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bstract

This article provides an overview of current research into the synthesis and properties of gold nanorods. Interest in rod-shaped nanoparticles
tems from their unique optical properties, which can be approximated by Mie–Gans theory. We begin by outlining briefly the origin of the
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shape-dependent optical properties of rods. The different synthetic strategies that have been developed to achieve decent yields and sample
monodispersity are then described, and the methods used for physical characterization as well as results of inorganic structure studies follow.
Some of the most innovative research dealing with surface modification and chemical reactivity of gold nanorods is highlighted, together
with new directions such as the synthesis of core-shell particles and the interactions of gold nanorods with biomolecules. Gold nanorods can
be excited by ultrafast laser-induced heating; the resulting relaxation processes are important in determining the material properties of the
metal particles. In addition, vibrational modes and shape changes are elucidated, and a theoretical analysis of the expected behavior is also
presented. The incorporation of the gold nanorods into thin films and gels provides a new avenue for designing and growing materials with
anisotropic optical properties. Initial results on the optical properties of such nanocomposites are reviewed. This review is concluded with a
section devoted to the future perspectives for gold rods as novel materials.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Gold nanorods; Mie–Gans theory; Laser-induced heating; Nanoparticle synthesis; Nanocomposites

1. Introduction

Nanoscience is the exploration of materials on nanometer
lengthscales. The wet-chemical synthesis of such novel ma-
terials is a field at the crossroads of conventional inorganic
cluster chemistry and classical colloid chemistry. These new
materials will lay the foundations for a whole set of techno-
logical developments which are commonly termed nanotech-
nology, and that have in common the use and manipulation
of objects with at least one dimension in the nanometer size
range (typically 1–100 nm). Although quite a few approaches
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This review will focus on the latest advances in the
chemical synthesis of metal nanorods, in particular of gold
nanorods, as well as their properties and some applications.
These particles are primarily interesting from the point of
view of their optical properties, which strongly depend on
both the particle size and shape. Such optical properties are
related to the interaction between the metal conduction elec-
trons and the electric field component of incident electro-
magnetic radiation, which in the case of a few metals, such
as gold and silver, leads to strong, characteristic absorption
bands in the visible part of the spectrum, and in turn to un-
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on surface modification of gold nanorods, as well as the in-
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s shape control, i.e., synthesis of non-spherical nanop
les where not only the size, but also other topologica
ects can be controlled through judicious choice of exp
ental conditions and additives. For example, materials
e fashioned as rods, tubes or concentric core-shell s

ures, as hollow capsules or alloys. To move beyond con
ional spherical growth, additives are used which bind to
anoparticle surface. Such “coordination chemistry” betw
urfactants, ligands, adsorbates, passivants, chelating
r polymers and nanoparticle surface atoms is of fundam

mportance in achieving shape control. To date, the spe
echanisms governing morphology and geometry co

ver particle growth are still far from being well understo
his is expected to stimulate considerable the research
he next decade. It is immediately apparent that such
tudies of crystal morphology will lead to models for the m
omplex processes involved in biomaterial synthesis an
evelopment of sophisticated skeletal architecture in li
ystems.
s

uence of surface-active compounds on the rod prope
hile Section6 focuses on ultrafast optical studies of
echanical properties of nanorods and the physical e
f irradiation with intense laser beams. Section7 summa
izes the few reports available on the incorporation of g
anorods within solid matrices to form nanocomposites
nally, Section8briefly describes some applications for th
aterials.

. Optical properties of metal nanorods

In this section, we review some of the key attribute
on-spherical particles. An understanding of the basic op
roperties is important for several distinct reasons. On th
and, small particles may have electronic, crystallogra
echanical or catalytic properties that are different to

ulk material. Such differences may be probed through
have been developed for the creation of such objects, wet
chemistry promises to become the preferred choice, because
of its relative simplicity and use of inexpensive materials. The
aim of such synthesis is generally the preparation of various
kinds of nanoparticles of controlled composition, shape and
size, so that the influence of particle radius on the physical,
chemical, optical, electronic and catalytic properties of the
material can be studied and correlated with modern quan-
tum theory. To date the most widely studied nanoparticles
have been those made of metals, semiconductors and mag-
netic materials. Once size control and monodispersity have

usual bright colors, not observed in the bulk material.
basic elements of the theory behind this phenomenon ar
scribed in Section2, since the optical spectrum is direc
correlated to the aspect ratio of the particles. Conseque
the formation of nanorods in solution can be easily m
tored using standard UV–vis–NIR spectroscopy, which
ables the mechanism behind the growth of these part
along a preferred orientation to be investigated. The
rent synthetic methods are then thoroughly described
cluding a review of the structural characterization that
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tical measurements. Secondly, spectroscopic measurements
are often the easiest methods for monitoring surface processes
such as dissolution and precipitation, adsorption and electron
transfer. For example, there is currently strong interest in
pushing analytical chemistry towards single molecule detec-
tion and identification. This could be feasible using surface
enhanced Raman spectroscopy of molecules on anisotropic
metal surfaces, and various geometries for achieving this have
been proposed. Furthermore, there is growing recognition of
the opportunity to build nanoscale designer materials using
“bottom-up” assembly. If nanocrystals of any specific geome-
try could be grown then it is conceivable that optical materials
could be designed from scratch. Photonic devices could be
created from molecular growth reactors.

This particular section is intended only to provide the foun-
dation for interpreting experimental data included in Sections
3–7. Comprehensive reviews of the optical properties of metal
particles are given in a range of texts and journals that discuss
electromagnetic theory, size effects[1–3], the light scattering
features or the surface chemical perturbations[4]. Textbooks
giving thorough treatments include those by van der Hulst
[5], Kerker [6] and Bohren and Huffman[7]. More recent
work has involved the development of robust numerical so-
lutions to the light scattering and extinction by non-spherical
structures including 2D arrays[8]. The review by Kelly et
al. provides an excellent overview[9], while computational
a
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where

k = 2π
√
εm

λ
, (2.4)

andan andbn are the scattering coefficients, which are func-
tions of the particle radius andλ in terms of Ricatti–Bessel
functions. The extinction cross-section of a particle is often
normalized to give the extinction cross-section per unit area:

Qext = Cext

πR2 (2.5)

Conventionally, chemists measure the extinction coeffi-
cient of a solution in units of M−1 cm−1, where the concen-
tration is the molar metal atom concentration. For particles
of radiusR (cm), this quantity is related toQext by:

ε(M−1cm−1) = 3 × 10−3VmQext

(4 × 2.303R)
(2.6)

whereVm (cm3 mol−1) is the molar volume of the metal.
Bohren and Huffman provide various approximations that
may be used instead of the full series expansion[7]. In par-
ticular, for very small particles wherekR� 1, only the first
few terms are important in these equations.

a1 = − i2x
3
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spects are covered by several authors[10–12].

.1. Absorption by small metal spheres

We are concerned with solutions containing sm
anocrystals. These particles do not sediment and the so

s optically and spatially homogeneous. In a dilute collo
olution containingNparticles per unit volume, the measu
ttenuation of light of intensityI0, over a path lengthxcm in
spectrophotometer is given in differential form as:

dI(x)

dx
= −NCextI(x) (2.1)

hich shows that the rate of loss of photons is proportion
he light intensity at distancex into the medium, and also to t
umber density of light extinguishing particles. Integra
ives the solution absorbance:

= log10
I0

I(x)
= NCextx

2.303
(2.2)

hereCext is the extinction cross-section of a single parti
or spherical particles with a wavelength-dependent di

ric functionε(λ) = ε′(λ) + iε′′(λ), embedded in a medium
ielectric functionεm, Cext is given by[5–7]:

ext = 2π

k2

n=∞∑
n=1

(2n+ 1)Re{an + bn} (2.3)
(m + 2)

+ i4x
6

9

[
m2 − 1

m2 + 2

]2

+O(x7) (2.7)

2 = − i2x
5

15

m2 − 1

2m2 + 2
+O(x7) (2.8)

1 = − ix
5

45
(m2 − 1) +O(x7) (2.9)

2 = O(x7) (2.10)

erem is the refractive index of the material relative to
edium, i.e.,m= n/nmedandx= kR= 2πnmedR/λ. If we retain

ust the first term ina1, then Eq.(2.3)becomes:

ext = 24π2R3ε
3/2
m

λ

ε′′

(ε′ + 2εm)2 + ε′′2
(2.11)

This equation can also be obtained by purely electros
rguments, and a succinct derivation is given elsewhere[13].
ote thatCext scales asR3, while the number density d
reases asR3 for a given amount of colloidal material. Hen
he molar absorption coefficient is independent of par
ize. This is borne out for particles in the range up to a
0 nm, where scattering begins to be significant. For
mall particles, <5–10 nm in diameter, the material prope
hemselves change, and this results in changes to the d
ric function,ε(λ), and hence to the colloid optical propert

curious feature of Eq.(2.11)is that there is no absorptio
f ε′′ = 0 but there is also no absorption ifε′′ =∞. In the first
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case, the particle is simply non-absorbing, while in the second
case, it reflects all incident radiation.

Mie was able to explain some of the anomalous and strik-
ing colors exhibited by small metal particles, particularly
those of gold or silver[14]. In these measurements, it is as-
sumed that the refractive index and absorption coefficient of
the dispersed particles are known. These are usually gleaned
from reflection measurements on pure thin films in vacuum
[15].

The reason that metals exhibit such strong optical effects
is due to the dynamic response of the electrons. The dielectric
function is related to the complex refractive index,n, through
ε(λ) = (n+ ik)2. For metals, the dielectric function typically
takes the form:

ε′(λ) = ε(0) − λ2

λ2
p

(2.12a)

ε′′(λ) = λ(λ2 + λ2
d)

λ2
pλd

(2.12b)

The first term in Eq.(2.12a)is the short wavelength di-
electric constant, which subsumes all UV absorption bands.

λp = 2πc

ωp
=
√

4π2c2mεo

Ne2 (2.13)
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be seen later, electron microscopy reveals that most nanorods
are more like cylinders or sphero-capped cylinders than ellip-
soids. However, an analytical solution for such shapes is not
possible. Solutions have been found for the case of an infi-
nite cylinder and for oblate and prolate ellipsoids. Ruppin has
published a number of studies into light scattering by finite
dielectric cylinders[17,18], while Fuchs has provided nu-
merical solutions for the modes of a cube-shaped nanocrystal
[19]. In the same article, he provides a method for numeri-
cal solution to the general problem of modes in non-spherical
particles via a surface integral technique, which appears to be
an alternative to the discrete dipole approximation (DDA) ap-
proach. Numerical methods, especially the T-matrix[20,21]
and DDA technique[11,22,23]have been applied to small
particles. Schatz and co-workers have recently reviewed this
approach[9].

Because of the difficulty in preparing non-spherical sam-
ples, little experimental work to support Gans formulation
existed until the 1950s. In the 1960s, Stookey and Araujo
[24] stretched glasses containing small silver spheres. The
small particles were aligned in the molten glass to form neck-
laces, which exhibited red-shifted absorption spectra. Other
work involved thermally evaporating silver or gold through
angled masks to create small, anisotropic, 2D layers of metal
on glass substrates. More recently, it has become possible to
chemically prepare small gold rods (see Section3). In ex-
p been
c
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w
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g rial
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g ould
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a ex-
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The plasma wavelength,λp, is characteristic for eac
etal, and is a function of only the electron density,N, and

he effective mass of electrons,m, in the material.λd is the
amping constant of the conduction electrons. Surface
on absorption due to the confined excitation of conduc
lectrons in small particles occurs because the dielectric

ionε(λ) can take negative values, leading to poles in the v
f a1. The position of the surface plasmon absorption b
f small gold spheres is given to a good approximation

he condition:

1 = −2εm. (2.14)

ere, εm = n2
med is the dielectric function of the (no

bsorbing) solvent, andε1 is the real part of the dielectr
unction of the metal at that energy or wavelength. Pr
us work suggests that the dielectric data obtained
eflectivity measurements on bulk metal may be in e
y about 1–3%. Such small errors are inevitable from
ramers–Kronig analysis, but the predicted surface plas
and position may consequently be in error by up to 10

.2. Absorption by small metal ellipsoids

In 1912, Gans predicted[16] that for very small ellipsoids
here the dipole approximation holds, the surface plas
ode would split into two distinct modes. This is a con
uence of the surface curvature, which determines class

he restoring force or depolarization field that acts on
onfined conduction electron population. He quantified
esponse as a function of the ellipsoid aspect ratio. As
laining the optical properties of these small rods, it has
ommon to treat them as ellipsoids[25–28], which allows the
ans formula to be applied. The polarizability of an ellips

s given by:

x,y,z = 4πabc(εAu − εm)

3εm + 3Lx,y,z(εAu − εm)
(2.15)

erea, b andc refer to the length of the ellipse along thex,
andz axes (a> b= c), εAu the dielectric function of Au,εm

he dielectric constant of the medium at optical frequen
ndLx,y,z is the depolarization factor for the respective a
hich is given by:

x = 1 − e2

e2

(
−1 + 1

2e
ln

1 + e

1 − e

)
;

y,z = (1 − Lx)

2
(2.16)

ere,e is the rod ellipticity given bye2 = 1−(b/a)2. For a
pheree= 0 andL = 1/3. The polarizability is related direct
o the extinction of light byCext = kI(α) (Fig. 2.1).

