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Abstract

Over decades, plasmonic nanostructures have been used as potential candidate for applications
like optoelectronics, catalysis, biosensing, surface enhanced raman spectroscopy (SERS) and
many more due to their outstanding optical properties. SERS is a surface dependent technique used
to enhance the raman signals up to few orders of magnitude even at single molecular level by
taking the advantage of LSPR property of metal nanostructures, making it an excellent platform in
chemical and biomedical applications. SERS enhancement mainly depends on anisotropic shape
and size of nanostructures. Among plasmonic metals, particularly Ag and Au are used in
preparation of SERS substrate owing to their better plasmonic enhancement and biocompatibility.
Our main emphasis is to synthesize Ag@Au core-shell nanostructures having spiky shell and
smooth shell on hollow Ag@Au and solid Au core. The SERS intensity for each of these
morphologies was compared when the target molecule resides in middle of core and shell and on
the tips of spiky shell. The intention was to achieve the single molecular sensitivity through these

core-shell nanostructures.

Moreover, palladium nanostructures have been used immensely in field of catalysis
particularly for carbon-carbon bond formation reactions. Catalytic efficiency have shown the
strong reliance on shape and size of nanostructures. So the goal is to synthesize Pd nanostructures
of various shapes using capping agent and different reducing agents. The catalytic efficiency of
these morphologies was inspected through Suzuki-Miyaura coupling reaction to decipher the
relationship between shape and the catalytic activity.






Chapter 1
Introduction

1.1 Plasmonic Metals

Plasmonics is a light-matter interaction concept that involves the interaction of electromagnetic
radiation or incoming light with the free electrons on the surface of metal and the dielectric medium
(air and glass) that ends up in the generation of electron density wave called plasmons or surface
plasmons. These surface plasmons can be defined as collective oscillation of free d electrons of
metal in a coherent way between any two materials but the value of permittivity of one material
i.e. metal should be positive and other i.e. dielectric should be negative. Surface palsmons can be

characterized in to two parts: localized surface plasmon and surface plasmon propagation.

1.1.1 Surface Plasmon Resonance (SPR) and Localized Surface

Plasmon Resonance (LSPR)

When a beam of light travels from the air or water or any other dielectric medium reaches the
surface of conducting material, underneath specific resonant condition i.e. once frequency of
incoming light becomes equal to the natural oscillation frequency of metal, there is a generation
of wave at the impinging point of light that travels across the interface referred to as surface

plasmon polarization. (Figure 1) Surface plasmon is related to three characteristics distances:

ddie: Evanescent field in dielectric that represents how far into the dielectric surface plasmon wave

will extend.
dmetal : Evanescent field in metal indicates the gap up to that wave will travel into the metal.

dspp : Surface plasmon propagation shows how far the wave will move the surface of metal from

its excitation purpose.



If the lateral dimension of the interface is less than dspp, the surface plasmon is termed Localised.
If the oscillation of electron is confined to a particular geometry, it is known as Localized Surface
Plasmon Resonace (LSPR). Due to the confinement of surface plasmons to a little space there is
no travelling wave and ends up in the localization and enhancement of magnetic attraction field
around the surface. Thus solely explicit wavelength will be available for that geometry and it will
show maximum absorbance at that wavelength. For noble metals this wavelength lies within the

visible region of electromagnetic spectrum, this imparts completely different colors to the metal
nanoparticles.

Electric field

Figure 1. Schematic diagram of LSPR representing the oscillation of free conduction electrons
on metal surface due to strong interaction with incident light. (Reproduced from ref.1)

1.1.2 Factors affecting the LSPR of metal nanostructures

LSPR of metal nanostructures rely mostly on size and shape of nanostructures and also on the
refractive index of medium and so does the local electric field 2. Sharp tips and structures having
sharp vertices shows higher local field enhancement than spherical due to lightning rod or antenna
effect®. The electric field density around tips and vertices will not be uniform as in case of spherical

nanostructures results in the accumulation of charges and subsequently enhancement of electric
field.



When two plasmonic nanostructures come together and form aggregates there is increase in the
local field around them?. If the separated distance between them is less than their dimension, their
plasmons coupled together and results in the amplification of electric field, which is more intense

than the individual plasmon intensity®.

1.2 Surface Enhanced Raman Spectroscopy (SERS)

SERS is a highly sensitive technique that paved the path to enhance raman signal of molecules by
taking the advantage of LSPR property associated with nanostructures. This provides the
opportunity to overcome the low scattering cross section of raman scatterers and can be used to

analyze analytes at ultralow concentrations.

1.2.1 Raman Spectroscopy

Raman spectroscopy is a non-destructive analytical strategy which is used to analyze the chemical
structure of compound or quantify a certain substance based on the interaction of light with the
covalent bonds present in the substance. It is a light scattering process, where the molecules scatter
the incident light coming from high intensity laser source. Maximum of the scattered light has
same frequency as that of laser source represents rayleigh scattering that is elastic scattering of
photons, whereas some molecules scatter light at different frequency called raman scattering
molecules. If these inelastically scattered photons have lower frequency than incident is called
stokes shift and higher frequency represents anti-stokes shift.(Figure 2) The raman spectrum thus
obtained features a number of peaks and each peak corresponds to a particular molecular vibration
thus giving the fingerprint signature of molecules.
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Figure 2. Jablonski diagram representing energy transitions of Rayleigh and Raman scattering
(Reproduced from ref 6 )

However, only 0.001% photons undergo raman scattering so it is a weak phenomenon. Intrinsically
weak raman cross section of molecules limits the wide applicability of raman spectroscopy. To
overcome this problem, A. James Mc Quillan in 1974 observed the enhancement in raman signal
upto several order of magnitude when pyridine molecules were adsorbed on silver electrode’. In
1977 Van Duyne discovered surface sensitive technique called Surface Enhanced Raman

Spectroscopy (SERS) and proposed the mechanism also®.

1.2.2 SERS Enhancement Mechanisms

SERS enhancement is characterized in two mechanisms: Electromagnetic and Chemical

Enhancement.

The electromagnetic enhancement occurs when there is excitation of plasmon modes of metallic
nanostructures at the equivalent wavelength of the incident light At resonant condition, localized
dipoles are created which results in the amplification of local electromagnetic field around the

surface of nanostructure.(Figure 3a) When the sample molecules interacts with this enhanced



electric field, there is formation of dipole moments in the analyte molecule that is proportional to
the vibrational frequency of molecule®. Chemical enhancement originates due to change in
polarizability of molecule.(Figure 3b) When sample molecules get adsorbed on to the surface of
nanoparticles, transfer of charges takes place between the SERS substrate i.e. metal nanostructure
and the target analyte that results in the modification of polarizability of molecule than the
individual component®. Chemical enhancement factor is peculiar to molecules and shows
increment up to the order of 10*-10?, whereas EM enhancement can go up to 108-10*. SERS
enhancement is a combine effect from both EM and chemical enhancement. To calculate the SERS

enhancement factor a mathematical equation is used.

ISERS/N
M
EFsgrs=—7

/N

|4

Isers = Intensity of particular raman band of analyte molecule adsorbed on SERS substrate
Irs = Intensity of same band without SERS condition.

