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Abstract 

Gold Nanorods: 

Synthesis, Structural Manipulation, and Self-Assembly 

By 

Bishnu Prasad Khanal 

This work describes methods for the synthesis, structural manipulation, and self-

assembly of one-dimensional gold nanostructures. The thesis begins with an efficient 

technique for the synthesis and separation of gold nanorods from a complex mixture, 

which has been a long standing challenge in the field of inorganic nanocrystals. The key 

aspect of our approach is the combination of partial oxidative dissolution and 

gravitational sedimentation of gold nanostructures. In addition, the length of nanorods 

can be tuned using reversible elongation and shortening of rods when Au (I) and Au (III) 

ions are used, respectively. The synthesis of extremely long gold nanowires measuring 

up to -25 (am was accomplished by this novel synthetic approach. The width of gold 

nanowires can also be precisely controlled by adjusting the concentration of Au (I) ions 

in the growth solution. This thesis also describes a procedure for the large scale synthesis 

of gold nanorods. The gram quantity of nearly monodisperse single crystalline nanorods 

was synthesized by slow reduction of Au (I) ions on the surface of pre-formed gold 

nanorods. This results in the amplification of nanorods without the formation of any 

undesirable shapes. Finally, the surface functionalization technique described in this 

thesis allows for the synthesis of polymer-fimctionalized gold nanorods. Our 

investigation revealed their unique ability to undergo spontaneous self-organization into 



ring-like superstructures. This process is templated by water microdroplets which 

condense from the air when a volatile organic solvent evaporates. This self-assembly 

does not require any lithographic technique and can organize millions of gold nanorods 

into rings in a matter of seconds. 
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Chapter I 

Introduction 

1.1 Gold nanoparticles 

Gold nanoparticles (AuNPs) known as "colloidal gold" were used as a colorant to 

make ruby glass and ceramics in the 5th century B. C. in Egypt and China.1 Lycurgus Cup 

is the most famous example (Figure 1.1a) that was manufactured in the 5th to 4th century 

B.C. It appears green when viewed in the reflected light and ruby red in transmitted light 

due to the presence of gold colloids. Gold nanoparticles were also used as pigment of the 

ruby-colored stained glass in Rose Window of the Cathedral of Notre Dame which was 

built in the middle ages (Figure 1.1 b). 

Over the past few decades, various research groups have reported the fine control 

over the wavelengths at which the nanoparticles interact with incident light. This is 

accomplished by precisely controlling the dimensions of metallic nanostructures of 

specific shapes.2"6 The optical resonance frequency of a metal is a function of not only 

the type of metal, but also, the shape of the particle especially in the nanometer scale. 

For example, colloidal dispersion of AuNPs with diameter of ~ 30 nm absorbs green light 

at 520 nm and appears deep red in color. In 1857, Michael Faraday reported synthesis of 

colloidal gold by reduction of an aqueous solution of chloroaurate salts (AuCU ) using 

phosphorus in CS2. He reported that the appearance of the deep red color is due to the 

formation of colloidal gold in solution.7 Citrate reduction of HAuCU developed by 

Turkevitch in 1951 has been the most popular method for synthesis of colloidal gold 

particles. In the 20th century, various methods for the preparation of colloidal gold were 

1 



Figure 1.1. a) The Lycurgus cup on reflected (left) and transmitted light (right) b) 
Rose Window in the Cathedral of Notre Dame. 

reported.8"14 Gold colloids have been the subject of a considerably increased number of 

books and reviews,15"34 especially after the breakthroughs in the synthesis of 

functionalized gold nanoparticles reported by Schmid14'16 and Brust et al.19'23 

In 1981, Schmid's reported the synthesis of gold clusters [Au55(PPh3)i2Cl6]24 with 

a narrow size distribution (1.4 ± 0.4 nm). In 1993, for the first time Mulvaney and 

Geirsig reported the different chain length alkanethiols stabilized gold nanoparticles 

(AuNPs). In 1994 Brust and Schiffrin published 

a one-phase synthesis of AuNPs. This 

method allows for the synthesis of monolayer-protected clusters (MCPs) ranging from 

1.5-5.2 nm which contains functional thiols, including mercaptophenol, which offers an 

opportunity to covalently attach larger organic species via an ester linkage.27'28 

2 



1.2 From nanoparticles to nanorods 

The shape and size of nanocrystals are known to control the entire range of their 

physical and chemical properties.35 In addition to the synthesis of spheres, various 

anisotropic nanostructures such as rods, wires, tubes, prisms, and core-shell structures 

have been synthesized by manipulating the synthetic conditions.36 Among all the 

different shapes, metallic nanorods are of special interest because of their broader 

tunability of optical properties. By tuning the aspect ratio of the nanorods, one can shift 

the resonance wavelength over a broad range from visible to near infrared region. 

Dependence of optical properties of metallic nanorods on their dimensions can be clearly 

observed by the dramatic color change of the colloidal nanorod solutions as their aspect 

ratio varies. 

1.3 Optical properties of gold nanorods 

Nanostructures of gold and silver with different sizes and shapes such as 

nanorods,37'38-42 nanoshells,43-45 nanoplates,46-50 nanorings,51 triangular nanoparticles and 

nanocages ' have been reported. Gold nanorods have been most extensively 

investigated, and are likely to be the best nanomaterial for biomedical applications. 

Gold nanoparticles, when excited with an electromagnetic field, produce an 

intense absorption attributed to the collective oscillation of electrons on the particle 

surface, known as plasmon resonance.4 Gold nanorods (AuNRs) have drawn an attention 

because their longitudinal surface plasmon is typically in the near infra-red (NIR) region. 

The high intensity peak in the spectrum shown in Fig. 1.2 is the longitudinal surface 

plasmon, which is generated due to the oscillation of the free electrons along the long 

3 
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Figure 1.2. UV-Vis spectrum of an aqueous solution of gold nanorods. 

axis of nanorods. The smaller peak is the transverse plasmon corresponding to the 

• 36 • 

oscillation of electrons perpendicular to the principal axis of the rods. The longitudinal 

plasmon band is more intense because of coherent electronic oscillation along the long 

axis. 

Figure 1.3 shows the calculated extinction spectra of nanorods with different 

aspect ratios.40 The longitudinal plasmon band is continuously shifted from the visible to 

the near infrared region as the aspect ratio of the nanorods increases. The plasmonic 

properties of nanorods cannot be fully described by the Mie54 scattering theory because of 

their nonspherical shape. However, Gan's theory,55 explains the qualitative features of 
4 
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nanorod resonances. The discrete dipole approximation (DDA) method has been 

extensively developed in the past few years for the specific study of nonspherical 

nanoparticles. Recently Pileni and co-worker reported that the optical properties of 

AuNRs are mainly governed by the longitudinal dipolar mode.56 They also reported the 

relation between the longitudinal plasmon (Xmax) and the aspect ratio (AR) of the 

nanorods (Xmax = 96AR+418), which can be used for predicting the position of the 

longitudinal peak. 
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Figure 1.3. Simulations of the extinction spectra based on Gans theory (A) and the 
DDA method (B) for AuNRs with varying aspect ratios.41 
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1.4 Biomedical applications of gold nanorods 

The strong absorbance of gold nanorods in near IR region41 makes them 

potentially suitable for biomedical imaging and photothermal therapy.57'58 Gold nanorods 

can be injected directly into the blood stream and their location/distribution can be easily 

determined by using a safe laser light.57'58 In addition, gold nanorods can heat up when 

the laser light is shone on them. This enables gold nanorods to increase the temperature 

in the immediate vicinity of a specific target.59 If that target is a tumor, or an individual 

cancer cell, it will be destroyed when the laser light is used.60 That strategy allows for a 

non-invasive photo-thermal therapy with gold nanorods.51 The targeting can be made selective 

if gold nanorods are functionalized with antibodies.62"69 Even without specific markers, gold 

nanorods have a proven tendency to accumulate in tumors because of the large holes 

(fenestrations) in the blood vessels that feed a tumor. The fenestrations of the tumor blood 

vessels are 5-10 times greater than the size of the gold nanorods. Because of this, nanorods have 

the ability to leave the blood stream and permanently accumulate in the tumor.70 An infra-red 

light can then be used to heat up the nanorods and destroy the tumor.70 Recently, various 

research groups have also studied the cellular uptake and cytotoxicity of gold 

nanorods.71'72'73 Based on the MTT assay, CTAB-capped gold nanorods are cytotoxic. 

However, the cytotoxicity can be reduced by coating gold nanorods with poly(ethylene 

glycol) (PEG)71 and phosphatidylcholine.73 It has been reported that the free CTAB 

present in the nanorods solution is responsible for the cytotoxicity but the actual gold 

nanorods are not cytotoxic.74 

6 



1.5 Gold nanorods in nanotechnology 

Gold nanorods also have many applications in nanotechnology. The sensitivity of 

the plasmon resonance frequency toward the refractive index of the surroundings makes 

them suitable candidates for optical sensing applications.75 They have been used for the 

preparation of metamaterials,76'77 and superb anti-reflecting coatings. In addition, the 

• 78 

polarization-dependent response can be useful in displays or encoding security systems. 

Recently, PVA films containing various aspect ratios gold nanorods have been applied on 
89 laser writing which expands the possibilities for practical applications of such films. 

1.6 Synthesis of gold nanorods 

1.6.1 Template method 
OA 

In 1992, Martin et al. first reported a templated synthesis of gold nanorods. In 

this process AuNRs were synthesized by electrochemical deposition of gold within the 

pores of nanoporous alumina or polycarbonate films. The Au/Alumina templates are 

optically transparent and the color of the composite membrane can be varied with the 

aspect ratio of AuNRs. In this method, initially a small amount of Ag or Cu is sputtered 

onto the alumina template followed by an electrochemical deposition of gold within the 

nanopores. Selective dissolution of both alumina templates and copper in the presence of 

poly(vinylpyrrolidone) (PVP) results in the isolation of nanorods and makes them 

dispersible in water. The length of nanorods can be controlled by the amount of gold 

deposited within the pores. The diameter of nanorods depends on the pore size, which 

allows one to change their thickness. 

7 



1.6.2 Electrochemical method 

In 1997, Wang et al. reported the electrochemical method for the aqueous 

synthesis of gold nanorods.81 In this method metallic gold plate is used as an anode in 

electrochemical cell. The electrolytic solution contains a cationic surfactant, 

hexadecyltrimethylammonium bromide (CTAB), and a small amount of 

tetradodecylammonium bromide (TC12AB). The control-current electrolysis promotes 

the formation of AuBr^ ions which migrate towards the cathode where the reduction 

takes place. The authors also reported that the presence of silver in the electrolytic 

solution affects the aspect ratio of AuNRs. 

1.6.3 Seeded growth method 

Seed mediated growth method for the synthesis of colloidal particles has been 

reported by various authors. Henglein et al. reported on the deposition of gold on 

QO - . 

colloidal silver particles. In 1994 Natan et al. reported the seeded growth of colloidal 

gold nanoparticles. In this process a surface-catalyzed reduction of Au3+ ions by 

hydroxylamine (NH2OH) converts small seeds into larger nanoparticles. The diameter of 
-3 , resulting nanoparticles can be controlled by the amount 

of Au added into the growth 

solution. Surprisingly, the authors observed the formation of a small content (5-10 %) of 

colloidal AuNRs measuring ca. 30 x 140 nm. Murphy et al. studied the seed mediated 

growth of citrate stabilized gold nanoparticles by using wide range of reducing agents 

and experimental conditions.84 The authors reported that additional nucleation events 

may occur even in the presence of seed particles if the reducing agent (ascorbic acid) is 

introduced rapidly and in high concentration. However, slow addition of the reducing 8 



agent does not promote the formation of new structures. By this method one can prepare 

spherical nanopartilces ranging from 5 to 40 nm when small seeds (3-4 nm) undergo 

continuous amplification. Ascorbic acid can reduce Au (III) species to Au (I) in the 

presence of CTAB surfactant, whereas the formation of metallic gold proceeds via 

disproportionation of Au (I) ions into Au (III) and Au°. Importantly, this reaction is 

catalyzed by the surface of metallic gold and takes place mainly on the surface of 

preformed gold nanostructures (seeds). 

In 2001 Murphy et al. reported a chemical synthesis of high aspect ratio 

QC 

cylindrical AuNRs by three-step seed mediated growth method. Citrate-capped 

spherical AuNPs synthesized by reduction of HAuCLt 3H2O with NaBH4 were used as 

seed particles. Through a careful control of the growth conditions the authors were able 

to synthesize AuNRs with three different aspect ratios, i. e. 4.6 ± 1.2, 13 ± 2, and 18 ± 2.5 

(all with 16 ± 3 nm short axis). However, the main drawback of this method is an 

extremely low yield of AuNRs and a large amount of other shapes such as spherical 

particles, platelets, and prisms. The authors report that the long nanorods and platelets 

can be separated from spherical particles by centrifugation. They also report that the 

addition of a small amount of AgNC>3 (5x10"6 M) into the growth solution increases the 

yield of rod-shaped nanoparticles. The aspect ratio of nanorods can be affected by the 

amount of seed particles used per unit volume of the growth solution containing Au (I) 

ions. The presence of silver ions in the growth solution was found to be crucially 

important. The authors report that in the absence of Ag+ ions only few nanorods (~10-

20%) with a high degree of polydispersity were formed. The role of Ag+ ions is not fully 

understood yet. Murphy et al. hypothesized that the silver ions form poorly soluble 
9 



AgBr, which may restrict a uniform 3D growth by adsorbing primarily on (100) and 

86 (110) planes of gold nanocrystals. 

El-Sayed et al. found that the shape of nanorods depends not only on the presence 

87 

of AgNC>3 in the growth solution, but also on the nature of seed particles. Replacing the 

citrate-capped seeds with CTAB-capped analogs eliminated most of the drawbacks and 

limitations of the earlier procedure. Introduction of CTAB rather than sodium citrate in 

the seed formation step, produces small spherical particles (3-4 nm). When added into 

the growth solution, these spherical seed particles transform into rod-like single crystals 

of gold. This modification of the earlier procedure produces 99 % of gold nanorods with 

an aspect ratio ranging from 1.5 to 4.5. The authors also reported that the concentration 

of AgNC>3 in the growth solution affects the yield, quality, and the aspect ratio of gold 

nanorods. 

1.6.4 Photochemical method 

Yang et al developed a method for the synthesis of gold nanorods by 

photochemically reducing gold ions in micellar solution of CTAB in the presence 

AgNC>3.88 In that method, an aqueous solution of CTAB, HAuC14 3H20, and AgN03 was 

irradiated with UV light. The authors also observed that the aspect ratio of AuNRs 

increased with the amount of AgNC>3. In addition, Yamada et al. combined the chemical 

reduction and UV-irradiation, which accelerated the rate of the gold nanorods 

formation.89 In this case, ascorbic acid converts Au (III) to Au (I) ions and the growth 

solution is irradiated with UV light which results in the rapid formation of AuNRs. 

