


 
 

ABSTRACT 

Anisotropic Noble Metal Nanomaterials for Analytical Surface 
Enhanced Raman Spectroscopy 

by 

Courtney M. Payne 

Noble metal mesoscale and nanoscale materials exhibit unique optical 

properties that are of interest to a wide variety of fields including sensing, imaging, 

biomedicine, and catalysis. The properties of the nanomaterial are strongly 

dependent on the size, morphology, composition, and local molecular environment 

of the material, all of which can be controlled by material design and synthesis.  

A novel nanomaterial referred to as a gold nanobelt was synthesized and 

characterized. Gold nanobelts synthesized in cetyltrimethylammonium bromide and 

sodium dodecylsulfate and with sub-100 nm rectangular cross sections were found 

to exhibit a strong transverse plasmon peak at visible wavelengths. Unlike larger 

diameter silver nanowires, these nanobelts exhibit sharp, tunable plasmon 

resonances similar to those of nanoparticles. The gold nanobelt crystal structure 

contains a mixture of face centered cubic and hexagonally close packed lattice 

phases that can be isolated and examined individually due to the unique nanobelt 

size and shape. The nanobelt synthesis is very sensitive to temperature which is 

likely due to the transition of the surfactant solution from wormlike micelles to 

spherical micelles.  



 
 

The electromagnetic field enhancing properties of gold nanobelts, silver 

nanowires, gold microplates, and gold nanorods were used to fabricate platforms 

for analytical surface enhanced Raman spectroscopy. Gold nanobelts and silver 

nanowires were deposited on glass substrates and when used alone or in 

combination with a gold microplate demonstrate surface enhancing capabilities. A 

thin film of gold nanorods was shown to be easily modifiable and provide surface 

enhanced Raman spectra of the local chemical environment. 
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Chapter 1 

Introduction 

“…fearing I could not put into my discourse everything I had in mind about it, I undertook in it merely to 
speak at length about what I conceived with respect to light; then, at the proper time, to add something 
about the sun and the fixed stars, because light proceeds almost entirely from them; something about 
the heavens, because they transmit light; about planets, comets, and the earth, because they reflect 
light; and, in particular, about all terrestrial bodies, because they are either colored, or transparent, or 
luminous; and finally, about man, because he is the observer of these things.”  

- Rene Descartes, 1637 

1.1. The History of Noble Metal Nanoparticles 

For over 2000 years the interesting optical properties of colloidal noble 

metals have been known. Even without understanding their synthetic details or 

physical composition, these materials have been used for the creation of colored 

glasses and other matrices for centuries. An early example of the use of colloidal 

noble metals is the Lycurgus cup. This cage cup designed by the Romans in the 4th 

century AD contains a colloidal gold-silver alloy that creates a unique optical effect 

that is dependent on whether the cup is illuminated from the outside or within.1 The 
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particles, which interact with green light, either reflect the light back to the observer 

causing the cup to appear green when externally lit, or absorb the light, allowing 

only red light to be transmitted. While unknown at the time, it was the combined 

effects of both the gold and silver that give rise to this complex optical behavior.1 A 

correlation of these materials and their physical properties did not occur until the 

mid-nineteenth century when Faraday experimented with gold colloid solutions and 

thin films using a systematic approach and paving the way for future studies of 

noble metal nanoscale materials.2-4 

 

Figure 1.1 The Lycurgus cup illuminated from the (a) outside and (b) inside. 
Reproduced with permission. Copyright British Museum. 

a b 
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1.1.1. Synthesizing Simple Shapes: Spherical Colloid 

While the reduction of metal salts to form colloids had been known for 

centuries, the size or composition of a colloidal solution remained difficult to 

control. In the 1950’s Turkevich and coworkers performed a substantial 

investigation into the synthesis of colloidal gold solutions, examining many 

synthetic methods and using the newly developed transmission electron microscope 

to examine the nanoparticle shape.5 The resulting citrate synthetic method has been 

found to be one of the most facile and reproducible. Improvements to this synthesis 

came from Frens who varied reagent concentrations leading to nanoparticle size 

control.6 Silver colloids were similarly prepared in citrate as documented by Lee and 

Meisel.7 The unique physical and optical properties of these materials coupled with 

well-documented and reproducible synthetic approaches led to the emergence of 

noble metal nanotechnology as a field that has remained one of intense focus ever 

since. 

1.1.2. More Complex Nanoparticle Geometries 

After the synthesis of spherical noble metal nanoparticles was well 

characterized during the mid to late 20th century, an interest arose in more complex 

nanoparticle shapes. Extending spheres in one or more dimensions began to be 

explored. One of the particle geometries of interest was the nanorod. Using the 

surfactant cetyltrimethylammonium bromide (CTAB), aqueous synthetic methods of 

making gold nanorods were described by Murphy8-9 while an electrochemical 

preparation was developed by El-Sayed.10 Refinement of the synthetic procedure 
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has continued with current syntheses producing nanorods that are both high yield 

and accurately size controlled.11-17 Meanwhile organic, high temperature and 

aqueous syntheses of silver materials were also being explored. Xia and coworkers 

developed syntheses for silver cubes, plates, wires, and belts using 

poly(vinylpyrollidone) as a capping agent.18-20 Anisotropic noble metal 

nanoparticles now include extremely complex geometries such as bipyramids,21-23 

stars,24-25 cages, 26-27 and dendrites. 28-29 

1.2. Plasmonics 

Due to their unique electronic properties, the free electrons in noble metals 

can interact resonantly with incident electromagnetic radiation, oscillating 

collectively with certain wavelengths of light. In a metal surface, this is called a 

surface plasmon polariton. When the conduction electrons are confined to a particle 

smaller than the wavelength of incident light, this oscillation becomes spatially 

defined, forming a localized surface plasmon resonance (LSPR). The field of study of 

these resonant interactions of light with a nanoparticle’s free electrons has been 

termed “plasmonics.” 

 The LSPR of a noble metal nanomaterial is controlled by four factors: the 

nanoparticle’s size, geometry, composition, and dielectric environment. All four of 

these parameters can be controlled through specific synthetic techniques. Once a 

particular metal and synthetic method have been selected, it is the shape and size of 

the nanoparticle that further affect the exact electron oscillations in the material. 
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1.2.1. Spherical Particles 

The simplest geometry of a nanoparticle to examine is one that is symmetric 

in all three dimensions. Because of this symmetry, the electron cloud in a spherical 

nanomaterial resonates with one wavelength of incident light which is depicted in 

Figure 1.2. An analytical understanding of this phenomenon was first developed by 

Gustave Mie in the first decade of the 20th century.30 The LSPR in most noble metal 

nanomaterials occurs in the visible range, with gold nanoparticles having an LSPR 

wavelength around 500 to 600 nm, while silver colloid tends to have resonances 

closer to the UV, around 400 nm. Correlated to the LSPR of a nanomaterial is its 

optical extinction, which is what gives sols of gold and silver colloid their associated 

and well-known colors. 

 

Figure 1.2 Diagram of a localized surface plasmon (adapted with permission 
from Willets and Van Duyne).31 Copyright 2007 Annual Reviews. 
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1.2.2. Rod-Like Particles and Beyond 

While the spherical nanoparticles are symmetric in all three dimensions, 

leading to a single plasmon resonance, the situation becomes more complex with 

anisotropic particle geometry. Increasing slightly in complexity, with one extended 

dimension is a nanorod. In this case, the electrons can oscillate both along the 

particle’s diameter and length, leading to two different but related plasmon 

resonances. The resonance across the diameter of the particle is called transverse, 

while that along the particle length is called longitudinal. A comparison of the 

electron cloud resonance of a sphere is compared to the two resonances of a rod in 

Figure 1.3. While the transverse mode of a nanorod depends primarily on the size of 

the nanoparticle diameter, the longitudinal resonance depends not solely on the 

length, but the particle aspect ratio. This resonance can therefore be tuned 

synthetically, by changing the particle’s length and width. Further increases in 

nanoparticle shape complexity lead to correspondingly complex optical behavior.  
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Figure 1.3 LSPR in nanospheres and nanorods. In contrast to the sphere, there 
are now two resonances in the nanorod which are reflected in the extinction 
spectrum. Reproduced with permission.32 Copyright 2009 Wiley Blackwell. 

Several interesting physical properties arise from the LSPR of noble metal 

nanoparticles. Light scattering and absorption lead to many useful imaging 

applications. These processes also lead plasmonic materials to emit heat, especially 

when resonant at near infrared wavelengths. This property can be leveraged in 

many diagnostic and therapeutic biological techniques. Finally, another effect of the 

LSPR is an enhancement of the electromagnetic field around the surface of the 

nanoparticle. The field is strongest at the metal surface and rapidly decays away 

from the nanoparticle. The field enhancing abilities of plasmonic nanomaterials 

have important consequences for various spectroscopies. A diagram of several 
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applications of the LSPR in noble metal nanoparticles is shown in Figure 1.4. The 

plasmonic properties for many noble metal nanoparticle geometries have been well 

documented as have a plethora of sensing and biomedical applications.32-39 The 

implementation of plasmonic nanomaterials to the field of spectroscopy is discussed 

in further detail below. 

 

Figure 1.4 Physical effects of the LSPR in noble metal nanoparticles and 
various applications that take advantage of those properties. Reproduced with 
permission.40 Copyright 2011 RSC. 

1.3. Raman Spectroscopy 

Developed in the late 1920’s, Raman spectroscopy is a vibrational 

spectroscopy technique in which incident light is scattered from a molecule of 

interest.41-42 The light excites a molecule from a ground electronic state to an excited 
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virtual state before a photon is emitted and the molecule is returned to its ground 

state. Most of the light is scattered elastically, undergoing Rayleigh scattering. 

However, a small fraction of the light is inelastically scattered, leaving the molecule 

in a different vibrational state from which it started. This change in vibrational 

energy is measured by the relative change in energy of the emitted photon from the 

incident photon. It is expressed by the change in wavenumber from the incident 

light,   ̅, and is independent of the absolute wavelength of the incident light source. 

This process occurs when molecules start both in ground and excited vibrational 

states and undergo Stokes and anti-Stokes scattering, respectively. A summary of 

the different scattering processes are shown in Figure 1.5. Due to the relative 

population of molecules in the ground vibrational state to those which are initially 

excited, Stokes scattering occurs much more often, and is therefore used most 

commonly for spectroscopic measurements.  
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Figure 1.5 Vibrational transitions in a molecule leading to Rayleigh, Stokes, 
and anti-Stokes scattering. 

1.4. Surface Enhanced Raman Spectroscopy 

While Raman spectroscopy does provide a nondestructive technique to 

examine molecular vibrations, the overwhelming majority of the incident light is 

elastically scattered, limiting the technique to large sample sizes and favoring highly 

Raman active molecules. In the 1970’s Fleischmann and coworkers demonstrated a 

significant Raman signal increase when pyridine molecules adsorbed onto a silver 

electrode.43 This discovery, called surface enhanced Raman spectroscopy (SERS), 

brought about the opportunity to examine microscopic samples.  
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When the roughened metal surface is replaced with a noble metal 

nanomaterial, the advantage of a tunable localized resonance allows for more 

rational Raman enhancement. As mentioned above, the LSPR of the nanoparticle 

creates an enhanced electric field,  , at resonant wavelengths. The intensity,  , of the 

field around the nanoparticle is related to the square of the amplitude of the electric 

field at its surface,   | | . When the incident and emitted Raman frequencies are 

close, the LSPR enhances both the incident and Raman shifted fields, and the 

enhancement factor can be described as the product of the two field intensities, 

       , where    and    are the intensities of the fields at the incident and 

scattered wavelengths, respectively. The incident and scattered fields,    and   , can 

be substituted for the field intensities resulting in:    |  | |   |  . This expression 

can be further simplified when    is very close in value to   , yielding    |  | . 

