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Abstract

The new scientific technologies are the result of human dreams and imagination. The
emergence of nanotechnology, a 21st-century frontier, is the outcome of such dreams.
Nanotechnology and nanomaterials have become an integral part of human life by
providing society with greater benefits. Henceforth, researches on synthesizing and
processing diverse range of nanomaterials with unique physical and chemical properties
has got significant attention. Metal-Organic Frameworks (MOFs) or Coordination
Polymers (CPs) are an important class of compounds because of their various potential
applications such as gas storage, separation, catalysis, and sensing. Such porous materials
have attracted enormous attention because of their high surface areas, controllable
structures, and tunable pore sizes. MOF-based metal oxide nanoparticle synthesis has
gained enormous importance due to its less dependence on surfactants or modulators. The
hierarchical transfer of morphology and other characteristics from framework to the porous
metal oxides makes this approach a unique and more efficient than other existing

methodologies.

With these aspects in mind and the quest for some beautiful and fascinating nanomaterials,
in this work a strategy of using CPs as the precursors for the formation of metal oxide
nanoparticles is developed. In particular, the synthesis of copper oxide (CuO) nanoparticles
from CPs using direct calcination method under ambient conditions. These precursor CPs
were synthesized at room temperature using metal salts and ligand in a one-pot self-
assembly process and characterized using SCXRD, PXRD, TGA, UV-vis and FTIR
spectroscopy. These CPs were calcined at various optimized reaction conditions to form
CuO nanoparticles and characterized using PXRD, FTIR, SEM, TEM and HRTEM. The

effect of temperature and time on the morphology of CuO has been demonstrated.

Due to the Lewis acidic nature of porous CuO nanoparticles, these have been used as
heterogeneous catalysts for C-N bond-forming Strecker reaction for the formation of a-
aminonitriles under solvent-free conditions. We have found that these porous CuO
nanoparticles act as an efficient catalyst with less loading and less reaction time. A broad
substrate scope has also been demonstrated showing the versatile nature of CuO
nanoparticles as heterogeneous catalysts. Also, the recyclability and stability after more
than three cycles further make it a promising candidate in the field for heterogeneous

catalysis.
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CHAPTER I

INTRODUCTION

“The history of science, like the history of all human ideas, is a history of irresponsible
dreams, of obstinacy and of error”- Karl Popper. Nanotechnology emerged in the 21°
century is a result of such a dream. The current past in the technological advancement
proved that evolution in nanotechnology and nanoscience is the crucial factor.
Nanotechnology can be stated as the development, synthesize, characterization and
application of materials and devices by modifying their size and shape in nanoscale.! The
word ‘nano’ is derived from the Greek word ‘nanos’, which means ‘dwarf’, but in science,
it means one billionth (10°). Richard Zsigmondy, the Nobel Prize Laureate (1925) in
chemistry, proposed the term ‘nanometer’. He was the first person to characterize the size

of particles (gold colloids) using a microscope.?

The basic and critical elements of nanotechnology are the nanomaterials. Materials whose
at least one of the dimension is in the nanoscale regime, 1-100 nm, are usually termed as
nanomaterials. Nanotechnology aims at building nanomaterials which are of great scientific
interest owing to their unique physical and chemical properties. It plays a crucial role by
acting as a bridge between bulk materials and atomic or molecular structures. When a
particle goes to its nanoscale range, the principles of classical mechanics can no longer
describe its behaviour (movement, energy, etc.) and hence the principles of quantum
mechanics get applied. Thus, the materials on the nanometer scale may exhibit physical
properties entirely different from those of the bulk.> However, the properties of
nanomaterials are determined not only by the particle size but also by several other factors:
structure, shape and surface status of the particles.*® These nanomaterials include nano-
objects such as nanoparticles, nanofibers (rods, tubes) and nanoplates, which consist of

different materials, and therefore, derived agglomerates and aggregates.’”®

The applications of nanotechnology are spreading in nearly all the branches of science and
technology. The difference between the nanoscience and nanotechnology is that the
nanoscience gives the knowledge about the arrangement of atoms and their basic properties
at nanoscale whereas the nanotechnology is the technology used in governing the matter at

the atomic level for the synthesis of the novel nanomaterials with different characteristics.



Numerous synthetic methods are either being developed or improved for the production of
nanomaterials. In addition to this, large-scale development in the instrumentation has led
to an enhanced nanomaterial characterization and subsequently, their utilization in advance
applications. These synthetic methods are further modified to achieve functionalized
nanoparticles which have enhanced mechanical, physical, chemical and optical
properties.!* Nowadays, nanoparticles are involved in every part of life, starting from
cooking vessel to electronics to pharmaceutics and aerospace industry.'? It is expected that
nanotechnology will bring the next industrial revolution for exponential growth. The world
of nanotechnology has an enormous impact on human life, and henceforth, it is the key to

a clean and sustainable future.
1.1. Classification of nanomaterials
1.1.1. Based on the origin of nanomaterials

(i) Natural nanomaterials
Nanomaterials which belong to the natural world and have not been processed or
engineered by humans are called natural nanomaterials. Due to the inherent

nanostructures, these materials possess remarkable properties. These include:

a) Natural inorganic nanomaterials. These materials include a broad spectrum
of elements, the most common being: - metal oxides/hydroxides (e.g.
manganese oxides and hydroxides, iron oxides/oxyhydroxides), metal alloys,
silicates (e.g. allophane, fibrous clay minerals, asbestos), sulphides (FeS. and
ZnS), sulphates, halides and carbonates. The underlying mechanism for the
growth of these materials involves nucleation and growth of various inorganic
phases in the atmosphere. The inorganic reactions occurring in the hydrosphere
and the lithosphere contributes to the generation of these materials via non-

thermal, thermal, photochemical and biological processes (Figure 1.1).

b) Natural organic nanomaterials. Along with the inorganic nanomaterials,
nature is comprised of a wide variety of organic nanomaterials. From the
combustion of fossil fuels, the first carbon nanotube and the first buckyball,
fullerene, was produced. The volcanic ashes that are released during eruptions
contain naturally occurring buckyballs. The petroleum and the natural gas
contain various organic nanostructures which get deposited as nanoscale

diamond structures.
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Figure 1.1. Natural processes leading to the formation of inorganic nanomaterials.™

(i) Artificial nanomaterials
These types of nanomaterials are synthesized by different methods. They can be further

classified into four classes, as shown in Figure 1.2.
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Figure 1.2. Four classes of artificial nanomaterials.



(a) Carbon-based nanomaterials. Nanomaterials that are completely composed of
carbon are generally classified into this category. They are further classified into

carbon nanofibers, carbon nanotubes, fullerenes, graphene and carbon black.'*

(b) Composites. Nanomaterials produced when nanoparticles are incorporated into the
matrix of another material are termed as composites. The addition of nanoparticles
into another material result in the enhancement of mechanical, physical, chemical,
and electrical properties. For example, nanosized clays are incorporated to a wide
variety of materials including packaging materials and auto parts to enhance their

desired properties.t®

(c) Dendrimers. These are highly branched materials composed of nanosized
polymers. A dendrimer structure has three main parts; a central core part, an inner
branched part (dendritic structure), and an outer surface consisting of numerous
chain end. These chains can be altered to produce process-specific dendrimers
which can be used in different areas such as catalysis and sensing. Additionally, the
inner part can be utilized in trapping molecules, henceforth, can be used in targeted

drug delivery.