10 



The gold nanorod literature continues to be dominated by papers describing 

synthetic reports. To date, the difficulties associated with the high yield and large scale 

synthesis as well as purification of nanorods have not been fully addressed and remain to 

be a challenge. In addition, different synthetic approaches are always necessary to 

generate the desired chemical and physical interfaces for potential applications. The 

number of papers describing the applications of nanorods has increased as the 

physicochemical properties of nanorods are being explored extensively. Figures 1.4 is a 

plot showing the number of papers published on gold nanorods since 1997 (Source: 

SciFinder). The continuous increase in the number of reports on gold nanorods suggests 

that this field is getting more interest from various scientific communities. Thus, the field 

of synthesis of AuNRs still remains an active area of research as new and improved 

synthetic techniques are in demand. This increasing activity in the field of AuNRs 
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Figure 1.4. Histogram showing the number of papers published on AuNRs. 
(source: SciFinder) 
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constantly generates novel applications which will have a positive impact on 

nanotechnology as well as our everyday life. 

1.7 Outline of the thesis 

In this study, we report our investigation on the synthesis, structure manipulation, 

and self-assembly of AuNRs in order to have a better understanding and structural 

insights of gold nanocrystals. In this thesis we try to address some of the long standing 

problems associated with AuNRs: 

• Understanding the intricate details involved in the gold nanorod synthesis in order to 

make this process more reproducible and scalable. 

• Developing a separation technique to purify high aspect ratio AuNRs from the 

mixture of different shapes. 

• Tuning the position of the longitudinal plasmon peak of AuNRs by manipulating their 

length in a reversible manner. 

• To develop a wet chemical method for the synthesis of gold nanowires and micro-

sized gold nanorods (microgold) 

• Chemical functionalization of the gold nanorod surface with different organic 

molecules to induce their self-assembly on the solid surfaces 

Brief description of chapters in this thesis is presented below. 

Following the introduction, chapter II presents a very effective purification 

technique for high aspect ratio AuNRs isolated from a complex mixture of rods, platelets, 

spherical particles, and disks. The gravitational precipitation and partial dissolution with 

Au (III)/CTAB complex is found to be a very efficient way for the shape separation. The 
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purity of isolated components is determined by electron microscopy (TEM) and optical 

characterization (UV-Vis-NIR spectroscopy). 

Reversible length manipulation of AuNRs is described in detail in chapter III. 

Selective dissolution and growth of high aspect ratio AuNRs from their tips enables one 

to obtain the gold nanorods with desired longitudinal plasmon peak. Continuous one-

dimensional growth of AuNRs results in the formation of extremely long gold nanowires. 

In addition, a one step synthesis of ultra long gold nanowires at low pH is also discussed. 

These gold nanowires (longer than 10 |^m) are found to be microwave responsive. A 

synthetic strategy for the amplification of high aspect ratio AuNRs to produce gold 

microrods is also discussed in this chapter. 

Chapter IV presents a large scale synthesis of low aspect ratio AuNRs (aspect 

ratio 3-4). The existing methods which produce single crystalline nanorods in microgram 

quantity is modified and scaled up to one gram. Significant increase in the concentration 

of gold precursor is found to have no adverse effect on the synthesis of original nanorods. 

Slow addition of the reducing agent (ascorbic acid) converts Au (I) ions to Au° and 

promotes the slow deposition on pre-formed nanorods. This slow amplification process 

consumes all Au (I) ions while keeping the rod like morphology intact. 

Chapter V presents a method for the covalent attachment of polymer chains to the 

surface of AuNRs and their self-assembly into ring like superstructures. Low aspect ratio 

AuNRs were successfully functionalized by mercaptophenol and polystyrene chains have 

been covalently attached via ester linkages. The resulting product represents the first 

example of AuNRs soluble in organic media, which can be characterized by conventional ' H 

NMR. Our subsequent investigation revealed a unique ability of PS-functionalized gold 
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nanorods (Au(PS)nNRs) to undergo spontaneous self-organization into ring-like 

superstructures upon drying their solution in organic solvents. This process is templated by 

water micro-droplets which condense from the air when a volatile organic solvent evaporates. 

The water-chloroform interface was shown to be highly attractive for the hybrid ID 

nanostructures, which results in the self-assembly of millions of nanostructures into circular 

arrays in a matter of seconds. This chapter also presents a method for the formation of solid 

rings of gold by the chemical fusion of NRs assembled in the form of rings. 
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Chapter II 

Synthesis and Purification of Pentahedrally Twinned High 

Aspect Ratio Gold Nanorods 

2.1 Introduction 

1 00 

The properties of nanostructures are known to be dependent on their shape. " 

Many literature reports describe the preparation of various nanostructures, but only few 

methods offer quantitative yields. In most cases, mixtures of shapes are produced and the 

separation of a particular component may be the only way to obtain it in a pure state. A 

well-known example and long-standing challenge is given by high aspect ratio gold 

nanorods, which can only be prepared in solution by a three-step seed-mediated 

method. Unfortunately, the content of rods in the mixture that forms during that 

synthesis is very low (<20 %), and two other components (spheres and platelets) are 

present in much higher quantities. Multiple rounds of centrifugation can remove the 

majority of spherical particles, but the remaining mixture of rods and platelets is known 
01 

to be inseparable. " This chapter demonstrates how a partial dissolution of that mixture 

with Au (III)/CTAB complex can transform platelets into smaller nanodisks, which have 

much higher solubility. As a result, they remain in the supernatant indefinitely while the 

pure nanorods slowly precipitate. This technique allows for the isolation of nearly all 

nanorods that were present in the initial mixture and brings the level of their purity to ca. 

99 %. In addition, the separated nanodisks are ~90 % pure and can be converted back to 

multifaceted platelets when treated with growth solution containing Au (I) ions and 



ascorbic acid. Therefore, the initial mixture can be separated into individual components, 

which is demonstrated by a combination of TEM, UV-Vis, and NIR spectroscopy in 

deuterated water. 

2.2 Result and Discussion 

2.2.1 Gravitational sedimentation and partial dissolution of complex mixture 

Figure 2.1 A shows a representative TEM image of structures that form under 

standard conditions known as three-step seed-mediated method introduced by Murphy et 

al.23 Three major components of the mixture are spherical nanoparticles (-50 nm), 

multifaceted platelets (100-150 nm), and high aspect ratio rods. The surface of all 

nanostructures is stabilized by a bilayer of CTAB molecules, which are present in high 

concentration (0.1 M). The solubility of nanostructures in CTAB-saturated aqueous 

solution is mainly dependent on their overall size and surface-to-volume ratio. Because 

of that, spherical particles possess the highest solution stability and do not precipitate. 

This is in contrast to large platelets and nanorods which undergo gravitational 

sedimentation if the solution is left undisturbed for 10-12 h. At this point the supernatant 

containing nearly pure spheres (Fig. 2.4B) can be removed and the precipitate can be 

redispersed into CTAB solution. Our initial attempts to separate platelets from rods using 

conventional centrifugation, membrane filtering, electrophoresis, and density gradient gel 

centrifugation proved to be unsuccessful. This result may not be surprising considering 

the fact that the average mass of platelets and rods is very similar. For example, a 20 nm 

thick triangular prism (100 nm) has nearly the same mass as a 300 x 20 nm nanorod. 
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In a separate project, we were investigating the oxidative dissolution of gold 

nanostructures by a complex that forms when Au (III) ions are added to CTAB aqueous 

solution. Interestingly, the rate of dissolution is strongly dependent not only on the 

Figure 2.1. TEM images of gold nanostructures prepared by three step seed-
mediated method. (A) as-synthesized mixture; (B) mixture of faceted platelets and 
rods after the removal of small spherical particles; (C) mixture of nanodisks and rods 
that was obtained by treating the mixture shown in panel (B) with Au(III)/CTAB 
complex; (D) nanorods precipitated from the solution of the mixture shown in panel 
(C). All images are taken at 12000 magnification; all scale bars are 200 nm. 
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size,28"30 but also on the actual shape of nanostructures. We noticed, for example, that 

the treatment of the mixture of platelets and rods with Au (III)/CTAB complex results in 

a conversion of platelets into smooth disk like structures. More importantly, a nearly 40 

% reduction in the size of platelets occurs when the size of nanorods is decreased only by 

~20 % (Fig. 2.1C). This difference in the rate of dissolution turned out to be critically 

important because the resulting nanodisks became fully soluble, whereas the shortened 

nanorods were still heavy enough to undergo gravitational sedimentation in 12 h. 

Examination of the precipitate by TEM revealed that the rods had a fairly narrow size 

distribution measuring 22 ± 2 nm in diameter and 247 ± 3 1 nm in length, and the content 

of impurities was found to be less than 1 % (Fig. 2.ID and Fig. 2.2). The dissolution of 

the platelets/rods mixture is accompanied by its continuous change from dark brown to 

green to blue color. 
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Figure 2.2. TEM image of the isolated high aspect ratio gold nanorods. 

2.2.2 Reversible inter-conversion of nanodisks and platelets 

The isolated blue supernatant contained - 9 0 % of nanodisks (70 ± 15 nm in 

diameter) and a small amount of short rods that formed in the initial synthesis (Fig. 2.3). 

Remarkably, the nanodisks can be converted back into the original faceted platelets when 

a growth solution containing Au (I) ions, CTAB, and 10 mol % ascorbic acid is added. 
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The observed amplification of disks proceeds without any new nucleation events and no 

3D shapes form during this process. The average size of the newly formed platelets is 

only dependent on the amount of the introduced growth solution, which enables one to 

control the size of the platelets within the range from 100 nm to few microns. 

Conversely, the oxidative dissolution of large platelets with Au (III)/CTAB complex 

offers an opportunity to synthesize larger nanodisks. Thus, the process is fully reversible 

and can be repeated multiple times with a great degree of reproducibility. Most 

importantly, the described combination of a gravity-driven sedimentation, dissolution, 

and amplification allowed us to separate the initial mixture of spheres, rods, and platelets 

into nearly pure components (Fig 2.4). 

AudVCTAB/Ascorbic Acid 

Figure 2.3. TEM images of isolated gold nanodisks (A) and faceted platelets (B). 
The two shapes can be repeatedly converted one into another under mild reducing 
(top) and oxidizing (bottom) conditions. Scale bars are 200 nm. 
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Figure 2.4. TEM images of isolated A) high aspect ratio nanorods, B) spherical 
particles, C) platelets and D) disks 
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2.3 UV-Vis-NIR spectroscopy of isolated nanostructures 

In order to study the optical properties and to assess the purity of the isolated 

nanostructures we transferred them from aqueous solutions to deuterated water. Figure 

2.5 shows the D2O solution spectra that cover both visible and near IR range from 400 to 

1900 nm. The spherical particles exhibit a large plasmon at 526 nm and a small peak at 

695 nm corresponding to the longitudinal peak of low aspect ratio rods that are present in 

small quantity (-10 % by TEM). Considering that the longitudinal peak of nanorods is 

typically an order of magnitude larger than that of transverse peak,31 one can conclude 

that the overall content of this impurity in solution is fairly low. Similarly, nanodisks 

D P 
628 
nm 

735 1567 
nm nm 

-

1400 X(nm) 

Figure 2.5. Normalized extinction spectra collected from D2O solutions of isolated 
spheres (red), nanodisks (blue), platelets (turquoise), and nanorods (brown). The 
photograph on the right shows the corresponding solutions in deuterated water. S, D, 
P, and R stand for spheres, disks, platelets, and rods, respectively. 
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exhibit only one major peak at 628 nm, and there is virtually no absorption around 526 

nm which confirms the absence of spherical particles. The spectrum of platelets also 

shows one peak (735 nm), although it is much broader which is due to their larger size 

and the presence of structures with a various number of facets. Importantly, the 

collection of the spectra from visible through the NIR region allows us to confirm that the 

isolated spheres, nanodisks, and platelets do not contain any appreciable amount of high 

aspect ratio nanorods. This is evidenced by little or no absorption near 1500 nm, where a 

very intense longitudinal peak of pure nanorods is located. The peak at 1567 nm is one 

of the highest values observed from a solution of nanorods or any other gold 

nanostructures (as opposed to solid films).5 The extinction of this peak is -16 times 

higher than that of the transverse plasmon positioned at 492 nm. The purity of the 

nanorods is further confirmed by the absence of peaks corresponding to spheres, disks, 

and platelets at 526, 628, and 735 nm, respectively. The width of the nanorods peak is 

fairly large, which is expected because it strongly increases with the aspect ratio as 

predicted by theoretical calculations.7 However, the size distribution of the nanorods is 

unlikely to be solely responsible for the broad width because the polydispersity of rods 

(-12 %) is lower than that of nanodisks (-20 %), which exhibit an extremely sharp peak. 

More importantly, when the extinction is plotted as a function of energy, the peak of 

nanorods becomes sharper than any other shape, including the nanodisks (Fig. 2.6). 
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1.3 1.8 2.3 
Energy, eV 

Figure 2.6. Extinction spectra of D2O solutions of isolated nanostructures plotted as 
a function of wavelength (left, see also Fig. 2.5.) and as a function of energy (right). 
Letters S, D, P, and R stand for spheres, disks, platelets, and rods, respectively. 

2.3 Experimental Section 

2.3.1 General. 

Unless otherwise stated, all starting materials were obtained from commercial 

suppliers and used without further purification. Cetyltrimethylammonium bromide 

(CTAB) was purchased from Acros Organics Inc. Hydrogen tetrachloroaurate 

trihydrate (HAuCU 3H2O), ascorbic acid, sodium borohydride, and sodium citrate were 

purchased from Sigma-Aldrich. De-ionized (DI) water was used for all the 

experiments. Optical extinction spectra were collected on Cary 5000 UV/Vis/NIR 
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spectrophotometer using D2O solutions of CTAB stabilized nanostructures. TEM 

images were obtained on a JEOL 1200EX transmission electron microscope operating 

at 100 kV accelerating voltage, JEOL 2010 TEM microscope operating at 120 kV and 

JEM 2010 (acceleration voltage 200 kV) electron microscope using carbon-coated 

copper grid (Electron Microscopy Sciences). For the preparation of TEM samples 1.5 

mL of nanostructures solution (-0.1 mg/mL) was centrifuged at 13,000 rpm for 10 min 

followed by removal of the supernatant containing excess CTAB. The procedure was 

repeated 2 times before the precipitate was redispersed in 100 (J.L of pure DI water 

upon brief sonication for 10-15 sec. The resulting solution was then cast on a TEM 

grid and the drop was allowed to dry at room temperature. 

2.3.2 Synthesis of high aspect ratio gold nanorods. 

High aspect ratio nanorods were synthesized by using seed mediated approach 

described by Murphy et al. Briefly, the synthesis begins with the preparation of citrate 

capped seed nanoparticles. In a typical experiment, 1.47 mg of sodium citrate and 1.97 

mg of HAuCLt 3H2O were dissolved in 20 mL of DI water. To this solution 0.6 mL of 

0.1 M ice-cold NaBH4 solution was added upon vigorous stirring (1200 rpm). The 

solution turned brownish-red, indicating the formation of 3-4 nm gold particles. These 

seed particles were used within 10 min after the preparation. 

