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Abstract

This article provides an overview of current research into the synthesis and properties of gold nanorods. Interest in rod-shaped nanoparticle
stems 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 sampl
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 alsc
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 This review will focus on the latest advances in the
chemical synthesis of metal nanorods, in particular of gold
Nanoscience is the exploration of materials on nanometer nanorods, as well as their properties and some applications.
lengthscales. The wet-chemical synthesis of such novel ma-These particles are primarily interesting from the point of
terials is a field at the crossroads of conventional inorganic view of their optical properties, which strongly depend on
cluster chemistry and classical colloid chemistry. These new both the particle size and shape. Such optical properties are
materials will lay the foundations for a whole set of techno- related to the interaction between the metal conduction elec-
logical developments which are commonly termed nanotech-trons and the electric field component of incident electro-
nology, and that have in common the use and manipulation magnetic radiation, which in the case of a few metals, such
of objects with at least one dimension in the nanometer size as gold and silver, leads to strong, characteristic absorption
range (typically 1-100 nm). Although quite a few approaches bands in the visible part of the spectrum, and in turn to un-
have been developed for the creation of such objects, wetusual bright colors, not observed in the bulk material. The
chemistry promises to become the preferred choice, becauseéasic elements of the theory behind this phenomenon are de-
of its relative simplicity and use of inexpensive materials. The scribed in Sectior2, since the optical spectrum is directly
aim of such synthesis is generally the preparation of various correlated to the aspect ratio of the particles. Consequently,
kinds of nanoparticles of controlled composition, shape and the formation of nanorods in solution can be easily moni-
size, so that the influence of particle radius on the physical, tored using standard UV-vis—NIR spectroscopy, which en-
chemical, optical, electronic and catalytic properties of the ables the mechanism behind the growth of these particles
material can be studied and correlated with modern quan-along a preferred orientation to be investigated. The cur-
tum theory. To date the most widely studied nanoparticles rent synthetic methods are then thoroughly described, in-
have been those made of metals, semiconductors and mageluding a review of the structural characterization that has
netic materials. Once size control and monodispersity havebeen performed on them. Sectirdescribes experiments
been reasonably achieved, the next level of sophisticationon surface modification of gold nanorods, as well as the in-
is shape control, i.e., synthesis of non-spherical nanoparti-fluence of surface-active compounds on the rod properties,
cles where not only the size, but also other topological as- while Section6 focuses on ultrafast optical studies of the
pects can be controlled through judicious choice of experi- mechanical properties of nanorods and the physical effects
mental conditions and additives. For example, materials may of irradiation with intense laser beams. Sectibsumma-
be fashioned as rods, tubes or concentric core-shell struc-rizes the few reports available on the incorporation of gold
tures, as hollow capsules or alloys. To move beyond conven-nanorods within solid matrices to form nanocomposites, and
tional spherical growth, additives are used which bind to the finally, Sectior8 briefly describes some applications for these
nanoparticle surface. Such “coordination chemistry” between materials.
surfactants, ligands, adsorbates, passivants, chelating agents
or polymers and nanopatrticle surface atoms is of fundamental
importance in achieving shape control. To date, the specific
mechanisms governing morphology and geometry control 2. Optical properties of metal nanorods
over particle growth are still far from being well understood,
this is expected to stimulate considerable the research over In this section, we review some of the key attributes of
the next decade. It is immediately apparent that such basicnon-spherical particles. An understanding of the basic optical
studies of crystal morphology will lead to models for the more propertiesis important for several distinctreasons. On the one
complex processes involved in biomaterial synthesis and thehand, small particles may have electronic, crystallographic,
development of sophisticated skeletal architecture in living mechanical or catalytic properties that are different to the
systems. bulk material. Such differences may be probed through op-
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tical measurements. Secondly, spectroscopic measurementa&here

are often the easiest methods for monitoring surface processes JEm

such as dissolution and precipitation, adsorption and electronk = ZnT, (2.4)

transfer. For example, there is currently strong interest in

pushing analytical chemistry towards single molecule detec- anda, andb, are the scattering coefficients, which are func-

tion and identification. This could be feasible using surface tions of the particle radius andin terms of Ricatti-Bessel

enhanced Raman spectroscopy of molecules on anisotropidunctions. The extinction cross-section of a particle is often

metal surfaces, and various geometries for achieving this havenormalized to give the extinction cross-section per unit area:

been proposed. Furthermore, there is growing recognition of Coxt

the opportunity to build nanoscale designer materials using Qext = ZR2

“bottom-up” assembly. If nanocrystals of any specific geome-

try could be grown then itis conceivable that optical materials ~ Conventionally, chemists measure the extinction coeffi-

could be designed from scratch. Photonic devices could becient of a solution in units of M*cm™*, where the concen-

created from molecular growth reactors. tration is the molar metal atom concentratlon For particles
This particular section isintended only to provide the foun- ©Of radiusR (cm), this quantity is related @Qex: by:

dation for interpreting experimental data included in Sections 3% 10°3V.

3-7.Comprehensive reviews of the optical properties of metal &(M~tcm™1) = 3x 10 "VmQext

particles are given in arange of texts and journals that discuss (4 x 2.303R)

electromagnetic theory, size effefts-3], the light scattering  where Vy, (cm® mol1) is the molar volume of the metal.
features or the surface chemical perturbatidihsTextbooks  Bohren and Huffman provide various approximations that
giving thorough treatments include those by van der Hulst may be used instead of the full series expan$7Qn|n par-

[5], Kerker[6] and Bohren and Huffmafv]. More recent ticylar, for very small particles wheteR< 1, only the first
work has involved the development of robust numerical so- few terms are important in these equations.

lutions to the light scattering and extinction by non-spherical

(2.5)

(2.6)

structures including 2D array§]. The review by Kelly et~ _ Ci23mP -1 i2x® (m® - 2)m? - 1)
al. provides an excellent overvigi®], while computational ! 3 m242 5 (m2? + 2)2
aspects are covered by several autlipds-12] 2
j4x5 -1
+o 5 [ r 2} + o) 2.7)
2.1. Absorption by small metal spheres
We are concerned with solutions containing small i2x5 m?—1 + o0 2.8)
nanocrystals. These particles do not sediment and the solution 127 7715 2m2 +2 '
is optically and spatially homogeneous. In a dilute colloidal 5
solution containingN particles per unitvolume, the measured p; — _7(m 1)+ 0(x7) (2.9)
attenuation of light of intensitlp, over a path lengtkcm in
a spectrophotometer is given in differential form as: by = O(x7) (2.10)
di(x) NCorl 21 Herem s the refractive index of the material relative to the
de e () (2.1) medium, i.e.m=n/npegandx=KkR= 2rNmedR/A. If we retain

just the first term irag, then Eq(2.3) becomes:
which shows that the rate of loss of photons is proportional to

the lightintensity at distanceinto the medium, and also to the B 2472 R332 &
n_umber density of light extinguishing particles. Integration &~ A (¢ + 2em)? + &2
gives the solution absorbance:

(2.11)

This equation can also be obtained by purely electrostatic
_ lo  NCex 05 arguments, and a succinct deriyation is given elsem@é}je
00107~ 109 ~ 2.303 (2.2) Note thatCey; scales a3, while the number density de-
creases a&° for a given amount of colloidal material. Hence,

whereCeyis the extinction cross-section of a single particle. the molar absorption coefficient is independent of particle
For spherical particles with a wavelength-dependent dielec- Size. This is borne out for particles in the range up to about
tric functione(r) =&'(A) +ig” (1), embedded in a medium of 30nm, where scattering begins to be significant. For very
dielectric functionsm, Cex: is given by[5—7]: small particles, <5—10 nmin diameter, the material properties
themselves change, and this results in changes to the dielec-
2 tric function,e(1), and hence to the colloid optical properties.
Cext = 2 Z (2n + 1)Refan + bn} (2.3) A curious feature of Eg(2.11)is that there is no absorption
n=1 if ¢/ =0 but there is also no absorptioreif = co. In the first
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case, the particle is simply non-absorbing, while inthe second be seen later, electron microscopy reveals that most nanorods
case, it reflects all incident radiation. are more like cylinders or sphero-capped cylinders than ellip-

Mie was able to explain some of the anomalous and strik- soids. However, an analytical solution for such shapes is not
ing colors exhibited by small metal particles, particularly possible. Solutions have been found for the case of an infi-
those of gold or silvef14]. In these measurements, it is as- nite cylinder and for oblate and prolate ellipsoids. Ruppin has
sumed that the refractive index and absorption coefficient of published a number of studies into light scattering by finite
the dispersed particles are known. These are usually gleanedlielectric cylinderg17,18], while Fuchs has provided nu-
from reflection measurements on pure thin films in vacuum merical solutions for the modes of a cube-shaped nanocrystal
[15]. [19]. In the same article, he provides a method for numeri-

The reason that metals exhibit such strong optical effects cal solution to the general problem of modes in non-spherical
is due to the dynamic response of the electrons. The dielectricparticles via a surface integral technique, which appears to be
function is related to the complex refractive indexthrough an alternative to the discrete dipole approximation (DDA) ap-
e(1) = (n+ik)2. For metals, the dielectric function typically ~ proach. Numerical methods, especially the T-mg@iX 21]

takes the form: and DDA techniqud11,22,23]have been applied to small
52 particles. Schatz and co-workers have recently reviewed this
g (Z) = ¢&(0) — 2 (2.12a) approacH9].
p Because of the difficulty in preparing non-spherical sam-
, A2 + A(Z,) plgs, little e_xperimental work to support Gans formulatiop
g'(\) = BV (2.12b) existed until the 1950s. In the 1960s, Stookey and Araujo
pid [24] stretched glasses containing small silver spheres. The