Ns, Nv =Average number of molecules in the scattering volume.
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Figure 3. (a) Schematic representation of LSPR effect increasing electromagnetic field around
the surface of nanoparticle. (b) Mechanism associated with electromagnetic and chemical

enhancement. (Reproduced from ref.6)

1.3 SERS Substrate

SERS enhancement depends on the interaction between the analyte molecules and SERS substrate
used. So choosing the suitable substrate plays a pivotal role for increasing the enhancement and
hence applications. Mostly the plasmonic metals like Copper (Cu), Silver (Ag) and Gold (Au) are
used for the composition because their LSPR peak lies between visible to near infrared region
where raman scattering occurs at the maximum level. Cu has oxidation issues in air that impairs
its application. Ag and Au proves to be a better candidate having good plasmonic enhancement
ability and stability. SERS enhancement mechanisms shows high dependence on shape and size
of nanostructures. It has been found that SERS enhancement increases on increasing the size of

11



nanoparticles®. Rui Xiu He et al. have synthesized Ag nanoparticles of size range from 35-65nm
and reported that there was generation of strong LSPR and high SERS enhancement as particle
size was increased’®. Researchers have shown that on changing the shape of nanoparticles from
spherical to anisotropic shapes with sharp edges enhancement improves because of the presence
of non-uniform electric field density around the sharp tips that increases the local electric field and
refer to as hotspot'!. Au metal is known to have good biocompatibility properties so it can be used
as a suitable SERS agent for biological samples?. Quester et al. have synthesized different shapes
of Au nanoparticles like triangles, hexagons, pentagons over a broad size range of 10-200nm and
studied their SERS properties'®. Moreover there are multi-metallic and bi-metallic compositions
also that are used as SERS substrate to enhance the SERS intensity mainly, bimetallic includes
alloyed nanostructures and core-shell nanoparticles. Alloyed nanostructures have homogenous
composition of both the metals at the atomic level. Daohua Sun et al. have reported the synthesis
of flower shaped Au-Pd bimetallic nanoparticles showed notable enhancement in SERS intensity
and also increased catalytic activity of oxidation of benzyl alcohol**. On the other side core-shell
nanoparticles having non-homogenous composition where either both metals can be plasmonic or
core is made of plasmonic metal covered with silica shell. This can provide chemical stability to
the core and also protect from direct contact with probed material which can be useful for
biological samples®®. Thus, tremendous research has been done in field of SERS substrate for

better plasmonic enhancement.

1.4 Plasmonic metals in Catalysis

The role of catalyst in any chemical reaction is to increase the rate of reaction by decreasing the
activation barrier to form desired product. Plasmonic nanostructures exhibit their LSPR peaks in
visible to near infrared region of electromagnetic spectrum that has thrusted their use in increasing
the rate and control over chemical transformations. The use of these plasmonic nanostructures in
catalysis has increased extraordinary as their properties are better understood. There are number

of factors that control the performance of nanocatalyst.
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1.4.1 Effect of size: A lot of research has already been done to decipher the effect of particle

size on increasing the activity of nanocatalyst. As size of particles decreases, their surface area to
volume ratio increases that promotes the increased reactivity as more number of atoms are
available on surface to carry out the reaction. This can enhance the catalyst activity and improves
the selectivity also. Wilson et al. have reported the synthesis Pd dendrimer encapsulated
nanoparticles and studied the effect of particles size on catalytic hydrogenation of allyl alcohol*®.
It was shown that the conversion of allyl alcohol to propanol was fastest when the particle size
was smaller. Yang Li et al. have synthesized Pd nanoparticles-graphene hybrids and analyzed their
catalytic activity for Suzuki coupling reaction'’. It was observed Pd-graphene nanoparticles with

size 4nm has shown 100% yield with 95% selectivity, which got decreased as size increased.

1.4.2 Effect of shape: Different shapes of nanostructures can help in increasing the catalytic

properties due to the specific binding sites and certain crystal facets exposed on the surface of
particular shape of noble metals. Silva et al. have reported the synthesis of different shapes of Ag
like triangular prism, quasisphere, cubes and wires and showed their order in catalytic activity,
triangular prism exhibited maximum activity than cubes and wires having the lowest. This result
suggested that catalytic activity increased as (111) facet became more exposed on the surface of
triangular prism, reason being (111) facet was least reactive to oxygen as compare to (100) facet 8,
Wang et al. have shown the dependence of shape on catalytic activity of Pd nanocrystals with
octahedral, cubes and spherical morphology for the oxidation of carbon monoxide. They have
reported that octahedral showed better catalytic activity having (111) facet exposed on the surface

than other shapes™®.

1.4.3 Solvent effect on nanocatalyst: Use of different solvents have great consequence on
the catalytic efficiency and activation energy of the reaction as it can promote the specific
interaction with some crystallographic facets whereas block with the others thus altering the
physical and chemical properties. Chowdhury and group have outlined the synthesis of different
anisotropic shapes of Pd nanoparticles on using DMF as solvent in the reaction procedure, as being
a dipolar aprotic solvent DMF has potential to interact with some specific planes in the
nanocrsytals facilitating the formation of various shapes?°.Moreover, particle size can also be

tuned on changing the solvent to DMF. Feifei Wang and group have reported the synthesis of Pd

13



based catalyst using different solvents including ethanol, glycerin and ethylene glycol and showed

the importance of solvent in governing the shape, size and dispersity of Pd based catalyst?*.

1.5 Use of Palladium nanostructures in catalysis

Palladium nanoparticles have been immensely used as catalyst in C-C bond forming reactions like
Suzuki-Miyaura, Sonogashira, Heck and plenty of other cross coupling reactions because of their
cheap cost, gentle reaction condition and can withstand variety of functional groups. These
reactions are used industrially at a huge rate for the manufacture of assorted pharmaceutical
agents, agrochemicals and plenty of merchandise. Suzuki-Miyaura C-C cross coupling reaction
involves combination of derivative of aryl boronic acid and an aryl halide to form biphenyl species
over a Pd catalyst and using K.COs as base under comparatively gentle reaction conditions??. Pd
nanoparticles are used as economical catalyst due to their high surface to volume ration from their
bulk counterpart and facilitates in having low price and ease within the separation of products?3.
Solid supported Pd catalyst can help in the straight forward separation of catalyst and enhance the
reusability. Chemical action property of nanocrystals rely on the controlled size and form of the
shaped nanostructures. Metallic nanostructures are synthesized using stabilizing and reducing
agents which are polymeric in nature. The stabilizing agent will defend the metal nanoparticle
catalyst from deactivation and might also give property on interacting with the substrate
selectively. The utilization of Pd nanostructures as catalyst have paved the path for surrounding
friendly methods using green, perishable reducing and capping agents in the synthesis.

14



1.6 My Approach

Goal of Project 1

Palladium nanostructures have been used tremendously in the field of nanocatalysis thanks to their
optical properties. The catalytic potency depends mainly on shape and size of the nanostructures.
So to validate the points that manifest narrow size distribution and well-defined morphology plays
crucial role in controlling the catalytic performance and various other properties, the idea was to
synthesize the different shapes of Pd nanoparticles using stabilizing agent (CTAB) and different
reducing agents (AA, TA and GA) and other is to anticipate the mechanism behind the formation
of various shapes. Literature reports have shown Pd nanostructures as an efficient and most
promising catalyst to be utilized in C-C bond forming reactions. The catalytic efficiency of the
synthesized Pd nanostructures having different shapes were examined through Suzuki-Miyaura
C-C cross coupling reaction. The solid supported Pd nanostructures (Pd/y-alumina) were used as
catalyst and the objective was to investigate the shape dependent properties of Pd nanoparticles in
catalysis. Which shape would be more effective in completion of the reaction in less time with
smart yield and also to check the reusability of the prepared alumina supported Pd catalyst.
Moreover, the traditional nanoparticle synthesis strategies involves use of unsafe chemicals and
ends up in the formation of toxic byproducts. Hence, there is a necessity of clean and
environmental benign procedure for the synthesis of catalyst so that it can be removed easily. By
considering the importance of green chemistry, the reducing agents, capping agent and solvent
used in the synthesis were all perishable and biodegradable. The synthesis was administered

through a green route in an eco-friendly manner.

