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Synopsis

The primary focus of my thesis is based on the syntheses and systematic studies of ionic
coordination polymers/ metal-organic frameworks by utilizing neutral nitrogen rich linkers,
consequently highlighting the structure-property based rationale, operative behind their
diverse functional aspects. Ecologically toxic anions’ trapping being an exigent aspect in
today’s world, new-generation porous sorbent materials serving such green, energy-economic
phenomena need to be astutely designed. Such ionic frameworks have also posed as
seemingly intriguing compounds from the standpoint of targeted ion conductor materials, for
their potential use in hydrogen fuel cell membranes relevant to clean energy applications.
Therefore, keeping in mind these two functional facets, | seek to develop efficient anion-
trapping and ion conductor coordination polymer materials based on the aforementioned
design principles.

During my PhD tenure, a considerable effort has been devoted behind the design, synthesis
and functional investigation of ionic coordination polymers (CPs)/ metal-organic frameworks
(MOFs). By judicious choice of organic linkers and metal salts, a number of ionic CPs has
been synthesized. Mainly, nitrogen rich organic linkers have been extensively used for the
construction of such ionic CPs. In case of cationic CPs, free anions present in the network can
be exchanged with other incursive anions; thus providing an efficient route to encapsulate
unwanted anions. Utilizing protonated amine as a counter cation, anionic CPs might induce
proton conducting behavior which is potentially useful in fuel cell applications. Hence,
depending on the nature of frameworks and extra framework ions, desired functions can be
aimed by opting for such ionic CPs.

Chapter 1. General Introduction to lonic Coordination Polymers

In this chapter, first of all, | have briefly discussed regarding porous coordination polymers/
metal-organic frameworks and their potential applications based on the fascinating host-guest
interactions and tunable surface area. Secondly, the basic protocol behind the development of
ionic coordination polymers possessing extra framework ion(s) providing additional network
functionalities have been presented. In these occasions, the necessity of using neutral nitrogen
enriched ligands for the rational syntheses of cationic CPs has been described. The usefulness
of anion exchange by using such cationic CPs has been covered here. The framework’s
dynamism aspects in such cationic CPs have also been discussed. The role of introducing a
particular type of extra framework cation in anionic CPs aimed at achieving desired feature
has been shown. Here, the importance of protonated cationic species in the anionic CPs for
rational construction of proton conducting material has been comprehensively discussed.
Finally, the importance of using nitrogen enriched ligands has been also discussed to make
functional materials.

Chapter 2. Guest Driven Dynamic Behavior of A Cationic Coordination Polymer

In this chapter, a three dimensional (3D) cationic CP/ MOF has been synthesized from a
neutral N-donor ligand and Cd(ClO4),.The cationic CP shows guest triggered inherent




dynamic behaviour at room temperature (Figure 1). A single-crystal-to-single-crystal (SCSC)
transformation experiment enabled the guest dependent structural dynamism to be well
understood. The framework also displays facile anion exchange behaviour and anion
dependent structural dynamism (CrystEngcomm. 2015, 17, 8796-8800).

t)scsc"
Transformation

3D Framework 2D Sheets

Figure 1: Guest driven dynamic behaviour of a 3D cationic CP.

Chapter 3. Anion Responsive Tunable Luminescence and Structural Dynamism of A
Flexible Cationic Coordination Polymer

In this chapter, | report a porous cationic CP, made of one dimensional (1D) chains of Zn(ll)
and a newly designed neutral N-donor organic ligand (L) with extra-framework nitrate
anions, which shows interesting guest- and anion-dependent structural dynamism. Dynamic
structural behavior has been demonstrated by single-crystal-to-single crystal (SCSC)
structural transformation (Figure 2). The compound shows slow opening of the framework
upon guest inclusion, and size-selective sorption of a number of hydrophobic guest
molecules. Anions of the framework are easily exchangeable, and the compound shows
interesting anion-responsive tunable luminescent behaviour (Angew. Chem. Int. Ed. 2013,
52, 998-1002).

Figure 2: Guest dependent dynamic structural changes in a cationic framework.

Chapter 4. Anion Triggered Tunable Bulk Phase Homochirality and Luminescence of A
Cationic Coordination Polymer




In this chapter, reaction of a linear bi-chelating N-donor achiral ligand with Zn(l1 )afforded a
homochiral cationic framework with six-fold one-dimensional helical chains. The compound
showed selective anion exchange behavior with interesting anion-responsive tunable bulk-
phase homochirality (Figure 3). The cationic framework also presented anion-driven variable
luminescence and sorption behavior (Chem.Eur.J. 2014, 20,12399-12404).

Figure 3: Anion responsive fluorescence enhancement with retention of framework
homochirality.

Chapter 5. Rational Integration of Water Array and Protonated Amine in An Anionic
Coordination Polymer for Proton Conduction

Moving next, a new function of metal-sulfate-based coordination polymer (CP) for proton
conduction was investigated through the rational integration of a continuous water array and
protonated amines in the coordination space of the CP. The H-bonded arrays of water
molecules along with nitrogen-rich aromatic cation (protonated melamine) facilitate proton
conduction in the compound under humid conditions (Figure 4). Although several reports of
metal-oxalate/phosphate-based CPs showing proton conduction are known, this is the first
designed synthesis of a metal-sulfate-based CP bearing water arrays functioning as a solid-
state proton conductor (Inorg.Chem. 2015, 54, 5366-5371).

Metal-sulphate
based anionic

H-bonded chain

organic
cationic
subunit

Figure 4: Water assisted proton conduction in a metal-sulfate based anionic CP.

Chapter 6. Conclusions and Future Outlook




In summary, the aforementioned four chapters (chapter 2-chapter 5) encompass an ample
discussion on four ionic cationic coordination polymers: three cationic and one anionic in
nature, along with their unique open framework structure-driven respective application facets,
as elaborately described in each of the last four chapters of this thesis. Keeping in mind the
coherent deign principle based approach adopted in each of these works, it seems appropriate
to judiciously leave the focus on these discussed works, and their articulate integration as
anticipated from a focussed thesis work. In fact, while it is quite evident that there a number
of other publications (achieved over the PhD tenure)not being purposefully included in this
thesis discussion, it is rather comprehensible from recognizing the streamlined and tailored
course of actions adopted behind the four included works, leading to a converging approach
of discussion.
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1. Introduction

1.1. Porous coordination polymers or metal-organic frameworks:

Porous coordination polymers (PCPs) or metal-organic frameworks (MOFs) are extended
crystalline solid materials which are built from the self-assembly of metal ion or metal ion
cluster and organic bridging ligands (Figure 1.1)." A wide range of organic struts such as
formates, polycarboxylates, phosphonates, sulphonates, pyridyl, imidazolate, triazolate,

tetrazolate etc. are often found to anchor with metal nodes to generate PCPs.

efc...

Precursors

PCP / MOF

Figure 1.1: Schematic representation showing formation of PCP from metal ions and organic

linkers.

The key advantages of such materials over other classical porous materials (e.g. zeolites, porous
carbons etc.) stem from their superior host-guest interactions, designable architecture, tunable
pore structure and functionality.> Moreover, structural flexibility in PCPs enables them to take up
selective adsorbate from a mixture of species.> Owing to the above mentioned unique features,
PCPs/MOFs (Figure 1.2) are considered to be promising materials and exhibit wide range of
potential functions such as storage, separation, sensing, catalysis, magnetism, NLO, drug
delivery, polymerisation, clean energy application (proton conduction) etc.? (Figure 1.3).

Additionally, PCPs with homochiral nature are often found to show asymmetric catalysis,
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enantioselective separation.” A few of the applications related to the thesis will be discussed

briefly in the following sections.

MIL-53(Al)

MIL-101(Cr) MOF-74(Mg)

Figure 1.2: Structures of various well known MOFs in the literature (MOF-5, ® HKUST, ’ MIL-
53, % MIL-101, ° MOF-74, *° and UiO-67™).

1.2. Few applications of porous coordination polymers:
1.2.1. Separation:

From industrial prospects, it is very crucial to separate a particular gas from a mixture. Among
all other separation techniques, adsorption based separation is one of the well recognized tools
for this purpose.’? Though a number of adsorbent host materials have been widely exploited,
MOFs have gained much attention in recent years for this separation purpose.'® Tailor-made
synthesis, adjustable porosity and selective host—guest interactions are the main driving forces
which boost up MOFs towards this function. Pore dimensions and adsorbate-adsorbent

3
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interactions dictate how efficient a MOF will be for achieving gas separation. For example, size
selective adsorption is achieved for O, over N, with MOF based adsorbent having pore size 3.5A
x3.5 A.** Free amine functionality, alkali metal nodes or open metal sites (OMS) in MOFs are
often exploited for selective CO, adsorption.™ Apart from gases, adsorptive separation of liquids
is also important from industrial point of view. In this context, separation of liquids with similar
boiling points such as benzene/cyclohexane and Cg aromatic hydrocarbons (o-xylene/p-
xylene/m-xylene) are very crucial and challenging too. MOFs with prefunctionalized linkers and

structural flexibility are well utilized for such selective separation.®

Clean Storage &
Energy Separation

NLO Sensing

Catalysis Magnetism

Figure 1.3: Various potential applications of PCPs / MOFs.

1.2.2. Chemical sensing:
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Very recently, PCPs have been found to be used as sensory materials.*” Luminescent PCPs could
do the job in both ways: “turn on” and “turn off” manners. Guest accessible pores, structural
tenability, high crystallinity and tunable band gap put them one step ahead as sensory materials.
Selective host-guest interactions between host species (PCPs) and analytes (guest) provide the
probable optical signal. Pre-concentration effects of analytes are considered to be sensitive
detection technique. In the last few years, detection of life-threatening nitro explosives has been
well achieved by using luminescent PCPs in laboratory scale.'® However, clear cut mechanisms
of sensing of molecules by PCPs are yet to be studied thoroughly which means there is potential

room for finding new detection mechanisms, with efficient new generation PCPs.

1.2.3. Clean energy application (Proton Conduction):

Globally utilisation of energy is increasing day by day because of fast modernization, population
growth and other factors.® Moreover, at the same time, so called fossil fuel amount is getting
reduced. Hence, in order to address the high energy demand, various auxiliary energy
technologies have been suggested. Fuel cell technology is considered one of the most important
and promising energy sources which can fulfil not only the energy demand criteria but also it is
environmental friendly.?® Hydrogen fuel cell utilises a solid state proton exchange membrane
material, hydrogen as fuel and oxygen as an oxidant to produce electrical energy and water (as a
bi-product).?! For better performance of hydrogen fuel cell, the membrane material should be
high proton conducting and durable over a wider temperature range (30-300°C). Very recently,
PCPs / MOFs have been found one of the alternative solid state proton conducting material,
because of their tunable chemical structure, adjustable porosity and high thermal stability.?? Also
their highly crystalline nature helps to trace the conduction mechanism. By two ways, PCPs have
been observed to conduct proton: i) intrinsic root; in this manner protonic source and carrier both
are present in the framework structure, ii) extrinsic root; this case involves introduction of
protonic source or carrier molecules into pores of PCP structure. Till date, several reports came
up with water assisted or anhydrous proton conducting PCPs; 2 but still there are scopes for the

improvement of conductivity values, actual device fabrication etc.

1.3. lonic coordination polymers:
Most of the classical carboxylate based PCPs are electrically neutral owing to the presence of

equal number of positive charge from metal ions and negative charge from anionic ligands

5
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which means such frameworks possess zero residual charge. But there are examples of charged
frameworks which possess positive or negative charges on it, and presence of such extra-
framework ions make them globally neutral. Such framework species with residual charges are
termed as ionic CPs.** On account of the presence of such extra-framework ions as additional
functionality, ionic CPs are gaining much attention and have been found to exhibit several
potential functions such as ion exchange, ion sensing, adsorptive separation, catalysis, proton
conduction etc.” lonic CPs are classified into two sub categories: i) Cationic CPs; where the
network contains positively charges and presence of extra-framework anions in the lattice make
them neutral, ii) Anionic CPs; these include negatively charged frameworks and positively

charged extra framework ions (Figure 1.4).

Free anion

¥

Cationic CP Anionic CP

Figure 1.4: Structures of representative cationic CP showing free anions in the lattice (left) %

and anionic CP (right) depicting free cation.”’

1.3.1. Cationic coordination polymers:

These are composed of positively charged network and extra framework anions (Figure 1.5).
The anions often reside in the porous channels of the framework and or weakly coordinated to
the metal nodes.® Such anions are found to be exchanged with other incursive anions which
leads to anion exchange based various important applications.”
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Cationic CP with exchangeable anions

Figure 1.5: Schematic representation of cationic CP with exchangeable free anions.

1.3.1.1. Design strategies of cationic coordination polymers:

Widely accepted routes involve the reactions of neutral nitrogen donor ligands with metal salts in

presence of solvent or guest molecules to produce cationic CPs (Figure 1.6).2"

| - M ....... A Self assembly

Cationic CP

Figure 1.6: Schematic representation showing design synthesis of cationic CP.

Over the years, 4,4'-bipyridine has been extensively used for constructing such cationic CPs with
free anions in the porous channels.®® Hence, people came up with pyridyl functionalized various
kinds of organic linkers enriched in neutral nitrogen to build up such frameworks. A very
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common synthetic route involves the slow diffusion of nitrogen-enriched organic linkers and

metal salts in long glass tube to produce crystals of cationic CPs (Figure 1.7).*

Metal salt
solution

Blank solvent Slow diffusion

Ligand
solution

I

Slow diffusion method to synthesize cationic CP

* Crystals of

Cationic CP

Figure 1.7: Schematic representation showing slow diffusion method for constructing crystals of
cationic CP.

