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ABSTRACT
Mercury (Hg) is a well-known hazardous environmental contaminant, found in water, air
and soil, that is mostly discharged into the atmosphere from coal-burning power plants, burning
fossil fuels and solid waste incineration. It exists in several forms, which are mainly in elemental
or metallic Hg and inorganic Hg compounds, but all are toxic to human in one way or the others.
The high level or continuous exposure to traces of Hg in human, either directly or indirectly, can
severely harm the immune system, brain, heart, kidneys, lungs and especially the nervous system
of people of all ages. Since Hg usually settles into water polluting the environment and
accumulating in living organisms, it is crucial to monitor Hg levels in the aquatic ecosystem.
Therefore, the development of remarkable selective and sensitive methods to monitor traces of
this heavy metal in its different species and in complex matrices and, at very low concentrations
as well as to understand its distribution, contamination potential, and bioaccumulation in the
ecosystem, have been the aim of study of many scientists of our community during the last two
decades.
Although there are many well established techniques currently used to detect Hg, most of
them require elaborate and time-consuming sample preparation and pre-concentration
procedures, as well as costly and bulky equipment that limit their practical application in the
field, especially the last point that hinders the feature of real-time Hg sensing and speciation onsite. Even though many new approaches have been introduced to design reliable and simpler
methodologies to detect Hg with the desired high sensitivity and selectivity, and fast response
times, they still lack procedural simplicity for on-site analysis and the required high selectivity
for the direct determination of Hg in real ―complex‖ samples.
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In order to overcome the existent limitations in Hg determination methods, several years
ago Hernandez and Co-workers explore the use of gold nanorods (AuNR) for a surface Plasmon
resonance (SPR) – based Hg sensor that could offer high selectivity in front of other metal ions
and Hg2+ complexes, attributed to the strong affinity between gold and mercury. The
determination of Hg can be done by observing the spectral shift of the longitudinal SPR band of
AuNR in the presence of Hg(0) in solution. In addition to its low limit of detection (LOD) in the
parts-per trillions (ppt), extraordinary selectivity and high linear dynamic range (DR), this
innovative approach offered the desired procedural and instrumental simplicity for
straightforward field applications. Hereinafter, we proposed the study of the effect of size and
AR of AuNRs on the sensitivity and the dynamic range (DR) of the first SPR – based Hg sensor,
the new approach to expand the application of the sensor in the flow of water as well as the
fabrication of the real prototypes of the Hg sensor that offers real-time detection and on-site
analysis as well as the operation in stream-flow.
In Chapter 2 we introduce the concept of gold nanorod-based mercury sensor. This Hg
determination approach was found to be exceptionally promising having the analytical figures of
merit showing precise and accurate analysis at the parts-per-trillion level with low limit of
detection (LOD), which serves as an excellent candidate for monitoring ultralow levels of
mercury in water samples. Afterward, we demonstrate the effect of size and aspect ratio of gold
nanorods on the sensitivity and the DR of the SPR-based Hg sensor using the presented
qualitative model. We show that while the sensitivity is mainly determined by the AuNR‘s
diameter, the DR is primarily governed the average length of these anisotropic metal
nanoparticles. Subsequently, we prove that by slightly modifying the traditional wet chemistry
procedure employed to generate AuNRs of different ARs, one can make larger but thinner
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anisotropic metal nanoparticles which diameter changes inversely proportional with their length,
thus both parameters (sensitivity and dynamic range) of the SPR-based Hg sensor can be
simultaneously improved.
Subsequently, in Chapter 3 we show our approach to expand the application of the SPRbased Hg sensor to stream-flow by introducing the silane coated glass slides functionalized with
AuNRs. We found that this Hg sensor, using immobilized AuNRs on glass substrates, retains the
outstanding selectivity of our previously reported mercury sensor using suspended gold
nanorods, presents an extraordinary sensitivity and, does not require any sample separation
and/or sample pre-concentration.
Then, to attain the practical applications of the sensor, in Chapter 4 we present the
design and the fabrication of the real prototypes of the SPR-based Hg sensor in stream-flow,
eliminating the use of NaBH4 as a reducing agent, introducing Fe and Ag metal to the system
which potentially expands the speciation of Hg detection. The sensing system was developed to
achieve the desirable features as real-time determination, on-site analysis as well as the operation
in the flow of water. The prototype was then tested in many experiments with the Hg(0) solution
and the results show clear blue shift of the maximum longitudinal SPR band of AuNRs on glass
substrates with impressive linearity which confirms the reliability of the detection making this
sensor a potential candidate for practical determination of Hgfree in the environment.
Finally, in Chapter 5 we provide new directions for future work in this field to achieve
the full potential of our sensor and apply it to monitoring and speciation Hgfree in the
environment in real time.
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CHAPTER 1: INTRODUCTION

Nanotechnology is a diversified innovative field of science that attracts great interest from
scientists and general public for decades. Its concept was originated from Richard Feynman, a
well-known physicist, who gave a famous talk ―There‘s plenty of room at the bottom‖ in 1959
before the term ―nano-technology‖ was first used by Norio Taniguchi in 1974.1,2 Inspired by
Feynman‘s concepts, in 1986 Eric Drexler applied the term ―nanotechnology‖ to describe and
propose the idea of nanoscale assembly in his book ―Engines of Creation: The Coming Era of
Nanotechnology‖.3,4 This consequently increased the awareness of the scientific community as
well as the general public to understand the concepts and implication of nanotechnology. In
essence, nanotechnology refers to the creation, manipulation and use of materials at the scale of
100 nanometers or less i.e. between approximately 3 nm and 100 nm. Structures at this scale
exhibit novel physical, chemical, mechanical, magnetic, biological and optical properties due to
their small size having extremely high surface-area-to-volume ratio as well as the quantum
effect.5–7 Due to these unique properties, control of materials on the nanoscale now plays an
important role in a variety of different interdisciplinary research fields and application areas
including chemistry, biology, medicine, physics, material science and engineering as well as
modern industries, having a widespread impact on all areas of society.8–12 Metallic nanoparticles
(NPs) are among the main focuses of interest owing to their extraordinary high reactivity and
surface plasmon resonance. These special properties make metal nanoparticles promising
candidates for a wide range of numerous practical applications such as catalysts, surface
enhanced Raman spectroscopy (SERS), solar cells, fuel cells, data storage devices, drug delivery
systems, and, the intriguing one, sensors. 2,5,13,14

1

Sensors are among the fastest-growing applications attributable to their huge demands in
various real-world application fields ranging from automobiles, communication, consumer
electronics, industrial, and environmental monitoring to biomedical.2,14,15 Based on the nature of
quantity they measure, sensors can be classified into several types commonly comprising electric
and magnetic sensors, thermal and temperature sensors, optical sensors, chemical sensors, and
mechanical sensors. Among various kinds of sensors, chemical sensors can exploit the most
benefits from the high surface-to-volume ratio property of nanoparticles due to the fact that it
generally composes of sensing material that responds to changes of chemical analytes and
transducers that convert the changes into signals.2,14–19 Chemical sensors can be divided by
sensing platforms into electrochemical, optical, chemiluminescent, ion-sensitive field effect and
mass spectroscopic ones

20,21

with a very broad range of applications as they include a vast

number of liquid phase chemicals ranging from acids, bases, solvents, and inorganic substances
to organic analytes.21 The main and common requirement for these sensors is high sensitivity and
selectivity. The specific surface area of sensing material is one of the key factors that determine
the sensitivity as it directly related to reaction rate or adsorption of target analytes.22 Therefore
the use of nanoparticles in chemical sensors will undoubtedly offer substantial improvement of
sensing performances attributable to several orders of magnitude increase of specific surface area
and smaller size of nanomaterials. 23
Among the most intensely attractive environmental analytes for sensing applications,
mercury (Hg) is widely recognized as one of the target pollutants that particularly gain massive
interest from researchers and general public due to its extremely toxicity. It is a well-known
hazardous environmental contaminant, found in water, air and soil, that is mostly discharged into
the atmosphere from coal-burning power plants, burning fossil fuels and solid waste incineration
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since it is naturally originated in many rocks and fossil fuels.24–29 After released into air, Hg is
atmospherically transported from a local area to regional and global scale by cycling among air,
land and water.30 Once dropping out of the atmosphere, it is usually washed away from land and
eventually settles into water polluting the environment and accumulating in living organisms.31,32
Thus, it is crucial to monitor Hg levels in the aquatic ecosystem as a potential source of
contamination. Hg exists in several forms, which are elemental or metallic Hg, inorganic Hg
compounds, and organic Hg compounds, but all are toxic to human in one way or the others. The
high level or continuous exposure to traces of Hg in human, either directly or indirectly through
the food chain, can severely harm the immune system, brain, heart, kidneys, lungs and especially
the nervous system of people of all ages.30,33–35 The dangerous consequences on public health
mentioned above, represent a global problem demanding solutions. Therefore, the development
of remarkable selective and sensitive methods to monitor traces of this heavy metal in its
different species and in complex matrices and, at very low concentrations as well as to
understand its distribution, contamination potential, and bioaccumulation in the ecosystem, have
been the aim of study of many scientists of our community during the last two decades.30,33–36
There are many well established techniques currently used to detect Hg at the parts-perbillion level, e.g. Inductively Coupled Plasma – Atomic Emission Spectrometry (ICP-AES),37
Gas Chromatography-Inductively Coupled Plasma-Mass Spectrometry (GC-ICP-MS),27 Atomic
Absorption Spectroscopy (AAS),38,39 Atomic Fluorescence Spectrometry (AFS),28,29 and
reversed-phase High Performance Liquid Chromatography (HPLC).40 These reliable techniques
however require, in addition to their intrinsic sophisticated and time-consuming sample
preparation procedures, costly and bulky equipment. The latter imposes boundaries to their
applicability to real-time Hg determination and speciation on-site.
3

Looking for more practical approaches that allow monitoring this hazardous metal in the
field, the scientific community has exploited new lines of attack to design reliable and simpler
methodologies with the desired selectivity and sensitivity.41 Among the most recent
advancements one should highlight the use of electrochemical sensors,42 molecular probes and
polymers,43–45 optical test strips and fluorescence-based membranes,46,47 oligonucleotides and
proteins,48–51

piezoelectric

quartz

crystals,52

gold-film

based

sensors,53–55

and

nanoparticles.49,50,56–60 Most of these approaches offer high sensitivity and fast response times.
However, they lack procedural simplicity for on-site analysis and the desired high selectivity for
the direct determination of Hg in real ―complex‖ samples.
In the quest for finding alternative methods that could overcome the existent limitations
in mercury sensing, several years ago Hernandez and co-workers proposed the first surface
Plasmon resonance – based mercury sensor (SPR-based Hg sensor) using gold nanorods
(AuNRs)41,61–64 This approach takes an advantage of the strong affinity between gold (Au) and
Hg in which the interaction between these two elements has been extensively studied by
monitoring physical properties of Au upon Hg adsorption. Numerous gravimetric sensors exist
based on the mass change when Hg adsorbs onto a gold-coated piezoelectric substrate.41,65,66 Au
films (10-40 nm thickness) have also been employed to monitor Hg upon changes in
resistivity,67–69 reflectivity,70–72 and surface plasmon resonance (SPR).61 Interestingly, the
determination of Hg can be done by observing the spectral shift of the longitudinal surface
Plasmon resonance (SPR) band of AuNR in the presence of Hg(0) in solution. The strong affinity
and specificity between Au and Hg conferred this method a high selectivity in front of other
metal ions and Hg2+ complexes. In addition to its low limit of detection (LOD) in the parts-per
trillions (ppt), extraordinary selectivity and high linear dynamic range (DR), this innovative
4

approach offered the desired procedural and instrumental simplicity for straightforward field
applications. Next, we present a thorough description of the theoretical details of surface
plasmonic resonance property subject of this dissertation.

1.1 Fundamentals of Plasmonics
Many of the fundamental electronic properties of the solid state can be explained by the
concept of single electrons moving in a periodic potential of crystal lattice. When the lattice is
neglected, in a first approximation, a different approach is attained where the free electrons of a
metal can be treated as an electron liquid of high density.8 This approach, based on the plasma
model, was further developed by Pines and Bohm in 1952

73

in order to explain the phenomena

of energy losses in fast electron scattering experiments.74 It has been found that the long-range
nature of coulomb interaction between the oceans of valence electrons in metals results in
collective volume longitudinal density fluctuations, so called plasma oscillations or Langmuir
waves, similar to the electron density oscillations observed in electrical discharges in gases,
propagating through the volume of the metal.75 These volume excitations have been studied in
detail afterward and ultimately have led to the discovery of surface plasmon polaritons.

5

1.2 Bulk Plasmon in metals

.
Figure 1-1. Free longitudinal plasma oscillation. The arrows indicate the direction of
displacement of the electrons.75

A Plasmon is defined as a quantum of a plasma oscillation, demonstrated in Figure 1-1 ,
which, in bulk materials, can be excited at a frequency

p,

according to the simplified dielectric

function of Paul Drude when the free electron damping term  and the background polarizability
in metal Ɛ∞ are neglected,75–78 for which the following condition is satisfied:

,

⃗ is the dielectric function of the crystal,

where

frequency with electron density
gold and silver

79

√

with

p

(1-1)

is the volume or bulk plasma

where rs is the electron gas parameter (0.16 nm for

), me is the effective free electron mass, e is the free electron charge,

frequency of the applied electric field.
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is the

This simplified dielectric function leads to two frequency regions: If
Ɛ becomes positive and the corresponding refractive index,

is larger than

p,

√ , will be a real quantity. As a

result, part of the light wave gets transmitted, consequently making the metal partially
transparent, since the electrons in metal are oscillating too slow and cannot respond fast enough
to screen the field. On the other hand, if

is smaller than

p,

Ɛ then becomes negative and n will

be a complex number which implies that an electromagnetic wave cannot propagate inside the
medium and is subsequently reflected due to the screening from the electrons in metal.
This model based on the free electron gas concept can give quite accurate results for the
optical properties of metals in the infrared region. However, since higher-energy photons can
also promote bound electrons from lower-lying bands below the Fermi energy level into the
conduction band
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leading to strong Plasmon damping, Drude‘s dielectric function therefore

becomes inaccurate for the visible range.
The specific value of

p

for most metals generally falls in the ultraviolet region, resulting

in the shiny and glittering appearance in the visible spectrum. Consequently, bulk Plasmon
usually exists in materials at high energy and thus can only be excited by high energy electron
scattering.75,78

1.3 Surface Plasmon in thin films of metals
Ordinarily, excitation Plasmon is not only limited to the bulk of a material. The surface of
a solid, which is commonly referred to as a thin film or a thin (mono) layer,80,81 is usually
modeled as an infinitely thin gas-solid interface
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Figure 1-2. Schematic representation of the charges and the electromagnetic field of SPs
propagating in the x-direction. H y shows the magnetic field in the y-direction of the p-polarized
SP wave.8

It has been first shown by Ritchie in 1957 that on boundaries, such as surface of materials, or
thin films, a different type of Plasmons can also exist.82 Coherent electron oscillations that are
confined at the interface between any two materials (see Figure 1-2), typically between a metal
and a dielectric, are known as surface Plasmons (SPs). The frequency of surface Plasmons can be
derived from Maxwell‘s equations (a detailed derivation can be found in Appendix A) and is
given by:
√

,

(1-2)

where ƐII is the dielectric function of medium.

