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ABSTRACT

PREPARATION AND SURFACE MODIFICATION OF NOBLE METAL
NANOPARTICLES WITH TUNABLE OPTICAL PROPERTIES FOR SERS
APPLICATIONS

Kaya, Murat
Ph.D., Department of Chemistry
Supervisor: Prof. Dr. Mürvet Volkan

March 2011, 170 pages

Metal nanostructures exhibit a wide variety of interesting physical and
chemical properties, which can be tailored by altering their size, morphology,
composition, and environment. Gold and silver nanostructures have received
considerable attention for many decades because of their widespread use in
applications such as catalysis, photonics, electronics, optoelectronics, information
storage, chemical and biological sensing, surface plasmon resonance and surfaceenhanced Raman scattering (SERS) detection.

This thesis is composed of three main parts about the synthesis,
characterization and SERS applications of shape-controlled and surface modified
noble metal nanoparticles. The first part is related to a simple synthesis of shape
controlled solid gold, hollow gold, silver, gold-silver core-shell, hollow gold-silver
double-shell nanoparticles by applying aqueous solution chemistry. Nanoparticles
obtained were used for SERS detection of dye molecules like brilliant cresyl blue
(BCB) and crystal violet (CV) in aqueous system.
iv

The second part involves the synthesis of surface modified silver
nanoparticles for the detection of dopamine (DA) molecules. Determination of a
dopamine molecule attached to a iron-nitrilotriaceticacid modified silver (AgFe(NTA)) nanoparticles by using surface-enhanced resonance Raman scattering
(SERRS) was achieved. The Ag-Fe (NTA) substrate provided reproducibility and
excellent sensitivity. Experimental results showed that DA was detected quickly and
accurately without any pretreatment in nM levels with excellent discrimination
against ascorbic acid (AA) (which was among the lowest value reported in direct
SERS detection of DA).

In the third part, a lanthanide series ion (Eu3+) containing silver nanoparticle
was prepared for constructing a molecular recognition SERS substrate for the first
time. The procedure reported herein, provides a simple way of achieving
reproducible and sensitive SERS spectroscopy for organophosphates (OPP)
detection. The sensing of the target species was confirmed by the appearance of an
intense SERS signal of the methyl phosphonic acid (MPA), a model compound for
nonvolatile organophosphate nerve agents, which bound to the surface of the AgEu3+ nanostructure. The simplicity and low cost of the overall process makes this
procedure a potential candidate for analytical control processes of nerve agents.

Key words: noble metal nanoparticles, surface modification, surface
enhanced Raman scattering (SERS), neurotransmitters, dopamine, chemical warfare
agents
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ÖZ
AYARLANABİLİR OPTİK ÖZELLİKLERE SAHİP METAL
NANOPARÇACIKLARIN HAZIRLANMASI, YÜZEYLERİNİN MODİFİYE
EDİLMESİ VE SERS UYGULAMALARI

Kaya, Murat
Doktora, Kimya Bölümü
Tez Yöneticisi: Prof. Dr. Mürvet Volkan

Mart 2011, 170 sayfa

Metal nanoyapılar, morfoloji, bileşim ve çevre değişiklikleriyle geniş bir
yelpazede ayarlanabilen, ilginç fiziksel ve kimyasal özelliklere sahiptirler. Altın ve
gümüş nanoyapılar, katalizör, fotonik, elektronik, optoelektronik, bilgi depolama,
kimyasal ve biyolojik algılama, yüzey plazmon rezonans algılama, görüntüleme ve
yüzeyde güçlendirilmiş Raman saçılması (YGRS ) gibi birçok alanda yaygın olarak
kullanılabilmeleri nedeniyle uzun yıllardan beri büyük ilgi görmektedir.

Bu tez, şekil kontrollü ve yüzeyleri modifiye edilmiş

soy metal

nanoparçacıkların sentezlenmesi, karakterizasyonları ve YGRS uygulamalarını
içeren üç kısımdan oluşmaktadır. İlk bölüm, altın, içi boş altın, gümüş, altın-gümüş
çekirdek kabuk ve altın-gümüş çift kabuk nanoparçacıklarının kontrollü şekilde,
basit sulu çözelti kimyası uygulanarak sentezlenmesi ve karakterize edilmesi ile
ilgilidir. Sentezlenen nanoparçacıklar, sulu sistemde parlak kresil mavi (BCB) ve
kristal viyole (CV) gibi model boya moleküllerinin YGRS ile tayini için
kullanılmıştır.
vi

İkinci bölüm, dopamin (DA) moleküllerinin tespiti için yüzeyi modifiye
edilmiş gümüş nanoparçacıklarının sentezini içermektedir. Yüzeyde güçlendirilmiş
rezonans Raman saçılması (YGRRS) yöntemi kullanarak Ag-Fe(NTA) nanoyapısına
bağlı dopamin molekülünün tayini sağlanmıştır. Hazırlanan Ag-Fe(NTA) substratı
ile dopamin molekülünün belirlenmesinde tekrarlanabilirlik ve mükemmel hassasiyet
sağlanmıştır. Deneysel sonuçlar, dopaminin askorbik asit ortamında, herhangi bir ön
hazırlık olmadan nanomolar seviyesinde hızlı ve doğru bir şekilde mükemmel bir
ayrımla, dopaminin YGRS ile tespiti için rapor edilen en düşük derişim
değerlerinden daha aşağıdaki değerlerde, tayin edilebildiğini göstermektedir.

Üçüncü ve son bölümde ise, ilk defa, YGRS yüzeyi olarak moleküler
tanımlamada kullanılmak üzere bir lantanit dizi iyonu (Eu3+) içeren gümüş
nanoparçacıklarının yeni bir yöntemle hazırlanması anlatılmıştır. Burada bildirilen
işlem, organofosfatların (OPPs) duyarlı YGRS spektroskopisi ile tekrarlanabilir
şekilde tayin edilmesini sağlamaktadır. Hedef türlerin varlığı, uçucu olmayan
organofosfatlı sinir ajanları için model bileşik olan metil fosfonik asitin Ag-Eu3+
nanoyapı yüzeyi ile elde edilmiş yoğun YGRS sinyali ile teyit edilmiştir. Genel
sürecin basitliği ve düşük maliyeti bu yöntemi sinir ajanlarının kontrol süreçleri için
potansiyel bir aday yapar.

Anahtar Kelimeler: soy metal nanoparçacıklar, yüzey modifikasyonu,
yüzeyde güçlendirilmiş Raman saçılması (YGRS), nörotransmitter, dopamin,
kimyasal silah ajanları
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CHAPTER 1

INTRODUCTION

1.1. Nanostructures

Nanoparticles can be defined as ultra fine particles in nanometer scale. This
description is strongly related to the field of applications and the materials. Mostly
the particles in the range of from 1 to 100 nm in which the physical characteristics
of solid materials severely alter are named as nanoparticles. Nanotechnology offers
the possibility to produce and control the objects within the scale of 1–100 nm with
the aim of producing new materials which have particular properties in areas such
as physics, chemistry, biology, engineering, medicine and healthcare, energy,
materials science, information technology, and national security [1,2,3,4].

The properties of nanomaterials can be very different from those of bulk
materials. When the dimension of a material drops below 100 nm, dramatic
changes in its properties can occur. As the size of a solid particle decreases in the
order of one millionth of a millimeter, the number of atoms constructing the
particle becomes small and in the order of several hundreds or thousands. At this
state, the fundamental properties can change drastically [1,2,3].
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They show completely different electromagnetic or physicochemical
properties from their bulk counterparts, although they are made of the same
materials. The uniqueness of nanoparticles is mainly due to the considerable part of
atoms present at the surface when checked against to the ones exist in the
coincident bulk equivalent and the limitation of charge carrier motion to a small
material volume. Through these two main features, the size and shape of
nanocrystals are regularly connected to the physical and chemical properties
[5,6,7,8,9].

1.2. General Methods for Synthesis of Nanoparticles

Nanoparticles from various materials can be prepared by relatively simple
methods. In recent years, several types of methods have been published and
reviewed for synthesizing monodisperse and uniform sizes of nanoparticles
[10,11,12]. Currently, there are two kinds of approaches generally carried out to
prepare nanoparticles, (A) The “top down approach”, which involves the constant
division of bulk metals into nanoparticles and (B) The “bottom-up approach”,
which involves the building up of nanoparticles from the atomic level [1,13,14].

1.2.1. Top-Down Approach

As the name implies, a top-down technique is where nanoparticles are cut
from a larger structure (Figure 1), for example by lithographic techniques [15], UV
[16], electron or ion beam [17], scanning probe [18], film deposition and growth
[19], laser-beam processing [20]. Among these the two main methods are electron
beam lithography (EBL) and focused-ion beam (FIB) lithography in top-down
approach [17].
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Both techniques have limiting resolution of 20 nm at the present state-ofthe-art, so they are unable to produce particles as small as the bottom-up
approaches. They are however more flexible in the shape of the resulting
nanoparticles and can produce square, circular, triangular and elliptical particles as
well as nanorings, antidots, etc. [21,22].

Figure 1. Schematic illustration of the top-down approach [22].

1.2.2. Bottom-Up Approach

In the bottom-up approach nanomaterials having particular morphology,
properties and functions are well assembled by handling building blocks of desired
materials. General synthesis method of nanoparticles by using bottom-up approach
is given in Figure 2. Examples of this approach include the use of chemical
synthesis [23,24], and laser induced assembly [25,26] like laser trapping, selfassembly, colloidal aggregation and 2-photon confocal processing. By using
bottom-up processes it is possible to overcome the size limitations of the top-down
approach when preparing nanoparticles.
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Figure 2. Schematic illustration of the bottom up approach [22].

1.3. Characterizations of Metallic Nanoparticles

Characterization methods for analysis and measurement of nanomaterials
are essential in the development of nanotechnology; as their functions are
influenced by their size, shapes, and structures [5,6]. Especially, development of
precise analytical techniques for the characterization of local nanostructures at
atomic levels such as their chemical composition and bonding state, defects, and
impurities, is a key to elucidate the mechanism of nanophenomena. Recently,
improvements in analytical equipment have allowed researchers to study and to
understand the local nanostructures in functional materials at atomic levels (Figure
3) [27,28,29].
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Figure 3. Spatial resolution for observing materials [29].

The most common technique used for characterization of nanoparticles is
high resolution transmission electron microscopy (HRTEM) [30], which generates
a photomicrograph of the core of the nanoparticles, providing information on the
size distribution and dispersity of the sample. The mean number of atoms can be
calculated from the mean diameter, d, of the cores. The core dimensions of the
metallic nanoparticles have also been characterized using alternative techniques
based on microscopy [31,32]. Comparison of microscopes used in characterization
of nanoparticles is given in Table 1.
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Table 1. Microscopes used in characterization of nanoparticles.
Atomic Force

Transmission

Scanning

Optical

Microscopy

Electron

Electron

Microscope

(AFM)

Microscopy

Microscopy

(TEM)

(SEM)

Maximum

Atomic

Atomic

Several

Several

resolution

resolution

resolution

nanometers

hundreds of
nanometers

Observation

In air, liquid

In vacuum

In vacuum

In air and

environment

and vacuum

In situ

Possible

Impossible

Impossible

Possible

Easy

Difficult

Easy

Easy

liquid

observation
Preparation
of sample

UV-Visible (optical) spectroscopy is used for analysis of the intensely
colored colloidal dispersions having characteristic surface plasmon absorption [13].
In a given preparation of nanoparticles, there is usually a mixture of different size
nanoparticles. Different size nanoparticles have characteristic surface plasmon
resonance peaks and thus their UV-visible spectra are also usually significantly
different, which may also helps in determining the particle size [33,34]. Also UVvisible spectra together with infrared (IR) spectra [35] provides a way for the
identification of the ligands. The localized elemental composition on the
nanoparticles can be obtained from Energy Dispersive X- ray microanalysis (EDX)
in conjunction with TEM and SEM [36,37].
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1.4. Metal Nanoparticles

Metal nanoparticles have a wide variety of applications due to their
properties. For instance, the quantum confinement effects on electronic magnetic
and other relevant features can be investigated experimentally. Optoelectronics
[38], photonics [39], information storage [40], surface enhanced Raman scattering
(SERS) [41,42], photography, catalysis and biological labeling [43] are the main
fields where metal nanoparticles are extensively used. The fundamental features of
a metal nanoparticle are primarily specified by its composition, size, crystallinity,
shape, and structure whichever can provide the adjustment of the properties of the
resulting particles.

1.4.1. Synthesis of Metal Nanoparticles

There are a lot of chemical ways to produce metallic nanoparticles in
different size and shape. By using these methods precursor of metals have been
prepared in different form of nanostructures in the presence of a capping agent at
room temperatures (Figure 4). Centrifugation and size-selective precipitation
techniques are applied to isolate pure products [44,45,46].
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Figure 4. Multiple shapes and sizes of nanoparticles produced with chemical
methods [46].

Citrate, alcohol, polyol, borohydride, photolytic, and radiolytic reductions,
sonochemical approach, laser ablation, and metal evaporation-condensation are of
the methods that have been used to prepare nanoparticles from precursor of metal
ions. The conditions used in preparation of the nanoparticles have a direct effect on
the electrochemical and optical properties of these particles [47,48,49,50,51,52].

1.4.2. Noble Metal Nanoparticles

Noble metal nanoparticles are known to be used as decorative pigments in
stained glasses and artworks in the past due to their bright and charming colors
[53]. Recently, the adjustable the photophysical characteristic [54], their effective
spectroscopic and optical properties and rapid improvements in synthesis of metal
nanoparticles increased the importance of them in a broad range of applications
from photonics [55] to biomedicine [56].
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Superb surface plasmon absorption and scattering characteristics were
observed for noble metal nanoparticles of especially silver (Ag) and gold (Au) in
the visible and infrared regions of electromagnetic spectrum [57]. Local
enhancement of electrical fields light illumination at the surface plasmon
wavelengths were considered upon of these nanoparticles. The surface plasmon
resonances are coalesced when the nanoparticles became adjacent eventuating in
higher electric-field enhancements in between the gaps of the adjacent
nanoparticles. In order to provide amplification of optical signals in fluorescence
[58], and in Raman scattering [59,60,61] great efforts have been given to the
preparation of noble metal nanoparticles based substrates.

1.5. Hollow Nanostructures

Hollow nanostructures of noble metals are particularly interesting to
synthesize and investigate because they exhibit plasmonic properties completely
different from those of solid nanoparticles (even of the same metal). An
enhancement in the scattering of light is observed due to the prominent contrast
between the refractive index values of the shell and core part of the hollow
nanoparticles providing their use in especially optical and imaging applications
[62]. Hollow nanostructures of different metals and materials like polymer and
silica have been widely examined [63,64,65]. Generally researchers have focused
on shell thickness and size of the hollow space. This tunable optical feature makes
nanoshells attractive for applications to extinction or SERS-based sensing [66,67].

They were usually prepared by templating against solid particles.
Polystyrene spheres, silica spheres, emulsion, liquid drops, microemulsion and
metal nanoparticles, have been used as templates to produce hollow nanostructures.
In their preparation, initially surfaces of the templates are covered with thin layers
of the preferred material to obtain core-shell nanostructures. Then the template is
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removed by etching or calcination procedure to produce hollow nanostructure. The
size of the cavity is determined by the size of templates (Figure 5) [68].

Figure 5. General production procedure of hollow nanostructures.

1.6. Core-Shell Nanostructures

In order to obtain the core shell-nanostructures different layers are regularly
added to the initial core material. To produce core-shell nanostructure, the shell
molecular precursors are added slowly to a solution containing the target
nanostructure cores to avoid homogeneous nucleation of the shell material. Coreshell nanomaterials have been synthesized in a successful manner by using (1) seed
mediated technique in which the core part of the nanostructures covered by desired
material by coreaction or deposition to form the shell part [69,70] (Figure 6, 1a-c);
(2) redox reaction, by exchanging the outmost part of the core with the shell
material [71,72] (Figure 6, 2); and (3) thermal annealing of the shell part [73,74]
(Figure 6, 3).
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Figure 6. Possible core-shell nanostructures production mechanisms [74].