2.3.3 Preparation of the growth solution. 

In a 2 L flask, 64.06 g of C T A B was dissolved in 880 mL water upon gentle 

heating (-35 °C). In a separate flask, 173.4 mg of HAUC14'3H20 was dissolved in 880 
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mL water and mixed with the above CTAB solution. Three flasks with the capacity of 

100, 250, and 2000 mL were labeled as A, B, and C, respectively. The prepared solution 

in the amount of 45, 140, 1575 mL was placed into flasks A, B, and C, respectively, and 

kept at 27 °C. Next, 0.1 M ascorbic acid solution in water was prepared by dissolving 

176 mg of ascorbic acid in 10 mL of water. After that, 0.25, 0.77, and 8.75 mL of 

ascorbic acid solution was added into flasks A, B, and C, respectively. All three flasks 

were hand shaken and the solutions became colorless. Then, 4 mL of seed solution was 

added to flask A and gently mixed. Immediately after that, 12.4 mL of the resulting 

mixture was transferred from flask A to flask B within 3 seconds and gently mixed. This 

was immediately followed by transferring all of the content of flask B into flask C within 

3 seconds before quick mixing by shaking the flask. The flask C was then left 

undisturbed and the color of the resulting solution slowly changed to purple after 2-3 min 

and then to dark-red within the next 30 min. Flask C was then kept undisturbed for 

additional 14 h at 27 °C. High aspect ratio nanorods along with faceted 2D platelets 

precipitate from the solution and form a barely noticeable thin film at the bottom of the 

flask. The resulting supernatant, which contained mostly spherical nanoparticles (Fig. 

2.4), was carefully removed and the walls of the flask as well as the film on the bottom 

were carefully rinsed with a small portion of DI water to remove the residual amount of 

the supernatant. The film of nanorods and platelets was redispersed into 10 mL of 0.1 M 

CTAB solution upon brief sonication (30 sec). 
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2.3.4 Partial dissolution of platelets. 

Separately, an oxidizing Au (III)/CTAB complex for the partial dissolution of platelets 

was prepared by dissolving 364 mg of CTAB and 1.97 mg of HAUCI4 3H2O in 10 mL of 

DI water. Next, 1 mL of this solution was added to suspension of nanorods and platelets 

in CTAB aqueous solution upon stirring and left undisturbed for 14 h. Nanorods along 

with a small amount of large disks precipitated and formed a thin film on the bottom of 

the flask. The greenish-blue supernatant containing small nanodisks was carefully 

collected and the film of the precipitate was again redispersed in 10 mL of 0.1 M CTAB 

solution followed by addition of another 1 mL of the Au (III)/CTAB solution. This 

process of partial dissolution was repeated several times (typically 3-4) until the 

examination of the precipitate by TEM confirmed complete removal of platelets and the 

presence of pure nanorods. Importantly, the process can be accelerated if a larger amount 

of the oxidizing complex is added at once (4 mL instead of 4 x 1 mL). However, in that 

case the size distribution of the nanorods becomes much broader and low aspect ratio 

nanorods will be present in the supernatant. The Au (III)/CTAB complex dissolves the 

platelets from the sharp edges and slightly reduced the length (but not the width) of the 

nanorods. 

2.3.5 Amplification of nanodisks. 

The collected supernatants were combined (~40 mL) and centrifuged at 13,000 

rpm followed by removal of CTAB solution. The precipitate containing pure nanodisks 

was redispersed in 10 mL of 0.1 M CTAB aqueous solution and 3 mL of growth solution 

(see the preparation above) was added. The resulting mixture was kept undisturbed for 
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12 h at 27 °C. The color of the solution was gradually changing from bright blue to 

turquoise to pale greenish. The multifaceted platelets that formed were centrifuged at 

6,000 rpm, redispersed into pure water twice, and analyzed by TEM. 

2.3.6 Transfer of nanostructures from water to D2O. 

Depending on the nature of nanostructures, slightly different conditions were used 

for the transfer. Aqueous solution of pure nanorods (0.1 M CTAB) was allowed to settle 

without any centrifugation. This is because centrifugation may cause the formation of 

bundles of nanorods and their irreversible fusion resulting in partial loss of solubility. 

After approximately 12 h the H2O/CTAB supernatant was carefully removed and the 

precipitate of nanorods was redispersed into 10 mL of 0.1 M CTAB solution in D 20. The 

resulting solution contained 1-2 % of H2O, which was enough to suppress or interfere 

with the plasmon peaks of nanorods (strong absorption at -1500 nm). Therefore, it was 

critically important to reduce the amount of residual H2O as much as possible. At least 3 

rounds of sedimentation/redispersion in D2O/CTAB solution were used before the spectra 

were collected. For all other shapes the use of centrifugation does not affect the 

solubility and that allows one to transfer the nanostructures much faster. Solutions of 

spherical nanoparticles and nanodisks were centrifuged at 13,000 rpm for 10 min, 

whereas all platelets precipitate if centrifugation at 6,000 rpm is used for 15 min. 
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2.4 Conclusion 

In conclusion, we demonstrated that the partial dissolution of platelets is the key 

element, which allows for their complete separation from high aspect ratio nanorods. In 

addition, the combination of dissolution and amplification offers an opportunity to 

separate mixtures of various shapes into nearly pure components. 
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Chapter III 

Tuning of the Longitudinal Plasmon of Gold Nanorods by 

One-dimensional Growth and Dissolution: Chemical Synthesis 

of Gold Nanowires and Microrods 

3.1 Introduction 

Controlling the physicochemical properties of nanostructures by changing their 

morphology and size is very important because of their potential applications in 

biomedicine1"6 and nano-electronics.7"9 Several research groups have been dealing with 

the controlled synthesis of anisotropic nanostructures.10"26 In that respect, gold nanorods 

are receiving particular attention due to their very strong near infrared (NIR) longitudinal 

27 10 31 32 33 

surface plasmon that makes them applicable in sensing, diagnostics, ' 

imaging,34'35 and therapeutics.36 Various strategies including seeded,36'37 template-

assisted,38'39 electrochemical,40'41 and photochemical42 methods have been implemented 

to obtain gold nanorods of different aspect ratio and therefore different longitudinal 

plasmon resonance bands.43 The seed-mediated growth method developed by Murphy et 

al.36 is the most established procedure for the synthesis of gold nanorods. However, in 

this method, the yield of nanorods vs. other shapes is very low. El-Sayed et al. 

modified this procedure by introducing 20 mol % of silver nitrate into the growth 

solution, which results in the formation of low aspect ratio single crystalline nanorods 

with significant higher purity. All these procedures for the synthesis of gold nanorods are 

limited to certain aspect ratios and certain longitudinal plasmon bands (LPB).42 
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Thermal44 and laser-induced45 heating and dissolution with cyanide46 and Au (III)/CTAB 

complex47 ions has been reported for the size reduction of AuNRs. Several examples 

have been reported detailing the ability to tune the LPB via the oxidation of gold 

nanorods by oxygen in the presence of hydrochloric acid, oxidation by hydrogen 

peroxide, and reduction of gold ions on gold nanorods.49 The intrinsic limitations of the 

reported procedures are that they can only decrease the LPB by decreasing the aspect 

ratio and have been applied only on the nanorods of aspect ratio 4 or less. Therefore, a 

procedure which can synthesize gold nanorods with full control over aspect ratio is 

desirable. 

In addition, gold nanowires are of great interest due to their excellent thermal and 

electrical conductivity,50"52 which is important for the fabrication of nanodevices53"65 and 

biological sensors.66'67 Takayanagi et al. reported the synthesis of helical multi-shell gold 

» /TO 
nanowires by ultra high vacuum TEM electron thinning technique. Several other 

/-q 1 n'l 
biological, template-assisted, and chemical " methods exist for the synthesis of gold 

78 7Q OA 

nanowires. Recently Xia et al. , Sun et al. , and Yang et al. have reported the 

synthesis of thin gold nanowires. Nanowires produced by template-assisted methods 

have large width and very low overall yield, whereas assemblies of nanoparticles produce 

nanowires of poorly defined morphology. Moreover, the existing methods for the 

synthesis of gold nanowires are usually limited to certain lengths. 

In this chapter we report a chemical method for selective growth and dissolution 

of gold nanorods from their tips with great control over their aspect ratio. We 

implemented a "bottom-up" approach in which micrometers long nanowires can be 

synthesized from short gold nanorods. Tip-selective reduction of Au (I) ions on gold 



nanorods can increase exclusively their length while keeping their diameter constant. On 

the other hand, tip-selective dissolution of nanowires can be achieved by adding aqueous 

solution of HAuCU 3H2O and CTAB to produce lower aspect ratio gold nanorods. This 

method allows one to synthesize nanorods of controlled aspect ratio with a specific LPB. 

Most importantly, this is the first report in which nanowires have been produced from 

nanorods and whose length was manipulated in completely reversible manner. 

3.2 Results and Discussion 

Selective dissolution of single crystalline gold nanorods from their tips was used 

to decrease their aspect ratio, leading to a controllable blue shift in LPB. The starting 

AuNRs were prepared by the seed mediated growth method originally described by 

Murphy et al,36 and later modified by El-Sayed et al37 The average dimension of 

nanorods produced by this method is 16 x 60 nm (Fig. la) and their characteristic 

longitudinal plasmon band is 763 nm (Fig. 2b). The LPB of AuNRs depends on their 

81 aspect ratio (Amax = 96AR + 418, where AR represents the aspect ratio). 

3.3 Dissolution and Growth of Gold Nanorods 

3.3.1 Dissolution of single crystalline gold nanorods (3 ± 0.5 aspect ratio) 

In order to obtain the AuNRs of different aspect ratios we first carried out a one-

dimensional dissolution technique using Au (III)/CTAB complex as an oxidizing agent. 

Fig 3.1a shows representative TEM images of AuNRs at various stages of dissolution. 

AuNRs decrease in length while the average diameter remains unchanged with the 

increase in the amount of Au (III)/CTAB, which suggests that the dissolution starts and 
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proceeds from the tips. This high selectivity is due to much higher surface curvature of 

the tips in comparison with the flat sides. As a result, the tips are poorly protected by the 

Q-y 

CTAB bilayer which favors extended (100) and (110) planes on the sides of the rods. 

As more Au (III)/CTAB complex is added, the length of AuNRs decreases until 

only spheres are present, and finally dissolve completely (Fig. 3.1). As the aspect ratio of 

AuNRs decreases, the longitudinal plasmon gradually blue shifts until there is no more 

signal (Fig 3.2b). Figure 3.2a shows the change in color of the nanorods during the ID 

dissolution. The initial nanorods solution was brown and was changing gradually to 

green, blue, purple, and finally colorless solution containing only Au (I) ions as a 

Figure 3.1. Dissolution of single crystalline AuNRs with Au (III)/CTAB solution a) 
before dissolution; and after the addition of 33.5 (b); 58.62 (c); 67.0 (d);73.38 (e); 
and 100 ^mol ofAu(II I ) (f). 
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comproportionation product of Au<0> and Au (III) ions. 

TEM analysis of nanorods before the dissolution reveals the average length and 

width of those nanorods are 60 and 16 nm, respectively. Introduction of 33.5 |amol of Au 

a j 

524nm 526nm 530nm 580nm 613nm 640nm 660nm 684nm 729nm 

400 600 800 1000 

Wavelength (nm) 

— Before Au(lll) 
—1.67 |jmol Au(lll) 

3.35 Mmol Au(lll) 
— 6.67 pmol Au(lll) 
—11.72 jjmol Au(lll) 
—16.75 Mmol Au(lll) 
— 25.12 |jmol Au(lll) 
— 33.5 Mmol Au(lll) 
— 41.8 Mmol Au(lll) 

50.25 Mmol Au(lll) 
58.62 Mmol Au(lll) 
67.0 Mmol Au(lll) 
75.38 Mmol Au(lll) 
83.75 Mmol Au(lll) 
92.13 Mmol Au(lll) 
100.00 umol Au(lll) 

Figure 3.2. a) Photograph showing the change in color of AuNRs solution during 
dissolution b) UV-Vis spectra during dissolution acquired after each addition of 
Au (III)/CTAB solution 
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(III)/CTAB complex results in the formation of NRs with the average dimension of 46 x 

16 nm. Subsequent additions of Au (III)/CTAB solution result in continuous dissolution 

of nanorods up to 100 p.mol where complete disappearance of color is observed. As a 

control experiment, we performed a similar dissolution of AuNRs with the mixture of 

AUCI3 and CTAB under identical set of experimental condition but we did not observed 

any difference in the rate of dissolution of AuNRs. This observation clearly suggests that 

the dissolution of AuNRs is not due to the HC1 present in HAuCU 3H20. 

The most important outcome of this experiment is that one can control the aspect 

ratio, and therefore, the LPB of nanorods. The dissolution can be stopped at any desired 

plasmon wavelength. The aforementioned procedure is very efficient at producing low 

aspect ratio AuNRs. However, AuNRs with higher aspect ratio cannot be obtained from 

these single crystalline NRs. All attempts to induce ID growth were unsuccessful and 

resulted in a uniform amplification of rods as will be described in Chapter IV. 

3.3.2 Dissolution of pentahedrally-twinned gold nanorods 

It is known that AuNRs prepared by citrate capped seed without the addition of 

silver nitrate have a higher aspect ratio and a pentahedrally-twinned crystal structure. 

We hypothesized that because of the different crystal structure they might behave 

differently than the single crystalline AuNRs. We synthesized pentahedrally-twinned 

nanorods, which we will now refer to as high aspect ratio AuNRs, by the slight 

modification of the methods described by Murphy et al,36 and Huang et al%1 (Chapter II). 

In this method, high aspect ratio AuNRs form along with several side products consisting 

of spherical, triangular, pentagonal, hexagonal, trapezoidal nanoparticles, and some low 



aspect ratio nanorods. Pure high aspect ratio nanorods were isolated by our reported 

OA 

procedure as described in chapter II. The TEM analysis of AuNRs (Fig 3.3a) revealed 

that the average length and width were 250 and 20 nm, respectively. 

The structure of AuNRs was further studied by high resolution TEM (Fig 3.3b). 

Each nanorod has five equivalent (100) side facets and five single crystal subunits or 

connected by twinned (111) facets as was previously observed by Mann et al. The tips 

of these nanorods contain five identical triangular (111) planes. In order to decrease the 

aspect ratio of these AuNRs, we applied the dissolution technique, which uses Au 

(III)/CTAB complex as an oxidizing agent. This method involves a slow addition of Au 

(III)/CTAB complex into a AuNRs solution upon vigorous stirring. We observed that the 

nature of dissolution is similar to that of single crystalline AuNRs described above. 

Figure 3.3. a) Low magnification TEM image and b) High resolution TEM image of 
high aspect ratio AuNR. 
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Figure 3.4. Dissolution of high aspect ratio AuNRs a) before Au (III)/CTAB b) after 
0.75 nmol c) after 0.90 ^mol d) after 1.1 |imol Au (III). 
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TEM analysis shows that the dissolution mainly proceeds from the tips of 

nanorods and gradually reduces their aspect ratio (Fig 3.4). Figure 3.4a shows the TEM 

81 

image of nanorods before dissolution. The theoretical UV-Vis absorbance (Amax = 96AR 

+ 418) of these structures should be -1643 nm, which is difficult to observe due to strong 

absorbance of water in that region. After the introduction of 0.75 |j,mol Au (III)/CTAB 

the average length shrinks to 190 nm, whereas the average diameter remains constant 

(Fig. 3.4b). That suggests that the dissolution starts from the tips, leading to a decrease in 

the aspect ratio and consequently to a blue shift in LBP (Fig 3.5). Further addition of Au 

(III) dissolves the AuNRs up to the average dimension of 135 x 20 nm with the average 

400 600 800 1000 1200 

0.75 jjmol Au(lll) 
0.90 jjmol Au(lll) 
0.95 pmol Au(lll) 
1.00 jjmol Au(lll) 
1.05 MmolAu(lll) 
1.1 iimol Au(lll) 

1400 

Wavelength (nm) 

Figure 3.5 UV-Vis-NIR spectra of pentahedrally twinned AuNRs during the 
dissolution with Au (III)/CTAB complex. 
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aspect ratio 6.7 (Fig 3.4c). At this point, the longitudinal plasmon of AuNRs reaches 

1117 nm (Fig 3.5). The dissolution was continued with another portion of 0.2 (imol Au 

(III)/CTAB and resulted in NRs with the average dimension of 68 x 20 nm (Fig 3.4d) and 

longitudinal peak at 777 nm. It should be noted that the polydispersity of the rods 

remains constant during the dissolution, which indicates that the oxidation rate does not 

depends on the length of nanorods. As a result, this technique enables us to produce 

AuNRs with LPB peaks ranging from 524 nm to 1800 nm. 