In general, surface Plasmons can only be excited by p-polarized light (TM polarization),
owing to the continuity conditions at the boundaries between two materials.83,84 They are
essentially two-dimentional electromagnetic waves (or surface Plasmons polaritons, SPPs),
propagating at the flat interface between a conductor and a dielectric, which exponentially decay
(so called evanescent waves) with distance from both sides of the interface.83 These Plasmons
have lower energies than bulk Plasmons, therefore, in certain cases they can be excited not only
by electrons, but also by photons of light in infrared and visible region. However, a direct
excitation of surface Plasmons at metal/air interface with an electromagnetic wave is not possible
8

due to the fact that, for a given frequency, the free space photon have less momentum than the
SPP, as found in the Plasmon dispersion relation.83 This momentum mismatch is the reason that
inhibits photons from air from directly couple to SPPs unless a special technique or a defect on
the metal surface are employed to provide the missing momentum contribution. A technique
known as attenuated total reflection, using a coupling medium such as a prism or grating to
match the photon and SPP wave vectors (and thus match their momenta), is one of the
techniques that can achieve surface Plasmon at metal/air interface.85–90

1.4 Localized surface Plasmon in metal nanoparticles
Plasmon modes in metallic structures of dimensions smaller than the wavelength of
excitation light may lead to the localization of guided light signals far beyond the diffraction
limit for electromagnetic waves in dielectric media.91 Considering the surface plasmon polaritons
and the propagating (evanescent) modes at the interface of a metal and a dielectric on the surface
of metallic particles (so called particle plasmon polaritons), when an electromagnetic wave
impinges on a nanoparticle (of which its spatial dimension is assumed to be much smaller than
the wavelength of incident light), the electron gas on the metal nanoparticle (NP) gets polarized
(polarization charges at the surface) and the arising restoring force forms a plasmonic oscillation
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which

is

strictly

confined

in

the

particle

region

as

seen

in

Figure

1-3.

Figure 1-3. Excitation of particles plasmons through the polarization of metallic nanoparticles.
At the resonance frequency the plasmons are oscillating with a 90°phase difference (180° above
resonance).

Therefore, this type of Plasmons is called localized surface Plasmon (LSP). The condition
to satisfy LSP in nanoparticles can, as well, be derived and approximated from Maxwell‘s
equations 8,78 (a detailed derivation can be found in Appendix B) and, for spherical particle, it is
shown here in Equation (1-3) below:

Ɛmetal + 2Ɛmed = 0

(1-3)

when Ɛmetal is the dielectric constant of the metal particle and Ɛmed is the dielectric
constant of the medium.

which, in vacuum, the frequency of surface Plasmon in small particle is given by:
√

,
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(1-4)

This allows the beam to be concentrated into region as small as a few nanometers, limited
only by the atomic structure of matter, dissipation and the spacial dispersion of light.92,93

1.5 Localized surface Plasmon resonance (LSPR)
A resonance can naturally occurs when the frequency of the external field matches the
frequency of localized surface plasmon, causing an abrupt amplification of the field on the
particle surface and the growth of absorption and scattering cross-section. It is commonly known
that when a noble metallic nanoparticle is illuminated by white light, the plasmonic resonance
determines the color observed.

Figure 1-4. Nanoparticles of various shape and size in solution. 94

In other words, metallic nanoparticles exhibit enhanced near-field amplitude at the resonance
wavelength, which commonly falls into the visible region for noble metal such as gold and
silver. This field is highly localized at the nanoparticle and decays rapidly away from the
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nanoparticle/dieletric interface into the dielectric background, although far-field scattering by the
particle is also enhanced by the resonance.83,95 Light intensity enhancement is a very important
aspect of LSPR, of which has very high spatial resolution (subwavelength), due to the
localization, limited only by the size of nanoparticles.
Light in resonance with the surface plasmon oscillation causes the free-electrons in the
metal nanoparticles to oscillate. As the wave front of the light passes, the electron density in the
particle is polarized to one surface and oscillates in resonance with the light‘s frequency causing
a standing oscillation. This is referred to as the localized surface Plasmon resonance (LSPR),
since it is located and confined at the surface.
The resonance condition is determined from absorption and scattering spectroscopy and
is found to depend on the shape, size, and dielectric constants of both the metal and the
surrounding material.96 As the geometry such as shape or size of the nanoparticle changes,
causing a shift in the electric field density on the surface, the oscillation frequency of the
electrons consequently changes, generating different cross-sections for the optical properties
including absorption and scattering.5 Dielectric constant of the surrounding material, as well,
significantly affects the oscillation frequency due to the varying ability of the surface to
accommodate electron charge density from the nanoparticles. Even the slightest change in the
geometry and dielectric surrounding leads to a detectable shift of the resonance energy, resulting
in a shift in the surface Plasmon absorption maximum. This is the reason why metallic
nanoparticles are very suitable for sensing applications.
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1.6 Surface Plasmons resonance of Gold Nanorods
As a consequence of the findings, a large number of new designs of noble metal
nanostructures have been proposed and studied in order to disclose the optimal shape and size of
the particles as a potential sensor. Gold nanorod is one among other nanoparticles that have
attracted the most attention, due to the ease of preparation, the large number of synthetic
methods available, the high monodispersity possible, and the rational control over the aspect
ratio (AR), which is primarily responsible for the change in their optical properties.20,21
Moreover, the effect of anisotropy has been shown to offer large control over the optical
absorbance for all shapes generated 5 emphasizing its excellent potential for sensor applications.
Noble metal nanorods have been observed to have two Plasmon resonances modes: one due to
the transverse oscillation of electrons along the short axis of the particle, around 520 nm for gold,
and the other one due to the longitudinal plasmon resonance along the long axis of the nanorod at
longer wavelengths as shown in Figure 1-5.
Transverse

Longitudinal

0.7
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Figure 1-5. Experimental UV-vis absorption spectrum of a gold nanorod sample. The band at
520 nm is referred to as the transverse plasmon resonance, while the one centered at 712 nm is
called the longitudinal plasmon absorption.41
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The transverse surface Plasmon resonance does not significantly depend on the aspect ratio and
is at the same wavelength as the Plasmon resonance of spheres, whereas the longitudinal surface
Plasmon resonance wavelength increases with larger aspect ratios. Thus, the surface Plasmon
resonance of gold nanorods can be systematically tuned across the visible region by changing the
rod‘s aspect ratio as seen in Figure 1-6.

Figure 1-6. Simulation of the surface plasmon absorption for gold nanorods of different aspect
ratio. The figure shows the calculated absorption spectraof gold nanorods with varying aspect
ratios R.97

In consequence, the SPR absorption of AuNRs offers a powerful detection technique for
species of interest. The gold nanorods can be functionalized to observe only the molecules
studied and the absorption of desired molecules can be identified by a shift in the Plasmon
resonance absorption (i.e. a change in the color).
In the next three chapters, the study of the effect of size and AR of AuNRs on the
sensitivity and the dynamic range (DR) of the first SPR – based Hg sensor, the novel method to
detect Hg real time in the flow of water using the AuNRs functionalized on glass substrates,
along with the design structures of two prototypes are presented. This thesis work is the outcome
of a truly determined effort to study and experiment on the synthesis of AuNRs,
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functionalization of AuNRs on glass substrates, the interaction between Hg and AuNR as well as
to design, build and develop the prototypes of the innovative Hg sensor.

15
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CHAPTER 2 : EFFECT OF SIZE AND ASPECT RATIO OF GOLD
NANORODS ON THE SENSITIVITY AND THE DYNAMIC RANGE OF
THE SURFACE PLASMON RESONANCE  BASED MERCURY SENSOR
In this chapter, we study a method that provides a direct way to determine
mercury in water samples at the parts-per-trillion level without any sample
separation or preconcentration. Its outstanding selectivity and sensitivity result
from the well-known amalgamation process that occurs between mercury and
gold. Furthermore, we present a qualitative model that describes the way in which
the dimensions and the aspect ratio of gold nanorods (AuNRs) affects the
sensitivity and the linear dynamic range of the surface Plasmon resonance – based
mercury sensor. Using this model we show first that while the sensitivity is
mainly determined by the AuNR‘s diameter, the dynamic range is primarily
governed by the average length of these anisotropic metal nanoparticles. By
means of standard synthetic methods of these anisotropic metal nanoparticles, we
show that as the AuNRs‘ average aspect ratio decreases the sensitivity of the
sensor increases. Then, we explain how the sensitivity of the surface Plasmon
resonance – based mercury sensor, using AuNRs synthesized by traditional
methods reported in the literature, improves at expenses of a detriment in its
dynamic range. Finally, we demonstrate that by slightly modifying the traditional
wet chemical synthesis employed to generate AuNRs of different ARs, one can
make larger but thinner anisotropic metal nanoparticles which the diameter
changes inversely proportional with their length, thus both parameters (sensitivity
and dynamic range) of the SPR-based Hg sensor can be simultaneously improved.
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2.1 Introduction
This innovative approach of Hg determination takes advantage of the strong affinity
between Au and Hg. The interaction between these two elements has been extensively studied by
monitoring physical properties of Au upon Hg adsorption. We determine Hg upon wavelength
changes in the absorption spectra of Au nanorods (NR). The first article reporting on the
absorbing properties of AuNR appeared a few years ago. On the basis of experimental evidence,
El-Sayed and co-workers 1,2 provided the theoretical foundation to understand the two absorption
bands typically observed in the visible absorption spectrum of AuNR. Their two absorption
bands correspond to the transversal and longitudinal modes of SPR. The transversal mode
belongs to the SPR along the short axis of the rod and appears at a shorter absorption maximum
than the longitudinal mode band. The maximum absorption wavelength of the longitudinal mode
– which corresponds to the SPR along the long axis of the rod – presents a linear correlation with
the aspect ratio (length/diameter) of the NR. As the aspect of the NR increases, the longitudinal
mode band shifts to longer wavelengths. The same behavior is observed as the dielectric constant
of the medium increases.1
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Figure 2-1. Principle of SPR-based Hg sensor corresponding to the first hypothesis. a) a AuNR
is gradually covered by Hg b) the change in medium dielectric constant of AuNRs results in red
shift of longitudinal Plasmon absorption wavelength c) scheme of AuNR in presence of Hg.

Figure 2-2. Principle of SPR-based Hg sensor corresponding to the second hypothesis. a) the
AuNR aspect ratio is gradually decreased in the presence of Hg b) the change in the aspect ratio
of AuNRs results in blue shift of longitudinal Plasmon absorption wavelength c) scheme of
AuNR in presence of Hg.

The concept of this SPR-based Hg sensor relies on the combination of these two wellknown phenomena, i.e. the amalgamation of Hg and Au and the SPR of AuNR. Hernandez and
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co-workers were the first to report the outstanding potential AuNR have for sensing ultra-low
concentrations of Hg.3 They proposed two hypotheses on the principle of this sensor. The first
one demonstrated that when Hg(0) reacts with a AuNR, it accumulates on the surface of gold
until completely covers the whole particle as illustrated in Figure 2-1a and b. This leads to the
increase of dielectric constant of medium of AuNR, thus, allowing us to observe the red shift of
surface Plasmon absorption of the nanoparticle, see Figure 2-1c. The second hypothesis,
however, suggests that, when the AuNR are exposed to the presence of Hg(0), its amalgamation
to Au occurs at the tips, known as the active site, of the particles causing a reduction of the
effective aspect ratio of NR and a blue shift of the maximum absorption wavelength of the
longitudinal mode band, see Figure 2-2a, b and c. The linear correlation that exists between the
aspect ratio, as well as the medium dielectric constant, of AuNR and the position of the
maximum wavelength of the longitudinal mode of the SPR makes quantitative analysis possible.
The limit of detection depends on the reproducibility of the maximum absorption wavelength of
the reference signal. Because the intensity of the reference signal provides signal-to-noise ratios
with negligible contribution from instrumental and environmental noise, outstanding limits of
detection are possible with no need for sample pre-concentration steps.

Scheme 2-1. Chemical Reactions Involved in the Amalgamation of Mercury and Gold

Scheme 2-1 presents the chemical reactions involved in the amalgamation of Au and Hg.
Hernandez and co-workers subsequently tested the hypotheses and found that, with their
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experimental condition in solution, the aspect ratio of AuNR decreases because amalgamation
preferentially occurs on the tips of the NR. Preferential deposition at the tips of the NR agrees
well with the fact that the active sites of AuNR mainly belong to the tips of the nanostructures.4
The presence of a surfactant (CTAB = hexadecyltrimethylammonium bromide) used as the
capping agent in the synthesis of AuNRs on the lateral sides of the NR, shown in Figure 2-3,
contributes to this phenomenon as their shielding effect restricts the amalgamation of Hg on the
lateral walls of the NR.

Figure 2-3. Schematic diagram of the second hypothesis showing the amalgamation of Hg with
AuNRs.

