) and triethylamine (10.5 L, 0.075 

mmol) in dimethyl sulfoxide (DMSO, 0.25 mL) was added to an equimolar quantity 

of Fe(NO3)39H2O (15 mg, 0.037 mmol) in same volume of DMSO, leading to 

immediate gelation (Fig. 2.4). Gelation was observed in polar solvents such as DMSO 
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and dimethyl formamide (DMF) at a critical gelator concentration (CGC) of 20 mg 

mL
-1

 (c = 7.4 x 10
-2

 M) with respect to ADA and was found to be highly sensitive 

towards mechanical disturbance.
28

 However, the gel was not thermally reversible in 

nature by virtue of its coordination network. This gel primarily composed of trans-

ADA isomers was termed CPG1. The involvement of metal–ligand coordination 

responsible for such gelation was confirmed from Fourier-transform infrared (FT-IR)  
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Figure 2.4. (a) Absorption spectra of the ADA solution in DMSO (1.85 × 10-5 M) before and after 

irradiation with ultraviolet (UV) and visible (vis) light. Inset shows the zoomed in region of 379-527 nm 

corresponding to the n-π* transition band of cis-azobenzene. (b) Reversibility of photoisomerization, 

shown for 3 cycles. (c) Schematic representation of synthesis of CPG1 and CPG2 (corresponding gel 

images are shown). Trans and cis isomers of ADA (Carbon – grey; Nitrogen – blue; Oxygen – red; 

Hydrogen – white) and probable structure of inorganic octahedra (Iron –orange; Oxygen – red) are also 

shown. 
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spectroscopic studies (Fig. 2.5a).
48-49

 The intense IR band at 1688 cm
-1

, corresponding 

to asymmetric  carbonyl stretching frequency of  the free acid ADA,  diminished with 

considerable broadening in the case of coordination polymeric gel (CPG1), with the 

appearance of a new band at 1413 cm
-1

, corresponding to the symmetric stretching 

frequency.
49

 Deconvolution of the broad band at ~1700 cm
-1

 suggests that the 

separation between the asymmetric and symmetric carbonyl stretching frequency 

increases in CPG1 when compared to ADA, as evidenced from the higher 

wavenumber peak contributions at 1700, 1717 and 1731 cm
-1

. This observation 

primarily suggests the presence of unidentate coordination in CPG1, although the 

presence of bidentate binding modes cannot be completely ruled out, as indicated by 

the peak contribution at 1671 cm
-1

 (Fig. 2.5b).
48

  

In order to check the photoresponsive nature, we irradiated the gel sample with 

UV light. However, the gel remained intact and did not show any spectroscopic 

changes even after hours of photo irradiation (Fig. 2.6a). Therefore, we thought of 

exploring the effect of the photoisomerization of ADA before the preparation of the 

gel. The absorption spectrum of ADA in DMSO (c = 1.85 x 10
-5

 M), showed two 

bands with maxima at 330 and 440 nm, corresponding to π→π* and n→π* 

transitions, respectively. Photoisomerization studies revealed that the molecule 

reaches a photostationary state within 16 min, where ~ 37.5% of the molecules are 

present in the cis-form (Fig. 2.4a) upon irradiating with UV light (bandpass = 350 nm). 



 Light driven mesoscale assembly of a coordination polymeric gelator                                      55
                                                                                                                

 

1800 1775 1750 1725 1700 1675 1650 1625

 

1688 cm-1 

Wavenumber (cm-1) 

T
ra

n
s
m

it
ta

n
c
e
 (

%
) 

Wavenumber (cm-1) 

T
ra

n
s
m

it
ta

n
c
e
 (

%
) 

1775 1750 1725 1700 1675 1650 1625 1600

 ADA

 CPG1

 CPG2

Wavenumber (cm-1) 

1717 cm-1 

T
ra

n
s
m

it
ta

n
c
e
 (

%
) 

1731 cm-1 

1699 cm-1 

1683 cm-1 

1671 cm-1 

1450 1400 1350 1300 1250

 ADA

 CPG1

 CPG2

T
ra

n
s
m

it
ta

n
c
e
 (

%
) 

Wavenumber (cm-1) 

1294 cm-1 1424 cm-1 

a b 

c d 

3500 3000 2500 2000 1500 1000 500

 

 

 ADA  

 CPG1 

 CPG2

 

 

Figure 2.5. (a) FT-IR spectra of ADA, CPG1 and CPG2. (b) Deconvolution of the broad asymmetric 

stretching frequency (~1700 cm-1) band of CPG1 (shown in red). (c and d) Deconvolution of FT-IR 

spectra of CPG2, in the range (c, 1775-1600 cm-1) and (d, 1480-1250 cm-1) shows the presence of 

both ADA as well as CPG1 peaks in CPG2. The shaded plots in all the above cases represent the 

functions obtained from the deconvolution of CPG1 and CPG2 spectra. The additive deconvoluted plot 

is represented by orange lines in both cases. 

The photoisomerization of the azobenzene core was clearly reversible with 

respect to UV and visible light (bandpass = 350 and 420 nm) and was also reproducible 

over several repeated cycles (Fig. 2.4b). Thus, when a solution of ADA and 

triethylamine in DMSO (20 mg mL
-1

) was irradiated with UV light (bandpass = 350 
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nm) for about 4 h (to confirm that maximum conversion has taken place) and then a 

solution of Fe(NO3)39H2O in DMSO was added to it, the mixture slowly turned into 

a gelatinous material, which was kept under UV light (bandpass = 350 nm) for about an 

hour and then analyzed. This gel primarily composed of a mixture of trans and cis 

isomers of ADA is termed as CPG2 (Fig. 2.4c). CPG2 was also found to be highly 

photostable and did not show any spectroscopic change on irradiation with visible 

light (bandpass = 420 nm) (Fig. 2.6b). 
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Figure 2.6. Absorption spectra of (a) CPG1 and (b) CPG2 before and after UV (350 nm) and visible 

light (420 nm) irradiation respectively. Experiments were repeated after 1 h of irradiation in each case. 

2.3.3. Morphological Analysis of CPG1 

Scanning electron microscopic (SEM) analysis of the CPG1 revealed the formation of 

macroscopic sheets (Fig. 2.7). Furthermore, these sheets have a tendency to stack one 

above the other to form various metastable superstructures (Fig. 2.7a). Detailed 

morphological analysis of the gel sample by SEM showed the formation of the 
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coordination polymeric gel through an evolutionary morphogenesis as reported 

previously in the case of certain infinite coordination polymers.
50-53

 

 

Figure 2.7. SEM analysis of CPG1. (a) Different morphological forms of CPG1 captured in one frame. 

Platelets (white box), rough sheets (green box), cabbage (blue box), large smooth sheets (yellow box) 

and flower (red box). (b-f) Time dependent SEM analysis of CPG1. (b) Nanoscale CPG1 platelets 

formed immediately, inset shows platelets undergoing fusion. (c,d) Images obtained after 5-6 h. (c) 

Gradual smoothening of rough sheets. Smoothened portions marked with arrows. (d) Formation of 

cabbage like structure. (e) Matured metal-organic flowers formed after 1 day. (f) Zoomed in view of the 

box marked in (e), showing nanoscale sheets (~ 25 nm thickness). 

A time-dependent analysis of the gel formation mechanism indicates that, at 

the initial stages of development, globular seeds are formed (Fig. 2.7b) which 

agglomerated to form linear as well as branched aggregates that grew into two-

dimensional (2-D) sheets. However, the surface of larger sheets initially had a rough 

topography, which got smoothened via a gradual process of annealing (Fig. 2.7c). 
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Folding of the smaller sheets led to a cabbage like structure (Fig. 2.7d) followed by 

the sideways stacking of the sheets, which ultimately resulted in metal–organic 

flowers (Fig. 2.7e). These micrometer sized flowers had nanoscale features in which 

the sheets were found to be approximately 25 nm thick (Fig. 2.7f).  

 

Figure 2.8. (a) TEM image of CPG1 nanosheets. An HRTEM image of a nanosheet is shown in the 

inset. (b) IFFT reconstruction of the HR-TEM image shown as inset in (a). Zoomed in view of the 

marked box region is shown as inset. (c, d) Lattice planes corresponding to the molecular packing of 

the coordination polymeric chains observed from the reconstructed HR-TEM image. Crystal structure 

viewed down axis ‘a’ and reciprocal cell axis ‘b’ of PCN 243 are shown as a guide to the eye.66 
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Transmission electron microscopic (TEM) analysis of CPG1 also confirmed a 

sheet like morphology (Fig. 2.8a). Lattice planes were clearly visible in the high-

resolution transmission electron microscopy (HR-TEM) images, suggesting a highly 

ordered structure (Fig. 2.8a, inset). 

 

Figure 2.9. SEM analysis of CPG2. (a) Different morphological forms of CPG2 captured in one frame. 

Leaves (white box), thick leaves (yellow box), tentacles (green box), stars in the formation (blue box), 

and crystalline stars (red box). (b-d) Time dependent SEM analysis of CPG2. (b) Nanoscale leaves of 

CPG2 after immediate gelation. (c) Aggregation of nanoleaves after 1 h. (d) Crystalline metal–organic 

stars obtained after 1 day. 

The morphology of the irradiated metal–organic gel (CPG2) was quite 

different (Fig. 2.9) from its non-irradiated counterpart, CPG1 (Fig. 2.7). The 

morphology of CPG2 comprised of six armed metal–organic stars. Akin to the 
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growth process of CPG1, CPG2 also showed a gradually evolving process starting 

from small leaf-like seeds (Fig. 2.9b), which were about 400 nm in length and 200 nm 

in width. These kind of leaves were obtained by immediate mixing of the two primary 

components (Fe3
+
 and ADA). After about 1h the leaves grew in size, most probably 

by aggregation induced mesoscale growth process to form thick leaves and tentacles 

(Fig. 2.9c). When we observed the morphology of the gel after aging the gel for a day 

we found that the tentacles had started fusing at a point and ultimately evolved into 

star-like superstructures that possessed well-defined facets as that of a crystal (Fig. 

2.9d).  

2.3.4. Analysis of Growth Process of CPG1 and CPG2 

Although, in time-dependent experiments, we could mostly observe a particular 

morphology after a certain time interval, more than one morphological form were also 

found (Fig. 2.7a and 2.9a) at a few places in both the samples, which suggest that the 

growth process was not only time dependent but also depends on the local 

concentration of the initial components. Most of the formed intermediate structures 

might be controlled by kinetic processes rather than thermodynamic control and are 

therefore limited by diffusion.
54-56

 At lower concentration of particles, the process of 

aggregation is controlled by diffusion leading to the formation of a patterned structure 

with random branching, whereas higher concentration leads to fast aggregation 

process leading to the formation of more compact structures. This process happens 
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due to the large surface to volume ratio and high collision frequency of the particles. 

The occurrence of several unreacted sites on the surface of the seeds due to fast 

nucleation process, results in further polymerization through coordination linkages 

and thereby fusion of the particles. With the gradual decrease in the concentration of 

the ligands and the metal ions, the nucleation of new particles is reduced and 

annealing of existing nuclei prevails much like the Ostwald ripening process.
15

 Unlike 

a single step thermodynamically controlled pathway, a kinetically controlled crystal 

growth process usually takes place via a sequence of steps involving amorphous 

intermediates. Such transformations can be easily tuned by various chemical stimuli 

(additives), which influence the energy of activation of nucleation (n), growth (g) and 

phase transformation (t) processes.
57-58

 Photoirradiation of trans-ADA molecules with 

UV light leads to the formation of energetically unstable cis-ADA isomer, which in 

combination with the unisomerized trans-ADA molecules can significantly influence 

the nucleation–growth–transformation processes. Therefore, a new kinetic pathway is 

followed, which is shown in a modified energy profile diagram, similar to that 

proposed previously by Mann and co-workers (Fig. 2.10).
57

 In order to confirm this 

hypothesis, we carried out the synthesis of nanoscale CPG1 and CPG2 under 

thermodynamic conditions at a very low concentration where we were able to arrive 

at only nanoplatelets and leaves. The presence of nanoplatelets and leaves were 

confirmed from SEM and TEM analyses (Fig. 2.11). 
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 According to the Bravais, Friedel, Donnay and Harker (BFDH) law, the 

morphology of a crystal is mainly determined by the slowest growing facet of the 

crystal.
59-60

 The 2-D nucleus on a particular crystal facet determines the overall crystal 

morphology depending on the probabilities of growth or dissolution at a particular 

site. A crystal, in principle, should grow in a particular direction unless the energetics 

trans-ADA (aq) + Fe3+(aq)  

ΔGn(K1)  

+ 

ΔGg(K1)  

ΔGn(T)  

+ 

ΔGg(T)  

trans + cis-ADA (aq)  

+ Fe3+(aq)  

ΔGn(K2)  

+ 

ΔGg(K2)  

ΔG(Photo)  

Crystalline Final Product 
CPG2 CPG1 

E
n

er
g

y
 

UV 

ΔGK2(t1)  

  
ΔGK1(t1)  

  

ΔGK1(t2)  

  

ΔGK1(t3)  

  

ΔGK2(t2)  

  

ΔGK2(t3)  

  

 

Figure 2.10. Energy profile showing the thermodynamic and kinetic pathways for crystal growth. 

Thermodynamic (T) pathway is a one step process while kinetic (K1 and K2) pathways pass through 

several amorphous intermediate stages before ending up with a crystalline final product. The sequence 

of transformations depends on the free energy of activation of nucleation (∆Gn), growth (∆Gg) and 

phase transformations (∆Gt). In the case of photoirradiation at the beginning, there is an additional 

activation energy for photoisomerization (∆GPhoto). 
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Figure 2.11. Nanoscale coordination polymeric gel particles obtained under thermodynamic conditions. 

SEM images of (a) nanoscale CPG1 platelets, (b) nanoscale CPG2 leaves. TEM images of (c) 

nanoscale CPG1 platelets, (d) nanoscale CPG2 leaves. 

is changed along a particular facet. Now, taking a closer look at the formation 

mechanism (Fig. 2.12) for both CPG1 and CPG2, one can assume that the 

transformation of platelets (for CPG1) to leaves (for CPG2) essentially occurs by a 

similar process of anisotropic crystal growth. At the photostationary state, ~ 37.5% of 

cis-ADA can trigger this anisotropic growth mechanism by varying the crystal growth 

rates along different facets. It is known that the cis-isomer of azobenzene can form 
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energetically less favorable self-assembled structures.
61

 In case of a coordination 

driven self-assembly, the non-planar nature of cis-ADA can further hamper the chain 

growth process. 
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Figure 2.12. Proposed formation pathways of (a) flowers in CPG1 and (b) stars in CPG2. Fusion of 

platelets in CPG1 leads to the formation of 2-D sheets and finally the flowers. The anisotropic growth 

along different facets in CPG2 leads to the formation of stars. Blue, green and red arrows represent the 

maximum, moderate and restricted rates of crystal growth. Blue broken lines indicate directions of 

polymeric extension. All short contacts are not shown to obtain visual clarity. The basic building block 

containing the Fe3O cluster with coordinated solvent molecules (marked by sky blue arrow) and the first 

phenyl ring of ADA is represented in the yellow circle. ADA molecules projecting outside (cyan) and 

inside (magenta) the plane of paper are also represented. 
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The growth process stops because the geometry of the inorganic cluster brings 

cis-ADA closer to the coordination polymeric chain, where it remains in a sterically 

unfavorable position to undergo further reaction. Thus, cis-ADA can essentially act as 

a capping agent, which hinders the crystal growth along a particular facet. The 

presence of these capping agents is difficult to verify even experimentally, and 

therefore, the explanation of such process is essentially speculative, especially in the 

absence of a completely understood crystal growth mechanism.
9,62

 It is hypothesized 

that the rate of crystal growth may range from moderate to maximum along different 

facets (Fig. 2.12b). This anisotropy arises only after smaller fragments (oligomers) of 

the coordination polymeric chain, containing trans-ADA (~ 62.5%) nucleate to form 

platelet like structures at the threshold of nanoscale. Transformation of platelets to 

leaves essentially takes place at the mesoscale followed by aggregation of preformed 

crystalline nanoleaves leading to the formation of microscopic superstructures. While 

trying to understand the growth process in these materials, it came to our notice that 

the morphology of colloidal hematite, a naturally occurring mineral, is also affected 

by similar aggregation mediated crystal growth process, showcasing several 

polymorphs ranging from platelets, ellipsoidal particles to stars. One can have a 

chemical control over the growth of different facets to facilitate such anisotropic 

crystal growth.
63-64

 The same control has been achieved in the present case via 

photonic manipulation. A number of approaches towards engineering the self-

assembly process of framework materials at the mesoscopic domain are known.
9-11

 It 
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is important to note that in all these cases, a third component, for instance, a 

coordination modulator, surfactant or a template, was necessary to achieve such 

mesoscopic control over self-assembly. Whereas, in the present case, a certain 

fraction of the isomerized organic ligand is enough to bifurcate the bottom-up self-

assembly process, while other cis-ADA molecules may get entrapped in the 

microporous structure. 
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Figure 2.13. FT-IR spectra of ADA, CPG1 and CPG2. (a) Zoomed in (750–650 cm-1) view of the band 

at ~720 cm-1 confirms that cis-isomer of ADA is not present in CPG2. (b) Zoomed in view of the region 

(620–500 cm-1). Absence of bands at ~560 cm-1 confirms that hematite phase is not present. 