To accomplish the catalysis work and examine the catalytic efficiency of all different Pd
nanostructures synthesized by Suzuki-Miyaura cross coupling reaction, we would acknowledge

Dr. Suman Srivastava and group, National Institute of Technology (NIT) Delhi.
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Goal of Project 2

Researchers have already done a great extent of research on exploring various type of SERS
substrate to increase the SERS enhancement. Among all the discovered substrates, core-shell
nanostructures have been used extensively because of their potential to enhance SERS intensity at
very low concentration of target molecule. Though Ag shows better plasmonic properties out of
other noble metals but is non-biocompatible, while Au is biocompatible and can be used for
biological samples. The mechanism behind the enhancement has shown strong reliance on
anisotropic shape of nanostructures and literature reports have shown hollow structures to be better
than solid for enhancement. So the goal was to synthesize the different morphologies of core-shell
nanostructures. We tried to synthesize spiky and smooth shell consisting of Au precursor salt with
hollow Ag@Au core and solid Au core. Then the SERS intensity of the individual core-shell
structure was compared when the target molecules reside between core and shell based on their
structural characteristics. Moreover, difference in SERS intensity was also measured when the dye
molecules were adsorbed on the tips of spiky shell with the molecules placed between core and
shell. The intention was to explore the potentiality of these core-shell metallic nanostructures for
the detection of ultralow concentrations of analyte to achieve single molecule SERS sensitivity.
These nanostructures can be used as a promising candidate in applications like pharmaceuticals

and biosensing.
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Chapter 2
Project 1
Controlling the shape and morphologies of Pd nanostructures by altering the

sequence of stabilizing and reducing agents and examine the shape-catalytic

efficiency relationship by Suzuki-Miyaura coupling reaction.

Figure 4.Diagrammatic representation of different morphologies of Pd nanostructures used in

catalysis
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2.1 Introduction

Among all the plasmonic metals like gold, silver etc. specifically palladium NPs have attracted
immense interest due to their wide use in catalysis. The properties of nanoparticle depends both
on their shape as well as size. Hence, controlling the shape and size of NPs to improve their
performance in application is necessary. Shape dependent synthesis of metal NPs is of pivotal
significance to understand the growth mechanism and shape dependent properties. Researchers
have made many attempts to synthesize metal nanostructures of different shape by utilizing
different stabilizing and reducing agents. Hanfan Liu et al. have synthesized palladium icosahedra
by reducing Pd precursor with tetraethylene glycol and PVP as stabilizer?*. Palladium
nanoparticles with nanoplates, nanobelts and nanotrees have readily prepared by using H2PdCl; as
precursor and vitamin Bsas reducing agent®®. Not only using different reducing agents can control
the shape of nanostructures but the injection sequence of reducing and capping agent also plays a
critical role. Young Lee and group have synthesized Cubic, dendritic and multi armed Pd
nanoparticles by just reversing the injection sequence of reductant and stabilizing agent and studied
their electrocatalytic activity?®. Palladium nanoparticles have been considered as most efficient
catalyst in vast reactions including the oxidation of carbon monoxide, dehydrogenation of alcohols
and water gas shift reaction?’2°. Opallo et al. have synthesized cubic chain like Pd nanostuctures
and showed they have 11.5 times more catalytic activity in fuel cell applications than spherical Pd
nanoparticles and commercial Pd/C catalysts*®*. Rong Cao and co-workers have synthesized
Palladium nanostructures using cucurbit[n]uril as capping agent and as a support for Suzuki and
Heck coupling with high efficiency®'. Moreover, these solid supported Pd nanoparticles can be

easily recovered and can be reused by multiple recycling.

Herein, we report the synthesis of Pd nanostructures by using different reducing and
stabilizing agents purely through a green route. The reducing agents (Ascorbic, Gallic and Tannic
acid) and capping agent (CTAB) used were environment friendly and biodegradable. The
nanostructures of different shape were formed by altering the injection sequence of reductant and
capping agent. Meanwhile, the catalytic potential of these Pd nanostructure were analyzed by
Suzuki Miyaura reaction to find out the relationship between shape and the catalytic efficiency.

18



2.2 Experimental Section

2.2.1 Chemicals

Palladium acetate [Pd(OAc)2], Cetyltrimethylammonium bromide (CTAB), Tannic acid,
Aluminum-tri-sec-butoxide (ASB), Pluronic F127, Sodium hydrosulfide hydrate (NaSH), were
purchased from Sigma Aldrich. Acetone (99.99%) and Ascorbic acid were obtained from SRL.
Gallic acid was purchased from Lobachemie. Milli-Q water (resistivity <18.2MQcm) was used
for all purposes. All glass wares used were completely cleaned with aqua regia, washed with

distilled water and dried in hot air oven.

2.2.2 Methods

2.2.2.1 Synthesis of Differently Shaped Pd NPs

The synthesis here is characterized in to two parts direct and reverse reaction. The procedure is

briefly discussed.
Direct Reaction

0.091g of CTAB was added in 18ml of water in a 100ml round bottom flask. 0.056g of Pd(OAc)2
was separately dissolved in 1.5ml of acetone and added to the prepared CTAB solution. This
reaction mixture was placed on an electric heating mantle with refluxing equipment. After approx.
10 minutes, 10 ml of AA (3.7x102 M) was separately prepared and was added in a reaction at a
shot. It was then allowed to reflux and fitted with a condenser. The temperature of the reaction
mixture was maintained at 85 °C. An appearance of dark brownish color was observed after around
30 minutes. The reflux was continued for 45 minutes. In case of tannic and gallic acid, the reaction
was done with the same procedure only the concentration of tannic and gallic acid used was
3.7x10° M.
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Reverse Reaction

In this synthesis, 0.056g of Pd(OAc). was dissolved in 1.5ml of acetone and added in 200ml round
bottom flask. 10ml of AA (3.7x102 M) was prepared separately and was added in the reaction at
a shot. Then the whole mixture was diluted with 3ml of water. This reaction mixture was put on
an electric heating mantle. After approx. 10 minutes, 91mg of CTAB was dissolved in 10ml of
water and was added in the reaction vessel. It was then allowed to reflux and temperature was
maintained at 85 °C. An appearance of dark brownish color was observed after around 30 minutes.
The reflux was continued for 45 minutes. In case of gallic acid, the procedure was same only the

concentration used was 3.7x10°M.

2.2.2.2 Entrapment of Pd NPs inside y-Alumina for heterogeneous catalysis

6ml of as prepared aqueous solution of Pd NPs was added in 3ml of alumina and kept inside oven
for drying overnight. The flakes then formed were used as a catalyst for Suzuki-Miyaura coupling

reactions.

2.2.2.3 General procedure for Suzuki-Miyaura coupling

Pd NPs (15mg), K2COs (3mmole, 414mg), phenylboronic acid (1.lmmole, 134mg)/ 4-
methoxyphenyl boronic acid (1.1 mmole, 167mg), aryl halide (1.0mmole) in ethanol (EtOH, 2ml)
or in water were placed in the 50ml round bottom flask with magnetic stirring bar under reflux or
room temperature respectively. The completion of reaction was observed by thin layer
chromatography (TLC). On completion the reaction mixture was concentrated and purified
through column with hexane and eluted with hexane and ethyl acetate (9:1). The collected fraction
was concentrated and solid was obtained which was dried under vacuum. The purity of product

was done through spectral analysis.

20



2.2.2.4 Procedure for recycling of catalyst

The reaction mixture was centrifuged and the ethanol layer was collected. The washing with
ethanol was given two times and then washing was given with water repeatedly for 3 times and
was centrifuged. The KoCOzwill be dissolved in the water and the nanoparticles will settle at the
base. Water layer was decanted and the nanoparticles were collected and dried under reduced

pressure. These were reused to check the reusability.
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2.3 Characterizations

2.3.1 UV-Visible Spectroscopy

UV- Visible spectra of the aqueous solutions were measured using Cary 5000 UV-Vis NIR
(Agilent Technologies) spectrophotometer at the scan rate of 1 nm/s. Quartz cuvette of path length
1 cm at room temperature was used for recording the optical spectra. Baseline correction with

corresponding solvent was done every time to eliminate the effect of solvent in the spectrum.

2.3.2 Transmission Electron Spectroscopy (TEM)

Transmission electron microscopy (TEM) studies were carried out using JEOL model JEM-F200
equipped with energy dispersive Xray scattering facility (EDS). The sample for TEM was prepared
by drying a drop of aqueous suspension of particles on a piece of carbon coated Cu grid inside hot

air oven.