These equations provide the stimulation for much of
ubsequent experimental work on the growth and synthe
old and metal rods. The implication is clear. If the mate
rowth parameters can be controlled, materials with tun
bsorption spectra can be synthesized. Given that meta
enerally photostable, unlike semiconductors, there sh
e many applications for such materials in optics, thin fi
nd coatings. Oriented ellipsoids and cylinders should
ibit strong, polarization-dependent optical spectra. Fin
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Fig. 2.1. Depolarization of a prolate spheroid vs. eccentricity,e, along the major axis,x and the two equivalent minor axes,y andz(left). The real and imaginary
parts of the dielectric function of bulk gold (right).

the successful chemical growth of small rods and cylinders
may signal the advent of systematic fabrication of nanowires
and even electronic circuitry through wet-chemical
processing.

2.3. The effect of aspect ratio

Gans’ equation predicts how the plasmon mode peak po-
sition varies with aspect ratio for small ellipsoids embedded
in the same medium. The easiest way to visualize this is to
plot the depolarization factorL in Eq.(2.16)versus the value
of the dielectric function at the peak (Fig. 2.2).

A common observation from combining electron mi-
croscopy sizing of Au nanocrystals with spectral measure-
ments is an almost linear correlation between peak position
and aspect ratio. Results from Pérez-Juste et al.[29] are
shown inFig. 2.3.

Small changes in aspect ratio lead to drastic changes in
transmitted colors as seen in the samples inFig. 2.4. The fact
that the plasmon band appears to be drastically red-shifted
from the positions predicted by the Gans model, yet still dis-
plays the linearity expected from Eqs.(2.15)and(2.16), led
El-Sayed and co-workers to propose[27] that the water lay-
ers around the rods were polarized and had a substantially
higher refractive index than water. Yan et al.[30] pointed out
t so it
i m the
m rical
p
r

2
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d
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Calculated spectra for ellipsoids in different media are
shown in Fig. 2.6. As can be seen the shifts are quite
dramatic. The gold nanorods are extremely sensitive to the
dielectric properties of their environment. The calculations
predict stronger shifts than are observed experimentally. The

F for
different polarization factors. For a sphere, the single plasmon mode occurs
at ε/εm =−2, corresponding toL = 1/3. When the degeneracy is lifted, two
modes split out from this point. The transverse mode asymptotes towards
L = 1.0, giving a peak at the wavelength where the dielectric function of
the metal is zero. This is the condition for surface plasmon excitation of an
infinite surface slab. For Au, this is about 510 nm in water (as compared
to 520 nm for spheres) so the transverse band blue shifts only slightly as
the rods grow. Conversely, the longitudinal mode continues to slide to more
negative values ofε/εm, corresponding to longer wavelengths, according to
Eq.(2.16).
hat their analysis contains a mathematical flaw; yet even
s clear that the discrepancy needs to be explained. Fro

icrographs shown below, one explanation is that cylind
articles exhibit surface plasmon longitudinal (SPlong) bands
ed-shifted from those of similar sized ellipsoids.

.4. The effect of the refractive index of the solvent

Gold nanorods change color when embedded in diffe
olvents of varying refractive index. Typical experime
ata are shown in the left hand graph ofFig. 2.5, while the
ight hand graph shows a plot of the peak position ve
olvent refractive index. Note that the peak absorption
he peak width both increase asn increases.
ig. 2.2. The ratio of the dielectric function of the material to the medium
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Fig. 2.3. Experimental plot of the surface plasmon longitudinal band posi-
tion vs. aspect ratio for pure gold rods in water. This linear correlation is
fortuitous. Over large aspect ratio values, the Gans formula predicts a slow
curvature. Furthermore, retardation effects and radiation damping become
more prominent for larger aspect ratios. These effects are not included in the
basic ellipsoid model.

Fig. 2.4. The color of gold rods and the respective micrographs. The color
changes take place for very small changes in mean aspect ratio.

origins of this will be discussed later. From Eq.(2.15), the
enhanced sensitivity of gold rods over gold spheres towards
dielectric perturbations is readily understood.

αx,y,z = 4πabc(εAu − εm)

3εm + 3Lx,y,z(εAu − εm)
(2.17)

3εm + 3L(εAu − εm) = 0 (2.18)

εm + L

(
ε0 − λ2

λ2
p

− εm

)
= 0 (2.19)

It follows that the peak position shifts according to:

λ2 = λ2
p

(
ε0 + εm

(
1

L
− 1

))
(2.20)

As the eccentricity of the rods increases, the slope of the
dispersion curve increases. The longer the rod, the greater the
sensitivity to refractive index effects on SPlong. This holds
provided that the ellipsoid model remains valid. However,
such long rods will necessarily absorb in the IR, so that the
color effect will be less apparent to the observer.

2.5. The effect of a shell layer

To tackle some of the key optical effects observed during
s metal
n Eqs.
( is
i all
c ility
i

α

H nd
s c
c

Fig. 2.5. Experimental spectra of gold nanorods in different solvents (left) an
To obtainn= 1, the particles were coated on glass. However, the effective roximately
neff = (nair + nglass)/2∼ 1.25.
ynthesis and measurements of chemically fabricated
anorods, we can consider some simple modifications to
2.10)–(2.16). In particular, the effect of a dielectric shell
mportant. Eq.(2.15)can be modified in the case of a sm
oated ellipsoid in the electrostatic limit. The polarizab
s then given by:

x = V

((ε2 − εm)[ε2 + (ε1 − ε2)(Lxcore− fLxshell)]

+fε2(ε1 − ε2))

([ε2 + (ε1 − ε2)(Lxcore− fLxshell)][εm

+(ε2 − εm)Lxshell]ε2(ε1 − ε2))
(2.21)

ere,εcoreandεshellare the dielectric function of the core a
hell components of the ellipsoid,εm is the real dielectri
onstant of the non-absorbing medium.Lcore andLshell are

d change in the longitudinal plasmon band position with refractive index (right).
refractive index for small particles in air supported on glass is app
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Fig. 2.6. Calculated spectra for gold ellipsoids with an aspect ratio of 3.5 in different media as a function of the medium refractive index. There is a drastic
red-shift with increasing solvent polarizability. The peak in extinction coefficient occurs because at longer wavelengths, there is increasing damping, i.e., a rise
in the value ofε′ ′, seeFig. 2.1.

the depolarization factors for the core and shell, respectively,
V= 4πashellbshellcshell/3 is the volume of the coated particle,f
is the volume fractionacorebcoreccore/ashellbshellcshelloccupied
by the inner ellipsoid. Whenεcore= εshell, we recover Eq.
(2.15)as expected.

The effect of the thin non-absorbing shell is similar to the
effect of immersion in a medium with the same refractive
index, and the origin of the spectral shift is similar. Because
of the sensitivity of the surface plasmon resonance to both
geometric and dielectric effects, particles in which there can
be selective deposition or dissolution of a coating layer have
promising applications as sensors. The peak position changes
perceptibly even for thin shells. Any shell layer with a differ-
ent refractive index to the embedding medium will cause a
shift in the surface plasmon transverse and longitudinal mode
positions. For example, an antibody functionalized gold rod
will respond to the presence of the corresponding antigen
through a red-shift in the plasmon mode, since the antigen
will have a higher refractive index than water. However, there
are other reasons for synthesizing core-shell nanorods. In or-
der to stabilize gold rods against coalescence, and to facilitate
dispersion and orientation in polymers, glasses or non-polar
solvents, silica coating is particularly useful. InFig. 2.7, we

show calculated spectra for a silica-coated gold rod in wa-
ter. The rod has dimensions 12 nm× 30 nm. The calculation
shows the shift in SPL for 2, 4, 6 and 8 nm silica shells with
an assumed refractive index ofn= 1.5.

2.6. Orientation effects

Since the longitudinal and transverse localized plasmon
resonances of gold nanorods are basically independent of
each other, they can be selectively excited by using light po-
larized with the oscillating electric field parallel and perpen-
dicular to the long axis of the rod, respectively. Experimen-
tally, this effect can only be studied if all rods are oriented in
the same direction, so that they respond equally to light with
the same polarization, which can be realized through exten-
sion in polymer films[32]. Assuming the particles are small,
the extinction coefficient of the film should be given by:

Cext = kIm{αL(1 − cos2(θ)) + αT(cos2(θ))} (2.22)

Typical calculated spectra for such a film as a function of
the polarization of the incident light are shown inFig. 2.8.

When the incident beam is polarized parallel to the long
axis of the rods (0◦), only the longitudinal surface plasmon

F nsions silica
s eaver e
ig. 2.7. Calculated spectra for a gold rod in water. The rod has dime
hells with an assumed refractive index ofn= 1.5. Dielectric data from W
12 nm× 30 nm. The calculation shows the shift in SPL for 2, 4, 6, and 8 nm
t al.[31]. Bulk gold assumed.
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Fig. 2.8. Calculated spectra of vertically oriented gold nanorods with aspect
ratio of 4.0 in water. The spectra are calculated for various angles, and show
that there is an isosbestic point at about 530 nm.

is excited, and thus only the band at 645 nm is observed.
Conversely, for light polarized perpendicular to the long axis
(90◦), the SPlong band is completely removed and only the
transverse mode is excited. For intermediate angles, contri-
butions of both modes exist, as defined by Eq.(2.22), which
is confirmed by the presence of an isosbestic point at about
530 nm.

3. Synthesis and mechanism for Au nanorod
formation

We now examine the three main methods used to pro-
duce gold rods through wet chemistry. Chronological order
is followed, which in turn implies successive improvement in

material quality. Each new method is also accompanied by a
decrease in difficulty of the synthesis.

3.1. Template method

The template method for the synthesis of gold nanorods
was first introduced by Martin and co-workers[33–35].
The method is based on the electrochemical deposition of
Au within the pores of nanoporous polycarbonate or alu-
mina template membranes. These authors showed that the
Au/alumina composites can be optically transparent in the
visible and also that by changing the aspect ratio of the
prepared nanocylinders; the color of the composite mem-
brane can be varied[25,36]. Initially, the template method
was employed to prepare microscopic electrodes by deposit-
ing Au on a polycarbonate membrane using electrochem-
ical plating methods[37]. Subsequently, the method has
been applied not only to the synthesis of nanocomposites
but also to the redispersion of the template-synthesized gold
nanorods into water[38]. Alternatively, the rods could be
dispersed into organic solvents through the dissolution of
the appropriate membrane followed by polymer stabilization
[39].

Schematically, the method can be explained as follows:
initially a small amount of Ag or Cu is sputtered onto the
a film
f onto
w own
( ted
w tage
i em-
b oly-
m (III
a is-
p s of
s

F hemat norods via
t the tem
C

ig. 3.1. (a and b) FEG–SEM images of an alumina membrane. (c) Sc
emplate method. (d) TEM micrographs of gold nanorods obtained by
hemical Society.
lumina template membrane to provide a conductive
or electrodeposition. This is then used as a foundation
hich the Au nanoparticles can be electrochemically gr

stage I inFig. 3.1). Subsequently, Au is electrodeposi
ithin the nanopores of alumina (stage II). The next s

nvolves the selective dissolution of both the alumina m
rane and the copper or silver film, in the presence of a p
eric stabilizer such as poly(vinylpyrrolidone) (PVP)
nd IV in theFig. 3.1). In the last stage, the rods are d
ersed either in water or in organic solvents by mean
onication or agitation.

ic representation of the successive stages during formation of gold nathe
plate method. Reprinted with permission from reference[28]. © 2000 American
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Fig. 3.2. (a) Schematic diagram of the set-up for preparation of gold nanorods via the electrochemical method containing; VA, power supply; G, glassware
electrochemical cell; T, teflon spacer; S, electrode holder; U, ultrasonic cleaner; A, anode; C, cathode. (b) TEM micrographs of Au nanorods with different
aspect ratios 2.7 (top) and 6.1 (bottom). Scale bars represent 50 nm. Reprinted with permission from ref.[49]. © 1999 American Chemical Society.