The production of core-shell nanostructures is of importance in materials
chemistry due to the multifunctionalities and improved properties of these
structures as compared to their mono-elemental counterparts. Core and shell
components of the prepared nanoparticles enable them to achieve multitalented
roles as optical probes, magnetic separators, and chemical identifications
[75,76,77,78].
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1.7. Optical Properties of Noble Metal Nanostructures

The optical properties of metallic nanostructures are mainly related to
dielectric constant of metallic part and surroundings. A metal-dielectric boundary
on the nanoscale order causes respected changes in the optical properties of
metallic nanoparticles. As a result of this change a new sort of resonance which is
called as surface plasmon resonance is observed. Surface plasmon resonance is
localized near the boundary between the metal nanostructure and the surrounding
dielectric. This action generates an increased electromagnetic field at the boundary
[79,80,81].

Coherent oscillation of electrons is the result of the light absorbed by
metallic nanoparticles, which is caused by coactions with the electromagnetic field.
As a result of this interactions surface plasmon waves are produce. These localized
plasmons are excited by light absorption in the nanoparticles, with the specific
absorption bands called as plasmon bands [79,80,81].

The size and shape of the nanoparticle, the dielectric constant of metallic
nanoparticle and surrounding effect the surface plasmon absorption band of the
nanostructures. For nanoparticles smaller than 25 nm, small shift of the surface
plasmon band peak position is observed with a broadening of the peak. For
nanoparticles larger than 25 nm the red shift of absorption band is high when
compared to smaller nanoparticles. The results of these phenomena are shown in
Figure 7 [79,80,81].
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Figure 7. Optical absorption spectra of gold nanoparticles of different sizes [79].

Although a number of theoretical models have been proposed [80] the
original classical model of Mie [82] is often used to describe the optical properties
of the metal nanoparticles. In this model, frequently the oscillation of conduction
electrons, also referred as plasmon oscillation, driven by the electromagnetic field
of light called as dipole approximation are used to produce oscillating dipoles
along the field direction where the electrons are driven to the surface of the
nanoparticles as illustrated in Figure 8.
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Figure 8. Schematic of plasmon oscillation in a metal nanosphere.

With respect to Mie explanation, metal nanosphere with particle size (2R)
which is smaller than the wavelength of light λ, has an extinction coefficient kex
(absorption and scattering) given by the following equation [83].

(1)

In the equation, the wavelength of light is shown with λ, and the dielectric constant
of the surrounding medium is shown with εh where the terms ε1 and ε2 reveal the
real and the imaginary parts of the dielectric constant of the metal, εm, (εm = ε1 +
iε2). Dielectric constant of the metal is also dependent on the frequency of light
(ω). If the imaginary part of the dielectric constant of the metal (ε2) is so small, the
resonance condition which results the absorption maximum is produced (ε1 = –2εh).
Dielectric constant of the metal ε is affected by the change in the size of
nanoparticles which results in the change of the surface plasmon resonance which
is generally explained as the intrinsic size effect [84].
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One of them is the result of transition of electrons from inner d orbitals to the
conduction band and second one is related to the free electrons which is explained
by Drude model [82,83], stated as

(2)

where the plasmon frequency of the metal is given as ωp and the damping constant
which is related to the width of the plasmon resonance band is given as γ. The
damping term (γ) is inversely proportional to the size of nanoparticle (r).
According to equation 2, one can state that the size dependence of εD(ω) (real part
of the dielectric constant of the metal (ε1 in equation 1)) which results change in the
surface plasmon resonance condition comes from the particle size dependence of γ.

For larger-size nanoparticles (>25 nm for gold particles), higher-order (such
as quadrupolar) charge cloud distortion of conduction electrons becomes important,
as shown in Figure 9.
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Figure 9. Calculated higher-order charge cloud distortion around gold
nanoparticles of sizes > 25 nm [80].

The enlargement of the particle size results the shift of the plasmon band
toward the lower energetic regions. This result is also explained as the extrinsic
size effect [84]. According to the equation 1 given above, the appearance and the
region of the plasmon absorption band also related to the dielectric constant εh of
the surrounding medium. An increase in the εh results the shift of the absorption
band toward the red regions besides a rise in the plasmon band intensity and band
width. This action of increasing the plasmon absorption by using a higher εh is
defined as immersion spectroscopy [83].

Core-shell nanoparticles which contain different materials at their core and
shell part is considered as the another type of metallic nanoparticles and receiving
considerable attention at recent times [81,85,86,87]. As varied materials are used at
their core and shell part, core-shell nanostructures also referred to as
heterostructures. Optical properties of the core-shell nanoparticles are also
controlled by surface plasmon resonance like the other metallic nanostructures
(nanospheres, nanorods, etc.) when the shell part of the structure is metallic.
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The shift in plasmon resonance band is much longer in wavelengths than
those in the corresponding solid counterparts. The dielectric constant for the coreshell nanospheres is calculated by the following equation (Eq. 3),

(3)

where the dielectric constant of corepart is εc and shell part εs, and the host medium
εh where particles are embedded in. δ is the volume ratio of core to overall particle
[88].

In the metallic shell nanostructures, when the shell thickness decreases,
holding the size of core constant, plasmon resonance band is red shifted. Also,
plasmon resonance band is blue shifted when the size of shell thickness increases.
The examples of these characteristics are given in Figure 10. So, it is possible to
tune the plasmon resonance across the visible and IR part of the electromagnetic
spectrum by changing the thickness of shell [87,88].
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Figure 10. Calculated plasmon resonance spectra for different shell thicknesses of
gold on a silica core of 60-nm radius [87].

1.8. Raman Spectroscopy

From the time of its discovery in 1927, Raman spectroscopy has been a
very powerful characterization tool in a variety of fields such as materials science,
biology, chemistry, physics and forensic science [89,90,91]. The Raman effect
results from the interaction of vibrational motions of molecules with an
electromagnetic wave, providing unique spectral fingerprint of vibrations in the
molecules.

When a sample is irradiated with a laser, two types of scattering are
observed: (a) Rayleigh scattering and (b) Raman scattering. Rayleigh scattering is
intense and has the same frequency as the incident beam, whereas Raman
scattering is very weak and has a frequency shifted from the incident frequency
18

(Stokes shift, lower in energy (υ0 - υm) and anti-Stokes shift, higher in energy (υ0 +
υm) where υ0 is the frequency of a photon which is absorbed by the molecule
molecule in the basic vibrational state and υm is the frequency of transferred
energy). Energy level diagram for Raman scattering is shown in Figure 11
[92,93,94].

Figure 11. Energy level diagram for Raman scattering; (a) Stokes scattering, (b)
anti-Stokes scattering.

Stokes and anti-Stokes spectra include the identical frequency data. When
the Stokes spectrum is not directly observable the anti-Stokes spectrum can be
used, for instance, owing to poor detector reply at lower frequencies [93,94].

In the classical theory, the coaction of the electromagnetic field with
molecule gives rise to infrared absorption and Raman scattering [95].
Electromagnetic radiation can cause a change in the dipole moment of the
molecule. The induced polarization μ is proportional to the strength of the electric
field, E as given in the equation µ= PΕ where the proportionality, P, corresponds to
the polarizability of the molecule [94,95].
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The polarizability reflects the ease to distort the electron cloud of a
molecule susceptible to an electromagnetic radiation. Higher Raman signal can be
produced from higher radiation frequency and larger change in the polarizability.
The polarizability of the molecule depends on the vibration mode of different
molecular bonds and the surface plasmon assisted enhancement [92,93]. Raman
signals from a highly polar moiety, such as the O-H bonds in water, are usually
weak. An external electric field cannot induce a large change in the polarizability
of the O-H bond. Therefore, Raman spectroscopy is insensitive to water, herein
makes Raman spectroscopy or SERS an excellent fingerprinting technique for the
detection of unknown in an aqueous solution [93,94].

1.9. Surface Enhanced Raman Scattering (SERS)

Identification of the chemical structure is a significant challenge in
analytical chemistry besides the detection of trace amounts of substances. For that
reason, the recent fact of a strongly increased Raman signal from molecules
bounded to metallic nanoparticles gained great attention, approximately 50 years
after the exploration of the Raman effect [96,97]. This phenomenon is known as
surface-enhanced Raman scattering (SERS) and solved the low-sensitivity problem
in traditional Raman spectroscopy. In other words, SERS has transformed Raman
spectroscopy from the least sensitive vibrational spectroscopy to a single molecule
detecting spectroscopy capable of giving detailed molecular information at ambient
conditions [98,99]. SERS has the potential to join the sensitivity of fluorescence
with the structural information ingredient of Raman spectroscopy. A typical SERS
setup is given in Figure 12.
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Figure 12. Schematic drawing of a typical SERS setup

There are mainly two types of enhancement process in the theoretical
explanations of SERS mechanism. The first one is the electromagnetic model [100]
which also referred as the field effect. In electromagnetic model, molecule feels
huge local electromagnetic fields occurring near the surface of metal substrates.
The second one is charge transfer or chemical model [101,102] and also referred to
as the molecular effect. In chemical model polarizability of the molecule is
influenced by coactions between the roughened metal surface and the molecule.
The effect of the first model on the SERS enhancement have been widely
investigated and quite well understood but the effect of the chemical model on
SERS signal is not well known and is presently investigated by researchers [103,
104,105,106].
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1.9.1. Different SERS-Active Media (SERS Substrates)

An extensive range of methods utilizing diverse sorts of solid and liquid
SERS media increases the popularity of the SERS technique. For each certain
application, a specific sample medium is used. Initially, roughened metal
electrodes were studied as SERS substrates [107]. Metal colloids were then
received extensive interest because of their easy preparation techniques [108,109].
Nanostructured substrates and metal films were then developed and used in
extensive range of areas as SERS-substrate to obtain reproducible results
[110,111].

The selection and production of the noble-metal nanostructures for
fabrication of the SERS substrates is the most important feature in SERS
measurements. Since SERS enhancement based on the localized surface plasmon
resonance (LSPR) excitation, controlling the parameters affecting the LSPR to
increase the signal power and reproducibility of measurement is important [112].
Surface-confined nanostructures, electrodes roughened by the oxidation–reduction
cycle (ORC), colloidal nanoparticles, and metal island films provide the preferred
optical properties. So mostly they are chosen as conventional SERS substrates
[113,114]. Several metallic nanostructures used in preparation of SERS substrates
are given in Table 2.
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Table 2.Several types of metallic nanostructures used for SERS
Structures

Base Materials

Metal islands

Silver, other metals

Metal-coated nanospheres

Teflon, latex, polymer, nanospheres

Metal-coated nanoparticles

Alumina, fumed silica, titanium oxide

Metal-coated surfaces

Cellulose, silica gel, polystyrene

Metal-coated etched quartz

Quartz

Metal-coated gratings

Crossed gratings

Metal membranes

Silver membranes, other metals

Chemically etched metal

Metal

Physically roughened surfaces

Quartz, metal

1.9.2. Instrumentation

Gas, dye, and solid-state lasers are all suitable excitation sources for SERS
experiments. UV lasers have limited applicability in SERS because the dielectric
properties of noble metals restrict LSPR excitation above a certain frequency
threshold. Tunable lasers provide flexibility because it is possible to match the
excitation frequency to the LSPR frequency of the substrate. However,
complications arise when one attempts to prevent Rayleigh-scattered photons from
reaching the detection components. For pulsed laser systems, peak power and
bandwidth must be considered. High peak powers can damage the analyte or
substrate, and pulse widths higher than 5 ps are required to achieve a spectral
resolution of 1 cm–1. The excitation and collection optics are the same as those
used for normal Raman experiments. For example, large camera lenses are needed
for maximal efficiency of light collection, or optical microscopes for probing small
sample areas [115].
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Spectrometers with long focal lengths (≥500 mm) are generally used in
SERS experiments to resolve a vibrational spectrum. In a single-stage
spectrometer, the Rayleigh-scattered light must be efficiently rejected before the
scattered photons are coupled into the spectrometer. This step is usually
accomplished with notch filters that have high optical density over a narrow
bandwidth centered on the laser excitation wavelength [116].

Although notch filters are readily available for specific laser wavelengths,
many filters would be required to cover the entire wavelength range of a tunable
laser system. In this case, double- and triple-stage spectrometers are preferred to
achieve sufficient Rayleigh light rejection [117]. The detectors commonly used for
SERS include photomultiplier tubes, photodiodes, and charged coupled devices
(CCDs). Though far less common, FT-Raman instruments have also been used to
obtain SER spectra [118].

Schematic illustration of instrumental desines used in SERS applications is
given in Figure 13. Instrumental design shown in Figure 13a is usually used for
experiment which needs low resolution and high intensity. An experiment which
needs high rresolution, instrumental approach which is shown in Figure 13b is
used. In both of the approaches, laser light is focused and gathered directly on a
same type of objective and in order to eliminate the Rayleigh scattering a notch
filter is used [106].
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Figure 13. Schematic diagram of representative instrumentation used for surfaceenhanced Raman spectroscopy measurements; (a) Macro-Raman setup (b) MicroRaman setup (Abbreviations: CCD, charge-coupled device; CL, collection lens;
FL, focusing lens; NF, notch filter) [118].

1.9.3. Surface Enhanced Resonance Raman Scattering (SERRS)

Surface-enhanced resonance Raman scattering (SERRS) [119,120,121] is
an alternative technique, which is also highly sensitive with single molecule
detection reported [122,123]. It is a very attractive technique because it produces
molecular-specific spectra which make it feasible for easy identification of the
components of a mixture without preapplying extensive separation procedures
[124].
25

SERRS is a form of Raman spectroscopy in which a combination of surface
enhancement provided by immobilizing an analyte onto a suitable surface and of
molecular resonance from a chromophore in the analyte gives a vibrational
spectrum at very high sensitivity. A number of different metals such as silver, gold,
copper and aluminium can be used to provide the surface, however, silver tends to
give the largest enhancement factors when using routinely available visible
excitation wavelengths [125,126].

In SERRS, a resonance contribution from the chromophore of the molecule
with the excitation light is observed. This is coupled with the surface enhancement
effect which can produce an overall enhancement factor of up to 1014. The basic
approach to obtain SERRS is to adsorb a molecule onto a suitable roughened metal
surface. Also, the molecule must come in contact with or be very close to the metal
surface used for the enhancement. The surface is then irradiated with a laser beam
and the scattering collected with a standard Raman spectrometer [127].

It is essential that the excitation frequency is close to the absorption
maximum of the dye and the plasmon of the metal surface (typically within 100 to
150 nm of the visible region) [128]. Further, due to the sharp vibrational nature of
the spectrum, identification of specific components of mixtures in situ without
separation is also increased relative to other spectroscopic techniques such as
fluorescence. An additional benefit of SERRS is that only the species on the
surface will give rise to signals. Therefore by designing strong surface seeking
species, background signals can be kept to a minimum [129,130].

There are various formats which can be used in SERRS experiments and
these depend on the different types of metal surface used. Electrodes have been
used previously [131] as have vapour deposited films [132] and a whole variety of
different roughened surfaces [133].
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For many of these surfaces, there is little control of the nanoscale roughness
features to ensure that enhancement factors across the surface are uniform and
reproducible. As such this led to large variations in the enhancement of SERRS
when these types of surfaces were used for quantitative analytical work. More
recently, engineered surfaces with controlled regularity have been introduced.
These can give very good and much more reproducible surfaces [134].

1.10. Surface Modification of Nanostructured Materials

By using physical, chemical, or biological approachs it is possible to
modifiy and functionalizes the surfaces of nanostructured materials with different
groups. At the end of the surface modification process, new materials with novel
properties such as solubility and stability in aqueous media are often achieved. The
affinity toward the nanoparticle can be increased with the modification of its
surface by host molecules or cavitands. The host has to fulfill several requirements:
(a) display strong affinity to the nanoparticle and the analyte, (b) high selectivity
and stability, (c) no self-association or formation of multilayers, and (d) absence or
low band overlapping with the Raman features of the target molecule [135,136].
The simple procedure for surface modification of nanoparticles is illustrated in
Figure 14.

Figure 14. Surface modification of nanoparticles.
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Molecular coating or adsorption [137,138], physical treating with plasma,
ozone or UV [139] and surface entrapment [140,141] are widely applied physical
techniques for surface modifications of nanomaterials.

Molecules with functional groups can be attached covalently to the surfaces of
nanoparticles with chemical modification process. Chemical modification methods
have several advantages over some physical methods such as activation of the
nanostructured material surfaces with higher degrees, creating strong interactions
between functional groups and nanomaterial surfaces through stable chemical
bonds. Surface oxidation [142], covalent linkers such as carbodiimide,
glutaraldehyde and their derivative [143,144], poly (ethylene glycol) (PEG)
chemistry [145], silane chemistry [146], and self-assembled monolayer (SAM)
[147] are the common applied chemical modification techniques.

