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Abstract

The aim of this work is the design, development and preparation of an efficient SERS
substrate for the detection at low concentrations of dyes and pesticides.

Concave gold nanocubes (CGNC) were synthesized by chemical reduction method, and
were characterized by UV-Vis spectroscopy and by scanning electron microscopy (SEM),
to ensure the proper morphology and size.

An aluminum alloy (Al-6063 ) base was used for the nanoparticle deposit, since it does
nor present Raman signal that could opaque the response signal of the analyte of probe.
The surface of the slides was modified, first by mechanical treatment and then, were
subjected to an electropolish process. Later were functionalized with silane molecules.
The surface substrates was characterized by atomic force microscopy (AFM) and by X-
ray diffraction (XRD), to confirm the presence of pseudoboehmite in the surface.

In order to select the size of nanocube that showed the best Raman signal improvement,
solutions of nanoparticles of different sizes (36 − 85nm) were synthesized and deposited
by drop casting over the Al-slides. The 4-Aminothiophenol molecule was used as analyte
of probe at a concentration of 1.00 × 10−6M . The size that exhibited best performance
was of 55nm, and was used in probes with Rhodamine 6G (Rh6G), Rose Bengal (RB)
and Crystal Violet (CV) at low concentrations (2.22× 10−13, 1.00× 10−12, 1.00× 10−10M
respectively). The probes with Rh6G at a concentration of 2.22× 10−13M were employed
to calculate the enhancement factor, giving an estimate value of ∼ 107.

Further, the SERS substrate with the same characteristics was used in detection of
thiram pesticide at levels close to those dictated by the FDA (7ppm). The probes showed
that the designed substrate is capable of detect the pesticide alone and in a mixture with
tomato pulp, even at concentrations of 10µM .



El objetivo de este trabajo de tesis, es el diseño y desarrollo de un sustrato SERS
eficiente, para la detección a bajas concentraciones de colorantes y pesticidas.

Nanocubos cóncavos de oro (CGNC) se sintetizaron mediante el método de reducción
qúımica. Los nanocubos se caracterizaron por espectroscoṕıa de UV-Vis y por microscoṕıa
electrónica de barrido (SEM), para asegurar que la morfoloǵıa y el tamaño fueran los
deseados.

Para el depósito de los CGNC, se utilizó una base de aleación de aluminio (Al-6063 ),
dado que no presenta señal Raman o de fluorescencia que pueda opacar la señal de re-
spuesta del analito de prueba. La superficie de las láminas de aluminio se modificó,
primero por tratamiento mecánico y luego se sometió a un proceso de electropulido, para
después ser funcionalizados con moléculas de silano. La superficie de las láminas se car-
acterizó por microscoṕıa de fuerza atómica (AFM) y por difracción de rayos X (XRD),
para confirmar la presencia de pseudoboehmita en la superficie.

Con el fin de seleccionar el tamaño de nanocubo que mostraba el mayor incremento
en la señal Raman, se sintetizaron soluciones de nanopart́ıculas de diferentes tamaños
(36 − 85nm) y se depositaron mediante goteo sobre las láminas de Al. La molécula de
4-Aminotiofenol se usó como analito de prueba a una concentración de 1.00 × 10−6M .
El tamaño que mostró la mayor amplificación fue de 55nm, el cual se utilizó en prue-
bas con Rodamina 6G (Rh6G), Rosa de Bengala (RB) y Cristal Violeta (CV) en bajas
concentraciones (2.22× 10−13, 1.00× 10−12, 1.00× 10−10M respectivamente). Las pruebas
con Rh6G a una concentración de 2.22× 10−13M se emplearon para calcular el factor de
realzamiento, dando un valor estimado de ∼ 107.

El sustrato SERS con las mismas caracteŕısticas se utilizó en la detección del pesticida
llamado thiram, en niveles cercanos a los dictados por la FDA (7ppm). Las pruebas
mostraron que el sustrato diseñado es capaz de detectar el pesticida solo y en una mezcla
con pulpa de tomate, incluso a concentraciones de 10µM .
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A Margarita, Eustacio, Fanny, Fátima y Mateo.

If something burns your soul with purpose and desire, it is your duty to be
reduced to ashes by it. Any other form of existence will be yet another dull
book in the library of life.

Charles Bukowski
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Chapter 1

Introduction

Pesticides are substances used to kill, control or repel plants or animals that are consid-

ered as pests by physically, chemically or biologically interfere with their metabolism or

behaviour. Pesticides include herbicides, insecticides, fungicides and disinfectants [2, 3].

The last years, there has been a extensive use of agriculture chemicals in food produc-

tion, making the people exposed to significant pesticide residues through the food. Based

on the chemical structure and functionality, the pesticides are classified in five groups:

organochlorine, organophosphate, carbamate, neonicotinoid and pyrethroid [4, 5].

The detection of pesticide levels in the environment is of huge importance to regulate

and monitory its use. Since early 1970s was the interest to study pesticides, performed by

immunoassay-based test and solid phase technology. In these techniques, colourant labels

as enzymes, chemiluminescent and fluorescent labels are applied as detecting agents. The

use of colourants require a great quantity of enzymes, and are obtained from a laborious

processing, and are selective to certain pesticides, which limited the action field, besides

the results were not accurate. From that, the research for a reliable, portable and accurate

way of determine the presence of pesticides started [6].

Nowadays, analytical methods to measure pesticide levels on vegetables include High

performance liquid chromatography (HPLC), gas chromatography- mass spectroscopy

1



2

(GC-MS), among others, but this methods have the disadvantage of being time consuming,

and require of a sample pretreatment [5–8]. For it, is important to develop a fast and

efficient method with excellent sensitivity.

In addition to the methods mentioned above, other technologies have emerged to

offer advantages, as faster detection times, least expensive and in situ sampling. Surface

enhanced Raman Spectroscopy (SERS) is one of this new techniques. SERS is a fusion

of two techniques, nanotechnology and Raman spectroscopy, that will be described in

detail in the following chapters. A SERS substrate is a combination of a roughened

metallic surface deposited over a glass or silicon surface with the Raman spectroscopy.

The metallic surfaces most used are gold, silver and cooper. This combination enables the

intensification of the Raman signal, and thus the capacity to detect analytes. An effective

SERS substrate also have to meet the criteria of homogeneity, portability, reproducibility

and sensitivity.

The principal advantages of SERS (like normal Raman spectroscopy) are that there is

no need of sample preparation, works with solids, liquids or gases, can work with in-situ

and in-vitro biological samples, is a non-destructive and non-invasive technique, does not

need vacuum to obtain the measurements, works with aqueous samples in a wide range

of conditions (pressure, temperature), for remote sensing can be used optical fibers [9].

Taking advantage of its potential, several scientific articles had published the possible

applications. Some of them focus on the detection of environmental pollutants in food [10],

cancer diagnosis [11], biomolecules [12], among others [13, 14]. General applications of

SERS also have been developed, even pesticide detection has been studied.

The pioneering work employing SERS for pesticide detection was carried out by Alak

and Vo-Donh [15]. In this work, eight kind of organophosphorous pesticides were char-

acterized using silver coated microspheres (teflon of polystyrene latex) deposited over

cellulose and glass surfaces. Also a sample of pesticides contaminated soil was studied,
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to prove the scope of the technique and its applications. Thereafter, a lot of publications

had involving SERS substrates a way of detect pesticides.

The advantage of using SERS over other techniques to study pesticides, is that the

detection of pesticides diluted in organic solvents or water do not represent any problem.

The process can be as simple as deposit a drop of the pesticide over the SERS substrate

and carry on a measurement.

The limit of detection (LOD) is the most studied characteristic in SERS studies for

the sensitive detection of pesticides. This is defined as the sufficient analyte concentration

required to produce an analytical signal that can be distinguished from analytical noise,

i.e. the signal produced in the absence of analyte [16]. The reported LOD for pesticide

detection depends a lot of the type of SERS substrate and the kind of pesticide used.

When are talking about pesticides, there has to be considered that the LOD (reported

in ppm) is different from the MRL (maximum residue level), the highest level of a pesticide

residue that is legally tolerated on food, and is based on the matrix that is present, i.e,

the fruit [17]. A careful transition of units and relation between this two parameters are

needed for a good performance when pesticides are under study.

The variations in sensitivity on a substrate, can be attributed to size, morphology and

distribution of the NP’s on the slid substrate; the last characteristic gives origin to the

called hot-spots. These are found at the interstitial gaps between nanoparticles, and can

produce an intense local field enhancement due the localized surface plasmon resonance

(LSPR). The LOD of SERS substrates can sometimes reach the single molecule detection

when the substrate has a hight hot spots density.

To increase the number and control the number of hot spots still represents a chal-

lenge. In some cases, the addition of an aggregation agent, increase the number of hot-

spots. In this way, the repellent forces between nanoparticles, are suppressed and they

can get together, making the SERS signal more intense [18]. The pre-concentration of
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nanoparticles is other technique to increase these, by physical methods like filtration or

centrifugation [7].

Aside from of the increase of hot spots, variations in the size and shape of the nanopar-

ticles also can increase the strength of the local electromagnetic field and increase the affin-

ity or contact angle with the pesticides. Morphologies like nanowires [19], nanocubes [20],

nanostars [21], etc. have been synthesized to be used as SERS substrates.

The sensitivity of a SERS substrate can change due to its design, the morphology, size

and material of the nanoparticles. Pesticides with functional groups as amine of thiol, as

thiram or thiabendazole, can bind to Au/Ag nanoparticles in a strong way, making then

good targets [22–25].

When the specificity of the NPs is not good, ligand molecules are employed to achieve

it. Kubackova et al detected low concentrations of four organochlorine pesticides (aldrin,

dieldrin, lindane and endosulfan) by means of a functionalized SERS substrate. Several

types of aliphatic (α, ω−)dithiols were used as linkers, which induced the interparticle

junctions to create hot spots and also to create an suitable enviroment to attach to the

pesticide [26].

One of the limitations that keep the development of SERS technique on hold, is the

reproducibility in the results with respect to the peak intensities. This variation in in-

tensities can come from a lot of reasons, being the principal the preparation and type of

SERS substrate, preparation of the sample and also the formation and control of the hot

spots.

While most reports employ as basis for solid SERS substrates silica or glass, there

have been works using paper [27,28], nanopaper [29], teflon [30], aluminum paper [31,32],

and some other metals. Even there are commercial SERS substrates basis from different

companies, amplifying the action field of the technique.

Taking advantage of the features of SERS, many research groups have advocate to the



5

study of pesticides, not only in the case of detection in laboratory, but also applying it

to a fruit or plant of interest, in the peel as directly to the whole piece due to its fast

response and low limit of detection [33–36]

Motivation: The development of a SERS substrate capable of detect low level

concentrations of pesticides, by using gold metal nanoparticles. Carry out a suitable

and fast method to detect low concentrations, and avoid the rejection of the product.