1.3.1.2. Anion exchange:
This has been well documented in the literature that free or weakly coordinated anions in the

cationic CPs could be exchanged with other variety of anions leading to the exchanged solids.*
This exchange process is found to be dependent on the size, shape and coordinating tendencies of
incoming anions. The exchanged products are often observed to exhibit different chemical and
physical properties compared to the original compound, which might be useful for desired
applications of interests.2®® 3 In general, crystals or crystalline powder of cationic CP is stirred
very slowly in a solution of excess of incursive anion of interest, to get exchanged product
(Figure 1.8). Experimental methods such as FT-IR, UV-Vis and elemental analysis are often
used to check the extent of exchange. Few of important anion exchange based applications will

be discussed briefly in the following sections.
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Solution of salt
containing other

anion . After few days
Crystals of Crystals in solution Anion exchanged
cationic CP crystals

Anion exchange method in coordination polymers

Figure 1.8: Schematic representation showing anion exchange method at room temperature.

1.3.1.2.1. Applications of anion exchange:

1.3.1.2.1. a. Removal of unwanted anions:

Various industrial wastes contain oxo-anions like ClO4~, CrO,*", Cr,0/*", PO,*, AsO,*, MnO,",
ReO, , TcO4  which are known to cause serious health problems.** Moreover, these anions
dissolve in water and are responsible for water pollution t00.*® Apart from those oxo-anions,
other anions, like SCN™~, N3~ and N(CN),™ are also known as hazardous. To address this problem,
various anion exchangeable materials such as resins, inorganic materials have been used for the
exchange and trapping of such unwanted anions. But poor selectivity, slow rate of exchange and
their high cost confine their further use. Hence, it is primarily important to develop efficient
materials for trapping and exchanging of those hazardous anions. Cationic CP with exchangeable
free anions is one of the important classes of materials which might be fruitful for this purpose.
Recently, various cationic CPs have been exploited for the effective encapsulation and exchange
of such anions.* Further improvements in this context are urgently necessary towards the real

time applications.

1.3.1.2.1. b. Anion sensing:
Conjugated N-donor ligands when combine with d*® metal nodes, they are generally found to

form luminescent cationic CPs. Such luminescent cationic CPs are very useful in sensing

applications. Free anions present in such networks could be exchanged with other anions of

9
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different electronic properties which lead to physical changes in the host systems. Luminescence
nature of the host (parent) framework considerably changes upon the exchange phenomena to
provide a detectable optical signal for the anion. Few cationic CPs have been proposed to exhibit
as solid state anion sensor materials. In a recent report, Wang et al. showed the detection of
Cr,0/% (heavy oxo-anion) by a Ag(l)-based cationic CP.*” Dong and co-workers found a Cd(I1)
based cationic CP which behaved as switchable luminescent materials in response to various
anions.® Our group came up with a Zn(Il) based cationic CP which showed differences in
emission profiles with changes in anions.*** Though such strategies are very effective for
developing a anion sensory materials but this is still in nascent stage, and require much more
inputs to find out precise detailed mechanisms behind luminescence changes upon exchange
phenomena with various anions. Apart from this luminescence read out, visual colour changes
are considered to be the most effective and simple tool for detecting a species. In this respect,
cationic CPs composed of colored transition metal ions and/or photochemically active
conjugated organic linkers provide a platform for naked eye anion recognition. Substitution of
free anions with other anions in such host matrices leads to various exchanged adducts which are
easily differentiable in ambient conditions through visual color changes. Recently, a number of
cationic CPs has been shown to display such naked eye colorimetric anion sensing

behavior. %23

1.3.1.3. Dynamic behavior of cationic CP:

Cationic CPs are very often found to show structural dynamism. Such frameworks generally
respond to different kinds of chemical and physical stimuli to bring out structural changes.®* A
list of stimuli such as anions, guests (free or coordinated) and light as physical stimuli are known
to render such flexibility. To understand such dynamic materials in depth, it is very important to
know each phase in molecular level. Single-crystal-to-single-crystal (SCSC) transformation
technique has been extensively used to elucidate such minute changes.”® Such systems show
supreme host-guest interactions, and manifest very important functions, like chemical separation,
magnetism, sensing etc.** Over the years, several cationic CPs have been reported which
depicted such structural flexibility. Very recently in a review article, a comprehensive discussion
about various exogenous stimuli has been made, which causes structural changes in similar

systems (Figure 1.9).%
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Physical Stimuli Coordinated
Guest Removal

Molecular Sliding or

Squeezing

Reorganization

Reconstitution of

Free Neutral Weakly Coordinated  the coordination
Guest or Free Anion space

Swelling or Shrinking

Exogenous Stimuli Driven Flexibility in Neutral N-donor Ligand Based CPs

Figure 1.9: Schematic representation of structural dynamism for cationic CP.*?

1.3.2. Anionic coordination polymers:
Such species have negatively charged network and positively charged extra-framework cations
in the lattice (Figure 1.9.1).

Anionic CP with exchangeable cation

Scheme 1.9.1: Schematic representation of anionic CP with exchangeable free cations.

Such extra-framework cations are often found to provide additional functionality to the overall
CP. Due to this supplementary framework functionality, anionic CPs have been observed to

serve several potential applications like separations of gases, drug delivery, catalysis, NLO,

11



Chapter 12016

chemical sensing, proton conduction etc.***® Among them, proton conducting aspect related to
the thesis will be further discussed separately in the following section. Moreover, exchanging of

these cations with other cations leads to chemical and physical perturbation of the host systems.

1.3.2.1. Design strategies of anionic coordination polymers:

Metal ions like Cd(l1), Zn(1l) and In(111), when react with multidentate bridging organic ligands
such as oxalate, formate etc. in presence of DMF or DEF under solvothermal conditions,
generally they produce anionic CPs. Hydrolysis of solvents DMF or DEF provides dimethyl
amine (DMA) or DEA (diethyl amine), which are generally occluded in the anionic CPs for the
purpose of network charge balance.** Moreover, anions like sulphate, phosphate, and carbonate

are used to form anionic CPs during the combination with metal salts (Figure 1.9.2).°

e OH 0]
I \
-
HO” O _O/\C\) ° A
[\/|+A o Organic amine :
\\ Or =
P = solvent b
_o/ e hydrolysis ‘a®
D 18 —e

Anionic CP

Figure 1.9.2: Schematic representation showing design synthesis of anionic CP.

Polar organic cations, other inorganic cations, and or DMA / DEA from solvent hydrolysis do
get involved as extra-framework cations. It is not very straightforward to construct such anionic

CPs and largely depends on the reaction conditions.

1.3.2.2. Proton conducting applications:

Solid state proton conducting materials are generally used in hydrogen fuel cells.?* Nafion, a
fluorinated sulfonic acid based organic polymer material is being extensively utilized as proton
conducting membrane.*® Sulfonic acid part of this membrane provides the proton source and
requires humid conditions for conducting the proton. This means that Nafion works at only low

temperatures and at high temperatures, it is ineffective. Apart from this, its lack of long range

12
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order does not allow to understand the molecular level conduction mechanisms. PCPs are
considered one of the best materials which can easily overcome the drawbacks of Nafion. It has
been well documented in the literature that anionic CPs with protonated amine cations (extra -
framework cation), and carrier molecules (such as water) are very effective in conducting proton
(Figure 1.9.3). Here, protonated amine cations (e.g. ammonium, imidazolium, benzimidazole
cation) act as proton sources, and are usually hydrogen bonded with the carrier molecules to

conduct proton. *** %

e Anionic
network

2 Ammonium
cation

Proton conductive anionic CP

Figure 1.9.3: Proton conducting anionic CP showing ammonium cation, hydrogen bonded with

water molecules.*™

Recently, our group came up with a Zn-oxalate based anionic CP, which conducts proton in both
hydrous as well anhydrous conditions.*® The CP contains dimethyl ammonium cations which are
strongly hydrogen bonded with sulphate anions to provide a conductive pathway. In another
report, S. Kitagawa et al. showed the use of a Zn-phosphate based anionic CP bearing
benzimidazolium cation as a solid state proton conductor.”* H. Kitagawa and co-workers have
shown several oxalate based anionic CPs, which behave as proton conducting solids.*¥* 47 4
Hence, designing an anionic CP with rational choice of extra-framework cation is very crucial,

and simultaneously important towards the fabrication of solid state proton conductors.
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1.4. Overview of the thesis:

In chapter 2, a simple Schiff based ligand with metal binding pyridyl functionality have been
utilized for constructing cationic CP, and its anion exchange behavior along with structural
dynamism have been further investigated.

In the next (3") chapter, | have used a newly designed N-donor ligand with bichelating sites to
fabricate a cationic CP with free anions in it. Modulation in luminescence properties of the
framework in presence of varied anions has been extensively studied. SCSC technique has been
used for the understanding of dynamic behaviour of the cationic framework.

In 4™ chapter, homochiral nature of a cationic CP has been studied. Moreover, effects of extra -
framework anions on framework homochirality have been investigated with the help of solid
state CD spectra.

In chapter 5, an anionic CP has been designed based on a metal-sulfate chain, bearing charge
balancing protonated melamine cations. Rational integration of these protonated melamine
cations and array of water molecules in the anionic CP do conduct proton under humid condition.

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

Guest molecules in the coordination space have found a profound role in directing the structures
of metal-organic frameworks (MOFs) / porous coordination polymers (PCPs).! Especially in the
domain of dynamic CPs, the guest molecules residing in the porous aperture can regulate
structures to impart flexibility to the framework.? Soft porous CPs are well known to exhibit such
guest dependent structural dynamism.?** Moreover, the framework flexibility may depend upon
the nature of guest molecules. CPs entrapping high boiling solvent often show extrinsic dynamic
nature, as an external stimuli like high temperature is required for conveying these molecules out
of the framework.® On the other hand, presence of low boiling guests in a framework may
generate inherent framework flexibility which forbids the necessity of an external stimuli, except
air-drying conditions.” Particularly, manifestation of structural dynamism/flexibility by cationic
CPs is very easy compared to other CPs.**® By employing appropriate low-boiling solvent
systems for synthesis, the combination of a neutral N-donor ligand with metal ions yields
cationic CPs which usually are occluded with low boiling solvents and extra framework anions.’
On keeping such CPs away from mother liquor, the confined guests may easily leave the
framework and create the possibility of structural changes in the system. Such structural
modulations upon guest removal at room temperature renders inherent dynamism to the cationic
CPs.>* Recently, we have demonstrated the guest dependent dynamic behaviour of few
cationic CPs.>®® Such structural modifications can be well understood from their single-crystal-
to-single-crystal (SCSC) transformation studies.?®® In addition to these guest induced effects,
extra framework anions of such cationic CPs can also be exchanged with foreign anions of
varying size, shape and coordinating tendencies.”"®'° Substitution of such anions with other
anions may also lead to structural and physical changes of the host systems.® ¢!

Here, in this chapter, a three dimensional (3D) cationic CP has been reported which is built from
a neutral N-donor ligand (L) and Cd (I1), CIO4  anions and free guests. The framework displays
inherent structural dynamism through the loss of guest solvent molecules upon air-drying. The
guest dependent structural changes have been well understood from the SCSC transformation
studies (Scheme 2.1). The extra framework anions in the compound can be easily exchanged
with other anions of different sizes and coordinating tendencies. The compound also shows anion

dependent structural dynamism.
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Transformation

3D Framework 2D Sheets

Scheme 2.1. Schematic representation of guest driven dynamic structural transformation from a
3D framework to a 2D sheet.

2.2. Experimental Section:

2.2.1. General remarks:

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

further purification.

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

on Bruker D8 Advanced X-Ray diffractometer at room temperature using Cu-Ko radiation (A=
1.5406 A) with a scan speed of 0.5° min™ and a step size of 0.01° in 2 theta. Thermogravimetric
analysis was recorded on Perkin-Elmer STA 6000, TGA analyser under N, atmosphere with
heating rate of 10° C/min. FT-IR spectra were recorded on NICOLET 6700 FT-IR
Spectrophotometer using KBr Pellets.

2.2.1.3. X-ray Structural Studies: Single-crystal X-ray data of compound 1 and compound 2

were collected at 100 K on a Bruker KAPPA APEX Il CCD Duo diffractometer (operated at
1500 W power: 50 kV, 30 mA) using graphite-monochromated Mo Ka radiation (A = 0.71073
A). Crystal was on nylon CryolLoops (Hampton Research) with Paraton-N (Hampton Research)
oil. The data integration and reduction were processed with SAINT*? software. A multi-scan
absorption correction was applied to the collected reflections. The structure was solved by the
direct method using SHELXTL™ and was refined on F* by full-matrix least-squares technique
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using the SHELXL-97* program package within the WINGX*® programme. All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were located in successive difference
Fourier maps and they were treated as riding atoms using SHELXL default parameters. The
structures were examined using the Adsym subroutine of PLATON®® to assure that no additional
symmetry could be applied to the models. Appendix 2.1-2.2 indicate crystallographic data of
compound 1 (CCDC-1044688) and 2 (CCDC-1044689), which can be obtained free of charge

from The Cambridge Crystallographic Data Centre (via www.ccdc.cam.ac.uk/data_request/cif.).

2.2.2. Synthesis:

2.2.2.a Synthesis of Compound 1: DCM solution of the ligand (21 mg, 1mL) was taken into

a glass tube onto which was poured tetrahydrofuran (THF) (1 ml) above which was layered
methanolic solution of Cd(ClO,),.xH,0 (31 mg, 1mL). Rod Shaped yellow crystals suitable for
X-ray studies were obtained after 15 days in 70 % yield. SQUEEZE routine of PLATON has

been used to remove highly disordered guest molecules in compound 1.

2.2.2. b Synthesis of Compound 2 : When parent crystals are being taken out from the mother

liquor and kept in open air for about 2 hrs; it gives rise to another type of crystal (confirmed by
single x-ray studies).

Elemental analysis (%) calcd for C,g H3, Ng Cd; Cl, O11: C 40.00, H 3.84, N 13.52. Found: C
40.92, H 3.98, N 13.86.

2.2.3 Anion exchange study: Single crystals of compound 1 were separately dipped in

aqueous solutions (1 mmol/10 mL H,0) of NaN3 and KSCN for about 7 days at RT which
yielded the anion exchanged product. The products were characterized by FT-IR, PXRD.

