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1.1 Coordination Polymers
1.1.1 Overview

For the last few decades, there has been enormous progress in research on coordination
polymers (CPs)."® Coordination polymers have drawn a great deal of attention from the
researchers because of its diverse application and has proved to be useful because of its
flexible architecture, tunable chemical structure, high surface area and high pore volume,
multifunctional properties, etc. The applicability of CPs can be seen in many fields such as
control and treatment of gaseous pollutants, such as volatile organic compounds (VOCs),
through capture, gas storage, catalysis, photocatalysis.*® Electrolytic production of Hz gas is
also a very important application of CPs in generating renewable energy. In due course of
producing CPs there has been many challenges for e.g high cost of synthesis, poor selectivity,
and also difficulty in regeneration. On this objective our work mainly focusses on the use of
the CPs in such a way that it can be regenerated easily and also there should be a greener

approach in performing different applications.”°

Preparation of Metal-Organic Frameworks

O reactive
.. + H mixture e
o O ) solution

metal ions arganic linkers (self-assembly)
‘solid-state
—tm AN\ E
| 1D (chain)

2D (layer)
0D (dot)
3D (network)

Figure 1.1 Illustration of different dimensional MOFs/CPs formation (1D, 2D and 3D) from

the same primary building units (PBUs).*® Reprinted with permission.

Metal-organic frameworks (MOFs) represent a class of porous coordination polymers (CPs)
that consist of metal ions or metal clusters linked together by organic bridgers(neutral,

cationic or anionic).***® The CPs/MOFs are crystalline in nature and are synthesized mainly
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by self-assembly process (Figure 1.1). The high surface area and excellent physical and
chemical properties make it a future precursor for development of advanced material.***°
Although most of the reported MOFs in the literature are non-conducting, crystalline ordered
forms of inorganic-organic hybrid materials containing single metal or metal clusters
extended by the coordination of ligands (e.g. neutral or anionic linkers) with repeating
coordination entities extending in one, two and three (1D, 2D and 3D)-dimensional array
through various covalent and non-covalent interactions.'”*®* According to IUPAC, its
definition is “A coordination compound continuously extending in 1, 2 or 3 dimensions

through coordination bonds.”%?°
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Figure 1.2 Literature reported organic linkers used to construct CPs/MOFs.?* Reprinted with

permission.

The development of coordination compounds dates back when Warner in 1913, was awarded

the Noble Prize for the introduction of coordination compounds as a part of Inorganic
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chemistry. It was established that coordination compounds were connected through
coordinate bonds. With researchers investigating and experimenting paved way for the
development of much scientific advancement in the field of coordination chemistry. The
Coordination Polymers were introduced by J.C. Bailar with the originating of relationship
between organic polymers and inorganic coordination polymeric species.'” He established
rules for the architecture and the crucial properties of new species which linked to organic
ligands and metal ions. The design and synthesis of metal-organic coordination polymers
have been explored in various fields of application gas storage, separation of gases and
industrially important liquids, carbon capture and conversion, electrical conductivity, drug

delivery, heterogeneous catalysis, ion and molecular sensing (Figure 1.3) etc.?*?°

Ny=Cu=N,

L eseﬁ

Figure 1.3 Coordination Polymers for sensing and desensitization of high-energy materials.?’

Reprinted with permission.

The transition metals are the most used metal precursor in building coordination polymers
and the organic part being the linkers forming clusters with different geometry around the
central metal atom. Literature reported organic linkers used to construct CPs/MOFs are

summarized in Figure 1.2.
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The versatility of CPs are initially studied and was found that by varying the metal atoms and
even by changing the size of the organic linkers there were difference in the functionality and
topology of the newly designed CPs.?*° Thus, carboxylate linkers or the Nitrogen linker
group 2,2 0-bipyridine BIPY are commonly used organic linkers and their derivatives
became popularized in the field of coordination chemistry. They were initially used for the
storage of gas. But they require a favourable condition for the maximum utilisation of the
surface area and thus increase the storage capacity. Thus there has been advancement in the
last 15 years for modifying the plans of coordination polymers and their drawbacks.*

Omar M Yaghi and coworkers have developed the term ‘reticular chemistry’ for
understanding the molecular chemistry and its accuracy in making and breaking bonds of a

solid-state framework structure.®!

In 1995, MOF-5 (ZnsO(BDC)s, where BDC?™ =1,4-benzodicarboxylate) has been first
reported by Yaghi et al and with this the development of a new polymer having robust, high
surface area for sorption like that of carbontubes was introduced. Since then MOFs have turn
into a hottest topic in material chemistry and it has experienced a unique growth over the past

few decades.’* %3

In the earlier stage, researchers are interested in controlling to optimize several structural
factors like (i) the large pore aperture, (ii) the high surface area and (iii) the strong metal-
based adsorption property in metal-organic frameworks (MOFs) or porous coordination

polymers (PCPs) for gas storage material >+

In the year 1998, Kitagawa et al. have been generally classified as PCPs (Figure 1.4) based
on their generation. Moreover, the classified PCPs are namely - 1st, 2nd and 3rd generations
(Figure 1.4).%%" In the case of 1st generation materials, upon exclusion of the occluded guest
molecules from the networks, this indicates that the frameworks have been completely
collapsed. The 2nd generation PCPs is found to be stable and rigid after the removal of the
guest molecules from the framework. Moving apart 2nd generation to the 3rd generation
materials are flexible and dynamic nature that can reversibly remove guest molecules from

the framework, 34
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Figure 1.4 Classifications of PCPs by Kitagawa et al.
1.2 Crystal Engineering

R. Pepinsky in 1955 used the term Crystal Engineering but it was Gerald Schmidt who
utilized it in the photodimerization of cinnamic acids.**** Moreover, crystal engineering has
been linking between the molecular crystallography and chemistry. Chemistry is the science
of crystallographic skill to control the associations of molecules into a solid crystallineform
(Figure 1.5).%3

In the earlier stage of crystal engineering is solely based on organic systems, but from the late

1990s, a large number of organic-inorganic hybrid compounds have been explored widely in

various structural architecture and topologies (Figure 1.6).***
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Figure 1.5 Crystal structure of paddlewheel pillared MOF (Zn2(NH2BDC).DABCO). Zinc
(yellow), oxygen (red), carbon (light blue), nitrogen (dark blue).*® Reprinted with permission.

The design strategy of the crystal engineering facilitates to bring material science, molecular
biology and pharmaceutical science together under a single umbrella.*’” The association of
such supramolecular synthon like organic molecule (linker) and inorganic (cation) into a
solid-state through the non-covalent and self-assembly which is become the heart of the
crystal engineering. Organic crystal engineering is mostly dealing with weak intermolecular
forces like hydrogen bond, pi-pi, etc. while those are associated with constructing the metal-

organic building blocks later it is familiar as inorganic crystal engineering.*®

Nowadays, inorganic crystal engineering becomes the most powerful tool which is widely
utilized by the implementation of the weak intermolecular force like hydrogen bond
compared to organic crystal engineering. Besides the hydrogen bonding, crystal engineering
studies have explored weak intermolecular forces of aromatic m-system, for example, pi...pi
and C-H---pi interactions. The roles of halogen-halogen interactions not been explored

extensively as a supramolecular interaction but its importance has risen day by day. Beyond a
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constructive approach, three-dimensional crystals have been rationally designed but the

predictions over such 3D crystal structure are still attractive.**>°

Crystal engineering™ is one of the rapidly growing topics that play a major role in the
appearance of several high impacts international scientific journals like Crystal Growth and
Design (American Chemical Society) and CrystEngComm (Royal Society of Chemistry). To
reflect the importance of this modern topic, two new open access journals have been created

IUCrJ from the International Union of Crystallography and Crystals from MDPI.
1.3 Supramolecular Chemistry

Supramolecular chemistry is the modern domain in chemical science it deals with many
chemical systems composed of a discrete number of molecules. In the early stage, this term
has highlighted the interactions among macromolecules and the arrangements of enzyme and
membrane systems. In 1987, Donald J. Cram, Jean-Marie Lehn, and Charles J. Pedersen has
been shared Nobel Prize in Chemistry for establishing this area.> In this consequence, Jean-
Marie Lehn proposed a modern sense about the supramolecular chemistry as “chemistry of
the intermolecular bond, covering the structure and functions of the entities formed by the
association of two or more chemical species.”® Conventional molecular chemistry mostly
focusing on the covalent bonds, whereas supramolecular chemistry deals with some weaker
and non-covalent interactions like 7...7 interactions, hydrogen bonding, metal coordination,

van der Waals forces.>*

0so,

Figure 1.6 Supramolecular structure of hexameric pyrogallol[4]arene V24 octahedron, 24

vanadium ions and V24 ball from 6 PgCs ligands.> Reprinted with permission.
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In the late 1990s, the field of research on supramolecular chemistry becomes more
sophisticated by executing innovative ideas in the interface of electronic and biological
science. During this period, several concepts like molecular self-assembly,®® molecular
recognition,®” host-guest chemistry,® and mechanically-interlocked®® molecular designs have
been integrated into the supramolecular systems for several potential applications like

catalysis, drug delivery, data storage, and processing, etc.
1.3.1 Molecular Self-assembly

The term ‘molecular self-assembly’ becomes more attractive in supramolecular chemistry.
The classical sense regarding the self-assembly process can be defined as “The spontaneous
and reversible organization of molecular units into ordered structures by non-covalent
interactions.”® Three unique key features of self-assembly: (i) order (ii) interactions and (iii)
building blocks to make a distinct concept. The non-covalent interactions like hydrogen
bonds, =...m, ionic bonds, and C—Heeer and van der Waals interactions are typically
integrated to assemble stable framework structure (Figure 1.7). Collectively these interactions
can play a major role in harvesting materials with high stability by the large supramolecular
association rather than their distinct interactions. Moreover, self-assembly can be classified
into two categories, (i) intermolecular self-assembly which usually forms a supra-molecule
and (ii) intramolecular self-assembly where folding conformation observed in the foldamers
and polypeptides. In recent times, molecular self-assembly becomes one of the most
important fields in crystal engineering, it can fix the several targets in designing of various

macromolecules.®!

W )
o e

S

ions
+ Metal ions

Self-assembly Self-assembly Self-assembly Self-assembly

. 14
0D assembly of Cso 1D assembly of Ceo 2D assembly of Cso 3D assembly of Ceo

Figure 1.7 Controlled self-assembly (0D to 3D) of Ceo units (blue) by supramolecular
scaffolds (red).®Reprinted with permission.
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1.3.2 Molecular Recognition

The term ‘molecular recognition’ is one of the well discussed terminologies in
supramolecular chemistry so far. It refers the specific binding between two or more
molecules through non-covalent interactions such as hydrogen bonding (Figure 1.8), meeen
interactions, metal coordination, halogen...halogen interactions, van der Waals forces, etc.®®
Beyond such direct interaction, solvents also leading an indirect role for molecular
recognition in the solution state.”*® Most recently researchers draw their attention in
designing several functional organic and inorganic artificial supramolecular systems through
such molecular recognition process.?® Dynamic molecular recognition has been studied so far

for such applications as chemical sensors, catalysis, and molecular devices.®’

Figure 1.8 Hydrogen bonding mediated molecular recognition. a) X-Ray structure of
periplasmic galactose-binding protein of glucose complexed from E. coli (PDB: 2GBP).%®

Reprinted with permission.
1.3.3 Host-guest Chemistry

Host—guest chemistry is a branch of supramolecular chemistry. Moreover, it combines the
idea of molecular recognition and self-assembly through non-covalent bonding to maintain
the 3D structures. Usually, most of the 'host' component has been considered as a larger
molecule, while the smaller component is 'guest' molecule. According to Donald Cram, “The
host component is defined as an organic molecule or ion whose binding sites converge in the

complex...The guest component is any molecule or ion whose binding sites diverge in the
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complex”.®® In 1967, Charles Pedersen discovered a simple method of synthesizing crown
ether but he had shared the Nobel Prize in Chemistry in 1987 for extensive research over

crown ethers and advancement in the field of host-guest chemistry.”

In reality, host-guest interactive forces allow the host molecule to occupy appropriate binding
sites of the guest molecule to bind. To achieve the maximum stability they should orient in

such a way that multiple interactions between host and guest may occur.

Figure 1.9 Structures of encapsulated toluene guest molecule in cation H39 host, (a) side

view and (b) top view."

For example, if the donor sites of the host molecule acquire a large number of hydrogen
bonds, then the guest must enclose with an equal number of acceptor sites. Most recently,
host-guest chemistry (Figure 1.9) has been extensively implemented over metal-organic
frameworks (MOFs) and coordination polymers (CPs) to explore various stimuli-responsive

applications such as drug delivery, photochromic device, selective gas adsorption, etc.”>"

1.4 Supramolecular Interactions

In general, supramolecular chemistry is an interface where supramolecular building blocks
are held by a large number of supramolecular interactions or, non-covalent interactions. The
term ‘supramolecular interaction’ covers by a substantial range of attractive and repulsive
forces. These types of interactions stabilize many important systems like organic molecules,
biological macromolecules, and the structural motif of the coordination polymers.”>"®

Moreover, they have also responsible for the orientations of molecular species in crystalline

10
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lattices. From the crystal engineering point of view, non-covalent interactive forces lead an
important role in the design and synthesis of molecular crystals and also conserving the three-
dimensional structure. The dynamic nature of such non-covalent forces significantly
implicated in many interdisciplinary subjects like chemistry, biology, physics, and

engineering.”’

Most recently, these weaker forces such as hydrogen bonding, halogeneeshalogen
interactions, meeemw stacking, hydrophobic forces, van der Waals forces, and C-Heeen
interactions have been widely investigated so far in designing of 3D architecture (Figure
1.10). These types of interaction along with their approximate strength indications are listed
below (Tablel.1).

Table 1.1 Different types of supramolecular interactions and its stabilization energy.

Type of interactions Energy (KJ/mol)
Ioneeeelon 100-350
Covalent 350-950
IoneeeDipole 50-200
DipolessssDipole <50
HalogeneessHalogen 5-180
H-bonding <120

TT®®** T SSO

C—Heseent 6-13
Cationeee*nt <80

Anioneeeent <80

Van der Waals <5
MetaleeeeLigand 0-400
Hydrophobic Hardly accessible

There are some important and general properties of weak forces regarding crystal engineering

which is included below:

i) The strength of acting forces may be strong, weak, or moderate. To reflect the attractive

force interaction must possess energy value above 0.6 kcal mol™ at room temperature.

11
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ii) The directionality of the interaction is very essential and helps in designing of several

desired crystalline supramolecules.

iii) The process of nucleation and crystallization is an important factor which depends upon

distance.®

However, in our present discussion, we will focus over such supramolecular interactions

summarized in Figure 1.10 and explained their properties.

YU\ AR
H\ 8 /H
[Na]* [:Cie]- o
[Na]* Cl—H Cl—H
+—
ion - ion ion - dipole dipole - dipole
Nucleus Eleitrjon cloud
>
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Figure 1.10 Examples of different types of supramolecular interactions.
1.5 Applications of CPs

Nowadays, the substantial growth of environmental issues like pollution, degradation, and
climate change has drawn their attention to the environmentalists and analytical chemists for
the remediation of such global concerns. Determination of organic (e.g. dyes, oils,

pharmaceuticals products, pesticides, etc.) and hazardous inorganic pollutants (heavy metal

12
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ions, radioactive species, oxy anions, etc.) and the capturing of such pollutants from the

aquatic source are found to be the biggest concern over the past few years.

In this domain, coordination polymers/metal-organic frameworks (CPs/MOFs) become an
esteemed class of material in the families of porous materials (e.g. zeolites, activated carbons,
porous silica, mesoporous clay materials, etc.), for their tuneable porosity and large surface
area.”® Owing of such unique features in CP/MOF materials have been aggressively exploited
in the last 20 years in various fields of applications such as gas storage and separation, sensor
application, electrical conductivity, photochromic application, heterogeneous catalyst,

electrochemical application, etc. shown in Figure 1.11.%

Figure 1.11 Various applications of MOFs. From Metal-Organic Frameworks — International

Commission.

Although MOFs, have widely used in the above-mentioned applications, among them
electrical conductivity and photochromic applications have been rarely explored so far. In
this regard, electro-conductive MOFs or PCPs have been earned new opportunities to
improve device performance as an energy storage application, for the remediation of the
global energy crisis. In the last five years, the extensive growth of electro-conductive MOFs
have been manifested by new approaches to exhibit both porosity and high electrical

conductivity (Figure 1.12).8*

13
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Figure 1.12 Overview of the reported metal-organic frameworks from 1977 to 2019.%?

Apart from MOFs, nowadays, most of the researchers are involved in the exploration of this
property in CPs, which is still very scarce. Some results regarding CPs have been motivated
towards the rational design of novel electro-conductive CPs by the incorporation of

theoretical and experimental calculations.®*®*

1.6 Schottky Diode and Schottky Barrier

Here we have performed Schottky diode applications by applying electrical voltage. Schottky
diode is a electronic device which permits current to flow in one direction while opposes the
current in the opposite direction with a high resistance.?® Schottky diode is a kind of
semiconductor which is known as hot carrier diode also and It has a low forward bias voltage.
This lower bias voltage drop offers improved efficiency and switching speed of the system.
In general, Schottky diode is made by generating a Schottky barrier between semiconductor
and metal. In Schottky diode, cathode acts as n-type semiconductor and the metallic part

behaves as anode material of the diode.®¢®"

The electrostatic barrier between semiconductor and metal in a diode rectifies it’s property.
Metal and semiconductor have different work functions which emerges the electrostatic
barrier in a Schottky diode (Figure 1.13). For n type, electron transfer occur
semiconductor to metal and reached equilibrium between the Fermi levels and forms a
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depletion region, when the work function of metal ((¢m) exceeds the work function of the

semiconductor ((¢s).%5
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Figure 1.13 Schottky barriers and work function for semiconductors.

We can write the diffusion potential Vg, as
Vdo=0m- Os (1)

For n-type semiconductor, when ¢m>ds, and the bands are bent upwards; the electrons have to
overcome the electrostatic barrier to transfer semiconductor into metal. For p-type
semiconductor, the band-bending due to no barrier to the holes motion, and an ‘ohmic' contact
formation taking place. When ¢m<¢s, downwards bending of band provides an ohmic contact
for a n-type semiconductor Whereas, a rectifying contact is formed for a p-type

semiconductor.*
1.7 Dielectric and Dielectric polarization

In electromagnetism, an electrical insulator has polarized when is placed in an external

1.°F Unlike electrical

electrical field and such type of materials is known as dielectric materia
conductor no charges flow through the material, instead due to dielectric polarization slightly
shifting of their average equilibrium positions takes place.” Because of polarization, negative

charges are attracted in the positive direction of the field and positive charges are attracted in
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the negative direction to the field and thus an internal electric field generated that shrinks the

overall electric field within the dielectric material itself.