The diameter of the gold nanoparticles thus synthesized
coincides with the pore diameter of the alumina membrane.
This means, that Au nanorods with different diameters can
be prepared by controlling the pore diameter of the template
[40,41]. The length of the nanorods can be controlled through
the amount of gold deposited within the pores of the mem-
brane[28].

Similar techniques, though using different membranes,
have been successfully applied to the synthesis of gold nan-
otubes[42–44], and nanostructured composites, including
tubular composites, which comprise coaxial nanotubes made
of different materials[45–48]. The fundamental limitation of
the template method is the yield. Since only monolayers of
rods are prepared, even milligram amounts of rods are ardu-
ous to prepare. Nevertheless, many basic optical effects could
be confirmed through these initial pioneering studies.

3.2. Electrochemical methods

An electrochemical route to gold nanorod formation was
first demonstrated by Wang and co-workers[26,49]. Their
approach extended previous studies on the electrochemical
synthesis of transition metal clusters within reverse micelles
in organic solvent systems[50]. The method provides a syn-
thetic route for preparing high yields of Au nanorods.

The synthesis is conducted within a simple two-electrode-
t atic
d y
3 de
w en-
s so-
l thy-
l a
m lam-
m g

cosurfactant. The C16TAB serves not only as the supporting
electrolyte but also as the stabilizer for the nanoparticles, to
prevent their further aggregation. The electrolytic cell con-
taining the mixed solution is then placed inside an ultrasonic
bath at 36◦C. Before the electrolysis, appropriate amounts of
acetone and cyclohexane are added into the electrolytic solu-
tion. Acetone is used for loosening the micellar framework fa-
cilitating the incorporation of the cylindrical-shape-inducing
cosurfactant into the C16TAB micelles, and cyclohexane is
necessary for enhancing the formation of elongated rod-like
C16TAB micelles [51]. A controlled-current electrolysis is
used throughout the process with a typical current of 3 mA
and a typical electrolysis time of 30 min.

During the synthesis, the bulk gold metal anode is initially
consumed, forming AuBr4

−. These anions are complexed to
the cationic surfactants and migrate to the cathode where re-
duction occurs. It is unclear at present whether nucleation
occurs on the cathode surface or within the micelles. Sonica-
tion is needed to shear the resultant rods as they form away
from the surface or possibly to break the rod off the cathode
surface. Another important factor controlling the aspect ratio
of the Au nanorods is the presence of a silver plate inside the
electrolytic solution, which is gradually immersed behind the
Pt electrode. The redox reaction between gold ions generated
from the anode and silver metal leads to the formation of sil-
ver ions. Wang and co-workers found that the concentration
o th of
t e role
o

3

ates
b make
m orted
ype electrochemical cell, as shown in the schem
iagram in Fig. 3.2. A gold metal plate (typicall
.0 cm× 1.0 cm× 0.05 cm) is used as a sacrificial ano
hilst the cathode is a platinum plate with similar dim
ions. Both electrodes are immersed in an electrolytic

ution containing a cationic surfactant, hexadecyltrime
ammonium bromide (C16TAB), and a small amount of

uch more hydrophobic cationic surfactant, tetradodecy
onium bromide (TC12AB), which acts as a rod-inducin
f silver ions and their release rate determined the leng
he nanorods. The complete mechanism, as well as th
f the silver ions, is still unknown.

.3. Seeded growth method

Seeded growth of monodisperse colloid particles d
ack to the 1920s. More recently, the use of seeds to
ore monodisperse metal nanoparticles has been rep
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Fig. 3.3. TEM images of shape-separated 13 (a) and 18 (b) aspect ratio gold nanorods prepared by the seed-mediated method. Reproduced with permission
from ref. [61]. © 2001 American Chemical Society.

by various authors[52,53]. Natan and co-workers proposed
a seed-mediated approach to grow preformed, spherical gold
nanoparticles in solution, based on the gold colloid surface-
catalyzed reduction of Au3+ by hydroxylamine (a weak re-
ducing agent that favors the reduction of Au ions at metallic
surfaces). Alternatively, seeds could be grown using sodium
citrate as a reductant[54–56], producing Au nanoparticles
with diameters between 20 and 100 nm of improved monodis-
persity relative to the original Frens method[54]. These au-
thors already pointed out that iterative hydroxylamine seed-
ing leads to the formation of a distinct population (5–10%)
of colloidal gold rods[55].

Jana et al. studied the growth of citrate stabilized gold
nanoparticles (12 nm) by the seed-mediated method using
a wide range of reducing agents and conditions[57]. They
showed that even in the presence of seeds additional nucle-
ation takes place[58]. Additional nucleation can be avoided
by controlling critical parameters such as the rate of addition
of reducing agent to the metal seed and metal salt solution
and the chemical reduction potential of the reducing agent.
A step-by-step particle enlargement method also allows a
large seed to metal salt ratio to be maintained throughout
successive growth steps[57]. Using this approach, Murphy
and co-workers were able to prepare spherical particles in a
size range 5–40 nm with relatively uniform size[59]. The pri-
mary nuclei were 3.5 nm gold seeds prepared by borohydride
r ping
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w ns,
a cing
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ac-
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t
fl gold
n ation
a
t ated

approaches performed in the absence or in the presence of
silver nitrate. As discussed below, it now seems that silver
nitrate affects not just the yield of gold rods, but also plays a
role in determining crystal structure, morphology and optical
properties.

3.3.1. Synthesis without AgNO3

Murphy and co-workers were able to synthesize high as-
pect ratio cylindrical nanorods using 3.5-nm gold seed parti-
cles prepared by sodium borohydride reduction in the pres-
ence of citrate, through careful control of the growth con-
ditions, i.e., through optimization of the concentration of
C16TAB and ascorbic acid, and by applying a two- or three-
step seeding process (seeFig. 3.3). The yield of the nanorods
thus synthesized is ca. 4%[61]. The long rods can be concen-
trated and separated from the spheres and excess surfactant by
centrifugation. Later, the same group reported an improved
methodology to produce monodisperse gold nanorods of high
aspect ratio in∼90% yield[62], just through pH control. In
the new proposed protocol, the pH of the growth solution was
changed from 2.8 to 3.5 and 5.6, which led to the formation
of gold nanorods of aspect ratio 18.8± 1.3 and 20.2± 1.2,
respectively. The newer procedure also, resulted in a dramatic
increase in the relative proportion of nanorods and reduced
the separation steps necessary to remove smaller particles.

The mechanism of formation of rod-shaped nanoparti-
c ed on
t bi-
l s of
t
c -
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t
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t f
C bon
t erion
c th
eduction of gold salt in the presence of citrate as cap
gent[60]. The growth steps were carried out in aqueous

actant media. Secondary nucleation during the growth s
as inhibited by carefully controlling the growth conditio
nd in particular by using ascorbic acid as a weak redu
gent, that cannot reduce the gold salt in the presence
icelles if the seed is not present.
By controlling the growth conditions in aqueous surf

ant media it was possible to synthesize gold nanorods
unable aspect ratio. It was found that addition of AgNO3 in-
uences not only the yield and aspect ratio control of the
anorods but also the mechanism for gold nanorod form
nd correspondingly its crystal structure (see Section4). At

his point, it is thus convenient to differentiate seed-medi
les in aqueous surfactant media remains unclear. Bas
he idea that C16TAB absorbs onto gold nanorods in a
ayer fashion, with the trimethylammonium headgroup
he first monolayer facing the gold surface[63], Murphy and
o-workers[64] proposed that the C16TAB headgroup pref
rentially binds to the crystallographic faces of gold exis
long the sides of pentahedrally twinned rods, as comp

o the faces at the tips (see Section4). The growth of gold
anorods would thus be governed by preferential adsor
f C16TAB to different crystal faces during the growth, rat

han acting as a soft micellar template[64]. The influence o
nTAB analogues in which the length of the hydrocar

ails was varied, keeping the headgroup and the count
onstant was also studied[65]. It was found that the leng
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Fig. 3.4. Schematic representation of “zipping”: the formation of the bilayer of CnTAB (squiggles) on the nanorod (black rectangle) surface may assist nanorod
formation as more gold ions (black dots) are introduced. Reproduced with permission from ref.[65]. © 2003 American Chemical Society.

of the surfactant tail is critical for controlling not only the
length of the nanorods but also the yield, with shorter chain
lengths producing shorter nanorods and longer chain lengths
leading to longer nanorods in higher yields. Considering the
preferential adsorption of C16TAB to the different crystal
faces in a bilayer fashion[63–66], a “zipping” mechanism
was proposed taking into account the van der Waals interac-
tions between surfactant tails within the surfactant bilayer, on
the gold surface, that may promote the formation of longer
nanorods from more stable bilayers (seeFig. 3.4) [65].

Recently, Ṕerez-Juste et al. investigated the factors affect-
ing the nucleation and growth of gold nanorods under simi-
lar conditions[29]. They showed that when temperature and
C16TAB concentration are reduced, it is also possible to syn-
thesize short aspect ratio (between 1 and 6) gold nanorods
with a yield up to∼50%. The control of the aspect ratio, as
well as the monodispersity and the yield were demonstrated
to be influenced by a number of factors, such as the stabil-
ity of the seed, temperature and the nature and concentration
of surfactant. The yield of nanorods prepared from C16TAB
capped seeds is much higher than that from naked (or citrate
stabilized) seeds (seeFig. 3.5). This indicates that the more
colloidally stable the gold seed nanoparticles are, the higher

the yield of rods. As expected, the lower the amount of seed
added the higher the aspect ratio of the nanorods formed. The
increase in the aspect ratio implies a red-shift of the longitu-
dinal plasmon band (as explained in Section2), seeFig. 3.5.

Pérez-Juste et al. proposed an electric-field-directed
growth of gold nanorods in aqueous surfactant solutions[29].
The proposed mechanism is based on a series of observations
related to the binding of the gold salt ions to the cationic
micelles:

(a) The yield of rods improves with increasing colloidal sta-
bility of the seeds, hence dimers or coalescence are not
precursors to rod formation.

(b) Bromide ion is much better than Cl− as a rod-inducing
agent in the presence of CnTA+. As the length of the
surfactant tail, Cn, increases the yield and the aspect ratio
of the nanorods are increased[65]. The addition of NaCl,
NaNO3, or NaBr reduces the aspect ratio of the nanorods,
the effect being similar for each ion. An increase in the
ionic strength produces a decrease in the yield of rods.

(c) Under optimal conditions, the aspect ratio can be con-
trolled through seed to HAuCl4 ratios, since there is little
nucleation of new particles. An increase in the amount of

F capped ref.
[

ig. 3.5. UV–vis–NIR spectra of gold nanorods prepared with citrate
29]. © 2004 Wiley-VCH.
(A) and C16TAB capped (B) gold seeds. Reproduced with permission from
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Fig. 3.6. Mechanism for gold nanorod formation. The transport of the gold ions bound to the C16TAB micelles to the growing seed particles is controlled by
the double layer interaction. Reproduced with permission from ref.[29]. © 2004 Wiley-VCH.

seed solution added means a decrease in the aspect ratio
of the rods.

(d) Both AuCl4− and AuCl2− are quantitatively adsorbed
to C16TAB [67]. The optimal C16TAB:HAuCl4 concen-
tration ratio is in a narrow window since precipitation
of C16TAB–HAuCl4 occurs at < 10:1 ratios. This can
be avoided by increasing the temperature. However, the
yield of rods decreases gradually at higher temperatures.

(e) The presence of C16TAB not only directs Au to the tips,
but also drastically retards the rate of metallic gold for-
mation compared with the absence of C16TAB [57]. The
higher the curvature of the gold surface, the faster the
rate of growth.

In the presence of C16TAB, ascorbic acid reduces AuIII to
AuI via reaction(3.1). However, no colloidal gold is formed,
i.e., disproportionation of AuCl2

−–C16TAB does not occur
(reaction(3.2)). In fact, it is possible to prepare solutions
of AuCl2−–C16TAB by adding HAuCl4 to colloidal gold in
the presence of C16TAB [68]. Consequently, the reduction
of AuI can proceed through electron transfer at the surface
of the electron-rich gold seeds (reaction(3.3)). In the pres-
ence of C16TAB, the reduction can be described by reaction
(3.4).