The relationship between the diameter, D, and the AR of AuNRs was recently given by
O. Spalla and co-workers.5 Their quantitative analysis of populations was performed for the
classical scheme of aqueous seedless synthesis of nanorods. They found that gold spheres
compete in the formation of AuNRs, and demonstrated that the differentiation between spheres
and rods appears above a critical size of 5 nm. This effect is attributed to different growth rates
between facets. According to this study, the efficiency of the nanoparticle growth selection is
strongly influenced by the production of the initial seeds and, in particular, by the amount of
sodium borohydride added in the present scheme. Similar type of result has also been obtained in
our group when fabricating gold nanoparticles of different sizes and shapes, mainly AuNRs.3
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d = 5 + 0.06l

(2-1)

where d and l are the diameter and length of AuNR in nm, respectively.

Holding to the experimental evidence offered by Spalla et al.,5 and taking from their
article the following direct relationship, see Equation 2-1, which describes the dependence of the
AuNR‘s diameter with their length, we modeled the sensitivity and dynamic range (DR) of our
sensor (l is the average length of the AuNRs). In addition, we consider an important
experimental observation reported in our previous article on the SPR-based Hg sensor,3,6,7 i.e.
once Hg (0) amalgams with Au (0) at the tip of the AuNRs, the amalgamated portion fall off the
anisotropic metal nanoparticle.
First, we calculated the approximated number of gold atoms at the tip of AuNRs of
different AR, diameter and length. Then, we determined the approximated number of Hg atoms
required to induce an equivalent spectral shift on the longitudinal SPR band of AuNRs with
different AR according to the Equation 2-2 derived by El-Sayed et al.,.8 Our calculations are
based on a simple model called the Slicing Pocket Approach (SPA).

(2-2)
when max is the maximum longitudinal band of AuNR, AR is aspect ratio of AuNR and
Ɛm is dielectric constant of medium.

2.2 Slicing Pocket Approach (SPA)
SPA is based on the following four approximations: i) Cylindrical AuNRs with nearly
flat tip; ii) Spalla et al. linear relationship between the diameter and the AR of the AuNRs with
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slope m = 0.06; 5 iii) Amalgamation between gold (Au) and mercury (Hg) only takes place at the
tip of the AuNRs; iv) The effective AR of AuNRs is reduced by the progressive amalgamation of
atomic gold monolayers at the two tips of AuNRs, simultaneously.

Figure 2-4. Graphic description of the Slicing Pocket Approach (SPA) With the intention of
determining the number of gold atoms contained within one AuNR of specific AR, the volume of
the unit cell under consideration needs to be determined. Since a gold unit cell contains four
atoms in a FCC structure with 407.82 pm lattice size (Lu), the volume of a unit cell is Vu = 0.068
nm3. Then, the total number of gold atoms in a AuNR of volume V AuNR can be determine by
Equation 2-3, assuming that AuNRs have a cylindrical shape (
, where r is the
radius and l the length of the AuNR).

 VAuNR 

Total # Au Atoms = 4× 
 Vu 
when VAuNR is the volume of a AuNR and Vu is the volume of a gold unit cell.
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(2-3)

In Figure 2-4 we show the graphic description of SPA. This model is explained using a
long unidirectional arrangement of gold unit cells. In SPA, the amalgamation between gold and
Hg is based on approximation (iv) and, is depicted in Figure 2-4 as Hg cutting off (fine cutting
saws) atomic monolayers (pockets) of gold atoms from the tips of a AuNR. It is also considered
that a full monolayer of gold atoms, in a faced-centered cubic (FCC) crystal, has a width equal to
half of a unit cell and, it is centered either on the four corners of the unit cell or at its center. As
shown in Figure 2-4, (top to bottom) as the amalgamation progressively takes place, more
monolayers (c-e) are removed from the tips of the AuNR, thus reducing its AR. In order to
simplify the calculations, every single pocket is considered to have the equivalent of two gold
atoms per unit cell. The amalgamation mechanism of the sensor remains the same throughout the
whole sensing process until the AuNR becomes spherical with a diameter, D, which is
considered to be equal to the initial width of the AuNR. In the center of the images we highlight
the anticipated ―final‖ spherical shape of the remaining nanoparticles after the AuNR has
interacted with a maximum number of Hg atoms possible. This number depends on the AuNR‘s
AR (length and diameter), and corresponds to the maximum amount of Hg necessary to induce a
spectral shift of the longitudinal SPR band to totally overlap with its transversal SPR bands.3
Beyond this point the sensor is not reliable.
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Figure 2-5. Representation of our model to determine the number of unit cells at the tip of a
AuNR of diameter D. The diameter on a, b and c is approximately 2Lu, 6Lu and 10Lu,
respectively

 ATip 
Tip # Gold Atoms = 2 ×  A 
 u 

(2-4)

when ATip is the surface area of a AuNR tip and Au is the area of a single face of a gold
unit cell.
With the purpose of estimating the number of gold atoms at the surface of each tip of a
AuNR, the area of a single face of a gold unit cell (Au) should be calculated. Considering the
lattice size for a gold unit cell (Lu = 407.82 pm), Au is equal to 0.166 nm2. Then, assuming
AuNRs to have a circular surface at each end (see Figure 2-5), the surface area of a AuNR tip of
radius r = d/2 is

. Finally, the total number of gold atoms at the tip of a AuNR of a

specific width can be determined using Equation 2-4. The number of gold atoms in one atomic
monolayer slice, so called ―pocket‖, per one side of the gold unit cell is equal to two. Therefore,
we need to multiply the total amount of the unit cell by two when we consider the number of
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gold atom in a monolayer on a tip of the AuNR. Note: The larger the diameter of the AuNR, the
smaller the relative error in our calculations because the curvature of the circumference is
reduced.
Having established the principle of SPA and having found a way to estimate the total
number of gold atoms in a AuNR and at its tips, we used Spalla et al. relationship 5 to establish
the dependence of the AuNRs‘ diameter and total number of gold atoms at their tips with respect
to their AR. This information is important to establish the effect of the dimensions and the AR of
AuNRs on the limit of detection (LOD) and the dynamic range (DR) of the SPR-based Hg
sensor.

Figure 2-6. a) AuNRs diameter vs. AuNRs AR b) Au atoms at one tip of a AuNR vs. AuNRs
AR.

Figure 2-6a displays the dependence of the AuNRs‘ diameter with respect to their AR. It
is obvious from this figure that the diameter of AuNRs increases with the aspect ratio.5
Therefore, the number of gold atoms at the tips of AuNRs also increases with the AR, as shown
in Figure 2-6b. Interesting to notice is that while the diameter of a nanorod only increases 33%
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for a change in AR from approximately 1.1 to 5, the total number of gold atoms at one tip of a
AuNR increases in approximately 60%. This dependence reveals that more Hg atoms are needed
to react with one layer of gold atoms at the tip of a AuNR of greater AR. Therefore, the
sensitivity of the SPR-based Hg sensor should be very susceptible to small changes in the
diameter of these anisotropic metal nanoparticles. Since the most external gold atoms are the first
to amalgamate with Hg, and it is indeed this interaction what produces the observed spectral shift
associated with Hg concentration in the solution, the sensitivity of this Hg sensor should
deteriorate using AuNRs of greater AR. However, the dynamic range of the SPR-based Hg
sensor using of AuNRs of greater AR should increase.

Figure 2-7. a) Au-pockets from NR to nanosphere b) Total # of Au-atoms available for sensing.

In Figure 2-7a we show the plot of the total number of gold pockets and gold atoms
available for sensing Hg using the SPR-based Hg sensor, as a function of the AuNRs‘ AR. This
calculation is performed respecting the stoichiometry of the reaction

3

and considering that the

maximum number of gold pockets available to detect mercury is equivalent to the number of
gold pockets necessary to convert a AuNR into a sphere of diameter d, i.e. the initial diameter of
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the different AuNRs depending on their initial AR. From Figure 2-7a, it is evident that the
number of monolayers of gold, available for sensing Hg using AuNRs of different ARs,
increases with the AR. Consequently, the DR of the SPR-based Hg sensor should indeed increase
with the AR as well. Figure 2-7b shows the correspondence of the results shown in Figure 2-7a,
in terms of total number of gold atoms available in AuNRs of different ARs. As anticipated, the
total number of gold atoms available for sensing Hg also increases with the AuNR‘s AR. As a
result, these two parameters are directly proportional to the dynamic range of the SPR-based Hg
sensor.

Figure 2-8. SPR band spectral shift vs. AuNRs Aspect Ratio, for a total # of Hg atoms of 717.
Top illustration shows the initial (left) and final (right) length of the AuNRs. White tips
represents the amalgamated region.

In order to illustrate better how the sensitivity is affected by the size of the AuNRs (AR),
we calculated the expected theoretical spectral shift in AuNRs of different AR using a constant
amount of Hg atoms. Again, this number was chosen based on the stoichiometry of the reaction.3
Since the observed trend is not affected by the initial dimensions of AuNRs, for this particular
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calculation we chose the number of Hg atoms necessary to reduce a AuNR of AR = 1.2915 into a
spheres of d = 5.8 nm (see Figure 2-8). The spectral shift was calculated using Stephan Link and
Mostafa A. El-Sayed model.8 In their article these authors explained experimentally and
theoretically the dependence of the longitudinal band position of AuNRs with respect to their
AR. As one can see in Figure 2-8, the spectral shift is more significant for AuNRs of smaller AR,
i.e. AuNRs with lesser diameter. It can be observed that with the larger the AR of the AuNRs,
the sensitivity of the SPR-based Hg sensor decreases because more Hg is required to remove a
gold pocket of exactly the same thickness. This outcome is consistent with initial experimental
results reported is reference

3

which showed that the best compromise between the sensitivity

and the DR of the SPR-based Hg sensor was found for AuNRs of AR between 1.4 and 1.8.
Based on SPA one can recognize the existent competition between the sensitivity and
dynamic range of the SPR-based Hg sensor as a function of the AuNRs‘ AR. These results
suggest that if we want to improve both parameters (sensitivity and DR) of the SPR-based Hg
sensor, we need larger but thinner AuNRs. Therefore, finding new approaches to maintain, or
even better, to reduce the diameter of AuNRs as their AR increases would definitely improve
both parameters.
In order to probe our hypothesis, we synthesized AuNRs of three different AR by slightly
modifying (see Experimental section) the traditional wet chemical procedures reported in the
literature.2
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2.3 Experimental Section
2.3.1 Chemicals and Materials
Hexadecyltrimethylammoniumbromide

(CTAB),

Chloroauric

acid

(HAuCl4·3H2O), Trisodium citrate (Na3C6H5O7), Sodium borohydride (NaBH4) and
Ascorbic acid (C6H8O6) were purchase from Sigma Aldrich and used as received. All the
glassware was cleaned with aqua-regia and rinsed with deionized water prior to the
experiments.

2.3.2 Synthesis of AuNRs and functionalization of glass substrates
2.3.2.1 Preparation of AuNRs:
Gold nanorods: Gold nanorods (AuNRs) were synthesized via the modified
seed-mediated growth method based on the procedure published by Babak
Nikoobakht and Mostafa A. El-Sayed,2 explained next.

Seed solution: A 10 mL aqueous solution containing 5mL of 0.2M CTAB and
5mL of 0.5 mM HAuCl4·3H2O was prepared in a small vial. Then 0.74 ml instead
of the suggested 0.60 mL 2 of ice cold aqueous 0.01 M NaBH4 was added to the
solution all at once while stirring. The solution turned brownish yellow
immediately after adding NaBH4, indicating particle formation. The seed solution
was kept at 25˚C and used within 2-5 hours of preparation. The red color on the
solution indicated the formation of gold nanospheres of approximately 3 nm
diameter.
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Growth solution: 5mL of 0.2M CTAB at 25˚C was mixed with 65µL, 85µL and
120µL of 0.4mM AgNO3 to synthesize AuNRs of aspect ratio 2.40, 2.56 and 3.12,
respectively. Then, 5mL of 0.1 mM HAuCl4·3H2O were added to the solution
followed by a gently addition of 250µL of 0.0788M freshly prepared ascorbic
acid. In Nikoobakht and El-Sayed original article 2 the authors used instead 0.1mL
of 0.4mM AgNO3 and 70µL of 0.0788M ascorbic acid. The orange color of the
gold salt in the CTAB solution disappeared indicating the occurrence of a mild
reduction.
Synthesis of AuNRs: Afterward, 12µL of the seed solution was added to the
growth solution at a temperature between 27 ˚C and 30 ˚C. The gradual change in
color of the solution from red to purple or blue within 10-20 min revealed the
formation of AuNRs.

2.3.3 Experiment with Hg solution
Firstly, reference spectrum was recorded from a mixture of DI water with a stock
reference solution containing each AuNR solution. The spectrum corresponding to the
zero standard addition was recorded from a mixture of DI water with an equal volume of
stock reference solution and NaBH4. Each aliquot was spiked with 25 L of a 1.5x10-4M
HgCl2 standard solution. Their absorption spectra were recorded after mixing them with
equal volumes of the stock reference solution and NaBH4. The calibration curve for each
AuNR was built by plotting the wavelength shift of the absorbance as a function of Hg2+
in moles.
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2.3.4 Instrumentation
2.3.4.1 UV–vis measurements:
Absorbance

measurements

measurements

were

performed,

after

centrifugation and re-suspention of AuNRs in deionized water, using an Ocean
Optics HR4000 spectrophotometer with optical resolution 0.02-8.4 nm FWHM.
Care was taken to rinse and clean the quartz cuvette (in deionized water) and dry
it in a jet of flowing air prior to each measurement. Contributions from solvent
and cell were always subtracted.
2.3.4.2 Transmission electron microscopy (TEM):
For Transmission Electron Microscopy (TEM), the measurements were
performed on FEI Technai F30 TEM instrument operating at an accelerating
voltage of 100.0 kV with the magnification between 30,000X and 60,000X. A 3
µL drop of the AuNR solution (centrifuged and re-suspended in deionized water)
was dried on carbon-coated copper grids for 15 min before doing measurement.
Each set of AuNRs was individually studied. TEM micrographs on at least five
different regions of the grid were recorded, and for each set of nanorods, particles
then were counted and measured to determine the AuNR dimensions and particle
size distribution.

