
ABSTRACT 

WU, WEI-CHEN. Multifunctional Gold Nanorods: Large-Scale Synthesis, Overcoating, 
Alignment, and Applications. (Under the direction of Dr. Joseph B. Tracy.)  
 

Gold nanorods (GNRs) are of interest for numerous applications, especially for 

biomedical applications because of their surface plasmon resonance. Application of external 

magnetic fields can direct the assembly of magnetic nanoparticles. There are few reports, 

however, of incorporating magnetic materials onto the surface of GNRs. A significant 

challenge for some approaches of magnetic overcoating is the high temperature that is often 

required for deposition of magnetic materials. Because GNRs are temperature sensitive, we 

have developed a method, where GNRs are first overcoated with a thermally stable SiO2 

shell, which also serves as an adhesion layer for further deposition of Fe3O4 as an outer shell. 

Results for the assembly of Fe3O4-overcoated GNRs in applied magnetic fields are also 

reported. 

To best form a core-shell structure of GNRs, knowledge of their physical properties, 

surface chemistry, stability, and synthesis method is essential, and background on each of the 

topics is introduced in the first part of this dissertation. The major technical advances 

reported in this dissertation include the following: (1) The milestones of large-scale synthesis 

of GNRs with tunable aspect ratio and SiO2-overcoated GNRs (SiO2-GNRs) with tunable 

shell thickness (2–20 nm) have been achieved. Functionalization of GNRs and SiO2-GNRs 

with poly(ethylene glycol) (PEG) has also been accomplished, and these samples have been 

provided to collaborations for studies of photothermal heating and optical coherence 

tomography (OCT). (2) The shape stability of GNRs and SiO2-GNRs while heating under 

vacuum was investigated through in situ transmission electron microscopy (TEM), which 



revealed that SiO2-GNRs (16 nm thick shell) can maintain their rod shape up to at least 1200 

°C. (3) Subsequent overcoating with Fe3O4 provides multifunctional GNRs, which assemble 

into chains in applied magnetic fields. The Fe3O4 overcoating consists of Fe3O4 nanoparticles 

embedded in the SiO2 shell. Future modification of the Fe3O4 overcoating may allow for 

control over the alignment of GNRs in applied magnetic fields. In the last part of the 

dissertation, contributions to selected collaborative projects are summarized. For several 

studies, I have provided GNRs or have performed TEM.  
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Chapter 1. Introduction to Noble Metal Nanoparticles  

In this section, the theoretical and experimental background for noble metal 

nanoparticles are introduced, with an emphasis on the origin of the optical properties of noble 

metal nanoparticles, which affects their behavior in photothermal heating. 

1.1. Noble Metal Nanoparticles 

Noble metals are elements have completely filled d-orbitals. Au, Ag and Cu are three 

elements that meet this criterion. For elemental Au, the electron configuration is [Xe] 4f14 

5d10 6s1 (or [Xe] 4f14 5d9 6s2). From the electron configuration of the noble metal, the one 

free s-electron located in an outer shell allows noble metals to form conduction bands, when 

a sufficiently large number of atoms are present to contribute free electrons, which results in 

their special optical property, the surface plasmon resonance (SPR). In the case of Au 

nanoparticles (NPs), because of the Fermi energy (5.5 eV) and the thermal energy barrier kBT 

(0.025 eV at 300K) of Au, the optical property of Au NPs appears when the NP contains at 

least ~200 of Au atoms at room temperature. Therefore, there is a lower size limit for a noble 

metal NP to have a surface plasmon resonance. If assume that a spherical NP contains 200 

Au atoms, it will have a diameter of ~2 nm. The term “nanoparticle” often refers to scales < 

~100 nm, and for plasmonic noble metal NPs, diameters ≥~2 nm are required. 

Au and Ag NPs have been of interest in many applications because their surface 

plasmon resonance is in the visible spectrum (wavelengths of 400–800 nm). An early 

application of Au and Ag NPs is the famous Lycurgus Cup from the 4th-century Roman 

Empire, which is now exhibited in the British Museum. Researchers have found that small 
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Au and Ag NPs embedded in the Lycurgus cup are responsible for its green and red colors 

under reflected and transmitted light, respectively. A similar application was colorants for 

stained glasses for church windows in the Middle Ages in Europe (Figure 1–1). 

 

Figure 1-1. Images of the Lycurgus Cup exhibited in the British Museum (left)1 and images 

of the stained glass exhibited in the Stained Glass Museum, Britain, from The New York 

Times article (right).2 

Although Au and Ag particles have been used for at least several centuries, the novel 

optical properties of noble metal particles were not understood or actively studied until the 

early 1900’s. In 1857, Michael Faraday synthesized a colloidal suspension of Au NPs, and he 

observed the solution in ruby color (Figure 1–2).3,4 Faraday’s important discovery attracted 

attention to the field of noble metal nanostructures, including fabrication techniques and their 

unique optical properties. Gustav Mie5, in 1908, first reported a mathematical theory of the 
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SPR based on the Au colloids under plane-wave illumination. The following modifications of 

Mie’s theory have been developed to better match experimental results and to describe the 

effect of NP shape. 

Au NPs are of significant interest because their strong absorption bands, which can be 

adjusted in over visible and near-infrared wavelengths, are useful for numerous applications, 

such as biological sensing, imaging, photothermal therapy,6,7 drug delivery, surface-enhanced 

Raman spectroscopy, hot electron transfer, catalysis and coloring applications. 

 

Figure 1-2. Gold colloids.4 

1.2. Optical Property–Surface Plasmon Resonance  

The concept of the SPR is an extension of the bulk (volume) plasmon resonance 

phenomenon. The bulk plasmon resonance is described as an oscillation of electron density 

against the fixed, positive ionic background inside the metal because of the Coulomb forces. 

The resonance frequency (ω) increases with the electron density (n). It should be noted that 
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the bulk plasmon is a longitudinal electron oscillation (parallel to the propagation direction) 

that is not able to interact with light (the transverse electromagnetic radiation). By 

introducing a surface boundary condition at the interface between a metal and a dielectric, 

the free electrons of the metal in a dielectric medium respond collectively and oscillate in 

resonance with the light (photons). This transverse oscillation (perpendicular to the 

propagation direction) that allows interaction and coupling with photons is known as a SPR. 

For noble metal NPs, the SPR is confined by the size and shape of the NP and is thus often 

described as a localized SPR (Figure 1–3).  

 

Figure 1-3. Localized surface plasmon resonance.8 

1.2.1. Mie Theory–SPR of Spherical Metallic Nanoparticles 

 Gustav Mie, in 1908, gave the first mathematical explanation of light scattering by 

Au colloids using classical Maxwell’s electromagnetic equations.5 Mie’s formalism 

accurately describes the SPR of metal nanoparticles and is known as Mie theory. In Mie 

theory, an isolated spherical metal particle interacts with light, where the particle size is 
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comparable to the wavelength of light. Interactions between particles are omitted from this 

model. By following solving Maxwell’s equations with specific boundary conditions, Mie 

obtained expressions for the extinction, scattering, and absorption cross-sections (σext, σscat 

and σabs): 

𝝈𝒆𝒙𝒕 =
𝟐𝝅
𝑲𝟐
𝑹𝒆 (!

𝒍!𝟏 𝟐𝒍+ 𝟏)(𝒂𝒍𝟐 + 𝒃𝒍
𝟐) ( 1.1 ) 

𝝈𝒔𝒄𝒂𝒕 =
𝟐𝝅
𝑲𝟐

(!
𝒍!𝟏 𝟐𝒍+ 𝟏)( 𝒂𝒍 𝟐 + 𝒃𝒍 𝟐) ( 1.2 ) 

𝝈𝒂𝒃𝒔 = 𝝈𝒆𝒙𝒕 − 𝝈𝒔𝒄𝒂𝒕 ( 1.3 ) 

where 𝑎! and 𝑏!, the scattering coefficients (also known as Mie coefficients), are determined 

by the boundary condition of the electric field at the surface of the sphere. The partial waves 

are summed over the index l, where l = 1  corresponded to the first electrical partial 

oscillation (dipole SPR), as shown in Figure 1–4. 𝐾! = ω!ε!µμ  is the wave-vector in the 

surrounding medium with a dielectric constant (permittivity), ε!, angular frequency of the 

exciting light, ω, and the magnetic permeability, µμ. 
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Figure 1-4. First electrical partial oscillations.5 

For NPs with dimensions much smaller than the wavelength of the incident light 

(particle radius 𝐑 ≪ 𝛌), the simplified extinction cross section 𝛔𝐞𝐱𝐭 is obtained by combining 

the first order mode (𝐥 = 𝟏) of Mie theory with Drude’s model (from Paul Drude, in 1900)9,10 

that assumes small spherical particles embedded in an isotropic and non-absorbing medium, 

where the conduction electrons in the metal are constantly scattered by both the positive ionic 

background of the metal and other electrons. Therefore, the extinction cross-section equation 

can be modified, as follows: 

𝝈𝒆𝒙𝒕 𝝎 = 𝟗𝛚
𝒄
𝜺𝒎
𝟑/𝟐𝑽 𝜺𝟐(𝝎)

[𝜺𝟏 𝝎 !𝟐𝜺𝒎]𝟐!𝜺𝟐 𝝎 𝟐 ( 1.4 ) 

𝜺 𝝎 = 𝜺𝟏 𝝎 + 𝒊  𝜺𝟐(𝝎) ( 1.5 ) 

where 𝑐 is the speed of light, 𝜀 is the dielectric constant of the particle, 𝜀! and 𝜀! are the real 

and imaginary parts of the dielectric function of the particles, respectively, and 𝑉 = !"
!
R! is 

the volume of the particle.  
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 Equation (1.4) is widely used to predict and interpret the absorption spectra of the 

noble metal NPs. The absorption maximum occurs when ε! ω ≈ −2ε!, if ε! ω  is small or 

only weakly depends on ω. However, the effect of particle size on the optical spectra cannot 

be fully predicted by Mie theory. Many theoretical and experimental studies have reported 

that the peak position and bandwidth of the absorption spectra depend on the particle size, 

but those results are not consistent, and some complex conditions including the coherent 

motion of the free electrons (including both energy and momentum), the electron mean free 

path, size-dependent dielectric functions, and the capping ligands of NPs (or matrix in which 

they are embedded) may strongly effect the absorption spectra.  

1.2.2. Gans Theory–SPR of Rod-Shape Metallic Nanoparticles 

Scattering of light by non-spherical particles has been studied separately from size 

effects. In 1912, Richard Gans reported a theory which extends Mie theory by using a model 

of prolate spheroid particles (axes a > b = c).11 Gans theory is commonly used to model and 

explain the optical absorption spectrum of rod-shaped noble metal NPs. Due to the prolate 

spheroid shape, electrons oscillate along the short axis and long axes, and the modified 

extinction cross-section from Gans theory can be expressed as: 

𝝈𝒆𝒙𝒕 𝝎 = 𝛚
𝟑𝒄
𝜺𝒎
𝟑/𝟐𝑽𝒆

𝟏
𝑷𝒋
𝟐 𝜺𝟐(𝝎)

[𝜺𝟏 𝝎 !
𝟏!𝑷𝒋
𝑷𝒋

𝜺𝒎]𝟐!𝜺𝟐 𝝎 𝟐𝒋  ( 1.6 ) 
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where V! =
!
!
ab! is the volume of the ellipsoidal particle and P! are the depolarization factors 

along three axes of the ellipsoid, which are defined as: 

𝑷𝒂 =
𝟏!𝒆𝟐

𝒆𝟐
𝟏
𝟐𝒆
𝐥𝐧 𝟏!𝒆

𝟏!𝒆
− 𝟏  ( 1.7 ) 

𝑷𝒃 = 𝑷𝒄 =
𝟏!𝑷𝒂
𝟐

 ( 1.8 ) 

The factor, e, depends on the aspect ratio (R = a/b) of the ellipsoidal particle: 

𝐞 = 𝟏− 𝒃
𝒂

𝟐
= 𝟏− 𝟏

𝑹

𝟐
 ( 1.9 ) 

Therefore, the SPR absorption band of rod-shaped metal NPs splits into two bands 

(transverse and longitudinal), and the separation between these two bands depends on the 

aspect ratio (R, long axis divided by short axis) of the NP. The transverse SPR band energy is 

relatively insensitive to the aspect ratio of the particle and usually can be approximated by 

the SPR of the spherical nanoparticle. For Au NPs, the transverse SPR band occurs at ~520 

nm (Figure 1–5a). As the aspect ratio increases, the separation between two SPR bands 

increases–the longitudinal SPR band red shifts to lower energy, while the transverse band 

remains nearly unshifted (Figure 1–5b). 
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Figure 1-5. Optical absorbance spectra with inset TEM images for (a) Au spherical NPs and 

(b) Au nanorods. 

1.3. Photothermal Heating 

Due to the SPR, noble metal NP can serve as efficient transducers of energy from 

photons into heat–the photothermal effect. When light excites noble metal NPs via the SPR, 

the collective oscillations of electrons decay through two major radiative events–light 

scattering (radiative decay) and absorption (non-radiative decay) (Figure 1–6). These 

plasmon decay mechanisms strongly depend on the size of the NPs. For larger NPs, the 

scattering (radiative process) is dominant; for smaller NPs, absorption (non-radiative 

process) is dominant. During absorption, electron-electron scattering and electron-lattice 

phonon coupling occur. The electron-electron scattering results in a rapid (~picosecond time 

scale) increase in the temperature of the surface of the NP and drives formation of hot 

electrons. The thermal equilibrium state is then reached by electron-lattice phonon coupling 
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in particles, and this energy will transfer to the surrounding media by phonon-phonon 

interactions (Figure 1–6).  

 

Figure 1-6. Surface plasmon-induced hot electrons on the surface of a Au NP. 

Because plasmonic NPs generate heat locally, Au NPs are often engineered and 

applied in photothermal cancer therapy, where the localized heat selectively kills targeted 

cancer cells. Other photothermal applications, such as surface-enhanced Raman spectroscopy 

(SERS), biological imaging, photocurrent generation, and thermally triggered chemical 

reactions have also been actively studied. 

However, if the surrounding medium (or vacuum) is not able to efficiently dissipate 

the heat from the surface of the NP, then the facet, shape, and size of the noble metal NPs 

may irreversibly change. In the case of gold nanorods (GNRs), their longitudinal SPR would 

blue shift or even vanish if they undergo agglomeration or reshape into spherical shape of 

NPs and thus lose their longitudinal SPR that can only be excited by certain wavelengths of 
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light dictated by the aspect ratio of the nanorod. One approach to enhancing the thermal 

stability of GNRs is to overcoat them with silica shells.12,13  
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Chapter 2. Synthesis of Gold Nanorods  

In this section, general methods for synthesizing gold nanorods (GNRs) are 

introduced, follow by a discussion of some of the critical parameters for controlling their 

synthesis. The crystal structures of GNRs and their stability are also discussed. 

2.1. Methods for Synthesizing Gold Nanorods 

Due to the size- and especially shape-dependence of the optical properties of GNRs, 

uniform particle size and shape distributions and chemical and thermal stability of the 

products are highly desired. Chemical methods have been widely used to synthesize NPs due 

to the many levers available to chemically control the size and shape, the ability to obtain 

high levels of size and shape monodispersity, and the potential to produce large amounts of 

GNRs. 

As mentioned in Chapter 1, over 150 years ago, Michael Faraday reported the ruby 

color of Au colloids obtained from the reduction of gold chloride with phosphorus.1 This 

relatively simple method yielded Au NPs that remain stable today and are on exhibit at the 

Faraday Museum at Royal Institute in London (Figure 1–2).2 Since then, additional methods 

including seeding,3,4 templating,5 electrochemistry,6,7 and photochemistry8,9 have also been 

reported, and the yields of Au NPs with uniform shapes and sizes have been increased.  

Methods have also been reported for synthesizing anisotropic Au NPs, including 

triangular,10,11 decahedral,12 cubic,12 hexagonal,11,12 and octahedral13 shapes, as well as 

nanostarfruit,14 nanostars,15-17 nanocages,18-20 concave nanostructures,3,21 and nanorods 

(Figure 2–1).22,23 
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Figure 2-1. TEM images and associated single-particle absorption spectra for Au NPs of 

different shapes: (a) cube, (b) decahedron, (c) icosahedron, (d) triangle, and (e) octahedron. 

Scale bars, 50 nm.24  

However, a systematic comparison of shapes has not been
carried out, despite its critical importance in guiding the choice
of particles to be used in a wide range of applications. Thus, to
compare the plasmon energy and line width for various Au
shapes, cubes, decahedra, icosahedra, octahedra, and truncated
bitetrahedra (herein referred to as triangles for simplicity) were
synthesized27−29 and analyzed using correlated single-particle
dark field optical microscopy and transmission electron
microscopy.6,30 Representative scattering spectra and electron
micrographs of single Au nanoparticles are presented in Figure
1. Each spectrum was fit to one or more Lorentzian line shape

functions (one per mode present). The resulting peak positions
and line widths of the dipolar resonances (lowest-energy peak)
were used for Figure 3; the analysis of covariance is presented
below and detailed in the Supporting Information.
Comparing dissimilar structures presents considerable

challenges. One difficulty is that the amount of correlated
structure−function data required seems prohibitive. The
present study overcomes this by using a previously developed
high-throughput technique6,30 to obtain hundreds of correlated
single-particle, subnanometer-resolution spectra and electron
micrographs. An even more considerable challenge is to
compare particles of different shapes but having the same
size; not only are such pairs hard to find, they are hard to
define. As can be seen in Figure 2a, the traditional way to
characterize size for various structures is mostly arbitrary, based
on the side length of the repeating triangular or square face.
Comparing particles of the same size using this arbitrary side
length parameter does not provide much information. As one

might expect, particles of different shapes have different spectra,
as illustrated for a truncated bitetrahedron (triangle),
decahedron, and icosahedron in Figure 2b. Extracting
quantitative values for the size dependence of the plasmon
energy and line width provides insight on the behavior of a
particular shape, as shown in Figure 3a and c and Supporting
Information Table S1. However, the disparity of values for the
various shapes seemingly makes this study a case-by-case
analysis, where predictive rules will be empirical.
Using arbitrary size parameters thus leads to arbitrary values

for the size dependence of plasmonic properties. Another way
to approach this issue is to use a size parameter that reflects the
plasmon resonance of the particle as the electron oscillation
frequency is expected to depend on the separation between
charges for a dipolar mode.

Figure 1. Representative TEM image and associated single-particle
LSPR spectrum for Au nanoparicles: (a) cube, (b) decahedron, (c)
icosahedron, (d) triangle (truncated bitetrahedron), and (e)
octahedron. Scale bars, 50 nm.

Figure 2. Comparison between the side length and plasmon length as
descriptors of nanoparticle size. (a) Definition of the side length for
the shapes analyzed. (c) Definition of plasmon length. (b,d)
Representative single-particle spectra for Au triangles (blue),
decahedra (green), and icosahedra (red) of similar side (b) or
plasmon length (d).

The Journal of Physical Chemistry Letters Letter

dx.doi.org/10.1021/jz300426p | J. Phys. Chem. Lett. 2012, 3, 1479−14831480
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In order to obtain highly uniform, anisotropically-shaped NPs, it is important to 

control nucleation and growth, including facet-specific growth, which is often accomplished 

using shape-directing capping agents to promote or inhibit certain growth directions. For 

GNRs, templates are often used to confine the particle growth direction, while reducing 

agents such as sodium borohydride and ascorbic acid (AA) drive reduction of Au chloride. 

Both soft and hard templates have been used. A soft template consists of capping ligands or 

surfactants that can also be used to stabilize the NP in solution. Hard templates are usually 

porous membranes, such as anode aluminum oxide (AAO),25 track-etched polycarbonate 

filtration membrane,26 and bulk block copolymers.27  

Here, we will introduce two well-known GNR fabrication methods–electrochemical 

deposition and seed-mediated growth. Greater focus is given to the seed-mediated method 

because it has been use in the studies reported after the introductory chapters. 

2.1.1. Electrochemical Growth Method 

Electrochemical growth is a well-established method and is primarily used for 

synthesizing thin films and nanowires. When Au ions are electrochemically reduced in AAO 

channels (hard template), they are deposited as Au nanorods or nanowires.25 In 1997, Yu-

Ying Yu et al developed a modified electrochemical method and first synthesized rod-shaped 

Au NPs by replacing an AAO template (hard template) with cetyltrimethylammonium 

bromide (CTAB), a soft template.6 CTAB has been used as a micelle or NP stabilizer. The 

phase diagram of CTAB in water includes cylindrical micelles, when the CTAB 

concentration is above the 2nd critical micelle concentration (Figure 2–2).28 Therefore, by 
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adjusting the CTAB concentration, cylindrical micelles can be obtained and used as soft 

templates to control the nanorod growth direction. 

 

Figure 2-2. Schematic phase diagram for CTAB in water.28 

Yu’s method utilizes an electrochemical cell containing a Pt plate cathode and a bulk 

Au plate anode, where Au NPs form, and electrolyte. Cationic surfactants, CTAB and a 

smaller amount of tetraoctylammonium bromide (TOAB), were used to serve as the 

supporting electrolyte, shape-inducing agent and stabilizer. By varying the ratio of CTAB to 
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TOAB, the aspect ratio (AR) of GNRs was adjusted to give GNRs with aspect ratios of 1.8, 

3.0, and 5.2 and their corresponding their longitudinal SPR bands at 600, 710, and 873 nm 

(Figure 2–3). Yu’s synthesis of GNRs was the first method that gave long axes < 100 nm. 

The availability of GNRs with controlled aspect ratios of GNR provided an opportunity to 

test and refine theoretical models of their optical properties. It also provided important about 

the crystal structure and faceting on the sides and ends of GNRs. This method is limited to 

longitudinal SPR wavelengths below 850 nm, and the yield of rod-shaped NPs is rather low, 

because a significant amount of Au NPs are produced as a byproduct.7 Wet-chemical 

methods utilizing seed-mediated growth can provide greater tunability with improved size 

and shape control and higher yields of GNRs. 

 

Figure 2-3. TEM images of GNRs with aspect ratio (a) 2.6 and (b) 7.6 obtained by 

combining the electrochemical method and CTAB surfactant.6 
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2.1.2. Seed-Mediated Growth Method 

Seed-mediated growth is currently the most popular and well-established method for 

synthesizing GNRs due to the highly uniform sizes and aspect ratio of GNRs that can be 

obtained in high yield. The seed-mediated growth method was first developed by Jana et al29 

and involved three steps of seeded growth:  

(1) A small amount of pre-synthesized aqueous Au seed solution containing citrate-

stabilized Au NPs (~3 nm) is added to a pre-mixed aqueous solution (S1) containing 

chloroauric acid (HAuCl4), CTAB and ascorbic acid (AA). This is the first Au 

nanorod growth solution (growth solution 1). 

(2) Adding an aliquot of growth solution 1 to another batch of a fresh, pre-mixed S1 

caused growth of the GNRs from growth solution 1. Hence, growth solution 2 was 

formed. 

(3) Adding an aliquot of growth solution 2 to another batch of a fresh pre-mixed S1 

caused further growth of the GNRs, form the final GNR solution.  

In this three-step seeded growth method, the final GNR products can have uniform 

sizes and well-controlled aspect ratios between 10–25, which gives absorption wavelengths 

as long as 1800 nm. Following this method, however, the yield of rod-shape Au NPs in the 

as-synthesized GNR solution is still low (~5%). Therefore, multiple purification steps, 

usually centrifugation, are needed to remove the large fraction of spherical Au NPs.Ag-

assisted growth is a related method, where Ag(I) is introduced into the growth solution by 

dissolving AgNO3. The Au seed solution is also modified by replacing the citrate-stabilized 
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Au NPs with CTAB-stabilized spherical Au NPs (~2–4 nm). The products of this modified 

method are shorter than in the three-step seeded growth without Ag(I), and the aspect ratios 

can be adjusted between ~2–5. The yield of GNRs can approach 100 % if additional ascorbic 

acid is added to complete reduction of the Au precursors, as we recently reported.30 The high 

concentration of CTAB used in this reaction causes it to remain in a large excess after the 

GNRs have been synthesized. Excess CTAB is often removed from the product by 

centrifugation. Excess CTAB is a challenge for further surface modification of GNRs and for 

many applications, especially if biocompatibility is required, because CTAB is cytotoxic.31-37 

The standard procedure for the seed-mediated, Ag-assisted method, which does not include 

additional modification, such as co-surfactants and secondary growth. The reaction is 

conducted in air at ~30 °C in air, and deionized water is used as the solvent. 
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Typical Protocol of Seed-Mediated GNR Growth Method: 
 
Seed Solution:  

An aqueous mixture of the CTAB and HAuCl4 is prepared, and the golden color of 

this solution indicates formation of Au(III). Next, a small amount of freshly prepared NaBH4 

dissolved in ice-cold water is prepared. NaBH4 is a strong reducing agent that reduces Au 

(III) to Au (0) and causes growth of small spherical Au NPs. A light brown-colored seed 

solution quickly forms, indicating that ~1–2 nm CTAB-stabilized spherical Au NPs are 

obtained. The seed solution will then be used to seed growth of GNRs. 

Growth Solution:  

A mixture of the CTAB (0.1 M), AgNO3 and HAuCl4 (0.5 mM) aqueous solution 

(solution 1) is prepared in this addition order, giving a dark orange-colored solution that 

indicates a complex mixture of Au (III) and AgBr. Next, an aqueous solution of a weak 

reducing agent, ascorbic acid (AA) is added to the pre-mixed solution 1 to reduce Au (III) to 

Au (I), resulting in a colorless growth solution containing Au (I).  

Gold Nanorod Growth Reaction:  

A small amount of the seed solution is added into the growth solution with gentle 

mixing for 5 seconds before allowing the solution to react without stirring for ~1 hour, over 

which GNRs form.38 The aspect ratio of final product GNRs can be varied (Figure2–4), 

which provides tuning of the absorbance spectrum from the visible to near-infrared. In the 

case when the absorption wavelength of the final GNRs is ~800 nm a wine color GNR 
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solution is obtained.  GNRs with the longitudinal SPR near 800 nm are commonly used for 

biomedical applications. 

 

Figure 2-4. (a) Optical absorbance spectra of GNRs of different aspect ratios and (b) an 

image of a series of GNR solutions.39 

The colors of GNR solutions evolve during growth as the aspect ratio of the GNRs 

changes due to preferential reduction of Au ions onto certain facets. During the first 20 

minutes, the Au seed particles rapidly elongate in one direction; after achieving the 

maximum aspect ratio (and the longest wavelength of the longitudinal SPR), a more uniform 

and slower growth in both longitudinal and transverse directions occurs that causes a slight 

blue shift of the SPR (Figure 2–5). 
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blue shift of LSPR on the time scale of several days. Addition of 
sodium sulfi de was shown to effectively suppress the post-syn-
thesis drifting of the LSPR peak. [  28  ]  Recently, Murray and cow-
orkers demonstrated tuning of LSPR through addition of aro-
matic salicylate additives as well as hydrochloric acid, which was 
explained through an effect on the micellar structure of CTAB 
during rod growth. [  33  ]  This method can produce higher aspect-
ratio gold nanorods with fewer spherical impurities, as can be 
seen in  Figure    2  a–d. Tuning of the nanorod plasmon can also 
be achieved by post-synthetic tip-selective oxidation. [  34  ,  35  ]  In this 
case a solution of gold (III) ions complexed with CTAB serves 

than 95% shape-yield of rods and allows one to reach aspect 
ratios up to 4.5 and LSPR peak close to 850 nm (Figure  1 b). The 
use of the dual-surfactant system can generate nanorods with 
an aspect ratio as high as 10 and LSPR up to 1300 nm through 
either aging of the growth solution or slow addition of gold ions 
after the initial growth (Figure  1 c). However, the level of sphe-
roidal impurity appears to be signifi cantly higher, as evidenced 
by absorbance peak ratio of less than 4:1 compared to 10:1 for 
the CTAB-only method.  