This necessity comes from the health issues derived from the extended use and

the consume of food contaminated with pesticides. Also, the implications in the

economy of the farming exportation.

Objective: The main objective of this work is the fabrication and improvement

of a SERS substrate by using concave gold metal nanoparticles, in order to probe

its development in the detection of dyes at low concentration (∼ 10−10M) and

pesticides at levels close to those dictated by the FDA.



Chapter 2

Raman Scattering and Surface

enhanced Raman spectroscopy

The Raman effect was first predicted by Adolf G. Smekal (1895− 1959) in 1923, but first

observed in 1928 by Chandrashekhara Venkata Raman (1888− 1970) and Sir Kariaman-

ickam Srinivasa Krishnan (1898 − 1961), fact that give Raman a Nobel prize in physics

in 1930 [37].

Raman spectroscopy is an optical technique, used to provide information of the molec-

ular structure and also of the chemical composition of a sample. Is highly specific due to

the fingerprint information that gives of a sample, and to determine semi-quantitatively

the amount of a substance in a sample [38, 39].

Historically, Raman spectroscopy has been described in terms of classical and quantum

theory. The classical theory is based in the theory of light as a wave, and the quantum

theory, taking as basis the quantized nature of vibrations.

Sample preparation is rarely an issue on Raman spectroscopy, since many materi-

als, organic and inorganic, are suitable for analysis, and can be liquid, powder, gas or

solid, and at room temperature. The problems arise when fluorescence or burning occur.

Fluorescence coming from impurities, leaving to degradation in some cases [39].

6



7 2.1 Raman Scattering Theory

Its mayor disadvantage is the weak signal due to the low scattering cross section, which

limits the application in samples at low concentrations.

2.1 Raman Scattering Theory

When an electromagnetic field interacts with a molecule, light can follow one of three

paths, can be adsorbed, scattered or do not interact at all. The absorption process occurs

when the energy of the incident photons correspond or is really closed to the energy gaps

between electronic levels, the photon can be absorbed and the molecule reaches a new

excited level. [39, 40].

The scattering process is produced when a photon rises to a virtual state and im-

mediately dissipate the energy by emitting a photon. There are two types of scattered

radiation, the most intense is Rayleigh scattering, and originates when the energy of the

molecular system before and after the scattering process is the same, this is, an elastic

scattering.

Raman scattering is a less frequent event, since it involves only one in 106 − 108

of the scattered photons [39]. Raman scattering is a two photon event: the incident,

that is absorbed, and the second is created due to the relaxation of the excited level.

This process involves electronic transitions between vibrational energy levels of the same

electronic state of a molecule.

When a light wave passes near a molecule, interact and distort the cloud of electrons

surrounding the nuclei, causing the polarization of the electrons and go to a higher state.

At that instant, the energy present in the light wave is transferred to the molecule,

resulting in a higher state of the molecule, called ‘virtual state’, which is not stable and

the energy is released as scattered radiation.

This event occur when the light and the electrons interact and the molecule nuclei

start to move at the same time. The nuclei is heavier than the electrons, causing a change
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Figure 2.1: Energy level diagram of Raman scattering effect.

in the energy of the molecule either to a lower or a higher state, depending on the starting

conditions of the molecule, if it was in ground state (Stokes scattering) or in a vibrational

excited state (anti-Stokes scattering), this is shown in Fig. 2.1 [41].

A molecule experience three types of energy when is excited, translational, rotational

and vibrational. The translational energy is described in terms of three coordinates, that

determine the freedom degrees, as well as rotational energy.

The total freedom degrees of a molecule can be defined as 3N − 6 for all molecules,

except for lineal, where is 3N − 5, since the rotation in the molecular axis does not exist

[42, 43]. In the molecule, the nuclei are space and rotation fixed about their equilibrium

positions, but are free to vibrate in harmonic motion along a coordinate q. When exist a

vibration in the molecule, the dynamical variable will be the vibrational displacement q,

which is defined as in (2.1),

q(t) = q0sin (νvibt) (2.1)

where q0 is the normal coordinate and νvib is the frequency of the vibration molecule.

The polarizability of a molecule can be expanded in Taylor series around q = 0 as in
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eq. (4.3a),

α = α0 +

(
∂α

∂qk

)
0

qk +

(
∂2α

∂q2k

)
0

q2k
2

+ . . . (2.2)

The vibrations in a molecule are defined as oscillation of the atoms in the neighbour

of their equilibrium positions, and can be considered as an harmonic oscillator. The

frequency of the vibrations are related with the mass of the collective vibrating atoms.

The intensities of the Raman spectrum depend of the nature of the vibration under

study and instrumentation factors. Since different functional groups present different

vibrational types, every molecule present a unique Raman spectrum. This molecular

polarizability changes as the molecular are perturbed and change its equilibrium position

[44,45].

If the electromagnetic excitation radiation is considered as an oscillating wave, then

the amplitude of the electric field E (t), varies as a sine function, given by ec.(2.3),

E = E0sin (2πνlasert) (2.3)

where E0 is the amplitude and the frequency and νlaser the frequency.

This field have as effect, that the electrons in the molecule will follow their behaviour,

and experience an induced dipole moment µ, causing scattered light at the oscillation

frequency νlaser, this is Rayleigh radiation.

The molecule suffers a distortion in its electron cloud when interacts with light, and the

ease of the electrons to follow the light field, will determine the intensity of the distortion .

The elasticity of the electron cloud is called polarizability α, when the sample is irradiated

with the light of νlaser, the dipole will be described as in (2.4) [40].
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µ = α× E = α× E0sin (2πνlasert) (2.4)

In Raman scattering, the molecule vibrates at νvib, giving as consequence a change in

the polarizability of the electron cloud (α). This change can be represented as ∂α
∂q

, i.e the

polarizability of the electrons and of the induced dipole (µ) in the vibrating molecule.

This is a Taylor expansion for small displacements, a function of the driving field of the

photon (E0) and the vibration. The polarizability is modulated by the vibration, and

result as in (2.5), and the dipole will be described as in (2.6).

α = α0 +

(
∂α

∂q

)
0

sin (2πνvibt) (2.5)

µ = α× E =

[
α0 +

(
∂α

∂q

)
0

sin (2πνvibt)

]
× E0sin (2πνlasert) (2.6)

The equation (2.6) can be factorized, leaving to ec. (2.7).

µ = α0E0sin (2πνlasert) +
1

2

(
∂α

∂q

)
0

E0 [cos2π (νlaser − νvib) t− cos2π (νlaser + νvib) t]

(2.7)

The equation (2.7) tells that Raman scattering occur at frequencies above and below

the excitation frequency νlaser [38, 44,46,47].

This equations can be generalized to the case where the polarizabilities are anisotropic,

and the directions of the induced dipole and the electric field are not the same. In the
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absence of non linear effects, the intensity of Raman scattering increases with the 4th

power of the excitation frequency.

2.1.1 Molecular vibration types

The change in frequency experimented by the photons in the Raman scattering is called

‘Raman shift’, expressed in cm−1, correspond to the wavenumber of the vibrational mode

that is involved in the scattering process.

Molecular vibrations can be seen either by IR or Raman spectroscopy. Nevertheless,

they offer different information, while in IR must exist a change in the dipolar moment,

in Raman must exist a change in the polarizability of the molecule.

In Raman spectroscopy, the inelastic scattering contains information about the vibra-

tional states of the sample, evidenced by a shift on the frequency of the incident light.

This is, the vibrations modulate the polarizability and induce the radiation of the dipole

moment at different frequencies from the incident electromagnetic radiation, this response

is the one that is measured and stored by the detector.

When the vibration modes are under study, the symmetry of the molecule has to be

considered as well as the change in the dipole moment.

A molecule will be infra-red inactive if the symmetry does not get altered in its internu-

clear separation, then the electric dipole moment remain zero during a vibration. When a

molecule is Raman active, the change is its polarizability is different from zero
(
∂α
∂q
6= 0
)

.

From here, a ‘selection rule’ is established, the mutual exclusion principle, that tell that

when a molecule with a center of symmetry, the vibrational modes of the molecule that are

Raman active are infrared inactive, and viceversa. For example, homonuclear diatomic

molecules have a symmetry center and by consequence are only Raman active [43,48].

The Raman scattering is weak by nature, since only a small fraction of light is inelas-

tically scattered. The Raman scattering process depends of the energy of the excitation
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source, but also of the orientation of the molecule with respect of the incident field po-

larization. In most cases, the orientation of the molecules is random, and averaged in the

measurement signal. The efficiency of a molecule to present Raman scattering is defined

by a differential Raman cross section eq. (2.8).

dσr
dΩ

(2.8)

where dΩ is an element of the solid angle, and dσr is the differential Raman cross

section.

The relation (2.8) characterizes the radiation profile of the scattering considering the

orientation of the molecule with respect of the incident light and the observation direction

with respect of the scattered light. The differential Raman cross section can be derived

from:

dPR
dΩ

(Ω) =
dσr
dΩ

(Ω)Sinc (2.9)

where PR is a power of the Raman scattering process, and Sinc is the incident density

power. The Raman cross section depends of the excitation wavelength and refractive index

of the medium [49]. The differential Raman cross section characterize the magnitude of

Raman scattering for a given Raman mode, and its most important characteristic [48].

As was stated before, the frequency vibrations of a diatomic molecule depend of the

reduced masses mred of the atoms under vibration and also of the interaction forces f

between them, this can be described as:

ωvib =

√
f

mred

(2.10)

This equation (2.10) shows that the lighter the atoms, the higher frequencies of vibra-

tion. The force is related to the bond, the stronger the bond, the vibration frequency will

be stronger. The vibration modes can be divided in two basic types [50–52]. The Figure
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2.2, describes the different vibration modes.

1. Stretching vibration ν (symmetric and asymmetric). Correspond to the contraction

and elongation of the bond between two neighbouring atoms, but there are not

changes in the angle of the bond (see 2.2a).

2. Bending or deformation vibration δ.

(a) Scissoring vibration. Refers to the in plane movement of atoms, producing a

change in the bonding angle. Two non bonded atoms connected to a central

atom, move towards each other with a change in bond angle.

(b) Wagging vibration ω. Implies a movement in phase and out of plane, while the

rest of the molecule is in plane. Two non bonded atoms connected to a central

atom, move up (+) or down (−) the plane.

(c) Rocking vibration r or ρ. The atoms swing in phase back and forth in the

symmetry plane of the molecule. The movement of the angles is in the same

direction.

