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In situ synthesis of gold nanorods on SiO2-substrates
Development of a method to grow gold nanorods directly on substrate surfaces under
real-time monitoring
SEAN WILSON
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract
The implantation of a medical device introduces a high risk of infection and bac-
terial biofilm formation on the device surface. These biomaterials-associated infec-
tions (BAI) are difficult to treat using conventional methods, such as high dosages
of antibiotic treatments, as the bacteria are protected by the biofilm. A promising
treatment is to modify the implant surfaces with gold nanorods, which can photo-
thermally eradicate bacteria beneath the biofilm with heat generated from localized
surface plasmon resonance (LSPR). As such there is a need to develop methods that
reliably produce gold nanorods of a size that produces LSPR at wavelengths within
the biological window and that stably bind the particles to the material surface ho-
mogeneously.

In this thesis, a method has been developed to grow gold nanorods in situ on
SiO2-glass and silicon wafers by binding gold nanoparticle seeds to surfaces using
(3-Mercaptopropyl)- trimethoxysilane (MPTMS) as a linking molecule. The seeds
were then grown into rods using a modified growth solution. The method has also
been adapted to surface sensitive analysis to demonstrate the increased possibility
to study anisotropic nanoparticles this method brings. In situ quartz crystal mi-
crobalance (QCM-D) analysis was used to study the formation of the self-assembled
monolayer of MPTMS, the chemisorption of gold nanoparticle seeds, and how the
growth rates of the particles vary over time, possibly due to both their increasing
size as well as variations in solution concentrations.

The developed method produced nanorods with a demonstrated rod yield of ~69%
directly on SiO2-glass surfaces. The rods had an aspect ratio (AR) that could
be customised to tune the wavelength of LSPR. The ability to tune the optical
properties of the rods could allow this method to be used to grow gold nanorods for
other applications, such as sensing, as well. Here the tuning was used to demonstrate
the effect of silver ions within the growth solution and to produce nanorods with
LSPR at the near infrared (NIR) wavelength of ~800nm in the biological window.

Keywords: gold nanorods, localised surface plasmon resonance, NIR, biofilm, im-
plants, photo-thermal eradication, infection, MPTMS, in-situ growth, QCM-D, in-
situ analysis.
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1
Introduction

Today, as cases of antibiotic resistance emerging in microorganisms is becoming
more common, alternative treatments against infections have to be found. A com-
mon source of severe infections in patients, is the bacterial contamination on im-
plant surfaces during surgery, vastly limiting their use. Infections of this sort are
exceptionally difficult to eradicate due to the nature of bacterial reproduction while
adhered to a surface, where they form a biofilm. This organic film effectively blocks
out antibiotics and immune cells, requiring extended use of high dosages of antibi-
otics and often repeated surgeries [1][2].
The biofilms that grow on implant surfaces can reduce the effectiveness of the de-
vice and while the film grows, the infection can eventually spread further into the
body of the patient. This often reaches the conclusion where the only remaining
treatment option is to remove the implant, treat the infection, and then replace the
device with another [2][3].

A complement, or potentially an alternative, to antibiotic treatments for bioma-
terials associated infections (BAI), could be to use gold nanoparticles attached to
the surface underneath the biofilm. These particles can be designed to produce
heat once they are irradiated with near infrared (NIR) electromagnetic radiation to
photothermally eradicate the bacteria[4]. As NIR belongs to a part of the electro-
magnetic spectra known as the biological window, able to be transmitted through
water with minimal absorption, the irradiation of the particles could potentially be
done externally, through the surrounding tissue, to prevent biofilm-formation[5].
This photo-thermal coupling of gold nanoparticles is caused by non-radiative de-
cay of localized surface plasmon resonance (LSPR), the collective oscillation of the
metal’s excited surface electrons, plasmons. The oscillating plasmons resonate with
electromagnetic radiation, with a wavelength that depends on the particle size,
generating heat during decay[6]. Anisotropic nanoparticles restricts this plasmon
resonance to certain directions relative to the particle, resulting in an additional ab-
sorption band for rod shaped particles with higher absorption at longer wavelengths
of light. The photothermal coupling of such particles could potentially be utilised on
medical device surfaces by introducing gold nanorods and NIR, to thermally erad-
icate biofilm-forming bacteria that are commonly associated with implant related
infections[4]. This could reduce the risk of additional surgical procedures to replace
implanted devices and potentially reduce the need for extended usage of antibiotics
for implant patients, an important development as the use of implanted medical
devices is expected to grow with the aging population, as well as the increase in
available implant treatments options[7].
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1. Introduction

Currently, anisotropic gold nanoparticles are produced mainly in two different ap-
proaches. Some lithographic methods deposit gold directly on a surface through a
mask to create the desired particle shape directly on the substrate[8]. These methods
require cleanroom facilities and expensive equipment however, and face difficulties
in scaling up the process. Other bottom up methods rely on the chemical reduc-
tion of gold ions instead, to create a colloidal solution of nanoparticles, which later,
can be purified by centrifugation to increase the rod yield and to decrease the size
distribution[9][10].
The major advantages of the colloidal method, include a higher scalability of parti-
cle production and since the synthesis is performed in solution, under atmospheric
conditions, the method is highly accessible and has no need of the expensive clean
room facilities and equipment which are required for nanolithography. Colloidal
nanoparticle synthesis still provides good control over particle sizes, shapes and dis-
tribution of both, however, care needs to be taken in regards to contamination or
changes in reactant concentrations as the results are highly influenced by this[11][12].

For the use in medical implant device surfaces, the particles that are produced in
solution would need to be attached in a stable way to the implant surface to avoid
being released into the patients body. Such a release of particles would potentially
reduce the efficacy of the treatment, as the heating effect would be lower with fewer
particles and since the heating is highly local, the particles would probably need to
be positioned between the surface and the biofilm for bacterial eradication. It could
also leave openings on the surface devoid of any particles for bacteria to adhere to,
where they would not be able to be eradicated by LSPR.

Solution-grown gold nanorods have proven difficult to attach to surfaces homoge-
neously using linking molecules in previous work by the research group. This has
been hypothesised here to be due to difficulty for the linking molecule to reach the
gold through the dense bilayer of the stabilising molecule, hexadecyltrimethylammo-
nium bromide (CTAB), surrounding the nanorods. Growing the rods in situ could
bypass this limitation, as the gold could then bind to the linking molecule before the
particles’ CTAB bilayer becomes too dense with the increased size and decreased
curvature.

1.1 Purpose and objectives
In this thesis, a method has been developed to produce gold nanorods grown directly
on SiO2 surfaces using an adapted form of seed mediated growth, a colloidal parti-
cle synthesis often used when producing gold nanorods in solution. To demonstrate
this, the final nanorods present on the substrate needed to be shown to have grown
directly on the surface. For this the seed immobilisation needed to be verified to
remain stable and that particles do not get released from the surface during the
growth process. Such a release of particles would produce solution grown particles
that could readsorb and invalidate results showing in situ growth. As such, the
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1. Introduction

seed mediated growth had to be adapted, to bind the gold nanoparticle seeds to the
surface with an organosiloxane linking molecule, before being grown into larger rods.

The goal of this thesis was to develop a method of growing rod shaped gold nanopar-
ticles directly on substrate surfaces and to demonstrate the viability of such a method
for nanorod growth while achieving a high shape yield of rods, which could poten-
tially be applied as a medical implant material surface. The gold nanorods needed
to fulfill the criteria of having a tailored size and length to width aspect ratio (AR)
as to allow for LSPR to occur while the particles are irradiated by electromagnetic
waves within the NIR frequency range at ~800nm. This frequency range was chosen
as a goal since it belongs to the so called biological window where electromagnetic
radiation is transmitted through tissue[5].

Once this had been done the process needed to be optimised, allowing for reliable
functionalisation of gold seeds. Then the growth solution recipe was altered to more
reliably produce nanorods with a high yield, with the option to vary the shape and
size of the particles to tune the LSPR band with the AR to the desired ~800nm
absorbance. To verify the results and monitor the progress toward the thesis objec-
tives, the produced solutions and substrates were analysed using ultraviolet-visible
light spectroscopy (UV-vis) and scanning electron microscopy (SEM).

Another purpose of this thesis was to increase understanding of gold nanoparticle
growth on surfaces and contribute to the study of the underlying growth mechanisms
of anisotropic nanoparticles in general. For this purpose, the developed method has
also been applied to the surface sensitive analysis technique, quarts crystal microbal-
ance with dissipation (QCM-D), to monitor the seed immobilisation and particle
growth in situ and in real-time.