This is commonly referred to as the E4 SERS enhancement.  

While the electromagnetic enhancement of the Raman signal comes purely 

from the noble metal nanoparticle, the presence of the analyte on the metal surface 

also affects its Raman spectrum. Fundamentally, whether a particular vibrational 

mode will be observed by Raman spectroscopy is determined by the molecule’s 

polarizability, or the ability of its bonds to be deformed (polarized) in the presence 

of an electric field. When a molecule is placed at or near a metal surface with many 

free electrons, it interacts with the metal, affecting its polarizability. This can lead to 

further enhancement of its Raman modes as well as the observation of new modes 

that were previously Raman inactive. Both of these factors combined form the 

foundation of modern understanding of SERS.  
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Controlling the field enhancements around a plasmonic material is 

paramount to tailoring the applications of SERS. In some cases, areas of extremely 

high field enhancement are desired, such as to detect a single molecule sitting near 

the metal surface. For this type of application, two or more plasmonic structures can 

be brought in close proximity to one another, leading to interactions between their 

plasmon resonances and subsequently to areas of extremely high field 

enhancement, called “hot spots.” These areas can contain field enhancements 

increased by many orders of magnitude usually in the gaps between nanoparticles. 

A simulation of the enhancement of the 0.25 nm gap between two gold 90 nm gold 

spheres with a 20 nm dielectric SiO2 layer is shown in Figure 1.6. Alternatively, 

other applications in which the structure of a molecule or interface is desired, a long 

range, uniform SERS enhancement may be advantageous. In these cases, structures 

with well defined, though perhaps less intense, field enhancement can be designed. 

These clearly defined structures should contain uniform, field enhancements that 

can be compared to simulations, providing a method to examine structural details of 

larger molecules or more complex systems. 
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Figure 1.6 Field enhancement simulation at λ=785 nm inside the junction of 
two 90 nm gold nanoparticles with a 20 nm SiO2 shell. The spacing between 
the particles is 0.25 nm (adapted with permission from McMahon et al.).44 
Copyright 2009 Springer. 

1.5. Thesis Layout 

The following work describes the dual surfactant based synthesis of a novel 

plasmonic material, called gold nanobelts and the application of several plasmonic 

nanomaterials as substrates for chemical sensing using SERS. This research can be 

broken down into three sections:  

1. Optical and physical properties of gold nanobelts (Chapter 2) 

2. The temperature dependent synthesis of gold nanobelts (Chapter 3) 

3. The application of nanobelts and other plasmonic materials for SERS 

sensing (Chapters 4 and 5) 
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Chapter 2 

Gold Nanobelts: Synthesis and 
Characterization 

2.1. Introduction 

Plasmon resonances lead to strong absorption, scattering, and nearfield 

enhancement at frequencies that depend on the nanoparticle size and shape.45 Over 

the past decade, a wide variety of plasmonic gold and silver structures have been 

fabricated to manipulate light at the nanometer scale where they are pursued for 

novel applications and basic research.46-47 For example, plasmon resonant optical 

absorption enables molecularly targeted heating for applications in nanomedicine 

such as photothermal therapy and drug delivery.48-49 Larger plasmonic 

nanostructures exhibit bright plasmon resonant scattering which may prove useful 

for microscopic imaging contrast and particle tracking.50-51 Nanoparticles with 

sharp tips and gaps between nanoparticles create regions of highly enhanced 
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electromagnetic fields which amplify powerful spectroscopies for sensing 

applications.52 Plasmonic nanoparticles can be coupled to fluorescent dyes or 

quantum dots to manipulate radiative decay rates and directions, thus 

fundamentally manipulating optical emission.53-54 All of these applications rely to 

some extent on the ability to tune nanoparticle plasmon resonances to match a 

biological window of tissue transparency, to coincide with an emitter excitation, or 

simply to match a laser source. The capability to tune the plasmon resonance has 

played a crucial role in stimulating the current interest in plasmonics.  

Plasmonic effects are also studied in extended structures where they may be 

used to transport optical information at the nanometer scale. For example, light can 

be coupled into surface plasmon polaritons in two-dimensional films, and its 

propagation can be manipulated by nanostructures within the film.55-56 Recently 

there has been interest in plasmon propagation in one-dimensional plasmonic 

nanowires.57 Here light can be coupled into and out of the nanowires through 

symmetry broken sites such as tips, kinks, or nanoparticle-nanowire junctions.58-59 

The coupling between propagating nanowire plasmons and nearby quantum dots 

could enable the integration of plasmonic structures into nanometer scale 

optoelectronic devices.60-63 Nanowire propagating plasmon modes have been 

studied largely with silver nanowires that have cross sections of 75-260 nm 

diameter.58, 64-66 While these efficiently couple, transport, and emit light, their large 

size leads to transport based on a mixture of higher order plasmonic modes and 

may limit the strength of interactions with nearby emitters and other plasmonic 

structures.67  
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Gold nanowires with rectangular cross sections have been referred to as gold 

nanobelts.68 Nanobelts are an interesting example of materials which combine the 

tunability and sharp resonances of subwavelength sized nanoparticles with the 

extended structure of nanowires. Gold nanobelts were synthesized in an aqueous 

surfactant mixture resulting in nanostructures with sub-100 nm cross-sectional 

dimensions and lengths greater than 10 μm. The physical and optical properties of 

the nanobelts were then examined. 

2.1.1. Previous Synthetic Methods 

Several strategies have been reported to synthesize both gold and silver 

nanobelts, but most are not as accessible as the widely practiced syntheses of gold 

nanospheres, nanorods, or other plasmonic nanoparticles. Gold and silver nanobelts 

have been grown in high temperature aqueous69-70 or organic solutions,19, 44 by solid 

state methods,71-72 and by sonochemical and electrochemical reactions.73, 74 

However, the reaction yield is not always high19, 75 and the resulting nanobelts can 

be defective.76 

Aqueous room temperature synthesis of gold nanobelts has been achieved by 

reduction in surfactant solutions. Bakshi et al. prepared gold nanobelts with Gemini 

surfactant (14-2-14) using a seeded, multistep growth process.77 These nanobelts 

were found to grow at room temperature but not at 70 °C, leading the authors to 

conclude that belts are formed due to the soft template effect of the surfactant which 

is impeded at higher temperatures due to changes in surfactant phase. A second 

type of gold nanobelt was synthesized by Zhao et al. in a mixed surfactant solution 
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containing CTAB and sodium dodecylsulfonate.68 Nanobelts were found to grow at 

two different temperatures leading to two distinct belt morphologies with unique 

crystallographic growth directions. By sampling the growth solution at various 

points in the synthesis, many nanobelts were found to grow and elongate out of 

central nuclei. Formation of gold nanobelts was attributed to the cooperative effect 

of the cationic−anionic surfactant mixture as a binary capping agent. In both studies 

the resulting nanobelts were single crystalline, with heights less than 30 nm and 

widths less than 200 nm. While the effects of some synthetic parameters have been 

explored, the properties of the surfactant solutions and their underlying role in the 

nanobelt growth remain to be understood. 

2.2. Experimental Details 

2.2.1. Synthesis of Gold Nanobelts 

Gold nanobelt synthesis followed a previously described method with some 

modifications.68 In a typical synthesis, a surfactant solution was prepared by the 

addition of 650 μL of 50 mM CTAB and 500 μL of 10 mM sodium dodecyl sulfate 

(SDS) to 3.45 mL of water. To this mixture, 100 μL of 10 mM HAuCl4 were added, 

and the solution was allowed to sit for approximately 5 min. Following this, the 

solution was reduced at room temperature with 300 μL of 100 mM L-ascorbic acid 

and was immediately transferred to a 27 °C water bath for 24 h. The resulting turbid 

solution contained a red precipitate that dispersed into solution upon gentle mixing. 

The gold nanobelt products formed were then further analyzed. 
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2.2.2. Substrate Preparation 

Gold nanobelts were deposited on glass slides by drying 2 μL of nanobelt 

solution and by rinsing with several 10 μL drops of methanol in a spin coater. TEM 

grids were prepared by the evaporation of several microliters of gold nanobelts 

onto lacey carbon grids (300 mesh), which were then gently rinsed with water. 

2.2.3. Sample Characterization 

Transmission electron microscopy (TEM) imaging and selected area electron 

diffraction (SAED) were performed using a JEOL JEM-2100F TEM operating at 200 

kV with a double tilt holder (JEOL EM-316360). Scanning electron microscopy 

(SEM) was performed using a FEI Quanta 400 FEG SEM. 

Spectral correlation was performed by atomic force microscopy (AFM).Well 

isolated belts near reference marks were chosen for spectral analysis. The same 

nanobelts were imaged by tapping mode AFM with silicon tips under ambient 

conditions with a Nanoscope IV Multimode AFM (Veeco).  

Dark field images were collected using epi-illumination dark field microscopy 

with a 50X/0.5 NA objective (Zeiss Axiovert 200M), a 100 W quartz tungsten 

halogen (QTH) light source, and Nikon D5000 camera. For nanobelt spectra, the 

microscope was coupled to a 150 mm imaging spectrograph (Acton MicroSpec 

2150i) and CCD detector (Princeton Instruments Photon Max). The wavelength 

positions on the CCD were calibrated with narrow band pass interference filters 

calibrated at visible and near infrared wavelengths. The nanoparticle scattering 
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spectra were corrected for the spectral efficiencies of the optical components (light 

source, objective lens, grating, and detector) with spectra from micrometer-scale 

silver colloidal particles which are assumed to scatter at all wavelengths equally. 

Fluorescence images were collected with the same microscope, camera, and 

objective as the dark field system described above but using a fluorescence filter set 

rather than a dark field illumination annulus.  

2.2.4. Preparation of Quantum Dot Films 

CdSe/ZnS core/shell quantum dots capped in octadecylamine were 

purchased from Ocean NanoTech. The quantum dots were dispersed in toluene at a 

concentration of 10 mg/mL. Polystyrene solutions were prepared in toluene at 1% 

w/w and at 2% w/w. Finally, a mixture of 588 µL of the 2% polystyrene solution 

and 12 µL of the quantum dot solution was prepared. 

Gold nanobelts were deposited on glass slides by drying 2 μL of nanobelt 

solution and by rinsing with several 10 μL drops of methanol in a spin coater. An 

approximately 50 nm dielectric spacer layer of polystyrene (without quantum dots) 

was then added by spin-casting 30 μL of the 2% polystyrene solution. Next, a 20 nm 

silicon monoxide (SiO) dielectric film was deposited onto the substrate by thermal 

deposition and was monitored by a quartz crystal microbalance. Finally, a 10 nm 

layer quantum dot/polystyrene film was spin-cast from a 10 μL drop of the mixture 

described above. For each layer that was spin-cast, the spin coater was run at 6000 

rpm for 1 min. 
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2.3. Nanobelt Characterization 

During the growth reaction, the solution gradually became turbid and 

exhibited a reddish hue (Figure 2.1a). The color is typical of plasmon resonant gold 

nanoparticle solutions, and the turbidity was due in part to the formation of 

micrometer-scale surfactant crystals that are visible in an optical microscope. The 

spectral extinction exhibits a weak band at 520 nm (Figure 2.1b) which is also 

consistent with the presence of gold nanoparticles. A small aliquot of as-prepared 

nanobelt solutions was deposited onto a silicon wafer, allowed to dry, and then 

rinsed with methanol to remove the excess surfactant. Figure 2.1c displays an SEM 

image that illustrates the flat, elongated geometry of the structures. 