(d) Twisting vibration t. Involves the twist of a bond along its main axis. The

movement is defined by an atom moving out the plane (+), while the other

moves down the plane (−) with respect to the main atom.
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(a) (b)

Figure 2.2: Types of normal vibrational modes: (a) Stretching, (b) Bending and defor-
mation.The arrows show the direction of deflection of the atoms; plus and minus signs
point the direction of deflection of the atoms beneath and over the plane

The vibrations can be symmetrical or asymmetrical in relation to the symmetry center.

The molecules are in plane if there are no changes in the angle between bonds and the

plane defined by the remaining atoms. The vibrational modes can be classified as parallel

or perpendicular depending the geometric relation between the transition moment and

the symmetry axis of the mode.

The selection rule for a Raman active transition is given by eq. (2.11), and is to predict

which bands will suffer a change in the polarizability during the vibration.

∂α

∂q
6= 0 (2.11)

Almost all molecules at room temperature are in the lowest vibrational mode with

quantum number (ν = 0) , and the most probable transition will be to the next level

(ν = 1), this transition is called ’fundamental’. By contrast, if the transition occurs to

higher levels (ν = 2) will result in bands called ’overtones’, this kind of transition are

weaker than the fundamental. Some vibrations of similar frequencies interact and get

coupled, occurring an effect known as ’combination.’

The intensity of a given vibrational band in Raman spectrum, depends of the change

in the polarizability by a particular vibration mode. If the vibrational mode significantly
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change the polarizability will present a strong band, making it pretty discernible.

2.2 Surface enhanced Raman Spectroscopy

Surface-enhanced Raman scattering (SERS) is a spectroscopic technique in which laser

spectroscopy and the optical properties of metallic nanostructures work together [53].

SERS is one of the most enigmatic and strongest phenomenons in optics and physics.

The phenomenon of SERS was first observed in 1974 by Fleishman et al [54]. The phe-

nomenon was interpreted later in 1977, in a work where pyridine absorbed on a rough

silver electrode was studied. The idea was to increase the surface area, and as result,

to increase the number of adsorbed molecules. Jean Marie and Van Duyne and Albert

and Creighton separately [55], tried to give an explanation to the observed high intensi-

ties. The first two proposed an electric field enhancement mechanism, while Albert and

Creighton hypothesize about an effect of resonance from the molecular states, broadened

by the interaction with the metal surface [1, 44, 56–59]. Now, most authors accept both

theories as valid.

The large enhancements occur with surfaces on the nanoscale 10− 100nm range. The

unique optical and structural properties of the metal nanostructures are highly studied

and used for a variety of applications. Theoretical studies predicts strong enhancement of

electromagnetic fields by the action of sharp tips and large surfaces with curves [59–63].

These surfaces include electrodes roughened by oxidation-reduction cycles, island films,

colloids, and arrays of particles deposited by lithography [53].

In SERS, the surface plasmon resonance (SPR) plays a key role in the signal enhance-

ment. SPR is probably the most important property of metallic nanostructures [56,64,65].

SERS usually has been associated with silver, gold and copper nanomaterials, but met-

als like rhodium and platinum also have shown a relative good SERS performance, with

enhancements around 104. Other metals as ruthenium and aluminium remain of great
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interest due their potential applications [49, 66, 67]. Although there are many ways of

preparation of SERS substrates, colloidal nanoparticles might be the most popular sub-

strate. The preparation methods will be discussed in detail in chapter 3. To understand

SERS, there has to be consider the interaction between light-matter, but also the inter-

action between the metal nanostructures and light [1].

One of the advantages of using SERS is the capability to measure the Raman spectra

from small volumes, together with the trace analytical study. There are two models to

explain the enhancement of the Raman signal. One of them is the electromagnetic model,

reported simultaneously in 1980 [56].

Figure 2.3: Excitation of the LSPR of a spherical nanoparticle by incident EM radiation.

2.2.1 Electromagnetic theory of SERS

The electromagnetic theory is the simplest model to interpret the enhancement on the

Raman signal. This effect is based on the amplification of the electromagnetic field due

to the resonance excitations of localized conduction electron oscillations at the metal-

lic surface. The resonance produced by the excitation of localized conduction-electron

oscillations in a metallic nanostructured surface is the basis of the amplification of the

electromagnetic field. The collective excitation of the electron gas in a conductor, are

named plasmons. When the excitation is restricted to the proximities of the surface, it is

called surface plasmon (see Figure 2.3) [68]. A requirement for the excitation of surface
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plasmons by light is that the surface must be roughened or with a certain curvature.

The resonance in localized surface plasmons (LSPR) can be derived from the extinction

spectrum.

(a) (b)

Figure 2.4: SERS electromagnetic enhancement. (a)A gold nanoparticle acts as a nanoan-
tenna by excitation of a dipolar localized surface plasmon resonance (LSPR). (b)The
incoming field and outgoing field are enhanced by elastic light scattering off the LSPR
supporting metal nanostructure [1]

The resonance frequency ωmax of plasmons depends among other parameters, of the

dielectric functions of the nanometal εmetal (ω) and the surrounding media εm (ω). The

coupled state of the photon and the LSPs go with the enhanced amplitude of the elec-

tromagnetic field (EM), in the vicinity of the roughened metal surface. The adsorbed

molecule at the surface then will feel a stronger Eloc.

The shifted Stokes frequency at ωs = ωinc − ωvib for a particular vibration mode

can excite a LSPR of the metallic structure. The local field enhancement and Raman

radiation have the same physical: the coupling of the LSPR with the EM field of the

metallic substrate. The total SERS intensity, then, will depend of both the incoming ωinc

and outgoing field ωs = ωinc − ωvib.

ISERS = Iinc (ωinc) · I (ωs) =| Einc (ωinc) |2| E (ωs) |2 (2.12)

SERS enhancement requires that both the incident and the Stokes radiation at ωs =

ωinc−ωvib are in resonance with the LSPR peak of the metallic nanostructure. The LSPR
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depends on the size and shape of nanostructures and also is modified by the closest space

between nanoparticles [69].

In simple cases, ISERS can be reduced to | Einc (ωinc) |4 factor. Moderate increase of

Eloc

Einc
drive to RS enhancement, which is termed with the SERS enhancement factor (EF).

If we consider a model with a single metal sphere, which is small compared with the

wavelength, and is irradiated with a laser light, will have a Raman scattering arising from

the surface of the sphere. Also, the sphere is embedded in a medium with a dielectric

constant ε0, and the dielectric constant of the sphere is εi. The electric field of the

incoming light is E0, with a vector along the z -axis, then the electromagnetic field EFwill

be described as:

EFem (ωs) ∼=
∣∣∣∣ ε(ωinc)− ε0ε(ωinc) + 2ε0

∣∣∣∣2 ∣∣∣∣ ε(ωs)− ε0ε(ωs) + 2ε0

∣∣∣∣2( r

r + d

)12

(2.13)

where d is the distance of the molecule from the surface. The s refers to the scattered

light ans inc for the incident light. The largest enhancement occur when the real part of

ε(ω) is close to −2ε0, and the imaginary part is small [49,70,71].

The SERS intensity is proportional to ∼ 1
d12

, and is rapidly decreasing with the dis-

tance d from the surface. This showed that the scattered molecule does not need to be in

direct contact with the metallic surface.

There are some important points have to be recalled about SERS.

� The major contribution to SERS is the scattering coming from the metal particle

rather than from the molecule , whose Raman spectrum is.

� Despite SERS intensity varies as the fourth power of the local field, the effect is a

linear optical effect, that depends on the first power of I0.

� When a molecule is adsorbed on the metal nanoparticle surface, will include contri-

butions from the metal, an as result can be altered in its magnitude, symmetry and



19 2.3 Chemical theory of SERS

resonant properties from the Raman polarizability of an isolated molecule. This is

particularly important in systems where metal-molecule or molecule-to-metal charge

transfer takes place, altering the resonances of the system, contributing to the chem-

ical enhancement (described below)

2.3 Chemical theory of SERS

Also known as molecular mechanism, involves the formation of a bond between the analyte

and the metal surface. This mechanism depends of the adsorption site, geometry of the

bonding and the energy levels of the adsorbate molecule [57].

The bond will create surface species that include the analyte and surface metal atoms,

making possible the charge transfer from the metal surface to the analyte. The formation

of the surface species will increase the molecule polarizability due the interaction with

the metal electrons. The enhancement is thought to come from new electronic states that

arise from the formation of the bond between the analyte and the metal surface. These

new states are resonant intermediates in the Raman scattering. Opposed to the radiation

adsorbed or scattered through the plasmons in the surface, the radiation is absorbed by

the metal, a hole is transferred into the adsorbate metal cluster, then the Raman process

occurs, the excitation is transferred back to the metal and re-radiation come off the metal

surface [39].

Chemical enhancement is more difficult to capture compared with the electromagnetic

enhancement. The first reason is that chemical enhancement is considered to contribute

to the enhancement factor in the order of 10 − 102, adding the fact that almost all

experimental parameters have the influence of both mechanisms, making the distinction

of each effect a complicated task [1, 53,57].

Chemical enhancement can be performed only in molecules in direct contact with

the surface, so the increase will take place only in the monolayer coverage, allowing the
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Figure 2.5: Charge-transfer mechanism of SERS. The possible interactions are shown.

formation of a charge-transfer complex between the molecule and the metallic surface.

The process of charge-transfer relate the transfer of an electron from the Fermi level

of the metal to the lowest unoccupied molecular orbital (LUMO) of the molecule. The

electronic states of the molecule adsorbed are shifted and broadened by means their inter-

action with the metallic surface, or new electronic states arising from the chemisorption

help as a link in the resonant intermediate states (Fig. 2.5) . It is common that the

HOMO and the LUMO of the molecule are energetically symmetric with respect to the

Fermi level of the metal [57].

2.4 Calculation of Enhancement factor

The magnitude of the signal enhancement in SERS has been an important issue for many

research since the discovery of the effect. The main conflict to understand the effect was

based in the calculation of the magnitude of the effect, as well as estimating the number

of molecules that contribute to the signal.

In the first interpretation of SERS, was postulated that the increase in signal was

a result of an apparent increase in the cross section of the molecules, resulting in the

concept of enhancing factor (EF). The EF is one of the most important numbers in order



21 2.4 Calculation of Enhancement factor

to characterize SERS, specially for practical applications where the concern is to know

the magnitude of the EF achieved. EF’s in the order or 107 − 108 are good enough for

detection in SERS, but few works have reported EF’s in the order of ∼ 1010, also in the

order of 1012 in the best possible experimental conditions [72,73].

The EF depends a lot of the exact SERS conditions: the substrate, the analyte, the

excitation wavelength, etc. The discrepancy on the reported EFs is result of the variability

in the definition of EF and the way that is calculated. The diversity of situations that can

originate in SERS, as single molecules, multiple molecules, the experimental limitations,

the averages over time, orientations of the probe on the surface, spatial distribution, leads

to making a simple and general definition for the EF a difficult task, therefore, there are

three main definitions of EF.