(d) Metal-based nanomaterials. Nanomaterials that are synthesized from metals are
generally classified as metal-based nanomaterials. Most of the metals can be
converted into their respective nanoparticles. For example, nano-lead, nano-gold,
and metal oxides, such as zinc oxide. Metal oxide based nanomaterials are preferred

over metals because of their high reactivity and efficiency.”8
1.1.2. Based on dimensions of nanomaterials

Nanomaterials can also be classified based on the dimension of the particles, as shown in

Figure 1.3. Examples of such nanomaterials are shown in Figure 1.4.

(i) Zero dimensional (OD) nanomaterials. These are class of materials whose all the
dimensions are measured within the nanoscale, 1-100 nm. For example, quantum
dots, fullerenes, metal nanoparticles such as nano-platinum, nano-iron, nano-silver,
etc.

(i) One dimensional (1D) nanomaterials. These are class of materials whose one of

their dimensions is outside the nanoscale (greater than 100 nm) while the other two



dimensions are in the nanoscale, 1-100 nm. For example, nanotubes, nanorods,
nanowires, etc.

(iii) Two dimensional (2D) nanomaterials. In this class of materials, two dimensions
are out of the nanoscale (greater than 100 nm) and one dimension in the nanoscale
(1-100 nm). For example, nanofilms, nanolayers, nanoplates, graphene sheets, etc.

(iv) Three dimensional (3D) nanomaterials. These are class of materials whose all
the dimensions are out of the nanoscale (greater than 100 nm). For example,

liposomes, dendrimers, nanoflowers, nanocones, etc.

Nanomaterials

h

Figure 1.3. Classification of nanomaterials based on dimension.

1.2. General methods for the synthesis of nanomaterials

In general, there are two approaches for the synthesis and fabrication of nanomaterials

which are as follows (Figure 1.5):

(i) Bottom-up approach. The bottom-up or constructive method is the build-up of
material from atom to clusters to nanoparticles. This approach has been proved to
be more favourable for the synthesis of nanoparticles. Different techniques have
been developed to synthesize the nanomaterials using this approach. Typical
examples are the formation of nanoparticles from colloidal dispersions.

(if) Top-down approach. The top-down or destructive method is the reduction of bulk

material to nanometric scale particles.

5
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1.3. Synthetic techniques of nanomaterials

There are different synthetic techniques that can be used for the synthesis of nanomaterials
(Figure 1.6). It includes mechanical methods and lithographic techniques under the top-

down approach and vapour phase, chemical phase and self-assembly techniques under the

bottom-up approaches as listed below:



Vapour phase techniques
Sputtering, Laser ablation,
Mechanical methods Chemical vapour deposition
Cutting, edging, grinding,

ball milling Chemical phase techniques
Sol-gel, Solvothermal,
Sonochemical synthesis, Pyrolysis

Precipitation, Microwave synthesis

Lithographic techniques
Photolithography Self assembly techniques
Electron beam lithography Electrostatic self assembly,
Self assembly monolayers

Figure 1.6. Different methods for the nanomaterial synthesis.

(i) Ball milling
In this process, the bulk material (i.e. powder mixture) is placed in the ball mill containing

balls which rotate with high energy and crushes the solid material into nanocrystallites. 2

(i) Electron beam lithography

A highly focused beam of electrons is used to write out a pattern on a surface covered with
an electron sensitive film called a resist. This electron beam can induce a change in the
molecular structure and solubility of the resist film. The resist film can further be immersed

in a solvent for the selective removal of either the exposed or the non-exposed regions.?2

(iii) Hydrothermal/Solvothermal method

This is a solution-based approach for synthesizing nanomaterials using pressurized vessels
called autoclaves that can withstand high temperature and pressure for a long time (Figure
1.7). Materials which are practically insoluble under normal conditions such as oxides,

sulphides, silicates, etc. can be synthesized using this technique.?



Figure 1.7. a) Steel jacket and b) Teflon reactor used for the Hydrothermal method.
(i) Pyrolysis

Pyrolysis is one of the most widely used synthetic method the largescale production of
nanoparticles in industries. In a typical synthesis, a precursor, which can be solid, liquid,
or vapour is burned using a flame. The precursor is inserted into a furnace, which can go to
very high temperatures, through a small hole and is allowed to burn.?* The combustion of
by-product gases is then air classified to recover the nanoparticles. Furnaces that use plasma
and laser instead of flame are prevalent due to their capacity to produce high temperature,
which can enhance the evaporation. Pyrolysis, as a synthetic method, has got wide
acceptance owing to their advantages as a simple, efficient, cost-effective method which
involves a continuous process to give with high yields of product.?® A photograph of the

tube furnace used in this is work is shown in Figure 1.8.

Figure 1.8. Photograph of tube furnace used for pyrolysis.



(ii) Laser ablation

Laser Ablation Synthesis in Solution (LASIS) is a unique method used for the synthesis of
nanoparticle from various solvents. Here, the desired metal immersed in an appropriate
liquid solution is irradiated by a laser beam which upon condenses a plasma plume that can

produce nanoparticles.?
1.4. Metal Oxide Based Nanomaterials

In the recent past, metal oxide nanostructures have received significant interest from the
research community on account of their exceptional physical and chemical characteristics
emerging from the quantum realms in the nano dimension.?” Metal oxides are different
from their corresponding metals in various aspects such as their intrinsic charge separation
capacity, and this difference increases in the nanoscale. Metal oxide nanoparticles have
already received much appeal due to their wide application in the areas of electronics?,
optics?®, energy storage industry*® and catalysis®'. However, the synthetic approaches for

metal oxide nanoparticles for desired properties are still to be explored.

The research on metal oxide nanoparticles includes their synthesis from different
methodologies, along with their physical, chemical, and structural characterization. In
addition, their application in various fields of technology and inherent self-assembly
properties to produce multi-dimensional superstructures are also investigated. The current
research in nanomaterials are concentrated in developing new synthetic routes, which is
also necessary, however, detailed understanding of the underlying physical, chemical, and
structural properties is crucial in developing as-synthesized nanomaterials into various

technological applications.