1.2 Limitations
An ethical concern regarding this thesis work would be if there exists any toxico-
logical implications from particles that could eventually be released from the device
surfaces. This thesis however, was not able to take this into account, as it would
increase the scope far beyond the set time frame, since the toxicology of larger par-
ticles is complex and need to take several aspects of the particles into account, not
just the gold itself[13]. This may need to be more thoroughly examined in future
studies, however, here it has been assumed that the gold particles and their adhered
surfactants remain inert and harmless until flushed away during metabolic processes,
as the observed cases of toxicity can mostly be attributed to left over surfactants
and other reactants remaining within the nanoparticle solution[13][14].

The scope of this thesis does not include treating surface adhered bacteria with
LSPR to demonstrate the photothermal eradication the rods are capable of. This
has been demonstrated earlier by the research group and by others and there was
not enough time left to repeat the experiment once the method developed in this

3



1. Introduction

thesis to grow nanorods of the right size was completed[4][15].

Several commonplace materials used for implant devices were not investigated using
the methods developed in this thesis. As this would probably have required too
many parameters to be tweaked during the immobilisation and during the growth
of the gold particles, for each material that is regarded. SiO2 glass substrates were
especially useful during development, as they are transparent in the visible and
infrared wavelength regime. The method that was developed can however hopefully
be implemented with only minor changes on such additional materials in future
work, as they also commonly contain oxide surfaces.
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2
Theory

2.1 Colloidal nanoparticles

A bottom up approach to make metallic nanoparticles, is the wet-chemical method
of creating colloidal solutions of stabilised particles through the reduction of metal
ions. The major benefit of this method is that it removes the need for expensive
cleanroom equipment and facilities, with the added benefit of a high throughput of
particles that can be created in a solution that can be used to functionalise several
surfaces[11][12].

Maintaining a pristine crystal surface requires a larger energy of the surface atoms,
as it is more energetically favourable to be a part of the bulk crystal structure,
sharing their electrons with the optimal configuration of atoms. When the particles
move around in the solution due to Brownian motion, this affinity for each other will
cause the colliding particles to aggregate into crystalline structures, to minimise the
exposed surface area and reduce the energy level of as many atoms in the crystal
as possible, often assuming a spherical shape, to produce the largest bulk to surface
ratio at the microscopic scale[16].

To create solutions of nanoscale particles, the particles need to be stabilised as they
are created, to avoid aggregation as particles of this size will seek to minimise their
surface area and if they get close enough, attractive van der Waals forces will dom-
inate and cause aggregation[17]. Two common ways to stabilise nanoparticles in a
solution as colloidal particles are either by electrostatic-, or by steric stabilisation.

Electrostatic stabilisation uses repulsive Coulombic interaction to overcome the at-
tractive van der Waals forces, since according to DLVO theory, these interactions
dominate colloidal particle behavior[17]. This is done by creating an electric double
layer surrounding the particle, which is made up of a surface charge potential, a
Stern layer and a diffuse layer[18]. These are created by a layer of charged surface
adsorbed ions that produce the surface charge, a layer surrounding this of counteri-
ons which are closely attached electrostatically, making up the Stern layer. Finally
there is a film of free ions between the Stern layer and solvent which extends out
from the particle creating a diffuse layer of increased counterion concentration, which
decreases radially out from the particle. This electric double layer is electrically neu-
tral, however the electrical potential within the double layer goes from the particle’s
maximum, the surface charge at the surface layer, reaching outwards losing strength
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2. Theory

exponentially with distance. The electrical potential eventually decreases to the
value known as the Zeta potential, corresponding to the distance where the ionic
solution is no longer attached to the particle[18]. This layer caused by the surface
charge follows the particles as they drift with Brownian motion. In the colloidal
solution this Coulombic Zeta potential is an important parameter, as it corresponds
to the distance where inter-particle repulsion will become the particles’ effective size,
so collisions will slip past each other without getting close enough for van der Waals
forces to cause aggregation[19].

Steric stabilisation is an entropic effect, causing a repulsive force to overcome the van
der Waals interaction between particles when they get close to colliding. It works
by coating the particles in longer organic molecules, forming a protective layer.
Then, when the particles drift together, the organic chains will overlap, increasing
the concentration of the long surface attached molecules beyond the distribution
in the solution. This causes a repulsive force between the particles, as the system
will tend toward a more evenly distributed state. This effect and the electrostatic
repulsion from the overlapping electron orbitals will force the colloidal particles
apart[20]. Some sterically stabilising molecules, for example amphiphilic molecules,
form micelles around particles, dense enough to restrict masstransport to the parti-
cle inside[19].

2.1.1 Gold nanorods
Anisotropic gold nanoparticles has become widely researched, with a wide range of
morphologies with varying optical and electronic properties[11][21]. These properties
originate from the particles’ size dependant phenomena, localised surface plasmon
resonance (LSPR). The various shapes of gold nanoparticles can be grown to spe-
cific sizes, making the resulting optical properties tunable for the specific application
chosen for that shape[9][11]. Such applications range from uses within electronics,
sensing, surface-enhanced spectroscopy and as gold is biologically inert, they could
be of use in medical device surfaces[9][11][13].

Gold nanorods in particular have highly tunable properties. The 1-dimensional
anisotropy of which, removes rotational degrees of freedom of energy dissipation,
reducing non radiative dampening and restricts the plasmon resonance displacement
direction to either the longitudinal or the transversal direction[12]. These are some
of the factors that make the longitudional absorption much larger than the spherical
particle. These dimensional constraints also allow for more factors than diameter to
affect the wavelength of LSPR, which become more easily adjustable over a wider
range of absorption by changing the particles’ length to width ratio[22].

2.1.2 Seed mediated growth
The wet chemical method seed-mediated growth is the most common method used
to synthesise colloidal gold nanorods, since it produces a high yield of high quality
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2. Theory

nanorods. The procedure is very accessible, as it does not require any specialised
equipment, yet still gives good control of particle dimensions[11][12].
In this method, the key to producing a monodisperse solution of particles is the
separation between the nucleation of new metallic hexadecyltrimethylammonium
bromide (CTAB)-stabilised nanoparticle seeds and the growth of the 2-4nm particle
seeds into larger rods. The seeds are produced by fast reduction of chloroauric acid
(HAuCl4) with sodium borohydride (NaBH4). The surplus of CTAB molecules in
the solution stabilise the particles sterically as they form, by creating a micellar
bilayer surrounding the seeds[11][12].

The particles are then grown in a solution containing gold(III) and Ag+ ions. Then,
when ascorbic acid is added to the solution, the gold(III) ions in the solution get
partially reduced down to Au+ ions, since ascorbic acid’s ability to reduce gold ions
becomes limited at low pH. The final reduction step to metallic gold is then catal-
ysed on the surface of the particles, limiting the reaction rate to the ionic mass
transport through the CTAB stabilisation and stopping the formation of new par-
ticles. During this phase, the CTAB doubles as a shape-directing agent[12].

This method was adapted in this thesis such that instead of growing the nanorods
free in a colloidal solution, the seeds have instead been attached to the surface using
a linking organosilane molecule. The surface that held the seeds was then placed into
a growth solution to grow the seeds directly on the surface, into appropriately sized
gold nanorods. The shape and size of the particles were adjusted in this thesis by
increasing the concentration of silver ions and decreasing the amount of the partially
reducing agent ascorbic acid in the growth solution, which both influence the aspect
ratio of the final particles[9][23].

2.1.3 Crystalline structure and growth mechanism of gold
nanorods

The structural directing mechanisms driving the formation of rods is thought to
be due multiple reasons. These include the preferential-binding-directed growth
induced by the preferential binding of CTA+ to the {100} face of the faceted seeds,
since the atomic spacing in this plane is more similar to the CTA+ head group. The
CTAB also binds more strongly to the {110} face, since the CTAB can stabilise this
facet’s especially high surface energy. These effects cause a reduced crystal growth on
these facets as they are blocked, breaking the symmetry of the FCC crystal structure
[12][21]. The Ag+ ions are also thought to play an important role in this structural
directing by forming AgBr–2 (CTA+) complexes, increasing the packing density of
the CTAB along these facets. A significant ratio of 9% of the final rods have been
found to consist of Silver[21]. Ascorbic acid may not reduce Ag+ ions to metallic
silver, but when the Ag+ ions come into contact with facets of the metal particle,
they can form a monolayer through underpotential deposition. This reduction has
different rates depending on the reduction potential of the facets, suggesting that
silver is deposited on the {110} side is faster than on the {100} facet, causing seeds
to grow into rods[21][24]. It is also thought that the higher curvature at the tips of
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2. Theory

the rods and around the seeds cause the CTAB interspacing to increase furter out
from the particle, enabling a higher rate of ion diffusion through the CTAB layer
and increasing growth in the longitudinal direction[25].