 

Figure 2.1 Gold nanobelts. The suspensions have (a) a pinkish turbid 
appearance and (b) a weak plasmon resonant spectral absorption peak at 520 
nm. The SEM image illustrates (c) the overall ribbon-like morphology. 
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Individual, isolated nanobelts on glass substrates were imaged with epi-

illumination dark field microscopy. As seen in Figure 2.2, the nanobelts exhibit a 

range of colors covering the visible spectrum from green to red. These same 

nanobelts were imaged by AFM to determine their height and width, provided in 

Table 2.1. An example of the AFM section analysis is seen in Figure 2.3. For the 

width, a flat top surface is assumed, and the curved edges are considered tip 

broadening and ignored. Here we define the cross-sectional aspect ratio (x-AR) as 

the nanobelt width divided by the height. Since these nanobelts are very long, we do 

not consider the length to width aspect ratio that is typically addressed in studies of 

gold nanorods.78-79 As seen in the dark-field images, the existence of a tunable 

plasmon resonance is apparent, as nanobelts with low cross-sectional aspect ratio 

appear green and those with higher aspect ratio appear red. The nanobelt scattering 

spectra were recorded from the center of each belt by an imaging spectrograph and 

CCD camera. White light was incident through the annular dark field objective and 

was unpolarized. A polarizer behind the objective analyzed the scattered light. As 

seen in Figure 2.2, the measurements reveal a plasmon mode polarized 

perpendicular to the nanobelt length which red shifts with increasing cross 

sectional aspect ratio. Also shown are scattering spectra polarized parallel to the 

nanobelts, which were relatively featureless.  
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Figure 2.2 Dark field images and corresponding single nanobelt spectra. The 
given aspect ratios were determined by atomic force microscopy. The blue 
spectra are polarized transverse to the nanobelt, and the red spectra are 
polarized parallel to the nanobelt. 
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x-AR width (nm) height (nm) 

1.0 25 25 

1.4 50 35 

2.1 55 26 

3.3 100 30 

5.0 100 20 

5.9 100 17 

Table 2.1 Correlated nanobelt sizes measured by AFM. 

 

Figure 2.3 Section analysis of the 100 x 20 nm gold nanobelt in Figure 2.2. The 
red markers indicate the width and the green markers indicate the height. 
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In addition to yielding straight, even nanobelts, many gold nanobelts are not 

uniform. On the basis of an analysis of many nanobelt images like Figure 2.4, 

approximately 10% of the gold nanobelts are uniform, and the rest show significant 

variations in color along their length. While some vary with no discernible pattern, 

about 10% of the nanobelts exhibit a uniform transition from green to red because 

of a smooth change in aspect ratio. Several examples of uniformly tapered nanobelts 

are displayed in Figure 2.5, where the width variation occurs over length scales of 

nanometers to micrometers. The transmission and scanning electron micrographs 

(Figure 2.5a,b) directly display the variation in width, while the dark field optical 

image (Figure 2.5c) shows it indirectly through the variation in color.  

 

Figure 2.4 Optical dark field image of gold nanobelts produced in a typical 
synthesis. A range of nanobelt lengths, plasmon resonant frequencies, and 
structures are produced by the synthesis. 
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Figure 2.5 Tapered nanobelts: (a) TEM, (b) SEM, and (c) dark field images. The 
tapering occurs over different scales. 

The spectrum of a single tapered nanobelt was analyzed in greater detail 

following the correlated microspectroscopy and AFM procedure described above. 

The peak wavelength and x-AR are plotted in Figure 2.6 along with the data 

provided in Figure 2.2 for uniform nanobelts. The tapered nanobelt peak 

wavelengths match those from uniform nanobelts and confirm that the shift in color 

is due to a change in x-AR.  
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Figure 2.6 Characterization of a tapered gold nanobelt by (a) dark field 
microspectroscopy showing spectra taken as a function of position along the 
belt (corresponding dark field image shown as insert) and (b) AFM to 
determine x-AR at each location the spectra were taken. (c) The spectral peak 
wavelength along the tapered nanobelt (●) plotted against x-AR with the 
spectral peak for uniform belts from Figure 2.2 (○). 

Another novel nanostructure regularly found in these samples is the 

nanobelt dimer. In this structure, two nanobelts run side by side with a sub-10 nm 

gap for lengths greater than one micrometer. Images of nanobelt dimers, displayed 

in Figure 2.7, suggest that these can form when a nanobelt splits during synthesis 

leading to two parallel daughter nanobelts or when two nanobelts fall together upon 

deposition. Figure 2.8 shows a high resolution TEM image of a nanobelt dimer with 

3.5 nm gap. 
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Figure 2.7 Gold nanobelt dimers: (a) TEM image of a nanobelt dimer showing 
that the two branches of the nanobelt run together with a uniform gap and (b) 
SEM of a nanobelt as it splits. (c) AFM imaging can also identify nanobelt 
dimers. 

 

Figure 2.8 A high resolution image of the gap of a nanobelt dimer. 
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Nanobelt dimers may serve as an interesting nanostructure geometry for 

plasmon hybridization,80 and they may create unique modes for plasmon 

propagation along the nanobelts considering they concentrate the electromagnetic 

field in the space between the nanobelts similar to plasmonic slot waveguides.81-82 

Nanobelt dimers may also serve as substrates for analytical SERS applications which 

rely on large volumes of well-defined electromagnetic field enhancement.83-85 

2.4. Nanobelt Crystallographic Analysis 

The crystal structure of the final nanobelt product was also examined. TEM 

and SAED of a nanobelt are shown in Figure 2.9(a,b). SAED shows the [111] FCC 

zone of the       planes that is observed for bulk gold. Additionally, there is a 

second set of weak reflections that correspond to the [0001] HCP zone of the     ̅   

planes.86 This pattern has been observed before in thin, atomically flat gold and 

silver structures and is often referred to as the  
 
      FCC forbidden planes.87-91 It 

has been theorized that these planes arise from stacking faults within the crystal or 

from surface reorganization.86 
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Figure 2.9 Gold nanobelt crystallographic analysis: (a) TEM and (b) SAED 
(showing both the FCC and HCP reflections) and (c) HRTEM of a 27°C gold 
nanobelt. The (d) FFT of the HRTEM image shows two distinct patterns. These 
can be masked to show only the (e) FCC and (f) HCP sections. The inverse FFT 
of the masked areas (at the same scale as (c)) gives the individual contribution 
of the (g) FCC and (h) HCP lattice character. 
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To better understand how these two phases occur in the nanobelts, high 

resolution TEM (HRTEM) was taken of the belt shown in Figure 2.9a and fast 

Fourier transform (FFT) was taken of this image (Figure 2.9c,d) using Gatan Digital 

Micrograph software. The resulting pattern is in a nearly identical to the SAED 

pattern observed in Figure 2.9b. By masking each independent region in the FFT of 

the high resolution image the FCC (Figure 2.9e) structure can be separated from that 

of the HCP (Figure 2.9f). When the inverse FFT of these masked areas is performed, 

the clarity of the resulting images demonstrates the contribution of each lattice 

phase to the overall nanobelt structure. The FCC phase is found uniformly 

distributed throughout the nanobelt (Figure 2.9g), while the HCP phase (Figure 

2.9h) has varying contrast, which indicates uneven HCP presence throughout the 

structure. Because the two phases are in the same zone, it can be inferred that 

domains of HCP exist in a predominantly FCC lattice, rather than a uniform series of 

stacking faults. These domains can be visualized directly in Figure 2.9(g,h). The 

lattice spacing calculated from the inverse FFT is 0.148 and 0.253 nm for the FCC 

and HCP phases, respectively. HCP gold structures are of particular interest due to 

the potential for new physical properties. This topic has been recently investigated 

by thin HCP gold sheets grown on graphene oxide92-93 and gold nanobelts are a 

unique platform to study this lattice mixture due to the mesoscopic nature of their 

thin, flat, and extended structure. 
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2.5. Spectral Applications of Tapered Gold Nanobelts  

The spatial dispersion of the plasmon resonant wavelength enables the 

tapered nanobelts to act as mesoscopic spectrometers, or plasmometers, for 

plasmonic effects. Light emission from quantum dots near tapered gold nanobelts is 

used to demonstrate this application. Plasmonic nanostructures enhance the 

electromagnetic field near their surface, which can increase the absorption cross 

section and therefore enhance the excitation rate of a chromophore. The radiative 

decay rate may also be enhanced, and together these effects can increase the 

brightness of a nearby chromophore.94-95 The plasmonic nanostructure can also 

open new nonradiative decay channels resulting in quenched chromophore 

emission.96 These interwoven effects each have complicated dependences on the 

chromophore’s position and orientation relative to the nanoparticle, the 

nanoparticle’s electromagnetic near field enhancement pattern, and the spectral 

properties of both the plasmonic nanostructure and the chromophore. However, it 

is important to deconvolute their effects especially since excitation and emission 

contribute to different applications. This has been achieved by studying different 

nanoparticles at different plasmon energies,97-102, 103  but tapered gold nanobelts 

may bring unique capabilities because of the spatial separation of a continuum of 

plasmon resonances. 

To demonstrate the potential of this technique, tapered gold nanobelts were 

used to enhance the emission of CdSe/ZnS quantum dots with an emission 

wavelength (λem) centered at 600 nm with a quantum yield of over 50%. The 
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emission profile of the quantum dots is plotted in Figure 2.10. To capture the 

emission enhancement, a fluorescence filter set was used to image the gold 

nanobelt/quantum dot substrate. The filter set spectral transmittance is also shown 

in Figure 2.10. 

 

Figure 2.10 The spectral transmittance of the fluorescence filter set and the 
measured spectral quantum dot emission. 

The tapered gold nanobelt/quantum dot substrates were prepared by 

depositing gold nanobelts on glass. They were then covered with an approximately 

50 nm polystyrene film followed by a 20 nm SiO film and finally by an 

approximately 10 nm film of polystyrene containing CdSe/ZnS quantum dots. The 



 33 

purpose of the SiO layer is to keep subsequent polystyrene deposition from 

dissolving the bottom polystyrene layer. This structure keeps the quantum dots at a 

set separation from the nanobelts. The thickness of the total film was determined by 

AFM as shown in Figure 2.11a.  

 

Figure 2.11 AFM of gold nanobelts and films. (a) An AFM image of a scratch in a 
polystyrene/SiO/polystyrene-quantum dot film. The total film thickness can 
be read from the cross section plot. (b) Simultaneous topography (left) and 
phase (right) AFM images of a gold nanobelt under the 
polystyrene/SiO/polystyrene-quantum dot film. 
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The spincoating process used for the quantum dot deposition causes the 

quantum dots to segregate into domains on top of the film so that they are well 

separated from the nanobelts.104 This can be seen in Figure 2.11b in which the 

topography plot on the left clearly shows the nanobelt structure. The phase image 

on the right is sensitive to surface composition and not topography. Since the 

nanobelt is underneath the film, it is not seen. The dark regions, however, are 

quantum dot domains at the surface (also visible in topography) which do generate 

phase contrast. 

Figure 2.12 presents both dark field scattering and fluorescence microscopy 

images of three tapered nanobelts on the substrate. For each nanobelt, the dark field 

image reveals which end is resonant near the emission peak of the quantum dots. 

The fluorescence images were converted to emission enhancement by dividing the 

image counts by the average background counts from a region with no nanobelt. In 

this way, the emission enhancement of the background is 1 (no enhancement), and 

the image directly displays the enhancement above the nanobelts. 
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Figure 2.12 Quantum dot emission enhancement near a tapered nanobelt. The 
darkfield images illustrate the wavelength and spatial location of the plasmon 
resonances, while the fluorescence images show increased quantum dot 
emission at the red end of the taper. 