Among the metal oxide materials, copper (I1) oxide (CuQ), a semiconductor with a narrow
bandgap energy of ~1.2 eV has achieved enormous importance due to their discrete
properties and applications in various fields.®>*® Excellent stability in solutions, specific
redox potential, high surface area, and excellent electrochemical properties are some of
these properties.®%  Although different synthetic strategies, hydrothermal®,
sonochemical®’, electrostatic coprecipitation®®, etc. has been reported for CuO
nanostructures; it is still difficult to have control over the size and shape of the as-
synthesized CuO nanostructures simultaneously.3® Fabricating nanoparticles with desirable
properties needs precise control over the synthetic strategies, which in turn result in the
formation of diff erent copper oxide nanostructures with controllable dimensions. Over the

9



past decade Copper oxide nanostructures with different morphology such as nanowires*,
nanocubes*, nanoribbons*?,nanoflowers*®, nano-octahedra**, nanoshuriken®®, and
nanofilms* have been synthesized, each through different methods such as colloidal
synthesis, solvothermal, thermal oxidation, template synthesis, and sonochemical
techniques®. From sensing to therapeutics, CuO nanoparticles have proven its vital
importance in developing new technologies in various fields and upgrading the existing

ones.
1.5. Motivation

The present work is based on the synthesis of nano metal oxides using metal-organic
coordination networks as the precursors through the bottom-up approach, the most
favourable approach for the synthesis of nanomaterials. Metal-organic coordination
networks (MOCNSs) have been widely researched owing to their specific structures,
tailorable properties and potential applications in separation, storage devices, catalysis,
sensors and synthesis of nanomaterials. These MOCNSs can act as sacrificial templates to
obtain the nanomaterials with desired morphologies. The usual approach for the preparation
of nano metal oxides consists of the thermal decomposition of these MOCNSs at higher
temperatures. At such high temperatures, the metal species acquire sufficient mobility,
whereas the organic linker in MOCNs gets burnt away, leading to the rupture of the
framework.*¢ Once the framework is decomposed, carbon and nitrogen present in these
MOCNSs get oxidized into their respective oxidized gases. The carbon formed during the
thermolysis also acts as a reducing agent for the reduction of metal oxides by a simple
carbothermic reaction. Thus, MOCNs may be envisioned as suitable precursors for the
formation of highly stable nanomaterials bearing catalytic properties. Moreover, the
synthetic method followed, direct calcination, has the advantages of being a simple, cost-
effective, efficient, and continuous method to give with high yields of product.*” Amino
acids have got wide importance due to their particular ability to act as a hydrogen bond
donor and acceptor along with exhibiting different binding modes with the metal center by
utilizing the several functionalities present in the system. Moreover, amino acids are readily

available at low cost, making them a suitable precursor for the synthesis of the ligand.
1.6. Present work

In this work, the synthesis of copper oxide nanostructures by the calcination of two different

amino-acid ligand-based coordination polymers is reported. The heating rate, annealing

10



temperature and time of calcination have a crucial role in the synthesis and morphology of
the final product. The high crystallinity of these nanoparticles was confirmed by the Powder
X-ray diffraction (PXRD) studies. These were further characterized using FT-IR
spectroscopy, Field Emission Scanning Electron Microscopy (FESEM) and Transmission
Electron Microscopy (TEM) analysis. The morphological transformation of one of the as-
synthesized copper oxide nanostructures is studied. In addition, these nanoparticles were
used as a heterogeneous catalyst in C-N bond-forming Strecker reaction. Our results

showed that copper oxide nanoparticle is an excellent catalyst for this reaction.

11



12



CHAPTER 11l

EXPERIMENTAL SECTION

2.1 Materials and methods

All the chemicals and solvents used for this work are of analytical grade, were obtained
from commercial sources, and were used as received, without further purification. All
rection except Strecker reaction was carried out in the aerobic condition. Strecker reaction
was carried out in a Schlenk tube under nitrogen atmosphere.

2.2 Physical measurements

NMR spectra of the synthesized ligands were obtained in deuterated solvents at 25 °C on
a Bruker ARX-400 spectrometer; chemical shifts are reported relative to the residual
solvent signals. Each sample was prepared by taking 5-10 mg of the compound in approx.
0.5 mL of the deuterated solvent. Each data obtained was analyzed and plotted using either
MestReNova or Spinworks.

Melting points (M.p.) were measured on a Blichi Melting and Boiling Point apparatus. All
melting points have been measured in open melting point capillaries.

FT-IR spectra were measured in the range of 4000-400 cm™ on a Perkin-Elmer Spectrum

| spectrometer with samples prepared as KBr pellets.

Thermogravimetric analysis was carried out from 25 to 500 °C (at a heating rate of 10
°C/min) under dinitrogen atmosphere on a Shimadzu DTG-60. The sample to be analyzed
was weighed using an analytical balance, put in a pan and weighed again using the
microbalance of the instrument to avoid any discrepancy. The data obtained were analyzed

using the TA 60 software.

Powder X-ray diffraction data were recorded on a Rigaku Ultima IV diffractometer
equipped with a 3 kW sealed tube Cu Ka X-ray radiation (generator power settings: 40 kV

and 40 mA) and a DTex Ultra detector using parallel beam geometry (2.5° primary and

13



secondary solar slits, 0.5° divergence slit with 10 mm height limit slit). For room
temperature measurements, samples were grounded into a fine powder using a mortar and
a pestle and was placed on a glass sample holder. The data were collected over an angle

range 20° to 80° with a scanning speed of 2° per minute with 0.02° step.

Field Emission Scanning Electron Microscopy (FESEM) was performed on a JEOL
instrument; samples were well dispersed in MeOH and drop cast on a silicon wafer, dried
and sputtered with gold for a time period of 20 seconds for increasing the conductivity of
the sample and a working distance of 4.5 to 15 mm was used with a voltage of 10 to 15 kV
and probe current of 6 amp.

Energy dispersive X-ray (EDX) spectroscopy was carried out on a HORIBA EX-250
instrument (15 kV) associated with FESEM

Transmission electron microscopy (TEM) was performed on FEI Techai G2 F20
equipped with a field emission gun operated at 200 kV with 1 mg sample well dispersed in
MeOH (10 mL) using a sonicator for 30 minutes. The sample was then drop casted on a
copper grid, followed by drying using a lamp for 30 minutes.

2.3 Synthesis of precursors
The amino-acid based ligands and their coordination polymers are synthesized following

the reported procedure.®

2-(benzylamino)-3-(4-hydroxyphenyl)propanoic acid (L-H2Tyrbenz): In a 25 mL
round bottom flask, benzaldehyde (0.28 mL, 2.8 mmol) was added to a solution of L-
tyrosine (507 mg, 2.8 mmol) and NaOH (224 mg, 5.6 mmol) in 14 mL of the methanol-
water mixture (v/v 1:1). The resulting solution was refluxed for 1 h. The yellow reaction
mixture was brought to room temperature prior to the addition of NaBH4 (105 mg, 4.8
mmol) at 0 °C. The solution was stirred until the yellow colour disappeared. The pH was
adjusted to 5 using (~2 mL) glacial acetic acid, and the solution was stirred for half an
hour. The white precipitate was filtered off, washed with water and air-dried. Yield: 70 %
(535 mg), Melting point: 260 °C.