 A partial control of the plasmon peak location is possible by 
altering the concentration of silver nitrate and gold chloride. 
Increasing these concentrations led to higher wavelength LSPR 
peaks, but only up to a certain point, after which the opposite 
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to increased seed particle sizes which can lead to much larger 
amounts of spheroidal impurities. [  29–31  ]  This can be observed 
through the presence of a reddish hue in the seed solution. Fur-
thermore, slight variations in the ratio of ascorbic acid to gold 
chloride concentration in the growth solution can lead to large 

     Figure  2 .     Improved synthesis and fi ne-tuning of gold nanorods. TEM images (a)-(c) show rods synthesized in the presence of 5-bromosalicylic acid 
additive and HCl with added amounts of seed and silver nitrate solution, respectively, of (a) 0.4 mL and 48 mL, (b) 0.2 mL and 36 mL, and (c) 0.8 mL 
and 30 mL. Corresponding UV-Vis absorbance spectra (d) of rods in (a), (b), and (c) are shown in red, blue, and magenta, respectively. Reproduced 
with permission. [  33  ]  Copyright 2012 American Chemical Society. Pictures (e) and UV-Vis absorbance spectra (f) of gold nanorods during their gradual 
dissolution with HAuCl 4 . The extent of dissolution increases from right to left in both (e) and (f).  
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additive and HCl with added amounts of seed and silver nitrate solution, respectively, of (a) 0.4 mL and 48 mL, (b) 0.2 mL and 36 mL, and (c) 0.8 mL 
and 30 mL. Corresponding UV-Vis absorbance spectra (d) of rods in (a), (b), and (c) are shown in red, blue, and magenta, respectively. Reproduced 
with permission. [  33  ]  Copyright 2012 American Chemical Society. Pictures (e) and UV-Vis absorbance spectra (f) of gold nanorods during their gradual 
dissolution with HAuCl 4 . The extent of dissolution increases from right to left in both (e) and (f).  
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Figure 2-5. The GNR growth process: Evolution in the longitudinal SPR wavelength and 

GNR length and diameter as a function of the reaction time.40 

Growth of GNRs, both from the electrochemical methods and from seeded-growth, 

has been studied by monitoring optical absorbance spectra38 but the growth mechanism 

remains incompletely understood because of difficulty directly observing the synthesis under 

standard experimental conditions without modifications to facilitate analysis using by 

electrochemistry,38 small angle x-ray scattering (SAXS),41 X-ray absorption spectroscopy 

(XANES), atomic force microscopy (AFM),42 transmission electron microscopy (TEM) 

including cryo-TEM,43 and liquid-cell TEM. Computational studies using molecular 

dynamics and Monte Carlo methods have also been reported, but limited experimental data 

are available to validate the modeling results.44 

spherocylinders at short reaction times to rods with a dumbbell
profile, flattened end facets, and octagonal prismatic structures
with hemispheric end-cap at later stages. The various shapes
reported in the literature22,23 are thus a reflection of different
stages of a single process. The proposed growth mechanism
provides understanding of the structural details of Au NRs by
bridging the predominantly known structure with alternate
{100} and {110} side facets24,25 and the recent analysis
revealing higher-index facets, {250}, on the sides of the
rods.26,27

■ EXPERIMENTAL SECTION
Materials. CTAB was purchased from TCI America. HAuCl4,

AgNO3, sodium borohydride (NaBH4), and L-ascorbic acid were
purchased from Aldrich. Thiol terminated polystyrene (MW = 53k)
was purchased from Polymer Source.
Synthesis of Au NRs. The Au NRs were prepared according to the

seed growth method.1 Briefly, the seed solution was made by adding a
freshly prepared, ice-cold NaBH4 solution (0.6 mL, 0.01 M) into a
solution composed of HAuCl4 (0.025 mL, 0.1 M) and CTAB (10 mL,
0.1 M). The growth solution was prepared separately by mixing
HAuCl4 (500 μL, 0.1 M), AgNO3 (80 μL, 0.1 M), and CTAB (100
mL, 0.1 M), at room temperature. Next, ascorbic acid (550 μL, 0.1M)
was added to the growth solution as a mild reducing agent. Finally, 100
μL of the seed solution aged for 5 min was added into the growth
solution.

Arresting Growth. To look at the morphology of the growing
nanoparticles, the growth was arrested at different times via ligand
exchange and solvent transfer using modifications to previous
published approaches.2 An aliquot was drawn from the growth
solution and vigorously mixed with the same volume of THF
containing thiolated polystyrene (4 × 10−4 M) for 3 min. The solution
immediately became turbid. As PS-SH was attached to the surface of
the nanoparticles, the nanoparticles became insoluble in the water:
THF mixture and precipitated out, and then stuck to the surface of the
vial. Shaking the vial accelerated this process. The clear supernatant
was removed, and the residue was dried by blowing with N2 gas for 30
min. By adding toluene to the vial, the nanoparticles were completely
redispersed, creating a solution that was stable for at least a month.
This process enables isolation of seeds and nanoparticles from the very
earliest stage of the reaction (0−15 min) with no change in their
optical spectra. A total of 2 μL of the solution was taken immediately
after dispersing the particles in toluene to prepare the TEM sample
and deposited on a Formvar coated copper grid. Aging of arrested
particles in toluene could cause unwanted morphology changes and
bias the analysis. Therefore, it is critical to prepare the TEM grid
immediately after dispersing particles in toluene.

Characterization. UV−vis−NIR spectra were acquired with a
Cary 5000 UV−vis−NIR spectrophotometer. Morphology and mean
size of nanoparticles were determined by TEM (Philips CM200 LaB6
at 200 kV and FEI Cs-corrected Titan at 300 kV). For each sample,
more than 500 particles were measured to obtain the average size and
the size distribution. For the completely grown particles, low

Figure 2. Structural characteristics of Au NRs during growth. (a) The size distribution of seed particles arrested at 5 min of aging. (b) The size
(length and diameter) of growing Au NRs measured as a function of time when the growth is arrested and corresponding change of L-LSPR. (c) The
growth rate estimated from the first derivatives of optical intensity at 390 nm (dA/dt, red squares) and calculated from the change in volume of the
particle (dv/dt, blue circles). (d) The first derivatives of length (black squares) and diameter (red circles) as a function of time.
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To control the growth the GNRs, several important parameters need to be taken into 

account, such as the order of reagent addition, concentration of the reagents, crystallinity of 

Au seeds, pH, and reaction temperature. The following discussion provides more details 

information about the importance of these parameters. 

2.1.2.1. Effects of CTAB Surfactant 

Impurities in CTAB have been found to strongly influence the reproducibility of 

GNR synthesis.45-48 In 2007, Korgel and coworkers reported inconsistencies in the products 

obtained from the standard GNR synthesis when they used CTAB from different suppliers. In 

2008, they reported elemental analysis of CTAB by inductively coupled plasma mass 

spectroscopy (ICP-MS) and claimed that iodide impurities (concentrations of 2.75–840 ppm) 

in CTAB from different suppliers including Sigma, Fluka, MP Biomedicals, Acros and 

Aldrich, are responsible for the inconsistency in the GNR products (Table 2.1).46 According 

to their report, rod-shaped Au NPs cannot be obtained when the iodide impurity in CTAB 

exceeds 50 ppm. They also explained that iodide, which tends to adsorb onto the Au {111}49 

facets, will prevent the gold seeds from elongating into nanorods, which is often along the 

[100] direction. In 2010, Manohar and coworkers compared their impurity analysis and GNR 

synthesis results with Korgel’s reports by using the CTAB products from the same supplier. 

They claimed that iodide in CTAB varies for different lots of the same CTAB product 

supplier and lot-to-lot variations affect the final yield of rod-shaped Au NPs.47 They also 

found that the required concentration of AgNO3 in the reaction to achieve the same SPR 

wavelength depends on the amount of impurities in CTAB (Figure 2–6). Due to the 
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significant effects of impurities in CTAB on the final products of GNR synthesis, it is 

important to carefully select a “good” batch of CTAB to obtain a high yield of nanorods 

rather than spherical NPs. 

Table 2.1. Summary of GNR growth reactions using CTAB from various suppliers and the 

iodide concentrations measured by ICP-MS.46 

 

CTAB has a critical role in the synthesis of GNRs because it both directs anisotropic 

growth and stabilizes the GNRs in aqueous dispersions. The surface adsorption energy of 

CTAB on Au crystal facets increases in the order of {110}, {100}, {111}, which determines 

the structure of Au NPs.44 In GNR synthesis, a high concentration of CTAB is often used to 

ensure sufficient CTAB coverage, but CTAB is usually packed more densely on the sides of 

GNRs than on the ends because of preferential adsorption of CTAB on Au {110} planes and 

the lack of curvature on the sides.50,51 

9520 DOI: 10.1021/la900757s Langmuir 2009, 25(16), 9518–9524

Article Smith et al.

that an impurity was present in CTAB obtained from some
suppliers that prevented nanorod growth by the Ag(I)-assisted
approach.31 Figure 1 shows UV-vis absorbance spectra of the
colloidal Au product obtained when CTAB from various chemi-
cal suppliers was used in the synthesis. The long wavelength
plasmon peak at 700-800 nm is characteristic of Au nanorods
and samples with spectra that lack this long wavelength peak do
not contain nanorods. Table 1 summarizes the synthesis results
and the corresponding solid CTAB/iodide concentrations deter-
mined by ICP-MS. CTAB that did not yield nanorods had
significantly higher iodide concentration than CTAB that pro-
duced nanorods. The quantity “absorbance max ratio, ALPB/
ATPB” is the intensity of themaximum longitudinal plasmon band
absorbance divided by the maximum transverse plasmon band
absorbance and is indicative of the quality of the sample. Higher
absorbance ratios correspond to larger populations of nanorods.

To confirm that iodidewas indeed preventing nanorod growth,
potassium iodide (KI)was added in controlled amounts to growth
solutions with “good” CTAB prior to nanorod growth. Figure 2
shows absorbance spectra of the nanorod products obtained with
varying KI concentration. The longer wavelength plasmon peak
shifted to shorter wavelength as more KI was added to the
reaction, indicating that the nanorod aspect ratio was decreased
by increased I- concentration. The longer wavelength plasmon

peak was absent when iodide concentrations in the growth
solutions exceeded 0.57 μM, indicating that nanorods did not
form under these conditions. This iodide concentration agrees
with the ICP-MS measurements showing that the I- concentra-
tion in theCTABs that donotwork tomakenanorods fallswithin
a 0.57 to 860 μMrange on a per reaction basis (seeTable 1).When
iodide concentrations were further increased, above ∼1720 μM,
nanorods were observed to form again, but with relatively low
population and a large proportion of spherical nanocrystals.
Additionally, these nanorods formed well after 3 h, whereas the

Table 1. Summary of Nanorod Growth Reactions Using CTAB from Various Suppliers and the Iodide Concentrations Measured by ICP-MS

sample supplier and reported purity product no. nanorods?a [I-] (ppm)b
[I-](μm) in the Au

NR reactionc
absorbance max ratio,

ALPB/ATPB
d

A Sigma, ∼99% H6269 yes <2.75 <0.74 3.81
B Sigma, ∼99% H9151 yes <2.75 <0.74 3.21
C Fluka, g99% 52365 yes <2.75 <0.74 3.61
D Fluka, g99% 52367 yes <2.75 <0.74 2.63
E Fluka, g99% 52369 yes <2.75 <0.74 3.26
F Fluka, g96% 52370 yes <2.75 <0.74 2.41
G MP Biomedicals, >98% 194004 yes <2.75 <0.74 2.01
H Acros, g99% 22716 V no 57.68 15.52 0
I Sigma, g99% H5882 no 839.27 225.78 0
J Aldrich, 95% 855820 no 537.68 144.65 0
aNanorod formation as evidenced by the color of the solution (spheres are red, rods are light purple), the presence of the low energy plasmon peak at

700-800 nm in the absorbance spectra, and the observation of nanorods in TEM images. b Iodide concentration in solid CTAB measured by ICP-MS
after correction for all dilutions (per methods). Samples 1-8 had [I-] ppb levels below the detection limit of 1.35 ppb, which corresponds to a 2.75 ppm
limit when dilution factor corrected. cThe [I-] (μM) concentration in the (∼10mL) growth solutionwere calculated using the solid CTABconcentrations
[I-] (ppm) determined from ICP-MS. dAbsorbance max ratio, ALPB/ATPB is the intensity of the maximum longitudinal plasmon band absorbance
divided by the maximum transverse plasmon band absorbance and is indicative of the quality of the sample.

Figure 1. Absorbance spectra of Au nanorods synthesized by the
Ag(I)-assisted growth method with CTAB from ten different
suppliers as listed in Table 1: (A) Sigma (H6269); (B) Sigma
(H9151); (C) Fluka (52365); (D) Fluka (52367); (E) Fluka
(52369); (F) Fluka (52370); (G) MP Biomedicals; (H) Acros, (I)
Sigma (H5882); (J) Aldrich. The longwavelength peak at 700-800
nm is characteristic of Au nanorods and indicates that nanorods
formed in samplesA-G.Thepeak shifts to longerwavelengthwith
increasing nanorod length.

Figure 2. (a) Absorbance spectra and (b-e) TEM images of Au
nanorods synthesizedby theAg(I)-assisted growthmethodwithKI
added to the growth solution. The iodide concentration in the
growth solution is indicated next to each spectrum in (a).
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Figure 2-6. Variation with respect to the volume of AgNO3 used in the growth solution of (a) 

the extinction amplitude and (b) the wavelength of the peak absorbance of the longitudinal 

surface plasmon resonance.47 

2.1.2.2. Bromide Ion Effects 

  The bromide anion in CTAB is also important for forming rod-shape Au NPs. The 

interaction strength of halide ions with Au surfaces is F! < Cl! < Br! < I!.52,53 Among the 

halides, bromide binds to Au surfaces with an intermediate strength, while the stronger 

binding of iodide may inhibit growth of nanorods and results instead in the formation of Au 

nanoprisms.54 In previous studies, chemisorption of bromide on Au surfaces has been shown 

to cause preferential {100} and {110} faceting and is considered a good candidate for the 

formation of GNRs.52,55-59 The concentration of bromide ions is usually controlled by simply 

varying the CTAB concentration and by introducing additional bromide sources, such as KBr  

5054 DOI: 10.1021/la100166f Langmuir 2010, 26(7), 5050–5055

Article Rayavarapu et al.

It should be mentioned that even when nanorods are success-
fully synthesized, size reproducibility, manifested in variations in
the optical properties across theCTABproducts we studied leaves
much to be desired. Parts a and b of Figure 5 consolidate the
outstanding differences between the nanorods produced using the
variousCTABs.An important difference is the threshold volumes
of AgNO3 required to produce nanorods. In the case with Sigma
H5882, no nanorods are formed using 20 μL of AgNO3, in
contrast with the other two cases. Furthermore, the amplitudes
of the longitudinal plasmon peaks (Figure 5a) and their positions
(Figure 5b) are different in the three cases.

It is possible that these variations are due to the modulation of
the basic nanorod formation mechanism, by an interfering
process as explained by Smith et al.21 due to the presence of
iodide or other trace impurities which in our case are below the

detectable limits. Also, while utmost care was taken, it is not
possible to exclude variations in environmental conditions such as
in ambient temperature etc., uncertainties in experimental condi-
tions such as in seed aging times, in concentrations of components
taken, etc., which could be affecting various steps in the trajectory
followed for making the nanorods. These uncertainties would
propagate in complex ways which could affect the final results.

One is also encouraged to resort to tweaking concentrations of
various products added or fine-tune certain experimental condi-
tions, to get the nanorod products that are desired. This is
exemplified by a hypothetical situation, where had we stayed
with the case of 20 μL of AgNO3 solution in combination with
Sigma H5882 CTAB, perhaps we might have arrived at the same
conclusion as Smith et al.21 and not decided to investigate the
matter further.

Figure 4. Fornanoparticles synthesizedusing growth solutions carrying1.72μMpotassium iodide, (a) optical absorbance spectrumshowing
the solitary plasmon peak indicative of gold nanospheres and (b) scanning electron microscopy (SEM) image of the particles confirming
presence of nanospheres and nonformation of nanorods.

Table 1.Overview ofResults ofGoldNanorod Synthesis, fromThisWork and FromReference 21,UsingVarious CTABProducts with Their Iodide
Impurity Concentrations Measured Using ICP-MSa

supplier and purity product number

lot numbers nanorods [I-](ppm)

ref 21 this work ref 21 this work ref 21 this work

Acros g99% 22 716 B0116374 A02588881 no yes 57.68 <0.5
Sigma g99% H5882 055K0140 117K0732 no yes 839.27 <0.5
Fluka g96% 52 370 445709/110703248 436080836 yes yes <2.75 <0.5
Sigma ∼96% H9151 095K0187 018K35291 yes yes <2.75 <0.5
aThe lot numbers of products used in ref 21 were obtained from the authors of the article.

Figure 5. Variationwith respect to the volume ofAgNO3 used in the growth solutions of (a) the amplitude of the extinction coefficient at the
longitudinal plasmon peak, and (b) the position of the longitudinal plasmon peak.
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and NaBr.60 When CTAB is completely replaced by cetyltrimethylammonium chloride 

(CTAC),59,61,62 sphere-like Au NPs form because CTA+ ions act as stabilizers of the Au NPs, 

while the chloride counterions do not promote the formation of GNRs. If CTAB is partially 

replaced by a co-surfactant benzyldimethylhexadecylammonium chloride (BDAC), GNRs 

with higher aspect ratios form.30,63-65 However, when CTAC is used as co-surfactant, the 

yield of GNRs is decreased.64 When additional bromide ions are introduced in the reaction, 

the yield of GNRs may increase and result in the enhancement of the longitudinal SPR, 

which indicates a higher yield of rod-shaped NPs.29,59,66 The critical concentration of bromide 

ions for synthesizing GNRs has been studied. Brahim Lounis et al. reported that the excess 

bromide ions will block the growth sites (the end facets of the GNRs) and inhibit formation 

of rod shapes. From their report, the critical maximum bromide concentration is 130 mM 

(Figure 2–7).60 
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Figure 2-7. A plot of the longitudinal SPR vs. the bromide concentration in the reaction.60 

2.1.2.3. Effects of Silver Ion 

Ag+ has been used for growing single crystalline GNRs by electrochemical methods.7 

In the seed-mediated silver-assisted method, silver ions are introduced into the growth 

solution, and the concentration of AgNO3 can be adjusted to control the aspect ratio of 

GNRs. As a general rule, for GNRs with aspect ratios of 2–6, the aspect ratio increases as the 

concentration of Ag+ is increased. However, the role of the Ag+ in the growth of GNRs 

remains incompletely understood. There is a hypothesis that Ag+ will pair with Br- when 

CTAB and AgNO3 are mixed in the growth solution, causing decreased repulsion between 

the head groups of CTA+ and the surface of GNRs. The CTAB coatings are elongated along 

the long axis of GNRs.65 

in the presence of 50 mm NaBr, the longitudinal plasmon reso-
nance band appeared at 711 nm and this band further blue-
shifted with increasing amounts of bromide ions along with a
decrease in the relative intensity and finally the band com-
pletely disappeared at higher amounts of NaBr. This can again
be explained by the relative blocking of the growing facets of
the seed particles by the use of excess bromide ions. Increas-
ing bromide ions result in blocking the end faces, and thus, in
reducing the aspect ratio. At higher bromide concentrations
(say, !130 mm), all of the growing sites are completely
blocked, which prevents nanorod growth and the longitudinal
plasmon band disappears. However, the existence of a small
hump in the higher wavelength region of the absorption spec-
tra should be noted, which may be due to the electrolytic
effect. Eventually, nanorods were also prepared by varying the
ratio between CTAB and NaBr to maintain a final bromide con-
centration of 100 mm ; the corresponding UV/Vis/NIR absorp-
tion spectra were in agreement with the reaction performed in
a 100 mm CTAB solution (results not shown).

The data from Figure 1 (corresponding to the bromide con-
tent from CTAB medium only) and those from Figure 5 (corre-
sponding to the bromide content arising from CTAB medium
and externally added NaBr) are plotted in Figure 6. A nice cor-
relation between the change in LPR maximum and the total

bromide content in the medium is seen. These two independ-
ent sets of data points can be superimposed on a single linear
fitting with a very slight discrepancy that is most probably due
to experimental error. The results thus confirm that the posi-
tion of the LPR maximum of gold nanorods is dependent on
the bromide content in the medium irrespective of its origin.
More accurate correlation can be made by taking into consid-
eration the [bromide]/[HAuCl4] ratio, which is discussed in the
following section.

Taking all of the above-mentioned concentration changes
together, we report in Figure 7 the variation of the longitudinal

plasmon maximum with the [bromide]/[HAuCl4] ratio. These re-
sults clearly show that there is a crucial value of this [bro-
mide]/[HAuCl4] ratio (around 200) for which the longitudinal
plasmon band is maximum (775 nm) and then the nanorod
length is at a maximum. Beyond 200, there is a systematic
blueshifting of the longitudinal plasmon band as this ratio in-
creases, irrespective of the source of the bromide ions. Indeed,
again data for pure CTAB (Figure 7, ^) and those obtained for
the mixture of CTAB and NaBr fit well on the same graph
(Figure 7, *). This key role of bromide ratio illustrated herein is
also in good correlation with data obtained earlier by Jin
et al.[30] who observed a redshifting of the plasmon band for
ratios between 40 and 200 for CTAB alone (Figure 7, &) and for
a CTAB/NaBr mixture (Figure 7, N).

Thus, our approach is the first to provide evidence 1) for a
spectral change over such a broad range of [bromide]/[HAuCl4]
ratios; 2) that this shift in the longitudinal plasmon band is
strongly dependent on the bromide concentration, but inde-
pendent of the source of bromide ions, and 3) there is an opti-
mal ratio to get the highest aspect ratio for the nanorods. Fur-
thermore, the role of CTAB concentration should be stressed
because at a higher CTAB concentration (200 mm), even if the
variation of the [bromide]/[HAuCl4] ratio through variation of
HAuCl4 concentration results in a similar trend (Figure 7, ~),
the resulting nanorods exhibit a lower lLPR and thus a smaller
aspect ratio. These results definitely show that the critical ratio
between bromide and HAuCl4 is crucial for effective growth of
gold nanorods.

2.4. Bromide Ion Effects on Nanorod Growth Kinetics

Another important observation is the growth kinetics of nano-
rods by UV/Vis/NIR absorption studies, as shown in Figure 8.
The kinetics graphs are presented by plotting the integrated
absorbance (area below the absorption curves between 460
and 900 nm) as a function of time with a 100 mm CTAB solu-
tion and 8 ! 10"2 mm HAuCl4. The resulting curve exhibits a sig-

Figure 6. Variation of the LPR maximum with change in the bromide content
of the medium.

Figure 7. Variation of the LPR maximum with changes in the ratio between
bromide and HAuCl4 concentration.

198 www.chemphyschem.org " 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemPhysChem 2012, 13, 193 – 202

B. Lounis et al.
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Ag+ in the standard GNR synthesis cannot be reduced to metallic Ag on the Au 

surface. The pH of the growth solution is ~3 when ascorbic acid is added, and a pH of ~10 is 

required for reduction of Ag+.67 However, if under potential deposition (UPD) is considered 

as a reduction mechanism,68 the UPD shifts for Ag+ and Au system are 0.12, 0.17, and 0.28 

V for Au (111), Au (100), and Au (110), respectively. Thus, Ag+ tends to absorb on Au 

(110), where CTAB is also preferentially absorbed. Therefore, Ag+ also serves as a growth 

director.57  

2.1.2.4. Effects of Ascorbic Acid 

The reduction rate of Au ions depends on the concentration of ascorbic acid in the 

reaction and this two-steps reduction process requires at least [AA]/[Au(III)] = 1.5.59,66 Prior 

to seeding process, the two-electron donation from ascorbic acid first quickly reduces Au(III) 

to Au(I) in the growth solution, which is accompanied by a color change from dark orange to 

clear. After completing the seeding process, the second reduction (Au(I) to Au(0)) occurs 

more slowly, when Au(I) diffuses though the CTAB layer and is deposited on the Au surface.  

2.1.2.5. Effects of NaBH4 

Sodium borohydride (NaBH4) is a strong reducing agent and is sensitive to moisture. 

For reproducible results, a fresh and ice-cold dilute NaBH4 solution should be carefully 

prepared; aged and/or heated NaBH4 solutions give reduced yields of rod-shaped NPs.69 

Excess NaBH4 solutions should also be disposed of promptly, because H2 is a decomposition 

product that could cause a closed container to explode. 
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2.1.2.6. Tuning the Aspect Ratio of GNRs 

Based on the standard seed-mediated method, the aspect ratio of GNRs can be 

adjusted as follows: 

Increase Aspect Ratio: 

1. Increase the concentration of AgNO3.65  

2. Decrease the amount of amount of Au seeds added to the growth solution.70 

3. Increase the ratio of [BDAC]/[CTAB].30,65 

4. Add an aromatic acid (e.g., salicylic acid and its common chemical variants) to the 

growth soltution.70,71 

To achieve GNRs with lower aspect ratios, the concentration of AgNO3 can be 

decreased, or the amount of Au seeds can be increased. Krystian Kozek et al., reported a 

modified seed-mediated method with an additional continuous secondary growth that 

facilitates synthesis of GNRs with lower aspect ratios by adjusting the AA injection rate 

during secondary growth of GNRs.30 The pH of the growth solution is also an important 

parameter for adjusting the AR of GNRs, but adjusting the pH affects the growth mechanism 

in a complex manner that makes it difficult to predict the final aspect ratio of the GNRs.72-74 

Other methods are available beyond the standard seed-mediated growth method, for example 

combining CTAB and sodium oleate (NaOL).75 

2.2. Crystal Structures of GNRs 

The final crystal structure of GNRs is strongly affected by the initial crystal structure 

of the Au seeds and growth conditions, such as the reactants and capping agents.3,57,76 The 
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faceted shapes of GNRs can be determined by high-resolution transmission electron 

microscopy (HRTEM). The three relatively stable facets of an Au nanocrystal are {110}, 

{100} and {111}. Most of the current literature reports that there are {100} and {110} facets 

on the long sides of GNRs, while the ends have {100}, {110}, or {111} facets. Other studies 

have also been shown different side and end facets. For example, Joanne Etheridge and 

coworkers have reported a 3D HAADF-STEM tomography study, where they claimed that 

the GNR facets all belong to {0 5 12}.77 Kyoungweon Park and coworkers recently reported 

a comprehensive experimental study of the growth mechanism of GNRs through the seed-

mediated method, where they showed that the final GNR crystal structure has {250} side 

facets and {111} end facets (Figure 2–8).40 They also reported that the impurities (Au NPs 

with shapes other than rods) come from the Au seeds with only {111} facets, while the 

GNRs comes from the Au seeds with a mixture of the {111} and {100} facets. This result of 

the two populations (both in size and crystal structure) of Au seeds in the seed solution had 

also been reported by other groups.50,57,65 
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Figure 2-8. Scheme of the growth evolution of GNRs and impurities (Au NPs with shapes 

other than nanorods) and correlated TEM images.40 

 

medium. Therefore, the rate of side surface reconstruction is
balanced with the rate of atom addition on the edge of the rod
resulting in smooth and even side facets. It is known that
CTAB binds more strongly to the {110} side facets than {100}
because of higher surface energy due to larger interatomic
distances.28 When adatoms on a (111) facet move down to the
side, the (100) facet will be preferred relative to the (110) facet,
which is confined more by the CTAB bilayer. Thus the overall
shape of the rods at the end of this stage will reflect a truncated
square prism with larger {110} side facets. The end of the rod
exhibits the flat {100} facets which are bridged to {111} facets
along the edge of the rod terminus (stage IV).
In general, the anisotropic nanoparticles formed through

kinetic control are not stable, and they slowly transform into
the thermodynamically favorable shape through an aging
process which is mainly governed by thermodynamics.45 For
fcc crystals, the surface energy decreases in the order of {110} >
{100} > {111}. Given the ⟨001⟩ axial orientation of the fcc
lattice, the {110} facets will decrease while the {100} facets will
grow, transforming the cross section from {110} dominant to a
{100} dominant truncated square.45 However, an HRTEM
image (Figure 3c) of completely grown Au NRs (stage V)
reveals an octagonal cross-section with approximately equal
angles consistent with {250} side facets. The phase image
(Figure 3d) of the thickness profile is also consistent with
{250} surfaces, which confirms recent findings from other
groups.26,46 These crystallographic features are consistent with
structure reorganization occurring by continual adatom
migration on surfaces. At the atomic scale, the {250} plane
can be thought of as being composed of unit-cell-sized {120}
and {130} planes. These are intermediate toward the {100}
plane27 (Figure 3e). We speculate that at the final stage the side
facets go through surface reconstruction via surface step
migration that will progressively transform the cross-section,
rather than an abrupt geometric shift in the relative angle of the
facets. The local surface step density and distribution of lattice
termini will mesoscopically result in a gradually curved cross-

section with facets and relative angles that are on average
reflective of distinct crystal planes. In the course of this process,
{120} facets initially evolve, followed by {250} facets (Figure 3
f). This is consistent with the evolving cross sectional shapes of
rods at stage V (Figure 3g,h). The cross-section gradually
changes from truncated square to octagon. Figure 3g shows
side facets close to {120} that have developed on top of {110}.
The measured angle between the evolving facets is 149° which
is close to the theoretical value of 143° for two adjacent {120}
facets. Figure 3h shows a cross section of a Au NR at an even
later time. The measured angle is 138° which is approaching
the theoretical value of an octahedron (135°) and two adjacent
{250} facets (133.6° and 136.4°). It is noticeable that the
angles in different rods as well as within a rod show slight
distribution (<5%), consistent with the surface reconstruction
mechanism occurring slowly. This is in agreement with the
observed aging over months of the physiochemical properties
of rods in solution.
Finally, one could wonder why the growth does not proceed

all the way to the most thermodynamically stable {100} facets.
This could be ascribed to a more open and accessible structure
of the {250} facets, which allows greater local structural
flexibility and even rounding of the facets to decrease the stress
derived from the single-crystalline structure.26 Also, having an
octagonal cross section is more beneficial than a truncated
square to decrease the surface area and achieve lower surface
tension, hence the structure becomes more stable. Note that
the reconstruction at the end of the rods favors thermodynami-
cally stable {111} facets recovering the round hemispherical
end shape (stage V).
Scheme 1 summarizes the details of the complete growth

process. Ligand exchange and phase transfer enable the direct
observation of the morphological evolution of Au NRs at the
earliest times where anisotropy develops and the shape changes.
Our results provide insight into a number of crucial questions
regarding the growth mechanism of Au NRs. (1) The initial
shape distribution in seed particles is critical to determine the

Scheme 1. Complete Growth Process of Au NR and Impurities during Seed Mediated Growtha

aThe growth of Au NR in a CTAB-based growth solution showing the evolution of rods, spheres, and cubes from different crystal structure seed
upon the formation of a surfactant bilayer on different crystal facets at different growth stages due to a fine balance between kinetic and
thermodynamic factors. The scale bar in the TEM image is 100 nm.
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ABSTRACT: Gold nanorods (Au NRs) are the archetype of a
nanoantenna, enabling the directional capture, routing, and
concentration of electromagnetic fields at the nanoscale.
Solution-based synthesis methods afford advantages relative to
top-down fabrication but are challenged by insufficient precision
of structure, presence of byproducts, limited tunability of
architecture, and device integration. This is due in part to an
inadequate understanding of the early stages of Au NR growth.
Here, using phase transfer via ligand exchange with mono-
thiolated polystyrene, we experimentally demonstrate the
complete evolution of seed-mediated Au NR growth in
hexadecyltrimethylammonium bromide (CTAB) solution. Au
NR size and shape progress from slender spherocylinders at short
reaction times to rods with a dumbbell profile, flattened end facets, and octagonal prismatic structures at later stages. These
evolve from a single mechanism and reflect the majority of reported Au NR morphologies, albeit reflecting different stages.
Additionally, the fraction of nonrod impurities in a reaction is related to the initial distribution of the structure of the seed
particles. Overall, the observations of early and intermediate stage growth are consistent with the formation of a surfactant bilayer
on different crystal facets at different growth stages due to a fine balance between kinetic and thermodynamic factors.
KEYWORDS: gold nanorods, growth mechanism, seed-mediated growth, surface reconstruction

■ INTRODUCTION
Gold nanorods (Au NRs) are of intense technological interest
due to their broadly tunable surface plasmon resonances that
provide ways to manipulate electromagnetic fields at the
nanoscale.1 Recently, research has demonstrated routes for the
assembly of discrete colloidal Au NR clusters, providing even
greater control of optical responses and near field coupling via
the hybridization of local surface plasmons.2−4 The resulting
strong field confinement and nonlinear optical effects are being
examined for ultrasensing, imaging, data storage, solar energy
conversion, and opto-electronics.5,6 Structural features of the
Au NR, such as aspect ratio, shape of the end, and tapering of
the sides, are crucial for controlling the intrinsic physicochem-
ical properties as well as the quality of the assembly.7−9

Substantial efforts have therefore been made to develop
methods that provide control over the size, shape, and
crystallographic facets of colloidal Au NRs with high
monodispersity.9,10 Nonetheless, the growth mechanism,
especially at the earliest times where a spherical Au seed
transforms into a rod, is still poorly understood, and thus limits
the ability to refine synthetic procedures and additives to
improve the yield of nanostructures with precise architecture
and minimal dispersity.