1. Single Molecule EF. This is the enhancement felt by a specific molecule in an

exact point, depends of the Raman magnitude of the probe and the orientation on

the SERS substrate and with respect with the local field at that given point. Due to

this conditions this definition is more appropriate to theoretical estimations, instead

of experimental measurements. This is defined as:

SMEF =
ISMSERS
〈ISMRM 〉

(2.14)

where ISMSERS is the SERS intensity of the single molecule, and
〈
ISMRM

〉
is the average

Raman intensity per molecule.

The eq. 2.14 can be defined with the orientation averaged [SMEF] at a position

OASMEF = [SMEF ] =

[
ISMSERS

]
〈ISMRM 〉

(2.15)

2. The SERS substrate point of view. Can be used to compare the average SERS

enhancements over several substrates. The most of the studies have focussed on this
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aspect, as defined in eq. 2.16.

EF =
ISERS/NSurf

IRS/NV ol

(2.16)

where NV ol = crsV is the average number of molecules in the scattering volume V for

the Raman measurements, and NSurf is the average number of adsorbed molecules

in the scattering volume for the SERS measurements. This definition presents some

problems, and there is an alternative equation to work with.

SSEF =
1

AM

∫
AM

OASMEF (r)dS (2.17)

where AM is the surface area of the metallic substrate. The last equation can be

rewritten as

SSEF = {OASMEF} = {[SMEF ]} (2.18)

where the term between {[SMEF ]} is the spatial and all oriented averaged SMEF.

The SSEF can be rewritten in terms of experimentally measured data as in eq. 2.19

SSEF =

ISERS
µMµSAM
IRS

CRSHeff

(2.19)

where CRS is the concentration of the solution used for the non-SERS measurement,

Heff is the effective height of the scattering volume, µM is the surface density of the

individual nanostructures, and µS is the surface density of molecules on the metal.

3. The Analytical Chemistry Point of View. The described before, have em-

phasized the characteristics of the substrate, and are not so easy to relate with the

experimental measurements. In a lot of applications, the goal is to find the lowest

detectable signal, in comparison with the Raman simple under the same conditions.
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To solve this problem, there is a third definition of the SERS-EF. A solution with

concentration CRS produces a Raman signal IRS under non SERS conditions. For

the same exact experimental conditions, the same analyte on a SERS substrate

with possible different concentration CSERS gives a signal ISERS, then the EF will

be calculated as:

AEF =
ISERS/CSERS
IRS/CRS

(2.20)

The AEF however, ignores the fact that SERS is a surface spectroscopy, for it, is

not a good characterization for SERS substrate, and can not be used to compare

the performance of different substrates.

2.5 Characteristics of SERS substrates

SERS has been identify as a powerful molecular spectroscopic technique, which per-

mits a highly sensitive detection and non destructive characterization of molecules and

biomolecules [44,74]. One of the uses of the SERS technique is application as sensor: for

the detection of molecules, biomolecules, chemical agents and warfare [44,62,68,75].

There are a huge variety of methods to fabricate SERS substrates, and for practical

purposes divided in two main groups:

1. Top down approaches. In this fabrication method, a metal layer is deposited

over a surface, either roughened or nanoscale arranged. This method allows to

have a symmetry, gap size control and well-controlled nanoscale patterns. Lithog-

raphy, nanosphere lithography, nanoidentation or ’film over spheres’ plataforms are

promising techniques for fabricating SERS substrates [33, 76–78].

2. Bottom up approaches. This approach is realised by assembling small nanopar-

ticles into ordered nanostructures array. Through inexpensive techniques can give
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small gap sizes, but is hard to obtain highly uniform structures at a large area.

Advances in this technique have allowed assemblies of metal noble nanospheres [79],

nanorods [80], nanostars [21], nanocubes [81] and other morphologies [33,77,82].

Despite the fabrication method, an effective SERS substrate must fulfil certain re-

quirements [83].

� The metallic nanoparticles should be placed periodically.

� The fabrication must be sample to sample reproducible.

� The signal enhancement must be uniform point to point.

� Long term stability.

� Insensitive to environmental conditions.

� Applicability to different analytes.

� Low cost.

Although not all SERS substrates fulfil the requirements, there are a lot of research

looking for its improvement and higher enhancements.

In this thesis, the enhancement factor was calculated using the SERS substrate point

of view criteria, since it considers the density of nanoparticles and the number of molecules

that contribute to the SERS and Raman signal, not only the measured intensities.



Chapter 3

Nanoparticles synthesis and

Characterization techniques

Gold has been extracted and used for humanity since ancient times. For example, colloidal

gold was used to make ruby glass and for colouring ceramics, one of the most famous

examples is the Lycurgus cup, manufactured by the romans in the fourth century [64,84].

The beginning of fabrication of nanoparticles in a scientific way was first made in 1857

by Michel Faraday [68, 75, 84]. He observed the formation of a red solution product

of the reduction of choloroaureate (NaAuCl4) by using phosphorous in CS2 in a two-

phase system [85]. He found that colloidal gold exhibited different optical and electrical

properties [86, 87].

A nanomaterial, defined by the European Comission (EC) is a natural, incidental or

manufactured material which contain particles as conglomerate, aggregate or in a unbound

state, where at least 50% of them have dimensions in the range of 1 − 100nm, or either

one of its dimensions are in the range, can be considered as nanoparticles [88,89].

The methods of preparation of nanomaterials have been improved in the last years,

due to the big interest on its properties, and the potential applications of them in many

fields of science [12,90].

25
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For the manufacture of nanoparticles there is a wide variety of methods. In gen-

eral, metal nanoparticles are synthesised by several methods, that can be divided in two

categories: physical and chemical routes [91].

3.1 Physical methods

The physical processing implies physical power and a phase reaction, either gas or liquid.

The nanoparticles synthesized by physical methods, are fabricated starting from a bulk

material and are processed of different ways depending of the material and the desired

nanoparticle properties and size [91]. Because this method start from bulk material, are

called top-down approaches. Some of the methods encompassed in this category are:

1. High-energy ball milling

2. Wire explosion

3. Laser ablation

4. Ion sputtering

Even through this methods can produce big quantities of material, the control of the

particle size is not so easy to achieve; that is why this method is used mainly for soft

metals.

Figure 3.1: Fabrication scheme of physical processing
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3.1.1 High-energy ball milling

The mechanism of nanocrystallization by high-energy ball milling was first proposed by

H.J. Fecht in 1983. During high-energy milling, the powder particles are repeatedly

flattened, cold welded, fractured and re-welded. Whenever the ball collide, some amount

of powder is trapped between them. The impact causes plastic deformation, causing

work hardening and fracture. The formed surfaces weld together, and at this point, the

composite particles have a characteristic layered structure, consisting of combinations of

the starting constituents. As deformation continues, the particles become work hardened

and fracture. When fracture predominates over cold welding, the particle is refined. The

minimum size achievable by high-energy ball milling (∼ 10nm) has been related to several

physical properties of elemental metals. The majority of nanocrystalline metals have been

synthesized in order to understand the mechanism of nanocrystallization [92].

3.1.2 Wire explosion.

A fine wire of metal is exploded by applying a high voltage. The gas of the generated

atoms by the explosion is allowed to condense in the chamber to yield nanoparticles. This

technique can lead to the formation of metallic nanoparticles, and also to a variety of

oxides, nitrides, etc by using different environments in the chamber [92].

3.1.3 Laser ablation.

Laser ablation of solids in liquids has acquired more interest in production of nanoparticles.

The basis of this method is focusing a laser beam through a transparent liquid to a

metal target surface. The interaction of the laser irradiation with absorbing media causes

ablation to the latter and spattering of their material in air. Nanoparticles form due to

collision of molecules with each other during adiabatic expansion and recombination of

the flame gas in the rarefield gas. The function of size distribution of the particles can
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vary during the irradiation due to absorption at the wavelength of irradiation. One of the

advantages of this method is that the synthesis can be realized in a solution without the

needing of chemical reagents, obtaining high purity grade products [93].

3.1.4 Ion sputtering.

Ion sputtering process consist of ions or atoms of a suitable substance, as Argon or

Krypton, accelerated to high energies, and directed to a surface, where atoms and clusters

are ejected. By means of this technique, high melting point materials as ceramics and

refractory metals which are difficult to convert to nanomaterials by other techniques, are

able to be deposited. Ion sputtering can result in better stoichiometric control of the film,

but have the disadvantage of being prone to contamination due to the lower purity of the

sputtering target materials [92,94].

3.2 Chemical processing

Chemical processing covers a lot of build-up methods, due to permits the manipulation

at a molecular and even atomic level and also allows more homogeneity of the particles.

This synthesis method is based on the chemical reduction (by a reducing agent)of metal

ions to metal atoms, followed by the formation of clusters and metal nanoparticles [61].

This methods are also called bottom-up approaches [12,85,91]

There are several kinds of reductants, and depending of the one used, is the name to

apply to the synthesis.

1. Chemical reduction

2. Micelle and microemulsion synthesis

3. Photochemical synthesis
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Figure 3.2: Fabrication scheme of chemical processing

4. Electrochemical synthesis

5. Biological methods.

To prevent the aggregation of the nanoparticles, some stabilizers are added to the syn-

thesis, and sometimes the reductant is a the same time the stabilizer.

The nanoparticle usually is formed by two items, a core that can be metallic, ceramic

or polymeric; and a thin shell that also can be organic, polymeric, ceramic or metallic. In

general, this two entities present chemical affinity with each other, and gives stability to

the system, and also, depending of the molecule, can made the nanoparticle hidrophobic

or hydrophilic.

3.2.1 Chemical reduction

The reduction of metal atoms from metal ions can lead to the formation of nanoparticles

by aggregation. Usually, to form a metallic nanoparticle, a metal salt is used as a initial

material, since it contain ions and by means of a reductant, are converted to atoms, and

later aggregated to form the nanoparticle.
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The reductant to be used, depends of the way the synthesis want to be carry out,

strong or middle, if only want to take place in the surface of gold [68].

Seed mediated grow method

The seed mediated grow method is a modified version of the Zsigmondy’s nuclear method

[85], and is one of the most used methods to synthesize anysotropic nanoparticles. Gen-

erally, this reactions are carried and the product owns colloidal characteristics [95], and

presents a more wide offer of architectures than one step reduction [86]. This method

consists of two steps:

1. This step also known as nucleation, involves the seed preparation. The seeds are

produced by the reduction of a metal salt in an environment like water or gas

and with an stabilize agent. Usually, strong reductant are used, such as sodium

borohydride (NaBH4) or lithium aluminum hydride (LiAlH4).