2.2.4 Anion selectivity study (Separation of N3 and SCN ): Single crystals of compound 1

were separately dipped in aqueous solutions (10 mL) of equimolar NaN3 (1 mmol) and KSCN
(Immol) for about 7 days at RT, giving rise to the anion exchange products, characterized by FT-

IR spectra.

2.3. Result and discussions:
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Reaction of ligand*’ (1, 4-bis (4-pyridyl)-2, 3-diaza-1, 3-butadiene) with Cd(CIO4)2.xH,0 in a
solvent combination of CH,CI,/ tetrahydrofuran /methanol gave yellow colored rod shaped
crystals of compound 1 [{Cd(L)3.(ClO4).}XxG]n (where G are disordered low boiling solvent

molecules) (Figure 2.1).

Cd(ClO4)z

\ /7 -

Slow diffusion
DCM / THF / MeOH

N-donor figand (L) [{Cd(L)3.(CI04)2}.XGln (1)

Figure 2.1. Synthetic scheme of the cationic CP 1.

The compound 1 formed 3D kagome like structure with 1D porous channel as revealed from the
single-crystal structural analysis. A very interesting aspect of compound 1 is that crystals of 1
undergo drastic structural transformation upon air drying without losing their single-crystalline
nature. Single-crystal analysis of the new phase showed a remarkable one step dimensionality
reduction to form a two-dimensional (2D) sheets like structure
2[{Cd(L)2(OH,)2.(CIO4)2}.(THF)]n. A drastic lowering in unit cell volume also supports the
formation of non porous structure (2) from the porous (1) parent framework. It is very interesting
to note that low boiling guests easily come out from the framework (1) without any external
stimuli like temperature, pressure and lead to the guest driven inherent dynamic nature of the
cationic framework (1) (Figure 2.2). A single-crystal X-ray diffraction study (SC-XRD)
revealed that compound 1 crystallizes in trigonal crystal system with space group R-3c
(Appendix 2.1). An asymmetric unit of compound 1 contains half Cd(lIl), one and half ligands
(L) , one ClO,4 anion and disordered solvent molecules (Figure 2.3). SQUEEZE routine of

PLATON has been used to remove highly disordered guest molecules in compound 1.Each
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Cd(Il) shows connections with six N-pyridyl moieties of six different ligands forming a six
coordinated distorted octahedral geometry. Each ligand connects two metal centres via its
terminal N-pyridyl functionality to form an extended 3D cationic structure. Single net packing of
the compound results in a kagome like structure with 1D pore channel along ¢ axis (Figure
2.4a).

Figure 2.2. Crystals image of compound 1 and 2 respectively (crystals have taken from the same
batch reaction).

Out of six ligands in a complete set of coordination of a metal centre, two shows trans geometry
and four of them exhibit distorted cis geometry. Thus the overall packing of 1 shows the

presence of free CIO4 anions in the interstitial voids of the cationic framework (Figure 2.4b).

Figure 2.3. Asymmetric unit of compound 1(color code: Carbon; light grey,
nitrogen;blue,oxygen;red,chlorine;green,cadmium;light green).

SCSC structural transformation revealed abrupt changes in crystal system (monoclinic) in
compound 2 from 1 (Appendix 2.2). Complete single -crystal structural analysis of 2 shows

formation of 2D cationic sheets with free CIO,™ anions in the framework lattice (Figure 2.5 &
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Appendix 2.3). It is very worth noting that two coordinated ligands in 1 are being replaced by
two water molecules in 2 leading to reduction of dimensionality by one step (3D—2D) resulting
the formation of 2D sheets like structure (Figure 2.6). In order to obtain the stable phase of
compound 1, solvent exchange experiments were carried out with other non-coordinating
solvents. But, it has been found that, 1 remains stable in solvents / mother liquor only and

irreversibly transformed to 2nd phase upon removal from the solvent.

Figure 2.4. a) Single net packing of compound 1 along c axis. b) Perspective view of overall
packing of compound (1) along c axis (free solvent molecules are hidden).

Close examination of structure of 2 shows that two ligands orient in cis form and rest two are

intrans form around each Cd(ll) centre. Moreover, oxygen atom of CIO, anion forms H-bonds

Figure 2.5. 2D cationic net with free ClIO,™ anions in compound 2 (color code: Carbon; light
grey, nitrogen;blue,oxygen;orange,chlorine;green,cadmium;light green).

with coordinated water molecules. In addition, Guest THF molecules in the structure are found to

form various non-covalent interactions with C-H, ClO, anions and coordinated water molecules.
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Figure 2.6. Guest driven structural transformation upon air drying from 1 (3D) to 2(2D) ( Free
solvent molecules are hidden) (color code; Carbon: grey, oxygen: red, nitrogen: blue, chlorine:

yellow, cadmium: green).

Powder X-ray diffraction (PXRD) patterns of 2 show that it is stable at room temperature as

evident from variable time PXRD (Figure 2.7).

h I I I I 2 Simulated
ﬁ H 2 As-made 24h
2 As-made 3h
ﬂ H 2 As-made 2h
1 simulated
,ll A A

T T T T T T T T T
5 10 15 20 25 30
2 theta

Intensity / a.u.

Figure 2.7. Time dependent powder X-ray diffraction (PXRD) patterns of compound 2.
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It is very important to note that 1 upon air drying changed to 2 by partial loss of guest molecules.
Due to presence of such above mentioned non-covalent interactions between THF and
framework, compound 2 is stable and does not lose any further guests on standing at room

temperature (Figure 2.8).

Figure 2.8. Overall packing of compound 2 along c axis with free tetrahydrofuran as guests
shown in CPK model (color code; Carbon: grey, oxygen: orange, nitrogen: blue, chlorine:
green, cadmium: dark green).

Thermogravimetric analysis (TGA) of 2 shows ~ 8% wt loss around 100°C and does not show

any further wt loss up to 290°C (Figure 2.9).

100 200 300 400 500 600
Temperature / °C —=

Figure 2.9. TGA plot of compound 2.

27



Chapter 2| 2016

Framework dynamic behaviour was also observed during the replacement of host anions by
some incursive anions of different sizes, shapes and coordinating tendencies. From the above
structural description it is evident that compound 2 contain free CIO,™ anions in its lattice. To
inspect the anion-driven framework’s dynamic behaviour anion exchange experiments were
performed. Strongly coordinating anions (viz. N3~ and SCN") of different sizes and shapes have
been chosen. In a typical experiment, crystals of compound 2 were separately dipped in agueous
solution of NaN3; and KSCN for about ~7 days. FTIR spectroscopic tool was utilized to monitor
the anion—-exchange studies. It showed complete replacement of anions by incursive anions took
place in ~ 7 days. Strong bands related to CIO;~ (~1100 cm™) in compound 2 almost completely
vanished and in place new bands appeared at ~2050 cm™ for 25N;~ and at ~ 2080 cm™ for

2>5SCN™ respectively (Figure 2.9.1).

Transmittance / a.u.

éo
clo,

Y T v T y T T T v
3000 2500 2000 1500 1000 500
-~——Wavenumber / cm’™

Figure 2.9.1. FTIR spectra of compound 2 and its various anion exchanged products with
highlighted bands of corresponding anions.

The exchanged compounds (2oNj3;~ and 2>SCN™) showed differences in PXRD patterns
compared to compound 2 (Figure 2.9.2) Such differential PXRD patterns emerge owing to the
different coordinating tendencies, size and shapes of foreign anions suggesting dynamic nature
of the framework (Appendix 2.4). During the course of anion exchange | made several attempts

to get X-ray quality single crystals of exchanged compounds, but unfortunately I was unable to
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obtain the same (Appendix 2.5). During the course of anion exchange, | observed that the

supernatant solution of

2= SCN

S, |
© || II I|I | || A ) 2> N:‘
—_— \n n A A
- | I\VJII (W l‘\.—'\JNﬂ'\\_\_’d-\.“II | / S A\
‘®
E 2 As-made
c

L I I I I 2 simulated

' T . T v T T T T

5 10 15 20 25 30

2 theta

Figure 2.9.2. PXRD patterns of various anion exchange solids of compound 2.

individual anion precursor remain colorless and transparent indicating CP particles did not
dissolve and recrystallize from the solvent. Owing to the differential PXRD patterns of anion
exchanged products, the compound shows anion-responsive structural dynamism. Reversibility
of the anion exchange experiment was also performed by taking a NaClO, solution
(ImM/10mL H,0). No strong bands at~ 1100 cm™ for ClO,~ appeared in re exchanged products
as revealed in FTIR spectra indicating reversibility could not be achieved in these cases.
Encapsulation of a particular anion by a cationic moiety in presence of other competing anions is
very important. Hence to perform the guest anion affinity by cationic framework 2, | investigate
anion exchange experiment by taking binary mixture of anions: N3/ SCN™. In a representative
experiment, crystals of compound 2 were immersed in aqueous solution of equimolar mixtures of
NaN3; and KSCN. An investigation of FTIR spectra showed a strong band related to SCN™ at ~
2080 cm™ suggesting preferential uptake of SCN™ over N5~ (Figure 2.9.3).
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Figure 2.9.3. FTIR spectra of different binary mixtures of anions of compound 2.

2.4. Conclusion:

To conclude, a 3D cationic CP has been synthesized using a N-donor ligand. The cationic CP
showed inherent dynamic behaviour owing to the loss of low boiling solvent at room
temperature. Guest driven dynamic behaviour of the cationic framework has been well validated
by SCSC transformation experiment. Apart from the guest driven dynamic behaviour, the
cationic CP also exhibited anion-responsive structural dynamism. The compound showed easy
anion—exchange behaviour with strongly coordinating anions of different sizes and shapes in
aqueous medium. Moreover, different guest anion-affinity was also achieved with the cationic

framework.
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3.1. Introduction:

Microporous metal-organic frameworks (MOFs)/coordination polymers (CPs) are of great
current interest, not only due to their fascinating architectures, but also due to their wide range of
potential applications especially in gas storage, chemical separation, drug delivery, catalysis,
enantioseparation, optical properties, chemosensing etc.* Mostly second generation rigid porous
materials showed exotic results in the aforementioned areas with their intact stable and rigid
porosity of the overall framework.? Recently, Kitagawa and others explored the third generation
soft materials and their advantages over the rigid porous frameworks.® Guest responsive
structural dynamism is particularly very important to study such kind of materials. Flexible soft
porous materials are sensitive to the chemical environment and undergo structural variations
depending upon the nature of guest molecules inside the framework.* Among various CPs,
cationic CPs have advantages over others to design dynamic frameworks. Cationic CPs are often
made with neutral ligands and metal ions, so extra-framework anions usually occupy the
framework void or remains weakly coordinated to the metal centers.’> Exchanging anions inside
the framework with other anions of different shape and size may lead to structural changes along
with their physical properties.® Luminescent CPs with switchable properties are of great interest
due to their potential applications in chemical sensors.” Luminescent cationic CP with extra
framework anions may give us a dynamic framework and tunable luminescent behavior by
exchanging framework anions with other foreign anions of different shape, size and coordinating
nature. Until now, great progress has been made on separation and other properties of dynamic
frameworks, but luminescent response to guest molecules/anions are rarely reported with
structural dynamism.®

Here, in this chapter, | report a porous CP made of one-dimensional (1D) coordination polymers
of Zn" and a newly designed neutral N-donor organic ligand (L) with extra-framework nitrate
anions, which feature interesting guest and anion dependent structural dynamism. Dynamic
structural behavior has been demonstrated by single-crystal-to-single-crystal (SCSC) structural
transformation. The compound shows slow opening of the framework upon guest inclusion, and
size selective sorption of hydrophobic guest molecules. Anions of the framework are easily
exchangeable, and the compound shows interesting anion responsive tunable luminescent

behaviors.
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3.2. Experimental Section:

3.2.1. General remarks:

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

further purification.

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

on Bruker D8 Advanced X-Ray diffractometer at room temperature using Cu-Ko radiation (A=
1.5406 A) with a scan speed of 0.5° min™ and a step size of 0.01° in 2 theta. Thermogravimetric
analysis was recorded on Perkin-Elmer STA 6000, TGA analyser under N, atmosphere with
heating rate of 10° C/min. FT-IR spectra were recorded on NICOLET 6700 FT-IR
Spectrophotometer using KBr Pellets. The solid state fluorescence spectra were recorded on

Fluorolog 3.

3.2.1.3. X-ray Structural Studies: Single-crystal X-ray data of compound 1a and compound 1

were collected at 150 K on a Bruker KAPPA APEX Il CCD Duo diffractometer (operated at
1500 W power: 50 kV, 30 mA) using graphite-monochromated Mo Ka radiation (A = 0.71073
A). Crystal was on nylon cryoLoops (Hampton Research) with Paraton-N (Hampton Research)
oil. The data integration and reduction were processed with SAINT ° software. A multi-scan
absorption correction was applied to the collected reflections. The structure was solved by the
direct method using SHELXTL' and was refined on F 2 by full-matrix least-squares technique,
using the SHELXL-97* program package within the WINGX*? programme. All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were located in successive difference
Fourier maps and they were treated as riding atoms using SHELXL default parameters. The
structures were examined using the Adsym subroutine of PLATON®? to assure that no additional
symmetry could be applied to the models. Appendix 3.1-3.2 indicates crystallographic data of
compound la (CCDC-883148) and 1 (CCDC-883147), which can be obtained free of charge
from The Cambridge Crystallographic Data Centre (via www.ccdc.cam.ac.uk/data_request/cif.).

3.2.2. Synthesis:
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3.2.2.1 Synthesis of Ligand L: The condensation of 4,4'-Ethylenedianiline (5gm, 0.0235 mol)

& 2-pyridine carboxaldehyde (5.034 gm, 0.047 mol) in (1:1) mixture of EtOH & MeOH for
about 3 hrs at 70 °C gives rise to light yellow ppt. The ppt formed, filtered off, washed with
EtOH and MeOH, dried under vacuum to afford 7gm of light yellow solid (Figure 3.1). For
CaH22N4: C, 79.89; H, 5.67; N, 14.33; found: C, 80.40; H, 5.07; N, 14.52. Yield: 76%.