2.4 Results and Discussion
Figure 2-9 displays the TEM pictures of some of the AuNRs synthesized using the
described method. Table 2-1 presents the averaged diameter and length of the synthesized
AuNRs, obtained from the TEM images and, the specific spectral features acquired from the
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linear absorption spectra. The concentration of the solutions and the molar extinction coefficients
are also reported in Table 2-1. From this table it can be noticed that longer AuNRs (greater AR)
have smaller diameter. Figure 2-10 presents the normalized linear absorption spectra of the three
samples. As expected, the longitudinal SPR band of AuNRs with greater AR appears at longer
wavelengths.8

Figure 2-9. TEM pictures of AuNRs of AR = 2.40 (left), 2.56 (center), 3.12 (right).

Table 2-1. Aspect Ratio (AR), diameter and length of the three set of AuNRs synthesized with
the modified method. The size of the AuNRs where performed from TEM pictures, over a
statistical amount of nanoparticles. The size distribution in both dimensions is less than 10%
Diameter
(nm)

Length
(nm)

AR

LSPR
(nm)

TSPR
(nm)

(LSPR)
(M-1cm-1)

Concentration
(M)

18 ± 3
17 ± 2
16 ± 3

43 ± 5
44 ± 5
50 ± 6

2.4 ± 0.4
2.6 ± 0.4
3.1 ± 0.6

620
660
700

525
525
525

2.3109
3.1109
3.7109

3.210-10
1.610-10
3.210-10
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Figure 2-10. Normalized absorbance spectra of AuNRs of AR = 2.4, 2.6, 3.1. The corresponding
SPR longitudinal band is centered at 620 nm, 660 nm and 700 nm.

The LOD and DR were determined on three different batches of AuNRs with average aspect
ratio 2.4, 2.6 and 3.1. Following the same experimental procedure reported in reference,3 we
determined the LOD as well as the DR of SPR-based Hg sensor using the already mentioned
AuNR solutions. The wavelength shifts plotted in the calibration curves, shown in Figure 2-11,
are the maximum absorption wavelength of the longitudinal SPR band of the individual
measurements taken from aliquots of the same working solution which the spectrum were
normalized and smoothed before taken into consideration. The least squares fitting of the
standard addition curves of three AuNRs provided straight lines with correlation coefficients
equal to 0.8731, 0.9701 and 0.9675 respectively to increasing aspect ratio. Since our approach is
based on absorption spectral shifts upon mercury interaction with AuNRs, our LOD depends on
the slope of calibration curve as well as reproducibility (sR) of the reference wavelength (λR), i.e.
the maximum absorption wavelength of AuNRs in the absence of Hg and in the present of Hg.
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Figure 2-11. Calibration curves for AuNRs of AR = 2.4, 2.6, 3.1.

In the lack of matrix interference, the main source of wavelength variation is instrumental noise.
The LOD was calculated with the equation LOD = 3sR/m

3,9

; where m is the slope of the

calibration curve and sR is the standard deviation of the maximum longitudinal wavelength of
absorption spectra obtained from three individual measurements taken from three aliquots of the
same working solution by plotting the first absorption derivative of the three spectrum and
obtaining the number at X-interception.
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Table 2-2 presents the LOD and DR of the SPR-based Hg sensor using the three AuNRs
solutions made by the modified synthesis approach. In order to make a fair comparison, LOD
and DR values were normalized with respect to the number of AuNRs present in solution.

Table 2-2. Aspect Ratio (AR), Limit of Detection (LOD) and Dynamic Range (DR) of three set
of AuNRs synthesized with the modified method
AR

LOD (ppb)

DR (ppm)

2.4 ± 0.4

1.7

2.3

2.6 ± 0.4

0.68

3.3

3.1 ± 0.6

0.039

4.0

On the one hand, the LOD of these AuNRs decreases with the increase in AR. This
confirms that narrower AuNRs should enhance the sensitivity of the SPR-based Hg sensor.
Moreover, it can be observed that a little change in the diameter of the AuNRs (Table 2-1)
affects significantly the position of the SPR band of these anisotropic metal nanoparticles. SPA
explains the observed tendency by admitting that less Hg atoms are required to produce the same
spectral shift of the longitudinal SPR band in narrower AuNRs. On the other hand, the DR of the
SPR-based Hg sensor increases with the length of the AuNRs. This behavior was already
predicted using SPA. According to this model, the longer the AuNRs, the greater the total
number of gold atoms and gold pockets available for sensing Hg. Therefore, the shorter the
AuNRs the less Hg atoms are needed to reduce the size of AuNRs to gold nanospheres, i.e. not
so many layers need to be cut off until the aspect ratio is reduced to 1.
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2.5 Conclusion
Through the employment of SPA we were able to show that the sensitivity and linear
dynamic range of SPR-based Hg sensor, as a function of AR of AuNRs, is strongly affected by
the AuNRs size and aspect ratio. Using SPA we demonstrated that while the sensitivity of the
SPR-based Hg sensor is mainly determined by the diameter of the AuNRs, its DR is mostly
limited by their length. The introduced slight modification to El-Sayed et al. wet chemical
method, allowed us to synthesize longer but narrower AuNRs that offer the possibility of
improving, simultaneously, the LOD as well as the DR of the SPR-based Hg sensor. The LOD
using these AuNRs improved from 1.7 ppb (AR = 2.4) to 3.910-2 ppb (AR = 3.1), i.e.
approximately two orders of magnitude lower while the DR improved two folds.
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CHAPTER 3 : GOLD NANOROD-BASED MERCURY SENSOR USING
FUNCTIONALIZED GLASS SUBSTRATES
Reproduced with permission of Elsevier from: W. Chemnasiri, F.E. Hernandez, Gold nanorod-based mercury
sensor using functionalized glass substrates, Sens. Actuators B: Chem. (2012)

With a better understanding of the factors that affect the LOD and DR of the
AuNR-based Hg-sensor, and having found a way to improve both parameters, we
wanted to apply this knowledge to make progress towards more practical
applications. In this chapter we report on the development of a AuNR-based Hgsensor, immobilizing these anisotropic metal nanoparticles on glass substrates.
This novel approach is expected to find applications in the measurement of lowlevel Hg traces in stream-flow. We present first a ―modified‖ wet chemical
procedure to functionalize glass surfaces with AuNRs, which confer control on
the density of particles on the glass substrate in order to avoid the surface
Plasmon coupling between neighbor nanoparticles. Then, we demonstrate that this
Hg sensor, using immobilized gold nanorods on glass substrates, retains the
outstanding selectivity of previously reported Hg sensor using suspended gold
nanorods, presents an extraordinary sensitivity and, does not require any sample
separation and/or sample pre-concentration. The analytical figures of merit
demonstrate precise and accurate analysis at the parts-per-billion level, with the
limit of detection (1.0 µg/L) showing excellent potential for monitoring traces of
Hg in flowing water.
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3.1 Introduction
We have already demonstrated that AuNRs can be used to detect free Hg in aqueous
solution based on the amalgamation between Au and Hg. Moreover, as discussed in the first
chapter, the sensitivity of the SPR-based Hg sensor is mainly determined by the diameter of the
AuNRs while its DR is mostly limited by their length. Knowing this, we modified the wet
chemistry protocol to synthesize the AuNRs in order to obtain the longer but narrower
nanoparticles that offer the possibility of improving, simultaneously, the LOD as well as the DR
of the SPR-based Hg sensor. Although we could achieve excellent sensitivity and selectivity, the
application of the Hg sensor is still restricted to still water or lab solution. To expand the use of
sensor, we introduced the silane coated glass substrates used to functionalize with AuNRs via the
formation of Au-silane bonds. This novel approach enables the SPR-based Hg sensor to detect
free Hg in the flow of water while still retaining the outstanding selectivity of the previously
reported Hg sensor using suspended AuNRs, its extraordinary sensitivity, and does not require
any sample separation and/or sample pre-concentration.

3.2 Experimental Section
3.2.1 Chemicals and materials
Analytical-reagent

grade

Hexadecyltrimethylammonium

chemicals
bromide

were
(CTAB)

used

in

all

(C19H42BrN),

experiments.
hydrogen

tetrachloroaurate trihydrate (HAuCl4·H2O), silver nitrate (AgNO3), sodium borohydride
(NaBH4) and ascorbic acid (C6H8O6) were purchased from Sigma–Aldrich. Mercury(II)
chloride (HgCl2), potassium fluoride (KF), lead (II) nitrate (Pb(NO3)2), barium chloride
(BaCl2), copper nitrate (Cu(NO3)2), arsenic trioxide (As2O3), chromic nitrate (Cr(NO3)3),
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sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) were purchased from Fisher
chemicals. All deionized (DI) water used was obtained from a Milli-Q Millipore integral
water purification system. All glassware was cleaned with aqua regia and rinsed with DI
water prior to the preparation of solutions. Silane coated glass slides with APTMS (3aminopropyltrimethoxysilane) were obtained from Lab Scientific Inc.

3.2.2 Synthesis of AuNRs and functionalization of glass substrates
3.2.2.1 Preparation of AuNRs:
Gold nanorods: Gold nanorods (AuNRs) were synthesized via a modified seedmediated growth method based on the procedure reported by El- Sayed and coworkers 1

Seed solution: A 10 mL aqueous solution containing 5.0 mL of 0.2 M CTAB and
5 mL of 0.5 mM HAuCl4·3H2O was prepared. Then, 0.74 mL of an ice cold
aqueous 0.01 M freshly prepared NaBH4 solution was added to the previous
solution, all at once while stirring. Using 0.74 mL of NaBH4 solution instead of
the 0.6 mL recommended in the literature, 1 the solution turned brownish yellow
immediately, indicating the formation of nanoparticles. The seed solution was
kept at 25 ◦C and used within 2–5 h after preparation.

Growth solution: 5.0 mL of a 0.2 M CTAB solution was mixed with 65 µL of
4.0 mM AgNO3 at 25 ◦C. Then, 5.0 mL of a 1.0 mM HAuCl4·3H2O solution was
added followed by gently adding 240 µL of a 0.0788 M freshly prepared ascorbic
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acid solution instead of the 70 µL recommended in the literature.1 The orange
color of the gold salt dissolved in the CTAB solution disappeared when ascorbic
acid was added, indicating the occurrence of a mild reduction of gold.

Synthesis of AuNRs: 12 µL of the seed solution, at a temperature between 27 and
30 ◦C, was added to the growth solution. The solution color gradually changed to
dark blue within 10–20 min, indicating the formation of the AuNRs (longitudinal
SPR band was centered at 625 nm). By using slightly greater quantities of AgNO 3
and Ascorbic acid (on the growth solution) than those reported in the literature

1

we were able to synthesize, in a reproducible manner, AuNRs of aspect ratio (AR)
between ∼1.6 and 1.9.

Cleaning AuNRs: In order to remove CTAB from AuNRs, the growth solution
was centrifuged for 2 h at 7100 rpm and then re-suspended. The supernatant was
withdrawn by decantation. This procedure was repeated twice. The precipitate
was then collected and re-dispersed in DI water to obtain a clean AuNRs solution
necessary for the functionalization of glass substrate (longitudinal SPR band was
centered at 615 nm).

3.2.2.2 Preparation of glass substrates:
Silane coated glass slides were cleaned in piranha solution at 70 ◦C for 1
h. This procedure removes any residual oxide layer on the surface of the glass
slides before their functionalization. After cleaning, the glass slides were rinsed
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with DI water and stored fully submerged in DI water, if not used right away, to
prevent oxidation by air.

3.2.2.3 Functionalization of glass substrates with AuNRs:

Figure 3-1. Delineation of the procedure used to functionalize Silane coated glass
with AuNRs.

As shown in Figure 3-1, cleaned Silane coated glass slides were placed in
a beaker containing 5 mL of clean AuNRs solution (left side of the diagram), for
24 h at 25 ◦C (center of the diagram). The functionalized glass slides were then
rinsed with DI water and dried in the oven at 70 ◦C for 15 min (right side of the
diagram). By controlling the initial amount of AuNRs in solution, an optimal
density of particles on the glass substrate of approximately 55 AuNRs/µm2 was
obtained. The density of particles was determined by counting manually the
number of AuNRs per area on SEM pictures of different substrates. After the
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AuNRs were attached to the glass substrate, their longitudinal SPR band was
centered at 570 nm.

3.2.2.4 Mercury detection using AuNRs/glass substrates:
AuNR glass slides were placed in a beaker containing 50 mL of 0.01 M
NaBH4. The solution was continuously stirred to assure homogeneous contact of
the functionalized substrate with the reducing agent (longitudinal SPR band was
centered at 565 nm). Twenty-five different aliquots of 40 µL of 0.15 mM HgCl2
(6.0 × 10−9 mol) were injected into the beaker, as exemplified in Figure 3-2. The
AuNR glass slides were left fully submerged in the Hg containing solution for
approximately 5 min after each injection. Then, the substrates were removed from
the solution, rinsed with DI water and air-dried before measuring the UV–vis
spectrum through them. This procedure was repeated after each aliquot was
added.

Figure 3-2. Representation of the experimental procedure used to study the
performance of the AuNRs based Hg sensor using functionalization glass
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substrate with AuNRs. Vi represent the volume of the different aliquots of an
aqueous solution containing Hg2+. The images at the bottom illustrate the
progressive aspect ratio change of AuNRs as more mercury is added to the
reducing solution where the AuNRs/glass substrate is immersed.

Figure 3-2 illustrates the change in the AuNRs length after the addition of
consecutive aliquots of Hg(II) to the sodium NaBH4 solution. In this diagram one
can understand how AuNRs of initial AR = 1.8 transform, progressively, into gold
nanospheres of diameter equal to the initial width of the AuNRs (30 nm). The
change in the AuNRs AR is represented by the change in color of the
functionalized substrate. Because AuNRs are very stable in aqueous solution, the
lifetime of the sensor only depends on the exposure time of these nanoparticles to
liquid mercury, i.e. the necessary time to make enough Hg(0) transform the
original AuNRs into nanospheres.

3.2.2.5 Interferences:
In order to measure the effect of interference from several inorganic ions
as potential contaminants found in drinking water, according to the EPA, eight
AuNR functionalized glass slides, used as reference samples, were individually
placed in eight different beakers containing 10 mL of 3.5 × mM of NaBH4. Each
ion (arsenic, barium, chloride, chromium, copper, fluoride, nitrate and lead) was
individually tested by injecting the ion solution at different concentrations into the
corresponding beaker along with vigorous stirring. Their final concentrations
were adjusted to the maximum contaminant level allowed by the EPA,

2

i.e.