The enhancement values near the nanobelts (between 1 and 1.5) are similar 

to those reported for quantum dots near single silver nanoprisms (approximately 

1.2−1.5).98-99 Here, the enhancements are clearly more prominent at the red end of 

the nanobelt where the plasmon resonances match the quantum dot emission, 

which indicates an enhanced rate of emission rather than excitation. Also, if 

quenching were to occur off the emission resonance, it would appear as a dip in the 

fluorescence background, which is not observed. 

2.6. Conclusions 

The results presented here describe a simple synthetic route toward an 

extended structure which exhibits sharp plasmon resonances with cross sectional 

dimensions smaller than 100 nm. The transverse plasmon modes of these extended 
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structures are remarkably narrow and depend sensitively on the cross-sectional 

aspect ratio. 

In addition to smooth rectangular structures, more complicated 

morphologies such as tapered and split nanobelts also occur during the nanobelt 

synthesis. Tapered nanobelts have uniformly varying x-AR and peak plasmon 

frequency along their length. A potential application of the tapered nanobelt’s 

spatial separation of its plasmon resonance was demonstrated by selectively 

enhancing the emission of quantum dots near the matching resonant part of the 

nanobelt. 

Additionally, when the nanobelt crystal structure is examined, two distinct 

lattice phases appear to be present. Within the predominantly FCC lattice, we have 

detected distinct domains of the HCP phase which can be characterized by the 

isolation of the two patterns visible in the FFT of the HRTEM image.  

These structures may find applications as subwavelength plasmonic 

bandpass filters, only allowing light of specific wavelengths determined by the cross 

sectional geometry to be transmitted.105 Furthermore, gold nanobelts may be 

considered for biological applications that currently employ tunable nanoparticles. 

The larger size of the nanobelts will provide a larger scattering cross section for 

imaging contrast or detection, and nanobelts may offer unique interactions with 

cells and tissues due to their size and shape. 
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Chapter 3 

Surfactant Effects on Gold Nanobelts 

3.1. Introduction 

Surfactants have been used to grow many complex gold and silver 

nanostructures in water.12, 22, 25, 89, 106 While these syntheses have been optimized to 

reproducibly grow nanomaterials with high yield, there remain unresolved 

mysteries surrounding how anisotropic nanostructures elongate and grow.107 Many 

variables have been explored, including the role of metal additives,12, 22, 108-109 the 

binding of the surfactant to different crystalline faces,108, 110 and the surfactant 

stabilization of intermediate metal complexes.111 Finally, the possibility that the 

surfactant micelle acts as a soft template, directing final nanostructure morphology, 

has been postulated.112 Gold nanobelts are an example of an anisotropic 

nanostructure synthesized using surfactant in an aqueous solution.68, 113 
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Previously the properties of gold nanobelts grown at 27 °C in a mixture of 

CTAB and SDS were explored.113-114 Nanobelts exhibit a peak plasmon resonant 

wavelengths ranging from 530 to 650 nm, proportional to a cross-sectional aspect 

ratio of 1 to 6.113 The final nanobelt yield contains varied nanobelt morphologies, 

including highly uniform nanobelts, tapered nanobelts, and split nanobelts.114 

Nanobelts synthesized in similar conditions were found to have a crystal structure 

that is sensitive to the temperature of the growth solution.68 To further understand 

the formation mechanism of the nanobelt structures the temperature dependence 

and surfactant properties of the nanobelt synthesis were further explored. 

3.2. Experimental Details 

3.2.1. Synthesis of Gold Nanobelts 

Gold nanobelts were synthesized as described above. CTAB, SDS, and 

tetrachloroauric-(III) acid (HAuCl4) were purchased from Sigma. L-ascorbic acid 

was purchased from Fisher. A mixture of CTAB and SDS was prepared by combining 

650 μL of 50 mM CTAB and 500μL of 10 mM SDS with 3.45 mL of room temperature 

HPLC grade water. Before mixing, both surfactant solutions were heated to a few 

degrees above room temperature to promote complete dissolution of the solid 

surfactant. After several seconds of gentle mixing, 100 μL of 10 mM HAuCl4 were 

added. This solution was mixed by inversion several times and was then allowed to 

sit for 5 min. Finally, 300 μL of freshly prepared 100 mM L-ascorbic acid was added. 
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The solution was then immediately placed in a temperature controlled environment 

and left for 24 h. 

3.2.2. Sample Preparation 

Substrates were prepared by depositing several microliters of gold nanobelt 

solution onto a glass or a silicon wafer and allowed to evaporate. The substrate was 

then viewed by dark field microscopy. TEM samples were prepared by dropcasting 

several microliters of gold nanobelt solution onto lacey carbon grids (300 mesh) 

followed by gentle rinsing with water. 

Dynamic light scattering (DLS) and rheology experiments were performed 

using the surfactant mixture only. This solution was prepared by substituting the 

gold and ascorbic acid with water, keeping the surfactants at the same 

concentration as is used in the synthesis. Each of these experiments started at a low 

temperature and was heated to keep the conditions in the surfactant solution the 

same for each instrument. Analyzing the effect of the addition of the 

tetrachloroauric acid and ascorbic acid to the synthesis solution shows very little 

change in the solution pH. Compared to a pH of 6.5 for the surfactant mixture 

solution, the pH of the synthesis solution is 5.5 (see Table 3.1). Because CTAB is a 

cationic surfactant and the pKa of SDS is below 2.0, the difference in pH between the 

addition of SDS and the addition of ascorbic acid should not affect the micelle 

characteristics.  



 40 

 
 

 

Solution Components pH 

H2O 6 

H2O+CTAB 7 

H2O+CTAB+SDS 6.5 

H2O+CTAB+SDS+HAuCl4 6 

H2O+CTAB+SDS+HAuCl4+Ascorbic Acid 5.5 

Table 3.1 The pH of the nanobelt synthetic solution was measured after the 
addition of each reagent using pH paper. 

3.2.3. Characterization of gold nanobelts and surfactant solutions 

The samples were imaged by epi-illumination dark field microscopy with a 

50×/0.5 NA objective (Zeiss Axiovert 200M) and 100 W quartz tungsten halogen 

(QTH) light source. Transmission electron microscopy (TEM) was performed with a 

JEOL JEM-2100F TEM operating at 200 kV. 

DLS measurements were taken using a Malvern Zetasizer Nano Zen 3600 

equipped with a 633 nm laser. The effective micelle diameter was taken from the 

triplicate evaluation of the reported Z average. Shear rheology data was collected 

using a TA Instruments ARES equipped with a Neslab RTE-130 temperature control 

system. 
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3.3. Temperature Variation of Nanobelt Synthesis 

The surfactant based gold nanobelt synthesis yields nanobelts that are 

clearly visible and colorful in dark field microscopy due to plasmon resonant 

scattering. The nanobelt yield and structural details were highly dependent upon 

reaction temperature, as seen in Figure 3.1. The gold nanobelt synthesis was 

performed at temperatures from 10 to 38 °C. Nanobelts synthesized at low 

temperatures (below 22 °C) were isolated, nonbranched structures that often have a 

final length of several hundred micrometers. In contrast, growth from 22 to 30 °C 

gave substantially higher yields of nanobelt products with lengths of 10 to 30 μm. 

This midtemperature range produced both isolated nanobelts and others that were 

branched or clustered. The morphology of the nanobelts varies widely in this 

portion of the growth temperature range, yielding a variety of colors (530 to 650 

nm) as well as nanobelts that taper along their length.114 Above 30 °C nanobelt 

formation diminishes rapidly until, by 38 °C, only spheroidal colloid is produced. 

The images in Figure 3.1 were taken with no sample processing (beyond deposition 

onto the glass slide) and represent the state of the nanobelts when viewed directly 

in the synthesis solution. 
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Figure 3.1 The synthesis of gold nanobelts over the full temperature range 
examined in this study. 
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3.4. Nucleation of Gold Nanobelts 

To gain greater insight into the synthetic mechanism, the nanobelt growth 

process was monitored in the microscope at room temperature (22 °C). A summary 

of the growth process is shown in Figure 3.2. Small, diffraction limited particles 

became visible within 45 min of reduction with ascorbic acid. Nanobelts were first 

observed about three hours later. These observations suggest that a two- step 

synthetic mechanism is likely, with a rapid initial formation of nuclei followed by a 

slower growth step in which the nanobelts elongate due to continued reduction of 

gold ions.  

 

Figure 3.2 The synthesis of gold nanobelts at 22 °C viewed in the microscope. 
The time is given in h:mm after reduction with ascorbic acid. 
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After the completion of the growth process, a common morphology of the 

midtemperature nanobelts is that of a branched “V” or tripod with a 120° angle 

between symmetric branches. The tripod geometry as shown in Figure 3.3a was 

frequently observed in the nanobelt synthesis product. In the TEM, small triangular 

nuclei (Figure 3.3b) as well as extended triangular structures (Figure 3.3c) were 

seen, suggesting that equilateral triangular structures are the nucleation sites for 

the nanobelts. The corners may be sites for rapid growth due to a specific 

interaction with the surfactants in a similar manner to gold nanorod and bipyramid 

syntheses. 22, 109 

 

Figure 3.3 Tripod shaped gold nanobelts: (a) dark field optical image, (b) TEM 
of a triangular nanobelt nucleus, and (c) TEM of a triangular nanobelt. 

3.5. Investigation of Gold Nanobelt Surfactant  

3.5.1. Surfactant Background 

The gold nanobelt synthesis described here must be a complex process 

considering the varied nanobelt structures in Figure 3.1 that result from growth 
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over a relatively small temperature range. In addition, we found that stirring the 

growth solution disrupted nanobelt formation. Even under slow stirring, only small 

gold particles were formed. This may indicate that the synthesis reaction is diffusion 

limited or that it is affected by rheological properties that are sensitive to solution 

conditions.  

The characteristics of surfactant micelles have been well studied.115 

Substantial research has gone into the properties of surfactant mixtures including 

the addition of salts, strongly binding counterions, and cosurfactants, as well as 

cationic and anionic surfactant mixtures.116 The role of the surfactant micelle in 

nanoparticle synthesis has previously been a subject of speculation, but it appears 

to be sensitive to the unique chemical conditions of each synthesis method.12, 109 

3.5.2. DLS 

In an effort to explore how the cationic−anionic surfactant mixture influences 

the nanobelt synthesis, the surfactant micelles were characterized by DLS and shear 

rheology measurements. The size of surfactant micelles in the CTAB/SDS mixture 

was estimated with DLS measurements for the temperature range of 20 to 35 °C, as 

shown in Figure 3.4. According to the DLS data, the effective micelle size is large and 

remains relatively steady from 20 to 30 °C. Above 30 °C the micelle diameter drops 

dramatically, correlating to the approximate temperature where nanobelts no 

longer grow. This change suggests that nanobelt formation is related to micelle size, 

where larger micelles create nanobelts and smaller micelles produce only spherical 

colloid.  
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Figure 3.4 DLS measurements of the surfactant solution taken at temperatures 
ranging from 20 to 35 °C. 

3.5.3. Rheology 

The dependence of micelle conformation on temperature was further studied 

with steady shear rheology. Shear viscosity,  , of the surfactant mixture was 

measured as a function of shear rate for temperatures ranging from 10 to 35 °C 

(Figure 3.5), allowing time for the solution to stabilize at each temperature. The 

strong shear-thinning behavior at temperatures below 20 °C resembles the 

rheological signature of solutions consisting of wormlike micelles.117 Above 20 °C, 

the shear thinning of the surfactant solution gets progressively weaker, until at 30°C 

the solutions starts to behave as a Newtonian fluid. The Newtonian behavior 

corresponds to the micelles adopting spherical morphologies.  
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Figure 3.5 Steady shear viscosity,  , of the nanobelt surfactant solution at 
three temperatures. 