2.2 Localised surface plasmon resonance
When rough conductive surfaces, such as metals with nanoscale features, are irradi-
ated by electromagnetic waves, the conduction electrons can be excited into collec-
tive oscillations known as plasmons, quantized units of plasma. These plasmons act
as free-electron charges which propagate outward along the surface, permeating the
dielectric interface between the metal and the surrounding medium[26]. The oscil-
lation of these plasmons, will in turn resonate with incident electromagnetic waves
of matching frequencies in an energy absorption phenomena called surface plasmon
resonance (SPR). SPR is often used to enhance the sensitivity of surface-based op-
tical sensing techniques, such as Raman spectroscopy, creating the new technique
surface enhanced Raman spectroscopy (SERS)[27].

In metallic nanoparticles however, the conduction electrons are placed in spatial
confinement, shorter than their mean free path. The wavelength of light can now
be much larger than the diameter of the irradiated particle and its confined elec-
tron plasma. When such a particle is irradiated, this can result in a similar optical
absorption event called localised surface plasmon resonance (LSPR). The incident
electromagnetic radiation polarizes the particle, increasing its dipole moment by
displacing the electron gas, which is then forced back by a restorative Coulombic
interaction, causing a collective oscillation of the particle’s electron plasma, through
the surrounding dielectric medium. While the surface plasmons oscillate through
the surrounding media, they can in turn resonate with incident electromagnetic ra-
diation surrounding the particle, whereby the electrons absorb energy and transition
to higher energy states[6][12][26].
The energy absorbed through resonance can then be dispersed through electron de-
cay by being re-emitted as photons, widening the observed absorption peaks, and
through various non-radiative transitions as heat, partially quenching the LSPR
wavelength of the incident light[26].

2.2.1 Gold nanospheres
During resonance, the particle’s polarization is maximised as the free electrons in
the nanoparticle interact with specific frequencies of radiation. Considering this
resonance frequency for a spherical gold nanoparticle, Drude’s free electron model
can be applied to describe the metal’s electromagnetic response in terms of frequency
through its dielectric function as shown in Equation 2.1[26].

ε(ω) = 1−
ω2

p

ω2 + γ2 + i
ω2

pγ

ω(ω2 + γ2) (2.1)

8
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Here ωp is the metal’s plasma frequency, determined by the density of free electrons
in the metal, γ is a damping constant, representing the various energy losses from
different forms of scattering, and ω is the frequency of the incident electromagnetic
field.

The resonance frequency for LSPR can then be described by analytically solving
Maxwell’s equations of electromagnetism at the boundary conditions surrounding
the geometry of the particle surface[26]. By assuming that the field surrounding the
particle is oscillatory in time, while the field strength remains constant around the
particle geometry, Maxwell’s equations can be solved for the polarizability of the
sphere, as seen in Equation 2.2[26].

α = 4πa3 ε− εm

ε+ 2εm

(2.2)

Where α is the sphere’s polarizability, a is the radius of the sphere and εm is the
dielectric function of the non-absorbing surrounding medium, which is proportional
to the square of the medium’s refractive index[28]. The resulting LSPR conditions
can thus be seen to rely solely on the electromagnetic field frequency through the
dielectric function[26].

The resonance wavelength for a small spherical particle can then be solved for as
the field frequency which maximizes the polarization and thus the electric dipole
moment of the particle in Equation 2.2, and thus the frequency for which the real
part of the dielectric function fulfills the condition,

ε(ω) = −2εm (2.3)

The resonance frequency for a gold nanosphere can thus be seen to be determined
only through the refractive index of the surrounding medium. This limits the tun-
ability of the LSPR, as increasing the radius will only increase the extinction of
visible light of approximately the same wavelength, while only changing the sur-
rounding medium will tune the LSPR frequency[26].

2.2.2 Gold nanorods
The anisotropy of gold nanorods creates a symmetry-breaking dimensional confine-
ment on the polarizability of the particles. This anisotropy creates additional res-
onances, as two dimensional axes are equal transversally with rotational symmetry
across the rod, with degenerate vibrational modes, which no longer apply along the
third axis. A new resonance vibrational mode appears along this separate unique
axis following the length of the rod[11].

The LSPR conditions for gold nanorods can be approximated by applying the Quazi-
static solution to Maxwell’s equations described in subsection 2.2.1 to Gans’s solu-
tion for the vibrational resonance modes in a prolate spheroid [11][26][29].
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The polarizability for all axes of such a gold ellipsoid is given by,

αx,y,z = V
ε(ω)− εm

εm + Lx,y,z(ε(ω)− εm) (2.4)

Where V is the volume of the ellipsoid and ε(ω) is the wavelength-dependent dielec-
tric function of gold. Lx,y,z is a depolarization factor arising from the anisotropy,
describing the dependence of LSPR on the particle’s aspect ratio (AR). The depo-
larization factor is decribed below in the longitudional mode, or x dimension. The
sum of the depolarization for each axis is equal to 1, giving the transversal mode,
or y and z dimensions.

Lx = 1− e2

e2

(
−1 + 1

2e ln 1 + e

1− e

)
;

Ly,z = 1− Lx

2

(2.5)

e is the eccentricity of the ellipsoid described by the relation between the radius of
the long axis rx and the radius of the short axis ry,z, similar to the AR of a rod.

e =
√

1− ry,z

rx

(2.6)

To maximise the polarization presented in Equation 2.4, resonance occurs as the
denominator is set to zero. Solving then for the longitudinal depolarization factor,
Lx, during resonance gives the relation between ellipsoid eccentricity, or AR in rods,
and the dielectric functions of gold and the surrounding medium.

Lx = − εm

ε(ω) + εm

(2.7)

This demonstrates the possibility to tune the wavelength of LSPR for gold nanorods
by varying the AR in relation to the surrounding medium. εm is a constant prop-
erty of the dielectric solvent, while ε(ω) of gold is affected by the frequency of the
incident electromagnetic field according to Equation 2.1.

The effect of LSPR can be observed in gold nanorods by the absorption of the
specific resonance wavelengths. As seen, these resonance wavelengths vary based on
the choice of surrounding medium and the dimensions of the particles. By using
Ultraviolet-Visible light (UV-vis) spectroscopy, the absorption of these resonance
wavelengths can be detected. A characteristic UV-vis plot for a solution containing
purified gold nanorods can be seen in Figure 2.1.
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Figure 2.1: A graph showing the UV-vis absorption spectra of a solution of purified
gold nanorods in water, produced from previous work by the research group. The
nanorods had an aspect ratio of ~3.3 with an average length and width of 69x21nm

The larger absorption peak at ~820nm represents the longitudinal LSPR and the
lower absorbance at ~520nm represents the transversal LSPR[12].

2.3 Assembly of gold seeds on substrate surfaces
Nanoparticles that are produced in solution need to be attached in a stable way to
the implant surface. This can be done using linking molecules, such as organosi-
lanes, which contain both organic and inorganic functional groups. In this thesis
a thiolated organosilane, (3-Mercaptopropyl)-trimethoxysilane (MPTMS), was used
to chemisorb the particle to the surface. This molecule is suitable, since it contains
a thiol group (-SH) on one end, which form a gold-sulphur bond to hold onto the
particle, as well as a silane group (Si(OCH3)3 at the other end, which can readily
hydrolyse to bond with the silica surface or other silane groups[30].

2.3.1 Substrate preparation and self assembled monolayer
formation

To create a homogeneous and dense layer of gold nanoparticle seeds, that remains
stable in the presence of ions, it is desired to chemisorb the seeds to a self assem-
bled monolayer (SAM) of the linking molecule MPTMS on the silica surface. This
monolayer is formed according to the steps outlined in the schematic presented in
Figure 2.2.

This method and molecule is useful when working with silicate or metal oxide sur-
faces. In this thesis silicon wafers and silica glass substrates were used for the
synthesis. Silicon wafers was used for its atomically plane surface to optimise con-
ditions for SAM-formation, while the silica glass substrates were favoured during
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later stages while optimising the particle growth, due to its applicability in UV-vis
measurements.

Figure 2.2: A schematic illustration depicting the steps for direct formation of
gold nanorods on a SiO2-glass or silicon wafer substrate

The steps seen in Figure 2.2 are as follows. First the pristine silicate substrate
is placed in a solution of ethanol and MPTMS, where residual water adsorbed on
the substrate hydrolyse and activate the MPTMS, allowing the molecules to bind
into the surface and each other. The substrate is then placed in the aqueous gold
seed solution, where seeds will chemisorb to the substrate by forming gold-thiol
bonds with the thiol end of the MPTMS, before subsequently being placed in the
growth solution, to grow into rods. Care is taken during the first step to avoid
any addition of excess water into the MPTMS/ethanol solution, as this could cause
polymerisation of MPTMS[30].
The silica substrates need to be free from any organic contaminants and maintain a
chemically pristine surface for the SAM to form properly. This is done by excessive
cleaning steps detailed in subsection 3.2.2, including an overnight bath in nitric acid
(65%), to etch away any contaminants bound to the surface before synthesis.