3.3.3. One-dimensional growth of pentahedrally twinned gold nanorods 

Most remarkably, we found that the pentahedrally twinned AuNRs can be grown 

in one dimension along their principal axis, which is in stark contrast to single crystalline 

rods (see Chapter IV). In order to induce a one-dimensional growth of AuNRs we 

utilized a mixture of Au (I) ions, CTAB, and ascorbic acid. A slow addition of that 

mixture leads to selective deposition of gold on the tips and virtually no deposition on the 

sides of the rods. Figure 3.6 shows TEM images of nanorods during this growth process. 

It is evident that there is a significant increase in length of AuNRs, whereas their 

width remains nearly constant. Fig. 3.6a shows the TEM image of AuNRs before the 

growth. The average length and width of these nanorods is 68 x 20 nm and the 

longitudinal plasmon peak is positioned at 777 nm. These nanorods increase in length up 

to 330 nm after the addition of 2.50 |a.mol Au (I)/CTAB solution, and retain their initial 

width of 20 nm. As a result, the average aspect ratio increases and a red shift in the LPB 

takes place (Fig. 3.7). After the addition of 5.0 )j.mol Au (I)/CTAB, the average length 

increased to 1167 nm without any appreciable change in width. 
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Figure 3.6. One-dimensional growth of pentahedrally twinned AuNRs a) before the 
growth; b) after 2.50 nmol c) after 4.50 ^mol d) after 7.5 |imol of Au (I)/CTAB. 
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The nanorods keep growing one-dimensionally and the increase in their length is strictly 

proportional to the amount of Au (I) ions added. The growth stops when the reducing 

agent (Au (I) ions) is fully consumed. However, the growth can be resumed at any later 

point when a new portion of the gold source is introduced. In principle, this technique is 

reminiscent of a living polymerization reaction, which offers a great control over the 

length of linear molecular structures. Most importantly, this continuous increase in 

length eventually leads to a critical transformation of nanorods into nanowires (Fig 3.8). 

Wavelength (nm) 

Figure 3.7 UV-Vis-NIR absorbance spectra during one-dimensional growth of 
high aspect ratio AuNRs with Au (I)/CTAB/AA 
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Figure 3.9. Dependence of length and width of gold nanowires on the amount 
of Au (I) ions introduced during the growth process. 
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growth. 

By this technique we were able to grow nanowires measuring up to 4.6 |_im in 

length and 180 in aspect ratio, which constitutes nearly 5000 % increase in their length 

when compared to initial nanorods (Fig 3.10). Figure 3.9 shows the dependence of 

length and width of the resulting nanowires on the amount of Au (I) ions added. There is 

a significant increase in length of nanorods, whereas the width remains unchanged. This 

experimental data suggests that one can have complete control over the length of 
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nanowires, which can be increased and decreased at will in a reversible fashion upon the 

addition of Au (I) and Au (III) ions, respectively. 

This method is very efficient for the synthesis of nanowires up to 4.6 f^m in 

length. However, our numerous attempts to further increase the length under these 

general conditions were unsuccessful. We observed that when the length of nanowires 

increases to several microns they tend to quickly precipitate from the solution. The 

precipitate of nanowires forms physical bundles and further reduction of Au (I) ions on 

their surface results in permanent fusion of nanowires. 

3.4. Direct synthesis of gold nanowires at low pH 

Slow addition of Au (I) ions to gold nanorods results in the formation of 

nanowires with lengths below 4.6 jum. However, a decrease in the pH of the reaction 

solution promotes the growth of nanowires, which are up to 25 jim long. We observed 

that the rate of conversion of Au (III) to Au (I) by ascorbic acid and then from Au (I) to 

Au° decreases significantly in the presence of HC1. In this synthesis, the pure high aspect 

ratio AuNRs synthesized as described in Chapter II can be used as seed particles. The 

presence of HC1 in the growth solution significantly reduces the rate of deposition of Au° 

on the sides of gold nanorods and promotes their one-dimensional growth. In analogy to 

radical polymerization, we observed that the final length of nanowires depends on the 

total supply of Au (I) ions and the number of nucleation centers (high aspect ratio 

AuNRs). The length of nanowires can be controlled by adjusting the total volume of the 

growth solution. The higher the volume, the longer the nanowires become. Additionally, 
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Figure 3.11. SEM images of ultra long gold nanowires synthesized by 
one-dimensional growth method at low pH. 
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the length of nanowires depends on the total number of seed AuNRs. A decrease in that 

number leads to higher average length of the resulting nanowires. 

On the other hand, the diameter of the nanowires was found to increase 

concomitantly with the concentration of the reducing Au (I) species. We hypothesize that 

under standard conditions the tips of pentahedrally twinned AuNRs are less protected by 

CTAB bilayer than their sides. When the supply of Au (I) ions is very low or the rate of 

the reduction of Au (I) to Au° is very slow, gold only deposits on the more exposed tips 

of nanorods. However, when the concentration of Au (I) ions is too high, the deposition 

of Au° starts to occur both along the sides and tips of the nanorods, which results in the 

formation of thick nanowires with diameters up to 100 nm. 

Figure 3.11 shows the SEM image of gold nanowires synthesized by this method. 

These structures are on average 13-15 |Lim in length and 30-35 nm in diameter. The 

length of nanowires can be controlled by adjusting the amount of Au (I) ions in the 

growth solution. We were able to grow nanowires measuring up to - 2 5 p.m (Fig 3.11). 

Even though the length of nanowires is significantly higher than that observed in the 

previously described procedure, we did not detect any appreciable formation of bundles. 

The strong scattering and exceedingly large length of these nanowires enables their direct 

visualization in a conventional optical microscope. This, in turn, opens new possibilities 

of nanowires micromanipulation for further studies of their mechanical, electrical, and 

plasmonic properties. 
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3.5 Microwave-responsive gold nanowires 

Our serendipitous finding revealed an unusual property of gold nanowires. We 

observed that the nanowires longer than 10 |im exhibit a profound structural response 

when exposed to microwave irradiation. As-synthesized nanowires were initially 

microwaved in 0.1 M aqueous solution of CTAB at a high power level (1200 W). Due to 

the presence of large amount of free CTAB, water reaches the boiling point within 20 sec 

upon the microwaving. As a result, most of the nanowires aggregate into macroscopic 

clumps and permanently lose their solubility. However, a small amount of nanowires 

remained in solution and an examination by TEM revealed striking changes in the form 

of sharp bending and multiple kinks on their surface. Initially, we attempted to minimize 

the microwave-induced aggregation by removing the majority of free CTAB, but that 

caused their fast precipitation even at room temperature. At this point, we decided to 

replace CTAB with a water soluble cationic thiol, which could covalently bind to the 

surface of the gold nanowires. We synthesized a thiolated CTAB analogue 11-

mercaptoundecyltrimethylammonuium bromide (Br"(CH3)3N+(CH2)nSH) following a 

literature procedure described elsewhere.86 This water-soluble thiol readily replaces the 

CTAB on the surface of nanowires upon 12 h stirring of their aqueous solution. The 

thiol-functionalized nanowires are as good as CTAB-coated precursors in terms of their 

stability in water. Therefore, an excess of free CTAB is no longer necessary, which 

enables for longer microwaving of the nanowires solution without any appreciable 

aggregation. When an aqueous solution of thiol-functionalized nanowires was exposed to 

microwaves for 60 sec, the formation of multiple kinks in nearly all nanowires was 

observed. Figure 3.12 shows low magnification SEM images of gold nanowires (10-15 



microns long) before and after the irradiation. Interestingly, exposure to microwaves for 

a longer period of time (few minutes) results in the formation of small pieces of 

nanowires. To our knowledge, this is the first example by which one can synthesize 

multiply-kinked, yet continuous, metallic nanowires (Fig. 3.12 and Fig 3.13). 

Further investigation revealed that shorter nanowires (6-8 (j.m) behaved very 

differently under the identical conditions, and remained virtually intact even after several 

minutes of microwaving. This was an indication that there is a critical length, starting 

from which the nanowires become microwave-responsive. In order to determine that 

critical value, we synthesized a series of nanowires with variable lengths and diameters. 

A systematic analysis has shown that the formation of kinks takes place when the length 

is greater than 10 microns. For, example, a 50/50 mixture of 6 and 12 |j.m nanowires 

microwaved for 60 sec showed multiple deformations and kinks only in longer 

nanowires, whereas the shorter components retained their straight linear shape. In 

Figure 3.12. SEM images of as prepared gold nanowires a) before microwave b) 
after microwave irradiation for 60 sec. 

56 



addition, we observed that in contrast to length, there is no critical diameter value, and 

much thicker nanowires (up to 300 nm in diameter) underwent transformation into kinked 

structures upon irradiation. 

To check if this unusual phenomenon was induced by the microwave radiation 

and not by simple heating, a control experiment was carried out in which an aqueous 

solution of nanowires was annealed at 100 °C for several minutes. No kinked nanowires 

were observed in that sample, suggesting that the formation of kinks is due to the 

absorption of microwaves. Our investigation also found that the most important factor 

for the synthesis of kinked gold nanowires is the actual power of microwaves. Gold 

nanowires deformation is most efficient when the microwave power exceeds 1000 W. 

Figure 3.13 shows high magnification TEM images of individual kinked nanowires. It is 

very clear that the kinks are very sharp and there is no mechanical disintegration of the 

nanowires. The mechanism of this phenomenon is unclear at this point and will be a 

subject of future investigation. 
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Figure 3.13. TEM images of kinked gold nanowires generated by microwave 
irradiation. 
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3.6 Synthesis of microscopic gold rods (microgold) 

The past decade witnessed a significant improvement in the chemical synthesis of 

inorganic nanostructures in general, and those of gold, in particular. Various 

modifications have been implemented to improve the quality and quantity of nano-sized 

objects. However, there are no reports on the chemical synthesis of morphologically 

well-defined microscopic gold structures (microgold). In fact, even for the simplest 

spherical shape, the largest experimentally achievable size reported in the literature is less 

than 100 nm. In this chapter, we report a synthesis of rod-like gold structures that 

measure up to 1.2 microns in length and 300 nm in diameter. In accordance with the 

classical definition, these particles can no longer be referred to as nanostructures because 

they measure more than 100 nm in all three dimensions. The physical properties and 

possible applications of microgold (MRs) are completely unknown due to the current 

synthetic limitations. Our initial studies on the optimization of the conditions, which 

influence the growth of gold nanowires revealed that ID growth required a very low 

concentration of reducing Au (I) ions. However, if that concentration exceeds a certain 

level (0.041 |a,mol of Au (I) ions), then the deposition of gold becomes less selective (tips 

vs. sides) and the diameter of the nanorods starts to increase. This observation indicates 

that the protective ability of the CTAB bilayer positioned on the sides of the rods is 

limited and can be overcome upon significant increase in the concentration of reducing 

species (Au (I) ions). That in turn, can be advantageous if one aims to produce much 

thicker rods. We found that micro-sized rods can be synthesized by the fast amplification 

of pentahedrally twinned gold nanorods. As described above (Chapter 3.3), a slow 

reduction of Au (I) ions on pentahedrally-twinned nanorods results in the formation of 



extremely long nanowires. That growth remains one-dimensional when the concentration 

of Au (I) is kept below 4.16 x 10"5 M. However, when that number is increased several 

times (1.25 x 10"4 M), a fast deposition of gold takes place both on the tips and the sides 

of rods, leading to a large increase in their volume and a decrease in their aspect ratio. In 

essence, the initial rods undergo an amplification, during which the diameter raises faster 

than the length. Table 3.1 shows the final length and width of microgold obtained after 

the addition of different amounts of Au (I) ions to AuNRs measuring 20 x 250 nm. 

Table 3.1 Dependence of length and diameter of microgold on the amount of Au (I). 

Length (nm) of 

HARNRs (Lo) 

Diameter (nm) of 

HARNRs (D0) 

Amount of 

Au(I) jimol 

Length (nm) 

o f M R s ( L ) 

Diameter (nm) 

of MRs (D) 

Aspect 

ratio 

250 20 0.125 600 110 5.45 

250 20 0.25 800 160 5 

250 20 0.5 1000 220 4.54 

250 20 1 1200 300 4 

One can see that the diameter and length increase 15 and 6 times, respectively, 

within the same concentration range of Au (I) ions. As a result, the aspect ratio drops 

from 22 to 4, indicating a much faster rate of lateral amplification of rods. This is also 

evident from the plot showing the relative elongation and diameter increase as a function 

of the amount of Au (I) ions added to the growth solution (Fig. 3.14). Within the entire 

range of concentrations studied, the rate of diameter amplification significantly outpaces 

the length growth. 
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Au (I), Mmol 

Figure 3.14. Plot showing the dependence of length (L/Lo) and diameter (D/Do) on 
the amount of Au (I) ions 

Even though it is not possible to selectively amplify nanorods from their sides 

without increasing the length, both dimensions can be changed by varying the amount of 

Au (I) ions. Figure 3.15 shows the SEM images of microgold rods produced at different 

concentrations of Au (I) ions. In all cases, 500 )j,L of pure pentahedrally twinned gold 

nanorods solution was used as the seed which contains 0.125 mg (ca. 8.2 x 1013) 

nanorods. When the amount of Au (I) ions added is -0.125 mmol, relatively thick and 

very uniform rods were formed (110 x 600 nm). At higher amount of Au (I) ions, 

micrometer long structures were obtained, although their quality was significantly 

reduced as evidenced by their jagged tips and fairly broad size distribution (Fig. 3.15d). 
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This observation is not surprising and indicates that the deposition of gold becomes too 

fast and when the concentration of the reducing ions exceeds a certain level. 

Another exciting observation in this study was that one can continuously reduce 

the length of microrods without affecting their diameter by the oxidative dissolution with 

Au (III)/CTAB complex described above. The dissolution follows the same kinetics and 

tips selectivity similar to single crystalline and pentahedrally-twinned AuNRs. However, 

^ * i > _. A ^ ^ ^ ik _ > m L m L . 
Figure 3.15. SEM images of microgold synthesized by fast reduction of Au (I) ions 
on high aspect ratio AuNRs a) 0.125 jamol b) 0.25 |amol c) 0.5 (imol d) 1.0 |j.mol of 
Au (I) ions. 
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the rate of dissolution is relatively low because of the much higher diameter of the 

microrods. This tip-selective dissolution enables us to produce rods of desired aspect 

ratio. Figure 3.16 shows rods of various dimensions obtained by the dissolution of as-

prepared microgold sample. In both case (200 and 110 nm thick rods), the diameter 

remains intact, while the length and the aspect ratio undergo a noticeable reduction. 