'"H-NMR (400 MHz , DMSO-ds): & 8.68 (d, J=3.6Hz,2H),5 8.57 (s,2H),5 8.12 (d,J=7.8Hz,2H),5
7.92 (t,J=7.3Hz,2H).8 7.49 (t, J=6.0Hz,2H),5 7.28 (q, J=7.2Hz,8H), & 2.91 (s, 4H) (Appendix
3.3). ¥ C NMR: 160.5,154.7,150.2,148.7,140.9,137.6,129.9,126.1,121.7,121.6,37.0 (Appendix
3.4). HRMS (ESI): Calc. for CogHa3 Ny [M+H]": 391.1922; Found: 391.1924.

=N

_ ® -,
N:j + EtOH : MeOH

(1:1)

g Reflux Q

NH, LigandL |
2/ N

Figure 3.1. Schematic representation of the ligand L.

3.2.2.2 Synthesis of Compound 1a: DCM solution of the ligand (39 mg, 1mL) was taken

into a glass tube, onto that benzene(1mL) carefully layered and over the benzene layer MeOH
solution of Zn(NO3),.6H,0 (29.74 mg, 1mL) very carefully layered. Rod like yellow crystals

suitable for X-ray studies were obtained after 15 days in 60 % yield.

3.2.2. 3 Synthesis of Compound 1 : When parent crystals are being taken out from the mother

liquor and kept in open air for about 1.5 hrs; it gives rise to another type crystals (confirmed by
single X-ray studies) compound 1.FT-IR(KBr pellet, cm™): 3406.42(m), 2921.91(w),
1630.18(w), 1599.65(m), 1502.91(w), 1384.21(s), 1156.59(w), 1101.12(w), 1019.91(m),
907.19(m), 847.26(m), 775.34(m), 639.08(m), 564.10(m).

3.2.3 Anion exchange study: Solid powder of compound 1 was stirred very slowly in

methanolic solutions (1 mmol/10 mL MeOH) of NaNj;, KSCN, NaClO, and NaN(CN),
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respectively for about 5 days at RT giving rise to the anion exchange product, and characterized

by FT-IR, PXRD and solid- state emission spectra.

3.2.4 Reversibility study: Each solid powder of the exchanged compounds was stirred very

slowly in separate methanolic solution (10 mL) of tetra butyl ammonium nitrate of two different
concentration (0.5 mmol & 1.0 mmol) for about 5 days at RT , filtered off, washed with MeOH
several times, and characterized by FT-IR.

3.2.5 Anion selectivity study

3.2.5 a Separation of N3 and SCN based on 1: Solid powder of compound 1 was stirred

very slowly in methanolic solution (10 mL) of equimolar NaN3 (1 mmol) and KSCN (1 mmol)
for about 5 days at RT, giving rise to the anion exchange product, and characterized by FT-IR

spectra.

3.2.5 b Separation N3~ and ClO4- based on 1: Solid powder of compound 1 was stirred very

slowly in methanolic solution (10mL) of equimolar NaN3 (1mmol) and NaClO, (Immol) for
about 5 days at RT, giving rise to the anion exchange product, and characterized by FT-IR
spectra.

For CIO4/N(CN);,, SCN/N(CN); and N3 /N(CN),” combinations, similar experiment was
carried out; exchanged products characterized by FT-IR spectra.

3.2.6 Solvent exposure study: Solid powder of compound 1 was exposed to different low

boiling solvents (MeOH, EtOH, ACN, Acetone etc) for about 7days and characterized by PXRD.

3.2.7 Sorption Measurements: Solvent sorption measurements were performed using

BelSorpmax (Bel Japan). All of the solvents used were of 99.99% purity. The dehydrated sample
was obtained by heating as-made sample at 120 °C under vacuum for 3h, and the dehydration
was confirmed by TGA and PXRD. Prior to adsorption measurement, the dehydrated sample was
pretreated at 120 °C under vacuum for 3h using Bel Prepvacll, and purged with N, on cooling.
Low pressure gas sorption measurements were performed using Bel Sorpmax (Bel Japan). All of
the gases used were of 99.999% purity.

3.3. Result and discussions:
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The combination of L and Zn(NOgs), in CH,CIl,/MeOH and benzene solvent system afforded
yellow colored rod shaped single-crystals of compound la [{Zn(L)(MeOH),}(NO3),-xG],
(Where G is disordered guest molecules). Single-crystal analysis of the complex revealed the
formation of a 1D chain structure. These 1D chains are hydrogen bonded with other chains
through uncoordinated anions and solvent molecules leading to H-bonded 3D structure with 1D
pore channels. A noteworthy feature of the compound 1a is that, when crystals of 1a were left
out of mother liquor at room temperature for one hour, it showed drastic structural
transformation of the network, without losing crystalline nature. Single-crystal analysis of those
crystals revealed large differences in unit-cell parameters and complete structural analysis
showed that two coordinated MeOH solvent molecules with each Zn" escaped, and were
replaced by two H,O molecules to form a new phase 1 [{Zn(L)(H20),}(NOs3).-2H,0],. Although
the coordination network of complexes 1a and 1 are very similar but overall structure, shape and
size of channels are very different (Figure 3.2). Single-crystal X-ray diffraction (SC-XRD) study
revealed that compound 1a crystallized in monoclinic system, space group C2/c (Appendix 3.1).
The asymmetric unit of 1a consists of one-half of each Zn" and L, one coordinated methanol,
one disordered nitrate anion and disordered solvents. Each metal ion exhibited six coordinated
distorted octahedral geometry with N4O, donor set, bonding from two different L with four
nitrogen coordinating sites and rest two coordinating sites were occupied by two coordinated

methanol molecules. The Zn"-N (pyridine), Zn"-N (aliphatic) and Zn"-0O distances are

Figure 3.2. Crystal structures of compound la (above) and 1 (below) showing coordination
environment (left) and overall framework (right ).
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2.156(3), 2.217(3) and 2.081(3) A respectively. At both sides of the L, nitrogen atom from the
ortho position of the aromatic ring and one aliphatic N-atom binds to Zn" in bidentate fashion.
Coordination from both sides of the ligand L extended the structure to a 1D chain in zigzag

manner (Figure 3.3).

Figure 3.3. 1D chain of both the compounds showing coordination environment around the
metal centre; compound la (top); compound 1 (bottom) (colour code; carbon: gray, oxygen:

red, nitrogen: blue, zinc: orange).

Packing diagram of the cationic chains of compound 1a forms 1D channel along c axis, which
encapsulates disordered nitrates and solvent molecules. SCSC transformation analysis revealed
that crystal system of compound 1 is same as that of la but space group changed to P2;/n
(Appendix 3.2). Coordination environment around the Zn" remains almost unchanged with
similar N4O; donor set but coordinated methanol solvents are now replaced by water molecules.
Bond lengths and angles around Zn" are also very similar. 3D packing structure of cationic
chains of 1 show that this compound also form a channel along crystallographic a axis, occupied
by free nitrates and uncoordinated water molecules. Coordinated water molecules form strong H-
bonding with free nitrates and free water molecules, leading to H-bonded 3D structure.
Interestingly, close examination of both the structures revealed that during structural
transformation M-M-M angle for both the compounds are quite different and expanded from

101.09° (1a) to 106.61°(1) during structural transformation. This transformation leads to drastic
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change in the shape and size of 1D channel (Figure 3.4).

-
Air dried (1) J

Figure 3.4. Perspective views of the structural transformation between compound 1la and 1 (H
atoms and free solvent molecules are deleted for clarity).

Compound 1 is stable at room temperature in single crystal form for several hours, but in powder
form, compound is not stable in its original form and changes its structure with time in open air,
which is evident from the little variation of powder X-ray diffraction (PXRD) patterns of 1 at
different time intervals (Figure 3.5). Thermo-gravimetric analysis (TGA) of the powder sample
showed ~ 5% wt loss at around 120°C corresponding to ~2 H,O molecules per formula unit, and
further it is stable up to ~ 300°C (Figure 3.6). To check the dynamic behavior of the framework,
we studied guest inclusion behavior of the dehydrated phase in presence of other guest
molecules. In a typical experiment, 1 was exposed to different dry solvents for few days. PXRD
analysis revealed structural changes for different vapor exposed compounds, suggesting the
flexible behavior of the framework. For small hydrophobic guests (acetone, acetonitrile), PXRD

patterns are identical but different from PXRD pattern of 1, indicating new phases after guest
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inclusion. On the other hand, in presence of small hydrophilic guests (ethanol, methanol), similar
patterns were observed as that of 1 indicating structural similarity. It suggests different responses

of 1 towards two different types of guest molecules (Figure 3.7).

Jﬂ J ’I || }l ﬂ L ['lJ |“| 1 Experimental
~u l l || ‘ . 1 Simulated

1a Simulated

Intensity / a.u.

1 1 1 Ll Ll T
5 10 15 20 25 30 35 40
2 theta

Figure 3.5. PXRD patterns of (a) Simulated 1a, (b) Simulated 1, and (c) lexperimental.

To confirm the guest inclusion behavior, solvent sorption experiments were carried out with

hydrophobic and hydrophilic guests at 298K.

100 - Compound 1 airdried

% Wt

60

40 T T T T T T T
100 200 300 400
Temperature / °C

Figure 3.6. Thermogravimetric analysis profile of compound 1.
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The dehydrated or guest free phase (1°) was generated by heating 1 at 120°C for 3 hours to

remove guest H,O molecules. Dynamic behavior of the framework was very clear from solvent

sorption experiments. Small guest molecules of both types showed very similar sorption patterns.

Intensity / a.u.

‘ N ﬂ I “.\ 1o Acetone|

1= ACN|

|
_,\AJl L)!J|MMFILJWWIFIIJ |UIW_A_ i

1a Experimental

1a Simulated

5 10 15 20 25 30 35 4
2 theta

Figure 3.7. PXRD patterns of different vapor exposed samples of 1.

0

The sorption profiles increased slowly with little amount of sorption were observed below P/P, =

0.2, but which slowly increased with increasing pressure and all the profiles show hysteric

sorption behavior (Figure 3.8).

-
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Figure 3.8. Adsorption and desorption curves of hydrophobic and hydrophilic guest molecules

at 298 K.
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Among hydrophilic guest molecules, H,O showed highest amount uptake (~ 143 ml/gm),
whereas methanol (~93ml/gm), ethanol (~ 48ml/gm) showed lesser amount of uptake, which is
in accordance to the size of the guest molecules. Small and similar sized hrodrophobic guests
(acetonitrile and acetone) showed almost similar amount of uptake (~ 160ml/gm), but large
hydrophobic guest molecules (like benzene and cyclohexane) could not enter into the channels
due to the insufficient space inside the channels. Flexible nature of the framework is also
observed during anion exchange studies. As described above, the compound 1 has 1D channel
along ¢ axis filled with NO3; anions. To check the anion dependent structural dynamism, anion
exchange experiments has been performed. For this purpose, I used two types of anions: (1)
anions with weak or non-coordinating nature like ClO4 and N(CN), (Type-A), and (2) anions
having strong coordinating nature, like N3, SCN  (Type-B). Crystals of compound 1 were
immersed in separate methanolic solutions of excess NaN3, KSCN, NaClO, and NaN(CN),. |
monitored anion exchange experiments by FT-IR spectra. It was observed that it needed 5 days
for complete exchange of anions. FT-IR spectra of exchanged products showed strong bands
associated with exchanged anions and disappearance of bands for nitrate anion. Other peaks in
the spectra remain almost unchanged, suggesting that the framework of the complexes remain

intact after exchange process (Figure 3.9).

Transmittance / a.u.

af I . T L T ] I . T
3000 2500 2000 1500 1000 500
~—Wavenumber / cm’!

Figure 3.9. FTIR spectra of anion exchanged compounds with highlighted peak positions of the
corresponding anions.
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For compound 1 with NO3 anions inside the channels (designated as 1> NO; ) has a strong band
at1390 cm™ due to nitrate anion and this band almost completely disappeared in exchanged
products and new peaks appeared at ~2050 cm™ (1oN5 ) , ~2080 cm™ (1>SCN™), ~1100 cm™
(1oClO4 ), and at ~ 2160 cm™ (1oN(CN), ) as expected for different anions. Due to the
different shape, size and coordinating tendency, PXRD patterns of exchanged products are
different for each anion, showing the highly flexible nature of the framework. Due to the
dynamic nature, framework can easily adjust its channel dimension to encapsulate different guest
anions (Figure 3.9.1). Anion reversibility was performed in a two stage experiment with (0.5
mM/10 ml MeOH) and (1.0mM/10 ml MeOH) concentrations of tetrabuylammonium nitrate (see
experimental details). FT-IR spectra reveals that at 0.5mM/10mIMeOH concentration, CIO,
was completely exchanged by NOs , while no anion exchange was observed in the rest of the

three compounds.

Intensity / a.u.

1 Experimental

L U i ﬂhwml_k,;m h__h____

T
5 10 15 30 35 40

20 25
2 theta

Figure 3.9.1. PXRD patterns of various anion exchanged solids of compound 1.

In second stage of experiment; at concentration 1.0 mM/ 10ml MeOH, liitle exchange by NO3z
anion in 1oN(CN), was confirmed by the presence of NO; peak in the FT-IR spectrum and
slightly reduced peak intensity of the N(CN), was observed. On the other hand, for 1oN3; and
15SCN compounds, no NO3 uptake was observed suggesting the strong interactions of the
N3 , SCN anions with the framework. Whereas 1oCIO, is completely exchangeable as

previous one (Figure 3.9.2). Selective anion exchange experiment with the framework was
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checked by performing anion exchange experiments in several binary anionic mixtures. Five
different binary combinations were used to check affinity viz. N3 /SCN , N3 /CIO, ,
N3_/N(CN)2_, C|O4_/N(CN)2_ ,and SCN_/N(CN)Z_.