AuCl4
− + 2e− � AuCl2

− + 2Cl− (3.1)

3

K

AuCl2
− + e− � 2Au0 + 2Cl− (3.3)

AuCl2
− − CTABmic + Aum� Aum+1 − CTABmic

+ CTABmic + 2Cl− (3.4)

During the typical microelectrode-type deposition[69],
electrons are transferred to the gold particle while adsorbed
AuCl2− ions may pick up electrons at any favorable adsorp-
tion site. Usually spherical growth is obtained under these
circumstances[54,69], but in the case of C16TAB contain-
ing solutions, the gold seeds are encapsulated in C16TAB,
and the gold ions are likewise bound to C16TAB [67]. The
Zeta potential of C16TAB micelles and the C16TAB-coated
gold surfaces are both around +90 mV[70]. It was postu-
lated that the rate of nanorod formation is determined by the
frequency of collisions of AuCl2

− laden cationic micelles
with the cationic gold seed particles (seeFig. 3.6). This in-
teraction will be controlled by the electrical double layer in-
teraction between micelles and gold nanorods. The rate of
the reaction is then controlled by the collisions of the mi-
celles. A faster rate of collision of the micelles at the tips
than at the sides will induce rod formation, which was con-
firmed through calculations of the potential distribution and
potential gradient around an ellipsoid[29]. These calcula-
t r the
t ap-
p sides
o be
e e in

F r shape nd equal to
1 spect∼
AuCl2
− � AuCl4

− + 2Au0 + 2Cl−;

= 15.5×107 (3.2)

ig. 3.7. UV–vis–NIR spectra of nanorod solutions before and afte
.25× 10−4 M (left). TEM image of shape separated short nanorods (a
ions showed that the potential decays more rapidly nea
ip, which means that it will be easier for a micelle to
roach to a given distance at the tip rather than from the
f the rods. The initial change in morphology could only
xplained assuming that a stacking fault or twinning plan

separation. Concentration of gold is the same in both solutions a
ratio4.30) (right).
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Fig. 3.8. UV–vis spectra of Au nanorods with increasing aspect ratios (a–h) formed by decreasing the amount of added seed (left). TEM image of Au nanorods
synthesized in the presence of silver nitrate (right). Adapted with permission from refs.[81] and[82], respectively. © 2001 and 2002 American Chemical
Society.

the seed should be present to create an initial electric field
asymmetry.

These relatively monodisperse gold nanorods can be sep-
arated from small size spheres by centrifugation but this sep-
aration method is not successful for rods and spheres with
similar sizes. Other separation methods, such as size selec-
tive precipitation and extraction methods, commonly used to
separate mixtures of different size nanospheres (in the size
range 1–10 nm)[71,72], do not work for nanorods because
of their larger sizes. Shape separation based on nanoporous
filters also fails because the short axis of the nanorods and
spheres have similar diameters. Wang and co-workers used
size exclusion chromatography to separate nanorods from
spheres but only a partial separation was possible[73]. An
exciting prospect is the phase separation technique devised
by Jana for the isolation of single size nanorods from a mix-
ture of rods, spheres and plates with different size[74]. Sep-
aration is achieved through surfactant assisted ordering of
nanorods in concentrated dispersions (seeFig. 3.7). Theoret-
ical and experimental studies have shown that ordered liquid
crystalline phases could be formed in concentrated disper-
sions of anisotropic colloid particles[75–79]. In a concen-
trated dispersion, gold nanorods form liquid crystalline, or-
dered structures[80] and precipitate out of solution. Liquid
crystalline ordering is enhanced through nanoparticle shape
anisotropy, resulting in different precipitation conditions for
s itions
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metal salt, as indicated in the spectra ofFig. 3.8. The pres-
ence of the seed particles is still crucial in the growth process,
and there is an increase in aspect ratio when the concentration
of seed particles is decreased.

The mechanism by which Ag+ ions modify the metal
nanoparticle shape is not really understood. It has been hy-
pothesized that Ag+ adsorbs at the particle surface in the
form of AgBr (Br− coming from C16TAB) and restricts the
growth of the AgBr passivated crystal facets[81]. The possi-
bility that the silver ions themselves are reduced under these
experimental conditions (pH∼2.8) can be neglected since the
reducing power of ascorbate is too positive at low pH[83].
As shown inFig. 3.8, the presence of silver nitrate induces
formation of short gold nanorods with a needle-like shape, in
contrast to the spherical capped ends of high aspect ratio rods
synthesized in the absence of Ag+ (Fig. 3.3) and in multistep
synthesis. This shape effect depends not only on the presence
of AgNO3, but also on the nature of the seed solution.

Nikoobakht and El-Sayed developed a new variation of
the seed-mediated growth method, where the drawbacks and
limitations of the earlier methods, such as formation of non-
cylindrical nanorods,�-shaped particles and contamination
by spherical particles, were overcome essentially by the use
of C16TAB-capped rather than citrate-capped seeds[84]. This
resulted in the formation of 99% gold nanorods with aspect
ratios, which could be tuned from 1.5 up to 5. The replace-
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pheres, plates and short gold nanorods, so that cond
an be manipulated for successful separations[74].

.3.2. Synthesis with AgNO3

The presence of silver nitrate allows better control of
hape of gold nanorods synthesized by the electroch
al method, and Murphy and co-workers proposed a
tion of their initial procedure for long nanorods[61], in or-
er to increase the yield of rod-shaped nanoparticles (
0%) and to control the aspect ratio of shorter nanorods
pheroids[81]. Under identical experimental conditions
mall amount of silver nitrate is added (5× 10−6 M) prior
o the growth step. The aspect ratio of the spheroids
anorods can be controlled by varying the ratio of see
ent of sodium citrate with C16TAB in the seed formatio
tep produces small spherical particles (<4 nm)[84]. Differ-
nces in yield and shape of the nanorods could be d

he slightly different size of the C16TAB and sodium citrat
apped seeds, but it may also be attributed to a different
al structure in the two kinds of seed particles. A deta
RTEM analysis is needed to clarify this point.
By simply adjusting the amount of silver ions in the grow

olution, a fine-tuning of the aspect ratio of the nano
an be achieved, so that an increase in silver concent
keeping the amount of seed solution constant) leads to
hift in the longitudinal plasmon band. There is, howe
critical silver ion concentration, above which the as

atio of the nanorods decreases again[84]. Interestingly, the
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Fig. 3.9. UV–vis spectra of Au nanorods prepared in the presence of silver
nitrate by the El-Sayed’s protocol. The corresponding TEM images can be
seen inFig. 2.4. Reproduced from ref.[85].

aspect ratio can also be controlled by adjusting the amount of
seed solution added to the growth solution in the presence of
constant Ag+ concentration[85]. Contrary to expectations,
an increase in the amount of seed produces a red-shift in the
longitudinal plasmon band position, as shown inFig. 3.9,
pointing toward an increase in aspect ratio. From the TEM
images inFig. 2.4it can be observed that while the length of
the nanorods decreases slightly, the width decreases further
with increasing concentration of seed added[85,86].

A similar trend is observed when the gold ion concen-
tration is increased[86]. Nanorods with higher aspect ra-
tios could be obtained for gold ion concentrations up to
[Au3+] ∼ 6.0× 10−4 M. The concentration of ascorbic acid
has also been shown to influence the morphology, with de-
creasing length and rod yield observed for increasing ascor-
bic acid concentrations, when all other parameters are kept

constant. This effect has been attributed to a fast supply of
substrate to the seeds in the presence of a large excess of
reducing agent[86].

By adjusting the silver ion or gold seed concentrations
in this single-component surfactant (C16TAB) solution, the
longitudinal plasmon band can be tuned up to 825 nm,
corresponding to an aspect ratio of∼4.5. To grow gold
nanorods with larger aspect ratios (>5), Nikoobakht and
El-Sayed proposed the use of a binary surfactant mixture
containing C16TAB and benzyldimethylammoniumchloride
(BDAC) [84]. Two different approaches have been proposed:
firstly, by changing the BDAC:C16TAB ratio from 16 to 2,
the aspect ratio of the nanorods can be tuned from 5 up to
8. The process in this binary mixture is complex. There is
an initial fast growth stage that occurs over the first 1 h after
addition. This is followed by a much slower growth step that
takes place over a week. The approach presents two main
disadvantages related to the ageing of the solutions, namely
the low reproducibility and the formation of a large amount
of spherical particles as the surfactant ratio is increased.

A second approach, which employs a low BDAC:C16TAB
surfactant ratio, has been used to ensure fewer nanospheres
are formed. After the first stage of the growth is completed
(fast growth step), different amounts of growth solution are
added gradually. These gradual additions result in a red-shift
of the longitudinal plasmon band position, which means that
t
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C16TAB can retard the rate of gold reduction by a factor of
100–1000. The time evolution of the spectra, as well as the
different crystallographic structures (see Section4), suggest
that the growth mechanisms are different. In the absence of
silver ions, the position of the longitudinal plasmon band is
clearly red-shifted as the gold ions are being reduced, mean-
ing that the aspect ratio of the nanorods increases as long
as there is gold salt precursor available. This is consistent
with the preferential growth of the particles at the tips, as
discussed above[52]. In the presence of silver ions, the lon-
gitudinal plasmon band is only apparent after 1 or 2 min, and
surprisingly, it blue-shifts as the growth reaction proceeds.
Sau and Murphy studied this evolution, and found that the
aspect ratio, and therefore the length, increases quickly, but
then slowly decreases over time as a consequence of a faster
increase in width[86].

The mechanism in this case must be related to the presence
of silver nitrate, since this is essential for the preparation of
nanorods in high yields. While the role of silver ions is not
clearly understood at this moment, two mechanisms have
been proposed to account for gold nanorod formation.

In one mechanism, the surfactant forms a soft template,
with a certain size that depends on surfactant concentration
and ionic strength of the solution[84]. The growth solution
contains a mixture of gold and silver ions, and when ascorbic
acid is added only gold ions are reduced, since silver ions can
o
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3.4. Other methods

Other methods have been proposed to account for the for-
mation of gold nanorods. However, they only lead to low
amounts, with low reproducibility and much difficulty in ob-
taining long rods in decent yields. We summarize here the
ones we consider more relevant.

Yang and co-workers developed a photochemical method
for the synthesis of gold nanorods[90], which is performed
in a growth solution similar to that described for the electro-
chemical method[26], in the presence of different amounts
of silver nitrate and with no chemical reducing agent. Gold
nanorod formation is induced instead by UV light irradia-
tion. The aspect ratio increases when more silver ions are
added, and this is accompanied by a decrease in rod width,
while in the absence of silver ions, spherical particles are
obtained. Therefore, the possibility of a rod-like micellar
template mechanism can be discarded and these experiments
indicate the critical role played by silver ions in determin-
ing the particle morphology. El-Sayed and co-workers sug-
gested a growth mechanism similar to those of the standard
methods (electrochemical, seed-mediated and photochemi-
cal). The mechanism proposes the addition of silver ions
for controlling the aspect ratio, with the formation of one-
dimensional gold nanostructures postulated to occur through
a combination of nanocrystal aggregation and specific crystal
f er
(
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nly be reduced at basic pH values[83,87]. Nikoobakht and
l-Sayed proposed that the silver ions located betwee
eadgroups of the capping surfactant (C16TAB) can be con
idered as Ag–Br pairs, decreasing the charge density o
romide ions, and therefore, the repulsion between neig

ng headgroups on the gold surface, and resulting in C16TAB
emplate elongation[84]. This possibility is supported by th
tronger affinity of C16TAB monomers for the side face
ompare to the end facets[88]. High-resolution TEM image
how that nanorods have four facets[89]. In the case of th
DAC:C16TAB surfactant mixtures, the template is cons
red to be more flexible than the single component su

ant. Due to the larger affinity of C16TAB monomers for th
ide facets, it has been assumed there is a higher prob
f having BDAC monomers bound to the end facets of
anorods, promoting a faster growth in the longitudina
ection, due to the weaker bonding in Ag–Cl pairs, rela
o that in Ag–Br pairs[84].

The second mechanism considers a rigid structur
16TAB monomers, which helps maintain one-dimensio
rowth, but which also serves to control the rate of gold re

ion [86], in a similar fashion to the mechanism previou
roposed for the formation of long rods in the absenc
ilver ions (the “zipping” mechanism discussed above)[64].
s already pointed out, the silver ions will not be redu
y ascorbic acid, but will form silver bromide during t
ynthesis (bromide from C16TAB). Murphy and co-worker
roposed the adsorption of silver bromide to the facets o
old nanocrystals, slowing down gold reduction and indu
ingle crystalline growth of the nanorods.
ace stabilization[91,92] induced by the presence of silv
or AgBr) [90].