Biological modification of nanoparticle surfaces are performed generally
via biologically specific reactions, such as like receptor–ligand [148], DNA–DNA
hybridization [149], avidin–biotin [150] and antibody–antigen [151].

1.11. Importance of Dopamine (DA) and Common Techniques Used in
Dopamine Detection

Development of sensitive and selective techniques for biological and
chemical sample detection is an important point in diagnosis of disease. In recent
years there has been significant interest in developing methods to investigate the
neurotransmitting molecules from neurons deep inside the brain [152]. The
analysis of neurotransmitters is of substantial interest for the rapid and early
detection of neural disorders.
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Catecholamines and their derivatives have received much attention in
contemporary scientific research because of their remarkable industrial and
biological significance [153]. Dopamine (DA) is one of the most significant
neurotransmitters because of its role in the functioning of the cardiovascular, renal,
hormonal, and central nervous system. Dopamine (DA) (Figure 15) is the major
neurotransmitter for the extrapyramidal motor tracts of the central nervous system
(CNS) and is centrally involved in the mechanism of psychostimulant addiction. Its
receptors are the major sites of action of antipsychotic as well as anti-Parkinsonism
drugs. DA also acts as an isotropic vasopressor agent, and it acts in a specific
manner to several various receptor sites in the body depending on the dose [154].

At lower dosages it binds to dopamine receptors in the brain, gut, kidney,
and heart causing the blood vessels in these organs to broaden. This enhances the
blood flow and thus the amount of oxygen supplied to the organs. β-receptors on
the heart muscle are also activated when the dose of DA is increased. Dopamine
hydrochloride is a potent drug and is extensively used in heart failure and
hypotension [155].

Figure 15. Chemical structure of a Dopamine molecule.

Given the wide range of physiological and pathophysiological effects of
dopamine, selective as well as sensitive methods are crucial for the detection and
determination of dopamine is of great clinical importance [156].
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Finding the amount of catecholamine and their metabolites in body fluids
such as serum, plasma and urine has an important function in evaluating the action
of the sympathetic nervous system and helping the diagnosis of numerous diseases.
Fluorometric, coulometric, chromatographic and electrochemical detection are the
most frequently applied methods for measuring DA [157,158,159,160]. In addition,
various nanoparticle

based techniques have been

developed to

detect

catecholamine [161,162,163]. Fluorometry is sample-consuming technique and
lacks selectivity. In the quantitative colorimetric detection of the catecholamines
poor selectivity is observed. Chromatography combined mostly with mass
spectrometry requires sample pretreatment, lengthy analysis times and high costs.

Dopamine can be easily oxidized electrochemically at conventional
electrodes, which have been widely used to detect the neurotransmitter both in
vitro and in vivo sensors [164,165,166,167]. However, there are a number of
problems with electrochemical methods due to the nature of the oxidative electrode
reaction of dopamine. One of the primary problems is that the concentration of
dopamine in the extracelluar fluid of the caudate nucleus is extremely low (0.01-1
µM) for a healthy individual and in the nanomolar range for patients with
Parkinson‟s disease [164,168] while the concentrations of the main detection
interferents, e.g., ascorbic acid, are several orders of magnitude higher and the
interferents undergo oxidation within the same potential window as dopamine.

Both sensitivity and selectivity are of equal importance for real
applications. For the purpose of improvement of the electrode sensitivity, efforts
have been made to adjust the surface of electrodes [169,170] which have shown
different degrees of success by inhibiting the interference reactions or promoting
dopamine oxidation at different potentials. Inspired by the fact that enzymes can
react selectively with their cognate substrates, efforts have also been made to
immobilize dopamine-specific enzymes, such as polyphenol oxidase, onto the
electrodes to increase the selectivity [171].
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However, the main interferent, ascorbic acid (AA), still severely hinders the
accurate detection of dopamine because the oxidized dopamine product (dopamineo-quinone) produced from either direct oxidation at the electrode or by the
enzymes immobilized on the electrode, can catalytically oxidize ascorbic acid to
regenerate dopamine that becomes available again for oxidation [171]. Also due to
the same oxidation potential of AA and DA, overlapped voltammetric response has
been observed at nearly all electrode materials [159, 160].

Interference problems might be absent or greatly reduced in Raman
spectrometric measurements. Vibrational spectroscopy easily distinguishes among
substituted benzenes, such as catecholamines and their metabolites. Structurally
unrelated species, such as ascorbate, will have different vibrational spectra
altogether. At the same time, measurement time could be reduced to about 10
seconds. Interference reductions and a shorter measurement time would be
advantageous in most neurochemical studies [172].

Spontaneous Raman spectroscopy is not sufficiently sensitive for
neurochemical applications. Adequate sensitivity can be obtained by surface
enhancement (SERS) or resonance surface enhancement (SERRS). The study of
the mechanisms between SERS or SERRS and surface-plasmon-driven
electromagnetic fields has advanced considerably. As a result, the design of
materials producing high-quality signals from analytes has been investigated
[173,174]. Indeed, one can aim the finding of an analyte in a complex mixture at
nano to femto molar level by incorporating a definite funtional group on the
substrate decorating the surface with molecular systems, that are capable
electrostatically, [175] chemically [176] or mechanically [177] for trapping
analytes. Such a combination is unique and cannot be achieved with other
spectroscopic techniques.
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High selectivity and sensitivity offered by SERRS, along with the highly
informative characteristics of Raman spectroscopy, allows a SERRS-based method
a feasible alternative to more commonly used optical sensing method without
having any need to physically remove the interfering species [178,179].

1.12. Nerve Agents (Chemical Warfare Agents)

Nerve agents are one of the most effective groups between the lethal
chemical warfare agents. Despite the fact that their use has been prohibited, nerve
agents are still manufactured by some countries. Sensitive and precise analysis
techniques for nerve agents detection are needed for raising interests over
prospective contamination and injury caused by them [180].

Nerve agents are potential inhibitors of acetylcholinesterase enzyme which
is responsible for the hydrolysis of the neurohormone acetylcholine in the neural
synapses. Inhibition resulting in an increased concentration of acetylcholine at its
receptor sites causes the continuous spasm of muscle tissue and finally leads to
suffocation [181].

Nerve agents are easily breaking down to the connected alkyl
methylphosphonic acids (AMPAs) after exposition to the environment which never
exists in nature. For instance, GB (Sarin) and GD (Soman) turns to IMPA
(isopropyl methylphosphonic acid) and to PMPA (pinacolyl methylphosphonic
acid) respectively. Then they slowly hydrolyze to MPA (methylphosphonic acid),
the final product of break down process which is stable and used as reference to
show the presence of the nerve agents, as shown in Figure 16 [180,181].
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Figure 16. Hydrolysis pathways for G-Series nerve agents.

For the detection of these toxic chemicals, the ideal organophosphonate
(OPP) sensor would possess the sensitivity and selectivity of the alreadyestablished

methods

and

would

reduce

the

dependence

on

expensive

instrumentation. Robustness, simplicity, the ability to isolate the analyte of interest
would be beneficial. Methods for the detection and quantitation of specific species
usually involve separate sampling and analysis steps using complex and expensive
devices [182,183].

Generally, Gas chromatography-mass spectroscopy (GC-MS) and, highperformance liquid chromatography (HPLC) are used for the quantitative detection
of chemical warfare agents [184,185]. However, they are not optimal for rapid
detection due to the following limitations: expensive, require sophisticated, often
extensive analysis procedures, or nonportability.

Fiber-optic sensors [186], surface acoustic wave devices [187] or biosensors
[188,189] may find application to real time monitoring. But they are suffering from
low selectivity and sensitivity. The selectivity can be improved with approaches
such as a molecular imprinting technique, which possesses specific affinities for
guest molecules by using lanthanide ion [190,191] but because of the weak
luminescence quantum yield it exhibits low sensitivity.
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Raman peaks are much narrower which should aid in the identification of
unknowns, such as chemical and biological agents, due to the lesser degree of
spectral overlap between peaks. Therefore Raman, in particular SERS, provides a
good alternative to conventional sensing modalities for warfare agents. The
previous studies where SERS signals could be obtained for OPP`s were carried out
by using colloidal gold adsorbed onto a silanized quartz surface [192],
electrochemically roughened silver oxide substrate [193], silver-doped sol-gels
[194,195], silver-oxide thin films and silver nanoclusters [196], silver-coated
microspheres [197]. But to increase the sensitivity, affinity of the surface towards
the analyte must be improved.
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1.13. Scope of the Thesis

The aim of this thesis is to synthesize and characterize the shape-controlled
and surface modified noble metal nanoparticles and to measure their performance
as substrates in SERS applications. The scope of the research includes:

a) The preparation of shape controlled solid gold, hollow gold, silver, goldsilver core-shell, hollow gold-silver double-shell nanoparticles, iron-nitrilotriacetic
acid (Fe(NTA)) modified silver nanoparticles and lanthanide ion (Eu3+) containing
silver nanoparticles (Ag-Eu3+) by applying aqueous solution chemistry in a simple
and reproducible way.

b) The characterization of nanostructures prepared by an advanced
analytical techniques including FE-SEM, SEM-EDX, ICP-OES, UV-Vis
spectroscopy, FT-IR spectroscopy and, Raman spectroscopy.
c) Testing the SERS performance of nanostructures prepared. Use of solid
gold, hollow gold, silver, gold-silver core-shell, hollow gold-silver double-shell
nanoparticles in the detection of dye molecules like BCB and CV in aqueous
systems. Application of iron-nitrilotriacetic acid (Fe (NTA)) modified silver
nanoparticles in the detection of dopamine (DA) (neurotransmitter) molecules by
using surface-enhanced resonance Raman scattering (SERRS). Use of lanthanide
ion (Eu3+) containing silver nanoparticles (Ag-Eu3+) for constructing a novel
molecular recognition SERS substrate for chemical warfare agents detection. In
addition to their SERS and SERRS performance, testing the other important
parameters such as reproducibility, sensitivity, stability and reliability of the
prepared nanostructures.
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CHAPTER 2

EXPERIMENTAL

2.1. Materials

The chemicals used in nanoparticle production and surface modification
which are, sodium citrate (HOC(COONa)(CH2COONa)2), chloroauric acid
(HAuCl4·3H2O), silver nitrate (AgNO3), sodium borohydride (NaBH4), cobalt
chloride hexahydrate (CoCl2.6H2O), ascorbic acid (C6H8O6) , iron trichloride
hexahydrate (FeCl3. 6H2O), iron nitrate (Fe(NO3)3) and europium dichloride
(EuCl2) were all purchased from Sigma Aldrich, unless otherwise stated and used
without

further

purification.

Analytes,

dopamine

hydrochloride

((HO)2C6H3CH2CH2NH2·HCl), methyl phosphonic acid (CH3P(O)(OH)2), and dyes
brilliant crsyl blue (C17H20ClN3O) and crystal violet (C25H30N3Cl), were also
purchased from Sigma Aldrich. They were all analytical grade and used as
received.

Milli-Q water (Millipore) was used throughout the experiments. Milli-Q
Elix 5 water purification system was used to produce deionized water. All
glassware used in the production of nanoparticles were cleaned with distilled water
and ethanol and then dried in an oven at 50 °C before use. Manipulations that
require the inert atmosphere were carried out by using Schlenk technique. N2 and
Ar gases used were of high purity (above 99 %).
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2.2. Instrumentation

The structural, optical, and spectroscopic properties of prepared
nanoparticles were examined using the following measurements. Field Emission
Scanning Electron Microscope (FE-SEM) measurements measurements were
carried out with a Quanta 400 F field emission scanning electron microscope at
METU Central Laboratory. Energy-dispersive X-ray analyses (EDX) were
performed with a Quanta 400 F field emission scanning electron microscope
equipped with energy-dispersive X-ray analyzer at METU Central Laboratory.

UV-Visible absorption data were recorded over a range of 200-1100 nm
with the UV-Vis spectrophotometer (UV-1601 PC, SHIMADZU) at Analytical
Chemistry Research Laboratory of the Chemistry Department-METU.

SERS spectra were measured with a Horiba-Jobin-Yvon, model Lab Ram
Raman micro spectrometer at Analytical Chemistry Research Laboratory of the
Chemistry Department-METU. It has a holographic grating having 1800 grooves
mm-1 and a 632.8-nm HeNe laser with an exposure time of 10 s. The spectra were
collected with Olympus model LMPlanFL, 10X, 50X and 100X microscope
objectives. The laser power was approximately 10 mW and Raman signal was
detected with a Peltier-cooled CCD camera.

The iron content of the surface modified silver nanoparticles was
determined by using a Leeman Direct Reading Echelle inductively coupled plasma
optical emission spectrometer (ICP-OES).
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FT-IR measurements were performed by using Digilab FTS 3000 Excalibur
series instrument in the mid-IR region at the Analytical Chemistry Research
Laboratory of the Chemistry Department-METU. The diameter (d) of the resulting
nanoparticles was measured with the software called as universal desktop ruler.
Results were given as d±s (diameter±standard deviation).

2.3. Synthesis of Hollow Gold Nanoparticles

2.3.1. Preparation of Cobalt Nanotemplates

Hollow gold nanospheres (HAuNPs) were synthesized using cobalt
nanoparticles (CoNPs) which acted as a sacrificial template. Briefly, a solution of
100 mL of water, 400 µL of 0.1 M sodium citrate, and 100 µL of 0.4 M cobalt
chloride was placed in a round-bottom flask and stirred with a magnetic stir bar.
CoNPs were synthesized with the utmost attention paid to cleanliness and
exclusion of air.

To obtain air-free solutions, Schlenk line has been used (Figure 17) which
was deaerated with pure argon for 10 minutes. A 100 µL amount of 1 M sodium
borohydride was then added with rapid magnetic stirring, resulting in a color
change within 30 s from pink to dark brown, indicating the formation of CoNPs
(Figure 18). The flask was purged with nitrogen for approximately 20 minutes
while waiting for any remaining sodium borohydride to hydrolyze.
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Figure 17. Picture of Schlenk line used for producing air-free solution.

2.3.2. Preparation of Hollow Gold Nanoparticles

In a beaker, 10 mL of water with 50 µL of 0.1 M chloroauric acid
(HAuCl4.3H2O) were stirred together. A 30 mL amount of CoNPs transferred by
cannula into nitrogen purged graduated cylinder, were quickly added at once to the
vortexing chloroauric acid solution. The reaction of the gold salt with the cobalt
was rapid, changing the solution color to blue within seconds, indicating the
formation of HAuNPs. The experimental setup used for the production of the
hollow gold nanoparticles is shown in Figure 18.
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Deaerated water

Cobalt nanotemplate

CoCl2

Sodium citrate

NaBH4
HAuCl4

Hollow Au NPs
NP

Figure 18. The experimental setup used for the production of the hollow gold
nanoparticles (HAuNPs)

2.4. Preparation of Solid Gold Nanoparticles

Gold nanoparticles (AuNPs) were prepared by the citrate-reduction
procedure. A 100 mL solution containing 0.01 g HAuCl4.3H2O was heated to
boiling, and then 3mL of 1% sodium citrate solution was quickly added to the
boiling solution. The color of the solution changed from pale yellow to deep red
within 1 minute. The solution was further boiled for 1 hour and allowed to
equilibrate to room temperature while stirring. The volume was made up to 100 mL
by adding water and the solution was cooled at room temperature. Formation of the
red colored gold particles

was observed at the end of this process. The

experimental setup used for the production of the solid AuNPs is shown in Figure
19.
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Deionized water
HAuCl4

Sodium citrate

Gold NP

Figure 19. The experimental setup used for the production of the solid gold
nanoparticles (AuNPs).

2.5. Synthesis of Hollow Gold-Silver Double-Shell and Solid Gold-Silver CoreShell Nanoparticles

Silver coated solid gold and hollow gold nanoparticles were prepared
following seed growth approach. The ascorbic acid reduction of AgNO3 was
carried out in the presence of the gold seed. 3 mL of as-prepared gold
nanostructure solution and 400 µL of 0.1 M ascorbic acid were placed in a glass
vial and stirred with a magnetic stir bar. Silver nitrate (1 mM) was then added drop
wise (10 µL per addition) to this mixing solution with approximately 30 second
between each drop.
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By changing the ratio of gold nanoparticles to AgNO3, the thickness of
silver shell was controlled to arrange the different-sized particles. The solution
color changed from pink to deep yellow and from pink to faint brown with the
gradual addition of AgNO3. The experimental setup used for the production of the
silver coated both gold (AuAgNPs) and hollow gold nanoparticles (HAuAgNPs)
are shown in Figure 20 and Figure 21.