2.4 Analytical methods
The various analytical methods that were utilised to analyse the samples and to
monitor the progress of the project, along with the way they were used is presented
in this section.

2.4.1 UV - Vis spectroscopy
Ultraviolet- Visible light (UV-vis) spectroscopy functions by emitting electromag-
netic waves with wavelegths making up the specrum between ultraviolet and near-
infrared, which is transmitted through the sample, to the detector. The light ab-
sorbance of the sample is then shown as the difference between the intensity of the
detected- and the emitted light for each wavelength, as seen in Equation 2.8
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A = − log(I/I0) (2.8)

where A is the absorbance, I is the detected intensity and I0 is the intensity of the
emitted light.
LSPR occurs while gold nanorods are irradiated, as described in section 2.2, which
can be seen as absorptions of specific wavelengths of light, corresponding to the
electron plasma displacement across the particle. For gold nanorods, this can be
seen as two peaks in the UV-vis spectrum, one arising from the transversal direction
of the rod and one for the longitudional direction, giving an indication of the AR of
the particle. A higher absorbance in the peaks indicates a higher density of particles
at the surface.

This method utilised as the main analysis method, due to its availability and its
fast results. It was used to monitor the growth process by transmitting the light
through glass substrates that were functionalised with gold nanoparticles to give an
indication of the shape, size and surface coverage of the particles. The method was
also utilised to analyse the growth solution after the synthesis, to verify that the
gold seed functionalisation of the surfaces was successful and remained stable during
growth. UV-Vis was also applied to study the growth of the particles in situ.

2.4.2 Scanning electron microscopy
In scanning electron microscopy (SEM), data such as topology and chemical compo-
sition can be determined by raster scanning the sample with an electron beam. The
electron microscope used for analysis in this thesis, SEM-Ultra, fires electrons with
an electron gun by thermionic emission, where a filament heats the anode to release
electrons. These electrons are then accelerated in an electric field and are focused
and directed through magnetic fields and exits the electron cannon through an aper-
ture, the size of which can be adjusted. Increasing the numerical aperture increases
the resolution limit of the microscope by limiting spherical aberration[31]. Equa-
tion 2.9 shows the general relationship between maximum resolution and numerical
aperture.

d = λ

2 NA (2.9)

Where d is the maximum resolution, λ is the wavelength of the electrons, and NA
is the numerical aperture.

When the incident electron beam reaches the substrate surface, the beam of elec-
trons can either be scattered by the electrons within the sample, excite the electrons
in the sample to induce stimulated emission of high energy photons such as X-rays,
or knock outer shell sample electrons out of their orbitals through inelastic inter-
actions, releasing secondary electrons[31]. Each of these effects can be measured
through the various detectors in the SEM, which can be used to either produce a
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topological image or to analyse the chemical composition of the sample, by corre-
lating the detection with the location of the raster scan.

2.4.3 Quartz crystal microbalance
Quartz crystal microbalance with dissipation (QCM-D) can be used to measure
changes in the mass and rigidity of a surface on the nanoscale. Quartz crystals
have an acentric crystal structure, causing them to be piezoelectric, meaning that
an electrical current can be achieved through the deformation of the crystal lattice
in a specific dimension. Conversely, when an alternating electrical current (AC)
is applied to a quartz crystal, the crystal lattice will be deformed and begin to
oscillate at the crystal’s resonance frequency. This resonance frequency and its har-
monic overtones are inversely proportional to the thickness of the crystal, with the
commonly used quartz substrate resonance frequency of 5MHz, corresponding to a
crystal thickness of approximately 330µm[32].

By measuring the shift in resonance frequency during the experiment, the change in
mass of the substrate over time can be determined.

∆m = −C∆f
n

(2.10)

where,
C = 17.7 ng

cm2Hz

The change in frequency is denoted as ∆f , C = 17.7 is the Sauerbrey constant for a
5MHz quartz crystal, ∆m is the corresponding change in mass on the substrate and
n is the harmonic mode number, also known as overtone. The energy dissipation
D of the oscillations is also measured by pausing the current while measuring the
dissipating voltage per oscillation. This can be used to study the viscoelasticity of
the surface layer. This can give an indication during the experiment if the material
adsorbing to the substrate is crystalline or amorphous and whether it extends further
out from the substrate surface, as a softer material which reaches further into the
solution would dampen the oscillations more quickly[32].
In this thesis, QSX 303 SiO2 sensors from Biolin were used as substrates to study the
growth rate of gold nanoparticles in real-time, as these have a sputtered 50nm layer
of silica glass on the quartz crystal, which would better mimic the surface chemistry
of the substrates used outside of the QCM-D experiments. The pristine surface
roughness of the substrates remains low (> 1nm) after this sputtering treatment.
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In the following sections the experimental work is presented, describing the method
developed in this thesis to growth gold nanorods directly on substrate surfaces.
First the materials used for the thesis is presented, followed by the experimental
procedure to grow gold nanorods directly on SiO2-surfaces, and finally how the
substrates were analysed, including the adaptations to the experimental procedure
for in situ analysis.

3.1 Materials

3.1.1 Chemicals
The chemicals used during the experimental part of the project can be seen in
Table 3.1, when diluted chemicals are used, the new concentration will be referenced
in the text. All water that was used for diluting chemicals or for experimental
purposes was purified Milli-Q Academic water, treated through a water purification
system from Millipore.

Table 3.1: List containing a description of the chemicals used in this thesis, along
with the suppliers they were purchased from

Name Supplier Description
Ammonia Merck 32%

L-Ascorbic acid Sigma-Aldrich C6H8O6 99%
CTAB Sigma-Aldrich hexadecyltrimethylammonium

bromide ≥ 99%
Ethanol Solveco C2H5OH 99.5% analytical grade
Ethanol Solveco C2H5OH 95% analytical grade

Gold(III) chloride trihydrate Sigma-Aldrich HAuCl4 > 99.9%
H2O2 Fisher Hydrogen peroxide > 30%

Hydrochloric acid Sigma-Aldrich HCl ≥ 37%
MPTMS Sigma-Aldrich (3-Mercaptopropyl)-

trimethoxysilane 95%
Nitric acid Sigma-Aldrich HNO3 65− 67%

Silver nitrate Sigma-Aldrich AgNO3 > 99.9%
Sodium borohydride Sigma-Aldrich NaBH4, > 99% ReagentPlus®

Sodium dodecyl sulfate Sigma-Aldrich SDS > 99.9%
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3.2 Experimental

3.2.1 Seed mediated growth
The gold seeds were synthesised by the method proposed by L. Scarabelli et al.[9].
In this method, CTAB stabilised gold nanoparticle seeds are produced at 30◦C by
the fast reduction of gold(III) chloride trihydrate through the addition of sodium
borohydride.

First 4.7ml CTAB (0.1M) was heated to 30◦C to dissolve the CTAB in the water.
Then 25µl HAuCl4 (50mM) was added and the solution was stirred at 400RPM for
5 minutes to mix thoroughly, after which 300µl NaBH4 (10mM) was added quickly
while stirring at 1400RPM . When the solution rapidly shifts to a brown colour, the
HAuCl4 has been reduced to small (2− 4nm) metallic gold nanoparticle seeds.

To minimize the size distribution of the nanoparticles, the sodium borohydride was
freshly mixed and heated to the same temperature as the solution before mixing. It
was then added quickly at a very high rate of stirring to optimise for quick mixing
within the solution, to make sure the reduction to metallic gold occurs simultane-
ously, at the same rate, everywhere in a homogeneous solution.

To minimise the chance of particle aggregation or Ostwald ripening, the seed solution
was attached to the surface functionalisation directly after being synthesised.

3.2.2 Gold seed functionalisation
The gold nanoparticle seeds were attached to glass surfaces and to silicon wafers
with MPTMS, using the following method.
Glass microscopy slides were first cut into 1 by 1 cm pieces and the silicon wafers
were ordered pre-cut into 8 by 8 mm pieces. The glass substrates were then cleaned
by ultrasonication using a cleaning bath model USC900D from VWR at intensity
level 9, in ethanol (99.5%) for 20 minutes and were then thoroughly rinsed in water,
after which they were placed into a nitric acid bath overnight, for 15 hours. The
silicon wafers were cleaned additionally before being placed in nitric acid, to remove
any traces of adhesives from the cutting process, by adding a 20 minute bath in a
basic piranha solution, containing a 4:1:1 ratio of water:ammonia:H2O2, after the
ultrasonication step. They were then submerged instantly in water, which was di-
luted until no trace of nitric acid remains. Then the water was diluted until it was
completely exchanged with ethanol (99.5%) in preparation for the functionalization.