2. In the second step, a growth solution is prepared, it contains an excess of metal ions,

the surfactant/stabilize agent and a mild reductant. The prepared seeds are added

to this solution, allowing a regrowth of the seeds. The adding of small seed particles

determine the size of the resulting nanoparticle, since influence the production of

monodisperse size particles. If the seeds have well defined shape, can influence the

shape of the resulting nanocrystal after the final growth step [96].

The shape control at crystallographic level, can be achieved by employing capping

agents that adsorb to specific crystal planes, and through this interaction make one specific

facet stabilize; the growth will be limited on the crystal plane where binding is strong,

while the ones that this interaction is weak, will have a promoted growth [91,96,97].

There are few molecules that present this selective binding between faces, however

empirical experiments have shown a variety of molecules that facilitate shape control, as

surfactants, polymers and biomolecules that help to avoid the clustering.
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The surfactants are effective to prevent oxidation, besides prevent clustering and ag-

glomeration of the nanoparticles, also allows mass production and high metal nanoparti-

cles concentration [91]. Since some surfactants poses a hydrophobic tail and an hydrophilic

group, they are easy to assemble into micelles (Fig 3.3) in water, depending of its concen-

tration and co-surfactants present in the solution. In conclusion, the size and morphology

of a nanoparticle depend of the type of solvent, surfactant, and reducing agent, as well as

by temperature.

3.2.2 Electrochemical synthesis

This process was first proposed by Reetz and Helbig in 1994. They demonstrated that

by adjusting the current density, high selective nanoparticles can be synthesized by elec-

trochemical reduction. Structures like cubes, rods, plates, etc can be obtained [85]. The

preparation of metal nanoparticles by electrochemical methods is performed by means of

electrocrystalization of metals from the salt solutions or melted salts during the electroly-

sis. The process is carried out in electrolytic bath containing a reducing agent in solution

with the ion to be reduced. Under constant current, the reducing agent is oxidized on

anode and the metal ion is reduced on the cathode. The metal deposited on the cathode

may have a various structure.

The morphology of the deposits depend of a lot of factors, as the nature of the solvent,

the metal salt composition, the reducing agent, concentration, etc. The technique allows

the preparation of nearly thirty different nanosized metals [89].

3.2.3 Synthesis in reverse micelles

The study of the creation and properties of reverse micelles began in the late 1970’s.

The synthesis in reverse micelles allows the preparation of stable metal nanoparticles in

an organic solvent, and control the size particle by changing the hydration extent, that
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Figure 3.3: Image of a micelle particle.

defines the diameter of the water core, where the metal ions are reduced to form the

nanoparticles. Reverse micelles represent a ternary system with a general composition

consisting of water, a surface active substance (SAS) i.e a surfactant and a non-polar

solvent (nPS) H2O/SAS/nPS. This is, a reverse micellar system is a water solution in

the non-polar solvent, where water is enclosed into the shells, consisting of surfactant

molecules (polar heads inside, non-polar tails outside).

Reduction of the metal ions and the formation of nanoparticles take place inside the

micelle. To obtain micellar solutions, cationic, anionic, and non-ionic surfactants are

employed. The choice of surfactant-solvent combination is determined by the possibility

to fabricate reverse micelles. The geometry of the surfactant determines the ability to

form invert or direct micelles. The size is determined by the concentration ratio of the

reagents and on the metal and surfactant ion concentrations. The synthesis in reverse

micelles allows to obtain nanoparticles of various metals that are often more resistant to

aggregation and air oxidation than the same molecules in water.
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3.2.4 Photochemical synthesis.

Metal nanoparticles can be synthesized in solution by exposing the metal-ions solutions to

UV and visible radiation or γ-radiolysis [12,98]. In photochemical radiation two forms of

illumination are used, continuous or pulsed. An advantage of this method is the possibility

of nanoparticle synthesis in various media, as solid or polymeric. Further the desired

product is obtained chemically pure, without metallic impurities, which is a common

inconvenience in chemical reduction.

To create the nanoparticle in liquid media, molecular or micellar solutions with re-

ducible compounds are used. When an aqueous solution is exposed to light, hydrated

electrons, hydrogen atoms and hydroxyl radicals are formed.

To increase the nanoparticle lifetime in water or water-alcoholic solutions, several

stabilizers are added, as citrates, polymers like polyvinyl alcohol(PVA), polyvinyl pyrroli-

done(PVP), phenylpropanolamine (PAA), etc. Irradiation time plays an important role

in this synthesis, the yield of the nanoparticles may increase with time as consequence of

the of reducing particles in solution, but also influences the size, causing an increase or

decrease in size [12].

3.2.5 Biological methods.

This synthesis method use natural biological substances extracted from plants or animals,

aqueous extracts from living organisms or from living organisms. The advantages of this

method are the soft synthesis conditions and the lower use of poisonous products in

the nanoparticle solution, due to the use of reductants. For this reason, this ’biological’

reduction is very promising for its application in medicine and biology, where is important

an environment the less toxic possible. These methods appear in the literature with

different names: green synthesis, biosynthesis, biochemical synthesis, biological reduction.

The most numerous group is comprised by the nanoparticles synthesized with the use of
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plant extracts, where different parts of the plant are employed, as the leaves, stems and

roots; also extracts from seeds and fruits are applied. The rate of nanoparticle formation

varies from minutes to days, and the stability in solution in air can last from weeks to

months.

3.3 Characterization techniques.

The multidisciplinary characteristic of nanoscience, allows the use of multiple instruments

to characterize them. There are specific techniques, that depending the properties under

study (size, shape, crystallinity, etc.) is the one to be selected for the study.

To study size and shape transmission electron microscopy (TEM) and scanning elec-

tron microscopy (SEM) techniques are the most useful techniques, sometimes used indis-

tinctly, but have the advantages by using each one of them. Electron microscopy works

with accelerated electrons bombarding the sample, the scattered or transmitted electrons

are detected.

SEM is one of the most popular and widely used techniques for the nanomaterials

characterization. Produce accurate images with resolution of a few nanometres and mag-

nifications up to 1, 000, 000x. The acquired image is made up from the electrons that are

reflected (backscattered electrons, BSE) or from the emitted ones (secondary electrons,

SE) from the surface of the sample. The sample is analyzed by scanning the surface

in a raster scan pattern with an electron beam, where the electrons acceleration can go

from 1keV to 50KeV . Secondary electrons coming from the sample surface are those

which determine the surface characteristics of the sample. In addition, SEM can also

give information on chemistry, crystal orientation and internal stress distribution of the

sample [88, 92,95].
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(a) (b)

Figure 3.4: SEM and TEM schemes

TEM is capable of produce magnified images of thin specimens and additionally can

give information about the crystalline properties and lattice structure of the material. In

TEM, the electrons travel through a very thin sample (≤ 200nm), and are collected by

a detector at the rear side. When the electron beam passes through the specimen, the

interaction with the electrons present in the specimen generates a variety of radiation,

which gives a lot of information about the sample. However, lack of contrast or overlap of

particles, frequently complicate the analysis of images, since the particle boundaries can

not always be determined with precision [94].

Both of them can be used in association with electron diffraction analysis and energy-

dispersive X-Ray spectroscopy (EDS) and get to know the chemical composition [99].

The optical properties are measured with a wide variety of techniques, such as absorp-

tion, photoluminiscence (PL) and PL excitation (PLE) spectroscopy, and give information

about the energy level structure of the samples, the presence of a dopant or defects in the

material [61]. The aforesaid techniques employ electromagnetic radiation focused over the

sample, and the spectra is obtained due to the interaction of light and matter.
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The light transmitted by a solution, decreases as the concentration of the solution

increases,(i.e., the chromophore in a solution increases)and the instrument measure this

change, making a comparison between the transmitted light in a solution containing a

chromophore and also without it. [100].

X-ray diffraction (XRD) is used to study the crystalline phases of solids and its

structural characteristics. Is a non-destructive technique and does not require detailed

sample preparation. The measurement is carried out by focusing a beam of X-rays

(0.07 ≤ λ ≤ 0.2nm) over the sample, which is diffracted by the crystalline sample,

following Bragg’s law ((3.1)).

λ = 2d sin(θ) (3.1)

where d is the interplanar distance and λ is the wavelength of the X-rays. The intensity of

the diffracted beam is measured as function of the diffraction angle (2θ) an of the sample

orientation. A shift in the X-ray peak positions indicates a change in the d−spacing,

caused by a change in the lattice constants.

Due to the lower energy of the used X-ray beam, the XRD intensities are low, specially

in the case of low atomic number materials, making the detection of phases of small

volumes a hard task [92].

Atomic force spectroscopy (AFM) is a high resolution image probe microscopy. Is

based on the physical scanning of the samples. The principle of this technique involve

a piezoelectric scanner which moves across the sample surface. The tip is mounted on a

cantilever of constant force. When the tip is in contact with the sample surface, expe-

riences a very small force (∼ nN) as a result of the interaction with the atoms in the

surface. The tip scans across the surface, and experience attractive and repulsive forces,

associated with the Van der Waals forces, and the movement of the tip will be registered

by deflection of a cantilever. AFM offer several advantages over electron microscope, since

it provides a true three dimensional surface profile, and can work in ambient or even liquid
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environmental solutions [94].

Ultraviolet-visible (UV-vis) spectroscopy is widely used to quantitatively characterize

organic and inorganic nanosized molecules. The technique consist in irradiate a sample

with ultraviolet and visible electromagnetic radiation, and the absorbed light is analysed

through the resultant spectra. The energies associated with radiation in range UV-vis

are good enough to excite molecular electrons to higher energy orbitals. Since is a tech-

nique which operate with the principle of absorption of photons, is an ideal technique

to determine the electronic properties of a material. In the spectrum of absorption of

the samples, the peak’s width depends strongly of the chemical composition and of the

particle size. UV-vis spectroscopy not only is used for characterization, also is used for

sensing applications, and has the advantage that samples can be either liquid, solid or in

gaseous form, organic or inorganic nanomaterials [101].

In this thesis work, SEM was used to characterize the morphology and size of the

nanoparticles, while AFM and DRX was used to characterize the base of the SERS sub-

strate, while UV-vis spectroscopy was used to determine the resonance plasmon region.

The SEM system used to acquire images was a JEOL JSM-7800F, and the used magni-

fications were 30, 000, 50, 000 and 100, 000x. The diffractometer was a D2Phaser Bruker,

the data were obtained in a range of 10o < 2θ < 80o in steps of 0.02 at room temperature.