In a related work, Yamada and co-workers found tha
ombination of chemical and photochemical methods l
o an acceleration in the rate of nanorod formation[93]. This
rotocol implies the addition of ascorbic acid prior to

ight irradiation, which produces the reduction of AuIII to
uI. Nanorod formation is then accelerated by a factor o
0 [93].

Markovich and co-workers adapted the seed-med
ethod in the absence of silver nitrate proposed by M
hy and co-workers[61] for the growth of gold nanorod
irectly on mica surfaces[94]. The method involves the a

achment of the spherical seed nanoparticles to a mica su
hich is then dipped in a C16TAB surfactant growth solution
bout 15% of the surface-bound seeds are found to gro
anorods. This yield enhancement of nanorods, compa

hat obtained for the solution growth technique (ca. 4%)[61],
as attributed to a change in the probability of the grow
eed to develop twinning defects. Subsequently, Wei
dapted the method to grow nanorods directly on glass

aces[95]. They studied the influence of the linker used
ttach the seed particles and the gold salt concentration
rowth solution on the formed gold nanostructures.

. Structural characterization

At present there is some dispute over the growth dire
f gold nanorods and the identity of the primary crysta
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Fig. 4.1. (a) High-resolution TEM image of a gold nanorod showing the facetted crystal structure of the rod. The inset is the electron diffraction pattern, which
confirms its single crystalline structure. (b) Dark-field TEM image of a gold nanorods. Cross-section and the corresponding profile of crystal thickness (c) as
well as the structural model (d) proposed by Wang et al. for Au nanorods. Reproduced from ref.[89].

graphic facets exposed. Several different structures have been
proposed. To date, thorough structural characterization has
only been carried out for gold nanorods prepared by the elec-
trochemical and seed-mediated (no silver nitrate) methods. In
the following section, we attempt to clarify some of the key
findings. This is important for two distinct reasons. Firstly,
knowledge of the precise crystal structure sheds light on the
mechanism of intervention by C16TAB surfactant. Secondly,
the material properties of metal nanorods and nanowires will
depend strongly on the preferred growth direction.

4.1. Electrochemical method

Wang et al. studied the different crystallographic faces
of gold nanorods with different aspect ratios prepared by
the electrochemical method using high-resolution TEM
(HRTEM) [88,89,96]. They distinguished between short
rods, long rods and spherical nanoparticles present as final
products. In the case of short rods, it was observed that the
particles tend to align on the substrate after the solution dries
out, with an even spacing between them. This self-assembly is
not only related to a shape effect but also to the concentration
and the uniform length of the surfactant capping molecules
[79]. From the diffraction contrast, Wang et al. found that
almost all of the short gold nanorods contain no stacking
faults or twins, i.e., they are single crystals. The nanorods
w
t d,
s an
t

Fig. 4.1a shows a HRTEM image of a single crystal gold
nanorod oriented along the [1 1 0] direction. The faces enclos-
ing the nanorods were identified from the electron diffraction
pattern, the dominant side faces being{1 1 0}with the growth
direction being [0 0 1], while the ends of the nanorods are ter-
minated by the{0 0 1} and{1 1 1} faces, again with smaller
areas. Wang et al. used the dark-field TEM technique to show
the presence of{1 0 0} faces at the sides of the nanorods. If
a nanorod is enclosed by{1 1 0} and smaller{1 0 0} faces,
the fringes should not be equally spaced and there is a broad
centre band (Fig. 4.1b). A comparison with the experimen-
tal image (Fig. 4.1a), showing a uniform band at the cen-
tre and unequally spaced fringes around it, suggests that the
cross-section of the nanorod is consistent with that shown
in Fig. 4.1c, and therefore the schematic representation of
the geometrical structure of the nanorods corresponds to that
shown inFig. 4.1d.

Wang et al. also reported the presence of a small population
of longer rods (2–4�m in length) that coexist with the main
population of short rods. Such long rods display a twin plane
parallel to their axis, separating the rods into two halves along
the axial direction (Fig. 4.2). The electron diffraction pattern
indicates the presence of a twin parallel to the axial growth
direction. Taking into account that face-centered cubic Au
has{1 1 1} twin planes and that the growth direction must be
parallel to the twin plane, they proposed a structural model for
t

rods
p stals
w ng
ere found to be preferentially lying on the{1 1 0} face,
hough particles lying on{1 0 0} faces were also observe
uggesting that these ({1 0 0}) faces have smaller areas th
he{1 1 0} faces[89].
hese nanorods where the{1 1 1} and{1 1- 0} faces coexist.
Summarizing, Wang et al. showed that short gold nano

repared by the electrochemical method are single cry
ith {1 1 0} and{1 0 0} as dominant faces, while the lo
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Fig. 4.2. (a) TEM image of a long nanorods; (b) the corresponding electron
diffraction pattern; (c) the proposed structure model for long gold nanorods.
Reproduced with permission from ref.[89].

rods present one twin with{1 1 1} and{1 1 0} as dominant
faces.

4.2. Seed-mediated method

The gold nanorods prepared by the seed-mediated method
in the absence of silver nitrate have been studied in more detail
than those prepared in the presence of silver nitrate, basically
because the synthetic protocol was proposed earlier[61,84].
Two different studies using TEM have been published dealing
with the crystal structure, but slightly different results were
obtained.

Gai and co-workers studied the atomic structure of long
gold nanorods prepared by the seed-mediated method pro-
posed by Murphy and co-workers[61] using an atomic
resolution environmental transmission electron microscope
(ETEM) [97–99]attached to a scanning-TEM (STEM) and
equipped with a field emission gun[100]. This technique
combines the atomic resolution imaging capability with
atomic level chemical and crystallographic analyses. They

found that all non-rod-shaped particles are multiply twinned,
dominated by decahedral and icosahedral shapes. In the case
of nanorods, they observed the presence of twin defect struc-
tures on the{1 1 0} crystal face, which is present along the
[1 0 0] direction (Fig. 4.3A). The presence and the orientation
of twin defects were confirmed by power electron nanod-
iffraction, which shows extra reflections along the [1 0 0] di-
rection (Fig. 4.3B). TEM also demonstrated that the nanorods
grow in the [1 0 0] directions with{1 1 0} faces bounded by
{1 1 1} surfaces[101].

Based on these results, Gai and Harmer proposed a growth
mechanism based on surface energy minimization being re-
sponsible for the nucleation and growth of the nanorods.
Initially, multiply twinned particles are formed, and those
twinned areas presenting weaker bonding favor gold de-
position, leading to preferential growth.Fig. 4.3D shows
a schematic representation of the proposed growth model.
Since the{1 1 0} gold facets have a higher surface energy
and therefore weaker atomic bonding, stronger bonding with
the surfactant molecules was predicted, leading to the stabi-
lization of those facets against crystal growth[101].

Mann and co-workers also studied the crystalline struc-
ture of gold nanorods prepared through the three-step seeding
method proposed by Murphy and co-workers for the synthesis
of long gold nanorods[61]. The studies were performed by se-
lective area electron diffraction (SAED) in combination with
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RTEM. In this case, none of the gold nanorods obse
ere single domain crystals. Instead, the electron diffra
atterns were consistent with a pentagonally twinned p
ith five {1 0 0} side faces capped with five{1 1 1} faces a
oth ends, with growth again being observed to be alon

1 1 0] direction (Fig. 4.4a).
A similar study was subsequently performed in orde

ollow the evolution of particle size and shape through
he multiple step process. The initial seed particles prod
y sodium borohydride reduction in the presence of sod
itrate are single crystals[64]. In the first growth step, th
ddition of the seed to the growth solution produces iso
ic penta-twinned particles with well-defined{1 1 1} faces
nd{1 0 0} side faces arranged along the[110] direction. In

he second step, the transfer of the primary gold rods
resh growth solution leads to further growth, but in ad
ion, the transformation of a low percentage (ca. 4%) o
winned particles into nanorods is observed. This low con
ion percentage shows that the transformation from isot
o anisotropic growth of the isotropic penta-twinned parti
s not highly competitive. The next growth step increase
ercentage of rod-shaped particles to ca. 10% due to the

ormation into nanorods of ca. 6% of the particles that
rown as isometric particles in the previous step[64]. It is in-

eresting to point out that once the rod-like shape is indu
he width of the nanorods increases just slightly as comp
o the length, suggesting an autocatalytic anisometric gr
29]. Mann and co-workers proposed that this slow incr
n width is due to the blocking of{1 0 0} faces from fur
her growth as compared to the{1 1 1} end-faces, associat
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Fig. 4.3. (A) HRTEM image of a nanorod showing a twin defect on the{1 1 0} surface. The dimension of the twin lamellae is around 4 nm. (B) Power spectrum
nanodiffraction from the twin region, showing additional reflections due to the twins along the [1 0 0] direction. (C) HRTEM image of a nanorod showing
{1 1 0} and{1 1 1} faces and growth along [1 0 0] direction. (D) Model proposed by Gai et al. for nanorod growth: (a) initial multiple twinned particle; (b)
growth along the [1 0 0] direction; (c) projections of a nanorod with{1 0 0} and{1 1 1} faces and[100] direction. Adapted with permission from ref.[101]. ©
2002 American Chemical Society.

with the stronger binding to the sides in comparison to the
end faces. The suggested mechanism involves a preferential
interaction of the surfactant molecules with side faces facili-
tating a bilayer assembly of the surfactant molecules[63,65].

No structural characterization studies have been pub-
lished to date for gold nanorods prepared by the seed-
mediated method in the presence of silver nitrate reported
by Nikoobakht and El-Sayed[84]. Nevertheless, from pre-

Fig. 4.4. (a) Schematic representation of the penta-twinned gold nanorod structure with (1 0 0) side faces and (1 1 1) end faces proposed by Mann and co-workers.
(b) Cross-section of the nanorod structure showing the arrangements of the twins and possible orientation of domains with respect to the electron beam for the
HRTEM image showed in (c). The wider stripes in the central region are due to double diffraction as a consequence of twin domains superposition. Adapted
with permission from ref.[64]. © 2002 Royal Society of Chemistry.
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Fig. 5.1. (a) Time evolution of the UV–vis spectra during cyanide dissolution of gold nanorods before (1) and at different times after (2–11) cyanide addition.
(b and c) TEM images of gold nanorods before and after cyanide treatment (0.5 mM CN−), respectively. (d and e) TEM images of long gold nanorods before
and after cyanide treatment. Adapted with permission from ref.[82]. © 2002 American Chemical Society.

liminary HRTEM results Sau and Murphy suggest the gold
nanorods are single crystals possibly with{1 1 1} facets on
the sides of the nanorods[86].

5. Reactivity and surface modification

We have seen in Section2 that the most efficient pro-
tocols for the synthesis of gold nanorods are wet-chemical
methods and involve the presence of surfactant molecules
such as cetyltrimethylammonium bromide (C16TAB), which
function not only as rod-shape inducing agents, but also as
capping agents. The presence of surfactant molecules on the
surface of the gold nanorods strongly influences their reac-
tivity and stability. In this section, we review reactivity and
surface modification of gold nanorods, as well as some of the
consequences of the change in chemical reactivity.

5.1. Anisotropic chemical reactivity

Murphy and co-workers studied the reactivity of gold
spheroids and nanorods during cyanide dissolution and re-

action with persulfate[82]. They have shown that in the pres-
ence of cyanide, the dissolution of short nanorods (aspect
ratio 2–5) prepared in the presence of silver nitrate starts at
the tips, while the width remains constant. Hence, reaction
leads to lower aspect ratio nanorods and eventually to spheres
that ultimately dissolve.Fig. 5.1shows the time evolution of
the UV–vis spectrum of gold nanorods in the presence of an
excess of cyanide ions. It can be clearly seen that the lon-
gitudinal plasmon band progressively damps and blue-shifts
with time (i.e., the aspect ratio of the nanorods decreases) up
to a point where only the transverse plasmon band is present,
indicating that the rod-shaped nanoparticles have been trans-
formed into spheres, which was confirmed by TEM. A clear
mechanism for the dissolution of the nanorods has not been
provided.

A similar study was also performed for long nanorods pre-
pared in the absence of silver nitrate[61]. Surprisingly, in this
case the length of the nanorods did not decrease; instead, the
dissolution occurred at various spots along the side edges (see
Fig. 5.1d and e). Again, no mechanism for such an anomalous
dissolution was proposed.

