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PREFACE

Porous materials are emerging as the new solution to the ongoing worldwide

issues for fossil fuel, alternative energy, global warming, energy storage and so on.

Presence of ordered pores inside their structure provides suitable condition to the targeted

entities and makes them perform better. Availability of high surface area makes them

highly useful for gas storage and separation, molecular sieving, catalysis, removal of

toxic gases, purification, capture of greenhouse gases, etc. Compared to the naturally

occurring porous materials, synthetic porous materials provide the benefit of modifying

the pore environment through modification of the constituents. This opens up a new

possibility for stimuli responsive materials where the before mentioned properties can be

finely tuned and used on demand.

Stimuli responsive materials are well known for their predominant use in chemical

sensing, drug delivery vehicles, etc. Use of porous framework as a base to such materials

not only increases their efficiency, but also makes them more practical.

Chapter-1 of this thesis describes the requirement for such materials, in detail and

the difficulties associated with them in achieving the target. The discussion also includes

the sequence of steps followed by the researchers to introduce responsiveness into the

structure of porous frameworks. Few of the subsequent and interesting benchmark for the

related application have been demonstrated and explained in the later stage of the chapter.

Chapter-2 describes the effect of interaction of water as stimulus with a porous

framework of metal-organic polyhedron (MOP). The MOP is grafted with responsive

moieties in its structural backbone during the synthesis. Hydrophobic propargyl groups

are inserted in the structure through ligand functionalization during linker design. This

makes the resulting MOP to be decorated with the responsive moieties from its outer

surface. Thus preferential interaction of the stimuli on the outer surface makes them feel a

hydrophobicity gradient with the non-functionalized inner surface. Finally the closed

structure of the MOP opens up to avoid the unfavourable situation and gets transformed

into layered 2-dimensional metal-organic framework (MOF).

Chapter-3 demonstrates the application of the water stimulated transformation as a

drug delivery vehicle. During the structural transformation, central cavity of the MOP

gets vanished. Considering this interesting structural aspect, drug molecules are loaded
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into the MOP core and then allowed for interaction with the stimuli. Upon stimuli

interaction the host cage loosed its cavity and thus shows a release property for the

encapsulated guest molecules. Moreover, a control on the release kinetics has been

obtained by varying the responsive moieties on the MOP, thereby effectively controlling

the stimuli interaction. Such delivery systems have been shown for loading and release of

nerve stimulating drug caffeine and an anticancer drug, 5-fluorouracil (5-FU).

Chapter-4 illustrates the effect of stimuli concentration on the final response in the

form of previously observed structural change. By increasing the water amount into the

conversion medium, it has been observed that the final product is obtained as nanosheets,

unlike visible crystals for previous condition. The metal-organic nanosheets are formed

through a combined pathway of top-down and bottom-up approaches. This unified

approach is proven to be beneficial than any of the individual approach and produce

highly uniform nanosheets in high yield. The nanosheets are having thickness of around

12-16 nm, accounting for 6-8 stacked molecular layers.

Chapter-5 shows a quite different and interesting application of responsive

framework materials. Staring from photochromic behaviour of redox active core,

formation of porous framework has proven to be advantageous for better contrast and

retention time for the photogenerated colour. This fulfils the mandatory criteria towards a

media for inkless and erasable printing. Upon fabrication of such a media, the results

show amazing performance in terms of the print quality and recyclability. The media is

tested for identical performance for more than 4 consecutive printing-erasing cycles and

is capable of producing multi-coloured print for different structure of the MOF.

Moreover, the printed contents are shows to be promptly decoded via any smart device.

Chapter-6 summarizes the detailed discussion in the previous chapters and

highlights the possibility of the facts for future applications.

Bikash Garai
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CHAPTER-1

Introduction to Stimuli Responsive Porous Framework Materials

Abstract: In this chapter, I have

introduced stimuli responsive

materials and their working

principle. Discussion about their

preliminary applications is also

presented showing their

potential towards real-life

applications. As a subsequent

strategy, I have shown the possible approaches to bring in the concept of stimuli

responsiveness into porous frameworks. A detailed discussion on the involved approaches

and their effect on framework structure have been depicted through the following

discussion. Examples have been cited showing the application of stimuli responsive

porous framework materials towards chemical sensing and drug delivery. Finally I have

highlighted the limitations of recent studies and the importance of my work to fill the

gaps.
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1.1: Stimuli responsive materials: Stimuli responsive materials are defined by their

unique capability of changing their physical and/or chemical properties on application of

external stimulus [1.1]. Such property has made them potential materials for application

in analyte sensing, information decoding, and most importantly on demand cargo and

drug delivery [1.2]. Generation of real

time responses generated from these

materials is beneficial in understanding

their neighbouring environment and

effective interactions. The response is

produced as an outcome of their

interaction with the applied stimuli

through non-covalent approaches. These

stimuli act as a set of instruction from the

imposed condition and may appear in the

form of physical stimuli and chemical

stimuli (figure 1.1). Class of physical

stimuli consists of objects like light, heat,

magnetic field, electric field, ultrasound,

pressure, etc. [1.3] Here the mode and

nature of the energy associated with them

brings out the resulting response from the affecting system. The other class of stimuli is

termed as chemical stimuli because of the involvement of chemical species for the

stimulating action. Examples of such stimuli include water, organic solvents, acid/alkali,

biological species like enzymes, etc. [1.4] Here their interaction with the responsive

moiety causes the change to the target species in the form of response. Thus the

responsive moieties act as receptor towards the stimuli and simultaneously cause

detectable changes in the molecule.

1.2: Types of responsive moieties: When such a responsive moiety is composed of a

chromophore, change in the colour is observed upon interaction with the stimulus and this

shows the involved interaction [1.5]. Change in effective conjugation or charge transfer

caused by the stimuli interaction is responsible for showing the colour change as

detectable response. Similarly, change in luminescence of the responsive materials occurs

Figure 1.1: Working principle of stimuli
responsive materials and different types of
stimuli
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from the variation of the

surrounding environment of the

fluorophore, as a result of stimuli

interaction [1.6]. Apart from

these photophysical properties,

stimuli responsiveness is also

known for causing change in

conductivity of the responsive

materials. Here, packing density

of molecular dipoles and their

orientation changes with

application of pressure which causes change in their electrical property showing their

piezoelectric behaviour. Change in the electric property of the resulting material serves as

a signal to indicate the presence of the analyte and the originated interactions. Similar

structural and conformational changes occur to the responsive moieties on interaction

with the stimuli to bring out the detectable signal (figure 1.2).

1.3: Applications of responsive materials: The principle of chemical sensing utilizes the

responsive nature of these materials as the key feature to carry out the desired detection.

Generation of real time responses from the responsive moieties upon stimuli interaction

have proven to be highly effective to detect the presence of an analyte [1.7]. For the

absorption and emission based sensing, suitable chromophore and fluorophores are

chosen selectively for the targeted

analyte as the receptor. When these

responsive moieties are subjected to

the analyte, the possible interactions

become operative to bring out the

change in their absorbance and

emission properties. This observed

change thus correspond their

presence of the analyte, thereby

accounting for their detection (figure

1.3). Another important application of

such stimuli responsive materials is found for targeted cargo delivery systems [1.8]. Here,

Figure 1.2: Types of responsive moieties involved for
generation of detectable signal in different forms

Figure 1.3: Application of stimuli responsive
materials for chemical sensing (figure is reproduced
with permission from Sciencedirect)
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a host is first selected based on the encapsulation ability towards the drug and then this

molecular cargo vehicle is modified with the responsive moieties. These responsive

moieties are programmed to cause a structural change of the host so that the active sites

for holding the encapsulated drug are changed. These final cargo vehicles are then loaded

with the drug through active site encapsulation and administered to the desired media.

During the residence at the media, when the loaded vehicles get activated through the

stimuli interaction, structural change to the vehicle is caused allowing selective and

controlled release of the loaded guest (figure 1.4). This targeted delivery system has

emerged as a breakthrough in the drug delivery system and shaped the modern medical

sciences. Such smart carrier based scaffold is commercially being used for targeted

delivery of anticancer drugs like 5-FU where change in pH around the cancer cells is

utilized as stimuli [1.9].

Figure 1.4: Application of stimuli responsive materials for cargo and drug delivery (figure is
reproduced with permission from Nature Publishing Group)

1.4: Variation in responsiveness of the material: Like other properties, responsiveness

of these materials can be varied when they are subjected to the same stimuli from

different initial conditions. This variation in the observed properties is believed to occur

as the change in their initial appearances is associated with change in the related existing

interactions. For such cases non covalent interactions plays the major role and determines

their properties [1.10]. However, such interactions like self-assembly, Van der Walls

interaction, ionic interaction are highly dependent on parameters like concentration, inter

molecular stacking distances, etc. These responsible parameters can be easily tuned by

changing their state of existence in different forms.

Variation of the structural properties in solid form is observable when the

molecules and responsive moieties are located at different orientations. One such

condition is prominently observed when the moieties are separated at higher distance,
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through interstitial voids [1.11]. Presence of voids in the structure results in generation of

different environment compared to the dense analogue. Thus generation of voids inside

the structure has been proven to be useful in creating a substantially different

neighbourhood to tune the resulting property. When such voids are present periodically in

the solid form, the generated materials are classified as porous materials. They are

defined and distinguished by the void spaces present inside their structure. These void

spaces create a change in surrounding environment of the constructing units as compared

to their dense form. Presence of void spaces also offers more sites available for

interaction and thereby enhancing material performance. Noting this useful strategy,

concept of stimuli responsiveness has been studied with the porous materials and the

responsive moieties have been found to perform better than the initial condition.

1.5: Introduction to porous materials: Porous materials are known since ancient times

(figure 1.5) when activated charcoal was used to purify water. The pore surfaces adsorb

the impurities from raw water, making it pure and drinkable. Application of porous

carbon is also highlighted for the removal of toxic gases from the air following the same

adsorption based interaction [1.12]. Size of the pores present in activated charcoal is

perfectly fit for the small sized impurities to be removed during purification. Based on the

aperture of the available pores, porous materials are classified into 3 major classes,

microporous, mesoporous and macroporous materials. Porous materials with pore

Figure 1.5: Chronology for development of porous materials over time
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aperture less than 2 nm

are classified as

microporous materials

while the pore aperture

lies in the range of 2-50

nm for mesoporous

materials. Macroporous

materials contain larger

pores in their structure

with a starting limit of

50 nm (figure 1.6).

After the

familiarity of activated charcoal, more and more porous materials have been included in

the list, accounting for their benefits towards human society. Zeolite is the next class of

materials that has been extensively utilised for their porous nature. The porous structures

of zeolites are composed of aluminosilicate; where the corner oxygen atom sharing

between aluminate and silicate tetrahedra forms their 3-dimensional structure (figure 1.7).

Synthetic zeolites were first introduced in 1862, following the same structural backbone

[1.13] and subsequently a huge library of zeolites has been synthesized and tested for

various applications including water softener [1.14]. Major breakthrough has been

observed for zeolites when they were put to test for catalytic activity. Increase in the

availability of active sites shows a significant improvement in their catalytic behaviour

and they have been extensively used for various catalysis reactions including petroleum

cracking as the most significant application [1.15]. The insoluble nature of the zeolites

Figure 1.7: Structural motif for zeolites showing (a) basic structural feature and (b) linking of
silicate tetrahedra for the formation of final frameworks with different topologies

Figure 1.6: Classification of porous materials based on their pore
size
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has also been exploited for heterozenization of the previously homogenous catalysts

[1.16].

Although zeolites have acquired significant attention for their catalytic and

adsorption properties, their constituting nature has proven to lack of feature for stimuli

responsiveness. As stated earlier, the basic structural components of zeolites are

aluminates and silicate; thus their structural backbone is rigid and consists of only Al, Si

and O atoms. This structural characteristic and the basic components do not provide any

responsive moiety to bring out a response on application of external stimuli.

1.6: Metal-organic frameworks: Thus porous framework materials remained

‘unnecessary’ for carrying out stimuli responsive based applications until the discovery of

synthetic porous materials in 1999, by Prof. Yaghi and co-workers [1.17]. Such porous

structures are termed as metal-organic framework (MOF), in connection with their

structural feature and the involved building units. MOFs are constructed from the co-

ordination of metal ion and organic linker where the metal ions act as nodes to the struts

formed from the organic linkers (figure 1.8a). Taking advantage of the metal-ligand co-

ordination, they synthesized the first instance of porous crystalline framework (MOF-5)

using Zn(II) as metal nodes and organic multidentate ligand (terephthalic acid) as linkers.

Formation of this porous metal-organic framework opens a new window with unlimited

opportunity. Now it becomes possible to insert any functionality into the porous

framework through modification of the organic linker following ‘isoreticulation’ [1.18].

Figure 1.8: (a) Construction of metal-organic framework using metal ion and organic linker as
the constituents. (b) Possibility for linker functinalization to introduce stimuli responsiveness in
the framework
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Thus since its discovery, MOFs have been found to be utmost beneficial for stimuli

response based applications. Co-ordination between the metal ion and organic linker

results in 3-dimensional extended structure where the pore channels are created by the

existence of the linkers at certain interval. This arrangement of the linkers also keep them

accessible through the generated pores, thus the linker moieties can directly face any

incoming species. Therefore, any responsive moiety present in the porous framework

remains readily available for interaction with the incoming stimulus (figure 1.8b). Thus,

possibility of interaction for the responsive moieties with any incoming chemical stimuli

is enhanced by formation of porous MOF structure, while the initial arrangement differs

from the dense phase, as observed for bare linkers [1.19].

Isoreticulation of MOFs allows synthesizing different porous frameworks from a

metal ion with a series of organic linkers, having the same geometry. This has led to

possibility of pore size enhancement, pore environment modification as per the

requirement through proper change and functionalization of the linker. First series of

isoreticular MOFs (IRMOF-1 to IRMOF-15) [1.18] proves this advantage of creating

desired pore environment inside the MOF structure, simply by varying the size and

functionality on the organic linker (figure 1.9). As for example, insertion of –NH2 group

on the terephthalic acid results in the formation of IRMOF-3 framework. Structural

features of this IRMOF-3 remain same with IRMOF-1, which has no functionality on the

organic linker. However, the presence of the amine group on the linker creates a different

environment for the generated pores and this is reflected in its observed properties [1.20].

Figure 1.9: Chemical structure of the linkers used for synthesis of 1st series of IRMOF. The
structure of the IRMOFs shows similar cubic geometry with pore in the centre, following criteria
of isoreticulation (figures are reproduced with permission from Science)
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1.7: Functionalization of MOFs: Thus isoreticulation has proven to be beneficial for

achieving improved properties of the porous MOFs through pre-designed synthesis.

When the porous structures are exploited for gas storage purposes, introduction of

selective functionality on the constructing linkers helps to create favourable interactions

to increase the final uptake. F atoms are known to have a favourable interaction with

hydrogen molecules through possible molecular perturbation.  Thus one can think to

insert –F atoms inside the pores of the MOFs for increasing its adsorption through

favourable site generation. This hypothesis has been proved experimentally when

fluorinated linkers are used for construction of the MOFs [1.21]. Such interaction of F-

atoms from inside the pore surface causes enhancement in their H2 storage property.

Similarly population of –NH2 functionalities on the pore walls makes favourable

interaction with the dipolar CO2 molecules [1.22], leading to the significant enhancement

in the uptake value.

1.8: Stimuli responsiveness in MOFs: Considering this immediate effectiveness of

functionality variation on the achievable properties, same strategy has been utilized for

introducing stimuli responsiveness into the framework. As a straightforward approach for

the proof of concept, responsive linkers have been used for synthesis of the porous MOFs

(figure 1.10a). Thus the responsiveness of the organic linker has been carried forward to

the synthesized MOFs [1.23]. Additionally the porous nature of the generated framework

provides advantage in terms of maximum approachability, most accessible interaction

sites, etc. Thus, in general the responsiveness of the moiety gets elevated when they are

associated with the porous framework. Not only the inherent responsiveness, the metal-

ligand co-ordination sometimes develops additional property that responds to other

subjected stimuli. One such property is attributed to the formation of porous framework,

Figure 1.10: (a) synthesis of responsive MOF using linker with responsive moiety and (b) effect
of stimuli responsiveness for change in framework geometry (figures are reproduced with
permission from publishers)
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which is known for response through structural deformation (figure 1.10b) under the

application of external stimuli [1.24].

1.9: Classes of responsive MOFs: Based on the nature of the responses obtained from

the framework on application of stimuli, responsive MOFs can be categorized into major

categories like (i) response generation through colour change from chromophoric MOFs,

(ii) response generation through luminescence change of luminescent MOFs, (iii)

response through structural change in flexible MOFs, (iv) response through change in

conductivity. As discussed earlier, these responses are generated from the framework as a

result of interaction with light, pressure, temperature, solvent, enzymes, etc. The

responses generated from any of these MOFs can easily be detected and quantified with

proper characterization technique. This makes them truly applicable for real time

applications.

(i) Chromophoric MOFs: In this category of responsive MOFs, the framework shows

the presence and interaction of the suitable stimulus through a change in its colour. This

colour change is associated with the presence of chromophore in the organic linker [1.25]

and therefore linker selection is important to design such kind of responsive MOFs.

Typical examples of the chromophore involved in such linker design include pyrene,

porphyrin, boron dipyrromethene (BODIPY), tetraphenylethene, etc. Upon exposure to

the stimuli, these chromophores from the framework structure develop interaction with

them causing visible colour change. Based on the nature of the stimuli involved,

examples of such MOFs (figure 1.11) include solvatochromic MOFs, thermochromic

MOFs, photochromic MOFs, electrochromic MOFs, halochromic MOFs, etc.

Figure 1.11: Examples of a (a) thermochromic, (b) electrochromic and (c) halochromic MOF
showing the corresponding colour change under application of the stimuli (figures are reproduced
with permission from the publishers)
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The basic working principle for solvatochromic MOFs originates from the

difference in the effective interaction of the chromophores from the framework with the

solvent molecules. Polarity is a varying parameter for the solvents because of their

chemical structure and involved functionalities. These functionalities act as stimuli

towards the chromophores from the MOF backbone to generate response in the form of

colour change. Similar design principle is utilized for the other classes of MOFs where

interaction of the chromophore from the MOF backbone with heat, light, electric field and

pH change as stimuli causes thermochromic, photochromic, electrochromic and

halochromic changes, respectively [1.26].

(ii) Luminescent MOFs: Luminescent frameworks belong to the most extensively

investigated category of MOFs for their stimuli responsiveness. Luminescence variation

attains huge attention to indicate the stimuli interaction over other mode of approaches

because of the possibility for easy and high detection level. This originates from the well

established phenomenon of fluorescence spectroscopy, making it feasible for the

detection limit upto single molecular level. Thus change in the photoluminescence (PL)

property of the luminescent MOFs (LMOFs) has been exploited to detect and analyze

Figure 1.12: Various approaches tested for generation of luminescence in porous MOFs
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their responsiveness towards the incoming stimuli [1.27]. The concept of luminescence

has been brought into the porous framework of the MOFs through the constituting units

such as a) ligand based luminescence, where luminescent groups are introduced as a part

of the linker (figure 1.12). These conjugated organic moieties absorb light from suitable

source and shows PL from the resulting framework [1.28]. Alternatively, such emission

property is sometimes resulted from the charge transfer between the organic linker and

metal nodes or clusters in the form of ligand-to-metal charge transfer (LMCT) and metal-

to-ligand charge transfer (MLCT) [1.29]. As a straightforward approach, the incoming

stimuli interact with the ligands to initiate the interaction which, in turn signals for their

presence. b) Metal ion based emission, observed when luminescent metal ions such as

lanthanides are used for the framework formation [1.30]. Here the stimuli are directed to

interact with the metal ions thereby producing the detectable signal (figure 1.12). c)

Antennae effects for emission enhancement, where the co-operation of the organic

linker is used to enhance the emission property of the luminescent metal ion [1.31]. This

effective co-operation gets varied when an external stimulus becomes operational, giving

a signal for the operative interaction (figure 1.12). Additionally, luminescence can also be

introduced into the porous framework through post-synthetic modifications such as d)
guest assisted emission, where a luminescent molecule is introduced into the pores of a

non-emissive framework from the MOF (figure 1.12). When this adsorbed luminescent

molecule is subjected to the effective stimuli, the observed change is used as a measure to

detect the signal [1.32]. Sometimes, this interaction id associated with the formation of

excited state complex with the guest. Similar strategy is applied for e) Surface

functionalization approach, where the pore surface of the targeted MOF is post-

synthetically grafted (figure 1.12) with luminescent moieties [1.33]. Interaction of the

stimuli to initiate or restrict their luminescence property is employed as a mode of

response.

(iii) Flexible MOFs: Flexible nature of the porous frameworks corresponds to the change

in their crystal packing, keeping their atomic co-ordination the same. The dynamic

behaviour of such framework originated from their flexibility makes then suitable

candidate for studying various interesting properties. Among such attractive properties,

breathing and swelling phenomena [1.34] of the framework has covered the major focus

of interest, because of their high potential for host–guest interactions, phase transitions

triggered guest adsorption/desorption, interaction with other external stimuli, etc. Because
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of this extreme flexibility from their structure, they are termed as ‘soft porous crystals’.

The very first example of flexible MOFs (MIL-53) was reported by Ferey et al., which

constitutes of terephthalic acid as organic linker and Cr(III) as the metal node [1.35].

MIL-53 exists in two distinct forms (MIL-53ht and MIL-53lt) which differs from their

unit cell parameter and thereby their pore geometry. At room temperature, MIL-53ht

adsorbs atmospheric water immediately to give MIL-53lt. Crystal data for MIL-53ht

shows the orthorhombic lattice system with space group Imcm, where the unit cell

parameters are a = 16.733(1) Å, b = 13.038(1) Å, c = 6.812(1) Å, and Z = 4. While MIL-

53lt crystallizes in monoclinic space group C2/c with a = 19.685(4) Å, b = 7.849(1) Å, c

= 6.782(1) Å, β = 104.90(1)°, and Z = 4. Both the forms of the MOF posses a three-

dimensional structure and contains a one-dimensional pore channel. This pore channel is

occupied by water molecules for the case of MIL-53lt, and upon their removal the

Figure 1.13: (a) Representation for different types of flexible MOFs and (b) breathing behaviour
of Cr based MOF, MIL-53, under the presence of water (figures are reproduced with permission
from the publishers)
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structure gets converted into the nanoporous form, MIL-53ht (figure 1.13). The

transformation between the two phases of the MOF is completely reversible and

associated with a very high breathing effect, measured for more than 5 Å.

Subsequently numerous examples of porous MOFs have been reported in the

literature which shows breathing behaviour. Apart from the solvent molecules,

application of pressure has also been known for causing such breathing effect. Noting this

responsiveness of such frameworks towards applied pressure, they have been applied for

selective gating [1.36].

1.10: Application of stimuli responsive MOFs: In order to utilize the responsiveness of

the porous frameworks, different classes of stimuli responsive porous MOFs have been

developed through times. Based on the popularly targeted applications with such stimuli

responsive MOFs, they can be classified into the following major categories: (i) MOFs

for chemical sensing, (ii) MOFs for on demand delivery.

(i) MOFs for chemical sensing: Analytes from the solution and gas phase needs

immediate and selective detection to avoid possible harms caused by them. This makes

chemical sensing of utmost important in

the aspect of chemical hazard recognition,

industrial process handling, medical

diagnosis, quality control, maintaining

occupational safety, and most importantly

real time monitor of the environment

[1.37]. As depicted in the previous

paragraphs, exceptional tunability of MOF

structures has made them a game changer

with added advantages over other

candidates. Porous structures of the MOFs

provide inherent sensitivity for analyte

detection from vapour and gas phase

because they are capable of concentrating

the analyte molecules to higher population, compared to that for the external atmosphere.

This advantage rules out the requirement of sample preparation step from traditional

sensor devices, where the analyte molecules were concentrated using sorbent material.

Figure 1.14: Application of MOFs for sensing
different chemical species, based on their stimuli
interaction
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Usage of porous structure of the MOFs therefore serves the dual role of concentrator and

chemical sensor [1.38]. This makes it possible to directly detect the analyte samples,

adding to more practicability, efficiency and portability. The porous structure of the

MOFs also contributes for the selectivity, response time, and reusability. Sensitivity is

dependent on the signal transduction pathway and this can be controlled for MOF

structure by choosing suitable responsive moiety. The selectivity can be introduced by

creating preferred site for the analyte and tuning the pore environment. All these factors

finally contribute for the response time where the extent of interaction is accounted for.

By controlling the two initial factors, the dynamics of stimuli interaction on the MOFs

can be controlled, thereby efficiency of chemical sensing (figure 1.14).

a. Solvatochromism: As stated in the initial section, solvatochromism in MOFs results

from the interaction of the solvent molecules with the chromophores from the porous

framework. Based on the effective interaction between the two components, different

colour is generated from the chromophore. The colour change is fast, reversible and

unlike the organic materials, occurs through heterogeneous phase. In one example by

Figure 1.15: (a) Porous structure of the MOF constructed from the solvatochromic linkers. (b)
Colour change of the MOF under interaction with different solvents and (c) plot of band gap of
the solvent loaded MOFs vs their polarity (figures are reproduced with permission from ACS
publications)
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Zheng et al., a porous MOF nanotubular metal−organic framework (MOF),

{[(WS4Cu4)I2(dptz)3]·DMF}n containing nanotubular channel has been shown for

effective solvatochromic behaviour [1.39]. Here, an organic solvatochromic core

containing ligand has been utilized for construction of the porous MOF. While the multi-

dentate nature of 3,6-di(pyridin-4-yl)-1,2,4,5-tetrazine (dptz) corresponds for the

generation of the 3-dimensional structure; solvatochromic property is associated with the

central chromophore of the linker. The nanotubular MOF {[(WS4Cu4)I2(dptz)3]·DMF}n

(1⊃DMF) has been synthesized by reaction of dptz with (NH4)2WS4 and CuI, where

Cu(I) has been selected for its d10 electronic configuration which allowed for the

visualization of the other ongoing electronic transitions. Thus MOF produces reversible

solvatochromic response upon interaction with different solvents as analytes, through

visualization of distinct colours.

When a series of organic solvents is applied to the porous framework as guests,

the obtained compounds looks completely different from their colour appearance (figure

1.15). The MOF crystals are capable of spontaneous exchange of the solvent molecules

from the resulted inclusion compound and produce distinct colour for each of them.

Measurement of band gaps for these solvent loaded MOFs shows their linear relationship

with the polarity of the interacting solvent molecules. The quantitative estimation of the

absorption variation from UV-vis spectra of the solvent loaded MOFs presents a new and

efficient way for solvent detection using their stimuli interaction towards the active

chromophore.

b. Sensing of volatile organic compounds (VOCs): Harmful VOCs have been proven to

interact as stimuli for porous frameworks; making their detection possible from the

generated responses. One such example has been demonstrated by Dinca et al. where

ammonia has been selectively and efficiently detected using change in luminescence of

porous MOFs [1.40]. They employed tetraphenylethylene (TPE) and

dihydroxyterephthalate based moieties inside the organic linkers as responsive moieties.

The resulting MOFs, Zn2(TCPE) (TCPE= tetrakis(4-carboxyphenyl)ethylene) and

Mg(H2DHBDC) (H2DHBDC2− = 2,5-dihydroxybenzene-1,4-dicarboxylate) are shown to

selectively detect ammonia at 100 °C.