The first term in Eq(2.12a)is the short wavelength di- ~ small particles were aligned in the molten glass to form neck-

electric constant, which subsumes all UV absorption bands. laces, which exhibited red-shifted absorption spectra. Other
work involved thermally evaporating silver or gold through

21c 4722 me, angled masks to create small, anisotropic, 2D layers of metal

Ap = ch =\ TNz (2.13) on glass substrates. More recently, it has become possible to
chemically prepare small gold rods (see SecBpnin ex-

The plasma wavelength,p, is characteristic for each  plaining the optical properties of these small rods, it has been

metal, and is a function of only the electron densyand ~ common to treat them as ellipsoi@5—28] which allows the

the effective mass of electrons, in the materialiq is the Gans formula to be applied. The polarizability of an ellipsoid
damping constant of the conduction electrons. Surface plas-is given by:

mon absorption due to the confined excitation of conduction

electrons in small particles occurs because the dielectric func-g, g = 4reabe(epu — em) (2.15)
tione()) can take negative values, leadingtopolesinthevalue =~ 3em + 3Ly, y.z(¢Au — &m)

of a;. The position of the s_urface plasmon absor_ptior_1 band Herea, b andc refer to the length of the ellipse along the
of small gold spheres is given to a good approximation by y andzaxes &>b=0), ea, the dielectric function of Augn,

the condition: the dielectric constant of the medium at optical frequencies
g1 = —2em. (2.14) andLyy is the depolarization factor for the respective axis,
which is given by:

Here, em = n2,,4 is the dielectric function of the (non-

absorbing) solvent, ang, is the real part of the dielectric _1- & <_1+ 1In1+6) .

function of the metal at that energy or wavelength. Previ- "~ ¢2 2¢ 1—¢)’

ous work suggests that the dielectric data obtained from 1—L,)

reflectivity measurements on bulk metal may be in error Ly, = —F—— (2.16)

by about 1-3%. Such small errors are inevitable from the 2
Kramers—Kronig analysis, but the predicted surface plasmonHere, e is the rod ellipticity given bye? = 1—(b/a)2. For a
band position may consequently be in error by up to 10 nm. spheree=0 andL = 1/3. The polarizability is related directly
to the extinction of light byCey: = kl(e) (Fig. 2.3).
2.2. Absorption by small metal ellipsoids These equations provide the stimulation for much of the
subsequent experimental work on the growth and synthesis of
In 1912, Gans predictdd6] that for very small ellipsoids,  gold and metal rods. The implication is clear. If the material
where the dipole approximation holds, the surface plasmon growth parameters can be controlled, materials with tunable
mode would split into two distinct modes. This is a conse- absorption spectra can be synthesized. Given that metals are
quence of the surface curvature, which determines classicallygenerally photostable, unlike semiconductors, there should
the restoring force or depolarization field that acts on the be many applications for such materials in optics, thin films
confined conduction electron population. He quantified the and coatings. Oriented ellipsoids and cylinders should ex-
response as a function of the ellipsoid aspect ratio. As will hibit strong, polarization-dependent optical spectra. Finally,
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Dielectric Function of Gold-Interpolated from Weaver et al.
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Fig. 2.1. Depolarization of a prolate spheroid vs. eccentriejiglong the major axix and the two equivalent minor axgsandz (left). The real and imaginary
parts of the dielectric function of bulk gold (right).

the successful chemical growth of small rods and cylinders  Calculated spectra for ellipsoids in different media are
may signal the advent of systematic fabrication of nanowires shown in Fig. 2.6 As can be seen the shifts are quite
and even electronic circuitry through wet-chemical dramatic. The gold nanorods are extremely sensitive to the
processing. dielectric properties of their environment. The calculations
predict stronger shifts than are observed experimentally. The

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 factdrin Eq.(2.16)versus the value
of the dielectric function at the peaki@. 2.9.

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 fronefez-Juste et a[29] are
shown inFig. 2.3

Small changes in aspect ratio lead to drastic changes in
transmitted colors as seen in the sampldsign 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 Eq&.15)and(2.16) led
El-Sayed and co-workers to propd&F] that the water lay-
ers around the rods were polarized and had a substantially
higher refractive index than water. Yan et[80] pointed out
that their analysis contains a mathematical flaw; yet even so it
is clear that the discrepancy needs to be explained. From the
micrographs shown below, one explanation is that cylindrical -12
particles exhibit surface plasmon longitudinal (saf) bands ' ‘ T
red-shifted from those of similar sized ellipsoids.

elem

Fig. 2.2. Theratio of the dielectric function of the material to the medium for
different polarization factors. For a sphere, the single plasmon mode occurs
atelem=—2, corresponding th = 1/3. When the degeneracy is lifted, two
modes split out from this point. The transverse mode asymptotes towards
Gold nanorods change color when embedded in different L=1.0, giving a peak at the wavelength where the dielectric function of
solvents of varying refractive index. Typical experimental the metal is zero. This is the condition for surface plasmon excitation of an
data are shown in the left hand graphFdxg. 2.5 while the infinite surface slab. For Au, this is about 510 nm in water (as compared

iaht hand h sh lot of th K it to 520 nm for spheres) so the transverse band blue shifts only slightly as
rght hand graph shows a plot of th€ peak posItion VEISUS o 1,4s grow. Conversely, the longitudinal mode continues to slide to more

solvent ref'faCtive inqex- Note t.hat the peak absorption and negative values offsm, corresponding to longer wavelengths, according to
the peak width both increase afncreases. Eq.(2.16)

2.4. The effect of the refractive index of the solvent
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origins of this will be discussed later. From H.15) the

1100
enhanced sensitivity of gold rods over gold spheres towards
dielectric perturbations is readily understood.
1000 E
Arabe(epy — Em)
o = 2.17
0T Zem + 3Ly, y (A0 — £m) (217)
900 I 3em + 3L(eau — &m) = 0 (2.18)
| 2
800 i em+ L &0 — F —em| =0 (2.19)
p
It follows that the peak position shifts according to:
700 —
1
32 =22 <s° + &m (Z - 1)) (2.20)
R N . s T As the eccentricity of the rods increases, the slope of the
Aspect Ratio dispersion curve increases. The longer the rod, the greater the

Fig. 2.3. Experimental plot of the surface plasmon longitudinal band posi- sen§|t|V|ty to refracm_/e m.dex effects on_ @,% T'hIS holds
tion vs. aspect ratio for pure gold rods in water. This linear correlation is Provided that the ellipsoid model remains valid. However,
fortuitous. Over large aspect ratio values, the Gans formula predicts a slow such long rods will necessarily absorb in the IR, so that the

curvature. Furthermore, retardation effects and radiation damping becomecolor effect will be less apparent to the observer.
more prominent for larger aspect ratios. These effects are notincluded in the

basic ellipsoid model.
P 2.5. The effect of a shell layer

To tackle some of the key optical effects observed during
"4 - synthesis and measurements of chemically fabricated metal
: nanorods, we can consider some simple modifications to Egs.
(2.10)2.16) In particular, the effect of a dielectric shell is
important. Eq(2.15)can be modified in the case of a small
coated ellipsoid in the electrostatic limit. The polarizability
is then given by:

((e2 — em)le2 + (e1 — €2)(LEore — fLgpen!
+ fea(e1 — €2))
([e2 + (e1 — e2)(Lcore — fLghewllem
+(e2 — Sm)Lgheu]gZ(sl — £2))

=Y X

(2.21)

Fi0. 2.4. The color of aold rods and th ] ) b, The col Here score@ndeshe) are the dielectric function of the core and
19. 2.4. The color of gold rods and the respective micrographs. The color oo components of the ellipsoiéy is the real dielectric
changes take place for very small changes in mean aspect ratio. . .
constant of the non-absorbing mediugere and Lghe) are

800-
¥=523.21013+159.83x .
750 -t

-

o]

toluene
chloroform

~-THE

QSPmbﬂmd/ nm
L (=]
T 2

Absorbance

400 500 600 700 800 900 1000 1100 10 12 14 16
A/ nm Refractive Index

Fig. 2.5. Experimental spectra of gold nanorods in different solvents (left) and change in the longitudinal plasmon band position with refexafiighi.
To obtainn=1, the particles were coated on glass. However, the effective refractive index for small particles in air supported on glass is approximately

Nt = (Mair + nglasQ/Z ~1.25.
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: Au Nanorods A =3.5
800
\ 700

- Aéz&

0.0 = >
500 550 600 650 700 750 800 850 900 oo
Wavelength nm K

0.3

0 11 12 13 14 15 16
Refractive Index

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. Treeticis a d
red-shift with increasing solvent polarizability. The peak in extinction coefficient occurs because at longer wavelengths, there is increasing elaarise
in the value of”, seeFig. 2.1

the depolarization factors for the core and shell, respectively, show calculated spectra for a silica-coated gold rod in wa-
V = 4rraghelbshellCsheld3 IS the volume of the coated particfe,  ter. The rod has dimensions 12 ni80 nm. The calculation
is the volume fractioBcorebcoreCeore/@shelDshelCshell0CCUpied shows the shift in SPL for 2, 4, 6 and 8 nm silica shells with
by the inner ellipsoid. WheRcore=esnhel, We recover Eq. an assumed refractive indexof 1.5.
(2.15)as expected.