[arsenic(III)] = 0.010 mg/L, [barium] = 2 mg/L, [chloride] = 1.0 mg/L,
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[chromium(III)] = 0.1 mg/L, [copper(II)] = 1.3 mg/L, [fluoride] = 4.0 mg/L,
[nitrate] = 10 mg/L and [lead(II)] = 0.015 mg/L. The UV–vis absorption spectra
were measured after 5 min of the addition. The effect of the presence of all ions in
solution was also tested by mixing all contaminants together in a beaker
containing the AuNRs functionalized glass slides submerged in 10 mL of 3.5 ×
mM of NaBH4

3.2.3 Instrumentation
3.2.3.1 UV–vis measurements:
Absorbance measurements were performed on a HR4000 Ocean Optics
spectrophotometer with spectral range of 350–850 nm and an optical resolution of
0.02-8.4 nm (FWHM). This instrument comes with a tungsten halogen lamp as
excitation source.
3.2.3.2 Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM):

SEM measurements were performed using a Zeiss ULTRA-55 FEG SEM
capable of delivering very high lateral resolution at low voltages (15 kV and 1 kV
to achieve a SEM resolution of 1 nm and 1.7 nm, respectively). This electron
microscope has a Schottky field emission source and four imaging systems with
true backscattered electron imaging. SEM micrographs were taken on at least ten
different regions over each substrate. AuNRs dimensions and particle
distributions were estimated by counting and measuring particles on the
corresponding SEM images.
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For TEM, a FEI Tecnai F30 microscope was used operating at an
accelerating voltage of 100 kV. This electron microscope has a field emission
electron source and a super twin objective lens to yield a point-to-point resolution
of 2 Å.

3.3 Results and discussion

Figure 3-3. SEM image showing AuNRs of approximately AR = 1.8 ± 0.2, immobilized on
Silane coated glass. The extracted TEM image shows the cylindrical shape of one AuNR.

Figure 3-3 displays the SEM image of a functionalized microscope slide with AuNRs
using the modified method described above. The calculated (from the SEM image) average
nanoparticle length, diameter and aspect ratio were l = 55 nm ± 5 nm, d = 30 nm ± 5 nm and, AR
= 1.8 ± 0.2, respectively. An important aspect to remark in this figure is the existent random
orientation and large average interparticle separation after the immobilization of the AuNRs on
the glass surface. The fact that the average distance between neighbor nanoparticles is greater
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than their average length suggests that broadening of their SPR band, due to SPR coupling
between adjacent AuNRs, should be minimal. Achieving this outcome is of great relevance in
maintaining the sensitivity of the Hg sensor since its working principle is based on the spectral
shift of the longitudinal SPR band of AuNRs in the presence of Hg(0), i.e. the narrower the SPR
absorption band the better. Nevertheless, the unavoidable formation of some AuNRs aggregates
can be noticed in Figure 3-3. This induces an inevitable broadening of the spectrum and results
in only one band observed in all spectra as shown in Figure 3-4. However, because the amount of
aggregates on the glass surface is much less than that of individual nanoparticles, the broadening
of the SPR band of the immobilized AuNRs does not affect much the sensitivity of the sensor, as
shown next in this graph below.

Figure 3-4. UV–vis absorption spectra showing the spectral shift at several Hg(II) concentrations. The amount range between 6.0 nmol and 144.0 nmol shows the spectra within the
linear dynamic range of the calibration curve. Aliquots from A to Y contain additional 6.0 nmol.
The Y spectra show the SPR absorption bands at higher Hg(II) concentrations located around
530 nm. Dashed- and dotted-lines correspond to UV–vis spectra of AuNRs immobilized on
Silane coated glass slides, before (AuNRG) and after (AuNRGS) submerging the substrate in the
NaBH4 solution.
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Figure 3-4 shows the normalized absorption spectra of immobilized AuNRs on a glass
surface exposed to different amounts of reduced mercury (Hg2+ + 2e−→ Hg0) in solution. The
trials were performed by adding incremental volumes of 40 µL of an aqueous standard 0.15 mM
HgCl2 solution (see Figure 3-2), i.e. 6.0 ×10−9 mol, to a functionalized microscope slide
submerged in a constant volume (50 mL) of 0.01 M NaBH4 (excess of the reducing agent)
aqueous solution. All the spectra were recorded after 5 min of HgCl2 addition, i.e. the time at
which all the Hg(II) present in solution is reduced to Hg(0) and, it has totally been amalgamated
with AuNRs. After this point no further spectral shift was observed in any of the solutions.
The spectral blue shift of the maximum of the SPR band (λmax) with the addition of
mercury is clear and shows its direct correlation with Hg(II) concentration. The change in color
of the functionalized substrate with the addition of mercury is so evident that it can be observed
by naked eyes (Figure 3-5).

Figure 3-5. Picture of the functionalized Silane coated glass with AuNRs a) in the absence of
mercury and b) after adding 144.0 nmol of Hg(II) to the NaBH4 solution.

The observed spectral blue shift is caused, as demonstrated by Hernandez and co-workers, 3 by
the reduction of the effective aspect ratio of the nanorods after the formation of the amalgam
between the two metals which takes place, preferentially, at the tip of the AuNRs. In fact, it can
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be observed that at a maximum amount of Hg(II)Cl2 of 1.0 mL (150 nmol) the absorption band
shifted to approximately 530 nm, the position of the SPR absorption band of Au nanospheres.
This result is supported by the amalgamation model which predicts an overlap between the SPR
absorption bands of the AuNRs once the anisotropic nanoparticles are transformed into spherical
nanoparticles.3
The spectral blue shift of λmax, noticed after inserting the AuNRs functionalized glass
substrate in the NaBH4 solution, is an indication of the change in the dielectric constant of the
surrounding of the metal nanoparticles as well as the existence of some remaining oxidized
Au(III) on the substrate. This metal can be reduced to Au(0) in the presence of NaBH4, thus
inducing the small spectral shift on the SPR band of the anisotropic metal nanoparticles from 570
nm to 565 nm (Figure 3-4). The same phenomenon was already observed, with a more
significant influence, in solution.3 The initial difference in spectral position of λmax between
AuNRs suspended in solution (625 nm) and AuNRs immobilized on glass (570 nm) can be
explained, according to El-Sayed et al.,4 by the differences in permittivity of the surroundings,
i.e. CTAB/water vs. Silane/SiO2/water. In fact, the same effect induced a small spectral shift of
approximately 10 nm on the λmax after removing the CTAB from AuNRs (see experimental
procedure). Changes in the relative intensities of the SPR band of the different solutions is due to
the induce change in the molar extinction coefficients of the AuNRs as their AR changes.5

57

Figure 3-6. Calibration curve of the immobilized AuNRs mercury sensor, λmax vs. amount of
Hg(II) in nmol. R2 = 0.99686 and m = 1.2 × 10−8 nm/mol.

The plot of λmax vs. moles of Hg(II), displayed in Figure 3-6, shows the direct correlation
between the maximum of the SPR band of AuNRs and the amount of Hg(II) added to the
solution. λmax was determined through the computation of the first derivative of the absorption
spectrum, around its maximum, as a function of the amount of Hg2+ added to the reducing
solution. This calibration curve was obtained on a functionalized glass substrate with a particle
density of approximately 55 AuNRs/µm2. Careful investigation of the effect of particle density
on the longitudinal SPR band broadening and the absorbance of the sample, led us to determine
this specific particle density as the optimal. The wavelength shifts, plotted in the calibration
graph, are the averages of individual measurements taken at least three times on the same
substrate. The linear dynamic range (from 2.0 µg/L to 0.58 mg/L) of the calibration curve is
based on at least twenty different mercury concentrations. An R2 = 0.99347 reveals the linearity
of the sensor using this innovative approach and validates the performance of the Hg sensor,
using immobilized AuNRs on a glass surface. The relative spectral standard deviation below 1%
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at medium concentration, measured in at least three different runs using solutions of the same
concentration, shows excellent repeatability of the measurements.
The LOD was calculated with the equation LOD = 3 × sR/m 3,6; where m (1.2 × 10−8 mol)
is the slope of the calibration curve and sR is the standard deviation of the maximum longitudinal
wavelength of absorption spectra which can be determined based on three measurements of the
reference signal (λR) on three different locations over the functionalized substrate. This
procedure guaranteed the inclusion of differences in particle density over the functionalized
microscope slides. Due to the use of a miniaturized spectrometer with lower spectral resolution,
the LOD (1.0 µg/L) using this novel approach is higher than the exceptional LOD found in the
original AuNRs based Hg sensor.3 However, this figure is still comparable to that of the most
sensitive sensors reported in the literature

7-15

and, in addition this approach can be made to

achieve a small, light and portable sensor.
In order to verify the selectivity of the AuNRs based Hg sensor using immobilized
nanoparticles on glass surfaces, we studied the effect of common inorganic ions (arsenic, barium,
chromium, copper, fluoride, nitrate and lead) present in typical drinking water according to the
EPA pollutants standard list.2
The reference sample consisted of a functionalized glass substrate with a particle density
of approximately 55 AuNRs/µm2. Ions were tested individually by submerging the glass
substrate in a nanopure water solution of defined ion concentration (see Section 3.2.2.5). The
quantitative analysis was performed via the multiple standard addition method. The spectrum
corresponding to the zero standard addition was recorded on 50 mL of a 0.01 M NaBH4 solution.
None of the ions caused noticeable spectral interference. The maximum absorption wavelength
of the reference signal remained virtually the same on average, i.e. λR = 565.03 ± 0.05 nm. No
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interference was likewise observed in the presence of a mixture of all the ions in solution. This
experiment allowed testing the selectivity of the sensor using this novel approach with a fairly
complex matrix. In addition, the effect of pH in solution, between 5 and 9, was evaluated. No
changes in the performance of the sensor were observed throughout the measurements. However,
it was noticed that AuNRs can fall off the substrate after few minutes when working at pH above
8 or below 6. Since this sensor is not expected to be used under those extreme conditions in
practical applications, this factor should not represent a drawback to the proposed mercury
sensor using immobilized gold nanorods on glass substrates.

3.4 Conclusion
We have presented a unique approach with tremendous potential for the determination of
Hg in stream-flow by introducing the silane coated glass slides functionalized with AuNRs. We
found that this Hg sensor, using immobilized AuNRs on glass substrates, retains the outstanding
selectivity of our previously reported mercury sensor using suspended gold nanorods, presents an
extraordinary sensitivity and, does not require any sample separation and/or sample preconcentration. The linear correlation between wavelength shift and mercury concentration of the
proposed sensor, its relative pH independence, as well as the procedure ease, makes the
quantitative analysis using this novel approach simple and suitable for real-time and on-site
analysis using a miniaturized portable spectrometer.
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CHAPTER 4 : FIELD-DEPLOYABLE, NANO-SENSING APPROACH FOR
REAL-TIME DETECTION OF FREE MERCURY, SPECIATION AND
QUANTIFICATION IN SURFACE STREAM WATERS AND
GROUNDWATER SAMPLES

After expanding the application of the AuNRs Hg-sensor to stream-flow detection
of the metal using functionalized glass-substrates, we decided to embark in the
engineering of a real prototype that could be used in environmental analysis.
In this final chapter, we describe the design, building, calibration and
testing of the first prototype of the surface Plasmon resonance – based mercury
sensor (SPR - Hg sensor) using AuNRs functionalized glass substrates. We
eliminated the use of NaBH4, introducing Fe and Ag metal as the reducing agent
in the sensing system as to offer the speciation of Hg detection and to make the
sensor more practical to be used in stream-flow. After considering many details
for the optimization of its design and manufacture, we built a robust and compact
prototype with a complete detection system which was tested in many
experiments with the Hg(0) solution. The results show clear blue shift of the
maximum longitudinal SPR band of AuNRs on glass substrates with impressive
linearity which confirms the reliability of the detection making this sensor a
potential candidate for practical determination of Hgfree in the environment.
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4.1 Introduction
We proposed an innovative low level Hg determination using the surface Plasmon
resonance – based mercury sensor with outstanding sensitivity and selectivity as shown in
chapter I and it was demonstrated in chapter 3 that this approach can be applied using the AuNR
functionalized glass substrates to monitor Hg(0), Hg(I) and Hg(II) in the stream-flow of water.
Now that the sensor can be operated in the natural flow, the use of NaBH4 solution as a reducing
agent is not considered to be practical anymore. Moreover, most of the Hg found in the
environment is in the form of elemental and inorganic Hg which can exist as Hg(II) and Hg(I).1,2
Knowing this, it is significantly beneficial to be able to perform the speciation on traces of Hg.
Therefore, we decided to take an additional step to make the sensor more suitable for the real Hg
determination in favor of the environment. In order to make the operation of the mercury
detection in stream-flow more practical, we explored the way to monitor Hg(I) and Hg(II) using
other reducing agent instead of NaBH4. In order to maintain the procedural simplicity, real-time
analysis, fast response and portable aspect, we investigated the possibility of using metal as a
reducer for inorganic Hg. One can determine the choice of metal to be a good candidate from the
half-cells standard reduction potential (E0) when the reduction potential of a metal is less than
that of Hg. Iron (Fe) was first chosen since it can reduce both Hg(II) and Hg(I). Silver (Ag) was
selected afterwards as it can reduce only Hg(II). Combining these two metals, one can manage to
achieve the speciation analysis of the concentration of free Hg through the difference of the
amount of Hg reduced by Fe and Ag. Knowing this, we designed and built two prototypes of
SPR-based Hg sensor introducing Fe and Ag metal in our sensing system, as well as created
compatible software along with two prototypes of signal interrogation components to achieve a
complete detection system that can be used for practical on-site analysis at any water body.
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4.2 Possible Determination Method of Hg(I) and Hg(II)
Half-cell reactions for Hg, Fe and Ag ions are shown in Figure 4-1. A closer look at their
tabulated values reveals the following possibilities 3: (a) Fe should be able to reduce (E0  0)
both species of inorganic mercury to elemental mercury; and (b) Ag should be able to reduce
Hg(II) to elemental mercury but it should not be able to reduce Hg(I) (E0 < 0) to Hg(0).