2.3.3 X Ray Diffraction (XRD)

The Pd NPs of different shape and morphology were analysed by X Ray Diffractometer. XRD
patterns of samples were measured from Rigaku Ultima IV diffractometer. The sample preparation
was done by dropcasting few microlitres of Pd nanoparticle solution on cover slip and kept inside
oven for drying or directly small amount of powder sample can be used for XRD. The samples
were analysed over an angle range from 30° to 90° at a scan rate of 3%/min. To avoid the background
signal from glass, the sample thickness was maintained more than 1pum as the XRD penetration

depth was ca. 1um.

22



2.4 Results and Discussion

Despite the fact that there are numerous studies stating the mechanism of shape conversion of
metal nanoparticles, but still there is enough room left for exploring the specific parameters for
understanding a particular reaction involving combination of capping, reducing and structural
directing agents. In this aspect, keeping in view rapidly growing importance of green chemistry,
all the reactions are executed purely through a green route. It is to be noted that all the capping,
reducing and structure directing agents are environmental friendly and biodegradable. CTAB and
CTAC both can act as green reagent > but specifically in the reactions described here, CTAB is
used as capping agent because it is well known that bromide ion is less corrosive than chloride.
The chloride ion in CTAC along with O (present in air) can act as strong etching agent for both
nuclei and seeds. Halide ion can change the final shape of nanoparticle by oxidative etching, in
which zero valent metal atoms are oxidized back to ions. Presence of more surface defects make
multiple twinned seeds highly prone to oxidative environment with their atoms easily being
attacked, oxidized and dissolve in the solution, whereas single crystal seeds are resistant for
etching. Due to the presence of trace amount of chloride in the reaction all twinned seeds can be

removed®*,

Water is employed as green solvent *°as it is non-toxic, simply accessible, unrequired recycling
step, dissolving materials in a wide selection, hindrance of waste and low price. Moreover, the
reducing agents used i.e. ascorbic acid®, tannic*’and gallic acid®®are naturally occurring

compounds so are environmentally safe and biocompatible.

In all the reactions reported, mild reducing agents are used instead of sturdy reducing agent to
convert metal ions into zero valent atom. Stronger reducing agents tend to react in no time and can
reduce the metal ions within moments upon addition and leads to the formation of plethora of
metal atoms that can directly merge to form larger object via agglomeration, whereas just in case
of mild reducing agents, reduction rate is slow and also the concentration of metal atoms steady
will increase with time in controlled manner. Once this concentration becomes oversaturated the
atoms starts to aggregate into little clusters called nuclei. With a continual supply of atoms these
nuclei can grow into nanocrystals. The reduction of Pd?* ions to zero valent Pd® atom was

confirmed by UV Visible spectroscopy where no characteristic peak showing ligand to metal
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Intensity

charge transfer (LMCT) was observed which implies that all the Pd ions have been converted to

Pd° oxidation state (Figure 5).
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Figure 5.UV-Visible spectra of Pd NPs

In the XRD pattern recorded for three different shapes, there were three peaks observed which can
be indexed as reflections arising from (111), (200) and (220) planes of face centered cube of
metallic Pd, indicating the crystalline nature of these nanostructures (Figure 6a) and Figure 6b

represents the XRD of Pd nanostructures entrapped in the y-alumina matrix.
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Figure 6. (a,b) XRD peaks of synthesized Pd nanostructures and entrapped inside y-alumina
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2.4.1 Dependence of various factors on morphology of Pd nanostructures

Role of CTAB: CTAB is a cationic surfactant and is used as capping agent for the synthesis of
palladium nanoparticles. Since the synthesis is carried out in aqueous solution, the polar head of
surfactant will go towards water but metal surface have free electrons so it will also have tendency
to bind with the cationic part of surfactant. It has been shown in literature 3°that a bilayer aggregate
of CTAB can be formed with the surface of metal, inner layer will bound to metal surface and
outer layer will have its polar group towards water and the two layers are interconnected with the
help of hydrophobic interactions. Capping agents selectively bind to some facets, making them
more stable by reducing their interfacial energy through their unique chemical interaction with the
metal surface and control the shape of nanoparticles thermodynamically. The plane with the lower
addition is exposed more on the NP surface. CTAB selectively binds to {100} facet of Pd and help

in the anisotropic growth of nanoparticles.

The growth of specific shape of nanoparticle consist of two steps nucleation and growth, that
involves simple chemistry but is immensely complicated. The crystallinity of seeds plays pivotal
role in governing the shape of final product. Seeds may take form of either single twinned, multiple
twinned or single crystal, and their population is dependent much more on the size. Use of capping
agent can particularly enlarge one set of crystallographic facet over the expense of others to get
the final shape. Crystallinity mainly depends on the reduction rate. Injection sequence of
stabilizing agent and reducing agent also plays a crucial role in deciding the final morphology of

Pd nanopatrticles i.e. direct and reverse sequence.

Palladium acetate reacts with CTAB and ascorbic acid in water to give Pd concave nanocubes as
evident from TEM images Figure 7 (a,b) when CTAB was added prior to ascorbic acid (Direct
sequence) and flower shaped nanoparticles when the injection sequence was reversed i.e. AA was

injected first followed by capping agent CTAB as shown in Figure 7 (c,d).
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Figure 7. (a,b)TEM images of Pd concave NCs (c,d) TEM images of Flower

Shaped Pd NPs.

Ascorbic acid is acting as a mild reducing agent and can reduce Pd?* to Pd® along with its oxidation
to 2,3 —diketogulonic acid (2,3 DKG) and series of fragment species simultaneously®® . AA first
reacts with palladium acetate to produce dehydroascorbic acid (DHA) which gets hydrolyzed to

2,3-DKG irreversibly. The formation mechanism of Pd nanoparticles shown in Figure 8 and 9.
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Figure 8. The mechanism for oxidation of AA (Reproduced from ref 40)

Due to the presence of crystalline water in the system, DHA gets hydrolyze to produce 2,3 DKG
irreversibly. The conversion of 2,3-DKG to its fragment species can lead to chemical equilibrium
moving to the right quickly which accelerates the formation of palladium nanoparticles.
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Figure 9. Degradation Scheme of 2,3 DKG (Reproduced from ref. 40)

The formation of different shaped NPs according to the addition sequence of reducing agent and
surfactant are often attributed to the regulation of reduction kinetics at the first stage of reaction.
When CTAB was added prior to the AA, the resultant form was nanocubes because at the
beginning the capping agent will specifically binds to {100} facet of Pd NPs and AA can reduce
the Pd ions to generate Pd atoms, which subsequently aggregate to form seeds which will have a
selected crystallographic facet exposed on their surface having low surface energy. Most seeds
can grow into single crystal and single crystal can evolve into nanocubes which will expose {100}
facet 3* and product is under the thermodynamic control.

Whereas, once the sequence of injection was reversed i.e. AA was added prior to CTAB, there was

the formation of nanodendrites. AA can cause the quick reduction of Pd precursor and subsequent

27



increased rate of nucleation and growth of particles. It has been previously stated that large
concentration of metal atoms is required for the formation of branched nanoparticles*#> Therefore
as a result of fast nucleation and a variety of Pd atoms at the beginning of reaction, the kinetically
controlled growth of the seeds resulted in the formation of flower shaped nanostructures?.1t can
also be confirmed by TEM images Figure 10, flower shaped nanoparticles have been formed

before the addition of capping agent CTAB.