Figure 3.16. SEM images of microgold of dimension a) 800 x 200 nm b) 450 x 
200 nmc) 400 x l l O n m d ) 300 x 110 nm 
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Our preliminary investigation revealed unusual optical properties of microscopic 

gold rods, which were in stark contrast to the of nanosized analogues with the same 

aspect ratio. Interestingly, a recent report by Mirkin and co-workers describing the 

suspensions of gold rods with an average diameter of 85 nm and varying lengths of 96, 

186, 321, 465, 495, 578, 641, 735, and 1175 nm showed higher-order multipole 

resonances.87 The authors observed that the experimental optical spectra agree with DDA 

calculations that have been modeled from the dimensions of the gold nanorods. The gold 

rods used in that report were synthesized electrochemically using an aluminum oxide 

template and suspended in water by sonication. However, our examination of gold 

microrods in aqueous solutions did not detect any multipole plasmon resonances. In 

0.7 
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0.5 200x1000 nm 
<U u 110x350 nm 

200x450 nm TO -Q 0.4 
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< 
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400 600 800 1000 1200 1400 

Wavelength (nm) 

Figure 3.17. UV-Vis-NIR spectra of microgold of various dimensions. 
The inset shows their dimensions. 
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fact, we did not find any longitudinal plasmon at all, which is a particularly remarkable 

observation given that the aspect ratio of microrods was close to 4. For regular gold 

nanorods with an aspect ratio of 4, a very intense longitudinal peak at -850 nm has been 

documented in many reports. It is generally believed that the longitudinal plasmon is 

mainly a functions of the aspect ratio, and nearly independent on the absolute dimensions 

of ID gold structures. However, this is in full contradiction with the data shown in Figure 

3.17, which exhibits the UV-Vis-NIR spectra of microgold rods with an aspect ratio 

ranging from 20 to 2.2. Essentially there is no absorption in the visible range. Due to the 

strong interference of water peak in NIR we could not resolve spectra beyond 1400 nm. 

There appears to be a weak transverse plasmon in all the samples, but no longitudinal or 

multipole plasmons. The absence of peaks in the visible and NIR range may indicate 

either their significant broadening or redshifting to much longer wavelengths. In any 

case, the optical properties of gold rods appear to be strongly dependent on their absolute 

size and these findings may prompt a revision of traditional concepts and theoretical 

models predicting their plasmonic properties. The attempts to collect single particle 

spectra from these microrods are ongoing as a collaborative work with Prof. Link's group 

at Rice University. We believe the study of single particle spectra will clarify the 

plasmonic properties of these unique structures. 

3.7 Experimental Section 

3.7.1 Synthesis of single crystalline gold nanorods (aspect ratio 3 ± 0.5) 

Single crystalline (aspect ratio 3 ± 0.5) gold nanorods were synthesized by using 

seed mediated growth method described by El-Sayed. Slight modification was done in 
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this procedure to improve the quality and yield of nanorods. In this method, seed 

solution and growth solution were prepared as described below. 

3.7.1.1 Preparation of seed solution 

In a 30 mL glass vial, 364 mg of CTAB was dissolved in 5 mL of water upon 

slight heating by using a heat gun. Separately, 1 mg of HAUCI43H2O was dissolved in 5 

mL water and mixed with CTAB solution upon stirring. This mixture was kept at 25-27 

°C and then 0.6 mL of 0.01 M ice cold NaBtU solution was added all at a once upon 

vigorous stirring (1200 rpm), which changed the color of the solution from pale yellow to 

brown indicating the formation of 2-3 nm spherical gold nanoparticles (seed). These seed 

particles were always used 5 min after the preparation. 

3.7.1.2 Preparation of growth solution 

In a 1 L Erlenmeyer flask, 18.2 g of CTAB was dissolved in 250 mL of water 

upon slight heating using heat gun and mixed with 12.5 mL of 0.004 M AgNC>3 aqueous 

solution. In a separate flask, 98.5 mg of HAUCI43H2O was dissolved in 250 mL of water 

and mixed with CTAB solution upon hand shaking. This mixture was kept at 25 °C. To 

this solution, 3.6 mL of freshly prepared 0.0788 M ascorbic acid solution was added. 

The initial color of solution changed from dark yellow to colorless. Next, 0.8 mL of 

seed solution was added and the mixture was hand shaken for 15-20 sec. After that, the 

flask was kept undisturbed at 27 °C. A reddish brown color slowly developed after 7-12 

min indicating the formation of gold nanorods. The nanorods thus prepared were allowed 
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to grow for 2-3 h. The total mass of the gold nanorods produced by this procedure was 

ca. 15 mg. 

3.7.2 Dissolution of single crystalline gold nanorods 

In a 200 mL Erlenmeyer flask, 3.64 g of CTAB was dissolved in 50 mL of water 

upon gentle heating with a heat gun. Separately, 66 mg of HAuCLt 3H2O was dissolved 

in 50 mL of water and mixed with CTAB solution. The resulting mixture was used for 

dissolution of gold nanorods (15 mg in 500 mL solution) as described in a table 3.2 

below. 

67 



Table 3.2 Volume of Au (III)/CTAB solution used for the dissolution of single 
crystalline AuNRs in the period of 2 h. 

Entry Volume of Au (III)/CTAB solution added (mL) Time(h) 

1. 1.00 0 

2. 1.00 2 

3. 2.00 4 

4. 3.00 6 

5. 3.00 8 

6. 5.00 10 

7. 5.00 12 

8. 5.00 14 

9. 5.00 16 

10. 5.00 18 

11. 5.00 20 

12. 5.00 22 

13. 5.00 24 

14. 5.00 26 

15. 5.00 28 
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3.7.3 Synthesis of pentahedrally twinned gold nanorods 

High aspect ratio AuNRs were synthesized by using seed mediated approach as 

described in Chapter II. 

3.7.4 Dissolution of pentahedrally twinned gold nanorods 

Dissolution of pentahedrally twinned high aspect ratio AuNRs was carried out 

with a solution containing 0.1 M CTAB and 5xl0"4 M HAUC1 4 3 H 2 0 . The time of 

addition and volume of solution is described in the table 3.3. 

Table 3.3 Volume of Au (III)/CTAB used for the dissolution of high aspect ratio 
AuNRs in the period of 14 h. 

Entry Volume of Au (III)/CTAB solution (mL) Time (h) 

1. 0.5 0 

2. 0.5 14 

3. 0.5 28 

4. 0.3 42 

5. 0.1 56 

6. 0.1 70 

7. 0.1 84 

8. 0.1 98 

3.7.5 One-dimensional growth of pentahedrally-twinned gold nanorods 

For the selective growth of AuNRs from their tips, a fresh growth solution was 

prepared each time by dissolving 364 mg of CTAB and 0.98 mg of HAuCU 3H2O in 10 
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mL of DI water. To this solution, 45 (iL of 0.0788 M ascorbic acid was introduced. The 

resulting mixture was added to the nanorod solution at the rate of 10 |j,L per 5 seconds 

with vigorous stirring and left undisturbed. The time of addition and the volume of 

solution are described in the table 3.4. 

Table 3.4 Volume of Au (I)/CTAB added for the one-dimensional growth of high 
aspect ratio AuNRs in 14 h interval. 

Entry Volume of Au (I)/CTAB solution (mL) Time (h) 

1. 0.5 0 

2. 0.5 14 

3. 0.5 28 

4. 0.5 42 

5. 0.5 56 

6. 0.5 70 

7. 0.5 84 

8. 0.5 98 

9. 1.00 112 

10. 2.00 126 

11. 3.00 140 

12. 5.00 154 

13. 5.00 168 

14. 10.00 182 

15. 10.00 196 
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16. 10.00 210 

17. 10.00 224 

18. 10.00 238 

19. 10.00 252 

20. 10.00 266 

21. 10.00 280 

22. 10.00 294 

23. 10.00 308 

24. 10.00 322 

3.7.6 One step synthesis of gold nanowires at low pH 

For the one step synthesis of extremely long gold nanowires pure pentahedrally 

twinned AuNRs were used as seed. The growth solution is prepared by dissolving 9.85 

mg of HAUC14 3 H 2 0 and 3.64 g of CTAB in 100 mL of DI water. To this solution 1 mL 

of 12 M HC1 aqueous solution was added and mixed gently. After 2 min 0.55 mL of 0.1 

M ascorbic acid solution was added. The flask was hand shaken until the solution 

became colorless (typically 3-5 min). At this point 0.1 mL solution of pentahedrally 

twinned AuNRs (0.25 mg/mL) was introduced and the flask was hand shaken for 30 sec. 

The flask was kept undisturbed for 24 h at 25 °C. The nanorods slowly grew into 

nanowires and settle at the bottom of the flask. The colorless supernatant was discarded 

and the precipitate was dispersed in 25 mL of 0.1 M aqueous CTAB solution. This 

solution was left undisturbed for another 24 h at 25 °C. The nanowires slowly 
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precipitated and settled at the bottom of glass vial. The supernatant was discarded and 

the precipitate was again dispersed in 25 mL of 0.1 M CTAB solution. This process was 

repeated up to three times to remove the remaining amount of HC1 and Au (I)/CTAB 

complex. The resulting nanowires measured 8-10 jam in length. The length of nanowires 

can be changed by either increasing or decreasing the total volume of the growth 

solution. The volume of the growth solution and dimensions of nanowires are given in 

table 3.5. 

Table 3.5 Volume of Au (I) ions solution (2.5 x 10"4 M) used during the growth of 
nanowires and length & width of resulting nanowires. 

Volume (mL) Length (ftm) Diameter (nm) 

12.5 1 22-25 

25 2-3 25-30 

50 4-5 30-35 

75 6-7 35-40 

100 8-10 45-50 

150 10-12 50-55 

200 12-15 55-60 

300 15-20 65-70 
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3.7.7 Microwave exposure of gold nanowires 

In a 30 mL glass vial, 2 mL of CTAB-coated nanowires solution (0.05 mg/mL) 

were microwaved in a regular kitchen microwave (Kenmore microwave model # 

565.68300790) for 20 sec at high power level (1100 W). After that a drop of nanowire 

solution was cast on TEM grid and examined by TEM. Few nanowires were found to be 

kinked and most of them were straight. It is extremely difficult to expose CTAB-coated 

nanowires in microwave for a long period of time because CTAB solution boils very fast. 

Separately, CTAB from the surface of nanowires was exchanged with a water soluble 

thiol. In a typical procedure, 2 mL of nanowires solution (0.05 mg/mL) were taken in 30 

mL glass vial. To this solution, 10 mg of 11-mercaptoundecyltrimethylammonuium 

bromide was added and the mixture was left undisturbed (no stirring) at 25 °C for 24 h. 

During this process the CTAB from the surface of nanowires was replaced by the cationic 

thiol. The nanowires precipitate and settle at the bottom of glass vial. The supernatant 

which is mostly CTAB solution was decanted. The precipitate was then dispersed in pure 

DI water. The precipitation of nanowires and decantation of supernatant was carried out 

for at least four times to remove all CTAB and free thiol. After complete purification, 2 

mL of thiol-functionalized nanowires were placed into a 30 mL glass vial and exposed to 

microwave radiation for 2 min. The TEM and SEM samples were prepared from a drop 

of nanowires solution on TEM grid and on a piece of silicon wafer, respectively. 

3.7.8 Synthesis of microrods (microgold) 

Microrods were synthesized by the fast deposition of Au (I) ions on purified 

pentahedrally twinned AuNRs. The growth solution was prepared by dissolving 
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HAUC14 3H 20 and 3.64 g of CTAB in 100 mL of DI water. Appropriate amount of 0.1 M 

ascorbic acid aqueous solution was used for the initial reduction. The amount of 

HAUC14 3H 20 dissolved, ascorbic acid, and the dimensions of microrods are given in 

table 3.6. 

Table 3.6. Dependence of length and diameter of microgold on the amount of Au (I) 
ions. 

HAuC14 3 H 2 0 ( m g ) Ascorbic Acid (mL) Length (nm) Diameter (nm) Aspect ratio 

4.925 0.27 600 110 5.4 

9.85 0.55 800 160 5 

19.7 1.1 1000 220 4.5 

39.4 2.2 1200 300 4 

In a typical synthesis of microgold, 500 (J.L of as-synthesized high aspect 

nanorods solution was used as seed (0.25 mg/mL). The flask was hand shaken every 2 h 

for 10-12 h and left undisturbed for another 12 h. As the nanorods grow and become 

microrods, they tend to precipitate fast and settle at the bottom of flask. The colorless 

supernatant which mainly contains small amount of unconsumed Au (I) ions was 

discarded. The precipitate was dispersed into 15 mL of 0.1 M CTAB solution and left 

undisturbed for another 12 h. The colorless supernatant was discarded and the microgold 

was again dispersed into 0.1 M CTAB solution. This process was repeated three times 

until all the residual Au (I) ions were removed. A drop of microgold solution was cast on 

silicon wafer for SEM imaging. 
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3.8 Conclusion 

In conclusion, we have developed a method for tuning the dimensions and optical 

properties of one-dimensional gold structures ranging from small single crystalline and 

pentahedrally twinned nanorods to micrometer long nanowires and microscopic rods. 

This is achieved by reversible length manipulation of gold structures. The dissolution of 

nanorods was carried out with Au (III)/CTAB complex and growth was initiated with Au 

(I)/CTAB/AA solution. The one-dimensional growth of gold nanorods reported in this 

chapter enables us to synthesize extremely long gold nanowires. The strong optical 

scattering of gold nanowires opens several possibilities of micromanipulation and 

fabrication of nano-sized interconnects. The first example of the chemical synthesis of 

well-defined microscopic gold rods with controllable dimensions has also been reported. 
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Chapter IV 

Large Scale Synthesis of Single Crystalline Gold Nanorods 

4.1 Introduction 

The optical, electronic, and catalytic properties of nanomaterials are size and 

shape dependent.1"22 Over the past decade, several research groups have been working on 

the synthesis of metal nanostructures. The synthesis of gold nanorods is of considerable 

interest due to their unusual optical properties, which can be used for imaging,23"25 

oa in 1 

diagnostics, " and even the treatment of cancer. " Specifically, they absorb light in 

the infra-red region (700-850 nm wavelength) and can be easily detected when a laser 

beam with a similar wavelength (-800 nm) is shone upon them. ' " This is important 

because NIR radiation is safe for biological tissue, which does not absorb in that region. 

As a result, gold nanorods can be injected directly into the blood stream and their 

location/distribution can be easily determined by using a safe laser light. In addition, 

gold nanorods can heat up when exposed to a laser of proper wavelength. That property 
10 -3Q 

results in their ability to increase the temperature locally around a specific target. ' 

Gold nanorods can be prepared by top-down and bottom-up synthesis. A 

common top-down technique to prepare gold nanorods is electron beam lithography.40 

By this technique, highly monodisperse, but polycrystalline nanorods can be prepared. 

However, the quantity of nanorods is very low and the required instrumentation is 

prohibitively expensive. Two different approaches such as using hard templates41"47 and 

the reduction of gold ions in the presence of capping agents are available to synthesize 



gold nanorods by bottom-up techniques. In the template method, certain sizes and 

shapes of nanoporous templates are used. The growth of nanorods is physically confined 

because the gold ions are only reduced inside the channels of the template. This method 

has advantage to synthesize fairly good quality gold nanorods, but scaling up is difficult 

to achieve. In another method, the gold ions are reduced in the presence of a capping 

agent, which binds to the surface of growing nanoparticles and directs the formation of 

nanorods. There are several methods for the reduction of gold ions into metallic gold 

such as photochemistry (UV-irradiation),48'49 electrochemistry,50 and chemical reduction. 