From the classical approach of a dielectric material, each atom has negative charges cloud
(electrons) which is bound by a positive point charge (proton) and when an external electric
field applied, the cloud of negative charge is distorted, as shown in the figure 1.14. Using the
superposition principle, this distorted negative cloud and positive point charge form a simple
dipole. Dipole moment have generated due to dipole formation, dipole moment a vector
quantity shown in the figure 1.14 as labeled M. Dielectric behaviour of a dielectric material is
the connection between the applied electric field and the generated dipole moment of the

material.

Figure 1.14 Interaction of an atom with electric field.

1.8 Supercapacitor

High capacitance value with low voltage limits bridges the gap between rechargeable
batteries and electrolytic capacitors is known as supercapacitor/ultracapacitor (Figure 1.15).
Storage capacity of supercapacitor is 10 to 100 times greater than electrolytic capacitors per
unit volume or mass, charge transfer and receive rate is much higher than batteries, and
cycling charge and discharge stability far better than rechargeable batteries.®® They are used
in energystorage, reformative braking, burst-mode power delivery and as power backup

for static
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random-access memory where fast charge/discharge cycles are required.®* Supercapacitor use
electrochemical pseudocapacitance and electrostatic double-layer capacitance where normal

capacitors use the solid dielectric.”

Carbon type electrodes are used as electrostatic double-layer capacitors (EDLCs) has much
more EDLC than electrochemical pseudocapacitance, they store charge at the electrode and
electrolyte interface by charge separation in a Helmholtz layer and the charge separation lies
in 0.3nm-0.8 nm, which is very less compare to a conventional capacitor (Figure 1.16).

Supercapacitors
I I
Double-layer capacitors Pseudocapacitors
Charge storage: Charge storage:
Electrostatically (Helmholtz layer) Electrochemically (Faradaically)

Hybrid capacitors

Charge storage:
Electrostatically and electrochemically

Figure 1.15 Different types of supercapacitors.

Electrochemical use metal oxide or conducting polymer or metal oxide have been used as
pseudocapacitors electrodes, which has very high value of electrochemical pseudocapacitance
with the electrical double-layer capacitance. Redox reactions with faradaic electron charge-
transfer are responsible for pseudocapacitanc. Lithium-ion capacitor which is used as hybrid
capacitor electrodes has differing features: one showing typically electrostatic double-layer

capacitance and the other electrochemical pseudocapacitance.
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Figure 1.16 Hybrid supercapacitor application of MOF-based materials.® Reprinted with

permission.
1.9 Catalyst and Catalysis

Catalysis is the process in which the rate of a reaction is increased by many fold by the use of
a catalyst.””® Catalysts that participate in the reaction forms substrate with the reactant and
decreases the activation energy and thus fastens the reaction without getting consumed. If the
temperature and other favourable conditions are maintained, a small quantity of catalyst is
sufficient. The final product is obtained easily with the regeneration of the catalyst.**The use
of a catalyst is usually seen in about 90% of commercially produced chemical goods.*®
There are two types of Catalysis homogenous where phase of the catalyst and the reactant are
same and heterogeneous where the reactant and catalysts are in different phase. Nowadays
two important catalytic reaction such as electrochemical carbon dioxide reduction (CO2RR)
and oxygen evolution reaction (OER) have drawn great attention to scientific communities
(Figure 1.17). Design of coordination polymers for CO;RR and OER catalyst are very
challenging job for researcher and also for sustainable environment. Due to structural
diversity of coordination polymers/metal-organic frameworks they serve as a very good
catalyst. Figure 1.17 describes electrochemical reduction of CO, to methanol using cobalt
complex as a catalyst and another example of CP materials as a OER catalyst are given at

figure 1.18.
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Figure 1.18 Schematic presentation of catalytic reduction of 4-nitrophenol using cobalt(I1)

coordination polymer.'®® Reprinted with permission.
1.10 Magnetism

Magnetism arises due to the interaction of spin motion of elementary particles with the
applied external magnetic field. Magnetic moment arises due to the alignment of spin of
electrons in different direction.'®® The substances that interact with the applied magnetic field
are called paramagnetic substances. Depending on the concentration of magnetically active
ions present the paramagnetic substances can be distinguished as ferromagnetic and
antiferromagnetic. Ferromagnetic substances are strongly attracted by external magnetic
field. The electron spins align up in the same direction as the applied magnetic field. Due to
this property even after the withdrawal of external magnetic field we observe a phenomenon

called hyteresis."® Ferromagnetic substances can be permanently magnitized. Most common
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example of Ferromagnetic substance is magnetite FesO4. The usual ferromagnetism is shown

my paramagnetic substances up to Curie point.

Paramagnetic substances are weakly attracted to external magnetic field. Antiferromagnetism
is also observed in paramagnetic substances with metal ions whose spins are paired up in
presence of external magnetic field. From the magnetic point of view coordination polymers/
metal-organic frameworks (Figure 1.19) is one of the most important magnetic materials for
daily life application due to its various dimensional structural architecture and tuneable

properties.
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Figure 1.19 CO2-induced transitions between paramagnetism and ferrimagnetism of a MOF

material.'® Reprinted with permission.
1.11 Physicochemical Measurements

Transition metal salts in requisite form are procured and using the metal salt, suitable metal
precursors are synthesized, required ligands will be prepared using standard techniques.
These ligands will be used to synthesize Coordination polymers. Structural characterization
will be carried out using single crystal X-Ray technique and Purity of compounds have
checked by powder X-ray analysis (PXRD). Several spectral techniques and elemental
analysis will be used to carry out bulk characterization. NMR spectral technique may be used
for titrimetirc study of composition of the complexes. IR spectra will be used to obtain some
signature peak of some particular functional group. UV-Vis spectra could be useful to obtain
the electronic transition. DFT calculations will be adopted to identify the electronic structure
and hence the origin of the lowest energy spectral transition. Electrochemical analysis may

also be carried out to gain idea about redox centers and others activity of MOFs/CPs (HER,
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OER, COz2 reduction).

1.12 Aim and Scope of the Dissertation

The research work presented in this thesis explores the design, synthesis and structural
characterization of transitional metal based metal coordination polymers (Cu(ll), Zn(ll),
Ni(I)). The dissertation study focuses on (i) Design and synthesisof coordination polymers of
interesting structural architecture, (ii) Exploring the role of different supramolecular
interactions in the production of coordination polymers, (iii) Finding out the physical
significance of the supramolecular interactions in terms of their application in electrical
conductivity study, magnetic and electrochemical study (iv) Photo-reactivity of coordination
polymers. In this thesis work, various mono, di, tri-carboxylic acids will be employed along
with multidented nitrogen donor ligands for the formation of different dimensional
coordination polymer.

The chapter 2 describes copper based coordination polymers for electrical conductivity and
magnetic study. Charge transportation taking place through space via noncovalent
interactions in 0D and 1D network. In this regards the role of different supramolecular
interactions in conductivity has been revealed and also metal-coordination polymer junction

Schottky barrier diode has been successfully fabricated and studied in detail.

In the successive chapters we have successfully studied the role of " 'x stacking interactions,
C-Hz interactions and hydrogen bonding interactions in the construction of coordination
polymers. In chapter 3, dielectric properties and magnetic coupling interaction have been
studied of a copper coordination polymer. This compound shows variable temperature
dielectric properties and antiferromagnetic coupling between copper centers. The chapter 4
reveals the synthesis of two Zn(Il) based coordination compounds for the application of
catalytic CO> reduction and schottky diode properties. This compound electrochemically
reduced carbon dioxide to methanol and also shows conducting behaviour in solid state. The
chapter 5 reveals 1D Cu(ll) coordination polymers using 4-diallylaminobenzoic acid as a
highly electron rich N-donar ligand. Strong intramolecular H-bonding, various
supramolecular interactions and hydroxaide bridging are responsible for 1D conformation.
This hybrid material shows weak antiferromagnetic interaction between coppor centres and
efficient nitrophenol reduction reaction in aquous soluition. Therefore this material has great
importance as a catalyst for reduction of environmentally hazzardous aromatic nitrophenols.
The chapter 6 contains detail study of supercapacitor application and magnetic coupling
interaction of a tetranuclear copper based metal-organic frameworks. This compound
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exhibited antiferromagnetic coupling interaction and the capacitance is 547 F g™ at 2mvS™.

The high value of capacitance and charge/discharge cycling stability makes this material

useful for the energy storage application as a supercapacitor electrode. Finally chapter

(chapter 7) discusses the conclusions and suggestions for the future work.

Table 1.2 Metal salts and organic linkers are used for the synthesis of CPs.

Sl.  |Metal salts Organic linkers Single unit of CPs
No.
Cu(NO3)2:3H.0 /
1 U(NO3)23H> o //
>—< >—N
And
— /N
N\ / _N
Cu(NO3)2:3H.0
2 (NO3)2+3H: o /
N /
HO /
And
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Cu(NO3)2+3H.0

Cu(NOs3)2:3H20

Cu(NOs)2+3H,0
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6 Zn(NO3)2‘6Hzo

7 Zn(N03)2'6Hzo
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Abstract

Carboxylato bridged paddle wheel Cu(ll) coordination polymers [Cuz(DABA)4(4,4-BPY)]a
(1) and [Cus(DABA)s(PYZ)(H20):] (2) (HDABA = 4-Diallylamino-benzoic acid) have been
synthesized by varying axial linkers, 4,4’-Bipyridine (4,4’-BPY) and Pyrazine (PYZ). The
single crystal X-ray structure of 1 is 1D polymer while 2 is OD tetranuclear Cu(ll) complex.
Upon light irradiation the thin film of the compounds increases the electrical conductivity
with respect to the dark phase and the conductivity of 1 is ~150 times higher than 2.
Magnetic properties were investigated at an applied field 0.5 T in a temperature range 5-300
K. Compound 1 exhibits ferromagnetic behavior and compound 2 is antiferromagnetic at 300
K and the effective magnetic moment at 300 K, is 1.94 and 0.93 BM, respectively. The
capability to switch photoelectricity and magnetism by changing the crystal structure via

axial linker’s modification has been rationalized through DFT calculations.
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2.1. Introduction

Coordination polymers (CPs)*” have been extensively used in various fields such as in super
capacitor,® battery,” gas storage and separation, sensing™ and electrocatalysis.** But CPs with
distinct magnetic and electrical conductivities are of great interest as next-generation
functional materials due to their potential applications for electromagnetic interference
shielding,*? biomedicine™ and microwave absorption.* In order to achieve long-range charge
transport and strong paramagnetic character, it is crucial for these complexes to have strong
intermolecular ordering and strong intramolecular coupling. One of the remarkable features
of CP is its ability to adopt different structural architecture under varying conditions. The
length of organic spacer and the functional groups of the ligands, the nature of metal ions and
the oxidation state along with the reaction condition greatly influence the structure of the
CPs. Out of the nine 3d transition metal ions nontoxic Cu(ll) (d°) exhibit a large variation of
nuclearity and structures. The magnetic super-exchange interactions between copper centers
through the bridging ligands of paddle wheel Cu(ll) complexes are well known.™ But the

electrical conductivity and photosensitivity of such type of complexes have not been much

|.16 |.17

investigated. Loh et al.™ and Zuo et al.”" reported recently the conductivity and magnetic

property of copper based supramolecules.

In this work, we report 1D and OD paddle wheel Cu(ll) complexes, ([Cuz(DABA)a4(4,4'-
BPY)]n (1) and [Cus(DABA)s(PYZ)(H20)2] (2)), where DABA acts as carboxylate bridger
and BPY, PYZ are N-heterocyclic spacer of similar conjugated m systems with subtle
difference in m-acidity and different degrees of o-donating ability. Selective N-allylation of 4-
amino benzoic acid helps to form aliphatic C-H....n interaction which can help single crystal
formation. Diallyl group (have +I effect) of HDABA also increases the electron density on
metal centre, which has an effect on conductivity and magnetic properties. These type of CPs
are exciting for two main reasons: (i) the paramagnetic Cu(ll) (d°) center and the conducting
electrons are linked by a chemical bridge and (ii) the metal is a very good electron transporter
between organic linkers.*® The CPs simultaneously exhibit photosensitive® semiconducting

20-22

nature and paramagnetic behavior to make them viable for use in optoelectronic®,

photovoltaic®* and electromagnetic devices.
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2.2. Results and Discussion
2.2.1. Structural analysis of HDABA, [Cu: (DABA)4,4’-BPY)]n, (1) and
[Cus(DABA)s(PYZ)(H20)21, (2)

HDABA crystallizes in the monoclinic C 2/c space group with Z = 8 and exists as a dimer
through strong hydrogen bonding with O---H distance 1.80 A (Figure 2.1) which has been

confirmed by Single-crystal X-ray diffraction experiment.

Figure 2.1 Dimeric form of 4-Diallylamino benzoic acid.

The structure analyses of 1 and 2 have revealed that the asymmetric unit have identical motif,
a discrete carboxylato bridged Cu(ll) paddle wheel [Cuz(DABA)4] unit which is capped by
the N-heterocycles at the axial coordination position. (Figure 2.2a and 2.3a) Both the
compounds have distorted square pyramidal geometry around Cu centers with metal...metal
interaction, where Cu---Cu distance lies in the range 2.579-2.641 A. Compound 1 crystallizes
in the monoclinic P 21/n space group with Z = 4, where 2 crystallizes in the triclinic P-1 with
Z =1 (Table 2.1).

Figure 2.2 A portion of the compound 1 displaying the coordination atmospheres of the
Cu(ll) atoms (a). A schematic diagram displaying the connectivity of the structure (b). A

portion of the 2D connectivity displaying C-H.... n interactions (b) - (d).
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Compound 1 forms 1D polymeric chain by repeating the asymmetric unit and pyridine ring of
4,4’-BPY (Figure 2.2b) are twisted along X-axis that may assist efficient charge

delocalization through metal orbitals.

Table 2.1 Crystallographic Data of 1 and 2.

Compound Compound-1 Compound-2
CCDC No. 1871434 1871433
Formula Cé2 Hea Cuz Ng Og  {Ca0s H120 Cus N1o O1s
fw 1148.30 2100.34
crystsyst monoclinic Triclinic
space group P 21/n P-1

a(A) 12.5450(8) 13.1365(11)
b (A) 34.762(2) 14.0314(12)
¢ (A) 13.9615(9) 16.3546(13)
o(deg) 90 66.462(2)
B(deg) 112.248(3) 74.865(2)

v (deg) 90 87.755(3)

Vv (A% 5635.2(6) 2660.6(4)

Z 4 1
Dealca(g/cm®) 1.354 1.311
p(mm™) 0.816 0.858

AMA) 0.71073 0.71073
data[l >25(1)]/Npar  |9888/703 9295/631
GOF on F* 1.077 1.122

Final R R1 = 0.0466 R1=0.0479
indices[l >25()]*  |wR2 =0.1180 wR2 =0.1539

*R1 = Z[Fo| - [Fell SIFol, ° WR2 = [2w(F? - F2) aw(Fo?) ™
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The compound 2 forms tetranuclear Cu(ll) complex and water molecules act as capping
ligands. These coordinating water molecules enables strong hydrogen bonding with bridging
carboxylate groups with O---O distances in the range ~2.8 A leading to the formation of the
1D polymeric network (Figure 2.3b). These complexes are capable of forming higher
dimensional structures through H-bonding and Supramoleculer®® (aliphatic, aromatic C-
H....m) interactions (3.066-3.454 A) (Figures 2.2c-d, 2.3c- d).

Figure 2.3 (a) A portion of the compound 2 displaying the coordination atmospheres of the
Cu(ll) atoms; (b) A portion of the 2D connectivity displaying hydrogen bonding
interactions; (c) A portion of the 2D connectivity displaying C-H---n interactions; (d) A

portion of the 2D connectivity displaying n---mt interactions.

The intramolecular N-N distance in the heterocyclic bridger (in 4,4-BPY of 1 it is 7.08 A
much longer than 2.75 A in PYZ of 2) may be the major driving force for the formation of
1D superstructure for 1 and 0D for 2. Smaller size of PYZ allows large steric hindrance and

may not permit the formation of 1D polymeric chain in 2.

Single-crystal X-ray diffraction data is well supported by density functional theory (DFT)
study, performed using plane —wave technique as implemented in Vienna Ab Initio

Simulation Package (VASP) (details are given in supporting information).
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Figure 2.4 Optimized structures of compound 1 (a) and 2 (c), PDOS plots for Cu-¢ 2 and p-

orbitals of Cu coordinated oxygen and nitrogen atoms in compound 1 (b) and 2 (d).

CuCu distances (in the range 2.579-2.641 A) determined from the SC-XRD experiment is
also well matched with DFT optimized structures which show CuCu distances are 2.70 and
2.56 A respectively for compounds 1 and 2 (Figure 2.4a and c). In accordance with SC-XRD,
DFT optimized structures reveals Cul center in compound 1 is coordinated with four oxygen
atoms of the carboxylato groups (Cu-O bond length ~2.0 A) and one nitrogen atom from N-
heterocycle (Cu-N bond length ~2.28 A) whereas in compound 2 Cul center is covalently
linked with four oxygen atom of the carboxylato groups (Cu-O ~ 2.05A) and one oxygen
atom from water through hydrogen bonding interaction (Cu O ~ 2.33A). On the other hand
Cu2 center in compound 2 shows bonding interaction with four oxygen atoms of the
carboxylate groups (Cu-O ~ 2.03A) and one nitrogen atom from N- heterocycle (Cu-N ~ 2.23
A). Projected density of states (PDOS) analysis clearly reveals that the bonding interaction
between Cu and coordinated atoms originates from Cu-di?-? orbitals and p-orbitals of

nitrogen and oxygen atoms both in compound 1 and 2 (Figure 2.4 b-d).
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2.2.2. Magnetic Properties

Paddle-wheel copper(l1) carboxylato CPs [Cu(ll), d°] are well-known to possess magnetic
super exchange interactions®® between the two copper(ll) centers through the bridging
ligands. The extent of the exchange interaction is known to be controlled by several factors,
including the geometry of the Cu(ll) ions, the bond angles and the bond lengths of the
bridging atoms, the bridging mode of the ligand and also the type of bridging linkers?" 2.
The spin super-exchange interaction of the binuclear copper(ll) complexes can be understood
in terms of the natural (non-orthogonalized) magnetic orbitals.?*3* At 300 K, the effective
magnetic moment for 1, and 2 are 1.94, and 0.93 B.M., respectively, which correspond to
spin only values of S=1/2 for Cu(ll) (1.73 B. M.). It is noted that the effective magnetic
moment of compound 1 is greater than that of single uncoupled Cu(ll) ion and compound 2
shows much less value than that of one-electron spin uncoupled Cu(ll) ion. The compound 1
exhibits yaT value 0.0223 emu K/(Oe . mol) at 5 K and is increased linearly upto 20 K
followed by sigmoidal change in the yaT value to 0.472 emu K/(Oe . mol) at 300 K (Figure
2.5). For compound 2 yaT becomes 0.0098 emu K/(Oe . mol) at 5 K and follows

paramagnetic change (xaT vs T is linear) upto 100 K.
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Figure 2.5 Variation of yaT value with temperature for compounds 1 and 2 (where ya refers

to diamagnetic correction of ym).