It is noteworthy that TPE derivatives show low to zero emission from their diluted

solution, because of the fast rotation of the terminal phenyl rings causes slightly twisted
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environment around the C=C bond in dilute solution. This twisting creates a break in the

conjugated structure and thus causes quenching in fluorescence. Although the inherent

luminescence property can be recovered through aggregation induced emission (AIE), it’s

mostly less efficient. However, a significant enhancement in the luminescence property is

achieved when the core is used for formation of porous MOFs [1.41]. The restricted

environment restores the effective conjugation to get back the expected emission

property, making suitable for detection of stimuli interaction (figure 1.16a).

When the resulted porous MOFs are subjected to interaction with ammonia, both

Zn2(TCPE) (1) and Mg(H2DHBDC) (2) shows a shift in their PL spectra (figure 1.16b).

This turn-on luminescence response is observed preferentially over a variety of other

potential stimuli such as solvents like water, methanol, larger sized amines, and even

other gas molecules. Interestingly, this generated response can be reverted for the case of

2 through short evacuation to remove the involved ammonia at stimulus. This shows the

Figure 1.16: (a) Restoration of the emission spectra of the TPE based linker through framework
formation. (b) Shift in the emission spectrum of the MOF on interaction with ammonia as
stimulus and (d) photographs showing sensing of the MOF at high temperature (figures are
reproduced with permission from ACS publication)
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potential of the porous MOFs as reversible sensor for NH3. Both of these MOFs can

maintain their luminescence property till higher temperature; another major advantage

over the molecular crystals of the linkers which are known to lose their emission property

close to their melting point or glass transition temperature. It is noteworthy that 1 retains

same emission behaviour upto 350 °C, which is close to the framework decomposition

temperature (400 °C). This ability of maintaining high-temperature fluorescence for the

resulted MOFs enables them for selective detection of gaseous ammonia at 100 °C

(figure 1.16c). Of the many examples available in the literature, this instance shows the

effect of ammonia as a stimulus towards responsive framework and the advantage

achieved by formation of porous frameworks.

c. Detection of nitroaromatics: Nitroaromatics are widely used as explosives for their

kinetic instability and thus their detection from ultralow level is a major concern. As

explained in the previous section, traditional sensor devices require a concentrated sample

for a successful detection. However, when the responsive moieties are impregnated

within the porous framework of a MOF, their interaction with the hazardous stimuli gets

enhanced significantly [1.42]. This results in an efficient and prompt sensing of the

nitroaromatics from a very low concentration. In one instance by Gu et al., response

generated from the interaction of highly explosive nitroaromatic compound (TNT) with a

porous MOF [1.43] has been used for its selective detection from micomolar level.

Here, the porous framework of porphyrin-based MOF (PCN-224) has been

utilized for studying the responsiveness towards nitoaromatics as stimuli. The chosen

MOF has exceptionally high chemical and thermal stability generated from the strong

interaction between the metal node and linker. The involved metal nodes consists of Zr−O

clusters and are connected through tetrakis(4-carboxyphenyl) porphyrin (TCPP)

molecules as organic linkers. Porphyrin moieties are known for their favourable

interaction with electron deficient compounds like nitroaromatics. Formation of porous

PCN-224 framework retains the fluorescent property of the involved porphyrin moieties,

and additionally eliminates the possibility for the aggregation of the recognition sites.

Also by the virtue of the porous framework formation, TNT molecules are allowed to

interact with these recognition sites through high available surface and open structure of

the MOF. Thus the responsive sites got immobilized through the porous framework of the

MOF during their formation (figure 1.17). This immobilization allows a better interaction
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Figure 1.17: (a) Immobilization of the porphyrin moieties throughout the framework during MOF
formation for better interaction; (b) fluorescence quenching of the MOF suspension through
selective simulation of TNT and its estimation at different levels (c). (d) Fluorescence quenching
from TNT over other nitroaromatic compounds and from their mixture (e) (figures are reproduced
with permission from ACS publication)

sites and as a result, a rapid detection of the analyte is observed. The interaction

developed within a period of 30 s is well enough to detect the presence of the analyte

through quenching of its fluorescence. Moreover the emission of the porphyrin units from

the red region of the spectrum gets quenched proportionally with the applied TNT

concentration. The framework of PCN-224 is thus capable of sense the presence of TNT

in aqueous suspension form micromolar level. Besides, this quenching efficiency of PCN-

224 is much higher for TNT compared to other structurally similar nitroaromatic
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compounds. Also, TNT is capable of stimulating the framework from a mixture with

other potential competitors to carry out the same response. Formation of H-bonding and

π-π stacking are the acts as stimuli from TNT to interact with porphyrin core from the

MOF as the responsive moiety. This stimuli interaction is thereby responsible to cause a

quenching in the fluorescence.

(ii) MOFs for on-demand delivery: Research on biomedical applications always looks

for suitable scaffolds that can effectively deliver an active drug to a target location. For

this purpose, the drug molecule first needs to be loaded in the scaffolds as a cargo and

then the loaded vehicle to be transported to the desired location. And as a final goal, the

drug from the loaded cargo to be released when required. However, this is a seamless

challenge for the researchers and the available solutions for such targeted drug delivery

vehicles are limited to polymeric scaffolds and ordered mesoporous silica [1.44].

However, difficulties in controlling their chemical nature limit these materials (specially

the silica) from achieving tunable properties. Thus attention of the researchers gets

focused on porous MOFs because of the unlimited possibility for property tuning. The

highly porous nature makes them ideal candidate for loading drug molecules inside them

[1.45] and by careful selection of the metal node and organic linker, it becomes possible

to obtain a biocompatible carrier for the drug (figure 1.18). The first instance of using

porous MOFs as a carrier vehicle for drug molecules has been reported by Ferey et al.

The porous structure of Cr-based MOFs constructed from co-ordination with 1,4-

Figure 1.18: (a) Structure and components of the porous MOFs used as drug delivery vehicle; (c)
change in their porosity because of the drug loading and (b) release profile for the drug (figures
are reproduced with permission from ACS publication)
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benzene dicarboxylic acid (for MIL-101) or 1,3,5-benzene tricarboxylic acid (for MIL-

100) have been exploited as the drug loading scaffold [1.46]. Although Cr-compounds are

knows for their toxicity towards living cell, these two Cr-based MOFs were chosen for

the model study because of their highly stable and crystalline nature (figure 1.19).

Ibuprofen was selected as the model drug for encapsulation into the pores of the MOFs

through adsorption. Presence of high surface area associated from the large sized pores

allows the loading of the drug molecules upto 1.4 g per g of the MOF. Release study

carried out from simulated body fluid shows a controlled release of the encapsulated drug

for upto 6 days.

This example for application of MOFs as drug delivery vehicle opens a new

window for clinical research on delivery vehicles. As an immediate study, similar

outcomes were observed using Fe- based MOF [1.47], thus eliminating the issue of bio-

compatiablity. Using this MOF based vehicle, many other anticancer or antiviral drugs

like busulfan, azidothymidine triphosphate, cidofovir and doxorubicin has been tested for

release under identical condition [1.48]. It is interesting to note that most of these tested

Figure 1.19: (a) Release profiles for encapsulated ibuprofen from inside non-hazardous MOFs
and (b) extension of the concept over a number of MOFs for the large sized drug molecules and
(c) their release profile (figures are reproduced with permission from the publishers)
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drugs could not be loaded into the conventional nanocarriers because of their large sizes.

However, achieving a control on the drug release was not easy with these MOFs,

as there were no responsive moieties available to interact with the stimuli from the release

medium. Thus the delivery of the entrapped drugs was purely based on the slow release

from the MOF pores. Stimuli control on releasing of the encapsulated guest from a porous

media has been nicely demonstrated by Zhou et al. where they have taken azobenzene

derivative as the responsive moiety [1.49]. Azobenzene derivatives are well known for

their cis-trans isomerisation under influence of UV radiation and this has been used as a

trigger for the on-demand delivery system. Here the porous backbone is constructed by

co-ordiantion between Cu(II) as metal mode and 2,4-dimethylphenyldiazenylisophthalic

acid as organic linker. The resulted structure keeps all the azo linked functionalities on its

Figure 1.20: (a) Structure of the diazo group containing organic linker used for the synthesis of
porous framework shown in (b). (c) Change in the N2 adsorption isotherm as a result of
photoinduced isomerization of the framework and its subsequent change from solution state (d).
(f) Schematic representation for the loading and release of the guest from the porous framework
and (e) their estimation from UV-vis spectroscopy and (g) recyclability (figures are reproduced
with permission from Willey VCH)
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outer surface and the structure contains an intrinsic void as well as interstitial voids

created from their packing. During loading of methylene blue as guest, the available size

of the intrinsic void limits the guests for loading into them. However they are fitable for

the interstitial voids and reside there during entrapment. This loaded material thus

contains the guest molecules within them. When UV radiation is applied as a stimulus on

this loaded material, structural change is observed because of the conversion of trans form

into cis form. As this isomerisation takes place, the self assembly got affected and all the

trapped molecules get released from the framework structure (figure 1.20). This

application of light has been depicted to cause the targeted and on-demand reversible

capture and release of the guests from the entrapped environment of the responsive

framework.

Taking this design principle for on-demand cargo delivery vehicles, various porous MOFs

have been synthesized and tested for the desired property. One of the most recent

Figure 1.21: (a) Schematic representation for the targeted and responsive delivery system from
the MOF; (b,c,d,e) release plots for the encapsulated drugs showing the effect of pH as stimuli in
achieving the controlled release (figures are reproduced with permission from RSC publishers)



Chapter 1                                                                    Introduction to Stimuli Responsive....

2017-Ph.D. Thesis: Bikash Garai, (CSIR-NCL), AcSIR Page | 24

example shows use of post-synthetically modified nano metal–organic frameworks

(NMOFs) through gating with carboxylatopillar[5]arene (CP5) for pH-triggered delivery

of cargo [1.50]. This smart cargo delivery system showed controlled release of the loaded

drugs through use of pH- change and/or competitive guest as the trigger. This release

system shows efficiency in terms of negligible premature release, low toxicity and good

biodegradability, making a suitable candidate for controlled and triggered release of

therapeutic agents. The porous structure of the involved MOFs accounts for their

capability towards loading of the drugs into the framework. When the pillarene-based

supramolecular switches are grafted to the framework of the MOFs, they act as

gatekeepers during the drug release procedure. Once the CP5 moieties are capped with,

the release gates are locked, prohibiting the drug release. When suitable pH is obtained in

the surrounding media the locked gates are opened up and allow the entrapped drug

molecules to get released (figure 1.21). Thus pH change acts as stimuli for the on demand

drug release system from the MOFs.

Apart from these two widely popular applications, stimuli responsive MOFs are

also found to be used for selective gating [1.51], piezoelectric behaviour [1.52], etc.

As presented in the above discussions, there is a huge possibility for application of

the porous framework materials as responsive materials towards externally applied

stimuli. Formation of porous framework materials is thus the answer for solving the

problems associated with the small organic molecules, which are limited by their stability,

usability and efficiency. The possibility of such exploration shall get a boost if an insight

is obtained about the details of stimuli interaction and its effect under variable condition.

Thus a systematic study is needed to carry out the complete investigation about the

stimuli interaction on the porous framework materials, so that the strategy can be applied

for development of high-performance materials. As an answer to this situation, herein I

am presenting my work to carry out the effect and mechanism of stimuli interaction with

porous framework in chapter-2. In chapter-3, I have presented a potential application for

the tested interaction and checked the variation of the interaction upon variation of the

responsive moiety. For getting a complete overview of the stimuli interaction, I have

carried out a study to demonstrate the effect of varying stimuli concentration towards the

generated response. The results of this study are presented in chapter-4. Apart from the

use of chemical stimuli for study and application, I have explored the effect of a physical

stimulus on a porous framework and the subsequent application is presented in chapter-5.
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CHAPTER-2

Hydrolytic Conversion of Metal-Organic Polyhedron into Metal-Organic
Framework

Abstract: In this chapter, we have

presented the synthesis of a Cu-based

metal-organic polyhedron (MOP)

through various approaches from a

linker containing isophthalic acid

backbone as the structural motif and propargyloxy group on the 5-position of the

isophthalic acid moiety as responsive moiety. Co-ordination of the metal ion and the

organic linker with bent structural motif causes the formation of polyhedral architecture

where the propargyloxy groups are located on the outer surface of the MOP. Such

population of the propargyl groups gives hydrophobic character to the outer surface of

the MOP units. When such functionalized MOPs interact with water as a stimulus, a

hydrophobicity gradient is developed in between the two surfaces and this causes the

unfolding of the polyhedral structure into formation of layered 2D metal-organic

framework (MOF). This conversion process has been thoroughly studied and monitored

with several characterization techniques and mechanism has been established to

understand the stimuli-interaction.
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2.1 Introduction:

Metal-Organic Polyhedron (MOP) belongs to the class of synthetic porous

materials constructed from metal nodes and organic linkers, thereby a subclass of porous

metal-organic materials (figure 2.1), defined by their polyhedral architectures [2.1].

Similar to the other members of the family, they hold a porous backbone constructed

from metal ion and organic linker [2.2] where the presence of multiple well-defined faces

termed the structure

as metal-organic

polyhedron [2.3].

Each of these

polyhedral

architecture posses an

accessible cavity

defined by the organic

linkers located on

their edges [2.4]. The

zero-dimensional

architectures exist as

discrete unit where

one such polyhedron is not connected to the next analogue through any chemical bond;

rather they exist as isolated components and are self-assembled through weak non

covalent interaction [2.5]. Existence of such units in the discrete form makes them

structurally different from the extended co-ordination polymers like metal-organic

frameworks (MOFs) [2.6] and allow to get solubilise in suitable organic solvents. This

added solubility has been proven to be beneficial for typical applications [2.7] with this

class of porous materials where the interaction becomes possible to the highest possible

extent through molecular level approach [2.8].

Like other metal-organic materials, MOPs are also constructed from the co-

ordination between metal ion and organic linkers where the first components reside at the

corners formed by the polyhedral orientation of the organic linkers (figure 2.2). Thus, the

organic linkers act as edges for the generated polyhedral structure and are linked together

through co-ordination with the metal ions located at their nodes [2.9]. Such co-ordination

Figure 2.1: Classes of porous metal-organic materials and structural
feature for metal-organic polyhedra (MOP)
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Figure 2.2: Formation of MOP from metal ion and organic linker and their self-assembly through
non-covalent interaction

also forms the regular shaped faces around the central void space. The number and shape

of the resulting faces are governed by the geometry of the organic linker and the available

co-ordination environment of the metal ion involved [2.10]. It has been reported to obtain

various polyhedral geometries like tetrahedral, cubic, octahedral, cuboctahedral through

such selection of metal ions and organic ligands [2.11]. Owing to their porous nature with

tunable character, MOPs have been vigorously studied in the literature for application in

gas storage and separation [2.12], stabilizing and trapping unstable chemical species

[2.13] and reaction intermediates, guest encapsulation [2.14], synthetic ion-channel for

selective passing of ions [2.15], etc.

The very first example of MOP is reported in 1999 by Stang et al. from University

of Utah, [2.16], where the utilisation of the potentially available co-ordination of a Pt-

complex with two bent linkers generate the tetrahedral cages (figure 2.3a). The structure

of this MOP has been determined using spectroscopic techniques, as the suitable size

Figure 2.3: (a) Organic linkers for the synthesis of Pt-based MOP and its structural feature; (b)
structure of MOP-1 and its topological overview (figures are reproduced with permission from
Nature publishing group and ACS publications)
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crystal for X-ray diffraction has not obtained. In 2001, Yaghi and co-workers [2.17] from

UCLA-Berkley are the first to crystallize molecular cuboctahedron with 12 Cu-Cu

paddle-wheel units from copper nitrate and isophthalic acid. The resulting cage-like

structure created an inner cavity with 15 Å diameter, accessible through 8 triangular and 6

square shaped windows. This metal organic polyhedron gives a clear idea regarding the

binding of the metal ions with the linkers and the topological view (figure 2.3b).

Subsequently different research groups have explored this area of discrete polyhedral

cages for various purposes. Nitschke et al. from University of Cambridge has explored

the structure and property of Fe(II) based tetrahedral cages [2.18] (figure 2.4a), Fujita et

al. from has explored the Pd-based tetrahedral cages from pyridine based linkers [2.19]

(figure 2.4b) for applications as crystalline sponge, molecular flasks, etc. Development of

tetrahedral M4L6 cages by Raymond et al. [2.20] (figure 2.4c) and their cationic variant

from Ward et al. [2.21] (figure 2.4d) are remarkable for their ease of synthesis and host-

guest studies. In these reports the porous nature of the MOPs has been exploited for

achieving a particular property and thereby serving a desired purpose. However to

enhance the porosity of such cages, researchers have attempted to link such separated

cages using a next set of organic linkers as pillars. Such linking utilizes these zero

Figure 2.4: Representative structure of different types of MOPs reported in literature (figures are
reproduced with permission from the publishing groups)
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Figure 2.5: Strategy for introduction of functional groups in the MOP via substitution of
constructing organic linkers (figure is reproduced with permission from Nature publishing group)

dimensional entities as the nodes for the formation of new frameworks and thereby

introducing another new type of pores in the resulting structure [2.22]. Other post-

functionalization approaches like fusing into external porous materials such as

mesoporous silica [2.23] have also been found to be beneficial for such purpose. In

another report by Zhou et al., the dynamic nature of the metal-ligand linkage (figure 2.5)

has been studied and used for exchange of the linkers from the synthesized MOP structure

to tune its structure and property [2.24]. Noting this feasibility of desired

functionalization for MOPs towards a required application, we choose to use the similar

concept for bringing in stimuli responsiveness into the porous frameworks of MOPs to

tune their property and application. To carry out such an exercise, we preferred for water

as the stimulus and thus hydrophobicity as a responsive parameter. We have chosen

propargyl group as hydrophobic moiety augmented at 5-position of isophthalic acid;
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where the bent co-ordination motif of isophthalic acid provided the required support for

the formation of polyhedral backbone and the propargyl group to contribute for the

hydrophobic character.

2.2 Results and Discussions:

Reaction between cupric nitrate and 5-propargyloxy isophthalic acid (5-PIA) is

carried out in a solvothermal approach where a mixture of N, N-dimethylformamide

(DMF) and EtOH has been used as solvent. Ratio variation for these two component

solvents present in the mixture leads to the generation of two different types of materials.

Solvothermal reaction at 90 ºC for 72 h between Cu(NO3)2·3H2O and 5-PIA in a 2:1

volumetric mixture of DMF and EtOH leads to the generation of uniform sized

polyhedral crystals (1). But when the solvent ratio is changed from 2:1 to 1:1, the final

product is separated as flake like materials (2). Thus 1 and 2 are the two forms of the final

product obtained from the same starting materials, formed under different solvent

combinations (figure 2.6). 1 can also be synthesized at room temperature from the same

starting materials in presence of 2:1 volumetric mixture of DMF and EtOAc as solvent.

Interestingly the flake like material (2) spontaneously gets converted into the polyhedral

crystal form (1) upon keeping under DMF for 48 h, thereby suggesting the flake like

Figure 2.6: Scheme of synthesis for the MOP (1) and the flake like material (2) from the starting
materials, theit interconversion, solubility and recrystalization
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materials (2) to be a kinetic form of the crystalline materials (1) and this has been verified

through further characterizations as discussed in the subsequent paragraphs.

Fourier transform infrared (FTIR) spectroscopy for 5-PIA linker shows a broad

peak centred at 2859 cm-1 corresponding to carboxylic acid O-H stretching vibration. The

carboxylic carbonyl group shows a sharp peak at 1690 cm-1 while the C-C and C-H bonds

from the terminal alkyne moiety corresponds to the peaks at 2123 and 3295 cm-1,

respectively. However for both the final products (1 and 2) obtained after reaction with

Cu(NO3)2, the broad peak got diminished indicating the complex formation between the

metal ion and carboxylate group (figure 2.7). The peak corresponding to the carbonyl

group gets a bathochromic shift by ~60 cm-1 because of the metal co-ordination while the

other characteristics peaks remained unchanged. This reflects the retention of the

chemical environment for propargyloxy groups after complexation with Cu(II). Similarity

in the FTIR spectra for 1 and 2 suggests for the similar chemical environment present in

both the cases. Both 1 and 2 can be readily solubilised into solvents like DMF, N, N-

diethylformamide (DEF), dimethylsulfoxide (DMSO) to form a blue coloured

homogenous solution upon heating. During recrystalization of the components from the

obtained solution, only polyhedral crystalline form (i.e. 1) got precipitated out for both 1
and 2, after 24 h on addition of EtOAc or CH2Cl2 to the solution at room temperature.

Figure 2.7: FTIR spectra for the MOP (1) and flake like material (2) showing characteristic peaks
and comparison with free ligand
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Figure 2.8: (a) UV-vis absorbance for the DMF solution of 1, 2 and Cu(NO3)2; MALDI-TOF
mass spectrometry for the MOP units from (b) 1 (c) 2

Observation of similar product for both the cases again suggests for the presence of

identical molecule in different form for 1 and 2. Further to verify the chemical form of the

components present in the solution, characterization was carried out to determine the co-

ordination state of Cu(II) in the solution. The absorption spectra of the DMF solution

from 1 and 2 show similar absorbance maxima at 720 nm, corresponding to the presence

of Cu-Cu paddlewheel structured complex in the solution (figure 2.8a). This also

indicates that while dissolving 1 and 2 into the solution through heating, the compounds

do not disintegrate to generate free Cu(II) in the solution (that shows an absorption

maxima at 800 nm); rather the whole unit got dissolved in their ligand co-ordinated form.

MALDI TOF mass spectrometry analysis shows molecular ion peak with m/z = 7284 for

the case of 1 and 7261 for the case of 2 (figure 2.8b). Presence of similar molecular ions

for 1 and 2 again confirms the presence of same molecular unit for both of them. All these

experimental results evidence for the same basic molecular unit present in 1 and 2, and

are only different in terms of crystallization. For compound 1, the units are properly

arranged and thereby highly crystalline to produce uniformly sized polyhedral crystals

Figure 2.9: Scheme showing different arrangement of MOP units inside 1 and 2, their changes
during solubilization and recrystallization
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while for 2, the units are arranged

in a random manner and therefore

are less crystalline in nature.

However during dissolution into the

solvent, the molecular units get

solvated to produce the same

solution and finally crystallize into

the crystalline form during

recrystallization (figure 2.9). The

difference in crystallinity also gets

reflected in their DSC study and X-

ray diffraction pattern. DSC

heating curve for 1 shows a sharp peak while same phase change corresponded by a broad

peak for the case of 2, because of its less crystalline nature (figure 2.10). Elemental

analyses for 1 and 2 again shows good similarity between in between them (C: 46.37 %,

H: 2.88 % for 1 and C: 45.67 %, H: 2.67 % for 2) and are in good correlation with the

calculated value (C: 46.13 %, H: 2.61 %).

Chemical structure of 1 has been determined from single crystal X-ray diffraction

under proper experimental

condition. A single crystal of

proper dimension is mounted

to the diffractometer and

subjected to X-ray generated

from Mo-source to get the

diffractions. Initial screening

of the crystal suggests for the

cubic unit cell with lattice

parameter of 33.0328 Å.

Structure solution under direct

method reveals that compound

1 crystallized in Im-3m space

group with Z= 2. The

secondary building unit (SBU)

Figure 2.10: DSC study for the MOP (1) and flake like
material (2)

Figure 2.11: Crystal structure of the MOP, showing the
paddle wheel SBU and propargyl groups on its outer surface
(H atoms have been removed for clarity in the figure)
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of the structure is constructed from Cu-Cu paddle wheel formed from the co-ordination of

2 Cu atoms with the two O atoms of each carboxylate group. Thus, each of such paddle

wheel structures contain carboxylic acid group from 5-PIA backbone in their paddle

positions while the axial positions are occupied with water molecules. 12 such SBUs are

linked together to form a final cuboctahedral architecture where the central cavity is

accessible through six square shaped and eight triangular faces (figure 2.11). The edges

of the cuboctahedra are defined by the 5-PIA linker where the paddlewheel units exist as

nodes for each of them. Location of the 5-PIA units along the edges of the cuboctahedra

makes the propargyloxy groups (located on 5-position of the isophthalic acid backbone)

to decorate the centre of each edges. For the case of one such SBU, both the carboxylic

Figure 2.12: (b) Packing diagram of the (a) MOP (1); and comparison with the MOP from Cu(pi)
showing their differences
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acid units are in the same orientation (i.e. either upward or downward) with respect to

centre of paddlewheel, and thereby their linkage results in a closed spherical shaped

structure. The cuboctahedral units pack periodically in the extended form without any

chemical bonding between two neighbouring analogous units (figure 2.12b). In the final

solid form, the units are self-assembled through non-covalent interaction operative

between them which holds them in such close proximity with long range periodicity to

generate highly crystalline material. Existence of the MOP units in such discrete manner

has been in the depicted in the figure where individually coloured units correspond to a

discrete MOP unit. It is noteworthy that structure of this MOP (1) is substantially

different from Cu(pi), another MOP synthesized previously from the same starting

materials [2.25]. For Cu(pi), one of the axial position for the Cu-Cu paddle wheel SBU is

occupied with MeOH while both the axial positions are occupied with water molecules

for the case of compound 1 (figure 2.12a,c). Cu(pi) completely differs from 1 in terms of

packing of the MOP units in the resulting structure. Cu(pi) crystallizes in Pa-3 space

group producing a tightly packed structure while the body centred system for 1 allows for

rational packing of MOP units with regular interstitial voids in between them (figure

2.12b,d).

Although the diffraction data for the MOP

are collected at 150 K temperature, the terminal

alkynyl chains still shows disorder due to their high

degree of thermal motion. Thus 2 C atoms from

each of the propargyl group (C6 and C7) have two

distinctly different positions with 50 % occupancy

level for each of the sites. Each of the square

shaped openings on the periphery of the MOP has a

cross section of 7.9 x 7.9 Å while for the triangular

openings; the aperture dimension is 6.2 x 6.2 Å.

This leaves and aperture of 15.8 Å for the

generated central cavity while the total dimension of the MOP unit is 35.1 Å. Detailed

examination of the crystal structure shows that all the hydrophobic propargyloxy groups

are pointed outside of the cuboctahedral backbone, thus they are readily available for any

possible interaction with incoming stimulus (figure 2.13).

PXRD pattern collected for as-synthesized MOP crystals (1) shows sharp and well

Figure 2.13: Structure of the MOP
showing the orientation of the linker
and responsive moiety
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Figure 2.14: (a) Comparison of PXRD patterns for MOP synthesized through different routes and
(b) PXRD pattern for flake like material and its comparison

matched well with the simulated pattern derived from its crystal structure. These well

resolved peaks with very high intensity prove its high degree of crystallinity and presence

of long range periodicity. This experimentally observed diffraction pattern for 1 matching

of the two patterns rules out the possibility for existence of other phase(s) in the bulk

materials. Interestingly, all of the crystals obtained through different synthetic routes (viz.

solvothermal synthesis, room temperature synthesis and recrystalization as mentioned in

the previous sections) showed exactly similar diffraction pattern (figure 2.14a). This

again proves that all the materials obtained through these different approaches are

ultimately same and possess similar cuboctahedral structure with identical packing as

described above. However, the diffraction pattern obtained for 2 shows more of

amorphous character with occasional sharp and well-defined peaks (figure 2.14b). This

weak diffraction is a result from the less periodic arrangement of the MOP units to

generate the flake like materials, a measure of its less crystallinity. Other previously

described characterizations shows the presence of similar chemical entity, bonding,

structural properties and molecular unit for both 1 and 2, but with difference in

crystallinity; thus they are different forms of the MOP.