Figure 10. (a,b) Flower shaped NPs before addition of CTAB

Smaller palladium nanopyramids were formed when palladium acetate reacts with CTAB and
tannic acid, when the addition sequence was direct as shown in Figure 11 (a,b), whereas reversing
the injection sequence results in the formation of larger nanopyramids in the presence of gallic
acid and CTAB. Figure 11 (c,d).
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Figure 11. (a,b) TEM images of nanopyramids in presence of tannic acid (c,d) with gallic acid

Tannic and gallic acid are polyphenolic compounds and help in the reduction of Pd?* to Pd°
when their phenolic hydroxyl group binds with metal ion and results in five-membered ring
formation which subsequently takes part in redox reaction and gets converted to corresponding
benzoquinones by donating electrons**#4, It can also be noted that Pd?* having high reduction-
oxidation potential, shows that Pd(ll) can play the role of oxidant when they come in contact with
GA Figure 12.
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Figure 12. Interaction of gallic acid with Pd(II) ions (X= CI-, OAc", NO3") (Reproduced
from ref. 43)

As tannic and gallic acid are mild reducing agents than ascorbic acid* that will result in the slow
reduction of precursor salt and consecutively addition of Pd atoms will slow down. Therefore
multiple and single twinned seeds can be formed at higher yield in slow reaction. As a result in the
growth regime multiple twinned will form icosahedron and decahedron whereas, single twinned

seeds evolves into pyramids with particular facet exposed on the surface in the presence of CTAB.

2.4.2 Effect of various factors on catalysis of Suzuki Miyaura Coupling

Reaction

Suzuki-Miyaura coupling is characterized by the carbon-carbon cross combination of two aryl
subunits, one from derivative of aryl boronic acid and the other from an organohalide to give a
biaryl substrate, in the presence of K.COs, ethanol and different shaped Pd NPs as catalyst*®.
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Catalyst was impregnated with y-alumina sol, so that it can separated out easily after the formation
of product and can be reused after cycles of reaction. The change in the shape and morphology of
catalyst after reusability can be monitored. Figure 13 shows the TEM image of alumina trapped

Pd NPs before the reaction.

T i .‘ iy
Figure 13. (a,b) Flower shaped Pd NPs entrapped inside alumina sol

2.4.2.1 Effect of Solvent

The experiment was performed to carry out the Suzuki coupling between iodobenzene and
phenylboronic acid in the presence of solvent (ethanol or water) and potassium carbonate (K2COz)
at 80°C by using different catalysts (Ascorbic acid (concave shaped, A), Ascorbic acid (flower
shaped, B), Gallic acid ( small pyramid, C) and Tannic acid ( large pyramid, D)). Results analysis
showed that small pyramids (C) found to be the most effective catalyst amongst all as the reaction
took place very fast within the first 10 minutes and concave shaped was found to be least effective
in ethanol. The same reaction was also performed in the water as solvent and it was found that
water act as better solvent in reaction. The reaction was completed faster as compared to the former
one. The reaction which was taking 30 or 35 minutes to fully complete in ethanol took the lesser
time in the water. Literature showed that water act as green solvent and reduces the use of organic
solvent*’. Arcadi and co-workers used CTAB as the surfactant to increase the solubility of aryl
halides showed that the catalyst can be recycled and reused for five cycles with gradual loss of

activity®. Studies carried out by Lahneche showed that using the water in the effective
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concentration leads to increase in the activity but activity started decreasing as the water
concentration rises more than 50 mmol as decomposition of catalyst took place®. Liu reported the
high stability and recyclability of N-hetrocyclic 29arbine-palladium catalyst (HCP-Pd) and found
that these are highly active in the water than Poly-Pd due to pyridine group in the HCP-Pd which
is more hydrophilic than phenyl group®C. The reaction was easy to carry out with 95% of yield and
there is no change in the activity with the increase or decrease in amount of water. As reported in
literature the reaction was all carried out in different solvents as dimethylformamide (DMF),
dimethyl ether (DME), acetone, toluene, benzene, tetrahydrofuran (THF) and acetonitrile
(CH3CN) to yield product with >95%. But these solvents were not preferably used as these are

time consuming as it took >8 hours to fully complete the reaction®?.

2.4.2.2 Effect of time and temperature

In present study it was seen that different nanoparticles with different shapes and sizes were used
to carry out Suzuki coupling reaction in the presence of water or ethanol as a solvent at room
temperature or reflux. It was found that reaction easily took place at room temperature when the
water is used as solvent but the refluxing (80 °C) is needed in case of ethanol as solvent. Water act

as good solvent at room temperature and reaction took place at faster rate than in ethanol at

refluxing.

Catalyst Size Shape Solvent Time Temperature | Yield (%)

(nm) used taken

(min)

Ascorbic 25 concave 60 96
acid (A) shaped
Ascorbic 60 flower 90 95
acid (B) shaped ethanol
Gallic acid | 15 small 30 80°C 96
© pyramid
Tannic acid | 35 large 70 95
(D) pyramid
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Ascorbic 25 concave 60 95
acid (A) shaped

Ascorbic 60 flower 70 95
acid (B) shaped water r.t.

Gallicacid | 15 small 25 97
© pyramid

Tannic acid | 35 large 40 96
(D) pyramid

Pd(PPhz)2

Pd(Oac)2

Pd2(dba)s

CeHe

[(n°-CsHs)-

PdCl]2

Table 1. Optimizing the yield of reaction using different solvents and at different temperatures

2.4.2.3 Effect of the shape and size of catalyst

Size and structure of NPs directly affect the activity and rate of reaction. With passage of time the
catalyst is recycled and reused over successive runs. It becomes fruitful investigation for
controlling the small size of crystals and large surface area as smaller is the size greater will be the
activity. In the present work the Suzuki-cross coupling was carried out with A, B, C and D
nanoparticles having different sizes of 25, 60, 15 and 35 nm. It was found that C was most effective
and the rate of reaction was fast due to its smallest size as they possess the active surface atom
which leads to catalytic performance at higher rate®2. The nanoparticles having the smaller size (1-
3nm) has greater catalytic and recyclability efficiency®. Earlier as reported by Molnar that
polymer-encapsulated Pd NPs (1-3nm) can efficiently catalyze coupling reactions with minimal
leaching with no change in the size and shape of nanoparticle and could be recycled for 7-10 times
without loss of efficiency®.
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B X
X X, K2COs, Ethanol —/ R
Rl/ = ' @ 80°C refluxing RQ@
catalyst
S.no. R R’ X 3 Yield (%)
1 H H | 3a 97
2 H OCHs I 3b 95
3 H COCOH 3- 3c 95
4 OCHs H | 3b 96
5 OCHs OCHs | ad 95
6 OCHs 3-CH3 | 3f 95
7 OCHjs napthyl I 39 94
8 H H Br 3a 95
9 H OCHs Br 3b 93
10 H COOH 3-Br 3c 95
11 OCHs H Br 3b 98
12 OCHzs OCHzs Br ad 95
13 OCHz3 3-CHs Br 3e 96
14 OCHzs napthyl Br 3f 95
15 H H Cl 3a 94
16 H OCHzs Cl 3b 95
17 H COOH 3-Cl 3c 96
18 OCHs H Cl 3b 93
19 OCHzs OCHzs Cl 3d 92
20 OCHB3 3-CHs Cl 3e 94
21 OCHzs napthyl Cl 3f 93
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TEM studies have shown there was no change in the morphology and shape of catalyst and can be
used over successive cycles as catalyst. Figure 14 shows the alumina trapped different shaped Pd
nanoparticles after the reaction. Figure 14 (a,b) Flower shaped Al-Pd Nps, (c,d) Concave nanocube

shaped NPs (e,f) Larger Pyramid shaped NPs, (g,h) Smaller Pyramid shaped NPs.

Figure 14. (a,b) Flower shaped Al-Pd NPs, (c,d) Concave NC shape NPs (e,f) Larger Pyramid
shaped NPs, (g,h) Smaller Pyramid shaped NPs
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EDX (Energy Dispersive X Ray Spectroscopy) studies revealed that the concentration of Pd
nanoparticles present in the alumina matrix that is used as catalyst was less whereas maximum
concentration was of alumina. Figure 15 shows the EDX of Al-Pd nanoparticles and the

quantification of the sample that was on the copper grid.
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Mass Mass Norm. Atom abs. error [%]
Element At. No. Netto

[%] [%] [%] (3 sigma)
Palladium 46 4932 39.93 39.93 14.42 4.13
Aluminium 13 141912 60.07 60.07 85.58 5.50
Sum 100.00 100.00 100.00

Figure 15. EDX of AL-Pd NPs used as catalyst
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Table 3 includes the brief literature survey of the type of Pd nanostructures already been

synthesized using various type of supporting material used as catalyst in Suzuki-Miyaura coupling

reaction with reported yield, turn over frequency and time taken to complete the reaction.