Most of the suggested mineralization mechanisms involve a
preferential interaction of surfactant molecules with the
crystallographic facets along the rod side, thus providing the
rod ends more access to the reaction medium for growth.11

Additives, such as AgNO3, are known to assist in selective
binding and packing of hexadecyltrimethylammonium bromide
(CTAB) by decreasing the repulsion between the CTAB
headgroups.9 UV−vis spectroscopy,12,13 small-angle X-ray
scattering,14 atomic force microscopy,15 and transmission
electron microscopy (TEM) of particles arrested during
growth16 provide some interesting perspectives on the
evolution from an isotropic seed to an anisotropic rod. For
example, the longitudinal localized surface plasmon resonance
(L-LSPR) reaches its lowest energy (longest wavelength) very
early in the rod growth (10−20 min) and subsequently blue
shifts toward the visible over the next 50−60 min.12 This
behavior of the L-LSPR implies that the seed particles rapidly
achieve their largest aspect ratio, and as growth continues the
aspect ratio decreases. Since the aspect ratio is defined as the
ratio of length to width, this implies that the seed grows very
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2.3. CTAB as a Stabilizer for GNR Suspensions 

The SPR is highly sensitive to dielectric environment of the surrounding medium, 

including coupling with other GNRs. The stability of GNR suspensions can be assessed by 

examining their absorbance spectra. When CTAB-stabilized GNRs are not stable in aqueous 

suspension, they are susceptible to agglomeration, which results in a shift in the SPR 

wavelength, and the full width at half maximum (FWHM) of SPR absorption band often 

increases.  

We have already discussed the importance of CTAB for determining the final crystal 

structure of GNRs. However, the structure of CTAB itself on the surface of GNRs is not 

completely understood. CTAB coatings on GNRs are usually described as a bilayer structure 

on the surface of GNRs, where the hydrophilic head-group of CTAB is solvated by water on 

the exterior of the GNR, and the hydrophobic tail-groups of CTAB face each other.78-80 

Murphy’s group reported that the CTAB bilayer structure is formed via zipping or epitaxy 

(Figure 2–9).78,81 

A very high initial concentration of CTAB (>> CTAB critical micelle concentration 

of ~0.9 mM) is often required for seed-mediated GNR growth. After completing GNR 

synthesis, the excess CTAB, which is not bound to the GNRs, is usually removed. The 

cytotoxicity of CTAB is a challenge for biomedical applications of GNRs.31 A minimum 

concentration of CTAB is needed to stabilize GNRs and prevent irreversible agglomeration, 

however, in the absence of other stabilizers.82 The most common method for removing 

excess CTAB from the stock GNR solution is centrifugation. Furthermore, the stability of 



 

 33 

GNR suspensions depends not only on the absolute CTAB concentration, but on the molar 

ratio of CTAB to GNRs (~7.4 × 105).82 

 

Figure 2-9. Cartoon depicting formation of the CTAB bilayer on GNRs through zipping.78 

2.3.1. Thermal Stability—Heat Induced Shape Transformation 

The thermal stability of NPs depends strongly on their surface coatings. CTAB 

coatings stabilizing GNRs in aqueous dispersions, and the stability of CTAB on the GNR 

surface during heating is very important for determining the stability of GNRs at elevated 

temperatures. El-Sayed and coworkers studied the thermal stability of GNRs and the CTAB 

structure on GNRs via thermal gravimetric analysis (TGA) and Fourier transform infrared 

spectroscopy (FTIR).79 They showed that as the CTAB bilayer is gradually removed from the 

monium headgroup alone is not sufficient to direct
nanoparticle growth into rods, or all of the surfactants
would have yielded nanorods. The general trend is that,
as the length of thealkyl chain is increased,higher-aspect-
rationanorods canbeobtained.Figure2showshistograms
of the nanoparticle aspect ratio that correspond to the
TEM images of Figure 1.

For C10TAB, 96% of the gold nanoparticles were
spherical (aspect ratio 1) and only 4% were short rods
(aspect ratio 2-3), even after centrifugation to remove
nominal nanospheres. No higher aspect ratio nanorods
were found in samples in which ∼400 nanorods at a
minimumwere counted.ForC12TAB,after separation from
the spheres, 92% of the nanoparticles were low-aspect-
ratio (5 ( 2) nanorods, with 8% of the nanospheres
remaining (it becomes easier to separate the nanorods
from the spheres the longer the nanorods are). For
C14TAB, the aspect ratio of the resulting gold nanorods
after separation from the spheres was 17 ( 3, with an
additional22%of theparticles countedhaving loweraspect
ratios (5-13). For C16TAB, the surfactant we had used
previously to control the gold nanorod aspect ratio up to
∼20,13 the data are consistent with what we had before
for the longest rods possible with an aspect ratio of 23 (
4. C18TAB was also used as a directing agent, but because
its solubility in water is only 5% of the other surfactants,
it is problematic to directly compare the results. In the
case of C18TAB, a few nanorods of medium (∼10) aspect
ratiowere obtained, but other irregular shapesdominated
the nanoparticle size distribution. In the case of CnTAB
for n ) 10-16, the nanoparticle width was constant (25
( 2 nm) and the length of the longest nanorods increased
with surfactant alkyl chain length (Figure 3). We note
that another paper in the literature reports the same
general phenomenon thatwe observe: gold nanoparticles
made photochemically in the presence of CnTA+Cl- show
higher aspect ratio materials for larger n.20

Electronic absorption spectra were acquired for gold
nanoparticles of varying aspect ratios (Figure 4). For gold
nanospheres, as in the case forC10TAB, the plasmonband

appears at 528 nm, as expected. Higher aspect ratio
nanoparticles show both transverse and longitudinal
plasmon bands,2,5,6,10,18 and the longitudinal band moves
into the near-IR region the longer the nanorods are. In
our samples, the transverse plasmonband, corresponding
to the absorption/scattering of light along the short axis
of the nanoparticles, was still ∼520 nm, slightly blue-
shifting for increasing aspect ratio in accord with others;2

the longitudinal plasmon band, corresponding to the
absorption/scattering of light along the long axis of the
nanoparticles, moved from 820 nm (for aspect ratio 5 (
2 gold nanorods made with C12TAB) to ∼1800-2200 nm
(broad, for aspect ratio 17 ( 3 gold nanorods made with
C14TAB) and beyond 2200 nm for aspect ratio 23 ( 4 gold
nanorods made with C16TAB. These samples were ex-
tensively purified to yield “pure nanorod” spectra with no
contribution from the spheres; during the course of the
separation,however,manyrodsare lost, andso the spectra
for the high aspect ratio rods are for very dilute solutions
that slowly precipitate out over time.

We also examined the surfactant cetylpyridinium
chloride, C16PC, as a directing agent for gold nanorod
growth. In this molecule, the cetylpyridinium headgroup
is larger and more anisotropic in shape compared to the
alkyltrimethylammonium headgroup of the other sur-
factants. The counterion is also different. The synthetic
procedure to make gold nanoparticles using C16PC pro-
duced no nanorods whatsoever (Figure 5). Instead, in
addition to gold nanospheres, triangles, pentagons, and
hexagonswere observed, in roughly equal proportionsand
of similarwidths, likely corresponding in threedimensions
to tetrahedra, dodecahedra, and icosahedra of gold.

What is the mechanism of growth control in these
nanomaterial syntheses?OurpreviousworkwithC16TAB
andgoldnanorods suggested that, duringnanorodgrowth,
preferential adsorption ofC16TAB to the different crystal
faces of gold led to the inhibition of growth along the long
axis of the rods and, therefore, enhanced growth at the

Figure 6. Cartoon illustrating “zipping”: the formation of the bilayer ofCnTAB (squiggles) on the nanorod (black rectangle) surface
may assist nanorod formation as more gold ions (black dots) are introduced.
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outer to inner layers at elevated temperature, the GNRs reshape at a temperature of ~300 °C 

(ambient atmosphere), at which the CTAB is no longer able to stabilize GNRs.  

Reshaping of GNRs at elevated temperature and/or under high intensity laser 

irradiation has also been studied experimentally and computationally.83-90 The transition 

shapes of the reshaped GNRs are either Φ-shaped (depicted in Figure 2–10c) or low aspect 

ratio (shorter and wider) rod-shaped intermediate Au NPs. Stability of the surface, including 

the structure of the CTAB coating and internal defects, such as twins and stacking faults, is 

of key importance for determining the (in)stability of GNRs at elevated temperatures (Figure 

2–10). For many applications, reshaping of GNRs (which is accompanied by a blueshift in 

the SPR) is not desirable. Therefore, additional surface modifications beyond the native 

CTAB coatings are desirable for enhancing the thermal stability of GNRs, such as silica 

overcoatings. 
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Figure 2-10. Schematic of the process for reshaping of GNRs from (a) rod-shaped to (d) dot-

shaped with a transition of Φ-shaped Au NPs because of the internal twin defects.83 

  

This probably occurs in less than 30 ps (the measured melting
time of the gold nanorods).24
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Chapter 3. Multifunctional Gold Nanorods  

Applications of GNRs often require further functionalization and surface 

modification of the original CTAB-stabilized GNRs to enhance their performance and 

stability in applied environments, such as in cell culture and organic solvents, and at high 

temperature. In this chapter, multifunctional GNRs, PEGylation, SiO2 overcoating and 

magnetic overcoating are introduced. Furthermore, partial surface coatings of GNRs, such as 

Janus and patchy GNRs, are also discussed. 

3.1. Introduction to Surface Modification of Nanoparticles 

The physical properties of noble metal nanostructures are dominated by surface 

effects due to their high surface area to volume ratio. For example, for a 2 nm spherical Au 

NP, ~52% of the ~220 Au atoms are on the surface, while a 2 cm bulk Au spherical particle 

has only ~ 5.2×10-6% of its Au atoms on the surface. Thus, surface effects strongly affect the 

properties of Au NPs when they interact or couple with other materials.1 For example, The 

native CTAB coating is often capped or replaced with molecules such as polyelectrolytes,2 

poly(ethylene glycol) (PEG)3,4 and 11-mercaptoundecaonic acid (MUDA)5 to enhance the 

their biocompatibility and chemical reactivity for further conjugation for medical 

applications. The main three common purposes for surface modification of GNRs are 

summarized, as follows. 

Phase Transfer. 

Au NPs are often synthesized in aqueous media with charged stabilizers, such as 

citrate or CTAB. A phase transfer step based on the surface modification via ligand exchange 
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or ion pairing is required to bring NPs from aqueous to organic media.6-9 For example, Andy 

Wijaya and Kimberly Hamad-Schifferli reported a simple and efficient round-trip phase 

transfer ligand exchange method, where GNRs are capped with dodecanethiolate (DDT), 

which allows transfer from aqueous to organic media, where they undergo further place-

exchange with biomolecules, such as thiolated DNA.8 

Decreasing Toxicity. 

The toxicity of many kinds of NP core materials and surface coatings is a major 

concern for biomedical or environmental applications. CTAB coatings on GNRs are 

especially concerning because of their cytotoxicity.10-17 In suspensions of CTAB-stabilized 

GNRs, excess CTAB in water is considered the main source of the toxicity when the 

concentration of free CTAB (not bound to GNRs) is at least ~0.2-0.3 × 10!! M.11 Removing 

free CTAB and/or completely exchanging CTAB with non-toxic capping agents such as 

polyelectrolytes has been found to significantly decrease the toxicity. 

Self-assembly. 

In many cases, assembled NPs with tunable spacing between particles, arrangements 

with long-range order, alignment, or other unique patterns can impart novel properties that 

are distinct from bulk materials and individual NPs. Self-assembly of NPs is also a low-cost 

approach for creating complex or three-dimensional patterns.18 In the case of CTAB-

stabilized GNRs, selective functionalization of the end and side facets of the GNRs has been 

investigated for forming tip-to-tip or side-by-side assembled-GNRs, which causes redshifts 

or blueshifts of SPR of GNRs, respectively (Figure 3–1).19-21  
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Figure 3-1. TEM images of (a) side-by-side and (b) tip-to-tip GNR assemblies.22 

3.1.1. Strategies for Functionalizing Nanoparticles  

There are many methods for surface modification of GNRs, such as silane coupling, 

polymer grafting, click chemistry, and ligand exchange. 

Silane Coupling. 

Functionalization with silianes is often used to improve the compatibility between 

NPs and polymers and to enhance the dispersibility of NPs in solvents.23 Commonly used 

silanes include 3-(trimethoxysilyl)propyl methacrylate (MPS), aminopropyltrimethoxysilane 

(APS), 3-aminopropyltrimethoxysilane (APTMS), and tetraethyl orthosilicate (TEOS). They 

react with hydroxyl (OH) groups on the NP surface, which are present once a layer of SiO2 

has been deposited.  

Polymer Grafting. 

Polymers are often grafted to or from NPs to provide additional stabilization in 

different media. In “grafting to” approaches, presynthesized, end-functionalized polymers 

interact with the surface of interests, whereas in “grafting from,” the polymer chains are 

and end-to-end motifs, respectively
(see the Supporting Information).

To complement the Au NRs
modified either in the end or in the
sides with ABs, we also synthesized
their analogues carrying MC-LR-
OVA antigen. The same strategy to
prepare the NRs modified by MC-
LR-OVA on the sides and in the
ends was used.

Transmission electron micros-
copy (TEM; Figure 2) indicated
that side-modified complementary
NR-MC-LR-OVA and NR-AB
building blocks assemble in a dis-
tinct ladder pattern within
20 minutes. The combination of
NRs with covalently bound ABs
and NR-MC-LR-OVA in the ends
gave nearly perfect chains in the
same period of time (Figure 2),
which is characteristic for most
antibody–antigen immunocom-
plexes. Both NR patterns have
certainly been observed in the
past, but a high degree of control
for each motif was still problem-
atic.[21] Selective attachment of
ABs makes possible the accurate
manipulation of assembly geome-
tries, including the distance
between NRs.[26] It should also be
mentioned that excellent stability of both ladder and chain
superstructures was observed in aqueous dispersions for
weeks.

Both motifs can be, in principle, used for MC-LR
detection. With the increase of the MC-LR concentration in
the solution, the toxin molecules compete with the MC-LP-
OVA antigen immobilized on NRs. Therefore, progressively
dominant presence of NR monomers is observed (Figure 2).

NR chains made from end-modified NRs can be approxi-
mated in terms of optical properties as nanowires (NWs),[41,42]

which can be confirmed by the great similarity of their UV/
Vis spectra.[43] The effect of MC-LR addition can thus be
described as drastic reduction of a NW aspect ratio. The
longitudinal surface plasmon peak of the newly formed much
shorter rods shifted toward the blue part of the spectrum and
increased in amplitude, while the transverse plasmon peak
remained unchanged both in wavelength and amplitude.
When the concentration of the MC-LR was 100 ng mL!1, the
original longitudinal peak at 900 nm almost disappeared and a
new longitudinal peak at 700 nm appeared (monomers). The
transverse plasmon peak did not change (Figure 2; Support-
ing Information, Figure S2) due to constancy of the diameter
of the nanowire-like aggregates, whether they are assembled
or not, which agrees with numerical simulation.[12, 29] This
observation also confirms that the transition of NR to chains

and back does not involve any side-by-side assembly which
would cause apparent “fattening” of the NRs. Similarly, with
the increase of the MC-LR in the side-to-side assemblies, the
longitudinal surface plasmon peak shifted to longer wave-
length while the transverse peak shifted to shorter wave-
length, indicating apparent “fattening” of the NRs.

Optical phenomena associated with the NR assembly
transitions can be used as a powerful technique for environ-

Figure 1. Toxin detection method with a) side-by-side and b) end-to-
end nanorod assemblies. The numbers 1–4 denote routes for nanorod
assembly.

Figure 2. a,b) Representative TEM images for side-to-side and end-to-end nanorod assemblies.
c,d) Evolution of surface plasmon resonance spectra of the nanorods upon increasing concentrations
of microcystin-LR (MC-LR) indicated in the graph for side-to-side and end-to-end assemblies.
e,f) Graphical representation of a plasmon system and corresponding nanowire approximation for
side-to-side and end-to-end NR assemblies.

Angewandte
Chemie

5473Angew. Chem. Int. Ed. 2010, 49, 5472 –5475 ! 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org



 

 45 

directly grown and assembled from an initiator-terminated surface.24,25 Due to steric effects, 

grafting to and grafting from approaches can often give different surface coverages. 

Click Chemistry. 

The concept of click chemistry is to efficiently link molecules without the use of 

highly reactive intermediates and high temperatures. For example, the Cu (I)-catalyzed 

azide/alkyne-click (CuAAC) reaction between a terminal azide and an alkyne is a common 

method for surface modification of Au NPs.26,27 Murphy’s group used copper-catalyzed 1,3-

dipolar cycloaddition to anchor an acetylene-functioned trypsin onto azide-functionalized 

GNRs (Figure 3–2).28  

 

Figure 3-2. Schematic of click chemistry of azide-functionalized gold nanorods.28 

Ligand Exchange. 

 Replacing the native ligands on NPs with other ligands is known as ligand exchange. 

The size and type of the original ligands are selected for not only controlling the size of NPs 

during synthesis and stabilizing the NPs but also for modifying the molecule packing 

densities on the NPs (Figure 3–3).29,30 Thiols are commonly used as incoming ligands for Au 
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NPs because semi-covalent Au-S bonds have a high bonding energy (~44 kcal mol-1) that 

makes them relatively stable.31 

 

Figure 3-3. (a) Graphical depiction30, (b) drawing of the definition of the deflection angle 

and (c) plot of the effects of deflection angles on Au NP size diameter.29 

3.2. PEGylation with PEG-thiol 

Surface modification of NPs with poly(ethylene glycol) (PEG), PEGylation, is widely 

used for biomedical applications. Many applications involving PEG have been FDA-

approved, and PEGylated Au nanoshells, which have been commercialized by Nanospectra 

Biosciences, are in the process of FDA-sanctioned clinical trials.32 PEG is a widely used 
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BLs in the synthesis of Au NPs results in smaller core
sizes, sharpens the size distribution, and alters the
discrete sizes. Batches of Au NPs were synthesized
using equimolar amounts of AdSH, CySH, or C6SH.
Analysis by transmission electron microscopy (TEM)
reveals that BLs provide smaller, more monodisperse
sizes. As the bulkiness increases, the near-infrared
luminescence increases, which is characteristic of the
smallest Au NPs.72,73 Four new discrete sizes were
measured by MALDI-TOF mass spectrometry, Au30-
(SAd)18, Au39(SAd)23, Au65(SCy)30, and Au67(SCy)30. No
Au25(SAd)18 was observed, which suggests that this
structure would be too sterically crowded.

RESULTS AND DISCUSSION

Effects of Bulky Ligands. Size measurements by TEM
(Figure 1) reveal larger average diameters and relative
standard deviations (in parentheses) for the C6S-stabi-
lized NPs of 2.18 nm (0.36), compared with 1.53 nm
(0.26) and 1.47 nm (0.28) for the CyS- and AdS-
stabilized NPs, respectively. Histograms of the di-
ameter measurements are presented in the Support-
ing Information, Figure S1. Both the average size and
relative standard deviation are smaller for the bulky
CyS- and AdS-stabilized NPs than for C6S-stabilized
NPs, which is consistent with the proposedmechanism
for termination of growth when the radius of curvature
increases such that additional BLs cannot be accom-
modated. This mechanism assumes that a high density
of Au!S bonds is favorable, which would tend to
sterically block delivery of Au to the core. If a high
density of Au!S bonds was not favored, then more
sparse coverage of the bulky thiolatesmight compensate

for the large steric size, thus allowing the NPs to continue
growing. Given that growth terminates at small sizes, we
conclude that a high density of Au!S bonds is indeed
favored. According to the TEM measurements, the sizes
and size distributions of CyS- and AdS-stabilized NPs are
quite similar, which implies that the core size may be
reduced in more of a stepwise rather than continuous
manner as the ligand bulkiness increases. Mass spectro-
metry measurements, however, show that stabilization
by !SCy gives larger discrete sizes than !SAd.

Measurements of the optical absorbance (Figure 2)
are consistent with the TEM size analysis. The C6S-
stabilized NPs show the emergence of a weak surface
plasmon resonance absorbance band, and the absor-
bance spectra for !SCy and !SAd stabilization are
featureless and nearly identical. The CyS- and AdS-
stabilized samples luminesce in the near-infrared (NIR)
spectrum (Figure 2), and the luminescence intensity
correlates with the steric size of the ligand: !SC6 <
!SCy < !SAd. Such NIR luminescence is characteristic
of the smallest thiolate-stabilized Au NPs (generally
consisting of fewer than∼100 Au atoms), and the lumines-
cence intensity generally increases as the size decreases.73

Therefore, the AdS-stabilized sample appears to be

Figure 1. TEM images of Au nanoparticles synthesized
using (a) n-hexanethiol (C6SH), (b) cyclohexanethiol
(CySH), and (c) 1-adamantanethiol (AdSH).

Figure 2. Absorbance and photoluminescence spectra
(450 nm excitation) acquired in toluene. The small dip in
the luminescence near 1150 nm arises from absorption
caused by the third overtone of the C!H stretching vibra-
tion. The luminescence intensities were normalized to the
absorbance at 450 nm.

Scheme 1. Graphical depiction of the effects of bulky ligands (BLs) on nanoparticle size.
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otides per particle for a given radius, r (Scheme 2A).
Calculating the Average Deflection Angle between

Oligonucleotides. The average deflection angle between
oligonucleotides attached to the AuNP is directly re-
lated to the radius of curvature of the nanoparticle and
illustrates the spatial arrangement of the strands as
well as how this arrangement is dependent upon the
AuNP radius (Scheme 1). To calculate the deflection
angle between two oligonucleotides on the nanoparti-
cle surface, the above assumptions were used, along
with two additional ones. For these calculations, we as-
sume that the oligonucleotides adopt a rod-like orien-
tation. To test the validity of this assumption, dynamic
light scattering measurements were used to determine
the approximate length of the oligonucleotides at-
tached to the AuNPs (Figure 3). On average, the oligo-
nucleotides were estimated to be 9 nm in length, simi-
lar to the expected value if modeled as rod-like,
extended structures (rod-like ssDNA, approximately 10
bases/3 nm, is expected to be shorter than fully out-
stretched 13.4 nm long single-stranded DNA due to
coiling).13,14 Additionally, we modeled the oligonucle-
otide footprint as a circular area (Scheme 2B) which was
used to calculate the deflection angle between oligonu-
cleotides using eqs 2 and 3:

R )!
2

K
π

(2)

Deflection (deg) ) [2R
r ] × 180

π
(3)

where R represents the radius of the footprint approxi-
mation on the nanoparticle surface, K is the footprint of
the oligonucleotide on the AuNP surface, and r is the
average radius of the nanoparticle. Deflection angles
were determined for all particle sizes studied and pla-
nar gold (Table 1, column 5, and Figure 5).

Deriving an Equation for Predicting the Loading of
Oligonucleotides on Gold Nanorods. Quantitatively predicting
surface coverage for a rod is more difficult than a
sphere. A rod is a cylindrical body with two flat ends.15

One must take this geometry into account with
weighted contributions from the curved and planar
portions of the structure. The surface area of a rod can
be calculated using eq 4:

SA(rod) ) 2πr2 + 2πrl (4)

where r is the radius of the rod and l is the length of
the rod. To approximate the number of oligonucle-
otides on the rod, the two end segments (represented
by 2!r2) were assumed to be flat planar surfaces where
oligonucleotides have an average footprint of 17.5
nm2. While they are not perfectly flat (rms roughness
" 15 nm), AFM studies show that these are best mod-
eled as flat rather than curved surfaces.15 Second, we
did not include contributions from adsorption of oligo-
nucleotides on the edges of the cylinder ends. Third, we
approximated the footprints of the oligonucleotides
on the outer wall of the cylinder (not the ends) as an el-
lipse. To do this, we used the radius of the nanorod to
assign a spacing parameter for oligonucleotides at-
tached to the curved surface of the rod in bands
(Scheme 3). The data presented in Table 1 were used
to relate the radius of a nanoparticle to the average
footprint diameter for an oligonucleotide around the
circumference of the rod. This derivation yielded the re-
lationship shown in eq 5.

Length of Ellipse (nm) ) 2 *!
2

3.3618 ln r + 0.1616
π

(5)

To estimate the spacing down the long axis of the
rod, we assumed that the oligonucleotides experi-
enced a situation similar to a flat surface, where the

Figure 2. Oligonucleotide density determined as a function
of AuNP diameter. The gray line represents oligonucleotide
loading on a planar gold surface.

Figure 3. Diameter determined by dynamic light scattering
measurements. The values presented above are the average
of three separate measurements.

Figure 4. Oligonucleotide deflection angle as a function of
AuNP diameter.
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Scheme 1.
Drawing illustrating how the radius of curvaure of the AuNP affects the interaction between
neighboring oligonucleotide strands. This interaction is represented by the deflection angle
between the oligonucleotides.
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polymer that is available over a large range of molecular weights and many different kinds of 

terminal functional groups. The terminal functional group, PEG chain length, and amount 

added all critically affect PEGylation of NPs. Stability of PEGylated NPs over long times is 

important for many bio-imaging and drug delivery applications, where NPs may need to 

diffuse through tissue to reach targeted cells and would then ideally be eliminated from the 

body. PEGylated NPs have been characterized by transmission electron microscopy (TEM), 

optical absorbance spectroscopy, thermogravimetric analysis (TGA), nuclear magnetic 

resonance (NMR), Raman spectroscopy,33 asymmetric flow field fractionation (A4F)34 and 

dynamic light scattering, including zeta potential measurements. However, quantitative 

information about the number or density of ligands present on the surface of NPs and the 

thickness and morphology of PEG coatings is still difficult to obtain through current 

characterization methods. 

3.2.1. Considerations for PEGylation 

The number of ethylene oxide repeat units in PEG can be calculated by dividing the 

average molar mass by 44 g/mol, the molecular weight of ethylene oxide. PEG with 

molecular weights of 1000-5000 g/mol is often selected for PEGylating NPs. Poly(ethylene 

glycol) methyl ether thiol (mPEG-SH) is often used for PEGylating Au NPs because of the 

high affinity for thiol to bind to the Au surface. An excess amount of mPEG-SH is required 

to quickly complete PEGylation and to maximize coverage on surface of Au NPs. For 

example, the following calculation provides an estimate of the amount of PEG needed to 

PEGylate GNRs. If GNRs are treated as cylinders, 80 nm in long and 20 nm in diameter, 
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with the assumption of the typical maximum coverage of alkanethiols molecules bound to the 

Au surface (4.5×1014 molecules/cm2),35, then ~25000 PEG-SH molecules are needed for each 

GNR. Thus, for ~6 ×10-11 mol of GNRs contained in our 100 mL synthesis, at least ~1.5 ×10-

6mol of PEG molecules (corresponding to 1.5 mg of 1000 MW mPEG-SH) are needed to 

cover the GNRs with mPEG-SH. The thickness of PEG coatings is shorter than the length of 

the PEG chains because their arrangement on the surface of NPs depends on the surface 

coating density. There are two main conformations of PEG coatings: mushroom or brush 

(Figure 3–4). The brush conformation is generally more effective at shielding NPs because 

of the higher density of surface coverage, which often imparts higher stability in biological 

environments.6,36  

 

Figure 3-4. PEG conformations on the NP surface include (a) low-density mushroom and (b) 

high-density brush type configurations.36 
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blood pool concentration for longer periods of 
time (by enhancing recirculation). Larger NPs in 
the 50–100-nm range are frequently coated with 
smaller lengths of PEG (3400–10,000) because 
further increases in hydrodynamic radius could 
shorten t½ [12]. Kidney excretion of unconjugated 
PEG decreases as a function of molecular weight, 
but liver uptake increases [12]. Mori and Huang, in 
1991, reported that liposome circulation time with 
PEG5000 is significantly longer (7 h) than PEG2000 
or PEG750 (~1 h) [93]. Some reports indicate that 
larger Mw PEGs produce longer t½ on QDs [94–96]. 
The larger a PEG, the fewer copy numbers can be 
loaded onto a NP in mushroom conformation. 