Compound 1 gets separated from the solution as uniform sized polyhedral shaped

crystals. The crystals are clear under normal light and optical microscope and have

metallic lustre. Similar to their visible appearance, they show polyhedral morphology

with defined edges and vertices in scanning electron microscope (SEM) imaging. This

stands for the uniform morphology distribution throughout the all materials obtained from

the reaction mixture for the MOP (1). Similar SEM imaging for 2 shows its flake like

morphology in the micrometer scale size, thereby again retention of the morphology
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Figure 2.15: Optical microscopic images (a,c) and scanning electron microscopic images (b,d) for
1 and 2

throughout the whole collection of the product obtained (figure 2.15). Presence of the

central cavity in each MOP unit produce high amount of solvent accessible void space for

each MOP cage. This make them to trap some solvent molecules inside their cavity and

such solvent molecules are non co-ordinated and thereby reside loosely inside the porous

architecture. When these MOP crystals are heated during thermogravimetric analysis

(TGA), these trapped solvent molecules first get released from the framework at 140 ºC

with a weight loss of 8 %. Upon further heating, the MOP units ultimately get collapsed

at 250 ºC causing another major weight loss of 25 % (figure 2.19b).

Figure 2.16: Monitoring of the change in crystals morphology via optical microscope during
water interaction (a) 1 and (b) 2
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When the as-synthesized MOPs (1 and 2) are subjected to interaction with water, a

noticeable change occurs to them over a period of time. This slow conversion starts with

initial loss of transparency from the crystals. Monitoring of the process through

microscopic images showed that by interaction with water, the transparent crystals first

start to turn opaque and then start splitting into smaller crystals over a period of time.

These resulting smaller crystals (3) are hexagonal in shape and regain the transparency

during the course of conversion (figure 2.16). Similar monitoring of the conversion

through recording of PXRD patterns at different time intervals shows that the crystallinity

of the material changes from crystalline to amorphous to crystalline during the course of

conversion. At the initial stage of water interaction, the MOP remains in its crystalline

form with diffraction pattern having sharp and well defined peaks. As the contact with

water prolongs over time the crystallinity of the material starts to decrease, with the

diminishing of the peaks from the pattern. Over time, the resulting pattern becomes

populated with broad peaks, thereby indicating the formation of amorphous material

(figure 2.17). As the water interaction continues with this amorphous material, the PXRD

pattern starts to show the generation of new peaks and with time they turned into sharp

and well defined peaks. Thus, the resulting material regains crystallinity from the

amorphous phase obtained at the initial stage of interaction with water. This new PXRD

pattern shows that the newly obtained pattern is significantly different from that for initial

Figure 2.17: Monitoring the water interaction with MOPs from (a) 1 and (b) 2 via PXRD
recorded at different intervals
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polyhedral crystals. This corresponds to the occurrence of change in the structure for the

resulting hexagonal crystal (3) as compared to the initial components (1 and 2), by

interaction with water. The conversion process into hexagonal crystals through

crystalline-amorphous-crystalline pathway gets completed within 200 min of time, as

seen from the sequential recording of PXRD patterns. Further exposure of the resulting

hexagonal crystals to water leaves them unchanged over noticeable period of time.

Apart from the monitoring of the conversion process through regular

characterization of the solid substances, characterization of the liquid extracted from the

conversion system throughout the process shows that no component gets dissolved in

water during conversion. Absorbance measurement of the liquid separated from the

conversion mixture shows no peak corresponding to free or co-ordinated Cu(II) (figure

2.18). Presence of any leached Cu(II) in the resulting liquid has been verified from ICP-

MS analysis, which again indicates the non-existence of Cu(II) in the said liquid. All this

experimental results evidences for the water stimulated conversion to be a solid state to

solid state conversion, where no components get dissolved in water during the course of

Figure 2.18: UV-vis measurement with the filtrate collected at different point of water interaction
with the MOP
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Figure 2.19: (a) UV-vis measurement with the filtrate collected at different point of water
interaction with MOP and (b) FTIR spectrum for the generated hexagonal crystals, 3

conversion. This also rules out the possibility of fresh synthesis for 3 from the starting

materials and in the presence of water as possible solvent.

FTIR spectra for 3 show the similar characteristic peaks at 1620, 2120 and 3287

cm-1. These peaks correspond to the presence of carboxylic carbonyl, alkynyl C-C and C-

H bonds, respectively (figure 2.19a). As for the case of MOP, the carboxylic O-H

stretching is not present for this case also, confirming the presence of metal-carboxylate

linkage and this co-ordination has caused the shifting of carboxylic carbonyl stretching

vibration by ~60 cm-1 towards lower wavenumber region. This comparison of IR spectra

suggests the existence of identical chemical functional groups and the bonding for the

case of 1, 2 and 3. However, unlike the MOP materials (1, 2) the newly obtained material

(3) is insoluble for all the tested solvents. This insolubility of compound 3 indicates the

presence of some kind of co-ordination polymeric environment in its structural backbone.

Presence of this extended structure also has brought in some extra thermal stability, as

seen from the TGA plot. The trapped solvent molecules from the structural voids get

released at 85 ºC, while the framework collapses at 325 ºC (figure 2.19b).

The chemical structure of 3 has been determined from single crystal X-ray

diffraction. Initial screening of the crystal with X-ray from a Mo-source shows that

compound 3 possesses hexagonal unit cell with cell parameter a= 18.52 Å and b= 6.71 Å.

Solution of the diffraction data collected at 150 K through direct method reveals that 3

packs in P-3 space group with Z= 6. The resulting structure for the compound shows that

similar to the MOP structure, 3 also posses the Cu-Cu paddlewheel SBU where the Cu-

carboxylate linkers forms the paddles and the axles are extended with co-ordinated water
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Figure 2.20: Crystal structure of the MOF (3) in space-filled model showing the presence of two
types or pore channels in the stacked form

molecules. However unlike the case of MOP, for the case of 3 the two sets of carboxylate

groups from the SBU are in opposite direction with respect to the centre of the

paddlewheel. This new orientation of the carboxylate functionalities develops a wavy

bonding motif for the SBU and thus when such SBUs are linked together, a structure

having 2-dimensional extension is formed. Such 2-dimensional layers are then stacked

over each other in the final crystal packing to describe the originated MOF structure. This

depicts the structural feature for 3 as 2-dimensional MOF generated from the co-

ordination of Cu(II) nodes and 5-PIA linker. The layers are packed in proper eclipsed

form, i.e. AA form and this infinite extension and perfect stacking of the layers produces

two types of pores in the resulting structure (figure 2.20). One is similar to the existing

triangular cavity opening and the other pore has hexagonal periphery, generated

additionally because of the structural conversion. This newly generated pore contains all

the propargyloxy groups from the constituent 5-PIA linker, and therefore gains population

with hydrophobic moieties. The former pore, on the other hand is free from any such

functional groups and have an pore aperture of 4.4 Å, compared to 3.3 Å for the newly
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Figure 2.21: Comparison of simulated and experimentally observed PXRD patterns for the MOF
(3). The peak to peak match between the two patterns shows their phase purity

generated hexagonal pore. The phase purity of compound 3 from its bulk has been

confirmed by comparing the experimentally observed PXRD pattern with the diffraction

pattern simulated from the crystal structure (figure 2.21). The well matching of the

individual peaks from both these patterns suggests for the absence of other possible

phases in the obtained material. Nice co-relation of the experimentally observed

elemental percentage (C: 44.09 %, H: 2.77 %) with the calculated values (C: 44.06 %, H:

2.69 %) again proves the bulk phase purity for obtained crystals of 3.

Comparison of the crystal structures of the compounds involved before and after

water treatment shows that the interaction of water as a stimulus for the 0-dimensional

MOP has lead to the generation of 2-dimensional MOF structure as the end form.

Structural study for the materials shows that both MOP and MOF consist of Cu-Cu

paddlewheel SBU that leads to the formation of final framework architecture. However,

the bonding motifs generated from the orientation of the carboxylate groups in each SBU

is different for the case of MOP and MOF. For the case of MOP, the all from the 2nd set

of carboxylate groups as shown in the figure are pointed at the same direction, thus this

bonding motif directs the neighbouring unit to form a closed spherical structure. This

closed structure is best described as a cuboctahedra because of the presence of definite

edges and the faces generated thereof (figure 2.13). For the case of MOF, two of four

from the similar set of carboxylate groups are having similar bonding motif. While, the
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Figure 2.22: Comparison for the bonding motif in the paddle wheel SBUs from 1 and 3. Reversal
in binding motif causes the transformation of closed structure into extended form

other two carboxylate groups are now pointed in opposite direction (figure 2.22).

Reversal of the bonding motif has thus changed the overall bonding motif of the SBU

from closed form to open form. When this SBU gets connected to the next unit, because

of the newly developed open structural motif, an open framework structure is resulted in

contrast to the closed structure for previous case, Thus reversal of the bonding motif is

responsible for the structural conversion of MOP into MOF and this change is caused by

the interaction of MOP with water stimulus.

To explain the water stimulated conversion of MOP to MOF, the following

mechanism has been proposed based on the experimental findings as described previously

(figure 2.23). As seen from the crystal structure, the propargyloxy groups are located on

the outer surface of the MOP, thus making it hydrophobic in nature. The inner surface of

the MOP, on the other hand, is free from any such functionality and therefore remains

non-hydrophobic. As the MOP units from 1 and 2 come in contact with water as stimulus,

these antennas of propargyl group face directly the incoming stimulus. This creates a

unfavourable situation for the outer surface of the MOP. Meanwhile it’s preferable for the

water molecules to interact with the inner surface of MOP towards a favourable situation.
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Figure 2.23: Proposed mechanism to explain the water stimulated conversion of MOP (1) into
MOF (3)

But the inner surface is relatively inaccessible for the water and thus a hydrophobicity

gradient is developed in between the two surfaces. In an attempt to minimize this

hydrophobicity gradient and thereby squeeze out the unfavourable situation on the outer

surface of MOP, the closed structure of the MOP gets unfolded forming an open layered

structure with the homogenous distribution of hydrophobic spikes on both the surfaces.

By the interaction of water on MOP, the amorphous phase is generated through

the fragmentation of MOP structure by opening of co-ordination bonds. One such

possible fragment has been depicted in the figure where all the hydrophobic propargyl

groups are located on the lower side of the MOP. This gives hydrophobic character to the

lower surface of the fragment while the upper surface is non- hydrophobic. To attain an

equilibrium condition among these two surfaces in terms of hydrophobicity, the terminal

linkers may undergo rotation around the highlighted C-C bond. After the rotation of these

entities, 3 of the 6 propargyloxy groups are now shifted to the upper surface. Thus an

equal population of the hydrophobic propargyl moieties is achieved for both the surfaces

and this is the best possible situation for minimizing the generated hydrophobicity

gradient. It is notable that because of this rotation, the terminal and ‘free’ carboxylate

groups in the fragments have now changed their position as well. The ‘all-upwards’

orientation of the terminal carboxylic groups has now turned into ‘all-downwards’

orientation. This change in the orientation is reflected in the change of bonding motif for

the SBUs of MOP and MOF, as discussed earlier. During recombination of these

modified but co-ordinately unsaturated fragments with their closest neighbour, they

cannot unite to the closed form any further owing to the absence of initial bonding motif.

Rather, the newly generated bonding motif directs them to combine together forming an

extended structure in the form of a 2-dimesional layer. Since many such identical

fragments are periodically generated from one MOP and they are arranged in a closely
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packed manner, after conversion also many such layers are formed that are exactly

stacked on top of each other. This ultimately results into the formation of layered 2-

dimensinal MOF as the end product. This recombination is reflected in the regaining of

crystallinity at the later stage of conversion. And since no Cu(II) gets leached to the

solution during the conversion, the initial loss of crystallization attributes to the

fragmentation of the MOPs, but not complete structure destruction to generate the free

constituents into the solution.

This postulated mechanism describes the hydrophobic propargyl groups as

responsible for interaction with water as the incoming stimuli. Thus the hydrophobicity

gradient generated from the interaction of the hydrophobic moieties on the outer surface

of the MOP with water is the cause for unfolding the closed MOP structure into layered

2-dimensional MOF. To validate this postulated mechanism, similar experiment with

other MOP with a variation of substituent has been performed.

For this current study with functionality varied MOP, another MOP was preferred

that contain no such hydrophobic group on its outer surface, or in other words, selection

for a MOP containing similar hydrophobicity on both the internal and external surfaces

has been made. For such criterion, isophthalic acid has been chosen as the linker for MOP

synthesis reaction, where the bent backbone with 120º separation provides the required

bent motif for cuboctahedral framework formation. Reaction of Cu(NO3)2.3H2O and

isophthalic acid under similar solvothermal reaction condition results in the formation of

Figure 2.24: Crystal structure of two isostructual MOPs, 1 and c-MOP-1. The inner and outer
surfaces are same for (a) c-MOP-1 but bears different functionality for (b) 1
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blue coloured cuboctahedral crystals as that of 1. Structural characterization of the

resulting material (c-MOP-1) shows the presence of exactly similar cuboctahedral

structure as the backbone towards the resulting framework (figure 2.24). As reported in

literature [2.17], c-MOP-1 crystallizes in Im-3m space group under cubic crystal system

with cell parameter of 27.722. Structural comparison for 1 and c-MOP-1 reveals their

similarity for the polyhedral architecture where the central cavity is of similar dimension

for both of them. Notably, the edges of the cuboctahedra in this case also are defined by

the isophthalic acid linker and the dimensions of the individual faces are also comparable.

Thus the detailed comparison of the structures concludes that the basic co-ordination,

architecture and bonding towards framework formation are exactly similar for both of

them; except the presence of functional groups on the outer surface of the resulting MOP.

Thus c-MOP-1 bears no functionality variation between its inner and outer surface; while

for the case of 1, hydrophobic propargyl groups are exclusively populated on the outer

surface of the MOP to carry out a contrast with the inner surface.

When the as-synthesized crystals of c-MOP-1 are subjected to similar interaction with

water, no change was found to occur and the crystals remain intact over the time (figure

2.25b). It has been also observed that along with the physical appearance of the crystals,

they remained unchanged from their crystallinity as well. Similar to the as-synthesized

crystals, the crystals collected after 30 min of water interaction shows nice crystalline

pattern on diffraction of X-ray (figure 2.25a). And both of these patterns show peak to

peak matching with the simulated pattern derived from the initial crystal structure. This

rules out the possibility of even partial transformation to produce another phase for c-

Figure 2.25: Monitoring the effect of water interaction with c-MOP-1 through (a) PXRD
measurement and (b) optical microscopy
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MOP-1 by interaction with water. The inertness of c-MOP-1 towards interaction with

water indicates that presence of the polyhedral backbone is not responsible for causing

any transformation by interaction with water. Rather only when some responsive moiety

such as hydrophobic propargyl group is present to detect the presence of stimuli, it can

bring out the structural transformation. This also serves as an experimental evidence to

support the mechanism postulated to explain the conversion of MOP to MOF in presence

of water.

It is noteworthy that water does not take an active role in the conversion as a

reagent, neither it acts as a solvent for the conversion, nor catalyse the otherwise

happening conversion. Thus the role of water in this conversion can be best described as a

stimulus towards the responsive MOP, where a structural change is resulted from the said

interaction.

2.3 Experimental Details:

2.3.1: General synthetic details: All the reagents used for this study are purchased from

commercial sources and used without any further purification. Solvents are dried prior to

use for synthesis, following the standard procedures to remove traces of moisture and

other impurities like stabilizers. Deionised water has been used throughout the reaction

and workup procedures.

2.3.2: Synthesis of the organic linker: The organic linker (5-PIA) has been synthesized

based on previous literature report [2.26]. The ligand has been thoroughly purified and

characterized prior to use for reaction with metal ion. For a typical synthesis, 5.00 g

(23.79 mmol) of dimethyl-5-hydroxy isophthalate and anhydrous K2CO3 (9.85 g, 71.37

mmol) are taken in a 250 ml round bottom flask and added with 100 ml of DMF. The

flask is then kept in an ice bath at 0º C and stirred for 10 min to bring down the

temperature of the mixture. To this mixture, propargyl bromide (80 % in toluene, 7.70 ml,

71.46 mmol) is added dropwise, maintaining the temperature under 10 ºC. The reaction

mixture is then removed from the ice bath after 10 min from completion of the addition

and the stirred for additional 4 h at room temperature. The obtained reaction mixture is

then poured into a beaker containing 850 ml of water. The precipitated solid is then

filtered out through a Whatmann filter paper and washed thoroughly with water (100 ml x

5). The obtained product is then dried at 60 ºC in a hot air oven to get 5.70 g (yield= 96

%) of dimethyl-5-propargyloxy isophthalate as white powder.
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Scheme 2.1: Step-1 for synthesis of 5-PIA linker

5.0 g (20.14 mmol) of the dried product obtained from the previous is then taken

in a 250 ml round bottom flask and dissolved in 50 ml of THF. To the solution,

LiOH.H2O (4.00 g, 95.35 mmol) is added and the resulting mixture is refluxed under N2

for 6 h. The solvent is then removed completely under vacuum to get a white coloured

solid material. The white solid is then dissolved in 100 ml water and the insoluble

particles are filtered off. The resulting aqueous solution is then acidified to pH= 6 by

dropwise addition of 3 N HCl. The generated thick suspension is then filtered to remove

the water and washed thoroughly with water till it becomes free from the absorbed HCl.

The precipitate is then dried at 60 ºC in a hot air oven to get 4.35 g (isolated yield= 98%)

of 5-propargyloxy isophthalic acid as white coloured powder.

Scheme 2.2: Scheme for final step of 5-PIA synthesis

2.3.3: Synthesis of the MOP: a. For a solvothermal synthesis, 44.0 mg (0.2 mmol) of 5-

PIA and Cu(NO3)2·3H2O (24.2 mg, 0.1 mmol) are taken in a 15 ml glass vial and

dissolved into a 2:1 volumetric mixture of DMF and EtOH (6.0 ml). The mixture is

sonicated for 5 min to obtain a homogenous solution with light blue colour. The vial is

then capped properly, sealed with a Teflon tape around the cap joint and placed in a hot

air oven at 90 °C for 35 h. After 35 h, the vial is slowly cooled to room temperature and

the resulting polyhedral crystals (1) are collected from the mother liquor. The materials

are characterized immediately after removal from the mother liquor or drying. Calculation

based on Cu content shows 75 % isolated yield for 1 is obtained through this method.

b. For a room temperature based synthesis of 1, 5-PIA (44.0 mg, 0.2 mmol) and

Cu(NO3)2·3H2O (24.2 mg, 0.1 mmol) are taken in a 15 ml glass vial and dissolved into a

2:1 volumetric mixture of DMF and EtOAc (6.0 ml). The mixture is sonicated for 5 min
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to obtain a homogenous solution with light blue colour and then left undisturbed for 30 h

at room temperature. Similar polyhedral crystals of 1 are thus obtained in the reaction vial

and are collected from mother liquid prior to any application. Isolated yield of 1 through

this process is found to be 75 % on calculation based on Cu content.

c. In a slightly varied solvothermal reaction condition, 44.0 mg (0.2 mmol) of 5-

PIA and Cu(NO3)2·3H2O (24.2 mg, 0.1 mmol) are taken in a 15 ml glass vial and

dissolved into a 1:1 volumetric mixture of DMF and EtOH (4.0 ml). Similar to the

previous approaches, the mixture is sonicated for 5 min to obtain a homogenous solution

with light blue colour. The vial is then capped properly, sealed with a Teflon tape around

the cap joint and placed in a hot air oven at 90 °C for 35 h. After 35 h, the vial is slowly

cooled to room temperature. But here unlike the previous case, flake like materials (2) are

separated from the solution. The flake like materials thus obtained from the reaction vial

is collected from mother liquid prior to any application. Calculation based on Cu content

shows 78 % isolated yield for 2 is obtained through this method.

2.3.4: Solubility and recrystalization of the MOP: 10.0 mg of the MOP (1 and 2) are

separately taken into a glass vial and then 5 ml of DMF added to each of the solid

samples. The vials are then capped and kept inside a hot air oven at 120 °C for 1 h. A blue

coloured homogenous solution is thus resulted, which remains stable in solution form at

room temperature under ambient condition. For recrystallization of the MOP, EtOAc (5

ml) was added to both solutions where blue colored polyhedral crystals (in the form of 1)

crystallize out of the solution within 20 h.

2.3.5: Conversion of MOP into MOF: As-synthesized 1 and 2 (100.0 mg for each,

0.003 mmol) are taken separately in a 15 ml vial and 5 ml water is added. The vial is then

capped properly to generate a sealed condition and heated at 120 °C for 1 h. The formed

hexagonal crystals are collected through filtration and washed with ethanol (isolated yield

= 92 %). The crystals are then dried under vacuum at room temperature and stored under

N2 atmosphere.

2.3.6: General methods for characterizations:

a. Single Crystal X-ray Diffraction: As-synthesized crystals of 1 is taken out from the

mother solution and mounted inside a glass capillary of diameter 0.3 mm (Hampton

Research) along with trace amount of the mother solution. The crystal is slided to one end

of the capillary with a glass fiber and the open ends of the capillary are sealed by heating

in a flame. This sealed capillary is then mounted in the diffractometer and data are
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collected at 110 K maintained through a stream of liquid N2 from Oxford cryostream

controller.

For the crystals of 3, a suitable sized single crystal is coated with paratone-N oil

and placed on top of a nylon cryoloop (Hampton research) and then mounted in the

diffractometer. The data collection is performed at 150 K maintained through a stream of

liquid N2 from the same Oxford cryostream controller.

The crystals are mounted on a Super Nova Dual source X-ray Diffractometer

system (Agilent Technologies) equipped with a CCD area detector and operated at 250 W

power (50 kV, 0.8 mA) to generate Mo Kα radiation (λ = 0.71073 Å) and Cu Kα radiation

(λ = 1.54178 Å). Initial scans of each specimen are performed to obtain preliminary unit

cell parameters and to assess the mosaicity (breadth of spots between frames) of the

crystal to select the required frame width for data collection. CrysAlisPro program

software suite has been used to carry out overlapping φ and ω scans at detector (2θ)

settings (2θ= 28). Following data collection, reflections are sampled from all regions of

the Ewald sphere to redetermine unit cell parameters for data integration. Following

exhaustive review of collected frames, the resolution of the data set is judged. Data are

then integrated using CrysAlisPro software with a narrow frame algorithm and

subsequently corrected for absorption by the program SCALE3 ABSPACK [2.27] scaling

algorithm.

These structures are solved by direct method and refined using the SHELXTL 97

[2.27] software suite. Atoms are located from iterative examination of difference F-maps

following least squares refinements of the earlier models. Final model is refined

anisotropically (if the number of data permitted) until full convergence has been

achieved. Hydrogen atoms are placed in calculated positions (C-H= 0.93 Å) and included

as riding atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached

C atoms. In some cases modeling of electron density within the voids of the frameworks

does not lead to identification of recognizable solvent molecules in these structures,

probably due to the highly disordered contents of the large pores in the frameworks.

Highly porous crystals that contain solvent-filled pores often yield raw data where

observed strong (high intensity) scattering becomes limited to ~1.0 Å at best, with higher

resolution data present at low intensity. A common strategy for improving X-ray data,

increasing the exposure time of the crystal to X-rays, did not improve the quality of the

high angle data in this case, as the intensity from low angle data saturated the detector and
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minimal improvement in the high angle data was achieved. Additionally, diffused

scattering from the highly disordered solvent within the void spaces of the framework and

from the capillary to mount the crystal contributes to the background and the ‘washing

out’ of the weaker data. Electron density within void spaces has not been assigned to any

guest entity but has been modeled as isolated oxygen and/or carbon atoms. The structure

has been examined using the ADSYM subroutine of PLATON [2.28] to assure that no

additional symmetry could be applied to the models.

Table-2.1: Crystal structure and refinement details for the MOP (1)

Empirical formula C288 H144 Cu24 O145

Formula weight 7499.23

Temperature 110(2) K

Wavelength 0.71073 Å

Crystal system cubic

Space group Im 3 m

Unit cell dimensions

a = 33.0328(15) Å α = 90°

b = 33.0328(15) Å β = 90°

c = 33.0328(15) Å γ = 90°

Unit cell volume 36044(5)

Z 2

Density (calculated) 0.686 mg mm-3

Absorption coefficient 0.735

F(000) 7546.0

Crystal size 0.52× 0.35 × 0.31 mm3

Theta range for data collection 3.14 to 29.09

Index ranges -45 <= h <= 14, -45 <= k <= 24, -45<= l <= 19

Reflections collected 17713

Independent reflections 3952

Completeness to theta = 26.02° 87.1 %
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Absorption correction Semi-empirical from equivalents

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3952/0/106

Goodness-of-fit on F2 2.649

Final R indices [I>=2sigma(I)] R1 = 0.1880, wR2 = 0.3291

R indices (all data) R1 = 0.3381, wR2 = 0.3514

Largest diff. peak and hole 3.348 and -1.664 e.Å-3

Figure 2.26: ORTEP drawing for the asymmetric unit of MOP structure (1). Thermal ellipsoids
are shown at a probability level of 50 %
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Table-2.2: Crystal structure and refinement details for the MOF (3)

Empirical formula C11H7CuO6

Formula weight 298.72

Temperature 150(2) K

Wavelength 0.71073 Å

Crystal system Trigonal

Space group P 3

Unit cell dimensions

a = 18.5256(4) Å α = 90°

b = 18.5256(4) Å β = 90°

c = 6.71315(15) Å γ = 120°

Unit cell volume 1995.28(8)

Z 6

Density (calculated) 1.492 mg mm-3

Absorption coefficient 1.656

F(000) 900

Crystal size 0.31× 0.26 × 0.14 mm3

Theta range for data collection 3.03  to 29.29°

Index ranges -25 ≤ h ≤ 13, -25 ≤ k ≤ 23, -9 ≤ l ≤ 5

Reflections collected 5596

Independent reflections 3635 [R(int) = 0.0300]

Completeness to theta = 26.02° 100%

Absorption correction Semi-empirical from equivalents

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3635/0/191

Goodness-of-fit on F2 1.156

Final R indices [I>2sigma(I)] R1 = 0.0465, wR2 = 0.1521

R indices (all data) R1 = 0.0603, wR2 = 0.1653

Largest diff. peak and hole 1.579 and -0.552 e.Å-3
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Figure 2.27: ORTEP drawing for the asymmetric unit of MOF structure (3). Thermal ellipsoids
are shown at a probability level of 50 %

The detailed structural and experimental details of the MOP (1) and MOF (3) have

been included in the crystallographic information file. CCDC 940873 and CCDC 940872

contain the crystallographic data for 1 and 3 respectively.

Analysis of the crystallographic data and explanation of the Alerts present in the
IUCr checkcif report for the structures:

In the IUCr Checkcif report for 1 (MOP structure), two A level alerts, namely

‘PLAT215 ALERT 3 A’ and ‘PLAT601 ALERT 2 A’ with fourteen B level alerts are

present. MOF (3) structure is free from A level alert although two B level alerts are

present.