F shell n uced wit
p : TEM o nthesized
a ref.106]. ©
ig. 5.2. Top: TEM of as prepared gold nanorods (a), Au@Ag core-
ermission from ref.[103]. © 2001 American Chemical Society. Bottom
t pH 8.0 (B), 9.0 (C) and 10.0 (D). Reproduced with permission from[
anorods with thin (b) and thick (c) silver layers, respectively. Reprodh
f as prepared gold nanorods (A), and Au@Ag core-shell nanorods sy
2004 American Chemical Society.
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5.2. Au@Ag core-shell nanorods

Murphy and co-workers proposed a method to obtain pure
silver nanorods and nanowires by a wet seed-mediated chem-
ical method[102], in a similar way to that presented for gold
nanorods. This protocol, while successful, marked an impor-
tant step forward, but did not allow controlling the aspect ratio
and monodispersity of the silver nanorods. As an alternative,
Ah et al. proposed the deposition of silver onto previously
synthesized monodisperse gold nanorods[103]. Silver depo-
sition onto the surface of gold nanorods was carried out by
reducing AgCl43− with hydroxylamine. The thickness of the
deposited silver shell could be controlled simply by adjust-
ing the concentration of the reactants. It is interesting to point
out that whilst at low silver concentration the deposition was
uniform, i.e., the obtained core-shell particles maintained a
rod-like shape, when either the silver salt or reducing agent
concentrations were increased, the final particles achieved a
dumbbell shape arising from faster deposition of silver on the
tips than on the side of the nanorods (seeFig. 5.2; top)[103].
The authors suggested that this effect could be related to the
growth mechanism of gold nanorods in aqueous surfactant
media, which agrees with later results[29].

More recently, Liu and Guyot-Sionnest presented a
slightly different but simpler approach based on the reduction
of silver nitrate onto the gold nanorod surface by ascorbic acid
i
T orted
b or

PVP was provided. These authors simulated the spectra using
a core-shell ellipsoid model within the dipole limit, and found
they could adequately match theory to the experimental data
[104]. They studied the reduction of the plasmon dephasing
rate in core-shell nanorods and compared it with the values
previously obtained for pure gold nanorods[105].

In a related work, Huang et al. studied the synthesis of
Au@Ag core-shell nanorods in an aqueous surfactant solu-
tion under alkaline conditions (pH 8.0–10.0)[106]. Since the
reduction of silver nitrate on the gold nanorod surface by
ascorbic acid in aqueous surfactant media depends strongly
on the pH of the solution[83,84,90,107], they used glycine
buffers to control the pH of the growth solution. The silver
coating was found to occur anisotropically in the presence of
C16TAB, and the final shape of the particles depended on the
pH and silver concentration. As the pH of the solution was
increased, the deposition rate of silver increased accordingly.
These results demonstrated that the higher the pH, the higher
the deposition rate at the tips compared to the sides, leading
to the observed dumbbell shape (seeFig. 5.2; bottom). This
effect can be explained in terms of either differential rates of
crystal growth induced by the presence of C16TAB [64,101]
or an electrochemical mechanism that predicts a higher de-
position rate at points of higher curvature[29].

5.3. Silica coating

ns
i sol-

F
(

n the presence of C16TAB and either citrate of PVP[104].
he core-shell nanorods obtained are similar to those rep
y Ah et al.[103] but no clear reason for the use of citrate
ig. 5.3. Top: Scheme showing the steps required for silica coating of Au na
a: 1.94; b: 3.08). Reproduced from ref.[85].
The stability of C16TAB-coated gold nanorod dispersio
s high in aqueous solutions, but transfer into organic
norods. Bottom: TEM of silica coated gold nanorods with different aspect ratios
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Fig. 5.4. (A) Time evolution (a–j) of the UV–vis spectra of gold nanorods in an acetonitrile–water mixture (4:1) after addition of 15�M MPA. (B) TEM images
of gold nanorods in the absence of MPA. (C) and (D) examples of linearly assembled gold nanorods in the presence of MPA. (E) Schematic representation of
the intermolecular hydrogen bonding between MPA on adjacent nanorods. Adapted with permission from ref.[117]. © 2004 American Chemical Society.

vents is complicated, since the bilayer structure of the sur-
factant monomers on the gold nanorod surface makes the
access of phase-transfer reagents to the surface difficult. De-
position of silica shells (silica coating) on gold nanorods has
been proposed as a means to facilitate the manipulation of
the gold nanorods, reducing aggregation and in addition pre-
serving their optical properties. Various attempts have been
presented in the literature, all of them using the protocol ini-
tially developed by Liz-Marźan et al. for the silica coating of
citrate stabilized gold nanospheres[108,109]. In this method,
a silane coupling agent is used as a surface modifier to en-
hance the affinity of gold for silica, which is then deposited
from aqueous sodium silicate solution (Fig. 5.3). Wang and
co-workers coated gold nanorods prepared by the electro-
chemical method and studied the influence of the silica shell
on the shape transition induced by laser irradiation, finding
a lower efficiency, i.e., more energy is required to produce a
shape transition compared to surfactant stabilized nanorods,
as might be expected from the rigidity of the silica matrix
[49]. Murphy and co-workers adopted the same protocol for
the silica coating of long gold nanorods prepared by the seed-
mediated growth method, and subsequently used them as
templates for the synthesis of hollow nanotubes through dis-
solution of the inner gold rods with cyanide[110]. Recently,
Liz-Marzán’s team coated short gold nanorods prepared by
the seed-mediated method with silica (seeFig. 5.3) and stud-
i pos-
i

5

s ers,

who monitored the influence of nanoparticle concentration,
solvent evaporation, ionic strength and surfactant concentra-
tion for gold nanorods with an aspect ratio of∼4.6, prepared
by the electrochemical method[66]. Depending on the con-
ditions, the gold nanorods were observed to assemble in one,
two- or three-dimensional structures. A similar study was
carried out by Murphy and co-workers for longer nanorods
(aspect ratio 13–18) prepared by the seed-mediated method
[80]. They found similar results and indicated that surfactant-
mediated interactions between gold nanorods of uniform size
and shape lead to formation of liquid crystalline arrays in con-
centrated dispersions. Jana extended the study of nanoparticle
self-assembly to other shapes, concluding that the nature of
the self-assembly and its driving force depend on nanoparti-
cle shape and also on the extent of shape anisotropy[79].

Wang and Kim studied the formation of one-dimensional
nanostructures of rod-shape nanoparticles using the
Langmuir–Blodgett technique, applied to thiol-capped gold
nanorods. The different structures they observed were at-
tributed to the different interactions between the structures
as the surface pressure was varied[112–114].

Other reports about self-assembly of gold nanorods in-
volve the cross-linking of nanorods through surface modi-
fication and chemical bonding. Dujardin et al. reported the
specific organization of gold nanorods into anisotropic 3D-
aggregates obtained by DNA hybridization. The key evidence
f that
c -
w s
t ro-
p
S bi-
ed their incorporation into nanostructures and nanocom
tes[85,111], as discussed in Section7 below.

.4. Self-assembly of gold nanorods

The self-assembly of gold nanorods in aqueous C16TAB
olution was initially studied by El-Sayed and co-work
or the biostructuring process was a “heating” analysis
learly demonstrated its reversibility[115]. Murphy and co
orkers showed that when C16TAB-coated gold nanorod

reated with biotin are mixed with streptavidin, a high p
ortion of end-to-end linked gold nanorods are formed[116].
uch directional assembly was initially attributed to the
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layer structure of the C16TAB bound on the nanorod surface,
such that the biotin preferentially bounds to the{1 1 1} faces
at the ends of the rods[63,65].

Recently, Kamat and co-workers reported the longitudi-
nal self-assembly of gold nanorods, associated with uniax-
ial plasmon coupling[117]. The assembly is carried out in
acetonitrile–water mixtures and it is initiated and controlled
by the presence of carboxylic acid derivatives (such as mer-
captopropionic acid, MPA, and mercaptoundecanoic acid,
MUA). These molecules present a thiol moiety that binds
to the gold nanorod surface and a carboxyl moiety that as-
sists the nanorod self-assembly through intermolecular hy-
drogen bonding. Upon addition of a carboxylic derivative
the longitudinal plasmon band gradually shifts toward longer
wavelengths (seeFig. 5.4). The spectral changes observed
are explained on the basis of interplasmon coupling phenom-
ena[9,118], suggesting that the gold nanorods organize lin-
early upon addition of MPA or MUA. This linear organiza-
tion that allows uniaxial plasmon coupling has been demon-
strated by TEM (Fig. 5.4C and D). The results are similar to
those previously reported by Murphy and co-workers[116],
furthermore implying that the C16TAB monomers bound to
the nanorod surface together with the added acetonitrile cre-
ate a hydrophobic environment that promotes intermolecular
dimerization (Fig. 5.4E) [117].

6

par-
t uring
t is-
t par-
t cles
w elec-
t istri-
b ion)

by elastic electron–electron collisions without releasing the
absorbed photon energy within 100 fs, according to most cal-
culations[137–139]. At this point, the non-equilibrium tem-
perature difference between the electron gas and the lattice
gives rise to energy exchange between the electrons and the
lattice (electron–phonon coupling), so that heat is deposited
into the lattice, leading to expansion within the timescale
of the period of the phonon mode that correlates with the
expansion coordinate. The laser energy therefore results in
excitation of mechanical eigenmodes of the particles. The
modes that can be excited can be calculated using continuum
mechanism, and the frequency is a sensitive function of the
particle geometry. The mechanical fluctuations of the particle
ultimately transfer energy to the bath or medium around the
particle in a period from 100 ps to 10 ns, depending on the
particle size, the medium and the pulse energy. The transfer
of energy to the bath depends on the thermal conductivity of
particle and bath, the heat capacity of the two, and possibly
on the solvent viscosity. At this point, the particle has recov-
ered its ground state and has re-attained thermal equilibrium
with the bath[140].

The above description, however, applies only to low
laser pulse energies. For low energies, the ultrafast laser
pulses raise the temperature of the nanoparticle lattice by
only a few tens of degrees (depending on particle size and
laser pump power). Under these conditions it will be pos-
s me
u ,
f erful
e melt-
i tool
t icles
[ ile
f ation,
s er
p
T flu-

extens
. Gold nanorods and lasers

The interaction between metal or semiconductor nano
icles and laser beams has been intensely studied d
he last decade[49,119–136]. There are at least three d
inct time regimes, which are important in metal nano
icle laser studies. The irradiation of metal nanoparti
ith a femtosecond pulse leads to a rapid increase in

ron temperature. The resultant non-thermal electron d
ution reaches equilibrium (internal electron thermalizat

Fig. 6.1. Diagram showing the fundamental
ible to follow the electron–phonon coupling in real ti
sing time-resolved techniques[140]. On the other hand

or high pump fluences the pulse energy can be pow
nough to raise the temperature of the metal above its

ng point, and thereby it can be used as a convenient
o control the shape and size distribution of nanopart
49,120–129,141]. As we shall see in this section, wh
emtosecond laser pulses can induce a shape transform
uch as a rod-to-sphere transition[141], nanosecond las
ulses can cause fragmentation into smaller particles[141].
he irradiation products not only depend on the laser

ional and breathing modes of a cylindrical nanorod.
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ence, but also on the excitation wavelength and laser pulse
width.

We have divided this section into two parts, one devoted
to ultrafast dynamics of gold nanorods, and the second to
structural and morphological transitions.

6.1. Ultrafast dynamics of gold nanorods

Several groups have carried out detailed studies on the
relaxation dynamics of excited electrons in spherical metal
particles, comprised of gold[142–146], silver [147,148]or
copper[149]. Fewer papers have been published on nanorod
dynamics, and they are summarized here.

Combining experimental and theoretical studies, Hu et
al. [150] established that laser-induced heating of cylindrical
nanorods excites both the extensional and breathing modes
of the rods. They calculated, using classical continuum me-
chanics, the temporal response of a cylindrical rod following
excitation by a thermal pulse in the limit where the length of
the rod greatly exceeds its radius. From symmetry consider-
ations and assuming that the rod is composed of a linearly
elastic isotropic material and remains at constant temperature
after excitation (the thermal pulse has an infinitesimal time
scale of duration), they showed that two modes dominated
the mechanical response, though some 40–50 modes were
i ntal
e siona
m l

mode consists of a combination of an axial expansion with a
radial contraction and the breathing mode of a pure radial ex-
pansion and contraction. Thus, while the extensional mode
probes the Young’s modulus of the material, the breathing
mode probes the bulk modulus.

Making these assumptions, Hu et al. established that the
natural resonant frequencies of the extensional and breathing
modes are given by the following respective equations:

ω
(n)
ext = 2n+ 1

L
π

√
E

ρ
, (6.1)

ω
(n)
br = τn

a

√
E(1 − υ)

ρ(1 + υ)(1 − 2υ)
(6.2)

whereL anda are respectively the length and width of the
rod, n= 0, 1, 2,. . . corresponds to the mode number,υ the
Poisson’s ratio of the rod,τn an eigenvalue,E is the Young’s
modulus andρ is the density of the rod.