Then it is gradually decreased until around 250 K and the yaT value is reached to 0.107 emu
K/(Oe . mol) at 300 K (Figure 2.5). Therefore, compound 1 becomes ferromagnetic at room

temperature while the compound 2 is antiferromagnetic at 300 K. To further rationalize the
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strong antiferromagnetic coupling interactions between the Cu?* ions as well as among the
covalently linked atoms with Cu* ions (coordinated N and O atoms) at low temperature, we
have performed DFT and calculated magnetic moment values at low temperature (~0 K) for

both the compounds 1 and 2.
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Figure 2.6 DOS plots for (a) compound 1 (b) compound 2, LDOS plots for Cu** ions in
compound 1 (c) and 2 (d).

Charge transfer from Cu®* ions to the ligand orbitals results ferromagnetic coupling in the
ambient temperature. DFT calculations on both compounds 1 and 2, reveal that strong charge
transfer from coordinated atoms to Cu®* centers (~0.9 e on average for both compounds)
results in strong anti-ferromagnetic coupling with the more localization of electrons on Cu?*
centers (magnetic moment = 0.000 uB) at low temperature (~0K). The anti-ferromagnetic
coupling phenomenon is well understood from total as well as localized density of states
(TDOS, LDOS) analysis (Figure 2.6). The perfectly symmetric nature of electron density of
spin up and down clearly indicates that there are strong antiferromagnetic coupling
interactions among the Cu®* ions as well as between Cu®* and coordinated ligands (Figure
2.6a-b) for compounds 1 and 2. The LDOS of Cu®" ions and coordinated nitrogen and oxygen
atoms of compounds 1 and 2 clearly demonstrates that the spin on the atoms are all

antiferromagnetically coupled (Figure 2.6 c-d).
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Apart from this, d® configuration of Cu(I1) being more than half-filled has significant orbital
contribution and also the presence of hydrogen bonding and other supramolecular

interactions can also influence the magnetic properties.*
2.2.3. Electrical Characterization
Impedance Spectroscopy study and current-voltage (I-V) measurement

Impedance Spectroscopy (IS) study is performed in frequency range 40 Hz-10 MHz at room
temperature. Figure 2.7a shows the Nyquist plot for two compounds in the dark condition.
The higher frequency semicircular arc depicts the bulk contribution and intermediate or low
frequency semicircular arc represents the grain-boundary or electrode-specimen effect.®® The
intercept of the semicircular arc on real axis Z’ depicts the bulk resistance Ry (dc resistance)
of the sample. From Figure 2.7a and inset of Figure 2.7a, it is clearly seen that compound 1

has lower resistance than compound 2.
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Figure 2.7 (a) Nyquist plot and (b) frequency dependent ac conductivity plot for compounds
1and 2.

The lower resistance signifies the better possibility of charge transfer. Figure 2.7b represents
ac conductivity vs. frequency (log scale) plot for compound 1 and 2. At lower frequency
region, the extrapolation of Y-axis gives the value of dc conductivity (opc), which is
attributed to the long range translational motion of the charge carriers. In high frequency
region the term Aw" is responsible for the frequency dependent behaviour and the dispersion
nature.** The frequency dependence of ac conductivity (cac) may be because of free and
bound carriers.®*® The frequency dependent conductivity can be expressed by the following

power law equation .*® ¥’

(0)) = 0dc + Oac (1)
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Where, o(w) is the total conductivity, opc is the dc conductivity and ocac is the ac
conductivity. At high frequency region, the increase of conductivity described through
Jonscher’s power law [1] and it is defined as:

oac = [1+ ("] )

WH

Where, n is the dimensionless frequency component, ® (0=2xf) is the angular frequency and
oH IS the hopping frequency of the charge carrier. At room temperature, the dc conductivity
(opc) of the compound 1 and 2 are calculated as 3.12x10* Sm™ and 2.65x10° Sm™
respectively which was also verified by computationally and the corresponding theoretical
band gap are 1.36 eV and 1.75 eV respectively (Figure 2.8). The DFT calculated DC
electrical current conductivity (ogc, prr) Of the compound 1 is 1.1x10™ whereas that of
compound 2 is 8.5x107 Sm™ that agrees with the experimentally determined electrical
conductivity value. Both the experimental and DFT study shows that compound 1 is more
conducting (in order of magnitude) compared to compound 2. Motivated from these results,
the current-voltage (I-V) characteristics of Al/Compound/ITO sandwich structure have been
performed within the voltage range +1V.
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Figure 2.8 Current-Voltage (I-V) characteristic curves for (a) compound 1 and (b) compound
2 under dark and light condition.

Figure 2.8a-b show the current-voltage characteristic curves of devices (compounds 1 and 2)
in the dark/under irradiation with white light (irradiance ~ 1000 Wm™). Figure 2.8 shows that
the fabricated devices based on the samples exhibit non-linear rectifying behavior, similar to
the Schottky diode behavior. The rectification ratio (i.e., On/Off ratio) of the devices in the
dark/under illumination condition are found to be 16.00, 17.39 and 34.64, 28.25 for the
compound 1-2 respectively. Logarithmic presentation of | as a function of V is shown in inset
of Figure 2.8.
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We have analyzed the I-V characteristic curves by introducing standard thermionic emission
(TE) theory® for exploring the charge transport phenomena by considering the following

standard equations. *

I =Toexp (L) [1 — exp (=4Y)] (©)
nKT nKT

Where, lo is the saturation current derived from the straight line intercept of In (I) at V=0 and

is given by Eq. 4.
I, = AA*TZexp (?ﬁ—B) (4)

Where, q stands for the electronic charge, k is the Boltzmann constant, T is the temperature in
Kelvin, V is the forward bias voltage, A is the effective diode area, 1) is the ideality factor and
A* is the effective Richardson constant respectively. The effective diode area is estimated as
7.065x10°° m? and the effective Richardson constant is considered as 1.20x10° AK?m™ for
all the devices. At low bias, linearity in current is observed which is consistent with Eg. (3),
while the deviation from linearity at higher bias voltages occurred due to the change in diode
series resistance. From Cheung, the forward bias |-V characteristics in term of series
resistance can be expressed as (Eq. 5),*°

I=1 (V=IRS) 5
o exp [(IES)] ©)

Where, the IRsterm is the voltage drop across series resistance of device.
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Figure 2.9 dVv/d(Inl) vs. I and H(I) vs. I curve for compound 1 and 2 based Schottky barrier
diode under dark (a), (c) and photo (b), (d) condition.
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In this circumstance, the values of the series resistance can be determined from following
equations (Egs. 6, 7) **

dv
— (1KT) 4 6
din(1) q ) $ (6)

45



Chapter-2

() = RsI + n®B (7

and H(I) can be represented as (Eq. 8):

MD=V-CHIn(_L_ ) (3
q AA*T2

The plot of dVv/dIn(l) vs. | (Figure 2.9) gives the value of series resistance (Rs) as the slope
and the ideality factor (n) as the y-axis intercept. The dV/dIn(l) vs. I graph for all devices in
the dark/under light condition have been portrayed in Figure 2.9. The potential barrier height
for all devices are evaluated from the y-axis intercept of H(I) vs I curve (Figure 2.9). The
slope of this plot also furnishes a second determination of the series resistance. The obtained
valuesof ideality factor, barrier height and series resistance are listed in Table-2.2. The values
of ideality factor (n) in the dark condition deviated from ideal behavior and this difference
is due to the presence of inhomogenities of Schottky barrier height, high probability of
electron and hole recombination in the depletion region, existence of interface states and
series resistance.***® But, under the illumination of light the value of ideality factor
approaches unity. Series resistance (Rs) of all the compounds in both cases decrease after

soaking light, these results indicate a certain reduction in carrier density in the depletion
region of the rectifier through the introduction of traps and recombination centres associated
with illumination effect, which signifies its applicability in the field of optoelectronics
devices.

For a better insight into the charge transport phenomena through the metal-semiconductor
(MS) junction, we investigate the forward I-V curves in details by employing the space
charge limited current (SCLC) theory.

= Dark (a) = Dark | (b)

10°4 e Light ® Light
Region-11 10°4 Reguunl/
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=
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Figure 2.10 log I versus log V plot for (a) compound 1 and (b) compound 2 under dark and

light condition.

The characteristic I-V curves in the dark/under light conditions in the logarithmic scale
portrayed in Figure 2.10. Figure 2.10 clearly demonstrates two regions with different slopes,

indicating different conduction mechanisms. The current conduction mechanism is governed
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by the power law (I oo V™), ** where m is the slope of the | vs. V curve. At low bias voltage
(region-1), the sample exhibits an ohmic behavior, i.e., the current is directly proportional to
the applied bias voltage (I « V). The I-V characteristics in this region can be attributed due to
the thermionic emission and the current is dominated by bulk generated electrons of the film,
rather than the injected free carriers.*> The region Il corresponds to the higher ordered
magnitude of slope, exhibits variation of current with square of forward bias voltage (I o VZ)
(Figure 2.11). In this region the current is governed by space charge, designated as space
charge limited current (SCLC).* The trap distribution is the key factor in this type of charge
transport mechanism.
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Figure 2.11 1 vs VV plot of SCLC region under dark and photo condition for (a) compound 1
and (b) compound 2.

As the traps are exponentially distributed in this region, current increases rapidly. Moreover,
to check the performance of the devices effective carrier mobility are evaluated from | vs V2
plot (Figure 2.11) from the SCLC region, by evaluating the slope with the help of Mott-
Gurney space-charge-limited-current (SCLC) equation (Eq. 9)." %8

_ et E0Er A V?
! () ©)

Where, 1 is the current, g is the permittivity of free space and ¢, the dielectric constant.
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Figure 2.12 Capacitance versus frequency plot for (a) compound 1 and (b) compound 2.

The value of dielectric constant of the material is measured from capacitance versus
frequency plot (C-f) (Figure 2.12) with the help of following equation:*

_cd

€
r £0A

(10)
Where, C is the capacitance (at saturation), d is the thickness and rest are same as defined

previously. We have also theoretically determined dielectric constant of the compound 1 and

2. Compound 1 has dielectric constant of 1.36 while for the compound 2 it is 1.25 which

agrees well with the experimentally determined dielectric constants.

The frequency
dependent dielectric constant plot has been given in the supporting information. Mobility and

transit time are the prime factor to determine the device performance. Transit time (1) is
defined as the time required by a carrier to travel from anode to cathode. It can be expressed
as the summation of average total time spent by each electron as a free carrier plus total time

spent in the tarp.” The transit time (1) of the charge carrier is deduced by using the equation
(Eq. 11):*

_ 9g08rA V
=g )

(11)
The effective mobility of the carriers under dark condition is evaluated as 5.21x10° m?V's™*
and 6.48x107" m?V's™ for compound 1 and 2. After irradiation of light the values of effective
carrier mobility (uerr) improved to 1.07x10* m?V?'s? and 1.21x10° m?v's?® for those
compounds respectively. Longer transit time in dark condition leads to higher trapping
probabilities®® but after illumination of light the situation is reverse due to the higher carrier

mobility. The values of effective carrier mobility and transit time of compound 1 and 2 based
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devices are tabulated in Table-2.2. Hence, compound 1 is better candidate than compound 2

for the application in photovoltaic devices.

Table 2.2 Schottky Diode Parameters.

Sample Measured |On/Off |d(V)/d(Inl) vs. | Graph  [H(I) vs. | Graph
Condition |ratio
Name
Ideality  [Series Barrier Series
Factor (n) |Resistance  |Height (¢b)|Resistance
(Rs) (Ohm) |(eV) (Rs) (Ohm)
Compound 1  |Dark 16.00 1.23 286.71 0.60 287.30
Light 34.64 1.05 148.09 0.58 147.56
Compound 2  |Dark 17.39  [2.23 7.57x10" 0.76 7.49x10"
Light 28.25  [1.42 3.28x10" 0.74 3.59x10*

2.2.4. DFT calculations

VASP as well as GAUSSIAN-09 program package® has been executed during all the
theoretical calculations for the verification of experimental results. All the DFT calculations
are periodic (performed using VASP package) except the HOMO-LUMO calculation where
GAUSSIAN-09 program package has been used. In case of periodic calculation, unit cell of
the compound 1 and 2 are considered as a repeating unit whereas HOMO-LUMO
calculations are performed in the molecular level considering discrete monomer unit of
compound 1 and 2. The generalized gradient approximation method (GGA) parameterized by
the Perdew-Burke-Ernzerhof (PBE) was used to account the exchange-correlation energy for

computation using VASP package.*®>
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Figure 2.13 DFT calculated energy of molecular orbitals (MOs) and the energy difference
between HOMO and LUMO of compound 1 and 2.

The on-site coulomb repulsion U term (DFT+U method) was used to improve the description
of localized Cu d-electrons as well as on-site coulomb interaction in Cu based systems with
Uert = 3.0 eV as reported in the literature. **>° The projector augmented wave potential
(PAW) was used to treat the ion-electron interactions. The effect of van der Waals
interactions were considered using empirical correction method proposed by Grimme (DFT-
D2).2% In all computations the kinetic energy cut off is set to be 500 eV in the plane-wave
expansion. All the structures were fully relaxed (lattice constant and atomic position) using
the conjugated gradient method and the convergence threshold was set to be 10 eV in
energy and 0.01 eV/A in force considering spin-polarization effect. For geometry
optimization, the Brillouin zone is sampled with a 3x3x3 Monkhorst-Pack grid. Density of
states (DOS) was computed with the the Brillouin zone sampled with the same grid. In order
to calculate the charge transfer between the Cu®* cluster and different surfaces, we choose
Bader charge-population analysis method.®* On the otherhand GAUSSIAN-09 program
package have been executed for spin state calculation using the hybrid B3LYP/LanL2DZ
exchange—correlation function as implemented. Here the lattice equivalent and deformation
potentials were used to obtain the Schottky electrical contact. The deformation commonly
refers to the energy gap between valence and conduction band which is the difference
between highest occupied and lowest unoccupied molecular orbitals (AE = ExHomo — ELumo,
eV). The band gap® of CPs can be obtained by using absolute deformation potentials
(ADPs). The calculated band gaps for compound 1 and 2 are 1.36 eV and 1.75 eV

(Figure 2.13) respectively. Therefore, the validity of verification of the electrical and magnetic
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properties of the molecules has been successfully performed.
2.3. Experimental Section
2.3.1. Materials and general method

Sigma Aldrich helped us by providing all the required chemicals. Micro—analytical data (C,
H, N) were collected on Perkin- Elmer 2400 CHNS/O elemental analyzer.
Thermogravimetric analysis was recorded on a Perkin—Elmer Pyris Diamond TG/DTA in the
temperature range between 30 °C and 600 °C under a nitrogen atmosphere at a heating rate of
12 °C min . Single crystal of the compound 1 and 2 was used for data collection using a
Bruker SMART APEX Il diffractometer equipped with graphite-monochromated MoKa
radiation (A = 0.71073 A). The crystal structure was solved using the SHELX-97 package.
The PXRD data was collected on a Bruker D8 Advance X-ray diffractometer using Cu Ka
radiation (A = 1.548 A) generated at 40 kV and 40 mA. The PXRD spectrum was recorded in
a 20 range of 5-50. Magnetic properties were investigated using a Quantum Design MPMS-
XL superconducting quantum interference device magnetometer (SQUID) at an applied field
0.5 T in a temperature range 5-300 K. The diamagnetic correction was carried out by using
Pascal constants. The di-electrical study was carried out by evaluating capacitance (C),
impedance (Z),and phase angle (0) of the sample as a function of frequency (40 Hz—10 MHz)
using a computer-controlled Agilent make precision 4294A LCR meter. The Current-Voltage
(1-V) characteristics of two devices are recorded under dark and light (AM 1.5 radiation)
condition with the help of Keithley 2635B source meter interfaced with PC by applying bias
voltage in the range of -1 V to +1 V. All the measurements are performed at room

temperature.
2.3.2. Synthesis of 4-Diallylamino-benzoic acid allyl ester

Allylations of 4-amino benzoic acid were carried out by using the literature procedure.> The
obtained white solid (2.347 g, 97%) was recrystallized from methanol and tri allylation was
characterised by *H NMR spectrum. * H NMR (300 MHz, CDCls): d 3.94 (d, 4H), d 4.75 (d,
2H), d 5.20 (m, 4H), d 5.33 (m, 2H), d 5.81 (m, 2H), d 6.01 (m, 1H), d 6.60 (m, 2H), d 7.90
(d, 2H) (Fig. 2.14)
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Figure 2.14 The *H NMR spectrum of 4-Diallylamino-benzoic acid allyl ester.
2.3.3. Synthesis of 4-Diallylamino-benzoic acid

We have synthesized these reported compound™ with modified procedure. Selective
deallylation of 4-Diallylamino-benzoic acid allyl ester was carried out using the following
procedure. To a 250 mL round bottom flask the 4-Diallylamino-benzoic acid allyl ester
(2.347 g 9.72 mmol) was dissolved in a solution of NaOH (3.11 g, 8 equiv) in 50 mL MeOH
and 50 mL H20 and stirred at room temperature for 12 h. The reaction mixture was then
acidified with 6N HCI, white precepited comes out, filtered and residue was recrystallized

from methanol, gives pure 4-Diallylamino-benzoic acid (2.015, g 95%) (Figure 2.15).