The cis-ADA molecules can gradually reconvert back to the 

thermodynamically more stable trans-ADA. The fact that cis-ADA reconverted to 

trans-ADA in CPG2 was confirmed from the FT-IR studies, where no new peak at 

higher wavenumber region (~ 720 cm
-1

) corresponding to cis-ADA was observed.
20 

The peak corresponding to the trans isomer (700 cm
-1

) in free ADA was shifted to 
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709 cm
-1

 in CPG1 and observed as a shoulder in CPG2 along with a prominent peak 

at 700 cm
-1

 corresponding to free trans-ADA (Fig. 2.13a). This was further confirmed 

from the deconvoluted FT-IR spectra of CPG2, where the peaks at 1688, 1424 and 

1294 cm
-1

 corresponding to free ADA, which were absent in CPG1, were found to be 

present in CPG2 (Fig. 2.5c and 2.5d). The results also indicate the shifting of the 

asymmetric stretching frequency of ADA towards the lower wavenumber region, 

basically indicating that the bidentate coordination modes become more prominent in 

CPG2. 

0 2 4 6 8 10
0

1000

2000

3000

4000

5000

0 2 4 6 8 10
0

1000

2000

3000

4000
a b 

keV keV 

C
o
u
n
ts

 

C K 

O K 

Fe L 

Cu L 
Cu L Si K 

S K Fe K 

Cu K 

Cu K 

C K 

O K 
Fe L 

Cu L 

Cu L 
Si K 

S K 

Fe K Cu K 

Cu K Fe K 

C
o
u
n
ts

 

 

Figure 2.14. EDX analysis of (a) CPG1 nanosheets and (b) CPG2 nanoleaves observed in TEM 

analysis. 

One of the problems of working with Fe(III) or Al(III) (hard acid) carboxylate 

(hard base) coordination polymers is the immediate formation of strong metal–ligand 

coordination, that does not allow defect rectification during the crystal growth 

process, leading towards precipitates or gels in most cases.
65-66

 The in situ formation 

of multiple structure directing inorganic building blocks under kinetic conditions 
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often adds to this problem.
43,44,66

 Therefore, the actual structure determination in the 

gel state, containing a mixture of polymorphic structures, is difficult to assign, even 

via computational simulation. However, we could derive some ideas from inverse fast 

Fourier transform (IFFT) reconstructed HR-TEM images, which showed the existence 

of coordination polymeric chains arranged in a parallel manner (Fig. 2.8b and 2.8c). 

This image matches with the recently reported crystal structure of PCN-243,
66

 a MOF 

formed from ADA and an Fe(III) based inorganic cluster, when viewed along the a-

axis. The distance between the polymeric chains roughly corresponds to 0.3 nm. 

Further, the presence of ADA (molecular length ~ 1.12 nm) in the polymeric chains 

can be corroborated from the slightly kinked structure of the azobenzene core. 

Similarly, the rhombic pores visualized in Fig. 2.8d can be compared with the same 

crystal structure, when viewed along the b-axis.  
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Figure 2.15. TGA plot of CPG1 and CPG2. 

 



 Light driven mesoscale assembly of a coordination polymeric gelator                                      69
                                                                                                                

 

Elemental analysis (CPG1: C, 40.39; H, 3.96; N, 6.19; S, 8.16 and CPG2: C, 

41.56; H, 4.31; N, 6.16; S, 8.57), energy dispersive X-ray (EDX) analysis (Fig. 2.14) 

and thermogravimetric analysis (TGA) of the two forms (Fig. 2.15) showed similar 

composition, solvent weight loss and thermal decomposition pattern. The powder X-

ray diffraction (XRD) pattern of the two forms CPG1 and CPG2 also did not show 

any considerable difference (Fig. 2.16a) pointing that both the morphological forms 

possess similar metal-linker connectivity. The simulated XRD pattern obtained from 

PCN-243 matches well with the observed pattern in CPG1 and CPG2 although the 

possibility of other amorphous phases cannot be completely ruled out, as evident from 

the presence of a broad peak (2 =12–30) in the XRD pattern of both the materials. 

However, the XRD peaks corresponding to a hematite (-Fe2O3) phase with 

rhombohedral structure (a, b = 0.5 nm, c = 1.38 nm, JCPDS card no. 24-0072) is 

completely absent in either CPG1 or CPG2 (Fig. 2.16a). Also the FT-IR peaks 

corresponding to the lattice vibrations in -Fe2O3 (~ 500–600 cm
-1

) is absent in either 

case (Fig. 2.13b).
64

 These data confirm that the observed unusual splitting of the 

growth process in our material was not affected by the pseudomorphic growth 

replication process over hematite or the presence of hematite phase as an impurity.
10

 

From the above investigations, we could conclude that the strong hard acid–hard base 

interactions result  in fast unidentate  coordination, and thereby  gelation. With time, 

most of the amorphous intermediates are converted to more crystalline forms, which 
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show bidentate coordination modes. It is also observed that the presence of cis-ADA 

in the formation of CPG2 basically slows down the crystallization process within the 

gel matrix resulting in more crystalline products. 

 

 

 
 

 

a 

2  �  

 

C
o

u
n
ts

 

 

2  �  

 

C
o

u
n
ts

 

 

Activated CPG1  

 Activated CPG2  

 

Simulated XRD PCN 243 

 CPG1 

 CPG2 

 α - hematite 

 

(012) 

(104) 

(110) 

(113) 

(006) (202) 

(024) 

b 

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50 

 

Figure 2.16. (a) XRD pattern of CPG1 (red) and CPG2 (blue). Simulated PXRD pattern of PCN-243 

(black) and stick pattern of rhombohedral hematite (α-Fe2O3, JCPDS card No. 24-0072) phase (green) 

are also shown for a comparison. (b) XRD pattern of CPG1 (dark red) and CPG2 (blue) activated at 

150 °C.  

 

Figure 2.17. SEM images of (a) FeBTC gel and (b) IRFeBTC gel. Insets show the corresponding 

photographs of the gels along with the structure of the starting materials.   
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As a result, the presence of amorphous to highly crystalline species in the 

xerogel matrix makes the system highly heterogeneous for correlation of structure 

with properties. Further, in order to confirm that the mesoscopic change in the 

morphology is only due to the photoresponsive moiety and not due to formation of 

different inorganic clusters under UV light irradiation, a similar system derived from 

a non-photoisomerizable organic ligand, trimesic acid was subjected to UV light 

irradiation (Fig. 2.17). In this case, we could not observe any difference in the 

morphology between FeBTC and IRFeBTC gels, revealing that the inorganic cluster 

was not affected by any external physical stimulus such as light, unless it comes in 

contact with a photoresponsive organic material. 

 2.3.5. Comparative Mechanical Strength and Porosity Analysis of 

CPG1 and CPG2 

Gel-like behavior of CPG1 and CPG2 was confirmed from rheological studies, where 

for both the materials, the value of elastic storage modulus (G) was found to be 

invariant with the applied frequency and it also exceeded the value of elastic loss 

modulus (G) by an order of magnitude. These studies also lead to the conclusion that 

in comparison to CPG1, CPG2 has a greater storage modulus, and was more 

viscoelastic in nature (Fig. 2.18a and 2.18b). The XRD patterns of both the gels 

activated prior to gas adsorption studies when compared with that of the as-

synthesized  form   indicate  a  lesser  degree  of  transformation  from  the  pristine  
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Figure 2.18. (a) Rheological behavior of CPG1 and (b) CPG2. (c) N2 adsorption (ads) and desorption 

(des) isotherms of CPG1 and CPG2 at 77 K. (d) CO2 adsorption isotherms of CPG1 and CPG2 at 195 

K. Inset shows the zoomed in low pressure region. Red and blue arrows indicate stepwise uptake of 

CO2 in case of CPG1 and CPG2, respectively. 

crystalline form for activated CPG2, while activation of CPG1 transformed it almost 

into an amorphous  material (Fig. 2.16b). Thus, application of heat or stress led to a 

lesser change in structure in the case of CPG2, corroborating greater rigidity and 

ability to retain its parent structure as compared to CPG1. This rigidity may be 
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attributed to the compact packing of the molecular motifs in CPG2 as compared to 

CPG1. 

 In order to have an idea about the porosity of the two materials, N2 gas 

adsorption measurements were performed on both CPG1 and CPG2. The adsorption 

isotherm obtained in both cases showed a typical type I behavior according to 

International Union of Pure and Applied Chemistry (IUPAC) classification, 

confirming the microporosity of the samples (Fig. 2.18c).
24,67

 Significant hysteresis 

was observed in the process of desorption for both samples.  

 

 

 

 

 

Figure 2.19. Comparative pore size distribution for CPG1 and CPG2. Pore volume in CPG1 and CPG2 

was calculated to be 0.127 and 0.062 cc/g, respectively. 

The micropore dimensions calculated from the pore size distribution plot (10.2 

Å) (Fig. 2.19) matches well with the length of ADA. The maximum amount of N2 

adsorbed at saturation pressure in the case of CPG1 was found to be 88 mL g
-1

 and it 

possessed a Brunauer–Emmett–Teller (BET) surface area ~223 m
2
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CPG2, maximum uptake was found to be 46 mL g
-1

 of the sample and the BET 

surface area was substantially decreased to ~ 90 m
2 

g
-1

 (Fig. 2.18c). The difference in 

gas adsorption properties has been compared with previous literature reports, where 

N2 and CO2 adsorption has been measured as a function of morphology or 

photoresponsive behavior, and the results indicate that the porosity difference 

obtained in our material is quite significant.
20,68

 Apart from this, the surface area is 

higher when compared to previously reported xerogels and aerogels,
69-71

 although 

aerogels obtained by supercritical CO2 treatment are known to exhibit better porosity 

in most cases.
47

 In the absence of a particular crystalline phase, the drop-off in N2 gas 

uptake in CPG2 may be ascribed to the loss in surface area due to downsizing of the 

coordination network combined with considerable amount of pore blocking due to the 

presence of encapsulated ADA molecules, as evidenced from the FT-IR studies. As a 

result, CPG2 possesses lower available free volume due to considerable pore 

blocking. The presence of encapsulated ADA molecules, leading to a more close 

packed structure, supports the improvement in rheological behavior. However, the 

CO2 adsorption isotherm (Fig. 2.18d) showed that at low partial pressure (0.03), 

CPG2 adsorbs almost double the amount of CO2 than CPG1. The comparatively high 

uptake of CO2 at lower pressure can be assigned to the ability of CPG2 to undergo 

spatial adjustments. Due to this probable structural changes, the lone pairs of electrons 

over nitrogen atoms are now directed towards the pores,
72

 which can then act as 

potential sites for CO2 adsorption (Fig. 2.18d, inset).
73 

CPG1 on the other hand shows 
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a broad second step in the adsorption isotherm at higher partial pressure (0.46) to 

finally match the total amount of adsorbed CO2 found in the case of CPG2. This can 

be ascribed to the guest-induced second-order structural transformations taking place 

in CPG1.
10

 At higher pressures; CPG2 did not show any such change, indicating its 

densely packed rigid structure. 

2.4. Conclusions 

Results of this study point toward the conclusion that, irrespective of the presence of a 

photoresponsive group in CPG1 or CPG2, light does not have a post-synthetic 

influence on its bulk structure. However, pre-synthetic photoisomerization of the 

precursor of the coordination polymer leads to morphologically different macroscopic 

structures. Time-dependent morphological investigations suggest that light-induced 

structural evolution nucleates at the molecular level, transforms at the mesoscopic 

level via controlled facetted crystal growth process, leading to different macroscopic 

morphological forms of CPG1 and CPG2 in the present case. Photoinduced 

coordination modulation can therefore be applied as a promising tool for 

‘nanoarchitectonics’ to control the kinetic self-assembly of photoresponsive 

coordination polymers. It is further observed that the aforesaid synthetic strategy can 

have a profound influence on the properties of porous metal–organic materials. Such 

porous gels like CPG2 with better rheological properties along with comparatively 

lower intake of N2 and better CO2 capture properties can easily replace the pore 
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blocking binder materials used in generating shaped bodies from MOFs for industrial 

applications.
74-75 

Alternately, the generation of iron oxide nanoparticles from such gel 

templates would be of interest for further investigation.
76-77  

2.5. Experimental Section 

2.5.1. Materials and Methods    

Unless otherwise stated, all starting materials, reagents and dry solvents were 

purchased from commercial suppliers and used as received. Azobenzene-4,4'-

dicarboxylic acid (ADA) was synthesized according to Scheme 1, based on a reported 

procedure.
78

 Melting points were determined with MEL-Temp-II melting point 

apparatus and are uncorrected. 
1
H (500 MHz) and 

13
C (125 MHz) NMR experiments 

were performed on a Bruker Avance DPX spectrometer. Chemical shifts are reported 

in parts per million (ppm) using tetramethylsilane (TMS) (H = 0 ppm) or the solvent 

residual signal (DMSO-d6: C = 39.50 ppm) as an internal reference.  Elemental 

analyses were performed on a Perkin-Elmer Series 2 Elemental Analyzer 2400. IR 

spectra were obtained from a Perkin-Elmer Spectrum One FT-IR spectrometer using 

KBr (neat). Deconvolution of FT–IR spectra was performed using Fityk 0.9.8 

software.
79

 Thermogravimetric analysis (TGA) was carried out using TA instruments 

Q 50 and all samples were heated at 10 K/min under N2 atmosphere. CPG1 and 

CPG2 were washed with DMSO for several times to remove the unreacted starting 
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materials. It was then dried in an oven, kept at 150 °C for 24 h, to obtain the xerogel 

powder which was used for further characterization. 

2.5.2. Preparation of Azobenzene-4,4'-Dicarboxylic Acid (ADA) 

PNBA (2 g, 7.4 mmol) and sodium hydroxide (6.7 g, 167.5 mmol) were dissolved in 

distilled water (30 mL) by heating in a water bath at 50 °C. To this solution, a solution 

of glucose (13.33 g, 74 mmol) dissolved in distilled water (20 mL) was added drop 

wise, maintaining the temperature of the water bath at 50 °C. The highly exothermic 

reaction resulted in the spontaneous formation of a dark brown solution. A stream of 

air was passed through this reaction mixture using a dropper connected to a 5 W air 

pump. The reaction mixture was kept in the water bath (50 °C) with constant bubbling 

of air for 4-5 h and then the chocolate brown precipitate was filtered off. The 

precipitate was dissolved in distilled water (100 mL) and later acidified by dropwise 

addition of glacial acetic acid (10 mL) resulting in a light pink precipitate. This 

precipitate was filtered and washed with water (500 mL) and then dried in an oven 

maintained at 70 °C to obtain ADA as a light pink powder in 62% yield. m.p. > 

320
o
C; FT-IR (KBr): max = 2826(m), 1688(s), 1603(w), 1423(m), 1298(s), 933(m) 

cm
-1

; 
1
H NMR (500 MHz, DMSO-d6, TMS, 25

o
C): δ = 8.16 (d, 4H, Ar-H), 8.00 (d, 

4H, Ar-H) ppm; 
13

C NMR (125 MHz, DMSO-d6, 25
o
C): δ = 122.5, 130.3, 133.0, 

153.8, 166.2 ppm; Elemental analysis: Calcd. for C14H10N2O4; C, 62.22; H, 3.73; N, 

10.37. Found: C, 61.84; H, 3.60; N, 10.14.   
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2.5.3. Synthesis of Nanoscale CPG1 

ADA (100 mg, 0.37 mmol), dissolved in dry DMSO (50 mL) was taken in a 250 mL 

amber colored round bottom flask. To this solution, triethyl amine (0.2 mL) was 

added and the flask was tightly sealed and kept in an oil bath maintained at 50 °C for 

2 h to confirm that the majority of the molecules remain in the thermodynamically 

favorable trans-state. The temperature was then brought down to 40 °C and to this 

mixture, a solution of ferric nitrate nonahydrate (150 mg, 0.37 mmol) in dry DMSO 

(50 mL) was added and the mixture was left undisturbed for 6-7 h. The temperature 

was slowly brought down to room temperature and the colloidal precipitate was 

collected and purified by repeated cycles of washing with dry DMSO and 

centrifugation (at 2500 rpm). A speck of the material was further dispersed in DMSO 

or methanol via sonication (for 15 min) and then drop casting over freshly cleaved 

mica substrate or TEM grids for morphological analysis. 

2.5.4. Synthesis of Nanoscale CPG2 

ADA (100 mg, 0.37 mmol) dissolved in dry DMSO (50 mL) and triethyl amine (0.2 

mL) was taken in a flat bottom quartz flask. The resulting solution was irradiated with 

365 nm light using a Rayonet reactor for 4 h and to this solution, ferric nitrate 

nonahydrate (150 mg, 0.37 mmol) in dry DMSO (50 mL) was added and the mixture 

was left undisturbed for 6-7 h under UV light. Care was taken that continuous 

irradiation did not increase the temperature of the reaction mixture above 40 °C. The 
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material was purified via repeated cycles of washing and centrifugation (at 2500 rpm). 

A speck of the material was further dispersed in DMSO or methanol via sonication 

(for 15 min) and then drop casting over freshly cleaved mica substrate or TEM grids 

for morphological analysis. 

2.5.5. Synthesis of Gels with Non-Photoresponsive Ligand  

A solution of trimesic acid or 1,3,5-benzenetricarboxylic acid (BTC, 42 mg, 0.2 

mmol) in ethanol (1 mL) was mixed with a solution of Fe(NO3)3•9H2O (81 mg, 0.2 

mmol) in ethanol (1 mL) in 2:3 volumetric ratio resulting in immediate formation of a 

gel (FeBTC).
47

 For synthesis of irradiated gel (IRFeBTC), the ethanolic solution of 

BTC was irradiated with UV light (λband pass = 350 nm) for 2 h prior to the addition of 

Fe(NO3)3•9H2O in ethanol.  