Important exceptions to the general struc-
ture shown in FIGURE 1C include star PEG, branch 
PEG and comb PEG [97]. Branch PEGs have 
one to three pendent PEG units deviating from 
a central backbone annealed to the NP surface, 
while star PEGs have several branches emanat-
ing from a central point. Branch PEGs result 
in carbon nanotubes with t½ values of 21 h [98]. 
NPs with blended PEG chains (two different 
PEG types on the same NP) are also common 
and typically involve a high-density short PEG 
(Mw = 2 kDa) for stealth and a lower density, 
longer (Mw = 5 kDa; ratio 1:5) PEG for attaching 
targeting ligands and preventing loop formation 
in the longer components [99]. 

 n PEG terminus
The terminal end of the polymer indicated 
as R2 in FIGURE 1C influences in vivo behavior. 
Whitesides compared PEG with different ter-
minal groups and identified that a PEG meth-
oxy or alcohol terminus reduced nonspecific 
binding of the model proteins lysosyme and 
fibrinogen to self-assembled monolayers of 
alkane thiol repeats by orders of magnitude 
compared with non-PEGylated or alternative 
terminus [100,101]. mPEG is so ubiquitous that 
it is often implied when an investigator men-
tions PEG. Nevertheless, a broad range of PEG 
types are commercially available, including halo, 
azido, sulfo and thiol derivatives [102]. 

As the cell surface is negative, coating NPs 
with a negative charge (thiol or carboxyl) causes 
fewer phagocytotic events than positive charges 
(amine) [31]. Others have studied simple hydroxyl 
for reducing nonspecific binding [103]. Termini 
other than methoxy are most commonly used 
to localize a succimide-, maleimide- or alkyne-
reactive group on the end of the PEG to facilitate 
later binding of a secondary targeting ligand via 
amine, thiol or click chemistry, respectively [104]. 
One problem is steric crowding. At coating den-
sities below the brush threshold, the reactive site 
can sometimes be hidden deep inside the mush-
room coil, which prevents secondary linkage (see 
‘Ligands’ section). 

 n Linkage to NP 
After selection of the proper PEG, the next 
consideration is annealing it to the NP surface. 
Both covalent and noncovalent approaches are 
used. For solid NPs, such as gold, thiol binding 
is the classic approach where a sulfhydryl-capped 
PEG chain adheres to the gold surface [105]. 
To increase stability, the Mattoussi group and 
others have deployed multidentate ligands 
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Abstract Services indicates a progressive 
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number of monomers (n); see EQUATION 1. 
PEG: Polyethylene glycol.
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Figure 4. Gold spherical nanoparticle with two types of polyethylene glycol 
modifications. Polyethylene glycol orientations on the nanoparticle surface 
include (A) low-density mushroom configurations and (B) high-density brush-type 
arrangements. 
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blood pool concentration for longer periods of 
time (by enhancing recirculation). Larger NPs in 
the 50–100-nm range are frequently coated with 
smaller lengths of PEG (3400–10,000) because 
further increases in hydrodynamic radius could 
shorten t½ [12]. Kidney excretion of unconjugated 
PEG decreases as a function of molecular weight, 
but liver uptake increases [12]. Mori and Huang, in 
1991, reported that liposome circulation time with 
PEG5000 is significantly longer (7 h) than PEG2000 
or PEG750 (~1 h) [93]. Some reports indicate that 
larger Mw PEGs produce longer t½ on QDs [94–96]. 
The larger a PEG, the fewer copy numbers can be 
loaded onto a NP in mushroom conformation. 

Important exceptions to the general struc-
ture shown in FIGURE 1C include star PEG, branch 
PEG and comb PEG [97]. Branch PEGs have 
one to three pendent PEG units deviating from 
a central backbone annealed to the NP surface, 
while star PEGs have several branches emanat-
ing from a central point. Branch PEGs result 
in carbon nanotubes with t½ values of 21 h [98]. 
NPs with blended PEG chains (two different 
PEG types on the same NP) are also common 
and typically involve a high-density short PEG 
(Mw = 2 kDa) for stealth and a lower density, 
longer (Mw = 5 kDa; ratio 1:5) PEG for attaching 
targeting ligands and preventing loop formation 
in the longer components [99]. 

 n PEG terminus
The terminal end of the polymer indicated 
as R2 in FIGURE 1C influences in vivo behavior. 
Whitesides compared PEG with different ter-
minal groups and identified that a PEG meth-
oxy or alcohol terminus reduced nonspecific 
binding of the model proteins lysosyme and 
fibrinogen to self-assembled monolayers of 
alkane thiol repeats by orders of magnitude 
compared with non-PEGylated or alternative 
terminus [100,101]. mPEG is so ubiquitous that 
it is often implied when an investigator men-
tions PEG. Nevertheless, a broad range of PEG 
types are commercially available, including halo, 
azido, sulfo and thiol derivatives [102]. 

As the cell surface is negative, coating NPs 
with a negative charge (thiol or carboxyl) causes 
fewer phagocytotic events than positive charges 
(amine) [31]. Others have studied simple hydroxyl 
for reducing nonspecific binding [103]. Termini 
other than methoxy are most commonly used 
to localize a succimide-, maleimide- or alkyne-
reactive group on the end of the PEG to facilitate 
later binding of a secondary targeting ligand via 
amine, thiol or click chemistry, respectively [104]. 
One problem is steric crowding. At coating den-
sities below the brush threshold, the reactive site 
can sometimes be hidden deep inside the mush-
room coil, which prevents secondary linkage (see 
‘Ligands’ section). 

 n Linkage to NP 
After selection of the proper PEG, the next 
consideration is annealing it to the NP surface. 
Both covalent and noncovalent approaches are 
used. For solid NPs, such as gold, thiol binding 
is the classic approach where a sulfhydryl-capped 
PEG chain adheres to the gold surface [105]. 
To increase stability, the Mattoussi group and 
others have deployed multidentate ligands 

1200

1000

800

600

400

200

0
1990 1995 2000 2005 2010

C
ita

tio
ns

Year

PEG repeats (n)

Fl
or

y 
ra

di
us

 (n
m

) 15

10

5

0
0 100 200 300 400 500

PEG2000

PEG5000

PEG20,000

A

B

Figure 3. Polyethylene glycol background. 
(A) The number of literature citations for 
‘nanoparticle + PEG’ as determined by Chemical 
Abstract Services indicates a progressive 
increase in the last decade. (B) The Flory radius 
of the PEG coil increases as a function of the 
number of monomers (n); see EQUATION 1. 
PEG: Polyethylene glycol.

A B

Figure 4. Gold spherical nanoparticle with two types of polyethylene glycol 
modifications. Polyethylene glycol orientations on the nanoparticle surface 
include (A) low-density mushroom configurations and (B) high-density brush-type 
arrangements. 



 

 49 

3.2.2. PEGylation Procedures 

 As much excess CTAB from the as-synthesized GNR solution should be removed as 

possible before PEGylation to achieve efficient surface modification. Two cycles of 

centrifugation at 10,000 g for 20 minutes can remove most of the excess CTAB, while 

leaving enough CTAB to stabilize the GNRs in aqueous solution. The conventional method 

for PEGylating GNRs is to mix an excess amount of mPEG-SH with the purified GNR 

solution for a day. After completing the reaction, multiple centrifugation cycles are required 

to remove CTAB and excess mPEG-SH in the solution. The dispersibility of PEGylated 

GNRs in buffer solution (PBS) and in polar solvents such as alcohol, dimethylformamide 

(DMF), tetrahydrofuran (THF), and dichloromethane (DCM) is enhanced in comparison with 

the dispersibility of CTAB-stabilized GNRs in those solvents. Moreover, Khlebtsov and 

coworkers reported that PEGylated GNRs can be freeze-dried, stored as powder, and then 

easily redispersed in water or PBS buffer.37 

3.3. SiO2 Shell Overcoating 

Sol-gel chemistry involves reactions to form a colloidal suspension (sol) and gelation 

of the sol into a network in a continuous liquid phase (gel). Sol-gel chemistry is commonly 

applied to deposit SiO2 through hydrolysis and condensation reactions (Figure 3–5). 
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Figure 3-5. Hydrolysis and condensation reactions to form SiO2. 

Metal alkoxides (M+ RO-) are the most popular kind of precursor for sol-gel process 

because they easily react with water. Non-metal alkoxides are also used as precursors, for 

example, tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) are common SiO2 

precursors. The silica source, catalyst, H2O/Si molar ratio, reactant concentration, pH, 

temperature and reaction time are all important levers in sol-gel synthesis of SiO2. In sol-gel 

chemistry, hydrolysis can occur without use of a catalyst, but the catalyst accelerates the 

reaction. The molar ratio of the H2O to Si affects the rate of hydrolysis; a higher value of this 

ratio usually results in a higher hydrolysis rate. However, the lower silicate concentration for 

high H2O/Si molar ratios results in longer gelation time. In addition to the above factors, 

alcohol is often used to facilitate the reaction because water and alkoxides are immiscible. 

 As mentioned previously, the catalyst (either acid or based catalyst) has an important 

role in the reaction kinetics because of their strong influence on the charge states of the 

reactants. In general, for acid catalysis, the final product is primarily a linear or branched 

polymer resulting in gelation. On the other hand, under base catalysis, the final product is 

Si 
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primarily branched clusters. Thus, pH value of reaction solution, which dictates acid or base 

catalysis, is an important factor in determining the final SiO2 structure. At pH below the 

isoelectric point of SiO2 (IEP = 2.0), the silica species become positively charged, and the 

charge density increases as the pH decreases. When the pH is above the IEP of silica, the 

silica species become negatively charged (silicates), and the charge density of silicates 

increases as pH increases. For 2 < pH < 7, negatively charged silicates can assemble with 

positively-charged surfactants via electrostatic and hydrogen-bonding interactions. For pH 

greater than 7, silicates with high negative charge densities can only assemble with the 

cationic surfactants through strong electrostatic interactions (Figure 3–6). For formation of 

SiO2 nano/microstructures using template methods 10 < pH < 12 is favored to prevent 

dissolution of silicate because of the strong electrostatic interactions in silicate – cationic 

surfactant composites.38-40 
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Figure 3-6. The effects of pH on the silica condensation rate and charge density on the 

surface of the silica species.38 

Sol-gel methods can modified to formation SiO2 NPs and shells. SiO2 overcoatings 

on NPs are usually based on the Stöber method (alcohol–water media) or microemulsion 

method (water-in-oil or oil-in-water media). The Stöber method is suitable for NPs stable in 

aqueous dispersios, such as CTAB-stabilized GNRs, while the microemulsion method 

(water-in-oil) is often used for NPs dispersed in non-polar solvents, such as quantum dots 

with hydrophobic coatings in organic solvents.  
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In the silica condensation reaction,

–Si–O! + HO–Si– - –Si–O–Si– + OH! (1)

the condensation rate would increase with the negatively
charged silicates because of favored nucleophilic attack in
eqn (1). Thus, the condensation rate shows parallel pH beha-
vior as charge density in Fig. 1 for pH o 7.5. However, the
condensation rate reaches a maximum and decreases for
pH 4 7.5 because of the gradual instability of silicates at
higher pH. In most of the syntheses of MSNs, the reaction
was performed above pH = 10.5 where silicates would have been
dissolved in aqueous solution. Due to strong interactions
between silicates and cationic surfactants, the surfactant–
silicate composites can stably exist to a higher pH (up to 12)
rather than silicate dissolving (Fig. 1). Consequently, Mann’s
group9 and Lin’s group15 employed a fast pH-changing method
using pre-hydrolysis tetraethyl orthosilicate (TEOS) to prepare
MSNs. For example, at a pH around the isoelectric point of
silica (pH E 2.0), the slow silica condensation rate and weak
interactions between silicate species and cationic surfactants
provide appropriate conditions for the formation of silica–
surfactant nuclei without precipitation (Fig. 2). By quickly
raising the pH to the 6.0–9.0 range, the fast silica condensation
and strong electrostatic interactions between silica and cationic
surfactants induce the fast simultaneous assembling-growth of
the silica–surfactant nuclei. The particle size of the MSNs can
be controlled in the range of tens to a few hundred nanometers
by tuning the reactants concentrations. In addition, meso-
porous silica nanospheres and nano-rods can be synthesized
by using different mixtures of the cationic surfactant and salts
via this simple pH-changing process.16 This synthetic method
has been also used to prepare metal-incorporated MSNs with
higher accessibility demonstrating a greater catalytic capability
than the micrometer-sized mesoporous metal–silicates.16

Good suspension of MSN

There is a high tendency for the aggregation of surfactant–silica
nanoparticles, in particular when surface silanols are active
condensation reaction species for forming Si–O–Si bridging

bonds between nanoparticles. Reducing aggregation is critical
for the preparation of a stable colloid solution of MSNs. The
high dilution method can be applied to prepare a stable colloid
solution of the mesoporous silica nanoparticles in the range of
tens to hundreds of nanometers.9 However, collection of MSNs
from a highly-diluted solution requires considerable time and
energy. In order to reduce the irreversible aggregation of MSNs
during synthesis, the direct contact of silanol groups should be
prevented. Suzuki et al. used a binary surfactant mixture of a
cationic surfactant as a mesostructural directing agent and a
non-ionic triblock polymer (Pluronic F127, EO106PO60EO106) as
a steric stabilizer (entropy effect) to synthesize MSNs.17 Pluronic
F127, anchoring to the cationic surfactant–silicate nanoparticles
and suppressing grain growth, is a way to prepare a stable colloid
solution of MSNs with a diameter below 50 nm in a relatively
concentrated solution. The aggregation among the primary
particles was reduced by coating them with the co-surfactant
F127 (Fig. 3).18 Other surface protecting agents, such as PEG,19

triethanolamine (TEA)20 and the amino acid L-lysine21 have been
used in stabilizing and reducing the size of MSNs.

Modified Stöber method

In 1968, Stöber et al. first discovered an effective method for the
synthesis of monodispersed silica particles, which involves the
hydrolysis of tetraalkyl silicates in a mixture of alcohol and
water using ammonia as a catalyst.22 The ‘‘Stöber method’’ has
since been investigated widely, and subsequently particles with
diameters ranging from tens of nanometers to a few microns
have been obtained. With the Stöber method, excellent control
can be obtained not only in the synthesis of silica particles but
also in that of non-silica ones.23,24 Based on a Stöber-like
approach, it is possible to synthesize mesoporous silica nano-
particles of a uniform size by modifying the reaction com-
positions. Grun et al. first modified the Stöber synthetic
compositions by adding a cationic surfactant to the reaction

Fig. 2 Fast self-assembling method for the preparation of mesoporous silica
nanoparticles by cationic surfactant as template.

Fig. 1 Effects of pH value on the silica condensation rate, charge properties and
charge density on the surface of the silica species.
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Stöber Method. 

In 1968, Stöber et al., reported a simple method for synthesizing spherical SiO2 NPs 

with a narrow size distribution through the hydrolysis and condensation of tetraethoxysilane 

(TEOS) in a mixture of water, alcohol, and ammonia.41  

Reaction Process: 

(1) Hydrolysis   Si(O2H5)4 + 4H2O ↔ Si(OH)4 + 4C2H5OH 

(2) Condensation   Si(OH)4 ↔ SiO2 + 2H2O 

(1) + (2) Total Reaction   Si(OC2H5)4 + 2H2O ↔ SiO2 + 4C2H5OH  

The dimensions of the monodispersed particles obtained through the Stöber method 

range in size from tens of nm to a few µm. In 1997, Unger and coworkers modified the 

Stöber method by adding amphiphilic templating agents, e.g. alkyltrimethylammonium 

halides.42 This was the first time cationic surfactant was used in the Stöber method to 

facilitating formation of sub-µm spherical SiO2 particles. Since then, the use of different 

surfactants as templates to prepare porous and sub-µm and nm-sized SiO2 particles and shells 

has been widely studied.43  

Depositing SiO2 overcoatings on NPs is attractive because silanes allow for further 

functionalization with a wide range of functional groups, and SiO2 overcoatings are 

biocompatible and have good thermal stability. SiO2 NPs and overcoatings have been widely 

studied. For example, the porous structure of the SiO2 shell increases the SiO2 surface area 

and prevents the NP cores from agglomerating. The lack of chemical or electrostatic affinity 

between SiO2 and Au causes difficulty in overcoating Au NPs with SiO2 without an adhesion 
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layer in between; therefore, a template (e.g., cationic surfactants) between SiO2 and Au is 

often used. This template usually serves not only to allow silicate deposition but also 

stabilizes the Au NPs in suspension. Moreover, the morphology of the template on the Au 

surface also plays an important role in determining the uniformity of SiO2 overcoatings.  

Other templates have also been used for deposition of SiO2 deposition onto GNRs, 

such as polystyrene sulfonate (PSS), poly(allylamine hydrochloride) (PAH), (3-aminopropyl) 

trimethoxysilane (APS),44-47 and CTAB micelles.48,49. Among these templates, cationic 

CTAB both the native stabilizer used to synthesize GNRs and is a suitable template for SiO2 

growth. Therefore, selecting CTAB as the template simplifies SiO2 overcoating on GNRs 

because no additional surface modification of GNRs is needed, and the thickness of the SiO2 

shell can be tuned by adjusting the CTAB concentration, TEOS concentration and reaction 

time (Figure 3–7).49,50 The SiO2 shell causes a redshift in the longitudinal SPR band that can 

be measured by optical absorbance spectroscopy and will increase as the shell thickness 

increases. However, when the shell becomes so thick that optical scattering dominates, a 

blueshift is observed.44   
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Figure 3-7. TEM images of porous SiO2-coated GNRs after (a) 1 hr, (b) 10 hr, and (c) 500 hr 

reaction time.49 

Microemulsion Method. 

Microemulsions can be obtained from ternary mixtures of oil, water, and 

surfactants.51,52 Among the various classes of microemulsions, the water in oil (w/o) 

microemulsion has been studied for the synthesis of the inorganic NPs. It should be noted 

that both w/o microemulsions and inverse micelle are agglomerates that contain a small 

amount of water in a non-polar phase. The difference between them is the concentration ratio 

of water to surfactant (W0 = [H2O]/[surfactant]), where microemulsions occur when W0 > 15 

and inverse micelles are obtained when W0 < 15. The microemulstion-mediated synthesis of 

SiO2 is based on the alkoxide sol-gel method, where alkoxides diffuse through the oil 

continuous phase into the water, where the hydrolysis and condensation reactions take place 

(Figure 3–8). Microemulsions (w/o) in conjunction with the Stöber method and silane 

coupling have been used to prepare SiO2-coated metallic, magnetic,53 and semiconductor 

reaction that resulted in the ∼15 nm thick mesoporous silica
coating on the Au NRs can be observed in Figure 2c, taken
after 500 h of reaction time. Corresponding measurements
of the Si/Au ratio taken by inductively coupled plasma atomic
emission spectroscopy of the Au NRs were used to further
investigate the development of the mesoporous silica coating
as a function of reaction time (Figure 3). Consistent with
the electron microscopy images, the Si/Au ratio increased
in the initial ∼18 h of the reaction after which the Si/Au
ratio became stable. The Si/Au ratios were stable for a
minimum of 3 weeks after the initiation of the reaction.
CdSe/ZnS core/shell QDs synthesized in octadecylamine

were used to investigate whether the same silica-coating
procedure could be applied to nanoparticles synthesized in
organic solvents without a native CTAB coating. Monodis-
perse CdSe/ZnS core/shell QDs capped with octadecylamine
were synthesized according to a previous method23 and were
transferred to water using CTAB.22 The transfer of the QDs
to water using CTAB was determined to be a key step for
successful growth of silica coatings on individual QDs. Sub-
optimal transfer of QDs into water can result in the formation
of QD clusters, which will lead to encapsulation of multiple
QDs with the silica coating. After removal of excess CTAB
from the water solution, the silica coating was grown on the
QDs in a similar manner as in the case of the Au NRs. TEOS
was injected into the pH-adjusted solution containing the
CTAB-transferred QDs and stirred for several days. The

morphology of the silica coating (shell thickness, pore size,
and silica wall thickness) on the QDs was found to be similar
to that on the Au NRs (Figure 4), although the QDs were
significantly smaller and had higher curvatures than the Au
NRs.
To demonstrate that the morphology and the thickness of

the mesoporous silica coating can be altered, additional silica
layers were deposited using the Stöber method.15 For
controlled and homogeneous deposition of TEOS on the
mesoporous silica layer without the nucleation of free silica
particles, the CTAB surfactant must be completely removed
from the surface of the mesoporous silica coating.4,9 To do
this, the silica-coated nanoparticles were washed a minimum
of 5 times by centrifugation and redispersion in methanol.
The removal of the adsorbed positively charged CTAB
surfactant from the surface of mesoporous silica-coated Au
NRs was confirmed using zeta potential measurements. With
no washing, the adsorption of the cationic surfactant leads
to a positively charged surface of ∼ +50 mV. The gradual
removal of the CTAB surfactant after 3-4 washings is

Figure 2. TEM images of mesoporous silica-coated Au NRs after (a) 1 h, (b) 10 h, and (c) 500 h.

Figure 3. Ratio of Si/Au as a function of TEOS reaction time for
mesoporous silica deposition on Au NRs. Time zero is taken to be
after the final injection of TEOS to the Au NR solution.

Figure 4. STEM images of mesoporous silica-coated CdSe/ZnS
QDs. (a) TEM image and (b) SEM image.

Nano Lett., Vol. 8, No. 1, 2008 371
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NPs.54 The most widely studied type of SiO2-coated NPs is CdS/ZnS quantum dots,54 for 

which the shell thickness has been varied by either increasing the amount of water at a given 

precursor concentration or by increasing the precursor concentration at a given concentration 

of water. The shell thickness has been shown to depend linearly on the concentration of water.  

 

Figure 3-8. Scheme of the proposed mechanisms for SiO2 growth on quantum dots: (A) SiO2 

growth without ligand exchanges. (B) Trioctylphosphine oxide (TOPO) is exchanged with 

TEOS, and SiO2 is grown onto the quantum dot surface.54 

TEOS is polymerized from the QD surface (shown in Figure
8B). The TEM micrographs do not show any trace of a tensid
“transition layer” and, thus, support the second mechanism.
Because no ligand exchange is needed with the first
mechanism, this observation supports the second. In conclu-
sion, the mechanism could not be clearly elucidated, and
more investigation is required; however, in our opinion, the
“exchange mechanism” seems more plausible.

Conclusions

In conclusion, a new, straightforward, one-pot method for
homogeneous silica coating of single QDs was presented and
investigated. Different reaction conditions for the micro-
emulsion synthesis were studied, and it was found that with
optimized conditions, highly monodisperse silica coatings
can be prepared. In contrast to a previously published,
“Stöber”-based method,29 the procedure is very robust against
slight changes with the reaction parameters and the purity
of reactants. Furthermore, it can be easily scaled-up and no

purification steps are required during preparation of the silica
shell. It was not possible to elucidate the encapsulation
mechanism completely, but the experimental results point
in the direction of a ligand-exchange/phase-transfer mech-
anism. The resulting nanoparticles could be used for further
silica growth and assembly of photonic structures, for
biolabeling, or for other applications.
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Figure 8. Scheme of the proposed mechanisms for silica growth on QDs: (A) Silica growth without ligand exchange. (B) TOPO is exchanged with TEOS
and subsequently transferred into the water pool, and silica is grown on the QD surface.
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3.4. Overcoating with Magnetic Shells 

The shape anisotropy of GNRs is potentially useful in several applications, such as 

self-assembly using magnetic fields to direct and align magnetic-overcoated GNRs. The 

magnetic free energy consists of four main terms: exchange energy, magnetostatic energy, 

magnetocrystalline anisotropy, and the Zeeman energy. The magnetization direction of the 

sample is determined by minimizing the magnetic free energy, which depends on external 

magnetic fields and the sample magnetization. Magnetic materials often enter local rather 

than global minima of the magnetic free energy due to energy barriers in switching the 

magnetization direction, which gives rise to hysteresis in ferromagnets. Under certain 

conditions, minimization of the magnetic free energy may give rise to alignment of 

anisotropically shaped samples or to assembly of GNRs. Both of these arrangements would 

affect the SPR of the GNR cores.  Therefore, magnetic field-directed self-assembly may be 

used to manipulate the optical properties of GNRs.  

Achieving magnetic-overcoated GNRs via thermal decomposition and deposition of a 

Fe precursor onto GNRs can be challenging, if a temperature is exceeded, at which GNRs 

undergo thermal reshaping. For synthesizing iron oxide NPs by thermal decomposition 

methods,55 mixtures of iron precursors, such as iron pentacarbonyl, Fe(CO)5 or iron(III) 

acetylacetonate, Fe(acac)3, and oleic acid and/or oleylamine are heated to ~300 °C in organic 

solvents with high boiling points and then aged for a period of time at high temperature. A 

method for iron oxide overcoating of dodecanethiol-stabilized Au NPs has been reported.56 

However, there are very few reports of overcoating magnetic materials onto GNRs. Murphy, 
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et al. reported a wet-chemical method by first modifying the surface of GNRs with 

poly(sodium 4-styrenesulfonate) (PSS) and then depositing iron oxide by mixing PSS-coated 

GNRs with iron salts (FeCl2 and FeCl3).57 

3.5. Janus and Patchy Nanoparticles 

NPs with two distinguishable “faces” are known as Janus NPs (named for the two-

faced Roman god, Janus), and patchy NPs have two or more types of faces present on 

multiple sites of the surface of the NP. The faces here can be different types of materials, 

such as metal or polymers coatings, or distinct crystalline facets and/or types of physical 

states, such as hydrophobic, hydrophilic, or charged regions. Janus and patchy NPs can be 

programmed to self-assemble into structures with higher order by controlling environmental 

variables or my applying external electrical or magnetic fields. Computer software can be 

used to predict the assembly of Janus and patchy NPs and to aid in their design, so that they 

may assemble into predetermined structures. 

Many techniques are available for synthesizing Janus and patchy NPs, such as 

chemical functionalization by attaching molecular linkers, partial shell formation by liquid 

phase deposition, and chemical vapor deposition (CVD) and physical vapor deposition 

(PVD) of metals onto the surface of NPs.  
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Chapter 4. Applications of Gold Nanorods  

The SPR of GNRs makes them useful for many applications, such as biomedical 

applications, energy transfer, and surface-enhanced Raman spectroscopy. This chapter 

provides an overview of applications of GNRs. 

4.1. Biomedical Application 

In order to a material to be classified as biocompatible, it must be non-toxic, non-

immunogenic, non-thrombogenic and non-carcinogenic. Bulk gold is one of the very first 

biocompatible materials and has been successfully used for repairing cranial defects. For Au 

NPs, however, cytotoxicity becomes a serious concern for biomedical applications. Based on 

research reports on cytotoxicity and immunotoxicology of Au NPs, Au (I) and Au (III), Au 

NPs with a biocompatible surface coating are considered to be biocompatible for biomedical 

applicaitons.1 

The aspect ratio of GNRs can be widely varied, resulting the capability to adjust the 

SPR absorption band over a wide range of wavelengths, including an optical window, where 

tissue and blood are relatively transparent; that is, the penetration depth of light in tissue and 

blood will be maximized. The absorption wavelength of the optical window is estimated by 

combining the absorption spectra of blood, containing oxyhemoglobin (HbO2) and 

deoxyhemoglobin (Hb), water, and melanin, containing eumelanin and pheomelanin in the 

human epidermal layer of skin (Figure 4–1). 

Therefore, GNRs are favorable nanomaterial for biomedical applications not only 

because of the biocompatibility of Au but also because the aspect ratio and optical properties 
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of GNRs are tunable. In the following sections, applications in photothermal therapy, 

biosensing, cancer imaging, and drug delivery are discussed. 

 

Figure 4-1. Optical window of blood.2-4 

4.1.1.  Photothermal Therapy 

Photothermal therapy is a relatively new technique for killing tissue, such as tumors. 

The effects of heat on tissue can be described by three major categories, depending on the 

treatment temperature: irreversible injury treatments (> 48 °C), hyperthermia treatments (41–

48 °C), and diathermia treatments (heat is generate via high-frequency electric current, 

temperature < 41 °C). In order to prevent damage to surrounding healthy cells under high-

temperature treatment, it is important to localize heating at tumors during heat treatment. 