The size and shape of the AuNRs are determined by various experimental parameters that 

affect the growth mechanism. However, the specific mechanisms that govern the 

morphology and geometry of particles are not fully understood. 

Murphy et al.2 first reported the seed-mediated chemical synthesis of gold 

nanorods. This method produces pentahedrally twinned gold nanorods with an aspect 

ratio up to 25. However, the main limitation of this method is that the yield of nanorods 

is only 15-20 % and not all trials produce the same quality and quantity of nanorods. 

There is always the formation of other shapes such as spherical particles, disks, and 

platelets. Seemingly trivial steps for the shape separation and isolation of pure nanorods 

turn out to be very difficult. Recently, we reported a method based on gravitational 

sedimentation and partial dissolution, which can be successfully applied for the 

separation of all the components present in such reaction mixtures (Chapter II). 

However, the amount of nanorods produced in this method is on the sub-milligram scale, 

which cannot be substantially increased. El-Sayed et al. modified the seed-mediated 

method by changing the nature of the seed and adding AgN0 3 in the reaction media. In 
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original Murphy's method the seed solution was prepared by chemical reduction of 

hydrogen tetrachloroaurate trihydrate (HAUC14 3H 2 0) in the presence of trisodium citrate, 

whereas in the modified method, the reduction of Au (III) ions was carried out in the 

presence of CTAB. In addition, 20 mol % AgNC>3 with respect to Au (III) ions was 

introduced into the growth solution. Also, this method is one step, whereas the original 

seed-mediated method is three steps. This modification in the synthesis of gold nanorods 

significantly improved the yield of nanorods vs. other shapes. Most importantly, the 

addition of silver ions completely changes the crystal structure of rods, which now 

became single crystalline species as opposed to pentahedrally twinned structures. Also, 

one can obtain 90 % of these nanorods with few spherical particles and cubes. However, 

there are still several limitations associated with this method as it only produces nanorods 

in milligram quantities and the size of the rods varies from trial to trial. Direct scale up 

of all the components in the same molar ratio can produce a few milligrams of nanorods 

when the volume of the reaction mixture reaches almost 10 L. Obviously, one can hardly 

use a larger volume for a chemical reaction carried out in a regular research laboratory. 

Therefore, a method in which one can produce monodisperse gold nanorods in gram 

quantities in one batch is highly desirable. That goal eluded the researchers for the past 

12 years since the first synthesis of nanorods has been reported. 

In this chapter, a one-gram scale synthesis of nearly monodisperse gold nanorods 

will be described. In this synthetic procedure, Au (I) ions are slowly reduced by ascorbic 

acid on top of the single crystalline gold nanorods, which causes their uniform 

amplification. 

84 



4.2 Results and Discussion 

4.2.1 Synthesis of gold nanorods 

In this study, the gold seed solution is prepared by reducing Au (III) ions with 

sodium borohydride in the presence of CTAB as the capping agent. The total volume of 

growth solution is increased 600 fold (from 10 to 6000 mL) over the regular seed-

mediated growth method developed by El-Sayed et. al. The growth solution is prepared 

by a two-fold increase in the concentration of Au (III) ions, AgNC>3, and ascorbic acid, 

whereas the concentration of CTAB is kept constant (0.1 M). The amount of seed 

solution introduced into the growth solution is increased from 12 p,L to 9.6 mL. The Au 

(III) ions in the growth solution were initially reduced by ascorbic acid. The addition of a 

Figure 4.1. Picture of gold nanorods solution a) before the amplification b) after the 
amplification. 
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slight excess (1.1 mol equivalents with respect to gold) of ascorbic acid promotes the 

growth of nanorods as soon as the seed solution is added. Fig. 4.1a shows an image of 

the initial gold nanorods solution. TEM analysis of gold nanorods (Fig 4.2a) reveals their 

narrow size distribution with an average length of 57 ± 3 nm and an average diameter of 

13 ± 2 nm (400 nanorods were measured), which give them an average aspect ratio of 

4.3. Most surprisingly, the two fold increase in the concentration of Au (III) ions and 600 

fold increase in the volume of the growth solution neither promoted the formation of 

other shapes nor increased the content of spherical nanoparticles. This observation 

demonstrated the success of the current synthetic strategy in producing gold nanorods 

with high purity. 

4.2.2 Amplification of gold nanorods by reduction of Au (I) ions with ascorbic acid 

At this point there is only 15-20 % conversion of gold ions to metallic gold, and 

their large majority (up to 85 % of gold chloride used in the reaction) remains in solution 

because there is not enough ascorbic acid. On the other hand, if there were more ascorbic 

acid at the beginning of the synthesis, the quality of the rods would drastically 

deteriorate. Therefore, a compromise here is to use ascorbic acid in multiple portions so 

that its concentration at any given point would not exceed a certain level (close to what is 

used under standard El-Sayed-Murphy conditions). The reduction of the remaining gold 

ions (85 %) would require a large quantity of ascorbic acid, and if it were introduced all 

at once it would cause the same non-uniform fast deposition of gold and complete loss of 

nanorods well-defined shape and narrow size distribution. For that reason, we introduced 

additional ascorbic acid in very small portions. Each given portion was allowed to fully 
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react and be consumed by gold ions before the next portion was added. This process was 

time consuming, but absolutely critical for maintaining the well-defined shape of 

nanorods. For simplicity reason, we will refer to this technique as a slow addition of 

ascorbic acid. Figure 4.2 b shows the TEM image of gold nanorods after the total 

volume of the ascorbic acid reached 9 mL. It took eight consecutive additions of 

Figure 4.2. TEM image of AuNRs a) before the addition of ascorbic acid, b) after 9 
mL, c) 30 mL, d) 45 mL of ascorbic acid. 
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ascorbic acid with 4 h intervals and a total of 44 h to reach that total volume (9 mL) (see 

also Table 4.1). This resulted in partial amplification of the rods as their average length 

and diameter rose to 63 ± 2 and 21 ± 1 nm, respectively. The aspect ratio was reduced 

from 4.3 to 3.0, which indicates that the rate of deposition on the sides was somewhat 

greater than that on the tips. However, at this point there was still a large amount of gold 

ions (Au (I)) in solution, which required a continuation of the slow addition of ascorbic 

acid. 

The process of nanorods amplification was periodically monitored by TEM in 

order to insure that no morphological deterioration took place. In addition, it helped us 

determine the point when all Au (I) ions were finally consumed. Figure 4.2 (c and d) 

shows the TEM images of nanorods after the total volume of ascorbic acid reached 30 

and 45 mL, respectively. We found that there were no changes in the dimensions of the 

rods after 45 mL of ascorbic acid were consumed. That implies that not only all the 

remaining gold ions were fully reduced, but also the yield of their conversion into 

metallic gold in the form of nanorods reached 100 %, which is at least 6 times greater 

than the conventional Murphy-El-Sayed procedure. This huge increase in yield combined 

with 600 times increase in the volume of the reaction mixture enabled us to bring the 

mass of the nanorods synthesized in one batch from sub-milligram quantities to one 

gram. 

In order to corroborate our hypothesis that the slow addition of ascorbic acid is 

absolutely necessary to carry out a uniform amplification of nanorods, we performed a 

control experiment where ascorbic acid was introduced at a faster rate. Figure 4.3 shows 

the TEM images of nanostructures synthesized by the fast addition of ascorbic acid. 
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Figure 4.3. TEM image of AuNRs a) before the addition of ascorbic acid, b) after 9 
mL, c) 30 mL, d) 45 mL of ascorbic acid. 

In this trial, the addition of ascorbic acid was carried out in 20 min intervals as 

opposed to 4 h (same volume per addition). Fig. 4.3b shows the TEM image of nanorods 

after the addition of 9 mL of ascorbic acid. Up to this point, the deposition of gold is 

very uniform and no new shapes are produced. However, after the addition of 30 mL of 
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ascorbic acid (Fig. 4.3c) new shapes in the form of large and small spherical particles 

appear in the sample. Also, there is a significant broadening in the size distribution of 

nanorods. By the time the total volume of ascorbic acid reached 45 mL (Fig. 4.3d), there 

is a remarkable morphological deterioration and the sample appears to be a mixture of 

many shapes, sized, and aspect ratios. This mixture can be barely regarded as gold 

nanorods. This simple control experiment clearly demonstrates the importance of the 

slow addition technique and fully justifies the amount of time one has to spend on it in 

order to prepare one gram of well-defined gold nanorods (>100 h, see Table 4.1). 

The crystal structures of AuNRs are further analyzed by high resolution 

transmission microscopy (HRTEM) (Fig 4.5). As reported in the literature, the side 

facets of the single crystalline nanorods before amplification are composed of four (100) 

and four (110) alternating planes, which make the cross-section of the rods octagonal. 

Figure 4.4. High resolution TEM image of AuNRs before the amplification (a), after 
the amplification (b). 
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Figure 4.4a shows the high resolution TEM image of gold nanorods before amplification 

which confirms the single crystalline structure and the absence of any grain boundaries, 

dislocations, and point defects in the rods. Figure 4.4b shows the HRTEM image of the 

amplified gold nanorods, which proves that the single crystalline structure is preserved 

during the entire process of gold deposition on the pre-formed nanorods. The optical 

properties of rods during the process of amplification were characterized by UV-Vis 

spectroscopy. 
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Figure 4.5. UV-Vis spectra during the amplification of single crystalline gold 
nanorods. 
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Figure 4.5 shows the changes in absorption spectra upon the addition of ascorbic 

acid. We observed an unusual change in the position of the longitudinal plasmon 

resonance peak. It initially undergoes a continuous blue shift up to the point when the 

total volume of ascorbic acid reaches 27 mL. This blue shift is due to the decrease in the 

aspect ratio, which takes place when the rate of gold deposition on the side facets 

outpaces the tips, as previously confirmed and discussed above. However, further 

addition of ascorbic acid induced a red shift of the longitudinal peak. The exact reason 

for that remains unknown, but this result was found to be highly reproducible. 

After all the Au (I) ions are consumed, the longitudinal plasmon does not change. 

The position of the longitudinal plasmon band is in fair agreement with that predicted 

using the discrete dipole approximation method51 (that is, Amax = 96AR + 418, where 
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Figure 4.6. Plot showing the change in position of longitudinal plasmon peak with 
the addition of ascorbic acid. 
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AR refers to aspect ratio). We also observed that the addition of ascorbic acid decreases 

the polydispersity of nanorods and, consequently, the width of LPB becomes much 

narrower during the amplification as clearly visible from Fig. 4.5. 

A different representation of the changes that take place during the amplification 

process is shown in Figure 4.6, where the position of the longitudinal peak is plotted 

versus the mole equivalents of ascorbic acid with respect to gold ions. From this figure 

one can accurately determine the amount of ascorbic acid required for the complete 

conversion of Au (I) ions to metallic gold. More importantly, the amount of ascorbic 

acid required for obtaining a desired LPB can be calculated prior to the synthesis. 

4.2.3 Isolation of one gram of gold nanorods 

The lack of change of the LPB after 1 mol equiv. of ascorbic acid has been added 

(Fig. 4.7) does not mean that there is a compete conversion of Au (I) to metallic gold. 

After new addition, there can be further deposition with no change is aspect ratio, which 

would result in the constant position of the longitudinal plasmon peak. That can be the 

case if at later stages of amplification the rates of deposition become nearly the same for 

the sides and tips. If our estimation based on the UV studies is correct and if all gold ions 

were converted into nanorods (100 % yield), then the mass of the amplified nanorods 

should reach one gram. We decided to isolate the AuNRs in a solid form to determine the 

overall isolated yield. This was achieved by using a new ligand exchange technique, 

which will be described in detail in Chapter V. In brief, a solution of 4-mercaptophenol 

in THF was introduced into the aqueous solution of gold nanorods and the CTAB 

molecules were replaced by a thiol (4-mercaptophenol). The mercaptophenol-



Figure 4.7. Picture of one gram of solid AuNRs. 

functionalized gold nanorods are not soluble in water/THF mixture and undergo slow 

sedimentation, which allows for their isolation by simple decantation and multiple rinsing 

of the precipitate. After complete purification, the weight of the dry powder of AuNRs 

measured ca. 1 g, which gave a definitive proof of a quantitative conversion of Au (I) 

ions to metallic gold in the form of nanorods. Figure 4.7 shows a photograph of the 

isolated one gram of AuNRs. The actual weight of nanorods is slightly higher than one 

gram which is due to the contribution of 4-mercaptophenol ligands. 
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4.3 Experimental Section 

4.3.1 Synthesis of gold nanorods 

For the synthesis of AuNRs in gram scale, seed solution and growth solution were 

prepared as described below. 

4.3.1.1 Preparation of seed solution 

In a 30 mL glass vial, 5 mL of 0.2 M CTAB solution (364 mg of CTAB in 5 mL 

of H 2 0) was mixed with 5 mL of 0.0005 M HAuCl43H20 (1.97 mg of HAUC14 in 10 mL 

of H20). TO this mixture 0.6 mL of 0.001 M ice cold NaBH4 (3.78 mg of NaBH4 in 10 

mL) was added with vigorous stirring (1200 rpm) at 25 °C. The stirring was stopped after 

2 min and the seed solution was used after 5 min. 

4.3.1.2 Preparation of the growth solution 

In a 6 L Erlenmeyer flask 2.5 L of 0.2 M CTAB solution (182 g of CTAB in 2.5 

L of H 2 0) was mixed with 254 mL of 0.004 M AgN0 3 (172.7 mg of AgN0 3 in 254 mL 

H 20) at 25 °C. To this solution 2.5 L of 2.03xl0"3 M HAuCl43H20 (2 g of HAuCl43H20 

in 2.5 L H 2 0) was added with gentle mixing. After 10 min, 71 mL of 0.0788 M ascorbic 

acid (985 mg of ascorbic acid in 71 mL H 2 0) was added upon stirring. The color of the 

growth solution changed from dark yellow to colorless. 

After 5 min, 9.6 mL of seed solution was slowly added to the growth solution at 

the rate of 10 mL/min upon vigorous stirring. The temperature of the reaction mixture 

was maintained at 25-27 °C throughout the experiment. After 7 to 10 min the color of the 

solution gradually changed from colorless to brown indicating the formation of regular 

gold nanorods with an aspect ratio from 3.5 to 4. 
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4.3.2 Deposition of Au (I) ions on pre-formed gold nanorods 

Slow reduction of Au (I) ions on top of pre-formed gold nanorods was carried out 

by slow addition of ascorbic acid at regular intervals of 4 h. After complete growth of 

regular gold nanorods (3-4 h after seed addition), 45 mL of 0.0788 M ascorbic acid 

solution was added portion-wise (Table 4.1). Each addition was carried with vigorous 

stirring and the reaction mixture was left undisturbed for 4 h. 

Table 4.1 Volume of ascorbic acid used in different time interval 

Number of additions Time (h) Volume of 0.0788 M ascorbic acid (mL) 

1 0 0.5 

2 4 0.5 

3 8 1 

4 20 1 

5 24 1 

6 28 1 

7 32 2 

8 44 2 

9 48 2 

10 52 2 

11 56 2 

12 66 3 

13 72 3 

14 76 3 
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15 82 3 

16 94 3 

17 98 5 

18 102 5 

19 106 5 

The deposition of Au (I) ions on gold nanorods was monitored by UV-Vis and TEM. 