The clean substrates were then submerged in a solution containing 10ml ethanol
(99.5%) and 1µl MPTMS (95%) for 30 minutes to functionalize with MPTMS.
Once finished, the solvent was diluted until it was completely exchanged, first with
ethanol and then with water. This was done in two steps to avoid polymerisation of
any remaining dissolved MPTMS molecules in the presence of water. The substrates
were then transferred to the gold seed nanoparticle solution for 20 minutes to attach
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the seeds to the substrates by bonding to the thiol end of the MPTMS.

3.2.3 Nanorod growth
The gold seed-functionalised substrates were then placed in a growth solution, to
grow the seeds into gold nanorods. The concentration of some reagents in the so-
lution were varied to adjust for the changed conditions of growing into rods while
being attached to a negatively charged surface.

The growth solution was made by first heating 10ml CTAB (0.1M) to 30◦C to dis-
solve the CTAB in water. Then 190µl hydrochloric acid (1M) and 100µl HAuCl4
(50mM) was added and the solution was gently shaken, to mix while minimizing
the generation of foam. Then, 120µl silver nitride of varying concentrations (10mM ,
11mM , 12mM , 13, 14mM , or 20mM) was added. After shaking gently for 5 minutes
to mix thoroughly, 100µl ascorbic acid of varied concentrations (100mM , 90mM ,
80mM , or 70mM) was finally added to the solution. The growth solution was then
stirred vigorously until it turned colourless, indicating the reduction of gold(III) to
gold(1+) ions[9].

Gold seed-functionalized substrates were then added to individual wells containing
1.5ml growth solution each. The seeds were then allowed to grow for 2 hours, while
the temperature was kept at 30◦C within the wells. When the growth was finished,
the solution was exchanged to water, and then to ethanol (99.5%), before drying
with nitrogen gas. The substrates were then stored in individual wells, covered by
a lid, for later analysis.

3.3 Analysis

3.3.1 UV-Vis
The UV-vis models used in this project was a Thermo Scientific NanoDrop™ One/
OneC Microvolume UV-Vis Spectrophotometer and a Hewlett Packard 8453 Spec-
trophotometer. The NanoDrop™ was used for quick analysis of a few microlitres
of the growth solution during and after synthesis, while the Hewlett Packard 8453
was used for analysing the prepared glass substrates and also to analyse the growth
occurring in situ on the substrate surface in separate experiments. The base-line
was set to either unused growth solution, to check for particles that had been re-
leased from the surface, or water, to determine the size-dependent absorbance in a
dielectric environment similar to the human body.

In preparation for UV-Vis analysis, the finished substrates were placed in a standing
position in water-filled cuvets with a path length of 10mm. The cuvets were then
positioned in the instrument such that the glass substrate would cover the largest
possible area of the beam of light.

17



3. Methods

The Hewlett Packard 8453 Spectrophotometer’s sample mount was fitted with in-
ternal tubing, that could be connected to a heat pump, allowing for the possibility
of analysing the growth process in situ, to compare with the results gained from
QCM-D. To perform this analysis, 10x25mm glass samples were first prepared ac-
cording to subsection 3.2.2, while the heat pump was set to 30◦C. The substrates
were then transferred to 10mm cuvets filled with growth solution, which were placed
in the heated sample mount, along with a cuvet containing non-functionalised glass
and growth solution to set the baseline. During the particle growth, UV-vis mea-
surements were performed continuously, with each sample being analysed every 5
minutes over a 2 hour period. A larger substrate size was used during this experi-
ment to consistently be able cover the path of the light travelling to the detector.

3.3.2 SEM
Scanning electron microscopy (SEM) was used to construct images of the grown par-
ticles on the surfaces and to determine the size dispersion, coverage, shape and size
of the gold nanoparticles. The SEM model LEO Ultra 55 from Zeiss was used for
visualising the gold nanoparticles by detecting secondary electrons with either the
inlens sensor or the SE2 detector inside the sample chamber. The images produced
through the exposure were subsequently analysed using the open-source software
ImageJ. By setting a threshold for the grey scale pixels, a binary image was created
where the nanoparticles appeared as white pixels and the rest of the image was
removed. After setting the distance scale to match the data from the SEM, the
software was then used to count neighbouring white pixels compared to black pixels
to decide the surface coverage of particles. ImageJ was also analysed the dimensions
and circularity of the connected white pixels, which were used to filter for rod-shaped
particles and gain the AR of the particles in the image. By manually removing a
line of pixels between neighbouring particles, the thresholded image could be used
to count the number of particles more accurately and the number of rods could be
compared to the total number of particles to gain the rod yield.

The glass and wafer samples were mounted on SEM stubs with conductive carbon
adhesive tape, which were subsequently mounted onto the stub holder that could be
mounted in the Ultra 55 SEM. The QCM-D substrates were fastened to an S-clip
sample holder, which was mounted in the SEM. The glass and Si substrates were
then analysed using secondary electron detection with an acceleration voltage of 2kV
at a working distance of ~7mm and 5kV at ~4mm respectively, sometimes using the
inlens detector for the wafer-grown particles.

3.3.3 QCM-D
The instrument QCM-D E4 from Biolin Scientific was used to monitor the particle
growth, in situ, on functionalised substrates, as well as during the full experimental
process as described post-cleaning. The nanoparticle growth was done both with
and without flow of growth solution through the modules, to study the effect. All
solutions that were pumped were kept at the same temperature of 30◦C to promote

18



3. Methods

mixing and reduce formation of bubbles in the tubes. QSX 303 SiO2 sensors from
Biolin were used as substrates, to ensure similar surface chemistry to the glass and
silica substrates from the other experiments.

The surfaces were cleaned according to the protocol suggested by Biolin, for thor-
ough cleaning. First they were UV/ozone treated for 10 minutes, then they were
immersed in a solution of 2% sodium dodecyl sulfate (SDS) in water for 30 min-
utes. They were then kept wet until they could be thoroughly rinsed with water, to
avoid surfactant adsorption. They were then dried with N2-gas, before finally being
treated with UV-ozone cleaning for 10 minutes.

To monitor the particle growth, the sensors were first cleaned additionally after the
suggested cleaning by Biolin and functionalised with gold nanoparticle seeds. This
was done using the same method used outside of the QCM-D, as described in sub-
section 3.2.2, to remain as similar to the developed method outside the QCM-D
as possible, with the exception that the ultrasonication was performed at intensity
level 2 to avoid any damage to the gold contacts. The substrates were then placed
into Qsense flow modules, which were pumped through with water immediately, to
keep the surfaces wet. The flow was set for the whole experiment to 25µl/min for
each module, a value chosen based on the total volume of growth solution avail-
able. After calibrating the QCM-D E4 to the modified substrates, the measurment
was started. The frequency change was then examined before moving forward, as
to remain stable without drifting while submerged in the flow of water, which was
repeated between each step. Then a solution of CTAB (0.1M) was pumped through
the module as a baseline with a viscosity more similar to the growth solution. After
this the growth solution were pumped through the modules, which was subsequently
stopped for 2 of the 4 flow cells, once the solution within the chambers had been
exchanged. The growth continued for 2 hours before changing back to the baseline
CTAB solution. Once stable it was pumped with water, flushing away excess surfac-
tants and reagents. The measurements were then stopped and the substrates were
dried with N2 before being stored for SEM.

For the full experimental process, the sensors were also cleaned as described in sub-
section 3.2.2, with ultrasonication at intensity 2. They were then immediately placed
in the Qsense flow modules after being taken out of the nitric acid bath and flushed
with a continuous flow of water. After calibrating the frequencies of the substrates
the measurement was started. The method described in section 3.2 was then exe-
cuted by pumping the solutions to flow across the sensor. Ethanol of concentration
(99.5% or 95%) was pumped through the flow module at 200µl/min, before chang-
ing to the MPTMS solution to functionalise the surface for 30min at 200µl/min.
After functionalisation, ethanol with the same concentration was pumped again at
200µl/min, before changing to water at the same rate. Then the seed solution was
run through the modules at 25µl/min for 40min after which the water baseline
was pumped again. Then the growth solution was pumped through the module at
25µl/min for 2 hours for the flow measurements or stopped for the stagnant mea-
surement after flushing the module with at least 10 times the 40µl internal volume
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above the sensor. After the growth had proceeded for 2 hours, water was again
pumped through the system, until a stable frequency level was observed. The sub-
strates were then dried using N2 for further analysis with SEM.
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4
Results and Discussion

The following sections present both the results achieved in this thesis and a discus-
sion of the findings. Starting with discussing the gold nanoparticle seed synthesis
and the method of functionalisation. Then the results gained from gold nanorod
growth are demonstrated and finally, the real-time measurements taken in situ are
presented.