When NPs are preferentially delivered to tumors, known as targeting, they can serve as heat 
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transducers to locally heat tumors. Two kinds of targeting have been developed, passive and 

active targeting, which depend the NP size and surface functionalization. NPs in bloodstream 

will be trapped at the site of cancer cells because the blood vessels near tumors are leaky, 

with pore sizes of 200 nm to 1.2 µm. Therefore, NPs are small enough to go through the 

pores and nonspecifically reach the cancer cell, which is known as passive cancer cell 

targeting. When NPs are functionalized with specific surface coatings such as antibodies, 

peptides, or cancer cell receptors, they can be delivered specifically to the tumor, based on 

the chemical affinity, which is called active targeting.5,6 

In photothermal therapy, GNRs convert light into heat, which kills cancer cells. This 

is also known as plasmonic photothermal therapy (PPTT). El-Sayed and coworkers first 

reported the study of GNR-assisted photothermal therapy in 2005.7 Since then, many aspects 

of photothermal therapy have been investigated, including surface modification of GNRs 

control of the intensity and duration of the illumination.7-13 The light source for photothermal 

therapy is usually a laser beam whose wavelength matches the SPR bands of GNRs. The 

intensity and the duration of laser exposure are critical during photothermal treatment 

because the duration of the increased local temperature is very short before heat is dissipated 

into the surroundings and must be hot enough to damage the targeted tissues.14,15 A short 

pulse laser in picosecond (ps) range is often selected, and the laser power needs to be 

carefully selected for photothermal therapy. It is important to know the local temperature at 

the sites of local heating, where GNRs have been targeted, to avoid overheating. Several 

methods have been reported for measuring the temperature, but obtaining high sensitivity and 
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spatial resolution remains challenging. Currently, the surface temperature of the treatment 

area can be directly measured by infrared camera8,14,16 or an integrated intravascular 

ultrasound and photoacoustic signal detector.17 The temperature can also be calculated 

indirectly from variations in the luminescence intensity from thermosensitive fluorescent dye 

molecules attached to the GNRs, such as perylene,15 Eu-TTA,18 Rhodamine B,19,20 Alexa 

Fluor 64721 or fluorescent protein.22 

4.1.2. Sensing 

Au NPs are well suited for biosensing applications because of the high sensitivity of 

the SPR wavelength to the environment of the NP. For example, in colorimetric assays, 

presence of an analyte can drive agglomeration of Au NPs, which is detected as a change in 

the optical absorbance spectrum. Since the longitudinal SPR of GNRs is extremely sensitive 

to the changes of their dielectric properties of the surrounding medium, GNRs are used as 

probes for genosensors for HIV-related DNA sequences or biomarkers via monitoring the 

change of the light-scattering signals and the shifting of SPR.23-30 Changes in the plasmon 

coupling determined by the size of the gaps between assembled nanorods is an another 

method for detecting DNA using GNRs.31 

4.1.3. Biomedical Imaging 

Biomedical imaging allows direct visualization or indirect monitoring of tissue in the 

body. Conventional imaging techniques include magnetic resonance imaging (MRI), 

computed tomography (CT), positron emission tomography (PET), and ultrasound. When 

GNRs are incorporated as optical absorption/scattering contrast agents, the image contrast 
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and the signal-to-noise ratio can be both enhanced. GNRs can substantially improve the 

resolution of tissues/cells with optical coherence tomography (OCT) and photoacoustic 

tomography (PAT) techniques.32-34 Other well-known biomolecular imaging techniques, 

including surface-enhanced Raman spectroscopy and two-photon luminescence image will 

also be introduced later. 

4.1.4. Drug Delivery  

In comparison with larger drug carriers, the large surface area to volume ratio of NPs 

allows enhanced drug loading. Surface functionalization of NPs with certain functional 

groups (e.g., thiols, carboxylic acids) or biomolecules (e.g., amino acids, proteins, DNA) 

allows for active targeting of specific kinds of cells, such as cancer. Targeting with NPs 

allows selective delivery of higher doses to the tumor, which reduces side effects of drugs, 

such as nausea, vomiting and bone pain. The SPR of GNRs can also be exploited to enhance 

the rate of drug release under illumination; therefore, GNRs are an excellent candidate for 

drug delivery and further cancer therapy.35-39 

4.2. Catalysis 

Catalysts drive chemical reactions by lowering the activation energy for the reaction. 

In nature, enzymes are a common type of catalyst for biochemical processes. NPs have been 

used to catalyze hydrogenation, low-temperature CO oxidation, aerobic alcohol oxidation 

and NOx reduction reactions. Due to the large surface area to volume ratio of NPs, they 

provide more reactive sites per unit mass than bulk materials, which enhance their catalytic 

behavior. The completely filled d-band electron configuration of Au gives it a high ionization 
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potential, and Au was initially considered a poor material for hydrogenation and oxidation 

reactions. However, when Au NPs became widely available, they become a great candidate 

of catalysis and have been applied for pollutant degradation.  

Heterogeneous catalysts using Au NPs are common, where Au NPs are deposited on 

support materials, such as metal films or other particles (TiO2, SiO2, Al2O3, MgO, CaO, ZrO2, 

Fe2O3). Haruta et al. (in 1987) first reported that Au NPs smaller than 5 nm are very effective 

catalysts for CO oxidation.40 Following research showed that the reaction temperature can be 

decreased to ~200 K, which provides energy savings over traditional Pt/Pd NP catalysts. 

TiO2 is generally the best support material for Au NP catalysts. The following chemical 

reaction (4.1) is the widely accepted mechanism of CO oxidation over a TiO2-supported Au 

catalysts reported by Haruta (Figure 4–2). In comparison to spherical Au NPs, rod-shaped 

Au NPs have not been as thoroughly studied for catalysis but are of significant interest for 

photocatalysis.41 

 ( 4.1 ) 

CO + Au ⇄ O≡C-Au 
O2 + Au/TiO2 → Au/TiO2⋯O2 
Au/TiO2⋯O2 + 2[O≡C-Au] → O≡C-Au + CO2 

O≡C-Au → CO2 O=
 

O=
 



 

 69 

 

Figure 4-2. Schematic representation for CO oxidation pathways over Au/TiO2.42 

4.3. Energy Transfer  

The efficiency of solar energy conversion is an important issue for semiconductor-

based single/multi-junction solar cells. The limited light absorption cross-section, inefficient 

light absorption and thermodynamic losses are common factors that result in more than 40% 

of total loss in energy conversion efficiency. Recently, Au NPs have attracted significant 

attention because of their SPR, which is potentially useful for energy conversion applications, 

including photovoltaics. This solar energy conversion of Au NPs is based on hot electron 

generated by surface plasmons. These hot electrons may be directly injected into the 

conduction band of an adjacent semiconductor such as TiO2 or graphene on the femtosecond 

time scale (Figure 4–3), resulting in a faster electron transfer process though surface 

plasmon- induced charge separation, which enhances the efficiency of energy conversion. Au 

NPs have also been applied to enhance the emission of semiconducting polymer films.43 
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Figure 4-3. Plasmonic energy conversion and hot electrons overcome the Schottky barrier 

(φSB) and are injected into the conduction band of the adjacent semiconductor, where EF,M is 

Fermi energy of the metal, DOS is density of states, φM is the work function of the metal and 

χs is the electron affinity of the semiconductor.44 

4.4. Surface-Enhanced Raman Spectroscopy (SERS) 

Raman spectroscopy is widely used in medical diagnostics. Depositing a layer of Au 

or Ag NPs onto a substrate enhances the Raman signal because of the localized enhancement 

of the electromagnetic field provided by the NPs. This technique is known as surface-

enhanced Raman spectroscopy (SERS).45,46 Current studies suggest that Raman signal 

enhancement by Au NPs is caused by electronic resonance charge transfer between the 

analyte (sample) and Au NP, which effectively increases the polarizability of the analyte and 

increases the strength of inelastic scattering. Another possible explanation for the enhanced 
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Raman signal is that the distance between the sample and the electromagnetic field becomes 

shorter with the help of the SPR of Au NPs.  

 Compared to conventional (unenhanced) Raman scattering, the signal enhancements 

in SERS is about six orders of magnitude when using GNRs as SERS probes/antennae. 

Because of the large signal enhancement, GNRs are well suited for SERS applications and 

have been used to study species in complex biological media, such as serum and blood.45,47-55 

4.5. Two-Photon Luminescence Imaging 

In addition to the SERS signal, a spectrally broad background photoluminescence 

(PL) from GNRs has also been observed. Shen and coworkers gave an explanation that the 

origin of this PL is from radiative recombination of excitons.56 GNRs have much higher 

fluorescence quantum yield (> 106 times) than the bulk Au because of SPR enhancement of 

the amplitude of local light field.57 Current studies on single-photon and two-photon 

excitation using Au NPs show greater penetration depth in tissues. Local field enhancement 

also provides better contrast and higher 3-D spatial resolution of molecules and cells (Figure 

4–4).57-61 Employing the concept of two-photon illumination of GNRs, Min Gu and 

coworkers investigated the development of a five-dimensional optical recording medium by 

incorporating wavelength and polarization of GNRs for optical patterning and data storage 

(Figure 4–5). 
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Figure 4-4. (a) two-photon autofluorescence image of unlabeled cells from intrinsic 

fluorophores, (b) two-photon luminescence image of GNR-labeled cells, (c) two-photon 

luminescence image of nonspecifically labeled cells.61 

 

 

 

To functionalize the gold nanorods, the positive surface
potential was converted to a negative surface potential by
coating the CTAB with polystyrene sulfonate (PSS).27 PSS
(MW 14 kD, 10 mg/mL in 1 mM NaCl solution) was added
to the nanorod suspension in a 1:10 volume ratio and allowed
to react for 30 min. The particles were then collected via
centrifugation at 2000g for 30 min, resuspended in NaCl (1
mM), and reacted with another aliquot of PSS solution.
Following the second PSS incubation, the particles were
washed twice in water and then resuspended in HEPES (40
mM, pH 7.4) for compatibility with the antibody solution.
Anti-EGFR antibody (clone 29.1, Sigma) was purified using
Centricon 100 kD MWCO filters, then resuspended in
HEPES (40 mM, pH 7.4, 200 µg/mL). For the control, a
nonspecific antibody was used in place of the anti-EGFR
antibody (clone MOPC 21, Sigma). Antibody solution and
nanorods were mixed at 1:1 volume ratio and allowed to
interact for 45 min. PEG (MW 15 kD, 10 mg/mL in 1×
PBS) was then added for stability, and the particles were
centrifuged to remove unbound antibodies.
Three-dimensional tissue phantoms were prepared using

EGFR-overexpressing A431 skin cancer cells. The cells were
purchased from the American Type Culture Collection and
cultured in DMEM supplemented with 5% FBS. Cells were
harvested via trypsinization and resuspended in 1× PBS at
a concentration of 6 × 106 cells/mL as determined with a
hemacytometer. The cell suspension was mixed with either
EGFR-targeted or nonspecifically targeted nanorods in a 1:1
volume ratio and allowed to interact for 45 min. The cells
were then spun down at 200g for 5 min to remove unbound
particles, and the cells were resuspended in a buffered
collagen solution at a concentration of 7.5 × 107 cells/mL.
The collagen/cell mix was pipetted into a 120 µm spacer
(Molecular Probes) and sealed with a coverslip for imaging.
Two-photon-induced luminescence from the gold nanorods

was verified by measuring the dependence of the emission
intensity on the excitation power. Gold nanorods were
sparsely deposited on a glass coverslip, and single emission
spots were examined. A quadratic dependence of 2.05( 0.06
on the incident power was observed for increasing excitation
powers from 30 to 90 µW, indicating that the excitation is
a two-photon process (Figure 2c). The TPL signal also
exhibited cosine4 dependence on excitation polarization,

which has been observed in other reports.9 When a droplet
of PBS was placed on the nanorod-coated coverslip, emission
from nanorods that maintained their attachment to the
coverslip was unchanged in both magnitude and the quadratic
dependence of emission intensity. The point spread function
(PSF) of the TPL imaging setup was obtained by recording
the intensities of small spots that exhibited strong polarization
sensitivity. From the full width at half-maximum of the PSF,
the radial and axial resolutions were 320 and 625 nm,
respectively. A similar resolution was also measured from
the PSF of 100 nm diameter fluorescent beads.
Figure 3 presents two-photon images of a single layer of

labeled and unlabeled cells at 760 nm excitation wavelength.
The images show successful labeling, cellular distribution
of EGFR, and relative brightness of nanorods. The unlabeled
cells (Figure 3a) show a relatively uniform distribution of
TPAF signal throughout cellular cytoplasm. No signal is
associated with the nuclei, which do not have significant
concentrations of endogenous fluorophores that can be
excited in the visible region. In labeled cells (Figure 3b),
bright rings can be easily seen; this is a characteristic pattern
of EGFR labeling and has been also reported in confocal
reflectance imaging of EGFR using spherical gold nano-
particles.28 The discrete bright spots in the cytoplasm of
nanorod-labeled cells are indicative of endosomal uptake of
EGF receptors labeled with nanorods inside cells. The
endosomal recycling of EGFR molecules is a normal
biological function of living cancer cells.29,30 TPL images
of cells treated with nonspecifically conjugated nanorods
(Figure 3c) show agglomeration of contrast agent and little
attachment to cell membranes (see Figure S1 in Supporting
Information for overlapped TPL and white-light transmission
images). Using the same excitation power of 140 µW, the
two-photon imaging of unlabeled cells gave a pure back-
ground noise black image (see Figure S2 in Supporting
Information).
By tuning the wavelength from 710 to 910 nm, it was

found that 760 nm excitation wavelength yielded the brightest
TPL signal from the nanorods as well as the brightest TPAF
signal from the cancer cells. This wavelength corresponds
to the longitudinal plasmon resonance frequency of the
nanorods. For the cancer cells, this finding is consistent with
other reports that show that the biological molecules that

Figure 3. Two-photon images of cancer cells placed on a coverslip from a cell suspension. (a) TPAF image of unlabeled cells. (b) TPL
image of nanorod-labeled cells. Imaging required 9 mW of excitation power in unlabeled cells to get same signal level obtained with only
140 µW for nanorod labeled cells, indicating that TPL from nanorods can be more than 4000 times brighter than TPAF from intrinsic
fluorophores. (c) TPL image of nonspecifically labeled cells.

Nano Lett., Vol. 7, No. 4, 2007 943
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Figure 4-5. The sample of thin recording layers of spin-coated PVA doped with GNRs on a 

glass substrate are separated by transparent spacers. Different wavelength and polarization of 

the recording lasers are used to pattern multiple images and patterns can be read out 

individually without crosstalk when the right polarization and wavelength is chosen.62  

LETTERS

Five-dimensional optical recording mediated by
surface plasmons in gold nanorods
Peter Zijlstra1, James W. M. Chon1 & Min Gu1

Multiplexed optical recording provides an unparalleled approach to
increasing the information density beyond 1012 bits per cm3

(1 Tbit cm23) by storing multiple, individually addressable patterns
within the same recording volume. Although wavelength1–3,
polarization4–8 and spatial dimensions9–13 have all been exploited
for multiplexing, these approaches have never been integrated into
a single technique that could ultimately increase the information
capacity by orders of magnitude. The major hurdle is the lack of a
suitable recording medium that is extremely selective in the
domains of wavelength and polarization and in the three spatial
domains, so as to provide orthogonality in all five dimensions.
Here we show true five-dimensional optical recording by exploiting
the unique properties of the longitudinal surface plasmon
resonance (SPR) of gold nanorods. The longitudinal SPR exhibits
an excellent wavelength and polarization sensitivity, whereas the
distinct energy threshold required for the photothermal recording
mechanism provides the axial selectivity. The recordings were
detected using longitudinal SPR-mediated two-photon lumin-
escence, which we demonstrate to possess an enhanced wavelength
and angular selectivity compared to conventional linear detection
mechanisms. Combined with the high cross-section of two-photon
luminescence, this enabled non-destructive, crosstalk-free readout.
This technique can be immediately applied to optical patterning,
encryption and data storage, where higher data densities are
pursued.

The concept of five-dimensional patterning is illustrated in Fig. 1.
The sample consists of a multilayered stack in which thin recording
layers (,1mm) are separated by a transparent spacer (,10mm). In
both the wavelength and polarization domains, three-state multiplex-
ing is illustrated to provide a total of nine multiplexed states in
one recording layer. The key to successfully realizing such five-
dimensional encoding is a recording material that (1) is orthogonal
in all dimensions, in both recording and readout, (2) is able to provide
multiple recording channels in each dimension, and (3) is stable in
ambient conditions and can be read out non-destructively. Existing
multiplexing techniques1–8 are only orthogonal in one dimension
(either wavelength or polarization), and often ambient conditions
and readout degrades the recorded patterns through unwanted iso-
merization or photobleaching.

We show that a recording material based on plasmonic gold
nanorods meets all the above criteria. Gold nanorods have been exten-
sively used in a wide range of applications because of their unique
optical and photothermal properties. The narrow longitudinal SPR
linewidth of a gold nanorod (100–150 meV, or ,45–65 nm in the
near-infrared14,15; Supplementary Fig. 1), combined with the dipolar
optical response, allows us to optically address only a small subpopu-
lation of nanorods in the laser irradiated region. We use this selectivity
to achieve longitudinal SPR mediated recording and readout gov-
erned by photothermal reshaping and two-photon luminescence
(TPL) detection, respectively.

1Centre for Micro-Photonics, Faculty of Engineering and Industrial Sciences, Swinburne University of Technology, PO Box 218, Hawthorn, Victoria 3122, Australia.
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Figure 1 | Sample structure and patterning. Left, the sample consists of thin
recording layers of spin-coated polyvinyl alcohol doped with gold nanorods,
on a glass substrate. These recording layers were spaced by a transparent
pressure-sensitive adhesive with a thickness of 10mm. In the recording
layers, we patterned multiple images using different wavelengths (l1–3) and

polarizations of the recording laser. Middle, when illuminated with
unpolarized broadband illumination, a convolution of all patterns will be
observed on the detector (filters attenuate the reflected readout laser light).
Right, when the right polarization and wavelength is chosen, the patterns can
be read out individually without crosstalk.
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Chapter 5. Characterization of Nanoparticles 

A reliable analytical technique will provide information about the physical and/or 

chemical properties of NPs, such as their chemical composition, crystal structure, particle 

shape and dimension. In this chapter, general concepts of microscopy, spectroscopy, and 

magnetometery will be introduced.  

5.1. Transmission Electron Microscopy (TEM) 

Transmission electron microscopes are usually operated at electron energy of ~100–

300 keV, corresponding to electron wavelength of 3.7–2.0 pm, which is several orders of 

magnitude shorter than the wavelength of visible light. Because of the short wavelength of 

the electrons, transmission electron microscopy (TEM) is very useful for imaging small 

objects with high resolution. Contrast is obtained in TEM when the electron beam is 

absorbed or is diffracted by the sample. TEM requires an ultrathin specimen (<100 nm). 

TEM images provide information about the crystal structure and morphology of NPs. In 

high-resolution TEM, a phase-contrast image provides information about atomic-scale 

structures, such as stacking faults, grain boundaries, dislocations, and other kinds of defects.  

Sample preparation for TEM may involve complex procedures because the 

requirements of specimen thickness (< 100 nm) and quality are very strict. Techniques such 

as mechanical milling, chemical etching and focused ion beam (FIB) are often used to make 

a very thin specimen. For NPs, a sufficiently concentrated solution is required to form a 

single layer (or partial single layer) of NPs on a TEM grid with a support film by drop 

casting. 
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5.1.1. Scanning Transmission Electron Microscopy (STEM) 

The sub-angstrom electron probe of STEM has made it an important tool for atomic-

scale characterization of materials. STEM can also be equipped with additional detectors for 

information about composition, electron density, and bonding (Figure 5–1).1 Using a high-

angle annular dark-field (HAADF) detector, STEM provides atomic-resolution imaging with 

Z-contrast obtained by aligning and focusing the electron beam into a small and bright probe 

that is scanned across the specimen. To achieve ultrahigh spatial resolution below 0.05 nm, it 

is necessary to correct for introduce spherical (Cs) and chromatic aberrations that are 

intrinsic to electron lenses. A set of aberration correctors designed to reduce these aberrations 

can be employed to improve the spatial resolution in STEM. For example, an aberration-

corrected FEI Titan 80-300 electron microscope with a monochromatic and fifth-order 

spherical aberration correctors is available in the Analytical Instrumentation Facility at NC 

State. 
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.   

Figure 5-1. Diagram illustrating multiple signals generated inside a STEM that can be used 

to form high-resolution images, nano-diffraction patterns or spectra of the region of interest: 

X-ray energy dispersive spectroscopy (XEDS or EDS); Auger electron spectroscopy (AES) 

and scanning Auger microscopy (SAM); secondary electron spectroscopy (SES) and 

secondary electron microscopy (SEM); annular dark-field (ADF) and high-angle annular 

dark-field (HAADF); coherent electron nano-diffraction (CEND); parallel electron energy-

loss spectroscopy (PEELS); bright-field (BF) and dark-field (DF).1 

energy analysis of the inelastically scattered electrons, can

provide information on the electronic structure, oxidation

states, and chemical composition on an atomic or sub-

nanometer scale. X-ray energy dispersive spectroscopy

(XEDS) can give quantitative data describing changes of

elemental composition associated with inhomogeneous

structures of the sample. The combination of XEDS and

EELS with HAADF imaging technique can provide detailed

information on the composition, chemistry, and electronic

and crystal structure of nanoscale systems with atomic

resolution and sensitivity. By collecting or analyzing sec-

ondary electron (SE) and Auger electron (AE) signals

emitted from the specimen surface, we can extract informa-

tion about the surface topography or surface composition

of the specimen. By positioning an electron nanoprobe

at the area of interest, coherent electron nanodiffraction

(CEND) patterns from individual nanocomponents can be

acquired to provide multitudinous information on the

nanostructure of the specimen. The powerful combination

of high-resolution imaging with nanospectroscopy and

nanodiffraction techniques has proved invaluable in solving

a plethora of materials problems, including challenging

industrial problems.

Professor John M. Cowley dedicated >30 years of his

research effort to exploring, developing and establishing

various imaging, diffraction and spectroscopic techniques

that can be practiced in a dedicated STEM instrument. Using

a heavily modified HB5 STEM instrument from VG Micro-

scopes, Ltd of England (see Fig. 2), Professor Cowley

investigated the various modes of high-resolution STEM

imaging [1–41], developed optical systems for conveniently

recording nanodiffraction patterns, and established the

nanodiffraction technique as a viable alternative to invest-

igate the structures of nanoscale systems including small

Fig. 1 Schematic diagram illustrates the various signals generated inside a scanning transmission electron microscope that can be used to

form high-resolution images, nanodiffraction patterns or spectra of the region-of-interest. X-ray energy dispersive spectroscopy (XEDS);

Auger electron spectroscopy (AES) and scanning Auger microscopy (SAM); secondary electron spectroscopy (SES) and secondary electron
microscopy (SEM); annular dark-field (ADF) and high-angle annular dark-field (HAADF); coherent electron nano-diffraction (CEND);

parallel electron energy-loss spectroscopy (PEELS); bright-field (BF) and dark-field (DF).
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STEM images of NPs (Figure 5–2) are usually sharper (higher contrast) than images 

acquired via HRTEM. Imaging NPs by STEM requires control of the operation probe current, 

dwell time, pixel size, and number of the frames because of the instability of the NPs under 

the electron beam. In addition to STEM images, 3D STEM tomography of NPs is another 

useful technique for understanding the surface morphology of NPs by tilting the specimen 

and collecting STEM images over a wide range of angles. 

   

Figure 5-2. Cs-corrected HAADF-STEM images of three different types of Au NPs (a) 

decahedron, (b) icosahedron and (c) fcc symmetry. Corresponding FFTs are displayed in the 

bottom panel.2 

or icosahedral morphology, while fcc-twinned nanoparticles
[13] are less abundant. Figure 2a displays a 2.7 nm Au
decahedron on its 5-fold axes displaying two main crystallo-
graphic distances of 2.37 and 2.07 Å corresponding to the
(111) and (200) planes, respectively. The fast Fourier trans-
form (FFT) corroborating the 5-fold symmetry is shown at the
bottom. Figure 2b corresponds to a 3.45 nm Au icosahedron
also displaying its 5-fold symmetry axes, both FFTs exhibits
the (111) and (200) reflections, marked with rectangles and
circles, respectively. Figure 2c corresponds to a twinned fcc
4.2 nm nanoparticle along the [110] orientation. The second
clearly differenced type of gold species observed correspond
to small disordered clusters of about 1–1.5 nm, which also
appeared together with isolated gold atoms (Fig. 3).

The recipe reported in the Lemery’s treatise is not the only
one described in academic texts in the eighteenth century on
the preparation of gold solutions obtained by means of essen-
tial oils. The German physician F. Hoffmann reported in 1722
[14] the preparation of a “gold tincture” by mixing a solution
of gold in aqua regiawith a mixture of cinnamon essential oil

and ethanol under gentle heating. A dark-brown, resin-like
product is obtained, from which a supernatant solution can be
separated (Online Resource 5). The examination of this prod-
uct by TEM reveals the presence of gold nanoparticles that
reached sizes up to 20 nm. Different structural conformations
of gold could be observed, which varied from multi-twinned
crystals (Fig.4a), single crystal fcc nanoparticles, icosahedra
(Fig.4b, c) and small clusters of few atoms surrounded by
isolated gold atomic species (Fig. 4d).

These two procedures render quite similar results and con-
firm the Macquer’s hypothesis regarding the presence of
extremely divided gold.

It is noticeable the presence in these solutions of very small
clusters of gold and even isolated atoms of this metal, which
points out to a remarkable role of the oily phase resulting from
the fast chemical reaction between the aqua regia and the
essential oils in preventing the overgrowth of the primary gold
particles into larger aggregates. In this way, the oily phase
behaves at the same time as a reducing and a very efficient
capping agent [15–17], leading to a simple method to prepare

Fig. 2 Cs-corrected STEM-
HAADF images of three different
types of Au nanoparticles a
decahedra, b icosahedra and c fcc
symmetry with the correspondent
FFT diffractograms at the bottom

Fig. 3 Cs-corrected STEM-
HAADF images of a several Au
clusters, b a magnified image of a
1-nm Au cluster and c Au cluster
together with several isolated Au
atoms

Gold Bull (2014) 47:161–165 163



 

 82 

In electron energy-loss spectroscopy (EELS), analysis of the inelastically scattered 

electrons provides information about the electronic structure, oxidation states, and chemical 

composition of the sample. During imaging, electrons from the electron beam interact with 

the sample specimen and eject inner shell electrons. When outer shell electrons fill the holes 

in the inner shell, X-rays are generated, whose energy is the difference in energy between the 

higher and lower energy shells, which is characteristic of the element and allows for 

elemental analysis with an X-ray spectrometer. This is technique is known as energy-

dispersive X-ray spectroscopy (EDS) and can also be performed locally, allowing for 

elemental mapping. A drifting corrector, shorter acquisition time, and lower probe current are 

needed especially for the EDS mapping of electron beam-sensitive NPs. 

5.2. Dark-Field Optical Microscopy 

Dark-field optical microscopy utilizes a different illumination technique from 

standard bright-field microscopy that enhances the contrast of unstained samples. It is known 

that the Rayleigh scattering spectra from single particles can be measured if the imaging 

monochrometer and CCD camera are attached to a dark-field microscope. For Au NPs, the 

intense signal is caused by the SPR.3,4 In dark field optical microscopy, a set of lenses is used 

to form a hollow cone of light focused at the samples. Because only light that is scattered out 

of this cone reaches the objective, NPs on the substrate appear as bright and diffraction-

limited spots on a dark background. Thus, a true color image is formed (Figure 5–3). 
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Figure 5-3. True color photograph of a sample of gold nanorods (red) and 60 nm 

nanospheres (green) under dark-field illumination (inset upper left). Bottom right: TEM 

images of a dense ensemble of nanorods and a single nanosphere.5  

5.3. Optical Absorbance Spectroscopy 

In Chapter 1, we have discussed the optical properties of Au NPs how their 

absorption wavelength can be tuned by tailoring their shape because of the SPR. Optical 

absorbance spectroscopy is the technique used to analyze the wavelength dependence of a 

material’s optical absorption. Optical absorbance spectroscopy typically includes visible 

wavelengths but the range of wavelengths is often extended to include ultraviolet, near 

infrared, or infrared light. For example, the Ocean Optics USB4000 (CHEMUSB4) model 
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on particle ensembles, and have made a systematic com-
parison with theory difficult.

In this Letter we systematically study the dephasing of
particle plasmons in gold nanoparticles as a function of
particle size and shape. We determine the homogeneous
linewidth G of the plasmon resonance by spectrally inves-
tigating the light scattered by single particles, and we de-
rive from G the dephasing time T2. This approach avoids
the problem of inhomogeneous broadening of the plasmon
resonance frequencies. We find a drastic reduction of the
plasmon dephasing rate in nanorods as compared to small
nanospheres due to the suppression of the decay into inter-
band excitations. The rods studied here also show very
little radiation damping. Our results allow us to draw
important conclusions about the local-field enhancement
factors, light-scattering efficiencies, pure dephasing, and
interface damping rates.

The particles investigated here were produced chemi-
cally. Nanospheres produced by reduction of a gold salt
were obtained commercially in various sizes (diameters
d ! 20, . . . , 150 nm) and with relatively narrow size dis-
tributions (size deviation ,15%) [17]. Nanorods were
prepared as described by Chang et al. [18] with a few mod-
ifications; full details are provided elsewhere [19]. The
rods have diameters of b ! 15 25 nm along the two short
axes and lengths of up to a ! 100 nm; thus they cover a
large range of aspect ratios a!b but have much smaller vol-
umes than any of the large spheres. Transmission electron
microscope (TEM) images of a dense ensemble of rods and
a single sphere are shown in Fig. 2 (bottom right). Both
types of particles are monocrystalline and stored in stable
suspensions in water. We spin cast a dilute suspension onto
cleaned glass slides. After drying, we cover the slide with
index matching fluid to ensure a homogeneous refractive
index "n ! 1.5# around the particles.