The effect of the thin non-absorbing shell is similar to the 2.6. Orientation effects
effect of immersion in a medium with the same refractive
index, and the origin of the spectral shift is similar. Because  Since the longitudinal and transverse localized plasmon
of the sensitivity of the surface plasmon resonance to bothresonances of gold nanorods are basically independent of
geometric and dielectric effects, particles in which there can each other, they can be selectively excited by using light po-
be selective deposition or dissolution of a coating layer have larized with the oscillating electric field parallel and perpen-
promising applications as sensors. The peak position changeslicular to the long axis of the rod, respectively. Experimen-
perceptibly even for thin shells. Any shell layer with a differ- tally, this effect can only be studied if all rods are oriented in
ent refractive index to the embedding medium will cause a the same direction, so that they respond equally to light with
shiftin the surface plasmon transverse and longitudinal modethe same polarization, which can be realized through exten-
positions. For example, an antibody functionalized gold rod sion in polymer filmg32]. Assuming the particles are small,
will respond to the presence of the corresponding antigen the extinction coefficient of the film should be given by:
through a red-shift in the plasmon mode, since the antigen
will hzgve ahigher refractivepindex than water. However, thgre Cext = kIm{o (1 — cos'(6)) + e (Cos'(9))) (2.22)
are other reasons for synthesizing core-shell nanorods. Inor-  Typical calculated spectra for such a film as a function of
der to stabilize gold rods against coalescence, and to facilitatethe polarization of the incident light are shownfig. 2.8
dispersion and orientation in polymers, glasses or non-polar  \When the incident beam is polarized parallel to the long
solvents, silica coating is particularly useful.Fig. 2.7, we axis of the rods (), only the longitudinal surface plasmon

660 1.105

Au rods (12nm x 30nm) in water

1.105- g
—2 ili
650 12+4dg g nm syiea \
104 — — 4 nm silica \ |
-—- 6nmsilica . L
10 nm silica ! \ |

6.10%-

?h 4
12nm 4.1 04
2.104

~— 1

0 1 1 1
4 § 5 500 550 600 650
Silica Shell Thickness, d ., (nm) Wavelength nm

— 15 nmsilica

640
30 + dgpen

/

630

Fig. 2.7. Calculated spectra for a gold rod in water. The rod has dimensions £30mm. The calculation shows the shiftin SPL for 2, 4, 6, and 8 nm silica
shells with an assumed refractive indexaf 1.5. Dielectric data from Weaver et §81]. Bulk gold assumed.
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J EJ ! material quality. Each new method is also accompanied by a
0.15F Au Rods Aspect Ratio = 4 in water 4 . e .
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-workef33—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 varie[25,36] Initially, the template method
was employed to prepare microscopic electrodes by deposit-
ing Au on a polycarbonate membrane using electrochem-
ical plating methodqd37]. Subsequently, the method has
Fig. 2.8. Calculated spectra of vertically oriented gold nanorods with aspect P€€n applied not only to the synthesis of nanocomposites
ratio of 4.0 in water. The spectra are calculated for various angles, and showbut also to the redispersion of the template-synthesized gold
that there is an isosbestic point at about 530 nm. nanorods into watef38]. Alternatively, the rods could be

dispersed into organic solvents through the dissolution of

is excited, and thus only the band at 645nm is observed.the appropriate membrane followed by polymer stabilization
Conversely, for light polarized perpendicular to the long axis [39].
(90r), the SRyng band is completely removed and only the Schematically, the method can be explained as follows:
transverse mode is excited. For intermediate angles, contri-initially a small amount of Ag or Cu is sputtered onto the

0.05

0.00

500 600 700
Wavelength nm

butions of both modes exist, as defined by &322) which alumina template membrane to provide a conductive film
is confirmed by the presence of an isosbestic point at aboutfor electrodeposition. This is then used as a foundation onto
530 nm. which the Au nanoparticles can be electrochemically grown

(stage | inFig. 3.1). Subsequently, Au is electrodeposited
within the nanopores of alumina (stage Il). The next stage
3. Synthesis and mechanism for Au nanorod involves the selective dissolution of both the alumina mem-
formation brane and the copper or silver film, in the presence of a poly-
meric stabilizer such as poly(vinylpyrrolidone) (PVP) (lll
We now examine the three main methods used to pro-and IV in theFig. 3.1). In the last stage, the rods are dis-
duce gold rods through wet chemistry. Chronological order persed either in water or in organic solvents by means of
is followed, which in turn implies successive improvementin sonication or agitation.

BT I v
V1 LA SRR ¢ - -
g IR N

1

Fig. 3.1. (aand b) FEG-SEM images of an alumina membrane. (c) Schematic representation of the successive stages during formation of goldthanorods via
template method. (d) TEM micrographs of gold nanorods obtained by the template method. Reprinted with permission from[&Sererz@00 American
Chemical Society.
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(a) €

Fig. 3.2. (a) Schematic diagram of the set-up for preparation of gold nanorods via the electrochemical method containing; VA, power supplyai®, glassw
electrochemical cell; T, teflon spacer; S, electrode holder; U, ultrasonic cleaner; A, anode; C, cathode. (b) TEM micrographs of Au nanorodeewith diff
aspect ratios 2.7 (top) and 6.1 (bottom). Scale bars represent 50 nm. Reprinted with permission fA%h @f1999 American Chemical Society.

The diameter of the gold nanoparticles thus synthesized cosurfactant. The {gTAB serves not only as the supporting
coincides with the pore diameter of the alumina membrane. electrolyte but also as the stabilizer for the nanopatrticles, to
This means, that Au nanorods with different diameters can prevent their further aggregation. The electrolytic cell con-
be prepared by controlling the pore diameter of the template taining the mixed solution is then placed inside an ultrasonic
[40,41] The length of the nanorods can be controlled through bath at 36 C. Before the electrolysis, appropriate amounts of
the amount of gold deposited within the pores of the mem- acetone and cyclohexane are added into the electrolytic solu-
brane[28]. tion. Acetone is used for loosening the micellar framework fa-

Similar techniques, though using different membranes, cilitating the incorporation of the cylindrical-shape-inducing
have been successfully applied to the synthesis of gold nan-cosurfactant into the {gTAB micelles, and cyclohexane is
otubes[42-44] and nanostructured composites, including necessary for enhancing the formation of elongated rod-like
tubular composites, which comprise coaxial nanotubes madeC;6TAB micelles[51]. A controlled-current electrolysis is
of different material$45—-48] The fundamental limitation of  used throughout the process with a typical current of 3mA
the template method is the yield. Since only monolayers of and a typical electrolysis time of 30 min.
rods are prepared, even milligram amounts of rods are ardu- During the synthesis, the bulk gold metal anode is initially
ousto prepare. Nevertheless, many basic optical effects couldconsumed, forming AuBr . These anions are complexed to

be confirmed through these initial pioneering studies. the cationic surfactants and migrate to the cathode where re-
duction occurs. It is unclear at present whether nucleation
3.2. Electrochemical methods occurs on the cathode surface or within the micelles. Sonica-

tion is needed to shear the resultant rods as they form away
An electrochemical route to gold nanorod formation was from the surface or possibly to break the rod off the cathode
first demonstrated by Wang and co-work{2§,49] Their surface. Another important factor controlling the aspect ratio
approach extended previous studies on the electrochemicaPf the Au nanorods is the presence of a silver plate inside the
synthesis of transition metal clusters within reverse micelles €lectrolytic solution, which is gradually immersed behind the
in organic solvent systenjS0]. The method provides a syn-  Ptelectrode. The redox reaction between gold ions generated
thetic route for preparing high yields of Au nanorods. from the anode and silver metal leads to the formation of sil-
The synthesis is conducted within a simple two-electrode- ver ions. Wang and co-workers found that the concentration
type electrochemical cell, as shown in the schematic Of silver ions and their release rate determined the length of
diagram in Fig. 3.2 A gold metal plate (typically the nanorods. The complete mechanism, as well as the role
3.0cmx 1.0cmx 0.05cm) is used as a sacrificial anode Of the silver ions, is still unknown.
whilst the cathode is a platinum plate with similar dimen-
sions. Both electrodes are immersed in an electrolytic so- 3.3. Seeded growth method
lution containing a cationic surfactant, hexadecyltrimethy-
lammonium bromide (gTAB), and a small amount of a Seeded growth of monodisperse colloid particles dates
much more hydrophobic cationic surfactant, tetradodecylam- back to the 1920s. More recently, the use of seeds to make
monium bromide (T@AB), which acts as a rod-inducing more monodisperse metal nanoparticles has been reported
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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 permissior
from ref.[61]. © 2001 American Chemical Society.