AgNO3

Ascorbic acid

Hollow Gold-Silver Double Shell
NP

Hollow Au
NP

Figure 20. The experimental setup used for the production of the hollow goldsilver double-shell nanoparticles (HAuAgNPs).

AgNO3

Ascorbic acid

Gold-core Silver-shell NP
Gold NP

Figure 21. The experimental setup used for the production of the solid gold-silver
core-shell nanoparticles (AuAgNPs).
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2.6. Synthesis of Silver Nanoparticles with Citrate Reduction

Silver NPs (AgNPs) were synthesized with citrate reduction method as
described by Lee and Meisel [198]. 500 mL of 1x10-3 M silver nitrate solution was
boiled and then 10 mL of 1% sodium citrate solution was added to the boiling
solution drop wise and allowed to continue boiling for 1 hour with vigorous
stirring. Then it was brought to a final volume of 500 mL. The resulting colloids
had yellow/greenish color.

2.7. Surface Modification of Silver Nanoparticles with Iron-Nitrilotriacetic
Acid Complex

26.3 mg aminobutylated nitrilo triacetic (AB-NTA) acid and 48.4 mg
Fe(NO3)3 were dissolved in 10 mL water separately to obtain 2x10-2 M solution.
Then 1 mL of 2x10-2 M Fe(NO3)3 solution was mixed with 1 mL of 2x10-2 M
chelate (NTA) solution and the pH was adjusted to 7.0 by the addition of NaOH to
achieve the iron nitrilotriacetic acid (Fe(NTA)) complex. After waiting 30 minutes,
functionalization of silver nanoparticles with Fe(NTA) complex was performed by
mixing 8 mL of Ag colloids with 2 ml of Fe(NTA) complex solution at room
temperature and allowed to

stand for 15 min. The colloidal solution of Ag-

Fe(NTA) was centrifuged twice (15 min, 5000 rpm) to remove excess unbounded
Fe(NTA) and then redispersed in 1 mL water and the pH was adjusted to 7.0 by the
addition of NaOH.
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2.8. Preparation of Europium (III) Ion Modified Silver (Ag-Eu3+)
Nanoparticles

The preparation of silver nanoparticles doped with lanthanide ions was
undertaken in a one-step redox route. First 85 mg AgNO3 and 11.1 mg EuCl2 were
dissolved in 5 mL water to obtain 10-2 M solution. After that 1 mL portion of
EuCl2 and 0.5 mL of AgNO3 solution were mixed and the Ag-Eu3+ nanoparticles
were obtained simultaneously.

2.9. Preparation of Substrates for SERS and SERRS Studies

Various fresh stock solutions of analytes were prepared in water in varying
concentrations and used for serial dilutions. The substrates for SERS measurements
were prepared by simply dropping the prepared nanostructures onto glass slides
which were cleaned with ethanol before. Then substrates were used for the
measurements of analytes directly or after allowed to dry (Figure 22).

Figure 22. Preparation of SERS and SERRS substrates.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1. Preparation of SERS Substrates with Tunable Optical Property

SERS enhancement factor depends on the optical absorption of the
substrate. Therefore controlling the structure and optical properties of noble metal
nanoparticles like silver and gold is particularly important for SERS applications.

In the first part of the study, hollow gold nanoparticles (HAuNPs), hollow
gold-silver double shell (HAuAgNPs), solid gold nanoparticles (AuNPs), gold core
silver shell nanoparticles (AuAgNPs), and silver nanoparticles (AgNPs), which are
shown in Figure 23, were synthesized. These nanoparticles were used as SERS
substrate and their Raman enhancement properties were investigated by utilising
brilliant cresyl blue (BCB) and crystal violet (CV) dye molecules as model
compounds.
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Figure 23. Representations of nanostructures prepared.
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3.1.1. Preparation of Hollow Gold Nanoparticles with a Tunable Interior
Cavity

3.1.1.1. Preparation of Cobalt Nanotemplates

The size of the hollow interior of the prepared gold nanostructures is
directly related to the diameter of cobalt nanoparticles since the reduced gold atoms
are mainly confined to the vicinity of the sacrificial template of outer surface. For
that reason the production of cobalt nanoparticles is the first critical stage in the
preparation procedure.

Cobalt chloride solution was added to citrate solution and then to this
solution freshly prepared sodium borohydride solution was added to synthesize
cobalt nanoparticles. The formation of cobalt nanoparticles can be easly observed
from the color of the solution. The color change of solution from pink to gray
demonstrates the reduction of Co (II) ions into cobalt nanoparticles. After the
formation of cobalt nanoparticles, solution was kept for several minutes to remove
excess NaBH4 completely from the system.

Characterization of prepared cobalt nanoparticles was done by FE-SEM and
EDX. The results are shown in Figure 24 and Figure 25. The average size of the
prepared cobalt nanoparticles were measured as 44±4 nm.
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Figure 24. FE-SEM image of cobalt nanoparticles. The average diameter of the
cobalt nanoparticles was measured as 44 ± 4 nm by sampling 100 nanoparticles
(0.4 M 100 µL CoCl2, 0.1 M 400 µL sodium citrate and 1 M 100 µL NaBH4 were
used in the production of cobalt nanoparticles).

Figure 25. EDX pattern of cobalt nanoparticles.
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3.1.1.2. Effect of the Amount of Capping Agent (Sodium Citrate) and
Reducing Agent (Sodium Borohydride) on the Particle Size of Cobalt
Nanoparticles

In this part of the study, the aim was to control the particle size of cobalt
nanostructures by applying aqueous solution chemistry. First the volume of sodium
citrate added was altered (400, 600, and 900 µL) while keeping the amount of
reducing agent constant to observe the effect of the amount of capping agent on
the particle size of CoNPs. The particles were characterized structurally with a FESEM. The results are given in Table 3. FE-SEM images of the prepared particles
are shown in Figure 24, Figure 26 and Figure 27.

Table 3. Particle size of cobalt nanoparticles as a function of citrate amount
Particle diameter

Volume of 0.1 M

Volume of 1 M

(nm)

citrate (µL)

NaBH4 (µL)

Figure No.

44±4

400

100

25

36±6

600

100

27

25±3

900

100

28
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Figure 26. FE-SEM image of cobalt nanoparticles. The average diameter of the
cobalt nanoparticles (Table 3) was measured as 36 ± 6 nm by sampling 100
nanoparticles(0.4 M 100 µL CoCl2, 0.1 M 600 µL sodium citrate and 1 M 100 µL
NaBH4 were used in the production of cobalt nanoparticles).
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Figure 27. FE-SEM image of cobalt nanoparticles. The average diameter of the
cobalt nanoparticles (Table 3) was measured as 25±3 nm by sampling 100
nanoparticles (0.4 M 100 µL CoCl2, 0.1 M 900 µL sodium citrate and 1 M 100 µL
NaBH4 were used in the production of cobalt nanoparticles).

As can be seen from Table 3, when small amount of capping agent was
used, an increase in the size of the cobalt nanoparticles was observed due to the
aggregation of the particles. Increasing the amount of sodium citrate, on the other
hand, provided smaller size cobalt nanoparticles due to the formation of more
stabilized nuclei which lead to the decrease of aggregation.
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The effect of the amount of reducing agent (NaBH4) on CoNP size was also
examined by using two different amounts of NaBH4. The experimental results are
given in Table 4. The FE-SEM results of the prepared particles are shown in Figure
24 and Figure 28.

Table 4. Particle size of cobalt nanoparticles as a function of sodium borohydride
amount

Particle diameter

Volume of 0.1M

Volume of 1 M

(nm)

citrate (µL)

NaBH4 (µL)

Figure No.

32±4

400

400

29

44±4

400

100

25
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Figure 28. FE-SEM image of cobalt nanoparticles. The average diameter of the Co
nanoparticles (Table 4) was measured as 32 ± 4 nm by sampling 100 nanoparticles
(0.4 M 100 µL CoCl2, 0.1 M 400 µL sodium citrate and 1 M 400 µL NaBH4 were
used in the production of cobalt nanoparticles).

By decreasing the amount of sodium borohydride used (from 400 µL to 100
µL), the rate of the reaction was reduced and reaction time was increased
significantly. Since the number of seeds, and consequently the size of the resulting
particles depends on the rate of reduction [199], formation of larger particles
(approximately 35 %) were observed when the reaction rate was slowed down by
lowering the amount of reducing agent.
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As a summary, in the preparation of cobalt nanoparticles, an inverse
relationship was observed between the size of nanoparticles produced and the
amounts of the capping (sodium citrate) and the reducing (sodium borohydride)
agents used. Thus it was found that, cobalt nanoparticle size can be tuned to a
larger or smaller dimension by lowering or raising the concentrations of sodium
citrate and sodium borohydride, respectively.

3.1.1.3. Formation of Hollow Gold Nanoparticles (HAuNPs)

Hollow gold nanoparticles were effectively produced by adding cobalt
colloidal solution onto aqueous HAuCl4 solutions. The whole preparation process
is illustrated in Figure 29.

Figure 29. Preparation of hollow gold nanoparticles with a tunable interior cavity.

Gold nanoshell was produced with galvanic replacement reaction and
remaining cobalt was removed from the core part by air oxidation. The standard
reduction potentials of the Co2+- Co and AuCl4-- Au are -0.377 and 0.994 V,
respectively. When the AuCl4- solutions were added onto Co nanoparticles, AuCl4reduced to Au atoms according to the following replacement reaction

3Co(s) + 2 AuCl4-(aq)

2Au(s) + 3Co2+(aq) + 8Cl-(aq)

Structural characterizations of the HAuNP were performed utilizing FESEM and EDX. Typical FE-SEM images of HAuNPs produced with 44±4 nm
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CoNPs are shown in Figure 30 and Figure 31. The EDX pattern shown in Figure 32
gives the elemental composition of prepared hollow gold nanoparticles.

Figure 30. FE-SEM images of hollow gold nanoparticles produced with 44±4 nm
CoNP templates and with 50 µL of 0.1 M chloroauric acid (HAuCl4.3H2O).
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Figure 31. FE-SEM images of hollow gold nanoparticles produced with 44±4 nm
CoNP templates and with 50 µL of 0.1 M chloroauric acid (HAuCl4.3H2O). The
average diameter of the hollow nanoparticles was measured as 52±9 nm by
sampling 100 hollow gold nanoparticles.

Figure 32. EDX pattern of hollow gold nanoparticles.
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The thickness of the gold shell was increased as the replacement between
cobalt nanoparticles and HAuCl4 continued. The resulting large-scale nanoparticles
were uniform and the average diameter of the hollow nanoparticles was measured
as 52±9 nm by sampling 100 hollow gold nanoparticles. Size separation process
was not applied on these HNPs, because of the high monodispersity obtained with
the preparation method used. The hollow interior of the prepared nanoparticles can
be easily seen from the FE-SEM images, Figure 33 and Figure 34.

Figure 33. FE-SEM image of the hollow interior of gold nanoparticles.
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Figure 34. FE-SEM image of the hollow interior of gold nanoparticles.

As can be seen from the results, it was possible to prepare homogeneous
hollow gold nanoparticles with tunable hollow and shell diameters by using cobalt
nanoparticles as sacrificial templates. Because the gold salt was easily reduced with
sodium borohydride and solid gold nanoparticles were formed besides hollow ones,
significant amount of time was required to provide the complete hydrolization of
sodium borohydride before the addition of AuCl4- solution.

3.1.1.4. Optical Characterization of Prepared Hollow Gold Nanoparticles

The surface plasmon resonance (SPR) features of gold nanostructures are
distinguishable in the UV-visible region. In order to show the shift in absorption
maxima of the prepared hollow hold nanoparticles, the UV-visible absorption
spectra of aqueous solution of solid and hollow gold nanoparticles were taken.
Results are given in Figure 35.
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Figure 35. UV–Vis spectra of (A) solid and (B) hollow gold nanoparticles. The
sizes of the solid and hollow gold nanoparticles were 20±2 and 52±9 nm
respectively.

As can be seen from Figure 35, the SPR peak positions show an apparent
red shift from solid gold nanoparticle to hollow gold nanoparticle due to the change
in structure of gold nanoparticles. The appearances of AuNP and HAuNP solutions
are given in Figure 36.
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Figure 36. Appearance of (A) solid and (B) hollow gold nanoparticles. The sizes
of the soild and hollow gold nanoparticles were 20±2 and 52±9 nm respectively.

The change in color of the nanoparticle solution from red to light blue was
another evidence of the change in structure. In order to investigate the effect of size
of hollow interior and shell part on optical properties of nanostructures, hollow
nanoparticles with different size of shell and core part were prepared by varying
the cobalt nanotemplate sizes (25, 36 and 44 nm) at a fixed HAuCl4 concentration
(Figure 37). The appearance of hollow gold nanoparticle solutions with different
overall and hollow interior sizes are given in Figure 38 to illustrate the change in
color.

Figure 37. Hollow nanoparticles prepared with different size of cobalt
nanotemplates.
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Figure 38. Appearance of hollow gold nanoparticles with different shell thickness
and size, prepared using various sizes ((A) 25±3 nm, (B) 36±6 nm and (C) 44±4
nm) of cobalt nanotemplates.

UV-visible absorption spectra of their aqueous solutions were taken. The
results are given in Figure 39.
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Figure 39. UV–Vis spectra of hollow gold nanoparticles prepared using various
sizes ((A) 25±3 nm, (B) 36±6 nm and (C) 44±4 nm) of cobalt nanotemplates.
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As can be seen in Figure 39, spectrum of the hollow gold nanoparticles was
red shifted by increasing interior-cavity size and overall size of the particles. The
effect of wall thicknesses on SPR frequency was also monitored by keeping the
template size constant (36±6 nm cobalt nanoparticles, from the same batch) and
varying the amount of the gold solution added (50-400 µl of 0.1 M HAuCl4). The
preparation process is illustrated in Figure 40. UV-visible absorption spectra of
aqueous solutions of hollow gold nanoparticles were taken. The results are shown
in Figure 41.

Figure 40. Hollow nanoparticles prepared with different amount of 0.1 M HAuCl4.
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Figure 41. UV–Vis spectra of hollow gold nanoparticles with different shell
thickness (0.1 M HAuCl4).

As can be seen from Figure 41, the SPR absorption maximum of the
particles was blue-shifted as the wall thickness was increased. The shortest
wavelength of SPR absorption maximum (577 nm) was acquired from the batch of
nanoparticles which were prepared using the highest amount of gold salt.

As a result, changes in both shell thickness and the interior-cavity size of
gold hollow nanoparticles were resulted in the shift of SPR peaks in both (blue and
red) directions. The maximum points of SPR bands of hollow nanoparticles (Figure
37 and Figure 40) thus prepared were covering the visible region from 577 to 630
nm (Figure 39 and Figure 41).
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3.1.2. Preparation of Hollow Gold-Silver Double-Shell Nanoparticles
(HAuAgNPs)

Plasmon resonance frequency of a nanoshell can also be tuned by changing
the precious metal used. To illustrate this effect, HAuAgNPs were prepared by
depositing silver on preformed HAuNPs. HAuNPs were acted as a seed to induce
the Ag growth by chemical reduction of Ag+ in the presence of preformed colloid.
The preparation process of HAuAgNPs is illustrated in Figure 42.

AgNO3
Ascorbic acid
Figure 42. Preparation of hollow gold-silver double-shell nanoparticles with a
tunable shell thickness.

52±9 nm HAuNPs were used for the preparation of HAuAgNPs. FE-SEM
and EDX were used to determine the structure of hollow gold nanostructures after
silver coating. FE-SEM images of the prepared particles are shown in Figure 43
and Figure 44.
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Figure 43. FE-SEM image of hollow gold-silver double-shell nanoparticles
produced with 52±9 nm HAuNPs and 1 mM AgNO3. The average diameter of the
nanoparticles was measured as 87±10 nm.
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Figure 44. FE-SEM image of hollow gold-silver double-shell nanoparticles
produced with 52±9 nm HAuNPs and 1 mM AgNO3. The average diameter of the
nanoparticles was measured as 87±10 nm.

The resulting large-scale nanoparticles were uniform and the average
diameter of the nanoparticles was measured as 87±10 nm by sampling 100
nanoparticles. The uniform structure of HAuAgNPs was largely due to the very
uniform size and shape of the initial HAuNPs. Small deviation from the uniformity
of HAuNPs was due to grown of new shell layer during the production of
HAuAgNPs. The thickness of Ag shell was calculated around 15 nm. The presence
of silver shell on gold nanostructure core in EDX measurement (Figure 45)
demonstrated the success of seed-mediated growth as a method to coat nanoparticle
surfaces.
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Figure 45. EDX pattern of hollow gold-silver double-shell nanoparticles.