3-(4-hydroxyphenyl)-2-((thiophen-2-ylmethyl)amino)propanoic acid (L-H2Tyrthio):
In a 25 mL round bottom flask, 2-thiophenecarboxaldehyde (0.30 mL, 2.8 mmol) of was
added to a solution of L-tyrosine (507 mg, 2.8 mmol) and NaOH (224 mg, 5.6 mmol) in

14 mL of the methanol-water mixture (v/v 1:1). The resulting solution was refluxed for 3
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h. The yellow reaction mixture was brought to room temperature prior to the addition of
NaBHs (105 mg, 4.8 mmol) at 0 °C. The solution was stirred until the yellow colour
disappeared. The pH was adjusted to 5 using (~2 mL) glacial acetic acid, and the solution
was stirred for half an hour. The white precipitate was filtered off, washed with water and
air-dried. Yield: 70 % (529 mg), Melting point: 248 °C.

{[Cu(L-HTyrbenz)2] CHsOHH20}n (CP-1): In a 10 mL round bottom flask, L-
H>Tyrbenz (25 mg, 0.092 mmol) and KOH (5 mg, 0.092 mmol) were dissolved in 3 mL
methanol. To this, CuSO4-5H>0 (16.2 mg, 0.046 mmol) was added with stirring. The
reaction mixture turned blue and was stirred for 6 h. After filtering off the K2SO4
precipitate, the blue filtrate was evaporated to dryness to obtain the product. Yield: 55 %
(16.5 mg).

{[Cu(L-HTyrthio)2]'H20}n (CP-2): In a 10 mL round bottom flask, L-H>Tyrthio (25 mg,
0.092 mmol) and KOH (5 mg, 0.092 mmol) were dissolved in 3 mL water. To this,
CuSO04-5H20 (11.2 mg, 0.045 mmol) was added of with stirring. The reaction mixture
turned green and was stirred for 3 h. After filtering off the K.SO4 precipitate, the green
filtrate was evaporated to dryness to obtain the product. Yield: 84 % (24 mg).

2.4 Synthesis of CuO nanoparticles

General method: In a typical synthesis, the metal complex was placed in a ceramic boat
and then transferred into a horizontal tube furnace and calcined at 550 °C for 4 h at a heating
rate of 60 °C/h. The black products obtained was washed with distilled water and absolute
methanol several times, after that dried at 60 °C for 6 h to obtain the CuO nanoparticles.

CuO-1: It was followed by the general method using {[Cu(L-HTyrbenz),] CH3;OHH20}n
(40 mg, 0.061 mmol) as metal complex and followed the Program A for heating and cooling
in a tube furnace. Yield; 7 mg (75 %)

Program A
1) 30°C-550 °C, rate =60 °C/ h
2) 550 °Cfor4h

3) 550°C-30°C,rate=60°C/h
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CuO-2: It was followed by the general method using {[Cu(L-HTyrthio)2]'H2O}» (40 mg,
0.064 mmol) as metal complex and followed the Program B for heating and cooling in a
tube furnace. Yield; 7 mg (75%)

Program B
1) 30°C - 800 °C, rate =60 °C/ h
2) 800°Cfor5.5h
3) 800 °C-30°C,rate=60°C/h
2.5 Typical experimental procedure for the Strecker reaction

In a typical reaction, a mixture of aldehyde/ ketone (0.1 mmol), aniline (0.1 mmol),
TMSCN (0.12 mmol), and CuO nanoparticles (5 mg, 6 mol%) of was stirred at room
temperature (25 °C -30 °C) for 1 h under nitrogen atmosphere in a solvent-free condition.
Thereafter, 1 ml dichloromethane (DCM) was added to the reaction mixture, and the solid
catalyst was separated from the mixture by centrifugation. The supernatant obtained was
dried, and the crude product was dissolved in CDCls for analyzing. The solid catalyst thus

obtained was washed with chloroform, centrifuged and dried and was used again.
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CHAPTER Il

RESULTS AND DISCUSSION

1. Synthesis and Characterization

Coordination polymers were prepared from their respective amino-acid based ligands
through a one-pot two-component reaction at room temperature with high yield. Amino
acids have got wide importance due to their particular ability to act as a hydrogen bond
donor and acceptor along with exhibiting different binding modes with the metal center by
utilizing the several functionalities present in the system. Moreover, amino acids are readily
available at low cost, making them a suitable precursor for the synthesis of the ligand. The
synthetic procedures followed for the preparation of coordination polymers can be
efficiently scaled-up in high yields at room temperature. Henceforth, these reactions can be
recognized as green synthesis due to the utilization of safer solvents and chemicals, less
hazardous chemical synthesis, and the involvement of an energy efficient process. Further,
the as-prepared coordination polymers were used as precursors for the synthesis of metal
oxide nanoparticles through direct calcination method, which is a simple, cost-effective,

efficient and continuous method to give with high yields of product (Scheme 3.1).

Scheme 3.1. Synthesis of nanoparticles from their precursor coordination polymer

METAL
SALT -

+ - Z. 5 Calcination { Nan icles }
o

Synthesis of Precursor
Complex
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1.1. Precursors
1.1.1. Ligands

1.1.1.1. Synthesis. Ligands were prepared from their corresponding amino acid, as shown
in Scheme 3.2 and Scheme 3.3. The sodium salt of the L-amino acid was refluxed with the
suitable aldehyde in aqueous methanol to obtain the respective Schiff base. The as-obtained
Schiff base was further reduced using sodium borohydride, followed by the acidification
using glacial acetic acid yielded the desired product. Both the products were obtained as
white precipitates, which upon washing with water and air-dried yielded the isolated pure
products with excellent yields.

Scheme 3.2. Synthesis of L-H,Tyrbenz

o
(o] o
(i) MeOH:H,O (1:1) OH
H+ OH + NaOH - NH
NH, (ii) NaBH,, 0 °C HO
HO (iii) AcOH
Benzaldehyde L-tyrosine L-H,Tyrbenz
Scheme 3.3. Synthesis of L-H,Tyrthio
o
i OH
/ i) MeOH:H,O (1:1
<J\rf" + OH + NaOH (') CONTLO @D g, NH
NH, (i) NaBH,, 0 °C HO s
o HO (iii) AcOH )
2-thiophenecarboxaldehyde L-tyrosine L-H,Tyrthio

1.1.1.2. Characterization of ligands. The synthesized ligands were characterized using FT-
IR and NMR spectroscopy.

1.1.1.2.1. FT-IR spectroscopy. The FT-IR spectra of both ligands (Figure 3.1 and Figure
3.2) were recorded in the solid-state as KBr pellets in the 400-4000 cm™ range. The FT-IR
spectra of both ligands have been compared with the FT-IR spectra of the ligands reported
in the literature.*® For L-H,Tyrbenz, the peaks at 1590 cm™ and 1397 cm™ corresponds to
the asymmetric and symmetric stretch of the carboxylate respectively. For L-H>Tyrthio, the
peaks at 1582 cm™ and 1394 cm™ corresponds to the asymmetric and symmetric stretch of
the carboxylate respectively. The peaks at 1106 cm™and 717 cm for L-H,Tyrthio is due
to the C=S and C-S stretch of the thiophene ring.
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Figure 3.1. FT-IR spectrum of L-H,Tyrbenz.
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Figure 3.2. FT-IR spectrum of L-H,Tyrthio.