NH. NN eSNNF
K,CO3
H-0:MeOH(1:1
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B NF a
0% ™0OH 0NN 0% OH

Figure 2.15 Schematic representation of the preparation of 4-Diallylamino-benzoic acid.
2.3.4. Synthesis of compound 1 and 2

A methanolic solution of (1 ml) of 4,4-BPY (15.619 mg, 0.1 mmol) was carefully layered by

the help of water-metahnol mixed solvent over the aqueous solution of (1 ml) of
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Cu(NOs3)2,3H20, (24.16 mg, 0.1 mmol). HDABA (21.726 mg, 0.1 mmol) in ethanol (1 ml)
was neutralized with EtsN (10.119 mg, 0.1 mmol) and was layered cautiously over the 4,4-
BPY followed by water-metahnol mixed solvent to make an undisturbed layer. It was then
allowed to diffuse for a week. The blue coloured needle-shaped crystals were deposited on
the glass wall. The crystals were separated mechanically under a microscope and washed
with methanol and water (1:1) mixture, and dried. The yield of [Cuz (DABA)4(4,4'-BPY)]n, 1
was 75 % (45.934 mg). Elemental analysis calculated for (1); C, 58.23; H, 9.46; N, 7.75%
and found C, 58.11; H, 9.53; N, 7.82%. The same synthetic procedure has been applied for
compound 2 as adopted for 1, except PYZ(8.009 mg, 0.1 mmol). The blue coloured block-
shaped crystals were deposited on the glass wall. The yield of [Cus(DABA)s(PYZ)(H20)2], 2
was 80 % (43.158 mg). Elemental analysis calculated for (2); C, 59.23; H, 9.74; N, 6.42 %
and found C, 59.32; H, 9.68; N, 6.37 %.

2.4. Conclusions

We have successfully synthesized two structurally distinct Cu based coordination polymers
having 1D and OD structures respectively with fascinating electrical and magnetic properties.
These properties can be further tailored by modifying the axial linkers. Tuning of axial
linkers leads to the formation of charge transfer complexes which significantly enhances its

magnetic moment and improves its electrical properties.
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Abstract

One Dimensional Cu(ll) coordination polymer with encapsulated antiferromagnetically
coupled binuclear Cu(ll) has been synthesized by using 5-nitroisophthalic acid (5-N-1PA) and
4-aminopyridine (4-APY) [Cu2(5-N-IPA)2(4-APY)s]n (1). Electrical properties are examined
by Complex impedance (Z*), dielectric permittivity (¢*), and ac conductivity studies at
different frequencies (10 kHz-5MHz) and temperature (253 K-333 K). The contribution of
grain and grain boundary have been explained by different theoretical model. The variable
temperature magnetic susceptibility data for compound 1 were recorded between 300 and 2
K. The shape of the curve (ymT vs T) indicates dominant antiferromagnetic coupling, which

results from the interaction between the copper(ll) atoms.
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3.1. Introduction

Coordination polymers (CPs)"” have been commodiously used in various fields (Chapter 1)
such as in supercapacitor,®'! batteries,”> gas storage and separation, sensing*® and
electrocatalysis.** But CPs with prominent magnetic and dielectric properties are of great

attention as functional materials due to their embryonic applications in the fields such as for

16,17 18,19

electromagnetic interference shielding,™® capacitors, microwave tunable devices and
broadband electric-field tunable devices.”® Dielectric spectroscopy is routinely used to
accumulate the information on the ac conduction mechanism and dielectric relaxation in a
immense frequency range for different temperatures. The flexible qualitative delineation
often provides new intuition into the field of dielectric behavior. For example, localized (i.e.,
long range conductivity) nd non-localized (i.e., dielectric relaxation) conduction processes
inside the material can be esteemed by the non-existence or existence of relaxation peak in
frequency dependent hypothetical modulus plot. Performance of dielectric parameter has
been explored on transition metal oxide amorphous semiconductor, oxide perovskite
materials, ionically conducting polymer, and conducting glass.”**® Recently, comprehensive
study on ac conductivity and dielectric relaxation of CH3NH3PbXs (X=Br, 1) has been
reported, which shows the dominance of non-Debye type relaxation inside the material.*** In
order to acquire long-range charge conduct and obvious magnetic behaviour, it is pivotal for
these compounds to have tough intramolecular coupling and strong intermolecular ordering.
One of the incredible characteristics of CP is its potentiality to acquire distinct structural
architecture under varying environments. The functional groups of the ligands and the length
of organic spacer, the reaction condition, the nature and the oxidation of metal ions
immensely control the structure of the CPs. Among the 3d transition metal ions nontoxic
Cu(11) (d®) can display a wide distinction of structures and nuclearity. The magnetic super-
exchange interactions in the middle of copper centres across the bridging ligands of Cu(ll)
compounds are established.?®>! But the charge transfer Mechanism and Dielectric behaviour

|.28 |.27

of coordination polymers have not been much explored. Recently Zuo et al.”” and Loh et a

reported the magnetic and conductivity property of copper based CPs.

In this Chapter, the 5-nitroisophthalate ion forms 1D coordination polymer with Cu(ll) metal
knote and two axial positions are occupied by 4-aminopyridine. The structure shows
encapsulation of dinuclear Cu(ll) in the 1D coordination polymer. The multinuclear Cu(ll)-

CP shows antiferromagnetic coupling and temperature dependent dielectric properties.
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3.2. Results and Discussion
3.2.1. Structure and Morphology of compound 1, [Cuz2(5-N-1PA)2(4-APY)s]n

[Cu2(5-N-IPA)2(4-APY)a]n crystallizes in the monoclinic P 21/c space group with Z = 4 and
the details of refinement parameters and crystal data for compound 1 are tabulated in Table
3.1. The structure analysis of 1 has revealed that two types of copper centres are there (Figure
3.1a). One of them forms 1D polymeric network via carboxylato bridging in the square of 5-
N-IPA. 4-APY is appended to the axial coordination site of Cu(ll) in the dimentional network
and are hydrogen bonded (3.32 A) with amino group of another 1D network to form porous
2D network (Figure 3.1b-c). In the pore of these 2D network dinuclear Cu(ll) are
encapsulated by the help of hydrogen bonding and =- - - interactions (Figure 3.1d).

Table 3.1 Crystal data and refinement parameters for compound 1.

Formula Cas H31 Cu2 N1o O13

CCDC No. 1920033

Fw 938.81

Crystsyst Monoclinic

space group P 21/c

a (A) 15.485(3)

b (A) 20.386(4)

c(A) 12.655(2)

o(deg) 90

B(deg) 101.146(5)

v (deg) 90

vV (A7) 3919.5(13)

Z 4

Deatca(g/cm®) 1.591

p(mm™) 1.165

MA) 0.71073

data[l >2c(l)]/params 6895/551

GOF on F* 1.100

final R indices[| >24(1)]*° |R1=0.0451
WR2 = 0.1265

62




Chapter-3

Figure 3.1 (a) The coordination spheres of the Cu(ll) atoms, (b) a schematic presentation
displaying the presence of m---m interactions and hydrogen bonding in the compound.(c) A
portion of the 2D connectivity, (d) one Dimensional Cu(ll) CP with Encapsulated dinuclear
Cu(ll).

The geometry around Cu centres in dinuclear Cu(ll) are distorted square pyramidal, where
Cu---Cu separation lies in the range 3.388 A. This complexe have the potential to form higher
dimensional structures throughout H-bonding (2.865-3.3.320 A) and Supramoleculer
(aromatic 7....w) interactions (3.869-4.148 A), (Figure 3.1b).>®*°°2 Fyrthermore,
morphologies of 1 was examined by field emission scanning electron microscopy (FESEM).

Figure 3.2 is displays that the nanosheets are firmly stacked and intertwined with each other.

Figure 3.2 FESEM images of compound 1.
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3.2.2. TGA and PXRD analysis

Thermogravimetric analysis (TGA) of compound 1 is displayed that the compound is
thermally stable up to 373 K (Figure 3.3). Therefore, no decomposition or deformation occurs
of the compound 1 at examined temperatures. The PXRD patterns of as synthesized
compound exhibit broad diffraction peaks at 26 (degree) are 9.34, 10.55, 11.56, 14.38, 16.80,
19.48, 20.43, 22.55, 23.66, 26.28 and 30.23 which correspond to (111), (120), (200), (102),
(122), (132), (302), (042), (113), (322) and (502) planes respectively, were matched with the
corresponding peaks of simulated pattern, which confirmed the bulk sample have
uncontaminated (Figure 3.4).
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Figure 3.3 TGA curves of compound 1.
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Figure 3.4 PXRD patterns of compound 1: simulated pattern (black), as synthesized pattern

(red).
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3.2.3. Magnetic Study

The variable temperature magnetic susceptibility data for compound 1 were recorded
between 300 and 2 K. A plot of ymT versus T is shown in Figure 3.5. At room temperature
omT is equal to 1.586 cm® K mol™, which is close to four uncoupled copper(l1) ions with local
spin S =1/2 and g =~ 2.06.
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Figure 3.5 Plot of the ymT vs T for compound 1 (per four Cu atoms). Solid line shows the
best fit of the data (see text).

When the sample is cooled, the ymT decreases slowly and below 75 K decreases more rapidly
to value of 0.634 cm®*Kmol™ at 2 K, which is slightly less for two isolated Cu(l1) ions (0.75
cm® K mol™). The shape of this curve indicates dominant antiferromagnetic coupling, which
results from the interaction between the copper(ll) atoms. To fit the magnetic data, we
consider two copper of the four present in the elemental cell as isolated from the magnetic

point of view.

Figure 3.6 Structure of compound 1 showing the dinuclear and catena Cu(ll) fragments

formed.
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The interaction through the 5-Nitroisophthalate ligand in the monodimensionl fragment must
be negligible (Cu---Cu = 10.225 A) (Figure 3.6), following, thus, the Curie law for each
isolated Cu(ll). This part can be subtracted from the global magnetic susceptibility to give
only that corresponding to the dinuclear fragment [Cu(ll)]. which is aniferromagnetically
coupled. Considering the above, the experimental data were fitted to the Bleaney-Bowers
expression for an isotropically coupled pair of S= 1/2 ions (eq 1), in conjunction with an
additional mean field correction term, ymr (eq 2), where N is Avogadro’s number, us is the
Bohr magneton, k is the Boltzmann constant, and z is the number of nearest neighbors.

M /N

0 10000 20000 30000 40000 50000

H/G

Figure 3.7 The field dependence of reduced magnetization at 2 K for compound 1 (per four
Cu atoms), continuous line correspond to the Brillouin function for two isolated S = 1/2 and g
=20

The best least-squares fit parameters gave J = -29.5 cm™, zJ° = -05cm™, g = 2.09 and R =
8.21-10_5 = Zi(){MTcal ')(M-robs)2 / (XMTobS)Z-

Ng2u* 2 exp(J/KT)

_ M
M= 1 4 3 exp(/kT)
XMF = " - )
1—xm (%2)
Ng B

The field dependence of magnetization (0-5 T) measured at 2 K for compound 1 is shown in
Figure 3.7, in the form of M/Nugs (per Cus unit) vs H. The magnetization reaches a value of
1.79 M/Nug at 5 T, which is slightly less to the expected S =1/2 value of two isolated copper

(11) atom.
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3.2.4. Dielectric studies

The complex dielectric permittivity, €, of a material can be expressed as eq. (3)**°

e(w) = £(w) - je'(w) @)

where €'(w) and £"(w) are the real and imaginary part of complex dielectric constant and » =
2nf. Here, €'(®w) and €"(®) represent the amount of electrical potential energy stored and the
amount of energy dissipated due to polarization, respectively.*®3" The real and imaginary
dielectric constant of the complex can be calculated from the measured capacitance in
parallel mode by using following egs. (4, 5)

, C,d
glw)=" (4)
soA
&'(w) = &(w)tand (5)
3.0
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Figure 3.8 (a) Frequency dependence ¢'(w) at different temperatures, (b) Frequency

dependence &"(w) at different temperatures of compound 1.

Where C; is known as the capacitance of the sample, &0 (8.85 x 10™* F/cm) is the dielectric
permittivity in vacuum, A is the effective surface area of the pellet and d is the thickness of
the pellet, tand is the loss tangent or dissipation factor. The frequency dependence &'(w) for
the compound 1 depicts (Figure 3.8a) that &'(w) decreases gradually with increasing
frequency. This behavior is in agreement with the natural properties of organic and inorganic
hybrid materials.***" At low frequency, it has been observed that ¢'(®) is increased with
increasing temperature. Generally, there are four types of polarization such as electronic,
ionic, orientation and space charge polarization, which are mainly responsible for high

dielectric constant of the material.*>*° This dielectric constant also strongly depends on the
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purity and perfection of the synthesized samples. The increases of €'(w) of this material may
be due to the presence of metal ions with organic moieties and non-bridging oxygen atom,
which generate dangling bond.*“° These metal ions contributes to the space charge
polarization which leads the increase of €'(w). The small change in €'(w) with increasing
applied temperatures also observed for all samples which may be due to increase of ionic
polarization at low frequency region.****The frequency and temperature dependence &"(®)
(Figure 3.8b) for this material shows that £"(w) decreases with increasing frequency at all
temperatures. It has been observed that &"(w) increases faster with temperature at low
frequency region. This may be due to the crystal defects in the material generate potential
barriers for charge transport process. As a result the contribution of space charges becomes
limited until they are stopped at grain boundary. In low frequency region four types of
polarizations contribute significantly to €"(w) but contribution of ionic and orientational
polarizations reduce at higher frequency region. This effect decreases £"(®w) with increase of

frequency for the examined temperatures.***

3.2.5. Complex impedance study

The complex impedance properties of the compound 1 has been performed over a extensive
range of frequency from 10 kHz to 5 MHz for different temperatures (253 K — 333 K) using
complex impedance spectroscopy (CIS). This impedance spectroscopy method is the most
important method to explain the ionic movement mechanism of a material and the
contribution of grain boundary and grain.* The details information about the resistive and
capacitive properties of the material can be obtained from this study. The frequency
dependence complex impedance (Z*) can be obtained using this model and represented as eq.

(6)
Z(w) = Z(w) + jZ'(w) (6)

Where, the frequency dependence real part of impedance Z'(w) and imaginary part of

impedance Z"(w) can be expressed in egs. (7, 8)

Z'(a)) — Ry + Rgb (7)

[1+(wRgC?  [1+(wRghCgh)*]

” _ 7ng§2g 7ngbR2gb
Z(w) = [1+(ngcg)2]+ [1+(wRgbCgh)?] (8)
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Where, ® = 2nf, Ry = grain resistance, Cq = grain capacitance, Rgp = grain boundary

resistance and Cgv = grain boundary capacitance.>**>*
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Figure 3.9 (a)Frequency dependence Z'(w) at different temperatures, (b) Frequency

dependence Z"(w) at different temperatures of compound 1.

The variation of Z'(w) as a function of frequency and temperature (Figure 3.9a) for this
compound 1 follows a sigmoidal type variation with increase in frequency. The Z'(®) values
show higher in low frequency region and consequently decrease with increase of frequency
and temperature. This nature reveals the increase of ac conductivity as well as the presence of
negative temperature coefficient of resistance (NTCR) of this material, which can generally
suggest the semiconducting nature of this compound. Higher values of Z'(w) in the low
frequency and temperature significantly reveal the effect of large polarization. The decrease
in Z'(w) value at higher frequency and temperature clearly indicates the less contribution of
grain boundaries in total resistance, leading to increase of ac conductivity with increase of

temperature as well as frequency.*
3.2.6. AC Conductivity

To explain the effect of Cu centres on the electrical conductivity of the one dimensional
Cu(ll) CP with encapsulated antiferromagnetically coupled dinuclear Cu(ll), the electrical
conductivity measurement has also been done. Figure 3. 10 reveals the variation of ac
conductivity for the compound 1. The lower conductivity for the material could be attributed
to low level of protonation of the carboxylate, nitro and/or amino groups of the coordination
polymer. The enhancement of ac conductivity for this material comes from the effective
dispersion of compound in the matrix, which favours improved electronic transport. It can be

observed that the conductivity of the one dimensional Cu(ll) CP with encapsulated
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antiferromagnetically coupled dinuclear Cu(ll) increases with frequency and the slope
becomes higher at higher frequency region. The ac conductivity is also considered to be the

combine effect of intrinsic electric dipole polarization and interface charge polarization.
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Figure 3.10 Frequency dependence of cac(w) at different temperatures of compound 1.

The phenomenon appears in metal organic polymeric system. The reason behind this is the
piling of mobile charges at the interfaces and as a result, large dipoles on metal particles or
clusters are made. Polarization as well as ac conduction inside the coordination polymer is

found to be dependent on the concentration of these metal particles.>*%04®

3.2.7. DFT calculations

GAUSSIAN-09 program package® have been executed for spin state calculation using the
hybrid B3LYP/LanL2DZ exchange—correlation function as implemented. In case of
theoretical calculation, asymmetric unit of the single crystal of the compound are considered
as a repeating unit and also HOMO-LUMO calculation are performed on this unit. Here the
lattice equivalent and deformation potentials were used to obtain the band gap. The
deformation commonly refers to the energy gap between valence and conduction band which
is the difference between highest occupied and lowest unoccupied molecular orbitals (AE =
Eromo — ELumo, eV). The band gap® of CPs can be obtained by using absolute deformation
potentials (ADPs). The calculated band gap for the compound is 0.32 eV (Figure 3.11).
Therefore, the validity of verification of the electrical properties of the compound has been
successfully performed.
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Figure 3.11 DFT calculated energy of molecular orbitals (MOs) and the energy difference
between HOMO and LUMO of compound 1.

3.3. Experimental Section
3.3.1. Materials and general method

Sigma Aldrich has provided all the required chemicals. Micro—analytical data (C, H, N) was
collected on Perkin- Elmer 2400 CHNS/O elemental analyzer. Suitable single crystal of
compound 1 was used for single crystal diffraction. Bruker SMART APEX Il diffractometer
equipped with graphite-monochromated MoKa: radiation (A = 0.71073 A) was used for data
collection. The crystal structure was solved by the SHELX-97 package. Field emission
scanning electron microscope (FESEM, S-4800, Hitachi) was used for the morphological
study and the PXRD data was collected on a Bruker D8 advance X-ray diffractometer using
Cu Ka radiation (A = 1.548 A) generated at 40 kV and 40 mA and in a 20 range of 5-50.
Magnetic susceptibility measurements for the compound 1 was carried out on polycrystalline
samples, at the Servei de Magnetoquimica of the Universitat de Barcelona, with a Quantum
Design SQUID MPMS-XL susceptometer apparatus working in the range 2-300 K under two
magnetic field of 500 G and 10000 G. Diamagnetic corrections were estimated from Pascal

Tables. Frequency and temperature dependent electrical conductivity and dielectric properties
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of the compound 1 was measured in the form of pellets (0.44 mm thick and 8.0 mm
diameter). The samples are compressed under 5 tons/inch? pressure using hydraulic press.
The pellet is placed between two copper electrodes and inserted with a holder vertically into a
cylindrical furnace. All electrical measurements was performed in the frequency range 10
kHz- 5 MHz in the temperature range 253 K to 333 K using LCR meter model Hioki
IM3536. The entire measurements have been performed at different temperatures under in the
dark condition and the temperatures have been controlled by a indigenous liquid nitrogen

cryostat.
3.3.2. Synthesis of compound

Figure 11 shows the schematic representation of the preparation of compound 1. A
methanolic solution (2 ml) of 4-Aminopyridine (4-APY, 18.82 mg, 0.2 mmol) was
judiciously layered using water-metahnol (1:1) mixed solvent above the aqueous solution (2
ml) of Cu(NOs).. 3H20, (48.32 mg, 0.2 mmol). 5-Nitroisophthalic acid (5-N-IPA, 42.226 mg,
0.2 mmol) in ethanol (2 ml) was deprotonated by EtsN (40.476 mg, 0.2 mmol) and was
layered carefully above the 4-Aminopyridine to build an uninterrupted layer. It was then
allowed to diffuse and the deep blue coloured block-shaped crystals were settled on the glass
Wall after a week. Under a microscope, the crystals were separated and washed with
methanol and water (1:1) mixed solvent, and dried. The yield of [Cuz(5-N-IPA)2(4-APY)4]n,
was 84 % (91.84 mg).