When excessive silver was present during the silver coating process, a
single smooth silver shell around each individual gold core became difficult to
synthesize. Instead, more than one gold core were encapsulated in the same silver
matrix and individual silver nanoparticles of various sizes were formed. Although
ascorbic acid is a weak reducing agent, when enough silver ions were present, the
silver reduction rate was increased, resulting in nanoparticle formation. Silver
coating obtained was more uniform when a lower amounts of silver nitrate and
ascorbic acid, and a smaller of dropwise volume addition of silver into the gold
solution was applied.

3.1.2.1. Surface Plasmons in Hollow Gold-Silver Double-Shell Nanoparticles

UV-vis spectra of the HAuNPs with and without the silver shell are shown
in Figure 46. Also appearance of the prepared nanoparticles with and without silver
shell is given in Figure 47.
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Figure 46. UV–Vis spectra of (A) hollow gold (52±9 nm) and (B) hollow goldsilver double-shell (87±10 nm) nanoparticle solutions.

Figure 47. Appearance of (A) hollow gold (52±9 nm) and (B) hollow gold-silver
double-shell (87±10 nm) nanoparticle solutions.

The SPR of HAuNP was at 630 nm in aqueous solutions, which was red
shifted from the one corresponding to a solid gold nanosphere in water (520 nm).
As the thickness of Ag shell increased, the SPR of the hollow gold-silver doubleshell nanoparticle was tuned from 630 nm (HAuNP plasmon band) to 420 nm
(AgNP plasmon band).
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3.1.3. Preparation of Solid Gold Nanoparticles

Gold nanoparticles are used in a wide range of applications because of their
electronic and optical properties, and particularly due to their powerful SPR
(surface plasmon resonance) present around 520 nm in aqueous medium. Gold seed
particles were prepared by citrate-reduction procedure as described in section 2.4.
Typical FE-SEM micrograph and EDX pattern of gold nanoparticles prepared in
this study are shown in Figure 48 and Figure 49, respectively.

Figure 48. FE-SEM image of 20±2 nm gold nanoparticles.
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Figure 49. EDX pattern of 20±2 nm gold nanoparticles.

The resulting large-scale nanoparticles were uniform and the average
diameter of the solid gold nanoparticles was observed to be 20±2 nm by sampling
100 nanoparticles. They were largely spherical in shape. The key morphological
features of them are the size controllability and the size monodispersity. The size of
the nanoparticles can be obtained over a 10-100 nm range by changing the
reducing agent/gold ratio, and the monodispersity for each sample of the
nanoparticles is very high.

3.1.3.1. Effect of Particle Size on Optical Properties of AuNPs

UV-vis spectra of two different sizes gold nanoparticles (20±2 nm and 30±2
nm) are shown in Figure 50.
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Figure 50. UV–Vis spectra of gold nanoparticles with different size ((A) 20±2 nm
and (B) 30±2 nm).

Size of the gold nanoparticles was controlled by varying the reducing agent
(sodium citrate)/gold ratio. The wavelengths of the SP bands were clearly
dependent on the particle size, as was evidenced by the increase of the wavelength
(ìmax) at a maximum absorbance of the SP band from 520 to 525 nm for
nanoparticles of different sizes.

Representative colors of gold nanoparticles with different sizes are shown
in Figure 51. The color exhibited a smooth transition from dark red to pink in going
from the size of 20±2 nm to 30±2 nm.
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Figure 51. Appearance of solid gold nanoparticles with different size (A) (20±2
nm and (B) 30±2 nm). Tunable colors generated by controlling the diameter of
solid gold nanoparticles.

3.1.4. Preparation of Gold Core-Silver Shell Nanoparticles

Gold core–silver shell nanoparticles (AuAgNPs) were prepared by using
seed mediated technique in which nanoparticles at shell region were produced with
reducing agent in the presence of gold core part. According to the flow chart given
in Figure 52, gold nanoparticles acted as a seed to induce the silver shell growth by
chemical reduction of Ag+ in the presence of preformed colloidal gold.

HAuCl4

AgNO3

Sodium citrate

Ascorbic acid

Figure 52. Preparation of gold-silver core-shell nanoparticles with a tunable shell
thickness.
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3.1.4.1. Characterization of the Gold Core-Silver Shell Nanoparticles

To examine whether a core-shell structure was obtained in the preparation
described in the previous section, FE-SEM images of the as-prepared materials
were taken which is shown in Figure 53.

Figure 53. FE-SEM images of gold-core silver-shell nanoparticles produced with
20±2 nm AuNPs and 1 mM AgNO3. The average size of the prepared nanoparticles
was measured as 51±8 nm.

The average size of the prepared nanoparticles was measured to be 51±8
nm. The observations suggested that Ag+ ions first being adsorbed on gold
nanoparticle surfaces and then being reduced to metallic silver which lead to the
formation of gold core silver shell nanoparticles by seed mediated method.
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The composition of the particles, determined by energy dispersive X-ray
(EDX) analysis shown in Figure 54, confirmed gold core and silver shell structure
for the particles. EDX measurement indicated the presence of the metals employed
in the preparation procedure.

Figure 54. EDX pattern of gold-core silver-shell nanoparticles.

In order to support the formation of AuAgNPs, UV–visible spectra of
AuNPs and AuAgNPs were taken. The results are shown in Figure 55.
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Figure 55. UV–Vis spectra of (A) gold and (B) gold-core silver-shell
nanoparticles.

Plasmon band of gold seed particle appeared at 520 nm while the plasmon
band of core–shell structure appeared at 415 nm. As a result, deposition of a second
metal layer totally altered the resonance condition and changed the color of the
nanoparticle solution (Figure 56). The starting gold nanoparticle solution was red
however, after deposition of a silver shell, the color of the solution became yellow.

Figure 56. Appearance of (A) solid gold (red in color) and (B) gold-core silvershell nanoparticles (yellow in color).
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The effect of the amount of silver on SPR properties of AuAgNPs was
investigated. Three different samples were prepared which the amounts of silver
introduced in a simple stepwise manner to show the effect of silver amount on
optical property. UV-visible spectra of three different AuAgNPs samples are given
in Figure 57.

Figure 57. UV–Vis spectra of gold-core silver-shell nanoparticles prepared with
different shell thickness (10-3M AgNO3).

Silver plasmon band appeared when the shell started to form (navy blue
line). Finally, the peak shifted to 400 nm, which attributed to the complete
encapsulation of gold nanoparticles by silver, i.e., to the formation of AuAgNPs.
During the growth of the silver shell around the AuNPs resonance was blue shifted
nearly 116 nm from its original position (516 nm).
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3.1.5. Production of Silver Nanoparticles with Citrate Reduction Method

The most common synthesis of silver nanoparticles is the chemical
reduction of a silver salt solution by a reducing agent such as NaBH4, citrate, and
ascorbate. In this study, silver nanoparticles were prepared by using a chemical
reduction method where silver nitrate was reduced using sodium citrate as reducing
agent. The prepared silver nanoparticles were characterized with FE-SEM (Figure
58), EDX (Figure 59) and UV-Vis spectrometer (Figure 60). The average diameter
of the silver nanoparticles was measured to be 70±19 nm by sampling 100
nanoparticles. The resulting large-scale nanoparticles were not uniform.

Figure 58. FE-SEM images of silver nanoparticles. The average diameter of the
silver nanoparticles was measured to be 70±19 nm by sampling 100 nanoparticles.
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Figure 59. EDX pattern of silver nanoparticles.
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Figure 60. UV-Vis spectrum of silver nanoparticles.
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3.1.6. SERS Studies

3.1.6.1. SERS Probe Molecules Used in Comparison Studies

SERS spectra were obtained for all gold containing substrates prepared
using the probe molecule brillant cresyl blue (BCB) and crystal violet (CV) (Figure
61) in order to examine and compare the sensitivity and consistency before and
after the formation of silver shell on gold nanostructures (HAuNPs and AuNPs).
These spectra were also compared with SERS produced by citrate reduced silver
nanoparticles.

Crystal Violet

Brilliant Cresyl Blue

Figure 61. Chemical structures of dye molecules used in SERS measurements.

In the Raman spectrum of solid brilliant cresyl blue, the intense band
around 580 cm−1 is assigned to the benzene ring deformation mode which is shown
in Figure 62. 5x10-8 M BCB was used in all measurements.
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Figure 62. Raman spectrum of solid BCB. 632.8 nm radiation from a
Helium–Neon laser was used with an excitation power of 10 mW and spectra was
acquired with 10 s integration time.

In the Raman spectrum of solid crystal violet, the band at 1180 cm−1 is
attributed to C–H in-plane bending vibrations as seen in Figure 63. 5x10-7 M CV
was used in all measurements.
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Figure 63. Raman spectrum of solid CV. 632.8 nm radiation from a
Helium–Neon laser was used with an excitation power of 10 mW and spectra was
acquired with 10 s integration time.

3.1.6.2. SERS Studies with Prepared Nanostructures

The surface-enhanced Raman spectra of BCB and CV absorbed on the solid
and hollow gold nanoparticle substrates are given in Figure 64 and Figure 65
respectively.
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Figure 64. Comparison of SERS spectra of 5x10-8 M BCB obtained with solid
gold (AuNP) and hollow gold (HAuNP) nanoparticles. 632.8 nm radiation from a
Helium–Neon laser was used with an excitation power of 10 mW and spectra was
acquired with 10 s integration time.

Figure 65. Comparison of SERS spectra of 5x10-7 M CV obtained with solid gold
(AuNP) and hollow gold (HAuNP) nanoparticles. 632.8 nm radiation from a
Helium–Neon laser was used with an excitation power of 10 mW and spectra was
acquired with 10 s integration time.
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SERS enhancements of both substrates were nearly the same for the
measurement of BCB (Figure 64) while, SERS enhancement of CV adsorbed gold
nanoparticle was higher than that of CV adsorbed hollow gold nanoparticle (Figure
65).

As it is known, the silver monometallic nanoclusters are good SERS-active
substrates, whereas gold monometallic nanoclusters are poorer in SERS activity at
visible region. Although HAuNPs have lower enhancement factors in comparison
to those of Ag colloids, HAuNPs and AuNPs have the advantage of easier
preparation with a high degree of homogeneity. Coating HAuNPs and AuNPs with
Ag layer produced more regular structures than citrate reduced AgNPs. So,
HAuAgNPs and AuAgNPs may be an alternative substrate for SERS applications
at 632.8 nm laser line.

To make this clear the enhancement of Raman signals using gold-core
silver-shell and hollow gold-silver double shell nanoparticles were investigated and
compared with those of AgNPs. Figure 66 and Figure 67 show the comparison of
SERS spectra of 5x10-8 M BCB obtained with HAuNPs, HAuAgNPs and AuNPs,
AuAgNPs substrates.
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Figure 66. Comparison of SERS spectra of 5x10-8 M BCB obtained with hollow
gold (HAuNP) and hollow gold-silver double-shell (HAuAgNP) nanoparticles.
632.8 nm radiation from a Helium–Neon laser was used with an excitation power
of 10 mW and spectra was acquired with 10 s integration time.

Figure 67. Comparison of SERS spectra of 5x10-8 M BCB obtained with gold
(AuNP) and gold-core silver-shell (AuAgNP) nanoparticles. 632.8 nm radiation
from a Helium–Neon laser was used with an excitation power of 10 mW and
spectra was acquired with 10 s integration time.
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As seen in Figure 66 and Figure 67, adding a silver shell leads to the
enhancement of SERS intensity as expected. The similar behaviour has been
observed with the CV solutions also and the results related to SERS measurement
of CV are shown in Figure 68 and Figure 69.

Figure 68. Comparison of SERS spectra of 5x10-7 M CV obtained with hollow
gold (HAuNP) and hollow gold-silver double-shell (HAuAgNP) nanoparticles.
632.8 nm radiation from a Helium–Neon laser was used with an excitation power
of 10 mW and spectra was acquired with 10 s integration time.
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Figure 69. Comparison of SERS spectra of 5x10-7 M CV obtained with gold
(AuNP) and gold-core silver-shell (AuAgNP) nanoparticles. 632.8 nm radiation
from a Helium–Neon laser was used with an excitation power of 10 mW and
spectra was acquired with 10 s integration time.

The observed SERS enhancements of HAuAgNPs over HAuNPs and
AuAgNPs over AuNPs demonstrated the expected increase in SERS activity of
silver shell over gold nanostructures. The spectra of AuAgNPs and HAuAgNPs
bimetallic nanoparticles with proportions of silver also compared with the spectrum
obtained with pure silver nanoparticles which are shown in Figure 70. AuAgNPs
and HAuAgNPs showed similar behaviour with those of monometallic silver
particles.
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Figure 70. Comparison of SERS spectra of 5x10-8 M BCB obtained with solid
gold- core silver-shell (AuAgNP), hollow gold-silver double shell (HAuAgNP) and
silver (AgNP) nanoparticles. 632.8 nm radiation from a Helium–Neon laser was
used with an excitation power of 10 mW and spectra was acquired with 10 s
integration time.

The plasmon resonance of gold nanoshells could be properly tuned to
contain the region from 600 to 1200 nm, whereas it is difficult to shift the plasmon
peak of spherical gold (or silver) nanoparticles by more than 20 nm [200]. So, gold
hollow nanoparticles were chosen as a hot research topic because of their special
surface property.
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In comparison of silver, gold nanoparticle has a lower surface enhancement
factor (EF) in the visible region. For that reason, silver shell over gold
nanoparticles have been carried out in order to obtain a greater SERS enhancement
because preparation of gold core silver shell nanoparticles allows for the
combination of the SERS activities of both metals.

Because all substrates gave nearly same SERS response to BCB and CV
molecules, one can state that all prepared nanostructures (HAuNPs, AuNPs,
HAuAgNPs, AuAgNPs and AgNPs) can be considered to be quite promising
substrates in SERS measurements of molecules as they lead to significantly
enhanced SERS signals.
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3.2. Plasmonic-Based Chemical Sensing Methodologies for the Determination
of Dopamine and Chemical Warfare Agents

The general objective of this section was to develop novel plasmonic
nanostructures that can improve the analytical figures of merit, such as, detection
limit, sensitivity, and selectivity for the determination of dopamine and chemical
warfare agents. So the synthesis of silver nanoparticles modified with ironnitrilotriaceticacid complex groups and Eu3+ ions were investigated to provide a
way for direct measurements.

3.2.1. Surface Modification of Silver Nanoparticles with Iron-Nitrilotriacetic
Acid Complex for the Direct Measurement of Dopamine using SERRS

In this study a new approach for the nanomolar detection of dopamine in
the presence of ascorbic acid utilizing SERRS by using NTA-Iron modified silver
nanoparticle based SERRS probe is presented. In this approach, the advantages of
both the surface modification for specific analytes and the SERRS were integrated
into a single functional unit. While the silver nanoparticle core gives the necessary
enhancing properties, the NTA-Fe receptors adjoining the silver nanoparticle core
can trap dopamine and formed NTA-Fe-dopamine complex provides resonance
enhancement.

The analytical performance of the method with respect to reproducibility,
sensitivity and selectivity is presented and discussed in detail. To the best of our
knowledge, this is the first modified silver SERRS substrate with considerable
selectivity and sensitivity for dopamine detection.
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3.2.1.1. Preparation and Characterization of Fe(NTA) Modified Silver
Nanoparticles

The preparation of SERRS substrate for dopamine detection presented here
was based on surface modification of colloidal silver nanoparticle with Fe(NTA)
complex which is shown in Figure 71.

Figure 71.

Structure of Fe(NTA) functionalized SERRS labels. Left: silver

nanoparticle, middle: bifunctional Fe(NTA) host, right: analyte, dopamine
molecule.

Colloidal silver was prepared by using a method of Lee and Meisel [198] as
given in section 2.6. The plasmon absorption maximum of the prepared silver
colloid was located at 425 nm (Section 3.1.5, Figure 60). The iron(III)
nitrilotriacetato moiety „Fe(NTA)‟ was readily obtainable in aqueous solution. To
prepare Fe(NTA), Fe(NO3)3 was dissolved in water to achieve a molar ratio of 1:1
of Fe(III) to NTA. The prepared complex was then added to an aqueous solution
of silver nanoparticles. After the addition of Fe(NTA) to freshly prepared citratestabilized silver nanoparticles, the nanosurfaces were modified by Fe(NTA)
through the NH2 arm of the NTA. The whole preparation process is illustrated in
Figure 72.
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Figure 72.