The particles are investigated in a conventional micro-
scope using a high aperture dark-field condenser, an oil im-

FIG. 2 (color). True color photograph of a sample of gold
nanorods (red) and 60 nm nanospheres (green) in dark-field il-
lumination (inset upper left). Bottom right: TEM images of a
dense ensemble of nanorods and a single nanosphere.

mersion objective, and a halogen lamp as the light source
(Fig. 2, inset upper left). Individual nanoparticles can
clearly be distinguished with this setup, as demonstrated
by the true color photograph of a sample of gold nanorods
(red) and nanospheres (green) in Fig. 2. Each bright spot
corresponds to light scattered by an individual particle. For
spectral investigations, the scattered light from single par-
ticles is focused with the microscope onto the entrance slit
of a spectrometer coupled to a sensitive cooled CCD cam-
era [13]. This dark-field spectroscopic technique allows us
to record spectra with very little background light.

Typical single-particle scattering spectra from a
nanosphere and a nanorod are shown in Fig. 3a. The spec-
tra show the particle-plasmon resonances of the sphere at
2.19 eV and of the long-axis mode of the rod at 1.82 eV.
The latter resonance is selected by using excitation light
polarized along the long rod axis (in our samples, this
axis is always oriented parallel to the sample surface).
Figure 3b shows that the scattered-light intensity from
this resonance follows the polarization-angle dependence
expected for a perfect dipole. The short-axis resonance
can be excited with light polarized along the short axis
(not shown here). In the following, we will concentrate on
the long-axis mode, which has a much higher oscillator
strength and a lower resonance energy [1,9].

To investigate the plasmon resonances systematically,
we extract the linewidths G and peak positions Eres of the
plasmon peak from the spectra taken on nanospheres of
various diameters d and nanorods of various aspect ratios
a!b. The results of this analysis are shown in Fig. 4a,
where G is plotted against Eres; the right-hand scale shows
the dephasing time deduced from G via T2 ! 2h̄!G. The
plasmon resonance of the spheres experiences a redshift
with increased size due to increased electromagnetic re-
tardation [1,9], while the wide variation in Eres observed
for the rods results from the shape-induced redshift of
the long-axis plasmon resonance known for elongated par-
ticles [1,9,18]. In this sense, the resonance energy plotted
in Fig. 4a is a useful measure of the particle diameter and
the aspect ratio. We note that the experimental accuracy
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used in all the optical measurement in this thesis covers ultraviolet to near-infrared (210–985 

nm) wavelengths.  

Optical absorbance spectra can be analyzed using Beer-Lambert law (Beer’s law): 

𝐀 = 𝐥𝐨𝐠𝟏𝟎
𝐈𝟎
𝐈
= 𝜺  𝒍  𝒄 ( 5.1 ) 

A is the absorbance, I0 and I are the intensity of the incident radiation and the transmitted 

radiation, respectively; ε is the molar absorbtivity (L mol-1cm-1); l is the path length (cm) of 

the specimen which is usually the path length of the cuvette; and c is the concentration of the 

solution (mol L-1). Based on Beer’s law, the concentration of the sample can be calculated. 

5.4. Superconducting Quantum Interference Device-Vibrating Sample Magnetometer 

(SQUID-VSM) 

SQUID-VSM combines the high sensitivity of SQUID with the high speed of VSM 

for measuring a sample’s magnetic properties. SQUID is a very sensitive magnetometer 

based on two Josephson junctions inductively coupled to a superconducting coil. Any change 

in magnetic flux through the pick-up loop generates a proportional output voltage via the 

SQUID transformer. VSM was invented by Simon Foner in 1955 to measure the 

electromotive force (magnetic flux) of the sample by vibrating it near pickup coils. By 

comparing the induced electromotive force obtained in the pickup coils (measured from the 

sample) with the reference coils (measured from a sample with a known saturation moment), 

the magnetic moment of the sample can be obtained quickly. In comparison, in a 

conventional SQUID magnetometer, the sample is moved in short steps completely through 
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the set of detection coils and the voltage is recorded at each step and then integrated to give 

the moment of the sample. Thus, a measuring a complete hysteresis loop with a conventional 

SQUID magnetometer usually takes several hours. Combining the fast signal pickup of VSM 

with the higher sensitivity of SQUID magnetometer significantly shortens the measurement 

time, if the sample is vibrated at a low frequency while the SQUID output is recorded. 

  



 

 86 

REFERENCES 

1. Liu, J. Journal of Electron Microscopy 2005, 54, 251-278. 

2. Mayoral, Á.; Agúndez, J.; Pascual-Valderrama, I.; Pérez-Pariente, J. Gold Bull. 2014, 
47, 161-165. 

3. Hu, M.; Novo, C.; Funston, A.; Wang, H.; Staleva, H.; Zou, S.; Mulvaney, P.; Xia, 
Y.; Hartland, G. V. J. Mater. Chem. 2008, 18, 1949-1960. 

4. Ni, W.; Ambjörnsson, T.; Apell, S. P.; Chen, H.; Wang, J. Nano Lett. 2009, 10, 77-
84. 

5. Sönnichsen, C.; Franzl, T.; Wilk, T.; von Plessen, G.; Feldmann, J.; Wilson, O.; 
Mulvaney, P. Phys. Rev. Lett. 2002, 88, 077402. 

 



 

 87 

Chapter 6. Large-Scale Silica Overcoating of Gold 

Nanorods with Tunable Shell Thicknesses 

6.1. Motivation 

We are interested in fabricating multifunctional gold nanorods and combining the 

special optical properties of GNRs with magnetic properties. There are many approaches to 

conjugate both materials however to directly grow supermagnetic nanoshell onto the gold 

nanorods in aqueous phase in room temperature is a huge challenge. 

We select silica to act as an adhesion layer to enhance the thermal stability of gold 

nanorods to allow us to deposit magnetic materials onto the surface of silica coated GNRs by 

high temperature decomposition method which is a well established method for fabricating 

small magnetic NPs. In order to also maintain the shape anisotropic property, we investigate 

an additional method to produce thinner silica shell. Therefore, we are able to study not only 

the thermal stability of silica coated GNRs with the particle we can make but also to further 

grow a second shell onto the silica coated GNRs either by high temperature decomposition 

method or by conjugate molecules via silane chemistry.  

6.2. Abstract 

Gold nanorods (GNRs) overcoated with SiO2 are of interest for enhancing the shape 

stability of GNRs during photothermal heating, for further functionalization with silanes, and 

for biomedical applications. While methods have recently been developed for synthesizing 

GNRs on a large scale, SiO2 overcoating of GNRs is still conducted on a small reaction scale. 
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Here, we report a method for large-scale synthesis of SiO2-overcoated GNRs (SiO2-GNRs), 

which gives ~190 mg of SiO2-GNRs. SiO2 is deposited onto and encapsulates the 

cetyltrimethylammonium bromide (CTAB) coatings that stabilize GNRs by adding 

tetraethoxysilane (TEOS) via syringe pump. Control over the CTAB concentration is 

critically important for obtaining uniform overcoatings. Optical absorbance spectra of SiO2-

GNRs closely resemble uncoated GNRs, which indicates overcoating of single rather than 

multiple GNRs and confirms that they remain well dispersed. By adjusting the reaction 

conditions, shells as thick as ~20 nm can be obtained. For thin shells (< 10 nm), addition of 

poly(ethylene glycol) silane (PEG-silane) at different times during the overcoating reaction 

allows facile control over the shell thickness, giving shells as thin as ~2 nm. The bulky PEG 

chain terminates further crosslinking and deposition of SiO2. 

6.3. Introduction 

Encapsulating gold nanorods (GNRs) in SiO2 shells enhances their thermal stability,1-

4 which is important for preserving their rod shape and longitudinal surface plasmon 

resonance (LSPR) during photothermal heating.5 SiO2 shells are also biocompatible, reduce 

toxicity because they no longer require a minimum concentration of 

cetyltrimethylammonium bromide (CTAB) for dispersion in solution,6-8 and facilitate 

functionalization with silanes, which can be used for further chemical modification, 

including click chemistry.9-11 SiO2-overcoated GNRs (SiO2-GNRs) are of particular interest 

for biomedical applications, including photothermal therapy,5,12,13 photoacoustic imaging,2,14-

16 biosensing,17,18 drug delivery,19,20 and cancer cell imaging.21-24 SiO2-GNRs may also be 
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used for catalysis, where the SiO2 coating makes nanoparticles (NPs) more durable and 

tolerant of harsh environments.25-27 

SiO2 is usually deposited onto Au surfaces after modifying the surface28 or using 

polymer templates18,29-33 because of the weak affinity between SiO2 and Au. The Stöber 

method,34 which has been widely used for synthesizing spherical SiO2 particles, has been 

adapted for overcoating GNRs with SiO2. Gorelikov and Matsuura first reported a single-step 

procedure for overcoating GNRs with SiO2 using the CTAB coatings as a template for 

deposition of a mesoporous SiO2 shell.35 In their method, the number of consecutive 

injections of tetraethoxysilane (TEOS) into a solution of CTAB-stabilized GNRs at 30 min 

intervals and the reaction time both gave control over the SiO2 shell thickness. In a recent 

modification of this method, the CTAB concentration was used to control the SiO2 shell 

thickness.10 CTAB coatings have also been used to template deposition of SiO2 onto other 

kinds of NPs, including CdSe/ZnS quantum dots and CuO, Cu3N, Fe3O4, and Ag NPs.35-38 

Poly(ethylene glycol) (PEG) coatings are commonly employed on SiO2 NPs (or 

films) to reduce the coverage of exposed silanol groups and to improve biocompatibility by 

preventing nonspecific adsorption of proteins and allowing better dispersion in electrolyte 

solutions, such as those found in biological environments.39-45 PEG-silane has been shown to 

quench deposition of SiO2 from TEOS and can thus be used to terminate deposition of SiO2 

coatings.46 Surface modification by PEG-silane has also been shown to enhance the long-

term colloidal stability of Au NPs.47  
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Current procedures for synthesizing SiO2-GNRs produce only small amounts of 

material (< 10 mg). Here, we report an increase in the scale of SiO2-GNR synthesis to ~190 

mg with excellent control over the SiO2 shell thickness (3-20 nm). When PEG-silane is 

added prior to completion of SiO2 shell growth, shells as thin as 2 nm can be obtained. 

Addition of PEG-silane also gives insights into the kinetics of SiO2 shell growth. In the 

process of optimizing the reaction conditions, we have also discovered other growth regimes 

that may be useful for obtaining asymmetrical SiO2 shells or crosslinked SiO2-GNR 

networks. 

SiO2 shells deposited onto NPs are often porous, where the porosity depends on the 

use of surfactants and silicate reactants. Some studies have reported control over the pore 

size by modifying the polymer or surfactant coating used to template SiO2 growth.48-50 The 

method of Gorelikov and Matsuura, on which our synthesis is based, yields porous SiO2 

shells, which are similarly reported here. Future work may include controlling the pore size 

to control access of molecules to the surface, such as for surface-enhanced Raman 

spectroscopy (SERS)51 and drug delivery, including cancer therapeutics.52,53 In addition, 

combining the porosity of SiO2 overcoatings with photothermal heating of GNRs may allow 

for efficient triggering of drug release.54 

6.4. Experimental Section 

Chemicals. 

CTAB (Sigma-Aldrich, 99%, H6269), KBr (Alfa Aesar, ACS, 99% min), AgNO3 

(Alfa Aesar, 99.9995%), HAuCl4.xH2O (Alfa Aesar, 99.999%, where x was estimated as 3), 
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deionized water (Ricca, ACS Reagent grade, ASTM Type I, ASTM Type II), ascorbic acid 

(AA, J.T. Baker, 99.5%), and NaBH4 (Sigma-Aldrich, 99%, 213462) were used in the GNR 

synthesis. TEOS (Alfa Aesar, 99.9%), NaOH (Sigma-Aldrich 98%), 2-

[methooxy(polyethyleneoxy)9-12propyl]trimethoxysilane (PEG-silane, Gelest, 90%), and 

anhydrous methanol, (EMD, DriSolv) were used for the SiO2 overcoating. Methanol 

(Macron, UltimAR) was used for purification of SiO2-GNRs and PEG-SiO2-GNRs. 

Gold Nanorod Synthesis and Purification.  

CTAB-stabilized GNRs were synthesized according to a method that we recently 

reported, resulting in a 1 L aqueous solution containing ~190 mg of GNRs with average 

dimensions of 77 × 21 nm, which have a LSPR of ~800 nm.55 Obtaining an optimal 

concentration of CTAB after purification is critical for not only stabilizing GNRs against 

aggregation before SiO2 overcoating7 but also for depositing uniform SiO2 coatings, while 

avoiding formation of spherical SiO2 NPs that do not encapsulate GNRs. The GNR stock 

solution has a CTAB concentration of 0.1 M. Two cycles of centrifugation (Thermo 

Scientific Sorvall Legend X1R with Fiberlite F15, 6×100 rotor), each at 10000 g for 20 min, 

were performed at 30 °C to avoid crystallization of CTAB while concentrating the GNRs and 

removing excess CTAB. The GNR stock solution was fractionated into volumes of 60 mL 

for each centrifuge tube. After the first centrifugation cycle, ~58 mL of the nearly colorless 

supernatant was removed by pipetting from each tube. Deionized water was added to bring 

the volume of solution in each centrifuge tube to 60 mL. Therefore, this 30× dilution step 

gives a final CTAB concentration of 3.3 mM, while the GNRs have the same concentration 
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as in the stock solution. During a second centrifugation cycle, ~58 mL of the supernatant 

containing CTAB was removed, and the remaining 2 mL of GNR solution was collected 

from each tube. The 2 mL product was then diluted to 6 mL by adding 4 mL deionized water, 

giving a final CTAB concentration of 1.1 mM and an effective 10× increase in the 

concentration of GNRs, as compared with the stock solution before purification. Fractions of 

this purified GNR solution from multiple centrifuge tubes were combined as needed to 

provide more material for SiO2 overcoating. 

Silica Overcoating Reaction on Standard 10 mL Scale.  

All reactions were conducted in a temperature-controlled water bath at 30 °C. A 

solution of 0.1 M NaOH was prepared in deionized water, and TEOS was diluted in 

anhydrous methanol, giving a 20%v/v TEOS solution. Unless noted otherwise, reactions 

were conducted on the following 10 mL, standard scale. For the synthesis of SiO2-GNRs (or 

PEG-SiO2-GNRs), 0.1 M NaOH was added dropwise to 10 mL of the purified GNR solution 

(containing ~19 mg of GNRs and 1.1 mM CTAB) in 20 mL scintillation vials, while quickly 

stirring with a magnetic stir bar (octagonal with pivot ring, 5/16” diameter, ½” long). The pH 

was adjusted to 10–10.4. A variable amount (31.3–500 µL) of the TEOS solution (20%v/v) 

was loaded into a syringe and injected into the pH-adjusted aqueous solution of GNRs by 

syringe pump over a period of 5 minutes. The solution was gently stirred (70 rpm) for 30 

minutes and was then kept unstirred in the water bath for another 20 hours. The product 

contained SiO2-GNRs with uniform SiO2 shells, whose thickness could be adjusted between 

3–20 nm by varying the volume of TEOS solution. For improved control of ultrathin SiO2 
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overcoatings (<10 nm thick), 40 µL of neat PEG-silane was added at different times (30 

minutes–2 hours) after completing injection of TEOS solution, which caused early 

termination of the shell growth reaction. (It should be noted that the 30 minutes of gentle 

stirring immediately after injection of the TEOS solution is included in counting the time at 

which PEG-silane was added, which is why 30 minutes was the shortest time at which PEG-

silane could be added.) For all PEG-silane addition times, the reaction mixture was stirred for 

30 minutes after adding the PEG-silane and was then allowed to sit in the water bath for 20 

hours without stirring. 

Large-Scale Synthesis of SiO2-GNRs and PEG-SiO2-GNRs. 

The overcoating reaction can scaled up tenfold to a 100 mL, large scale using ~190 

mg of GNRs, which were obtained from 1 L (before purification and concentration) of the 

CTAB-stabilized GNR solution. The reactant concentrations, pH, temperature, and timing 

were kept the same as for the standard scale. The amounts of TEOS solution (20%v/v) and 

PEG-silane were multiplied by a factor of 10, and the TEOS solution was injected over a 

period of 5 minutes. For the large-scale synthesis, the PEG-silane was added dropwise, and 

the reaction was conducted in 125 mL Erlenmeyer flasks using a longer magnetic stir bar 

(octagonal with pivot ring, 5/16” diameter, 2” long). 

Purification.  

In each centrifuge tube, 2 mL of the as-synthesized SiO2-GNR (or PEG-SiO2-GNR) 

solution was diluted with methanol to a total volume of 40 mL. Five centrifugation cycles 

(IEC Centra-MP4 with IEC 854 4×50 rotor), each at 8500 g for 10 minutes and at room 
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temperature, were required to remove reaction byproducts. After each cycle, the supernatant 

was removed, leaving ~1 mL of SiO2-GNR (or PEG-SiO2-GNR) solution, which was then 

diluted with methanol to a total volume of 40 mL before starting the next cycle. After the last 

cycle, the ~1 mL of the product in each centrifuge tube was combined with the other 

fractions for storage without further dilution. 

Characterization. 

Transmission electron microscopy (TEM) was performed using a JEOL 2000FX 

microscope operated at 200 kV to examine the GNR and SiO2 shell morphologies and to 

measure their average dimensions from samples of 100 NPs. Optical absorbance spectra were 

acquired using an Ocean Optics CHEMUSB4-VIS-NIR spectrophotometer. Absorbance 

spectra for SiO2-GNRs and PEG-SiO2-GNRs were normalized to the spectrum for the 

uncoated GNRs at 400 nm. 

6.5. Results and Discussion 

SiO2-GNRs Synthesis. 

Use of a syringe pump automates addition of TEOS and allows for improved control 

over the reaction, as compared with adding the TEOS solution all at once or in smaller 

increments. Under properly optimized conditions, the CTAB coatings template deposition of 

porous SiO2 shells onto the GNRs (Figure 6–1b-f and histograms of the SiO2 shell thickness 

in the Supporting Information, Figure 6–S2). The porous structure of the SiO2 shells is 

apparent in the TEM images. A more detailed study to characterize and control the porosity 

of the SiO2 shells would be informative and useful for some applications but is beyond the 
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scope of this paper. The SiO2 shell thickness was adjusted (3.3–17.3 nm) by varying the 

volume of TEOS solution added (31.2–500 µL), while maintaining the same reaction time 

and conditions (Figure 6–1g). The CTAB coatings remain between the GNR cores and 

SiO2shells but do not appear as lighter corona in TEM images, because TEM images include 

contrast from segments of the SiO2 shell that cover the CTAB layer in the out-of-plane 

direction above and below the widest part of the GNR. Therefore, it should not be possible to 

obtain SiO2 overcoatings that would appear by TEM to be thinner than the CTAB coating 

that templates SiO2 deposition.  

For the samples prepared using 31.3–250 µL of the 20% TEOS solution with shell 

thicknesses of 3.3–16.0 nm (Figure 6–1b-e), the SiO2 shell volume (VSiO2) has a linear 

dependence on the volume of 20% TEOS solution (VTEOS): VSiO2 = aVTEOS + b, where a = 

0.84 × 103 nm3/µL and b = 5.7 × 103 nm3 (Figure 6–1h). The intercept term, b, is quite close 

to zero and corresponds to a shell thickness of 0.9 nm. The linear trend among these data 

points indicates that the yield of the reaction for the conversion of TEOS into SiO2 is similar 

for these samples. In contrast the, the data point for the sample that used 500 µL of the 20% 

TEOS solution with a shell thickness of 17.3 nm (Figure 6–1f) lies far below the trendline 

(Figure 6–1h), which indicates a significantly lower yield. When using this larger amount of 

TEOS, a reaction time of 20 hours may not be long enough to complete the reaction. 

The following calculations suggest that most of the TEOS solution is consumed and 

deposited onto the GNRs during the reaction. Based on the size of the GNRs, their 

concentration, and the SiO2 shell volume (calculated from TEM measurements of the shell 
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thickness and treating the GNRs and SiO2-GNRs as concentric cylinders), the density of the 

SiO2 shells can be calculated, assuming 100% yield. If the actual yield is close to 100%, then 

the calculated value will agree with known values for the density of porous SiO2 (1.3–2.1 

g/cm3).56 Furthermore, the density of fused SiO2, 2.2 g/cm3, is a reasonable upper limit 

because it is amorphous and non-porous; porosity would cause a decrease in the density. 

Since a substantially lower actual yield would give thinner shells, the resulting calculated 

density would exceed the value of the density known for porous SiO2. 

The sample prepared using 125 µL of the 20% TEOS solution had a SiO2 shell 

thickness of 10.3 nm (Figure 6–1d). Dividing this amount of TEOS by the number of GNRs 

in the solution gives 1.9 × 106 molecules of TEOS per GNR. If each TEOS molecule is 

converted into one unit of SiO2 in the shell, the mass of SiO2 units (1.9 × 10-16 g) divided by 

the volume of the shell (1.1 × 105 nm3) gives a density of 1.7 g/cm3, which is in the range of 

values for porous SiO2. Therefore, the reaction goes at least mostly and possibly entirely to 

completion. The wide range of reference values for the density of porous SiO2 do not allow 

us to unambiguously conclude that the reaction goes entirely to completion. Similar densities 

are also calculated for the other samples that used 31.3 µL (2.0 g/cm3), 62.5 µL (1.3 g/cm3), 

or 250 µL (1.7 g/cm3) of the 20% TEOS solution (Figure 6–1b,c,e). For the sample prepared 

using 500 µL of the 20% TEOS solution with a SiO2 shell thickness of 17.3 nm, however, a 

density of 3.0 g/cm3 was calculated, but the TEM image (Figure 6–1f) shows a porous shell 

structure. This suggests (in agreement with the discussion of the SiO2 shell volume) the 

reaction did not go as far to completion as for the other samples. 
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Figure 6-1. TEM images of uncoated GNRs and SiO2-GNRs synthesized on the 10 mL scale 

using different volumes of 20% TEOS solution and measurements of the SiO2 shell 

thickness: (a) no TEOS, uncoated GNRs, (b) 31.25 µL, 3.3 nm, (c) 62.5 µL, 7.7 nm, (d) 125 

µL, 10.3 nm, (e) 250 µL, 16.0 nm, and (f) 500 µL, 17.3 nm. Plots of the SiO2 shell (g) 

thickness and (h) volume (calculated for concentric cylinders) as a function of the volume of 

TEOS solution. 
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Effect and Importance of CTAB Concentration. 

The CTAB coating on GNRs templates deposition of SiO2. A large excess of CTAB 

is used in the synthesis of GNRs. For example, in our method, the CTAB:HAuCl4 molar ratio 

is 98:1.55 After purifying the GNRs, the final CTAB concentration is 1.1 mM, which is close 

to the critical micelle concentration (CMC) of CTAB in water (0.9 mM).57 The absence of 

additional, spherical SiO2 NPs that do not encapsulate GNRs is consistent with removal of 

most of the excess CTAB that was used in the GNR synthesis (Figure 6–1b-f). If a 

substantial excess of CTAB would be present, empty CTAB micelles would also template 

deposition of SiO2 (Figure 6–5a). A CTAB concentration slightly exceeding the CMC was 

chosen because a concentration below the CMC would likely alter the structure of the CTAB 

layer on GNRs and destabilize them in solution or cause formation of non-uniform SiO2 

shells.58 

In a recent study by Murphy and coworkers, which also extended earlier work by 

Gorelikov and Matsuura,35 the amount of free CTAB in the reaction solution was used to 

control the SiO2 shell thickness.10 When more CTAB was added, thinner SiO2 shells resulted. 

Adding more CTAB may alter partitioning of the TEOS deposition onto GNRs and empty 

CTAB micelles. When there is greater proportion of empty CTAB micelles, more TEOS may 

be deposited onto them, leaving thinner SiO2 shells on the GNRs. Centrifugation was 

performed after the overcoating reaction to remove the excess SiO2 particles. In contrast, 

here, the free CTAB was reduced to minimize the number of empty CTAB micelles in the 

solution, while still having enough CTAB to stabilize the GNRs in the solution. The 
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methanol in which the TEOS is diluted may also perturb the CTAB layer on the GNRs, 

giving non-uniform SiO2 overcoatings, as described later. 

PEG-SiO2-GNR Synthesis. 

As an alternative to adding less TEOS, SiO2 shells thinner than 10 nm could also be 

obtained with more precise thickness control by adding PEG-silane to terminate SiO2 shell 

growth. The timing of the PEG-silane injection determined the extent of shell growth prior to 

terminating the reaction. Our method for obtaining ~10 nm thick shells using 125 µL of the 

20% TEOS solution was extended by adding 40 µL PEG-silane at variable times after adding 

the TEOS solution. For example, injection of PEG-silane 30 minutes after adding the TEOS 

solution gave a final shell thickness of 5.0 nm (Figure 6–2a). This method also provides 

insights into the early stage of SiO2 shell growth from TEOS. When PEG-silane was added 

after 45, 60, or 120 minutes, respective shell thickness of 7.5, 8.9, and 9.2 nm were obtained 

(Figure 6–2b-d and histograms of the SiO2 shell thickness in the Supporting Information, 

Figure 6–S3). Therefore, SiO2 shell growth is rapid over the first hour but slows significantly 

during the second hour of growth (Figure 6–2e). 

Termination with PEG-silane also appears to alter the outer surface of the SiO2 shell 

(Figure 6–2f). In the absence of PEG-silane, pores in the SiO2 are exposed on the outer 

surface of SiO2-GNRs. Termination with PEG-silane results in a smoother surface on PEG-

SiO2-GNRs, which could be especially important for thin SiO2 shells, where the size of the 

pores may approach the thickness of the SiO2 shell. While the mechanism for smoothing the 

surface is not known, this result suggests that PEG-silane is disproportionately deposited into 
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or on top of the exposed pores on the surface of SiO2-GNRs. Apart from the large steric size 

of the PEG chain, each PEG-silane molecule can form only three Si-O bonds to the SiO2 

shell rather than four for TEOS. This difference might also be significant for understanding 

smoothing when adding PEG-silane. 

Optical Absorbance Spectroscopy. 

Absorbance spectra of SiO2-GNRs were acquired immediately after completing the 

overcoating reactions and before purification by diluting the samples with deionized water 

(Figure 6–3a). As the SiO2 shell thickness increased, the LSPR absorbance band redshifted. 

This effect has also been observed by others and has been attributed to the higher refractive 

index of SiO2 than water (1.33).28,30,59 Experiment and theory have shown that the LSPR 

redshifts when GNRs are dispersed in different solvents, where the magnitude of the redshift 

scales with the refractive index of the solvent.60 Reported values for the index of refraction of 

porous SiO2 range between 1.28 and 1.45, where quartz has an index of refraction of 1.46.56 

It is well known that the index of refraction of SiO2 scales with its density.56,61,62 The redshift 

for SiO2-GNRs in water indicates that the index of refraction for the SiO2 shells is greater 

than 1.33, but a value below 1.45 is anticipated due to the porosity of the SiO2 shells. The 

width of the LSPR absorbance band does not substantially change after depositing SiO2, 

which indicates that the SiO2-GNRs are well dispersed in solution rather than agglomerated, 

since agglomeration would cause significant broadening. Unlike CTAB-stabilized GNRs, 

which disperse well only in water (or mixtures with water as the major component), SiO2-

GNRs and PEG-SiO2-GNRs readily disperse in water, methanol, and ethanol. 
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Absorbance spectra of PEG-SiO2-GNRs after purification and dispersion in methanol 

exhibit no shift in the LSPR maximum (Figure 6–3b). A reduced redshift for PEG-SiO2-

GNRs compared with SiO2-GNRs has been reported by others.63 The absence of a redshift in 

the LSPR for our PEG-SiO2-GNRs can be partially explained by the thinner SiO2 shells than 

for SiO2-GNRs, where thinner shells are not redshifted as greatly as thicker shells. 

Nevertheless, a redshift would be expected, since the refractive index of methanol (1.33) is 

close to that of water (1.33). The PEG coating might also affect the optical properties, since 

the refractive index of PEG-silane (1.45) is likely greater than that of the porous SiO2 shells. 

While the refractive index of water and methanol is less than that of SiO2, resulting in 

redshift for SiO2-GNRs, the refractive index of PEG-silane that is greater than that of SiO2 

may reduce the magnitude of the redshift. 

 

 

 

 

 

 

 

 

  



 

 102 

 

Figure 6-2. TEM images and measurements of the SiO2 shell thickness for PEG-SiO2-GNRs 

synthesized on the 10 mL scale by adding PEG-silane at different times after adding 125 µL 

of 20% TEOS solution: (a) 30 min, 5.0 nm, (b) 45 min, 7.5 nm, (c) 60 min, 8.9 nm, and (d) 

120 min, 9.2 nm. (e) Plot of the SiO2 shell thickness as a function of the PEG-silane injection 

time. (f) Graphical depictions of the morphology of the outer surface of SiO2-GNRs and 

PEG-SiO2-GNRs. 
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Large-Scale Synthesis of SiO2-GNRs and PEG-SiO2-GNRs.  