The zero-shear viscosity,   , taken to be the viscosity at the lowest shear rate 

accessible by the instrument, was plotted as a function of temperature (Figure 3.6). 

Below 20 °C,    remains around 1.0 Pa·s, correlating to the region in which low 

temperature nanobelts grow. Between 20 and 30 °C,    decreases rapidly before 

leveling off above 30 °C at around 7.1 ×10−4 Pa·s (essentially the viscosity of water at 

that temperature). In this temperature range, the nanobelts tend to be shorter and 

more complex in structure. The viscosity of water over that same temperature range 

only changes from 1.3 ×10−3 Pa·s to 7.2 ×10−4 Pa·s compared to the 3 orders of 

magnitude change that is seen in the surfactant solution.118 
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Figure 3.6 Zero-shear viscosity,   , of the nanobelt surfactant solution as a 
function of temperature. 

Rheological studies of similar cationic−anionic surfactant mixtures have 

revealed that the zero shear viscosity is strongly affected by the relative ratios of 

surfactant mixtures; supporting measurements by neutron scattering and cryo-TEM 

have shown that the increased viscosity is due to the formation of networks of 

branched wormlike micelles.119-122 Micelle elongation to wormlike structures occurs 

in cationic−anionic surfactant mixtures because of the charge neutralization of the 

micelle surface potential.116 A related study by Davies et al. of a solution of CTAB 

and 5-methylsalicyclic acid showed that varying the relative surfactant 

concentration produced similar results as changing the temperature of the 

solution.117 Dramatic changes in zero shear viscosity and the transition from shear 
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thinning to Newtonian behavior of the CTAB and 5-methylsalicyclic acid mixture 

were correlated with the transition from wormlike to spherical micelles, as seen in 

previous studies.117 

3.5.4. Surfactant Analysis 

The DLS and rheological measurements reveal a clear link between the shape 

of the nanobelts and the structure of the surfactant assemblies, as summarized in 

Figure 3.7. With increasing temperature from 10 to 35 °C, the surfactant shifts from 

wormlike micelles (much longer than depicted) to spherical micelles and the 

nanobelt structure changes from very long isolated belts, to shorter branched belts, 

to spherical nanoparticles. On the basis of the large effective DLS size and shear 

rheology measurements the CTAB/SDS surfactant mixture also shifts from long 

wormlike micelles to small spherical micelles. This similarity suggests that the 

elongated structures of wormlike micelles act in some way as soft templates for 

nanobelt growth.  
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Figure 3.7 Correlation between the micelle structure and nanobelt product. 

To separate the role that the micelles play as a template for nanobelt growth 

from the increase in viscosity that arises from the micelle network (related to a 

diffusion based growth mechanism), gold nanobelts were synthesized at 27 °C, in 

the region where the nanobelts are shorter and branched, but with the addition of 

PEG (MW = 8000 g/mol, added at 0, 5, 10, and 20 wt % of the final solution) as a 

thickening agent123 to increase the solution’s viscosity and lower the ion diffusivity. 

If the nanobelt elongation mechanism were diffusion-limited, the increased solution 

viscosity would yield nanobelts similar to the long isolated nanobelts seen at lower 

temperatures rather than the typical shorter branched belts seen at 27 °C. Instead, 

all four solutions yielded branched, varied nanobelts, with nanobelt length and 

quality gradually decreasing with increasing PEG concentration, as seen in Figure 
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3.8. This indicates that the wormlike micelles do not simply increase viscosity but 

that the actual micelle morphology must play a role in the synthesis. This conclusion 

is also supported by the failure of the nanobelt synthesis upon stirring, since the 

stirring motion disrupts the wormlike micelle network, as seen in the shear 

rheology data.124 

 

Figure 3.8 Synthesis of gold nanobelts in the presence of 8,000 MW PEG (0, 5, 
10, or 20 wt.% of the final synthesis solution). 
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3.6. Conclusions 

The growth mechanism of gold nanobelts under mild aqueous conditions in 

mixed surfactants has been investigated. The nanobelt shape and yield vary 

considerably over a narrow temperature range. It appears that the growth 

mechanism is a two-step process, with a rapid seed formation step, followed by a 

slower nanobelt growth stage. The morphology of the final nanobelt product is 

influenced by the structure of the surfactant mixture. The networks of micelles in 

the growth solution change dramatically with temperature in a manner that 

corresponds to the different nanobelt growth regions. These effects are specific to 

the micelle morphology and are not due to changes in the diffusion constant. 
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Chapter 4 

SERS and Surface Chemistry 

4.1. Introduction 

Gold nanorods are another class of surfactant synthesized nanomaterials that 

have received a lot of attention due to their unique shape and corresponding 

tunable plasmonic properties.38, 107, 125 Applications for these anisotropic 

nanoparticles exist in many fields including sensing,38, 85, 126 devices,127-128 and 

biomedical applications.32, 129 For many of these applications an in-depth 

understanding of the CTAB stabilizing surfactant and how to modify it is required to 

avoid biological harm or allow for nanorod manipulation.  

4.1.1. Previous CTAB Studies on Gold Nanorods 

The surfactant CTAB greatly influences the synthesis of gold nanoparticles in 

gold chloride solutions.130 By adjusting the reactants in the growth solution, many 

nanoparticle shapes can be produced, including nanospheres,131 nanorods,8, 12 
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bipyramids,22 and nanostars.24-25 Remarkably, the nanoparticle products are 

monodisperse, suggesting specific interactions among the surfactant, the 

nanoparticle surface, and other reactants (silver nitrate, nitric acid, ascorbic acid, 

etc). Although the detailed mechanisms for these reactions have not been found, it is 

thought that either the CTAB interacts with different facets and defects on the 

growing nanoparticle to yield different rates of gold ion reduction onto the 

nanoparticle to cause anisotropic growth132 or that rodlike surfactant micelles act as 

a soft template to the final nanorod structure.112 The nature of the CTAB layer is 

therefore of considerable interest because it is the key to understanding CTAB-

directed synthesis.  

Gold nanorods and other shapes are synthesized in 100 mM CTAB solution, 

yet only a small fraction of the CTAB is bound to the nanoparticle surface 

(micromolar concentrations based on the nanoparticle surface area and typical 

CTAB packing density). However, if one transfers the nanorods to a low CTAB 

solution of between 0.1 and 1 mM, the nanoparticles may rapidly aggregate.129 This 

well-known difficulty is thought to result from CTAB being only weakly bound to the 

nanoparticle surface and constantly being exchanged with CTAB micelles in 

solution. If the CTAB concentration is reduced below a certain point, then the 

surface-bound CTAB is lost and there is nothing to stabilize the gold nanoparticles 

from aggregation.  

CTAB is thought to form a bilayer on gold nanoparticle surfaces.133 

Thermogravimetric analysis (TGA) of dried nanorod films displays two successive 
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peaks of CTAB removal from the nanorod surface, suggesting two uniquely bound 

layers. Also, SERS of nanorod films in CTAB solution yields a very strong gold-

bromide band, suggesting that the CTAB headgroup interacts electrostatically with 

the bromide ion and is adjacent to the nanorod surface.134 This would leave the 

hydrophobic alkane chain exposed to the solution, so a second surfactant layer 

would form. Although the bilayer structure has not been directly observed on 

nanorods, its existence is widely discussed and accepted. To further probe the 

structure of the nanoparticle/CTAB interface, LSPR tracking and SERS 

measurements were performed. 

To help determine the relationship of the concentration of CTAB with the 

stability of nanorods in solution, dilution experiments were performed on a nanorod 

solution containing rods approximately 50 nm in length and 15 nm in width. The 

dilution was performed by adding water to 600 μL of a nanorod solution initially 

containing 1.4 mM CTAB at a rate of 20 μL/min. The plasmon resonant spectral 

extinction was monitored as the concentration of CTAB was slowly reduced to less 

than 50 μM. 

As expected, the LSPR peak absorbance, plotted as a function of CTAB 

concentration in Figure 4.1, decreased as the nanorod solution was diluted. 

However, the LSPR peak wavelength, also plotted in Figure 4.1, displayed more 

complex behavior. Ultimately, the dilution results in a blue shift of the peak 

wavelength as the nanorods eventually aggregate. However before aggregation 

occurs, a red shift of the peak wavelength occurs around the critical micelle 
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concentration of CTAB (0.92 mM).135 These results suggest that while the nanorods 

are stable in low concentrations of CTAB, a change occurs in dielectric environment 

at the nanorod surface near the CTAB critical micelle concentration. Since the 

nanorods are supposedly surrounded by a bilayer of CTAB, the change in dielectric 

environment surrounding the nanorod must be related to a physical change in the 

structure of the CTAB near the nanorod surface. 

 

Figure 4.1 Changing CTAB concentration by dilution affects the nanorod LSPR 
(top) peak height and (bottom) wavelength. 

SERS provides vibrational spectra of molecules on or near an interface, with 

the strongest signals from plasmon resonant nanostructures that greatly enhance 

electromagnetic fields at their surface.136 Although SERS is being widely pursued for 

sensing applications,52, 137 it is also well positioned as an analytical technique to 
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probe nanoparticle interfaces because it can be applied in situ (rather than on dried 

films for TGA or in vacuum for electron microscopy). The strategy of analytical SERS 

pursued here was to focus a Raman microscope through a quartz coverslip and into 

a concentrated nanoparticle solution, as depicted in Figure 4.2.138 In this way, 

averaged Raman spectra were recorded from nanoparticles that diffuse through the 

focused beam spot during the 30 seconds of exposure rather than from hot spots 

between nanoparticles aggregated on a substrate. 

 

Figure 4.2 Schematic of the analytical SERS measurement. 

By avoiding the complicating effects of thin film heterogeneity and hot spots, 

SERS spectra were found to be highly reproducible between experiments with 

regard to the spectral peak energy and intensity. Although the detector count rate 

depends on many instrumental and sample parameters, these were all held constant 

among experiments so that the scattering rates could be used to interpret structural 

properties and variations of the CTAB layer. Figure 4.3 displays a comparison of 

Raman spectra from a solution of pure 100 mM CTAB and from a 16nM solution of 
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nanorods in 50 mM CTAB. For the pure CTAB sample, the scattering comes from 

CTAB micelles and is therefore a simple unenhanced Raman spectrum of CTAB. For 

the nanorod sample, note that there is actually less CTAB yet greatly increased 

spectral signals. This confirms that the observed spectra from nanorod samples 

must be surface-enhanced. 

 

Figure 4.3 Raman spectra of CTAB stabilized nanorods and pure CTAB. Peaks 
are compared between (top) 16 nM nanorods stabilized by 50 mM CTAB and 
(bottom) pure 100 mM CTAB solution. The raw data in detector counts (cts) 
are displayed, and the plots are offset for clarity. 

Among the Raman peaks observable in both the pure CTAB and enhanced 

nanorod/CTAB solution, several were readily identifiable. The 760 cm-1 band 

corresponds to the symmetric stretch of the trimethylammonium headgroup 

according to previous reports and quantum chemical calculations.139-140 The band at 

1070 cm-1 is due to the C-C bonds in the alkyl chain, as is well known from 

spectroscopic studies of surfactants and alkanes.140-142 The band at 1445 cm-1 

corresponds to CH2 scissor modes that are present only along the alkyl chain for 
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CTAB. The nanorod SERS spectrum also displayed enhanced alkyl chain bands at 

1150, 1280, and 1500 cm-1. These are due to CH2 scissoring, twisting, and wagging 

modes on the alkyl chain.139, 143 The 760, 1070, and 1445 cm-1 bands are the focus of 

this study because they can be compared between the SERS and Raman spectra and 

could be confidently assigned to a specific vibrational mode.  