Schematic representation for the production of Ag-Fe(NTA)

nanoparticles and possible cross-linking between silver nanoparticle and Fe(NTA)
complex.

Nitrilotriacetic acid (NTA) is one of the most widely used and studied
organic chelating agents. The higher stability of the NTA complexes is the result of
an additional coordination site. Carboxylate donor groups containing a central
nitrogen atom allow tetradentate chelation and consequently, hexacoordinated
metals such as iron can form ternary complexes with NTA. In our study, four
chelating sites of the modified NTA were interacted with iron(III) ions, which
result in a tight binding of iron(III) ions. The quadridentate NTA moiety was
coupled to the surface of silver nanoparticles via spacer butyl amine arm.

The structural characterization of surface modified silver nanoparticles was
done with FE-SEM. The result is shown in Figure 73. The average diameter of the
silver nanoparticles was measured as 31±5 nm by sampling 100 nanoparticles.
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Attachment of iron complex on silver nanoparticles was revealed by EDX
spectrometry, FT-IR spectrometry, and ICP-OES analysis.

Figure 73. FE-SEM image of Fe(NTA) modified Ag NPs (31±5 nm).

The qualitative elemental composition of the prepared Fe(NTA) modified
Ag nanoparticles were analysed with EDX and the results are given in Figure 74.
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Figure 74. EDX pattern of Fe(NTA) modified Ag NPs.

The presence of iron in prepared nanoparticles can be easily observed from EDX
pattern (Figure 74). Identification and quantification of Fe(NTA) binding on Ag
nanoparticles were also done by inductively coupled plasma optical emission
spectrometer (ICP-OES). The initial concentration of Fe(NO3)3 was 1120 mg/L in
the mixture. After complex formation, Fe(NTA) was bounded to AgNPs and then
Fe(NTA) modified Ag nanoparticles were centrifuged and washed several times.
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The remaning parts were combined and analysed with ICP-OES. The ICP-OES
measurements were carried out and the average amount of binded Fe on the surface
of the AgNPs was found to be 520±20 mg/L (10 replicates).

Functionalization of nanoparticles with nitrilotriacetic groups was
confirmed by FT-IR measurements. The FT-IR spectrum of the pure NTA and AgFe(NTA)-assembly are shown in Figure 75.

Figure 75. FTIR spectra of (A) AB-NTA (Nα,Nα-Bis(carboxymethyl)-L-lysine
hydrate) and (B) Fe(NTA) modified Ag NPs.
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FTIR spectrum of Fe(NTA) modified Ag NPs displayed characteristic
vibrational modes associated with the NTA carboxylate groups [201]. The band at
1614 cm−1 and 1385 cm−1 were assigned to the asymmetric and symmetric
stretching vibration bands of the deprotonated carboxylic acid group of NTA
[202,203] .

3.2.1.2. Optical properties of the Prepared Particles

Direct determination of dopamine at resting level with SERS substrate
made of bare silver or gold is not possible. In order to measure the dopamine at that
level, both preconcentration factors must be increased and greater spectral
enhancement should be achieved. For this purpose, generally silver electrodes have
been used to electrostatically preconcentrate the analytes before SERS
measurements [204].

Volkan et al. have first reported the SERS detection of dopamine at
micromolar concentration level utilizing a ferric ion doped polymer coated SERS
substrate [205]. The enhancement was correlated to the attachment of the dopamine
to the surface through Fe(DA) complex formation. This SERS studies have been
carried out using He-Ne laser.

Fe(catechol)33- complexes has a charge transfer absorption band around 500
nm [204]. Considering the huge contribution of Resonance Raman phenomena for
signal enhancement in Raman measurements, the absorption maximum of the
Fe(DA)) complex should be shifted toward to 632.8 nm, which is the emission
wavelegth of He-Ne laser.
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In general tetradentate tripodal ligands are used in order to red shift the
absorption maxima of the iron complex. Among them, NTA was preferred due to
its convenient absorption maxima for resonance enhancement with He-Ne laser.

Optical and resonance properties of prepared particles were tested with UVVis spectrometry. UV-Vis spectrum of Fe(NTA) modified AgNPs with DA is
shown

in Figure 76. Absorption maxima of both AgNPs at 410 nm and

[Fe(NTA)(DA)] complex at 610 nm were observed.
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Figure 76. UV-Vis spectrum of [Ag-Fe(NTA)DA] structure in water.

Replacement of two bidentate catechol ligands in Fe(catechol)33- by three
carboxylate ligands and an amine (Fe(NTA)(catechol)) increases the Lewis acidity
of Fe3+ which red shifts the spectrum.
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As can be seen from the Figure 76, maximum absorption of the
[Fe(NTA)(DA)] was red shifted to 610 nm and overlaped with the emission signal
of the He-Ne laser. Hence resonance Raman measurement of [Fe(NTA)(DA)]
became possible with He-Ne laser.

3.2.1.3. SERRS Substrate Preparation and Dopamine Measurement

Taking advantage of the molecular trapping and resonance properties of the
SERRS substrate, a simple experiment was designed which is presented in Figure
77.

Figure 77. Schematic illustration of the production, and the application of AgFe(NTA) substrate as molecular traps for surface-enhanced resonance Raman
scattering (SERRS) of dopamine molecules.
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The iron was attached to the surface of silver nanoparticles with NTA. The
resulting stable ternary Fe(NTA) complexes on silver nanoparticles were used as
a surface trap for DA molecules which increases the intensity of SERRS signal due
to both resonance and distance effect. According to the experimental procedure
given in Figure 77, SERRS spectrum of 1x10-5 M DA solution was taken (Figure
78).

Figure 78. SERRS spectrum of 1x10-5 M DA solution. 632.8 nm radiation from a
Helium–Neon laser was used with an excitation power of 10 mW and spectra was
acquired with 10 s integration time.
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The intense 1482-cm-l dopamine band (Figure 78) is easily assigned as
v19b resulting mainly the stretching of the OC–CO bond [206]. This mode occurs
at 1479 cm-l in the SERS of catechol (dopamine) itself and in the 1480-1490 cm-1
region in the resonance Raman spectrum of most metal catecholates [205,207]. It is
usually the most intense band in a catecholamine surface-enhanced Raman
spectrum. The catechol carbon-oxygen stretch, about 1276 cm-1 is also intense.
The remaining bands are attributable to various ring stretching vibrations
[208,209]. For quantitative dopamine measurements the 1482 cm-1 band were used
through the study.

3.2.1.4. Importance of the Prepared Particles

In order to show the importance of the presence of a NTA-Fe complex on
dopamine determination, the strength of bands observed in the corresponding
spectra, three different experiments were done. First, SERS signal of DA was
measured with silver colloid. Then, SERS signal of Fe(DA) complex was measured
with silver colloid. Finally, SERRS signal of DA on Ag-Fe(NTA) substrate was
taken. The results are shown in Figure 79.
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Figure 79. Influence of the surface coverage on the SERRS signal strength: A)
SERS signal of 0.5 M DA obtained with silver colloid B) SERS signal of 10-4 M
DA complexed with Fe3+ ion obtained with silver colloid C) SERRS signal
obtained with Fe(NTA) modified silver nanoparticle, direct measurement of 10-5 M
DA. 632.8 nm radiation from a Helium–Neon laser was used with an excitation
power of 10 mW and spectra was acquired with 10 s integration time.

It is obvious that the sensitivity of the measurements performed using Ag
nanoparticles is strongly effected by the presence of a Fe(NTA) complex. Intense
SERRS signals were obtained for 10-5 M of dopamine molecules by using
Fe(NTA) modified silver nanoparticles whereas no signal was obtained for high
molarity dopamine solution (0.5 M) on silver colloid substrate. Added to this,
approximately fifty-fold larger signal was obtained with Fe(NTA) modified silver
nanoparticles for Fe(DA) complex when compared to those obtained from standard
silver nanoparticles.
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3.2.1.5. Effect of pH of Complex on the SERRS Signal

Different ferric catecholate complexes are possible in solution and their
production and stability are pH dependent. Generally, three different iron(III)
catechol

complexes

are

formed

bis(catecholate)iron(III) complex

as

a

function

of

pH.

Especially,

[Fe(cat)2] are formed when the aqueous

solutions of the catechol (cat) adjusted to pH 6– 7. The tris(catecholate)iron(III)
complex

[Fe(cat)3]3−

is

formed

at

pH

≥

9.

The

last

species,

a

mono(catecholate)iron(III) complex [Fe(cat)], can be produced at pH < 5 [210].

In order to show the effect of pH, Fe(NTA) complex were prepared with pH
7 and 9 respectively and used for the determination of DA with SERRS. SERRS
spectrum of the complex of Fe(NTA) with dopamine under neutral (black line) and
basic (red line) pH conditions are shown in Figure 80.
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Figure 80. SERRS spectra of 1.0x10-5 M DA obtained with Ag-Fe(NTA)
substrates at a final pH of (A) 7.0 and (B) 9.0. 632.8 nm radiation from a Helium–
Neon laser was used with an excitation power of 10 mW and spectra was acquired
with 10 s integration time.

As can be seen from Figure 80, the SERRS intensity was increased
approximately ten-fold at neutral pH. Thus, neutral pH was choosen as optimum
condition.
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3.2.1.6. Choice of the Form of SERRS Substrate

The SERRS spectra of 1.0x10-5 M DA was measured utilizing Ag-Fe(NTA)
nanoparticles as substrate either in wet or dry conditions. Wet means, SERRS
spectrum was recorded as soon as the droplet of Ag-Fe(NTA) and DA mixture was
placed on the surface of glass plate (Figure 77). If the droplet of Ag-Fe(NTA)
and DA mixture was dried before taking the SERS spectrum it was called as dry
condition. The SERRS spectra of DA in wet and dry conditions are shown in
Figure 81.

Figure 81. Comparision of SERRS signal of 1.0x10-5 M DA obtained with (A) wet
and (B) dry conditions. 632.8 nm radiation from a Helium–Neon laser was used
with an excitation power of 10 mW and spectra was acquired with 10 s integration
time.
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As can be deduced from Figure 81, the SERRS signal acquired from wet droplet
was twice more intense than that of dried one.

3.2.1.7. Optimization of the Complexation Period

Time dependent SERRS data produced immediately after mixing dopamine
solution with the Ag-Fe(NTA) substrate and 15 minutes complexation time
indicate that this modified nanobased SERRS assay is very rapid, takes less than 1
min from DA binding to detection (Figure 82).

Figure 82. Effect of the complexation time between Fe(NTA) modified silver
nanoparticle and 10-5 M DA on the SERRS signal strength. SERRS signal of 10-5
M DA obtained with Fe(NTA) modified silver nanoparticle after A) as prepared B)
15 minutes. 632.8 nm radiation from a Helium–Neon laser was used with an
excitation power of 10 mW and spectra was acquired with 10 s integration time.
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3.2.1.8. Reproducibility of the Prepared Substrate

The reproducibility of the substrates is a critical issue in the acceptance of
SERS as a mainstream spectroscopic technique [211]. Hence, the reproducibility of
this novel SERRS substrate for the determination of dopamine molecules was
investigated by collecting spectra of 10-5 M DA by using Ag-Fe(NTA)
nanoparticles prepared both in the same batch or in different runs. The sample
signals are given in Figure 83 a and b.

Figure 83. a) SERRS spectra of 10-5 M DA by using Ag-Fe(NTA) nanoparticles
prepared in the same batch. 632.8 nm radiation from a Helium–Neon laser was
used with an excitation power of 10 mW and spectra was acquired with 10 s
integration time.
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Figure 83. b) SERRS spectra of 10-5 M DA by using Ag-Fe(NTA) nanoparticles
prepared in different runs. 632.8 nm radiation from a Helium–Neon laser was used
with an excitation power of 10 mW and spectra was acquired with 10 s integration
time.

The homogeneity of the SERS enhancement properties of the prepared
substrates can be seen (Figure 83) from the consistent intensity for the main
stretching band of dopamine at 1482 cm-1. Sequential measurements were made for
periods of 1-2 min. The percent variation of the peak height of dopamine band at
1482 cm-1 (for 20 measurements by using Ag-Fe(NTA) nanoparticles taken either
from the same batch or from different batches of the substrates) was below 5.0 %.
This outcome has shown the reproducibility of the SERS method utilizing AgFe(NTA) nanoparticles for dopamine detection. Moreover, the substrate
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preparation was a simple and single-step process which could be performed very
quickly. The latter advantage could be an important factor in the routine analysis.

3.2.1.9. The Shelf-life (Stability) of the Prepared Substrate

The stability of the prepared Ag-Fe(NTA) nanoparticles as a substrate was
investigated in a period of 15 days. The SERRS signal of 10 -5 M DA was taken at
various time intervals (1, 5, 7 and 15 days) with the substrates all taken from the
same batch of Ag-Fe(NTA) nanoparticles. The results are given in Figure 84.

Figure 84. SERRS signal of 10-5 M DA acquired with Ag-Fe(NTA) nanoparticles
as substrate A) the day B) after 5 days C) after 7 days D) after 15 days of their
preparation. 632.8 nm radiation from a Helium–Neon laser was used with an
excitation power of 10 mW and spectra was acquired with 10 s integration time.
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As can be seen from Figure 84, the substrate did not lose SERRS activity
over a period of one week. At the end of the second week, however, surface
modified silver nanoparticles in aqueous solution have lost almost half of their
initial intensity (Figure 84). The decrease in the signal observed in the usage of
silver colloids as SERS or SERRS substrates was probably due to the oxidation of
the silver nanoparticles during this period.

3.2.1.10. Selectivity and Interference Studies

As it was mentioned in the introduction part (Sec 1.11), the particularly
severe potential interferent is ascorbic acid (AA) because in some body fluids the
concentration of AA is several orders of magnitude higher than DA concentration.
Therefore, the selectivity of the Ag-Fe(NTA) nanoparticles–dopamine SERRS
assay was investigated by getting the spectrum of dopamine solution (10 -5 M and
10-6 M) in the presence of AA concentrations which were one to three order of
magnitude higher than those of DA concentrations used. Their spectra are shown
in Figure 85.
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Figure 85. SERRS spectrum of the (A) 1x10-5 M DA (B) 1x10-5 M DA in 1x10-4
M ascorbic acid (AA), (C) 1x10-5 M DA in 1x10-3 M AA (D) 1x10-6 M DA (E)
1x10-6 M DA in 1x10-3 M AA . 632.8 nm radiation from a Helium–Neon laser was
used with an excitation power of 10 mW and spectra was acquired with 10 s
integration time.

Results clearly demonstrated that there was no Raman signal from AA. As
can be seen from Figure 85, the spectra of dopamine in presence of 10-3 and 10-4 M
AA are very similar to the ones obtained in the absence of AA, which showed
excellent selectivity of the substrate over AA.
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Adequate selectivity of silver colloid was obtained by overcoating with NTA-Fe
complex, which blocked the access of AA.

3.2.1.11. Sensitivity of the Surface Modified (Ag-Fe(NTA)) Nanoparticles as
SERRS Substrate

One of the primary problems in dopamine determination is that the
concentration of dopamine in the extracelluar fluid of the caudate nucleus
(physiological resting level) is extremely low (10-9 M) [171]. Thus, a sensitive
method is required for in vivo and vitro determination of dopamine.

Detection limits of spectrofluorimetric methods are in the range of 30 nM to
60 nM [212,213], whereas electrochemical techniques are of 1 nM to 20 nM
[164,171]. In SERS applications, a minimum concentration of 30 µM [208] was
achieved by applying preconcentration. The drawbacks of these techniques were
mentioned in section 1.11.

In order to measure the detection capability of Ag-Fe(NTA) nanoparticle as
SERRS substrate, 10-9 M DA solution was prepared and measured. The result is
given in Figure 86.
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Figure 86. SERRS spectrum of 10-9 M DA solution. 632.8 nm radiation from a
Helium–Neon laser was used with an excitation power of 10 mW and spectra was
acquired with 10 s integration time.