Figure 4-1. Half-cell reactions for oxidation - reduction processes of Hg ions in the presence of
Fe and Ag metals.

Knowing this, we subsequently experimented the AuNR with Hg solution in the presence of
Fe(0) and Ag(0) particles as the reducing agents instead of NaBH4. The Ag metal was tested with
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the AuNR solution mixed with HgCl2 while both HgCl2 and Hg2Cl2 were used separately to test
Fe particles.

Figure 4-2. Absorption spectra of AuNR solution in the absence and the presence of metal
particles. The differences observed in the absorption spectra of AuNR (labeled as ―without Ag‖
and ―without Fe‖) arise from their different aspect ratio.

Figure 4-2 shows two examples of the absorption spectra of AuNR recorded in the
absence and the presence of metal particles. The clear shifts observed in maximum absorption
wavelengths of AuNR result from the reducing action of either Ag or Fe. The spectral blue shifts
of the longitudinal band indicate the formation of Hg(0) and its corresponding amalgamation
with AuNR. A similar shift was observed for a mixture of AuNR and HgCl2 in the absence and
the presence of Fe. Therefore, these results demonstrated that, while the presence of Ag in the
vicinity of AuNR promotes the reduction of Hg(II) to Hg(0), the presence of Fe promotes the
reduction of both types of mercury ions (Hg(I) and Hg(II)) to Hg(0), eliminating the need to use
NaBH4 as the reducing agent.

66

4.3 Response time
The response time of AuNR substrates were investigated in the presence of Fe particles
as the reducing agent. Spectral shifts were observed after adding the Hg(II)Cl2 solution.

Figure 4-3. Absorption spectra of a AuNR substrate exposed to a 10-4 M Hg(II)Cl2 solution.

Figure 4-3 shows three absorption spectra recorded from the AuNR substrate exposed to
the 10-4 M of Hg(II). The maximum response time at which the spectral shift reached a plateau
i.e. no further shift of maximum wavelength, was found to be 60s as shown in this figure. An
exposure time of 60s to this relatively high concentration of Hg(II) causes a full displacement of
the longitudinal SPR band, which ends up overlapping with the transversal SPR band. Although
further research needs to be done to fully characterize the response time of the sensor, its dead
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time, which is the time it takes for the sensor to be ready to collect the next signal, and how
many analyses that can be conducted per unit time, our preliminary results provide optimistic
evidence of the potential of this approach to monitor ultra-low Hgfree concentrations on real-time
basis.

4.4 Original Sensor Design for the Determination of Elemental and Inorganic
Mercury
Now that we can find a way to practically monitor the free Hg in stream-flow
maintaining the high sensitivity and selectivity as well as the fast response time of the SPR-based
Hg sensor with a simple methodology and no preparation needed. We decided to build the real
prototype of the sensor aiming to achieve a sensible Hg determination system that can be used in
the field.

Figure 4-4. Original Prototype design of proposed sensor for the determination of inorganic and
elemental Hg.
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Figure 4-4 presents an original prototype design of the proposed sensor. Four fiber optic
bundles were designed to be used to monitor the interaction of matrix concomitants, Hg(II),
Hg(I) and Hg(0) with AuNRs coated on the surface of glass substrates. Physical contact between
the liquid sample and each fiber bundle can be avoided by placing a protecting glass window at
the tip of each fiber bundle. Each optical bundle consists of a central (excitation) fiber
surrounded with numerous collection fibers. At the analysis end, each fiber optic bundle was
designed to be fed into a copper sleeve for mechanical support of each individual cage. The
copper tubing can be flared stopping a swage nut tapped to allow for the threading of each cage.
If necessary, this configuration can offer the analyst with a simple step to change either the NR
substrate or the entire cage between measurements.
The cage surrounding each fiber bundle was planned to provide the mechanical support
for a mirror placed at the bottom of the AuNR substrate. The central fiber of the optical bundle
was selected to deliver incident radiation (350nm –1100nm) to the surface of AuNRs in contact
with the sample. The collection fibers then guide the reflected radiation from the flat mirror to
the entrance slit of a spectrometer. Each individual cage was designed to adopt an open
configuration to allow the contact between AuNRs and liquid samples either in the static or the
flow mode. Two of the open cages can hold either a Ag grid or an Fe grid. The Ag grid allows to
monitoring Hg2+ in the sample, while the Fe grid monitors total mercury (Hg(I), Hg(II) and
Hg(0)). The cage with no grid provides the concentration of Hg(0) in the sample. The
concentration of Hg(I) can be obtained by the difference between the output of Ag grid and Fe
grid cage.
The remaining cage was designed to hold two concentric grids. The outer grid was
proposed to be made of Fe to reduce mercury ions (Hg(I) and Hg(II)) to Hg(0) while Au was
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used to make the inner grid to prevent the interaction of free Hg(0) with the AuNRs substrate
located inside the cage. The signal from this cage provides us with a ―blank measurement‖ of the
sample, i.e. a signal from the sample matrix in the absence of free Hg. It gives us the possibility
to correct for any wavelength shift other contaminants existing in the sample might cause in the
absorption spectra of AuNRs.
The porous cage surrounding the four fiber optical probes was optional. Its main intent
was to block the potential passage of particles as well as the possible interference species
through the optical path of each sensing probe. Particles might cause scatter, which might
deteriorate the accuracy and precision of measurements.

4.5 Portable Instrumentation Compatible with Prototype Sensor

Figure 4-5. Schematic diagram of field-portable instrumentation for real-time analysis of
contaminated sites.
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The schematic diagram in Figure 4-5 illustrates field-portable instrumentation interfaced
with our sensor. SP refers to an Ocean Optics HR4000 spectrometer, which main components
include a Tungsten Halogen (WX) lamp as the excitation source and a spectrograph/chargecoupled device (CCD) for multi-wavelength detection. The WX lamp housing was physically
separated from the spectrometer/CCD. The instrumental end of each optical bundle was bifurcated into one excitation and numerous collection fibers. To facilitate signal acquisition from
the four fiber optic bundles, we proposed to fabricate two interfaces, namely the excitation box
(EB) and the input box (IB). The excitation fiber guides radiation from the EB to the analysis end
of each fiber optic probe while the collection fibers guide radiation from the sample to the IB.
The instrumental end of each collection fiber was arranged on a slit configuration to facilitate
physical fitting into one of the four entrance slits of the IB.

Figure 4-6. Left upper corner: Schematic diagram of the original proposed design of excitation
box (EB) interface (blue box) showing the collection of radiation from the excitation source of
the HR-4000. Right: Schematic diagram of the original proposed design of input box (IB)
interface. Spectrometer (black rectangular box), rotating reflecting support (black double cubecorners), input channels (yellow, green, red and blue solid lines). Ref = reference channel. By
lowering the reflecting mirror and blocking the optical path of incoming radiation from A, B or
C, the analyst can direct the signal from the reference channel into the spectrometer.
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Figure 4-6 provides a detailed diagram of the original design of EB and IB interfaces.
The EB interface consists of a rectangular box with four exit slits located on the opposite face of
its entrance slit. The excitation beam entering the EB box is expanded with a cylindrical lens and
guided with the four excitation fibers to the sample end of each Hg probe. The IB interface
consists of a rectangular box with five slits. Letters A, B and C refer to the fiber optic bundles
positioned on three of the four faces of the rectangular box. The fiber optic bundle of the
reference signal enters the IB box through a slit positioned on the same phase as ―A bundle‖. The
remaining slit – which is positioned opposite to the ―B slit‖ - provides open communication to
the entrance slit of the spectrometer. A rotating support accommodates two plane mirrors that
reflect the incoming radiation - from either A or C - into the entrance slit of the spectrometer.
Incoming radiation from the ―B position‖ impinges directly into the entrance slit of the
spectrometer through an orifice located at the center of the rotating support. The mirror aligned
with the optical path of the IB exit slit and the entrance slit of the spectrometer provides the
analyst with the choice of monitoring the incoming radiation from A, B, and C or the reference
signal. The main significant aspect of the EB and IB interfaces was to allow the sequential
interrogation of the four optical probes in a matter of seconds via manually accessible switches
located on the outside of the IB. All fibers, lenses and mirrors must be tightly glued to their
respective holders to avoid the need of additional optical alignment.

4.6 Prototypes of the surface Plasmon resonance – based Mercury Sensor
As explained in the original design, the basic part of the sensor consists of a bundle of
four multimode optical fibers surrounded, separately, by a cage to protect and hold them in place,
having a highly reflecting mirror piece located right beneath all the fibers. Three of the cages are
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wrapped with metal grids (Au, Fe and Ag) to monitor Hg(II), Hg(I) and Hg(0) while one fiber
stays with no grid to monitor only the presence of Hg(0) in water. Underneath each cage, an
AuNR coated glass substrate is placed. Afterward, in order to measure mercury in the
environment, water is allowed to flow through the cages at a known flow rate. The fibers are
required to collect the signal by means of a spectrometer connected to a laptop as shown in
Figure 4-7.

Figure 4-7. The 1st prototype set up with a complete system.

To make the sensor box, clear acrylic was carefully selected because of its low cost; availability;
easy to cut, mold, glue and repair; low toxicity, waterproof, extended durability, inertness; and
transparency which makes easy monitoring the performance of the sensor in real time. The
original design was slightly modified in order to offer a better control of the sensor. Top fin and
side fins were added to facilitate the stability of sensor box in water body. The linear
configuration of the cages was selected with the aim of the same flow condition for each cage.
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Figure 4-8. The 1st prototype of the sensor box. Flow meter (A), water outlet (B), stabilizer-fins
(C), rubber grommets (D), flat mirror (E), cages (F).

In Figure 4-8 we show three different views of the sensor box. The side view (left) shows
a round chamber attached to the back of the box with a flow meter (A), equipped with a
separated display outside the box to obtain the flow rate, inside right before the water outlet (B).
The purpose of making a waterproof chamber for the flow meter was to protect the
electrical components from any water damage. A round piece of plastic was built attached to the
exit of the sensor as a check valve allowing the water to flow out but not going back in. The
bottom side of the sensor box was designed in such a way that it could assist to decrease the
turbulent flow from the water inlet in the front of the box due to the smooth slope leading up to
the cages and flat mirror.4 Avoiding turbulent flow around the cage area could help to eliminate
the possibility for each individual cage to have an effect from the adjacent cages. On the sideangled (center) and front (right) view of the box one can notice removable four black stabilizerfins (C) made of Delrin, attached to the sensor box through square grooves and secured by
screws. This important detail was incorporate to the sensor prototype to maintain the entrance of
the box perpendicular to the incident flow.
In all three pictures, one can see four holes with rubber grommets (D) on the top of the
box, and a flat mirror (E) right below them. These rubber grommets were specifically placed in
that position to hold the sensing fibers at the center of the box. On the side of the front view
pictures one can observe three cages (F) which were used to hold the grids as the grids can be
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wrapped and secured around them. These parts were specifically used to keep the reducing-metal
grids in place before water can reach the AuNR coated glass substrate. The grids are the
elements responsible for reducing mercury in its two different oxidation states to elemental
mercury and can also be used to generate the blank measurement of the sample. The AuNR glass
substrates were designed to be placed underneath every cage inside the holder. In order to make
the sensor small or compact, we decided to functionalize the AuNRs on the surface of the 5 mm
round cover glass slips instead of the normal glass slides used previously. Four small PVC rings
were attached to the flat mirror in order to locate the position of the cages. In order to be able to
change the metal grid wiring around the cage and the AuNR glass substrates easily, the panel of
the sensor box where the flat mirror, cages and AuNR glass substrates are located was made
removable from the box through the bottom. The flat mirror, which can be taken apart, below the
fiber holders was responsible for reflecting back light that went through the AuNRs
functionalized glass substrates being at 1-cm away from the tip of each fiber cable as it is the
optimum path length. This distance should be as large as possible in order to allow the
contaminated water to flow through right under the fiber tip without significantly obstructing the
flow pattern to the AuNR substrates, as well as to provide substantial signal back to the
spectrometer. The other side of the fibers is connected to the light source and the input box. The
latter is connected to a HR-Ocean Optics spectrometer and hooked up to a laptop.
In order to be able to detect Hg in static water, we decided to create an option to get water
through the sensor box introducing a long clear plastic hose connected to a water pump (K)
powered by electricity, leading to the improved design of the 1st prototype, so called prototype
1.2 shown in Figure 4-9.
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Figure 4-9. Improved 1st prototype of the sensor box (prototype 1.2). Free-space for mechanicalbiological filter (G), AuNR glass substrates position (H), waterproof flow meter (I), water pump
holder (J), water pump (K), and a four input-hoses design (L).