There was no change in UV-Vis and TEM after 45 mL of ascorbic acid. 

4.4 Conclusion 

In summary, nearly monodisperse gold nanorods in one gram quantity can be 

produced by the slow reduction of Au (I) ions onto pre-synthesized gold nanorods using 

ascorbic acid. The nanorods produced by this technique show a very strong characteristic 

longitudinal surface plasmon band in the near IR region. This direct synthesis of highly 

pure and well-defined nanorods could open the door for the industrial production and 

may help to solve the problem of batch to batch variation in optical properties typically 

found in nanorods syntheses. 
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Chapter V 

Self-assembly of Gold Nanorods into Ring-like Superstructures 

5.1 Introduction 

1 97 

Finding new ways to assemble nano-objects " into finite superstructures is an 

important task because the properties depend not only on the size and shape, but also on 

the spatial arrangement and the degree of order among the individual building blocks. 

Ring-like assemblies are fairly common and have been documented for various 00 "2 1 "JO T1! 

polymers, small organic molecules, and spherical inorganic particles. " Several 

mechanisms have been proposed to explain the formation of rings, including the 

Marangoni effect, ' hole-nucleation mechanism, "2D gas bubbles", and "Breath 

Figures" method (BF).39 The latter mechanism takes advantage of the condensation of 

water microdroplets from a moist air and uses them as templates. Thus, the BF method 

typically produces a honeycomb structure, which can be viewed as an array of air bubbles 

embedded into continuous 2D matrix formed by polymer chains40'41 or spherical 

nanoparticles.42'45 One can realize that if the concentration of solute is reduced, the 

perforated film should transform into a set of isolated rings, which was recently 

demonstrated in the case of linear polymers 46 However, rings composed of anisometric 

nanocrystals, especially inorganic rods, have never been observed. 

Nearly all reports on the self-assembly of nanorods describe their packing in a 

parallel fashion.47"52 Theoretical models also predict a side-by-side packing of rods 

regardless of their overall morphology.53'54 In stark contrast to that, we describe a 
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spontaneous assembly of hybrid goldcore/polymerSheii nanorods into ring-like arrays. A 

systematic investigation shows that the rings of rods described in this work are templated 

by water droplets that condense on the surface of nonpolar solvents from a humid air, 

akin to classical BF method. The high yield and the well-defined structure of rings are 

due to the presence of polystyrene chains covalently attached to the surface of gold 

nanorods. The polymer shell insures high solubility of the hybrid ID nanostructures and 

keeps AuNR(PS)n rods in solution during the evaporation until they are concentrated 

around the circumferences of water droplets. The method is surprisingly simple and can 

be used for organizing nanorods into circular arrays in a nearly quantitative yield. 

5.2 Result and Discussion 

5.2.1 Ligand exchange and covalent attachment of polystyrene on gold nanorods 

Our recent studies revealed that carboxyl-terminated polymers can be covalently 

attached to phenol-functionalized gold nanoparticles under mild esterification 

conditions.55 In order to test the versatility of such approach, we attempted a synthesis of 

rod-like goldCore/polymerShCii nanostructures. Unlike spherical nanoparticles, the 

functionalized nanorods cannot be directly prepared via reduction of gold ions in the 

presence of thiols. For that reason, we first prepared gold nanorods stabilized by CTAB 

cz: cn 

surfactant using a modified seed-mediated growth method. ' However, a seemingly 

trivial step of exchanging CTAB for a functional thiol, was found to be a serious 

challenge. For example, a removal of either water or CTAB surfactant causes an 

irreversible agglomeration of nanorods, and the subsequent multiple attempts to attach 

thiols in organic media are completely unsuccessful. In addition, many functional thiols 
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are not soluble in water, and their dispersion in an aqueous solution of CTAB-stabilized 

nanorods does not result in the ligand exchange. After many trials, we found that a drop-

wise addition of a concentrated solution of 4-mercaptophenol in THF directly into an 

aqueous growth-solution of rods lead to a CTAB-thiol exchange and a slow precipitation 

of phenol-functionalized nanorods. 

Scheme 5.1. Synthesis of gold nanorods with covalently attached PS arms. 
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After simple purification, AuNR(S-C6H4-OH)n rods can be dispersed in 

methylene chloride and covalently coupled with carboxybiphenyl-terminated polystyrene 

(M w—5,000 g/mol) (Scheme 5.1). The reaction proceeds within several hours after the 

addition of 4-(Af,Ar-dimethylamino)- pyridinium-4-toluenesulfonate (DPTS) and 1,3-

diisopropyl carbodiimide (DIPC). Remarkably, the reaction can be monitored by TLC as 

the starting material AuNR(S-C6H4-OH)n with a retention factor R/=0 gradually 

transforms into AuNR(PS)n product, which moves on a TLC plate as a single dark-red 

spot (R/= 0.6 in 15 % THF in CH2CI2). The product can be isolated by centrifugal 

ultrafiltration of THF solution using a regenerated cellulose membrane (MWCO=30 

kDa). The absence of linear polystyrene was confirmed by GPC of the purified product, 

whereas the presence of covalently attached PS arms was proven by 'H NMR (Fig. 5.1). 

8 . 0 7 . 5 7 . 0 6 . 5 6 . 0 

A. JW 
11'11 

9 8 6 5 3 2 

Figure 5.1. ]H NMR of AuNR(PS)n in CDCI3. 
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The typical weight gain of such coupling reactions is -40 %, which allows us to estimate 

the grafting density of PS arms (5 kDa) on gold nanorods (10 x 45 nm as determined by 

TEM). The grafting density is about 2.1 chains/nm2, which means that approximately 

3,000 PS chains are covalently attached to a given nanorod (see calculation below). The 

value of the grafting density is comparable to that reported for spherical Au nanoparticles 

(2.9 chains/nm2).55 The presence of a dense polymer shell ensures high solubility and 

stability of the nanorods in organic solvents. 

5.2.2 TEM and AFM analysis of polystyrene functionalized gold nanorods 

Examination of AuNR(PS)n by TEM revealed their unexpected and counterintuitive 

properties. When a carbon-coated grid is dipped in a CH2CI2 solution, and the drop is 

allowed to dry in air at room temperature, the nanorods spontaneously organize into ring 

structures (Fig.5.2). 
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Figure 5.2. TEM images of rings formed by AuNR(PS)n from a methylene 
chloride solution (lmg/mL). 

The diameter of the rings varies from 300 nm to a few microns and their typical width is 

- 5 0 nm (Figure 5.4). In most rings the orientation of rods is random (Fig.5.2 c, d), but at 

low concentration they tend to line up in a head-to-tail fashion along the circumference 

(Fig. 5.2 a, b). Importantly, virtually all of the rings that were found have one common 

feature: There are very few, if any, rods inside the rings, which is indicative of a 

templated process (Fig. 5.4). TEM imaging at low magnification (Fig. 5.3) revealed the 
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presence of rings throughout the entire substrate. The yield of rings is nearly quantitative 

as there are very few rods either inside the rings or in the areas between them. The 

average size of the rings is not influenced by the concentration, and similar results were 

obtained when the samples were prepared from at least three other nonpolar solvents, 

such as chloroform, benzene, and carbon disulfide. Interestingly, AuNR(PS)n nanorods 

form rings not only on hydrophobic carbon substrates, but also on hydrophilic mica and 

regular glass slides. The average size of the rings formed on glass is significantly larger 

(5-10 |j.m) and the majority of the rings can be viewed in an optical microscope. Rings 

measuring up to 20 |j.m in diameter and several hundred nanometers in height were also 

found on mica substrates and imaged by AFM (Fig. 5.5 and Fig 5.6). The 

aforementioned hole-nucleation mechanism33 cannot explain the assembly of AuNR(PS)n 

• - • • • o'O. O . <*>' ..•<? • O,.- <• I \ OOP, - O . c 
o Qf° \ o 

. „ • ' ; p . - o ° = - c 

% • -d" . , P- "O • •". • r / ° 
^ O. - K > o , .. . ' ° •• V £ 

• c ;%-> -Q ' 1 P O 

f y - s y * - : O , ^ ^ O : 8 

V . . O . 
rt o o V ' « 0 ° cx 

/ - X ^ * * ° O U O / '» o C- ^ U c6 O O -

<5 ° o ° o ° ° • ° o o OO . o . 
O o ' O 0 ^ 0 Q C 

Figure 5.3. Representative low-magnification TEM images of rings formed by 
AuNR(PS)n when a carbon coated grid is dipped into a methylene chloride solution (1 
mg/mL). 
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because the rings form on very different substrates (wetting and non-wetting conditions), 

their size varies within a broad range, and it does not depend on the concentration. 

Figure 5.4. Representative TEM images of rings of gold nanorods. 
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Figure 5.5. Phase contrast (top left) and amplitude (top right) tapping mode AFM 
images of a ring of AuNR(PS)n on mica. Height profiles are shown on the bottom. 
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Figure 5.6. Height contrast (top left) and amplitude (top right) tapping mode AFM 
images of a large ring of AuNR(PS)n formed on mica. Height profiles are shown on 
the bottom. (Image courtesy Jacob D. Gibson) 
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5.2.3 Mechanism of the self-assembly of nanorods 

These initial data lead us to hypothesize that the nanorods assemble around water 

droplets that can condense from the air when highly volatile CH2CI2 evaporates and cools 

its surface below the dew point. It has been shown previously that the temperature on the 

surface of evaporating volatile solvents can be as low as 0 °C.39'40 In addition, it has been 

proposed that microdroplets of water retain their small and uniform size, and pack into a 

2D hexagonal superlattice on the liquid surface of organic solvents.58'59 We were able to 

confirm this phenomenon by direct visualization of water microdroplets condensed on the 

Figure 5.7. Optical micrograph of water droplets on the liquid surface of methylene 
chloride solution of AuNR(PS)n cast on the carbon-coated TEM grid. The square 
windows of the copper grid in the background measure 100 x 100 nm 
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surface of methylene chloride solution of AuNR(PS)n, as well as pure CH2CI2, deposited 

onto carbon-coated TEM grids (Fig. 5.7). The droplets, however, are not stationary and 

rapidly move in various directions due to convectional flow. As observed in the optical 

microscope, the droplets retain their uniform size only for a limited amount of time and 

undergo coalescence as soon as the organic solvent is evaporated. 

5.2.4 Control experiments and mechanism of ring formation 

A very important control experiment was carried out in the absence of moisture. 

When a sample is prepared in a glove box under ultra-dry nitrogen atmosphere, not a 

single ring can be found on the substrate (Fig. 5.8). This simple experiment also proves 

that the formation of rings is not driven by the Marangoni effect. ti6'17J We also found 

that rings do not form from nonvolatile solvents such as toluene due to its insufficient 

evaporative cooling and inability to cause the condensation of water droplets. Moreover, 

rings form only if the solvent is not miscible with water (CH2CI2 or CHCI3), and they 

cannot be produced from water-miscible solvents like tetrahydrofuran or acetone even 

though their boiling points are very close to that of chloroform (66, 56, and 62 °C, 

respectively). 
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Figure 5.8. Control experiment: TEM images of samples prepared from CH2CI2 
solution of AuNR(PS)n in air (left) and under dry nitrogen atmosphere (right). 
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On the basis of these data, the following mechanism can be proposed (Fig. 5.9). A fast 

evaporation of CH2CI2 leads to a condensation of numerous water droplets (Fig. 5.9a), 

which subsequently land on the carbon substrate and become surrounded by a thin 

continuous film of the methylene chloride solution of rods (Fig. 5.9b). Because 

AuNR(PS)n nanorods are highly soluble, they will remain in solution until its last portion 

is concentrated around the impervious walls of the water droplets (Fig.5.9c,d). At this 

point the temperature of the substrate will start rising back to room temperature, thus 

causing evaporation of the water templates and leaving behind ring-like arrays of the 

nanorods (Fig. 5.9e). 

One can directly observe in an optical microscope that the coalescence of 

microdroplets takes place when the majority of organic solvent is evaporated, and that 

Figure 5.9. A schematic representation of the formation of rings templated by the 
water droplets. 
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results in a broad size distribution of rings (Fig. 5.3b). However, the rings are well-

defined structures and their overall yield is remarkably high. This is due to a combination 

of two important characteristics of the reported nanorods: The hydrophobic nature of PS 

arms prevents the nanorods from entering the interior of water templates, whereas their 

high solubility in DCM ensures that they do not crash out of solution early and do not 

deposit themselves in the areas between the water droplets. The importance of the former 

characteristics was confirmed by examining analogous nanorods with a hydrophilic shell. 

We synthesized rods with covalently attached polyethylene glycol (PEG) arms (5kDa) 

and found that they do not produce any rings (Fig. 5.10). This is because water droplets 

cannot stop water-soluble AuNRs(PEG)n at the interface. Another series of analogous 

nanorods was prepared to test the importance of their high solubility. When the 

molecular weight of PS arms is increased to 10 kDa, very uniform rings form in high 

Figure 5.10. TEM images of samples prepared from CH2CI2 solution of hydrophobic 
AuNR(PS)n (left) and hydrophilic AuNR(PEG)n (right) nanorods. 
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yield. In contrast, nanorods with short PS arms (1 kDa) fail to assemble under the same 

standard conditions. Finally, there are two more required elements for the successful 

formation of rings. The solvent should be water-immiscible and volatile enough to cause 

an evaporative cooling below the dew point. 

5.3 Rings of pentahedrally twinned high aspect ratio (HARNRs) gold 

nanorods. 

Self-assembly of low aspect ratio nanorods into rings governed by the breath 

figure method described above (Chapter 5.2) raises a question as to whether or not it is 

possible to assemble high aspect ratio gold nanorods into similar superstructures. We 

recently reported a synthetic technique for the preparation of pure high aspect ratio gold 

nanorods61 (Chapter II). The main difference between the regular and high aspect ratio 

nanorods is not only the aspect ratio, but also their crystal structure. Regular gold 

nanorods are single-crystalline structures, whereas high aspect ratio nanorods are 

pentahedrally twinned crystals (Chapter II & III). We tried to functionalize the surface of 

HARNRs with polystyrene the same way as described for single-crystalline analogues, 

but our attempts were not fully successful. We noticed that the solution stability of 

polystyrene-functionalized HARNRs in organic solvents was significantly lower. A 

careful analysis by TEM revealed their aggregation into small bundles composed of 

several rods. We believe that the functionalization with thiol and subsequent attachment 

of polystyrene occurred on the surface of bundled nanorods, leading to a low polymer-to-

gold ratio and, as a result, poor solubility. 
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In contrast, the stability of HARNRs in aqueous solution, especially in the 

presence of CTAB, is much higher and at low concentration the individual rods are 

completely dispersed. In addition, direct observation by optical microscopy revealed that 

during the evaporation of water solution containing small amount of free CTAB, tiny 

microscopic droplets are left behind the rim of the shrinking macroscopic drop during its 

evaporation on a substrate. Because CTAB is a regular surfactant, it reduces the surface 

tension of the microdroplets and stabilizes them for a relatively long period of time. 

If the solution contains nanorods, a well-known coffee ring effect62 will induce 

their migration to the triple interface (air-water-substrate) at the edges of a microdroplet. 