4.1 Gold seed synthesis and immobilisation

4.1.1 Electrostatic deposition
Initial experiments in this thesis synthesised and attached larger gold seed particles
with a citrate stabilisation. These particles were tested to evaluate the possibility
of electrostatically immobilising seeds on a silicon wafer surface. By functionalis-
ing the substrate surface with (3-aminopropyl)-triethoxysilane (APTES), positive
charges could be created for the negatively charged citrate seeds to bind to, shown
in Figure 4.1. As the SiO2-surface has a negative surface charge the seeds would
only attach to the functionalisation, while being repelled by the substrate and each
other, creating a homogeneous surface coverage.

Figure 4.1: On the left is an SEM image at 100k magnification of electrostatically
immobilised citrate seed particles on a silicon wafer, and on the right is a UV-vis
absorption spectra of the citrate seeds in solution

When the substrate, with its gold seed particles attached in this way, was added
to the growth solution, the electrostatic binding was screened by the ions contained
in the growth solution. Seeds were then released from the surface and nanoparticle
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growth could be seen to occur in the solution as it shifted from clear to purple colour.
Thus it was not possible to show conclusively that the rods grew while attached to
the surface. As the purpose of the thesis was to demonstrate the possibility to grow
nanorods directly on a surface, this method was not investigated further.

4.1.2 Gold seed functionalisation with MPTMS
Fresh gold nanoparticle seeds with CTAB stabilisation were synthesised for each
experiment. The gold seeds produced this way were too small for analysis by UV-vis,
as the LSPR extinction does not appear in the UV-visible light region for particles of
this size, as the dielectric function of particles of this size is not the same, changing
their optical properties[11]. The seed formation was determined by the colour of the
solution as the Au(III) ions were reduced to metallic gold, which turned light brown
as described in the method proposed by L. Scarabelli et al.[9]. The solution should
therefore have contained seeds with a diameter of ~2-4nm, as the characteristic
absorption band at 507nm would be visible once the particles reach an average size
of >3.5nm, as can be seen for the citrate seeds in Figure 4.1[9]. Particles at this
size are beyond the resolution limit of the Leo Ultra 55 SEM, so a size distribution
of the produced seed solutions used in this thesis can not be presented. There are
however particles within some of the produced solutions that do appear in the SEM
after being chemisorbed to a MPTMS functionalised silicon wafer. These particles
can be seen in Figure 4.2, where some particles are as large as ~9nm in diameter.

Figure 4.2: SEM image with 500k magnification of a silicon wafer functionalised
with MPTMS and CTAB stabilised gold seed nanoparticles

It is however unlikely that seeds of this size made out a large fraction of the seeds
that were produced, since the total optical effect of the solution is not coloured
by LSPR. The solution may however not be monodisperse for each synthesis, as
indicated by varying particle sizes in Figure 4.2. This could be due to several fac-
tors. Examples include contamination, poor mixing during nucleation into particles,
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creating a wider size distribution of particles, or since particles of this size are not
stable for longer periods of time, they may start aggregating or absorbing each other
before attaching to the surface. If the functionalisation creates a perfect SAM, the
particles may even attach close enough for Ostwald ripening to occur before SEM
analysis. However, since the seeds were produced and attached within 30 minutes of
analysis, the risk of aggregation should be minimised. The inclusion of these larger
sizes in the growth phase of the experiments may however have had an effect on the
final particle size distributions and perhaps even the morphologies and therefore the
rod yield seen after particle growth.

The substrate cleaning process, where they were immersed in concentrated nitric
acid was essential to achieve the rod yield seen in this thesis. The addition of nitric
acid etching prevented a wider range of morphologies to grow from the seeds, vastly
improving the rod yield. This may be due to a more pristine substrate oxide layer
as the acid effectively reduces contaminating sodium, calcium and aluminium atoms
on the glass surface[33].

4.2 Gold nanorod formation and dimensions
The gold nanorods that were successfully grown, with a demonstrated high shape
yield of ~69% using the method formulated in this thesis, are presented in this
section. The aspect ratio (AR) of the nanorods have been shown to be tunable,
with the highest and lowest AR achieved presented below in Figure 4.3, along with
histograms illustrating the AR-distribution of the synthesis.

Figure 4.3: SEM images, with 150k magnification, accompanied by histograms
showing the AR distribution, of gold nanorods produced by 2 hours growth using
recipes containing, [AgNO3]

[Ascorbicacid] = 20mM/70mM, to the left and 11mM/90mM, to the right
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The effect of the gold nanorod growth on the particles’ LSPR can be seen evolv-
ing over time in the in situ UV-Vis spectra in Figure 4.4. Comparing these plots
highlight how susceptible seed mediated growth is to contaminations. The measure-
ments were taken in parallel, functionalised in the same MPTMS solution, and were
placed in the same seed solution for immobilisation. However, as they were placed
into the cuvets, the substrate represented on the right in Figure 4.4 was scratched.
This caused seeds to be released from the substrate surface into the growth solution,
visibly changing the colour of the solution and contaminating the results.

Figure 4.4: In situ UV-vis spectras of gold nanorods as they were produced si-
multaneously by growth recipe 14mM/70mM over 2 hours. The right image shows the
effect of scratching the surface just before growth. Each increment in absorption
represents 10 minutes growth

The experiments included a nucleation control during nanoparticle growth. These
substrates were functionalised with MPTMS, but were never placed into the gold
seed solution for chemisorption. Figure 4.5 shows the resulting SEM image of one of
the glass substrate controls. There the nucleation of gold particles can be seen, which
has grown into various morphologies. These particles appeared to nucleate directly
on the MPTMS thiol group, as nucleation and the subsequent growth within the
solution was not observed through UV-vis analysis. As the spontaneous nucleation of
gold on MPTMS did not result in nanorod growth, this mechanism negatively affects
the rod yield of the experiments. There also appears to be some deposited gold in the
background, but this could be artefacts from the SEM analysis. A potential solution
for future studies could be to include an extra step between seed immobilisation and
growth, where the substrates could be placed in a solution containing a substance
to passivate any remaining free thiol groups left on the surface. This may increase
the overall rod yield of the method.
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Figure 4.5: SEM image at 70k magnification of a SiO2 glass control substrate,
containing gold nanoparticles that spontaneously nucleated on MPTMS

4.2.1 Impact of silver ions on rod-formation and aspect ratio
The effects of altering the silver ion concentration on the AR and yield of the
nanorods was studied as a method of tuning the frequency of LSPR to 800nm.
The results from these experiments are presented and discussed in this section and
the chosen recipes can be seen in Table 4.1.

Table 4.1: Table presenting the rod yield and average surface coverage of grown
particles along with the particle dimensions of each growth solution recipe. CAA and
CAg+ represents the concentrations of ascorbic acid and AgNO3, respectively

Growth recipe Rod Surface Length Width Aspect
CAg+/CAA yield coverage [nm] [nm] ratio

20mM/70mM 69.30% 14.80% 65.43± 8.28 21.13± 3.02 3.16± 0.41
14mM/70mM 65.79% 6.13% 76.29± 12.80 26.23± 4.22 2.92± 0.31
13mM/70mM 54.74% 10.43% 67.57± 10.83 23.05± 3.63 2.96± 0.38
12mM/80mM 52.97% 10.07% 69.41± 9.18 27.55± 4.15 2.56± 0.32
11mM/90mM 69.00% 16.13% 66.94± 9.64 27.64± 4.59 2.47± 0.33
10mM/100mM 68.18% 26.95% 78.62± 11.60 39.35± 6.69 2.05± 0.29

The concentrations of silver nitrate seen in Table 4.1 range from the lowest, 10mM,
which was the same as in the original recipe, up to a 100% increase as the highest
tested concentration[9]. The surface coverage and rod yield varies, without any ob-
served correlation to the concentrations and the discrepancy can be assumed to be
caused by handling errors during or between earlier stages in the synthesis. Exam-
ples of such errors could include MPTMS polymerisation during functionalisation
due to water contamination or contact with air after seed immobilisation, which
could dry or otherwise destabilise the CTAB bilayer causing other morphologies to
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grow.

Figure 4.6: Aspect ratio of nanorods grown in situ on glass as a function of the
concentration of AgNO3. The error bars represent the standard deviation from the
average AR

The aspect ratio for the recipes were plotted in Figure 4.6, compared to the concen-
tration of AgNO3 in the growth solution. The recipe 14mM/70mM produced the rods
seen in Figure 4.7, with an AR of 2.92 which had a longitudional LSPR wavelength at
the goal wavelength of 800nm, as seen in the UV-vis measurement, similar to the rods
produced in solution in the literature using the original recipe, 10mM/100mM[9]. This
discrepancy between concentrations and the resulting rod dimensions and LSPR
frequency may have been caused by several factors. An example of which could
be the particles’ decreased degrees of freedom from being bonded to the MPTMS.
A large part of the difference between solution-growth and surface-growth of rods
could be due to the effects of surface charge on the ion concentrations in the solution.
The resulting concentration gradient that occurs in the diffuse layer of charged ions
probably had a significant impact on nanorod growth.