1.1.1.2.2. NMR spectra. The *H NMR spectra of the ligands (Figure 3.3 and Figure 3.4)
have been compared with the *H NMR spectra of the ligands reported in the literature.*®
The formation of both ligands was confirmed using *H NMR spectra. The spectra were
clear, with no extra peaks, showing the high purity of the prepared ligand. The peak at 4.75

ppm in both spectra corresponds to the residual solvent peak (D20).

a f h
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Figure 3.3. *H NMR spectrum of L-Na,Tyrbenz in D20.
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Figure 3.4. *H NMR spectrum of L-Na;Tyrthio in D,0.
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1.1.2. Metal complexes

1.1.2.1. Synthesis. The metal complexes were synthesized and isolated by a one-pot self-
assembly reaction between CuSO45H20 and the respective monopotassium salt of the
ligand in a 1:2 ratio in the suitable solvent under ambient conditions (Scheme 3.4). The
solvent for the reaction was selected based on the solubility of the final product, the metal
complex, and the by-product, K-SO4. Unlike 2, 1 was found to be moderately soluble in
water. Thus for 1, methanol was used as a solvent where the product is soluble, and the
K2SOa4 ny-product is insoluble. Here, the precipitate was filtered off, and the blue solution
was evaporated under reduced pressure to obtain the desired product. On the other hand,
for 2, water was used as solvent where the by-product K>SOa is soluble, and the product is
insoluble, obtained as direct precipitates. The green precipitate was filtered off, washed
with water and air-dried to obtain the desired product. Both 1 and 2 were obtained as pure
products in good yields, 55 % and 84 %, respectively. Both reactions can be recognized as
green synthesis due to the utilization of safer solvents and chemicals, less hazardous
chemical synthesis, and the involvement of an energy efficient process.

Scheme 3.4. Synthesis of {[Cu(L-HTyrbenz),] CH:OHH20}» (1) and {[Cu(L-
HTyrthio)z] H2O}n (2)

L-H,Tyrbenz

> {[Cu(L-HTyrbenz), CH;0H'H,0}, (1)
MeOH

CuSO/5H,0 + KOH
25°C

L-H,Tyrthio
> (€))

H,0

1.1.2.2. Characterization. The as-synthesized metal complexes were characterized by FT-

IR spectroscopy and Thermo-gravimetric analysis (TGA).

1.1.2.2.1. FT-IR spectroscopy. The FT-IR spectra of both CP’s (Figure 3.5 and Figure 3.6)
were recorded in the solid-state as KBr pellets in the 400-4000 cm™ range. The FT-IR
spectra of 1 and 2 have been compared with the FT-IR spectra of the metal complex in the
reported literature.*® For 1, the peaks at 1628 cm™ and 1376 cm™ corresponds to the

asymmetric and symmetric stretch of the carboxylate respectively. Similarly, for 2 the
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peaks at 1637 cm™ and 1370 cm™ correspond to the asymmetric and symmetric stretch of
the carboxylate respectively. The shift in these peaks compared to their respective ligands
is due to the binding of the copper metal centre with the carboxylate of the ligand. The
difference between asymmetric and symmetric stretching is around 252 cm™ and 267 cm™
for 1 and 2, respectively, indicates that the binding of carboxylate is in monodentate fashion
in both compounds. In the FT-IR spectra of 1 and 2, the broad peak in the range 3300 cm™
— 3400 cmis due to the lattice water molecules. The stretching frequencies for phenolic -
OH groups appear at 3262 cm™ (1) and 3243 cm™ (2). The peaks at 1244 cm™ (1) and 1243
cm™(2) is due to the C-O stretching.

% T

) 1516

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

1628

Wavenumber (cm™)
Figure 3.5. FT-IR spectrum of {[Cu(L-HTyrbenz),]- CH3OH H.O}n.

1.1.2.2.2. Thermogravimetric analysis. The thermal stabilities of 1 and 2 (Figure 3.7 and
Figure 3.8) were studied as a function of temperature in the range of 25-500 °C under a
nitrogen atmosphere at a rate of 10° per minute. The TGA of 1 and 2 has been compared
with the TGA of the metal complex in the reported literature.® 1 and 2 show similar thermal
stability behaviour with a three-step weight loss profile and thermal stability up to around
200 °C. The weight loss around 100 °C is due to the loss of lattice solvent molecules. The

weight losses after 200 °C indicates the further degradation of the compounds.
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Figure 3.6. FT-IR spectrum of {[Cu(L-HTyrthio)2]'H20}n.
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Figure 3.7. TGA profile of {[Cu(L-HTyrbenz)2] CH;OHH20}.
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Figure 3.8. TGA profile of {[Cu(L-HTyrthio)2] H2.O}n.

As the copper oxide nanoparticles are synthesized by the direct calcination of the copper
metal complex precursor, the thermogravimetric study was performed to examine its
decomposition behaviour. From the TGA behaviour of 1 and 2, it is clear that complex gets
almost fully decomposed by 500 °C. This information was further used for the calcination
process of the precursor coordination polymers to produce CuO nanoparticles. Nonetheless,
in the case of 2, there can be the formation of CuS along with CuO as there is the presence

of sulphur in the thiophene ring of the system.

1.2. Metal oxide nanoparticles
1.2.1. CuO-1

1.2.1.1. Synthesis. Through the top-down approach, these coordination polymers can act as
sacrificial templates to obtain the nanomaterials with desired morphologies. Copper oxide
nanoparticles were synthesized by the direct calcination of precursor coordination polymer
1 (Scheme 3.6.). The tube furnace was set for the below-mentioned heating and cooling

program (Program A) after keeping the sample inside. The brownish-black powder
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obtained after the calcination process was washed with double distilled water and methanol
multiple times, followed by drying at 60 °C for 6 h to obtain the CuO nanoparticles. The
obtained CuO nanoparticles were pure with an excellent yield of 75 %. There was no usage
of any surfactants or chelating agents, and the process can be easily scaled up in order to

produce CuO nanoparticles in higher amount.

Scheme 3.6. Synthesis of CuO-1 from 1

{[Cu(L-HTyrbenz),|-CH;OH-H,0},, Program A CuO-1

Y

Program A

1) 30°C-550°C, rate=60°C/h
2) 550°Cfor4h
3) 550°C-30°C, rate=60°C/h

The optimization strategies followed for the synthesis of CuO nanoparticles from 1 through
calcination method is described in Table 3.1. After a series of experiments, the appropriate
time and temperature required for the formation of CuO nanoparticles from 1 was obtained
and is 4 h and 550 °C.