This effect is due to the capillary flow, which develops within a droplet as it tried to 

Figure 5.11. TEM images of rings of high aspect ratio AuNRs obtained by drying an 
aqueous solution of CTAB-coated nanorods on TEM grid. 
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replenish the evaporating solvent at the surface by moving a new portion from the bulk. 

If the concentration of nanorods is sufficiently low, there are only a few dozen rods in a 

microscopic droplet, which enables them to uniformly align along the triple interface 

(circumference). Indeed, when 3 jaL of an aqueous solution of HARNRs (concentrated 

from 1.5 mL solution of as-synthesized NRs to 20 |a.L) is cast on carbon-coated TEM grid 

and slowly dried, ring-like assemblies can be observed (Fig. 5.11). In fact, close 

examination revealed the presence of dried CTAB inside such rings. The role of CTAB 

appears to be very important and is at least two-fold. First, it promotes the formation of 

microdroplets, which otherwise do not form in large quantities. Second, it enhances the 

coffee ring effect by reducing the surface tension gradient and the resulting counteracting 

Marangoni effect,63 which pushes the solute towards the center of the droplet. The yield 

of rings by this process is relatively low (15-20 rings per TEM grid), and the majority of 

rods are still randomly distributed on the surface. Nevertheless, this interesting 

observation demonstrates that the formation of rings of rods can occur via completely 

different mechanism (compare to breath figures method described above). It also shows 

that it is possible to organize rods into ringlike structures without polymer 

functionalization and from an aqueous solution. This is particularly important when 

functionalization with thiols and polymers is either inefficient or impossible. The 

pentahedrally-twinned nanorods represent one of these cases and this technique was the 

only successful way to organize them into ring superstructures. 

Figure 5.11 also shows that unlike the PS-functionalized single crystalline rods, 

HARNRs (coated with CTAB bilayer) form assemblies, which are not perfectly circular, 

but rather polygonal in shape. In some instances, we observed structures containing as 
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few as 3 and 4 rods, which formed triangles and squares, respectively. This striking 

change can be easily explained by considering the difference in the length and the aspect 

ratio of these two classes of rods. The length of HARNRs is comparable to the 

circumference of a typical microscopic droplet, whereas the single crystalline rods are 

much shorter and can line up smoothly along the walls of a droplet. Another significant 

difference of the two systems is that the HARNRs are approaching the edges from within 

the volume of a microdroplet, while the PS-functionalized rods are migrating from the 

organic phase towards the outside boundaries of a pure water droplet. 

5.4 Formation of continuous rings of gold: chemical fusion of nanorods 

self-assembled into rings 

Photo- and e-beam lithography64"74 techniques have been used to obtained 

continuous rings of gold. By photolithography, one can obtain rings of micrometer size. 

However, it is not possible to achieve nanoobjects by that technique. E-beam lithography 

allows one to create nano-sized features, but it is very expensive and only a small amount 

of material can be obtained in one trial. There have been no reports on the chemical 

synthesis of continuous gold rings. In this chapter, we report a novel technique to obtain 

such structures. 

Our first attempt to induce fusion of rings composed of discreet nanorods was 

carried out by melting nanorods with a 750 nm laser radiation. We synthesized 

polystyrene-functionalized single crystalline gold nanorods and assembled them into 

rings on a silicon nitride TEM grid. The exact location of a ring on the grid was mapped 

out so it could be found after the melting of nanorods. The ring was then exposed to a 
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750 nm laser. Figure 7.13 shows the TEM images before (Fig 5.12a) and after (Fig. 

5.12b) laser treatment. TEM analysis revealed that the laser-induced heating of nanorods 

caused their melting, but did not lead to fusion into continuous structure. Instead, one 

type of discreet structures (rods) was transformed into another (spheres). In addition, 

careful analysis of the TEM images before and after the irradiation, showed that some 

portion of gold evaporated during this process. This technique is very efficient for the 

melting of nanorods, but appears to be unsuitable for the fusion of gold nanostructures. 

At this point we focused our attention on rods that assembled from aqueous 

solution (HARNRs), and do not contain a dense polymer shell, which can prevent fusion. 

Instead, they are coated by CTAB bilayer, which can be readily penetrated by gold ions 

as described previously. In principle, the same amplification of rods which was 

described in the preceding chapters should be able to fuse a ring of discreet rods as long 

as it permanently stays on the substrate. Therefore, we decided to combine the self-

Figure 5.12. TEM images of a ring of AuNRs(PS)n a) before laser treatment b) after 
750 nm laser treatment for 1 sec.(Image courtesy Arshad S. Sayyad) 
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assembly and subsequent amplification technique, but it was necessary to find a way to 

perform this sequence on a 2D substrate, as opposed to bulk solution. The rings of 

HARNRs were obtained by casting 3 JJ.L of nanorods solution on a TEM grid, and the 

location of specific rings was exactly mapped out using TEM. The grid was then 

immersed into an Au (I)/CTAB solution containing a small amount of ascorbic acid 

(growth solution) for 10 min. 

Fig 5.13 a shows a TEM image of a ring of HARNRs before the treatment with 

the growth solution. Unfortunately, this initial attempt (Fig 5.13b) did not result in the 

formation of a continuous ring. We observed irregular deposition and overgrowth of rods 

and only a partial fusion. Further exposure to the growth solution did not offer any 

improvement. Instead, we detected a non-uniform amplification when some parts of the 

ring were amplified at the expense of the others (Fig 5.13c). Importantly, these initial 

experiments were carried out on a conventional carbon-coated copper grid. We noticed 

that it would typically sustain some corrosion after the exposure to the growth solution. 

Evidently, a well-known galvanic replacement of copper with gold was taking place and 

Figure 5.13. TEM images of rings of high aspect ratio AuNRs a) before b) first and 
c) second treatment with Au (I)/ ascorbic acid solution. 

122 



it might have interfered with the amplification and fusion of rings. The replacement of 

copper grid with its gold analogue partially solved the problem as the corrosion, and the 

formation of irregular particles did not take place. However, numerous attempts to 

achieve complete and uniform fusion of rods were still unsuccessful. 

We hypothesized that a CTAB coating was necessary for the amplification of 

nanorods, but the high energy electron beam of the TEM could easily destroy the organic 

bilayer during the initial imaging of the rings. To avoid this problem, a TEM imaging 

was not carried out prior to the amplification experiments as was done before. After 

drying the solution of HARNRs on a gold grid, we directly exposed it to the growth 

solution assuming that there were enough rings on the substrate. The sample was then 

oo 
100 nm ^ • * 100 nm 50 nm 

100 nm 
o 

100 nm 

Figure 5.14. TEM images of continuous rings of gold obtained by the fusion of high 
aspect ratio AuNRs in a ring. The fusion is carried out by the exposure of rings to Au 
(I)/CTAB/AA solution. 
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carefully rinsed with pure water and examined by TEM. Figure 5.14 shows high 

magnification images of continuous rings of gold obtained by this technique. 

Remarkably, there is complete and uniform fusion of nanorods without any undesirable 

shapes present. This technique enabled us to obtain not only rings, but also continuous 

polygons such as triangles, squares, and hexagons (Fig 5.14). 

5.5 Experimental Section 

5.5.1 General 

The 'H NMR spectra were recorded in CDC13 on a Varian Unity 300 (300 MHz) 

spectrometer and Bruker 400 MHz spectrometer. Size Exclusion Chromatography (SEC) 

analysis was conducted on a Waters Breeze 1515 series liquid chromatograph equipped 

with a dual X absorbance detector (Waters 2487), manual injector, and three styrogel 

columns (HR1, HR3, HR4) using linear polystyrene standards for calibration and 

tetrahydrofuran (THF) as the mobile phase. Centrifugal filters (2 mL capacity) Ultrafree-

CL containing regenerated cellulose membranes with a molecular weight cut-off 30,000 

g/mol were purchased from Fisher Scientific (cat.# UFC4LTK25). 4-(N,N-

dimethylamino)pyridinium-4-toluenesulfonate (DPTS) was prepared by mixing saturated 

THF solutions of A^A^-dimethylaminopyridine (DMAP) (1 equiv) and /?-toluenesulfonic 

acid monohydrate (1 equiv) at room temperature. The precipitate was filtered, washed 

several times with THF, and dried under vacuum. The structure of DPTS was confirmed 

by :H NMR. 
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5.5.2 Preparation of thiol-functionalized single crystalline gold nanorods AuNR(-S-

CgÎ -OII),, 

AuNRs were synthesized as described in chapter III. Functionalization of the 

CTAB-stabilized nanorods is a significant challenge and required many different trials 

under various conditions. Initially, we attempted the isolation of the nanorods from the 

aqueous growth solution. However, the excess of CTAB surfactant prevents the 

precipitation of nanorods and requires a very powerful centrifuge. When the rods are 

finally collected and rinsed to remove the residual CTAB, they are not soluble in any 

organic solvent and all the attempts to react them with 4-mercaptophenol in DMF, or 

CH2CI2/DMF mixture were unsuccessful. It appears that after the removal of CTAB 

the rods agglomerate and cannot be redispersed in order to react with a thiol. Another 

route was taken to avoid the centrifugation. We found that addition of excess THF to 

the aqueous growth solution of rods caused their slow precipitation. The rods were 

collected by decantation, rinsed several times and dried under vacuum. Once again, the 

reaction with thiol was not successful. These results lead us to hypothesize that the 

exchange of CTAB for a thiol could be attempted in-situ by introducing the thiol 

directly into the growth solution of rods, which still contains a large amount of free 

CTAB (0.1 M). However, 4-mercaptophenol is not a water-soluble compound. For 

that reason, we added a concentrated THF solution of 4-mercaptophenol (2.5 g of thiol 

in 30 mL of THF) into 500 mL of the growth solution of AuNRs. The addition is 

normally done drop-wise upon vigorous stirring of the growth solution. This addition 

causes a change in color (from dark brown to black). The mixture is then allowed to 

stir at 27 °C for 12 h and the black precipitate can be collected after centrifugation 
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(3750 rmp, 10 min). The residual CTAB and 4-mercaptophenol were removed by 

multiple rinsing with THF. The total weight of the dried product was typically 20 mg. 

5.5.3 Synthesis of gold nanorods with covalently attached polystyrene arms 

AuNR(PS)„. 

Carboxybiphenyl-terminated polystyrene (5kDa) was prepared from a hydroxyl-

terminated linear polystyrene (PDI=1.06; Polymer Source) using standard procedures 

described in the literature.[34] Methylene chloride (2 mL) was added to 21 mg of 

mercaptophenol-functionalized gold nanorods in a glass vial and the mixture was 

stirred for several minutes before the addition of 100 mg of carboxybiphenyl-

terminated polystyrene. DPTS (10 mg) was added next and the mixture was allowed to 

stir for 5 minutes at room temperature. DIPC was introduced drop-wise (15 drops) 

followed by 0.3 mL of DMF. The reaction can be monitored by TLC because the R/of 

the starting material is significantly lower than that of the product (0 vs. 0.6 in 15 % 

THF in CH2CI2). The product moves on a TLC plate as a dark-red spot, which can be 

visualized without a UV lamp. The coupling normally takes several hours (3-6 h). At 

this point 5 mL of THF are added to the reaction mixture and nitrogen is gently blown 

above the solution in order to evaporate most of the methylene chloride. The resulting 

THF solution is then split into three centrifugal filters (2 mL capacity) which are 

centrifuged at 5000 rpm. Within approximately 30 min the volume of the solution 

above the membrane of the filter is reduced to 0.2-0.3 mL. The colorless solution 

containing all the low molar mass components as well as unreacted polystyrene (5 

kDa), penetrates through the membrane and is collected on the bottom of the filter. The 
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dark purple/brown solution concentrated on the top of the membrane contains the 

hybrid nanorods. New portion of THF is then added into each filter bringing the 

volume back to ~2 mL and the centrifugation is repeated for another 2 or 3 times until 

GPC shows no trace of linear polystyrene. The resulting solution is evaporated under 

reduced pressure giving 30 mg of the pure product AuNR(PS)n. 

5.5.4 Estimation of the grafting density. 

The average number of PS arms attached to a given nanorod was estimated as 

follows. The volume of one nanorod assuming 45 nm for the length and 10 nm for 

diameter (based on TEM) is V = 45 nm x 3.14 x 25 nm = 3532.5 nm3, which means that 

the mass of an average rod is 6.82 x 10"17 g (pau
=19300 kg/m3). Hence, the molecular 

weight of nanorods is M = m NA s 41,076,000 g/mol =4 .11 107 g/mol. The increase 

in mass after the coupling of polymer is about 40 % (from 21 mg of AuNR(-S-C6H4-

OH) n nanorods to 30 mg of AuNR(PS)n). That means the molecular weight after 

coupling rose to 57,520,000 g/mol. So the mol. weight of the polymer shell is about 

16,440,000 g/mol, which gives 16,440,000:5,000 = 3288 PS chains per one nanorod. 

Simple estimation shows that the surface of a gold nanorod is about 1570 nm2 (assuming 

a cylindrical shape). Therefore, the grafting density is 3288/1570=2.094 chains/nm2. 

This number is comparable to the value reported for spherical 2 nm gold particles (2.91 

chains/ nm2).34 
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5.5.5 Rings of pentahedrally twinned gold nanorods 

For the formation of rings composed of high aspect ratio AuNRs, 1.5 mL of high 

aspect ratio gold nanorods solution (0.25mg/mL) (chapter II) was centrifuged at 8000 

rpm for 7 min. The supernatant which mainly contained CTAB was discarded. The 

precipitate was dispersed in 30 |iL of DI water (brief sonication was applied if 

necessary). Then, a 3 (iL drop of AuNRs solution was cast on a carbon-coated copper 

TEM grid and dried at room temperature. Careful attention was given to the drying 

process. It is important to insure that the solution always remains on the grid since there 

is a possibility that the drop may flow inside the TEM tweezers before it dries. After 

complete drying, the sample was examined by TEM. 

5.5.6 Fusion of nanorods to obtain continuous rings of gold 

The rings of high aspect ratio AuNRs were assembled as described above. It was 

necessary to use carbon-coated gold TEM grids as opposed to regular copper grids. The 

growth solution was prepared by dissolving CTAB and HAuCU 3H2O in DI water. In a 

typical preparation of the growth solution, 364 mg of CTAB was dissolved in 10 mL of 

0.001 M aqueous solution of HAUCI4 3H2O. To this solution 0.25 mL of 0.1 M ascorbic 

acid solution was introduced and mixed gently. The growth solution (3 mL) was placed 

into a watch glass followed by immersion of a carbon-coated gold grid into the solution. 

After 10 min the grid was rinsed with hot water (35-40 °C) to remove excess of Au 

(I)/CTAB complex and ascorbic acid and examined by TEM. 
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5.6 Conclusion 

In conclusion, we described a new method for the synthesis of core-shell hybrid 

nanorods and found an efficient way to induce their spontaneous organization into ring-

like superstructures. This highly efficient technique may be used to manipulate the 

optical and electrical properties of gold nanorods. In principle, nanostructures can be 

organized into the form of rings provided they are coated with a hydrophobic polymer 

shell and highly soluble in a volatile solvent that is not miscible with water. In addition, 

we reported a chemical method for the formation of continuous nanoscale rings of gold, 

which may display interesting plasmonic properties. 
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