For the case of MOP (1), the alert ‘PLAT215 ALERT 3 A’ in A level is for

disordered carbon (C6) and observed due to the rotational disorder of the flexible

propargyloxy group present in the 5-position of the isophthalate ligands. The other A

level alert (PLAT601 ALERT 2 A) is for solvent accessible void space present inside the

cages as well as in the interstitial sites originated by the packing of the cages. Presence of

this solvent accessible void is very common [2.29] for such porous structure and these

void spaces help to find applications in different aspects. In this case, the presence of the

void space enabled this material to encapsulate caffeine molecules into them as guest. On

the other hand, in general, crystalline cage molecules show very weak diffraction in
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SCXRD. Also it is well reported that the solvent molecules present inside the cages

cannot be modeled properly [2.30] because of their high thermal and vibrational disorder

which gets increased in the case of 1 because of the presence of dangling propargyloxy

groups on the outer MOP surface. These factors limit this type of crystals to get very high

quality data with good R-factor. Most of the metallo-organic cage molecules reported in

literature has such type of high R-factor problem, [2.31] although the presented structures

are sufficient to describe their molecular structure. Such factors lead to the generation of

B level alerts in the IUCr Checkcif report.

In case of 3 (MOF) structure, ‘PLAT420 ALERT 2 B’ in B level is due to the

presence of doner H (H5A) without any acceptor atom. In this case, water molecules

coordinated to the paddle-wheel SBU contain 2 H atoms, namely H5A and H5B. Of

which, H5B is H-bonded to the carboxylate O (O4) of the next layer’s paddle-wheel SBU

while the geometrical orientation makes it difficult for H5A to show such type of H-

bonding. Because of its geometrical location, H5A is located far away from its closest

acceptor atom and does not fall in the distance range defined by Jeffrey’s definition

(which is used for checking the presence of H-bonding in the steucture by IUCr checkcif).

Another B level alert ‘PLAT601 ALERT 2 B’ is due to the solvent accessible void space

present in the MOF structure and its origin has been explained previously.

b. Powder X-ray diffraction: PXRD pattern for the materials are collected with a

Phillips PANalytical diffractometer for Cu K radiation ( = 1.5406 Å), with a scan speed

of 2° min-1 and a step size of 0.02° in 2. As-synthesized crystals of 1 are taken out from

the mother solution and placed on a PXRD plate. The excess solvent is then soaked to

remove and the crystals are powdered. The PXRD plate is then placed in the sample

holder of the diffractometer and the sample is scanned in the 2θ range 3-50° at room

temperature. Same procedure has been followed for the recrystallized material, crystals

obtained by room temperature method and the flake like material (2). On the other hand,

dry crystals of 3 have been directly powdered and placed on a PXRD plate and scanned in

the diffractometer in the same 2θ range. For the study of time dependent conversion of 1
into 3, crystals of 1 are taken out from the hot water containing vial at regular intervals,

placed on PXRD plate, the excess of water removed through soaking, and then scanned in

the diffractometer. The collected data are corrected for background from the data

processing software available with the instrument.
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c. IR spectroscopy: Fourier transform infrared (FTIR) spectra are recorded on a Bruker

Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total reflection)

accessory in the 600-4000 cm–1 wavenumber region with a program of 100 scans.

Background measurement is performed before collection of any spectrum. The samples

are first powdered and then placed on the sample holder. The spectra are recorded

considering the required correction for the surrounding atmosphere.

d. Thermogravimetric analysis and Differential Scanning Calorimetry:
Thermogravimetric analyses (TGA) are carried out on a SDT Q600 TG-DTA analyzer

under N2 atmosphere at a heating rate of 5 ºC min–1 within a temperature range of 30-900

°C. Approximately 5 mg of the sample is placed in the platinum pan and the reference

pan is left blank. The furnace compartment containing both reference and sample pan is

then heated at a programmed rate with constant recording of the weight. Differential

scanning calorimetry (DSC) is performed using a TA Q10 model. The sample (ca. 2-3

mg) is placed into an Al pan, well sealed, and scanned at 10 °C min-1 under N2

atmosphere. The instrument was calibrated with Indium standard before measurement.

e. Optical and electron microscopic imaging: The optical images are collected with a

Leica M-80 optical microscope with hot stage and camera attachment. The specimens are

placed in a glass slide prior to imaging. SEM images are obtained with a FEI, QUANTA

200 3D Scanning Electron Microscope with tungsten filament as electron source operated

at 10 kV. The samples are first dispersed in isopropanol through sonication and then

dropcasted in a Si-wafer. The sample is then kept under radiation from an IR lamp for 3 h

and the Si mounts are preserved carefully under inert atmosphere until mounted into the

microscope. The samples are sputtered with Au (nano-sized film) prior to imaging by a

SCD 040 Balzers Union as well as by sprinkling the powder on carbon tape.

f. UV-vis spectroscopy: UV-vis absorbance studies are carried out with Varian Carry 50

instrument equipped with a single beam facility (with a spectral resolution of 0.5 nm).

The measurements are performed in the wavelength range of 200-800 nm under ambient

atmospheric condition. For the absorbance measurements of the concentrated MOP

solutions, the samples are first diluted with DMF. For analysis of the liquid media during

the MOP to MOF conversion, an aliquot of the liquid is drawn periodically from the

conversion medium and then analyzed through UV-vis spectrophotometer. For

comparison, a 5.0 mM Cu(NO3)2 solution in water has also been analyzed under similar

experimental condition.
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g. Mass spectrometry: Molecular weight of the MOP units present in 1 and 2 has been

measured using matrix assisted laser desorption ionization-time of flight (MALDI-TOF)

mass spectrometry. MALDI-TOF MS analyses are performed in an AB SCIEX-5800

instrument in positive reflectance mode. The analysis has been performed for 1 and 2

using 3-indoleacrylic acid as matrix. The samples are prepared by making a DMF

solution of the MOP with a concentration of ca.1.0 µM. Concentration of matrix solution

(in THF) was made to 38 mg/ml and added to the sample solution in 1:6 ratio. The

resulting solution is then deposited on a stainless steel sample holder and dried under

vacuum. The samples are then scanned with N2 laser (intensity = 6205) at a scan rate of

150 shots per spectrum. The samples were analyzed under optimized conditions in

positive reflectance mode.

A peak at m/z = 7261 was observed for 2, which corresponds to single MOP +

48H (from 24 ligand moieties present in the MOP unit). Thus, MS suggests the presence

of MOP units in 2. In contrast, the MALDI-TOF analysis of 1 revealed a peak at m/z =

7284, which corresponds to single MOP + 48H + Na (from ionizing medium).

NOTE: The results presented in this chapter are already published in Angew. Chem. Int.

Ed. 2013, 52, 13755–13759 with the title ‘Hydrolytic Conversion of a Metal–Organic

Polyhedron into a Metal–Organic Framework’. The publication is the result of the

collaboration among the group of Dr. Rahul Banerjee, his students Bikash Garai and

Arijit Mallick and Dr. David Díaz Díaz from Germany. Major part of the work including

synthesis, characterization and representations were carried out by Bikash Garai.
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CHAPTER-3

Metal-Organic Polyhedra for Drug Encapsulation and Achieving Control on their
Release

Abstract: In this chapter, I have
shown the utilization of core
cavity inside the structure of the
synthesized MOP prompted for
using as an encapsulation site
for incoming guests. We have
chosen caffeine, a nerve-stimulating drug as a guest and successfully encapsulated inside
the MOP core through host-guest interaction. When this caffeine loaded MOP is
subjected to interaction with water as stimuli, the host polyhedral structures get unfolded
into layers of 2D MOF, as discussed in the previous chapter. Because of this conversion
the core cavity got opened up; this opening causes the encapsulated guests to get out of
the core and get released into the surrounding aqueous solution. Thus, we have
successfully developed a system for MOP based drug encapsulation and release, where
water acts as a stimulus for triggering the release. In order to further study the
phenomenon and achieve a control on the release, we have varied the hydrophobicity on
the outer surface of the MOP through functionality variation. Such variation from methyl
to ethyl to n-propyl group in the linker causes an increase in hydrophobic of the resulting
MOPs. This varying hydrophobicity has been reflected in the conversion kinetics where
time required for complete conversion varied from 55 min to 30 min to 20 min. By
utilization of these newly functionalized MOPs and the associated drug release in water,
we have been achieve a control on the release of 5-fluorouracil (5-FU), encapsulated
inside the core of MOPs.
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4.1 Introduction:

The porous architectures developed from the co-ordination of metal ions with

organic linkers, classified as metal-organic polyhedra (MOPs) has gained significant

attention of the researchers [3.1] because of their ease of synthesis and high potential

applications (figure 3.1). Compared to the extended structures for metal-organic

frameworks (MOFs), these species exist as discrete units and bear a polyhedral cage-like

formulation [3.2]. As discussed in the previous chapter, their structural feature consists of

well-defined faces and the edges are constructed with organic linkers. These linkers are

co-ordinated with the metal ions located at the vertices and results in the definite

polyhedral geometry [3.3]. Such co-ordination and the feature of resulting polyhedral

makes the structure porous in nature, by the presence of a central cavity [3.4]. This cavity

is formed by the said co-ordination and located at the centre of the MOP. Presence of the

faces from the polyhedral architecture makes this cavity accessible through them and the

window of accessibility is determined by the size of each surrounding faces. The discrete

nature of the MOPs makes them soluble in suitable organic solvents under proper

condition. This solubility adds multiple advantages to its properties and process ability,

compared to the MOF having extended structure [3.5]. This solubility becomes most

advantageous over the extended structure counterpart when host-guest chemistry is

Figure 3.1: Potential applications studied with metal-organic polyhedra through host-guest
chemistry
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utilized for their application [3.6]. Since the central cavity of MOPs is readily accessible

through the faces and their chemical environment can be easily tuned by varying the

functionality on the organic linker, MOPs have become choice of the researchers for

performing any host guest chemistry in a porous system [3.7].  Easy soluble nature allows

the MOPs to interact the guest species from its closest possible proximity [3.8] and this

result in most effective encapsulation of the guest species inside the central cavity.

One of the classic examples for

using porous MOP towards host-guest

chemistry has been reported by Nitschke

et al., from University of Cambridge

where white phosphorous, highly

unstable and most reactive form of

phosphorous has been stabilized [3.9].

White phosphorous exists in tetrahedral

form and the generated strain in the

structure accounts for its instability and

high reactivity. The instability makes it

pyrophoric in nature and thus can’t be

used under ambient condition. When this

white phosphorous is encapsulated inside

the porous MOP, it attains indefinite stability and can be used under ambient condition,

without any chemical changes. The tetrahedral form of white P fits nicely inside the

cavity of tetrahedral MOP and has been located crystallographically (figure 3.2). The

tight insertion of the guest inside the MOP cavity holds it right in the central cavity;

however when a competitor guest is introduced into the system, the pre-existing species is

slowly replaced based on the applied condition. Thus, by introduction of benzene into the

system causes the replacement of the trapped P4 units with benzene. This exchange again

put the released phosphorous molecules under vulnerable condition and undergoes easy

reaction with available O2 to produce H3PO4. The guest exchange occurs well when

benzene or cyclohexane is introduced as a competitor, but other differently sized guest

like n-heptane cannot replace the trapped P4 out of the core (figure 3.3). This indicates

that guest concentration is not the dominating factor for replacing pre-existing guest from

the MOP core, their size and geometry plays the crucial and determining factor in this

Figure 3.2: Crystal structure of tetrahedral cage
with white phosphorous for stabilization (figure
is reproduced with permission from Science)
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Figure 3.3: Kinetic behaviour for the guest trapped inside MOP core. (A) Exchange of P4 unit
with benzene and change in (B) 31P NMR. (C) n-heptane is poor competitor for replacement of P4
while benzene regenerates its pyrophoric nature (figure is reproduced with permission from
Science)

case. The pyrophoric property of the phosphorous molecules disappears when remain

trapped inside the MOP core, but regains after its exit from there. This added stability of

the P4 units from inside the core arises from the constrained geometry in the system.

Although the triangular window of the cage can allow the trapped guest to interact with

O2 molecules, the possible transition state after the reaction can not be fitted in the same

constrained place. This non availability of available voids, arising from the constrained

condition therefore restricts the formation of transition state between P4 and O2, making it

highly stable under the condition.

This scope of geometry restriction inside the MOP core has again been utilized to

use the MOPs as molecular reaction vessels [3.10]. Here, the reactant species have been

allowed to react after trapping them inside the core of a MOP. One such example [3.11]

has been demonstrated by Fujita et al. from University of Tokyo. Anthracene serves as a

diene for Diels-Alder reaction to produce adduct, where the central phenyl ring

participates in the adduct formation. 9 and 10 positions of an anthracene molecule are

most reactive positions and thus whenever a dienophile approaches under suitable
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condition, adduct is

formed where the

dienophile is attached to

9 and 10 position only

[3.12], as a result of

high localization of π-

electron density on these sites (figure 3.4). However when the same reaction is carried

out after encapsulating both diene and dienophile into the MOP core, the formed product

has been observed to have a different connectivity. Additionally the closest proximity of

the reactants for this [4+2] cycloaddition reaction, after encapsulation into MOP cores has

catalyzed the reaction to higher rate of completion [3.13]. When the cycloaddition

reaction between anthracene and malemide derivatives are carried out after trapping both

of them inside the cavity from a suitable MOP, the resultant product is found to have a

1,4 connectivity from the

anthracene backbone (figure 3.5).

1,4 adduct formation with

anthracene under Diels-Alder

reaction requires the use of highly

reactive benzyne derivatives as

dienophile or blocking the 9 and 10

positions with bulkier groups.

Under these imposed conditions,

the dienophile gets attached to the

anthracene moiety via 1,4 positions

to generate the regioselective

products. However the same

unusual product has been isolated

exclusively without requirement of

any possible modifications, when

the MOP has been used as a molecular reaction container. The hydrophobic cavity inside

the MOP easily encapsulates the reactant molecules from their solution at room

temperature. Both of these reactants are loaded into the MOP cavity, but the available

space inside the cage can accommodate both of them under one orientation only. This

Figure 3.4: Cycloaddition reaction of anthracene derivatives outside
constrained system resulting 9,10 adduct (figure is reproduced with
permission from Science)

Figure 3.5: Crystal structure showing formation of 1,4
cycloaddition product inside MOP cavity (figure is
reproduced with permission from Science)
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Figure 3.6: (a) Scheme for cycloaddition reaction with anthracene derivatives, after encapsulation
into MOP core. (b) Generation of the unusual 1,4 adduct for multiple substrates and (c) initial
orientation of the diene and the dienophile inside the cavity that facilitates the 1,4 adduct
formation (figures are reproduced with permission from Science)

geometrical constraint inside the cavity thus directs the reactant molecules to orient

themselves in the most fittable way. This results in a condition where the malemide

derivative exists in parallel orientation to the anthracene molecule. This orientation keeps

the terminal double bond of the malemide derivative to exist at closest promity of the 1,4

position of the anthracene species (figure 3.6). After the encapsulation, there is very little

space available for the guests to reorient themselves for a preferred arrangement. Thus

being restricted to a single possible option, after application of thermal energy for

cycloaddition reaction, the unusual adduct having 1,4 connection is formed inside the

cavity.

In all the host-guest studies with metal-organic polyhedra [3.14], the guest

molecules are loaded into the

cavity of the MOP through

sorption into hollow core. For

releasing these loaded guest

molecules from the MOP core,

the loaded MOPs are subjected

to treatment with external

competitor [3.15]. Based on the

preference and compatibility of

the new species, the previously

encapsulated loaded speciesFigure 3.7: Scheme for exchange of anionic guests within
MOPs (figure is reproduced with permission from ACS)
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come out of the MOP core. This indeed is not a true solution for solution, since another

competitor needs to be applied in order to release the trapped guest (figure 3.7). Selection

of this 2nd guest is not universal and is completely different for each of the guests trapped

in the same MOP [3.16]. Added to this, there is no achievable parameter that can be

controlled to get a control on the release of the guest species. This calls for a universal

approach that can be applied for getting and controlling the release of the encapsulated

guest species from inside MOP cavity.

In the previous work we have used water as a stimulus to convert the polyhedral

structure of the MOP into 2-dimensional MOF. Interestingly this conversion is associated

with the removal of

central cavity for the

initial MOP structure

(figure 3.8). So if any

guest molecules would

have been loaded into

the MOP cavity, during

conversion into MOF as

the defined cavities

vanishes, the loaded guest would slowly get released from their entrapped condition. To

verify this hypothesis, we have taken 1 (5-PIA derived MOP) from the previous chapter

as a model compound and tested its application as drug delivery vehicle through water

stimulated conversion. The control on the release has been achieved by controlling the

interaction effect with the stimulus (water) through functionality variation. This

controlled release has been confirmed by 3 other isostructural MOPs (MOP-MIA, MOP-

EIA and MOP-PrIA).

3.2 Results and Discussions:

The propargyloxy isophthalic acid based MOP (1) has been synthesized and

characterized as the process described in the previous chapter. Similar solvothermal

reaction has been chosen for the synthesis of other 3 new MOPs from co-ordination

between Cu nodes and isophthalic acid based linkers. Alkyloxy groups are introduced on

the 5-position of the isophtalic acid moiety and their chain length is varied from methyl to

ethyl to n-propyl (Scheme 3.1). Thus the linkers (5-MIA, 5-EIA, and 5-PrIA) are reacted

with Cu(II) nitrate under solvothermal condition to yield the resulting MOPs (MOP-MIA,

Figure 3.8: Elimination of the central cavity of the MOP because of
the water stimulated conversion into MOF and possibility for
application as drug carrier vehicle
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Scheme 3.1: Chemical drawing of the organic linkers used for the synthesis of MOPs and their
increasing order of hydrophobicity

MOP-EIA and MOP-PrIA, respectively). After 48 h of heating the reaction mixture at 90

ºC, MOP-EIA crystallizes as orthorhombic crystals. MOP-EIA separates out of the

reaction mixture as polyhedral crystals and MOP-PrIA as block shaped crystals.

FTIR spectra of the as-synthesized MOPs shows a similar pattern in the IR

spectroscopy, except for the disappearance of the broad peak (centered at 2900 cm-1)

corresponding to the O-H stretching of free carboxylic group (figure 3.9). Absence of this

peak corresponds to the deprotonation of the carboxylic group during reaction to form the

metal co-ordination. Retention of the other peaks (including sharp peaks at 1054 and 1375

cm-1 for the alkyloxy C-O bond) in the spectrum indicates the intactness of the other

chemical bonds and functional groups from the ligand, after complexation. However, a

red-shift of 60 cm-1 is observed for the C=O stretching from carboxylic group. This shift

Figure 3.9: FTIR spectra for the synthesized MOPs
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is a measure of the complex formation with Cu ions to produce the final structure.

All of these MOPs have been structurally characterized with single crystal X-ray

diffraction which reveals their discrete polyhedral architecture, the required characteristic

for MOP. Of them, MOP-MIA crystallizes in P-1 space group of triclinic crystal system

where two discrete cages are present in each unit cell of the resulting structure. MOP-EIA

and MOP-PrIA crystallize in Pa-3 space group of cubic crystal system that contains 4

such discrete cages in a single unit cell. Analysis of the crystal structure shows that each

of the MOP units has a cuboctahedral geometry (figure 3.10), as that in the case of 1. All

these MOPs contain paddle-wheel structure formed from Cu(II) and carboxylate fragment

as the SBU. These SBUs orient to form a closed structure through neighbouring units

where 8 triangular and 6 square shaped faces are formed and contain a central cavity. The

aperture of the central cavity is 9 x 9 x 15 Å, and is defined by the isophthalic acid units

along the edges. The bent co-ordination motif from the isophthalic acid backbone forms

Figure 3.10: (a) General cuboctahedral representation of the synthesized MOPs; ORTEP diagram
for (b) MOP-MIA, (c) MOP-EIA and (d) MOP-PrIA showing their structural backbone
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the closed structure where the alkyloxy group on its 5-position remains located on the

outer surface and thus the outer surface of the MOP is populated with 12 such alkyloxy

groups for each of the MOPs. The alkyl chains are well known for their high degree of

thermal motion and this creates high disorder in the diffraction map. For the case of

MOP-MIA and MOP-EIA, the alkyl groups have been resolved to exactly locate the alkyl

C atoms. However the disorder is highly prominent for MOP-PrIA and the 3rd atom from

the alkyl chain becomes too difficult to locate from the diffraction map. However, their

chemical composition and the elemental ratio confirm the presence of extra C atom in the

resulting structure. Along with this, some trapped solvent molecules exist in the available

voids, but they are also difficult to model properly because of the disorder present.

Presence of the well defined void spaces inside these MOPs show their potential towards

encapsulating guest species.

The as-synthesized MOPs show sharp and highly intense peaks in their diffraction

patterns from powder X-ray diffraction analysis. These well resolved and high intense

patterns reflect their high crystallinity and long order periodicity in the final structure.

Interestingly most of the peaks observed in the experimental PXRD pattern from each of

the MOPs match well with the simulated pattern derived from their corresponding crystal

structures. Some of the peaks from the experimental pattern remain unaccounted and

these are possibly generated from the disordered functionality and solvent molecules,

which are not considered for the simulated pattern generation. This well matching of the

experimentally observed PXRD pattern with the simulated plot is a measure of the

existence of the MOPs at a single and pure phase in their bulk (figure 3.11). This

comparison also rules out the possibility for formation of other crystalline materials

during the synthesis.

The porosity for these MOPs has been measured from the BET equation on their

Figure 3.11: Experimental PXRD patterns for the synthesized MOPs and their comparison with
corresponding simulated pattern
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Figure 3.12: Crystal packing diagram of (a) MOP-MIA, (b) MOP-EIA and (c) MOP-PrIA
showing the interstitial void with white boxes. (d) N2 adsorption isotherm for MOP-EIA

corresponding N2 adsorption isotherm (figure 3.12). Of the three MOPs, MOP-EIA

shows permanent porosity and the available surface area is measured to be 450 m2g-1.

This is one of the highest reported surface areas for the class of such discrete porous

architectures. The other two MOPs are found to be moderately to less porous and the

available surface areas for MOP-MIA and MOP-PrIA are very less (almost nonporous).

This variation of available surface area from the dried MOPs is observed from their

crystal packing. MOP-EIA has a closely spaced structure where the individual MOPs are

separated through a distance of 8.5 x 8.5 x 8.5 Å. This close proximity of the MOP units

does not let the MOP units to collapse after the removal of the solvents during vacuum

degassing. For the case of MOP-MIA and MOP-PrIA, similar spacing box is measured to

be 8.4 x 12.9 x 21.0 Å and 11.0 x 9.0 x 8.6 Å, respectively (figure 3.12). Presence of

these larger voids generates sufficient vacancy for the individual MOPs to distort during

solvent removal. This causes a sharp lowering in the available porosity and the same is
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reflected in their N2 adsorption isotherm. Presence of porosity again shows their potential

towards guest encapsulation where the pore surface and void spaces is available to host

any suitable guest molecule.

When these MOP crystals are subjected to water treatment, they undergo

conversion into hexagonal crystals of 2-dimensional MOFs. Like the case described in the

previous chapter, the conversion is driven by the generation of hydrophobicity gradient

by interaction of water. Similar conversion pathway is found to be observed when the

Figure 3.13: Monitoring of the water stimulated conversion via (a,d,g) PXRD, (b,e,h) optical
microscopy and (c, f, i) AFM imaging for MOP-MIA, MOP-EIA and MOP-PrIA, respectively
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conversion is monitored via optical microscopy and PXRD recording at different intervals

(figure 3.13). Here also the MOP crystals first lose their transparent nature on contact

with water and then split into smaller hexagonal crystals of the corresponding MOFs. The

crystalinity of the materials are also changed in the similar cycle of crystalline-less

crystalline-phase transfer-crystalline materials. All of these findings suggest for a similar

mechanism of conversion of the MOPs into MOFs. AFM imaging for the solids separated

at different stages of the conversion gives additional insight on the whole pathway (figure

3.13). The solid particles and their morphology are in well agreement with the

observations from the previous characterizations. The orthorhombic crystals of MOP-

MIA are seen to be broken into smaller fragments at the initial stage of water interaction.

In further stages, these fragments are seen to transform into hexagonal MOFs. Similar

observations from MOP-EIA and MOP-PrIA explain their conversion through all solid

state approach.

Thus the hydrophobic alkyloxy groups on the outer surface of the MOP first

generate a hydrophobicity gradient with the inner surface, by interaction with water as

stimulus. In order to get rid of this highly unfavourable situation and attain a equilibrium

through even distribution of hydrophobic groups on both the surfaces, the closed

polyhedral structure from MOP gets unfolded (figure 3.14). This unfolding thus results in

the formation of layered 2-dimensional MOFs through a solid state to solid state

conversion pathway.

Since the operating hydrophobicity gradient is initiated by the interaction of water

with the hydrophobic groups on the outer surface of the MOP, the effectiveness should

also depend on the magnitude of the hydrophobicity. Since the hydrophobicity of alkyl

groups increases with increase in C atoms in the chain, among the 3 functionalities used

for variation study methyl is least hydrophobic and n-propargyl is most hydrophobic

(scheme 3.1). Thus the developed hydrophobic character on the outer surface is most

prominent for MOP-PrIA than MOP-EIA than MOP-MIA. In other words, during the

Figure 3.14: Mechanism for functionality dependent unfolding of MOPs into MOFs
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initial contact with water MOP-PrIA develops higher hydrophobicity gradient between its

two surfaces than MOP-EIA, which in turn faces the effect greater than MOP-MIA. Thus,

the tendency for unfolding the initial MOP structure follows the order MOP-PrIA>MOP-

EIA>MOP-MIA. This similar trend has been observed from the experimentally recorded

time for conversion. For the case of MOP-MIA, the time required for generation of MOF-

MIA is 85 min, but MOF-EIA and MOF-PrIA are generated from the respective MOPs at

a time interval of 45 and 20 min. Thus a control has been achieved on the water

stimulated conversion rate of MOPs into MOFs, where larger alkyl group on the outer

surface prompts for faster conversion and shorter groups show a sluggish rate.

The end product of the water stimulated conversion has been characterized and

their framework structure has been determined from single crystal X-ray diffraction. They

all have 2-dimensional nets as structural backbone and such layers are stacked over each

other to produce the final layered structure (figure 3.15d). Of them, MOF-MIA

crystallizes in P4/n space group under tetragonal crystal system and has two differently

sized square shaped pore channels (figure 3.15a). The generated pores have an aperture

of 8 Å and contain the methoxy groups directed towards the centre of the channel. For the

Figure 3.15: Crystal structure of the resulting (a) MOF-MIA, (b) MOF-EIA, (c) MOF-PrIA and
(d) layers of the MOF
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conversion of other two MOPs, the generated MOFs (MOF-EIA and MOF-PrIA) are

crystallized in hexagonal crystal system (space groups are P321 and P-3 respectively).

Packing of the layers from both of these MOFs generate two types of pore channels

(figure 3.15b, c); the triangular pore is smaller in size with an aperture of 5.2 Å while the

hexagonal pore houses all the hydrophobic groups and has larger aperture of 11.3 Å.

These MOFs are also constructed from the same Cu-Cu paddlewheel SBUs where the

binding motif is opposite for that for the respective MOPs, leading to the formation of

extended structures.