The UV-Vis spectra were obtained with a Stellar-Net spectrophotometer with lamps of

tungsten and deuterium.
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Experimental methods

4.1 Concave gold nanocubes synthesis

4.1.1 Chemical materials

Chemicals and reagents: Hexadecyl-trimethylammonium chloride (CTAC,≥ 98.0%), hy-

drogen tetrachloroaurate gold III (HAuCl4, 99.99%), sodium borohyride (NaBH4, 99.99%),

silver nitrate (AgNO3, 99.0%), Hydrochloric acid (HCl, 38.0%), 3-aminopropyltriethoxysilane

(APTS, 99%) and 3-mercaptopropyl trimethoxysilane (MPTS) were acquired from Sigma-

Aldrich, while L-ascorbic acid (> 99%) was acquired from Alfa Aesar ; ultra pure water

from a Milli-Q system (Milli-pore, America, resistivity (> 18MΩcm) was used throughout

the experiments.

4.1.2 Synthesis

The synthesis carried out for this work, is a modified version of the work presented by

Zhang et.al. [102]. This synthesis is a two step process, as described in subsection 3.2.1.

Seed solution was prepared by sequentially adding 5mL of CTAC solution (0.1M),

250µL of HAuCl4 at 10mM and 380µL of ice-cold NaBH4 at 10mM under rapid stirring

38
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at room temperature. After sodium borohydride is added, the solution must change from

yellow to a brownish color. The solution is kept undisturbed for about two hours before

being used. After this, the seed solution’s UV-vis absorption spectra was obtained and

the absorbance was set at 0.4O.D(λ = 520nm) by adding CTAC solution (0.1M).

The growth solution was prepared, by mixing under rapid stirring in the following

order

� 10mL of CTAC at 0.1M

� 500µL of HAuCl4 at 10mM

� 500µL of AgNO3 at 10mM

� 200µL HCl at 1M

� 120µL of Ascorbic acid at 10mM

To tune the size of the nanoparticles, the volume of seeds that are added to the

growth solution change. This volume depends of the desired size of the nanoparticle. The

solutions are left to settle for about 12 hours, and the absorption spectra is obtained.

Then, the NPs are washed an concentrated by centrifugation. The velocity was selected

for each case, depending the size of the nanoparticles. By this way, the surfactant (CTAC)

and the possible remains of the reaction are removed. The centrifugation velocities were

around: 3500 − 1000rpm, depending of the size of the NPs, the highest velocity is for

the smallest size, and viceversa. The nanoparticles get down and form a pellet, while the

surfactant remains in the solvent (supernatant). The centrifugation is effective when the

most of the NPs settle and the solution gets clear. Then, the supernatant is removed and

replaced by water, and the NPs are redispersed in a sonication bath, and they are put

again under centrifugation.
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This process is repeated at least three times, in order to get clean NPs. In the last

wash, just enough water was added to redisperse the NPs, without causing the aggregation

and provoke their lost.

4.2 Substrate preparation

SERS substrates traditionally have been made employing a glass or silicon as basis to

deposit the nanoparticles [103]. Silicon presents a strong peak at 520cm−1 but does not

present fluorescence signal, making it suitable for Raman analysis, but has the disadvan-

tage of a high cost, while common glass is a cheap material, but present high fluorescence

signal, that can overlap the Raman signal of the sample.

Aluminum and copper foil had been used as substrate in a lot of works [31,85,103–105],

but have the disadvantage of being too flexible, making the surface do not be uniform.

Aluminum is the most common metal element found in earth, one of its crystalline

forms is the pseudoboehmite, used mainly as catalyst [106]. There are many chemical

reactions to synthesize pseudoboehmite, most of them include heat treatment, resulting

in a powder [107,108].

In this work, easily available aluminum alloy 6063 (Al-6063 ) slides were employed as

a basis for a SERS substrate, resulting in a low-cost functionalized substrate. Al-6063 is

a very common and cheap alloy used widely in machine shops. The aluminum alloy 6063

slides (43mm × 20mm × 1.5mm) were attached using beeswax onto the surface of the

lower stainless steel disk of the polishing system. Then, aluminum oxide solution (25µm)

was used as abrasive; the solution is applied constantly to the slides until the planarity of

Al surface was in the order of 1µm. At this time, the disk was removed of the machine to

wash the slides with soap under continuous flow of water, and then sandpaper (2500grit)

was used to remove the residual aluminum oxide from the slides and washed with soap

and rinsed in water one more time. Next, the slides were dried with compressed clean air.
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(a) (b) (c)

(d) (e) (f)

Figure 4.1: Mechanical polishing process of aluminum slides. (a) Aluminum slides before
mechanical polishing. (b)Al-slides glued to a base with beeswax. (c)The slides are
polished with alumina oxide. (d)The slides are polished untill all the surfaces are touched.
(e)The slides are polished with metal polish and cotton fabric. (f)Slides with mirror
finishing.

In a second step, the Al slides were polished by using commercial BrassoTM as an

abrasive. The process was followed until the surface shown a mirror finishing. The same

process was carried out in both surfaces of the slides. Once the mechanical polishing

is done, the slides were removed from the disk and washed to eliminate the excess of

BrassoTM . The whole process is illustrated in Figure 4.1.

4.3 Electrochemical polishing

After mechanical polishing, the Al-6063 slides were electrochemical polished in the fol-

lowing way: first the slides were ultrasonic cleaned in acetone three times for 10min

to eliminate any left residues of grease and dried with compressed clean air. A solu-

tion of methanol and perchloric acid (HClO4, 70%), was prepared in a concentration

(4 : 1) [109–111] under continuous magnetic stirring and maintained in ice cold bath.
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(a) (b) (c) (d)

Figure 4.2: Process of electrochemical polish. (a)HClO4 + Etanol (1 : 4).
(b)NaOH, (1.5M). (c) HNO3, (1.4M). (d)Boiling Water for 2min.

The Al-6063 slide is connected to the positive terminal of the direct current power

supply, while two stainless steel electrodes are connected as cathodes. While the Al slide

is immersed in the ethanol-perchloric acid solution at 10C, 2.5A and 25V for 30s are

applied, as is shown in Figure 4.2a.

The electropolished Al-6063 slides then were thoroughly rinsed with deionized water,

dried with compressed clean air, and soaked for one minute in a solution of NaOH, (1.5M)

to eliminate the residual oxides; afterwards, the smut layer caused by the alkaline etching

was removed by immersion in a nitric acid solution (HNO3, 1.4M) for 30s, and once

again, the slides were thoroughly rinsed using deionized water and dried with compressed

clean air.

(a) (b) (c)

Figure 4.3: Aluminum slides. (a) Before any tratement. (b) After mechanical polish.
(c) After electrochemical polish.

Finally, the Al slides were hydrothermally treated by placing them into boiling water

for 2min. This last treatment allows the formation of pseudoboehmite (γ − AlO(OH)

[110], and in turn, the hydroxyl groups of (γ − AlO(OH) allow the modification of the

surface of the solid substrate through silanization. In Figure 4.3, images of the slides are
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shown, after any treatment and after the polish.

4.4 Substrate funcionalization

Lastly, the substrates were silanized using APTS and MPTS in a methanol solution (2%,

20mM), for 15h. The slides were first cleaned with ethanol and then with deionized water

in an ultrasound bath two times for 10 min each, and blow dried using compressed clean

air, after which they were placed into an oven at 110C for 30min to eliminate the residual

unbound APTS or MPTS from the Al surface. The slides are stored under dry conditions,

to avoid the oxidation of the polished surface.
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Results and Discussion

The Al-6063, as well as the NPs, were characterized by different techniques. To confirm

the presence of the pseudoboehmite, in the case of the Al-substrates. For the NPs, the

characterization of morphology, size and deposition are important issues concerning SERS.

The SEM image that show the pseudoboehmite present in the Al-6063 substrate is shown

in Figure 5.3. While the DRX analysis is shown in Figure 5.1.

5.1 Aluminium Substrate characterization

The formation of a pseudoboehmite layer over the Al-6063 was confirmed by X-ray

diffraction (XRD, D2 Phaser Bruker, with a Bragg-Brentano geometry and Cu − κα

radiation (λ = 1.5418Å), using the following scan: step size = 0.02◦, t = 5s, 10◦ ≤

2θ ≤ 80◦), see figure 5.1. The reflections of the pseudoboehmite correspond to

(020), (120), (031), (200), (151), (002) and (251) planes, in accordance with the reference

standard 21− 1307 JCPDS. Since the peaks are broad, can be inferred that the material

present small crystallite size and also present poor crystalline properties [112].

44
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Figure 5.1: Characterization of the pseudoboehmite/aluminum substrate. XRD pattern
of pseudoboehmite (γ − AlO(OH)).

Before silanization, atomic force microscopy (AFM) was used to check the rough-

ness of the Al-6063 surface after mechanical and electrochemical polishing. The AFM

measurements (see Figure 5.2), show that before the electrochemical polish, the Al-6063

had a surface roughness of 6.0 ± 1.5nm, while after the treatment, the roughness was of

1.5 ± 0.24nm. This allow that the NPs deposit could be at same level, and do not have

zones with high difference height levels.
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(a) (b)

(c) (d)

Figure 5.2: Atomic force microscopy (AFM) images of Al-6063 slides after mechanical and
electropolishing. (a)Two dimensional AFM image after mechanical polishing. (b)Three
dimensional AFM image after mechanical polishing. (c)Two dimensional AFM image
after electropolishing. (d)Three dimensional AFM image after electropolishing

The Al-substrate also was analysed by SEM, at a magnification of 350, 000x, working

distance of 3.0mm and at a voltage of 15.0kV . In Figure 5.3, the mesoporous surface due

to the pseudoboehmite and the attached concave gold nanocubes (CGNC) can be seen.

The functionalized surface of the Al slides allowed an homogeneous deposit of the CGNC.

Figure 5.3: SEM image of pseudoboehmite/Al-6063 substrate with some CGNC onto the
pseudoboehmite.
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5.2 Nanoparticles characterization

As was said in chapter 3.3, there are several ways to characterize the nanoparticles. In

this work, the first analysis is the measurement of the UV-vis absorption spectra, and

then the SEM analysis, to assure that the morphology is the desired one, and also, obtain

the average size of the CGNC.

The variation of volume of seeds added to the growth solution lead to a variation in

size of the nanoparticle. The main purpose of growing NPs with several sizes, was to find

the best suitable nanocube that enhanced the Raman signal for single molecule detection

application.

Seeds volume variation

To tune the size of the NPs, the volume of seeds that were added to the growth solution

change. To a volume of 10mL of growth solution, 5, 10, 20, 40, 60 and 90µL of seeds

were added. The resultant solutions exhibit a color from from clear teal to navy blue,

respectively. The solutions were left to settle for about 12h, and then the absorption

spectra was obtained, this is shown in Figure 5.4.
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Figure 5.4: Absorbances of each one of the prepared solutions of CGNC. The bigger size
(less added seeds) are shifter to the IR region.