Transmittance
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-1
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A
b ® .
l_\_.' ~ oo, —ao,

\'e]
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Wavenumber(cm )

Figure 3.9.2. FTIR spectra of reversible anion exchange of compound 1; A) with 0.5mm conc. of

tetra butyl ammonium nitrate, B) with Imm conc. of tetra butyl ammonium nitrate.

In a typical experiment, crystals of 1 were immersed in methanolic solution of mixed anions
having equimolar concentrations (experimental details). The exchanged compounds were
further monitored by FT-IR analysis to check the preferencial exchange from the mixture.
Among the five combinations, N3 /SCN and N3 /CIO; showed the selective anion exchange
by the framework,where from first one it exchanged with SCN and from the another mixture, it
got exchanged with N3 (Figure 3.9.3). Rest of the three combinations showed the presence of
both the anions inside the framework with presence of their respective IR frequencies (Appendix
3.5-3.8). It is worth noting that, reversibile anion exchange of 1> SCN and 1> N3 with NO3;

could not be achieved due to effective coordinating tendency of the corresponding anions.
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Hence, above experiments reveal the order of affinity of guest anions for the framework is SCN
>Nz >N(CN), >ClO,4 (Figure 3.9.4).
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Figure 3.9.3. FTIR spectra of anion selectivity test; A) SCN ~ selectively adsorbed from N3 /

SCN mixture, B) N3~ taken up by the framework from N3/ CIO4 mixture.

This above order of affinity arises from several properties of anions like their size, shape,
geometry, their coordinating tendencies to Zn(ll), and also their different n-n interaction and
hydrogen bonding abilities with the framework. Anion exchanged materials showed interesting
anion-responsive luminescent behavior. Solid state UV absorptions were measured for all anion

exchanged compounds which showed almost very similar to the compound 1 (Figure 3.9.5).
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Figure 3.9.4. Schematic representation depicting anion selectivity from the combinations of
various anions.

Further to this, solid state emission spectra were recorded for powder samples at room
temperature for L, 1 and all anion exchanged compounds. Upon excitation at 394 nm, L shows
two emission bands, at 512 nm and 533 nm, L is weakly fluorescent compared to other samples.

100

1

1= Na-
gé 50+ 1= SCN°
1= ClOy
1= N(CN)y™
0 T T T T
400 500 600 700 800

Wavelength / nm ——

Figure 3.9.5. Reflectance spectra of compound 1 and various exchanged phases at room

temperature.
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1 showed an intense band at 541 nm with red shift with respect to L emission. This may be
attributed to the coordinating effect of L to the Zn". Anion exchanged compounds 15Ns
15SCN, 15N(CN), and 1oCIO, display broad peaks with intensity maxima at 514 nm, 542
nm, 543 nm and 536 nm respectively. 1oN3; exchanged compound showed a blue shift with

respect to L and 1 emission (Figure 3.9.6).

Intensity

450 500 550 600 650 700 750
Wavelength | nm

Figure 3.9.6. Solid state emission spectra of compound 1 and various exchanged phases at room

temperature.

In case of compound 1, n*-n or n*-n i.e. intraligand transitions are possible. The emission
intensity of exchanged compounds showed very drastic difference as compared to 1. For A type
anions exchanged compounds i.e. 1o5N(CN), and 1>ClO,4 , high fluorescence enhancement
observed (70.72 and 84.14% respectively), on the other hand considerable quenching was
observed for B-type anion exchanged compounds i.e. 1o5N3 and 15SCN ™ (29.53% and 80.36%
respectively)(Figure 3.9.7). Here, the reason for the order of observed luminescence changes
with the different anions are not very obvious, but probably due to the various electronic
interactions with the framework walls and Zn(ll) centre depending upon their size, shape,
geometry and coordinating tendencies. As ClIO, and the N(CN), are weakly coordinating so
they can accomodate in different places within the dynamic framework after exchange with
NO; , which may help to change the framework such way that intraligand interactions may

increase and subsequently it may enhance
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15N(CN);~
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Figure 3.9.7. Solid state anion exchange effects on the luminescence properties of 1; Al:
(ClO4) ; A2: N(CN)2 ; B1: N3 ; B2: SCN (top); Bar diagram showing % enhancement and
quenching with respect to 1(bottom).

the luminescence. In case of N3 and SCN , both can strongly coordinate with the Zn(ll) so after
coordination, it can make drastic structural change (also observed in PXRD Figure 3.9.1) which
may diminish intraligand interactions within the framework, and that may reduce luminiscence

intensity compared to compound 1.

3.4. Conclusion:

In conclusion, a dynamic luminescent cationic porous framework has been synthesized using a
newly designed chelating N-donor ligand. The compound shows guest as well as anion
dependent structural dynamic behavior. Guest dependent dynamic behavior has been
demonstrated by SCSC experiment. Anions of the compound lying in the channels are
completely exchangeable by other incursive anions. Depending upon anions nature complete

reversible, partial reversible and non reversible anion exchange was observed. Different kind of
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affinity of the anions toward the framework was observed. Anion exchanged compounds showed
interesting anion-responsive tunable luminescent properties, which might have important

biological and environmental applications.
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4.1. Introduction:

Homochiral coordination polymers (CPs) / metal-organic frameworks (MOFs) have found great
attention due to their potential applications in the field of enantioselective catalysis® and
separation. The synthetic schemes of the rational design of such homochiral frameworks can be
classified into three types: (1) spontaneous chiral resolution, (2) chiral induction, and (3) use of
enantiopure ligands. Chiral induction and use of enantiopure ligands are the common strategy to
generate homochiral frameworks.® Generation of spontaneous homochirality in CPs using achiral
ligands is seldom studied * and retention of the same in bulk phase is quite rare and challenging.
Additionally , it has been found that the judiciously chosen achiral N-donor ligand upon
coordination with metal ion enhances the chance to create homochiral framework. Employing
neutral N-donor ligands often imparts a cationic character to the framework.® Consequently, the
anions within the framework reside in the porous channels or are weakly coordinated to the
metal centers. Efficient substitution of these anions in the framework can aid in tuning the
functionality of the host system and often makes a framework dynamic.” Taking advantage of
such dynamism of a cationic homochiral framework, bulk phase homochirality can be tuned by
varying anions in the framework. Conjunction of d'® metal ion with neutral N-donor ligand
provides a luminescent cationic framework.® Anion-responsive tunable luminescence is a key
outcome of constructing such cationic matrices.”” Sorption behavior of these cationic
frameworks can also be tuned by exchanging host anions with other guest anions of different size
and shape owing to differential interactions with the incoming adsorptive guests.”® By combining
altogether in a single species a smart multifunctional material can be developed.’

It has been observed that 2,2"-pyridyl like functionality of a N-donor ligand affords helicity to
their packing which eventually yields an homochiral framework.”® Hence, strategically a N-
donor ligand of the above functionality has been chosen to generate a homochiral cationic
framework. In the present report, | have explored a cationic one dimensional (1D) coordination
polymer having six fold helices resulted to a homochiral framework. The framework is built
from an achiral neutral N-donor ligand (L) having 2,2"-pyridyl like coordination sites and zinc
nitrate, wherein, free nitrate ions are encapsulated in the voids of the resultant cationic
framework. The compound is found to exhibit bulk-phase homochirality. Facile exchange of the

size-selective non-coordinated anions in the parent compound could be accomplished, which has
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been demonstrated by solid state structural transformation based experiments. Interestingly, the
framework demonstrated retention of bulk-phase homochirality in the anion-exchanged
compounds. Framework has also been found to display anion responsive tunable luminescence

and size dependent guest inclusion behaviors (Figure 4.1).

N

Homochiral Homochiral

Figure 4.1. Schematic representation of anion-induced fluorescence enhancement in a SCSC

manner from compound 1> NO3™ (left) to compound 1> CIO4 (right) maintaining framework
homochirality.

4.2. Experimental Section:

4.2.1. General remarks:

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

further purification.

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

on Bruker D8 Advanced X-Ray diffractometer at room temperature using Cu-Ka radiation (A=
1.5406 A) with a scan speed of 0.5° min™ and a step size of 0.01° in 2 theta. Thermogravimetric
analysis was recorded on Perkin-Elmer STA 6000, TGA analyser under N, atmosphere with
heating rate of 10° C/min. FT-IR spectra were recorded on NICOLET 6700 FT-IR
Spectrophotometer using KBr Pellets. The solid state fluorescence spectra recorded on Fluorolog
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3. Solid state CD spectra were measured in JASCO J815 spectrometer in the range 600 nm — 200

nm.

4.2.1.3. X-ray Structural Studies: Single-crystal X-ray data of compound 1> NO; and

compound 1> CIO4 were collected at 150 K on a Bruker KAPPA APEX Il CCD Duo
diffractometer (operated at 1500 W power: 50 kV, 30 mA) using graphite-monochromated Mo
Ka radiation (A = 0.71073 A). Crystal was on nylon CryoLoops (Hampton Research) with
Paraton-N (Hampton Research) oil. The data integration and reduction were processed with
SAINT™ software. A multi-scan absorption correction was applied to the collected reflections.
The structure was solved by the direct method using SHELXTL'? and was refined on F? by full-
matrix least-squares technique using the SHELXL-97" program package within the WINGX**
programme. All non-hydrogen atoms were refined anisotropically. All hydrogen atoms were
located in successive difference Fourier maps and they were treated as riding atoms using
SHELXL default parameters. The structures were examined using the Adsym subroutine of

PLATON?® to assure that no additional symmetry could be applied to the models. Appendix 4.1-
4.2 indicate crystallographic data of compound 1> NO3; (CCDC-992985) and 1> ClO, (CCDC
992986), which can be obtained free of charge from The Cambridge Crystallographic Data

Centre (via www.ccdc.cam.ac.uk/data_request/cif.).

4.2.2. Synthesis:

4.2.2. 1 Synthesis of Compound 15 NO3 : DCM solution of the ligand (L) (39 mg, 1mL)

was taken into a glass tube, onto that benzene(1mL) was carefully layered and over the benzene
layer (1:9 H,O & EtOH) solution of Zn(NO3),.6H,O (29.74 mg, 1mL) was very carefully
layered. Block shaped yellow crystals suitable for X-ray studies were obtained after 15 days in
60 % yield. Compound 1> NOs . FT-IR(KBr pellet, cm™): 3431.90(m), 3035.84(w), 2927(w),
1764.52(w), 1592.94(m), 1512.07(m), 1381.31(s), 1199.90(w), 1156.82(w), 1106.93(w),
1019.26(m), 913.44(w), 826.52(m), 771.34(m), 644.36(w), 558.199(m). Elemental analysis (%)
calcd for Cy9 Hap Ng O30 Zn: C 50.5, H 4.49, N 12.19. Found: C 47.79, H 3.92, N 11.65.
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4.2.2. 3 Synthesis of Compound 1o CIO4 : Crystals of compound 1> NO3; dipped into an

aqueous solution (1 mmol/10 mL H,0) of NaClO4 for about 5 days to get compound 1> ClO,,

Confirmed from SC-XRD study. Elemental analysis (%) calcd for Cys Hzo N4y Cl; Oy Zn: C
42.92,H 4.16, N 7.70. Found: C 45.07, H 3.93, N 7.96.

4.2.2 Anion exchange study: Solid crystalline powder of compound 1> NO3; was slowly

stirred in aquous solutions (1 mmol/10 mL H,0) of NaN3, KSCN, NaN(CN),, NaClO,, NaBF,,
NaPFs and NaCF3;SOj; respectively for about 5 days at RT giving rise to the anion exchanged
product, characterized by FT-IR, XPRD, TGA, solid- state UV and solid-state emission spectra.
Elemental analysis (%) Found for 1o BF,4: C 46.54, H 3.37, N 8.04. For 15 PFs: C 46.2, H 3.35,
N 8.0. For 1o CF3SO3: C 47.01, H 2.9, N 7.60.

4.2.3 Anion selectivity study

4.2.3 a Separation of ClOs and BFs based on 15 NOs™: solid crystalline powder of

compound 1> NO3z was stirred very slowly in aqueous solution (10 mL) of equimolar NaClO,

(2 mmol) and NaBF,; (1 mmol) for about 5 days at RT giving rise to the anion exchanged

product, characterized by FT-IR spectra.
4.2.3 b Separation ClOs and CF3SOs; based on 15 NOs™ : solid crystalline powder of

compound 1> NO3z was stirred very slowly in methanolic solution (10mL) of equimolar NaClO,

(Immol) and NaCF3;SO5; (Lmmol) for about 5 days at RT, giving rise to the anion exchanged
products, characterized by FT-IR spectra.

For BF4 /PFs , PFg /CF3SO5; and CIO4 /PFs  combinations, similar experiment was carried
out, and exchanged products characterized by FT-IR spectra.

4.2.4 Solvent exposure study: Solid powder of compound 1’ was exposed to different

hydrophilic solvents (H,O, MeOH and EtOH etc) for about 7days, and characterized by PXRD.

4.2.5 Sorption Measurements: Solvent sorption measurements were performed using

BelSorpmax (Bel Japan). All of the solvents used were of 99.99% purity. The desolvated
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samples were obtained by heating compound 1> NO3~ and 1> CIO, ~ at 110 °C under vacuum
for 12hrs and the desolvation was confirmed by TGA and PXRD. Prior to adsorption
measurement the desolvated samples were pretreated at 110 °C under vacuum for 5h using Bel
Prepvacll and purged with N, on cooling. Low pressure gas sorption measurements were

performed using Bel Sorpmax (Bel Japan). All of the gases used were of 99.999% purity.

4.3. Result and discussions:

The combination of L™ (4,4'-(ethane-1,2-diyl)bis(N-(pyridin-2-ylmethylene)aniline) (Figure
4.2) and Zn(NOg), in a solvent system of CH,CIl,/EtOH, H,O and benzene yielded yellow
colored block-shaped single crystals of compound 1> NO3z  [{Zn(L)(OH3)2}(NO3),-XxG], (in
which G are disordered guest molecules) (Figure 4.3 and Appendix 4.3).