The simulated PXRD pattern based on these crystal structures of the MOPs shows

nice matching with the patterns obtained at the end of the water stimulated conversion of

the MOPs (figure 3.16a, b, c). This shows that only one type of structure is resulted from

the water stimulated conversion for each of the MOPs and no MOPs remain intact at the

end of the conversion. These MOFs are also found to have similar chemical

functionalities and bonding as that of the parent MOPs, as seen from the similar spectra in

the FTIR spectroscopy (Figure 3.16d).

Figure 3.16: Comparison of experimental and simulated PXRD patterns for (a) MOF-MIA, (b)
MOF-EIA, (c) MOF-PrIA; (d) FTIR spectra of the obtained MOFs
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Figure 3.17: TGA plots for the MOPs and MOFs showing their thermal stability

The as-synthesized MOPs are thermally stable upto 300 ºC after a removal of co-

ordinated and trapped solvent molecules starting at 120 ºC. Their thermal stability gets

further enhanced upto 450 ºC after conversion into MOFs (figure 3.17).

As seen from the structural features associated with the conversion, the closed

structures of the MOPs are converted into open and extended form of MOFs. Thus the

central cavity from the MOPs becomes nonexistent after the conversion. This prompted

us to check the fate of any guest species that are pre-loaded into the MOP cavity. As a

model study, we first tested the 5-PIA based MOP (1) for encapsulating caffeine as guest

drug molecule and then released into the solution through unfolding by interaction with

water. As an extensive study, the 3 new MOPs have been tested for loading 5-fluorouracil

(5-FU) and then subsequent release in water medium. In correlation with the observation

of controlled conversion of these MOPs into corresponding MOFs, a linear relationship

has been observed for their drug releasing ability to the neighbouring aqueous medium.

Caffeine, a small molecule with nerve stimulating property has been chosen as the

drug molecule for study, because of its suitable absorbance and water solubility. Caffeine

molecules are loaded into the central cavity of 1 through soaking the MOP from a DMF

solution of caffeine. These newly formed crystals are first washed with DMF to remove

the surface absorbed guest molecules and considered as loaded crystals. FTIR

spectroscopy for this loaded crystal shows an additional peak at 1697 cm-1 (figure 3.18a)

and corresponds to the C=O bond stretching from caffeine. Although caffeine molecules

are supposed to be loaded inside the MOP cavity, their periodic arrangement through all

the MOP units does not exist and therefore no additional peak is observed in its PXRD

pattern. However the peaks in the pattern attain some broad character (figure 3.18b), this
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Figure 3.18: Comparison of (a) FTIR spectra and (b) PXRD for blank and caffeine loaded MOP
(1)

measures for the presence of additional guest species inside the framework.

Presence of the caffeine molecules thus has been verified from its signature peak

in FTIR spectra while its loading amount has been estimated from the elemental and TG

analyses. Change in the chemical composition for the as-synthesized crystals of 1 and the

caffeine loaded, associated with an enhancement in the N content of the final material,

and indicates the presence of caffeine inside the MOP. This change in the observed N-

content in the obtained crystalline material is calculated to contribute by 4-5 wt%. The

loading content has been precisely determined from its TGA profile (figure 3.19a).

Caffeine, in its pure form is stable upto 185 ºC, while the initial weight loss for the MOP

(1) is observed in the temperature range of 120 ºC. Thus, any decrease in this

decomposition curve for 1 is contributed from the presence of other stable species like

Figure 3.19: Estimation of caffeine loading inside 1 from comparison of (a) TGA plot and (b) N2
adsorption isotherm
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caffeine. And the difference achieved in this case is a direct measure of the amount of

caffeine present in the system. Such a study with caffeine loaded 1 show and its

comparison with blank MOP thus confirms the loading of caffeine inside the MOP cavity

to be 4.85 wt%. Presence of this additional amount of caffeine has again been confirmed

from the change in the N2 adsorption isotherm (figure 3.19b). Decrease in the available

surface area for 1 from 37 to 14 m2g-1 indicated the presence of caffeine molecules inside

the cavity of 1.

When the caffeine loaded MOP is subjected to interaction with water as stimulus,

the host MOP cages undergo conversion via unfolding to generate the MOFs. And since

the central cavity of the MOPs vanishes because of the conversion, the caffeine molecules

loaded into these cavities gets released from the encapsulated state into the neighbouring

aqueous solution. Release of the encapsulated molecules into the water medium has been

studied through dialysis technique where its concentration change has been monitored

through periodic measurement of the absorbance. The resulting release profile (figure

3.20) shows a sigmoidal type curve where the time required for the complete release of

the caffeine is measured to be 200 min.

Figure 3.20: Release profile for caffeine molecules encapsulated inside the MOP (1)
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This time required for the complete release of the encapsulated caffeine from

inside 1 match with the time required for the conversion of the MOP (1) into the

corresponding MOF (3). This again indicates that the caffeine molecules are not absorbed

in the surface of the crystallites (that would have caused for a burst release within few

minutes of water contact), rather they are perfectly encapsulated inside the MOP core and

come out to the solution only when the corresponding MOP is converted into the MOF.

The final material obtained after the release study has been analyzed through PXRD

which shows the existence of same form (figure 3.21), as for blank MOP (1). This again

shows that presence of caffeine inside the structure of MOP does not affect its conversion

pathway and same MOF (3) is formed as the end-product.

As stated earlier, noting

this nice strategy to use MOP as

a drug carrier vehicle for

encapsulation and release, an

exhaustive study has been

performed with the 3 other MOPs

(MOP-MIA, MOP-EIA and

MOP-PrIA). For this case, 5-

fluorouracil (5-FU, an anticancer

drug) has been used as a guest

and its release has been studied

from the core of respective MOP.

As seen from the water

stimulated conversion of the

alkyloxy functionalized MOPs, variation in the hydrophobic functionality on the outer

surface of the MOP brings out a variation in the time required for the conversion into

corresponding MOF. Also, it has been established that the MOP to MOF conversion if

capable for showing the release of guests that were trapped inside the MOP core. Thus by

implementing the functionality variation, a control might be achieved on such guest

release.

5-FU has been loaded into the MOPs through absorption into available voids,

where the activated MOP crystals are allowed to interact with 5-FU from a concentrated

DMF solution. As explained in the previous sections, such treatment allows the drug

Figure 3.21: PXRD pattern of the material obtained after
release of caffeine from 1 and comparison with as-
synthesized MOF (3)
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Figure 3.22: (a) Comparison of IR spectrum showing presence of 5-FU inside MOP-MIA;
estimation of 5-FU content from the core of (b) MOP-MIA, (c) MOP-EIA and (d) MOP-PrIA

molecules from the solution to diffuse into the accessible cavity of the MOP units and get

trapped. FTIR spectra show the presence of 5-FU in the crystals obtained after loading

experiment and their content has been quantified from the TGA plots (figure 3.22).

Analysis of the TG plots for each of the loaded MOPs and their comparison with the

corresponding blank MOP shows a change in the decomposition at the lower temperature

region of the curve. This measures a 5-FU loading of 8.5 wt% for MOP-MIA, 2.2 wt%

for MOP-EIA and 3.0 wt% for MOP-PrIA. The characteristics of these loaded drug

molecules towards solvent washing and subsequent study of release indicated their

encapsulation inside the MOP cavity, rather than surface absorption.

All of these 3 loaded MOPs are then examined for release of the encapsulated 5-

FU into the solution. When the drug loaded MOPs are subjected to water treatment at

room temperature, water stimulated conversion is started to occur and this conversion has

been monitored to get an insight of the associated release of the encapsulated 5-FU
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Figure 3.23: Release profile for 5-FU from inside the cavity of (b) MOP-MIA, (c) MOP-EIA and
(d) MOP-PrIA

molecules. The release has been studied through dialysis from water medium with a

constant monitoring of its concentration in water through absorbance measurement. The

release plots (figure 3.23) derived from this experiment describe the time required for the

complete release of the encapsulated 5-FU. The time taken for the release from MOP-

MIA core is measured to 700 min and is highest than 2 other MOPs. 5-FU from the core

of MOP-EIA and MOP-PrIA are released with a time period of 500 and 300 min

respectively. Thus, a linear relationship for the time required for drug release has been

achieved with the extent of hydrophobicity on the outer surface of the MOP.
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3.3 Experimental Details:

3.3.1: General synthetic details: All the reagents used for this study are purchased from

commercial sources and used without any further purification. Solvents are dried prior to

use for synthesis, following the standard procedures to remove traces of moisture and

other impurities like stabilizers. Deionised water has been used throughout the reaction

and workup procedures.

3.3.2: Synthesis of the organic linker: 5-alkyloxy isophthalic acid linkers are

synthesized through a previously reported procedure [2.26]. Dimethyl-5-hydroxy

isophthalate (5.00 g, 23.79 mmol) and anhydrous K2CO3 (9.85 g, 71.37 mmol) are taken

in a 250 ml round bottom flask and added with 100 ml of DMF. The mixture is then

placed in an ice bath at 0 º C and stirred for 10 min to bring down the temperature of the

mixture. To this mixture, alkyl bromide (71.46 mmol; methyl iodide for 5-MIA, ethyl

bromide for 5-EIA and n-propyl bromide for 5-PrIA) is added dropwise, maintaining the

flask temperature under 10 ºC. The reaction mixture is then removed from the ice bath

after 10 min from completion of the addition and the stirred for additional 4 h at room

temperature. The obtained reaction mixture is then poured into a beaker containing 850

ml of water. The precipitated solid is then filtered out through a Whatmann filter paper

and washed thoroughly with water (100 ml x 5). The obtained product is then dried at 60

ºC in a hot air oven to get dimethyl-5-alkyloxy isophthalate as white powder.

Scheme 3.2: Scheme for synthesis of 5-alkyloxy isophthalate

For 5-MIA ester (yield = 95%),

For 5-EIA ester (yield = 92%),

For 5-PrIA ester (yield = 94%),

20.00 mmol of the dried product obtained from the previous is then taken in a 250

ml round bottom flask and dissolved in 50 ml of THF. To the solution, LiOH.H2O (4.00

g, 95.35 mmol) is added and the resulting mixture is refluxed under N2 for 6 h. The

solvent is then removed completely under vacuum to get a white coloured solid material.

The white solid is then dissolved in 100 ml water and the insoluble particles are filtered

off. The resulting aqueous solution is then acidified to pH= 6 by dropwise addition of 3 N
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HCl. The generated thick suspension is then filtered to remove the water and washed

thoroughly with water till it becomes free from the absorbed HCl. The precipitate is then

dried at 60 ºC in a hot air oven to get 5-alkyloxy isophthalic acid as white coloured

powder.

Scheme 3.3: Hydrolysis of 5-alkyloxy isophthalate derivatives into 5-alkyloxy isophthalic acid

For 5-MIA (yield = 97%),

For 5-EIA (yield = 95%),

For 5-PrIA (yield = 96%),

3.3.3 Synthesis of the MOPs: MOPs described in this chapter have been synthesized

from the sovlothermal reaction between metal salt and organic linker. In one such

synthetic condition, Cu(NO3)2.3H2O (24 mg, 0.1 mmol) and 5-methoxy isophthalic acid

(39 mg, 0.2 mmol) has been taken in a 15 ml glass vial and dissolved in a mixture of 4 ml

DMF and 2 ml acetonitrile. The vial is then capped and heated at 90 ºC for 48 h in a hot

air oven. The reaction mixture is then slowly cooled to room temperature to get blue

coloured orthorhombic crystals of MOP-MIA. Similar reaction condition has been used

for synthesis of MOP-EIA and MOP-PrIA where 42 mg (0.2 mmol) of 5-ethoxy

isophthalic acid and 44 mg (0.2 mmol) of 5-(n-propyloxy) isophthalic acid is allowed to

react with 24 mg (0.1 mmol) of copper salt. The solvent used for these syntheses are

obtained by a mixture of 4.0 ml DMF and water (0.5 ml for MOP-EIA and 0.25 ml for

MOP-PrIA). The crystals are then separated, washed with the respective solvent and then

stored in solvent for further use and characterizations.

3.3.4: Conversion of MOPs into MOFs: As-synthesized and washed crystal of the

MOPs (100.0 mg for each MOP) are taken separately in a 15 ml vial and 5 ml water is

added. The vial is then capped properly to generate a sealed condition and heated at 120

°C for 1 h. The formed hexagonal crystals are collected through filtration and washed

with ethanol (isolated yield = 87, 90, 88 % for MOF-MIA, MOF-EIA, MOF-PrIA,

respectively). The crystals are then dried under vacuum at room temperature and stored

under N2 atmosphere.
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3.3.5: Loading of drugs inside the MOPs: Caffeine has been used a drug for

encapsulation into the MOP derived from 5-PIA, 1. For the other 3 MOPs with linear

functionality variation, 5-FU has been selected as the guest drug. To carry out the drug

loading experiment, 100.0 mg from each of the synthesized MOPs are first activated

through solvent removal under vacuum at 125 ºC. These activated MOPs are then

immediately into a DMF solution (10 ml, taken in a glass vial) containing the drug

molecules as guest (concentration of the solution= 100.0 mM). The liquid is removed

from the media after 24 hours and fresh solution of the guest is added. This solution

exchange is continued for 3 times with each of the guest and for the 3rd round, the

solution is retained for 48 h. After the final round of solvent exchange, the MOP crystals

are taken off the solution and washed with fresh DMF (10 ml x 3) to remove any surface

absorbed drugs. These MOP crystals are then washed with EtOAc (10 ml x 2) and dried

under vacuum for preservation in dry form under N2 atmosphere. One set of identical

experiment without use of any guest species is performed for each of the loading process

as a blank test and used to compare and estimate the loading of the guest.

3.3.6: Release of the encapsulated drugs from the MOPs: The release study for the

encapsulated drugs is carried out through dialysis in aqueous medium. The dialysis is

performed with warm water for 1, as a proof of concept under condition identical to the

bare conversion medium. For the other 3 MOPs, the dialysis is performed with water at

room temperature. All the components used for the study and storing the sampled liquid

are first thoroughly washed with a series of cleaning reagent and finally washed with

deionised water. 150 mg of the loaded material is loaded into a dialysis bag (MW cutoff=

2 kDa) and added with 5 ml water. Both of the ends for the dialysis bag are then sealed

with rubber band and then dialyzed against 50 ml water taken in a glass tube. An aliquot

of the liquid is taken out from the glass tube at the desired time and the same amount of

water is added to the dialyzing medium.

3.3.7: General methods for characterizations:

a. IR spectroscopy: Fourier transform infrared (FTIR) spectra are recorded on a Bruker

Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total reflection)

accessory in the 600-4000 cm–1 wavenumber region with a program of 100 scans.

Background measurement is performed before collection of any spectrum. The samples

are first powdered and then placed on the sample holder. The spectra are recorded

considering the required correction for the surrounding atmosphere.
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b. Single Crystal X-ray Diffraction: As-synthesized crystals of the MOPs are taken out

from the mother solution and mounted inside a glass capillary of diameter 0.3 mm

(Hampton Research) along with trace amount of the mother solution. The crystal is slided

to one terminal of the capillary with a glass fiber and the openings of the capillary are

sealed by heating in a flame. This sealed capillary is then mounted in the diffractometer

and data are collected at 110 K maintained through a stream of liquid N2 from Oxford

cryostream controller.

For the crystals of the resulted MOFs, a suitable sized single crystal is picked up

from the reaction vial, coated with paratone-N oil and placed on top of a nylon cryoloop

(Hampton research). The crystal containing loop is then mounted in the diffractometer.

The data collection is performed at 110 K maintained through a stream of liquid N2 from

Oxford cryostream controller.

The crystals are mounted on a Super Nova Dual source X-ray Diffractometer

system (Agilent Technologies) equipped with a CCD area detector and operated at 250 W

power (50 kV, 0.8 mA) to generate Mo Kα radiation (λ = 0.71073 Å) or Cu Kα radiation

(λ = 1.54178 Å). The diffraction data for these MOPs and MOFs are collected using Mo

source. Initial scans are performed for each specimen to obtain preliminary unit cell

parameters and to assess the mosaicity (breadth of spots between frames) of the crystal, in

order to select the required frame width for complete data collection. CrysAlisPro program

software suite has been used to carry out overlapping φ and ω scans at detector (2θ)

settings (2θ= 28). Following data collection, reflections are sampled from all regions of

the Ewald sphere to redetermine unit cell parameters during data integration. Following

exhaustive review of collected frames, the resolution of the data set is judged. Data are

then integrated using CrysAlisPro software with a narrow frame algorithm and

subsequently corrected for absorption by the program SCALE3 ABSPACK scaling

algorithm.

These macromolecular structures of are solved by direct method and refined using

the SHELXTL 97 [2.27] software suite. Atoms are located from iterative examination of

difference F-maps following least squares refinements of the earlier models. Final model

is refined anisotropically (if the number of data permitted) until full convergence has been

achieved. Hydrogen atoms are placed in calculated positions (C-H= 0.93 Å) and included

as riding atoms with isotropic displacement parameters 1.2-1.5 times Ueq of the attached

C atoms. In some cases modeling of electron density within the voids of the frameworks
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does not lead to identification of recognizable solvent molecules in these structures,

probably due to the highly disordered contents of the large pores in the frameworks.

Highly porous crystals that contain solvent-filled pores often yield raw data where

observed strong (high intensity) scattering becomes limited to ~1.0 Å at best, with higher

resolution data present at low intensity. A common strategy for improving X-ray data,

increasing the exposure time of the crystal to X-rays, did not improve the quality of the

high angle data in this case, as the intensity from low angle data saturated the detector and

minimal improvement in the high angle data was achieved. Additionally, diffused

scattering from the highly disordered solvent within the void spaces of the framework and

from the capillary to mount the crystal contributes to the background and the ‘washing

out’ of the weaker data. Electron density within void spaces has not been assigned to any

guest entity but has been modeled as isolated oxygen and/or carbon atoms. The structure

has been examined using the ADSYM subroutine of PLATON [2.28] to assure that no

additional symmetry could be applied to the models.

CCDC 1497168-1497173 contains the detailed crystallographic data for the synthesized

MOPs and MOFs.
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Table 3.1: Crystal data and structure refinement details for MOP-MIA

Identification code MOP-MIA
Empirical formula C226 H180 Cu24 N4 O145
Formula weight 6796.95
Temperature/K 150
Crystal system Triclinic
Space group P-1
a/Å 23.7182(6)
b/Å 24.0762(6)
c/Å 26.1928(9)
α/° 65.202(3)
β/° 63.377(3)
γ/° 88.967(2)
Volume/Å3 11869.4(6)
Z 1
ρcalcmg/mm3 0.951
m/mm-1 1.106
F(000) 3197
Crystal size/mm3 0.5 × 0.2 × 0.2
Theta range for data collection 3.04 to 29.44°
Index ranges -32 ≤ h ≤ 32, -31 ≤ k ≤ 32, -34 ≤ l ≤ 35

Reflections collected 97709
Independent reflections 55133[R(int) = 0.0902]
Data/restraints/parameters 55133/0/1821
Goodness-of-fit on F2 1.140
Final R indexes [I>2σ (I)] R1 = 0.1423, wR2 = 0.3773
Final R indexes [all data] R1 = 0.3056, wR2 = 0.4818
Largest diff. peak/hole / e Å-3 2.59/-1.34
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Table 3.2: Crystal data and structure refinement details for MOP-EIA

Identification code MOP-EIA
Empirical formula C267 H231 Cu24 N6 O150
Formula weight 7448.77
Temperature/K 150
Crystal system Cubic
Space group Pa-3
a/Å 35.2935(3)
b/Å 35.2935(3)
c/Å 35.2935(3)
α/° 90.00
β/° 90.00
γ/° 90.00
Volume/Å3 43962.7(6)
Z 4
ρcalcmg/mm3 1.125
m/mm-1 1.206
F(000) 14311
Crystal size/mm3 0.5 × 0.5 × 0.5
Theta range for data collection 2.94 to 29.13°
Index ranges -48 ≤ h ≤ 47, -46 ≤ k ≤ 46, -45 ≤ l ≤ 35

Reflections collected 248589
Independent reflections 18712[R(int) = 0.1476]
Data/restraints/parameters 18712/3/743
Goodness-of-fit on F2 1.084
Final R indexes [I>2σ (I)] R1 = 0.1012, wR2 = 0.3025
Final R indexes [all data] R1 = 0.2247, wR2 = 0.3702
Largest diff. peak/hole / e Å-3 2.01/-0.73
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Table 3.3: Crystal data and structure refinement details for MOP-PrIA

Identification code MOP-PrIA
Empirical formula C558 Cu48 N24 O300
Formula weight 14888.21
Temperature/K 150
Crystal system Cubic
Space group Pa-3
a/Å 34.9427(6)
b/Å 34.9427(6)
c/Å 34.9427(6)
α/° 90.00
β/° 90.00
γ/° 90.00
Volume/Å3 42664.8(13)
Z 2
ρcalcmg/mm3 1.139
m/mm-1 1.242
F(000) 14356
Crystal size/mm3 0.4 × 0.4 × 0.4
Theta range for data collection 2.97 to 29.28°
Index ranges -41 ≤ h ≤ 30, -46 ≤ k ≤ 23, -32 ≤ l ≤ 47

Reflections collected 96473
Independent reflections 18712[R(int) = 0.1460]
Data/restraints/parameters 17441/0/705
Goodness-of-fit on F2 1.790
Final R indexes [I>2σ (I)] R1 = 0.1345, wR2 = 0.3452
Final R indexes [all data] R1 = 0.2698, wR2 = 0.3955
Largest diff. peak/hole / e Å-3 2.49/-0.76



Chapter 3 Metal-organic polyhedra for drug...

2017-Ph.D. Thesis: Bikash Garai, (CSIR-NCL), AcSIR Page | 88

Table 3.4: Crystal data and structure refinement details for MOF-MIA

Identification code MOF-MIA
Empirical formula C9 H7 Cu O7
Formula weight 290.70
Temperature/K 298(2)
Crystal system Tetragonal
Space group P 4/n
a/Å 19.1276(6)
b/Å 19.1276(6)
c/Å 6.7743(5)
α/° 90
β/° 90
γ/° 90
Volume/Å3 2478.5(2)
Z 8
ρcalcmg/mm3 1.558
m/mm-1 1.780
F(000) 1230
Crystal size/mm3 0.2 × 0.2 × 0.1
Theta range for data collection 3.01 to 29.18°
Index ranges -22 ≤ h ≤ 25, -22 ≤ k ≤ 21, -9 ≤ l ≤ 5

Reflections collected 5522
Independent reflections 2769 [R(int) = 0.2221]
Data/restraints/parameters 2769/0/174
Goodness-of-fit on F2 1.890
Final R indexes [I>2σ (I)] R1 = 0.1628, wR2 = 0.3474
Final R indexes [all data] R1 = 0.2279, wR2 = 0.4376
Largest diff. peak/hole / e Å-3 2.11/-1.53
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Table 3.5: Crystal data and structure refinement details for MOF-EIA

Identification code MOF-EIA
Empirical formula C10 H9 Cu O6
Formula weight 288.72
Temperature/K 298
Crystal system Trigonal
Space group P321
a/Å 18.5444(11)
b/Å 18.5444(11)
c/Å 6.7557(4)
α/° 90
β/° 90
γ/° 120
Volume/Å3 2012.0(2)
Z 6
ρcalcmg/mm3 1.429
m/mm-1 1.639
F(000) 878
Crystal size/mm3 0.2 × 0.2 × 0.1
Theta range for data collection 3.02 to 25.00°
Index ranges -20 ≤ h ≤ 23, -25 ≤ k ≤ 12, -9 ≤ l ≤ 5

Reflections collected 5155
Independent reflections 3016 [R(int) = 0.0552]
Data/restraints/parameters 3016/0/140
Goodness-of-fit on F2 1.139
Final R indexes [I>2σ (I)] R1 = 0.0613, wR2 = 0.2110
Final R indexes [all data] R1 = 0.0941
Largest diff. peak/hole / e Å-3 1.88/-0.78
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Table 3.6: Crystal data and structure refinement details for MOF-PrIA

Identification code MOF-PrIA
Empirical formula C21 H12.66 Cu2 O12.66
Formula weight 594.63
Temperature/K 298
Crystal system Trigonal
Space group P-3
a/Å 18.6495(10)
b/Å 18.6495(10)
c/Å 6.9416(5)
α/° 90.00
β/° 90.00
γ/° 120.00
Volume/Å3 2090.9(2)
Z 3
ρcalcmg/mm3 1.417
m/mm-1 1.518
F(000) 893
Crystal size/mm3 0.2 × 0.2 × 0.1
Theta range for data collection 3.19 to 29.03°
Index ranges -24 ≤ h ≤ 17, -12 ≤ k ≤ 25, -4 ≤ l ≤ 9

Reflections collected 4968
Independent reflections 3069 [R(int) = 0.0927]
Data/restraints/parameters 3069/0/179
Goodness-of-fit on F2 1.188
Final R indexes [I>2σ (I)] R1 = 0.0765, wR2 = 0.2178
Final R indexes [all data] R1 = 0.1012, wR2 = 0.2425
Largest diff. peak/hole / e Å-3 0.92/-0.64

c. Powder X-ray diffraction: PXRD pattern for the synthesized MOPs and MOFs are

collected with Phillips PANalytical and Rigaku Smartlab diffractometer for Cu K

radiation ( = 1.5406 Å), with a scan speed of 2° min-1 and a step size of 0.02° in 2. As-

synthesized crystals of the MOPs are taken out from the mother solution and placed on a

PXRD plate. The excess solvent is then soaked from the quartz plate and the crystals are
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powdered. The PXRD plate is then placed in the sample holder of the diffractometer and

the sample is scanned in the 2θ range of 3-50° at room temperature. However, regular

procedure of sample preparation has been followed for the as-synthesized MOFs. Here,

dry crystals of the corresponding MOF have been directly powdered and placed on a

quartz PXRD plate. The loaded plate is then placed in the diffractometer and scanned for

the same 2θ range. During the monitoring of the water stimulated conversion of the

MOPs into MOFs, resulted solid materials are taken out from the hot water containing

vial at regular intervals, placed on PXRD plate, the excess of water removed through

soaking, and then scanned in the diffractometer. The collected data are corrected for

background from the data processing software available with the instrument.

d. BET surface area: BET surface area of the synthesized MOPs has been measured

through N2 adsorption studies. N2 adsorption isotherms are collected with a

Quantachrome make Autosorb IQ2 automated surface area analyzer. Approximately 50

mg for each of the MOP crystals from the DMF solvents are first taken out and washed

with ethyl acetate (10 ml x3). The crystals are then subjected to solvent exchange with

ethyl acetate with periodic removal of the existing solvent and addition of fresh amount.

The resulting crystal are then dried under vacuum and then degassed thoroughly for 5 hrs

under vacuum and 125 ºC. The weighed samples in the quartz bulb are the attached to the

instrument for analysis. In the automated analyses, the void volume of the sample cell is

first measured with He and then adsorption/desorption points are recorded at 77 K

temperature with an equilibration time of 3 min. P0 value is kept at 710 mm Hg for all the

analyses, as measured from the dedicated inline P0 cell.

e. UV-vis spectroscopy: Absorbance of the samples is measured with an Agilent make

UV-vis spectrophotometer. For analysis of the liquid media during the MOP to MOF

conversion, an aliquot of the liquid is drawn periodically from the conversion medium

and then analyzed through UV-vis spectrophotometer. For comparison, a 5.0 mM

Cu(NO3)2 solution in water has also been analyzed under similar experimental condition.