The maximum absorbance peaks were at 631, 639, 655, 693, 747 and 759nm, strating

with the 90µl volume seeds. From the absorbances figure, can be seen that the addition

of small volumes of seeds leads to a red shift of the LSPR, also, a broadening in the peak,

attributed to the formation of different morphology species (stars).

After the solutions were left in rest, were centrifugated at different rates for each

solution. As was said before, this is an important step, since the CTAC is the one that

gives stability to the nanoparticle, and remove it completely from the NP can induce

their lost, but if the cleaning is not good, the remaining surfactant still can contribute to

Raman signal.

Then, once the NPs are clean (centrifugated), SEM analysis was carried on (see Figure

5.5), at 100, 000x, 15kV, and3.0mm of working distance (WD). All the images were taken

under the same conditions of work distance and voltage.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.5: Micrography of the CGNCs. (a)36 ± 5nm. (b)42 ± 5nm. (c) 46 ± 7nm.
(d)55± 9nm. (e) 63± 5nm. (f)85± 8nm.

The average size of gold nanocubes was measured by means of ImageJ. The mean

sizes were from 36nm to 85nm for the case of 90µL and 5µL respectively.

From the graph in Figure 5.4, the data of the resulting nanoparticle size, the maximum

absorption peak and the volume of seeds that was added were condensed in graph 5.6.

From here an be seen that show a quadratic relation, showing the shift to the IR region.
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Also, show the relation that exist between the NP size and the volume of added seeds,

the bigger the volume added, the smaller the size of obtained nanoparticle.

Figure 5.6: Plot of NP size vs Plasmon resonance in the left axis and vs Volume seeds
added to growth solution at the right axis.

5.3 SERS analysis of CGNC.

A drop of 3µL of each size of the nanocubes was deposited on the surface of the elec-

tropolished Al-6063 slide and left dry at room temperature (Figure 5.7a).

(a) (b)

Figure 5.7: Measurement conditions. (a)Deposit of CGNC of different sizes over the
Al-substrate. (b)Scanning map to obtain the SERS measurements of 4-ATP

The molecule 4-aminothiophenol (4-ATP) was chosen as probe molecule, since this
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molecule has a high effective section and its affinity with the gold nanoparticles due its

thiol and amino functional groups. When the NPs drop was dried, a drop of 3µL of 4-ATP

at a concentration of 1× 10−6M was placed onto it, and let dry. Then the SERS spectra

was obtained measuring over the NPs with 4-ATP dry drop.

The scans were obtained in eight different places of the dry drop, and 20 scans were

measured in each place (see Figure 5.7b). All the measurements were taken with a Ren-

ishaw InVia microscope Raman spectrometer, with a excitation source at λ = 785nm,

using a 20x objective (0.4NA) focused in the dry drop of CGNC, with 8mW of laser

power at the exit, 1s of integration time and 20 accumulations.
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Figure 5.8: (a) Raman spectra of 4-ATP at 7.6M in ethanol. (b)-(g) SERS spectra of
4-ATP at 1.00× 10−6 for the different volume of added seeds, from 90µl to 05µl.
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The average signal data was obtained for each NP size, and the peak intensity was

compared in order to see which size was selected that showed the highest enhancement of

the 4-ATP molecule (see figure. 5.8). As can be seen in Figure 5.8, there are four intense

main peaks: 701, 1076, 1440, 1588cm−1, consistent with the reports [113].

Two peaks were selected to observe the behaviour of the signal, 1075, 1588cm−1, and

show that the signal is higher for the 55nm CGNC size (see Figure 5.9). The graph shows

the relation between the NP size and the peak intensity, as can be seen, the greatest

enhancement was for the 55nm size, for both peaks.

Figure 5.9: Graph of intensity peak vs CGNC size for the peaks 1076, 1588cm−1

5.3.1 SERS sensor characterization : Rhodamine 6G, Crystal

Violet and Rose Bengal Dyes.

Once the optimal nanocube size was determined, the probes with dyes were carried on.

The SERS sensors were fabricated using the gold concave nanocubes of 55nm. As was

mentioned before the sensor was prepared by following the procedure described before

(section 4.2). The CGNC were characterized by UV-vis spectroscopy (Figure 5.10) and
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by SEM to confirm the morphology and size are the needed.

Figure 5.10: UV-vis absorbance spectrum of colloidal CGNC. The peak is localized at
630nm.

The NPs were cleaned four times and concentrated to 10OD. Two drops of the CGNC

were deposited: first, a drop of 3µL is deposited and let dry at ambient conditions. Once

that the first drop has dried, a second one was deposited over and waited to dry [32].

Different concentrations of Rhodamine6G (Rh6G) were prepared: 1 × 10−3, 1 ×

10−6, 2.2× 10−7, 2.2× 10−9, 2.2× 10−11 and 2.2× 10−13M .

For SERS analysis, 3.5µl of each sample of Rh6G was dropped onto the substrate

with a mean diameter of 1.5mm. Raman spectra were immediately recorded by using the

20x microscope objective in the central part of the drop (as a wet sample); a rectangular

mesh of 5× 5 points with a distance of 33µm between adjacent neighbours resulted in 30

spectra acquired and total covering area of 21780µm2. All Rh6G samples were analyzed

by triplicate using SERS substrates prepared on different days.
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Figure 5.11: Average Raman SERS spectra of Rh6G measured on wet samples. a)Normal
Raman spectrum of Rh6G on the Al-APTS surface without CGNC. b-f) SERS spectra
of Rh6G samples onto the Al-CGNC substrate from 1.0× 10−6M to 2.2× 10−13M .
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The mean SERS spectrum for each concentration is shown in Figure 5.11, while the

normal Raman spectrum of Rh6G on the Al-APTS surface without CGNCs is shown in

Figure 5.11(a). Five peaks of Rh6G were identified, and the corresponding band assign-

ment is listed in Table 5.3. The peak located at 1508cm−1 (assigned to C-C stretching) was

enhanced very strongly, followed by 11360cm−1 (assigned to aromatic ring C-C stretching)

and 1309cm−1 (assigned to C-O-C stretching).

The good activity of the substrates, reproducibility and uniformity of SERS spectra

is very important to evaluate the performance of the substrates as an analytical tool.

To test the reproducibility of the SERS substrates, we prepared them three times on

different days. The figure 5.12 shows a semi-Log plot of the SERS intensity of the Raman

peak at 1508cm−1 as a function of molar concentration of Rh6G (from 1.00× 10−6M to

2.22× 10−13M , all samples were measured in wet solution.

Figure 5.12: Semi-Log plot of SERS intensity at 1508cm−1 vs molar concentration of
Rh6G. Each point represents the average value of the SERS signal from three different
substrates, where the average value of each substrate was calculated using 30 spectra for
each concentration.

The plot showed in Figure 5.12 confirm that SERS intensity exhibits a linear behavior

as a function of Rh6G concentration; in the same figure, the error of the mean intensity
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at 1508cm−1 is shown, and the error bars were calculated from the relative standard

deviation (RSD), where the maximum calculated RSD was ≤ 0.12.The statistical analysis

was carried out using all the recorded spectra acquired through automatic scanning, but

they were acquired without an auto focused system.

These results show that our SERS substrates have a high capability of detection at

lower molecular concentrations of Rh6G, almost in the order of submonolayer Rh6G con-

centration. One of the main advantages of our SERS substrates is that dry and wet

analytes can be detected at low concentrations. On a second part, we tested the unifor-

mity of the SERS signal once the samples of Rh6G were dry. For this analysis, we chose a

rectangular mesh of 10×10 points, acquiring a total of 100 SERS spectra. Rh6G samples

with concentrations of 1.00 × 10−6M and 2.22 × 10−13M were considered, representing

maximum and minimum values analysed in the measurement of wet samples.

The figures 5.13a and 5.13c show the mapping images for both concentrations at the

selected band for a total scanned area of 55 × 75µm. The mapping images reveal the

variability in SERS signal intensity and thus allow to evaluate the uniformity of the Al-

CGNC substrate; all the spectra used for the mapping were recorded automatically, but

as it was mentioned before, the micro Raman system does not have an automatic focusing

system.

Under these experimental conditions, the calculated RSD on the 100 spectra were 0.19

and 0.22 respectively for each case. The figures in 5.13b and 5.13d show 25 representative

spectra from the automatic mapping of figures 5.13a and 5.13c.
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Table 5.1: Parameters used for the calculation of the EF.

Spectra Concentration (M) Relative intensity

1508cm−1 1360cm−1 611cm−1

SERS 2.22× 10−13 1.69× 105 1.36× 105 0.87× 105

Raman 1.00× 10−3 2.35× 104 2.47× 104 1.10× 104

EF 6.40× 107 4.90× 107 7.03× 107

AEF 3.24× 1010 2.48× 1010 3.56× 1010

To quantify the SERS activity of the substrates, the enhancement factor (EF) was

calculated using the acquired spectra from the dried samples. The EF was calculated by

comparing the intensity of the minimum detected concentration of Rh6G from the SERS

signal to that from the bulk Raman signal by means of the formula

EF =

ISERS

NSERS

IRS

NV ol

(5.1)

where ISERS and IRaman are the intensities of the selected scattering bands in the

SERS and bulk Raman spectra, while NSERS and NV ol are the number of probe molecules

contributing to SERS and bulk Raman signals, respectively [72].

In both cases, we assume that molecules are distributed homogenously on the surface

of the Al-CGNC substrate once the sample drop are dried; then, the number of probe

molecules NV ol, contributing to the signal, can be estimated by the following equation

NV ol = NAvogCV olAspotheff (5.2)

where NAvog is Avogadro’s number, CV ol is the Rh6G concentration (1.00× 10−3M),

Aspot is the area of the laser spot (4.9µm2) and heff is the thickness of the focal spot
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(2.2µm).

While the number of molecules sampled in the SERS substrates, NSERS was deter-

mined by following a similar methodology defined by Le Ru et al. and Orendorf et

al. [72, 114].

NSERS = ρNPAspotANPNmolec (5.3)

where ρNP is the number density of NPs (156
NPs

µm2
), ANP is the nanoparticle footprint

area (concave nanocube,(0.021µm2), in this case the indented angle was ∼ 148o [115] and

Nmoles is the density of Rh6G molecules bonded to the substrate 0.26molecules/µm2 at

a concentration of 2.22× 10−13M .

In our calculations, the mean peaks intensity located at 1508, 1360, 611cm−1 were used

to estimate the EF (see 5.1 and 5.13). Based on these parameters, the calculated Raman

EFs for the above peaks were 6.4× 107, 1.9× 107, and 7.0× 107 respectively.

In table 5.1, the analytical enhancement factor (AEF) also is calculated, and as can

be seen, the values are in the order of ∼ 1010, three magnitude orders above the EF calcu-

lated considering the molecules density and the nanoparticles involved i the measurement

process.
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Table 5.2: Resume of the main parameters of the Rh6G samples for its detection using
the SERS substrates.