These three bands were fit to Gaussian curves, and their integrated areas 

were divided by the exposure time to determine the integrated count rate. A simple 

comparison of the integrated count rates yielded enhancements that were much too 

small for SERS. However, the number of molecules being probed must be 

considered, leading to the calculation of the SERS enhancement factor (EF) by 

dividing the ratio of the integrated count rate of the nanorod sample to the quantity 

of molecules probed (ISERS/NSERS) by that of the pure CTAB solution (IRaman/NRaman). 

Specific definitions of analytical enhancement factors have been previously defined 

and are usually distinguished by the inclusion of a normal Raman measurement 

under experimental conditions identical to those in the SERS measurement.83, 144 As 

described here, analytical SERS further requires well-characterized nanoparticle 

geometries and molecular quantities for NSERS so that accurate enhancements can be 

calculated and compared to numerical simulations. In these experiments, this is 

possible because of the enhancement from monodisperse nanorods at a known 

concentration with a well-characterized molecular density at the surface. 

SERS spectra were recorded for 16 nM nanorods in 50, 10, 5, 2, 1, and 0.5 

mM CTAB, and the EFs were calculated. All band intensities generally decreased as 
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the CTAB concentration was lowered. However, as displayed in Figure 4.4, in the 

region of CTAB concentration of 5 to 2 mM, the alkane chain bands between 1000 

and 1600 cm-1 increased, whereas the 760 cm-1 headgroup band continued to 

decrease. EFs for all samples are plotted in Figure 4.5. Assuming that the 

enhancement is largely electromagnetic, the shift from 5 to 2 mM CTAB again 

suggests a structural rearrangement of the CTAB layer in which the alkane chains 

move closer to the gold surface. Note that as the CTAB concentration decreases, the 

integrated count rates from all bands drop steadily and at a similar rate (except for 

the sudden transition of the alkane bands). This represents a loss of CTAB near the 

surface, which follows the general behavior of surfactants at interfaces.145 The 

enhancements were therefore calculated by assuming a well-packed bilayer for the 

50 mM CTAB sample, and data from other concentrations were adjusted according 

to their relative 760 cm-1 integrated count rates. 

 

Figure 4.4 SERS spectra of 16 nM nanorods stabilized by (top) 2 mM CTAB and 
(bottom) 5 mM CTAB. The raw data in detector counts (cts) are displayed, and 
the plots are offset for clarity. 
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Figure 4.5 SERS EFs at varying CTAB concentrations for headgroup (•), alkane 
chain C-C (∎), and CH2 ( ) modes in 16 nM nanorod solutions. 

The SERS results achieved on the solution phase gold nanorod solution lead 

to a suggested structural transition of the CTAB bilayer as shown in Figure 4.6. On 

the basis of the enhancements in Figure 4.6, it is possible that the spectral changes 

observed from 5 to 2 mM CTAB reflect a transition from a highly ordered bilayer, 

which requires a high flux of CTAB micelles to maintain the structure, to a collapsed 

bilayer. The collapse brings alkane chain groups close to the surface, which explains 

their increased enhancement. This collapse could occur because a reduced flux of 

CTA+ cations from micelles cannot sufficiently cover the hydrophobic surface of the 

lower leaflet. Therefore, the lower leaflet reorganizes to orient its hydrophobic 

regions toward the polarizable gold surface. Prior SERS measurements of CTAB on 

gold electrodes provide direct spectral evidence that the alkane chain can form 
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bonds to a gold surface.139 Detailed kinetics studies of CTAB on the anionic water-

silica interface indicate that the critical micelle concentration has no effect on the 

surface structure and affects only the kinetics of CTA+ transfer to and from the silica 

interface.145 

 

Figure 4.6 Proposed CTAB surface structures on gold. 

The different surface behaviors described above have significant implications 

for technological applications of CTAB-stabilized gold nanoparticles. Using these 

nanoparticles in biological environments, processing them into high-quality films, or 

using them as building blocks for more complex structures requires manipulations 

of the nanorod surface chemistry. Many reports simply state that CTAB is removed 

by sedimentation or other processes, but the results here show that it can be 

important to control the CTAB concentration carefully. 



 63 

4.2. Experimental Details 

4.2.1. Synthesis of Gold Nanobelts 

Gold nanobelts were synthesized at 27 °C as previously described.114, 146 

Briefly, HAuCl4 was added to an aqueous mixture of CTAB and SDS (6.5:1 molar 

ratio). The gold ions were then reduced with ascorbic acid, placed in a temperature 

controlled environment, and left overnight.  

4.2.2. Synthesis of Gold Microplates 

Gold microplates were synthesized as described by Kan et al. 91 A 3 mL 

solution of 40,000 MW poly(vinylpyrrolidone) (PVP) was prepared at a 

concentration of 0.18 g/mL in ethylene glycol and allowed sufficient time to fully 

dissolve. Then 1 mL of 0.2 M HAuCl4 was added to 25 mL of slowly stirring 150 °C 

ethylene glycol under reflux in a round bottom flask. The previously prepared PVP 

solution was then injected into the synthesis solution dropwise. After the addition of 

the PVP, the solution was held at constant temperature and stirred for another 45 

min during which gold microplates became visible. The flask was cooled in air to 60 

°C and then submerged in an ice bath to quench the reaction. 

To remove the excess PVP and phase transfer the microplate product, 

acetone (3x by volume) was added to the microplate solution in centrifuge tubes 

and the solution was centrifuged for 20 min at 2500 rpm. The solution was then 

decanted down to the pellet, removing both the solvent and excess PVP. The 

microplates were suspended in water and washed another 3 times by 
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centrifugation. Finally the microplates were suspended in 6 mL of water and were 

stored for further use. 

4.2.3. Synthesis of Silver Nanowires 

Synthesis of silver nanowires was performed according to Coskun et al.147 

Two solutions, one containing 0.27 M 55,000 MW PVP and 7 mg NaCl in 10 mL 

ethylene glycol and a second one with 0.12 M AgNO3 in 5 mL ethylene glycol were 

prepared. These concentrations were chosen to yield a molar ratio of 3:1 PVP to Ag. 

The PVP solution was then heated in a round bottom flask to 170 °C under reflux 

and stirred at a moderate rate. Then the AgNO3 solution was injected at a rate of 5 

mL/hr after which the solution was kept at temperature for another 30 min during 

which the solution turned an opaque brown/gray color. Then the flask was removed 

from the heat and cooled to room temperature. 

Once cool, 75 mL of acetone were added to the nanowire solution which was 

then centrifuged at 6000 rpm for 20 min. Once decanted down to the pellet another 

round of washing in acetone was performed. Finally the silver nanowires were 

suspended in 10 mL of ethanol.  

4.2.4. Preparation of Lipid Stabilized Gold Nanorods 

For the lipid studies, 0.5 mg aliquots of 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) in chloroform was purchased from Avanti Polar Lipids. The 

solution was dried under argon in a rotating round bottom flask to create an even 

lipid film. The film was hydrated by adding water to the flask which was then 
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sonicated to create small unilamellar vesicles for a final volume of 0.5 or 1.5 mL. 

Upon sonication, the solution changed from white and turbid to clear and colorless. 

The lipids were stored at 4 °C overnight.  

Once the lipid solutions were prepared, 1 mL of gold nanorods in 100 mM 

CTAB was centrifuged at 10,000 rpm for 30 min and decanted to the pellet with 

approximately 5 µL of CTAB solution remaining. Then 1.5 mL of water containing 

0.5 mg of DOPC was used to resuspend the nanorods. This solution was allowed to 

sit overnight. The next day the nanorod solution was centrifuged again under the 

same conditions leaving 5 µL of lipids and the nanorod pellet. The pellet was 

suspended by adding another 0.5 mL solution with 0.5 mg of DOPC. Finally, the 

solution was centrifuged a third time and decanted to approximately 15 µL to 

concentrate the gold nanorods. This solution was then placed in a well and covered 

with a quartz coverslip for Raman measurements. 

4.2.5. Preparation of Noble Metal SERS Substrates 

Substrates of gold nanobelts and silver nanowires were prepared by the 

addition of several microliters of the nanoparticle solution to a glass slide. The 

solution was allowed to air dry followed by plasma cleaning at 200 mTorr of oxygen 

(model PDC-32G, Harrick Scientific). Then the slide was immediately exposed to the 

chemical of interest for varying amounts of time before being gently rinsed with 

water. 
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Silver nanowire/gold microplate combination substrates were prepared by 

first methanol sonicating and plasma cleaning a glass substrate. Then two 3 µL 

drops of gold microplate solution were each dried over low heat on a hot plate. The 

microplate substrate was plasma cleaned with the same settings to remove the 

stabilizing polymer. Next, several microliters of silver nanowires in ethanol were 

added and allowed to evaporate. The substrate was plasma cleaned a third time 

before immediate submersion in an ethanolic solution of 1 mM 4-mercaptophenol. 

After soaking for 10 min, the substrate was removed from the solution, rinsed gently 

with ethanol, and dried with compressed air. 

Gold nanobelt/gold microplate combination substrates were also prepared. 

Glass substrates were cleaned similarly to the microplate/nanowire substrates. Two 

3 µL drops of gold microplate solution were each dried on the substrate before 

plasma cleaning to remove any deposited PVP. Then 3 µL of gold nanobelts in CTAB 

and SDS were added to the substrate and allowed to dry. Raman spectra were taken 

directly of raw surfactant on nanobelt/microplate combinations with no further 

modifications. 

4.2.6. Characterization of Noble Metal Nanomaterials 

A Renishaw InVia Raman microscope with a 50×/0.55 NA objective was used 

to perform SERS measurements at a 785 nm laser excitation wavelength. Dark field 

imaging of mesoscopic substrates was performed using a Nikon D5000 camera and 

a 50×/0.5 NA objective (Zeiss Axiovert 200M) with a 100 W quartz tungsten 

halogen (QTH) light source. An FEI Quanta 400 FEG SEM was used to characterize 
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the silver nanowire morphology. Tapping mode AFM was performed using silicon 

tips with a Nanoscope IV Multimode AFM (Veeco). 

4.3. Solution Phase AuNR and Lipids 

To extend the breadth of the analytical SERS measurements on surfactant 

stabilized gold nanorods, the surfactant was replaced by a phosolipid and SERS 

spectra were taken. DOPC was chosen to replace the CTAB on the nanorod surface 

because of its similar trimethylammonium headgroup and long hydrophobic tail. 

After removing an initial amount of CTAB, a DOPC solution was used to suspend the 

nanorods. After associating overnight, the nanorods were washed again via 

centrifugation and suspended in DOPC. Finally the nanorods were concentrated to 

15µL with a final DOPC concentration of approximately 13 mM and a DOPC to CTAB 

ratio of 3900. 

The solution was placed in a silicone well mounted on a glass slide as 

described previously.85 A quartz coverslip was then used to close the container and 

provide a flat and smooth liquid interface. Raman spectra of the lipid stabilized 

nanorods were taken using a 785 nm laser and 50x objective. Spectra were also 

taken of 25 mM CTAB stabilized nanorods in a quartz cuvette. The spectra are 

plotted in Figure 4.7. While the 180 cm-1 Au-Br peak remains in the DOPC spectrum, 

along with the 760 cm-1 headgroup, new modes have appeared in the spectrum. A 

peak at 717 cm-1 has been shown to be a mode related to the lipid choline 

(trimethylammonium) group and small broad peak at 850 cm-1 appears near a 
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known phosphate mode, while the band at 1445 cm-1 is common to both CTAB and 

DOPC.148 A summary of the relevant observed modes are shown in Table 4.1. This 

suggests that while not all of the surfactant or bromine was removed from the 

nanorod surface, a partial displacement of the CTAB by DOPC did occur. 