2.5.6. Experimental Techniques 

2.5.6.1. Optical Measurements and Photoirradiation 

Electronic absorption spectra were recorded on a Shimadzu UV-3600 scanning 

spectrophotometer using a 1 cm path length quartz cuvette. Solid-state absorption or 

reflection spectra were obtained using BaSO4 as a standard. Photoirradiation was 

carried out using LOT-Oriel 200 W high pressure Hg Lamp utilizing band pass = 350 

and 420 nm.  
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2.5.6.2. Scanning Electron Microscopy (SEM) 

SEM images were obtained using a Zeiss EVO 18 cryo SEM Special Edn with 

variable pressure detector working at 20-30 kV. Time dependent SEM analysis was 

carried out by breaking the formed gel at different time intervals and dropcasting the 

same on freshly cleaved mica substrate. All the samples were coated with gold prior 

to examination.  

2.5.6.3. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) and high resolution TEM (HRTEM) were 

performed on a FEI, TECNAI 30 G2 S-TWIN microscope with an accelerating 

voltage of 100 and 300 kV, respectively. 1 mg of the xerogel samples of CPG1 or 

CPG2 (both purified and dried) were well dispersed in 5 mL methanol by ultra-

sonication for 15 min and then drop casting on carbon coated copper grids. Images 

were obtained without staining. IFFT reconstruction of the HR-TEM images was 

done using a software programme, Digital Micrograph
TM

 (GATAN Inc.) following a 

reported procedure.
80

 Initially, a fast Fourier transform (FFT) of the experimentally 

obtained image was taken, which was followed by appropriate mask filtering to 

remove the spatial frequency of the diffractogram. Finally, the IFFT gave rise to a 

reconstructed HR-TEM image. 
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2.5.6.4. Rheology Experiments 

Rheological measurements were carried out in an Anton Paar Physical Modulated 

Compact Rheometre-150 Physica (Germany). A parallel plate sensor having a 

diameter 50 mm and a gap size of 0.1 mm was used. Measurements were carried out 

in dynamic oscillatory mode using strain amplitude of 1% in the frequency range 

0.012-100 rad/sec. 

2.5.6.5. BET Adsorption Studies 

The BET adsorption isotherms for N2 (at 77 K) and CO2 (at 195 K) were performed 

on a QUANTACHROME QUADRASORB SI analyzer. About 100-125 mg of the 

xerogel samples (CPG1 and CPG2) were placed in sample cells, then the samples 

were outgassed under high vacuum conditions at 423 K for 12 h in case of CPG1 and 

for 16 h in the case of CPG2 for N2 adsorption and at 413 K for 10 h in case of CPG1 

and 373 K for 5 h in case of CPG2 for CO2 adsorption experiments. The adsorbate 

was taken in sample tubes and the change in pressure was monitored. The degree of 

adsorption was ascertained from the decrease in pressure at the equilibrium state. All 

operations were automatically performed and controlled by computers. Pore size 

distribution analysis was performed using the non-local density functional theory 

(NLDFT) equilibrium model. 
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Precise Control of Host-Guest Interactions in a  

Coordination Polymer Gel  
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3.1. Abstract  

Having a precise control over host-guest interactions is a challenge in the design of 

smart supramolecular systems. While nature has the unique ability to precisely 

control multi-step biochemical processes, artificial host-guest systems rarely possess 

such command. This is further coupled with additional challenges to develop multi-

stimuli responsive systems and to modulate their behavior under chemically 

competing environments. Herein, we have designed a coordination polymer with 

azobenzene appendages (Mg-CP), which act as suitable binding sites for cyclodextrin 

(CD) molecules. Exploiting the thermodynamic benefits of a system in equilibrium, we 
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have demonstrated stepwise and controllable delivery of cyclodextrins using both 

physical (temperature) and chemical (competitive guest molecules) stimuli. The 

system showcases different binding profiles towards different cyclodextrins and can, 

therefore, be utilized for their chemical decoding at molecular level. This host-guest 

system with tunable inclusion-release profiles manifests a prototype towards 

controlled drug delivery motifs, capable of stimuli-responsive release and 

encapsulation of drug molecules (cyclodextrins). The coordination polymeric host-

guest system described herein has therefore been incorporated in a polymer hydrogel 

matrix replicating a drug delivery device for the controlled release of drug molecules 

(-CD) in response to changes in temperature in a quasi-solid state.  

3.2. Introduction 

Ever since the postulation of the lock and key concept by Emil Fischer in 1894,
1
 a 

myriad of studies have been reported in the area of hostguest interactions, aiming at 

understanding the mechanism behind enzymatic action in biological systems. Most of 

the enzymatic processes, starting with the synthesis of peptides via translation, 

degradation of various metabolites, synthesis and hydrolysis of adenosine 

triphosphate, etc. proceed in a stepwise fashion and with absolute control.
2
 While 

nature has the wisdom to explicitly fine tune and program such sophisticated 

interactions, it still remains a challenge to achieve such precision and control in 

artificial host-guest systems. Several of these native systems are precisely controlled 
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by external or internal stimuli, however designing such artificial stimuli-responsive 

systems remains a challenging task.
3
 Due to its instant delivery at a specific location 

and control via different wavelengths and intensities, light is arguably the most 

attractive physical stimulus. While most of the photoresponsive systems use 

deleterious ultraviolet radiation, biochemical applications like drug delivery demand 

light of higher wavelength (infrared region) due to its better penetration depth, 

minimal scattering, and photothermal heating capacity.
4-7

 Heat, on the other hand is 

not considered such a friendly stimulus, due to issues related to energy consumption 

and the resulting irreversible thermal changes that hamper the reusability of host-

guest systems.
3,8

 However, temperature can take advantage of the thermodynamic 

benefits of host-guest equilibrium and could further be exploited to demonstrate the 

formation (capture) or dissociation (release) of a host-guest complex in a stepwise 

manner.
9-10

 Similar control can also be achieved in presence of chemical agents that 

are capable of inducing responsiveness in a host guest system by competing with 

already encapsulated guest molecules.
3
  

Sada and co-workers have reported a zirconium-based MOF with its external 

surface modified with a polymer, poly(N-isopropylacrylamide) (PNIPAM).
11

 This 

polymer is known to undergo a thermal, coil–globule phase transition, between its 

dissolved (temperature < 32 C) and aggregated states (temperature > 32 C). These 

changes can reversibly switch the guest release properties of the PNIPAM modified 
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MOFs between the low temperature ‘‘open (ON)’’ state, and the high temperature 

‘‘closed (OFF)’’ state (Figure 3.1).  

a b 

 

Figure 3.1. (a) Schematic representation of thermally controlled guest release using PNIPAM modified 

MOF (top), and synthetic scheme of the thermoresponsive MOF (bottom). (b) Temperature controlled 

stepwise release-and-halt profile of Resorufin by PNIPAM modified MOF in water. The release ratio 

was determined from the absorbance maximum of Resorufin at 572 nm.11 

Meng et al. have reported the stepwise multi stimuli-responsive guest release 

from an azobenzene functionalized zirconium MOF (see Chapter 1, section 1.4).
12

 

The bulk surface of these MOFs with azobenzene appendages protruding outwards 

resulted in a host-guest complex with -cyclodextrin (Figure 3.2a). Dissociation of 

this complex and hence the release of the guest molecules encapsulated inside the 

MOF was achieved via the simultaneous addition of a competitive binding agent, 

followed by its exposure to UV light. UV light induces a cis-trans isomerization of 

azobenzene that further changes the nanoporous environment, thereby forcing the 

residual guest molecules to escape (Figure 3.2b).  Very recently, Kitagawa and co-
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workers have reported the release of carbon monoxide from a highly robust 

manganese carbonyl complex embedded Zr(IV)-based metal–organic framework.
13
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Figure 3.2. (a) Schematic representation of step-wise release of guest molecules by application of 

different stimuli. (b) Release profile of encapsulated guest (Rhodamine B) by the addition of 

amantadine followed by UV irradiation. (c) Schematic representation of loading of manganese carbonyl 

complex on Zr(IV)-MOF, resulting in CORF-1 and the subsequent release of CO molecules from 

CORF-1 upon photoirradiation. (d) Switchable release profile of CO from CORF-1 upon intermittent 

photoirradiation of visible light (460 nm) from a 15 W source.12,13 

This CO releasing framework (CORF-1) was found to be highly efficient and 

the stepwise release profile was controlled via multiple on-off switching using low 
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intensity visible light (460 nm, 15 W) (Figure 3.2c-d). In another report, Kahn and co-

workers have reported pH and K
+
 responsive DNA-functionalized MOFs (Figure 

3.3a-c). Stepwise release of cargo entrapped within the MOF pores was demonstrated 

by adjusting the pH of the solution between 5.5 and 7.4 or by the alternative addition 

of K
+ 

that stabilizes the G-quadruplex and competing 18-crown-6-ether (K
+
 binding 

agent) (Figure 3.3d-e).
14

 From the above discussion it is clear that the whole process 

is limited to the stepwise release of guests only and no recapture is possible due to the 

irreversible nature of these systems. Also the amount of guest released is not 

consistent in each step. Herein, we discuss how the complexation as well as 

decomplexation of cyclodextrins with a coordination polymer gelator (Mg-CP) can be 

specifically controlled using heat and various competing chemical stimuli. 

Cyclodextrins (CDs) consist of a cyclic chain of (α-1,4)-linked α-D-

glucopyranose units and are produced during bacterial digestion of cellulose. Rather 

than being perfectly cylindrical, CDs have a truncated cone-like shape, with a 

hydrophobic interior cavity suitable for encapsulating hydrophobic guest molecules 

and a hydrophilic external surface leading to its water solubility.
15

 CDs have therefore 

been widely exploited as hydrophobic drug delivery vehicles as well as in the design 

of functional supramolecular polymers.
16-17

 Very recently, CDs have also been 

recognized as potent drug molecules for treating fatal neurodegenerative disorders 

like Niemann-Pick type C and as anti-obesity dietary fibers for flushing out fat from 

high cholesterol diets.
18-19

 However, a suitable delivery system for easy, detectable 
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and controlled step-wise release of CDs in solution as well as in soft solid state 

devices is yet to be explored.  

 

Figure 3.3. Schematic representation of (a) synthesis of a DNA modified MOF, (b) guest release from 

a pH responsive DNA modified MOF, and (c) guest release from a K+ / 18-crown-6-ether responsive 

DNA modified MOF. (d) pH responsive and switchable ON (pH 7.4) - OFF (pH 5.5) release profile of 

guest molecules (Rhodamine 6G), in a stepwise manner as represented in (b). (e) Stepwise and 

switchable ON (18-crown-6-ether) - OFF (K+) release of the guests from DNA modified MOFs, as 

represented in (c).14 

Unlike other organic molecules CDs are optically transparent and their release 

and binding profiles cannot be identified using common spectroscopic techniques like 

absorption and fluorescence. Nevertheless, by virtue of their inherent chirality, CDs 

offer the possibility to follow their binding-release isotherms at a particular 
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temperature, via induced circular dichroism (ICD) spectroscopy.
20-21

 However, this 

requires a functional platform, say a coordination polymer possessing accessible 

binding motifs. In this regard, several hydrophobic organic molecules like 

azobenzene, adamantane, bipyridine, etc. can act as suitable binding sites for 

cyclodextrins.
17

 If such organic linkages can be organized over a linear inorganic 

secondary building unit (SBU), forming an one-dimensional (1-D) coordination 

polymer, the system may reversely accept and release CD molecules in solution upon 

the application of an appropriate stimulus. According to a report by Yaghi and co-

workers, MOF-74 based structure, composed of a chiral infinite rod-shaped 

magnesium or zinc oxide cluster and dioxidoterephthalate based organic linkers, 

forms a non-interpenetrated framework.
22

 The ligand has a carboxylic acid motif with 

an ortho-positioned hydroxy group, as in salicylic acid. The observed structure can 

probably be restricted along the crystallographic b axis, if the organic strut contains 

the metal binding functionalities on one end. Such a design leads to a polymer brush-

like structure, with the organic linkers organized along the infinite metal oxide chain 

as reported in the case of ICPs (Infinite Coordination Polymers) of calcium, 

manganese, cadmium, zirconium, lanthanides, etc.
23

 With this idea in mind we 

prepared an organic ligand (AzSA) with a hydrophobic azobenzene core and metal 

binding salicylic acid moiety towards its one end. 
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3.3. Results and Discussion 

3.3.1. Synthesis of the Organic Linker AzSA 

Synthesis of (E)-2-hydroxy-5-(phenyldiazenyl)benzoic acid or salicylic acid 

derivative of azobenzene (AzSA) was carried out via the diazo coupling reaction 

between  salicylic acid (SA) and aniline (An) as shown in Scheme 2. An was 

diazotized under acidic conditions in presence of sodium nitrite (NaNO2) to obtain the 

corresponding diazonium salt (DS). The diazonium salt was then slowly added to an 

alkaline solution of SA, and the overall pH of the reaction mixture was maintained at 

8-9. An ice bath was used to maintain the reaction temperature below 5 °C. Pure 

AzSA was obtained via recrystallization of the crude azo dye from an ethanolwater 

(1:3) mixture in 75% yield. 

HCl 

NaNO2 

05 C 05 C 

NaOH 

An AzSA 

SA 

DS 
 

  

Scheme 2. Reagents and conditions for the synthesis of AzSA. 
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3.3.2. Synthesis and Characterization of the Coordination Polymer 

Gel (Mg-CP) 

The magnesium based coordination polymer, Mg-CP was synthesized via a 

solvothermal reaction (Figure 3.4a) of azobenzene salicylic acid (AzSA) with 

Mg(NO3)3•6H2O in high boiling solvents. The reaction in diethylformamide (DEF), 

specifically resulted in the formation of a coordination polymer gel (Figure 3.4b). The 

gel was found to be thermally irreversible and its non-linear rheological behavior was 

confirmed by the amplitude sweep studies (Figure 3.4c). The critical gelation 

concentration was found to be 4 mg mL
-1

 (Figure 3.4d). The xerogel obtained from 

Mg-CP was further characterized by Fourier transform infrared (FT-IR) and 
1
H NMR 

spectroscopy. Coordination of the carboxylic acid and hydroxyl groups in AzSA to 

the MgO-based inorganic cluster was confirmed by the absence of the free O-H 

stretching band (2500-3300 cm
-1

) in its FT-IR spectrum (Figure 3.5a). The 

unsymmetric nature of the bidentate bridging mode of coordination with additional 

bridging was corroborated by the difference between asymmetric and symmetric 

stretching frequencies of the carbonyl group that increased from 217 cm
-1

 in AzSA to 

223 cm
-1

 in Mg-CP (Figure 3.5b).
24

 Thermogravimetric analysis (TGA) confirmed 

the superior thermal stability of Mg-CP over the ligand AzSA. The thermal 

decomposition of the 1-D CP was found to start around 300C, whereas the ligand 

(AzSA) started to decompose around 200C.  
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Figure 3.4. (a) Reagents and conditions for the synthesis of MgCP from AzSA. (b) Photographs of 

MgCP obtained using different solvents for its synthesis. A stable CP gel was obtained only in DEF. 

(c) Nonlinear rheological response (amplitude sweep) of MgCP gel. (d) Photographs showing 

formation of MgCP at the critical gelation concentration (4 mg mL-1).  

Moreover, a residual weight (42%) equivalent to the amount of Mg-O present 

in Mg-CP remained even above 700C (Figure 3.5c). The phenolic –OH proton, 

which is otherwise exchangeable in CD3OD can be visualized in the 
1
H NMR 

spectrum of AzSA due to strong intramolecular hydrogen bonding.
 
The absence of the 

phenolic -OH peak in the 
1
H NMR spectrum of Mg-CP confirmed the coordination of 
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the ligand with Mg
2+

. Broadening of the peaks in the aromatic region and the presence 

of coordinated DEF solvent molecules was also evident from the 
1
H NMR spectrum 

of Mg-CP (Figure 3.5d). 
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Figure 3.5. (a) FT-IR spectra of the organic ligand AzSA and the coordination polymer Mg-CP showing 

changes in the region corresponding to OH stretching and the asymmetric and symmetric stretching 

frequencies of the carbonyl bond. (b) Expanded portion of the region (1750–1400 cm-1), showing the 

differences in the asymmetric and symmetric stretching bands of the carbonyl bond. The structure 

represents the coordination modes of AzSA with Mg2+. (c) Thermogravimetric analysis (TGA) of Mg-CP 

and AzSA. (d) 1H NMR spectra of Mg-CP and AzSA ( 500 MHz, CD3OD).  
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Figure 3.6. (a) WAXS analysis of Mg-CP and AzSA. (b) Schematic representation of columnar 

hexagonal (CoIh) packing of Mg-CP polymeric strands and calculation of the lattice parameter. (c) 

Crystal structure of osalazine-based MOF, Zn2(Olz).26 Proposed structure and molecular dimensions of 

Mg-CP based on the structure of Zn2(Olz), viewed along (d)  c axis (blue arrows represent coordinated 

solvent molecules) and (e) b axis. Crystal structure of Zn2(Olz), reproduced with permission from the 

original authors. 

Wide-angle X-ray scattering (WAXS) analysis (Figure 3.6a) of the Mg-CP 

xerogel powder revealed intense diffraction peaks indicating a highly crystalline 

columnar hexagonal (CoIh) structure, with d-spacing ratios of d, d/3, d/4, d/7, 

d/9. AzSA did not show any such ordering. From the first diffraction peak of Mg-

CP (d100 = 19.45 Å), the hexagonal lattice parameter a, was estimated to be 22.45 Å, 
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which in turn provides information about the diameter of the columnar stacks in Mg-

CP xerogel powder (Figure 3.6b).
25

 The diameter determined from XRD is in good 

agreement with the distance of ~24 Å, reported for Zn
2+

-osalazine based MOF 

[Zn2(Olz)], by Long and co-workers (Figure 3.6c and 3.6d) which is isostructural to 

its magnesium anlogue.
26

 The distances between the parallel and antiparallel organic 

struts of AzSA were estimated to be 6.8 Å and 3.4 Å respectively, by comparing with 

the crystal structure of Zn2(Olz) (Figure 3.6e).  