3.4. CONCLUSIONS

We have successfully synthesized one dimensional Cu(ll) CP with encapsulated
antiferromagnetically coupled dinuclear Cu(ll) with fascinating dielectrical and magnetic
properties. The charge transfer mechanism and dielectric relaxation throughout the CP have
been established. However, the overall electromagnetic properties and the effect of
temperature on electromagnetic behaviour of compound 1 reveals that our as synthesized
polymer will be a suitable for energy storage applications in future still the more

enhancements yet to be done to achieve optimized energy storage device.
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Abstract

Electrochemical reduction of CO; into C-fuels using Metal and Metal oxides Nano particles,
molecular complexes etc. are challenging task in view of sustainable environment, renewable
energy sources and transformation of waste-to-wealth. Zn(1l), d*° redox-innocent, coordina-
tion complexes have recently been used as efficient and selective catalysts in the electrore-
duction of CO,. Towards this goal, we have synthesized two complexes, tetranuclear (0D)
[Zna(us-O)(DABA)6] (1) and polynuclear (1D) [Zn2(DABA)4(4,4'-BPY)]n (2), in one pot
(HDABA = 4-Diallylamino-benzoic acid and 4,4-BPY = 4,4'-Bipyridine) and characterized
by single crystal X-ray diffraction measurements and other spectroscopic data. The electrore-
duction of CO2 (CO2RR) using the complexes 1 and 2 as catalyst has synthesized HCOOH,
HCHO and CH3OH. The reduced products are identified by **C NMR spectral data. It is ob-
served that Compound 1 is catalytically more efficient than compound 2 when compound 1
demonstrates the current -5.63 mA mg™, the compound 2 shows much lower value (-22.27
mA mg). Impedance spectroscopy shows that in the complex 2, the Z’ decreases with dimin-
ishing frequency than that of the complex 1; this implies that the dc resistivity of 2 is lower
than that of 1. Theoretically calculated energy gap (AE(HOMO-LUMO)) are 4.4 eV (1) and
2.81 eV (2) and the conductivity is 2.29x107 S/m (1) and 2.54x10 S/m (2). About 10* times
enhancement of conductivity of 2 is not only due to coordination of 4,4-BPY to Zn(ll) but

also subsidized by the coordination polymer and noncovalent superstructure.
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4.1. Introduction

Two key issues faced by the global economics and Science & Technology for the sustainabil-
ity of the civilization in this century are the depletion of energy resources and global warm-
ing. As a program of ‘Waste-to-Wealth’, conversion of CO2 to C-fuels and commercially use-
ful synthetic chemicals is one of the attractive scheme in ‘Chemistry for Better Future’.'*
COz reduction may be carried out using superheated steam to syngas or H. to methanol or
other chemicals; reduction may be catalyzed by metal and/or metal oxide NPs, molecular
complexes etc.*** Alternative plan proposed to alleviate CO; accumulation in the atmos-
phere, and consequently impact on the global climate by the Carbon Capture and Utilization
(CCU) technologies is the electrocatalytic CO2 reduction reaction (CO2RR) to generate C-
fuels.>>?°As a distinctive product of CO; reduction with 6e-6H" is CHsOH which is one of
the challenging processes.®*3! Methanol is an encouraging energy carrier since, as a liquid, it

is easier to store, transport and safely handle than hydrogen and natural gas.3*®

Electrocatalysis is largely influenced by the well-distributed metal centers in the electrode
deposited metal complexes, metal clusters, metal-organic frameworks etc.***! Due to the
closed shell electronic configuration of Zn (I1) (d°, redox-innocent), the main electrocatalytic
active sites in the CO2RR process of the Zn-based complex or MOFs may not be the metal
center, but the electron rich ligands coordinating to Zn(11).**** An electron-rich active center
could assist the activation of sable C=0 bond in CO2 by supporting electron movement from
the active sites to the antibonding orbitals followed by the reduction to different products.>*°
Thus, accumulation of the charge concentration on the catalytic sites would be an encourag-
ing approach to boost selectivity, catalytic activity and durability of electrocatalysts for het-

erogeneous CO; reduction, and has been considered ideal for the practical applications.>”°

Herein, we report a facile synthesis and structural characterization of tetranuclear (0OD),
[Zn4(pns-O)(DABA)s] (1), and one-dimensional (1D) polynuclear, [Zn2(DABA)4(4,4'-BPY)]n
(2) (DABA, 4-diallylaminobenzoic acid; 4,4'-BPY, 4,4-bipyridine) nanomaterials (average
particle size : 300 nm (1) and 250 nm (2)). Catalytic electrochemical CO- reduction followed
by *C NMR spectra proves the formation of CHsOH and HCHO using 1 and CH3OH,
HCHO and HCOOH using 2 as catalyst. The conductivity study based on diode derived from
J-V characteristics has shown Schottky Diode Behavior and is promising for the coordination
polymer, 2 (2.54x10® S/m) than 1 (2.29x107 S/m), 10* times higher in polymer (2) than
monomer (1). The electronic properties have been explained by DFT computation of the
compounds.
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4.2. Results and Discussion
4.2.1. General Information of the Compounds

Aqueous solution of Zn(NOs). diffuses to methanol solution of 4,4-bipyridine (4,4-BPY)
followed by the injection of 4-diallylaminobenzoic acid (HDABA) in ethanol in presence of
very small amount of EtaN to isolate tetranuclear [Zna(ps-O)(DABA)s] (1) and a coordination
polymer [Zn2(DABA)4(4,4'-BPY)]n (2). The composition of the compounds is supported by
microanalytical data. FTIR spectrum of 1 shows a characteristic high intense stretch at 1580
cm™ along with a strong broad band at 1380 cm™ which correspond to v(COO) while the
complex 2 generates two sharp asymmetric high intense stretches at 1560 and 1650 cm™
which refer to bridging carboxylate (Zn-OCO-Zn) and pyridyl C=N (bridged 4,4-BPY) in the
polymeric structure (Figure 4.1).%°° The *H and *C NMR spectra of the complexes are com-
pared with free ligand data and support the coordination to Zn(Il) (Figure 4.2).

1 (a)
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Figure 4.1 (a) IR spectrum of compound 1, (b) IR spectrum of compound 2.
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Figure 4.2 (a) The *C NMR spectrum of compound 1. (b) The *H NMR spectrum of com-
pound 2. (c)The *H NMR spectrum of 4-Diallylamino-benzoic acid.

The SEM image of the synthesized compounds exhibit irregular spherical type shapes
(Figure 4.3(a-b)). Using Gaussian function, the fittings show the average particle size as
300 nm (1) and 250 nm (2) (Figure 4.3(c-d)). Structural feature of the compounds slowly
degrades during electrolysis and agglomeration occurs. Thus, the active component becomes

compli- cated during long-time durability test in the electrocatalytic CO> reduction.®*®*

(c) (d)

@ 100 200 300 400 500 GOO 100 ;0 00
Size(nm) Size (nmj)

Figure 4.3 SEM images of compounds (a) 1 and (b) 2 along with their particle distribution
pattern ((c) 1 and (d) 2).

Therefore, the particle size of the compound 2 is found smaller than that of the compound 1.
Diminishing particle size indicates the lower grain size and higher grain boundary which may

82



Chapter-4

affect the conductivity of the samples.®>®® In general, the trapping ability of grains (or grain
boundaries) at the localized states directly impacts upon the gathering of charge carriers. The
Debye length of the material can determine the trapping ability. The 4 times higher grain size
than the Debye length is sufficient to make the grain conductivity dominant in total conduc-
tivity of the material.®’ In present example, the grain resistivity of compound 1 is 2.5 times
higher than compound 2, whereas, the grain boundary resistivity is almost same for both ma-
terials. So, the lower grain size of compound 1 directly impacts on the conductivity than the
contribution of grain boundary.

4.2.2. Structural description of [Zna(ps-O)(DABA)s] (1) and [Zn2(DABA)4(4,4'-BPY)]n
)

The single-crystal X-ray diffraction analysis of 1 shows that in the asymmetry unit, the Zn(II)
centres are bridged by carboxylato groups to form a 0D tetranuclear complex with ps-O
bridging to stabilize tetrahedrally oriented geometry (Figure 4.4). The tetranuclear Zn(ll)
complex (1) shows Zn---Zn separation in the range 3.122-3.186 A, and the ws-O
Zn distance lies in the range 1.927-1.944 A (Figure 4.4). The structure analysis of 2 shows
that a carboxylato bridged Zn(11) paddle wheel [Zn2(DABA)J] unit is connected by the 4, 4'-
bipyridine at the axial coordination position and helps to form 1D polymeric chain (Figure
4.4 and 4.6a). The compound 2 has distorted square pyramidal geometry around Zn centers
with Zn  Zn distance, 3.058 A, and pyridine ring of 4, 4-BPY assist efficient charge delocal-
ization through metal orbitals (Figure 4.4). These complexes are capable of forming higher
dimensional structures through various classical and nonclassical supramolecular (van der
Waals, aliphatic, aromatic C-H---r) interactions (3.066-3.454 A, (Figure 4.5(a-c) and 4.6(b-
c)).®”"* Compound 1 crystallizes in the monoclinic C1 2/c1 space group, with Z = 8, whereas
2 crystallizes in the monoclinic P 21/c, with Z = 4 (Table 4.1).

Compound 1

Compound 2

Figure 4.4 Schematic representation of the synthesis and structural unit of compounds 1 and
2.
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Figure 4.5 (a) C-H....w interaction, (b) and (c) Supramolecular aggregate structure (3D view)

of compound 1. Allyl groups have omitted for clarity.

W%
AN \\\:\‘\

Figure 4.6 (a) 1D polymeric chain, (b),(c) Supramolecular aggregate structure (3D view) of

compound 2. Allyl groups have omitted for clarity.
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Table 4.1. Crystal data and refinement parameters for compound 1 and 2.

CCDC No. 1937038 1915446

Formula C71.45 H15.08 N5.98 O13 ZNn4 Ce2 H27 N6 Og Zn2

fw 1426.60 1114.68

crystsyst monoclinic monoclinic

space group C2/c P 21/c

a(A) 25.071(2) 14.2834(7)

b (A) 14.4055(12) 14.0834(6)

c (A) 43.218(4) 28.8090(15)

o(deg) 90 90

B(deg) 101.239(4) 96.841(3)

vy (deg) 90 90

V (A% 15309(2) 5753.9(5)

z 8 4

Deaica(g/cm®) 1.238 1.287

u(mm™) 1.912 0.892

MA) 1.54178 0.71073

data[l >2c(1)]/params 14301/944 10118/688

GOF on F* 1.801 1.008

final R indices[l >24()]** |R1=0.1355 R1=0.0676
wR2 = 0.3883 wR2 = 0.1855

aR1 = 3||Fo| — |Felll Z|Fo|, > WR2 = [Ew(Fo?— F2)/zw(Fo2)’]H
4.2.3. Electrochemical CO2RR Study

The cyclic voltammetry (CV) scans of the GCE/compound 1 and GCE/compound 2 (Figure
4.7a and b), both hybrids have shown similar electrochemical behavior and the cathodic peak
appears at -0.33 V and -0.32 V (vs RHE), the current densities are -1.56 mA cm™ and -1.97

mA cm, respectively in N saturated electrolyte. The cathodic peak potential is shifted to -

0.24 V for 1 and -0.34 V for 2 (vs RHE) in CO2-saturated electrolyte (compound-CO),
which means obviously the reduction of CO2 (CO2RR activity) on the working electrode.”®!
The current height measurement suggests that 6e” transfer process is performed in presence of
compound 1 and for compound 2 the 4e-transfer process occurs. The ligand HDABA is cata-

Iytically inactive towards CO2RR.
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Figure 4.7 (a), (b) Cyclic voltammograms of compound 1 and 2 in N2 and CO- saturated at-
mosphere in 0.1 M K>COz solution with scan rate of 50 mV/s. (c) Linear sweep voltammo-
grams of 2 in N2 and CO> saturated atmosphere in 0.1 M K>COs solution with scan rate of 5

mV/s. (d) Mass activity comparison plot between compound 1 and 2.

Electrocatalytic CO. reduction performance has also evaluated by linear sweep voltammetry
(LSV) in N2 and CO»-saturated electrolyte (Figure 4.7). LSV plot of 2 reveals that the current
density changes from 4.4 mA cm™ to -7.5 mA cm™ from N-saturated electrolyte to CO,-
saturated electrolyte, which means obviously CO2RR occurred on the electrode.?®* From the
mass activity relationship, Compound 1 is catalytically more efficient than compound 2 (Fig-
ure 4.7d) and it is shown that at -0.58 V (vs RHE) the compound 1 demonstrates -5.63 mA
mg™* being higher compared to compound 2 (-22.27 mA mg™). The structure of compound 1
shows that four Zn(Il) centres are tetrahedrally arranged where in 2 paddle wheel
[Zn2(DABA)4] is connected through 4, 4"-bipyridine bridger that makes metal centre five co-
ordinated. The structural feature of the compound 1 allows the easy passage of CO; to the
active site rather than the complex 2. Easy accession to the active sites and the number of
centres makes the compound catalytically more efficient which is reflected from the higher
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amount of current in case of 1 than 2 in the result in CO2RR. Cyclic voltammograms and
Mass activity comparison plot shows compound 1 has more catalytic efficiency compare to 2,

which is as our expected.
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Figure 4.8 Chronoamperometric durability test of the compound 1(a) and 2(b) at applied po-
tential of -0.58 V (vs RHE) in 0.1 M K2CO; solution. (c-d) **C NMR spectrum of the ob-
tained liquid products after CO2RR of the compound 1(c) and 2(d).

The long-term durability of the as-prepared Zn(Il) catalysts for CO2RR activity was evaluated
by chronoamperometry at a potential of -0.58 V (vs RHE). The I-t curve (Figure 4.8a-b, Cur-
rent vs Time) shows that the catalytic current decline after 90 min (1) and 112 min (2) of con-
tinuous measurement, which could be caused by the catalyst mass loss from the working

electrode during long-term CO2RR condition for 1 and 2 respectively.

The possible reduced products after CO- reduction are

CO2+e — CO2
CO2+ 2H" + 2e —» HCOOH
CO +2H" + 2e — CO + H,0

CO,+ 4H" + 4¢ — HCHO + H,0
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CO, + 6H" + 6e — CH30H + H,0

The liquid products obtained in DO medium instead of H,O from the CO- reduction experi-
ments have also been subjected to *C NMR analyses. The *C NMR spectrum of reduced
products obtained using compound 1 as catalyst exhibits resonance peaks at 30.27 and 215.46
ppm those are compared with the presence of **CH3OH, and H**CHO and the ratio of for-
mation of methanol and formaldehyde is about 3.75 : 1 (Figure 4.8c). The *C NMR spectrum
of the electrocatalysis using compound 2 exhibits peaks at 30.27, 160.28 and 215.46 ppm
those are referred to **CH3OH, H**COOH and H**CHO and the ratio of products follow 7.14:
2.63 : 1 (Figure 4.8d) molar ratio.

4.2.4. Impedance study

The real part of impedance (Z') of the synthesized materials is plotted as a function of fre-
quency (Figure 4.9a). There are three noticeable regions for both materials - two of them are
frequency independent, and one is frequency dependent. The frequency independent Z' is ob-
served at higher and lower frequency region. Among them, Z' at higher frequency exposes
the resistive behavior of grain of the material. Another frequency independent Z' at lower
frequency regime is observed due to the long-range movement of the carrier. In this region,
charge carriers successfully hops when the neighboring particles relax at their own site. It
causes the dc resistivity at lower frequency.® % On the other hand, a dispersive frequency
dependent Z' is found at the intermediate frequency region. This is caused by the localized
movement due to the unsuccessful hopping within the relaxed neighboring sites.®*® The out-
come of this movement at the intermediate frequency region provides the frequency
dependent ac conductivity. Most significantly, compound 2 displays lower Z' at lower
frequency which illustrates the lower dc resistivity of that compound than compound 1. The
enhance- ment of charge carrier mobility may lower the trap density which provides the
lower dc resis- tivity of compound 2.2’ The imaginary part of the impedance (Z”) of both
compounds varies significantly with frequency and it is shown in Figure 4.9b. Some
noteworthy features are arisen from the variation which provides some lights upon the
conduction mechanism. We have found the peak in f vs Z"” for both materials and its
broadening is asymmetric. The posi- tion of the peak is lower for compound 2 and it is
slightly shifted towards the higher frequen- cy. The peak existence signifies the electrical
relaxation during conduction.?®® The peak for compound 2 is found at higher frequency than
compound 1. This shifting of the peak for 2 indicates the faster relaxation time of this
compound than the other and it escalates the con- duction mechanism between two
neighboring particles and this may be due to the polymeric nature of compound 2.
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To study the impact of grain and grain boundary upon the conduction behavior, we have fit-
ted the Nyquist plot
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Figure 4.9 Variation of (a) Z' and (b) Z" with frequency for compound 1 and 2; (c) Nyquist
plot of compound 1 and 2 with fitted lines (dotted).

with proper equivalent circuit (Scheme 4.1). To study the Nyquist plot (Z' vs Z"), we have
used simple circuit containing two R||C elements (for grain and grain boundary) along with a
series resistance. In general, the R||C elements approach to semicircular Nyquist plot. But the
above mention circuit does not fit our experimental data (Provided in supplementary). There-
fore, we have substituted the R||C elements by R||CPE (CPE=Constant Phase Element). The
CPE circuit element introduces the combination of resistance and capacitance instead of only
contribution of capacitance. The CPE element consists of two parts one is empirical exponent

(n) which varies from 0 to 1 and the other part is frequency independent constant impedance

(Q).2® They relate the resistance and capacitance according to the following equation,

C = QUnRG-mm (D)
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The equivalent circuit (Scheme 4.1) which simulates the experimental Nyquist data can be rep-
resented mathematically, Here, the subscript ‘g’, and ‘gb’ demonstrate the grain and grain

boundary, accordingly. The Nyquist plots along with the fitted data are shown in Figure 4.9c.