Table 3.1. Optimization of the reaction conditions for the synthesis of CuO-1

Heating rate | Holding temperature | Holding time

(°C/h) cO) (h)
1 60 550 1 No CuO
formation
2 60 550 8 CuO formed
Less yield
3 60 550 4 CuO formed
Good yield
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1.2.1.2. Characterization. The as-synthesized CuO-1 were characterized by FT-IR
spectroscopy, PXRD, FESEM and TEM techniques.

1.2.1.2.1. FT-IR spectroscopy. FT-IR spectrum was recorded in the solid-state as KBr pellet
in the 400-4000 cm™ range. FT-IR analysis (Figure 3.9) of as-synthesized CuO
nanoparticles showed a strong band at 538 cm™ which is due to Cu-O bond stretching,
confirming the formation of CuO nanoparticles.*® The peak at 3430 cm™ can be due to the
O-H stretching of the water molecules that are adsorbed to the CuO surface. Any peak
corresponding to the precursor complex (1) is not observed in the spectrum and hence

proving the purity of the as-synthesized CuO-1.
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Figure 3.9. FT-IR spectrum of CuO-1.

1.2.1.2.2. X-ray diffraction studies. PXRD pattern of the as-prepared CuO nanoparticles is
shown in Figure 3.10. The obtained patterns are in accordance with the standard patterns
of the CuO (JCPDS No. 48-1548) having a monoclinic crystalline phase and C2/c space
group. The peaks were sharp and clear, indicating the good crystallinity of the CuO
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nanoparticles. Moreover, there was no presence of any extra peaks due to any other
impurities, showing the high purity of the obtained nanostructures.

The XRD data were used to calculate the crystallite size of CuO particles. The Scherrer’s
formula® was used to determine the crystalline nature and the grain size of the as-

synthesized CuO nanoparticles which is given by,

D = 0.94/pCos6

where D is the grain size (nm), A is the wavelength of the Cu Ko X-ray radiation (0.154nm),
B is the line broadening at half the maximum intensity (FWHM) in radians, and & is the
Bragg’s angle. The crystallite size of the CuO nanoparticles was calculated based on the
peaks that were observed at different 26 values in the PXRD pattern, and the average of

these was considered. From the calculations, the average crystallite size of the synthesized

CuO nanoparticles is found to be 60 nm

CuO-1]

(111)
(111)

Intensity (cps)

(202)

] L (110)

20 30 40 50 60 70 80
2-theta (degree)
Figure 3.10. PXRD pattern of CuO-1.

1.2.1.2.3. FESEM and EDX analysis. Surface morphology of the as-synthesized CuO-1
was determined using FESEM, as shown in Figure 3.11. For FESEM measurements, a

uniform and fine dispersion of CuO slurry were prepared by taking ~1 mg of CuO
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nanoparticle in a glass vial having 1 ml MeOH, followed by sonication for 30 min. Samples
were drop casted at silicon wafer using a pipette, and the gold coating was done for 20
seconds. It was found that when plastic vials were used, the aggregation in the nanoparticle

was quite higher.

The FESEM micrograph shows a uniform distribution of spherical nanoparticles
throughout the sample. These spherical nanoparticles are aggregated to form porous
microspheres. Furthermore, the sonication time had an effect on the aggregation of these
nanoparticles. When sonication time was less, the aggregation of nanoparticles was very
high, and it appeared as a lump. When the time was increased to 30 min, the spherical
nanoparticles were sufficiently segregated enough to view their porous nature. Another
insight into the purity of the as-synthesized CuO nanoparticles was studied through EDX
analysis. From the EDX analysis (Figure 3.11), peaks for Cu and O was only visible
confirming the result from PXRD analysis that the synthesized nanoparticles were of the

purest form and no other impurities were present.

P
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Oxygen 24.65 56.50
Copper 75.35 43.50
Total 100 100

[Full Scale 2829 cts Cursor: 0.000

Figure 3.11. a) and b) FESEM images of CuO nanoparticles c) EDX analysis of CuO

nanoparticles.

1.2.1.2.4. TEM analysis. Surface morphology of the synthesized CuO-1 was further
analyzed using TEM, as shown in Figure 3.12. TEM analysis reveals similar results as that
of FESEM, showing aggregated spherical CuO nanoparticles. The average size of the
spherical nanoparticle is found to be 50 nm, which is in accordance with the results from
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PXRD. Inset shows the SAED pattern of the CuO nanoparticle. The bright spots in the

pattern further confirm the result that CuO-1 is highly crystalline nature.

Figure 3. 12. TEM images of CuO-1. (Inset shows the SAED pattern).
1.2.2. CuO-2

1.2.2.1. Synthesis. Copper oxide nanoparticles were synthesized by the direct calcination
of precursor coordination polymer 2 (Scheme 3.7.). The tube furnace was set for the below-
mentioned heating and cooling program (Program A) after keeping the sample inside. The
brownish-black powder obtained after the calcination process was washed with double
distilled water and methanol multiple times, followed by drying at 60 °C for 6 h to obtain
the CuO nanoparticles. The obtained CuO nanoparticles were pure with an excellent yield
of 75 %. There was no usage of any surfactants or chelating agents, and the process can be

easily scaled up in order to produce CuO nanoparticles in higher amount.

The presence of sulphur in the thiophene ring of 2 resulted in the formation of CuS along
with CuO. However, when temperature and time were further increased, the pure copper
oxide was formed. It can be due to the conversion of as formed CusS into CuO as given in

the equation below:

2CuS + 30, — » 280, + 2CuO

Scheme 3.7. Synthesis of CuO-2 from 2

Program B

{{Cu(L-HTyrthio),| H,0} ,

Y

CuO-2
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Program B

1) 30°C-800°C, rate=60°C/h
2) 800°Cfor6h
3) 800°C-30°C,rate=60°C/h

Table 3.2. Optimization of the reaction conditions for the synthesis of CuO-2.

Heating Holding Holding Results

rate temperature time

(°C/h) (°C)

1 60 550 4 No CuO formation

2 60 650 4 Mixture of CuS and
CuO formed
Less yield

3 60 800 6 Pure CuO formed
Good yield

The optimization strategies followed for the synthesis of CuO nanoparticles from 2 through
calcination method is detailed in Table 3.2. After a series of experiments, the appropriate
time and temperature required for the formation of CuO nanoparticles from 2 was obtained
and is 6 h and 850 °C.

1.2.2.2. Characterization. The as-synthesized CuO-1 were characterized by FT-IR
spectroscopy, PXRD, FESEM and TEM techniques.

1.2.2.2.1. FT-IR spectroscopy. FT-IR spectrum was recorded in the solid-state as KBr
pellet in the 400-4000 cm™ range. FT-IR analysis (Figure 3.13.) of as-synthesized CuO
nanoparticles revealed a strong band at 618 cm™ and 525 cm™ which is due to the vibrations

of Cu-O, confirming the formation of CuO nanoparticles.>!
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Figure 3.13. FT-IR spectrum of CuO-2.