 

Figure 3.7. (a) SEM image of Mg-CP fibres.  (b) Low and (c) high magnification TEM image of Mg-CP 

fibres obtained from methanol solution. (d) Single-crystalline SAED pattern obtained from agglomerates 

of Mg-CP fibres.  
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Electron microscopy (SEM and TEM) images revealed that the Mg-CP gel 

was composed of thin fibres (Figure 3.7a,b). TEM images of these fibres (Figure 

3.7c), revealed the highly crystalline nature of a closely packed and ordered (d = 3.6 

Å) structure corresponding to a columnar hexagonal lattice as looked along the b axis 

(Figures 3.6e). A SAED pattern corroborating the single crystalline nature was 

obtained from the larger agglomerates of Mg-CP fibres (Figure 3.7d). 

3.3.3. Host-Guest Interaction Studies of AzSA and Mg-CP with 

Cyclodextrins 

In order to estimate the effective concentration of AzSA in Mg-CP, we recorded the 

UV-Vis spectra of AzSA at varying concentrations (1.7 x 10
-5

 to 4.4 x 10
-4

 M) in 

ethanol and ethanol-water (maximum 4% ethanol) mixture. The absorbance at max = 

343 nm (ethanol) and 350 nm (ethanol-water) was plotted against the concentration of 

AzSA to obtain a calibration plot (Figure 3.8a). Since the normalized absorption 

spectrum of AzSA, in ethanol-water mixture, fairly matches the absorption spectrum 

of Mg-CP in water (Figure 3.8b), the calibration plot could be used to estimate the 

effective concentration of AzSA in Mg-CP.  The host-guest interaction of the 

cyclodextrins with Mg-CP as well as its organic precursor AzSA was studied in 

solution state. The intrinsic chirality of cyclodextrins allowed us to monitor the 

binding interactions using a circular dichroism spectrophotometer. A positive  

induced circular dichroism (ICD) band at 355 nm corresponding to the π-π* transition  
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Figure 3.8. (a) Calibration plot for AzSA in ethanol (blue) and 4 % ethanolwater (red) obtained from 

concentration dependent UV-Vis absorption. Black lines indicate a linear fit to the observed data points. 

(b) Normalized absorption spectra of AzSA and Mg-CP in different aqueous solvents.  

and a small negative band at 440 nm corresponding to n-π* transition (Figure 3.9a), 

clearly indicates the binding event of -cyclodextrin (-CD) with Mg-CP and AzSA. 

The hydrophobic azobenzene core resides inside the CD cavity with its electronic 

transition moment parallel to the CD axis.
27

 The intensity of the ICD signals at 355 

nm was found to be 2fold higher for Mg-CP as compared to AzSA when titrated 

with 3.5 and 4.5 equivalents of -CD respectively (Figure 3.9a). A detailed titration 

plot of the two systems shows that the ICD response was more consistent in case of 

Mg-CP as compared to AzSA (Figure 3.9b). In the case of AzSA, no selectivity in the 

binding profiles of,  or -CD was observed (Figure 3.9c), whereas CD binding 

isotherms, clearly demonstrated the preferential binding of -CD to Mg-CP followed 

by β-CD and -CD (Figure 3.9d).  The ICD spectrum of Mg-CPβ-CD was similar 

to that of Mg-CP-CD, suggesting similar  orientation  of  AzSA  stalks  inside  the  
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Figure 3.9. (a) ICD spectra of AzSA and Mg-CP and those obtained upon addition of with 4.5 and 3.5 

equiv. of CD respectively. (b) Changes in the ICD signal (ππ* transition band) of AzSA and Mg-

CP at different concentration of CD. Black lines represents the corresponding non-linear fits to the 

observed data points. (c) Binding isotherms of AzSA with different cyclodextrins at 25 C. Linear fit to 

the observed data points are also represented. (d) Binding isotherms of Mg-CP with different 

cyclodextrins, CD (black), CD (red) and CD (blue) at 25 C. 

β-CD cavity. The interaction of -CD with Mg-CP and AzSA was found to be rather 

weak. The ICD spectrum of Mg-CP-CD was re orded at a temperature  e ow the 

room temperature (15   ) and  onsisted of a  road positive signa  in the range 350-500 

nm (Figure 3.10a). 
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Figure 3.10. (a) ICD spectra of Mg-CP in presence of,  and  cyclodextrins. (b) TEM image of micro 

sheets obtained from an aqueous solution of Mg-CP. (c) SAED pattern confirming the single-crystalline 

nature of Mg-CP micro sheets. TEM image of Mg-CP sheets in presence of (d) CD; inset shows the 

zoomed-in image of the amorphous nanosheets, (e) CD and (f) CD. 

Mg-CP was found to form micrometer-sized single crystalline sheets  (Figure 

3.10b and 3.10c) in water which disintegrated into smaller nanoscale fragments upon 

addition of -CD (Figure 3.10d). Upon interaction with β-CD, the sheets broke down 

into comparatively larger fragments (Figure 3.10e). Mg-CP on treatment with -CD 

lead to the formation of large cross linked supramolecular microstructures as 

evidenced by TEM analysis (Figure 3.10f). These structures were, however, found to 

be amorphous in nature. 
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Figure 3.11. (a) Temperature dependent ICD spectra of Mg-CP-CD. (b) Changes in the intensity of 

the ICD band at 355 nm on heating (red) and cooling (blue) a solution of Mg-CP-CD in water from 

20C to 90C. Inset shows the thermal degradation profile of Mg-CP-CD (orange) and AzSA-

CD (green), obtained from UV-Vis absorption spectroscopy. (c) Temperature controlled quantitative 

capture of CD by an aqueous solution of Mg-CP. 

On increasing the temperature of an aqueous solution of -CD encapsulated 

Mg-CP (Mg-CP-CD) in the range 2080C, a steady decrease in the intensity of 

the ICD signal at 355 nm and 440 nm was observed. This decrease in intensity 

correlates to the thermal release of the -CD from Mg-CP via temperature induced 

decomplexation (Figure 3.11a). The thermal release and capture profiles of -CD 
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from Mg-CP followed identical pathways and no hysteresis was observed during 

heating or cooling cycles (Figure 3.11b). Similar results were obtained for the -CD 

complex of AzSA (AzSA-CD). The thermal stability of both the inclusion 

complexes, was determined by monitoring the decrease in intensity of the absorption 

band at 350/355 nm with respect to the increase in temperature (inset, Figure 3.11b). 

The -CD encapsulated complex of Mg-CP (Mg-CP-CD) was found to thermally 

more stable than the corresponding complex of AzSA (AzSA-CD) in agreement 

with our previous observations. Mg-CP-CD was therefore chosen as the model 

system for demonstrating temperature controlled capture and release of guest 

molecules (CDs) from the host network. By changing the temperature of Mg-CP-

CD solution, the amount of -CD captured or released could be quantitatively 

controlled. A temperature dependent capture profile is presented in Figure 3.11c. 

3.3.4. Temperature Controlled Release of CD by Mg-CP  

One of the prerequisites for a perfect host-guest system is to have an easily tunable 

and reversible binding or release profile in response to an applied stimulus. One of the 

most relevant properties of any ideal remotely controlled systems is to dodge the 

process of point capture or point release. For instance, a high dosage of a drug is often 

administered at an initial point of treatment and may be repeated at a later stage or the 

dosage may be lowered after several hours or days. This drug administration protocol 

is not economically viable and is not free from side effects. In order to address this 
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problem, scientists have tried to develop efficient methods for continuous and 

controlled drug delivery for prolonged time periods or throughout the whole course of 

the treatment.
28

 Most of the stimuli-responsive drug delivery systems reported in 

literature does not show any capture or release of drug molecules in the absence of a 

stimulus. A gradual and continuous release or capture process starting at a particular 

point is generally observed, upon the application of a particular stimulus, which in 

most cases cannot be further delayed, controlled or reversed.
5
  

It has not yet been demonstrated that the capture-release processes can be 

carried out in a stepwise and reversible manner, with specific control over the amount 

of guest molecules captured or released. However, by controlling the cooling rate 

from 15C/min to 5C/min, we demonstrated that the binding rates of -CD to Mg-

CP could be controlled from rapid to moderate to slow (Figure 3.12a). The system 

also showed reversible binding and release of -CD from the polymer over several 

heating–cooling cycles (Figure 3.12b). In line with the conventions of a system in 

thermodynamic equilibrium, the equilibrium constant or the ratio of the -CD 

encapsulated sites to that of the free sites present in Mg-CP and the amount of free -

CD molecules present in solution, remains constant at a particular temperature. The 

ratio of bound to free -CD could also be kept constant for any desired duration. As a 

result, the ICD signal of -CD encapsulated complex of Mg-CP (Mg-CP-CD) 

remains constant at a particular temperature and this is an inherent property of this  
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Figure 3.12. (a) Tunable binding of CD by Mg-CP obtained by variation of the cooling rate of 

solution from 15 to 5C/min. Non-linear fit to the observed data points are also represented. (b) 

Thermally reversible binding (blue) and release (yellow) of CD by Mg-CP. (c) Step-wise release and 

capture of CD by Mg-CP. The insets show the magnified view of the release (left) and capture 

(right) profiles. The arrows represent the specific changes in the temperature. (d)  Programmed release 

(red) and capture (blue) of CD from Mg-CP. Inset shows the schematic representation of the 

corresponding programmes employed. 

host-guest complex. Therefore, by increasing or decreasing the temperature at regular 

intervals, a definite amount of -CD can be released or captured by Mg-CP in a 

reversible and stepwise fashion (Figure 3.12c). This property also allowed the release 
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or capture of -CD in different instalments by adjusting the temperature of the 

solution. This host-guest complex thus manifests itself to be programmable on an 

increasing or decreasing temperature scale and any desired release or capture profile 

may be obtained based on the programme set on the thermostat (Figure 3.12d).  

3.3.5. ChemicalStimuli Controlled Release of CDs by Mg-CP in 

Solution  

Apart from being thermoregulated, the cyclodextrin binding-release profiles of Mg-

CP can also be modulated by various chemical stimuli capable of competing with the 

azo appendages as guests for the CDs. For example, the sodium salt of adamantane 

carboxylic acid (Na-AdCA) due to its molecular dimensions matching the 

hydrophobic β-CD cavity (0.6 nm), has been exploited as an excellent guest for β-

CD. Therefore, β-CD can be efficiently removed as a complex of Na-AdCA (β-

CDNa-AdCA) from a solution of Mg-CP β-CD, by adding an equivalent amount 

of the competitive guest. The free Mg-CP can now interact with an equivalent amount 

of -CD to form a very stable host-guest complex (Mg-CP-CD) (Figure 3.13a). 

However, -CD on the other hand, cannot accommodate Na-AdCA due to its 

relatively smaller lumen (0.47 nm). The addition of an equivalent amount of Na-

AdCA, therefore does not tamper the ICD signal in this case. The whole process 

represents a chemical stimuli-responsive release and uptake of cyclodextrins by Mg-

CP.   Once  Mg-CP  forms  a  stable  complex  with   -CD,   the  system  becomes  



110  Chapter 3 

  

300 400 500 600

-4

0

4

8

12

2

3

1

 CD + MgCP 

1:

 CD + MgCP 

         + NaAdCA

2:

 CD + MgCP 

        + NaAdCA + CD

 

1.8

2.8

3.8

4.8

5.8

6.8

7.8

a 

b c 


 (

m
d

eg
) 

@
 3

5
0

 n
m

 

CD 

NaAdCA 

NaAdCA 

(MgCPCD) 
 

(MgCPCD) 
 

(MgCP) 
 

CD 

NaAdCA 

d 


 (

m
d

eg
) 

Wavelength (nm) 

1 

2 

3 

 

Figure 3.13. (a) Schematic representation of interaction of β-CD (green) with Mg-CP in presence of 

competing guest molecules like Na-AdCA and -CD (blue). (b) Changes in the ICD spectra of Mg-CP 

in the presence of competing host-guest interactions (1-3) as represented in (a). (c) Loading of Mg-CP 

with β-CD (L, blue) and its release (R, red) by the successive addition of competitive guest Na-AdCA 

shown up to four cycles. (d) Schematic representation of loading-release process. Chiral polymeric Mg-

O cluster represented in space filling model with magnesium (green) and oxygen (red) in all cases. 

chemically irreversible (Figure 3.13b) but continues to be thermally reversible. 

Nevertheless, chemical reversibility can be achieved by adding a fresh feed of β-CD 

in place of -CD to the free Mg-CP. This chemically stimulated uptake-release 

process was found to be reversible over several cycles, until the process succumbs to 

the poor solubility of β-CD in water (Figure 3.13c). Since it has been established 

earlier that the affinity of Mg-CP towards different cyclodextrins follows the order -

CD > β-CD > -CD (Figure 3.9d), we thought it worth to investigate the competitive 

interaction involving different CDs. It  was  observed  that,  with  time,  a  solution  of  
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Figure 3.14. (a)  Changes in the ICD spectra on replacing β-CD from Mg-CP with -CD. Inset shows 

the changes in the ICD band (355 nm) on addition of Mg-CP (red) followed by -CD (blue) to a solution 

of β-CD. Addition of Mg-CP (red, unfilled) to a solution of -CD at the same concentration is shown for 

reference. (b) Thermal dissociation profiles of Mg-CPCD (red) and Mg-CPβCD (blue). Non-

linear curve fits for the data points are represented in red (Mg-CPβCD) and blue (Mg-CPCD). 

β-CD encapsulated complex of Mg-CP can be slowly modified to an all -CD 

exchanged Mg-CP. The experiment was carried out by adding aliquots of Mg-CP to a 

solution of β-CD (point A, Figure 3.14a) until an excess of β-CD was present (point 

B, Figure 3.14a), and no vacant sites was available in Mg-CP for the encapsulation of 

-CD. The gradual increase in the ICD signal upon addition of -CD, confirmed that 

the β-CD was gradually replaced with -CD and slowly released into the solution. 

This process continued until all the β-CD in the complex was replaced and the 

binding sites of Mg-CP were saturated with -CD (point C, Figure 3.14a). The ICD 

signal of the resulting complex matched with that obtained by the complete saturation 
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of Mg-CP (40 L) with -CD at exactly the same concentrations (point D, Figure 

3.14a).  
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Figure 3.15. (a) Changes in the intensities of the ICD signal at 355 nm on the replacement of  CD 

from the Mg-CP  CD complex with β CD followed by the replacement of β CD with CD. (b) 

Decoding of unknown solutions (c = 1 x 10-3 M) of , βand  CD kept in indistinguishable vials A, 

B and C. (c) Schematic representation of a proposed single component separation from a mixture of 

three cyclodextrins and experiments carried out with the feed solution (1, 1a), the eluent bicomponent 

mixture (2, 2a) and the adsorbed cyclodextrin obtained by heating the separation column (3, 3a). (d)  

Results of ICD measurements corresponding to experiments described in (c). Results 1, 2 and 3 

represent the separation of , β and  CD respectively. 
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The enhanced affinity of Mg-CP towards -CD can be attributed to the 

difference in thermal stability of the two complexes, where the -CD complex of Mg-

CP was found to be thermally more stable as compared to its β-CD analogue (Figure 

3.14b). The Mg-CP solution, gave a rather poor ICD signal (stage a, Figure 3.15a) in 

the presence of -CD. The signal intensity remained constant with time but an 

enhancement was observed (stage b, Figure 3.15a) upon addition of β-CD. On 

subsequent addition of -CD to the Mg-CP solution, the ICD signal further increased 

to a higher intensity (stage c, Figure 3.15a). The selectivity in the binding of different 

CDs to Mg-CP in presence of other CDs was confirmed by heating and cooling the 

corresponding solutions at stages b and c. We observed that heating the above 

solutions to 90 C and cooling back to room temperature (25 C), individually at 

stages b and c did not change the corresponding ICD signal, confirming the selective 

binding process leading to the formation of Mg-CPβ-CD (stage b, Figure 3.15a) 

and Mg-CP-CD (stage c, Figure 3.15a), even in the presence of other CDs in 

solution. Stage b can be clearly distinguished from stage c via the changes in the ICD 

spectra, by the addition of Na-AdCA (Figure 3.13b). A system which can 

differentiate two or more structurally similar chemicals by rendering distinct readout 

signals is termed a molecular decoder.
29

 Selective affinity as in the aforementioned 

case can, therefore, be exploited for the molecular level decoding of individual CDs 

from their unknown solutions. Mg-CP interacts with -, β- and -CD showing 
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distinct differences in the intensity of the ICD signal at 355 nm. The intensity (I) 

varies in the order I  > I β > I. Therefore, to equimolar solutions of the three CDs, in 

three indistinguishable vials, small aliquots of Mg-CP were added and the 

corresponding the ICD spectra were obtained. Following the intensity of the ICD 

signal at 355 nm, the constituent CD in each vial could be identified. (Figure 3.15b). 