by various author§s2,53] Natan and co-workers proposed approaches performed in the absence or in the presence of
a seed-mediated approach to grow preformed, spherical goldsilver nitrate. As discussed below, it now seems that silver
nanoparticles in solution, based on the gold colloid surface- nitrate affects not just the yield of gold rods, but also plays a
catalyzed reduction of A by hydroxylamine (a weak re-  role in determining crystal structure, morphology and optical
ducing agent that favors the reduction of Au ions at metallic properties.
surfaces). Alternatively, seeds could be grown using sodium
citrate as a reductaf$4-56] producing Au nanoparticles  3.3.1. Synthesis without AgNO
with diameters between 20 and 100 nm of improved monodis- ~ Murphy and co-workers were able to synthesize high as-
persity relative to the original Frens methf@el]. These au-  pect ratio cylindrical nanorods using 3.5-nm gold seed parti-
thors already pointed out that iterative hydroxylamine seed- cles prepared by sodium borohydride reduction in the pres-
ing leads to the formation of a distinct population (5-10%) ence of citrate, through careful control of the growth con-
of colloidal gold rod455]. ditions, i.e., through optimization of the concentration of
Jana et al. studied the growth of citrate stabilized gold C,5TAB and ascorbic acid, and by applying a two- or three-
nanoparticles (12nm) by the seed-mediated method usingstep seeding process ($&g. 3.3. The yield of the nanorods
a wide range of reducing agents and conditifsig. They thus synthesized is ca. 4fi]. The long rods can be concen-
showed that even in the presence of seeds additional nucletrated and separated from the spheres and excess surfactant by
ation takes placs8]. Additional nucleation can be avoided centrifugation. Later, the same group reported an improved
by controlling critical parameters such as the rate of addition methodology to produce monodisperse gold nanorods of high
of reducing agent to the metal seed and metal salt solutionaspect ratio in~90% yield[62], just through pH control. In
and the chemical reduction potential of the reducing agent. the new proposed protocol, the pH of the growth solution was
A step-by-step particle enlargement method also allows achanged from 2.8 to 3.5 and 5.6, which led to the formation
large seed to metal salt ratio to be maintained throughout of gold nanorods of aspect ratio 18:81.3 and 20.2-1.2,
successive growth stefs7]. Using this approach, Murphy  respectively. The newer procedure also, resulted in a dramatic
and co-workers were able to prepare spherical particles in aincrease in the relative proportion of nanorods and reduced
size range 5-40 nm with relatively uniform s{89]. The pri- the separation steps necessary to remove smaller particles.
mary nuclei were 3.5 nm gold seeds prepared by borohydride  The mechanism of formation of rod-shaped nanoparti-
reduction of gold salt in the presence of citrate as capping cles in aqueous surfactant media remains unclear. Based on
agenf60]. The growth steps were carried out in aqueous sur- the idea that gsTAB absorbs onto gold nanorods in a bi-
factant media. Secondary nucleation during the growth stagelayer fashion, with the trimethylammonium headgroups of
was inhibited by carefully controlling the growth conditions, the first monolayer facing the gold surfdé8], Murphy and
and in particular by using ascorbic acid as a weak reducing co-workerg64] proposed that the GTAB headgroup pref-
agent, that cannot reduce the gold salt in the presence of theerentially binds to the crystallographic faces of gold existing
micelles if the seed is not present. along the sides of pentahedrally twinned rods, as compared
By controlling the growth conditions in aqueous surfac- to the faces at the tips (see Sectityn The growth of gold
tant media it was possible to synthesize gold nanorods with nanorods would thus be governed by preferential adsorption
tunable aspect ratio. It was found that addition of AGN® of C16TAB to different crystal faces during the growth, rather
fluences not only the yield and aspect ratio control of the gold than acting as a soft micellar templ46]. The influence of
nanorods but also the mechanism for gold nanorod formation C,TAB analogues in which the length of the hydrocarbon
and correspondingly its crystal structure (see Sectjort tails was varied, keeping the headgroup and the counterion
this point, it is thus convenient to differentiate seed-mediated constant was also studig¢és]. It was found that the length
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Fig. 3.4. Schematic representation of “zipping”: the formation of the bilayer®AB (squiggles) on the nanorod (black rectangle) surface may assist nanorod
formation as more gold ions (black dots) are introduced. Reproduced with permission frg@sye® 2003 American Chemical Society.

of the surfactant tail is critical for controlling not only the the yield of rods. As expected, the lower the amount of seed
length of the nanorods but also the yield, with shorter chain added the higher the aspect ratio of the nanorods formed. The
lengths producing shorter nanorods and longer chain lengthsincrease in the aspect ratio implies a red-shift of the longitu-
leading to longer nanorods in higher yields. Considering the dinal plasmon band (as explained in Sect®nseeFig. 3.5
preferential adsorption of {gTAB to the different crystal Perez-Juste et al. proposed an electric-field-directed
faces in a bilayer fashiof63-66] a “zipping” mechanism  growth of gold nanorods in aqueous surfactant soluti28k

was proposed taking into account the van der Waals interac-The proposed mechanism is based on a series of observations
tions between surfactant tails within the surfactant bilayer, on related to the binding of the gold salt ions to the cationic
the gold surface, that may promote the formation of longer micelles:

nanorods from more stable bilayers ($ég. 3.4 [65].

Recently, Brez-Juste et al. investigated the factors affect- (a) The yield of rods improves with increasing colloidal sta-
ing the nucleation and growth of gold nanorods under simi- bility of the seeds, hence dimers or coalescence are not
lar conditiong29]. They showed that when temperature and precursors to rod formation.

C16TAB concentration are reduced, it is also possible to syn- (b) Bromide ion is much better than Chs a rod-inducing
thesize short aspect ratio (between 1 and 6) gold nanorods  agent in the presence of,TA*. As the length of the

with a yield up to~50%. The control of the aspect ratio, as surfactant tail, @, increases the yield and the aspect ratio
well as the monodispersity and the yield were demonstrated  of the nanorods are increagé®]. The addition of NaCl,

to be influenced by a number of factors, such as the stabil-  NaNQ;s, or NaBr reduces the aspectratio of the nanorods,
ity of the seed, temperature and the nature and concentration the effect being similar for each ion. An increase in the
of surfactant. The yield of nanorods prepared fropgT&\B ionic strength produces a decrease in the yield of rods.
capped seeds is much higher than that from naked (or citrate(c) Under optimal conditions, the aspect ratio can be con-
stabilized) seeds (sé8g. 3.5. This indicates that the more trolled through seed to HAuglatios, since there is little

colloidally stable the gold seed nanoparticles are, the higher  nucleation of new particles. An increase in the amount of
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Fig. 3.5. UV—vis—NIR spectra of gold nanorods prepared with citrate capped (A) aTAB capped (B) gold seeds. Reproduced with permission from ref.
[29]. © 2004 Wiley-VCH.
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Fig. 3.6. Mechanism for gold nanorod formation. The transport of the gold ions bound tagR&BCmicelles to the growing seed particles is controlled by
the double layer interaction. Reproduced with permission fron{26f. © 2004 Wiley-VCH.

seed solution added means a decrease in the aspect ratiayCl,~ + e~ = 2AW + 2CI~

of the rods.

Both AuCl,~ and AuCh~ are quantitatively adsorbed
to C16TAB [67]. The optimal GeTAB:HAuUCI,4 concen-
tration ratio is in a narrow window since precipitation
of C16TAB—HAUCI, occurs at <10:1 ratios. This can

(d)

be avoided by increasing the temperature. However, the
yield of rods decreases gradually at higher temperatures.

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

rate of growth.

In the presence of GTAB, ascorbic acid reduces Auto
Au' via reaction(3.1). However, no colloidal gold is formed,
i.e., disproportionation of AuGt—Cy6TAB does not occur
(reaction(3.2)). In fact, it is possible to prepare solutions
of AuCl,~—Cy14TAB by adding HAuC} to colloidal gold in
the presence of {TAB [68]. Consequently, the reduction

(3.3)

AuCly™ — CTABpmic + Auy = Aug+1 — CTABmic

+ CTABmic + 2CI™ (3.4)

During the typical microelectrode-type depositifd®],
electrons are transferred to the gold particle while adsorbed
AuCl,~ ions may pick up electrons at any favorable adsorp-
tion site. Usually spherical growth is obtained under these
circumstance$54,69], but in the case of (gTAB contain-
ing solutions, the gold seeds are encapsulated;yTAB,
and the gold ions are likewise bound tesTAB [67]. The
Zeta potential of @sTAB micelles and the g TAB-coated
gold surfaces are both around +90 nfix0]. It was postu-
lated that the rate of nanorod formation is determined by the
frequency of collisions of AuGI~ laden cationic micelles
with the cationic gold seed particles (deig. 3.6. This in-
teraction will be controlled by the electrical double layer in-

of Aul can proceed through electron transfer at the Surfaceteraction between micelles and gOId nanorods. The rate of

of the electron-rich gold seeds (reacti¢h3)). In the pres-
ence of GgTAB, the reduction can be described by reaction
(3.4).