This part was added to the initially proposed design to draw water from the contaminated
sources into the box and maintain a constant flow throughout the measurements. In Figure 4-9
we show a side (left) and top (right) view of the new version of the sensor box. As one can
notice, we introduced a new water-proof flow meter (I) with a built-in display to calibrate the
flow through the apparatus. This device is connected to a power supply which is a homemade
electronic circuit box and a laptop to obtain the flow data. A check valve was used to connect the
new flow meter to the main part of the sensor on the back with the purpose of blocking water to
flow backward into the main channel again. The channel in the box was also modified to direct
the flow from the entrance toward the cages and AuNR glasses (H) even better. Due to a step
built behind the flat mirror in the 1st prototype design, turbulent flow and eddy current were
induced substantially after contaminated water passes through the cages. 4 By making the back
part of the sensor box before the exit same level as the flat mirror in the cages area, the chance
for Hgfree in water to flow back and reacted with the AuNR substrates again should be reduced
significantly, with the assistance of the water flow from the inlet of the sensor box.
In this new design a black panel (J), attached to the front of the sensor, was added to hold
the water pump on the box making the sensor more compact. The pump inlet is connected to a
long clear plastic hose which can be placed in water reservoir to draw the polluted water into the
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sensor box. A plastic mesh cover is equipped at the inlet of the hose to prevent big waste matter
and/or particles to get inside the pump as to avoid any damages. In order to introduce more
homogeneity to the input flow we came up with a multiple (four) hoses design. The outlet of the
pump is connected to a clear plastic hose which is then divided to 4 small hoses leading the water
sample to the entrance of the sensor box. By doing this, water can flow through each cage more
evenly. In Figure 4-9, the right picture shows the multiple hoses combining before entering into
the sensor box (L). A homogenous flow as well as a controlled flow is required for the SPR – Hg
sensor in order to give enough time for the complete reduction of mercury through the box and
expose it to the AuNRs. Before getting to the four channels final design we attempted one
channel and two channels with no success. In order to prevent particles, waste matter and
bacteria from reaching the sensing area, thus avoid interferences throughout the measurements, a
mechanical-biological filter was placed inside the sensor box after the entrance (G). This can
also help to decrease the flow rate of the contaminated water coming in the sensor so that the
Hgfree can have more time to be reduced by the cages effectively. In addition, two D rings were
introduced and attached to the top of the box in order to be tied to a string and used to hold the
sensor when operated.
Because of the intrinsic difficulty found on getting the sensor prototype beyond 20 ft of
depth (pressure, orientation, controlled flow and practicality), we decided to discard the natural
flow option in order to have a constant flow rate that is controllable and keep the sensor box
outside of the water body only, thus, eliminating the fins. Since the first prototype was originally
designed to be submersed in water, it was not built to be leak-proof. The 2nd prototype, a nonsubmersible polycarbonate box, was then made to be water tight containing internal sensor parts
and fiber inputs, having all unnecessary parts removed.
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Figure 4-10. The 2nd prototype. Lids with o-ring groove (M), flow spreader (N), outlet water
hose (O), new cage holder (P), and AuNR glass and mirror sockets (Q).

Every removable part of the sensor was made with the lid equipped with o-ring and
screws (M) in order to seal the leak effectively as seen in Figure 4-10. We used polycarbonate
instead of acrylic for this second prototype because it is a more durable material. This new
prototype includes a new water filter part which is located in the front of the box facilitating the
flow rate reduction for the pumped in water. Moreover a flow spreader (N), a plastic wall with
holes throughout the piece, was placed right behind the filter slot in order to locate the filter as
well as to slow down and spread the flow even more. Since the sensor was not planned to be
submerged in water anymore, the flow meter was connected to the back of the sensor via the
same check valve without any chamber covering, having a clear plastic hose (O) attached to the
outlet in order to return the sample water to the reservoir. A self priming pump, which can be
tuned to obtain the flow rate as low as 0.5 LPM, was introduced to provide stronger and more
consistent flow as well as better durability. A new cage holder (P) was built to be removable via
the top of the sensor box as it is easier to work with comparing to the bottom location on the 1 st
prototype. The AuNR glass sockets were built on a new removable rectangular plastic base piece
connecting to the top piece of the cage holder via the cages to help aligning and fitting them back
in place. Four round 5 mm flat mirror pieces located in the AuNR glass sockets were used to
replace the flat mirror piece in the 1st prototype by reason of the better quality and simple
assembly. However, when we tested this prototype with Hg solution, we found that the
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possibility of the Hg to react with the AuNR is considerably low due to the flow pattern passing
through the cages and AuNR glasses in horizontal direction. In order to improve this, we need to
redesign the flow channel of the sensor which consequently resulting in the prototype 2.2.

Figure 4-11. The improved 2nd prototype (prototype 2.2): a) Full view b) Flow channel. New
metal & filter space (R), new flow channel (S), new fiber holder (T), AuNR glasses & Mirrors
holder (U).

A wedge piece with 60 degree slope was introduced in the main channel inside the sensor
box, see Figure 4-11a, to direct the flow onto the AuNR glass and mirror sockets (U) at 60
degree in order to force more Hgfree in water to get in contact with the AuNRs on the surface of
the glass increasing the possibility of the reaction between Au and Hg to occur. Moreover this
could help the Hg to fall off easily after amalgamation with AuNRs due to stronger impact from
the flow so we could prevent the accumulation of the Hg on the surface of the glass. Therefore
the sensitivity of the sensor as well as its linear dynamic range can still be retained. We also
modified the new water channel (S) to be narrower and to direct the flow separately from each
entrance as shown in Figure 4-11b, resulting in four separated channels, having three walls
between each channel and between each AuNR socket along the way from water inlet to make a
good separation between each sensor array. Moreover, we decided to eliminate the cages and
metal grids since they are not easy to assemble to the other components. Instead, we chose to
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locate the metals right before the filter in the front of the sensor box, new metal/filter space (R),
since it potentially offers a chance for the metals to reduce free Hg in water sample and stay in
the same location not to interfere with the internal parts of the sensor. The good separation of the
channel for each AuNR socket assures us that there will be no interference of the metals from the
adjacent space. The AuNR glasses and mirrors sockets base piece was then attached to the new
fiber holder (T) in order to combine these two pieces together facilitating the alignment of the
fiber cable on the AuNR glasses as well as the assembly.

4.7 Flow testing

Figure 4-12. The second prototype set up for flow test.

During the process of building the prototype, the flow testing was performed regularly to
evaluate the flow quality inside the sensor. By running the pump on low with DI water and
dropping the food color in it, we can observe the flow pattern inside the prototype channel, as
shown in Figure 4-12, which can be adjusted later if needed.
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4.8 Fiber optics cable

Figure 4-13. Fiber optics bundle and each fiber‘s cross section.

Each fiber bundle consists of a central (excitation) fiber surrounded with six collection
fibers, shown in Figure 4-13, which are all multimode. This number of collection fibers was
selected based on the fine circle geometry of the bundle cross-section after combing all fibers
together. The instrumental end of each optical bundle was bi-furcated having the excitation fiber
separated out. These excitation fibers were then combined together, making four fiber bundles
become one big bundle, to have only one cable connecting to light source, allowing us to
eliminate the use of EB in the system. Both ends of each fiber bundle are wrapped with the same
colored electrical tape which is different from the others in order to indicate the end of each fiber
and to differentiate each cable from the rest. The tip of each fiber bundle was tested fit and
adjusted the size to the fiber holes on the sensor box before insertion. Lastly, the signal from
each fiber was checked and compared to the reference before we perform the experiment.
Ultimately our SPR-based determination Hg approach was incorporated to the design to gain a
direct correlation between the observed spectral shift of the longitudinal SPR band with the
concentration of mercury present in the sample.
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4.9 Input box Prototypes

Figure 4-14. Proposed input box (top) and current input box (bottom). Optical fibers entrance
(1), common output to spectrometer (2), sliding metal sticks with reflecting mirros (3), sticks
open-path holes (4).

The input box was designed for sequential interrogation of optical signals in order to
monitor Hgfree in water sample. In Figure 4-14 we show the schematic of the front and side view
of the actual paired-box developed during this period. The box includes the light input and the
signal output, in a rectangular package. In this design the four input-adapters (1), connected to
the four optical fibers were designed to obtain the optical signal from all AuNR glass substrates.
In the input box, the light guided through each fiber cable can be directed to reach a common
exit (2) that leads to the spectrometer entrance. For this specific application we chose black
acrylic to prevent reflections inside the box that could introduce a significant background. In the
original design we proposed to put, inside the box, two reflecting mirrors: one fixed to reflect the
reference signal to the exit channel and another that could be manually rotated to select the signal
to be monitored. This setup considered to reflect only one signal to the exit at the time while
blocking the others from reaching the spectrometer throughout the measurement. However, when
building the input box, we realized that it was better to redesign a box to allow for selecting the
signal by sliding the marked metal sticks (3) up and down rather than rotating it. This approach
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guaranteed that the mirrors would always come back to exactly the same initial position which
can also be secured in place by means of the screw knobs on the metal sticks. A second stick,
with only one mirror, reflects the reference signal to the exit slit. Because of the crossed
configuration, we also incorporated a hole in the middle of both sticks (4). This permits light to
go through on specific measurements by sliding the two sticks to have the holes directly aligned
so the middle signal can pass through the metal post and reach the spectrometer. Finally, in order
to enhance the sensitivity of the sensor we added lenses to each entrance slit with an adjustable
frame to collimating the light from the fibers. These features significantly enhance the sensitivity
of the detection system.

Figure 4-15. The second input box: a) side view b) side view with the slide open c) bottom view.
Input fiber connectors (5), Output fiber connecters (6), Sliding piece (7).

Later on, we decided to make a new input box because the first one was very difficult to
use and the signal was also weak and inconsistent. Subsequently, the new design was simplified.
As shown in Figure 4-15a and b, it includes the sliding part (7) made of Delrin with 1 output
fiber connector (6) and 5 fixed fiber input points (5). In order to change the output signal, one
can slide the output fiber connector to align with the selected input fiber. The lines marked, as
seen in Figure 4-15c, on the sliding piece were made to facilitate the alignment of the selected
fiber bundle. Moreover this resulted in a much better signal due to the fact that we reduced the
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gap between the input fiber and output fiber to minimize signal loss. Therefore we can easily
monitor the data from any fiber selected on the input side using this new design.

4.10 The new reference station
To simplify calibration, this new device was constructed as shown in Figure 4-16. It is
composed of a vial containing a cage with a gold nanorod glass socket and a fiber input port on
the lid of the vial. An acrylic base was made to stabilize the reference compartment. We also
utilized a cover made from black delrin to block ambient light which could interfere with the
reference process. Using this resulted in much faster and more accurate reference to establish a
base line.

Figure 4-16. The reference station: a) reference vial with the station b) reference vial inside the
station.

4.11 Interface and Software
After we fabricated the prototype of the sensor as well as the input box to manipulate the
signal, a compatible software was needed in order to deliver the output of the detection system.
An original program for data acquisition (DAP) was developed for this particular application
using the LabView program. Tools and functions to process data were generated in the form of
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flow diagram, see Figure 4-17a, which can be linked to the interface created in a separated
window. The concentration of Hg in water sample can be calculated based on the moles of Hg
detected by the AuNR glass substrates and the volume of the water sample passing through the
sensor in a specific time which can be obtained from the flow rate. Therefore, the calibration
curve must be generated inside the software where its data can be used to calculate the
concentration of Hg in water sample directly. In order to do this, the HR4000-Ocean Optics
spectrometer was connected to the laptop and linked to the LabView program via OmniDriver
allowing the software to obtain the spectral data directly from the spectrometer. By means of a
National Instrument Card, we were also able to connect the water pump to the Labview software
which offers a pump control via the laptop.

Figure 4-17. The software compatible with the SPR based-Hg sensor: a) LabView flow diagram
b) operation window c) calibration window.

The software window was made to consist of eight control buttons on the top tool bar
including the stop button to close the program as shown in Figure 4-17b. The left column was
created to for the input of parameters as well as selecting the wavelength interval, optimizing the
integration time and smoothing factor to obtain the best signal. In the middle of the window, file
path dialog was made to select the location to save data. We can monitor the signal from two
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display graphs below the file path, showing the maximum wavelength of the peak with the
corresponding absorbance.
To use this software for mercury sensor experiment, we firstly click run (or pause
anytime) to start the program then take dark and take reference to create a good base line on the
display graph which is now ready to monitor the spectrum. We can also apply the normalize
function to have the spectrum displayed in the range of absorbance 0 to 1. The spectrum can be
saved any time in the location selected from the file path by clicking at the Save Abs button. The
data from experiment will be collected with the preferred time interval after clicking at Take data
button to have the green light on which can be stopped anytime by clicking at the same button to
turn off the green light. Once it is stopped, all data will be saved in one file at the location in the
file path, which will then be processed in the second window, shown in Figure 4-17c, to
construct the calibration curve that can be saved to a file. By taking that data from the calibration
curve to this window, the concentration of Hg detected will be calculated and displayed real-time
in DeltaC space next to file path after clicking Detection button. This concentration of Hg can be
determined from the mole of Hg in water sample, known from the calibration curve, divided by
the flow rate and experiment runtime. As we created a friendly application for self-calibration
and windows that provide the moles of mercury in water, these two applications can be easily
operated by a non-specialized operator.

4.12 Experimental Section
4.12.1 Chemicals and materials
Analytical-reagent

grade

Hexadecyltrimethylammonium

chemicals
bromide
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were
(CTAB)

used

in

all

(C19H42BrN),

experiments.
hydrogen

tetrachloroaurate trihydrate (HAuCl4·H2O), silver nitrate (AgNO3), sodium borohydride
(NaBH4), ascorbic acid (C6H8O6) and APTMS (3-aminopropyltrimethoxysilane)
(H2N(CH2)3Si(OCH3)3) were purchased from Sigma–Aldrich. Mercury(II) chloride
(HgCl2), sulfuric acid (H2SO4), hydrogen peroxide (H2O2) and ethanol (C2H6O) were
purchased from Fisher chemicals. All deionized (DI) water used was obtained from a
Milli-Q Millipore integral water purification system. All glassware used was cleaned with
aqua regia and rinsed with DI water prior to the preparation of solutions. Cover slips with
5mm diameter were obtained from World Precision Instruments, Inc.
4.12.2 Synthesis of AuNRs and functionalization of glass substrates
4.12.2.1 Preparation of AuNRs:
Gold nanorods: Gold nanorods (AuNRs) were synthesized via a modified seedmediated growth method based on the procedure reported by El- Sayed and coworkers 5

Seed solution: A 10 mL aqueous solution containing 5.0 mL of 0.2 M CTAB and
5 mL of 0.5 mM HAuCl4·3H2O was prepared. Then, 0.74 mL of an ice cold
aqueous 0.01 M freshly prepared NaBH4 solution was added to the previous
solution, all at once while stirring. The solution turned brownish yellow
immediately, indicating the formation of nanoparticles. The seed solution was
kept at 25 ◦C and used within 2–5 h after preparation.

Growth solution: 5.0 mL of a 0.2 M CTAB solution was mixed with 120 µL of
4.0 mM AgNO3 at 25 ◦C. Then, 5.0 mL of a 1.0 mM HAuCl4·3H2O solution was
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added followed by gently adding 240 µL of a 0.0788 M freshly prepared ascorbic
acid solution. The orange color of the gold salt dissolved in the CTAB solution
disappeared when ascorbic acid was added, indicating the occurrence of a mild
reduction of gold.