Sample Concentration
(M)

Molecules on the
substrate

Number of molecules
per µm2

A1(Raman) 1.00× 10−3 2.11× 1015 —
A2(SERS) 1.00× 10−6 2.11× 1012 1.20× 106

A3(SERS) 2.22× 10−7 4.68× 1011 2.65× 105

A4(SERS) 2.22× 10−9 4.68× 109 1.20× 103

A5(SERS) 2.22× 10−11 4.68× 107 26.5
A5(SERS) 2.22× 10−13 4.68× 105 0.26

(a) (b)

(c) (d)

Figure 5.13: SERS analysis for the Rh6G 2.22 × 10−13M sample (top) and for 1.00 ×
10−6M .(a) Map image of the SERS intensity at 1508cm−1 for a total area of 55µm ×
75µm.(b)Raman spectra of the selected area in 5.13a. The RSD of this zone in 1508cm−1

is 0.19. (c)Map image of the SERS intensity at 1508cm−1 for a total area of 55µm×75µm.
(d)Raman spectra of the selected area in 5.13c. The RDS of this zone in 1508cm−1 peak
is 0.22.

With this work, is shown that the Al-substrate is able to detect Rh6G in the order

2.22× 10−13 by using CGNC with a very smooth and hydrophobic surface, which led to

improving the performance of the intrinsic properties of CGNC (nanoantennas). The high

EF value obtained could be explained by the contribution of:
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� the isolated concave surfaces

� the hot spots formed between the tips and the concave face, and

� between faces of cubes when they are face to face or when faces are shifted (tips or

nanoantennas)

Zhang et al. showed that a Raman enhancement of the order of 106 can be obtained using

isolated CGNCs, where main hot spots are localized on the cube tips [115].

More recently, Matteini et al. demonstrated that CGNCs can produce effective hot

spots also at the face-face and face-corner sites once the cubes are self-assembled in

monolayers and that the face-face locations can act as nanoholes for effective molecule

entrapment and detection [116]. CGNCs have been shown to be very efficient as SERS

substrates, and significant EF factors have been reported by depositing them onto the

surface of solid supports like glass and Teflon. Also show with this work that, using a

simple and reliable methodology, it is possible to make a detection of a submonolayer

concentration of Rh6G with a mean EF in the order of ∼ 107, which opens the possibility

of a simple and reliable way of using these substrates for single molecule detection.

5.3.2 SERS sensor: the case of Rose Bengal and Crystal Violet

The study of the SERS activity of our substrates was carried out using Rh6G (as was

detailed before), Rose Bengal (RB) and Crystal Violet (CV). Here, the performance of

the substrates tested in RB and CV is show to prove the potential of the substrates in

the detection of other molecules.

A stock solution of RB and CV (both 1.00× 10−2M in methanol) were prepared and

subsequently diluted to 1.00.×10−10M and 1.00×10−12M in milli-Q water, for both cases

respectively.

The figures 5.14 and 5.15 show the Raman spectra for the Crystal violet and Rose
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Bengal molecules, in the graph of the bottom, is shown the Raman measurements, while in

the top the SERS case is shown. Even at these low concentrations the Raman signals are

easily detectable and the characteristic Raman peaks for each molecule are well defined.

Figure 5.14: Raman and SERS spectra of Crystal Violet acquired as liquid samples at a
concentration of 1.0× 10−2M at the bottom and 1.0× 10−12M at top. The high intensity
SERS signal of Crystal Violet is listed in Table 5.3

.



63 5.3 SERS analysis of CGNC.

Table 5.3: Band assignment for SERS spectra of Rh6G, crystal violet and rose bengal.

Rhodamine 6G Crystal Violet Rose Bengal

SERS peak

(cm−1)

Assignment SERS peak

(cm−1)

Assignment SERS peak

(cm−1)

Assignment

611 ip 1 C-C-C

ring

724 νC-N2 724 –

1130 νC-H 760 νC −CcenterC

/ νC-N

724 —

1309 νC-O-C 1173 νC −CcenterC 1350 ν(C-C)ring

1360 Arom νC-C 1445 δCH3
3 1438 —

1508 Arom νC-C,

νC-H

1618 νArom C-C — —

1 in plane

2 stretching

3 scissoring
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Figure 5.15: Raman and SERS spectra of Rose Bengal acquired as liquid samples at a
concentration of 1.0× 10−3M at the bottom and 1.0× 10−12M . The high intensity SERS
signal is listed in Table 5.3

.

5.3.3 SERS Sensor: the case of pesticide Thiram

One of the objectives of this work was to being able to detect pesticides at very low

concentrations by SERS, in the order of ppm. There are several works which aim is

to detect the pesticide in values given by the farming government department, to show

the potential of the technique. In this case, once that has been confirmed the optimal

size of the CGNC for the best enhancement of Raman signal, and that can be achieved

concentrations of ∼ 10−13M on dyes, the Al substrate is proved for pesticides. In this

case, the pesticide Thiram was chosen for the present study, due to the high affinity of
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sulfur with gold metallic surface.

Thiram is a bisdithiocarbamate(EBDC) fungicide, used to prevent crop damage during

the transportation or storage, as well as in the field (apples, peaches, and strawberries).

Is applied to prevent fungal diseases as smut or bunts; also as repellent of rabbits, rodents

and deer. Another use of thiram is in human scabies, as sunscreen and as bactericide

[33,117–119].

The substrates were prepared in the same way that is described in 5.3, and same size

of CGNC (∼ 55nm). The NPs were also characterized by UV-Vis spectroscopy and by

SEM.

A solution of thiram in methanol at 1 × 10−2M is prepared as stock solution, and

also solutions of 50, 40, 30, 20 and 10µM in water, upside and downside the permitted

limits dictated by the EPA of 7ppm for apples [2]. A drop of the pesticide solution (3µL)

is deposited over the dry nanoparticles, let dry and the SERS signal of the pesticide is

measured for each one of the prepared concentrations. Eight different areas of the dry

drop is measured, in order to have data about the uniformity of the signal.
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Figure 5.16: SERS spectra of thiram in powder and in concentrations from bottom to top
of 50− 10µM .
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In the figure 5.16, the signal of the Thiram in pure state (powder) is low, except for

one peak in 557cm−1( attributed to ν(S − S)), while in the SERS signal the rest of the

peaks are clear, and even can be seen three peaks that are not so evident when the thiram

is analysed as a powder . These peaks are 1140cm−1, corresponding to ρ(CH3) or νC−N ,

1380cm−1 attributed to ρ(CH3) and 1510 to ν(C −N) [7, 27].

To prove the detection levels in fruits, a piece of tomato acquired from the local market,

was blended with 20ml of milliQ water. Then, 1ml of the mixture was separated and 5µl

of thiram pesticide at 20µM was added and mixed in the vortex. The solution was left

in rest for about one hour and then was filtrated with filter paper. One drop of 5µl was

taken and deposited over the SERS substrate and left dry.
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Figure 5.17: (a)Raman spectra of the thiram powder. (b)-(h) SERS spectra of the
mixture of tomato with thiram.
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The Raman spectra was obtained in seven different places of the dry drop of about

70 × 70µm, and in each place 20 spectra were taken, then the arithmetic media was

obtained for each place. The seven spectra are showed in Figure 5.17, and in the bottom

of the figure is the thiram powder spectra. Also, from the figure can be seen the peaks in

442, 555, 842, 1377 and 1393cm−1 peaks appear as in the thiram powder as in the mixture

with tomato.

For the conducted tests, the lowest limit that could be detected with the substrate

was 10µM , below the limits established by the EPA. Also, the graph showed in Figure

5.17, is a proof of the potential of the technique and of the proposed SERS substrate for

the study of pesticides in fruits and vegetables.
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Conclusions

This work presented the synthesis of concave gold nanocubes of different sizes and the

fabrication of an aluminum substrate to study their performance in the enhancing of the

Raman signal. In chapter 5 the nanoparticle synthesis is reported, as well as the changes

made to synthesize nanocubes of different sizes, and the characterization made by UV-Vis

spectroscopy and scanning electron microscopy (SEM) was used to analyze the size and

morphology, reported in chapter 5.

In chapter 4, the process of polishing and functionalization of the aluminum substrate,

while in chapter 5 is detailed the characterization of the substrate by atomic force mi-

croscopy (AFM), X-Ray diffraction (XRD) and SEM, to observe the grid that form the

pseudoboehmite over the aluminum surface.

To characterize performance of the conjunction of the concave gold nanocubes plus the

functionalized Al- substrate, first the optimal size of nanoparticles was proven. A series of

NPs with different sizes was synthesized to measure the SERS signal of 4-aminothiophenol

(4-atp). The sizes were 85, 63, 55, 46, 41 and 36nm, all of these were deposited by drop

casting over the Al-substrate, and let dry. Then, a drop of 4-atp was deposited and the

SERS signal was obtained. The signal in the main peaks was localized and, according to

our results, the size that enhances the best, was of ∼ 55nm.
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Then, this size was tested by using dyes: Rhodamine 6G (Rh6G), Crystal Violet (CV)

and Rose Bengal (RB) in limit concentrations of 2.22×10−13, 1.00×10−10, 1.00×10−1M ,

respectively. The enhancement factor of the substrate with Rh6G was estimated, so it

can be compared with others in the literature [72].

The tests made with the Al-substrate, showed a good performance for the deposit of

nanoparticles, as well as good for SEM analysis, since allow a good image obtaining, not

giving artifacts in the image due to the charge in the surface. Also, works as basis for

SERS substrate, since do not give signal of fluorescence that opaque the Raman/SERS

signal, allowing a good performance of the enhancing. Besides, the hydrophobic surface,

allow that the deposit of the nanoparticles, could develop in an homogeneous way.

The tests made on pesticide Thiram, showed a good performance of the SERS sub-

strate to amplify the signal of the analyte, open the possibility to use it as an alternative

of the techniques used nowadays. Although there are a lot of work with pesticides and

fruits,some of them only work with the fruit peel [23,120] and other with the fruit juice [8],

the simple treatment of the samples and the use of the Al-6063 basis, allow a better signal

acquirement with no noise signal coming from it.

The preparation of the nanoparticles, as well as the characterization, and the probes

made to assure the conjunction of the CGNC and the al-substrate are well suited for

SERS.

The especial properties of the Al-alloy permits to avoid all those problems of fluo-

rescence emission and Raman signal from solids like glass, paper or plastics, plus the

expensive cost of silicon wafer. The combination of Al alloys and CGNC accounts for a

strong enhancement of the SERS signal, being capable to detect Rh6G in the order of a

sub-monolayer concentration (10−13M) with an estimated EF of ∼ 107.

.
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