As can be seen from Figure 86, the SERRS spectrum of DA is still
completely identifiable at concentration levels down to 10-9 M. In other words, the
detection capability of our SERS probe for DA was as low as nM level at 10 mW
laser power and 10 second integration times, which were considered realistic in a
biomedical application [171]. Of course, lower concentration of DA could be
achieved by further optimization of the parameters such as increasing laser power
and data acquisition time.
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Utilizing Ag-Fe(NTA) nanoparticles as SERRS substrate, the detection of
dopamine at nano molar levels in the presence of large excess of AA i.e at nearly
physiological condition was achieved without any need for separation or
elimination of the interfering species. Therefore, the proposed SERRS method has
also a great potential for the constraction of a dopamine sensor for in vivo
applications such as the molecular diagnosis of Parkinson‟s disease or in the
evaluation of the efficacy of the therapeutics designed for its cure.
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3.2.2. Preparation of Silver Nanoparticles Modified with Europium (III) Ion
for Sensitive and Selective Determination of Chemical Warfare Agents

There has been a progressive need for sensitive and selective techniques for
fast detection and recognition of toxic wastes, explosives and chemical and CBW
agents. For that reason, great effort has been expended to develop rapid, selective
and

sensitive

detectors

for

chemical

warfare

agents

and

other

organophosphate/phosphonate compounds in order to verify fulfilment with the
necessities of the contract [214]. Many nerve agents such as sarin, soman and
pesticides are infact organophosphates or organophosphonates.

In this part of the study, the first example of a new class of a europium
sensitized SERS method for the determination of nerve agents simulant (methyl
phosphonic acid (MPA)) is being presented. This is a novel, simple and fast
aqueous method based on the synthesis of silver nanoparticles modified with Eu3+
ion for the preparation of nanoparticle based surface enhanced Raman scattering
(SERS) substrate, for highly sensitive and selective screening of organophosphates
from aqueous solution.

3.2.2.1. Preparation of Europium (Eu3+) Ion Modified Silver Nanoparticles

The preparation of nanocrystalline Ag doped with lanthanide ions (or AgEu3+nanocomposites) was undertaken in a one-step redox step. As the reduction
potential of the Ag+-Ag redox couple (0.80 V vs SHE) is higher than that of the
Eu3+-Eu2+ (-0.35 V vs SHE), Ag+ will be reduced to Ag atoms when Eu2+ was
added into the solution.
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First, the aqueous solution of silver nitrate and europium dichloride were
prepared. Then, they were mixed with the same portion and new particles were
obtained simultaneously. The size and the structure of the Ag- Eu3+ nanoparticles
depend on the concentrations of the silver nitrate and europium dichloride
solutions. The experimental conditions for the composite particle synthesis have
been optimized to allow the uniform Ag-Eu3+ formation to be performed in a single
step.

3.2.2.2. Characterization of Ag-Eu3+ Nanoparticles

The morphology of the prepared nanoparticles was examined by using FESEM. The results are given in Figure 87 and Figure 88.

Figure 87. FE-SEM images of Ag-Eu3+ nanoparticles (39±5 nm).
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Figure 88. FE-SEM images of Ag-Eu3+ nanoparticles.

Eu3+ functionalized Ag nanoparticles had a sphere-like morphology with
sizes approximately 40 nm (Figure 87 and Figure 88). The monodispersity of
prepared nanoparticles was quite high. Incorporation of Eu3+ on the surface of
silver nanoparticles was verified by taking EDX specrum as shown in Figure 89.
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Figure 89. EDX pattern of Ag-Eu3+ nanoparticles.

As can be seen from EDX patterns given in Figure 89, the particles contain two
diagnostic elements of the precursors, Ag and Eu.

3.2.2.3. Detection of Methylphosphonic Acid (MPA) as Degradation Product
of Nerve Agents by Using SERS

A lanthanide ion, Eu3+ was employed to functionalize the surface of silver
nanoparticles. It allowed the molecule of interest resided near the nanoscale noble
metal features for the distance dependent SERS phenomenon. These structures
exhibited highly cooperative binding properties that were necessary to achieve high
selectivity molecular diagnostic systems based upon nanoparticle probes.
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To evaluate the chemical characteristics of these composite nanoparticles in
the

context

of

a

molecular

analysis

experiment,

the

detection

of

methylphosphonate, a model compound for nonvolatile organophosphate nerve
agents was investigated. [215,216].

Herein, a simple experiment was demonstrated that yields high SERS
enhancement factors. Ag-Eu3+ substrates for SERS analysis were prepared without
any pretreatment procedure. A sketch of the experimental system is shown in
Figure 90 and involves the steps indicated.

Figure 90. A sketch of the production, and the application of Ag- Eu3+ substrate as
molecular traps for surface-enhanced Raman scattering (SERS) of MPA molecules.
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Ag was functionalized with a Eu3+ ion followed by attachment of OPP by
dropping its aqueous solution on to the functionalized Ag substrate. The vacant
coordination sites of the lanthanide center were occupied by the incoming analyte.

3.2.2.3.1. Raman Spectrum of Methylphosphonic Acid

In most cases, the Raman and SERS spectra for the alkyl methylphosphonic
acid degradation products are controlled by one or two peaks between 715 and 775
cm-1, which have been attributed to phosphorus-carbon (P-C) stretching modes
[217,218]. In order to see the exact value of P-C stretching modes of methyl
phosphonic acid, Raman spectrum of solid MPA was taken which is shown in
Figure 91.

Figure 91. Raman spectrum of solid MPA. 632.8 nm radiation from a Helium–
Neon laser was used with an excitation power of 10 mW and spectra was acquired
with 10 s integration time.
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The peak at 774 cm-1 has a higher intensity relative to all of the other peaks which
is assigned to P-C stretching modes.

3.2.2.3.2. SERS Measurements of Methylphosphonic Acid

Initially, citrate reduced silver colloid was used as a substrate in order to get
the SERS spectra of methyl phosphonic acid solution in water. As can be seen from
Figure 92, no peak was observed for this measurement.

Silver-doped sol-gels, silver-oxide thin films and silver islands used for the
detection of chemical warfare agents were mentioned in the introduction part (Sec
1.12). Detection capability of these substrates was around 100 mg/L with at least 1
min acquisition time [194]. Among them, silver island has been widely used due to
its regular structure. Silver island is produced by evaporating a layer (less than 10
nm thickness) of a metal directly onto a solid support and metal layer forms
nanoparticles on the support as separate metal islands. Generally, they are used as
standard surfaces to compare the results obtained with other nanostructured
materials [113].

In the second trial silver islands were prepared at the Physics Department,
METU. SERS signal of 1x10-2 M MPA obtained is shown in Figure 92 where the
phosphonate fingerprint peaks are clearly recognized at 761 cm-1. 1x10-3 M MPA
was also examined but no signal was observed for this concentration level. The
peak at 774 cm-1 which was observed in solid Raman spectrum of MPA shifted to
761 cm-1.
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Finally, the SERS measurement of MPA was performed with the prepared
Ag–Eu3+ nanocomposite. The superiority of enhancement ability of Ag–Eu3+
substrate is shown in Figure 92. P-C stretching modes at 761 cm-1 were observed as
in the case of silver island without any shift.

Figure 92. Comparison of SERS intensity of MPA acid measured with three
different substrates ( (A) 10-2 M MPA on silver colloid substrate, (B) 10-2 M MPA
on silver island substrate, (C) 10-5 M MPA on Ag-Eu3+ substrate. 632.8 nm
radiation from a Helium–Neon laser was used with an excitation power of 10 mW
and spectra was acquired with 10 s integration time.

Blank measurements were also performed before the addition of MPA on to
Ag-Eu3+ substrate. Sample spectrum is given in Figure 93 showing no peaks from
the surface of the substrate.
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Figure 93. Blank measurement of Ag–Eu3+ substrate. 632.8 nm radiation from a
Helium–Neon laser was used with an excitation power of 10 mW and spectra was
acquired with 10 s integration time.

None of these substrates (silver colloid and silver island) had the
combination of sensitivity, reproducibility, and ease of use for routine detection of
analytes. Infact, it is extremely difficult to prepare the substrates and not practical
at all for routine analyses of samples. On the basis of such a unique feature, it is
clear that the Eu3+ ion can play a more active role in the molecular recognition
events; there is a cooperative action between the Eu3+ and Ag. That is, the elaborate
utilization of the silver nanoparticles with the europium receptors enables us to
establish substrates for phosphate sensing.
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3.2.2.4. Optimization of Complexation Period

Complexation time between Ag-Eu3+ and MPA acid was investigated by
following the SERS signal of MPA at various time intervals after the addition of
the MPA onto the substrate. Ag-Eu3+ nanoparticle solution was mixed with MPA
(of 1x10-5) solution and then mixture was dropped on to glass slide respectively
and SERS signal was taken. The results are given in Figure 94.

Figure 94. Effect of the complexation time between Ag-Eu3+ substrate and 1x10-5
M MPA on the SERS signal strength. SERS measurements of 1x10-5 M MPA with
Ag-Eu3+ substrate were taken after A) 1 minute B) 5 minutes C) 10 minutes D) 15
minutes E) 30 minutes. 632.8 nm radiation from a Helium–Neon laser was used
with an excitation power of 10 mW and spectra was acquired with 10 s integration
time.
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Figure 95. Complexation period between Ag-Eu3+ substrate and 1x10-5 M MPA
solution

As can be seen from Figure 95, the SERS intensity values of MPA were reached to
a plateau at 15 minues reaction period. Therefore it was decided that the
complexation of MPA onto Ag-Eu3+ substrate was completed in 15 minutes.

3.2.2.5. Stability of the Ag-Eu3+ Nanostructures

In order to check the stability of Ag-Eu3+ substrate, the SERS spectrum of
its MPA (of 1x10-5) complex was taken at the day of preparationand seven days
after its preparation (taken from the same batch). The results are given in Figure
96.
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Figure 96. SERS signal of 10-5 M MPA obtained with Ag-Eu3+ substrate which
were taken at the day of preparation and seven days after its preparation. 632.8 nm
radiation from a Helium–Neon laser was used with an excitation power of 10 mW
and spectra was acquired with 10 s integration time.

As can be seen from Figure 84, the loss in SERS activity was less than 30
% over a period of one week.

3.2.2.6. Reproducibility of the Prepared Substrate

The reproducibility of the SERS substrates for the determination of MPA
was investigated by collecting spectra of 1x10-5 M MPA by using Ag-Eu3+
nanoparticles prepared in different runs. The sample signals are given in Figure 97.
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Figure 97. SERS spectra of 10-5 M MPA by using Ag-Eu3+ nanoparticles
prepared in different runs. 632.8 nm radiation from a Helium–Neon laser was used
with an excitation power of 10 mW and spectra was acquired with 10 s integration
time.

The percent variation of the peak height of MPA band at 761 cm-1 for 15
measurements by using Ag-Eu3+ nanoparticles taken from different batches of the
substrates was below 5.0 %. This outcome has shown the reproducibility of the
SERS method utilizing Ag-Eu3+ nanoparticles for nerve agent detection.
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3.2.2.7. Sensitivity of the Ag-Eu3+ Nanostructures as SERS Substrate

To investigate the SERS sensitivity of the Ag-Eu3+ substrate, MPA
solutions between 1x10-7 M and 7x10-7 M were prepared and SERS experiment
was repeated on Ag-Eu3+ substrate. The calibration curve obtained is shown in
Figure 98 and SERS signals as a function of MPA concentrations on Ag-Eu3+
substrate is shown in Figure 99.
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Figure 98. Calibration curve of MPA (1x10-7-7x10-7 M MPA obtained with AgEu3+ substrate).
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Figure 99. SERS spectrum of 1x10-7-7x10-7 M MPA obtained with Ag-Eu3+
substrate. 632.8 nm radiation from a Helium–Neon laser was used with an
excitation power of 10 mW and spectra was acquired with 10 s integration time.

The observed response is linear between 1x10-7 M and 7x10-7 M. A SERS
signal of MPA molecules can be observed for concentrations as dilute as 1.0x10-7
M and the detection limit of MPA determination was found to be 2.88 ng/L,
showing the sensitivity of this SERS technique. The high sensitivity of substrates
for CW detection can be attributed to the presence of Eu3+. These results showed
that Ag-Eu3+ SERS substrate can be of practical use for the detection of nerve
agents detection. Consequently, a sensitive method for the determination of
organophosphonate based on the SERS enhancement effect by the Ag–Eu3+
nanocomposites was proposed.
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CHAPTER 4

CONCLUSIONS

Monodisperse gold nanoparticles and hollow gold nanoparicles which are
almost monodispersed state and having the characteristics of tunable interior and
exterior diameter have been synthesized by chemical reduction and by galvanic
replacement of cobalt nanoparticles. The position of the surface plasmon band of
hollow gold nanoparticles between 570 and 630 nm were controlled by carefully
monitoring the particle size and wall thickness. Cobalt nanoparticle size, the
template, that controls the resulting hollow gold nanoparticles size, was tuned by
simultaneously changing the concentration of sodium borohydride and sodium
citrate (the reducing and capping agents) respectively. It was also shown that by the
careful addition of gold solution, the thickness of the gold shell varied as well.
Then gold core silver shell and hollow gold-silver double-shell nanospheres were
synthesized by coating solid gold and hollow gold nanoparticles with silver.

The production of silver shell structures were confirmed using FE-SEM,
EDX and UV-Vis spectroscopy, showing the successful coating of silver on the
solid AuNPs and AuHNSs. These nanoparticles have been further confirmed to be
excellent SERS substrates in terms of spectral consistency. Optical absorption and
SERS properties of prepared nanostructures were investigated. SERS enhancement
was achieved for nanoparticles with silver shell over Au and AuHNSs. The results
demonstrated that complex metal nanostructures synthesized with useful optical
properties were generated from such structures in a meaningful and controllable
manner.
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Secondly, a novel SERRS platform for fast and ultrasensitive analysis of
dopamine (DA) molecules through surface enhanced resonance spectroscopy was
developed. This is the first time that direct detection of a DA molecule attached to
an Ag-Fe(NTA) by using SERRS was achieved.

The Ag-Fe(NTA) substrate

provided reliable reproducibility, excellent sensitivity, and good time stability. DA
was detected quickly and accurately without any pretreatment in nM level with
excellent discrimination against AA. Detection level was among the lowest values
reported so far, for SERS detection of DA. All of these excellent properties
mentioned above made the obtained substrate a perfect choice for routine SERRS
detection of DA. This nanotechnology based method could be adapted for the
detection of a wide variety of other neurotransmitters.

In the last part of the study, the synthesis of lanthanide ion (Eu3+)
containing silver nanoparticles with favorable optical and chemical properties was
discussed. These structures exhibited the highly cooperative binding properties that
are high selectivity molecular diagnostic systems based upon nanoparticle probes.
Furthermore, this approach represented a novel perspective on the use of SERS
substrate for a wide range of applications.