AuCls~ +2e = AuCl,™ +2CI~ (3.1)
3AuCl~ = AuCls~ + 2AW° +2CI;
K = 155x10’ (3.2)

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 ellipsdi&9]. These calcula-
tions showed that the potential decays more rapidly near the
tip, which means that it will be easier for a micelle to ap-
proach to a given distance at the tip rather than from the sides
of the rods. The initial change in morphology could only be
explained assuming that a stacking fault or twinning plane in
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Fig. 3.7. UV-vis—NIR spectra of nanorod solutions before and after shape separation. Concentration of gold is the same in both solutions and equal to
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1.25x 10~*M (left). TEM image of shape separated short nanorods (aspect+4tRD) (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 afsAu nanoro
synthesized in the presence of silver nitrate (right). Adapted with permission froni8&fsaand[82], respectively. © 2001 and 2002 American Chemical
Society.

the seed should be present to create an initial electric fieldmetal salt, as indicated in the spectraFag. 3.8 The pres-
asymmetry. ence of the seed particles is still crucial in the growth process,
These relatively monodisperse gold nanorods can be sep-and there is an increase in aspect ratio when the concentration
arated from small size spheres by centrifugation but this sep-of seed particles is decreased.
aration method is not successful for rods and spheres with  The mechanism by which Agions modify the metal
similar sizes. Other separation methods, such as size selechnanoparticle shape is not really understood. It has been hy-
tive precipitation and extraction methods, commonly used to pothesized that Ay adsorbs at the particle surface in the
separate mixtures of different size nanospheres (in the sizeform of AgBr (Br~ coming from GgTAB) and restricts the
range 1-10nm}71,72], do not work for nanorods because growth of the AgBr passivated crystal facf84]. The possi-
of their larger sizes. Shape separation based on nanoporousility that the silver ions themselves are reduced under these
filters also fails because the short axis of the nanorods andexperimental conditions (pH2.8) can be neglected since the
spheres have similar diameters. Wang and co-workers usededucing power of ascorbate is too positive at low [8d].
size exclusion chromatography to separate nanorods fromAs shown inFig. 3.8 the presence of silver nitrate induces
spheres but only a partial separation was posgit8¢ An formation of short gold nanorods with a needle-like shape, in
exciting prospect is the phase separation technique devisedontrast to the spherical capped ends of high aspect ratio rods
by Jana for the isolation of single size nanorods from a mix- synthesized in the absence of A@Fig. 3.3 and in multistep

ture of rods, spheres and plates with different §f28. Sep- synthesis. This shape effect depends not only on the presence
aration is achieved through surfactant assisted ordering ofof AgNQOg, but also on the nature of the seed solution.
nanorods in concentrated dispersions (Sge3.7). Theoret- Nikoobakht and El-Sayed developed a new variation of

ical and experimental studies have shown that ordered liquidthe seed-mediated growth method, where the drawbacks and
crystalline phases could be formed in concentrated disper-limitations of the earlier methods, such as formation of non-
sions of anisotropic colloid particldg5-79] In a concen- cylindrical nanorodsg-shaped particles and contamination
trated dispersion, gold nanorods form liquid crystalline, or- by spherical particles, were overcome essentially by the use
dered structurep0] and precipitate out of solution. Liquid  of C1gTAB-capped ratherthan citrate-capped s¢8dE This
crystalline ordering is enhanced through nanoparticle shaperesulted in the formation of 99% gold nanorods with aspect
anisotropy, resulting in different precipitation conditions for ratios, which could be tuned from 1.5 up to 5. The replace-
spheres, plates and short gold nanorods, so that conditionsnent of sodium citrate with {gTAB in the seed formation

can be manipulated for successful separatj@dg step produces small spherical particles (<4 fgd). Differ-
ences in yield and shape of the nanorods could be due to
3.3.2. Synthesis with AgNO the slightly different size of the {§TAB and sodium citrate

The presence of silver nitrate allows better control of the capped seeds, butit may also be attributed to a different crys-
shape of gold nanorods synthesized by the electrochemi-tal structure in the two kinds of seed particles. A detailed
cal method, and Murphy and co-workers proposed a vari- HRTEM analysis is needed to clarify this point.
ation of their initial procedure for long nanorof&l], in or- By simply adjusting the amount of silver ions in the growth
der to increase the yield of rod-shaped nanoparticles (up tosolution, a fine-tuning of the aspect ratio of the nanorods
50%) and to control the aspect ratio of shorter nanorods andcan be achieved, so that an increase in silver concentration
spheroidg81]. Under identical experimental conditions, a (keeping the amount of seed solution constant) leads to a red-
small amount of silver nitrate is added ¥510-% M) prior shift in the longitudinal plasmon band. There is, however,
to the growth step. The aspect ratio of the spheroids anda critical silver ion concentration, above which the aspect
nanorods can be controlled by varying the ratio of seed to ratio of the nanorods decreases ada#i. Interestingly, the
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constant. This effect has been attributed to a fast supply of
substrate to the seeds in the presence of a large excess of
reducing agenii86].

By adjusting the silver ion or gold seed concentrations
in this single-component surfactant;gTAB) solution, the
longitudinal plasmon band can be tuned up to 825nm,
corresponding to an aspect ratio e#4.5. To grow gold
nanorods with larger aspect ratios (>5), Nikoobakht and
El-Sayed proposed the use of a binary surfactant mixture
containing GsTAB and benzyldimethylammoniumchloride
(BDAC) [84]. Two different approaches have been proposed:
firstly, by changing the BDAC:&TAB 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

Fig. 3.9. UV-vis spectra of Au nanorods prepared in the presence of silver an initial fast growth stage that occurs over the first 1 h after

nitrate by the El-Sayed's protocol. The corresponding TEM images can be gddition. This is followed by a much slower growth step that
seen inFig. 2.4 Reproduced from ref85].

takes place over a week. The approach presents two main
disadvantages related to the ageing of the solutions, namely

aspect ratio can also be controlled by adjusting the amount ofthe low reproducibility and the formation of a large amount
seed solution added to the growth solution in the presence ofof spherical particles as the surfactant ratio is increased.
constant Ag concentratior{85]. Contrary to expectations,
an increase in the amount of seed produces a red-shift in thesurfactant ratio, has been used to ensure fewer nanospheres
longitudinal plasmon band position, as shownFig. 3.9
pointing toward an increase in aspect ratio. From the TEM (fast growth step), different amounts of growth solution are
images inFig. 2.4it can be observed that while the length of added gradually. These gradual additions result in a red-shift
the nanorods decreases slightly, the width decreases furthepf the longitudinal plasmon band position, which means that
with increasing concentration of seed ad{@%sl 86]

A similar trend is observed when the gold ion concen-
tration is increased86]. Nanorods with higher aspect ra-
tios could be obtained for gold ion concentrations up to presence of silver ions alters the growth kinetieg. 3.10
[Au3*] ~6.0x 10~* M. The concentration of ascorbic acid
has also been shown to influence the morphology, with de- growth, both in the absence (left) and presence (right) of sil-
creasing length and rod yield observed for increasing ascor-ver nitrate. In both cases, the seed-mediated growth kinetics
bic acid concentrations, when all other parameters are keptare slower than those in the absence gff@B [57]. In fact,
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A second approach, which employs a low BDAGETAB

are formed. After the first stage of the growth is completed

the length of the nanorods is increased each addition.
Before considering the possible growth mechanism in the
presence of silver nitrate it is interesting to study how the

shows the UV-vis spectra at different stages of the nanorod
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Fig. 3.10. UV-vis spectra (a) and position of the longitudinal plasmon band (b) at different stages of nanorod growth in the absence (left) agskincine pr
(right) of silver nitrate. Reproduced from ref29] and[86], respectively. © 2004 Wiley-VCH and American Chemical Society, respectively.
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C16TAB can retard the rate of gold reduction by a factor of 3.4. Other methods

100-1000. The time evolution of the spectra, as well as the

different crystallographic structures (see Secéprsuggest Other methods have been proposed to account for the for-
that the growth mechanisms are different. In the absence ofmation of gold nanorods. However, they only lead to low
silver ions, the position of the longitudinal plasmon band is amounts, with low reproducibility and much difficulty in ob-
clearly red-shifted as the gold ions are being reduced, mean-taining long rods in decent yields. We summarize here the
ing that the aspect ratio of the nanorods increases as longones we consider more relevant.

as there is gold salt precursor available. This is consistent Yang and co-workers developed a photochemical method
with the preferential growth of the particles at the tips, as for the synthesis of gold nanorof0], which is performed
discussed abo®2]. In the presence of silver ions, the lon- in a growth solution similar to that described for the electro-
gitudinal plasmon band is only apparent after 1 or 2 min, and chemical method26], in the presence of different amounts
surprisingly, it blue-shifts as the growth reaction proceeds. of silver nitrate and with no chemical reducing agent. Gold
Sau and Murphy studied this evolution, and found that the nanorod formation is induced instead by UV light irradia-
aspect ratio, and therefore the length, increases quickly, buttion. The aspect ratio increases when more silver ions are
then slowly decreases over time as a consequence of a fasteadded, and this is accompanied by a decrease in rod width,
increase in width86]. while in the absence of silver ions, spherical particles are

The mechanism in this case must be related to the presencebtained. Therefore, the possibility of a rod-like micellar
of silver nitrate, since this is essential for the preparation of template mechanism can be discarded and these experiments
nanorods in high yields. While the role of silver ions is not indicate the critical role played by silver ions in determin-
clearly understood at this moment, two mechanisms haveing the particle morphology. El-Sayed and co-workers sug-
been proposed to account for gold nanorod formation. gested a growth mechanism similar to those of the standard