M

7 N
O r—
O

Achiral N-don and

Figure 4.2. Achiral N-donor ligand showing bichelating metal binding sites at both ends.

Single-crystal X-ray diffraction (SC-XRD) analysis revealed that 1> NO3 crystallized in chiral
hexagonal space group P6522 with a flack parameter of 0.06(3) (Appendix 4.1). Solid state CD
spectral analysis revealed that the overall framework is homochiral. Asymmetric unit of 15
NOs;~  contains one-half Zn", one-half L, one coordinated water, two disordered nitrate anions
(with half occupancy each), and disordered solvents (Appendix 4.4). Each metal ion is
octahedrally coordinated to four nitrogen atoms from two different L and two oxygen atoms of
two water molecules. The Zn(I1)-N(pyridine), Zn-N(aliphatic) , and Zn(Il)-O(water) distances
are 2.141(3), 2.226(3), and 2.091(3) A respectively. Two nitrogen atoms; one from ortho
position of aromatic ring and another from the aliphatic ring bind to Zn (Il) in a bidentate
fashion. Similarly, other two nitrogen atoms at the other side of the same ligand (L) bind to
another metal centre (Appendix 4.5). Twisted orientation around C-C single bond in the
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Free nitrate anion
L
])\,
Ay
L\.‘
Cationic subunit

Figure 4.3. Formula unit of compound 1>NO3 showing cationic subunit and free anions.

ligand structure is observed in the framework. As a matter of fact N,N-chelating donor sites at
both sides of the ligand anchor to each metal in a distorted syn conformation, and eventually
giving rise a helical arrangement to the structure. Thus extending the coordination at both ends of
the ligand furnishes an infinite 1D helical chain with pitch of 44.042A running along b axis
(Appendix 4.6). These 1D chains form H-bonds with like chains in the vicinity, via free nitrate
ions, coordinated water molecules and solvent molecules. Adjacent helices were stabilized by
CH-r interactions between H-atoms of CH; group and aromatic pyridyl rings of the ligand
(Figure 4.4).

Figure 4.4. Single helical chain of compound 1> NO3 (left). six adjacent helices (each shown in
different color) (right).
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Such binding modes consequently lead to H-bond based 3D packing with free nitrate and
disordered solvent molecules in the interstitial positions of the framework (Figure 4.5).

Figure 4.5. Perspective view of overall packing in compound 1>NO; .

Recently, Vittal et al. clearly explained in their chemical review how the supramolecular/
intermolecular interactions are responsible for the self assembly of a single stranded helix to
multiple stranded helices .*® Thus here, each left-handed helix aligns parallel to the adjacent helix
and assembles to multiple stranded helices through intermolecular CH-n interactions and inter-
chain H-bonding (Figure 4.4). A noteworthy feature of this structure is the six fold helical
packing of the framework. Careful analysis of the structure reveals that each left handed helix is
interweaved by six similar helices, and the central one is in H-bonded with six similar helices.
This gives rise to a homochiral framework originating from six fold interwoven helices (Figure
4.6). Overall packing of compound 1> NO; showed presence of free nitrate ions in the
framework. The presence of free anions in 1> NOz; motivated us to perform anion exchange
experiments. Two kinds of anions were employed for these studies:1) anions with strong
coordinating ability such as N3, SCN  and N(CN), (type A) and 2) anions with non-
coordinating or weakly coordinating nature viz. ClO, , BF; , PFg and CF3;SO3 (type B). In a

typical experiment crystals of 1> NO3; were immersed in separate aqueous solutions of NaNs,
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Figure 4.6. Perspective view of left handed helix of compound 1> NO3z (a);six fold helical
packing of 1> NO3z (shown in different colors)(b).

KSCN, NaN(CN),, NaClO4, NaBF,4, NaPFs and NaCF3SOg3 respectively (experimental details) .
FT-IR spectroscopic tool was used to monitor these exchange experiments. Elemental analysis
and FT-IR spectra suggested that 5-6 days were required for more than 95% exchange. The
exchanged compounds were devoid of the peak associated with NO3 but the peaks for the
corresponding anions could be observed. Rest of the bands remained unaltered. To extrapolate
this observation, the strong band observed for NOs~ in compound 1 at 1384 cm™ (1oNO;3 )
almost disappeared with new peaks at ~ 2050 cm™ for 1oN3; , 2080 cm™ for 15SCN ~
~2160 cm™ for 1Io5N(CN),  , ~1100cm™ for 15ClO, , »1080cm™ for 15BF, , ~850cm™ for
15PFs and ~1272cm™ for 15CF5SO5  appearing for respective anion exchanged compounds
(Figure 4.7). Powder-X-ray diffraction (PXRD) patterns of anion exchanged compounds for
type A anions showed structural changes in the three cases. However, for type B anions PXRD
patterns were quite similar to that of 1> NO; , indicating framework integrity towards the
exchange process for such kind of anions (Figure 4.8). Solid state CD spectral analysis of 15
NO; substantiated its bulk phase homochirality and enantiomeric excess nature as it exhibits
positive cotton effect at 198nm ( Appendix 4.7). To check enantiomeric excess, 10 randomly
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picked single crystals (one single crystal as sample each) of 1oNO3; were analyzed by CD

spectroscopy.
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Figure 4.7. FT-IR spectra of the anion exchanged solids showing bands for respective anions:
with strongly coordinating anions (top); with non — coordinating or weakly coordinating anions

(bottom).

Out of 10 samples, 8 showed positive cotton effect and 2 of which showed negative cotton effect.

This indicates that 1DNO3 exhibits enantiomeric excess in its bulk phase (Figure 4.9). More

interestingly, bulk homochirality was retained in anion exchanged compounds of B type anions,
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which was supported by solid state CD spectra. Solid state CD spectral analysis showed positive
cotton effect for all the anion exchanged compounds. The effect was observed for 15CIO,

1oBF, , 1oPF and 1oCF3SO3  at 200nm, 197nm, 205 nm and 203nm respectively

[ .
/ I'. /'
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n 1=NO,” As-made
| 1=NO, Simulated
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e, AN N~ N
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| " [ .
_— Jl" — A JI |'r.\ YW Y| DV L VN Y
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Figure 4.8. PXRD patterns of the anion exchanged solids: with strongly coordinating anions
(top); with non — coordinating or weakly coordinating anions (bottom).

(Figure 4.9). Interestingly, no other examples of showing such tuning of bulk phase
homochirality by varying anions are reported. Selective anion exchange experiment was also
performed with 1> NOs . To understand the affinity preference of type B anions, five distinct
binary combinations viz. ClO, /BF, , BF; /PFs, PFg ICF3SO3, CIlO4 /PFs and
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ClO, /CF3SO;3  were used for the investigation. Crystals of 1> NOs; were immersed in an
aqueous solution of mixed anions in equimolar concentrations (experimental section). FT-IR

spectral analysis suggested preferential uptake of CIO, over competing anions in ClIO, /BF;

Sample 1 Sample &
Sample 2 Sample 7
Sample 3 Sample &
Sample 4 Sample 9
Sample 5 Sample 10

+
—_—
| 1 1

-— CD/awu.

T M T M T . T .
200 250 300 350 400
Wavelength / nm

CD / mdeg

T 2 T Lt T 8
200 250 300 350
Wavelength / nm

Figure 4.9. Solid state CD spectra of various compounds: 10 randomly picked crystals of
compound 1> NOj (top); anion exchanged compounds for weakly coordinating anions

(bottom).

and ClO, /CF3SO3 combinations. In all other combinations presence of both anions inside the

framework was indicated by their respective IR bands. FT-IR spectral analysis revealed that the
combinations BF, /PFs and PFg /CF3SO3 showed more intense bands of PFg over BF, and
CF3SO;3 respectively. The selective affinity experiment led to the following inference of guest

anion affinity: ClO; > PFg > BF; » CF3SO; (Figure 4.9.1). During anion exchange

64



Chapter 4| 2016

experiments, X-ray quality single crystals were obtained only in the case of 1>CIO, . Single-

crystal structural analysis revealed the replacement of free nitrate anions in 1> NO;  with CIO,

ions (Figure 4.9.2). The overall framework integrity was maintained as illustrated by

[{Zn(L)(H20)2}(ClO4)2.(H20):]..

Clo, /CF,S0,

Clo, /PF,

4
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Figure 4.9.1. FT-IR spectra of various anion exchanged solids taking binary mixture of anions.

Moreover unit cell parameters of compound 1> CIO, displayed only a subtle variation as

compared to 1> NO;3 .

Cationic
network

Free ClO4
anion

Figure 4.9.2 Crystal structures of compound 1> ClO4 showing cationic network and free CIO,4

anions.

65



Chapter 4| 2016

The overall structure of 1> CIO, is very similar to that of 1> NOz with change in the left
handed helical pitch from 44.042A to 43.105A (Figure 4.9.3). Such helical pitch tuning by anion
variation was also explained by Mak et al.'” Powder X-ray diffraction patterns of 1> NO3z~

confirm its bulk phase purity and intactness of the framework. 1> CIO,  displays very similar

Figure 4.9.3 Single crystal to single crystal structural transformation from compound 1> NOs to
15 ClO4 upon anion exchange.
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PXRD patterns as 1> NOs , indicating structural integrity after guest anion exchange (Figure
4.8).

Thermo-gravimetric analysis (TGA) of 1> NOs; reveals an approximate 8% weight loss at ~
70° C, corresponding to 2 coordinated water & disordered guest molecules per formula unit and
is further stable up to 300° C (Figure 4.9.4). 1> CIO, showed weight loss of ~ 7 % at around
105°C which corresponds to 2 water molecules per formula unit and is further stable up to 280°C
(Figure 4.9.4). Generally variable sorption behavior in a cationic framework arises from the
differences in interactions between host anions of different sizes and adsorptive guests. To
examine this, the guest inclusion behavior of 1> NO3; and 1> CIO, , solvent sorption

experiments were performed with hydrophilic and hydrophobic solvents at 298 K. Guest free

40

1 . 1 . | ' 1
100 200 300 400

Temperature / °C

Figure 4.9.4. TGA plots of compound 1> NOzand 15 CIlOy4,

phases 1" and 2” were generated by heating 1> NO;  and 1> CIO, at 110°C for 12 hours.
Sharp peaks of 1" and 2" in PXRD patterns indicate the high crystalline nature of the desolvated
phases. Amongst the hydrophilic guests for 1", H,O showed the highest uptake amount (10
mmoLg™) with a gate opening behavior (P/P, =0.3). EtOH also showed gate opening behavior
(P/Py = 0.65) but with a lesser uptake amount of 2.3 mmolg™. No uptake was observed for larger
hydrophobic guest like benzene. These observations are in accordance with the size of the guest
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adsorptive molecule (Figure 4.9.5 top). The hysteric adsorption profile in conjuncture with gate
adsorption behavior affirms the framework flexibility towards hydrophilic guest molecules.
Dynamic nature of framework 1> NO;z; was reiterated from the slight variation in PXRD
patterns of 1° upon hydrophilic guest inclusion (Figure 4.9.6). In the case of 2" the order of
uptake amount is: H,O (5 mmolg™) >EtOH (2.5 mmolg™) > Benzene (1 mmolg™) which follows

the size dependent guest inclusion trend. Noticeably, the sorption behaviors of both the
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Figure 4.9.5. Solvent sorption behavior of compounds 1>NO3; and 1>CIO, at 298K.

compounds are quite different and the variations in the uptake amount can probably be ascribed
to the difference in interactions of the guest with free anions of different sizes (Figure 4.9.5

bottom). Moreover, anion-exchanged products show anion responsive luminescence. To check
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excitation wavelength of the compounds, solid-state UV absorptions were measured for 1o
NO; and all anion exchanged products at room temperature. The absorption curves for the
parent compound and other anion exchanged compounds exhibited a similar trend (Figure
4.9.7). Solid-state emission spectra were also measured for L, 1> NO3  and anion exchanged
compounds at room temperature. On exciting at 405nm weak fluorescence of L displayed two
emission maxima at 512 nm and 530 nm respectively. 1> NO3s; showed an intense band at

wavelength 533nm which can be ascribed as n*-n or n*-r intraligand (IL) transitions. 1> CIO,

1= NO, B Heated

“‘ 1= NO3 As-made

1= NO, Simulated

Intensity / a.u.

T T T T J T T T T
5 10 15 20 25 30
2 theta

Figure 4.9.6. PXRD patterns of different solvent exposed phases of compounds 1> NOs .

1oBF, , 1oPFs and 1oCF3SO;3 displayed broad bands with emission maxima at 531 nm, 528
nm, 532 nm and 531 nm respectively. It is worth noting that the desolvated form of 1> NO3;
showed the most intense band observed at 537 nm. This can be attributed to the fact that since,
the desolvated phase is devoid of free solvent molecules, relatively higher number of IL
transitions are possible in this case. The emission intensities of anion exchanged samples were

much different from 1> NO3. 15CIO, showed the highest enhancement in fluorescent intensity

when compared to 1> NO;3 .
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Figure 4.9.7. Solid state reflectance spectra of 1> NO3; and all other exchanged solids at 298K.

A similar enhancement was observed for 1oPFs and 15CF3;SO; , whereas, 1-BF, showed

lowest enhancement in fluorescent intensity with respect to 1> NO;~ (Figure 4.9.8).
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Figure 4.9.8. Solid state emission spectra of 1 >NO3; and all other exchanged solids at 298K.
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These differences in emission intensities of various anion exchanged samples may be due to
different electronic interactions of guest anions with framework and Zn(Il) centre depending

upon size shape and geometry of anions.