Similarly, a mixture of β-CD and -CD can be distinguished from all other possible 

bicomponent and tricomponent mixtures of CDs, by adding Na-AdCA. Addition of 

the competitive guest Na-AdCA, replaces the azobenzene side chain of Mg-CP from 

the β-CD cavity, leading to a corresponding reduction in the ICD signal intensity. In 

the other combinations of the CDs, although formation of β-CDNa-AdCA complex 

occurs, it remains undetected. Na-AdCA does not replace Mg-CP from the -CD 

cavity and hence the ICD signal remains unperturbed. This behavior could further be 

exploited to monitor the chemical separation of a tricomponent mixture of CDs. We 

hypothesized the possible outcomes of a similar separation process (Figure 3.15c) and 

a series of typical experiments of this sort were carried out with the plausible feed 

solution (1 and 1a, Figure 3.15c), permeate solution (2 and 2a, Figure 3.15c) and a 

separated CD solution (3 and 3a, Figure 3.15c). Results 1, 2 and 3 (Figure 3.15d) 

corresponds to the separation of -CD, β-CD and -CD respectively. 
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3.3.6. Temperature Controlled Release of CD by Mg-CP in 

QuasiSolid State: A Drug Delivery Perspective 

For practical applications, say the administration of CD as a drug inside a patient via 

mediports, it is mandatory for the system to be controlled in its solid state.
28

 The Mg-

CP based host-guest system, demonstrated in the previous sections, represent a 

prototype for the controlled release of drug molecules at a specific location and in 

response to an applied temperature. For instance, -CD can be incorporated into a 

portable implant and a tuneable drug delivery device can therefore be fabricated. 

Thus, temperature-dependent changes in the ICD spectrum of Mg-CP-CD was 

investigated in the solid state by preparing a film from an aqueous solution of Mg-

CP-CD over a quartz substrate. The positive and negative ICD signals were found 

to be red shifted, respectively to 392 nm and 470 nm, due to the aggregation of Mg-

CP-CD in its solid state. No detectable changes were observed in the ICD 

spectrum upon heating or cooling this sample (Figure 3.16a), confirming that water is 

a vital component in maintaining the dynamics of the self-assembly process.  

Mg-CP-CD was therefore incorporated into a polyacrylamide hydrogel 

(Figure 3.16b) that traps a large amount of water in its quasi-solid state.
30

 The yellow 

color of the obtained soft material confirmed the incorporation of Mg-CP-CD 

within the gel matrix. The hybrid gel was found to be highly mouldable, flexible and 

transparent (Figure 3.16c) and possessed an inherent chirality.  Changes in CD signals  
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Figure 3.16. (a) Temperature-dependent changes in the ICD spectra of Mg-CPCD in the film 

state. (b) Photograph of the polyacrylamide hydrogel. (c) Photograph of Mg-CPCD incorporated 

inside the polyacrylamide hydrogel (a schematic representation of the gel components is shown). The 

resulting material is soft, flexible and transparent. (d) Temperature-dependent changes in the ICD 

spectra of the polyacrylamide hydrogel. (e) Temperature dependent changes in the intensity of the CD 

band at 350 nm and 420 nm for the polyacrylamide hydrogel showing a consistent behavior. (f) 

Temperature-dependent changes in the ICD spectra of the Mg-CPCD entrapped polyacrylamide 

hydrogel. Changes in the ICD spectrum at 350 nm and 420 nm are represented by orange and green 

lines respectively. 

were observed upon heating and cooling the hydrogel between 20 and 80 C (Figure 

3.16d). However, temperature dependent changes in the CD spectrum at wavelengths 

corresponding to Mg-CP-CD (350 nm and 420 nm), was negligible (Figure 

3.16e). The ICD spectrum of Mg-CP-CD incorporated inside the hydrogel matrix 

(Figure 3.16f), recorded at different temperatures was different from that of the 
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complex in solution (Figure 3.11a). The changes may be attributed to the positioning 

of the Mg-CP-CD polymer strands close to one another as opposed to the larger 

inter-strand distance in solution, where electronic interactions are minimal. The 

inherent chirality of the polymer strand may also be responsible for perturbing the 

electronic environment of the Mg-CP-CD complex (Figure 3.16d) and influence 

its ICD spectrum in the quasi-solid state. Temperature dependent ICD spectrum of 

Mg-CP-CD trapped inside the hydrogel matrix was monitored at 350 nm (Figure 

3.17a) and 420 nm (Figure 3.17b), corresponding to the major ICP bands of Mg-CP 

in solution. Contrary to the solution state ICD spectrum (Figure 3.11b), a clear 

hysteresis was observed between the heating and cooling cycles (Figure 3.17a and 

3.17b) of Mg-CP-CD when incorporated into the polymer hydrogel. This 

observation indicates that although -CD molecules were released from the Mg-CP 

on heating, they were not readily available to rebind the free azobenzene sites on 

cooling. The temperature-dependent swelling and deswelling of the polymer hydrogel 

promotes a lag phase between these binding and release processes leading to the 

observed hysteresis, similar to the hysteresis loop in the gas adsorption profile of soft 

porous crystals.
31

 Akin to the solution state, the ICD signal could be consistently 

modulated by maintaining the hydrogel at a particular temperature. A stepwise release 

profile of -CD from the Mg-CP could also be demonstrated (Figure 3.17c) as in 

solution.  
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Figure 3.17. (a) Temperature-dependent changes in the ICD spectra of Mg-CPCD entrapped in a 

hydrogel, recorded at (a) 350 nm and (b) 420 nm. Red and blue arrows represent heating and cooling 

cycles respectively. (c) Stepwise release profile of CD from Mg-CP monitored at 350 nm and 420 

nm in the hydrogel at different temperature. (d) Reversible binding (blue) and release (yellow) of CD 

from Mg-CP incorporated in the hydrogel. (e) Changes in the ICD signal at 355 nm corresponding to 

the gradual release of Mg-CPCD from hydrogel to water. Inset shows the photograph of the 

hydrogel strip fixed inside a quartz cuvette before the leaching experiment. (f) ICD spectra of the 

released Mg-CPCD complex in water (red). ICD spectrum of an aqueous solution of Mg-

CPCD (blue) is provided for reference. Inset shows the photograph of the Mg-CPCD 

released into solution after the leaching experiment. 

The temperature dependent ICD spectrum of the polymer hydrogel, monitored 

at 350 nm and 420 nm (Figure 3.16e), where no perceptible changes was observed, 

substantiates that the differences observed above originate solely from the host-guest 
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interactions involving -CD and Mg-CP. The system was also found to maintain its 

high reversibility for several heating cooling cycles in the quasi-solid state (Figure 

3.17d). In order to prove the stability of Mg-CP-CD inside the polymer hydrogel 

matrix, leaching of the complex into water from a xerogel strip at room temperature 

was monitored at 355 nm (Figure 3.17e). The ICD spectrum of the aqueous phase 

obtained exactly matched that of Mg-CP-CD complex in solution (Figure 3.17f). 

3.4. Conclusions 

In conclusion, we have designed and synthesized a water soluble coordination 

polymer (Mg-CP) having CD binding azobenzene-based side appendages. Mg-CP 

was found to possess a greater affinity and high selectivity towards various CDs as 

compared to its organic precursor. The Mg-CP based system was utilized to 

demonstrate precise control over host-guest interactions using various physical and 

chemical stimuli, both in solution as well as in the quasi-solid state. The highly 

selective host-guest interactions have been further utilized for the molecular level 

decoding of different CDs and CD mixtures. The chemistry discussed herein reaps 

the thermodynamic benefits of a system in chemical equilibrium and can have 

potential impact in designing systems for controlled delivery of stealth drug 

molecules such as CDs.  
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3.5. Experimental Section 

3.5.1. Materials and Methods    

Unless otherwise stated, all starting materials, reagents and dry solvents were 

purchased from commercial suppliers and used as received. Solvothermal reactions 

were carried out in a programmable Nabertherm air oven (TR-60). The water used in 

all the experiments was Millipore Milli Q grade (18 MΩ. m). (E)-2-hydroxy-5-

(phenyldiazenyl)benzoic acid (AzSA) was synthesized according to Scheme 2, using 

a reported procedure.
32

 
1
H and 

13
C NMR spectra were measured on a 500 MHz 

Bruker Advance DPX spectrometer using TMS and CDCl3 as internal standards. 

Melting point was measured on a MEL-Temp-II melting point apparatus and is 

uncorrected. Electrospray Ionization Mass Spectroscopy (ESI-MS) was performed on 

a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap electrospray ionization 

mass spectrometer. IR spectra were collected on a Perkin-Elmer Spectrum One FT-IR 

spectrometer using KBr (neat). Thermogravimetric analysis was carried out using TA 

instruments Q 50, all samples were heated at 10 C/min under N2 atmosphere.  

3.5.2. Preparation of (E)-2-hydroxy-5-(phenyldiazenyl)benzoic Acid 

(AzSA) 

Concentrated hydrochloric acid (20 mL) was added to an ice cold solution of aniline 

(6.12 g, 65.7 mmol) and cooled to 0 °C. A cold (05 ° ) so ution of NaNO₂ (4.55 g, 
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65.7 mmol) was slowly added to the above solution. The resulting benzene diazonium 

chloride was then added dropwise to an alkaline solution of  salicylic acid (9.15 g, 

65.7 mmol) at pH 8-9 (7.0 g of NaOH, 175 mmol), to yield the corresponding 

hydroxy azobenzene carboxylic acid. The compound was filtered and recrystallized 

from 50% (v/v) ethanol-water mixture. The bright orange crystals obtained were 

collected by filtration, washed with water and dried in a vacuum oven. Yield: 11.93 g, 

75%; m.p. 218 
o
C; FT-IR (KBr): max = 2850 (b), 1667(s), 1615(m), 1447(m), 1484(s) 

cm
-1

; 
1
H NMR (500 MHz, CDCl3, TMS, 25 

o
C) δ: 10.92 (d, 4H, Ar-OH), 8.55 (d, 4H, 

Ar-H),  8.16 (d, 4H, Ar-H),  7.91 (d, 2H, Ar-H), 7.53 (t, 2H, Ar-H), 7.49 (d, 1H, Ar-

H), 7.14 (d, 1H, Ar-H)  ppm; 
13

C NMR (125 MHz, CDCl3, 25
o
C) δ: 172.4, 164.4, 

152.5, 145.5, 137.6, 130.9, 129.5, 129.1, 127.8, 122.8, 118.7 ppm; ESI-MS: m/z: 

calculated: 242.07: Found: 265 [M+Na]
+
 (13%) 

3.5.3. Preparation of MgCP 

Mg-CP was prepared by modifying a reported procedure.
33

 AzSA (1.0 g, 4.13 mmol) 

and magnesium nitrate hexahydrate (1.75 g, 6.82 mmol) in diethylformamide (DEF, 

50 mL) by sonication. The resulting orange solution was kept in a programmable air-

oven and heated to 115 C at a rate of 0.2 C/min, and after 24 hours, the temperature 

was slowly decreased (over a day) to 30° C. The orange gel formed was purified by 

Soxhlet extraction using chloroform. A yellowish-orange xerogel powder was 
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obtained after drying overnight in an air-oven at 80° C and was used without any 

further purification. The formation of Mg-CP was confirmed by FT-IR, XRD and 

NMR analyses and the coordination of AzSA with Mg
2+

 was confirmed by the 

absence of phenolic –OH peak as well as the shifts in the signals corresponding to the 

aromatic protons along with broadening of the 
1
H NMR spectrum.  

3.5.4. Preparation of Polyacrylamide Hydrogel 

A 40% stock solution of acrylamide/bisacrylamide was prepared by adding 63 mL of 

deionized water to the commercially available acrylamide/bisacrylamide (19:1) 

powder mixture, dissolved the contents, filtered and stored at 4 C. A 10% solution 

(100 mg/mL) of ammonium persulphate (APS) was prepared in deionized water and 

stored at -20C. Tetramethylethylenediamine (TEMED) was used as obtained 

commercially. For preparation of the hydrogel, 1.5 mL of the 40% stock solution of 

the monomer was diluted with 1.5 mL of deionized water and 300 L of 10% APS 

solution was added. The resulting solution was vigorously whisked to prevent the 

formation of air bubbles. Subsequently 30 L of TEMED solution was added to 

control the rate of polymerization process. The solution was left undisturbed for ~ 1h 

in a glass petri dish or in a quartz cuvette to obtain a transparent hydrogel. 
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3.5.5. Preparation of Mg-CP-CD Trapped Polyacrylamide Hydrogel 

750 L of an aqueous solution of Mg-CP (2 mg mL
-1

) was added to 750 L of an 

aqueous solution of -CD (58 mg mL
-1

). To the resulting solution, 1.5 mL of 40% 

stock solution of acrylamide/bisacrylamide was added followed by 300 L of 10% 

APS solution.  The resulting mixture was vigorously whisked to prevent the formation 

of air bubbles. Subsequently 50 L of TEMED solution was added to control the rate 

of the polymerization process. The solution was left undisturbed for ~1h in a glass 

petri dish or in a quartz cuvette to obtain a transparent yellow hydrogel. 

3.5.6. Experimental Techniques 

3.5.6.1. Morphological Analysis 

Scanning Electron Microscopy (SEM) images were obtained using a Zeiss EVO 18 

cryo SEM Special Edn with variable pressure detector working at 20-30 kV. Mg-CP 

gel was dismantled by ultra-sonication for 15 min and then SEM samples were 

prepared by drop casting the sol on freshly cleaved mica substrates. All the samples 

were coated with gold prior to examination. Transmission electron microscopy (TEM) 

and high resolution TEM (HRTEM) with selected area electron diffraction (SAED) 

were performed on a FEI, TECNAI 30 G2 S-TWIN microscope with an accelerating 

voltage of 100 and 300 kV respectively. TEM samples were prepared by dispersing 1 

mg of the xerogel samples of Mg-CP in 5 mL methanol or water via ultra-sonication 
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for 15 min and then dropcasting the solution on carbon coated copper grids. Images 

were obtained without staining.  

3.5.6.2. Rheology Experiments 

Rheological measurements were carried out in an Anton Paar Physical Modulated 

Compact Rheometre-150 Physica (Germany). A parallel plate sensor having a 

diameter 50 mm and a gap size of 0.05 mm was used. Measurements were carried out 

in amplitude sweep mode, varying the amplitude gamma from 0.01-100 % log and 

keeping the angular frequency omega at 10 Hz.  

3.5.6.3. X-ray Diffraction Measurements 

X-ray diffraction measurements on Mg-CP powder were carried out on a XEUSS 2D 

SAXS/WAXS system using a Genix microsource from Xenocs operated at 50 kV and 

0.3 mA. The Cu K radiation ( = 1.54 Å) was collimated with a FOX2D mirror and 

two pairs of scatterless slits from Xenocs.  

3.5.6.4. Optical Measurements  

Solution state electronic absorption spectra were recorded on a Shimadzu UV-3600 

scanning spectrophotometer equipped with a temperature-control system, using a 1 

cm path length quartz cuvette. CD spectroscopy was performed on a JASCO-J-810 

spectropolarimeter that was equipped with a JASCO PTC-423S Peltier-type 
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temperature-control system. The studies were performed either on an aqueous 

solution or on a hydrogel in a quartz cuvette of 1 cm path length.  

(a) Host-guest interaction studies of AzSA and Mg-CP with different CDs: For the 

titration of AzSA, addition of an ethanolic solution of AzSA to an aqueous solution of 

CDs was avoided to prevent precipitation of the CDs, where as in case of Mg-CP, a 

specific initial concentration of the different CDs was used. CD Binding studies were 

conducted by either adding increasing amounts of different cyclodextrins (c = 1.5 x 

10
-2

 M) in water to a fixed concentration of AzSA (3 mL, c = 3.3 x 10
-4

 M) (Figure 

3.9c) or by adding successive aliquots of Mg-CP (2 mg mL
-1

) to a fixed concentration 

(3 mL, 1 x 10
-3

 M) of different CD solutions (Figure 3.9d).  

(b) Chemically stimulated CD capture and release by Mg-CP: Replacement of β-CD 

from Mg-CP (Figure 3.13b) by the addition of Na-AdCA, was performed in presence 

of an excess of Mg-CP (saturation point ~90 L, Figure 3.8f). 30 L of a solution of 

the competing guest, Na-AdCA (c = 0.1 M) was added to the total volume of the β-

CD solution in cuvette (3 mL) to maintain a concentration equal to that of β-CD (c = 

1 x 10
-3

 M). The ICD spectrum was recorded to confirm the release of β-CD. 

Subsequently, the addition of 60 L of a solution of -CD (c = 0.05 M) leads to the 

formation of the corresponding -CD complex and makes the system chemically 

irreversible. Uptake and release of β-CD from Mg-CP (Figure 3.13c) was performed 

by successive addition of 20 L Na-AdCA (c = 0.15 M) followed by β-CD (3.4 mg) 
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to 3 mL of Mg-CP solution for each release-uptake cycle. The effective final 

concentration of every competing guest was maintained at 1 x 10
-3

 M maintaining a 

total volume of 3 mL. The condition where β-CD was present in excess than Mg-CP 

(Point B, Figure 3.14a) was maintained by the addition of 40 L of Mg-CP (c = 2 mg 

mL
-1

) to a solution of β-CD (3 mL, c = 1 x 10
-3

 M), assuming ~90 L of Mg-CP (c = 

2 mg mL
-1

) was required for the complete saturation of the ICD signal (Figure 3.9d).  

(c) Chemical decoding of different CDs: Molecular level decoding experiments were 

performed by adding a 40 L aliquot of Mg-CP (c = 2 mg mL
-1

) to three unlabelled 

glass vials having -CD, β-CD and -CD solutions (c = 1 x 10
-3

 M) followed by 

recording their ICD spectra.  
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Rose Petal and Lotus Leaf Inspired Two-in-One Approach 

to Energy-Efficient Mechanical Motion 
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4.1. Abstract  

Inventions such as the wheel, pulley, lever, lubricants, etc. for efficient mechanical 

motion of objects continue to inspire mankind. Depletion of fossil fuels and concern 

for the environmental issues compel scientists to explore innovative ideas on energy 

efficiency. By combining artificially created rose petal like sticky hydrophobicity of an 

organic ligand and the lotus leaf like slippery hydrophobicity of a zinc based 

coordination polymer (Zn-CP), we demonstrate that water droplets can be used as a 

lubricant for energy-efficient sliding motion of objects. The ligand surface helps 
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pinning of the water droplets and the Zn-CP surface facilitates slippery motion of 

objects. Detailed experimental data revealed a 6fold reduction in the coefficient of 

static friction (s) with a 4.4fold less force required for the mechanical movement. 