In one mechanism, the surfactant forms a soft template, methods (electrochemical, seed-mediated and photochemi-
with a certain size that depends on surfactant concentrationcal). The mechanism proposes the addition of silver ions
and ionic strength of the solutidB4]. The growth solution for controlling the aspect ratio, with the formation of one-
contains a mixture of gold and silver ions, and when ascorbic dimensional gold nanostructures postulated to occur through
acid is added only gold ions are reduced, since silver ions cana combination of nanocrystal aggregation and specific crystal
only be reduced at basic pH valu&8,87] Nikoobakht and face stabilizatior]91,92] induced by the presence of silver
El-Sayed proposed that the silver ions located between the(or AgBr) [90].
headgroups of the capping surfactant{TAB) can be con- In a related work, Yamada and co-workers found that the
sidered as Ag-Br pairs, decreasing the charge density on thecombination of chemical and photochemical methods leads
bromide ions, and therefore, the repulsion between neighbor-to an acceleration in the rate of nanorod formafi@si. This
ing headgroups on the gold surface, and resulting§TAB protocol implies the addition of ascorbic acid prior to UV
template elongatiof84]. This possibility is supported by the  light irradiation, which produces the reduction of 'Auo
stronger affinity of GsTAB monomers for the side facets Au'. Nanorod formation is then accelerated by a factor of ca.
compare to the end facd&8]. High-resolution TEM images  60[93].
show that nanorods have four facg®9]. In the case of the Markovich and co-workers adapted the seed-mediated
BDAC:C;6TAB surfactant mixtures, the template is consid- method in the absence of silver nitrate proposed by Mur-
ered to be more flexible than the single component surfac- phy and co-worker$61] for the growth of gold nanorods
tant. Due to the larger affinity of gTAB monomers for the directly on mica surfacef®4]. The method involves the at-
side facets, it has been assumed there is a higher probabilittachment ofthe spherical seed nanoparticles to a mica surface,
of having BDAC monomers bound to the end facets of the which is then dipped in a{gTAB surfactant growth solution.
nanorods, promoting a faster growth in the longitudinal di- About 15% of the surface-bound seeds are found to grow as
rection, due to the weaker bonding in Ag—Cl pairs, relative nanorods. This yield enhancement of nanorods, compared to
to that in Ag—Br pair484]. that obtained for the solution growth technique (ca. {64},

The second mechanism considers a rigid structure of was attributed to a change in the probability of the growing
C16TAB monomers, which helps maintain one-dimensional seed to develop twinning defects. Subsequently, Wei et al.
growth, butwhich also servesto control the rate of gold reduc- adapted the method to grow nanorods directly on glass sur-
tion [86], in a similar fashion to the mechanism previously faces[95]. They studied the influence of the linker used to
proposed for the formation of long rods in the absence of attach the seed particles and the gold salt concentration in the
silver ions (the “zipping” mechanism discussed abqdgd]. growth solution on the formed gold nanostructures.

As already pointed out, the silver ions will not be reduced

by ascorbic acid, but will form silver bromide during the

synthesis (bromide from {gTAB). Murphy and co-workers 4. Structural characterization

proposed the adsorption of silver bromide to the facets of the

gold nanocrystals, slowing down gold reductionand inducing At present there is some dispute over the growth direction
single crystalline growth of the nanorods. of gold nanorods and the identity of the primary crystallo-
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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 diffrextiontpelit
confirms its single crystalline structure. (b) Dark-field TEM image of a gold nanorods. Cross-section and the corresponding profile of crystal(th)ielsne
well as the structural model (d) proposed by Wang et al. for Au nanorods. Reproduced fr{8f]ref.

graphic facets exposed. Several different structures have been Fig. 4.1a shows a HRTEM image of a single crystal gold
proposed. To date, thorough structural characterization hasnanorod oriented along the [1 1 O] direction. The faces enclos-
only been carried out for gold nanorods prepared by the elec-ing the nanorods were identified from the electron diffraction
trochemical and seed-mediated (no silver nitrate) methods. Inpattern, the dominant side faces be{idL 0} with the growth

the following section, we attempt to clarify some of the key direction being [0 0 1], while the ends of the nanorods are ter-
findings. This is important for two distinct reasons. Firstly, minated by the00 1} and{1 1 1} faces, again with smaller
knowledge of the precise crystal structure sheds light on the areas. Wang et al. used the dark-field TEM technique to show
mechanism of intervention by;gTAB surfactant. Secondly, the presence of1 00} faces at the sides of the nanorods. If
the material properties of metal nanorods and nanowires will a nanorod is enclosed By 1 0} and smalle{1 00} faces,

depend strongly on the preferred growth direction. the fringes should not be equally spaced and there is a broad
centre bandKig. 4.1b). A comparison with the experimen-
4.1. Electrochemical method tal image Fig. 4.1a), showing a uniform band at the cen-

tre and unequally spaced fringes around it, suggests that the

Wang et al. studied the different crystallographic faces cross-section of the nanorod is consistent with that shown
of gold nanorods with different aspect ratios prepared by in Fig. 4.1c, and therefore the schematic representation of
the electrochemical method using high-resolution TEM the geometrical structure of the nanorods corresponds to that
(HRTEM) [88,89,96] They distinguished between short shown inFig. 4.1d.
rods, long rods and spherical nanopatrticles present as final Wang etal. also reported the presence of a small population
products. In the case of short rods, it was observed that theof longer rods (2—4wm in length) that coexist with the main
particles tend to align on the substrate after the solution driespopulation of short rods. Such long rods display a twin plane
out, with an even spacing between them. This self-assembly isparallel to their axis, separating the rods into two halves along
not only related to a shape effect but also to the concentrationthe axial directionFig. 4.2). The electron diffraction pattern
and the uniform length of the surfactant capping molecules indicates the presence of a twin parallel to the axial growth
[79]. From the diffraction contrast, Wang et al. found that direction. Taking into account that face-centered cubic Au
almost all of the short gold nanorods contain no stacking has{1 1 1} twin planes and that the growth direction must be
faults or twins, i.e., they are single crystals. The nanorods parallelto the twin plane, they proposed a structural model for
were found to be preferentially lying on tHd 10} face, these nanorods where th& 1 1} and{1 10} faces coexist.
though particles lying o100} faces were also observed, Summarizing, Wang et al. showed that short gold nanorods
suggesting that thes¢10 0}) faces have smaller areas than prepared by the electrochemical method are single crystals
the {11 0} faces[89]. with {110} and{100} as dominant faces, while the long
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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 10} crystal face, which is present along the

[1 0 0] direction Fig. 4.37A). 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. 4.38). TEM also demonstrated that the nanorods
grow in the [10 0] directions wit§1 1 O} faces bounded by
{111} surfaceg101].

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 growtlrig. 4.3 shows
a schematic representation of the proposed growth model.
Since the{1 10} 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 groytd1].

Mann and co-workers also studied the crystalline struc-
ture of gold nanorods prepared through the three-step seeding

AVAVAYEVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAV)

»,
m S method proposed by Murphy and co-workers for the synthesis
\_‘.- o oflong gold nanorodig1]. The studies were performed by se-
%W lective area electron diffraction (SAED) in combination with
ST HRTEM. In this case, none of the gold nanorods observed
SRIIOKIRISR were single domai tals. Instead, the electron diffracti
g g in crystals. Instead, the electron diffraction
patterns were consistent with a pentagonally twinned prism
o -'0.5 um with five {100} side faces capped with fiel 1 1} faces at
i ——— both ends, with growth again being observed to be along the

(a) (©) [110] direction Fig. 4.4a).

Fig. 4.2. (a) TEM image of a long nanorods; (b) the corresponding electron A similar study was subsequently performed in order to
diffraction pattern; (c) the proposed structure model for long gold nanorods. follow the evolution of particle size and shape throughout
Reproduced with permission from rg89]. the multiple step process. The initial seed particles produced
by sodium borohydride reduction in the presence of sodium
citrate are single crystal§4]. In the first growth step, the
addition of the seed to the growth solution produces isomet-
ric penta-twinned particles with well-defindd 1 1} faces
and{10 0} side faces arranged along t16.0] direction. In
the second step, the transfer of the primary gold rods to a
The gold nanorods prepared by the seed-mediated methodresh growth solution leads to further growth, but in addi-
inthe absence of silver nitrate have been studied in more detailtion, the transformation of a low percentage (ca. 4%) of the
than those prepared in the presence of silver nitrate, basicallytwinned particles into nanorods is observed. This low conver-
because the synthetic protocol was proposed e4dlic84] sion percentage shows that the transformation from isotropic
Two different studies using TEM have been published dealing to anisotropic growth of the isotropic penta-twinned particles
with the crystal structure, but slightly different results were is not highly competitive. The next growth step increases the
obtained. percentage of rod-shaped particles to ca. 10% due to the trans-
Gai and co-workers studied the atomic structure of long formation into nanorods of ca. 6% of the particles that had
gold nanorods prepared by the seed-mediated method progrown as isometric particles in the previous gt&4. Itis in-
posed by Murphy and co-workef$1] using an atomic  teresting to point out that once the rod-like shape is induced,
resolution environmental transmission electron microscope the width of the nanorods increases just slightly as compared
(ETEM) [97-99] attached to a scanning-TEM (STEM) and to the length, suggesting an autocatalytic anisometric growth
equipped with a field emission gyt00]. This technique [29]. Mann and co-workers proposed that this slow increase
combines the atomic resolution imaging capability with in width is due to the blocking of100} faces from fur-
atomic level chemical and crystallographic analyses. They ther growth as compared to th# 1 1} end-faces, associated

rods present one twin withl 11} and{1 10} as dominant
faces.