4.4. Conclusion:

To conclude, a homochiral cationic framework has been successfully synthesized which exhibits
bulk phase homochirality. The overall framework showed six-fold interwoven helical packing.
The anions in the framework can be quantitatively exchanged with other non-coordinating or
weakly coordinating anions. This anion exchange behavior of the compound has been well
demonstrated by SCSC experiment. Interestingly, the cationic framework exhibited anion-
responsive tunable bulk phase homochirality. The compound displayed anion dependent variable
sorption behavior for hydrophilic guest adsorptive. Different kinds of affinities towards various
guest anions were also observed for the framework. The compound also showed anion
dependent tunable luminescence. The bulk phase homochirality along with anion-responsive
tunable chiral and luminescent properties of CPs / MOFs may find potential biological and

industrial applications.
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5.1. Introduction:

Coordination polymers (CPs) / metal-organic frameworks (MOFs) are highly crystalline
materials which manifest tailorable functions owing to facile customization of their framework
structures.® Among various facets, proton conduction in CPs is seeking much attention in recent
years on account of its potential application as solid state electrolyte in fuel cell.?> Generally
proton conductivity in CPs can be obtained in two ways. In the first instance, acidic / hydrophilic
functionalities are introduced into the framework externally, while by the second route the proton
source and ordered carrier molecules are simulataneously present in the framework structure.?
The information concerning molecular level ion-conduction pathway can be communicated due
to the complementary presence of a well ordered network in such materials. Recently, various
functional CPs have been reported as proton conducting materials.® Among them, metal-
oxalate/phosphate based coordination polymers have been commonly studied for anhydrous and
water mediated proton conduction.* Hence, for further development and comprehensive
understanding of solid state proton conducting materials , investigation of other metal-anion
based CPs is pertinently important. Intriguingly metal-sulfate based CPs have not been explored
as solid state proton conductors, although it is well known about the facile formation of anionic
frameworks by combining metal ions and sulfate anions.? Extra -framework cations are required
for balancing the charge of such anionic chains.

Use of organic amine in such reaction medium can provide the extra-framework cation in the
form of protonated organic amine (Figure 5.1).° In case of participation by nitrogen-rich
aromatic amine, efficient movement of proton in its cationic form might be facilitated.
Employment of water medium in such reactions often can lead to the entrapment of water
molecules in the crystal lattice owing to hydrophilic nature of such host framework.” The
complementary presence of such free lattice water molecules along with nitrogen-rich aromatic
protonated amine can help in formation of extensive H-bonding array of lattice water molecules
along the metal — sulfate chain. This H-bonding array of water molecules in colligation with
protonated aromatic amines may render an effective proton hopping pathway which eventually
can lead to fabrication of an effective solid state proton conducting material. Thus such H-
bonded sulfate based CPs may find an avenue in the further development of solid state proton

conductors. Here, In,(SO4)s—melamine and water system were chosen to develop a sulfate based

75|



Chapter 5| 2016

Protonated
amine

{[In(u-SO4)2(OHz)2].(CN3Hg)}n

Figure 5.1. Anionic chain and protonated organic cation of a coordination polymer.

coordination polymer forming H-bonded 3D network for proton conduction. Simultaneous
presence of nitrogen-rich aromatic cation (protonated melamine) and continuous array of water
molecules in the CP described a H-bonding pathway and thereby favours the water assisted
proton conduction in the polymer (Figure 5.2).

Metal-sulphate
based anionic

H-bonded ot

organic
cationic
subunit

Figure 5.2. Schematic overview of H-bonded metal-sulfate based coordination polymer for water
mediated proton conduction.
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To the best of our knowledge, this is the first report of metal- sulfate based CP carrying a

continuous water array functioning as a solid state proton conductor.

5.2. Experimental Section:

5.2.1. General remarks:

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

further purification.

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

on Bruker D8 Advanced X-Ray diffractometer at room temperature using Cu-Ko radiation (A=
1.5406 A) with a scan speed of 0.5° min™ and a step size of 0.01° in 2 theta. Thermogravimetric
analysis was recorded on Perkin-Elmer STA 6000, TGA analyser under N, atmosphere with
heating rate of 10° C/min. FT-IR spectra were recorded on NICOLET 6700 FT-IR

Spectrophotometer using KBr Pellets.

5.2.1.3. X-ray Structural Studies: Single-crystal X-ray data of compound 1 was collected at

100 K on a Bruker KAPPA APEX Il CCD Duo diffractometer (operated at 1500 W power: 50
kV, 30 mA) using graphite-monochromated Mo Ko radiation (A = 0.71073 A). Crystal was on
nylon CryolLoops (Hampton Research) with Paraton-N (Hampton Research). The data
integration and reduction were processed with SAINT® software. A multi-scan absorption
correction was applied to the collected reflections. The structure was solved by the direct method
using SHELXTL® and was refined on F 2 by full-matrix least-squares technique using the
SHELXL-97* program package within the WINGX™ programme. All non-hydrogen atoms
were refined anisotropically. All hydrogen atoms were located in successive difference Fourier
maps and they were treated as riding atoms using SHELXL default parameters. The structures
were examined using the Adsym subroutine of PLATON® to assure that no additional symmetry
could be applied to the models. Appendix 5.1 shows the crystallographic data for the 1 (CCDC-
1033011 ) , which can be obtained free of charge from The Cambridge Crystallographic Data
Centre (via www.ccdc.cam.ac.uk/data_request/cif.).
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5.2.1.4 Impedance Analysis: Impedance analysis of the samples was carried out in Bio-Logic

VMP-3. Measurements were done in a two-electrode assembly with stainless steel discs as
electrode and samples were kept in between them in the form of solid pellets by applying a
spring load of 0.5 N/m?. The whole cell assembly was kept in Espec environmental test chamber
to control the temperature and humidity. Applied frequency range for the measurement was
from10°®to 0.01 Hz against the open circuit potential with sinus amplitude of 10 mV. All the EIS
data were fitted using an EC-Lab Software V10.19 using equivalent circuit as shown below
Where Ry, is the bulk resistance (Q2) of the pellet, CPE-1 and CPE-2 is the constant phase element
having a dimension in capacitance (F).Further, Ry, is used to find the conductivity of the sample
by considering the area and thickness of the sample (Figure 5.3).

——{CPET———CPE2
R,
—AMA—

Figure 5.3. Representative equivalent circuit showing bulk resistance (Rp) of the sample.

5.2.1.5 Sorption Measurements: Solvent sorption measurements were performed using

BelSorpmax (Bel Japan). The solvent was of 99.99% purity. The desolvated samples were
obtained by heating compound 1 110 °C under vacuum for 12hrs and the desolvation was
confirmed by TGA and PXRD. Prior to adsorption measurement the desolvated samples were
pretreated at 110 °C under vacuum for 5h using Bel Prepvacll and purged with N, on cooling.
Low pressure gas sorption measurements were performed using Bel Sorpmax (Bel Japan). All of

the gases used were of 99.999% purity.
5.2.2. Synthesis:
5.2.2. 1 Synthesis of Compound 1: Single crystals of compound 1 were synthesized by

reacting In,(SO04); (0.0427 g, 0.0825 mmol), melamine (0.0315 g, 0.25 mmol) in H,O (2 mL)

and 1-butanol (ImL) in a 5 ml screw-capped vial. The vial was heated to 110 °C for 26 h under
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autogenous pressure and then cooled to RT over 14 h. The colorless rod shaped single crystals of

compound 1 were obtained with ~70% yield.

5.3. Result and discussions:

Reaction of melamine (L) with In,(SO,)s in water medium under solvothermal condition gave
rod shaped colourless single crystals of compound 1 [{Inz(u-OH)2(SO4)4}.{(LH)4}.nH20],. LH

represent protonated melamine (Figure 5.4).

NH,
NTSN

I Solvothermal
J\ - treatment
H,N”™ “N” “NH,

In2(S04)3  ,,~O~

110° C, 26h

[{In2(p-OH)2(S04)4.(MelH)4}]n

Figure 5.4. Synthetic scheme of the anionic coordination polymerl.

Single crystal analysis of the compound revealed the generation of 1D anionic coordination
polymer chain (Appendix 5.2), which are further hydrogen-bonded with protonated aromatic
amine and lattice water molecules to render H-bonded 3D network with 1D pore channel. A
single crystal X-ray diffraction (SC-XRD) study of the compound showed that it crystallizes in
monoclinic crystal system with space group P21/n (Appendix 5.1). An asymmetric unit of the
compound 1(Appendix 5.3) is made of anionic chain [{Inz(u-OH)2(SO4)4}]* , organic cationic
amine [(LH)4]*", and free lattice water molecules (Figure 5.5). Each metal centre is octahedrally
connected to six oxygen donor atoms. Out of the six O-donor atoms, four of them come from
four sulfate groups and rest of the two are bridging —hydroxy groups. The anionic subunit of the

asymmetric unit consist of 4 SO4%", 2 OH™ and 2 In metal centres and contains overall tetra

negative charge on it (4-). Hence each In metal centre shows +3 oxidation state to make overall
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asymmetric unit neutral. Each In (111) exhibits distorted octahedral geometry by the coordination
of 4 sulfate oxygen atoms (3 equatorial and 1 axial) 2 hydroxy oxygen atoms ( 1 equatorial, 1

axial). Each sulfate ion connects two adjacent metal

N7 SN
)I\ ?I\
HsM N NHz

Protonated
Melamine

Figure 5.5. Overall packing of compound 1 along a axis showing anionic chain, protonated
melamine and free water molecules.

centres via two oxygens of it in a bidentate fashion. Thus ligation of SO,%"in bidentate manner
along with p- hydroxy coordination creates 1D anionic chain of [{In,(n-OH),(SO4)s}s"". These
1D anionic chains form extensive H-bond with organic cationic ammine, free lattice water
molecules to create H-bonded CP (Appendix 5.4). Free water molecules in the compound also
form H-bonding 1D array in between two adjacent anionic chains (Figure.5.6). Powder X-ray
diffraction (PXRD) patterns of ground sample matched well with its simulated patterns,
indicating bulk-phase purity of compound 1 (Figure. 5.7). Thermogravimetric analysis (TGA) of
powder sample of compound 1 suggested a continuous initial loss due to the presence of strongly
hydrogen bonded water molecules in the structure (Figure. 5.8). Structural integrity of the
compound 1 was maintained even at elevated temperatures as revealed by variable temperature
PXRD diffraction patterns (Figure. 5.9). The extensive H-bonded network present in the above

mentioned coordination polymer is crucial and often required for proton conduction. Hence, the
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H-bonded 3D network composed of metal- sulfate based anionic chain and protonated melamine
with continuous array of water molecules may act as a potential proton conducting material.
Very recently, portable fuel cells which are working in low temperatures and humidified

conditions are

Figure 5.6. Hydrogen bonded water molecules’ chain in compound 1 (shown in wire mesh
view).

seeking much attention as clean energy sources. Proton conductivity of compound 1 was

measured by using Electrochemical Impedance Spectroscopy (EIS) technique by controlling

1 After water adsorption

1 As-synthesized

w

I T T T
5 10 15 20 25 30
2 theta

Intensity / a.u.

Figure 5.7. PXRD patterns of simulated, as-synthesized, desolvated and post water adsorption

phases of compound 1.
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Figure 5.8. TGA plot of compound 1.

humidity as well as temperature. Nyquist plot of the compound 1 measured at 98 % RH and 30°C

is shown in the Figure 5.9.1. A semi-circle at the high frequency region represents the bulk

300°C|
.250°C]

A A A
_A_n_n_/\ ~ . -"'lzoo.lc
| A |“|I 175°C
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A ‘\ f' - A h 50°C|

A ﬁ A A “ 30°C

A ) L . A Si;nulated

T b T T T T T
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2 theta
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Figure 5.9. Variable temperature PXRD patterns of compound 1.
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Figure 5.9.1. Nyquist plot of compound 1 at 98% RH and 30 <C. Inset showing zoomed view of

high frequency region.

electrolyte resistance in parallel with a constant phase element (CPE) as found by fitting the EIS

spectra (details are given in the experimental part). While at the low frequency region the tail

1.0x10°
—n—=50%
—e—60%
8.0x10'{ —A—70%
—v=—80%
—+—95% RH
4_
o 6.0x10
N
' 4.0x10°
2.0x10" /
0.0 T “' T ¥ T T T T T
0.0 2.0x10°  4.0x10°  6.0x10°  8.0x10°  1.0x10°

Z'Q

Figure 5.9.2. Humidity dependent impedance spectra of compound 1.
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indicates the diffusion resistance of the mobile ions at the electrode-electrolyte interface. From

the varied humidity dependant EIS measurement it is found that Compound 1 shows humidity
dependant conductivity, where at 50%RH, conductivity was in the order of 107 Scm'l(Figure.
5.9.2). Conductivity is found to be increasing as expected with increasing humidity and reached
1.0x10” Scm™at 95 % RH (Figure. 5.9.2). The conductivity became maximum at 98% RH with
the value of 4.4x 10° Scm™. It is worth noting that conductivity of compound lincreases

gradually with increase in humidity up to 95% RH, but a sudden and jump in conductivity at
98% RH is observed (Figure. 5.9.3).

10 Y
114
o
124
3 °
w
- 134 9
=}
L
-14 < [+
-15 Qo
T y T T T T T T T T T
50 60 70 80 90 100
% RH —

Figure 5.9.3. Conductivity vs %RH of compound 1 at 30 C.

Such increase in conductivity beyond 95% RH may be attributed to the presence of large number
of water molecules, forming extensive H-bonding array in the framework at saturated
humidification. The trend in conductivity as observed in impedance analysis of compound 1 was
also supported adsorption profile of compound 1 at 298K. Water adsorption profile of compound
1 indicates step-wise water uptake which in good agreement with sudden increase in
conductivity beyond 95% RH (Figure 5.9.4).
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Figure 5.9.4 Water adsorption profile of the compound at 298K.