The measurements are performed in the wavelength range of 200-800 nm under ambient

atmospheric condition. For measurement of the release profile for the drug molecules

encapsulated inside the MOP core, the sampled liquid from the dialyzing media is first

diluted to 4 times with addition of water. This solution is then analyzed through

spectrophotometer as described above.
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f. Thermogravimetric analysis: Thermogravimetric analyses (TGA) are carried out on a

SDT Q600 TG-DTA analyzer under N2 atmosphere at a heating rate of 5 ºC min–1 within

a temperature range of 30-900 °C. Approximately 5 mg of the sample is placed in the

platinum pan and the reference pan is left blank. The furnace compartment containing

both reference and sample pan is then heated at the programmed rate with constant

recording of the weight.

g. Optical microscopic imaging: The optical images are collected with a Leica M-80

optical microscope with hot stage and camera attachment. The specimens are placed in a

glass slide prior to imaging. During the monitoring of the water stimulated conversion of

the MOPs into MOFs, resulted solid materials are taken out from the hot water containing

vial at different mentioned intervals and the images are collected.

h. Atomic force microscopy: The AFM images are collected with Agilent Technologies

make Atomic Force Microscopy (AFM) operating under contact mode. The sample is

mounted on the XY stage of the AFM and the integral video camera (NAVITAR, Model

N9451A-USO6310233 with the Fiber-lite source, MI-150 high intensity illuminator from

Dolan-Jenner Industries) is used to isolate the marked regions embedded with the

microscope. Micro fabricated silicon nitride cantilever (PPP-CONT-20 from Nan sensors)

has been used for imaging. The scanner model N9524AUSO7480132.xml/N9520A-

USO7480152.xml has been calibrated prior to use for imaging. The images are taken at

room temperature in air with a scan speed of 2.8 lines/sec. Data acquisition and analysis

was carried out using Pico View 1.8.2 software and the images are processed using Pico

Image basic software. Operations such as levelling, filtering, line correction, and form

removal were used to processes the images for clarity.

NOTE: Part of the works presented in the chapter is already published in Angew. Chem.

Int. Ed. 2013, 52, 13755–13759 with the title ‘Hydrolytic Conversion of a Metal–Organic

Polyhedron into a Metal–Organic Framework’. The publication is the result of the

collaboration among the group of Dr. Rahul Banerjee, his students Bikash Garai and

Arijit Mallick and Dr. David Díaz Díaz from Germany. Major part of the work including

synthesis, characterization, drug loading/release and representations were planned and

carried out by Bikash Garai. The other data are unpublished and a manuscript is under

preparation.
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CHAPTER-4

Metal-Organic Nanosheets from Unfolding of Metal-Organic Polyhedra: Effect of

Stimuli Concentration

Abstract: In this chapter, in an attempt to further understand the effect of stimuli
interaction with the functionalized MOPs, we have varied the stimuli concentration and

studied their outcome. As discussed in the
previous working chapters, interaction of
water with suitably functionalized MOPs
generate hydrophobicity gradient
between the two surfaces of the MOPs
which causes them to unfold their
polyhedral structure. Here, we have
shown that when the concentration of
water present in the conversion system
increases the resulting product varied
from bulk hexagonal crystals to
suspended nanosheets. The generation of
these nanosheets occurred through

combination of top-down and bottom-up approaches into a single unified process. This
unified process provides the advantages of both the individual approaches while
removing their limitations. Thus, we are able to synthesize metal-organic nanosheets with
uniform features through easy protocol and in quantitative yield. The resulting
nanosheets have significant chemical as well as dispersion stability and are superior to
the materials obtained from top-down approach.
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4.1 Introduction:

2-dimensional nanosheets are marvel of modern chemistry research and serves as

linker among all the fields. Graphene, 'the wonder material’ is the very first and most

significant member of this family of materials [4.1]. Graphene is formed from the

delamination of graphite and produced inevitably with most of the applications. It

remained uncharacterized till the development of electron microscopes, which reveals the

presence of hexagonal lattice in its

extended form (figure 4.1). Graphene

is constructed of covalently bonded C

atoms in two-dimensions and exists as

atomic monolayer [4.2]. This single

layered form of two-dimensional

carbon allotrope has high commercial

values and has been tested for

numerous cutting-edge applications

including the vast growing fields of

optoelectronics [4.3], flexible displays

[4.4], transparent electrodes [4.5],

energy harvesting [4.6] and storage [4.7], photocatalysis [4.8], biomedicines [4.9],

composites [4.10], etc. (figure 4.2)

Figure 4.2: Applications of graphene in different areas of modern chemistry

Figure 4.1: Hexagonal 2-dimensional lattice of
graphene
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The major advantages of graphene materials arise from its near-transparent

appearance [4.11], high electrical conductivity [4.12] and high mechanical strength

[4.13], etc. The excellent outcomes from their applications have gained tremendous

attention among the researchers from around the globe. This high impact on 2-

dimensional nanosheets has led to exploration of other materials for enhanced properties

(figure 4.3). Of them, significant achievements has been achieved for the cases of

transition metal dichalcogenides (TMDs) [4.14], layered double hydroxides (LDHs)

[4.15], layered metal oxides [4.16], hexagonal boron nitrides [4.17], carbon nitrides

[4.18], etc. TMDs posses layered structures where each of the layers is formed by the

oxygen/sulphur bridging among the transition metal ions to produce 2-dimensional nets

Figure 4.3: Other classes of graphene like 2-dimensional nanosheet materials (figure is
reproduced with permission from publisher)

Other classes of nanosheets
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Figure 4.4: Potential applications for 2-dimensional nanosheets derived from various transition
metal dichalcogenides (figure is reproduced with permission from publisher)

(figure 4.4). Nanosheets derived from these TMDs (eg. TiO2, WS2, MoS2 etc.) show

excellent photocatalytic activity (eg. water-splitting for H2 generation [4.19], dye-

degradation [4.20], pollutant decomposition [4.21], etc.). MoS2 has a promising

performance towards electrocatalysis for Hydrogen Evolution Reaction (HER) [4.22].

Additional potential applications of such materials are found in the fields of chemical

sensing [4.23], fabrication of electronic devices [4.24] and energy storage through

batteries [4.25].

The recent additions to this family of

materials are nanosheets derived from synthetic

layered materials in the form of metal-organic

nanosheets [4.26] and covalent organic

nanosheets [4.27]. The added scope for

insertion of desired functionality into the

structure has made them attractive candidate

for the required applications. In order to utilize

the developed property of these nanosheets,

generally a membrane is fabricated first to

introduce process ability. Since the 1st report by
Figure 4.5: Different classes of
applications for metal-organic nanosheets
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Yang et al. from Dalian Institute of Chemical Physics (China), metal-organic nanosheets

have been extensively studied for potential applications (figure 4.5) like separation of

gases, molecular species, etc. The other major applications include fluorescence tagging,

supercapacitor, etc.

Synthesis of such metal-organic nanosheets is traditionally carried out through

two major synthetic approaches, top-down approach and bottom-up approach. In the top-

down approach, layers from the bulk phase of the materials are peeled-off (figure 4.6).

Examples of such top-down process include mechanical grinding [4.28], ultrasonication

[4.29], adhesive tape peeling [4.30], intercalation assisted peeling [4.31], etc. The

mechanical stress implied on the bulk material through these physical processes facilities

the shearing of the constituent layers. The similar force originated from the intercalating

chemical species in the interlayer spaces and their subsequent interaction causes the

layers to pull apart. Thus a delaminated structure is resulted for all of the above

mentioned cases. But a difficulty rises in controlling the force applied through these

pathways and this result in the formation of nanosheets with non-uniform features.

Figure 4.6: Nanosheet generation from bulk material through (a, b) mechanical shearing, (b)
intercalation, (c) ultrasonication under top-down approach (figures are reproduced with
permission from publishers)
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Figure 4.7: Bottom-up approach for synthesis of nanosheets from the initial components through
(a, d) interfacial synthesis, (b) on-surface synthesis, and (c) templated synthesis (figures are
reproduced with permission from publishers)

For the case of bottom up approaches, the individual components of the

nanosheets are linked together maintaining their criterion for atomic level thickness

(figure 4.7). Instances of these approaches include chemical vapour deposition (CVD)

[4.32], on surface synthesis [4.33], interfacial synthesis [4.34], etc. Under these synthetic

conditions, the constituents are allowed to react forming a monolayer first, but the growth

of subsequent layers on its surface is inhibited. Control of the reaction condition through

this approach finally results in the formation of a monolayered material constructed from

its components. For the case of CVD method, the constituent(s) is/are first vaporized with

suitable modifications and then deposited on the surface at the reactor. It’s possible to

precisely control the thickness and aspect of the resulting nanosheets simply by

controlling the concentration of the substrates in the solution and controlling their

diffusion rate into the reactor. Similar procedure is followed for on surface synthesis

where the constituents are deposited on the respective surface (HOPG, ITO, etc.) under

ultra high vacuum condition. The scenario is somewhat different for the interfacial
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synthesis of the nanosheets. Here the rate of reaction between the components is

controlled by controlling their rate of diffusion from two different layers. Reaction

between them occurs at the interface of these layers and the time allowed for their

reaction under suitably generated condition determines their features.

In an overview of these two possible approaches for synthesis of nanosheets, it is

obvious that for the case of top-down approaches, the nanosheets are formed with a

higher yield at the cost of easy experimental set up. This makes this approach more

preferable in terms of experimental requirement and scalability. But the disadvantage of

this approach is obvious when considered the purity of the resulting nanosheets. Since

there is no way available to precisely control the force supplied for such delamination, the

nanosheets are generated with non-uniform nature. Thus the number of stacked layers

present in these nanosheets varies drastically, even from the same batch of conversion.

This limitation is eliminated for the case of bottom up approach, where the generated

nanosheets are all uniform and their features can be controlled precisely by tuning the

reaction conditions. But as depicted in the previous discussion, all the processes under

this approach require exhaustive experimental set up and moreover the yield of the

nanosheets is generally quite low. Thus none of the individual approach can satisfy the

condition of generating uniform nanosheets at higher yield through an easy experimental

set up.

Table 4.1: Comparison table for top-down and bottom-up approaches for nanosheet generation

The obvious solution to achieve the mentioned target is to combine both the

approaches under single synthetic domain, thereby eliminating all the limitations.

However, it’s proven to be really difficult to achieve such combination as they deals with

starting materials of completely different nature. In an attempt to address this issue

through convenient method, we considered our already established approach for
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this approach is obvious when considered the purity of the resulting nanosheets. Since

there is no way available to precisely control the force supplied for such delamination, the

nanosheets are generated with non-uniform nature. Thus the number of stacked layers

present in these nanosheets varies drastically, even from the same batch of conversion.

This limitation is eliminated for the case of bottom up approach, where the generated

nanosheets are all uniform and their features can be controlled precisely by tuning the

reaction conditions. But as depicted in the previous discussion, all the processes under

this approach require exhaustive experimental set up and moreover the yield of the

nanosheets is generally quite low. Thus none of the individual approach can satisfy the

condition of generating uniform nanosheets at higher yield through an easy experimental

set up.

Table 4.1: Comparison table for top-down and bottom-up approaches for nanosheet generation

The obvious solution to achieve the mentioned target is to combine both the

approaches under single synthetic domain, thereby eliminating all the limitations.

However, it’s proven to be really difficult to achieve such combination as they deals with

starting materials of completely different nature. In an attempt to address this issue

through convenient method, we considered our already established approach for
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formation of layered 2-dimensional MOFs from water stimulated conversion of MOPs.

By varying the concentration of the stimuli (i.e. water) present in the conversion media,

we are able to produce metal-organic nanosheets starting from the same MOPs.

4.2: Results and Discussions:

The same metal-organic polyhedra (MOP-MIA, MOP-EIA and MOP-PrIA as

discussed in chapter-3) have been tested for generation of metal-organic nanosheets under

varying stimuli condition (figure 4.8). They are synthesized and characterized as the

procedure mentioned in the previous chapter. As illustrated in the previous chapters, the

interaction of water as a stimulus towards MOPs generates layered 2-dimensional MOFs.

The mechanism for this conversion shows that the interaction of water with the alkyl

groups from the outer surface of the MOPs causes a hydrophobicity gradient between its

inner and outer surfaces. The MOPs get relieved of this stress by unfolding their

polyhedral structures and this generates 2-dimensional layers which are stacked over each

other to give hexagonal MOF crystals. This keeps an open possibility for getting metal-

organic nanosheets from these MOFs, if suitable environment can be generated.

Figure 4.8: (a) Chemical structure of the linkers used and (b, c, d) space-filled model of the
MOPs formed and used for the study
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Figure 4.9: (a) Schematic representation for generation of MOF crystal and metal-organic
nanosheets from water stimulated conversion of MOPs. (b) Light scattering of the generated
suspension (left had side vial) confirms the presence of solid particles; as compared to pure water
(right hand side vial), (c) representation of the layers stacked in the bulk MOFs

In the previously studied conversion processes, the as-synthesized crystals of

MOP were subjected to measured amount of water (5 ml/ 100 mg), the end product is

obtained as visible hexagonal crystals of the corresponding MOFs (figure 4.9a). In this

study, the amount of water present in the conversion media has been increased to excess

amount (≥150 ml/ 100 mg), keeping the other parameters intact. The reaction system is

then heated to 120 ºC in a hot air oven for 3 h. The vial is then slowly brought to room

temperature where a clear solution is resulted. This vial does not contain any visible solid

particles and the obtained liquid is also colourless. However in contrast to the water used

for the conversion, the obtained liquid can effectively scatter light waves from a source of

focused beam (figure 4.9b). This light scattering experiment suggests for the presence of

insoluble solid particles in the liquid, which has been confirmed by removing the liquid.

Removal of water from the suspension produces blue coloured flakes, which corresponds

to the generated nanosheets. These nanosheets have been characterized from their

suspension for determination of their morphology and size.

The FTIR spectra of the nanosheets are similar to that for the corresponding bulk

sized crystals. This indicates the presence of similar functional groups and equivalent

chemical bonding in both of the MOF crystals and metal-organic nanosheets. Absence of

the broad peak centred at 2900 cm-1 (from each of the 5-MIA, 5-EIA and 5-PrIA linker),
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Figure 4.10: FTIR spectra of the generated metal-organic nanosheets and their comparison with
the corresponding MOPs and MOFs

for the nanosheets corresponds to the deprotonation of the carboxylic acid groups and

existence of metal co-ordination. And since the chemical environment present in the

MOFs is similar to that of the corresponding MOP, the IR spectra remains unchanged for

the case of MOP, MOF and the metal-organic nanosheet. This retention of the IR spectra

suggests that no chemical bonds are different for the metal-organic nanosheets, compared

to the bulk crystals (figure 4.10). It’s the size of the formed particles which is different

and causes the difference in existence as solid crystal (for MOFs) or suspension (for

nanosheets). This observed size difference is possibly caused by the change in the

operative non-covalent interaction for both the systems.

Although the generated nanosheets shows crystalline pattern from the powder X-

ray diffraction, the intensity of the peaks are recorded to be different. The peak

corresponding to the 100 planes as appeared at 2θ = 5º for the bulk MOF crystals gets

lowered in intensity (figure 4.11a). Retention of the peak positions also suggest for the

similar structure of these nanosheets in their extended for, as compared to the bulk MOF

crystals. Diminishing of the selective peak for 100 planes is the indicative for loss of the

layer stacking. Thus the powder X-ray diffraction pattern for the as-synthesized

nanosheets confirms their basic structural backbone to be similar as that of the MOF

crystals, however the stack of layers is significantly absent.

To detect the possibility of framework detection during interaction with high

water concentration, absorbance is measured for the aqueous suspension, after removing

the detected particles through filtration. The suspension is first passed through a 0.22

micron syringe filter to remove the formed nanosheets and the filtrate is then analysed

with UV-vis spectroscopy (figure 4.11b). This resulting filtrate does not show any peak

corresponding to the presence of Cu(II), either in free form (λmax= 800 nm) or co-
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Figure 4.11: (a) Comparison of PXRD patterns observed for bulk crystals and nanosheets derived
from MOP-EIA; (b) UV-vis absorbance for the supernatant separated during the interaction of
MOPs with excess of water

ordinated form (λmax= 720 nm). The absorbance of the filtrate has been recorded at

different time intervals of the conversion procedure, but the obtained spectrum remains

similar for all the cases. The flat and featureless absorbance spectra of the filtrate account

for the retention of solid state during the whole conversion, thereby ruling out the

possibility for fresh synthesis of the nanosheets from the individual starting materials.

Also, the conversion pathway remains same for the case of all the 3 MOPs (MOP-MIA,

MOP-EIA and MOP-PrIA), without involvement of Cu(II) dissolved in solution. This

further confirms that under no condition the metal-organic nanosheets are generated from

the individual starting materials (formed from possible decomposition in presence of

excess of water); rather they are directly generated from the individual MOPs through

interaction with excess of water as stimulus.

Of the three MOPs used as starting material for the nanosheet formation, MOP-

EIA is found to be porous and has a BET surface area of 450 m2g-1, calculated from its N2

Figure 4.12: N2 adsoprtion isotherms for (a) MIA-nanosheet and (b) EIA-nanosheet
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adsorption isotherm. The other two MOPs (MOP-MIA and MOP-PrIA) however show

less porosity for their structural feature, as discussed in the previous chapter. After the

conversion into metal-organic nanosheets, the resulting materials become completely

non-porous in nature for all of the 3 cases (figure 4.12). This elimination of available

surface area is because of the non-existence of regular pore channels inside their

structure. Absence of the regular pore channels again indicates the non-existence of

stacked layers in the resulting materials, an additional support to the observations from

previous analyses.

Electron microscopic techniques are utilized to characterize these synthesized

nanosheets from their aqueous suspension. SEM imaging is used as a tool for

characterizing the morphology of the materials formed at different stages of the

conversion (figure 4.13). For the case of MOP-MIA, during conversion the orthorhombic

crystals are first fragmented into smaller sized particles. These fragments then start to

convert into layered form and simultaneously peeled-off from the bulk phase. In the final

stage, all the layers are separated till the last possible way and none of the starting form

remains present in the system. For the conversion of MOP-EIA, the polyhedral crystals

first start to develop series of cracks on their faces, parallel to the individual edges. These

crack lines then get extended and separate the fragmented parts as hexagonal sheets over

time. The other MOP, MOP-PrIA follows the conversion pathway similar to MOP-MIA

where the firstly fragmented hexagonal particles undergo instantaneous layer slipping

immediately after their defined formation.

Figure 4.13: SEM images collected at different instances of conversion showing the generation of
nanosheets for water interaction from (a) MOP-MIA, (b) MOP-EIA, and (c) MOP-PrIA
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Figure 4.14: TEM images showing a single nanosheet derived from (a) MOP-MIA, (b) MOP-
EIA and (c) MOP-PrIA

TEM imaging shows the detailed morphology of the individual separated metal-

organic nanosheets (figure 4.14) and their complete features (figure 4.15). Analysis of

the TEM images collected for MIA nanosheets reveals its hexagonal morphology and its

lateral dimension are measured to be 1.7 µm x 1.7 µm. The average size of the nanosheets

measured from a collection is found to 0.77 µm. The hexagonal morphology is

prominently visible for EIA nanosheets where the edges are clearly defined by

distinguishable straight lines. For a single nanosheet, the lateral dimension is measured to

be 2.0 µm x 2.0 µm and the average size from a gathering of nanosheets is 3.76 µm.

Similar size distribution for PrIA nanosheets shows an average size of 1.87 µm from a set

of metal-organic nanosheets generated from the same batch. Individual nanosheet from

this batch has a lateral aspect of 1.8 µm x 1.8 µm with the same hexagonal morphology.

Analysis of the collected TEM images thus defined their discrete hexagonal morphology.

This also proves their uniform size distribution for the same nanosheet and also along the

whole class.

The sizes of the nanosheets are again verified from the AFM imaging with these

as-synthesized metal-organic nanosheets. The obtained average value over many samples

is found to be close to that obtained from the analysis of the TEM images of all the 3

Figure 4.15: Measurement of size for the observed nanosheets in TEM imaging from (a) MOP-
MIA, (b) MOP-EIA and (c) MOP-PrIA
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Figure 4.16: AFM images with the height profile for nanosheets derived from (a) MOP-MIA, (b)
MOP-EIA and (c) MOP-PrIA

nanosheets. From the AFM imaging, the average size of the nanosheets is measured to be

1.63±0.21 µm for MIA-nanosheets, 1.96±0.16 µm for EIA-nanosheets, and 1.82±0.13 µm

for PrIA-nanosheets (figure 4.16). These comparable values again indicate for the

uniform nature of the nanosheets generated through this approach. The collected images

again show their distinct hexagonal morphology with clearly defined edges (figure 4.17).

AFM imaging is also used to measure the thickness of the generated nanosheets by

determining their height profiles. The average values for the thickness of the nanosheets

are calculated from scanning several samples from the same source. For MIA nanosheets,

the average thickness is measured to be 15.3±1.3 nm and similarly 17.2±1.1 nm and

11.8±0.6 nm for EIA and PrIA nanosheets, respectively. The small standard deviation for

different specimens stands for their uniform behaviour in terms of thickness.

Crystal structures of the parent MOFs imply for the thickness of 2.0 nm for

individual layers and thus the observed thickness from AFM imaging corresponds for 6-8

stacks of molecular layers in the obtained nanosheets. The thickness is measured to be

uniform along their whole lateral surface, thereby reflecting the uniform orientation of the

molecular layers throughout the whole area. Apart from the detailed description of a

single nanosheet from the AFM images depicted above, a scan of a larger area again

verifies their uniform nature and thickness by considering multiple nanosheets from the

same sampling batch.
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Figure 4.17: Flattened AFM images showing the morphology and vertical scale bar for nanosheet
derived from (a) MOP-MIA, (b) MOP-EIA, and (c) MOP-PrIA; (d) collection of EIA naosheets
showing regular distribution of size and morphology

Electron microscopic images evidence for the size of the nanosheets from their

solid state existence, and therefore their features inside aqueous suspension has been

studied with Dynamic Light Scattering (DLS) experiments. Particle size analysis with

DLS shows an effective diameter of 2.1, 1.7 and 3.3 µm for MIA, EIA and PrIA

nanosheets, respectively. This shows a good correlation with the values obtained from

solid state measurements like electron microscopic imaging. However as established in

the literature, the slight difference between the two values for the same nanosheets

originates from the presence of hydration sphere in the DLS particle size measurement

condition.

Table 4.2: Summary of DLS-particle size analysis for as-synthesized MIA-NS

Run No. Effective Diameter
(nm)

Half Width
(nm)

Polydispersity Baseline
Index

1 2349.6 1491.0 0.403 0.0/ 88.97%
2 4588.3 3211.1 0.490 0.0/ 82.58%
3 2093.0 1199.1 0.328 0.0/100.00%
Mean 3010.3 1967.1 0.407 0.0/ 90.51%
Std. Error 792.5 627.7 0.047 0.0/  5.09
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Combined 2167.1 1263.4 0.340 0.0/ 90.53%

Table 4.3: Summary of DLS-particle size analysis for as-synthesized EIA-NS

Run No. Effective Diameter
(nm)

Half Width
(nm)

Polydispersity Baseline
Index

1 1731.5 1049.4 0.367 0.0/ 95.85%
2 1570.8 926.6 0.348 0.0/ 97.57%
3 1949.1 1139.6 0.342 0.0/ 97.58%
Mean 1750.5 1038.5 0.352 0.0/ 97.00%
Std. Error 109.6 61.7 0.008 0.0/ 0.58
Combined 1774.8 1004.8 0.320 0.0/ 97.00%

Table 4.4: Summary of DLS-particle size analysis for as-synthesized PrIA-NS

Run No. Effective Diameter
(nm)

Half Width
(nm)

Polydispersity Baseline
Index

1 1009.0 715.1 0.502 0.0/ 95.85%
2 915.4 659.1 0.518 0.0/ 93.79%
3 5534.7 4082.6 0.544 0.0/100.00%
Mean 2486.4 1818.9 0.522 0.0/ 96.55%
Std. Error 1524.4 1132.0 0.012 0.0/ 1.83
Combined 3345.8 2282.9 0.466 0.0/ 96.55%

It has been established through the experiments described in previous chapters

that the existence of hydrophobic groups on the outer surface of the MOP is responsible

for the unfolding of the MOP structure. This unfolding leads to the formation of MOF

crystals or metal-organic nanosheets as the final product; depending on the amount of

water present in the system for interact as stimulus. The location of alkyl groups on the

outer surface of the MOP is the origin of hydrophobicity gradient with its inner surface,

leading to the unfavourable condition. This generated strain is responsible for the

unfolding of the MOP structure, leading to equilibrium condition through uniform

distribution of hydrophobic groups on both the surfaces. Unfolding of the polyhedral

structure then generates parallely placed 2-dimensional layers forming the MOF crystals.

When less amount of water is present in the system, the conversion occurs at a controlled

rate and the generated layers get proper environment to stack over each other producing

MOF crystals as the end product. As the amount of water present in the system increases,

the excess water content does not allow the layers to stack properly for a fully grown
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crystal; rather the layers get dispersed in the neighbouring aqueous medium forming a

suspension of the nanosheets. PXRD patterns collected during the previously studied

conversion into MOFs shows the formation of an amorphous phase at the beginning of

the water interaction. This amorphous phase consists of the fragmented MOP, generated

in an attempt of minimizing the said hydrophobicity gradient. This segment of the

conversion therefore measures for the ‘top-down approach’ where the bulk material

(MOP) is fragmented into smaller parts. The amorphous phase then produces crystalline

metal-organic nanosheets and account for the ‘bottom-up approach’. Thus the resulting

metal-organic nanosheets are generated from the MOPs through a combination of ‘top-

down’ and ‘bottom-up’ approaches. It is noteworthy that no additional energy is supplied

to the stimuli water molecules for shearing the layers during the ‘bottom-up’ approach;

rather the nanosheets get separated on their own. Therefore, the production of the

nanosheets are best described as ‘self-exfoliation’ through interaction of water as

stimulus.

The advantage of the combined approach can be understood by comparing the

results obtained from the individual approaches. Top-down model has been chosen as a

model study and the bulk MOF crystals have been subjected to mechanical grinding and

Figure 4.18: SEM images for the power materials obtained after grinding the crystals of (a)
MOF-MIA, (b) MOF-EIA and (c) MOF-EIA. (d,e,f) SEM images for the materials obtained after
ultrasonication
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ultrasonication separately, in an attempt to exfoliate the individual layers from its bulk.

As seen for the case of MOF crystals, the finely powdered materials are obtained after

grinding with a mortar-pestle for 30 min. This powder is found to contain irregular

morphology at nanoscale level, with their size and thickness in the micrometer region.

The SEM images collected for the materials from all of the 3 MOFs represent their

microstructured particles with uneven distribution of size as well as morphology. When

the MOF crystals are subjected to ultrasonication, the obtained materials show a

hexagonal morphology in SEM imaging. However in this case the materials resulted after

90 min of ultrasonication in presence of water, are large in size (upto beyond 100 µm)

and highly non-uniform. The major limitation is observed when the thickness of the

obtained materials is taken into consideration. All of these particles are quite thick,

ranging from 10 to 20 µm and thus observed visibly from the resulted aqueous

suspension. So, the obtained materials through both of these approaches are a result from

fragmentation only, with a very less contribution from the desired delamination. This

keep them best described with the term ‘microstructured MOF’, rather than meal-organic

nanosheets.