Catalyst Type | Support Time Yield TON/TOF | References
Type
1. Palladium acetate | MFI Zeolite 5 hours Expected 3840h? Ref. 55
immobilized in thin 92%
ionic liquid layers Actual yield:
on the mesoporous 90%
wall of hierarchical
MFI zeolite.
2.Pd NPs Fe30.@Si0 6 hours 95% 3800h Ref. 56
magnetic
nanoparticles
3.Pd Graphene 20 hours Approx. 230000 Ref. 57
NPs 100% TOF
conversion
4.Concave Cube No support 30 hours 80% 7077ht Ref. 58
Simple cube shaped 1073h*
Pd
5.Pd NPs AlO3 2 hours 96% 19200 Ref. 59
TiO, 2 hours 97% 19400
Ce0, 4 hours 82% 16400
6.Pd NPs pPEVPBr 9 hours 95% - Ref. 60
stabalized
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7.Pd Nanorods and | - 4 hours 90-92% TOF 14.4 Ref. 61

Branched structure 125

8.Poly-Pyrrole  Pd | Polystyrene 3 hours 92% - Ref. 62

Nanocomposite Microspheres

9.Hollow Pd | - 3 hours 99% - Ref. 63

spheres

10.Pd NPs Copper oxide 10minutes | 86% - Ref. 64

150°

11.Pd NPs Glycosyl 6 hours 96% - Ref. 65
pyridyl-triazole

12.Pd NPs Nitrogen doped | 30minutes | 100% 80 Ref. 66
Graphene

13.Pd NPs Bipy-PMO 4 hours 98% - Ref. 67

14.Pd NPs Conjugated 7 hours 96% TOF Ref. 68
Polymer EWG 3343
Poly(amino EDG2744

15.Spherical Pd | Cucurbit[n]uril | 20minutes | 99% - Ref. 69

NPs

Table 3. A brief literature survey of different type of Pd nanostructures reported and their use as

catalyst in Suzuki-Miyaura coupling reaction.
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2.5 Conclusion

We have discussed here that morphologically controlled synthesis of Pd nanostructures depends
on crystallinity of seeds and growth of different crystallographic facets. The crystallinity of seeds
can be controlled by manipulating the reduction rate and growth of particular facet can be achieved
by using different capping agents. The shape controlled formation of Pd nanostructures depends
not only on crystallinity of seeds and growth rates but also on controlled reaction sequence. The
results here have clearly shown that the reaction sequence is decisive parameter in Kinetically
controlled synthesis of nanocrystals. The concave NCs, flower shaped NPs, smaller and larger
nanopyramids have formed selectively by changing the injection sequence of reductant and
surfactant using different reducing agents. To examine the relationship between shape and catalytic
performance, thus formed nanostructures have been used as catalyst in C-C bond formation
reactions i.e. Suzuki Miyaura Coupling reaction. Result analysis have shown that smaller pyramids
found to be the most effective catalyst as the reaction took less time to complete with good yield
because of its small size and large surface area. Moreover, TEM images have shown that there was
no change in the morphology of catalyst after repeated cycles. This implies that the nanostructures

with well controlled shape have better catalytic and reusability efficiency.
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Chapter 3

Project 2

Synthesis of different morphologies of plasmonic core-shell nanostructures and

probing the SERS of target molecules in the plasmonic confined region.

Hollow Ag@Au core-spiky and smooth shell  Solid Au cube core-spiky and smooth shell

@ Methylene Blue

ow &8 e 8
s @ e @

Figure 16. Diagrammatic representation of different morphologies of core-shell nanostructures.
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3.1Introduction

Metal nanostructures have been used thoroughly over decades due to their wide use in applications
like catalysis, optoelectronics, pharmaceutical, surface enhanced raman spectroscopy (SERS).
Among plasmonic metals, Ag and Au NPs have been extensively used in bioimaging and
biosensing’®’t. Raman spectroscopy gives the fingerprint information of molecules through
vibrational excitations but has very weak cross section of molecules that limit its application in
detecting very low concentrations. To overcome this problem there was the discovery of Surface
enhanced raman spectroscopy (SERS) by Van duyne group in 19778, Since then SERS has become
a substantial tool for the detection of molecules adsorbed on the metal nanostructures because of
enhanced electromagnetic field called hotspot induced by LSPR (Localized Surface Plasmon
Resonance) which involves the collective oscillation of conduction electrons resonated with the
particular wavelength of incoming light. LSPR depends on the shape, size of nanoparticles and
also on refractive index of medium? Therefore, controlling the morphology and size of
nanoparticles has become very crucial. A lot of research has already been done to amplify the
raman scattering signals of molecules placed in close proximity to SERS substrate at very low
concentrations as well”?. Several groups have demonstrated that Ag and Au nanostructures with
sharp corners and edges can increase the SERS enhancement factor up to several orders of
magnitude™. Yin Yang et al have reported that hollow nanostructures can increase the SERS
activity up to 15 folds than their solid counterparts’®. Oscar Olea-Mejia and group have synthesized
Ag-Au alloy nanoparticles and used them for the detection of methylene blue shows the SERS
enhancement up to 360 times higher than when pure methylene blue was analyzed”. Zhihui Luo
and group have prepared pATP embedded Au/Ag core-shell NPs and used these core-shell NPs
as nanotags in SERS immunoassay for the highly sensitive detection of biomarker proteins’®.

No doubt, plasmonic core-shell nanoparticles have potential to exhibit electromagnetic
enhancement since the hotspot region between core and shell can be tuned by varying their
morphology. Moreover, the location of dye molecules can also be controlled by using spacer
molecules through covalent interaction between the core and shell. Lim et al. have used DNA as
spacer molecules that can restrict the raman dye molecules between core and shell””. They have
synthesized core-shell nanoparticles with 1nm gap between core and shell where the dye molecules
resides and shows the SERS enhancement with precise dye position and engineered nanogaps.
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Researchers have successfully made Au@Au core-shell nanostructures having spiky and smooth
shell and have shown the experimental and calculated SERS intensities for probe molecules
residing between the core and shell, considerably higher in the structure containing spiky shell,
when compared to the smooth shell counterpart’®,

In this work, we have tried to synthesize core-shell nanostructures with different morphology. The
spiky and smooth shell with hollow Ag@Au core and second spiky and smooth shell with solid
Au core. The SERS signal of the analyte molecules residing between the core and shell for each
type of nanostructure was compared. Moreover, the SERS signal from the dye molecules that was
restricted between the core and shell with the dye molecules adsorbed on the tips of spiky shell
were also compared. It was found that when the dye molecules were placed outside the spiky shell
shows greater SERS enhancement as compared to the dye molecules that were in between the core
and shell nanoparticles. In addition, the SERS enhancement when the dye molecules were between
the core and shell in case of spiky shell with hollow core was higher as compare to the smooth
shell- solid core counterpart. Thus the higher SERS signal and large surface area of shell can make
these spiky shell-hollow Ag@Au core nanostructures as better SERS nanotags and can be used in

therapeutic applications and biosensing.
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3.2 Experimental Section

3.2.1 Chemicals

Silver Trifluoroacetate (CF3COOAQ), Tetrachloroauric(l11) acid (HAUCl,),
Cetyltrimethylammonium bromide (CTAB), Polyvinylpyrrolidone (PVP-55), (MW 55,000),
Methylene Blue (MB), Polyacrylic acid (PAA), Polycyclic aromatic hydrocarbon (PAH), Sodium
Borohydride (NaBHa), Silver Nitrate (AgNO3), A were purchased from Sigma Aldrich. Acetone
(99.99%) and Ascorbic acid were obtained from SRL. Milli-Q water (resistivity <18.2MQcm) was
used for all purposes. All glass wares were thoroughly cleaned with aqua regia, washed with
distilled water and dried in hot air oven before use. . All chemicals were used as received without
any further purification.