From these equations they also obtained:

ω
(0)
br

ω
(0)
ext

= τ0

π

(
L

a

)√
(1 − υ)

(1 + υ)(1 − 2υ)
(6.3)

which shows that the ratio of the resonant frequencies for the
f rectly
m l ex-
c

F growth y
s
o

dentified with frequencies up to 10 times the fundame
igenmode. These two dominant modes are the exten
ode and the breathing mode (seeFig. 6.1). The extensiona

ig. 6.2. Transient absorption traces for high quality (seed-mediated

amples with average lengths of (c) 42± 6 nm, (d) 55± 15 nm, for two different p
pposite sides of the longitudinal plasmon band of the sample. Reproduced
l
undamental breathing and extensional modes can be di
easured from the temporal response following therma

itation.

) samples with average lengths of (a) 46± 6 nm, (b) 75± 6 nm, and low qualit

robe laser wavelengths. In all cases, the probe wavelengths presented lie on
with permission from ref.[150]. © 2003 American Chemical Society.
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Experimentally, they carried out transient absorption ex-
periments for gold nanorod samples with low and high
monodispersity (prepared using the seed electrochemical
technique and the mediated method, respectively). The av-
erage aspect ratios (length/width) of the rods varied between
2 and 6 and their length between 30 and 100 nm. The tran-
sient absorption experiments were performed with 400 nm
pump laser pulses and the probe wavelengths were chosen
to lie on either side of the longitudinal plasmon band of
the sample.Fig. 6.2 shows transient absorption traces for
the high quality samples for two different probe laser wave-
lengths. All traces present a fast component, which corre-
sponds to electron–phonon coupling, and pronounced mod-
ulations with a period in the range of 40–120 ps, which was
found to be similar for different probe wavelengths. Thus, the
modulations are 180◦ out-of-phase for probe wavelengths on
opposite sides of the longitudinal plasmon band, which was
also observed for spherical particles[151]. However, differ-
ent results were obtained when the same experiment was
performed with low quality samples: the traces presented
modulations with stronger damping, and the value of the
period depended on the probe wavelength and the modu-
lations were 60◦ out-of-phase. They claimed that these dif-
ferences arise as a consequence of the polydispersity of the
sample.

In some samples, a much faster modulation was observed,
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Fig. 6.3. Period vs. probe laser wavelength for different samples. (a) High
quality samples. The different symbols indicate average lengths of (�)
46± 6 nm, (©) 61± 5 nm, (�) 73± 4 nm, (♦) 75± 6 nm, (�) 89± 7 nm
and (�) 108± 7. (b) Low quality samples. The different symbols indicate
average lengths of (�) 55± 15 nm, (©) 35± 10 nm, (�) 36± 10 nm, (�)
42±10 nm and (♦) 77± 20 nm. The error bars are contained within the sym-
bol Note the different horizontal and vertical scales for each panel. Repro-
duced with permission from ref.[150]. © 2003 American Chemical Society.

thors now propose that the twinning plane along the major
axis is responsible for the lower Young’s modulus[154].

Link et al. studied the transient-absorption dynamics of
gold nanorods with an aspect ratio of 3.8 after excitation with
100-fs laser pump pulses at 400 nm[155,156]. They found
that, the bleaching decays of the transverse and longitudi-
nal plasmon adsorption bands resulted from electron–phonon
and phonon–phonon relaxation processes and that both os-
cillations have similar electron dynamics (Fig. 6.5). Further-
more, they measured the plasmon bleach recovery for 15 and
48 nm spherical gold nanoparticles and found that the results
are comparable to those obtained for the transverse and lon-
gitudinal modes of gold nanorods (Fig. 6.5). Therefore, they
claimed that the relaxation dynamics appear to be indepen-
dent of the shape of gold nanoparticles.
ith a period of ca. 11 ps, as shown inFig. 6.2d. This pe
iod was found to be approximately equal to the value

vibrational motion corresponding to the radial expan
f the rod, that is, the breathing mode. Because the br

ng mode is proportional to the width of the rod, the auth
laimed that this mode would be more prominent for s
les of thick rods. The same team calculated the perio

he slower modulation at different probe wavelengths fo
he samples analyzed above and found that, while the p
or a given high quality sample was insensitive to the pr
avelength (Fig. 6.3a), the period for a low quality sample
reased with increasing probe laser wavelength. InFig. 6.3b,
wo curves are shown for samples with different widths
his case, rods with the same aspect ratio have different
ds for the same probe wavelength.

Good agreement was also found between the period
ulated experimentally and those calculated using Eq.(6.1)
or the fundamental extensional vibrational mode (Fig. 6.4),
hich demonstrated that the dominant vibrational mode
ited was the fundamental extensional mode.

From the experimental results, Hartland and co-wor
alculated the Young’s modulus of the nanorods and obta
value ofE= 64± 8 MPa, which was substantially low

han the bulk value. This difference may reflect the fact
he extensional mode excited by the laser pulse probe
oung’s modulus only along the growth direction, while
ulk gold modulus data is gleaned from polycrystalline s
les [152,153]. However, more recently an analysis of
ata shows that the lower value is inconsistent with an

he growth directions found from HRTEM studies. The
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Fig. 6.4. Average period vs. average length for Au nanorods. The open sym-
bols indicate the low quality samples, and the solid symbols show the high
quality samples. The solid line is the calculated period for the fundamental
extensional vibrational mode, Eq.(6.1). The dashed line represents a fit to
the data assuming that the period is proportional to the length. The hori-
zontal error bars reflect the polydispersity in the samples. Reproduced with
permission from ref.[150]. © 2003 American Chemical Society.

6.2. Laser-induced structural and morphological
transitions in gold nanorods

Several studies have revealed that irradiation with suitable
laser pulses can induce size reduction of spherical particles by
melting [120] or fragmentation[121,122]. However, spher-
ical particles cannot undergo shape transformations, since

Fig. 6.5. Size and shape dependences of the electron–phonon relaxation
time. Plasmon bleach recovery measured for 48 and 15 nm gold nanoparti-
c ith an
a optical
d so that
c fem-
t phonon
r ng the
i n path-
w -
c

the sphere is the most thermodynamically stable shape. Dur-
ing the last 5 years, different groups have reported that non-
spherical particles can undergo irradiation-induced shape and
size transformations[49,124]. We focus here on shape and
size transitions of gold nanorods, synthesized using the elec-
trochemical method described in Section3.

The first paper published on this topic, which demon-
strated the shape transition of gold nanorods into spheres, was
authored by Chang et al.[49]. After irradiating an Au nanorod
dispersion with a nanosecond laser tuned at 532 nm, they ob-
served a decrease in intensity of the longitudinal plasmon,
SPlong, band (indicating the disappearance of Au nanorods)
and an enhancement of the band at ca.520 nm (increase of
the Au nanosphere population), while the mean aspect ra-
tio of the remaining nanorods remained roughly unchanged.
This implied that the 532 nm irradiation induced the rod-to-
sphere transformation through a photoannealing process. The
authors claimed that by absorbing a 532 nm photon, the Au
nanorod excited and accumulated phonon energy, which was
responsible for its shape transition. However, exposure of the
same nanorod sample to a nanosecond laser tuned to 1064 nm
(SPlong of the nanorods) led to partial depletion and blue-shift
of the SPlongband. This is consistent with a decrease in the
mean aspect ratio of the rods and the formation of a new type
of structures,∅-shaped particles, which they considered to be
a stable intermediate of the rod-to-sphere transition during the
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t
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i
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T by op-
t nten-
s ple-
t smon
b mon
b laser
i

lting
o ave-
l nergy
t d
a the
w s
s
[ the
i

V–vis
a lved
les and for the transverse and longitudinal modes of gold nanorods w
verage aspect ratio of 3.8 (top to bottom). The laser pump power and
ensities of the samples at the excitation wavelength were adjusted
omparable initial electron temperatures were induced by the exciting
osecond laser pulse. The results show that the measured electron–
elaxation times are independent of particle size and shape, eliminati
nfluence of electron-surface scattering as a dominant energy relaxatio
ay. Reproduced with permission from ref.[156]. © 2000 Taylor and Fran
is.
hotoannealing process. These results are in agreemen
hose by Link et al.[157], which will be discussed below.

Almost at the same time, Link et al. reported on the p
othermal stability of colloidal gold nanorods against la
rradiation with different pulse-widths[123,141,156]. They
ound that as the gold nanorod dispersion was irradiated
emtosecond laser pulses at 800 nm having pulse energ
he microJoule range, the nanorods melted selectively
anodots with no fragmentation, as demonstrated by

mages (Fig. 6.6b and d). They also showed that the aver
olume of the final irradiation product (exclusively spher
articles) was comparable to that of the starting nano
hese researchers also monitored the melting process

ical absorption spectroscopy, finding a decrease in the i
ity of the longitudinal plasmon band (due to the rod de
ion) and an increase of the intensity of the transverse pla
and (due to the higher extinction coefficient of the plas
and of spherical particles) after successive intervals of

rradiation.
However, when using nanoJoule pulses, selective me

f the nanorods strongly absorbing at the excitation w
ength was obtained, since only those absorb enough e
o undergo a shape transformation[123,141]. They observe
n “optical hole” in the longitudinal plasmon band at
avelength of the exciting laser pulse (Fig. 6.6e). Since thi
elective melting led to shorter but thicker rods (Fig. 6.6c)
6,7,26,27], this technique could be used to narrow down
nitial size distribution of a gold nanorod sample.

Besides steady-state techniques, such as TEM and U
bsorption spectroscopy, Link et al. used time-reso
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Fig. 6.6. Photothermal reshaping of gold nanorods with femtosecond laser pulses. (a) TEM image of the original gold nanorods solution having a mean aspect
ratio of 3± 7. (b and c) TEM images of the same nanorod solution after irradiation with 100 fs laser pulses with pulse energies of 40 and 200 nJ respectively.
The laser wavelength was 800 nm, which falls within the broad SPlong band. (d and e) Absorption spectra recorded after an increased irradiation time, so that
the TEM image at the left corresponds to the last absorption spectrum measured. Reproduced with permission from ref.[156]. © 2000 Taylor and Francis.

pump–probe spectroscopy to measure the characteristic time
for the conversion of gold nanorods into spheres[124], mon-
itoring the disappearance rate of an appropriate longitudinal
plasmon absorption. They calculated a shape transformation
time of 30± 5 ps, which was independent of the laser pump
power in the range of 5–20�J. Furthermore, the authors did
not detect any clear dependence of the photoisomerization dy-
namics on the gold nanorod aspect ratio in the range 1.9–3.7
[124].

As expected, quite different results were obtained when a
nanosecond rather than a femtosecond laser pulse was used
[123,141,156], such that the energy threshold for the com-
plete melting of the nanorods was reduced by a factor of 100
with femtosecond laser pulses[141,156]. It was also found
that the irradiation of a sample with different laser pulse
widths but the same laser pulse energy led to a complete
melting of gold nanorods into spherical particles in the case
of femtosecond laser pulses, but only partial melting in the
case of nanosecond laser pulses, as confirmed the presence
of ∅-shaped particles, as well as bent and twisted nanorods.
These latter results were similar to those obtained after fem-
tosecond irradiation at much lower pulse energies[123,156].

The initial postulate by Wang and co-workers[49] that
the ∅-shaped particles correspond to an intermediate stage
of the rod-to-sphere shape transformation[157] was demon-
strated by Link et al. using HRTEM to monitor the structural
c lase
p es be
l ibed
i ods
w
{ and
{ ned
v ,
L int

and planar defects upon laser irradiation (Fig. 6.7a and b),
which were assumed to constitute the precursors which ini-
tiated the steps that ultimately convert the relatively unstable
{1 1 0} facets into more stable{1 0 0}, {1 1 1} facets[89]. A
mechanism was proposed, which is schematically shown in
Fig. 6.8, to explain the rod-to-sphere shape transformation.
According to this mechanism, the shape transformation starts
with the creation of point defects within the body of the par-
ticle (Fig. 6.8b) and whose local melting would give rise to

F cond
l icles
( cond
l with
permission from ref.[157]. © 2000 American Chemical Society.
hanges undergone by gold nanorods after exposure to
ulses (both nanosecond and femtosecond) with energi

ow the threshold required for complete melting. As descr
n Section4, electrochemically synthesized gold nanor
ith aspect ratios in the range 3–7 have{1 0 0}, {1 1 1} and
1 1 0} facets but no defects. Accordingly, no defects
1 0 0}, {1 1 1} facets were found in the nanodots obtai
ia photothermal melting of such nanorods[89]. However
ink et al. [124,157]found that gold nanorods showed po
r
-

ig. 6.7. HRTEM image of gold nanorods after exposure to femtose
aser pulses (0.5�J per pulse) showing point defects (a) or twinned part
b). (c) HRTEM image of a gold nanorod after exposure to nanose
aser pulses (20�J per pulse) showing a twinned structure. Reproduced



1896 J. Pérez-Juste et al. / Coordination Chemistry Reviews 249 (2005) 1870–1901

Fig. 6.8. Schematic process for the structural transformation from nanorods
to nanodots. Reproduced with permission from ref.[157]. © 2000 American
Chemical Society.

twins and stacking faults (Fig. 6.8c). Almost simultaneously,
due to the lower stability of the{1 1 0} surface atoms, the sur-
face melting starts, producing the growth of twinned crystals
and eliminating the unstable surfaces (Fig. 6.8d).