The SiO2-GNR and PEG-SiO2-GNR syntheses have both been scaled to the 100 mL, 

large scale. We do not anticipate an immediate problem in further increasing the scale. Slow 

mixing when adding reagents into the solution is a potential problem for larger volumes, but 

we do not know at what scale this potential problem could arise. TEM images and optical 

absorbance spectra for large-scale syntheses of PEG-SiO2-GNRs (using 625 µL of the 20% 

TEOS solution) with ultrathin SiO2 shells (2.2 nm) and SiO2-GNRs (using 1250 µL of the 

20% TEOS solution) with 13.7 nm-thick shells are presented in Figure 6–4 and in the 

Supporting Information, Figure 6–S1, respectively. Histograms of the SiO2 shell thicknesses 

are provided in the Supporting Information, Figures 6–S4. For the PEG-SiO2-GNRs, the 

proportional amount of TEOS was reduced (in comparison with the 10 mL scale) to facilitate 

formation of thinner SiO2 shells. Dropwise addition of 400 µL of PEG-silane while stirring 

30 minutes after completing addition of the TEOS solution was followed by stirring for 

another 30 minutes and then allowing the reaction to continue for 20 hours without stirring. 

Simultaneous reduction of the amount of TEOS and addition of PEG-silane allow for growth 

of ultrathin SiO2 shells. 
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Figure 6-3. Optical absorbance spectra for (a) uncoated GNRs and SiO2-GNRs in water (see 

Figure 6–1) and (b) uncoated GNRs in water and PEG-SiO2-GNRs in methanol (see Figure 

6–2). 
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Figure 6-4. Large-scale (100 mL) synthesis of PEG-SiO2-GNRs with 2.2 ± 0.5 nm-thick 

shells: (a) TEM image and (b) optical absorbance spectrum with inset of a TEM image at 

higher magnification. 

SiO2 Overcoating Under Non-Optimal Conditions. 
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Since the CTAB coatings on GNRs template deposition of SiO2, the presence of 

excess CTAB micelles allows for undesired growth of SiO2 NPs that do not encapsulate 

GNRs. Instead of using our optimized two-step, high-speed centrifugation procedure, a 

slower centrifugation process (1700 g for 45 seconds) was performed to remove crystalized 

CTAB while the sample was still cold after refrigeration. This milder purification process 

still leaves a significant amount of CTAB in solution, which causes formation of SiO2 NPs 

that do not encapsulate GNRs, along with SiO2-GNRs (Figure 6–5a). 

When a larger amount (1000 µL) of 20% TEOS solution is introduced into the GNR 

solution during the 5-minute injection (conducted in the same manner as the optimized 

method, just adding a larger amount of TEOS solution), irregular SiO2 shells result, where 

one end of the GNR oftn protrudes out through the SiO2 shell. The nonuniformity might be 

explained by the larger amount of methanol in which the TEOS is diluted. When the 

methanol:water ratio exceeds a threshold value, CTAB may begin dissolving from the 

surface of the GNRs. Curvature at the ends of the GNRs also makes the CTAB layer less 

stable and more easily removed from the ends than along the sides of the GNRs. Removing 

the CTAB coatings that template SiO2 deposition on some regions of the GNRs could leave 

those regions uncoated (Figure 6–5b).58 The asymmetric SiO2 overcoating of GNRs makes 

them patchy (or Janus) particles, which are of interest for electronic devices, biosensing, drug 

delivery, and catalysis.64 Patchy SiO2 overcoatings may also be used for the selective growth 

of other kinds of materials.58,65-67 
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Extending the reaction time (e.g., to 5 days) without stirring results in a crosslinked 

network of SiO2-GNRs (Figure 6–5c). Crosslinking is most favorable at the tips of SiO2-

GNRs, which might be attributed to the higher surface energy of the tips and reduced steric 

blockage, as compared with the sides. The GNR cores remain protected by the SiO2 shells 

and do not coalesce together. Optical absorbance spectra of the cross-linked network 

(Supporting Information, Figure S6) exhibit a redshift and broadening in the LSPR. It may be 

possible to further control the degree of crosslinking by varying the reaction conditions. 

Supercritical drying of a solution of crosslinked SiO2-GNRs might give aerogels.68 The large 

number of junctions between SiO2-GNRs may also make these materials attractive for use as 

SERS substrates.69 
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Figure 6-5. TEM images of SiO2-GNRs synthesized on the 10 mL scale under non-optimal 

conditions: (a) containing additional spherical SiO2 NPs when excess CTAB is present in the 

solution, (b) irregular shells when a large volume (1000 µL) of 20%v/v TEOS solution is 

used, (c) crosslinking, when the duration of the reaction is too long (5 days, after injecting 

500 µL of 20%v/v TEOS solution), and (d) for a shorter reaction time (10 hours, rather than 

the standard 20 hours) when 500 µL of 20%v/v TEOS solution was injected, which gave a 

reduced shell thickness of 14.2 ± 2.0 nm rather than 17.3 ± 2.6 nm. 

 

 

 

(a) (b)

(c) (d)
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Crosslinking at long reaction times highlights the importance of the reaction time as a 

parameter for controlling the SiO2 shell thickness. The reaction time for obtaining “optimal,” 

uniform overcoatings without crosslinking is coupled to other parameters, such as the 

concentrations and amounts of TEOS and GNRs. Termination with PEG-silane shows that 

under optimal conditions, the SiO2 shell grows quickly during the first hour and then more 

gradually (Figure 6–2e). When a reaction using 500 µL of the TEOS solution was stopped 

after 10 hours, uniform SiO2 coatings with a thickness of 14.2 nm were obtained (Figure 6–

5d), in comparison with 17.3 nm when the reaction was run for 20 hours under otherwise 

identical reaction conditions (Figure 6–1f). Therefore, the reaction time may also be used to 

control the SiO2 shell thickness, but we favor 20 hr reaction times to allow the reaction to 

proceed further toward completion and to use the amount of TEOS and addition of PEG-

silane to control the shell thickness. 

6.6. Conclusions 

SiO2-GNRs have been synthesized on a large scale with tunable shell thickness by 

either varying the amount of TEOS or adding PEG-silane to terminate shell growth. By 

optimizing the CTAB concentration, uniform SiO2 coatings have been obtained, while 

avoiding formation of SiO2 NPs that do not encapsulate GNRs. The minimal change in the 

optical absorbance spectrum during the overcoating reaction indicates that crosslinking 

between (PEG-)SiO2-GNRs is also avoided. This method may be extended to other kinds of 

NP core materials coated with CTAB to template SiO2 deposition. Large-scale synthesis of 
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(PEG-) SiO2-GNRs will facilitate applications that require large amounts of material, and 

PEG-SiO2-GNRs may be especially well-suited for biomedical applications. 

6.7. Supporting Information 

TEM for Large-Scale Synthesis of SiO2-GNRs Without PEG-Silane. 

 
 

Figure 6–S1. Large-scale (100 mL) synthesis of SiO2-GNRs with 13.7 ± 1.6 nm-thick shells: 

TEM image and optical absorbance spectrum with inset of a TEM image at higher 

magnification. 



 

 111 

Histograms of SiO2 Shell Thickness for SiO2-GNRs and PEG-SiO2-GNRs. 

 

Figure 6–S2. Histograms of SiO2 shell thickness from the TEM images presented in Figure 

6–1b-f for 10 mL synthesis of SiO2-GNRs. 
S-3 

 

Histograms of SiO2 Shell Thickness for SiO2-GNRs and PEG-SiO2-GNRs 
 

 
 

 
 

 
 
Figure S2. Histograms of SiO2 shell thickness from the TEM images presented in Figure 1b-f for 
10 mL synthesis of SiO2-GNRs. 
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Figure 6–S3. Histograms of SiO2 shell thickness from the TEM images presented in Figure 

6–2a-d for 10 mL synthesis of PEG-SiO2-GNRs. 
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Figure S3. Histograms of SiO2 shell thickness from the TEM images presented in Figure 2a-d for 
10 mL synthesis of PEG-SiO2-GNRs. 
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Figure 6–S4. Histogram of SiO2 shell thickness from the TEM image presented in Figure 6–

4 for large-scale (100 mL) synthesis of PEG-SiO2-GNRs. 
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Figure S4. Histogram of SiO2 shell thickness from the TEM image presented in Figure 4 for 
large-scale (100 mL) synthesis of PEG-SiO2-GNRs. 
  

SiO2 shell thickness (nm)
1.0 1.5 2.0 2.5 3.0

co
un

ts
0

5

10

15

20

25 625 L TEOS
400 L PEG-silane at 30 min
large-scale (100 mL)
Figure 4
2.2 ± 0.5 nm



 

 114 

 

Figure 6–S5. Histogram of SiO2 shell thickness from the TEM image presented in Figure S1 

for large-scale (100 mL) synthesis of SiO2-GNRs. 
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Figure S5. Histogram of SiO2 shell thickness from the TEM image presented in Figure S1 for 
large-scale (100 mL) synthesis of SiO2-GNRs. 
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Optical Absorbance Spectra of GNRs and Crosslinked SiO2-GNRs. 

 

Figure 6–S6. Optical absorbance spectra of uncoated GNRs and crosslinked SiO2-GNRs, for 

which a TEM image is presented in Figure 6–5c. 
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Chapter 7. Thermal Stability of Silica-Coated and 

Uncoated Gold Nanorods in Different 

Environments 

7.1. Motivation 

It has been known that the thermal stability of gold nanorods is a critical concern for 

many of the applications involved intense-light absorption and high temperature 

environments such as chemical reactions. Because spherical shape is the favorable 

thermodynamic stable state, gold nanorods will tend to reshape at high temperature. The 

reshaped gold NPs will then only interact with a shifted absorption excitation wavelength, 

which may be out of the reacted wavelength window of interests and results in not applicable 

particles. There are reports reshaped GNRs by thermal heating or laser induced heating 

aqueous GNR solution or dried GNR on substrates. Base on these observations, GNR will 

reshape and agglomerate at temperature somewhere below 300 °C where is the reaction 

temperature for the magnetic overcoating. Therefore, to make thermally stable GNRs for the 

follow-up synthesis of magnetic encapsulation onto GNRs, the concept of encapsulating SiO2 

shell on GNRs to prevent their rod shape from reshaping under thermal heating is then used 

follow with the study of the thermal stability of SiO2-GNRs and provide the ranges of 

temperatures that could potential use for the SiO2-GNRs which also gives an insight of 

potential application of those materials under certain environment. Moreover, the in situ 
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TEM study will give us additional information of the behavior of those particles under high 

temperature.  

7.2. Abstract 

SiO2-coated gold nanorods (SiO2-GNRs) are of broad of interest because they have 

better thermal stability than uncoated GNRs. Thermal stability of GNRs is a key issue for 

photothermal heating and other applications that involve exposure of GNRs to high-intensity 

light because uncoated GNRs will reshape into spherical nanoparticles, usually at 

temperatures below 250 °C, in both air and in solution. As the GNR aspect ratio decreases, 

the optical properties change, and the redshift in the longitudinal surface plasmon resonance 

(LSPR) vanishes. Here, we report the thermal stability of SiO2-GNRs under different 

environments and compare with uncoated GNRs. When measured by in situ TEM (pressure 

of ~1 × 10-10 atm), SiO2-GNRs maintain their rod shape within the SiO2 shells at 

temperatures up to 1200 °C, which exceeds the calculated bulk Au vaporization temperature 

(865 °C) based on Clausius-Clapeyron equation at pressure of 1 × 10-10 atm. To the best of 

our knowledge, GNRs have not previously been heated to 1200 °C while maintaining their 

rod shape. In comparison, uncoated GNRs maintain their shape but vaporize into the vacuum 

at 900 °C, which is close to expected theoretical vaporization temperature. To comparison, 

during heating on TEM substrates in a furnace under ambient atmosphere, GNRs maintain 

their rod shape at 600 °C with SiO2 encapsulating, while uncoated GNRs become spherical at  

temperatures below 400 °C. In conclusion, the thermal heating environment including the 

shell coating, substrate and the atmosphere in which the samples are heated critically affect 



 

 123 

on the GNR shapes stability. In situ TEM study is a useful tool for observing of the 

nanoparticle behaviors at elevated temperature and for comparing experimental results with 

theoretical calculations. 

7.3. Introduction 

The thermal stability of gold nanorods (GNRs) is a critical issue for applications that 

involve elevated temperatures.1-3 When the surface of GNRs are under the high thermal 

energy, the result of particle reshaping will strongly affect on their optical properties since 

the surface plasmon resonance (SPR) of GNRs is very sensitive to their shape. The electron 

densities in GNRs are polarized and oscillate in resonance along their short and long axes 

with the incoming light’s frequencies result in two absorptions (SPR bands) from visible to 

the near-infrared (near-IR) wavelength of light which is known as transverse and longitudinal 

SPR bands, respectively. The strong longitudinal SPR of GNRs is specifically interesting in 

many applications such as surface-enhanced Raman scattering (SERS),4 photoacoustic 

imaging,2,5-7 photothermal therapy,8-10and catalysis11-13 applications. However, the high 

intense laser energy, which is the most common photon source for photothemal applications, 

could cause reshaping of GNRs. In general, hot electrons, which are formed on the surface of 

GNRs in a femtosecond when GNRs are exposed by photons. However, to remove the heat 

from GNRs to the surrounding via electron-phonon scattering could take more than 

femtoseconds. For example, based on Ben-Yakar and coworkers’ simulation, 12.5 ns is 

needed to relax the heat from GNRs while applying 80 MHz pulse irradiations.14 Since the 

heat converted from light only takes femtoseconds, which is faster than the heat is removed 
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to the surrounding media, the generated hot electrons on the surface of GNRs may 

continuously accumulate and result in the reshaping of GNRs. Therefore, to find out the 

GNRs reshaping threshold temperature and conditions is an important study for GNR 

applications. 

Synthesis methods of improving thermally stability of GNRs by surface modifications 

have been studying. Overcoating GNRs with higher thermal stable materials such as SiO2 

have been performed. For example, in surface-enhanced Raman spectroscopy (SERS) 

application, Raman signals are anomalous enhanced when Au nanoparticles is coated with 

SiO2 shell to prevent light induced particle agglomeration.15 In photothermal therapy and 

drug delivery applications, the irradiated SiO2 overcoated GNRs (SiO2-GNRs) can be served 

as hot spots to kill cancer cells and to trigger drug releasing.8 However, the studies of the 

temperature threshold of thermally unstable GNRs under various conditions are very limited. 

Paul Mulvaney and co-workers reported that GNRs on Cu TEM grids will convert into 

spheres by thermal heating them to the temperature at 250 °C while the rod-shape could be 

preserved by introducing laser-induced heating to the temperature at 700 ± 50 °C.3 Yuriy 

Khalavka and co-workers showed that a thin amorphous C coated GNRs could maintain their 

rod-shape to the temperature at ~ 940 K under in situ TEM heating experiments.16 Jian Yang 

and coworkers reported that polymer overacted GNRs could slow down the reshaping 

process than CTAB coated GNRs in aqueous solution.17  

In our study, both CTAB stabilized GNRs (CTAB-GNRs) and SiO2-GNRs were first 

synthesized and their behaviors at elevated temperatures were observed via in situ TEM 
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experiments. The environmental conditions (air and vacuum) and the effects of the substrates 

(C and SiN) and heating durations to CTAB-GNRs and SiO2-GNRs are also discussed. We 

observed that the CTAB-GNRs on C substrate is stable up to 900 °C under vacuum and then 

a fast vaporization of GNRs is observed. SiO2-GNRs on C substrate shows a highly thermal 

stability that their rod shape morphology is preserved under vacuum at temperature to 1200 

°C which is above the bulk Au melting point (1064 °C) at 1 atm as well as the bulk Au 

vaporization temperature (865 °C) at 1 × 10-10 atm. To the best of our knowledge, this is the 

highest temperature that has not been reported that GNRs could still confined in their rod 

shape and the SiO2 shell successfully enhance the thermal stability of GNRs. Void 

formations between the SiO2 shell and GNR core is observed during cooling SiO2-GNRs 

from 1200 °C and this will be discussed. 

7.4. Experimental Section 

Details for our method of synthesizing SiO2-GNRs were recently published 

elsewhere.18 

Gold Nanorod Synthesis and Purification. 

CTAB-stabilized GNRs were synthesized according to a method that we recently 

reported and centrifugation process was performed to remove excess CTAB, resulting in a 1 

L aqueous solution containing 190 mg of GNRs.19  

Silica Overcoating Reaction and Purification. 

SiO2-GNRs were synthesized via a large-scale SiO2 overcoating method with a small 

change of the silicate source concentration. In short, all reactions were conducted in a 
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temperature-controlled water bath at 30 °C. 0.1 M NaOH and 125 µL TEOS (100%v/v) 

solution were added into the purified GNR solution in orders. After 20 hour reaction, 18.90 

nm thick SiO2 overcoated GNRs were formed and the following centrifugation (IEC Centra-

MP4 with IEC 854 4×50 rotor) cycles (8500 g, 10 min for 5 times) is applied to remove 

reaction byproducts. Transmission electron microscopy (JEOL 2000FX, operated at 200 kV) 

was used to confirm the shape and size of the particles, Optical absorbance spectra were 

acquired using an Ocean Optics CHEMUSB4-VIS-NIR spectrophotometer and the spectra 

for SiO2-GNRs were normalized to the spectrum for the uncoated GNRs at 400 nm. 

Thermal Heating in Air. 

GNRs (SiO2-GNRs) were drop casted on the carbon (Ted Pella Ultrathin carbon type 

A) and SiNx (Ted Pella) supported TEM grids and samples were delivered into a tube 

furnace without additional pre-treatment such as O3 or plasma cleaning after a day of drying 

in air. The sample. The tube furnace with a temperature controller is used for the thermal 

heating experiments and airflow is allowed during the heating/cooling procedure. When 

reach the set temperature (100–800 °C), the temperature is held for an hour before removing 

the heat. Transmission electron microscopy (JEOL 2000FX, operated at 200 kV) was used to 

examine those particles after the sample is cooled back at room temperature. 

Thermal Heating under Vacuum (10-10 atm). 

Two types of surface coating (C and SiNx) of commercial established electronic chips 

(e-chips) and Aduro TEM holder from Protochips are used for the in situ study. The Silicon 

based e-chip contains a ceramic membrane integrated heating elements that allow us to ramp 
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temperature up to 1200 °C with a controllable heating rate. Each e-chip has been done with 

temperature calibration from room temperature to 1200 °C. Carbon or silicon nitride film is 

coated over the micron-sized patterned holes of ceramic membrane to support for the 

nanoparticles. Transmission electron microscopy JEOL 2010F, operated at 200 kV is used 

for the in situ experiments. The heating/cooling procedures are shown in Figure 7-1. 

 

Figure 7-1. In situ heating procedure: Heating (black), cooling (green or blue) procedure. 

7.5. Results and Discussion 

GNR and SiO2 overcoated GNRs with their longitudinal SPR at 800 nm and 820 nm, 

respectively are used for both ex situ and in situ heating experiments and a controlled heating 

programs were set for the in situ studies (Figure 7–1,2). An overview of out experimental 

results is shown in Scheme 1. 

Ex Situ Heating Experiments of SiO2-GNRs. 

Ex situ heat experiment shows that at temperature below or equal to 400 °C, in 

between two SiO2 shells, light crosslinking is observed and the porous structure of SiO2 shell 
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is no longer clear to see in the TEM image (Figure 7–3a) compare to the SiO2 shell without 

heat treatment (Figure 7–2b). The voids-like structure formed in the inner SiO2 shell is 

observed at temperature above 400 °C (Figure 7–3b,c). During heating, the CTAB layer 

sandwiched in between SiO2 shell and Au core was vaporizing and leaving spaces for GNRs 

to rearrange the shape to reduce the surface energy. Moreover, the porous SiO2 shell may 

also become condenser while a stronger interaction with energetic oxygen molecules could 

happen at elevated temperature. Therefore, a complex dynamic process of vaporizing and 

removing CTAB from porous SiO2 shell, as well as, the thermal energy involved sol-gel 

condensation were happening and results in the TEM images of those particles with a very 

light contrast region where we considered as a intermediate state of void formation. At 

temperature above 500 °C (Figure 7–3d), the outer layer of the SiO2 shell seems de-wetting 

and fuse together and the outer shell is thinner than the inner shell base on the contrast of the 

TEM images. Since the SiO2 shell became unstable, the ability of holding the shape of GNRs 

is decreasing and result in the increasing of the mobility of GRNs to rearrange their shape 

under thermal energy and turned into spherical shape at temperature below 700 °C (Figure 

7–3e). However, the reshaped Au nanoparticles are still embedded in SiO2 layers without 

agglomeration. The rate of the Au nanoparticle reshaping and the SiO2 fusing may be 

different and results in the formation of voids where were occupied by Au NPs (Figure 7–

3e). After a even higher temperature treatment, the reshaped NPs were moved closer to each 

other and the voids in the SiO2 layer is much less indicate that this dynamic behavior could 
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continues happen at even higher temperature and a continuous SiO2 film with embedded Au 

particles may form. 

In Situ Heating Experiments of SiO2-GNRs. 

Compare to ex situ heating in air (1 atm), the in situ heating in TEM is under a much 

lower pressure environment (10-10 atm) and the rod shape of the SiO2-GNRs, deposited on 

the amorphous carbon substrate can be preserved at much higher temperature at least 1200 

°C, where is above the ideal vaporization temperature (865 °C) of bulk Au base on the 

calculation from Clausius-Clapeyron equation (Figure 7–4a-e). To the best of our 

knowledge, there is no reports that GNRs are able to maintain their rod shape at 1200 °C. 

While, the GNRs encapsulated in the SiO2 on silicon nitride is less stable and vaporized and 

removed from the deformed SiO2 shell where partially encapsulated the GNRs incompletely 

at temperature above 1100 °C (Figure 7–4f-j). The SiO2 shells stayed less stable on silicon 

nitride than on amorphous carbon substrate because of the higher similarity between SiO2 

and SiNx. We also observed the precipitation nucleation on the SiNx substrate at temperature 

almost reached 1200 °C (Figure 7-4j) and this is confirmed with the Protochips that they 

never observed such precipitation nucleation from their heating test on pure SiNx e-chips. 

To consider the thermal stability of SiO2-GNRs over time, the temperature 

dependence of the length, width, and aspect ratio of GNRs during heating at 1200 °C over 10 

minutes is studied. (Figure 7–5) When the temperature reaches 1200 °C, the deformation of 

SiO2-GNRs on carbon substrate are very trivial (Figure 7–4e), while holding temperature at 

1200 °C, the degree of deformation increased but the rod shape is till preserved. The SiO2 
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shell confined the shape of GNRs well that the deformation of GNRs took more energy and 

time to drive. The driving energy is from both the heat and the exposure of electron beam and 

their combination. 

In Situ Cooling Experiments of SiO2-GNRs. 

There are void formation in between Au core and SiO2 shell mostly at one end of the 

rods while cooling from 1200 °C (Figure 7–6). We observed the first void formed at 820 °C 

and keep at the same void volume and position till the temperature completely cooled back to 

room temperature. A sandwich structure of SiO2-GNRs contained the CTAB layer (a 16 unit 

of C chain of molecular), which serves as a template on GNRs for depositing SiO2 shell is 

considered the important fact of the void formation. The CTAB layer is not thermally stable 

during heating and the carbon bonding will break and vaporize and then leave the space for 

Au core to rearrange themselves and expand the volume when they transfer to lower density 

phase during heating. The thin layer of spacing, which was occupied by CTAB was now 

filled by Au. While the density of solid phase of Au is higher, when the Au is solidification, 

the extra space tended to form a single void to reduce the surface energy. We also observed 

the void formation happened at similar temperature for the both with/without high 

temperature holding cases in which are both consistence with the prediction that the 

solidification temperature is slightly lower than the vaporization temperature. 

Ex Situ Heating Experiments of CTAB Stabilized GNRs (Air Environment). 

A parallel study of the thermal stability of CTAB stabilized GNRs (CTAB-GNRs) is 

performed and it shows that the CTAB-GNRs on carbon substrate formed sphere at 



 

 131 

temperature below or equal to 300 °C (Figure 7–7a-c) which is consistence with the 

previous studies. However, the CTAB-GNRs are slightly more stable when they are on SiN 

substrate and are able to maintain the rod shape at 300 °C. (Figure 7–7d,e) The carbon layer 

is not stable during heating in air and can form CO2 and this is also apply to the CTAB 

stabilizer, in which also contains carbon in their molecule. Therefore, the combination effects 

of these two carbon contained materials, thermodynamically, the loosed and or the unstable 

stabilizer CTAB which may also interact with the substrate are no longer hold the rod shape 

and the GNRs are allowed to reshape to lower energy shape which is sphere where also left a 

hole next to it which may confirmed that the carbon molecules had stronger reaction around 

the Au particles (around the CTAB stabilizer) and vaporized (Figure 7–7c). 

Since SiNx is much stable than C during heating in air, while removing of CTAB 

stabilizer without additional interaction with the SiNx substrate, the GNRs allowed 

thermodynamically reshaped since the CTAB stabilizer is not stable and this is happened at 

higher temperature compared to the results for CTAB-GNRs on C substrate (Figure 7–7d) 

When the temperate kept increasing, the uncoated Au particles were merged together through 

Ostwald ripening and formed a larger Au particles (Figure 7–7e). 

In Situ Heating Experiments of CTAB Stabilized-GNRs. 

When CTAB-GNRs is heat in vacuum, very vaporization process were observed for 

both situations that on carbon and on silicon nitride substrate at temperature 900 °C (Figure 

7–8) which is also consistence with the predicted vaporization temperature (865 °C). 
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7.6. Conclusions 

This study of the thermal stability of CTAB stabilized GNRs and SiO2 overcoated 

GNRs covers the in situ and ex situ observation of their behavior under heating. The rod 

shaped of GNRs is preserved at 1200 °C was observed and this is the highest temperature 

that has not been reported in the literature. To understand the environmental effects on the 

thermal stability of nanoparticles, we observed the thermal stability degreasing while the 

elemental similarity of surrounding materials is increasing. Finally, the observation of the 

vaporization process of gold nanoparticles is highly consistence with the calculation result 

from the well-known Clausius-Clapeyron equation. Therefore, the further study of the 

thermal stability of different types of nanoparticles. 
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Figure 7-2. (a,b) TEM and (c) optical absorbance spectra of (a) untreated CTAB-GNRs and 

(b) SiO2-GNRs. 

  

(a) GNRs 

(b) SiO2-GNRs 
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Scheme 1. Scheme overview of the uncoated GNRs and SiO2-GNR reshaping processes. 
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Figure 7-3. TEM of SiO2-GNRs on SiN after heating for 1 hour in air: (a) 300 °C, (b) 400 

°C, (c) 500 °C, (d) 600 °C, (e) 700 °C and (f) 800 °C. 

(b) 400 °C, SiN

(c) 500 °C, SiN (d) 600 °C, SiN

(e) 700 °C, SiN (f) 800 °C, SiN

100 nm

(a) 300 °C, SiN
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Figure 7-4. In situ heating of SiO2-GNRs on C (a-e) and SiN (f-j) e-chips at pressure 10-10 

atm. 

(a) 800 °C, C (c) 1000 °C, C (e) 1200 °C, C(b) 900 °C, C (d) 1100 °C, C

(f) 800 °C, SiN (i) 1100 °C, SiN (j) 1200 °C, SiN(g) 900 °C, SiN (h) 1000 °C, SiN

100 nm
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Figure 7-5. GNR shape and temperature dependence over time.  
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Figure 7-6. SiO2-GNRs on carbon e-chip during cooling process from 1200 °C without (a-e) 

and with (f-j) holding at 1200 °C for 10 minutes. 

(f) 1100 °C, C
with holding

(g)1000 °C, C (h) 900 °C, C (i) 800 °C, C (j) 700 °C, C

100 nm

(a) 1100 °C, C
without holding

(b) 1000 °C, C (c) 900 °C, C (d) 800 °C, C (e) 700 °C, C
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Figure 7-7. TEM images of uncoated GNRs supported on (a-c) carbon or (d-e) SiN 

substrates for TEM after heating for 1 hour in air: (a) 100 °C, (b) 200 °C, (c,d) 300 °C, (e) 

400 °C.  

(a) 100 °C, C (b) 200 °C, C

(c) 300 °C, C (d) 300 °C, SiN

(e) 400 °C, SiN

100 nm
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Figure 7-8. In situ heating of uncoated GNRs on C (a-e) and SiNx (f-j) e-chips at 10-10 atm. 

  

(e) 1000 °C, 30s(a) 100 °C, C (b) 900 °C, 0s (c) 1000 °C, 10s (d) 1000 °C, 20s

20 nm 40 nm 20 nm40 nm 40 nm

(f) 100 °C, SiN (g) 900 °C, 30s (h) 1000 °C, 5s (j) 1000 °C, 30s(i) 1000 °C, 10s

100 nm



 

 141 

REFERENCES 

1. Gautier, C.; Cunningham, A.; Si-Ahmed, L.; Robert, G.; Burgi, T. Gold Bull. 2010, 
43, 94-104. 

2. Chen, Y. S.; Frey, W.; Kim, S.; Homan, K.; Kruizinga, P.; Sokolov, K.; Emelianov, 
S. Opt. Express 2010, 18, 8867-8877. 

3. Petrova, H.; Juste, J. P.; Pastoriza-Santos, I.; Hartland, G. V.; Liz-Marzan, L. M.; 
Mulvaney, P. Phys. Chem. Chem. Phys. 2006, 8, 814-821. 