3.2.2 Methods

3.2.2.1 Synthesis of silver cube

In this synthesis, 5SmL of EG was added into a flask and heated under magnetic stirring in an oil
bath set to 150 °C for 30 min Other reagents used in the reaction were dissolved separately in EG
and added with the help of syringe. Sequentially, 0.006 mL (60uL) of NASH solution (3mM) was
added first. After 4 min, 0.5mL of HCI (3mM) was added and further followed by 1.25 mL of PVP
(20 mg/mL). After 2 min, 0.4mL of CFsCOOAg solution (282mM) was added, the resultant
solution was kept for 90 min at 150 °C. Throughout the complete reaction, the flask was capped
with glass stoppers aside from the addition of reactants. The synthesis was quenched by placing
the flask in an ice-water bath and the products were diluted with acetone and collected by

centrifugation.
3.2.2.2 Synthesis of hollow Ag @ Au Cube

0.5mL of prepared Ag cube converted to 2mL by adding 1.5mL water. 0.5mL Ag cube was taken
from above diluted solution in 20mL vial. These 0.5 mL Ag NPs dispersed in 3mL of distilled
water containing Img/mL PVP-55(MW-55000) and heated to 90 °C. After 4-5 min specific
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amount of HAuCI, (10 M) added and kept for 30 min. The synthesis was quenched by placing
the vial in an ice- water bath, then products were collected by centrifugation.

3.2.2.3 Synthesis of Au Cube

Firstly, gold seeds were synthesized by the reduction of gold salts using reducing agent. 0.25ml of
HAUCI4 (10mM) was added in 7.5ml of 200mM CTAB solution and solution changed to yellow
in color. Color changed instantly to light brown upon addition of 0.8ml of NaBHas. The seed
solution was kept undisturbed for 1 hour and then was diluted 1:10 times with water for the
synthesis of larger particles. To prepare the growth solution, HAuCls (10mM, 0.2mL) and AA
(0.95mL) was added into a solution of CTAB (1.6mL) in DI water (8mL). The concentration of
CTAB and AA used was 100mM for synthesizing the gold cubes. Then 5Sul of seed solution was
added and left undisturbed for 15 minutes. The resulting solution was centrifuged and pellet was

washed 2-3 times to remove excess of CTAB.
3.2.2.4 Addition of MB dye molecules on the surface of core

The dye molecules were adsorbed on to the surface of core (i.e. hollow Ag @ Au cube and Au
cube). 1.5ml of dye solution (10-4 to 10-15 M) was added to the 2ml of core solution and kept for
3h with mild shaking. Then, the solution was centrifuged and precipitate was redispersed in 1ml
of distilled water. The solution was then used for the growth of smooth and spiky gold shell on the

core.

3.2.2.5 Formation of Smooth Gold Shell on hollow Ag @ Au cubes (Hollow Ag

@ Au core- Au Smooth shell structure)

For the formation of a smooth shell on core, 1ml of hollow core solution was added in 0.1mM of
PAH dropwise and was kept for stirring around 3 hours. The resulting solution was redispersed in
1ml of distilled water after centrifugation and washing a few times to get rid of excess PAH. Then,
30ul of 10mM HAuCls aqueous solution was added to the PAH-coated hollow core particles
under vigorous stirring. S0uL of 10mM aqueous AA solution was added to the previous solution
after approx. 1 hour and kept stirring for another 12 h. The particles were centrifuged at 14 000
rpm for 10 min and washed a couple of times. Hollow Ag @ Au core—smooth shell nanoparticles

were ready to use.
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3.2.2.6 Growth of Spiky Shell on hollow Ag @ Au cubes (Hollow Ag @ Au core-
Au Spiky shell structure)

For the formation of a spiky shell on the hollow core, firstly the small Ag seeds were grown on
hollow core. 1ml of core solution was added to 100uL of 0.01 M Ag(NH3). (prepared by mixing 1
mL of 0.01 MAgNO3z and 20uL of 1M NH4OH) under constant stirring for 30 minutes. The
solution was centrifuged at 14 000 rpm and the precipitate was dispersed in 500uL of doubly
distilled water. Then 100uL NaBH4 of 0.01M was added to reduce the adsorbed Ag ions to Ag
nanoparticles on the surface of the Au core. The solution was centrifuged at 14 000 rpm for 30
min after keeping 6h for aging. For further growth of spiky shell, a growth solution was prepared
consisted of aqueous solutions of CTAB (10mL, 0.1M), HAuCl4 (421uL, 0.01M), AgNO3 (64uL,
0.01M), and AA (67uL, 0.1M). 10ul of the Ag seed solution was added to the growth solution.
The color of the solution changed to blue within 15 min and kept for another 2 h with mild stirring.
After that the solution was centrifuged and washed 2-3 times to remove excess of CTAB and other

reactants. The resultant NPs were redispersed in distilled water.

3.2.2.7 Formation of Smooth and Spiky gold shell on Au cubes (Au core- Au

smooth shell and Au core- Au spiky shell structures)

The same procedure as with the hollow core was repeated for the formation of smooth and spiky

gold shell on solid Au core.

3.2.2.8 Adding the dye molecules to the outside of Spiky core- shell

nanostructures

To adsorb the dye molecules on the outside of spiky core-shell particles, 2ml of NPs solution was
added in 1.5 ml of dye solution (10°M) and was kept for 3 h with mild shaking. The solution was

then centrifuged and washed couple of times to remove excess of dye molecules.
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3.3 Characterizations

3.3.1 LSPR Measurements
All LSPR measurements were measured using Cary 5000 UV-Vis NIR (Agilent Technologies)

spectrophotometer at the scan rate of 1 nm/s. The data was collected by using Carywin software,
quartz cuvette of path length 1 cm at room temperature was used for recording the optical spectra.
Baseline correction with corresponding solvent was done every time to eliminate the effect of

solvent in the spectrum.

3.3.2 Transmission electron microscopy (TEM)

Transmission electron microscopic (TEM) measurements were carried out with Tecnai G? 30ST
(FEI) and Tecnai G? 20 STWIN (FEI) equipped with energy dispersive X-ray scattering (EDS)
facility. For TEM sample preparation, scratched off coatings were dispersed in acetone and drop
casted onto the carbon-coated grid.

3.3.3 SERS Measurements

For surface enhanced Raman spectroscopic studies, few microliters of each dispersion was
dropcasted on a glass slide covered with aluminium foil to avoid the signal from glass substrate
and was kept inside oven for drying. The raman spectra of samples were recorded using Renishaw
Raman spectrometer with 20X objective lens. The excitation wavelength used was 633nm

equipped with holographic filter with a grating of 1600 lines/mm and 785nm with 1200 lines/mm.
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3.4 Results and Discussion

The core-shell structures having smooth and spiky shells were synthesized using solid Au and
hollow Au-Ag core, that was consecutively coated within the polymers of alternatively charge
using layer by layer charge deposition technique, similar to the other reports shown in
literature”. The probe molecules were coupled using electrostatic interaction to the primary layer
of negatively charged polymer. On each polymer deposition, the particles were washed,
centrifuged and then resuspended in distilled water. Once few layers of polymer was organized on
the surface of solid Au and hollow Ag-Au core, smooth shell was grown using gold precursor and
ascorbic acid. To grow spiky shell on the individual cores, there was two step procedure which
involves growing small silver seeds on respective cores and then growing spiky shell by addition
of CTAB, tetrachloroauric acid, silver nitrate and ascorbic acid. The evidence of formation of Ag
NCs, hollow Ag@Au NCs ,smooth and spiky shell on hollow Au-Ag core (smooth shell-hollow
NCs, spiky shell-hollow NCs) was confirmed by UV-visible spectroscopy, shown in Figurel7 and
UV-Visible spectra of Au NCs, smooth and spiky shell on solid Au cube (smooth shell-solid Au
NCs, spiky shell-solid Au NCs) shown in Figurel8. The observed LSPR peak for smooth shell on
the respective cores was red shifted from the peak corresponding to the cores and peak for spiky
shells was further red shifted from smooth shell reason being the hybridization of surface plasmon
modes occurring between the core and the shell. The LSPR peak for the spiky shell was most red

shifted because of the greater field enhancement between core and shell than the counterparts.
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Figure 17. UV- Visible spectra of Ag NCs, hollow Ag-Au NCs, smooth and spiky shell
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Figure 18. UV-Visible spectra of Au NCs, smooth and spiky shell nanostructures
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The morphologies of these core-shell nanostructures was confirmed by using electron microscopy
technique. Figure19 shows the TEM images of Ag core and hollow Au-Ag NCs.