 

Figure 4.7 SERS of DOPC (blue) and CTAB (green) on gold nanorods. 
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 Band (cm-1) Mode 

CTAB 180 Au-Br 

 760 headgroup 

 1445 alkane CH2 

DOPC 717 choline 

 850 phosphate 

 1440 alkane CH2 

Table 4.1 Labeled Raman modes of CTAB and DOPC 

While SERS spectra of DOPC on gold nanorods suspended in solution did 

show some lipid modes, there were experimental limitations to this method. First, 

while new Raman modes were observed after exposure to DOPC, indicating at least 

partial replacement of CTAB with the lipid molecules, complete exchange of the 

CTAB for DOPC while preventing nanorod aggregation remained elusive. 

Additionally, because a near infrared laser was used for biological compatibility, 

heating of the metal and subsequently the surrounding liquid created a secondary 

challenge. Boiling of the nanorod solution can easily occur, scattering light away 

from the objective. While potential for solution phase analytical SERS 

measurements using solution phase gold nanorods exists, fundamental design 

changes must be made to the liquid containing cell to avoid light scattering from 
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boiling and other stabilizing measures must be taken to avoid nanorod aggregation 

upon surface modification. 

4.4. Substrates 

Due to the limitations of solution phase SERS measurements an alternative 

approach to analytical SERS was sought. Another way to examine isolated structures 

is to exploit the physical properties of mesoscopic noble metal materials. 

Mesoscopic materials possess nanoscale plasmonic attributes, but have the added 

advantage of being readily observed in an optical microscope and can be deposited 

to make substrates that can be modeled exactly. Substrates also have an advantage 

in that once deposited, aggregation is no longer an issue. Surface modification can 

be achieved using an oxygen plasma to remove organic material on the metal 

surface. Finally heating is no longer an issue because of the extended contact the 

metal has with the substrate. 

4.4.1. Gold Nanobelts 

To analyze the magnitude and spatial distribution of the field enhancement 

of a gold nanobelt, the structure was simulated in COMSOL Multiphysics using the 

finite element method. The dielectric function of gold was taken from Johnson and 

Christy149 with specific values determined by linear interpolation of the data. The 

real and imaginary components of the dielectric function for gold are plotted in 

Figure 4.8. The nanobelts were simulated as 20 nm by 50 nm 2D cross sections with 

infinite length. The corners were rounded to have a 2 nm radius of curvature to 
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avoid computational difficulties at sharp edges in the finite element method. A 1.1 

μm circular simulation space surrounded the nanobelt cross section with a 200 nm 

thick perfectly matched layer (PML).  

 

Figure 4.8 The dielectric constant of gold taken from Johnson and Christy.149 
Intermediate points were calculated by linear interpolation by COMSOL. 

The electromagnetic enhancement (      ) was calculated at both the 

incident laser wavelength of 785 nm and a Raman shifted wavelength of 858 nm 

(which corresponds to a ∼1200 cm−1 shift typical of a hydrocarbon mode) which 

was polarized perpendicular to the gap. The results, shown in Figure 4.9, generate 

field enhancements (     where the prime denotes the field at the scattered 

frequency) at the nanobelt’s corners of approximately 6 and an overall 

enhancement factor (   |    | ) of only 1300.  
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Figure 4.9 Electric field enhancement of a single nanobelt at (top) 785 nm and 
(bottom) 858 nm. 

To evaluate their potential for analytical SERS, nanobelts were deposited on 

a glass slide from their native mixed surfactant solution and were dried. In addition 

to examining single nanobelts, nanobelt dimers, such as those discussed in Chapter 

2, were located by AFM relative to alignment marks. SERS measurements were 

taken on the nanobelts and on the bare glass substrate all of which were covered 

with surfactant. Figure 4.10 displays the AFM image of the nanobelt dimer and 

includes an optical view of the excitation laser spot location. The laser was polarized 

horizontally across the vertically aligned nanobelt dimer. The measurements on the 

glass substrate and normal nanobelt showed no significant SERS signal. The 

nanobelt dimer yielded several strong peaks between 900 and 1500 cm−1 which 

correspond to alkane chain modes of the surfactants, while the single nanobelt and 

glass substrate do not.85 
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Figure 4.10 SERS from a nanobelt dimer. (a) AFM of a nanobelt dimer with 
(inset) the optical image of the dimer in the Raman microscope. (b) The 
corresponding SERS of dried surfactant on the nanobelt dimer (blue), on a 
single nanobelt (green), and on the glass substrate (red). (c) A schematic of 
the gold nanobelt dimer, and (d) the theoretical electromagnetic 
enhancement (g,g′) of its cross section with a 3 nm gap at (top) 785 nm and 
(bottom) 858 nm. 

Electromagnetic simulations were also performed on the nanobelt dimer, 

using two nanobelts with a cross section of 20 nm by 50 nm nanobelts separated by 

a 3 nm gap (Figure 4.10c,d). Using the same excitation and emission wavelengths as 

for the single nanobelt, the region between the nanobelts was found to have field 

enhancements reaching 16 and 12 for the incident and scattered wavelengths, 

respectively, and an enhancement factor of ∼37,000. The total enhancement is not 
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especially high, but that is expected given the large separation (relative to typical 

hot spots) and the lack of curvature in one dimension. Split nanobelts therefore can 

be used to examine small molecules (<3nm). However, since the occurrence of 

nanobelt splits is not extremely common and therefore must be found using 

advanced microscopy techniques, they were not pursued for further SERS studies. 

4.4.2. Silver Nanowires 

Silver nanowires are another noble metal mesoscopic material of particular 

interest for SERS sensing. The PVP stabilized pentagonal nanowires were first 

synthesized in ethylene glycol, washed with acetone, and transferred to ethanol. 

Then the wires were deposited for examination as well as for SERS substrates with 

no further modifications. Figure 4.11 shows a dark field optical image of silver 

nanowires that grow to be well over 50 µm long as well as an SEM image of the 

nanowire’s nanoscale pentagonal morphology. 

 

Figure 4.11 Dark field optical image and SEM of silver nanowires. 
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To examine their potential as a SERS substrate, silver nanowires were dried 

on a glass substrate and then plasma cleaned to remove the organic material on the 

metal surface. Then the substrate was exposed to 1 mM ethanolic 4-

mercaptophenol, a highly Raman active molecule, before a final rinse with ethanol. 

Then SERS measurements were taken of single silver nanowires on the substrate. A 

pinhole aperture was used to localize the signal collection from the nanowire. 

Spectra were taken using a 785 nm incident wavelength at 50 mW with a ten second 

exposure time. The SERS spectrum of 4-mercaptophenol on the surface of the silver 

nanowire is shown in Figure 4.12. The peaks observed were identified as those of 

various ring bending and stretching modes and are listed in Table 4.2.150 SERS 

measurements of the glass substrate did not show any peaks discernable above the 

spectrum noise. While peaks for 4-mercaptophenol were observed, greater 

improvements were desired in the signal to noise ratio. 

 

Figure 4.12 SERS of 4-mercaptophenol on a silver nanowire. 
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Band (cm-1) Mode 

391 torsion 

637 bending CCC 

1081 stretching CH+CS+CC 

1581 stretching CC 

1596 stretching CC 

Table 4.2 Raman modes of 4-mercaptophenol. 

4.4.3. Combination Substrates 

Since single gold nanobelts do not have sufficient field enhancement to 

observe the dried native surfactant when deposited from solution and to improve 

the SERS signal of the silver nanowires, gold microplates were synthesized using 

PVP in ethylene glycol. Gold microplates are extended in both length and width to 

the micrometer scale, but are only 100 to 400 nm thick. A dark field optical image of 

typical shapes and sizes of gold microplates is shown in Figure 4.13. While the 

microplates are atomically flat and single crystalline and accordingly do not possess 

any surface enhancing properties on their own, they were investigated as a platform 

for the deposition of other plasmonic materials, essentially acting as a thin gold film 

to donate electrons and act as a heat sink. 
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Figure 4.13 Dark field images of various gold microplates. 

To attempt to improve the field enhancement around a gold nanobelt, a 

combination gold nanobelt/gold microplate substrate was prepared. Gold 

microplates were deposited onto clean glass slides and were plasma cleaned to 

remove any dried PVP. Then gold nanobelts were added to the substrate in their 

raw surfactant solution. A bright field image of a nanobelt/microplate and its 

corresponding SERS spectrum are shown in Figure 4.14. Known CTAB modes are 

observed in the SERS spectrum, demonstrating that microplates do improve the 

nanobelts as a SERS platform. Regrettably, while initial results indicate increased 

field enhancement of a single gold nanobelt, replacing the nanobelt surfactant with 

another molecule was not achieved. The aggressive plasma cleaning that is required 

to remove the large quantities of surfactant deposited along with the nanobelts 

damages the gold structures in the process. A variety of rinsing techniques failed to 

remove the surfactant without also removing the nanobelts and microplates.  
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Figure 4.14 Gold nanobelt/gold microplate substrate: (top) optical image and 
(bottom) SERS of CTAB and SDS. 

In addition to the gold nanobelt/gold microplate combination substrate, 

silver nanowires were also deposited on a plasma cleaned gold microplate 

substrate. The silver nanowires on gold microplates were easily observable under 

50x magnification as displayed in Figure 4.15. After modifying the metal surfaces by 
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plasma cleaning to remove the PVP and submersion for 10 min in a 1 mM ethanolic 

solution of 4-mercaptophenol, SERS spectra were obtained on the 

nanowire/microplate surface. The pinhole aperture was used to keep the laser only 

over the area of the nanowire suspended on the microplate. The 4-mercaptophenol 

spectrum collected under identical conditions to the single silver nanowire is 

plotted in Figure 4.15. With gold microplate beneath the nanowire, the signal 

observed is roughly double that of the nanowire alone. 

 

Figure 4.15 Silver nanowire/gold microplate substrate: (top) optical image 
and (bottom) SERS of 4-mercaptophenol. 
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Unfortunately this technique could not be used to examine a wider variety of 

molecules due to the difficulty of removing the PVP from the silver surface without 

damaging or oxidizing the metal. The effects of plasma cleaning on the nanowire 

were examined by AFM and were found to leave a roughened metal surface. 

Alternative methods of removing the organic material were also explored, but none 

were found to remove the polymer without oxidizing or altering the silver surface. 

The application of silver nanowires for analytical SERS is dependent on the smooth 

and measureable field enhancing properties of the silver nanowire. Oxidized silver 

has reduced field enhancing capabilities and while a roughened silver surface may 

yield higher field enhancements, the surface enhancement will not be uniform and 

thereby defeating the analytical intent of the measurement. 

4.5. Conclusions 

Starting with examining the CTAB bilayer on gold nanorods, progress was 

made on solution phase SERS measurements of nanorods suspended with a partial 

lipid bilayer. However, while this technique does show promise, heating, 

aggregation, and incomplete surface modification were substantial drawbacks to 

further solution phase experiments. 

The use of mesoscopic materials, specifically gold nanobelts and silver 

nanowires, either alone or in combination with gold microplates demonstrated an 

alternative analytical SERS approach. Individual gold nanobelts do not have 

sufficient field enhancement to be used as a SERS substrate, but split gold nanobelts 
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were shown to enhance vibrational modes of CTAB and SDS to detectable levels. 