An extension of this concept may help creating artificial indoor skating arenas 

without ice layer, which can save huge amount of energy required for creating and 

maintaining the slippery ice surface. 

 

4.2. Introduction 

The invention of fire and the wheel can be considered as two historical events that 

mark the nucleation of the technological growth of the human race.
1
 While the former 

is related to the search for finding a suitable energy source for survival, the latter 

addresses the ways of reduced energy usage for movement. In the modern world, we 

look for alternate sources of clean and renewable energy such as solar radiation and 

hydrogen on one side
2,3

 and machines, computers and robots on the other side to help 

reducing human effort in daily life. In this endeavors, energy efficient mechanical 

motion of objects has been one of the main challenges that originated with the Greek 

philosopher Archimedes, who believed that the principle of fulcrum could achieve 

force amplification with no limit, which led to his celebrated statement, "Give me a 

place to stand on, and I will move the Earth". Mankind has used this idea in the 

dislocation of heavy objects using fulcrum, pulley, and rollers before inventing 



Energy-efficient Mechanical Motion                                                                                           131
                                                                                                                

 

mechanical machines.
1
 Efficient mechanical motion can also be achieved by reducing 

friction
4
 using lubricants such as oil and grease.

5
 Nature uses aqueous medium as a 

lubricant in biological machines like the human body especially around diarthroidal 

joints, the gastrointestinal tract, inside the pleural cavity as well as on the surface of 

the eyes.
6,7

 However, water as a lubricant in artificial machines
8-10

 remains elusive, 

due to its unfavorable phase transition temperatures, viscosity index and corrosive 

nature to metallic parts. Still water can be considered as the cheapest and the most 

environmentally benign lubricant,
11 

if there is an efficient way for its utilization.
 
 

  A thin layer of water behaves as a lubricant in ice-skating and related sports 

that involve the slippery motion of metallic skates on a hard ice surface.
12,13

 While 

outdoor skiing and skating are possible in cold countries, indoor ice-skating is the 

only choice in tropical regions, however, this requires huge amount of energy for 

maintaining the required conditions. According to a survey in Quebec, the energy 

consumption in maintaining a standard indoor ice skating arena is around 1,500,000 

kWh/year. This value ranges from 800,000 kWh/year for the most energy-efficient 

arenas to 2,400,000 kWh/year for the least efficient ones.
14

 In an artificial skating 

arena, more than half of the total energy is consumed in refrigeration and heating of 

the indoor space. The energy usage for maintaining such arenas in tropical countries 

should in principle, exceed the above mentioned figures. In a world with growing 

energy demands and depleting natural resources, conservation of energy is of 

paramount significance. Therefore, if a suitable alternative to ice surface that can 
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maintain its slippery nature at an ambient temperature is available, a large amount of 

electricity can be saved which, in turn, reduces the emission of CO2, and related 

environmental issues.  

 

d 
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Figure 4.1. (a-c) Schematic representation of the nature of the interaction of water with different types 

of substrates. Hydrophilic and superhydrophobic surfaces are shown in blue and green respectively. 

Red surface is superhydrophobic, yet has the ability to stick to water droplets. The red substrate can 

move over the green one using water as a lubricant. (d) Different wetting scenarios in a lotus leaf 

(green) and rose petal (red). (e) Ideal situation in a skating arena, where water can be sprayed over the 

rose petal rink and skates with a lotus leaf like material for energy efficient self-propelled slippery 

motion. 
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4.2.1. Concept of an Artificial Iceless Skating Surface 

In the context of energy conservation in indoor leisure activities, an important 

question to be addressed is whether an energy-efficient artificial surface for iceless 

skating can be realized. At this point, Michael Faraday’s observation that ice is 

covered by a thin film of water even under ambient conditions becomes relevant.
12

 An 

amorphous arrangement of water molecules at the surface of ice is responsible for this 

pre-melting phenomenon which makes ice surface slippery. The need is, therefore, a 

thin film of water sandwiched between the skates and the skating surface. To achieve 

this objective, the behavior of water molecules between the two interacting surfaces 

needs to be considered (Supplementary Video 1). If the surfaces are hydrophilic, 

water will be absorbed by both surfaces leading to direct surface contact and 

associated friction for the sliding action (Figure 4.1a). If both are superhydrophobic, 

once in contact, both surfaces should reject water, and a solid-solid frictional contact 

may eventually result thereby arresting the motion (Figure 4.1b). Therefore, we 

thought of having two differently behaving superhydrophobic surfaces, one of them 

helping water molecules to stick to the surface while maintaining a constant contact 

angle as in the case of rose petals and the other facilitating rolling of the water 

droplets as in the case of lotus leaves (Figure 4.1c).
15-24 

When water droplets are 

placed in between the sticky rose petal mimicking and the slippery lotus mimicking 

surfaces (Figure 4.1d), the latter can slip over the former with a minimal frictional 

force. Moreover, we hypothesized that by using this idea, it may, in principle, be able 
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to achieve highly efficient self-propelled motion on an iceless surface as in ice skating 

(Figure 4.1e). As a proof-of-concept, we herein demonstrate, such a slippery motion 

using artificial rose petal and lotus leaf like superhydrophobic surfaces constructed 

using the metal-organic frameworks (MOFs) chemistry.
25-32

 

a b c 

d e 
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Thermal 
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growth 
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CA: 20-25 CA: 80-100 

IRMOF-1 carbon coating 
over IRMOF-1 

Plasma  
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 10 µm    1 µm 

 

Figure 4.2. (a) Post-synthetic covalent modification of MOFs. Schematic representation of the partial 

chemical structure of the MOFs and the corresponding photographs of their interaction with water are 

provided. (b) Introduction of perfluorohexane within the pores of a MOF by plasma treatment. Grand 

canonical Monte Carlo (GCMC) simulations showing the accumulation of perfluorohexane (greenish 

blue region, crystal viewed along [100] plane) within MOF pores. (c) Optical micrograph and schematic 

representation of a multi-walled carbon nano tube incorporated MOF. (d) Moisture-resistant black 

colored MOF prepared by thermal treatment. Photographs show untreated and treated MOFs after 

immediate addition of water. (e) SEM images of aligned micro needles and mushroom like 

morphological features of a MOF. Contact angle of n-hexadecane on omniphobic surfaces having the 

corresponding morphology. 
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In order to create superhydrophobic MOFs, Cohen and co-workers have 

reported a post-synthetic modification strategy, wherein the MOF crystals were 

covalently modified with hydrophobic alkyl chains (Figure 4.2a).
26

 Very recently, a 

similar post-synthetic modification reported by Ma and co-workers imparted 

omniphobicity in a different family of MOFs (zeolitic imidazolate frameworks).
27

 In 

another strategy, Decoste and co-workers obtained water stable MOFs by introducing 

hydrophobic molecules (perfluorohexane) within its pores by plasma induced 

chemical vapor deposition (Figure 4.2b).
28 

Concurrently, Park and co-workers have 

reported pre-synthetic modifications via the incorporation of carbon nano-materials to 

construct water stable MOFs with enhanced hydrogen storage capacity (Figure 

4.2c).
29

 An alternate approach is to protect the exterior surface of the MOF with a 

hydrophobic coating. Park and co-workers have developed black colored moisture 

resistant MOFs obtained by a controlled thermal treatment that covered the external 

surface of the MOF with an amorphous, hydrophobic carbon coating (Figure 4.2d).
30 

Hydrophobicity can also be rendered to these materials by tuning their morphologies 

in the nano-mesoscale size domain. Chin and co-workers have reported 

microstructured omniphobic surfaces via the epitaxial growth of MOFs (Figure 

4.2e).
31

 In a recent development, Maji and co-workers have prepared 

superhydrophobic, nanoscale MOFs from organic ligands functionalized with long 

alky chains.
32

 Kitagawa and co-workers have introduced molecular level roughness in 

the surface of MOF crystals to design superhydrophobic MOFs.
33

 By virtue of their 
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tunable nanoscale morphologies, metal-organic frameworks (MOFs) and coordination 

polymers (CPs) can thus be considered as potential candidates for the creation of 

superhydrophobic surfaces.
34-36

 We have therefore exploited the chemistry of metal-

organic frameworks (MOFs) or the coordination polymers (CPs) for the design of 

superhydrophobic surfaces. We firmly believe that, these unprecedented materials 

developed independently by Yaghi and Kitagawa, though have many promising 

applications, are still awaiting a break through development.
25

 

4.3. Results and Discussion 

4.3.1. Synthesis of Organic Linker AzPBA 

Aromatic dicarboxylic acids are one of the widely exploited building blocks for the 

preparation of a variety of metal-organic materials. Incorporation of additional 

functional group such as azobenzene moiety can impart additional property to the 

resultant framework. Thinking in this direction, we have designed an organic linker 

(E)-4,4’-(diazene-1,2-diyl)bis(4,1-phenylene))bis(oxy)dibutanoic acid (AzPBA). The 

linker was prepared via a reported procedure in an overall 33% yield (Scheme 3).
37

 p-

Nitrophenol upon fusing with potassium hydroxide at 220C, followed by work up in 

dilute hydrochloric acid resulted in the formation of the azo compound 1 in 47% 

yield, which on subsequent alkylation at the phenyl hydroxy groups in presence of a 

mild base (activated K2CO3) and ethyl 4-bromo butanoate, afforded the intermediate 2 

in 77% yield. AzPBA was synthesized via alkaline hydrolysis of azo compound 2 in 
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92 % yield. The conversion of intermediate 2 to AzPBA was confirmed from the 

presence of the broad band (~2500-3300 cm
-1

) corresponding to the to the O-H 

stretching frequency of the carboxylic acid and the shifting of the carbonyl stretching 

frequency from 1728 cm
-1

 in the ester (intermediate 1) to 1703 cm
-1

 in the acid 

(AzPBA) (Figure 4.3a-b). AzPBA was further characterized using other anlytical 

techniques like NMR, ESI-MS and elemental analysis. The formation of the azo 

chromophore was further confirmed when AzPBA showed UV light induced changes 

in its UV-Vis absorption spectrum in solution. At the photostationary state ~70% 

AzPBA molecules were photoisomerized from the trans to the cis state (Figure 4.3c). 

p-nitrophenol 

1  2 AzPBA 

KOH 

220C K2CO3, acetone 
reflux 

10% NaOH:  

EtOH (1:1) 

Reflux, then H+ 

 

Scheme 3. Reagents and conditions for the synthesis of AzPBA.  

4.3.2. Synthesis and Characterization of the AzPBA based 

Coordination Polymer (Zn-CP) 

A coordination polymer Zn-CP, was prepared from AzPBA using standard 

solvothermal synthesis. Fourier transform infrared (FT-IR) studies on AzPBA and 
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Zn-CP showed that the broad band (~2500-3300 cm
-1

) corresponding to the O-H 

stretching frequency of the carboxylic acid (AzPBA) was absent in Zn-CP, indicating 

the coordination of the acid groups to the Zn-based inorganic cluster (Figure 4.3a). 

Moreover, a decrease in the intensity of the carbonyl stretching frequency (νassymetric)  
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Figure 4.3. (a) FT-IR spectra of the organic ligand AzPBA and the coordination polymer Zn-CP 

showing changes in the region corresponding to OH stretching frequency. (b) Expanded portion of the 

region (1750–1350 cm-1), showing changes corresponding to the asymmetric and symmetric stretching 

frequencies of the carbonyl bond. (c) UV absorption spectra exhibiting trans to cis photoisomerization 

of AzPBA in DMF (c = 3 x 10-5 M). (d) Solid state UV absorption spectra showing the insignificant 

photoisomerization in Zn-CP. 
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at 1599 cm
-1

 and an increase in the intensity of the band at 1423 cm
-1

 (νsymetric). The 

mode of coordination (bidentate bridging) was further confirmed by the difference 

between νassymetric and νsymetric stretching bands, that decreased from 280 cm
-1

 in 

AzPBA to 142 cm
-1

 in Zn-CP (Figure 4.3b).
38

 On irradiation of the Zn-CP with 

ultraviolet light (365 nm) in its solid state, negligible photoresponse (2.4 % trans-cis 

photoconversion, monitored at 440 nm) was observed (Figure 4.3d). Elemental 

analysis of Zn-CP matched closely with the simplest repeating unit (molecular 

formula) of (Zn4O)(C20H20N2O6)3 (Figure 4.4a).  
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Figure 4.4. (a) TGA of Zn-CP and AzPBA, inset shows the results obtained from the elemental 

analysis of Zn-CP. (b) N2 adsorption and desorption isotherm (Type II, nonporous behavior) of Zn-CP 

recorded at 77 K. 

In thermogravimetric  analysis (TGA), we  observed a single  weight  loss step  

of  81% starting at ~300°C, corresponding to the decomposition of the organic ligand 

(estimated loss 80.9%). Afterwards, a plateau was reached at 19.05% weight, 

corresponding to the weight of the residual Zn4O cluster (estimated loss 19.07%). A  
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Figure 4.5. (a) SEM image of Zn-CP, prepared by solvothermal method. (b) Magnified view of portions 

marked by boxes of similar colour in (a). (c) SEM image of Zn-CP nanoscale rough surface prepared 

by time controlled solvothermal reaction (after 12 h). Inset shows the macroscopic rough surface of Zn-

CP. Scale bars, 50 µm (yellow) and 10 µm (white). (d) TEM image and (e) HRTEM image of nanoscale 

Zn-CP asperities. (f) Reconstructed HRTEM image of (e), clearly showing a doubly interpenetrated 

lattice planes (marked in yellow), inset shows the line profile corresponding to the distance between the 

metal clusters. (g) Schematic representation of a doubly interpenetrated structure. (h) Small angle X-

ray scattering (SAXS) profile of Zn-CP. (i) Energy minimised simplest structure (optimized using 

semiemperical PM6 level calculations)40 showing the theoretically predicted distance between the 

tetrahedral Zn4O clusters in Zn-CP, the ancillary ligands are chosen as benzoic acid based on the 

crystal structure of MOF-5. 
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negligible weight loss (3%) was observed until 240 °C, indicating that very less 

solvent molecules got trapped within the MOF network during the synthesis of the 

material (Figure 4.4a). This may be associated with the decrease in porosity, due to a 

more interpenetrated structure, owing to the longer length of the ligand.
39

 This is 

indeed evident from the N2 gas adsorption isotherm (Figure 4.4b). This 

interpenetrated nature of the framework may also be responsible for the negligible 

photoresponse in its solid state (Figure 4.3d). 

Scanning Electron Microscopic (SEM) analysis of the Zn-CP revealed the 

formation of micrometer sized spherical particles that were fused together at several 

places (Figure 4.5a). SEM analysis also revealed the formation of nanoscale finger 

like structures in some regions (Figure 4.5b). By controlling the reaction time, the 

growth of Zn-CP was restricted to a stage where it forms nanoscale finger like 

structures on a fused spherical morphology thereby creating a dual scale roughness 

(Figure 4.5c).
34-36  

These nano fingers were about 1 µm in length and about 200 nm in 

width. Transmission Electron Microscopic (TEM) analyses of these structures 

revealed doubly interpenetrated crystalline domains (Figure 4.5d-g) with the distance 

between the lattice planes matching the distance calculated from the small angle X-

ray scattering (SAXS) measurements (Figure 4.5h) and the energy minimized 

simplest repeating unit of Zn-CP (Figure 4.5i).   

It is interesting to note that the morphology obtained under restricted 

conditions (Figure 4.5c) matches well with the dual topographical features of lotus 
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leaves, where micrometersized hills and valleys are adorned by nanometersized 

coating of wax crystals. For practical applications of superhydrophobic surfaces, it is  
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Figure 4.6. (a) Schematic representation of the chemical processes occurring during the growth of Zn-

CP/BA and AzPBA/BA film over alumina plate. Inset shows the chemical structure of BA. (b) Cartoon 

representation of the sticky water droplets on AzPBA/BA. (c) Cartoon representation of the slippery 

water droplets on Zn-CP/BA. (d) XRD characterization of the formation of Zn-CP phase over alumina 

surface. (e) SEM image of Zn-CP film over alumina substrate marked with the nanoscopic dimensions 

of the morphological features. (f) SEM image of AzPBA film over alumina substrate. 
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important that the required morphological features are homogeneously distributed 

over a large area in a dense and oriented fashion. For this purpose, we adopted, the 

direct growth/deposition method
41 

of the MOF crystals over an alumina substrate 

dipped into a mother liquor during a controlled solvothermal synthesis (Figure 

4.6a).
31,42

 

4.3.3. Lotus Leaf and Rose Petal like Superhydrophobicity 

We found that both AzPBA and Zn-CP functionalized surfaces exhibited moderate to 

high superhydrophobicity, wherein AzPBA behaved like a rose petal, while Zn-CP 

exhibited the lotus leaf effect (Figure 4.6b-c). X-ray diffraction (XRD) analysis of the 

Zn-CP film over the alumina plate exhibited diffraction peaks corresponding to Zn-

CP and the alumina surface (Figure 4.6d). SEM analysis of the alumina plates after 

solvothermal treatment, confirmed the complete coverage of the nano and micro scale 

morphological features of Zn-CP over the alumina surface (Figure 4.6e). The growth 

of Zn-CP over the alumina plate was followed by time dependent SEM analysis 

(Figure 4.7). 