180 nm FEO O

5 ,
NCs (c,d) TEM images of hollow Ag@Au NCs

- ot

Figure 19. (a,b) TEM images of Ag

The preparation of these hollow Ag-Au nanostructures was done by adding HAuCl4 through
galvanic replacement reaction. In this methodical galvanic replacement procedure (Reduction
potential: Ag*/Ag (0.8V vs SHE) & AuCI*/Au (0.99V vs SHE)) the process through which Au-
Ag hollow structures are formed is very similar to Kirkendall void formation®. The galvanic
replacement reaction between Ag NCs and HAuCI4 resulted in the dissolution of Ag atoms firstly
from the corners of Ag NCs and then from the interior by oxidation of Ag® to Ag* ions. One atom
of Au deposits at the expense of three Ag atoms. As a result, Ag NCs were transformed into Ag—
Au hollow NCs with few Ag remaining in the interiors.
3Ag(s) + AuCIl* (agq) — Au(s) + 3Ag* +4Cl (aq)

After adding the dye molecules and polymer deposition, spiky shell of Au was grown on hollow

Ag-Au core shown in Figure 20.
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Figure 20. (a,b) TEM images of Spiky shell on hollow Ag@Au core

Figure 21 shows the TEM images of hollow Ag-Au cubes having smooth shell of gold which
appears bigger than original core used. Figure 21 (c) shows the energy dispersive X-ray
spectroscopy (EDS) elemental mapping image of smooth core-shell structures which indicate the
presence of both the metals Ag and Au but the percentage of Au was maximum and Ag was in

minute quantity.
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Figure 21. (a,b) TEM images of Smooth shell on hollow Ag@Au core
(c,d,e) Color mapping of Smooth shell nanostructures
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The morphology of Au core- shell nanostructures was analysed using SEM images. Figure 22

shows the SEM images of Au cube used as core to grow smooth and spiky shell.

100nm IISERM  18-Jul-19
SEM WD 8.0mm 15:36:38

Figure 22. (a,b) SEM images of Au NCs

The Au core synthesized was then used to add dye molecules through polymer deposition. Then
smooth and spiky shell of gold precursor was grown on that Au core. The formation of smooth

shell on the core was confirmed by SEM as shown in Figure 23.

— 100nm IISERM 15-Nov-19 _— 100nm ITSERM  15-Nov-18

X 80,000 15.0kV SEI SEM WD 8. Omm 10:40:43|x 60,000 15.0kV SEI SEM WD B8.0mm 10:42:52

Figure 23. (a,b) SEM images of Smooth shell-Au solid core
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3.4.1 SERS Characterization of these core-shell nanostructures

To evaluate the SERS studies of these core-shell nanostructures having smooth and spiky shell on
Au and hollow Au-Ag core, MB was used as analyte molecule. MB is an organic dye commonly
used in staining and as drug delivery agent. As Ag-Au nanostructures have better plasmonic
enhancement and are biocompatible, this makes their SERS study an important aspect. SERS
spectra was measured using different type of nanostructures synthesized, spiky and smooth shell-
hollow Ag@Au core, spiky and smooth shell-Au core with MB as a probe molecule under 633nm
and 785nm excitation wavelength. Figure 24 shows the raman spectra of MB without any substrate
i.e. without SERS condition.

400 800 1200 1600 2000
Raman Shift (:m'1

Figure 24. Raman Spectra of MB without SERS condition

SERS spectra of MB molecules between core and shell for both spiky and smooth shell using both
the cores were measured to compare their raman enhancement factor. Figure 25 shows the SERS
spectra of spiky shell-hollow Ag@Au core at excitation 633nm and 785nm. The concentration of
MB was varied from 103-101°M. As the concentration of MB was decreased laser power was

increased to get a good raman spectra.
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Figure 25. SERS spectra of Spiky shell-hollow Ag@Au core

Figure 26 shows the SERS spectra of Smooth shell- hollow Ag@Au core, and the concentration

of MB was varied from 104-108M.
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Figure 26. SERS spectra of Smooth shell-hollow Ag@Au core
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SERS spectra of Spiky shell-Au solid core was taken at both the excitation wavelength and
concentration of MB was varied from 10#-10M. Among the raman shifts, highly enhanced peaks
are at 1618, 1444, 1181, 450 cm™* which corresponds to (C-C or C-N stretch), (N-C-H, C-C ring),
(C-Hsstretch), (C-N-C stretch) respectively. The SERS spectra obtained from spiky shell-hollow
core was significant due to its special morphology as it has shown peaks even at very low
concentration i.e. 10°M that corresponds to the greater plasmonic enhancement due to the
hybridization of plasmon modes of hollow inner region and outer spikes made of gold. In case of
smooth shell-hollow core, there is decrease in the intensity of peaks when the concentration of MB
was decreased to 10°M.

SERS spectra of Spiky shell-Au solid core was measured at both the excitation sources and
concentration of MB was varied from 10#-108M. (Figure 27)
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Figure 27. SERS spectra of Spiky shell- Au solid core
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The SERS peaks that enhanced were at 1444cm™ (N-C-H, C-C ring), 1392 cm™ (C-N stretch), 769
cm? (C-H ring). Figure 28 shows the SERS spectra of Smooth shell-Au solid core and
concentration of analyte molecule was varied from 104-108M. The peak intensity decreased on
decreasing the concentration as the electric field enhancement in case of solid Au core with smooth

shell was less as compared to spiky shell.
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Figure 28. SERS spectra of Smooth shell-Au solid core

We then compared the SERS activity of analyte molecules attached to the outer tips of the spiky
core shell nanostructures with the molecules residing in between the core and the spiky shell.
Figure 29 shows the SERS spectra when the dye molecules were inside and outside of the spiky
core-shell nanostructures and the concentration of dye used was 10°M using 785nm excitation
source. Clearly the intensity of raman peaks when the dye was attached to outer tips of spiky shell
was greater than when the molecules were inside reason being tips shows higher electric field

enhancement.
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Figure 29. SERS spectra of dye molecules inside and outside of spiky core-shell nanostructures

As these spiky shell-hollow Ag@Au nanostructures can detect upto very low concentrations i.e.
pico and femto molar, so to check the reproducibility of these spiky core shell nanostructures SERS

signal was measured using very low concentrations under 785nm excitation source. (Figure 30)
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Figure 30. SERS spectra of hollow core-spiky shell at very low concentrations
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3.5 Conclusion

We have successfully synthesized core-shell nanostructures comprising of spiky shell and smooth
shell-hollow Ag@Au core and spiky and smooth shell-solid Au core. The spiky shell-hollow
Ag@Au core showed higher SERS intensity on comparing to their smooth shell and solid core
counterpart when the dye molecules were placed between the core and shell and also on the tips
of the spiky shell. This greater SERS intensity corresponds to the higher electric field enhancement
due to the hybridization of plasmonic modes of core and shell also from the tips of spiky shell.
These nanostructures have facilitated the increased raman signal and can be used for single
molecule sensing. Thus with enhanced SERS intensity these core-shell nanostructures can be used

as an improved platform for therapeutic and bioimaging applications.
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