1.2.2.2.2. X-ray diffraction studies. XRD pattern of as-prepared CuO nanoparticles is
shown in Figure 3.14. The obtained patterns are in accordance with the standard patterns
of the CuO (JCPDS No. 48-1548) having a monoclinic crystalline phase and C2/c space
group. The peaks were sharp and clear, indicating the excellent crystallinity of the CuO
nanoparticles. Furthermore, there was no presence of any extra peaks due to any other

impurities, showing the high purity of the obtained nanostructures.

1.2.2.2.3. FESEM and EDX analysis. Surface morphology of the synthesized CuO-2 was
determined using FESEM is shown in Figure 3.15. For FESEM measurements, a uniform
and fine dispersion of CuO slurry were prepared in MeOH. Samples were prepared at
silicon wafer by drop cast method using a pipette, and the gold coating was done for 20
seconds. FESEM analysis shows the presence of rod-like shaped CuO nanostructures. The
purity of the as-synthesized CuO nanoparticles was further confirmed by EDX analysis.
From the EDX analysis (Figure 3.15), peaks for Cu and O was only visible confirming the
result from PXRD analysis that the synthesized nanoparticles were of the purest form and

no other impurities were present.
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Figure 3.14. PXRD pattern of CuO-2.

Figure 3.15. a) FESEM images of CuO nanoparticles b) EDX analysis of CuO

nanoparticles.
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1.2.2.2.4. TEM analysis. Surface morphology of the synthesized CuO-2 was further
analyzed using TEM, as shown in Figure 3.16. TEM analysis reveals similar results as that
of FESEM, showing rod-shaped CuO nanoparticles. Inset shows the SAED pattern of the
CuO nanoparticle. The bright spots in the pattern further confirm the result that CuO-2 is

highly crystalline in nature.

Figure 3.16. TEM images of CuO-2.
2. Temperature-dependent study of the formation of CuO-1

It is reported that the annealing temperature has an important role in the resulting
morphology of metal oxide nanostructures.®>->® CuO nanostructures were fabricated under
different temperature in order to study the temperature effect. The fabrication was carried
by following the standard procedure for preparing CuO from 1 reported in the experimental
section, except the annealing temperature. 1 was calcined at 550 °C, 700 °C, and 800 °C to
synthesize CuO nanostructures. The morphology of the as-prepared CuO nanostructures
was different, in consistence with expected dependency in temperature in the fabrication of

CuO nanostructures with different morphology.

2.1. X-ray diffraction studies. The diffraction patterns of the CuO nanostructures
synthesized at different temperatures were determined in order to find the crystalline phase
of the as-prepared nanostructures. The PXRD pattern (Figure 3.17) obtained were in good
agreement with the standard JCPDS data for the CuO. (JCPDS No. 48-1548) All the three
CuO nanostructures contained only monoclinic structure as the crystallographic phase, and

the peaks were sharp and clear peaks indicating the excellent crystallinity of the CuO
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nanostructures. Furthermore, there was no presence of any extra peaks due to any other

impurities, showing the high purity of the obtained nanostructures.
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Figure 3.17. PXRD pattern of CuO nanostructures formed at 550 °C, 700 °C and 800 °C.

2.2. Surface Analysis. The morphology of the as-prepared CuO nanostructures was studied
using FESEM and TEM (Figure 3.18). When 1 was calcined at 550 °C, spherical CuO
nanoparticles were formed which aggregated to form porous spherical structures, as
confirmed from the FESEM and TEM images. On further increasing the annealing
temperature to 700 °C, rod shape CuO structures were formed. Furthermore, heating at 800
°C produced cubic shaped nanostructures.

Thus, a morphological transformation from spherical to the rod to cubic shaped
nanostructures were observed for CuO, upon varying the annealing temperature. Hence,
the study confirmed that temperature has a significant effect in determining the morphology

of CuO nanostructures.
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Figure 3.18. a) FESEM and b) TEM images showing the morphological transformation.

A plausible growth mechanism is proposed for the transformation of CuO nanostructures
from spherical to the rod to cubic shapes (Scheme 3.8). First of all, the nucleation growth
of the crystals takes place to form seed crystals. This seed crystals further grows to form
the initial spherical nanostructures. The stability of atoms in a nanoparticle decreases
simultaneously with the decrease in particle size due to the increase in surface energy.>®°
In the case of spherical nanoparticles, they are composed of high-order unstable facets such
as {>1,>1,>1} with high surface energies®®. The total surface area of such unstable facets
increases conjointly with the decrease in particle size. Therefore, these unstable atoms in a
small spherical nanoparticle can be released, allowing further movement into another
nanoparticle. Thus, a wide range of atom transportation is happening among nanoparticles.
This atom transportation can result in the morphological transformation of the nanoparticles
into stable morphologies such as cubes with low surface-energy facets {100} or into to the
agglomeration of spheres. The energy for this transformation is provided in the form of
thermal energy, which increases upon increasing temperature. Moreover, the increase in
the temperature can result in an increased surface activity of the particles, which can result
in morphological transformation.?
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Scheme 3.8. A plausible mechanism of morphological transformation of CuO-1
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3. Catalytic studies

Catalysis has a critical role in science and industry due to their uses in numerous chemical
transformations enclosing the fields of petrochemistry, pharmaceuticals, transportation,
environmental remediation, among others.%3-¢ Lewis acid catalysis is reactions where the
catalyst, a Lewis acid, acts as an electron pair acceptor and thereby increasing the reactivity
of the substrate. Lewis acid catalysts are mainly based on main group metals like
aluminium®’, boron®, tin%, etc. and late and early transition metals like copper’, iron™,
zirconium??, titanium”, etc. Among the numerous catalysts, those based on metal
nanoparticles has achieved particular importance due to their remarkable chemical,
electronic, and optical properties.”*"®  a-aminonitriles are interesting bifunctional
compounds which are considered as the prebiotic precursors for porphyrins, nicotinic acids,
nucleic acids, and corrins.””8 Strecker reaction, introduced by Adolf Strecker in 1850,
after getting modified over decades, has now become three-component reaction with the

most straightforward and efficient route for the synthesis of a-aminonitriles.8

Due to the presence of an unsaturated metal center in CuO-1, their active role as a
heterogeneous catalyst in Lewis acid promoted reactions have been studied. As a-
aminonitriles acts as crucial intermediates in the synthetic procedure of various
pharmaceutical products (e.g., saframycin A, ecteinascidin, 743, and phthalascidin) and
peptides” "8, their synthesis through Strecker reaction has got significant interest. Here, we
have studied the catalytic activity of as-synthesized CuO nanoparticles in the one-pot,
three-component Strecker reaction.
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In order to check the efficiency of CuO-1 in catalyzing Strecker reaction, we began with
the simplest aldehyde, benzaldehyde, TMSCN, and aniline as substrates. After adding these
substrates into a Schlenk tube, followed by a catalytic amount of activated CuO-1, the
reaction was carried out in a solvent-free state at room temperature under a dinitrogen
atmosphere. The progress of the reaction was monitored by TLC analysis, and the yield
obtained was calculated using *H NMR spectroscopy. Further, the catalytic activity of
CuO-1 was tested for different substrates, including ketones and aldehydes. A time-
dependent study of the catalysis was also carried out in the presence of CuO-1. The results

of the reaction are summarised in Table 3.3.