When the Zn-CP film is grown on the alumina surface, the water contact angle 

(CA) is significantly improved from a near zero value to an initial contact angle of 

156 ± 2° which slowly reduces to 80 ± 2°. Nevertheless, we could improve and 

maintain the contact angle of the Zn-CP film by coating with an organic molecule 

BA, thereby achieving a lotus leaf like superhydrophobic material (Zn-CP/BA)  
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Figure 4.7. Time dependent SEM analysis of formation of Zn-CP coating over alumina substrate 

recorded after (a) 0 h and (b) 4 h. Yow arrows mark the growth of the Zn-CP phase. (c) Complete 

coverage of alumina substrate with Zn-CP layer after 12 h. (d) SEM image of lotus leaf like surface 

obtained after coating of BA. Inset shows the water contact angle over Zn-CP/BA surface. (e) SEM 

image of AzPBA coating over alumina substrate obtained after 12 h of solvothermal treatment. Inset 

shows the water contact angle over AzPBA surface. (f) SEM image of rose petal like surface obtained 

after coating of BA. Inset shows the contact angle over AzPBA/BA surface 
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having a water contact angle of 165 ± 2° (Figure 4.7d).
43 

Both Zn-CP alone and Zn-

CP/BA composite possessed enhanced stability in presence of moisture due to the 

hydrophobic propyl chains around the zinc clusters that minimized the interaction 

with water molecules. In order to establish the stability of the materials under air and 

moisture, we performed two experiments (Figure 4.8a-b). Alumina plates coated with 

pristine Zn-CP and Zn-CP/BA were separately kept in contact with water taken in a 

petri dish. The Zn-CP/BA coated plate did not adhere a single water droplet even 

after 30 h of exposure. The alumina plate containing only the Zn-CP showed water 

stranded over it. Subsequently, we did the WAXD measurements on both the plates at 

different time intervals; that clearly showed the retention of the crystalline order of 

the Zn-CP even after 30 h of water exposure (Figure 4.8c). In order to study the effect 

of water on the crystalline nature of Zn-CP, a pellet of the Zn-CP was prepared and 

submerged in a beaker of water and its WAXD pattern was measured at different time 

intervals. Wide-angle X-ray diffraction (WAXD) analysis of the synthesized Zn-CP 

showed the presence of intense diffraction peaks that correspond to a highly 

crystalline lamellar structure with d-spacing ratio of d, d/2, d/3, d/4 (Figure 4.8c-d). It 

was seen that the WAXD pattern of Zn-CP did not change even after 45 days (Figure 

4.8d).
30

 The WAXD data after 60 days of water exposure revealed that the lamellar 

structure of Zn-CP almost remains intact. However, the emergence of a few new 

peaks was observed which is attributed to the formation of a new crystalline phase  of 

Zn-CP and not due to decomposition of the framework, as these peaks did not match 
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with the WAXD data of the thermally decomposed Zn-CP (Figure 4.9a) and that of a 

Zn-CP framework leached under five cycles of acidic and basic treatment (Figure 

4.9b). The alkyl chains attached to the aromatic moiety also play an important role in 

generating a dual scale morphological feature as it is evident by a coordination 

polymer synthesized from a similar molecule HqPBA without the azobenzene core 

(Figure 4.10). 

 

Figure 4.8. (a) Photographs of Zn-CP (sample 1) and Zn-CP/BA (sample 2) during moisture stability 

experiment and after being kept in contact with water for 30 h. Schematic representation XRD set up in 

reflection mode. (b) Photograph of Zn-CP pellet immersed in a 5 mL beaker containing distilled water 

for 60 days. Schematic representation of WAXD set up in transmission mode is shown along with. (c) 

The stability of the prepared alumina substrates coated with Zn-CP (1) and Zn-CP/BA (2) layers 

towards water was monitored via WAXD studies. Black asterisk marks the position of d/4 peak in 

sample 2. (d) The stability of the prepared Zn-CP pellet towards water was monitored via WAXD 

studies. Peaks that are newly observed after 60 days are marked by red asterisk.  
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Figure 4.9. (a) Temperature dependant WAXD recorded from 300 C to 350 C (where the thermal 

decomposition of Zn-CP phase is observed in TGA). (b) Experimental setup for the leaching of Zn-CP 

using HCl and NH3 vapors, WAXD of Zn-CP recorded after 5 leaching cycles compared to that of 

pristine Zn-CP. Green asterisk marks the position of the same diffraction peak in samples decomposed 

by heating or by chemical leaching of the polymer framework. This peak was absent in the Zn-CP 

pellet immersed in water for 60 days, instead a new diffraction peak in the lower 2Θ region was 

observed. 
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Figure 4.10. (a) Synthesis of Zn-CP-1 from organic ligand HqPBA (without the azobenzene 

chromophore). (b) SEM image of Zn-CP-1. 
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Figure 4.11. (a) Variation of CA with time for differently functionalized substrates. Inset shows the 

photographs of a water droplet on alumina (i) and Zn-CP/BA coated over alumina (ii) surfaces. (b) 

Results of CAH experiments based on rolling method. The advancing and receding contact angles are 

represented in blue and red colour respectively. (c) Snapshots of a water droplet rolling over a Zn-

CP/BA substrate. Blue and yellow arrows show the direction of movement and the extent of 

displacement of the needle from the position marked with a red circle. White dashed line marks the 

position of the syringe needle. All CA measurements are within an error limit of ± 2. (d) High-speed 

camera images of bouncing of a water droplet over a Zn-CP/BA surface. Snapshots of the water 

droplet completely detached from the surface is shown with a red outline (droplet radius R = ~1 mm; 

impact velocity U = 0.8 ms-1). 

While the contact angle of a water droplet over the surface of Zn-CP 

decreased to 80 ± 2° from the initial 157 ± 2° within 10 sec, the contact angle over 

Zn-CP/BA film remained constant at ~165° (measured upto 30 min), which is one of 

the required characteristics of an ideal superhydrophobic surface (Figure 4.11a). 



Energy-efficient Mechanical Motion                                                                                           149
                                                                                                                

 

Contact angle hysteresis (CAH) is another important parameter to determine the 

nature of surface wettability.
24

 When a liquid droplet moves on the substrate, under 

the influence of an external force, the difference between the observed advancing and 

receding CAs is defined as CAH. It is a measure of the net force of adhesion of a 

droplet with a substrate and also the amount of energy dissipated during the 

movement of the droplet. The Zn-CP/BA surface is seen to possess negligible CAH 

(Figure 4.11b-c and Supplementary Video 2) and as a result, the water droplets move 

freely on the surface even at sliding angles lower than 2°.  

In order to prepare the rose petal like surface, alumina plates were dipped into 

a solution of AzPBA in dry DMF and heated under solvothermal conditions for 12 h 

(Figure 4.6b). No extra diffraction peaks (2  = 5–30), corresponding to Al-CP was 

observed in the WAXD data. Therefore, formation of Al-CP phase was ruled out by 

WAXD (Figure 4.6d) and from SEM analyses (Figure 4.6f), where the morphology of 

the alumina plate remained unaltered. Contact angle measurements on AzPBA treated 

alumina plate revealed the hydrophobic nature of the surface (128.6º ± 2°) (Figure 

4.7e). The contact angle was further improved to 145.1º ± 2°, almost reaching the 

superhydrophobic domain, via treatment with BA (Figure 4.7f).  Interestingly, unlike 

in the Zn-CP/BA coated alumina plate, the AzPBA/BA exhibited very high CAH 

indicating a sticky nature of the surface (Figure 4.12a-b and Supplementary Video 2). 

A stranded water droplet was too sticky to be rolled even by applying force with the 

needle of a syringe (Figure 4.12a). The ability to pin the water droplet was further 
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illustrated as the water droplets did not roll on tilting the surface even at a tilt angle of 

180 º (Figure 4.12c).  

 Figure 4.12. (a) Snapshots of a water droplet rolling over a AzPBA/BA substrate. Blue and yellow 

arrows show the direction of movement and the extent of displacement of the needle from the position 

marked with a red circle. White dashed lines mark the position of the syringe needle. (b) Results of 

CAH experiments based on rolling method. The advancing and receding contact angles are 

represented in blue and red colour respectively. (c) Photographs of a water droplet (15 µL) anchored 

on to an AzPBA/BA substrate kept at different sliding angles (0°-180°). All CA measurements are 

within an error limit of ± 2. (d) High-speed images of bouncing of a water droplet over a AzPBA/BA 

surface (droplet radius R = ~1 mm; impact velocity U = 0.8 m s-1). 

4.3.4. Water Droplet Bouncing Dynamics on Zn-CP/BA and 

AzPBA/BA Surfaces 

The dynamics of sticky and slippery superhydrophobicity was studied by water 

droplets bouncing  experiment  (Figure  4.13a).  The  bouncing  dynamics  of  a  water  
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Figure 4.13. (a) Schematic representation of different stages after the impact of a water droplet on a 

superhydrophobic substrate. (b) Plot of spreading factor (β) with respect to time. (c) Plot of 

dimensionless height factor (ζ) with respect to time. Filled circles represent data for the Zn-CP/BA 

(lotus leaf) and empty circles represent data for the AzPBA/BA (rose petal) like surfaces. Point of 

droplet impact, spreading regime, recoil regime and droplet release are represented in violet, blue, red 

and green colors respectively. 

droplet on the superhydrophobic surfaces was recorded with a high-speed camera 

(Figure 4.11d, 4.12d and Supplementary Video 3). The maximum spreading factor 
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(βmax) observed in the case of the Zn-CP/BA surface was 1.8, whereas that in the case 

of AzPBA/BA was 1.9. Similarly, the maximum dimensionless height factor (ζmax) 

was observed to be 1.76 and 1.22 for the Zn-CP/BA and AzPBA/BA surfaces  

respectively (Figure 4.13b-c).
44  

These  values indicate  that  the  water droplet spreads 

more over the AzPBA/BA surface and retracts to a greater height in the case of the 

Zn-CP/BA surface. After the retraction stage, the droplet completely detaches from 

the Zn-CP/BA surface (contact time ~23 ms) while it sticks on to the AzPBA/BA 

surface with a β and ζ value ~1 (corresponding to a spherical shape). The droplets 

remain as spheres over both the surfaces after 60 ms (Figure 4.11d and 4.12d). These 

observations support an enhanced pinning effect in the case  of the rose petal like 

AzPBA/BA surface, which can also be understood by calculating the fraction of 

liquid-vapor interface in the two substrates.  

4.3.5. Comparative Wetting Scenario in Rose Petal and Lotus Leaf 

Substrates 

According to the modified Cassie equation, CA on a hydrophobic surface (R) can be 

expressed in terms of the contact angle on a smoother surface ( ) [Eq. (1)].
24

 

CosR = fsl Cos    flv  …………  (Eq. 1) 

                                    where,  fsl + flv = 1  ………………  (Eq. 2) 
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The individual ratio of flat projection of solid-liquid interface area and that of 

the liquid-vapor interface area to the composite substrate’s total flat geometrical area 

under the liquid droplet is fsl and flv respectively. Since these two fractions comprise of 

the total area under the droplet, their sum can be considered as unity [Eq. (2)]. 

According to Cassie-Baxter model, in a surface with very high roughness factor, the 

liquid droplet is not able to penetrate through the asperities of the solid substrate. The 

droplet simply rest on the tip of asperities, balanced by a cushion of the air pockets 

underneath (Figure 4.1d). This trapping of air, under a liquid droplet, therefore greatly 

contributes to the increase in hydrophobicity of the surface. Considering  = 0° for the 

alumina surface and utilizing equation (1 and 2), the flv value of the AzPBA/BA and 

Zn-CP/BA substrates were estimated to be 0.91 and 0.98 respectively. These values 

indicate that the fraction of air trapped in the surface for Zn-CP/BA is rather high and 

exceeds the amount of air trapped by AzPBA/BA substrate by ~8%. This can be 

attributed to the presence of dual phase asperities in Zn-CP/BA substrate which is 

absent in AzPBA/BA substrate. Not only the presence of asperities but also the 

presence of the hydrophobic BA coating is significant and is evident from the low flv 

(0.41) obtained for Zn-CP substrate alone. This can be attributed to the seepage of 

water through the mesoporous asperities of the Zn-CP substrate due to capillary 

forces. Upon addition of a BA coating, the flv increases by about 139% in case of Zn-

CP/BA while only ~12% increase is observed in case of AzPBA/BA. 
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4.3.6. Force of Water Droplet Adhesion in Zn-CP/BA and AzPBA/BA 

Films 

The force (F) needed to move a water droplet along any inclined surface under the 

influence of gravity has earlier been derived by Furmidge.
45

 The same principle can 

be applied for estimating the force (F) needed to move the droplet along any 

horizontal surface as per the equation [Eq. (3)] (Supplementary Video 2). At the same 

time, the force of adhesion [Eq. (4)] or the threshold force required for the detachment 

of a water droplet from different substrates can be calculated using the equation 

reported by Brochard-Wyart and de Gennes (Supplementary Video 4).
46

 

F = W sl (Cos r   Cos  a)  …………  (Eq. 3) 

Fd = πRsl (1+ Cos  e)  ……………….  (Eq. 4) 

               

where, W and R are the width and radius of the droplet respectively, a and r  refers 

to the advancing and receding contact angles respectively, e is the corresponding 

contact angle and sl is the surface tension along the liquid-vapor interface. 

Deformation of a water droplet may occur, when it is under the influence of 

two unequal adhesive forces, one towards the end of the needle and the other offered 

by the sticky superhydrophobic substrate. As the force towards the syringe end is 

increased, the water droplet is deformed to the maximum extent till a point of 

detachment is achieved and the force of attachment of the droplet with the surface 

wins.  In case of the slippery superhydrophobic substrate, the water droplet 
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experiences almost two equal and opposite forces and therefore can be easily rolled 

over the substrate with minimum droplet deformation. A similar droplet deformation 

may be observed when a droplet is placed between a syringe needle and a sticky 

superhydrophobic substrate and a force is applied at either end.  Deformation of the 

water droplet (D), a dimensionless quantity, was calculated from the water sliding 

experiments (Figure 4.11c and 4.12a) by using [Eq. (5)].
47

  

D = (d1-d2)/(d1+d2)  ……………….  (Eq. 5) 

where d1 and d2  are the major and minor axes of the droplet respectively. 
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Figure 4.14. (a) Plot of force required to roll a water droplet along a Zn-CP/BA and AzPBA/BA 

substrates. (b) Droplet deformation as a result of rolling along the two substrates. (c) Plot of force 

required to detach a water droplet from a Zn-CP/BA and AzPBA/BA substrate. (d) Droplet deformation 

as a result of the adhesive force. All CA measurements are within an error limit of ± 2.  

A spherical water droplet will have equal minor and major axes and drop 

deformation should be zero. From Figure 4.14a, it is evident that the force required 

for the movement of a water droplet over Zn-CP/BA surface is about 239fold lesser 

than that on AzPBA/BA surface. This is corroborated by the extent of droplet 
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deformation occurring in the case of the AzPBA/BA surface (Dmax: 0.21) and the 

negligible deformation occurring in the case of Zn-CP/BA surface (Dmax: 0.07) 

(Figure 4.14b). The maximum vertical force of adhesion of the water droplet towards 

the AzPBA/BA and Zn-CP/BA surfaces has been estimated as 45.5 µN and 23.9 µN 

respectively (Figure 4.14c). It was also observed that the maximum droplet 

deformation, observed for the vertical detachment of the water droplet is 0.28  and 

0.12, respectively for AzPBA/BA and Zn-CP/BA surfaces (Figure 4.14d). These data 

confirmed that AzPBA/BA surface, although hydrophobic, shows strong adhesion 

towards water droplets, thereby mimicking the rose petal effect and can therefore be 

utilized for anchoring water droplets over it. The lotus-leaf like Zn-CP/BA surface, 

on the other hand, shows negligible affinity towards water droplets (Supplementary 

Video 2 and 4) and hence can easily slip over them. 

4.3.7. Energy-Efficient Mechanical Motion of the Lotus Leaf Surface 

over the Rose Petal Surface 

Having the rose petal like AzPBA/BA and the lotus leaf like Zn-CP/BA surfaces, we 

thought of combining these two surfaces for achieving energy efficient slippery 

motion of objects. In order to demonstrate this concept, we mounted a cargo with a 

magnetic bead over the AzPBA/BA surface. Water droplets were then anchored over 

the AzPBA/BA surface. Subsequently, the lotus leaf like Zn-CP/BA surface was 

placed over a magnetic stirrer which  provided  the  necessary  external  force  for  the  
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Figure 4.15. Schematic representation of a water skating experimental set up. Photographs (ad) 

show the snapshots showing the position of the object (a skating girl, marked with green circle) at 

different time intervals. Green curved arrows show the direction of rotation. 

rotation of the cargo (Figure 4.15). The same experimental set up without water 

droplets was made for comparison (Supplementary Video 5). The 360° movement of 

the cargo was tracked using Tracker Video Analysis and Modeling Tool.
48

 When the 

stirrer operation was fixed at 80 rpm, no movement was observed for the cargo in the 

absence of water droplets. In this case, further increase of the motor speed to 170 rpm 

resulted in a twitching movement of the cargo over the Zn-CP/BA surface. Whereas, 
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in presence of water droplets in between the two surfaces, the cargo undergoes ~7 

rotations in ~5 s (Figure 4.16), even when the stirrer was fixed at 80 rpm. The 

rotational movement of the cargo has been recorded up to 300 complete rotations.  
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Figure 4.16. Tracking the pixel x-position of the cargo during rotational motion with and without water. 

Rotation of the cargo was observed at a motor speed of 80 rpm with water. Red curved arrow indicates 

individual 360° motion. Without water, no motion was observed at a motor speed of 80 rpm, however 

when increased to 170 rpm, a twitching motion is observed. 