Table 4.5: Summary of DLS-particle size analysis for MIA-NS after 30 days

Run No. Effective Diameter
(nm)

Half Width
(nm)

Polydispersity Baseline
Index

1 1065.9 602.6 0.320 0.0/ 88.94%
2 830.8 471.8 0.323 0.0/ 94.07%
3 965.1 523.1 0.294 0.0/ 95.69%
Mean 953.9 532.5 0.312 0.0/ 92.90%
Std. Error 68.1 38.1 0.009 0.0/ 2.03
Combined 987.3 550.1 0.310 0.0/ 92.94%

Table 4.6: Summary of DLS-particle size analysis for EIA-NS after 30 days

Run No. Effective Diameter
(nm)

Half Width
(nm)

Polydispersity Baseline
Index

1 2243.3 1205.0 0.289 0.0/ 97.89%
2 7959.5 6688.5 0.706 0.0/ 98.22%
3 2317.9 1565.5 0.456 0.0/ 96.39%
Mean 4173.6 3153.0 0.484 0.0/ 97.50%
Std. Error 1893.1 1770.8 0.121 0.0/ 0.56
Combined 3451.0 2242.4 0.422 0.0/ 97.51%



Chapter 4                                                                          Metal-organic nanosheets from...

2017-Ph.D. Thesis: Bikash Garai, (CSIR-NCL), AcSIR Page | 111

Table 4.7: Summary of DLS-particle size analysis for PrIA-NS after 30 days

Run No. Effective Diameter
(nm)

Half Width
(nm)

Polydispersity Baseline
Index

1 1532.1 886.8 0.335 0.0/ 89.58%
2 10360.2 11004.2 1.128 0.0/ 88.07%
3 1107.3 575.3 0.270 0.0/ 95.16%
Mean 4333.2 4155.4 0.578 0.0/ 90.94%
Std. Error 3016.0 3425.6 0.276 0.0/ 2.15
Combined 8448.9 7133.7 0.713 0.0/ 90.95%

All of the 3 metal-organic nanosheets synthesized through this combined synthetic

route shows remarkable stability in the residing aqueous medium. UV-vis spectroscopy

has been employed as a tool to check the chemical stability of the nanosheets in water. No

peak is found to be appeared for the tested aqueous medium, sampled from the existing

suspension even after 30 days. Retention of the flat spectrum proves the chemical

integrity of the nanosheets under the surrounding water medium, where none of the

constituents are dissolved in water to produce Cu(II) in free or co-ordinated form in the

solution. The dispersion stability of the generated nanosheets has been tested through

Figure 4.19: UV-vis spectra of the filtrate showing suspension stability for (a) MIA-NS, (b) EIA-
NS and (c) PrIA-NS. (d) Comparison of the particle size observed from DLS

DLS particle size analysis. The effective diameter of the nanosheets from the aqueous

dispersion is found to remain mostly unchanged even after 30 days from their generation.

This unaltered diameter of the suspended nanosheets shows their stability in the non-

agglomerated form. Combination of the results from these two experiments shows that

the nanosheet synthesized through the water stimulated combined approach remain stable
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in the aqueous suspension, without being decomposed or agglomerated with neighbouring

species.

4.3: Experimental Details:

4.3.1 General synthetic details: All the reagents used for the study are purchased from

available commercial sources and used without further purification. Solvents are dried

prior to use for synthesis, following the standard procedures to remove traces of moisture

and other impurities like stabilizers. Deionised water has been used throughout the

reaction and workup procedures.

4.3.2: General methods for characterizations:

a. IR spectroscopy: Fourier transform infrared (FTIR) spectra are recorded on a Bruker

Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total reflection)

accessory in the 600-4000 cm–1 wave number region with a program of 100 scans.

Background measurement is performed before collection of any spectrum. The samples

are first powdered and then placed on the sample holder. The spectra are recorded

considering the required correction for the surrounding atmosphere.

b. Powder X-ray diffraction: PXRD pattern for the nanosheets are collected with a

Rigaku Smartlab diffractometer for Cu K radiation ( = 1.5406 Å), with a scan speed of

2° min-1 and a step size of 0.02° in 2. Water is first removed from the nanosheet

containing suspension under vacuum and the obtained solid is dried. These dried metal-

organic nanosheets are then placed on a quartz PXRD plate and then attached to the

sample holder of the diffractometer. The sample is then scanned in the 2θ range 3-50° at

room temperature under ambient condition.

c. BET surface area: BET surface area of the synthesized metal-organic nanosheets has

been measured through N2 adsorption studies. N2 adsorption isotherms are collected with

a Quantachrome make Autosorb IQ2 automated surface area analyzer. The samples are

first degassed thoroughly for 5 hrs under vacuum and 120 ºC. In the automated analyses,

the void volume of the sample cell is first measured with He and then

adsorption/desorption points are recorded at 77 K temperature with an equilibration time

of 3 min. P0 value is kept at 710 mm Hg for all the analyses, as measured from the

dedicated inline P0 cell.

d. UV-vis spectroscopy: Absorbance of the samples is measured with an Agilent make

UV-vis spectrophotometer. For the suspension of the nanosheets, the liquid is first filtered
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through a Merck Millipore syringe filter unit, with a PES membrane having 0.22 µm

pores. The measurements are performed in the wavelength range of 200-800 nm under

ambient atmospheric condition.

e. Scanning electron microscopy: SEM images are obtained with a FEI, QUANTA 200

3D Scanning Electron Microscope with tungsten filament as electron source operated at

10 kV. Solid particles are taken out from the conversion medium at different intervals and

then dropcasted on a Si-wafer. For the case of final nanosheets, an aliquot from the

aqueous suspension is taken out with a micropipette, diluted with fresh DI water and

deposited on a similar surface. These sample coated surfaces are then dried under

radiation from an IR Lamp, followed by vacuum and preserved in desiccators till loading

in the instrument. The samples are sputtered with Au (nano-sized film) prior to imaging

by a SCD 040 Balzers Union as well as by sprinkling the powder on carbon tape.

f. Tunneling electron microscopy: TEM images are collected with a FEI Tecnai G2 F20

X-TWIN TEM at an accelerating voltage of 200 kV. The samples are prepared by

dropcasting the aqueous suspension of the nanosheets on the TEM grid (TED PELLA,

Cu, INC. 200 mesh) and then drying the samples under IR radiation. These sample loaded

TEM grids are then preserved under N2 atmosphere in desiccators until used for analysis.

The objectives of the nanosheets from the collected images are measured with Gatan

microscopy suite software.

g. Atomic force microscopy: The morphology of the surface and thickness of individual

nanosheets are characterized using Atomic Force Microscope (Agilent Technologies,

USA, Model 5100). Large scanner head has been used with a scanning range of 90 µm x

90 µm and Z range of 8 µm for the imaging.

Figure 4.20: Sample preparation procedure for AFM imaging
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through a Merck Millipore syringe filter unit, with a PES membrane having 0.22 µm

pores. The measurements are performed in the wavelength range of 200-800 nm under

ambient atmospheric condition.

e. Scanning electron microscopy: SEM images are obtained with a FEI, QUANTA 200

3D Scanning Electron Microscope with tungsten filament as electron source operated at

10 kV. Solid particles are taken out from the conversion medium at different intervals and

then dropcasted on a Si-wafer. For the case of final nanosheets, an aliquot from the

aqueous suspension is taken out with a micropipette, diluted with fresh DI water and

deposited on a similar surface. These sample coated surfaces are then dried under

radiation from an IR Lamp, followed by vacuum and preserved in desiccators till loading

in the instrument. The samples are sputtered with Au (nano-sized film) prior to imaging

by a SCD 040 Balzers Union as well as by sprinkling the powder on carbon tape.

f. Tunneling electron microscopy: TEM images are collected with a FEI Tecnai G2 F20

X-TWIN TEM at an accelerating voltage of 200 kV. The samples are prepared by

dropcasting the aqueous suspension of the nanosheets on the TEM grid (TED PELLA,

Cu, INC. 200 mesh) and then drying the samples under IR radiation. These sample loaded

TEM grids are then preserved under N2 atmosphere in desiccators until used for analysis.

The objectives of the nanosheets from the collected images are measured with Gatan

microscopy suite software.

g. Atomic force microscopy: The morphology of the surface and thickness of individual

nanosheets are characterized using Atomic Force Microscope (Agilent Technologies,

USA, Model 5100). Large scanner head has been used with a scanning range of 90 µm x

90 µm and Z range of 8 µm for the imaging.
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In  a  typical  sample  preparation  procedure,  20 µl  of  the  aqueous  suspension

(diluted  to  5 times of  the obtained  aliquot  from  synthesis) of  the  respective

nanosheet is first dropcasted on a Si-wafer having dimension of 3 mm x 5 mm. The wafer

is then kept under IR lamp for 5 h to get the solvent evaporated. The wafers are then kept

in vacuum for another 1 h to make them completely dry. The samples are scanned with

the AFM in intermittent contact mode (tapping mode), after the samples are attached to

the sample holder using a double-sided tape. The scans were performed in an air medium.

The images are scanned in intermittent contact mode or tapping mode with a Silicon

Cantilever (PPP-NCL-50, Nanosensors, Inc., USA) having a resonating frequency in the

range of 146-236 kHz. The nominal diameter of the silicon tip is 8 ± 2 nm and the shape

of the tip is four sided.

Raster scanning has been performed at a speed of 0.80 lines per second with a

resolution of 512 points per line. A scan size of 1 μm x 1 μm is used for standard images.

Pico View (Version 1.14), a Windows based software package along with user level

scripting program has been used to control scanning parameters and also as analytical

software for rendering of raw AFM images.

h. Particle size analysis: Particle size of the suspended nanosheets from the aqueous

media has been measured with dynamic light scattering (DLS) experiment. The

experiment is performed on a Brookhaven Instrument and the data were analyzed with

ZetaPlus particle sizing software version 5.34.

NOTE: Part of the works presented in the chapter is already published in Chem. Eur. J.

2017, 23, 7361–7366 with the title ‘Self-Exfoliated Metal-Organic Nanosheets through

Hydrolytic Unfolding of Metal-Organic Polyhedra’. The publication is the result of the

collaboration among the group of Dr. Rahul Banerjee, his students Bikash Garai, Arijit

Mallick and Dr. Rabibrata Mukherjee, his student Anuja Das from IIT Kharagpur, India.

Apart from the AFM imaging, most of the works are carried out by Bikash Garai.
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CHAPTER-5

Photochromic Metal-Organic Frameworks for Inkless and Erasable Printing

Abstract: In this chapter, I have used the concept of

porous framework formation to tune the outcome from

interaction of light as stimuli for photochromic moiety.

Traditional photochromic moieties have lesser lifetime

for the photogenerated colour and thus the

photochromic behavior is transient, i.e. they reverts back

to the original colour immediately after removal from

the source of light. This transient colour change limits them for the proposed application

of inkless and erasable printing, the ultimate solution for reducing paper waste,

environment pollution, deforestation for production, cost of printing, etc. By

incorporating the photochromic NDI moieties into the porous frameworks of MOFs, we

have increased the lifetime of the photogenerated colour from <2 hrs to ~24 hrs. Taking

this enhanced lifetime for the photogenerated colour, I have presented the preparation of

a media for inkless and erasable printing. The resulting print has good resolution,

legibility, recyclability and capable of being read by smart devices. Also, multiple

coloured printing has been achieved by varying the metal ion, thereby varying the

structure.
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5.1 Introduction:

Photochromism is the reversible colour change of a molecule under the influence of light

(figure 5.1a). This colour change is associated with the reversible structural change that

causes change in effective conjugation leading to change in the absorption [5.1]. Typical

examples of such photochromic

moieties include spiropyran

[5.2], spirooxazines [5.3],

diarylethene [5.4], azobenzene

[5.5], and quinone derivatives

[5.6], etc. (figure 5.1b) By the

irradiation of light with suitable

wavelength, change in their

chemical structure is found to

occur and this brings in observe

able colour change. In such cases

when the effective conjugation is

less, the resulted form is referred

to as ‘leuco form’ because of

their less intense colour while the

conjugated form is intensely

coloured and therefore referred to

as ‘coloured form’ [5.7].

Spiropyran and spirooxazine derivatives are the most studied systems in the

literature as active photochromic moieties. Their ‘spiro’ form remains colourless because

of the less conjugation present in the molecule. Here, the oxazine/pyran moiety stays

connected with the remaining part of the molecule through a spiro carbon having sp3

hybridization. This tetrahedral C-atom acts as a conjugation breaker atom and prohibits

the extended conjugation. When, the molecule is radiated with UV light, this bond

connecting the sp3 hybridized spiro-carbon and the pyran/oxazine moiety breaks and the

ring opens up (figure 5.2). This converts the molecule to the corresponding ‘mero’ form,

associated with the change in hybridization of the spiro carbon from sp3 to sp², changing

the geometry around the system to planar. The aromatic group now get its π-orbital

Figure 5.1: (a) Definition and illustration of
photochromism and (b) typical chemical changes
associated with this
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aligned with the chromophore, and an extended conjugated system is formed. Thus,

because of this extended conjugation, the resulting molecule now has the ability to absorb

photons from visible light and therefore looks colourful under visible light. But, when the

molecule is removed from the source of UV radiation, it relaxes gradually to its ground

state where the broken bond of the pyran/oxazine moiety is reformed. This bond

formation again makes the spiro-carbon sp³ hybridized, and the molecule returns to its

colourless state.

Figure 5.2: Representation of transient colour change under photochromic condition

It’s remarkable to note that these structural changes caused by the light irradiation

are transient, i.e. they spontaneously revert to the initial structural form of the compound

in absence of the radiation (figure 5.2). This causes the associated colour change to be

transient as well where the photogenerated colour disappears immediately after removal

of radiation source. This fast reversibility of the compounds makes them preferable for

applications like photochromic glasses, smart windows, etc. where the rapid colour

change is desired [5.8].

Printing is one of the most preferred means of communication, data and

information sharing, even at this era of digital media. This preference over the digital

displays is due to the latter’s drawbacks like requirement of constant power supply for

operation, expensive, delicate handling, unnatural pixelization and eyesight disorders

from prolonged use. This keeps the printing media preferred over the digital displays for

Figure 5.3: Usage flow in conventional paper cycles
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most of the temporary based usages. However, for most of the purposes, the printed

content is utilized to serve a temporary function and the paper becomes ineffective after

one or few cycles of reading by the reader(s). The fate of this read paper then becomes the

waste paper box, where occasionally the used paper is send for recycling. Thus the

traditional paper flow remains mostly unidirectional in nature (figure 5.3).

The basic components for printing are the paper and ink where the impression on

the paper is generated with the application of ink to make the content legible. Here, the

paper is first produced from the wooden pulp, at the cost of deforestation and originating

issues. Inks on the other hand are processed pigments, and are prepared via expensive

chemical formulations [5.9]. In the course of printing the ink pigments stick permanently

to the paper, making it difficult for removal from top of the paper and thus the same paper

can’t be used for next round of printing. Therefore the mentioned paper flow remains

unidirectional, and need to start from origin, with fresh production from woods. To avoid

this high production demand of fresh papers, used papers are recycled to produce usable

blank papers. During the recycling process, inks are first removed from the paper through

application of bleaching and other chemical agents. Also, the overall process consists of

other multiple steps to produce the final pulp. The pulp is then used for preparation of

fresh blank papers (scheme 5.1).

Scheme 5.1: Steps involved in production of fresh paper in conventional paper recycling

Thus, the traditional paper recycling is far from ‘true-recycling’; rather it treats the

used papers as a substitution for one of the raw materials and uses them as an ingredient.

The waste papers revive to life in the form of pulp through a series of steps. The major

step among them, (i.e. de-inking) involves usage of hazardous chemicals like dioxin

[5.10]. Use of such foreign materials for the recycling process through multiple steps

makes the conventional paper-recycling process economically as well as environmentally

unfavourable. So it is necessary for the paper industry to search of a sustainable approach

that can complete the paper usage cycle in a healthier way. One such solution is to use the

same paper for printing over subsequent cycles without the requirement of significant

treatment during the intermediate ‘erasing’ steps. This demands the requirement of an

easy erasable printing process to be used for the print.
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Apart from the paper, the other required component for printing is ink. The ink is

mostly toxic and adds significant cost to the print because of its expensive formulation. It

also adds difficulty to the paper recycling process as discussed in the earlier paragraphs.

Thus the sustainability suggests for alternative printing approaches without the use of ink,

i.e. ‘inkless’ approach for printing [5.11]. So the solution behind sustainable printing

industry lies on the basis of two terms, ‘erasable’ and ‘inkless’. This will allow the

production of ‘to-be-printed’ content on the same media for several cycles, without the

use of any ink and thereby without using any rigorous erasing or recycling step.

This problem has become familiar to the researchers since earlier time and some

possible solutions have been introduced till now. One such commercially available

solution is usage of thermochromic papers, prepared using thermochromic materials

[5.12]. These papers can produce the impression of ‘to-be-printed’ content by application

of heat on selective regions of the paper. The obtained content of the print gets erased

slowly over time and on treatment with UV radiation. Taking this unique property of the

thermochromic papers, they are now exclusively used for printing of temporary

documents, eg. daily counter bills, receipts etc. But these papers have limitation in

printing colour contents, as they are not capable of producing coloured impressions. This

keeps the search for new potential materials open that can serve the purpose of transient

printing with coloured feature.

To address this issue, researchers from University of California have come up

with a solution that uses complex mechanism of redox action to bring out reversible

colour change with dyes like methylene blue, neutral red and acid green [5.13]. These

redox active dyes are well known for their reversible switching between coloured form

and leuco form. Aerial oxygen is capable of oxidizing the leuco form of the dyes and thus

they occur in the coloured form under ambient condition. To bring in the leuco form into

Figure 5.4: Reversible colour switching of methylene blue dye, catalyzed by TiO2 nanocrystals
(figures are reproduced with permission from ACS)
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existence under ambient state, they have used the photogenerated electron from TiO2

nanocsrystals under UV radiation (figure 5.4). The electron generated from TiO2 under

UV radiation reduces the coloured form of the dye into corresponding leuco form.

Presence of this electron source again restricts the oxidation of this leuco form into

coloured one, required for completing the reversible cycle. However, use of suitable

capping agent is required to initiate the transformation into the coloured form through

aerial oxidation [5.14]. The capping agent controls the generation of the electrons and

thereby facilitates the regaining of coloured form.

The leuco form is stable for around 6 h under this condition, after which it starts to

oxidize producing back the coloured form. This restricts the usage of the current system

as a media for inkless printing. To overcome this issue, hexaethyl cellulose (HEC) has

been used within the matrix, where the newly introduced sites for H-bonding stabilize the

leuco form for prolonged period of time. Thus the observed colour change remains stable

for extended period of time, with the introduction of H-bonding into the system.

Figure 5.5: Representation of the printing achieved with the developed media and its recyclability
(figures are represented with permission from Nature publishing group)

Taking this highly complicated system of associated chemical changes, they have

developed a media which remains colour in its pristine state. When the media is subjected

to UV radiation along a selective region, the exposed regions turn into colourless because

of the conversion into leuco form. Thus an impression is created on the media along the

region of interest, producing the printed content in blue coloured form while the UV

exposed region serves as colourless background (figure 5.5). Variation of the used dye

from methylene blue to neutral red to acid green causes for the production of blue to red
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Figure 5.6: (a) Change in the intensity during consecutive printing-erasing cycles; (b,c,d)
different coloured printing achieved from different dyes (figures are represented with permission
from Nature publishing group)

to green colour in the printed content keeping the same colourless form as the

background. The resulting printing is tested to have high contrast and resolution and

capable of performing 20 printing-erasing cycles (figure 5.6).

Although the previous mentioned approach accounts for the required criteria

demanded for a successful media for inkless and erasable printing, it suffers from

complex experimental setup and choice of only 3 redox active dyes as the initial

components. Additionally the erasing process requires further heat treatment, increasing

the operation cost of the final printer. So, there still exist ongoing searches for easy

alternatives which can serve the purpose with minimal consumption of energy. In this

note, one possible approach to develop such a media with desired ‘erasable’ and ‘inkless’

features is to use photochromic materials. Here the reversible colour change of the media

constructing material will fulfil the said criteria. The required criterion for ‘inkless’

feature in the resulting printing can be achieved by the light-stimulated photochromic

colour change, which will substitute the use of ink in the conventional printing. Since the

observed colour change is reversible in nature, it can be attributed for the required

‘erasable’ feature of the resulting print. Although this sounds a promising and fullproof
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solution for the discussed problem, there is an immediate problem arising from the nature

of the change. The conventional photochromic molecules can easily change their colour

under the influence of light but the lifetime of this photogenerated colour is very less. So,

if these materials are used for development of a real media, the printed content will be

vanished into the background well before it can be read by the intended persons. To make

the proposed media more practical and useful for printing application, one must increase

the lifetime of the photogenerated colour through suitable chemical modifications. And if

by doing so a significant enhancement is achieved, the resulting media then can be tested

for use as a printing media with features like ‘erasable’ and ‘inkless’ nature.

To enhance the lifetime of the photogenerated colour, we have used the concept of

porous framework formation with the photochromic moiety, through reduction of the

operative interactions. By this modification via formation of the porous frameworks, the

chromophores will then be separated at far apart, thus minimizing their interaction

towards quenching of the photogenerated colour. This lowering of interactions among the

neighbouring chromophores might slow down the quenching, and thereby the

photogenerated colour holds stable for an elongated period of time. To establish the

hypothesis we have chosen naphthalenedimide (NDI) as the light responsive moiety for

the study. NDI is a redox active core and can initiate electron transfer from a suitable

donor species under the presence of light, resulting in the generation of a NDI radical

anion species (NDI●-) [5.15]. Interestingly, both of these species posses visibly distinct

Figure 5.7: (a) Redox active NDI core for photochromism; (b) structure of the linker used
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colours, thereby accounting for a photochromic change (figure 5.7a). We chosen N,N’-

bis(isophthalic acid)naphthalenediimde (H4BINDI) as the organic linker for porous

framework formation where the NDI core acts as a light responsive moiety while the two

isophthalic acid groups are used to co-ordinate with metal ions, thereby forming a porous

framework (figure 5.7b).

5.2 Results and Discussions:

Solvothermal reaction of BINDI linker with three alkaline earth metal ions (Mg2+,

Ca2+, and Sr2+) readily forms the crystalline materials from DMF solvent. The resulting

materials (Mg-NDI, Ca-NDI and Sr-NDI) are separated as suitably sized single crystals

with light yellow appearance. While Mg-NDI crystals are block shaped in appearance,

other MOFs are formed in crystals are block shaped in appearance. FTIR analysis of the

parent BINDI linker shows the presence of broad peak corresponding to the carboxylic O-

H bond. This broad peak disappears for the generated MOF crystals obtained after

reaction with metal ion, indicating the presence of metal-carboxylate complex formation

(figure 5.8).

Crystal structure analysis of the products with single crystal X-ray diffraction

reveals their 3-dimensional architecture constructed from the co-ordination between the

metal ion and BINDI linker. Investigation of the final structures for the MOFs shows the

Figure 5.8: FTIR spectra for the BINDI linker and the derived MOFs



Chapter 5 Photochromic metal-organic.......

2017-Ph.D. Thesis: Bikash Garai, (CSIR-NCL), AcSIR Page | 124

Figure 5.9: Crystal structure of the NDI containing MOFs synthesized from reaction with
alkaline earth metal ions

existence of two different classes of framework in the resulting form; one for Mg-NDI

while Ca-NDI and Sr-NDI are isostructural in nature and belong to the second class

(figure 5.9). Mg-NDI crystallizes in P2/c space group under monoclinic system where the

co-ordination of Mg sites are fulfilled from the carboxylate oxygen atoms. In the

extended form there are two types of Mg centres present, the first one is having all the co-

ordinations from carboxylate groups while for the second type two sites are co-ordinated

with DMF and one site is co-ordinated with water molecule. During the framework

formation, Mg-NDI generates a channel of pores having cross sectional dimension of 5.9

x 7.4 Å2. Generation of the pores creates a spacing of 10 Å among the closely spaced NDI

moieties. The walls of these pores are constructed from the consecutive arrangements of

NDI units at a side to side separating distance of 4.1 Å and the pore channel is located

along the b axis of the crystal system. Comparison of this Mg-NDI structure with that for

BINDI shows that similar oriented NDI cores are now shifted from 4.0 Å for BINDI to 10

Å for the case of MOF.

While Mg-NDI has a free net, other two isostructural MOFs (Ca-NDI and Sr-

NDI) have a different two-fold interpenetrated structure. Here two of similar 3-

dimensional nets are interwoven to produce the final framework structure. Both the

MOFs are crystallized in I41/a space group under tetragonal crystal system where each

unit cell contains 8 asymmetric units inside them. Because of the presence of

interpenetrated form, here the NDI cores are located at a separating distance of 3.6 Å, but

they are orientated orthogonally to each other (figure 5.10). Presence of the 2nd net inside

the pristine framework also causes the diminishing of the resulted pore channels. For the

case of these MOFs, the metal ion has two types of co-ordination system present.
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Figure 5.10: (a) Packing diagram for Mg-NDI showing its porous structure, (b) highlight of one
such pore containing NDI units, (c) orthogonal nets for Sr-NDI and (d) parallel orientation of NDI
units in the free ligand

Powder X-ray diffraction for the as-synthesized crystals shows highly intense and

well-defined peaks in the whole 2θ range. This accounts for the high crystallinity with

presence of long range periodicity for all the MOFs. These experimentally observed

patterns shows well matching with their respective patterns simulated from the crystal

structure, a measure for the existence of the materials in pure and exclusively single

crystalline phase.
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Figure 5.11: TGA plots for the synthesized MOFs showing their thermal stability

The frameworks of the MOFs are quite stable against heating, as seen from their

TGA plot. Mg-NDI loses the co-ordinated and trapped solvent molecules in the

temperature range of 85-150 ºC, accounting for a weight loss of 17 %. On further

elevation of temperature, the framework collapses at 470 ºC with an associated weight

loss of 27 %. Similar is the case for the other two MOFs (Ca-NDI and Sr-NDI), where the

1st weight loss (15 %) corresponding to the removal of solvents is observed at 100 ºC

temperature. The frameworks for these MOF are stable upto 485 ºC and breaks down with

25 % weight loss (figure 5.11).

When these as-synthesized MOF crystals are subjected to sunlight irradiation, a

drastic colour change is observed immediately. The colour change is best observed with

the bright sunlight and the change take place instantaneously. For the case of Mg-NDI,

the pale yellow coloured crystals turn into dark brown colour because of the irradiation

while for Ca-NDI and Sr-NDI the colour changes from clear to dark green (figure 5.12).

Notably when these irradiated crystals are kept in dark for 12 h, they return to their

original colour, without affecting their physical appearance. This reversible colour change

of the MOF crystals is resulted from the photochromic moieties present in their structure

and described their photochromic property. For the case of free BINDI linker, the colour

changes from light yellow to pale brown and moreover the pale brown coloured
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Figure 5.12: Colour change of the MOFs under sunlight irradiation. The photochromic colour
change is more contrasting for MOFs than linker and stable over time

compound turned into yellow within 2 h of removal from sunlight exposure (figure 5.12).

Unlike that for the NDI photochromes from BINDI, when they are inside the MOF

structure the lifetime of the photogenerated colour for NDI is enhanced from 2 h to 24 h.