Rg Rgh
Rs
>S >S
CPEg CPEgh

Scheme 4.1 The equivalent circuit to simulate the experimental Nyquist plot.

In the Nyquist plot, the intercept of arc on Z’ axis decreases for compound 1 than 2 (the inter-
cept does not touch Z' axis but it clearly approaches to Z' axis). In general, the intercept on Z’
axis defines the total resistive nature of the material. So, the arc with lower radius (total re-
sistance) of the compound 2 reveals the better intermolecular conducting behavior than com-

pound 1.

4.2.5. Schottky diode

As the resistive behavior of compound 2 is minor in comparison to the other, we have at-
tempted Schottky diode application to implement this phenomenon. In this regard, the alu-
minium electrode (0.065 1um thickness) was deposited on the films of 1 um (approx.) thick-
ness by evaporation technique. Hence, Al/compound/ITO configured Schottky diodes are

constructed and the effective diode area was maintained as 7.065x10° m?.
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Figure 4.10 Current density vs Voltage (J-V) plot of Al/compound/ITO configured Schottky

diode (Inset- J-V plot for compound 2 based diode).

The J-V characteristics (Figure 4.10) curves show rectifying behavior in forward bias. But,
the enhanced current density of compound 2 based diode at forward bias clearly indicates the
superior conducting nature of that compound than compound 1. DFT computational study has

performed for both the compounds and it shows that the bandgap is falling in the semicon-
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ductor range. The energy gap between HOMO and LUMO are 4.4 eV and 2.81 eV respec-
tively (Figure 4.11). We have performed optical band gap measurement from UV-visible
spectrum which is well supported by band gap measurement via DFT studies. We have found
the value of Eg as 3.85 eV and 3.13 eV for the compound 1 and 2 respectively. Here, the
synthesized compounds have performed as a semiconductor and formed a metal-
semiconductor (MS Schottky) junction with Al metal. The conductivity is derived as
2.29x107 Sm™ (1) and 2.54x10° Sm™ (2), therefore the experimental results are verified with
theoretically. The polymeric nature of the compound 2 may be the reason for lowering the
band gap and hence enhancement of the conductivity. Therefore, the compound 2 is found as

a better candidate for device application than 1.

HOM

Compound 1 Coi’npoun.d 2

Figure 4.11 DFT computed energy of HOMO and LUMO of the compounds 1 and 2.
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4.3. EXPERIMENTAL SECTION
4.3.1. Materials and general method.

Sigma Aldrich helped us by providing all the required chemicals. Micro—analytical data (C,
H, N) was collected on Perkin- ElImer 2400 CHNS/O elemental analyzer. Single crystals of
the compound 1 and 2 was used for data collection using a Bruker SMART APEX Il diffrac-
tometer equipped with graphite-monochromatic MoK radiation (A = 0.71073 A). The crys-
tal structure was solved using the SHELX-97 package. Thermogravimetric analysis was rec-
orded on a Perkin—Elmer Pyris Diamond TG/DTA in the temperature range between 30°C
and 600°C under a nitrogen atmosphere at a heating rate of 12 °C min*. The morphological
study was done by field emission scanning electron microscope (FESEM, S-4800, Hitachi)
and the PXRD data was collected on a Bruker D8 advance X-ray diffractometer using Cu Ka
radiation (A = 1.548 A) generated at 40 kV and 40 mA. The PXRD spectrum was recorded in
a 20 range of 5-50. All the electrochemical measurements are carried out using 6038D (up-
dated) electrochemical analyser with a scan rate of 50 mv/s. The current density-voltage (J-V)
characteristics of both compounds are collected in the bias regime of £1V by using Keithley
2635B SMU under the dark. UV-VIS studies have performed using Perkin ElImer Lambda 25
spectrophotometer.

4.3.2. Synthesis of compounds 1 and 2

A methanolic solution (3 ml) of 4,4’-bipyridine (4,4’-BPY, 46.84 mg, 0.3 mmol) was layered
by the help of water-methanol (1:1) mixed solvent over the aqueous solution (3 ml) of
Zn(NOs3).2.6H20, (89.247 mg, 0.3 mmol). 4-Diallylamino-benzoic acid (HDABA, 65.18 mg,
0.3 mmol) in ethanol (3 ml) was neutralized with EtsN (30.36 mg, 0.3 mmol) and layered
above the 4,4’-bipyridine followed by water-methanol mixed solvent. It was then allowed to
diffuse for a week. Two different types of crystals were deposited - the colorless block-
shaped and yellow needle like crystals. The crystals were separated mechanically under the
microscope and washed with methanol and water (1:1) mixture, and dried. The yield of com-
pound 1 [Zna(pus-O)(DABA)s]N, was 41% (82.52 mg) and of compound 2 [Zn2(DABA)a(4,4'-
BPY)]n was 46% (92.58 mg). Elemental analysis calculated for the compound 1: C, 57.93; H,
7.87; N, 5.17 % and found C, 60.06; H, 7.73; N, 5.30 % ; calculated for the compound 2: C,
63.66; H, 9.07; N, 8.22 % and found C, 63.60; H, 9.16; N, 8.11 %.
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4.3.3. X-ray crystallographic data collection and structure determination

Crystal structure analysis of the compounds were carried out at room temperature on a Bruker
Smart Apex diffractometer equipped with CCD and Mo-Ka radiation (A = 0.71073 A). Cell
refinement, indexing and scaling of the data set were done by using programs Bruker Smart
Apex and Bruker Saint packages.”® The structure was solved by direct methods and subse-
quent Fourier analyses® and refined by the full-matrix least-squares method based on F? with
all observed reflections.®” Hydrogen atoms were placed at geometrical positions. The struc-
ture of the compound shows moderate alerts. The completeness of data is less than the usual
99-100%, however it is only the very high angle data that is incomplete and 100% coverage is
above 0.75 A. This will always be a problem with area detector data that is not truncated.
Some bad reflections data are omitted during the refinement. It may be the reason for high R-

factor.
4.3.4. Electrochemical measurement

The electrochemical activities of the as-prepared Zn(Il) based compounds were carried out
using three-electrode systems employing Ag/AgCI (filled with 1 M KCI) as reference elec-
trode, Pt wire as counter electrode and fabricated glassy carbon as working electrode. All the
reported potentials were converted with respect to the reversible hydrogen electrode (RHE)
using the formula E (vs. RHE) = E (vs. Ag/AgCl) + 0.196 V +0.059 x PH. PH of the N2 and
CO2 saturated 0.1 M K>COs solution are 11.3 and 8.8 respectively.

4.3.5. DFT calculations

Gaussian-09 program package®™ has been used for spin state calculation using the hybrid
B3LYP/LanL2DZ exchange—correlation function as implemented. Unit cell of the compound
1 and 2 are considered as a repeating unit whereas HOMO-LUMO calculations are performed
in the molecular level considering discrete monomer unit of compound 1 and 2. The lattice
equivalent and deformation potentials were used to obtain the Schottky electrical contact. The
deformation commonly refers to the energy gap between valence and conduction band which
is the difference between highest occupied and lowest unoccupied molecular orbitals (AE =
Eromo — ELumo, eV). The band gap® of the compounds are calculated by using absolute de-
formation potentials (ADPSs). The calculated band gaps for compound 1 and 2 are 4.4 eV and

2.81 eV respectively.
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4.4. CONCLUSIONS

In summary, two Zn(ll) coordination complexes with different geometry and dimension were
synthesized from one-pot and separated mechanically. The structures are confirmed by X-ray
measurements and one compound is tretranuclear (0D) with (ps-O)Zns bridged by 4-
diallylamino-benzoic acid (HDABA) and other is 1D coordination polymer in which a paddle
wheel dinuclear Zny(DABA)4 is bridged by 4,4-BPY (4,4'-Bipyridine). Due to the electron-
donating nature of ligand, charge would transfer from the ligand to the metal sites in the
complex, which enables faster and stronger electron injection to the antibonding orbitals of
CO2 to boost its CO2RR activity. This research discovered the high efficiency and selectivity
in electrocatalytic CO reduction to methanol, formaldehyde and formic acid. Also due to the
polymeric nature of compound 2 (1D), the conductivity based on diode derived from J-V

characteristics has promisingly increased by 10 times than tetranuclear complex.
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Abstract

The 1D coordination polymer, [Cuz(p-OH)2(DABA):]n (1), (HDABA = 4-Diallylamino-
benzoic acid) is characterized by Single crystal X-Ray diffraction analysis. The structure
switches to a 2D geometry by hydrogen bonding interactions. Hand grinding aqueous
suspension of the coordination polymer, 1, present in nano regime of av. 100 nm dimension
and shows catalytic performance in the reduction of toxic nitrophenols to corresponding
aminophenols by NaBHa. The rate constant values (kapp) are 2.4x10 (4-NP), 5.3x107 (2,4-
DNP) and 5.6x10° (2,4,6-TNP) s are much higher than reduction by only NaBHa. The
susceptibility measurements (ymT) of Cu(ll) coordination polymer indicates the presence of a
very weak antiferromagnetic coupling between the metal centres. The hand grinding
technique and reusability of 1 makes the approach chemically green, cost effective and

attracts the attention towards the real-life application.

Q@:-w

C’ = 4-(diallylamine) /°
benzoic acid /

”~ Nano Coordination
& Polymer

Coordination Polymer

104



Chapter-5

5.1. Introduction

Nitroaromatics (NACs) are well known weedkillers and insect repellent and precursors to
synthetic dyestuff. 1> These compounds are not degraded easily by microbes. Because of
strong toxicity, the NACs are noted as pollutants by the Environmental Protection Agency.*
Conventional waste water management methods such as reverse osmosis, adsorption ion
exchange, 5 photocatalysis," membrane separation,” and electro coagulation have been
proposed for the detoxification of highly persistent organic pollutants. Besides, some of the
nitrophenols are explosive and have been used for terroristic activity. Immediate disposal of
NACs is an issue of explosive and safety departments of the Government. The conversion of
toxic NACs to the secondary nontoxic and useful chemicals is very urgent issue for the
forensic personals and researchers. The chemical reduction has been one of the most
commonly applied techniques of detoxification of the NACs using metal nanoparticles
(MNP’s) as catalysts and BH4™ as reducing agent. On the other hand, the reduced products,
amino phenols (AP) are very important moiety in dyes and pigments, pharmaceuticals
industry. ® Literature survey reports that there is no such coordination polymer that serves as
catalyst bed for the reduction of NACs. Up to now, large number of nano metal catalysts (Pt,
Au, Ag, Pd etc.) have been fabricated for the reduction of NACs. *** Yongsheng Fu et al.**
(2017), Nguyen et al.™® (2018) and Yukui Fu et al.’® (2019) have used expensive gold

catalyst to carry out such transformation while Ying Ma et al. *’

1
| 18

(2017) used silver catalyst

for the same. Sahiner et al. =° (2010) introduced cobalt catalyst for the reduction.

Coordination Polymers (CPs) are prepared by bridging organic coordinating groups with
metal ions. **% They are promising contender for catalysis, ** drug delivery, 2* gas storage,®
and energy storage systems.®?’ Some of the CPs have been serving as catalyst in the
reduction of Nitrophenols (NP), (4-NP, 2,4-DNP, 2,4,6-TNP).® In this paper, we have
characterized Cu(ll) CP that has been used as a catalyst for the reduction of toxic and
explosive NPs in aqueous medium. The easy removal of solid phase catalyst even at nm level
by filtration makes this catalyst analytically useful. The efficiency of the catalyst is reflected
in the rate constant (kapp) data of the nitrophenol reductions. Owing to the catalytic activity
we have designed the coordination polymer of Cu(ll)- 4-diallylamino benzoic acid and has
been structurally characterized.?® The reusability of the catalyst in the several catalytic cycles
of various nitrophenols, makes the compound unique. Besides, the coordination polymer of
cu(l), d°, may show efficient magnetic exchange behavior that has been supported by

variable temperature magnetic measurements.%?
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5.2. Results and Discussion
5.2.1. Molecular Structure, Stability and Morphology of 1

The compound 1 crystallizes in the orthorhombic space group, Fdd2 and the symmetric unit
comprises two independent Cu(ll), two 4-(diallylamino)benzoate (DABA") bridgers and two
M2-OH". Two copper atoms, Cul and Cu2, exhibit distorted square pyramidal geometry where
the basal plane is formed by two bridging hydroxides and two carboxylato oxygen donors
(Figure 5.1 and table 5.1).** The coordination is completed by occupying caoboxylato-O at
apical position of a symmetry related species. The Cu-O bond distances in the square
pyramidal base are in between 1.875(6)-1.988(4) A, while the Cu-O (apical) are significantly
longer of 2.598(5) A and 2.609(6) A, for Cul and Cu2, respectively (Figure 5.1).

2.598 (5) A 02

2.609 (6) A

~020z000 =0

Figure 5.1 ORTEP diagram of coordination polymer [Cuz(u2-OH)2(DABA)2]» (1) (40%
probability ellipsoids)

The 1D polymer (Figure 5.2a) is formed by two adjacent -[Cu(DABA)(OH)]»- chains where
carboxylate-O, O1 and O2, behave as apical donors for the copper atoms to the adjacent
chain. In chain, copper atoms are alternatively separated by 3.338 and 3.377 A, sharing a
vertex of the square pyramidal polyhedron (Figure 5.2b). Besides, copper atoms of the two

adjacent chains are 3.389 A far apart and share an edge of their polyhedra.®
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Figure 5.2 (a) The two connected 1D polymeric chains elongated along axis ¢ with indication

of coordination polyhedral around the copper atoms (H atoms not included for clarity) and (b)

Details of the 1D chain of 1.

Table 5.1 Crystallographic Data and Details of Refinements for 1

Formula C26H30Cu2N206
fw 593.60

crystal system Orthorhombic
space group F dd2

a(A) 34.191(4)

b (A) 46.031(5)

c (A 6.7145(7)

vV (A% 10568(2)

Z 16
Deatca(g/cm®) 1.492
u(mm'™ 1.652

F(000) 4896
Reflections collected 19047

Independent reflections

5391 [R(int) = 0.0526]

Data [| >2c(1)]

3564

parameters

331

GOF on F?

1.002

final R indices [I >20(D]*

R1=0.0402; wR2 = 0.0969

Residuals (e A®)

0.448, -0.473

R1 = X||Fo| — |Felll Z|Fo|, WR2 = [EW(Fo? — F?)/Zw(Fo?)*]M?
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The particle size of the synthesized compound, 1, diminished to nano regime by following
hand grinding technique. The resultant powder 1 was characterised by scanning electron
microscope. The SEM images of the powder 1 had a cubic rod like morphology (Figure 5.3a)
as it is supported from the single crystal symmetry of 1. The SEM image (Figure 5.3b)
reveals the uniform distribution of the particles. Using Gaussian function, we have fitted the
particle size distribution which is obtained from the SEM images.*® Small particle size
indicates the lower grain size and higher grain boundary which may affect the conducting
electrons which helps in the reduction reaction. Intense peaks of PXRD patterns of bulk are
matched with those simulated from single crystal data and nano regime form which also

indicates the phase pureness of the bulk sample (Figure 5.3c).

" a ¥
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Figure 5.3 (a) Low magnificent SEM image of synthesized nano scaled compound 1. (b)
High magnificent cubic rod-shaped SEM image of nano scaled compound 1. (¢c) PXRD

pattern of simulated, as synthesized & nano scaled product 1 collected under air.

5.2.2. Magnetic Studies

Magnetic measurements were carried out at 2 — 300 K. The ymT at 300 K is 0.90 cm® mol™ K
which is somewhat high as anticipated for two isolated Cu(11) ions (0.75 cm® K mol™ with g

= 2.0). The ymT value decreases with temperature steadily until 50 K and then exponentially,
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giving the minimum value of 0.177 cm® K mol™ at 2K (Figure 5.4). The drop in ymT indicates
the presence of a very weak antiferromagnetic] coupling between the Cu (l1) ions. *’

1.0 I
0.8
X
e 06
e
)
o 0.4
s
=<
0.2 oo
I 0 10000 20000 30000 40000 50000
H/G
0.0 L : : : ' ' :
0 50 100 150 200 250 300
T/K

Figure 5.4 Variation of ymT vs T for compound 1 (per two Cu). Figure in Inset refers to the
field dependence of reduced magnetization at 2K for 1 (per two Cu), continuous line
corresponds to the Brillouin function simulation for two isolated ions with S = 1/2 and ¢ =
2.0.

The structure consists of copper ions bridged by 4-(diallylamino)benzoate (DABA") through
the oxygen atoms (Figure 5.5), giving a system with a ladder like chain motif. The
interpretation of magnetic behaviour of 1 is attended by considering two assumption : (i) a
negligible contribution from the weak axial interactions through one of the 4-
(diallylamino)benzoate due to the large Cu(1)-O(2) and Cu(2)-O(1) distances (2.597 A and
2.608 A respectively) then J; = 0 (Figure 5.5a, 5.5b), (ii) the very similar Cul and Cu2
geometric environment (mainly the neighbours angles Cu-O-Cu which are 123.67° and
126.71° (vide detailed crystallographic data).
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Figure 5.5 (a-b) Schematic diagram representing the exchange interaction within Cu(ll)

centres of 1.

Use of one coupling parameter (J=J1=J2) must be considered to assess the possible magnetic
interaction corresponding to the double oxo/carboxylato bridge. The magnetic data have been
fitted using Bonner-Fisher calculation > based on the isotropic Heisenberg Hamiltonian: H =
-J 2(SiSi+1). The best fit parameters from 300 down to 2 K are found as J = - 8.07 cm™ and g
= 2.07 with an error R = 2.7 x 10™, where R = Z[(mT)exp - GmT)calc] /Z[(mT)exp]? (Figure 4).
The small value of the super exchange parameter can be realised on considering the large Cu-
O-Cu angle (123.7°/126.7°). The weak antiferromagnetic interaction was checked by
magnetization measurements at 2 K up to an external field of 5 T. The magnetization in M/Ng
units at higher field indicates a value of 0.54 corresponding to two isolated Cu (II) ions
(Figure 4, inset). The shape of the plot is compared with the Brillouin plot (solid line plot) for
two isolated ions with S = 1/2 system and g = 2 ; this indicates the slower magnetization

which is consistent with a weak antiferromagnetic interaction.