In order to quantify the frictionless motion of the lotus leaf surface on the rose 

petal surface in presence of water droplets, the minimum amount of force required for 

their relative movement was recorded on an inclined plane (Figure 4.17a). According 

to a standard free body diagram, for an object kept over an inclined plane, the 

component of weight of the object (mg) causing it to slide over the inclined plane 

surface due to the gravitational pull is mg sin (SA), where ‘m’ and ‘g’ correspond to 

mass of the object (148 mg) and acceleration due to gravity (9.8 m s
-2

) respectively. 



Energy-efficient Mechanical Motion                                                                                           159
                                                                                                                

 

SA represents the sliding angle of the inclined plane. The frictional force acting 

against the sliding motion of the body is µsmg cos (SA) where µs represents the 

coefficient of static friction for the two surfaces in contact. At the point of sliding 

motion, both these forces are equal and opposite to each other and therefore µs can be 

calculated as tan (SA). If the slope or SA is smaller, larger will be the mechanical 

advantage of the ramp and hence lesser amount of force will be required for the object 

to slide over the surface (Figure 4.17a, top). Sliding of the AzPBA/BA surface over 

the Zn-CP/BA surface occurs at different sliding angles ( and ), in the absence 

and presence of water droplets (Figure 4.17a, bottom).  

In the absence of water droplets, the sliding angle for the AzPBA/BA surface 

to slip over the Zn-CP/BA surface is 44°, which decreases ~5fold, to an angle of 9° 

in presence of anchored water droplets (Figure 4.17b and Supplementary Video 6). 

The sliding movement in presence of water droplets therefore occurs with a force of 

226.89 µN which is ~4.4fold lesser than the force required to slide the cargo in the  

absence of water droplets (1007.53 µN) (Figure 4.17c). A 6fold reduction of the 

coefficient of static friction (µs) was observed in the case of experiment 2 (µs=0.16) 

when compared to that in experiment 1 (µs = 0.97). This decrease in µs is quite 

significant when compared to the µs observed for other standard substrates with 

greasy lubricants (Figure 4.17d).
49 
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Figure 4.17. (a) Top panel shows the schematic representation and free body diagram of a cargo 

placed over an inclined plane without (Experiment: 1) and with (Experiment: 2) water droplets between 

the cargo and the inclined plane surfaces. Bottom panel shows the snapshots of the tracking of the 

cargo movement at different sliding angles without (i, ii) and with (iii, iv) water droplets. (b) Comparison 

of the minimum sliding angles obtained from experiments 1 and 2. (c) Minimum sliding force required in 

experiments 1 and 2. (d) A comparative plot of the reduction in the coefficient of static friction (µs) using 

oil and water based lubricants in various standard systems.49 (e) Position of the cargo at a particular 

SA (45°), with and without water, monitored along x-axis with respect to time, using a video tracker. 

Black line corresponds to the linear fit obtained. All SA measurements are within an error limit of ± 1. 

The position of the cargo along the x-axis was tracked using a video tracker 

and plotted against time (t) at a sliding angle of 45°. The component of weight (mg 
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sin) acting along the hypotenuse of the inclined plane was constant in both 

experiments in this case (Figure 4.17e). The velocity of the lotus leaf surface was 

estimated from the slope of the plot. It was observed that the movement of the cargo 

is 3 times faster in presence of water droplets, justifying the role played by water as a 

lubricant (Supplementary Video 7). The cargo in presence of water droplets therefore 

moves 3fold greater distance utilizing the same amount of gravitational force (mg 

sin45), manifesting the energy efficiency of the process. 

4.4. Conclusions 

The combination of an organic ligand having the sticky superhydrophobicity of a rose 

petal and a coordination polymer having the slippery superhydrophobicity of a lotus 

leaf, to achieve frictionless movement of objects, is a new concept. This idea can be 

extended to the creation of indoor ice-skating surfaces without the use of ice, thereby 

saving a significant amount of energy. We have demonstrated the role of MOF 

chemistry to achieve the synthesis of the superhydrophobic materials. At this point of 

time, even though it appears far from a practical implementation, design of new 

artificial materials with stable, sticky and slippery superhydrophobic properties for 

large area applications may lead this concept into a technical reality. The proof-of-

concept described here may facilitate the search for new generation superhydrophobic 

materials for achieving such ʽever thought of challengingʼ applications. 
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4.5. Experimental Section 

4.5.1. Materials and Methods    

1
H and 

13
C NMR spectra were measured on a 300 MHz or 500 MHz Bruker Advance 

DPX spectrometer using TMS and CDCl3 as internal standards. Melting point was 

measured on a MEL-Temp-II melting point apparatus and is uncorrected. Fast Atom 

Bombardment Mass Spectroscopy (FAB-MS) was performed on JEOL JM AX 505 

HA instrument and Electrospray Ionization Mass Spectroscopy (ESI-MS) was 

performed on a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap 

electrospray ionization mass spectrometer. Elemental analyses were obtained using a 

Perkin-Elmer Series 2 Elemental Analyzer 2400. IR spectra were collected on a 

Perkin-Elmer Spectrum One FT-IR spectrometer using KBr (neat). 

Thermogravimetric analysis was carried out using TA instruments Q 50, all samples 

were heated at 10 K/min under N2 atmosphere. N2 gas adsorption studies were carried 

out at 77 K on a Quantachrome Quadrasorb automatic volumetric instrument. About 

70 mg of the Zn-CP sample was activated at 140C for 6h for gas adsorption 

experiments. 

4.5.2. Preparation of Compound 1 

A  mixture  of  KOH  (60.0  g,  1.07  mol),  p-nitrophenol  (10.0  g,  72  mmol)  and  

water  (10 mL)  was  heated  to  120°C  for  4  h with constant stirring to allow the 

mixture to fuse. Then temperature is slowly allowed to rise to 220°C. A brown liquid 
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was formed with vigorous effervescence. Heating was continued till the effervescence 

ceased. The reaction mixture formed a sticky liquid and was slowly cooled down. The 

mixture thus obtained was then dissolved in water and acidified with con. HCl (~5 

mL). A dense chocolate colored precipitate was formed, which was extracted with 

diethyl ether.  The organic extract was then washed with brine, dried over anhydrous 

Na2SO4 and concentrated under atmospheric pressure to yield a dark red residue.  

Recrystallization from 50% (v/v) EtOH-Water mixture yielded azo compound 1 in 

47% yield. m.p: 207C. FT-IR (KBr, cm
-1

) 3460 (m), 3205 (broad), 1664 (w), 1591 

(s). 
1
H NMR (500 MHz, DMSO-d6) δ: 10.14 (s, 2H, Ar OH), 7.72 (d, 4H, Ar H), 6.91 

(d, 4H, Ar H). 
13

C NMR (DMSO-d6, 125 MHz) δ: 164.3, 141.7, 126.9, 116.5.  

Elemental analysis calculated for C12H10N2O2; C, 67.28; H, 4.71; N, 13.08. Found. C, 

68.45; H, 5.20; N, 13.36. FAB-MS: m/z: calculated: 214.07: Found: 214.41 

4.5.3. Preparation of Compound 2 

Compound 1 (5.0 g, 23.33 mmol) and activated K2CO3 (10.0 g, 73.99 mmol) in 

distilled acetone (50 mL) was stirred until complete dissolution (~1 h). To the 

solution, ethyl 4-bromo butanoate (20.0 mL, 72 mmol) was added and the reaction 

mixture was refluxed for 24 h under inert atmosphere. The reaction mixture was then 

evaporated to dryness, the residue was dissolved in water and extracted with 

chloroform (500 mL). The organic layer was separated, dried over Na2SO4 and 

concentrated under reduced pressure. The crude product was purified by column 
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chromatography (Silica gel, chloroform as eluent). The product was obtained as 

orange-yellow crystals. Yield of the reaction was 77%. m.p: 96C. FT-IR (KBr cm
-1

) 

2974 (m), 1728 (s), 1593 (s). 
1
H NMR (500 MHz, DMSO-d6,) δ: 7.86 (d, 4H, Ar  H), 

6.98 (d, 4H, Ar H), 4.16 (qt, 4H, ester -OCH2-), 4.09 (t, 4H, ether -OCH2-), 2.54 (t, 

4H, -(C=O)-CH2-), 2.15 (m, 4H, -CH2-), 1.26  (t,  6H, -CH3). 
13

C NMR (DMSO-d6, 

125 MHz) δ: 173.2, 160.9, 125.9, 124.9, 114.4, 67.6, 60.5, 29.3, 24.6, 14.2. Elemental 

analysis calculated for C24H30N2O6; C, 65.14; H, 6.83; N, 6.33.Found C, 65.57; H, 

7.0; N, 6.7.  FAB-MS: m/z: calculated: 442.21: Found: 443.17 [M+H]
+
 

4.5.4. Preparation of AzPBA 

Compound 2  (3.32 g, 7.5 mmol), was dissolved in 10%  NaOH  solution  and  EtOH  

(1:1, v/v, 80 mL)  and  refluxed for  24  h.  The reaction mixture was cooled in ice and 

acidified with drop wise addition of conc. HCl.  The bright yellow precipitate 

obtained, was filtered and washed with water (50 mL) and then dried in a vacuum 

oven. Yield of the reaction was 92 %. m.p: 246C. FT-IR (KBr, cm
-1

) 2892 (broad), 

1703 (s), 1591 (s). 
1
H NMR (500 MHz, DMSO-d6) δ: 12.13 (s, 2H, -COOH), 7.74 (d, 

4H, Ar H), 4.0 (t, 4H, ether -OCH2-), 2.33 (t, 4H, -CH2-), 1.89 (m, 4H, -CH2-). 
13

C 

NMR (DMSO-d6, 125 MHz) δ: 174.0, 160.7, 146.1, 124.1, 114.9, 67.0, 30.0, 24.1. 

Elemental analysis calculated for C20H22N2O; C, 62.17; H, 5.74; N, 7.25. Found. C, 

62.45; H, 5.42; N, 7.56. ESI-MS: m/z: calculated: 386.15: Found: 387.15 [M+H]
+
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4.5.5. Preparation of HqPBA 

The organic ligand 4,4'-(1,4-phenylenebis(oxy))dibutanoic acid (HqPBA) was 

prepared by following the same procedure as that for AzPBA,
 
but using hydroquinone 

as the starting material instead of compound 1. HqPBA was obtained as a pale pink 

powder in 60 % yield. m.p: 181C. FT-IR (KBr, cm
-1

) 2934 (broad), 1693 (s), 1508 

(s).
1
H NMR (500 MHz, DMSO-d6,) δ: 12.13 (s, 2H, -COOH), 6.8 (d, 4H, Ar H), 3.37 

(t, 4H, ether -OCH2-), 2.37 (t, 4H, -CH2-), 1.89 (m, 4H, -CH2-). 
13

C NMR (DMSO-d6, 

125 MHz) δ: 174.0, 115.8, 67.4, 30.6, 24.8. Elemental analysis calculated for 

C14H18O6; C, 59.57; H, 6.43. Found. C, 60.45; H, 5.99. ESI-MS: m/z: calculated: 

282.11: Found: 281.1 [MH]
+
  

4.5.6. Preparation of Zn-CP and Zn-CP-1. 

In a typical experiment, AzPBA (0.077 g, 0.2 mmol) and zinc nitrate hexahydrate, 

Zn(NO3)3•6H2O (0.178 g, 0.60 mmol) were dissolved in dimethylformamide (DMF, 5 

mL) and the mixture was placed in a Teflon lined stainless steel pressure vessel. The 

vessel was slowly heated to 115°C and kept for 48 h in a programmable oven and 

then slowly cooled over a period of 6h to room temperature. Yellow colored 

aggregates of Zn-CP adhered to the walls of the pressure vessel was collected and 

purified via repeated cycles of centrifugation (at 2500 rpm) and washing with DMF 

(50 mL) and methanol (20 mL) followed by drying in an air oven at 60°C for 6 h. 

Controlled synthesis of Zn-CP was carried out by reducing the reaction time to 12 h. 
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For the synthesis of Zn-CP-1, HqPBA was used instead of AzPBA and the same 

procedure was followed maintaining the reaction time at 12 h. A white powder was 

obtained which was purified by repeated centrifugation and washing with DMF and 

methanol to remove the starting materials and dried in an air oven at 60°C for 6 h. 

4.5.7. Preparation of Rose Petal like (AzPBA/BA) and Lotus Leaf like (Zn-

CP/BA) Surfaces 

Alumina plates (TLC Aluminium oxide 60 F254, neutral) were cut into small strips (4 

cm x 3 cm) and dipped into the mother liquor containing AzPBA (50 mg, 0.13 mmol)  

for the rose petal surface and to a mixture of AzPBA (50 mg, 0.13 mmol) and 

Zn(NO3)3•6H2O (116 mg, 0.39 mmol) in dry DMF (35 mL). The vessel was sealed 

and was heated at 115°C for 12 h. After completion of the reaction, the alumina plates 

were washed with dry DMF (50 mL) and dried in an air oven at 60°C for 2 h. A 

solution of 2,5-bis(dodecycloxy)terephthalaldehyde
50

 (BA, 2 mg/mL) in 

dichloromenthane was prepared. The plates were then dipped into the aforesaid 

solution and dried in air for about 30 min. The treatment of BA solution was repeated 

5-6 times to get a superhydrophobic surface. BA has a sticky nature which acts as wax 

like coating over the AzPBA and the Zn-CP surfaces, maintaining a dual scale 

surface topology. The cyan fluorescence of BA also helped in monitoring the proper 

coating of the alumina substrates.  
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4.5.8. Experimental Techniques 

4.5.8.1. Optical Measurements and Photoirradiation 

Electronic absorption spectra were recorded on a Shimadzu UV-3600 scanning 

spectrophotometer using a 1 cm path length quartz cuvette. Solid-state absorption or 

reflection spectra were obtained using BaSO4 as a standard. Photoirradiation was 

carried out by LOT-Oriel 200 W high pressure Hg Lamp using λband pass = 350 and 420 

nm. 

4.5.8.2. Morphological Analyses 

SEM images were obtained using a Zeiss EVO 18 cryo SEM Special Edn with 

variable pressure detector working at 20-30 kV. Time dependent SEM analysis was 

carried out by taking the alumina substrate from the solvothermal vessel at different 

time intervals and pasting the substrate over a SEM stub using a two side carbon tape. 

The samples were coated with gold prior to examination. Transmission electron 

microscopy (TEM) and high resolution TEM (HRTEM) were performed on a FEI, 

TECNAI 30 G2 S-TWIN microscope with an accelerating voltage of 100 and 300 kV, 

respectively. The TEM samples were prepared by dispersing 1 mg of Zn-CP or Zn-

CP-1 (both purified and dried) in 5 mL methanol by ultra-sonication for 15 min and 

then drop casting the dispersions on to carbon coated copper grids. Images were 

obtained without staining. IFFT reconstruction of the HR-TEM images was done 

using Digital MicrographTM (GATAN Inc.) following a reported procedure.
51
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Initially, a fast Fourier transform (FFT) of the experimentally obtained image was 

taken, which was followed by appropriate mask filtering to remove the spatial 

frequency of the diffractogram. Finally, the Inverse FFT led to a reconstructed HR-

TEM image. 

4.5.8.3. X-ray Diffraction Measurements 

WAXD and SAXS measurements on Zn-CP pellet or powder were carried out on a 

XEUSS 2D SAXS/WAXS system using a Genix microsource from Xenocs operated 

at 50 kV and 0.3 mA. The Cu K radiation ( = 1.54 Å) was collimated with a 

FOX2D mirror and two pairs of scatter less slits from Xenocs. Measurements on the 

Zn-CP film were performed on a Phillips diffractometer using Ni filtered Cu K 

radiation. 

4.5.8.4. Contact Angle Measurements 

CAs were measured on a CA goniometer Kernco Instrument Inc. at ambient 

temperature. Water droplets (~4 µL) were placed on appropriate substrates and 

measurements were done by sessile drop method. The average static contact angle 

was obtained by measuring CA at five different positions of each sample. CAH was 

measured by rolling the droplet horizontally along the superhydrophobic surfaces and 

monitoring the advancing and receding water contact angles.  
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4.5.8.5. Droplet Bouncing Dynamics and Imaging 

Impact of water droplets with different surfaces was captured with a high-speed 

camera (HiSpec 2), recording at a minimum of 5,000 frames per second. The droplets 

were released from a burette at a fixed height (3 cm) above the surface. The diameter 

of the droplet (2 mm), the impact velocity (0.8 m/s), the contact time, spreading factor 

() and dimensionless height factor () were calculated directly from the high speed 

images for each experiment. 

4.5.8.6. Coefficient of Static Friction Measurement 

Sliding angle experiments were conducted with a cardboard made cargo, specially 

fabricated for the purpose and pasted over the rose petal like AzPBA/BA surface 

(total weight, 148 mg). Water droplets were anchored over the AzPBA/BA surface. 

The lotus leaf like Zn-CP/BA surface was pasted with two-side tape over an inclined 

plane with a glass surface and adjustable ramp angle (0 to 47). Experiments were 

conducted by placing the cargo with anchored water droplets over the Zn-CP/BA 

surface attached over the inclined plane and changing the ramp angle manually at a 

rate of ~1sec
-1

. An average of five measurements was taken for each experiment. 

4.5.8.7. Video Analysis and Editing 

Videos of all the experiments were recorded on a Sony Handycam (HDR-PJ410). 

Tracking the rotational or sliding motion of cargo has been performed using Tracker 
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Video Analysis and Modelling Tool. All videos were calibrated using a known 

distance (e.g. the length of the TLC strip). The motion of the cargo was tracked by 

fixing the origin pixel position at the created point mass (blue flag in case of the 

sliding experiment and green circle in case of the rotational motion) and thereby using 

the autotracker option. All supporting videos were edited using Corel Video Studio 

ProX3 software. 
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