The seed mediated growth method is easily disrupted by contaminants and highly
affected by factors including changes in reactant concentrations. To increase the AR
of gold nanorods, the literature suggests slightly changing several factors, instead
of heavily altering one too much which could be detrimental to the yield. These
include increasing [AgNO3] and lowering [ascorbic acid] which was done in this
thesis[11]. The glass surface is negatively charged and the metal ions that were
added to the solution were, Ag+, Au+ that were produced by the reduction of
Au(III) with ascorbic acid[9]. Therefore, the 14mM/70mM-recipe may have resulted in
a similar concentration close to the surface, as 10mM/100mM may have during growth
in solution[34]. Following this instruction however, lowering the concentration of
ascorbic acid, could potentially leave some unreacted Au(III) in the solution. These
ions could then displace the ions with less charge close to the surface, lowering the
Ag/Au-ratio during growth. This can not be confirmed with the analysis performed
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in this thesis, but a future study could investigate this effect by including an X-ray
photoelectron spectroscopy (XPS) analysis, to measure the elemental composition
of the surface-grown particles. This could then be used to find the final Ag/Au-ratio
within the in situ grown nanorods and compare this to rods grown in solution, to
study the effect of the Debye length on growth[34].

Figure 4.7: SEM image and UV-vis spectra of gold nanorods, taken with 200k mag-
nification, after 2 hours growth using growth recipe 14mM/70mM, with a longitudional
peak at 799nm

In Figure 4.7, an additional small absorption peak can be seen at ~520nm, next to
the transversal nanorod absorption, as well as a widening in the base of the longitu-
dinal peak. These effects are made from the other morphologies seen in Figure 4.7
and by plasmon coupling, which widen the longitudinal band when nanorods are
close together, as they are when bound to the surface. The total absorption of the
particles had a high peak at 800nm relative to the transversal peak, indicating a
high yield of rods with a larger aspect ratio and the right size, summing up to the
goal LSPR frequency of this thesis, within the so-called biological window which
could be of use for medical device surfaces.

The software imageJ allowed for accurate and quick pixel by pixel analysis of the
SEM images. However, the software had difficulty distinguishing particles that
appeared too close together and instead merged several particles as one misshapen
particle, resulting in a lower rod yield than expected. These particles needed to be
manually counted by removing bordering pixels to correct the rod yield, but these
particles’ dimensions would then remain shortened while measuring the particle AR.
To manage this, the rods that had to be sliced by more than a pixel (1-3nm) could
not contribute to the dimension averages. This issue did not affect coverage data, as
this compares the ratio of light and dark pixels in the image and could be analysed
before counting.

4.3 In situ analysis
In this section the real-time analysis results conducted in situ is presented, showing
the particle’s evolution over time. First the data gained from QCM-D is presented,
separated into each step of the synthesis method, followed by UV-vis data gathered
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continuously during growth.

QCM-D analysis was performed to monitor particle growth in real-time in growth
solution recipe 13mM/70mM. The particles grew both in stagnant solution, similar to
the procedure outside the QCM-D, and with 25µl flow with fresh growth solution,
to compare the effect. QCM-D frequency measurements and SEM images of both
can be seen in Figure 4.8.

Figure 4.8: QCM-D measurement and 100kx magnified SEM images of the QSX
303 SiO2 sensors, containing the gold nanoparticles produced during QCM-D after
2 hours of particle growth. The particles in the SEM image on the left grew during
flow and on the right in stagnant solution

This QCM-D analysis used sensors treated before the analysis identically outside the
QCM-D flow cells, using the same seed functionalisation. The results demonstrate
a large increase in growth rate for the sensor which had a continuous flow of fresh
growth solution across the surface. This can be seen in the QCM-D data by the
second-degree change in frequency over time, while showing no greater effect on the
morphologies, creating a few rods during flow, and barely any without flow. Inter-
estingly the density of particles was increased as well. This could indicate nucleation
on unoccupied MPTMS thiol sites, where the flow forces the ions in the solution to
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reach down closer to the surface. There could also have been varying success during
functionalisation, due to contamination.

QCM-D was also used to measure the full method. One such run can be seen in
Figure 4.9, where the functionalisation used ethanol (95%) as a solvent to promote
hydrolysis. This run is divided into inlets of each synthesis stage, 1. functionalisa-
tion, 2. gold seed chemisorption, and 3. particle growth, to be analysed separately.

Figure 4.9: QCM-D measurement of the full method using growth recipe
14mM/70mM and 2 hours growth on a QSX 303 SiO2 sensor with no flow. The lines
depict an average of the 5th, 7th and 9th overtones, where the black line shows the
change in frequency and the orange line represents the energy dissipation rate

4.3.1 Functionalisation
The formation of the SAM of MPTMS can be seen in situ in the QCM-D data
presented in Figure 4.10, where a lower concentration of ethanol (95%) was used
as solvent for the MPTMS during functionalisation, to promote hydrolysis. The
QCM-D inlett starts at the baseline with no frequency shift at 0 minutes elapsed
time with the substrate mounted in a flow cell filled with a 200µl/min flow of MilliQ
water. After 6 minutes, ethanol (95%) is pumped through the cell at the same rate,
to remove water before adding MPTMS and to establish a stable measurement after
the solvent change causes a frequency spike in the data, with the alcohol solvent
before functionalisation. The MPTMS solution is then pumped through the flow
cell at 200µl/min flow from 15 minutes into the run to 40 minutes in, where no
more change was observed in the frequency. At 40 minutes the visible change in
frequency is due to the solvent being changed back to ethanol (95%), before again
being exchanged at 47 minutes back to the baseline of pure water.

The frequency measured in pure water before and after functionalisation shifts by
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~−0.75Hz for the 9th overtone, over 30 minutes during the 200µl/min flow of fresh
MPTMS solution across the substrate. This corresponds to a mass change of ~∆m =
1.475ng/cm2 over the ~0.1963cm2 sensing area of the substrate.

Figure 4.10: QCM-D inlett focusing on the functionalisation of a QSX 303 SiO2
sensor from Biolin. The MPTMS solution flowed at 200µl/min across the surface

Assuming a homogeneous SAM packing density, this mass on the substrate would
correspond to n ≈ 0.045 MPTMSmolecules/nm2 and thus 1 MPTMSmolecule/22nm2,
with potential for the same number of gold seeds to attach to the same area. This
fits well with the spherical particle monolayer seen in Figure 4.12. The detected
mass was the wet mass of MPTMS, including the influence of molecular interac-
tions with water, so deviations between the number of particles and the number
of MPTMS sites were expected. An additional analytical method such as surface
plasmon resonance (SPR) would need to be run as well, to gain the dry mass.

4.3.2 Seed immobilisation
After some attempts at functionalising the substrates in QCM-D after excessive
rinsing with ethanol (99,5%), the purity of ethanol used for functionalisation was
changed to (95%). This was done as it was assumed that the MPTMS solution at this
point did not contain enough water close to the surface for the hydrolysis reaction
which binds the MPTMS to the SiO2 surface. The seed immobilisation performed
after this functionalisation in the same QCM-D analysis can be seen occurring in
Figure 4.11, which starts and ends with ~5 minutes in pure water as a baseline to
measure the total mass gained. At 20 minutes and again at 27 minutes the change
in frequency is reduced, which could be due to seeds being rinsed off of the sensor
without new particles taking their place. As the rate of dissipation seen in orange is
shifted more greatly from 0 during the same period, this could be an indication of
a build up of particles attaching to, and then being released from a greater distance
to the sensor, affecting the hydrodynamic resistance of the substrate.
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Figure 4.11: Inlett of a QCM-D measurement, focusing on the seed immobilisation
on an MPTMS functionalised QSX 303 SiO2 sensor from Biolin. The seed particles
were immobilised while flowing across the surface at 25µl/min

Calculations and image analysis were performed, presented in Appendix A.1, for
the seed immobilisation to see if the number of adsorbed seeds remained constant
during growth. This was done to help determine the stability of the particles, and to
show whether the mechanism driving the particle growth was by mainly absorbing
and reducing ions from the solution. An alternative growth mechanism during rod
formation could potentially be found through changes in the surface coverage as
seeds merge during growth, or as new particles nucleate on the surface. This would
not be seen in the QCM-D, as the merging of particles would not affect the mass
adsorbed to the surface and nucleation of new particles would be indistinguishable
from the absorption of ions. However, running the same calculation with an assumed
average seed size of 4nm in diameter instead of the assumed 2nm in Appendix A.1,
the results change from 26.8% of particles remaining after growth, to 214.4%. Thus
an accurate size determination of the seeds would be required to determine if new
particles nucleate during growth, as observed in Figure 4.5 on unoccupied MPTMS
molecules, or if seeds merge while growing when they are this close together in a
SAM.