4.2. Seed-mediated method
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Fig. 4.3. (A) HRTEM image of a nanorod showing a twin defect on{th& 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 [10 0] direction. (C) HRTEM image of a nanorod showing
{110} and{111} faces and growth along [100] direction. (D) Model proposed by Gai et al. for nanorod growth: (a) initial multiple twinned patrticle; (b)
growth along the [1 0 0] direction; (c) projections of a nanorod Witld 0} and{1 1 1} faces and100] direction. Adapted with permission from r¢£01]. ©

2002 American Chemical Society.

with the stronger binding to the sides in comparison to the  No structural characterization studies have been pub-
end faces. The suggested mechanism involves a preferentialished to date for gold nanorods prepared by the seed-
interaction of the surfactant molecules with side faces facili- mediated method in the presence of silver nitrate reported
tating a bilayer assembly of the surfactant molec[88s65] by Nikoobakht and El-Saye[B4]. Nevertheless, from pre-

Electron Beam

(a) o (b) A (c)

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 Maend co-w

(b) Cross-section of the nanorod structure showing the arrangements of the twins and possible orientation of domains with respect to therelfesttbe bea
HRTEM image showed in (c). The wider stripes in the central region are due to double diffraction as a consequence of twin domains superposition. Adapte
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—11yldjtonide a
(b and c) TEM images of gold nanorods before and after cyanide treatment (0.5 miy) @Npectively. (d and e) TEM images of long gold nanorods before
and after cyanide treatment. Adapted with permission fron{8&]. © 2002 American Chemical Society.

liminary HRTEM results Sau and Murphy suggest the gold action with persulfat§82]. They have shown that in the pres-
nanorods are single crystals possibly wjthl 1} facets on ence of cyanide, the dissolution of short nanorods (aspect
the sides of the nanorodi86]. 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 dissolveFig. 5.1shows the time evolution of

the UV-vis spectrum of gold nanorods in the presence of an

tocols for the synthesis of gold nanorods are wet-chemical excess of cyanide ions. It can b_e clearly seen that the an-
methods and involve the presence of surfactant moleculesg'tumn"JlI plasmon band progressively damps and blue-shifts

such 2 ctyrmetryammonum bromide @B wnich (1111 (2. 1 spect e of e naorods deresses)
function not only as rod-shape inducing agents, but also as. P y P P '

capping agents. The presence of surfactant molecules on th indicating that the rod-shaped nanoparticles have been trans-

surface of the gold nanorods strongly influences their reac-"?Ormed |_nto spheres,_whlch_was confirmed by TEM. A clear
L - . : . - mechanism for the dissolution of the nanorods has not been
tivity and stability. In this section, we review reactivity and

surface madification of gold nanorods, as well as some of the prOXIsdi(rar:jiiar studywas also performed for long nanorods pre
consequences of the change in chemical reactivity. . . . 2 o
q 9 y pared in the absence of silver nitr@@é]. Surprisingly, in this

5.1. Anisotropic chemical reactivity case the length of the nanorods did not decrease; instead, the
dissolution occurred at various spots along the side edges (see

Murphy and co-workers studied the reactivity of gold F_ig.S.Jd_and e). Again, no mechanism for such an anomalous
spheroids and nanorods during cyanide dissolution and re-dissolution was proposed.
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Fig. 5.2. Top: TEM of as prepared gold nanorods (a), Au@Ag core-shell nanorods with thin (b) and thick (c) silver layers, respectively. Reprbduced wit
permission from ref{103]. © 2001 American Chemical Society. Bottom: TEM of as prepared gold nanorods (A), and Au@Ag core-shell nanorods synthesized
at pH 8.0 (B), 9.0 (C) and 10.0 (D). Reproduced with permission fron{166]. © 2004 American Chemical Society.

5. Reactivity and surface modification

We have seen in Sectiohthat the most efficient pro-

100nm
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5.2. Au@Ag core-shell nanorods PVP was provided. These authors simulated the spectra using
a core-shell ellipsoid model within the dipole limit, and found
Murphy and co-workers proposed a method to obtain pure they could adequately match theory to the experimental data
silver nanorods and nanowires by a wet seed-mediated chem{104]. They studied the reduction of the plasmon dephasing
ical method102], in a similar way to that presented for gold rate in core-shell nanorods and compared it with the values
nanorods. This protocol, while successful, marked an impor- previously obtained for pure gold nanordd€5].
tant step forward, but did not allow controlling the aspectratio In a related work, Huang et al. studied the synthesis of
and monodispersity of the silver nanorods. As an alternative, Au@Ag core-shell nanorods in an aqueous surfactant solu-
Ah et al. proposed the deposition of silver onto previously tion under alkaline conditions (pH 8.0—-10[@P6]. Since the
synthesized monodisperse gold nanoifdd@8]. Silver depo- reduction of silver nitrate on the gold nanorod surface by
sition onto the surface of gold nanorods was carried out by ascorbic acid in aqueous surfactant media depends strongly
reducing AgCJ3~ with hydroxylamine. The thickness of the  on the pH of the solutiof83,84,90,107]they used glycine
deposited silver shell could be controlled simply by adjust- buffers to control the pH of the growth solution. The silver
ing the concentration of the reactants. Itis interesting to point coating was found to occur anisotropically in the presence of
out that whilst at low silver concentration the deposition was C16TAB, and the final shape of the particles depended on the
uniform, i.e., the obtained core-shell particles maintained a pH and silver concentration. As the pH of the solution was
rod-like shape, when either the silver salt or reducing agent increased, the deposition rate of silver increased accordingly.
concentrations were increased, the final particles achieved arhese results demonstrated that the higher the pH, the higher
dumbbell shape arising from faster deposition of silver on the the deposition rate at the tips compared to the sides, leading
tips than on the side of the nanorods (Bég 5.2 top)[103]. to the observed dumbbell shape (§ég. 5.2 bottom). This
The authors suggested that this effect could be related to theeffect can be explained in terms of either differential rates of
growth mechanism of gold nanorods in aqueous surfactantcrystal growth induced by the presence q§TAB [64,101]
media, which agrees with later resUlgg)]. or an electrochemical mechanism that predicts a higher de-
More recently, Liu and Guyot-Sionnest presented a position rate at points of higher curvatyg9].
slightly different but simpler approach based on the reduction
of silver nitrate onto the gold nanorod surface by ascorbic acid 5.3. Silica coating
in the presence of {gTAB and either citrate of PVIPLO4].
The core-shell nanorods obtained are similartothose reported  The stability of GgTAB-coated gold nanorod dispersions
by Ah et al.[103] but no clear reason for the use of citrate or is high in aqueous solutions, but transfer into organic sol-

CTAB SRSi(OH) 3
- CTAB HSRSi(OR), — -SRSi(OH)3 + CTAB
CTAB SRSi(OH) 4

SRSi(OH),

SRSi(OH),

Sio,

Fig. 5.3. Top: Scheme showing the steps required for silica coating of Au nanorods. Bottom: TEM of silica coated gold nanorods with differertosspect ra
(a: 1.94; b: 3.08). Reproduced from rgg5].
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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 additiprdoMPA. (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 c
the intermolecular hydrogen bonding between MPA on adjacent nanorods. Adapted with permission fibh7}e®: 2004 American Chemical Society.

vents is complicated, since the bilayer structure of the sur- who monitored the influence of nanoparticle concentration,
factant monomers on the gold nanorod surface makes thesolvent evaporation, ionic strength and surfactant concentra-
access of phase-transfer reagents to the surface difficult. Detion for gold nanorods with an aspect ratio-o4.6, prepared
position of silica shells (silica coating) on gold nanorods has by the electrochemical meth¢@6]. Depending on the con-
been proposed as a means to facilitate the manipulation ofditions, the gold nhanorods were observed to assemble in one,
the gold nanorods, reducing aggregation and in addition pre-two- or three-dimensional structures. A similar study was
serving their optical properties. Various attempts have beencarried out by Murphy and co-workers for longer nanorods
presented in the literature, all of them using the protocol ini- (aspect ratio 13—-18) prepared by the seed-mediated method
tially developed by Liz-Maran et al. for the silica coating of  [80]. They found similar results and indicated that surfactant-
citrate stabilized gold nanosphef&88,109] In this method, mediated interactions between gold nanorods of uniform size
a silane coupling agent is used as a surface modifier to en-and shape lead to formation of liquid crystalline arrays in con-
hance the affinity of gold for silica, which is then deposited centrated dispersions. Jana extended the study of nanoparticle
from aqueous sodium silicate solutiofig. 5.3. Wang and self-assembly to other shapes, concluding that the nature of
co-workers coated gold nanorods prepared by the electro-the self-assembly and its driving force depend on nanoparti-
chemical method and studied the influence of the silica shell cle shape and also on the extent of shape anisofitgiy

on the shape transition induced by laser irradiation, finding  Wang and Kim studied the formation of one-dimensional
a lower efficiency, i.e., more energy is required to produce a nanostructures of rod-shape nanoparticles using the
shape transition compared to surfactant stabilized nanorods].angmuir—Blodgett technique, applied to thiol-capped gold
as might be expected from the rigidity of the silica matrix nanorods. The different structures they observed were at-
[49]. Murphy and co-workers adopted the same protocol for tributed to the different interactions between the structures
the silica coating of long gold nanorods prepared by the seed-as the surface pressure was vafietl—114]

mediated growth method, and subsequently used them as Other reports about self-assembly of gold nanorods in-
templates for the synthesis of hollow nanotubes through dis- volve the cross-linking of nanorods through surface modi-
solution of the inner gold rods with cyanife10]. Recently, fication and chemical bonding. Dujardin et al. reported the
Liz-Marzan’s team coated short gold nanorods prepared by specific organization of gold nanorods into anisotropic 3D-
the seed-mediated method with silica (&g 5.3 and stud- aggregates obtained by DNA hybridization. The key evidence
ied their incorporation into nanostructures and nanocompos-for the biostructuring process was a “heating” analysis that

ites[85,111] as discussed in Sectigrbelow. clearly demonstrated its reversibilify15]. Murphy and co-
workers showed that when1§TAB-coated gold nanorods
5.4. Self-assembly of gold nanorods treated with biotin are mixed with streptavidin, a high pro-
The self-assembly of gold nanorods in aqueousTa&B portion of end-to-end linked gold nanorods are forrfib).