El-Sayed and co-workers also tried to find a mechanism
that explained the different effects produced in the gold
nanorods with different laser pulse widths[123,156]. They
proposed a mechanism whereby photon absorption (which
heats the lattice and produces melting) and phonon-phonon
relaxation (which drives heat loss from the lattice to the sur-
roundings) are competitive processes. Melting occurs if the
rate of heating of the lattice is faster than the rate of cooling.
This mechanism can be summarized as follows:

(Au)NR → [(Au)NR]#, (6.4)

[(Au)NR]# → [(Au)NR]⊥, (6.5)

[(Au)NR]⊥ → [(Au)NR]vib∗ (6.6)

[(Au)NR]vib∗ → [(Au)NS], (6.7)

[(Au)NP]vib∗ → [(Au)NP]vib∗∗, (6.8)

[(Au)NP]vib∗∗ → (Au)SNS (6.9)

Processes(6.4)–(6.6) represent laser excitation and ther-
mal heating of the electrons (less than 1 ps)[158] and lat-
tice heating resulting from electron–phonon relaxation pro-
cesses, respectively. NR, NS, NP and SNS stand for nanorods,
nanospheres, nanoparticles and small nanospheres, respec-
tively. In the case of femtosecond laser pulses, it was found
that processes(6.5) and(6.6) were separated in time since
the laser width (100 fs) was shorter than the electron–phonon
relaxation time (1–3 ps)[142,143,148,159], but the laser in-
tensity was so high that the lattice could be heated more effi-
ciently and more rapidly than with a nanosecond laser pulse.
However, with nanosecond laser pulses, the particles were
bathed with light on a nanosecond time scale (process(6.8)),
so that the molten or hot particles could still absorb additional
photons (process(6.9)), which could lead to an increase in the
lattice internal energy and to fragmentation of the particles
[123].

Recently Wang et al. reported for the first time molecu-
lar dynamics simulations of the morphological and structural
behavior of gold nanorods during continuous heating from
5 K to complete melting[160]. The simulated gold nanorods
had the same aspect ratio, structure and geometry as the ex-
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erimental rods but smaller sizes (103–104 atoms) due t
omputational limitations[123,141,157]. They found that th
ontinuous heating of the gold nanorods induces a shape
ition, which is accompanied by a structural change, a
elting transition. During the shape transition they also

erved that rods became shorter and wider as observed
mentally by Link et al. (Fig. 6.8). A transition from fcc- into
cp-dominated structures was observed in some case
ending on the calculation parameters (heating rate), bu
emains to be confirmed experimentally. Eventually, it
bserved that once the melting temperature was reache
ods melted and the resulting disordered rods collapsed
he spherical shape.

. Nanocomposites

A necessary intermediate step between the synthe
etal nanoparticles and their use in practical device

heir organization within solid matrices, such as polym
r glasses/ceramics, which in turn can be processed int
evices. Such combinations of a solid matrix with nanos
omponents of a different material are often termed nano
osites. Two main approaches have been followed fo
reparation of nanocomposites comprising metal nano
les, involving either in situ formation of the nanopartic
r incorporation of pre-synthesized particles. As usual,
ethods have their advantages and drawbacks. Format
articles within the matrix is often simpler and just requ
eduction of metal ions by thermal or photochemical meth
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[161–163], but the control of particle size, composition, and
shape of the formed nanoparticles is very difficult. On the
other hand, pre-synthesized nanoparticles can be tailored by
means of the various colloid chemistry techniques currently
available, so that many more types of particles are possible,
but surface modification is usually required to allow disper-
sion in the chosen matrix, so that aggregation during the pro-
cessing stage (polymerization, sol–gel transition, etc.) can be
obviated.

The first example comprises gels and glasses with opti-
cal functionalities, which are materials offering a number of
technological applications, such as decorative coatings[164],
catalysis[165], optical filters[166], non-linear optical mate-
rials [167], etc. Although most such composites to date have
been comprised of spherical nanoparticles, the unusual op-
tical properties of gold nanorods make their incorporation
into these nanostructures very interesting. Although various
techniques have been developed to dope glasses with metal
nanoparticles by means of in situ reduction of metal salt pre-
cursors homogeneously distributed within the glass precur-
sor[167], directional growth within a matrix is very compli-
cated, and thus such techniques are rare. One possible excep-
tion is the electrochemical growth within porous membranes
[35,44]described in Section3, in which nanocomposites are
formed prior to the dispersion of nanorods into solvents, but
composite dimensions and control of interparticle spacing are
s
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tion, so that no aggregation takes place and silica gels and
glasses are obtained which retain the optical properties of
the nanoparticle dispersions. This method was initially ap-
plied to spherical metal nanoparticles, including Au[171]
and AuAg alloys[172] but it could also be extended to gold
nanorods of varying aspect ratio[85]. The spectra of the final
nanocomposites only differ from those of the corresponding
aqueous dispersions in a red-shift of the plasmon bands due
to the increase in refractive index of the medium around the
nanorods. A similar approach was also successfully applied
to create organic–inorganic nanocomposites with tailored op-
tical properties[111]. Such materials present superior me-
chanical properties, specially in terms of flexibility, but also
a better transparency (lower light scattering) than standard
silica gels[173]. Fig. 7.2shows photographs of monoliths of
ureasilicates[174,175]undoped and doped with gold and sil-
ver nanospheres, as well as gold nanorods of various aspect
ratios, showing transparency, color uniformity and flexibility.

Related work has been recently reported for the prepa-
ration of large colloidal nanocomposites comprising gold
nanoparticles and silica beads. Pastoriza-Santos et al. adapted
the method proposed by Sadtler et al. for the electrostatically
controlled deposition of gold nanospheres onto silica beads
[176], to the coating of silica spheres with gold nanorods
[177]. As shown inFig. 7.3a, TEM revealed a random dis-
tribution of the rods on the silica surface, both before and
a like
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f sim-
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trongly limited by the membranes used as templates.
A recent demonstration of the preparation of g

anorods in silica, not only homogeneously dispersed
lso well aligned was published by Roorda et al.[168]. The
ethod is based on high energy (tens of MeV) ion irradia
f gold–silica core-shell particles, which leads to an unif
eformation of both the gold cores and the silica shell[169].
he authors suggest that the deformation of the gold co
elated to softening of the metal under the ion beam a
ateral stress imposed by the deformation of the silica s
hich suggests that a similar process performed on m
anoparticles dispersed in a bulk silica gel or glass w
ot lead to uniform deformation. However, when ensem
f the starting core-shell colloids are irradiated, macrosc
omposite materials with aligned nanorods can be obta
s exemplified inFig. 7.1. A certain degree of control ov

he aspect ratio can be achieved by varying the fluen
he ion beam, although very high energies can lead to fu
eformation into dumbbell-like structures[168].

The incorporation of preformed nanoparticles within g
nd glasses has been reported for various systems[170] but
ften involves difficulties related to the homogeneous
ersion of individual nanoparticles, which is essential in
ase of metal nanoparticles for optical applications, s
therwise changes in the optical response take place
arzán and co-workers have recently reported a genera

edure based on the coating of the precursor nanopar
ith silica, prior to sol–gel processing. Deposition of t
ilica shells leads to an enhancement of the colloidal
ility of metal nanoparticles in the sol–gel precursor s
fter overcoating with a further silica shell. These onion-
articles do not suffer the problem of nanorods desor

rom the surface and are more chemically robust than
ler, rod-decorated silica carrier beads (Fig. 7.3b). UV–vis
haracterization of the composite colloids revealed tha
osition and intensity of the longitudinal plasmon band

ndividual nanorods are retained in the micron-sized c
osite colloids and thus can be easily tailored throughou
isible and NIR[177].

The second large group of nanocomposites is forme
hose where the host material is a polymer. Polymers

ig. 7.1. TEM image of aligned Au nanorods observed after Se ion irr
ion of an ensemble of closely packed core-shell colloids. Reproduced
ermission from ref.[168]. © 2004 Wiley-VCH.
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Fig. 7.2. (a) Photographs of monoliths made of (from left to right) undoped
ureasil and ureasil doped with Au nanospheres, short and long nanorods. (b
and c) Photographs of ureasil disk-shaped films doped with a low concentra-
tion of Au@SiO2 nanospheres (b) and short nanorods (c). Reproduced with
permission from ref.[111]. © 2004 American Chemical Society.

further possibilities for processing, which are important in
the case of nanorods, since procedures for controlled align-
ment would be extremely useful, for they would allow to fab-
ricate materials with polarization-dependent optical proper-
ties. A preliminary work related to such composite materials
was published by Dirix et al.[178] using polyethylene films
containing silver nanoparticles. The films were drawn in a
hot shoe, leading to alignment of nanoparticle aggregates,
which showed polarization-dependent optical response. A
more refined procedure was used by van der Zande et al.,
who prepared thin films of gold nanorods (template method)
dispersed in poly(vinyl alcohol) (PVA) by simply drying a
colloid in the presence of dissolved PVA[179]. Initially, the
optical properties of the prepared films resembled those of
the gold nanorod dispersion, displaying both longitudinal and
transversal plasmon resonances, since the nanoparticles were

Fig. 7.4. UV–vis spectra of an Au nanorod-PVA film under non-polarized
light, showing two plasmon bands, and under parallel and perpendicular
polarized light (with respect to the longitudinal axis of the film).

randomly distributed within the film. Alignment of the gold
nanorods in a preferred direction was achieved by warming
up and stretching the composite film[180,181]. They ana-
lyzed the extent of elongation needed for the alignment of
the gold nanorods, as well as the optical properties of fully
aligned nanorods within the films as a function of the po-
larization angle, and found a strong dependence of the ab-
sorbance on the polarization angle. This procedure works
very well, as shown inFig. 7.4. As expected, the spectrum
of an unstretched composite Au–PVA film displays two reso-
nance peaks corresponding to the transverse and longitudinal
plasmon bands, and the same result is observed in the case of
a stretched film under non-polarized light, since it contains all
orientations of the oscillating electric field. However, when
the spectrum is measured under light polarized parallel to the
stretching direction of the film, the longitudinal plasmon band
is selectively excited, while under light polarized perpendic-
ular to the stretching direction, only the transverse coupling
is observed[179]. The gradual alignment of the nanorods
within the films with increasing elongation can be demon-
strated by confocal scanning laser microscopy, as well as by
TEM [179]. The limitation of this nanocomposite system re-

F ) before o.
T

ig. 7.3. TEM images of gold nanorod-coated silica particles (270 nm
he scale bar is 100 nm.
(a) and after further growth with silica. The outer shell thickness is abut 30 nm
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sides in the fact that alignment is not reversible, which could
be achieved if flexible polymers were used as substrates.

8. Applications

Since the synthesis of gold nanorods in decent yield and
monodispersity has been developed comparatively recently,
only a few papers have been published related to their appli-
cations, but great possibilities have been pointed out. Meyer
and co-workers have recently reviewed the biological appli-
cations of high aspect ratio nanoparticles, mainly including
those related to gold nanorods and nanotubes, developed by
Martin and co-workers[182]. Specially interesting are their
works related to chemical separation and sensing using gold
nanotube membranes, through the control of pore size of the
nanotubes as well as their surface modification[183,184].

Other applications are directly related to the optical prop-
erties of the nanorods. For example, the sensitivity of the
plasmon resonance frequency toward the refractive index of
the surroundings makes them suitable candidates for bio-
logical sensing applications[185]. On the other hand, the
polarization-dependent response can be extremely useful in
applications such as displays or encoding security systems
[178]. A further refinement of this type of applications is re-
lated to the thermal sensitivity of the nanorods (see Section
6 d
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