Additionally silver nanowires were synthesized and individual wires were shown to 

demonstrate surface enhancing properties using 4-mercaptophenol. Combinations 

of gold nanobelts and silver nanowires with gold microplates were shown to 

provide even greater surface enhancements then the nanowires and nanobelts 

alone. However each of these techniques was critically impeded by several 

limitations. First, affixing any of these materials to a substrate was not possible. The 

rinsing required to remove the large amount of surfactant present in the gold 

nanobelt solution would regularly remove both the nanobelts and microplates. Even 

after plasma cleaning surfactant from the gold nanobelts remained, making further 

nanobelt functionalization unachievable. Finally while the polymer on the silver 

nanowires and gold microplates was removable with plasma cleaning, this 

technique also oxidized the metallic silver creating uneven, roughened surfaces that 

are not ideal substrates for analytical SERS. While each of these materials has the 

potential for use as a SERS substrate, further research must be performed to 

overcome the impediments involved with the deposition and functionalization of 

the substrates. 
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Chapter 5 

Gold Nanorod Films 

5.1. Introduction 

While the mesoscopic materials examined in the previous chapter did show 

initial SERS spectra on raw surfactant or highly Raman active molecules, the 

significant limitations encountered during attempts to deposit and functionalize the 

metal surface presented significant obstacles. These effectively prevented the 

development of the substrates as versatile sensing platforms and led to the 

exploration of alternative plasmonic substrates. One plasmonic substrate that has 

previously been shown to form an even deposition of strongly bound plasmonic 

nanoparticles is a gold nanorod film prepared on a glass substrate chemically 

modified by (3-aminopropyl)triethoxysilane (APTES).21, 126 The potential of a gold 

nanorod film as an analytical SERS sensing platform was explored.  
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5.2. Experimental details 

5.2.1. Synthesis of Gold Nanorods 

Gold nanorods were synthesized as described by Ye et al.16 First, a seed 

solution was prepared by adding 5 mL of 0.5 mM HAuCl4 to 5 mL of 200 mM CTAB. 

The gold was reduced by 1 mL of NaBH4 containing 0.6 mL of freshly prepared 10 

mM NaBH4 and 0.4 mL H2O. Immediately after reduction, the seed solution was 

stirred vigorously for 2 min, after which it sat undisturbed for 30 min. 

While the seed solution aged, a growth solution was prepared by adding 9 g 

of CTAB and 1.1 g of 5-bromosalicylic acid to 250 mL of H2O at 65 °C under 

moderate stirring. Once the solute was dissolved, the solution was cooled to 30 °C. 

Once cool, 12 mL of 4 mM AgNO3 were added, stirring was stopped, and the solution 

was left for 15 min. Then 250 mL of 1 mM HAuCl4 were added to the solution which 

was stirred slowly for another 15 min. Finally, the growth solution was reduced by 2 

mL of 64 mM L-ascorbic acid and nanorod growth was initiated with the addition of 

0.4 mL of seed solution. The nanorod solution was then placed in a 30 °C water bath 

and its spectrum was monitored for signs of nanorod growth. 

After 1 hour, the nanorod solution had turned a deep red and its extinction 

spectrum was measured. To prevent further nanorod growth or plasmon resonance 

drift, the solution was immediately removed from the temperature controlled bath. 

Excess CTAB and 5-bromosalicylic acid was removed by centrifugation of the 

solution at 6,000 rpm (11,000 rcf) for 30 min, followed by decantation of the 
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supernatant and resuspension of the nanorods in 5 mM CTAB. This low 

concentration of CTAB was chosen to prevent drift over time in the nanorod 

extinction spectrum, but also prevent the nanorods from aggregating. 

5.2.2. Characterization of Gold Nanorods 

The quality and morphology of the gold nanorods were determined by TEM. 

Several microliters of gold nanorods were added to a 300 mesh carbon type-B grid 

and were allowed to air dry. The grid was later gently rinsed with water, dried on a 

lint-free wipe, and imaged with a JEOL-2010 TEM operating at 100 kV. 

Extinction measurements of solution phase gold nanorods were taken using 

a tungsten halogen light source (Ocean Optics LS-1) and a portable spectrometer 

(Ocean Optics, USB 4000). 

5.2.3. PEGylation of Gold Nanorods 

PEGylation of the gold nanorod solution was adapted from previous 

studies.129, 151 First the nanorod solution was centrifuged at 10,000 rpm for 30 min. 

The supernatant was decanted down to the pellet which was then resuspended in 1 

mL H2O. To adjust the pH, 100 µL of 2 mM K2CO3 were added to the nanorod 

solution along with 10 µL of 5 mg/mL 5,000 MW methoxypolyethylene glycol thiol 

(mPEG-SH). The solution then sat undisturbed in the dark overnight. The next day, 

two rounds of centrifugation at 10,000 rpm (6,708 rcf) for 30 min were performed 

to ensure complete removal of any excess mPEG-SH as well as any remaining CTAB. 
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5.2.4. Preparation of Gold Nanorod Films 

Gold nanorod films were prepared in a similar manner to those previously 

described.21, 126 Glass or silicon substrates were first cleaned by soaking in piranha 

(3:1 H2SO4:30% H2O2) overnight. After removing the substrates from the acid, they 

were rinsed with HPLC grade H2O and dried using compressed air. The substrate 

surface was then modified using APTES by placing the glass and Si wafers in a 9:1 

ethanol: APTES mixture. This solution was kept in an air tight container and the 

slides were left to soak for 20 – 24 hours. Immediately upon removing a substrate 

from the APTES solution it was briefly bath sonicated in ethanol for approximately 

20 sec, rinsed in ethanol, dried with compressed air, rinsed with H2O, dried with air, 

and finally placed into a solution of PEGylated nanorods. A few drops of ethanol 

were added to the nanorod solution to create a more even film. The substrates were 

left for at least 24 hours to soak in the nanorod solution. When the substrates were 

removed from the nanorod solution, they were rinsed with water and dried with 

compressed air.  

The surface of the nanorod films was modified using an oxygen plasma 

cleaner (model PDC-32G, Harrick Scientific). Substrates were exposed to the plasma 

on low power in 200 mTorr oxygen. The substrates were then immediately moved 

to a solution of the chemical of interest to allow association with the nanorod 

surface. 
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5.2.5. Characterization of gold nanorod films 

Spectral characterization of the nanorod films was performed using an Ocean 

Optics USB 4000 spectrometer and a LS-1 tungsten halogen light source. Reflectance 

measurements were taken using an Ocean Optics R200-7-VIS-NIR reflection probe. 

AFM imaging was also taken of the nanorod films using a multimode 8 AFM system 

with a NanoScope V controller. Raman measurements were taken using a Renishaw 

InVia Raman microscope with a 50×/0.55 NA objective and a 785 nm laser 

excitation wavelength. 

5.3. Gold Nanorod Synthesis and Film Preparation 

To optimize the enhancement of both the excitation and emission 

wavelengths for surface enhanced Raman measurements, gold nanorods were 

synthesized with a longitudinal peak plasmon resonance tuned to near infrared 

wavelengths resulting in a red-purple solution as shown in Figure 5.1. Extinction 

measurements of the nanorods reveal a longitudinal plasmon resonance at 830 nm. 

The plasmon resonance of the nanorods was monitored over time to check for signs 

of drift, but the nanorods remained stable. The extinction spectrum at 24 hours is 

plotted in Figure 5.1. Nanorod characterization and yield were examined by TEM. 

The nanoparticle yield appears to be dominated by smooth-sided nanorods with a 

colloid impurity as shown in Figure 5.2. Analysis of the length and width of the 

nanorods determines that they have an average size of 49.5 x 11.8 nm with a 

standard deviation of 5.0 x 1.6 nm, leading to an average aspect ratio of 4.2. The 
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measurements are detailed in Figure 5.2, with a scatter plot of nanorod width vs. 

length and a histogram showing the nanorod aspect ratio distribution.  

  

Figure 5.1 Extinction spectrum of the gold nanorod solution after 1 day with 
an image of the nanorod solution after 1 hour at 30 °C (inset). 

 

Figure 5.2 Size analysis of gold nanorods grown in CTAB and 5-bromosalicylic 
acid imaged by (a) TEM. Plots of their (b) width vs. length and (c) size 
distribution are shown. 
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Once correctly tuned nanorods had been synthesized, the stabilizing 

surfactant was replaced by mPEG-SH by the removal of CTAB via centrifugation and 

the addition of the thiolated polymer. From these PEGylated nanorods, gold nanorod 

films were prepared. Substrates of both Si and glass were modified with APTES and 

then submerged for 24 hours in the PEGylated nanorod solution resulting in gold 

nanorod films such as those shown in Figure 5.3 along with the recovered nanorod 

solution, which showed no signs of aggregation.  

 

Figure 5.3 Image of substrates with a gold nanorod film and the PEGylated 
nanorod solution recovered after nanorod deposition. 

The gold nanorod films were then inspected by reflectance spectroscopy and 

by AFM. An example of a spectrum taken on a glass substrate is shown in Figure 5.4. 

Only the longitudinal plasmon resonance on the film is detectable and it has blue 

shifted to 746 nm, likely due to the change in dielectric environment of the nanorods 

from water to air. However, the plasmon resonance remains sharp and visible above 

the spectrometer noise. For analytical SERS measurements to be performed, the 

nanorod film must contain evenly spaced, isolated nanoparticles. An 8 µm AFM scan 
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of a glass substrate with a nanorod film demonstrating a dense deposition of 

individual nanorods is shown in Figure 5.5. 

 

Figure 5.4 Reflection measurement of a gold nanorod film on glass. 
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Figure 5.5 AFM of gold nanorod film on glass. 

To use the films as a SERS substrate, the organic material on the nanorod film 

must first be removed. The thiolated polymer was cleaned from the film surface by 

an oxygen plasma. The film integrity during this process was confirmed by spectral 

measurements of the nanorod film. Reflectance spectra were taken after plasma 

cleaning intervals of 20 sec on high power, until 180 sec of total exposure had 
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occurred. As a final check the substrate was exposed to another 60 seconds and then 

120 seconds of plasma cleaning with little apparent change in the reflectance 

spectrum of the film (Figure 5.6). Even after 360 seconds of total exposure time, the 

plasmon resonance of the film does not appear to be substantially affected. 

 

Figure 5.6 Reflectance spectra of a gold nanorod film after multiple oxygen 
plasma exposures. The cumulative exposure time listed is in the legend. 

5.4. SERS of Gold Nanorod Films 

The SERS spectra was taken of a glass substrate with no surface modification 

and compared to a substrate that had been plasma cleaned for 30 sec and soaked in 

1 mM CTAB for 5 min. The substrate was then rinsed gently with H2O and dried. The 
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SERS spectra of both substrates are shown in Figure 5.7. Assignments for the Au-S 

bond in the mPEG-SH were compared to those found in published literature152 as 

were peaks observed in the CTAB exposed substrate.85, 141 The peak assignments are 

listed in Table 5.1. 

 

Figure 5.7 Nanorod film SERS spectra of (top) a raw film and (bottom) a CTAB 
exposed film. 
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 Band (cm-1) Mode 

Raw Film 138 Au-S-C 

 328 Au-S 

 340 Au-S 

CTAB 180 Au-Br 

 1184 C-C stretch 

 1272 CH2 wag 

 1484 CH2 scissor 
CH3 deformation 

Table 5.1 Raman assignments for Au-S and CTAB. 

5.5. Conclusions 

Monodiperse gold nanorods were synthesized with a near infrared 

longitudinal plasmon resonance. After removal of the stabilizing surfactant, 

PEGylated nanorods were deposited in a uniform thin film which was characterized 

optically and by AFM. The films were found to contain a dense deposition of isolated 

nanorods with a relatively even interparticle spacing. SERS measurements of the 

raw film were found to show Au-S vibrations consistent with the thiolated polymer 

coating the nanorods during the film deposition. Chemical modification of the 

nanorod film was achieved using an oxygen plasma. SERS of a new chemical on the 
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film surface demonstrates that while individual gold nanorods lack the field 

enhancement necessary for SERS measurements, the collection of isolated nanorods 

deposited in a thin film provides the potential for further interfacial analysis of 

chemical and biological systems. 
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