This significant enhancement of photochromic property (in terms of colour contrast and

retention time) is attributed for the formation of the porous MOF structures. Interestingly

colour obtained through photochromic changes of the MOFs is related to their structures.

For the case of Mg-NDI, the resulting colour is dark brown while the final colour is

observed as dark green for both of the structurally identical MOFs (Ca-NDI and Sr-NDI).

The colour changes for the MOFs have been quantified by using solid state UV-

vis spectroscopy (figure 5.13). Mg-NDI shows the appearance of an additional peak

centred at 750 nm by the irradiation, corresponding to the transformation into dark brown

colour. When the crystals lose their photochromic change, this peak also gets diminished

from the absorbance spectra; in accordance with the visual observation. The pristine state

of Ca-NDI and Sr-NDI accounts for the appearance of new peak centred at 575 nm after

sunlight irradiation. This newly generated peak is accounted for the change of colour into

dark green and disappears with the reversal of the photochromic change.

No change in crystallinity of the MOF crystals is found to be observed by
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Figure 5.13: UV-vis spectra for radiated and non-radiated (a) Mg-NDI, (b) Ca-NDI and (c) Sr-
NDI. (d) Comparison of IR spectra for radiated and non-radiated Mg-NDI

irradiation of sunlight and the peaks in the experimentally observed PXRD pattern

retained their individual position and intensity (figure 5.14). This indicates that no

structural change takes place inside the MOFs because of the sunlight irradiation and the

corresponding photochromic observation. Retention of the major chemical bonding is

again reflected from the comparison of their FTIR spectra. FTIR spectra for the MOF

crystals collected before and after photochromic change shows exactly similar peaks and

intensity (figure 5.13d), accounting for intactness of major chemical functionalities. This

account of spectral retention holds equally good for all of the 3 MOFs, reflecting the

involvement of similar phenomenon for their photochromic outcome.

Figure 5.14: PXRD pattern of the synthesized MOFs and their comparison after photochromic
change
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Figure 5.15: (a, b, c) EPR spectra for the non-radiated, radiated and quenched MOFs; (d)
comparison of EPR spectra for all the radiated MOFs

In order to further carry out the study for possible chemical changes, EPR has

been selected as a tool of investigation. All the 3 MOFs in their as-synthesized (non-

radiated) form show a flat and featureless spectrum in the EPR. But the situation gets

changed when the radiated samples are analysed for EPR. For the case of sunlight

radiated MOFs, a characteristic peak is found to appear at a value for g =2.003. The

feature of the peak observed for all the 3 MOFs are exactly similar and is centred at 3341

G of magnetic field (figure 5.15).

When the MOFs return to their

initial coloured state after quenching in

dark, the before mentioned peaks from

their EPR spectra also gets vanished and

shows a spectrum as that for non-radiated

state. This vanishing of the peak under

dark indicated that the radial species that

were generated by the sunlight irradiation

got quenched when kept in the dark. In

another way, this suggests that theFigure 5.16: EPR spectra for BINDI linker,
characteristic for NDI radial anion generation
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observed photochromic change is because of this detected radical species. Similar peak in

the EPR spectra is observed for the case of radiated BINDI linker, but with a lower

intensity (figure 5.16). This peak at g= 2.002-2.004 corresponds to the presence of NDI

radical anion species (NDI●-) [5.16] and is generated for all the MOFs by the sunlight

irradiation. EPR analysis for the MOFs thus confirm the generation of similar NDI●- for

all the MOFs along with their photogenerated colour.

As seen from the crystal structure and discussed in the previous paragraphs, for

the case of BINDI linker the NDI cores are arranged at a separating distance of 4.0 Å.

This closely spaced orientation allows the NDI cores to exist through π-π stacking.

Existence of this stacking then permits the photogenerated NDI●- to quench easily

through effective delocalization along the stacks. When the NDI cores are put inside Mg-

NDI, the separating distance is pushed to 10.0 Å (figure 5.10b). This eliminates the

possibility of any stacking and hence the generated radical can’t be delocalized among the

neighbouring units, rather it remained localized on a single core. The only way of

quenching these radicals is transfer of the unpaired electron to the slowly diffusing O2

molecules inside the pores. This enhances the lifetime of the NDI●- species from inside

Mg-NDI. For the case of Ca-NDI and Sr-NDI, although the NDI cores are in the range of

stacking distance, they are actually oriented in an orthogonal direction. This possibly

creates a mismatch in their molecular orbital wave function to initiate the delocalization.

Thus, for these cases also the photogenerated NDI●- remains stable for an extended

Figure 5.17: (a) Preparation of the inkless and erasable printing media from the MOFs and (b) the
printing with stencil, (c,d,e) test of resolution for the obtained print on the media
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period of time.

Getting the problem of extended lifetime for photogenerated colour resolved

through the formation porous framework via stabilization of the radical species, we tested

to use them for inkless and erasable printing. For the fabrication of such media, an

ethanolic suspension of the finely powdered MOF is first dropcasted on a cellulose filter

paper. The coated paper is then dried under vacuum, in absence of sunlight (figure 5.17).

By the cohesive force of the MOF powders with the filter paper, they stick nicely on the

surface without being detached, even after application of mechanical deformation forces.

Analysis of the media along the cross section of the media shows the tight bonding of the

powdered MOF with the base paper (figure 5.18). SEM image of the cross sectional area

shows the uniform size distribution for the MOF powders and also their close existence to

the paper surface (figure 5.18). To generate an impression of the content on this media,

incidence of light on this media is controlled towards a selective region. The control on

the incidence of light has been achieved by using a stencil, prepared by printing of the

Figure 5.18: (a) Test for mechanical deformations with the developed media and (b,c) their
morphology from SEM
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content on a transparent polyurethane sheet. This stencil is then placed on the printable

surface of the media and the whole assembly is exposed to intense sunlight for less than 1

min. The assembly is then removed from the source of intense radiation and brought into

ambient lighting condition. Upon removal of the stencil from top of the paper the printed

media is obtained, ready for reading under ambient lighting condition.

The background from the printing media does not emerge out under ambient

lighting condition to fade the observed contrast and the paper remains legible for more

than 12 h (figure 5.19b). When the printed media is kept under dark for 12 h, the printed

contents are found to disappear into the background and produce a blank media (figure

5.19c). This blank media is equivalent to freshly prepared media that can be used for

printing any other content on it. When a next content is printed on the same media the

resulting print has similar intensity for the printed region, compared to printing for 1st

cycle. The media has been tested for 4 consecutive printing-erasing cycles and it shows

similar contrast between foreground and background of printing each time till the last

tested step (figure 5.19d).

As seen from the photochromic colour change of the MOF crystals (figure 5.12),

Figure 5.19: Print of a content on media developed from Mg-NDI, Ca-NDI and Sr-NDI showing
their (a) legibility, (b) usability and (c,d) recyclability; (e) prompt detection and decoding of QR
codes from the printed media
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the developed media also shows similar colour change after fabrication into the printing

media. Thus, by using Mg-NDI, Ca-NDI and Sr-NDI for coating on the paper multi-

coloured printing has been achieved at the end. For the case of Mg-NDI, the resulting

print is obtained in dark brown colour while Ca-NDI and Sr-NDI produces green

coloured printing, with a variation in the final intensities. Ca-NDI based media prints dark

green colour while a lighter shade has been achieved for Sr-NDI contained media (figure

5.19). For each cycle of the consecutive printing, by the irradiation of light the colour re-

appears with same intensity. The obtained intensities over the cycles have been compared

through measurement of absorbance. Solid state UV-vis measurement of the media during

printing and erasing of the content shows that the newly generated peak bears equal

intensities throughout the cycles. This shows the retention of print quality over the cycles.

The quality of the resulting print has been tested through different standards for all

of the developed parameters. The resolution of the print has been tested by checking

legibility of closely spaced parallel lines, where the lines of 1.0 mm width are clearly

distinguishable from each other even when they are closed to a separation of 0.5 mm.

Resolution in large scale printing has been tested by printing a paragraph on the Mg-NDI

based media. A number of 610 characters are printed on the media having a dimension of

11.9 cm in length and 5.4 cm in width. The characters are contained in 10 lines, i.e. 60

characters are present on average within a line length of 11 cm. This compact situation of

the print still allows clear and well-distinguishable separation among each of these

characters and no overlap or edge bleaching/burning is observed. The texts appear as

clearly legible on the background. Further to this, a sketch has been printed on the Mg-

Figure 5.20: (a) Decoding of a barcode printed on the developed media, (b) UV-vis spectra
showing the change in absorbance during the consecutive printing-erasing cycle
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NDI paper with a dimension of 14.9 x 8.1 cm2. The sketch contains a representative

structural image of Mg-NDI MOF itself. The obtained print looks clear and crisp where

the details of the sketch are clearly visible. The constituent lines of the sketch are well

defined and present the total shape with a clear description.

Apart from the well eligibility of the printed content on the developed paper, as

established in the previous discussion, the same has been tested for machine legibility.

For this purpose, 1D and 2D barcodes have been printed on the paper through the

application of before-mentioned stencil. The obtained print is then tested with bar code

reader software from smart electronic devices. For reference, a 1D barcode is printed on a

tiny piece of paper and when placed in front of bar code reader, the embedded number

‘123456789’ promptly shows up in the screen of the reader. Similarly, a 2D bar code

(popularly known as Quick Response code, QR Code) of version-5 containing 37 rows

and 37 columns has been printed on a paper dimension of 4.7 x 4.7 cm2. The QR code

contains 39 characters and gets promptly decoded by any QR code reader from an

appreciable distance to display the embedded text ‘Erasable Printing with Photochromic

MOF’.

For a uniform and scalable measure for the printing, solar simulator has been

tested as a source of light radiation. It has been observed that radiation from the solar

simulator with intensity of 100 mW/cm2 also produces the similar printing within 60 sec.

It is notable that the erasing process for the printed content can be accelerated

significantly by placing the printed papers in an oxygen enriched environment or by

flushing a stream of oxygen on the papers.

5.3 Experimental Details:

5.3.1 General synthetic details: All the reagents used for this study are purchased from

commercial sources and used without any further purification. Solvents are dried prior to

use for synthesis, following the standard procedures to remove traces of moisture and

other impurities like stabilizers. Deionised water has been used throughout the reaction

and workup procedures. Although for the convenient and easy method, the stencils are

prepared by printing the content on a transparent sheet, similar results are achieved when

a paper with suitably pierced holes is used to control the incidence of light.

5.3.2: Synthesis of the organic linker: The organic linker (BINDI) has been synthesized

through a slightly modified approach of previously reported procedure. For a typical

synthesis, 6.70 g (25.0 mmol) of 1,4,5,8-naphthalenetetracarboxylic dianhydride is taken



Chapter 5 Photochromic metal-organic.......

2017-Ph.D. Thesis: Bikash Garai, (CSIR-NCL), AcSIR Page | 135

into a 250 ml RB flask and suspended in 125 ml of glacial acetic acid. The mixture is then

properly homogenized by stirring for 10 min at room temperature. 9.05 g (50.0 mmol) of

5-aminoisophthalic acid is then added to this stirring mixture and the resulting suspension

is refluxed for 12 h. The reaction mixture is then cooled to room temperature and added

with 100 ml water. The precipitated product is then collected by filtration and washed

with ethanol (100 ml x 3). The solid product thus obtained is then dried under vacuum to

yield 12.00 g of the crude product as off-white solid. This product is then recrystallized

from DMF as yellow coloured powder (isolated yield = 10.50 g, 67 %).

Scheme 5.2: Scheme for synthesis of BINDI linker

2.3.3: Synthesis of the MOFs: Of the three MOFs discussed in this chapter, Mg-NDI and

Ca-NDI and have been synthesized following the reported procedure.

a. Mg-NDI: In a solvothermal reaction glass vial (volume of 15 ml) 21 mg (0.035 mmol)

of BINDI ligand and 24 mg (0.093 mmol) of Mg(NO3)2.6H2O are taken and dissolved in

4 ml of DMF. To this solution, 4 drops of 3N HCl is added and the vial is capped. The

vial is then heated to 90 ºC for 24 h in a hot air oven. The vial is then slowly brought to

room temperature and the crystals are washed with dry DMF and then with absolute

ethanol. The crystals are dried under vacuum and then stored in dark for further study and

characterizations. [Crystal system: Monoclinic, Space group: P2/c, unit cell parameters:

a= 34.34, b= 10.04, c= 17.73, β= 96.23]

b. Ca-NDI: In a 15 ml solvothermal reaction vial 21 mg (0.035 mmol) of BINDI ligand

and 22 mg (0.093 mmol) of Ca(NO3)2.4H2O are taken and dissolved in 4 ml of DMF. To

this solution, 4 drops of 3N HCl is added and the capped vial is then heated at 90 ºC for

24 h in a hot air oven. The vial is then slowly cooled down to room temperature and the

crystals are collected after washing with dry DMF followed by absolute ethanol. These
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crystals are then dried under vacuum and then stored in dark till use in characterization

and further study. [Crystal system: Tetragonal, Space group: I41/a, unit cell parameters:

a= 28.28, c= 13.54]

c. Sr-NDI: 21.0 mg (0.035 mmol) of BINDI ligand and 24.0 mg (0.093 mmol) of

Sr(NO3)2 are taken in a 15 ml glass vial and dissolved in 4 ml DMF. To this solution, 4

drops of 3N HCl is added and the vial is capped properly. The vial is then heated at 90 ºC

in a hot air oven. The crystals separated during this time are then washed thoroughly with

dry DMF and then with absolute ethanol. The crystals are then dried under vacuum and

stored under dark for further characterization and applications. [Crystal system:

Tetragonal, Space group: I41/a, unit cell parameters: a= 28.47, c= 13.63]

2.3.3: General methods for characterizations:

a. IR spectroscopy: Fourier transform infrared (FTIR) spectra are recorded on a Bruker

Optics ALPHA-E spectrometer with a universal Zn-Se ATR (attenuated total reflection)

accessory in the 600-4000 cm–1 wave number region with a program of 100 scans.

Background measurement is performed before collection of any spectrum. The samples

are first powdered and then placed on the sample holder. The spectra are recorded

considering the required correction for the surrounding atmosphere.

b. Single Crystal X-ray Diffraction: A suitably sized as-synthesized crystal of Sr-NDI is

picked from the mother liquor, placed inside a glass capillary (Hampton research) and

then mounted in the diffractometer. The crystal is mounted on a Super Nova Dual source

X-ray Diffractometer system (Agilent Technologies) equipped with a CCD area detector

and operated at 250 W power (50 kV, 0.8 mA) to generate Mo Kα radiation (λ = 0.71073

Å) and Cu Kα radiation (λ = 1.54178 Å) at 298(2) K. The data collection is performed at

200 K temperature, maintained through a stream of liquid N2 from Oxford cryostream

controller. Initial scans of each specimen are performed to obtain preliminary unit cell

parameters and to assess the mosaicity (breadth of spots between frames) of the crystal to

select the required frame width for data collection. CrysAlisPro program software suite has

been used to carry out overlapping φ and ω scans at detector (2θ) settings (2θ = 28).

Following data collection, reflections are sampled from all regions of the Ewald sphere to

re-determine unit cell parameters for data integration. Following exhaustive review of

collected frames the resolution of the data set was judged. Data were integrated using

CrysAlisPro software with a narrow frame algorithm. Data were subsequently corrected

for absorption by the program SCALE3 ABSPACK scaling algorithm.
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The structure of Sr-NDI is solved by direct method and refined using the

SHELXTL 97 [2.27] software suite. Atoms are first located from iterative examination of

difference F-maps following least squares refinements of the earlier models. Final model

is then refined anisotropically (where the number of data permitted) until full

convergence was achieved. Hydrogen atoms are then placed in calculated positions (C-H

= 0.93 Å) and included as riding atoms with isotropic displacement parameters 1.2-1.5

times Ueq of the attached C atoms. In some cases modeling of electron density within the

voids of the frameworks did not lead to identification of recognizable solvent molecules

in these structures, probably due to the highly disordered contents of the large pores in the

frameworks. Highly porous crystals that contain solvent-filled pores often yield raw data

where observed strong (high intensity) scattering becomes limited to ~1.0 Å at best, with

higher resolution data present at low intensity. A common strategy for improving X-ray

data, increasing the exposure time of the crystal to X-rays, did not improve the quality of

the high angle data in this case, as the intensity from low angle data saturated the detector

and minimal improvement in the high angle data was achieved. Additionally, diffused

scattering from the highly disordered solvent within the void spaces of the framework and

from the capillary to mount the crystal contributes to the background and the ‘washing

out’ of the weaker data. Electron density within void spaces has not been assigned to any

guest entity but has been modeled as isolated oxygen and/or carbon atoms. The foremost

errors in all the models are thought to lie in the assignment of guest electron density. The

structure was examined using the ADSYM subroutine of PLATON [2.28] to assure that no

additional symmetry could be applied to the models.

It is noteworthy that despite of our several attempts to model the disorder the

solvent molecules present inside the MOF pores, we couldn’t able to completely assign

them as chemical entities. This has lead to the generation of some A and B level errors in

the IUCr Checkcif report. This modeling has also caused some checks for C-H bonds

which have appeared as A level error and couldn’t be removed by refinement. This model

has also developed a minute shift in some of the peaks of simulated PXRD pattern;

although the experimental PXRD pattern holds good all the cases, proving our hypothesis.

Despite of this weak modeling of the non co-ordinated solvent molecules, the provided

structure is good enough to describe the structure of the framework.

CCDC 1412539 contains the detailed crystallographic data for Sr-NDI MOF.
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Table 5.1: Crystal structure and refinement details for Sr-NDI

Identification code Sr-NDI
Empirical formula C44 H44 N4 O23 Sr2
Formula weight 1172.07
Temperature/K 200.01(2)
Crystal system tetragonal
Space group I 41/a
a/Å 28.4784(7)
b/Å 28.4784(7)
c/Å 13.6334(4)
α/° 90.00
β/° 90.00
γ/° 90.00
Volume/Å3 11056.9(5)
Z 8
ρcalcmg/mm3 1.408
m/mm-1 0.109
F(000) 4768
Crystal size/mm3 0.6 × 0.2 × 0.2
Theta range for data collection 3.16 to 29.08°
Index ranges -30 ≤ h ≤ 38, -38 ≤ k ≤ 38, -17 ≤ l ≤ 18

Reflections collected 11940
Independent reflections 7392[R(int) = 0.0447]
Data/restraints/parameters 7392/0/367
Goodness-of-fit on F2 0.930
Final R indexes [I>2σ (I)] R1 = 0.1393, wR2 = 0.3624
Final R indexes [all data] R1 = 0.1810, wR2 = 0.3919
Largest diff. peak/hole / e Å-3 2.08/-1.82
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Figure 5.21: ORTEP diagram for Sr-NDI. Thermal ellipsoids are shown at 50 % probability level

c. Powder X-ray diffraction: PXRD pattern for the materials are collected with a Rigaku

Smartlab diffractometer for Cu K radiation ( = 1.5406 Å), with a scan speed of 2° min-1

and a step size of 0.02° in 2. The dried crystals of the respective MOF are placed on

quartz PXRD plate and then placed in the holder of the diffractometer. The sample is then

scanned in the 2θ range 3-50° at room temperature under ambient condition.

d. Electron microscopic imaging: SEM images are obtained with a FEI, QUANTA 200

3D Scanning Electron Microscope with tungsten filament as electron source operated at

10 kV. The samples from the photochromic printing media are attached to the horizontal

sample holder with carbon tape. The samples are sputtered with Au (nano-sized film)

prior to imaging by a SCD 040 Balzers Union as well as by sprinkling the powder on

carbon tape.
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e. Thermogravimetric analysis: Thermogravimetric analyses (TGA) are carried out on a

SDT Q600 TG-DTA analyzer under N2 atmosphere at a heating rate of 5 ºC min–1 within

a temperature range of 30-900 °C. Approximately 5 mg of the sample is placed in the

platinum pan and the reference pan is left blank. The furnace compartment containing

both reference and sample pan is then heated at a constant rate with recording of the

weight.

f. UV-vis spectroscopy: Solid state UV-vis absorbance studies are carried out with a

Agilent make UV-vis-NIR spectrophotometer. The powder samples are placed in the

groove of the spectrophotomer and then absorbance is measured under reflectance mode.

For the MOF based photochromic media, the sampled region is placed in the sample

groove with an upright position for the coated surface.

g. EPR spectroscopy: Electron paramagnetic resonance spectroscopy measurements are

performed with a Bruker instrument under ambient atmospheric condition. The crystalline

samples are taken inside the EPR tube and filled upto the mark. The tube is then places in

the sample holder for analysis. The quenched samples refer to the crystals obtained after

keeping the radiated samples under dark for 12 h.

NOTE: The results presented in the chapter are already published in Chem. Sci., 2016,7,

2195-2200 with the title ‘Photochromic metal–organic frameworks for inkless and

erasable printing’. The publication is the result of the collaboration among Dr. Rahul

Banerjee, and his students Bikash Garai, Arijit Mallick. Major part of the work has been

carried out by Bikash Garai.
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CHAPTER-6

Summary, Conclusion and Future Directions

6.1: Summary of the work:

The first chapter of the thesis contains introductory discussion about stimuli

responsive materials. Here, I have discussed about different types of stimuli that are

known to cause a detectable response from the responsive material on their interaction.

Detailed discussion has been presented with illustrative examples have been provided to

describe the mode of action for different stimuli. Subsequent discussion describes

different approaches for creating similar stimuli responsive environment inside porous

frameworks and the advantages obtained from such modifications. Applications for such

responsive frameworks have been shown for sensing of solvents, volatile organic

compounds, nitroaromatics, etc. through response generation on their interaction as

stimuli. The potential for such porous frameworks has been illustrated for application as a

vehicle for controlled and targeted release of cargo and drugs molecules. However, as

evidenced the absence of proper systematic study limits them for better design and

reasonable performance. To satisfy this demand, I have presented my work based on the

interaction of different stimuli on porous framework materials and studied the generated

responses. Finally I have used such interactions to carry out different real time

applications.

The second chapter of the thesis shows the interaction of water as a stimulus

towards a porous metal-organic polyhedron (MOP). The structure of the MOP is designed

to contain responsive hydrophobic groups on its outer surface. This outer surface, being

vulnerable to the incoming water molecules as stimuli faces an unfavourable situation.

This stimuli interaction thus develops a hydrophobicity gradient between the two surfaces

(inner and outer) of the MOP. In an attempt to get rid of the unfavourable situation, the

system attempts to achieve an equilibrium condition through similar population of the

responsive hydrophobic groups between the two said surfaces. This re-orientation is

caused through the unfolding of the closed MOP structure. Thus, 2-dimensional layered
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metal-organic framework (MOF) are formed as the final product. The explained

mechanism for the structural transformation shows the mode of interaction of the stimuli

with the responsive framework. Such structural transformation are found not to occur

when the responsive moieties are absent from the framework, providing a better insight to

the stimuli interaction.

Taking this structural transformation from interaction of water as stimulus towards

designed MOP into consideration, the third chapter shows the effect of varying

responsive moieties on the generated response. Through functionality variation on the

outer surface of the MOP, I have shown the control gained over the before mentioned

structural transformation. Thus, controlling the kinetics for stimuli responsiveness has

been shown to obtain by controlling the responsive moieties. Taking this controlled

transformation process from the closed structure of MOPs into open framework of MOFs,

I have tested them for application as drug delivery vehicle. Different drug molecules (eg.

caffeine and 5-fluorouracil) have been loaded into the core of the MOPs and their location

has been confirmed from various characterization tools. When these loaded MOPs are

allowed to interact with water, the same stimuli effect causes the structural transformation

into MOF with simultaneous release of the encapsulated drugs. Control over the release

profile is in consistence with their responsiveness for the subjected stimuli.

In order to further investigate the effect of stimuli interaction, concentration of

stimuli available for the interaction has been varied and the outcomes are presented in

chapter-4. As discussed the closed frameworks of the MOP undergo transformation into

open MOF structure, upon interaction with water as stimulus. This finding are observed

when the stimuli concentration in the system is less, thus the interaction occurs in a

controlled manner. However, as the amount of water present in the system is increased

the interaction occurs in a different way and so the observed response also gets varied.

The measured stimuli interaction shows the transformation into visible crystals, however

the end product appears in the form of nanosheets when the water concentration is higher.

Investigation of the happening reveals that by the virtues of the stimuli interaction, both

top-down ad bottom-up approaches take place consecutively during the conversion. This

combination of the two diverse approaches is proved to be a breakthrough in terms of the

resultant nanosheets. This unified approach eliminates the limitations from both of the

individual approaches. Thus the nanosheets are obtained at a quantitative yield with

uniform features through easy experimental setup. The metal organic nanosheets are



Chapter 6 Summary, conclusion and future.......

2017-Ph.D. Thesis: Bikash Garai, (CSIR-NCL), AcSIR Page | 143

proved to be better than that from the individual approach and remain stable in the same

form for more than 30 days.

The fifth chapter shows the effect of light as stimuli towards an active framework.

By incorporation into the porous framework, photochromic NDI moieties are shown to

hold their photogenerated colour for a longer period of time (from <2 h to >24 h). The

photochromic change is determined to be happening because of radical anion generation

into the framework, maintaining the structural backbone. Taking this advantage of porous

framework formation on the responsiveness of the moieties towards the same stimuli,

thus a practical usable material has been obtained for application in inkless and erasable

printing. Inkless and erasable printing is a novel and most ultimate approach for the

current limitations against sustainable paper industry. Taking the synthesized MOF, I

have shown the fabrication of a media for such printing and tested its applicability under

real time condition. The developed media has been shown to perform well for more than

4 printing-erasing cycles, maintaining high resolution and contrast in each cycle.

Moreover, the obtained prints are well resolved and are capable for being read by smart

devices as well. Also, multi colour printing has been shown to achieve by variation in the

structure of the resulting MOF.

6.2: Future directions

Plan-1:

Figure 6.1: Proposed scheme for synthesis of S-containing metal-organic nanosheets and their
application for removal of heavy metal ions from water
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Heavy metal ions like Hg(II) and Cd(II) are serious threat the human mankind if

present in the water. Thus these heavy metal ions needs immediate removal from the

water before using and researchers are applying lots of effort to achieve the goal. In this

context, as presented in the fourth chapter of the thesis, metal-organic nanosheets can be

easily synthesized in high yield and purity from the water stimulated conversion of metal-

organic polyhedra. In the resulting nanosheets, the alkyloxy groups are projected to the

pores of the nanosheets, keeping them readily available for any incoming guest species.

Thus, simple variation of the functionality can place S atoms on the active pore channels.

If these proposed nanosheets are fabricated in the form of a membrane, they can have a

potential to remove the heavy metal ions from water through interaction with the existing

S atoms.

Plan-2:

Figure 6.2: Scheme for using core-substituted NDI based linker for synthesis of MOF to obtain
multi coloured printable media for inkless and erasable printing media using their photochromic
property

In near future, I would like to explore the concept of inkless and erasable printing

to generate multi colour printing from the same MOF based media. As depicted in
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chapter-5 of the thesis, inkless and erasable printing is of high importance to tackle

several problems and can be achieved through use of photochromic MOFs. However, the

electronic property of the NDI based linkers can be tuned by inserting various

functionalities to the core and thus these core substituted NDI linkers are expected to have

different photochromic behaviour with generation of different colour based on the

functionalization. If these differently functionalized NDI core based linkers are put into

the framework of a single MOF, they could be potential for generation of multi coloured

print on application of different wavelength light.
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