5.2.3. Reduction of Nitrophenols

The nano regime form of the coordination polymer, 1, acts as a competent catalyst in the
reduction of toxic nitrophenols to nontoxic p-aminophenols compared to free Cu(ll) salt

while the crystalline compound 1 is insoluble in water. The Coordination polymer nano
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materials (CPNM) is a new advanced area in nanoscience and nanotechnology in the last
decade and have shown many applications in the field of catalysis, medicine, bioimaging,
drug delivery, sensors in biomedicine, e-skin, energy harvester, etc. *“*° During the reduction
of 4-NPs, NaBHa serves as a reducing agent and nano regime coordination polymer, 1 serves
as a catalyst. In absence of catalyst, the reaction is unfavourable and no significant spectral
change is seen even after 4 h; the nano scaled compound plays a significant role to bring
reactant and reagent together during the catalysis and improves the transfer of electrons from
BH.™ to the nitro groups of 4-NPs. % The nano catalyst surface may decrease the kinetic

energy barrier and hence makes easy to reduction.

Upon addition of NaBH4 to NP solution, colour turned from yellow to bright yellow. The
strong absorption peak at 317 nm is shifted to 401 nm (Figure 5.6a); this may be due to the
generation of nitrophenolate anions under basic condition and the absorbance remained intact
with time in the absence of a nano scaled catalyst 1 but decreased rapidly with a small

amount of the catalyst.
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Figure 5.6 Time-dependent UV-vis spectral changes in Nitro Aromatic Compounds like (a)
4-nitrophenol (4-NP), (b) 2,4-dinitrophenol (2,4-DNP), (c) 2,4,6-trinitrophenol (2,4,6-TNP)

in presence of 1 and excess NaBHa.

The absorption peak at 357 nm in case of 2, 4-dinitrophenol (2, 4-DNP, Figure 5.6b)
decreases with concomitant increase in absorption at 450 nm (by adding NaBHg in reaction

medium) with time followed by the decrement of intensity at 450 nm band with subsequent
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development of new band at 300 nm. This implies that the two step reduction reaction : 2, 4-
dinitrophenol — intermediate 2-amino-4-nitrophenol — 4-aminophenol. 2,4,6-Trinitrophenol
(2,4,6-TNP) undergoes reduction similarly. Herein, the peak (Figure 5.6¢c) at 389 nm
corresponds to phenolate anion and the peak at 291 nm increases with time indicates the

formation of 2,4,6-triaminophenol.
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Figure 5.7 Concentration (AvAo) changes in (pink solid line, nude eye test inserted in the
box) 4-nitrophenol, (blue solid line) 2,4-dinitrophenol and green solid line) 2,4,6-

trinitrophenol in the presence of catalyst 1.

The pseudo first-order kinetics principle is used and it is more appropriate to assess the rate
constants data for nitrophenol reduction because the concentration of NaBHa is higher than
those of model substrate and can be considered as a constant during the reaction period
(Figure 5.7). The linear relationship of In (A/Ao) versus time (t) indicates that the reduction
of nitrophenols by nano scaled catalyst 1 follows the pseudo first order kinetics. The rate
constants for 4-nitrophenol, 2,4-dinitrophenol and 2,4,6-trinitrophenol reduction are 0.0024
sec™, 0.0053 sec™, and 0.0056 sec™ respectively (Figure 5.8).%
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Figure 5.8 The plot of In (C/Co vs t (time) for 4-nitrophenol (pink solid line), 2,4-
dinitrophenol (blue solid line) and 2,4,6-trinitrophenol (green). Ct, the concentration of NPs
at time t and Co, the initial concentration of nitrophenols at t = 0. The C/Co is measured from

the relative intensity of absorbance (Av/Ao).

The catalyst was separated after reaction by filtration method then reuse the catalyst at least 6
times (Figure 5.9). After catalytic performance, we did the SEM experiment to check its
integrity (Figure 5.9 a-c) which exactly matches with the SEM image before the catalytic

activity.

Figure 5.9 (a) SEM image of nano scaled CPP after catalysis reaction with 4-NP. (b) SEM

image of nano scaled CP after catalysis reaction with 2,4-DNP. (¢) SEM image of nano

scaled CP after catalysis reaction with 2,4,6-TNP.
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We also performed PXRD experiment after separating the catalyst. The peak-to-peak
matching elaborates that the catalyst is able to hold it’s integrity for a long time period
(Figure 5.10).

—— Ater treating with trinitrophenol
—— Ater treating with dinitrophenol
——— Ater treating with mononitrophenol
Experimental

10 20 30 40 50
20

Figure 5.10 PXRD of the nano scaled crystalline Coordination Polymer Particle after

catalysis reaction.

Hence, we can say that the coordination polymer [Cuz(u-OH)(DABA).]. (1), catalyst is
successful in acting as an adsorbent catalyst in the reduction process (Figure 5.11; Scheme
5.1).

¢ 0.005
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Figure 5.11 Reusability cycles of (a) 4-NP, (b) 2,4-DNP and (c) 2,4,6-TNP.
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SCHEME 5.1 Plausible mechanism for nitrophenol reduction by BH4 catalysed by

nanopolymer
5.3. Experimental Section
5.3.1. Experimental Methods and Materials

The chemicals required in this research were obtained from Sigma Aldrich and no further
refinement was carried out. Microanalytical data (C, H, N) were collected using Perkin-Elmer
2400 CHNS/O elemental analyzer. Perkin—Elmer Pyris Diamond TG/DTA instrument was
used for thermogravimetric analysis in the temperature range 30 - 600 °C under N2
atmosphere at a heating rate of 12 °C min*. Bruker D8 advance X-ray diffractometer was
used for field emission scanning electron microscope (FESEM, S-4800, Hitachi)
measurement. The PXRD data were collected on an X-ray diffractometer using Cu Ka
radiation (A = 1.548 A) generated at 40 kV and 40 mA. The PXRD spectra were recorded in a

20 range of 5-50°. Magnetic susceptibility measurement for the compound was carried out on
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polycrystalline sample, at the Servei de Magnetoquimica of the University de Barcelona, with
a Quantum Design SQUID MPMS-XL susceptometer apparatus working in the range 2-30 K
and 30-300 under magnetic field of approximately 500 G and 10000 G, respectively.
Diamagnetic corrections were estimated from Pascal Tables.

5.3.2. Synthesis of Coordination Polymer (CP, 1)

4-Diallylamino benzoic acid (HDABA) was prepared by reported procedure. * An ethanolic
solution of (2 ml) of HDABA (43.45 mg, 0.2 mmol) neutralized with EtsN (20.23 mg, 0.2
mmol) was added slowly in drops to water-methanol (1:1, v/v) buffer mixed solvent over the
aqueous solution (2 ml) of Cu(NO3)2. 3H,0, (48.32 mg, 0.2 mmol). ***® After week long
settling needle-shaped blue coloured crystals were grown on the glass wall. The crystals were
isolated mechanically under the microscope and washed several times with methanol and
water (1:1) mixture, and dried in a desiccator. The yield of product, [Cuz(u2-OH)2(DABA):]a
(1) was 85 % (78.23 mg).

Cu(NOs),

Scheme 5.2 Synthesis of the Coordination polymer [Cuz(u2-OH)2(DABA)2]. (1)

Elemental analysis, Calculated (C2sH30Cu2N20e): C, 52.61; H, 5.09; N, 4.72%; Found: C,
52.52; H, 5.0; N, 4.76%. FT-IR (4000400 cm™") (Figure S1): 3388 (w), 1637 (s), 1594 (s),
1537 (s), 1385 (s), 1351 (s), 1251 (s), 1199 (s), 1136 (S), 994 (s), 912 (s), 817 (s), 784 (s), 703
(s), 641 (s), 555(w), 512 (w).
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5.3.3. X-ray Crystallographic Data Collection and Structure Determination

Bruker Smart Apex diffractometer equipped with CCD and Mo-Ko. radiation (A = 0.71073 A)
was used for crystal data collection of 1 (Table 5.1) at room temperature. Cell refinement,
indexing and scaling of the data were done by using programs of Bruker Smart Apex and
Bruker Saint packages.>® Direct method used for the structure analysis with subsequent
Fourier analyses > and refined by the full-matrix least-squares method based on Fo? with all
observed reflections.® Hydrogen atoms were placed at geometrical positions. All the
calculations were performed using the WinGX System, Ver 2018.3.39 Molecular pictures
were prepared with program DIAMOND.>’

5.3.4. Preparation of Nanoscale Cu(ll) Coordination Polymer (1)

Solubility of the coordination polymer in common organic solvent and in aqueous medium is
a practical problem. There are so many other methods like sonochemical, surfactant mediated
synthesis, solvothermal, microemulsion etc. to scale down the particle size but all of them
consume time and are non-ecofriendly. So, to handle this problem we take the help of a green
hand-grinding strategy.”® By applying this we diminish the particle size of the CP, 1, and
surface area will increase accordingly which is very effective for the catalysis. The
compound 1 (50 mg) was grinded with the help of mortar pestle for near about 45 mins and
extracted with water. The relevant experiments were performed using the aqueous extract. To
confirm the structural integrity in nano regime the prepared material is subjected to PXRD
analyses. The phase purity and the structural integrity of the nano scaled product (1) matches

with the PXRD patterns as that of the synthesized ones.
5.3.5. Reduction of Nitrophenols using NaBH4 catalysed by nano regime 1

The reduction of nitrophenols (4-NP, 2,4-DNP, 2,4,6-TNP) to corresponding aminophenols
were followed by Shimadzu UV- 3101PC UV-Visible spectrophotometer. In a cuvette,
nitrophenol (30 pl of 10 mM) in deionized water (3 ml) was added to NaBH4 (0.16 ml of 0.1
M) solutions followed by the addition of water dispersed nano scaled synthesized compound
1 (1 mg). The solution colour slowly changed from bright yellow to transparent as the
reaction proceeds with time. The colour change was followed by spectral measurement with

time. Pseudo-first order rate equations were used to calculate the kinetic data.
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5.4. Conclusion

In summary, we presented a simple synthetic procedure to prepare a heterogeneous,
crystalline Cu(ll) nano-catalyst, [Cu(u2-OH)(DABA)]» (1) (HDABA, 4-Diallylamino-benzoic
acid). In the presence of NaBHa, the resulting Cu(ll) catalyst shows high catalytic activity in
the reduction of nitrophenols. Even after 6 cycling experiment, the catalytic activity for

reduction was still noteworthy.
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Abstract

The single crystal X-Ray structure of a Cu based metal—organic framework, {[Cus(BTC)s(4-
APY)2(u3-OH)2](CH30H)(H20)}n, (Cu-MOF) (H3sBTC = 1,3,5-benzenetricarboxylic acid; 4-
APy = 4-Aminopyridine) shows the formation of four Cu(ll) connected motif ([Cu'"]s) via
edge sharing of two CusO cores and bridging by six acetato function of BTC* connector. The
[Cu™4 is composed of two five coordinated distorted square pyramidal, CuOs and two
distorted square planar, CuQO4 units; the Cu(ll) knot in later one (CuQOa) is coordinated by
pyridyl-N of 4-APy. Remaining donor centres of acetato-O of BTC* binds adjacent [Cu']4
core to form an infinite 3D network structure. The coordination of CH3:OH and H>O forms
different hydrogen bonding to make a strong superstructure. The surface morphology
determination shows nano-flower pattern. The hybrid material, Cu-MOF exhibits very high
specific capacitance, 547 F g™ at the scan rate of 2 mV s with excellent recycling stability
(retains 97.4% after 5000 cycles). The ymT value for CUMOF at 300 K is 1.735 cm® mol™ K
for four copper(1l) ions which is as expected for four isolated copper(ll) ion with g = 2.15.

The ymT values are almost constant until ca. 55 K and then ymT decrease sharply, giving the
minimum value of 0.753 cm® K mol™ at 2K.

Potential (V vs. Ag/AgCl)
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6.1. Introduction

Improving Energy storage capacity and miniaturisation of devices are intensive area of
research in fundamental and engineering sciences.™ A capacitor with power density >100 W
kg™, maintenance free, stable, long life and environmentally benign is the ultracapacitor or
supercapacitor.®® A supercapacitor cell consists of two electrodes, one separator, and one
electrolyte.’® The electrode is charged and ions from the electrolyte move spontaneously
toward the surface to balance overall charges of the system. The metal oxides and
hydroxides, polymers (polyaniline and polypyrrole), Carbon based 2D materials (graphene,
CNTs, nanowires, nano fibres), areogel etc. are potential energy storage materials because of
high surface area and fast electron communication for supercapacitor applications.™ ™ Still, it
needs more improvement because the energy density of the devices is not satisfactory and
poor cycling stability and less electronic conductivity.®*® Additionally, they execute a
crucial part in fuel cells for renewable energy based electric vehicles. Supercapacitor can
store energy in two types of mechanism - Electric Double Layer Capacitor (EDLC, charge
separation at an electrode/electrolyte interface is the cause of capacitance) and pseudo-
capacitor (the fast and reversible redox reactions at the surfaces of the electroactive

materials).'” % Hence, the search for high performing energy storage material is in progress.

Metal-organic frameworks, a dynamic family of functional materials, having many
advantages due to their high porosity and large surface area such as applications in gas
storage, gas separation, catalysis, luminescence, drug delivery and also find use in electronic
devices, batteries, insulators, powerbanks and superconductors, memory devices, optical
superstructures, mechanical metamaterials etc.”*?’ The MOFs are employed to construct
novel electrodes and electrolyte composites. Supercapacitor MOFs are typically microporous
and exhibit the outstanding capacitive performance compared to other storage batteries such
as, Li-ion, lead acid, and alkaline batteries.”®*° But they have few limitations which hamper
the direct use as electrode - low electrical conductivity and large steric hindrance.**** Hence
new strategies are needed to enhance the electrochemical properties of MOF.* Few 2D
MOFs show high supercapacitor activity due to their atomic thickness with short paths, large
lateral sizes allowing rapid mass transfer, electron transfer, highly exposed accessible active
sites on the surface of MOFs instead of enclosed inside the pores.®*® Thus, the interaction
between the active sites in MOF and the electrolytes may be accelerated and hence the
electron transfer rate may be improved.’ Electrochemical activity immensely depends upon
the stability and efficiency of the electrode material such as, mechanical/chemical stability,
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morphology, structural functionality, electronic conductivity etc. Nanoscale engineering,
incorporation of pseudo-active component, hierarchical and regular nanocomposites are
effective strategy to improve the supercapacitor performance.***° Better charge transfer
within the framework can be achieved by tuning the structure and functionality of the linker
whereas better electron transport can be assisted by the redox property of the metal ion inside
the MOF.*° Steric hindrance can also be eliminated by preparing porous MOF with sufficient
large area to facilitate high electrolytic diffusion. The active metal cation inside the MOF
must accompany the electrolyte solution so that the predominant charge storage mechanism
can be manifested by pseudo-capacitive reaction and exhibit high supercapacitor

performance.*#?

Copper(ll), a redox non-innocent and magnetically sensitive (d°) ion, active site of
metalloproteins and a precursor to high-nuclearity clusters for the preparation of useful
magnetic materials is used for designing of supercapacitors.”® In this work we used to
synthesize Cu based metal—organic framework of 1,3,5-benzene tricarboxylic acid (HsBTC)
utilising a facile mixed ligand approach where second ligand is 4-Aminopyridine (4-APy) at
room temperature by slow-diffusion method. The single crystal X-Ray structure
determination has established tetranuclear Cu based metal—organic framework

{[Cua(BTC)s(4-APy)2(us-OH)2](CHsOH)(H20)}n, (Cu-MOF) with nano-flower morphology.
Multicarboxylate type linkers are preferably used for the building of multinuclear
compounds/MOFs through bridging of —COO™ groups.** ** Amino-functionalized ligands
have high electron density and hence the zeta potential which is useful for quicker charge
flow and improved capacitance activity. Tetranuclear copper entity form an infinite 3D
network structure through BTC® linker and 4-APy, which is appended from metal center
connected through hydrogen bonding with oxygen atom of adjacent carboxylato group.
Magnetic study indicates the presence of a very weak antiferromagnetic coupling between the
copper(ll) ions. High performance supercapacitor behavior of Cu-MOF makes the material

for energy storage application.*® %

6.2. Results and discussion
6.2.1. Structure and Morphology Analysis of Cu-MOF

Monoclinic system of Cu-MOF is crystallized in P 21/n space group with Z=2. Single crystal
structure reveals that the asymmetric unit contains two Cu(ll) node, one 4-aminopyridine (4-
APYy), one 1,3,5-benzene tricarboxylate (BTC*) and one bridging —OH™ group (Table 6.1 and
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Figure 6.2a). Four Cu(l1) atoms form a tetranuclear unit by the coordination with six BTC*,

two 4-APy and two us-OH bridging linkers (Figure 6.2b) along with coordination of CH3OH

and H20.

Table 6.1 Crystal data and refinement parameters for Cu-MOF.

CCDC No. 1919988

Formula C30 H27 Cusa N4 O17

Fw 969.76

Crystsyst Monoclinic

space group P 21/n

a (A) 10.697(4)

b (A) 11.948(4)

c (A 15.449(6)

B(deg) 94.893(9)

V (A% 1967.4(12)

Z 2

Deatca(g/cm®) 1.637

p(mm™) 2.207

MA) 0.71073

data[l >2c(l)]/params 3447/259

GOF on F* 1.033

final R indices[l >24(1)]*" R1 = 0.0837
WR2 = 0.2373

“R1 = I[|Fo| = [Fell/ ZIFo|, ” WR2 = [Sw(Fo’ — Fc*)*/Zw(Fo")T"

There are two five coordinated distorted square pyramidal, CuOs and two distorted square

planar, CuOs units are generated by carboxylate bridging of BTC* to generate [Cu'"]4 unit.*®

%0 The Cu(ll) knot in CuOQy4 is coordinated by pyridyl-N of 4-APy to make distorted square
pyramidal CuOsN motif (Figures 6.1 and 6.2).
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Figure 6.1. Hydrogen bonding interaction in CUMOF.

Remaining donor centres of acetato-O of BTC® binds six adjacent [Cu'"]s cores to form an
infinite 3D network structure (Figure 6.2c) and within 3D framework 4-APYy which is
appended from copper center connected through hydrogen bonding with oxygen atom of
adjacent carboxylate group and solvent water molecule (Figure 6.1).>*** The short distance
Cu---Cu in tetramer unit lies between 2.934 A — 3.264 A and the bond length of psz-OH-
copper centre appears in the range 1.933 A - 2.009 A.>**® A suitable pathway offers by this
functionalized 3D network for charge transfer, which is responsible for efficient

electrochemical and magnetic measurements (Figure 6.2d).