Synthesis of AuNRs: 12 µL of the seed solution, at a temperature between 27 and
30 ◦C, was added to the growth solution without stirring. The solution color
gradually changed to dark blue green within 10–20 min, indicating the formation
of the AuNRs (longitudinal SPR band was centered at 700 nm).

Cleaning AuNRs: In order to remove CTAB from AuNRs, the growth solution
was centrifuged for 2 h at 7100 rpm and then re-suspended. The supernatant was
withdrawn by decantation. This procedure was repeated twice. The precipitate
was then collected and re-dispersed in DI water to obtain a clean AuNRs solution
necessary for the functionalization of glass substrate (longitudinal SPR band was
centered at 660 nm).

4.12.2.2 Preparation of glass cover slips
Cover slips were cleaned in piranha solution at 70 ◦C for 1 h. This
procedure removes any residual oxide layer on the surface of the glass before
their functionalization. After cleaning, the cover slips were rinsed with DI water
and stored fully submerged in DI water to prevent oxidation by air.
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4.12.2.3 Silane coating of cover slips
Cleaned cover slips were dipped in 1% solution of APTMS in Ethanol and
dried in the oven at 70 ◦C until completely dry. The dipping step was repeated
again before final oven dry and the silane coated cover slips were then used right
away to be functionalized with AuNRs.

4.12.2.4 Functionalization of glass substrates with AuNRs
Silane coated cover slips were placed in a beaker containing 2 mL of clean
AuNRs solution for 24 h at 25 ◦C. The functionalized cover glasses were then
placed in the oven at 70 ◦C until completely dry. After the AuNRs were attached
to the glass substrate, their longitudinal SPR band was centered at 610 nm. The
blue color observed on the glass slide, shown in Figure 4-18, clearly indicated the
immobilization of AuNRs on the surface of the glass.

Figure 4-18. The cover slips functionalized with AuNRs.
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4.12.3 Testing Mercury Sensor
The second prototype was tested, without any metal grids, using the silane coated
cover slips functionalized with AuNRs and Hg(II) Chloride solution, with the
concentration of 1.5×10-7 M, 7.5×10-7 M and 1.5×10-6 M, reduced by excess of 0.01M of
NaBH4, keeping the flow rate constant as low as 0.5LPM in order to allow enough time
for mercury to amalgamate with the gold nanorods.

4.13 Results and Discussion
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Figure 4-19. Normalized absorption spectra of immobilized AuNRs on a glass cover slip in the
flow of Hg(0) solution with concentration of 1.5×10-7 M every minute.
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Figure 4-19 shows normalized absorption spectra of immobilized AuNRs on a glass
cover slip in the flow of Hg(0) solution with concentration of 1.5×10-7 M every minute. Since we
controlled the flow rate of solution to be 0.5 LPM, we can calculate the mole of Hg that flow
through the glass surface in one minute based on the known concentration of Hg(II) solution.
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Figure 4-20. The plot of maximum of the SPR band (λmax) of AuNR on glass substrate with
respect to the time exposed to Hg(0) solution.

The spectral blue shift of the maximum of the SPR band (λmax) with respect to the time
exposed to Hg(0) solution is clear and shows its direct correlation with amount of Hg(0) flowing
pass the glass substrate as can be seen in Figure 4-20.
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Figure 4-21. Plots of the maximum of the SPR band (λmax) with the time exposed to different
concentration of Hg(0) solution: 1.5×10-7 M, 7.5×10-7 M and 1.5×10-6 M.

Figure 4-21 represents three plots of the maximum of the SPR band (λmax) with the time
exposed to three different concentration of Hg(0) solution. It can be seen that the data in the first
graph from the experiment with highest concentration of Hg(0) solution, 1.5×10-6 M, is not
reliable. This is based on the fact that, elemental Hg tends to agglomerate into a big cluster due
to its strong cohesive force. When the big Hg cluster comes in contact with AuNR, it readily
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amalgams with the Au particle resulting in a large blue shift in SPR absorption. As a
consequence, we do not observe the direct correlation between the maximum wavelength of the
absorption spectra and the time exposed in high Hg solution from this experiment. Since this
high level of Hg concentration rarely exists in the environment, this should not address the
problem for our sensor. One interesting point is the λmax does not always reach 530 nm. This can
be explained based on the first hypothesis of Hernandez and co-workers as mentioned earlier in
chapter 2 that, once Hg amalgamates with AuNRs, some of them attach to the Au nanoparticles
and do not fall off easily since the Au is now functionalized on the glass substrate. Moreover, the
immobilized AuNRs contain less CTAB when they are attached onto the surface of the glass
comparing to the particles in solution. This promotes the accumulation of Hg on the surface of
AuNR. When this occurs, Hg will accumulate on the glass surface and coat the entire AuNR and
prevent the geometry of the nanoparticles from changing. Thus the shift of the SPR band cannot
be further observed.

4.14 Conclusion
We demonstrated the possibility of using the Fe and Ag metal as reducing agents instead
of NaBH4. Introducing these two metals, we designed and built two prototypes of sensor and
input box as well as created a compatible software together as a complete detection system to
monitor Hgfree in water sample. Through the employment of the novel DAP we can tune the flow
and read it out, measure the absorption spectra of AuNRs in real time and correlate the spectral
shift of the SPR band with the concentration of Hg in water, all considering the incoming flow.
We also created a friendly application that can be easily controlled for self-calibration and a
window that provides the concentration of Hg detected in water sample. The system was initially
tested without metal grids using the mixture of NaBH4 and HgCl2 solutions. We observed clear
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blue shift of the maximum SPR band of AuNRs on glass substrates with impressive linearity
which confirmed the reliability of the detection making this sensor a potential candidate for
practical determination of Hgfree in the environment. The data from the experiment tested with
Hg(0) solution with concentration of 1.5×10-6 M is not reliable. This can be explained from the
metallic Hg agglomeration that occurs in high concentration solution resulting in a large blue
shift of SPR absorption. Since this high level of Hg concentration rarely exists in the
environment, this should not address the problem for our sensor. We also found that the λmax
does not always reach 530 nm which can be clarified by the first hypothesis of Hernandez and
co-workers that, since the Au is now functionalized on the glass substrate, once Hg amalgamates
with AuNRs, some of them attach to the Au nanoparticles and eventually coat the entire rods.
This prevents the geometry of the nanoparticles from changing, thus, the shift of the SPR band
cannot be further observed. In addition, the results from these tests show that the slope of
calibration curve was affected by the concentration of Hg solution used for testing the sensor.
This finding as well as the test with Hg(II) and Hg(I) solution with metal grids should be further
investigated in the future.
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CHAPTER 5 : FUTURE WORK

The research presented in this dissertation constitutes the theoretical model and
development of the nano-sensing approach for real-time detection of free mercury
with the application to be used as the on-site analysis.
Although we have already made great progress in the improvement of the
sensor, much more need to be enhanced and explored before truly realizing its full
potential and diverse applications. With this in mind we propose to continue the
work of the surface Plasmon resonance – based mercury sensor by performing on
the following tasks:
1) Complete the study on how the slope of calibration curve is affected by the
concentration of mercury solution used for testing the sensor
2) Test the prototype of SPR based Hg sensor with Fe and Ag grid to monitor
Hg(I) and Hg(II) without NaBH4 as well as to update the software.
3) Extend the application of SPR based sensor to monitor the trace of Hg
contaminated in soil and air.
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Appendix A
Maxwell‘s equation yield the retarded dispersion relation for the plane surface of a semiinfinite metal with the complex dielectric function (εI = εI‘ + εI‖), adjacent to a medium εII, such
as air or vacuum (Raether, 1988). With the wave vector ⃗⃗⃗⃗ continuous through the interface, the
dispersion relation in the x-direction can be written as

(

)

(A-1)

Figure A-1: Schematic representation of the charges and the electromagnetic field of SPs
propagating in the x-direction. Hy shows the magnetic field in the y-direction of the p-polarized
SP wave. (Raether, 1988)

Figure A-2: The exponential dependence of Ez of a surfacepropagating plasmon.
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Assuming

,

(good dielectric), and

|

|, from Equation (A-1), it can be

deduced that kx is complex:

√

[

]

(A-2)

The resulting dispersion relation is shown in Figure A-3. At small kx the relation
approaches the light line √

, but never crosses it. In that regime the excitation cannot be

transformed into photons, meaning that the surface plasmon is of a nonradiative nature.

At large kx ,

, which means that the surface plasmon frequency is given by

,

√

(A-3)

with ωp defied above in Eqn. (B-3). In the case of air

√

, the expression simplifier to:

,

(A-4)

In the case of a large kx the group and phase velocities approach zero, with the
implication that the SP resembles a surface localized fluctuation of the electron plasma.
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Figure A-3: Dispersion relation of surface plasmons. Light line:

Continuous curve:

monradiative SPs (right) and radiative SPs (left).Dashed line: SPs on a metal surface coated with
dielectric (εII) film. (Raether, 1988)
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Appendix B
The Simplest Optical Nanoantenna: A Metallic Nanoparticle
The description of the scattering and absorption by a nanoparticle is essentially given by
the scattering and absorption cross-sections that relate the energy that is sent back to the far-field
and the energy that is dissipated within the nanoparticle, respectively. When we relate the
scattered power Iscat and the absorbed power Iabs to the incident power Iinc, we obtain the
scattering cross-section

and the absorption cross-section

. For spherical

particles with radius a smaller than the incoming wavelength λ, retardation does not play a role
and we find:

|

|
|

|
|

|
{

(B-1)
}

(B-2)

where αsph is the dipolar polarizability of a spherical particle of radius a in thequasistatic
approach:

(B-3)

with εsph the dielectric function of the sphere and εmed the dielectric function of the
surrounding medium. k is the wavevector that is related to the frequency ω and the speed of light
in vacuum c as k = ω/c. If the dielectric value of εsph is constant and with negligible imaginary
part of the dielectric function ε", the scattering cross section shows a rather flat spectral response
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and almost zero absorption. When the sphere is made of a metal characterized by a plasma
frequency ωp, as ∇· jt = ωρt, a good approximate model to describe the dielectric response εsph in
the optical range is given by the Drude model:

(B-4)

where γ describes the damping of the electrons, caused mainly by the electronphonon
scattering in the metal.
The optical properties of the nanoparticle are given by the polarizability in Equation (B3). As pointed out in the previous section, a pole in the polarizability determines a maximum in
scattering and absorption (when losses are small). In the particular case of a small sphere, as
derived from Equation. (B-3), the expression that determines the optical properties of the
nanoparticle is the so-called optical response

.

Figure B-1: a) Real ε‘ and imaginary ε‖ of a Drude-like dielectric function as a function of
frequency normalized to the plasma frequency ωp. The energy region with negative real-value
response is the ideal situation to sustain surface plasmons. b) Modulus of the response function
in a small spherical metallic particle

showing the spherical surface plasmon dipolar
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resonance for a Drude like sphere surrounded by vacuum. The scattering cross-section is
proportional to the square of this magnitude. c Imaginary part of the same response function as in
c. The absorption cross-section is proportional to this magnitude. A damping of 0.2ωp has been
used in both cases. The resonances are not maximum at the same frequency exactly, but for small
damping, both are located close to the dipolar surface plasmon frequency

⁄√

When the Drude-like dielectric function (see Figure B-1a) is introduced in Equation (B-1)
and (B-2), the spherical nanoparticle shows resonant behavior for both cross-sections (see Figure
B-1b, c). The resonance position appears at the frequency ωres that fulfills

. If

we assume now that the surrounding medium is vacuum (εmed = 1), the resonance frequency ωres
is found at a frequency

⁄√ . This is the frequency of the spherical dipolar surface

plasmon. The interest in the dipolar surface plasmon of small particles is twofold: on the one
hand, the electromagnetic near-field associated with the plasmon excitation is strongly localized
on the scale of the nanoparticle size, typically on the nanometer scale, allowing for an effective
squeezing down of the oscillations of the electromagnetic field to subwavelength dimensions. On
the other hand, the LSP resonances produce a considerable increase of the local fields around the
particles ranging from 5 to 500 times enhancement in amplitude. This is the basis of many fieldenhanced spectroscopy techniques, photovoltaics, medical applications, and optical antenna
effects. It is convenient to distinguish two regions around the particles where we have localized
fields (near-field) and propagating fields (far-field). We can express the electric field E(r) of a
dipole characterized by its dipolar momentum p located at the origin of coordinates, as a
canonical example of an emitter:
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]

(
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]}

(B-5)

If the dipolar momentum p is assumed to be the electric dipole given by the static
polarizability of a sphere αsph (related to the incident field Eo) as introduced above, it is possible
to obtain the field produced by the sphere as a response to the incident field in both regions of
interest.

Figure B-2: a) Modulus of the amplitude of the near-field around a plasmonic dipole (r << λ) b)
Modulus of the far-field radiation pattern emitted from a plasmonic dipole (r >> λ)

In the near-field zone, where kr << 1, the field in Equation (B-5) can be asymptotically
expressed as:
(B-6)
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This near-field distribution of a nanoscale metallic particle is represented in Figure B-2a
normalized to the incident field. From this figure, it is straightforward to conclude that a metallic
particle acts as an effective optical antenna, converting propagating electromagnetic energy (farfield) into strongly localized near-fields. This is possible due to the excitation of the LSPs,
expressed through the polarizability of the sphere involving the metallic response εsph. The
nanoscale localization of the electromagnetic fields by LSPs is a key factor for the impact of
these excitations in nano-optics. Due to this high degree of localization, nanoscale fields allow
for sensing, nanoscale imaging, controlling, and manipulating the optical signal, for example. On
the other hand, in the far-field or radiation zone, where kr >> 1, the field in Equation (B-5) can
be asymptotically expressed as:

(B-7)

The far-field radiation scattered by the dipolar surface plasmon (see Figure B-2b) exhibits the
typical radiation pattern of the emission of a dipolar radioantenna. Notice that the far-field
produced by a small metallic particle can be described by a point dipole located at the center of
the particle, as observed in the figure. The optical scattering of nanoscale antennas shows
properties of gain, directionality, and emissivity extensively studied in electrical engineering for
other electromagnetic spectral ranges. The properties of the LSPs will therefore govern the actual
properties of the nanoscale optical antenna.
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