The development of highly versatile and SERS active Ag-Eu3+
nanocomposites allowed us to incorporate any organophosphnates to the Eu3+ part
while exploiting the benefits of using a silver core for SERS. The procedure
reported herein provides a simple way of achieving reproducible and sensitive
SERS spectroscopy for OPP detection. The Raman spectra of molecules residing
near the surface are strongly enhanced. The detection of the MPA was confirmed
by the presence of an intense SERS signal by using Ag-Eu3+ substrate. This sensing
strategy promises to be useful in a variety of molecular sensing applications.
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APPENDIX

Figure 100. FE-SEM image of cobalt nanoparticles used in the particle size
measurement study
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Table 5. Particle size (d) measurement results for cobalt nanoparticles (shown in
Figure 100)

Label Particle Size Label Particle Size Label Particle Size
1
23.20
35
24.32
69
2
19.30
36
29.43
70
3
28.90
37
26.19
71
4
24.10
38
26.41
72
5
28.90
39
27.10
73
6
24.10
40
23.55
74
7
24.90
41
20.32
75
8
22.20
42
24.12
76
9
26.00
43
24.34
77
10
27.10
44
25.71
78
11
25.16
45
28.56
79
12
20.32
46
23.12
80
13
25.16
47
28.16
81
14
26.77
48
24.68
82
15
24.45
49
20.54
83
16
23.55
50
26.35
84
17
28.71
51
85
18
22.25
52
86
19
20.32
53
87
20
23.12
54
88
21
21.51
55
89
22
28.42
56
90
23
21.64
57
91
24
30.00
58
92
25
25.16
59
93
26
28.39
60
94
27
28.44
61
95
28
25.36
62
96
29
28.19
63
97
30
29.12
64
98
31
28.59
65
99
32
26.27
66
100
33
28.19
67
Average:
25.31
34
25.00
68
Stdev:
2.81
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Figure 101. FE-SEM image of cobalt nanoparticles used in the particle size
measurement study
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Table 6. Particle size (d) measurement results for cobalt nanoparticles (shown in
Figure 101)
Label Particle Size Label Particle Size Label Particle Size
1
31.98
35
40.70
69
36.34
2
17.44
36
33.43
70
43.60
3
37.79
37
36.34
71
33.43
4
23.26
38
34.88
72
30.52
5
26.16
39
34.88
73
37.79
6
33.43
40
31.98
74
40.70
7
31.98
41
43.60
75
43.60
8
27.62
42
34.88
76
39.24
9
31.98
43
42.15
77
36.34
10
29.07
44
36.34
78
31.98
11
30.52
45
50.87
79
37.79
12
31.98
46
46.51
80
29.07
13
33.43
47
36.34
81
33.43
14
36.34
48
39.24
82
40.70
15
39.24
49
50.87
83
33.43
16
36.34
50
47.97
84
31.98
17
33.43
51
49.42
85
39.24
18
37.79
52
40.70
86
36.34
19
34.88
53
34.88
87
33.43
20
33.43
54
55.23
88
36.34
21
37.79
55
40.70
89
30.52
22
33.43
56
33.43
90
36.34
23
33.43
57
36.34
91
30.52
24
36.34
58
31.98
92
29.07
25
34.88
59
42.15
93
37.79
26
39.24
60
40.70
94
34.88
27
30.52
61
39.24
95
26.16
28
31.98
62
39.24
96
34.88
29
33.43
63
37.79
97
37.79
30
30.52
64
43.60
98
33.43
31
31.98
65
31.98
99
34.88
32
33.43
66
31.98
100
36.34
33
40.70
67
36.34
Average:
35.94
34
37.79
68
36.34
Stdev:
5.77
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Figure 102. FE-SEM image of cobalt nanoparticles used in the particle size
measurement study

150

Table 7. Particle size (d) measurement results for cobalt nanoparticles (shown in
Figure 102)

Label Particle Size Label Particle Size Label Particle Size
1
50.12
35
46.88
69
35.48
2
45.17
36
45.16
70
43.55
3
45.21
37
43.55
71
40.32
4
48.39
38
45.16
72
43.55
5
41.94
39
45.22
73
38.71
6
45.16
40
48.39
74
40.32
7
43.55
41
51.61
75
40.32
8
45.16
42
41.94
76
43.55
9
50.00
43
40.32
77
38.71
10
40.32
44
46.77
78
45.16
11
45.16
45
45.16
79
41.94
12
40.32
46
45.16
80
48.39
13
45.16
47
41.94
81
50.00
14
46.77
48
43.55
82
48.39
15
43.55
49
45.16
83
45.16
16
43.55
50
43.55
84
51.61
17
38.71
51
45.16
85
40.32
18
43.55
52
51.61
86
46.77
19
40.32
53
38.71
87
43.55
20
40.32
54
41.94
88
43.55
21
51.61
55
45.16
89
46.77
22
40.32
56
38.71
90
41.94
23
41.94
57
40.32
91
43.55
24
50.00
58
45.16
92
46.77
25
45.16
59
41.94
93
40.32
26
48.39
60
45.16
94
45.16
27
48.44
61
46.77
95
43.55
28
45.16
62
40.32
96
41.94
29
48.39
63
41.94
97
45.16
30
50.00
64
43.55
98
43.55
31
48.39
65
41.94
99
44.22
32
46.77
66
37.10
100
48.15
33
48.39
67
40.32
Average:
44.28
34
50.00
68
37.10
Stdev:
3.58

151

Figure 103. FE-SEM image of HAuNPs used in the particle size measurement
study
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Table 8. Particle size (d) measurement results for HAuNPs ( shown in Figure 103)
Label Particle Size

Label

Particle Size

Label Particle Size

Label

Particle Size

1

68.83

35

66.23

69

35.06

103

45.45

2

57.14

36

61.04

70

59.74

104

42.86

3

62.34

37

64.94

71

45.45

105

48.05

4

55.84

38

55.84

72

48.05

106

40.26

5

79.22

39

64.94

73

51.95

107

46.75

6

67.53

40

67.53

74

45.45

108

45.45

7

63.64

41

72.73

75

41.56

109

46.75

8

63.64

42

55.84

76

46.75

110

50.65

9

58.44

43

46.75

77

49.35

111

51.95

10

62.34

44

45.45

78

51.95

112

48.05

11

68.83

45

46.75

79

50.65

113

45.45

12

58.44

46

41.56

80

46.75

114

46.75

13

74.03

47

46.75

81

44.16

115

46.75

14

68.83

48

46.75

82

44.16

116

42.86

15

62.34

49

53.25

83

45.45

117

40.26

16

63.64

50

45.45

84

49.35

118

46.75

17

68.83

51

45.45

85

44.16

119

40.26

18

44.16

52

45.45

86

42.86

120

54.55

19

54.55

53

45.45

87

49.35

121

45.45

20

50.65

54

49.35

88

45.45

122

45.45

21

72.73

55

48.05

89

48.05

123

44.16

22

59.74

56

50.65

90

40.26

124

49.35

23

64.94

57

42.86

91

49.35

125

49.35

24

61.04

58

54.55

92

51.95

126

46.75

25

59.74

59

40.26

93

42.86

26

55.84

60

42.86

94

53.25

27

70.13

61

51.95

95

45.45

28

66.23

62

44.16

96

41.56

29

58.44

63

48.05

97

42.86

30

42.86

64

44.16

98

40.26

31

64.94

65

37.66

99

40.26

32

63.64

66

46.75

100

38.96

33

71.43

67

46.75

101

36.36

Avrg:

51.71

34

71.43

68

46.75

102

46.75

Stdv:

9.72
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Figure 104. FE-SEM image of HAuAgNPs used in the particle size measurement
study
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Table 9. Particle size (d) measurement results for HAuAgNPs (shown in Figure
104)
Label Particle Size Label Particle Size Label Particle Size
1
119.05
35
86.31
69
86.31
2
92.26
36
80.36
70
95.24
3
89.29
37
86.31
71
86.31
4
92.26
38
98.21
72
74.40
5
89.29
39
86.31
73
80.36
6
98.21
40
89.29
74
80.36
7
86.31
41
83.33
75
74.40
8
101.19
42
89.29
76
74.40
9
71.43
43
107.14
77
74.40
10
101.19
44
83.33
78
89.29
11
77.38
45
95.24
79
86.31
12
74.40
46
86.31
80
65.48
13
92.26
47
86.31
81
89.29
14
74.40
48
77.38
82
95.24
15
83.33
49
83.33
83
83.33
16
80.36
50
80.36
84
83.33
17
95.24
51
89.29
85
89.29
18
71.43
52
86.31
86
92.26
19
83.33
53
80.36
87
83.33
20
95.24
54
86.31
88
71.43
21
83.33
55
77.38
89
89.29
22
80.36
56
86.31
90
86.31
23
92.26
57
92.26
91
89.29
24
104.17
58
107.14
92
65.48
25
92.26
59
98.21
93
77.38
26
98.21
60
86.31
94
92.26
27
74.40
61
101.19
95
92.26
28
74.40
62
92.26
96
83.33
29
86.31
63
80.36
97
101.19
30
86.31
64
92.26
98
83.15
31
113.10
65
74.40
99
89.05
32
89.29
66
89.29
100
94.62
33
77.38
67
74.40
Average:
86.68
34
77.38
68
80.36
Stdev:
9.66
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Figure 105. FE-SEM image of AuNPs used in the particle size measurement study
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Table 10. Particle size (d) measurement results for AuNPs (shown in Figure 105)
Label Particle Size Label Particle Size Label Particle Size
1
19.72
35
21.13
69
21.13
2
23.94
36
19.72
70
19.72
3
22.54
37
19.72
71
21.13
4
21.13
38
19.72
72
21.13
5
19.72
39
16.90
73
22.54
6
16.90
40
21.13
74
19.72
7
19.72
41
18.31
75
21.13
8
18.31
42
19.72
76
19.72
9
19.72
43
19.72
77
18.31
10
21.13
44
21.13
78
19.72
11
19.72
45
18.31
79
15.49
12
19.72
46
19.72
80
25.35
13
16.90
47
25.35
81
19.72
14
21.13
48
15.49
82
19.72
15
21.13
49
21.13
83
18.31
16
18.31
50
19.72
84
23.94
17
19.72
51
18.31
85
18.31
18
21.13
52
16.90
86
21.13
19
21.13
53
18.31
87
22.54
20
19.72
54
15.49
88
22.54
21
19.72
55
23.94
89
19.72
22
22.54
56
18.31
90
21.13
23
21.13
57
21.13
91
18.31
24
19.72
58
21.13
92
21.13
25
21.13
59
19.72
93
16.90
26
21.13
60
21.13
94
18.31
27
19.72
61
23.94
95
16.90
28
18.31
62
21.13
96
21.13
29
22.54
63
19.72
97
19.72
30
21.13
64
19.72
98
22.54
31
21.13
65
22.54
99
28.17
32
22.54
66
22.54
100
21.13
33
18.31
67
25.35
Average:
20.38
34
21.13
68
23.94
Stdev:
2.2
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Figure 106. FE-SEM image of AuAgNPs used in the particle size measurement
study
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Table 11. Particle size (d) measurement results for AuAgNPs (shown in Figure
106)
Label Particle Size Label Particle Size Label Particle Size
1
47.01
35
43.66
69
47.01
2
50.37
36
48.69
70
60.44
3
45.34
37
52.05
71
48.69
4
47.01
38
48.69
72
57.08
5
36.95
39
53.72
73
40.30
6
57.08
40
48.69
74
65.47
7
48.69
41
47.01
75
58.76
8
57.08
42
38.62
76
55.40
9
55.40
43
47.01
77
48.69
10
45.34
44
50.37
78
43.66
11
43.66
45
36.95
79
40.30
12
40.30
46
38.62
80
45.34
13
45.34
47
40.30
81
45.34
14
38.62
48
33.59
82
35.27
15
53.72
49
38.62
83
43.66
16
40.30
50
38.62
84
17
45.34
51
55.40
85
18
53.72
52
55.40
86
19
53.72
53
33.59
87
20
45.34
54
35.27
88
21
48.69
55
38.62
89
22
48.69
56
38.62
90
23
50.37
57
45.34
91
24
36.95
58
41.98
92
25
48.69
59
40.30
93
26
41.98
60
58.76
94
27
55.40
61
31.91
95
28
47.01
62
40.30
96
29
50.37
63
35.27
97
30
40.30
64
33.59
98
31
40.30
65
45.34
99
32
43.66
66
57.08
100
33
40.30
67
52.05
Average:
45.98
34
38.62
68
55.40
Stdev:
7.38
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Figure 107. FE-SEM image of AgNPs used in the particle size measurement study
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Table 12. Particle size (d) measurement results for AgNPs (shown in Figure 107)
Label Particle Size

Label

Particle Size

Label Particle Size

Label

Particle Size

1

69.90

35

81.55

69

85.44

103

50.49

2

66.02

36

66.02

70

97.09

104

62.14

3

93.20

37

100.97

71

85.44

105

66.02

4

89.32

38

85.44

72

73.79

106

66.02

5

81.55

39

81.55

73

54.37

107

69.90

6

69.90

40

69.90

74

69.90

108

69.90

7

58.25

41

108.74

75

54.37

109

66.02

8

46.60

42

81.55

76

62.14

110

58.25

9

34.95

43

89.32

77

73.79

111

50.49

10

54.37

44

100.97

78

73.79

112

50.49

11

58.25

45

116.50

79

62.14

113

66.02

12

69.90

46

77.67

80

77.67

114

58.25

13

50.49

47

73.79

81

69.90

115

69.90

14

34.95

48

93.20

82

54.37

116

62.14

15

50.49

49

58.25

83

89.32

117

58.25

16

46.60

50

77.67

84

81.55

118

97.09

17

85.44

51

77.67

85

89.32

119

62.14

18

93.20

52

100.97

86

50.49

120

66.02

19

116.50

53

73.79

87

85.44

121

58.25

20

89.32

54

77.67

88

100.97

122

58.25

21

38.83

55

62.14

89

100.97

123

77.45

22

31.07

56

97.09

90

100.97

124

93.20

23

54.37

57

66.02

91

54.37

125

81.55

24

58.25

58

69.90

92

58.25

126

38.83

25

66.02

59

66.02

93

38.83

127

42.72

26

69.90

60

66.02

94

54.37

128

34.95

27

58.25

61

69.90

95

62.14

129

34.95

28

62.14

62

81.55

96

62.14

130

38.83

29

69.90

63

89.32

97

73.79

131

38.83

30

54.37

64

93.20

98

104.85

132

38.83

31

54.37

65

81.55

99

93.20

133

46.60

32

58.25

66

62.14

100

73.79

134

38.83

33

97.09

67

62.14

101

85.44

Avrg:

69.58

34

77.67

68

69.90

102

58.25

Stdv:

18.79
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Figure 108. FE-SEM image of Ag-Fe(NTA)NPs used in the particle size
measurement study
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Table 13. Particle size (d) measurement results for Ag-Fe(NTA)NPs
(shown in Figure 108)
Label Particle Size Label Particle Size Label Particle Size
1
39.06
35
37.11
69
31.25
2
42.97
36
27.34
70
29.30
3
44.92
37
27.34
71
35.16
4
31.25
38
23.44
72
23.44
5
41.02
39
29.30
73
25.39
6
33.20
40
33.20
74
33.20
7
35.16
41
25.39
75
27.34
8
39.06
42
29.30
76
29.30
9
33.20
43
23.44
77
25.39
10
29.30
44
29.30
78
29.30
11
29.30
45
25.39
79
23.44
12
31.25
46
37.11
80
33.20
13
39.06
47
31.25
81
29.30
14
29.30
48
29.30
82
25.39
15
31.25
49
35.16
83
33.20
16
35.16
50
29.30
84
27.34
17
31.25
51
25.39
85
31.25
18
27.34
52
27.34
86
31.25
19
31.25
53
29.30
87
33.20
20
21.48
54
33.20
88
25.39
21
25.39
55
21.48
89
27.34
22
37.11
56
25.39
90
35.16
23
41.02
57
29.30
91
29.30
24
21.48
58
27.34
92
25.39
25
27.34
59
21.48
93
31.25
26
31.25
60
23.44
94
33.20
27
39.06
61
33.20
95
37.11
28
31.25
62
23.44
96
27.34
29
31.25
63
31.25
97
33.20
30
48.83
64
33.20
98
31.25
31
31.25
65
29.30
99
27.34
32
23.44
66
31.25
100
37.11
33
25.39
67
25.39
Average:
30.49
34
33.20
68
25.39
Stdev:
5.31
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Figure 109. FE-SEM image of Ag-Eu3+ NPs used in the particle size measurement
study
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Table 14. Particle size (d) measurement results for Ag-Eu3+ NPs
(shown in Figure 109)
Label Particle Size Label Particle Size Label Particle Size
1
37.67
35
42.24
69
42.24
2
35.39
36
45.66
70
36.53
3
38.81
37
35.39
71
36.53
4
33.11
38
37.67
72
35.39
5
31.96
39
37.67
73
36.53
6
36.53
40
38.81
74
42.24
7
42.24
41
37.67
75
46.80
8
37.67
42
44.52
76
41.10
9
30.82
43
39.95
77
41.10
10
31.96
44
46.80
78
37.67
11
36.53
45
42.24
79
42.24
12
36.53
46
42.24
80
45.66
13
37.67
47
38.81
81
50.23
14
37.67
48
37.67
82
41.10
15
33.11
49
36.53
83
42.24
16
36.53
50
39.95
84
30.82
17
38.81
51
37.67
85
38.81
18
31.96
52
41.10
86
39.95
19
35.39
53
44.52
87
42.24
20
41.10
54
38.81
88
31.96
21
46.80
55
41.10
89
34.25
22
30.82
56
50.23
90
41.10
23
36.53
57
45.66
91
43.38
24
34.25
58
41.10
92
33.11
25
42.24
59
39.95
93
34.25
26
39.95
60
43.38
94
33.11
27
35.39
61
41.10
95
36.53
28
36.53
62
42.24
96
45.66
29
36.53
63
41.10
97
41.10
30
38.81
64
38.81
98
28.54
31
37.67
65
44.52
99
31.96
32
37.67
66
46.80
100
39.95
33
37.67
67
44.52
Average:
39.08
34
38.81
68
45.66
Stdev:
4.46
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