(b)

Figure 6.2. (a) Asymmetric unit of CUMOF, (b) Coordination sphere of tetranuclear [Cu'"]s
unit, (c) View in [001] axis of the infinite [Cu']4 entity connected by 6 ligands of BTC in Cu-
MOF, (d) 3D network along the a*-axis. Hydrogen atom have omitted for picture clarity.
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Morphology of Cu-MOF is shown (Figure 6.3(a, b)) by FESEM at different magnifications
and shows flower like microsphere.>’*® The morphology of the Cu-MOF has retained even
after 5000 cycles of GCD experiment and is shown in Figure 6.3(c-d).*®" This type of

morphology allows the electrolyte ions to penetrate deep into the active material and thus

improved electrochemical performance can be obtained.

Figure 6.3 (a) Flower-like microsphere of Cu-MOF, (b) enlarge view of selected region of
(@). (c) FESEM images after 5000 cycles, (d) enlarge view of selected region of (c).

6.2.2. Supercapacitor Properties

The electrochemical studies of as-fabricated Cu-MOF is examined using a three-electrode
setup through cyclic voltammetry (CV) and galvanostatic charge—discharge (GCD) in 1 M
KOH aqueous solution as an electrolyte. The CV curves of the Cu-MOF at different scan
rates in 1 M KOH electrolyte are displayed in Figure 6.4a. The MOF offers a relatively wide
potential window of 1 V in basic electrolyte. No gas evolution was observed from the
electrodes at the extreme end of the working potential window. This suggests that the
material possess good stability over this potential window. The CV curves are nearly
rectangular shaped suggesting good supercapacitive charge storage performance can be
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achieved from these electrodes, these exhibits the possible pseudocapacitive behaviour of Cu-
MOF.%2®® Without any deformation of CV curve at higher scan rate suggested good charge
storage. The specific capacitance (C») of the material can be calculated from the Cyclic

Voltammetry by estimating the area within the loop and using the following equation (Eq. 1):
C,, =—— 1)

here, m is the mass of the active material on the electrode and v is the scan rate. The area

within the loop i can be calculated using the following equation (Eq. 2):

fvc i(v)dv
| = )

(We—va)

here, i(v) is the response current at different value of the potential, v. and v, are the highest
and lowest points of the applied potential. The denominator of the above equation can be
identified with the potential window of the material under investigation. We have obtained a
highest specific capacitance of 547 F g™* at 2 mV s™ scan rate by using equations (1) and (2).
Figure 6.4b shows the specific capacitance vs. scan rate plot for the sample. It can be seen
that the specific capacitance reduces with the increasing scan rate.?® This is mainly because of
the fact that at higher scan rate the electrolyte ions cannot get enough time to enter the inner
active site of the electrode.®” Hence at higher scan rate the redox activity at the electrode
decreases and as a result the specific capacitance decrease. The value of specific capacitance
can also be estimated from the Galvanostatic Charge Discharge (GCD) experiment using the
following equation (Eq. 3):

Con = —i— ©)
)

here, i is the applied current density in the unit of A g™ and Z_V is the average slope of the
t

discharge curve of the GCD plot. Using equation (3), we have again estimated the value of
specific capacitance from the GCD plot.® A highest specific capacitance of 535 F g™ was
obtained at the lowest current density of 6 A g™*. This value is relatively close to the specific
capacitance value obtained from the CV curves. Figure 6.4c shows the near triangular shaped
GCD curves at different current densities. The specific capacitance gradually decreases with
increases of current density. This may be due to the increase of internal resistance and lack of
active ionic species. The discharge portion of the curves shows little IR drop at the

beginning.®®"° This IR drop is mainly because of the material resistance and also due to the
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imperfect contact of the active material with the current collector (graphite rod). Noteworthy,
retention of initial specific capacitance ~77.8% at the current density 16 A g of Cu-MOF
has depicted rapid exchange of charge particle between electrode/electrolyte interface. The
tetranuclear copper unit of 3D network offers a conductive pathway as result facile charge
transportation and improved conductivity (Figure 6.4d). Redox chemistry of Cu-MOF
enriched by the participation of tetramer cooper unit in redox reaction attributed efficient

electrochemical response and high specific capacitance.
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Figure 6.4 (a) CV curves at different scan rates; (b) Specific capacitance vs. Scan rate plot
(c) GCD curves at different current densities, (d) Cyclic stability analysis for the CUMOF

material.

The GCD experiment has been performed at 18 A g™ for 5000 cycles to check the cycling
stability of Cu-MOF. Figure 4b shows retention of specific capacitance is ~97.4% even after
5000 cycles.” Initially during the experiment, the specific capacitance of the sample started
decreasing and then at around 2500™ cycle the specific capacitance started rising and even

reached beyond 100%. This is mainly because of the improved redox activity of the electrode
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with the increasing cycle number. Any observable physical deformation does not occur in the
CV and GCD diagrams before and after cycling suggested excellent performance of Cu-MOF
as supercapacitor electrode. Additionally, the flower-like microsphere morphology of Cu-
MOF was retained even after 5000 charge/discharge cycles reveals excellent structural
stability in 1M KOH electrolyte solution and also finger print region of FTIR spectrum before
and after cycles represent the network of CuMOF remains intact (Figure 6.5).
Electrochemical impedance spectroscopy is an excellent measurement technique to study the
different dynamic processes occurring at the electrode-electrolyte interface.

W

As synthesized
—— After 5000 cycles

| : | : | : | : | : | : | :
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber(cm™)

Figure 6.5 FTIR spectra of CUMOF as synthesized and after 5000 cycles.

An AC perturbation signal with magnitude 10 mV and variable frequency from 0.01 Hz to
10° Hz was applied to the working electrode to extract the information regarding the different

processes at the interface.’*"
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Figure 6.6 Impedance spectra of CUMOF.

Figure 6.6 shows the EIS data in the form of Nyquist plot. A contact resistance of 0.5 Q is
offered by the electrode material which is very less and is suitable for good electrochemical
performance. In the low frequency region the curve show a line which is inclined at 45° with

respect to real axis. This region is due to Warburg diffusion resistance.”*"

6.2.3. Magnetic Study

Multinuclear Cu(ll) complexes show large variation of magnetic interactions from normal to
subnormal, ferro- to antiferromagnetic, spin frustration to remnant magnetism etc. The
magnetic property of Cu-MOF shows antiferromagnetic coupling at lower temoerature (<50
K). The ymT value for Cu-MOF at 300 K is 1.735 cm® mol™ K for four copper(11) ions which
is as expected for four isolated copper(ll) ions with g = 2.15. The ymT values are almost
constant until ca. 55 K and then ymT decreases sharply, giving the minimum value of 0.753
cm® K mol™ at 2K (Figure 6.7).”° The drop in yumT at low temperature (<50 K) indicates the
presence of a very weak antiferromagnetic coupling between the copper(l1) ions.”

133



Chapter-6

1_!
S
mE
-
&
—
=
=2
0.3 F 0 10000 20000 30000 40000 50000
: H/ G
QO LL g oy e )
0 50 100 150 200 250 300
T/K

Figure 6.7 Plots of the ymT vs T and M/Nug vs H at 2 K (inset) for complex Cu-MOF (per
four Cu atoms). Solid line shows the best fit of the ymT (T) data (see text) and in inset figure

continuous line correspond to the Brillouin function for four isolated S =% and g = 2.0

As shown in the Figure 6.2c, the structure of Cu-MOF consists of tetramer copper entity
connected to six similar adjacent [Cu'"]s by six benzene-1,3,5-tricarboxylate ligands to form
an infinite 3D network structure. From the magnetic point of view, Cu-MOF behaves as an
isolated tetranuclear compound. The short distance Cu---Cu between two adjacent [Cu"']4 is
7.732 A.”® Taking into account this topology, we count five exchange pathways as is
represented in Figure 6.8, grouped into three averaged different exchange parameters, Ji, J2
and Js, corresponding to the us-oxo/carboxylate group, pz-oxo/double carboxylate group and
u3-Oxo bridges respectively. As a consequence of the coupling scheme the Hamiltonian to
use is H= -J1(S1S2+S3S4)-J2(S2S3+S1S4)- J3(S2S4). The fit on the indicated scheme was
performed by means of the computer program CLUMAG."
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Figure 6.8 Schematic diagrams representing the exchange interaction Ji, J> and Js within the
tetramer entity in Cu-MOF.

The best fit parameters found were J; =-2.9 cm™, J, =2.2cm™ Js =8.5cm™ and g = 2.14.

The weak antiferromagnetic interaction was confirmed by magnetization measurements at 2
K up to an external field of 5 T. At higher field, the magnetization in M/Ng units indicates a
value of 1.45 0.54 corresponding to four isolated Cu(ll) ions (Figure 6.7, inset). Comparison
of the overall shape of the plot with the Brillouin plot (solid line plot) for four isolated ions
with S = 1/2 system and g = 2 indicates slower magnetization which is consistent with a weak

antiferromagnetic interaction.®
6.3. Experimental Section
6.3.1. Materials and general method

Sigma Aldrich helped us by providing all the required chemicals. The PXRD data were
collected on a Bruker D8 Advance X-ray diffractometer using Cu Ka radiation (A = 1.548 A)
generated at 40 kV and 40 mA. The PXRD spectrum was recorded in a 20 range of 5-50.
Bruker D8 advance X-ray diffractometer was used for field emission scanning electron
microscope (FESEM, S-4800, Hitachi) measurement. Spectroscopic analysis of the sample
was performed using a Fourier transform Infrared (FT-IR) spectrometer (Perkin-Elmer 843)
using the KBr pellets in the range of 400-4000 cm—1. Magnetic susceptibility measurements
for the compounds were carried out on polycrystalline samples, at the Servei de
Magnetoquimica of the Universitat de Barcelona, with a Quantum Design SQUID MPMS-
XL susceptometer apparatus working in the range 2-300 K under magnetic field of
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approximately 10000 G. and 500 G. Diamagnetic corrections were estimated from Pascal

Tables. All the measurements are performed at room temperature.
6.3.2. Synthesis of Cu-MOF

Equimolar concentration of 4-Aminopyridine (4-APy), 1,3,5-benzene tricarboxylic acid
(HsBTC) and Cu(NO3)2,3H20 solutions were prepared in methanol, ethanol and water
respectively. Ethanolic solution of BTC was neutralised using equimolar triethylamine.
Aqueous solution of metal (5 ml) was taken in a glass tube and 5 ml methanolic solution of 4-
Aminopyridine was added slowly using water-metahnol (1:1) mixed solvent above the
aqueous solution. Ethanolic solution (5ml) of BTC was layered carefully above the
methanolic solution to build an undisturbed layer. Separated layered were slowly diffused in
the glass tube, after one month green coloured block-shaped crystals were settled on the glass
wall. The crystals were seperated, washed and collect for single cristal diffraction. The yield
of CUMOF was 64%. FT-IR using KBr pallet, cm—1: 3353.56, 3222.11, 1612.20, 1557.30,
1437.45, 1366.31, 1212.43, 1021.44, 824.26, 769.36, 725.28, 632.49, 506.45.

6.3.3. X-Ray crystallographic data collection and structure determination.

Single crystal had mounted for X-Ray diffraction data collection of Cu-MOF at room
temperature on a Bruker Smart Apex diffractometer equipped with CCD and Mo-Ka
radiation (A = 0.71073 A). Cell refinement, indexing and scaling of the data set were done by
using programs Bruker Smart Apex and Bruker Saint packages.® The structure was solved by
direct methods and subsequent Fourier analyses®” and refined by the full-matrix least-squares
method based on F2 with all observed reflections.®® Hydrogen atoms were placed at
geometrical positions. All the calculations were performed using the WinGX System, Ver
2018.3.39. Molecular pictures were prepared with program Mercury 3.10.3 and Discovery
Studio 2017R2. Crystal data and details of refinements are given in Table 6.1.

6.3.4. Electrochemical Measurements

All the electrochemical measurements were performed in three-electrode system using CS313
(Corrtest) electrochemical workstation. The three-electrode setup consisted of a Pt counter
electrode (1 cm x 1 c¢cm), a Ag/AgCI in saturated KCI reference electrode and a working
electrode. The working electrode is fabricated by dropcasting the sample gel on the flat side
of a teflon coated graphite rod. Before dropcasting the circular flat end of the rod was cleaned

and polished. The working gel was prepared by sonication of CUMOF in 1:1 water/isopropyl
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alcohol. The gel was then dropcasted directly on the circular flat end of the graphite rod.
After the deposition the rods were dried in vacuum for 12h at a temperature of 60° C. The
deposited mass of the material was estimated by weighing the rods before and after
deposition. We maintained the deposited mass to be around 5 mg cm? in each of the

electrodes.
6.4. Conclusion

To sum-up, here we introduce a facile synthetic route to tetranuclear copper 3D framework
for supercapacitor application and magnetic study. The presence of free —NH. group of 4-
aminopyridine makes this MOF as an important motif for post synthetic modification. This
organic-inorganic hybrid material shows very weak antiferromagnetic coupling between the
copper(l1) ions. High supercapacitor performance (specific capacitance of 547 F g™ at 2 mV
s scan rate) and cycling stability (5000 cycles) makes these material useful for energy

storage application.
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7.1 Summary

The CPs and MOFs attract diverse applications because of high porosity, structural stability,
and versatility in the design and synthesis. Depending upon the structural architecture and
chemical behavior, they have been used in gas sorption and separation, catalysis, electrical
conductivity, drug delivery, proton conduction, chemical separation, variable temperature
magnetism, sensing, storage device, bio-imaging, etc. This has drawn our attention to design
CPs/MOFs for application in energy storage devices, catalytic reduction of aromatic nitro
compounds, photo-switching applications and magnetic study. In this work, various mono, di
and tritopic carboxylato acid bridging linkers have been used to integrate 0D, 1D, 2D and 3D
coordination polymers of d-block metal ions (e.g. Cu(ll), and Zn(lIl) along with mono/di-
dentate pyridyl based ligands.

In this contest ( Chapter-2) two cu-based electro-conductive 0D, 1D coordination polymers
[Cux(DABA)4(4,4'-BPY)]n (1) and [Cus(DABA)s(PYZ)(H20)2] (2) (HDABA = 4-

Diallylamino-benzoic acid) have been synthesized by varying axial linkers, 4,4'-Bipyridine
(4,4-BPY) and Pyrazine (PYZ). Upon light irradiation the thin film of the compounds
increases the electrical conductivity with respect to the dark phase and the conductivity of 1
is ~150 times higher than 2. Magnetic properties were investigated at an applied field 0.5 T in
a temperature range 5-300 K. Compound 1 exhibits ferromagnetic behavior and compound 2
is antiferromagnetic at 300 K and the effective magnetic moment at 300 K, is 1.94 and 0.93
BM, respectively. Changing of axial linkers leads to the formation of charge transfer
complexes which significantly enhances its magnetic moment and improves its electrical

properties.

In this Chapter-3, a 1D Cu(Il) coordination polymer with encapsulated antiferromagnetically
coupled binuclear Cu(ll) has been synthesized by using 5-nitroisophthalic acid (5-N-IPA) and
4-aminopyridine (4-APY) [Cu2(5-N-IPA)2(4-APY)4]n (1). This complexe have the potential
to form higher dimensional structures throughout H-bonding (2.865-3.3.320 A) and
Supramoleculer (aromatic =....m) interactions (3.869-4.148 A). The charge transfer
mechanism and dielectric relaxation throughout the CP have been established. The shape of
the ymT vs T curve indicates dominant antiferromagnetic coupling, which results from the
interaction between the copper(ll) atoms. The overall electromagnetic properties and the
effect of temperature on electromagnetic behaviour of compound 1 reveals that our as

synthesized polymer will be a suitable for energy storage applications
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In Chapter-4, tetranuclear (0D) [Zna(ns-O)(DABA)s] (1) and polynuclear (1D)
[Zn2(DABA)4(4,4'-BPY)]n (2), in one pot (HDABA = 4-Diallylamino-benzoic acid and 4,4'-
BPY = 4,4'-Bipyridine) complexes have been synthesized and characterized by single crystal
X-ray diffraction measurements and other spectroscopic data. The tetranuclear Zn(ll)
complex (1) shows Zn---Zn separation in the range 3.122-3.186 A, and the ps-O Zn

distance lies in the range 1.927-1.944 A (Figure 4.4). The structure analysis of 2 shows that a
carboxylato bridged Zn(ll) paddle wheel [Zn(DABA)4] unit is connected by the 4, 4-
bipyridine at the axial coordination position and helps to form 1D polymeric chain. This
research discovered the high efficiency and selectivity in electrocatalytic CO2 reduction to
methanol, formaldehyde and formic acid. Also due to the polymeric nature of compound 2
(1D), the conductivity based on diode derived from J-V characteristics has promisingly

increased by 10* times than tetranuclear complex.

In the successive chapters we have successfully studied the role of supramolecular
interactions in the construction of a 1D coordination polymer, [Cuz(u2-OH)2(DABA):]» (1),
(HDABA = 4-Diallylamino-benzoic acid) and this was extended in the 3D array by hydrogen
bonds (bonding) and meeem interactions along with weak C—Heeer interactions. Hand grinding
aqueous suspension of the coordination polymer, 1 shows catalytic performance in the
reduction of toxic nitrophenols to corresponding aminophenols by NaBHa4. The susceptibility
measurements (ymT) of Cu(ll) coordination polymer indicates the presence of a very weak

antiferromagnetic coupling between the metal centres.

In this chapter (Chapter-6), a Cu based metal—organic framework, {[Cus(BTC)e(4-APY)2(us-
OH)2](CH30OH)(H20)}n, (Cu-MOF) (H3sBTC = 1,3,5-benzenetricarboxylic acid; 4-APy = 4-
Aminopyridine) has been synthesized and the single crystal X-ray structure shows the
formation of four Cu(Il) connected motif ([Cu'"]s) via edge sharing of two CuzO cores and
bridging by six acetato function of BTC* connector. The hybrid material, Cu-MOF exhibits
very high specific capacitance, 547 F g™ at the scan rate of 2 mV s™ with excellent recycling
stability (retains 97.4% after 5000 cycles). The ywT value for CUMOF at 300 K is 1.735 cm®
mol™ K for four copper(I1) ions which is as expected for four isolated copper(l1) ion with g =
2.15. The ymT values are almost constant until ca. 55 K and then ymT decrease sharply, giving
the minimum value of 0.753 cm® K mol™ at 2K. These material useful for energy storage

application.
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