4.3.3 Growth
The QCM-D was then finally used to measure the growth of the particles as well,
flushing the QCM-D module with growth solution recipe 14mM/70mM for 10 minutes
before stopping the pump to allow the particles to grow in a stagnant solution for
2 hours, similar to the experimental conditions outside the QCM-D. The resulting
QCM-D plot is presented in Figure 4.12, along with an SEM image of the SAM of
gold nanoparticles.
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Figure 4.12: Inlett of a QCM-D measurement focusing on the nanoparticle growth
in stagnant solution and an SEM image at 50k magnification of the QSX 303 SiO2
sensor, containing the gold nanoparticles produced after 2 hours growth

The particles in this QCM-D run were chemisorbed with a high density, appearing
to not leave much room to grow. The growth may then be restricted in certain
directions, which may not align with the capped facets directing the growth. If the
particles grow and become close-packed, there may also be a possibility for CTAB
to form additional layers across the surface, potentially halting growth in this area.
This could perhaps be the reason for the almost stagnating growth rate at the end, as
there should have been an abundance of Au+ ions left in the solution. The frequency
change seen in Figure 4.12 corresponded to a reduction of less than 1% of the mass
of Au(III) available within the QCM-D module volume of 40µl growth solution to
metallic gold on the surface.
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Conclusion

A method has been formulated for the synthesis and growth of Gold nanorods in situ
on glass surfaces, demonstrating the possibility to grow and control the morphology
of gold nanoparticles even while adhered to a surface. In this method, CTAB sta-
bilised gold nanoseeds are chemisorbed to silica surfaces, using an MPTMS linking
molecule. The seeds are then grown into gold nanorods in situ, by placing the sub-
strates in a modified growth solution based on a synthesis method for solution-grown
gold nanorods. The aspect ratio could be tuned for the surface grown particles by
varying the concentrations of AgNO3 and Ascorbic acid in the growth solution. The
final aspect ratio however, tends to be lower for rods grown in situ when compared
to rods grown in solution, so several parameters were tweaked at once. By doing
this, the LSPR of the rods was successfully tuned to resonate with and absorb NIR
light with a wavelength of 800nm, within the so called biological window. Producing
a high yield of gold nanorods with a wavelength of LSPR at 800nm was a goal of this
thesis, demonstrating the viability of this method for the potential application as im-
pland device surface material to treat and prevent biomaterials-associated infections.

The shape-yield of the produced nanorods was demonstrated up to 69.3% with a
surface coverage of up to 26.95%, which could possibly be increased further in fu-
ture experiments if needed. The presented rods produced LSPR while irradiated
and by 800nm NIR light, the method can be applied in future studies creating sur-
faces that can potentially prevent and treat implant related infections. The tunable
rod-dimensions could make the formulated method useful for other applications as
well, where gold nanorods would be required to be attached to substrate surfaces
which rods that are pre-grown in solution prove difficult to bind to.

The possibility to use the developed method in surface sensitive analysis techniques
was demonstrated as well, which could perhaps be used to further the study of
the unclear mechanisms involved in anisotropic gold nanoparticle growth. This was
demonstrated by using the same method, with only minor alterations to study the
effects of flow. The method produced anisotropic particles, but with a low yield of
nanorods. As such, the QCM-D method needs some further development and more
QCM-D runs are needed to sort out any remaining handling errors. However, with
the QCM-D data that was gained, the method demonstrates the promise of surface
sensitive techniques for in situ analysis. It also produced data for such things as
finding out the correct amount of time each part of the synthesis requires.
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5.1 Future work
There are several topics that still need to be studied in future work. First, an
analytical method such as X-ray photoelectron spectroscopy (XPS) or nanoscale
secondary ion mass spectrometry (nanoSIMS) could be used on the in situ-grown
gold nanorods, to study the effect of surface charge on growth and ion concentra-
tions. This could be used to compare the Ag

Au
ratio in the rods to rods grown to

the same LSPR, in solution, investigating the effect of the Debye length, which may
cause the ion concentrations of the growth solutions to end up the same close to the
metallic surface of the particles. The method should be attempted on other material
surfaces as well, adapting the linking molecule to some thiolated molecule suitable
for that material, as replicating the growth on other materials would validate the
method further, especially if done on common implant device materials. Using ma-
terials of varying surface charge could also be of use in the investigation of ionic
concentrations during growth.

Cell biology studies on bacterial elimination using LSPR generated heat would be
good to include in future studies, to demonstrate the applicability of this method.
Future work in this area could also include adapting the seed immobilisation by
screening the ionic strength during chemisorption, to change the density of parti-
cles. By using a flow cell this could potentially be used to create a substrate with a
coverage gradient of gold nanorods across the surface, which in turn would be useful
to find the optimal coverage for photothermal eradication of bacteria using LSPR.
Another way to potentially affect coverage and perhaps increase rod yield, could be
to study the nucleation of new gold particles on free MPTMS thiol groups, as shown
to occur in the control seen in Figure 4.5. These sites may be the cause of other
morphologies and they could potentially be passivated in a future study the see the
effect on rod yield. The thiols may also be good candidates to develop a seedless
method for in situ nanorod growth, as it can be done in solution[35]. This may be
a better way to utilise the SAM of thiols, and could potentially increase both rod
yield and particle density.

Working with QCM-D for in situ analysis of an adapted version of this thesis’ formu-
lated synthesis method, gave indications of areas which could be investigated further
in future work. Examples include, the occurance of MPTMS polymerisation seen
as clusters of particles, or additional CTAB bilayer formation. Potentially obscur-
ing a layer of particles the SEM struggles to distinguish and capping their growth.
This background pattern was previously assumed to be artifacts or aberrations of
using SEM analysis on glass, warranting further investigation into the existence of
these particles, and if they do exist, what stopped their growth. The experiments
made it possible to see how the growth rate develops over time, highlighting the
mass transport limitation on particle size and coverage. More experiments need to
be performed in a future study focused on these findings to confirm or deny these
hypotheses, and to answer how the use of flow to transport ions to the particles
impact the final morphology, as well as whether the depletion of the concentration
of gold or silver ions in the growth solution is necessary for high yield rod growth.
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A
Appendix

A.1 Analysis for QCM-D seed adsorption
This appendix details the image analysis and calculations made to compare the data
from the gold seed immobilisation performed in the QCM-D, to the SEM image of
the final, grown particles. In Figure A.1 the part of the QCM-D run focusing on
the chemisorption of gold seeds can be seen, along with a SEM image taken of
the QSX 303 SiO2 sensor after the particles had grown for 2 hours and the QCM-D
measurement was finished. The growth was performed in a stagnant growth solution,
to mimic the conditions in the method for rod growth outside the QCM-D.

Figure A.1: Inlett of a QCM-D measurement focusing on the 5th overtone fre-
quency change during seed immobilisation and an SEM image of the sensor after 2
hours growth, containing the gold nanoparticles produced during QCM-D by growth
recipe 14mM/70mM. The particles in the image on the right grew in stagnant solution

First the frequency change detected by the QCM-D was used to calculate the mass
of the adsorbed seeds, using Equation 2.10,

∆m = −C∆f
n

= −17.7−2.5
5 = 8.85 ng

cm2

since Asensing ≈ 0.19634854cm2 for the 5th overtone and below, the mass adsorbed
to the sensor surface was, mseeds ≈ 1.7377ng. It was assumed that all adsorbed
seeds were spheres of pure gold with a diameter of 2nm. Gold has a density of
ρAu = 19.320·10−12 ng

nm3 , so the number of seeds attached to the sensor could be deter-
mined to nseeds = 21 472 243 696, a seed density of δQCM-D ≈ 109 357 239 624.48 seeds

cm2 .
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A. Appendix

This was then compared to the number of particles seen in the SEM image, taken
after the QCM-D measurement, seen in Figure A.1. The number of particles
nparticles = 5745 was determined using the software ImageJ. The number gained
was lower than the actual amount of seeds, since multiple seeds were often counted
as one, which could not be separated manually since there were too many particles
like this in the image. The density of particles was then calculated by,

δSEM = nparticles

A
= 5745

5389.47nm · 3636.84nm = 293.103 · 108particles

cm2

where A was the area of the SEM image.

δSEM

δQCM-D
≈ 26.8%

Comparing the densities of particles in the SEM image and gained from the QCM-D
data, with an assumed seed size of 2nm, ~26.8% of the particles remain.
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