4. Osberg, K. D.; Rycenga, M.; Bourret, G. R.; Brown, K. A.; Mirkin, C. A. Adv. Mater. 
2012, 24, 6065-6070. 

5. Chen, L. C.; Wei, C. W.; Souris, J. S.; Cheng, S. H.; Chen, C. T.; Yang, C. S.; Li, P. 
C.; Lo, L. W. J. Biomed. Opt. 2010, 15, 6. 

6. Chen, Y. S.; Frey, W.; Kim, S.; Kruizinga, P.; Homan, K.; Emelianov, S. Nano Lett. 
2011, 11, 348-354. 

7. Jokerst, J. V.; Thangaraj, M.; Kempen, P. J.; Sinclair, R.; Gambhir, S. S. Acs Nano 
2012, 6, 5920-5930. 

8. Shen, S.; Tang, H. Y.; Zhang, X. T.; Ren, J. F.; Pang, Z. Q.; Wang, D. G.; Gao, H. L.; 
Qian, Y.; Jiang, X. G.; Yang, W. L. Biomaterials 2013, 34, 3150-3158. 

9. Huang, P.; Bao, L.; Zhang, C. L.; Lin, J.; Luo, T.; Yang, D. P.; He, M.; Li, Z. M.; 
Gao, G.; Gao, B.; Fu, S.; Cui, D. X. Biomaterials 2011, 32, 9796-9809. 

10. Zhang, Z. J.; Wang, L. M.; Wang, J.; Jiang, X. M.; Li, X. H.; Hu, Z. J.; Ji, Y. H.; Wu, 
X. C.; Chen, C. Y. Adv. Mater. 2012, 24, 1418-1423. 

11. Son, M.; Lee, J.; Jang, D. J. Journal of Molecular Catalysis a-Chemical 2014, 385, 
38-45. 

12. Sekhar, A. C. S.; Meera, C. J.; Ziyad, K. V.; Gopinath, C. S.; Vinod, C. P. Catal. Sci. 
Technol. 2013, 3, 1190-1193. 

13. Chen, J. C.; Zhang, R. Y.; Han, L.; Tu, B.; Zhao, D. Y. Nano Res. 2013, 6, 871-879. 

14. Ekici, O.; Harrison, R. K.; Durr, N. J.; Eversole, D. S.; Lee, M.; Ben-Yakar, A. J. 
Phys. D: Appl. Phys. 2008, 41, 185501. 



 

 142 

15. Li, J. F.; Huang, Y. F.; Ding, Y.; Yang, Z. L.; Li, S. B.; Zhou, X. S.; Fan, F. R.; 
Zhang, W.; Zhou, Z. Y.; Wu, D. Y.; Ren, B.; Wang, Z. L.; Tian, Z. Q. Nature 2010, 
464, 392-395. 

16. Khalavka, Y.; Ohm, C.; Sun, L.; Banhart, F.; Sonnichsen, C. J. Phys. Chem. C 2007, 
111, 12886-12889. 

17. Zou, R.; Zhang, Q.; Zhao, Q.; Peng, F.; Wang, H.; Yu, H.; Yang, J. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects 2010, 372, 177-181. 

18. Wu, W.-C.; Tracy, J. B. Chem. Mater. 2015. 

19. Kozek, K. A.; Kozek, K. M.; Wu, W.-C.; Mishra, S. R.; Tracy, J. B. Chem. Mater. 
2013, 25, 4537-4544. 

 



 

 143 

Chapter 8. Magnetic Overcoating of Gold Nanorods 

8.1. Motivation 

We are interested in controlling the movement of GNRs, including rotation and 

alignment, in dispersions. The novel optical properties and anisotropic shape of GNRs make 

them an excellent candidate for studying the behavior of rod-shaped nanoparticles under the 

magnetic fields and the polarized light.  

8.2. Introduction 

In several studies of hybrid iron oxide / Au core/shell NPs, enhancement of optical 

contrast from the Au layer and T2 (spin-spin relaxation time) contrast from iron oxide core 

could apply on NP assembling and magnetic resonance imaging (MRI) or optical imaging 

and photothermal therapy of cancer cells.1-9 However, the inverse, Au / iron oxide core/shell 

structure is much less reported. Two common forms of iron oxide in nanoparticles are: (1) 

magnetite (Fe3O4), a face-centered cubic crystal and a ferrimagnetic material at room 

temperature; (2) maghemite (γ-Fe2O3), a cubic crystal with tetragonal supercell and a 

ferrimagnetic material at room temperature. In aqueous syntheses, hematite (α-Fe2O3) is 

often obtained, which has a low magnetization in comparison with Fe3O4 and γ-Fe2O3. The 

ligands or molecules that stabilize dispersions of magnetic NPs have an important role 

because magnetic nanomaterials tend to undergo agglomeration, if their moments are 

sufficiently strong. Thermal decomposition of iron salts is a popular method for synthesizing 

Fe3O4 NPs because they are very stable in the solution and are not easy oxidized.  
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To form a layer of Fe3O4 directly onto GNRs using thermal decomposition, in which 

the reaction temperature is 300 °C, is nearly impossible. Thermally unstable GNRs will 

convert into spherical nanoparticles at such high temperatures, as described in Chapter 7. 

Moreover, positively charged CTAB-stabilized GNRs are only stable in highly polar 

solvents, such as water, which are not compatible with our thermal decomposition approach. 

There are very few reports of iron oxide- coated GNRs because of these challenges, 

including both the shape stability of GNRs and the chemical stability of iron oxide. Murphy 

and coworkers reported a method of iron oxide overcoated GNRs by first modifying GNRs 

surface with poly(sodium-4-stryrenesulfomnate), PSS to create a negatively charged surface 

and then depositing iron oxide by mixing PSS-coated GNRs in an iron salt solution 

containing FeCl2 and FeCl3 with NaOH as a catalyst.10 A brownish solution containing 

aggregated GNRs with non-uniform iron oxide coatings resulted. Murphy and coworkers also 

showed that adding iron oxide NPs to PSS-modified GNRs gave partial coatings of iron 

oxide NPs on the GNR surface. Irudayaraj and coworkers further modified this method by 

depositing pre-synthesized iron oxide NPs capped with carboxylic acids onto amine- and 

PEG- functionalized GNRs. Their results show that some GNRs have higher coverage of iron 

oxide NPs than others.11 

As an alternative to using pre-synthesized iron oxide NPs, we hypothesized that direct 

deposition of Fe3O4 onto GNRs might give more uniform overcoatings, which we 

investigated by decomposing Fe(acac)3 (acac = acetylacetonate) at elevated temperature in 

benzyl ether under inert atmosphere. Wei and coworkers reported a method for modifying the 
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surface of GNRs with a special molecule, tetra-N-methyl(aminomethyl)resorcinarene 

(TMAR-DTC), which allows GNRs to disperse in organic solvents and enhances their 

thermal stability. They deposited iron oxide on TMAR-DTC-stabilized GNRs through 

thermal decomposition of Fe(CO)5 at 250 °C.12 With this method, however, there was 

substantial agglomeration and reshaping of the GNRs after conducting the iron oxide 

overcoating reaction at high temperature. Therefore, an overcoating that preserves the rod-

shape of the GNRs is needed when using thermal decomposition to deposit Fe3O4 onto the 

GNRs. Alivisatos and coworkers reported results for deposition of iron oxide coatings onto  

spherical Au NPs by thermal decomposing Fe(CO)5 at 180 °C.13 We selected SiO2-

overcoated GNRs for deposition of Fe3O4 for several reasons: We already know (from 

Chapter 7) that SiO2 shells on GNRs enhance the thermal stability of the GNR cores and 

prevent thermal reshaping at 300 °C. SiO2 can also be further modified using silanes, which 

is useful for controlling the ability of SiO2-GNRs to disperse in different solvents. For 

example, functionalization with 3-aminopropyltrimethoxysilane (APTMS) can allow for 

phase transfer of NPs into less polar organic solvents from water. 

8.3. Experimental Section 

Chemicals.  

Cetyltrimethylammonium bromide (CTAB, Sigma Aldrich, 99%, H6269), KBr (Alfa 

Aesar, ACS, 99% min), AgNO3 (Alfa Aesar, 99.9995%), HAuCl4.xH2O (Alfa Aesar, 

99.999%, where x was estimated as 3), deionized water (Ricca, ACS Reagent grade, ASTM 

Type I, ASTM Type II), ascorbic acid (AA, J.T. Baker, 99.5%), and NaBH4 (Sigma-Aldrich, 
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99%, 213462) were used in the GNR synthesis. Tetraethoxysilane (TEOS, Alfa Aesar, 

99.9%), NaOH (Sigma Aldrich 98%), 2-[methooxy(polyethyleneoxy)propyl)9-

12trimethoxysilane (PEG-silane, Gelest),  and methanol, (Macron, UltimAR) were used for 

the SiO2 overcoating. 

Gold Nanorod Synthesis and Purification.  

CTAB-stabilized GNRs were synthesized and purified to remove excess CTAB by 

centrifugation according to a method that we reported previously.14  

Silica Overcoating Reaction and Purification. 

PEG-SiO2-GNRs were synthesized and purified according to a method that we 

reported previously.15 

Fe3O4 Overcoating Reaction and Purification. 

 A dispersion of 1-10 mg of PEG-SiO2-GNRs in methanol was dried by rotary 

evaporation and then redispersed into 10 mL benzyl ether, which required sonication. 

Fe(acac)3 was added to a mixture of 5 mL benzyl ether and 5 mL oleylamine in a three-

necked, round-bottomed flask. The mixture was degassed for 1 hour at room temperature 

before backfilling with nitrogen and then heating to 120 °C for 30 minutes to remove any 

residual methanol or water residues from the mixture. The temperature was then raised to 

290 °C at a rate of 1 °C/min and then held at 290 °C for 30 minutes before cooling back to 

the room temperature by removing the heat source. The solution was purified to remove 

small Fe3O4 NPs by dispersing in ethanol followed by centrifugation. The solid collected in 

the bottom of the centrifuge tube consisted of Fe3O4-overcoated SiO2-GNRs (Fe3O4-SiO2-
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GNRs), while small Fe3O4 NPs remained suspended in ethanol. This step was then repeated 

before conducting an additional purification step using a permanent magnet to isolate the 

Fe3O4-SiO2-GNRs from ethanol. This magnetic purification procedure was conducted 

multiple times, until the liquid no longer appeared brown in color, indicating nearly complete 

removal of small Fe3O4 NPs. 

Characterization. 

The morphology of the products was confirmed by transmission electron microscopy 

(JEOL 2000FX, operated at 200 kV). An aberration-corrected FEI Titan 80-300 scanning 

transmission electron microscope with energy dispersive X-ray spectroscopy (EDS) was used 

for elemental mapping of the NPs. Optical absorbance spectra were acquired using an Ocean 

Optics CHEMUSB4-VIS-NIR spectrophotometer. 

8.4. Results and Discussion 

The surfaces of PEGylated SiO2-GNRs were decorated with multiple Fe3O4 NPs, and 

elemental mapping confirms the core-shell structure (Figure 8–1). Formation of Fe3O4 NPs 

rather than a contiguous layer may be caused by a low number of nucleation sites on the 

PEGylated surface of the SiO2-GNRs. The relative nucleation and growth rates of Fe3O4 in 

reaction are important for determining the morphology of the Fe3O4. 



 

 148 

 

Figure 8-1. STEM-EDS mapping of a single Fe3O4-SiO2-GNR. 

 Different SiO2 shell thicknesses were studied, and a 7 nm SiO2 provided the best 

coverage of Fe3O4 (Figure 8–2). Therefore, the ratio of the total surface area to iron 

precursor amount appears to an important factor for achieving more homogenous magnetic 

shells. The ultrathin SiO2 shell (2 nm) is less rigid than the thicker shells and does not 

completely prevent reshaping of GNRs, leaving voids at the tips between GNR cores and 

SiO2 shells.   
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Figure 8-2. TEM images of Fe3O4-overcoated PEG-SiO2-GNRs with SiO2 shell thicknesses 

of (a) 2 nm, (b) 7 nm, and (c) 10 nm.  

 The Fe3O4 overcoatings allow for manipulation of GNRs with magnetic fields 

(Figure 8–3a). When a drop of a dispersion of Fe3O4-SiO2-GNRs was allowed to evaporate 

on a TEM grid in the homogeneous magnetic field of an electromagnet, chains formed along 

the field direction (Figure 8–3a). The chain is composed, however, of agglomerates Fe3O4-

SiO2-GNRs that exhibit both side-by-side and tip-to-tip arrangements. Whether 

agglomeration occurs before or after application of the magnetic field is not clear, and the 

SiO2 shells could also potentially undergo crosslinking at high temperature.  

(a) (b) (c) 

50 nm 
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Figure 8-3. (a) Photo showing attraction of Fe3O4-SiO2-GNRs to a permanent magnet. (b) 

TEM images of Fe3O4-SiO2-GNRs assembled in a homogeneous magnetic field (0.85 T). 

8.5. Conclusions 

Growth of Fe3O4 NPs on SiO2-GNRs has been demonstrated. The total surface area of 

SiO2-GNRs, surface configuration of PEG, and thickness of the SiO2 shells may have 

important roles in formation of particulate Fe3O4 shells. Agglomeration of Fe3O4-SiO2-GNRs 

remains a challenge for precise assembly of Fe3O4-SiO2-GNRs. 

  

0.85 T 

1 µm 

(b) (a) 
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Chapter 9. Contributions to Collaborative Projects 

In this chapter, the motivation and an overview of my contribution to nine co-

authored publications is summarized. 

9.1. Long-Range Alignment of Gold Nanorods in Electrospun Polymer 

Nano/Microfibers1 

In this project, I worked with Dr. Kristen Roskov, a chemical engineer, who has 

expertise in electrospinning polymer fibers. The motivation of this project was to 

demonstrate nanoscale alignment of GNRs within polymer fibers, which could also be 

aligned on the macroscale. In order to mix GNRs and polymers while maintaining 

appropriate parameters for electrospinning, we adjusted the concentration of GNRs and 

removed most of the excess CTAB. 

9.2. Anisotropic Thermal Processing of Polymer Nanocomposites via the Photothermal 

Effect of Gold Nanorods2 

In this project, I worked with Dr. Somsubha Maity, a physicist, who has expertise in 

electrospinning polymer fibers. The motivation of this project was to study the effects of 

photothermal heating of GNRs on the polymer fibers in which they are embedded. A very 

narrow distribution of GNR aspect ratios was required for this project in order for the laser  

for photothermal heating to be on resonance with the longitudinal surface plasmon resonance 

of the GNRs. The concentration of GNRs was precisely measured because an accurate 

measure of the volume fraction of GNRs in the polymer fibers was critical for this 
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experiment. Optical absorbance spectra and TEM images were acquired to confirm the size 

and aspect ratio of the GNRs and to verify their alignment in the polymer fibers.  

9.3. Motility-, Autocorrelation-, and Polarization-Sensitive Optical Coherence 

Tomography Discriminates Cells and Gold Nanorods within 3D Tissue Cultures3 

In this project, I worked with Prof. Amy L. Oldenburg and her former student, Dr. 

Raghav Chhetri from Department of Physics and Astronomy at the University of North 

Carolina, Chapel Hill, who are experts in biomedical imaging an specialize in optical 

coherence tomography (OCT). The motivation of this project was to study the enhancement 

of molecular image contrast using GNRs as diffusive probes within three-dimenstional (3D) 

tissue cultures using a polarization-sensitive OCT technique to study the diffusion of GNRs 

in 3D tissue models. In order to add GNRs into a biomaterial matrix while preventing 

agglomeration and avoiding the toxicity of CTAB, PEG-SH (1000 MW) was used to modify 

the surface of CTAB-stabilized GNRs. The longitudinal SPR of GNRs provided for this 

study is 800 nm, in order to match the wavelength of the laser used for this study (Figure 9–

1). 
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Figure 9-1. (left) TEM image and (right) extinction spectrum of the PEGylated GNRs. 

9.4. Large-Scale Synthesis of Gold Nanorods through Continuous Secondary Growth4 

In this project, I worked with Krystian Kozek, an undergraduate student who 

pioneered the methods for synthesizing GNRs used in our group. The motivation of this 

project was to scale up a commonly used method for synthesizing GNRs and to allow tuning 

of the aspect ratio during a secondary growth step. In this project, I acquired TEM images 

and performed analysis of the size and shape distribution of the GNRs.  

9.5. Aerosynthesis: Growth of Vertically-aligned Carbon Nanofibres with Air DC 

Plasma5 

In this project, I worked with Dr. Anatoli Melechko, who is an expert on carbon 

nanofibers (CNFs). The motivation of this project was to synthesize vertically aligned CNFs 

(VACNFs) in air to simplify the synthesis and reduce its cost. To confirm structure of their 

VACNFs, detail characterization by TEM was needed. My main contribution to this project 

was to prepare specimens and to acquire and analyze TEM images (Figure 9–2). 

unique MAPS signatures to contrast specific classes of
objects, and demonstrate the ability to differentiate MECs
and GNRs in tissue culture.
B-mode OCT images were collected using a

polarization-sensitive, spectral-domain OCT system, de-
scribed in detail previously [18,19]. This system has a
center wavelength of 800 nm and axial and transverse
resolutions of 3 and 12 μm, respectively. A linear polari-
zation basis was used such that horizontally (H) polar-
ized light was incident upon the sample, and both the
copolarized (HH) and cross-polarized (HV) backscat-
tered light were detected. Images were collected over
1.5 mm × 1.5 mm regions sampled into 1000 × 1024 pix-
els in x and z, respectively. The HH signal was used
for motility and autocorrelation analyses, while both the
HH and HV signals were used to measure the cross-
polarization.
To prepare tissue cultures, MECs (MCF10DCIS.com)

were seeded at 30; 000 cells∕cm3 into 1∶1 collagen
I:Matrigel ECM and cultured for 2 weeks before imaging.
Images were collected immediately before and 24 h
after introduction of GNRs into the cell culture medium
(∼3.3 × 1011 GNRs∕cm3). GNRs stabilized by cetyltrime-
thylammonoium bromide were prepared by modifying a
commonly used method [20], and were ∼!83" 7# nm ×
!22" 3# nm in size, with a longitudinal surface plasmon
resonance (LSPR) tuned to the 800 nm center wavelength
of the OCT system (Fig. 1). GNRs were PEGylated using
polyethylene glycol (PEG)-thiol with a molecular weight
of 1 kDa to prevent adherence to the ECM and ensure
they remained freely diffusing during imaging.
OCT is particularly well-suited for imaging MEC

tissue cultures, as we have shown previously [13]. Over
1–2 weeks MECs form polarized, acinar structures (sphe-
roids) similar to the structure of in vivomammary ducts.
This unique morphology can be seen in the left column of
Fig. 2, where images averaged over time stacks (N $ 30)
are displayed. Each spheroid is typically comprised of
thousands of MECs and appears as a cluster of high
light scattering in comparison to the surrounding ECM.

Samples with added GNRs display nearly uniform light
scattering, due to the penetration of GNRs into the pores
of the ECM. Slight inhomogeneities that appear only in
the sample with both MECs and GNRs can be suspected
to be spheroids that are masked by the surrounding
GNRs. Our treatment will utilize MAPS signatures to
individually contrast MECs and GNRs in this challenging
imaging environment.

Motility is typically defined as cellular motion arising
from ATP-driven processes, in contrast to other types of
biological motion, including diffusion and flow. Here, we
employ an experimentally based definition of motility
that includes these other types of motion (i.e., the “appar-
ent motility”). We define the motility, M , as the ratio of
the measured standard deviation of each pixel to that
expected from shot noise,

M!x; z# $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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"
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2
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!!!!!!!!!!!!!!!!!!!!!!!!!!D
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Er ; (1)

where SOCT is the OCT signal amplitude at each image
position !x; z#, sampled at regular intervals ti over N
frames. M has a minimum value in the shot-noise limit,
and quantifies the relative amount of speckle fluctuation
above this limit. Thus, motility is particularly useful for
suppressing regions of noise (low scattering) and station-
ary objects where speckle fluctuations are shot-noise
limited, from those exhibiting ATP-driven or thermally
driven motion, such as MECs and GNRs, respectively.
This is seen in the second column of Fig. 2, where motil-
ity is displayed for each tissue culture. Stationary objects
such as the ECM are suppressed, while freely diffusing
GNRs and live MEC spheroids exhibit high apparent
motility.

While motility quantifies the amplitude of speckle fluc-
tuation, the temporal autocorrelation can be used to
quantify the time scale of the fluctuation. While recogniz-
ing that many types of motion (e.g., diffusion in nonNew-
tonian fluids and ATP-driven motion) do not necessarily
follow a simple exponential decay model, we find that a

Table 1. MAPS Signature for Each Object Class, where ↑
and ↓ Indicate a High or Low Value, Respectively

Classes
of
Objects

M
(Motility)
[a.u.]

A (Autocorrelation)
Decay Time [s]

PS
(Cross-

Polarization)
MAPS

Signature

GNRs 36" 4 <0.8 0.62" 0.07 ↑↓↑
MECs 35" 9 4.8" 2 0.23" 0.12 ↑↑↓
ECM 16" 3 9.7" 3 0.24" 0.11 ↓↑↓
Noise 20" 4 <0.8 0.52" 0.06 ↓↓↑

Fig. 1. Transmission electron microscopy (left) and extinction
spectrum (right) of the PEGylated GNRs used in these
experiments.

Fig. 2. Image stacks of 4 collagen:Matrigel tissue cultures
containing both MECs and GNRs (top row), MECs only (second
row), GNRs only (third row) and control (bottom row).
Each column displays a different way of processing the image
stacks, as described in the text. Images represent 1.4 mm ×
0.6 mm in x and z.
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Figure 9-2. TEM images of VACNFs after growth in air. The nanofiber in (a) has an 

undulated outer coating.  Arrows in (b) indicate the outer coating of the nanofiber. 

9.6. Control of Branching in Ni3C1-x Nanoparticles and their Conversion into N12P5 

Nanoparticles6 

In this project, I worked with a former graduate student, Dr. Mehmet Sarac, who was 

investigating the synthesis of Ni3C1-x NPs and their conversion into N12P5. The motivation for 

this study was to better understand formation of Ni-based nanostructures under different 

experimental conditions. My contribution to this project was to image NPs by high-resolution 

TEM (HR-TEM) (Figure 9–3). 
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Figure 9-3. HRTEM images of (a) a dendritic Ni3C1-x NP and (b) a Ni12P5 NP with voids in 

the branches obtained from dendritic Ni3C1-x NPs.  

9.7. Probing Biological Nanotopology via Diffusion of Weakly-Constrained Plasmonic 

Nanorods with Optical Coherence Tomography7 

In this project, I worked again with Prof. Amy L. Oldenburg and her former student, 

Dr. Raghav Chhetri from Department of Physics and Astronomy at the University of North 

Carolina, Chapel Hill, who are experts in biomedical imaging an specialize in optical 

coherence tomography (OCT). My role in this project was to synthesize PEGylated GNRs 

that were stable in phosphate-buffered saline (PBS) solution for their study of the diffusion of 

GNRs in biological culture, which was measured by OCT. 

  

multiple voids into a larger, single central void containing a
detached “yolk.” Samples with further reduced branching more
clearly exhibit yolk-in-shell structures for larger sizes (Figure
2d,e) and hollow, unfilled voids for smaller sizes (Figure 2f),
which is consistent with previous observations.11

In some of our syntheses, XRD measurements after
conversion into Ni12P5 show the presence of Ni3C1−x. A
substantial amount of Ni3C1−x is present for the 5 μL sample,

and lesser amounts are present in the 10, 50, and 100 μL
samples. A comprehensive understanding of why phosphidation
is inconsistently completed is beyond the scope of this study,
but several factors may contribute, including the NP size, shape,
and C content prior to phosphidation. For the 0 μL sample, in
which no Ni3C1−x was measured after phosphidation, diffusion
and the phospidation reaction may be enhanced by branching
and the large surface area. In contrast, the 5 μL sample has a
larger core size and exhibits less branching, which may slow
phosphidation. The 100 μL sample was initially Ni and did not
contain any Ni3C1−x until after the phosphidation reaction at
300 °C. Therefore, Ni3C1−x in that sample formed during the
phosphidation reaction. As discussed earlier, x in Ni3C1−x likely
increases as the amount of TOP used to synthesize the starting
NPs increases. If the carbide would inhibit incorporation of P,
some dependence on x would also be expected. However, the
absence of Ni3C1−x for the 0 μL sample, which likely has the
highest C content before phosphidation, does not support the
hypothesis that the carbide inhibits phosphidation. Alterna-
tively, since decomposition of TOP into elemental P for
conversion into Ni12P5 is catalyzed by the Ni3C1−x NPs, the
efficiency of catalytic decomposition might also depend on x,
thus resulting in different concentrations of elemental P.

Mechanism of Void Formation in Branched Ni12P5
Nanoparticles. Some oxidation and phosphidation reactions
of Co NPs have been observed to occur in a stepwise fashion
through oxides and phosphides of intermediate O or P content,
such as CoO during conversion into Co3O4

79 or Co2P during
conversion into CoP.80 Although we have not observed
intermediates, the overall conversion of Ni into Ni12P5 NPs
(Figure 2) may occur in a stepwise fashion through phosphides
with intermediate P content, such as Ni3P or Ni5P2.

71 For each
step, the shell of the NP would first convert into the next P-
enriched phase. Void formation would occur if outward Ni
diffusion through the shell is faster than inward diffusion of P. If
inward diffusion of P is faster, then no void(s) would form.
Each step within the conversion into Ni12P5 would present the
opportunity for void formation, if outward diffusion of Ni is

Figure 2. TEM and powder XRD for Ni12P5 NPs obtained by heating
the samples shown in Figure 1 to 300 °C for 30 min after adding 0.3
mL of TOP. Reference XRD patterns for Ni12P5 (PDF no. 01-074-
6017) and Ni3C are shown as stick spectra. The TEM scale bar in (a)
applies to all panels.

Figure 3. HRTEM of (a) a dendritic Ni3C1−x NP grown in ODE at
230 °C without TOP and (b) a Ni12P5 NP with voids in the branches
obtained from dendritic Ni3C1−x NPs grown without TOP by adding
0.3 mL of TOP at 300 °C and heating for 30 min. Bottom panels show
high magnification of selected regions of the NPs highlighted in red
boxes. Additional images for NPs from these samples are presented in
the Supporting Information, Figures S1−S3.

Chemistry of Materials Article
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9.8. Spatial Temperature Mapping within Polymer Nanocomposites Undergoing 

Ultrafast Photothermal Heating via Gold Nanorods 8 

In this project, I worked again with Dr. Somsubha Maity, a physicist, who has 

expertise in electrospinning polymer fibers. The motivation of this project was to measure the 

local temperature profile of polymers during photothermal heating near GNRs embedded in 

the polymers. The GNRs were coated with thin SiO2 shells and PEGylated to obtain a better 

dispersion in the polymer matrix. Optical absorbance spectra and TEM images were acquired 

to confirm that the GNRs were suitable for use in this study. 

9.9. Photochemical Synthesis of Size-Tailored Hexagonal ZnS Quantum Dots 9 

In this project, I worked with Dr. Carlos M. Gonzalez, a postdoc from Department of 

Chemistry and Biochemistry at Texas State University, who has expertise in photochemical 

synthesis of quantum dots (QDs). My role in this project was to acuquire high-resolution 

TEM images (Figure 9–4) of his ZnS QDs for analysis of their crystal structure. 

 

Figure 9-4. HRTEM image of a ZnS quantum dot.  
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Chapter 10. Conclusions 

10.1. Summary of Conclusions 

The main goal of this dissertation was to improve the synthesis, functionalization, and 

properties of gold nanorods (GNRs) for multiple applications. Current applications of GNRs 

are limited because of the (1) laboratory synthesis scales, (2) toxicity of GNRs, (3) solubility 

in salt water and organic solvents, (4) thermal stability under intense optical illumination and 

high-temperature environments, and (5) the need for improved control over self-assembly. 

By modifying the synthesis and further encapsulating GNRs in functional layers, the scale of 

the GNR synthesis has been increased, and large-scale and multifunctional GNRs have been 

achieved that expand the applications of GNRs. The following is the summary of the 

approaches to address the limitations listed above: 

(1) A method for the large-scale synthesis of SiO2-GNRs with tunable shell thickness has 

been achieved by continuous injection of variable amounts of TEOS. SiO2-GNRs can 

also be PEGylated on the same large scale with by adding PEG-silane to terminate 

deposition of SiO2 and enhances control over the thickness of thin shells. 

(2), (3) After the surface modification of GNRs with SiO2 or PEG-SH, the free CTAB, 

which a source of the toxicity can be removed. The as-synthesized CTAB-stabilized 

GNRs require a minimum concentration of CTAB to prevent them from 

agglomeration. PEGylated SiO2-GNRs can be dispersed in benzyl ether for further 

overcoating with Fe3O4. PEGylated GNRs obtained using PEG-SH can be dispersed 

in PBS and then diffuse into cell cultures. 
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(4) In situ and ex situ thermal stability studies show that GNRs with SiO2 overcoatings 

can maintain their rod shapes up to 1200 °C under vacuum. Results for CTAB-

stabilized GNRs during in situ heating in TEM are consistent with a reduction in the 

vaporization temperature predicted by the Clausius-Clapeyron equation. 

(5) Fe3O4 deposition onto PEG-SiO2-GNRs via through a thermal decomposition 

approach has been demonstrated, and the Fe3O4-SiO2-GNRs can be manipulated with 

externally applied magnetic fields. 