The catalytic activity of CuO-1 when benzaldehyde was used was quite high, having a
yield of 94 %. Yield increased when the reaction time was increased from 1 hto 2 h, 3 h, 4
h, and 6 h. However, the increase in yield when time increased from 1h to 6h was only 6%,
which is not a considerable increase. Further, under the optimized reaction conditions, a
number of substrates containing electron-donating groups and electron-withdrawing groups
attached to them were efficiently catalyzed by CuO-1 in Strecker reaction; however, no

significant electronic effect was observed.

Catalyst stability was checked by using its efficiency in reusability. To regenerate the active
catalyst, it was filtered off, followed by washing with dichloromethane multiple times, and
dried at 60 °C for 6 h. The regenerated catalyst was used for reusability study using the
model reaction having benzaldehyde as substrate, keeping the reaction conditions
unaltered. To check the stability of the regenerated catalyst, the spent catalyst was
extensively characterized by PXRD, FESEM analyses and FT-IR spectroscopy. In both
cases, it is clear from the PXRD patterns (Figure 3.19) of the recovered catalyst that, even
after three, there is no loss of crystallinity or phase purity of the catalyst. Moreover, no
morphological changes were observed during the recyclability for the catalyst shown from
the FESEM images (Figure 3.20). In addition, the catalyst can be reused up to three
successive runs with a loss of ~2—4 % in its catalytic activity, a loss which is negligible.
The performance of the recycled catalyst in Strecker reaction up to three successive runs is
shown in Figure 3.21. Furthermore, it was found from the FT-IR spectra that, there was a
shift in the carbonyl stretching of the benzaldehyde, clearly showing the interaction
between the metal center from the catalyst and carbonyl group (Figure 3.22).
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Table 3.3. Optimization conditions and substrate scope for the Strecker reaction catalyzed
by CuO-1?

NH, R, CN

(o) Catalyst
J + + \\Si—CN — " = Y-Re
R R, / 25-30 °C NH
Entry Aldehyde/ketone Time (h) Yield® (%)
o
1 ©)J\H 4 98
o)
2 ©)LH 3 97
o
3 ©)LH 2 96
o)
4 ©)LH 1 94
o
5 /©)LH 1 97
o)
6 /©)L H 1 97
F o)
7 O)LH 1 95
Cl o
8 /@)LH 1 96
MeO (o)
Br o
10 /©)LH 1 98
11 1 95
H
diccoalil .
o
S
13 \ /| oH 1 78
14 ©)LH 1 26°

Reaction conditions: Aldehyde/ketone (0.1 mmol), amine (0.1 mmol), TMSCN (0.12
mmol), catalyst (6 mol %). >Average percent yield for a set of triplicate runs, calculated by
'H NMR of the crude products. Blank reaction.
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Figure 3.19. PXRD pattern of CuO-1 before and after catalysis.

Figure 3.20. FESEM images of CuO-1 before and after catalysis.
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Figure 3.21. % yield for three consecutive cycles of the Strecker reaction of

benzaldehyde with aniline and trimethylsilyl cyanide catalyzed by CuO-1.
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Figure 3.22. FT-IR spectra of free benzaldehyde and benzaldehyde with catalyst.
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From the information gathered, a plausible mechanism for the reaction catalyzed by CuO-
1 is presented in Figure 3.23. The Lewis acidic metal center, copper, of CuO-1 interacts
with the oxygen of carbonyl groups and nitrogen of amino groups leading to the polarisation
of these groups. Thus, this interaction facilitates the formation of imine intermediate and
increases the electrophilic nature of the carbon atom of carbonyl or imine moiety. CuO-1
further interacts with TMSCN to release the cyanide group, which upon having a

nucleophilic addition reaction with imine gives the desired product.

CN
* IR
R N s
H \
R
CllO NPs H \
R 2
[§)
CN
AR Strecker Reaction N
H * R OH

R ",0 /<
N

J H,0

Figure 3.23. A plausible mechanism for the Strecker reaction catalyzed by CuO-1.
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CHAPTER IV

CONCLUSIONS

In summary, two chiral amino acid ligands based coordination polymers, {[Cu(L-
HTyrbenz)2] CH3sOHH.O}n (1) and {[Cu(L-HTyrthio)2] H20}n (2), were synthesized as
the precursors for the formation of CuO nanoparticles. CuO nanoparticles were
synthesized by a simple, efficient, cost-effective and high yield utilizing direct-
calcination method under template-free and surfactant-less conditions. The uniformity
in morphology and composition of CuO was obtained by optimization of parameters
like time and temperature during calcination. The as-synthesized CPs and nanoparticles
were well characterized by different techniques, such as FTIR, PXRD, FESEM and
TEM analyses.

Temperature dependant morphology study for the formation of CuO-1 was studied. A
morphological transformation from spherical to rod and to cubic-shaped nanostructures
was observed for CuO, upon varying the annealing temperature from 550 °C to 700 °C
to 800 °C, respectively. Hence, the study confirmed that temperature has a significant

role in determining the morphology of CuO nanostructures

The presence of an unsaturated metal centre and the large surface to volume ratio in the
CuO nanoparticles have been utilized for catalytic activity toward the Lewis acid-
catalyzed C-N bond-forming Strecker reaction. By optimizing the reaction conditions,
it has been established that the CP derived CuO nanoparticle exhibit excellent catalytic
efficiency under solvent-free condition (in the solid-state) at a very fast reaction rate.
The structural and morphological stability of the catalyst during the reaction was
retained and thus provided its heterogeneous nature. Furthermore, the catalyst can be
easily separated and reused for three catalytic cycles without significant loss of its

activity in both cases.

Thus, CPs derived copper oxide nanoparticles can be beneficially utilized in chemical
industries as an excellent catalyst for synthesizing organic molecules of biological
importance with enhanced productivity and a reduced amount of chemical waste at low

cost. Copper oxide being a semiconductor with a narrow bandgap of ~1.2 eV, bandgap
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properties of diverse CuO can be studied as the function of morphology and can be
further used for applications like dye degradation under visible light. After being
recognized as antimicrobial materials by the US Environmental Protection Agency
(EPA), nanoparticles of copper and its oxides have received much attention to be used
in biomedical devices to prevent bacterial infection. Thus, CPs derived copper oxide

nanoparticles can also be studied for their antibacterial properties.

Nanotechnology and nanomaterials are the critical factors for a clean and sustainable
future, and henceforth, the focus of research in these areas is a necessity. Thus, the
current research should be concentrated in a way that it will benefit not only the

humankind but also the mother earth.
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