The conductivity of this compound under humid condition is comparatively better than the
similar hydrogen bonded compound [(CgH19N2)2(S0O4),.3H20], consisting of phenelyne diamine
dication, sulfate anion and water. ™ Moreover, a comparison chart of this sulfate based CP with
other related CPs/ MOFs has been given in appendix section (Appendix 5.5) .To get the
activation energy (E;) for the proton conduction, temperature dependence conductivity was

measured at 95% RH (Figure. 5.9.4). The activation energy was measured to be 0.316 eV from
the Arrhenius plot (Figure. 5.9.5) which is quite low value suggesting that probably Grotthuss

mechanism is operating for proton hopping.za’14

Impedance analysis of the compound has also
been performed under D,O atmosphere. At 98% RH the conductivity in presence of D,O became
1.01x 10> Scm™ which is quite low as compared to H,O condition (Figure.5.9.6). This
measurement under D,O atmosphere further confirmed the water assisted proton conduction in

the compound. The protonated melamine behaves as a feasible proton source, which is further
hydrogen bonded with the ordered extended H-bonded
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Figure 5.9.4 Temperature dependent impedance spectra of compound 1 at 95% RH.

water molecules’ chain favoring the proton transport phenomena in this compound. With

increase in humidity concentration of carrier molecules increases which results in elevation in

conductivity.
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Figure 5.9.5 Arrhenius plot for temperature dependence of conductivity at 95% RH of compound
1.
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Figure 5.9.6. Nyquist plot of compound 1 at 98% RH and 30 < under D,O atmosphere. Inset

showing zoomed high frequency region.

At saturated humidification, high carrier concentration in the compound may be effective for

efficient proton conduction.

5.4. Conclusion:

To conclude, a novel metal- sulfate based coordination polymer has been successfully
synthesized forming H-bonded 3D network by rational confinement of nitrogen-rich protonated
aromatic cations (protonated melamine) and array of water molecules for solid state proton
conduction. The compound shows water mediated proton conduction owing to such extensive H-
bonded network of free water molecules, along with aromatic protonated amines present in the
compound. Such metal- sulfate based coordination polymers may seek greater attention in the

near future towards the further development of solid state electrolytes.
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Conclusions and Future Outlook:

In view of the constantly escalating research efforts put together in the exciting regime of new-
generation ionic PCP/MOF materials-based research, there is a definite necessity for the
development of new design principles as discussed herein. This is essentially aimed at an
improved understanding of the underlying rationale, imperative for successful development of
the most efficient functional porous materials. Breakthrough discovery in this regime of research
can only prosper by a sequential culmination of streamlined explorations, which in fact, is the
major drive behind the concentric works presented in this thesis.

Neutral nitrogen rich n-conjugated linkers can render the resultant PCPs luminescent, an exciting
attribute which has been decisively exploited to derive intriguing luminescence-based properties.
Apart from this, inherently cationic or anionic coordination polymers are fascinating candidates
to study ion conduction pathways, such as proton or hydroxide conduction properties (both in
anhydrous and humidified conditions) and for enhanced realization of their underlying charge
transfer mechanisms. Such property can be well-transcended for addressing a number of pressing
environmental concerns involving the selective detection and recognition of potentially harmful
toxin species such as, environmental pollutant anions, and metal cations. For superior real-time
applicability purposes, water is the ubiquitously preferred medium. Hence, in a way to exhibit
the environmentally exigent efficiencies by the ionic PCP materials, hydrolytic stability is a
major aspect to be judiciously taken care of. For imparting the desired aqueous stability, the
linker prefunctionalization based design principle has proved its worth in the recent years of
materials research. Consequently, the current research findings on ionic PCPs might indeed
prove crucial stepping stones leading to the development of an array of top-notch, functional
ionic MOFs/PCPs, unmatched from the standpoints of their superior efficacies in the frontiers of
advanced materials research. In the quest for a better realization of the working principles
pertaining to the relatively new regime of ionic CPs (iCPs), the present findings as manifested in
the thesis should prove a vital point of reference in future.
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2.6. Appendix:

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

Identification code Compoundl
Identification code Compoundl

Empirical formula C36 H30 Cd Cl2 N12 O8
Formula weight 942.02

Temperature 100(2) K

Wavelength 0.71069 A

Crystal system Trigonal

Space group R-3c

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.27°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

a=31.070(5) A
b =31.070(5) A
c=31.862(5 A
26637(7) A

18

1.057 Mg/m®
0.504 mm™*
8568

0.17 x 0.15 x 0.12 mm®
1.98 to 28.27°.
-41<=h<=41, -41<=k<=41, -42<=1<=38
158511

7342 [R(int) = 0.0453]

99.9 %

Semi-empirical from equivalents
0.9420 and 0.9192

Full-matrix least-squares on F2
7342/ 4250

1.049

R1=0.0622, wR2 = 0.1793

R1 =0.0664, wR2 = 0.1830
0.000003(14)

1.871and -3.771e. A’

a= 90.000(5)°.
B=90.000(5)°.
v = 120.000(5)°.
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Appendix 2.2: Crystal data and structure refinement for compound 2.

Identification code Compound2

Identification code Compound?2

Empirical formula C28 H32 Cd CI2 N8 O11

Formula weight 839.92

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group Cc

Unit cell dimensions a=18.938(8) A o= 90°.
b =16.008(7) A B=123.948(6)°.
c=15.549(11) A y =90°.

Volume 3910(4) A®

Z 4

Density (calculated) 1.427 Mg/m®

Absorption coefficient 0.756 mm™

F(000) 1704

Crystal size 0.17 x 0.14 x 0.11 mm®

Theta range for data collection 1.82 to 28.29°.

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.29°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

-25<=h<=25, -21<=k<=21, -20<=I<=20
33545

9349 [R(int) = 0.0232]

99.0 %

Semi-empirical from equivalents
0.9214 and 0.8822

Full-matrix least-squares on F2
9349/14 /421

0.933

R1=0.0771, wR2 =0.2159
R1=0.0833, wR2 = 0.2310
0.32(4)
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Appendix 2.3: various 2D sheets of the compound 2.

AW
25 SCN

25N

3

A " n 2 As-made
h I l NZ simulated

E T y T E T y T y
5 10 15 20 25 30

2 theta

Appendix 2.4: PXRD patterns of water treated and anion exchange phases of compound 2
indicating structural dynamic nature.
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Appendix 2.5: Microscopic images of polycrystalline phases of anion exchanged compounds.

98



Appendix for chapter 3|2016

3.6. Appendix:

Appendix 3.1: Crystal data and structure refinement for compound 1a.

Identification code Compoundla
Identification code compoundla
Empirical formula C28 H30 N6 08 Zn
Formula weight 643.95
Temperature 150(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2lc

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

a=17.746(5) A
b =12.105(4) A
¢ =15.306(5) A
3287.7(19) A3

4

1.301 Mg/m®
0.800 mm™
1336

0.10 x 0.07 x 0.06 mm®
2.04 to 27.00°.
-22<=h<=11, -15<=k<=13, -19<=I<=14
8347

3451 [R(int) = 0.0178]

96.1 %

Semi-empirical from equivalents
0.9535 and 0.9242

Full-matrix least-squares on F2
3451/ 1417205

1.087

R1 =0.0608, wR2 =0.1933

R1 =0.0661, wR2 = 0.1991
1.233 and -0.854 e. A

B= 90.244(7)°.
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Appendix 3.2: Crystal data and structure refinement for compound 1.

Identification code Compoundl
Identification code Compound 1
Empirical formula C26 H30 N6 O10 Zn
Formula weight 651.93

Temperature 150(2) K
Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.43°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

a=15.305(4) A
b=10.611(3) A
c=18.043(5) A
2926.0(14) A3
4

1.480 Mg/m®
0.905 mm™*
1352

0.18 x 0.12 x 0.08 mm®
2.23 10 28.43°.
-20<=h<=20, -12<=k<=14, -21<=I<=24
25092

7324 [R(int) = 0.0418]

99.4 %

Semi-empirical from equivalents
0.9311 and 0.8540

Full-matrix least-squares on F2
7324 /21413

1.041

R1 =0.0480, wR2 =0.1182
R1=0.0787, wR2 = 0.1384
0.908 and -0.876 e.A®

B=93.120(7)°.
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Appendix 3.3: 'H NMR of the corresponding ligand.
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Appendix 3.4: 13C NMR of the corresponding ligand.
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Appendix 3.5: IR spectra of anion exchange compound (binary combination) at RT showing both ClO4™
and N(CN)2 taken by framework 1 from CIO4 / N(CN)2  mixture.
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Appendix 3.6: IR spectra of anion exchange compound (binary combination) at RT showing both N3~
and N(CN)2™ taken by framework 1 from N3~ / N(CN)2™ mixture.

103



Appendix for chapter 3| 2016

120 -
| ——SCN/N(CN),
100 -
80 -
8 A
g (o, 3
% 60 - 1\, _
= | . SCN +N(CN),;
40 - SCN l
0 -
o) scn o
- N(CN),
0 r . ' Y . T . r . '
3000 2500 2000 1500 1000 500

Wavenumber (cm” 1)

Appendix 3.7: IR spectra of anion exchange compound (binary combination) at RT showing both SCN™
and N(CN)2 ™ taken by framework 1 from SCN™ / N(CN)2 mixture.
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4.6. Appendix:

Appendix 4.1: Crystal data and structure refinement for compound 1> NO3 .

Identification code

Compoundl> NO3

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.22°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

Compoundl> NO3~

C29 H31 N6 010 Zn

688.97

150(2) K

0.71073 A

Hexagonal

P6522

a=10.9848(11) A o= 90°.
b =10.9848(11) A B=90°.
c=44.042(5) A y =120°.
4602.4(8) A®

6

1.491 Mg/m®

0.868 mm™

2142

0.17 x 0.15 x 0.12 mm®

2.14 t0 28.22°.

-14<=h<=12, -12<=k<=14, -58<=|<=35
28513

3805 [R(int) = 0.0631]

100.0 %

Semi-empirical from equivalents
0.9030 and 0.8665

Full-matrix least-squares on F2
3805/0/231

1.093

R1 =0.0599, wR2 = 0.1530
R1=0.0725, wR2 = 0.1596
0.06(3)

0.824 and -0.361 e.A™
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Appendix 4.2: Crystal data and structure refinement for compound 1> CIlO, .

Identification code

Compoundl> ClO,

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.26°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Compoundl> CIO,~

C26 H30 CI2 N4 012 Zn

726.81

150(2) K

0.71073 A

Hexagonal

P65

a=11.1662(11) A o= 90°.
b=11.1662(11) A B=90°.
c=43.103(4) A y = 120°.
4654.3(8) A3

6

1.556 Mg/m3

1.032 mm-1
2244

0.15x 0.15 x 0.10 mm3

1.42 to 27.26°.

-14<=h<=14, -13<=k<=14, -55<=1<=37
26945

6026 [R(int) = 0.0445]

99.7 %

Semi-empirical from equivalents
0.9039 and 0.8606

Full-matrix least-squares on F2
6026 /2 /424

1.087
R1 =0.0367, wR2 = 0.0836
R1 = 0.0374, wR2 = 0.0839
0.496(16)

0.00036(12)

0.381 and -0.410 e.A-3
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1> BF4

15 PFg

Appendix 4.3: Microscopic images of single crystalline 15 NO3  and polycrystalline phases of anion
exchanged samples for type B anion.

Free nitrate
anion

Appendix 4.4: Asymmetric unit of compound 15 NO3; ™ showing cationic unit and free nitrate anion.
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Appendix 4.5: Chemical diagram of the 1D helical chain showing the ligation of bi-chelating sites at both

ends of the ligand.

Appendix 4.6: Perspective view of left handed helix of 1> NO3;™shown in CPK model (left) and wire mesh

view (right).
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Appendix 4.7: Solid state CD spectra of 15 NO3;™ and other anion exchange compound in their powder
phase showing positive cotton effect.
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5.6. Appendix:

Appendix 5.1: Crystal data and structure refinement for compound 1.

Identification code Compoundl

Empirical formula C12 H30 In2 N24 O22 S4
Formula weight 1220.46

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.46°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

a=10.8141(17) A
b =13.092(2) A
c=27.175(4) A
3847.4(10) A°

4

2.104 Mg/m®
1.531 mm™*

2424

0.16 x 0.14 x 0.10 mm®
0.75 to 28.46°.
-14<=h<=14, -16<=k<=17, -36<=I<=34
58513

9462 [R(int) = 0.0607]

97.3 %

Semi-empirical from equivalents
0.8619 and 0.7917

Full-matrix least-squares on F2
9462 /62 /581

1.068

R1 =0.0964, wR2 = 0.2504
R1=0.1180, wR2 = 0.2683

B=90.144(3)°.
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7 In-SO4 anionic unit
Wi

Appendix 5.3: Asymmetric unit of compound 1 showing anionic unit, free melamine cation and lattice
water molecules.
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Appendix 5.4: H-bonded 3D network of compound 1.
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Appendix 5.5: A comparison chart of the current sulfate based CP with other related CPs/ MOFs
in terms of their proton conduction ability.

CPs/MOFs c/Scm |RH/| T/ |Reference
1 0/0 oC
UiO-66(SO3H), 90 | 80 1
8.4x102
TFOH@MIL-101 8x10° | 15 | 60 2
H,SO,@MIL-101 6.0 x 20 80 3
1072
{(Me2NH2)3(S04)]2[Zn2(0x)3]}n 4.210° 98 25 4
2
PCMOF-10 355x10“ | 95 70 5
(Zny(H,PO)g)(Hbim) 13x . 120 5
10"
H*@Ni-MOF-74(pH-1.8) 22x10%| 95 | 80 7
PCMOF2'/ 21x10~| 90 | 85 8
[Zn(HPO4)(H2P04)2)(ImH2), 2.6: . 130 9
10
(NHa4)2(H2adp)[Zna(0x)a)- 3H20 08x10“ | 98 | 25 10
[Zn(HzPO4)o(HPO.))-(Hadmbim)] | 2x 107 | - 190 11
[{Inz(p-OH)2(SOL) - {(LH)a} 44x10° | 98 | 30 12(this
work)
nH20]a
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