solution was |n|t|a”y studied by E|_Sayed and Co_WorkerS, Such directional assembly was |n|t|a"y attributed to the bi-
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layer structure of the {gTAB bound on the nanorod surface, by elastic electron—electron collisions without releasing the
such that the biotin preferentially bounds to §iel 1} faces absorbed photon energy within 100 fs, according to most cal-
at the ends of the rod63,65]. culationg[137-139] At this point, the non-equilibrium tem-
Recently, Kamat and co-workers reported the longitudi- perature difference between the electron gas and the lattice

nal self-assembly of gold nanorods, associated with uniax- gives rise to energy exchange between the electrons and the
ial plasmon coupling117]. The assembly is carried out in lattice (electron—phonon coupling), so that heat is deposited
acetonitrile—water mixtures and it is initiated and controlled into the lattice, leading to expansion within the timescale
by the presence of carboxylic acid derivatives (such as mer-of the period of the phonon mode that correlates with the
captopropionic acid, MPA, and mercaptoundecanoic acid, expansion coordinate. The laser energy therefore results in
MUA). These molecules present a thiol moiety that binds excitation of mechanical eigenmodes of the particles. The
to the gold nanorod surface and a carboxyl moiety that as- modes that can be excited can be calculated using continuum
sists the nanorod self-assembly through intermolecular hy- mechanism, and the frequency is a sensitive function of the
drogen bonding. Upon addition of a carboxylic derivative particle geometry. The mechanical fluctuations of the particle
the longitudinal plasmon band gradually shifts toward longer ultimately transfer energy to the bath or medium around the
wavelengths (se€ig. 5.4. The spectral changes observed particle in a period from 100 ps to 10 ns, depending on the
are explained on the basis of interplasmon coupling phenom-patrticle size, the medium and the pulse energy. The transfer
enal9,118], suggesting that the gold nanorods organize lin- of energy to the bath depends on the thermal conductivity of
early upon addition of MPA or MUA. This linear organiza- particle and bath, the heat capacity of the two, and possibly
tion that allows uniaxial plasmon coupling has been demon- on the solvent viscosity. At this point, the particle has recov-
strated by TEMFig. 5.4C and D). The results are similarto  ered its ground state and has re-attained thermal equilibrium
those previously reported by Murphy and co-worlars], with the bath140].
furthermore implying that the {TAB monomers bound to The above description, however, applies only to low
the nanorod surface together with the added acetonitrile cre-laser pulse energies. For low energies, the ultrafast laser
ate a hydrophobic environment that promotes intermolecular pulses raise the temperature of the nanoparticle lattice by
dimerization Fig. 5.48) [117]. only a few tens of degrees (depending on particle size and

laser pump power). Under these conditions it will be pos-

sible to follow the electron—phonon coupling in real time
6. Gold nanorods and lasers using time-resolved techniqug$40]. On the other hand,

for high pump fluences the pulse energy can be powerful

The interaction between metal or semiconductor nanopar-enough to raise the temperature of the metal above its melt-

ticles and laser beams has been intensely studied duringng point, and thereby it can be used as a convenient tool
the last decad@9,119-136] There are at least three dis- to control the shape and size distribution of nanoparticles
tinct time regimes, which are important in metal nanopar- [49,120-129,141]As we shall see in this section, while
ticle laser studies. The irradiation of metal nanoparticles femtosecond laser pulses can induce a shape transformation,
with a femtosecond pulse leads to a rapid increase in elec-such as a rod-to-sphere transitifi#1], nanosecond laser
tron temperature. The resultant non-thermal electron distri- pulses can cause fragmentation into smaller partjdlés].
bution reaches equilibrium (internal electron thermalization) The irradiation products not only depend on the laser flu-
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Fig. 6.1. Diagram showing the fundamental extensional and breathing modes of a cylindrical nanorod.
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ence, but also on the excitation wavelength and laser pulsemode consists of a combination of an axial expansion with a
width. radial contraction and the breathing mode of a pure radial ex-

We have divided this section into two parts, one devoted pansion and contraction. Thus, while the extensional mode
to ultrafast dynamics of gold nanorods, and the second to probes the Young’s modulus of the material, the breathing

structural and morphological transitions. mode probes the bulk modulus.
Making these assumptions, Hu et al. established that the

natural resonant frequencies of the extensional and breathing

6.1. Ultrafast dynamics of gold nanorods modes are given by the following respective equations:
Several groups have carried out detailed studies on the o+ 1 E

relaxation dynamics of excited electrons in spherical metal w(e';)t =7 T\ (6.1)

particles, comprised of golfl42—146] silver [147,148]or P

copper[149]. Fewer papers have been published on nanorod

dynamics, and they are summarized here. o Tn\/ E(1-v) 6.2)
Combining experimental and theoretical studies, Hu et br a\l p(1+v)(1-—2v) '

al. [150] established that laser-induced heating of cylindrical

nanorods excites both the extensional and breathing modegvherelL anda are respectively the length and width of the
of the rods. They calculated, using classical continuum me-rod,n=0, 1, 2,... corresponds to the mode numberthe
chanics, the temporal response of a cylindrical rod following Poisson’s ratio of the rod,y an eigenvaluet: is the Young's
excitation by a thermal pulse in the limit where the length of modulus anc is the density of the rod.

the rod greatly exceeds its radius. From symmetry consider- From these equations they also obtained:

ations and assuming that the rod is composed of a linearly

elastic isotropic material and remains at constant temperaturewgz) _w (L (1-v) 6.3

after excitation (the thermal pulse has an infinitesimal time @ T (a> (1+ v)(1 - 2v) (6-3)
scale of duration), they showed that two modes dominated

the mechanical response, though some 40-50 modes weravhich shows that the ratio of the resonant frequencies for the
identified with frequencies up to 10 times the fundamental fundamental breathing and extensional modes can be directly
eigenmode. These two dominant modes are the extensionameasured from the temporal response following thermal ex-
mode and the breathing mode ($8g. 6.1). The extensional  citation.
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Fig. 6.2. Transient absorption traces for high quality (seed-mediated growth) samples with average lengthseb(@n4@) 75+ 6 nm, and low quality
samples with average lengths of (c)#3 nm, (d) 55+ 15 nm, for two different probe laser wavelengths. In all cases, the probe wavelengths presented lie on
opposite sides of the longitudinal plasmon band of the sample. Reproduced with permission fia&0te® 2003 American Chemical Society.
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Experimentally, they carried out transient absorption ex- 140
periments for gold nanorod samples with low and high
monodispersity (prepared using the seed electrochemical —
technique and the mediated method, respectively). The av- ) EDEJ
erage aspect ratios (length/width) of the rods varied between
2 and 6 and their length between 30 and 100 nm. The tran- 100 ~
sient absorption experiments were performed with 400 nm
pump laser pulses and the probe wavelengths were chosen 50 W
to lie on either side of the longitudinal plasmon band of @D
the sampleFig. 6.2 shows transient absorption traces for m
the high quality samples for two different probe laser wave- 60 =
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 18®ut-of-phase for probe wavelengths on
opposite sides of the longitudinal plasmon band, which was 20
also observed for spherical particld$1]. However, differ-

ent results were obtained when the same experiment was #
. 2

Period (ps)

40 T T T T
600 700 800 900 1000

(a) Wavelength (nm)

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, _
with a period of ca. 11 ps, as shown kiig. 6.2. This pe- = M
riod was found to be approximately equal to the value for
a vibrational motion corresponding to the radial expansion
of the rod, that is, the breathing mode. Because the breath- e T T T T T T
ing mode is proportional to the width of the rod, the authors ) 550 600 650 700 750 800 850 900
claimed that this mode would be more prominent for sam- W ClEHg )
ples of thick rods. The same team calculated the pel’IOd of Fig. 6.3. Period vs. probe laser wavelength for different samples. (a) High
the slower modulation at different probe wavelengths for all quaiity samples. The different symbols indicate average lengthsapf (
the samples analyzed above and found that, while the period46+6nm, (O) 61+5nm, @) 73+4nm, ) 75+ 6nm, @) 89+ 7nm
for a given high quality sample was insensitive to the probe and (J) 108+ 7. (b) Low quality samples. The different symbols indicate
wavelengthFig. 6.3), the period for a low quality samplein- ~ 2verage lengths o) 55 15nm, () 35+ 10nm, (J) 36£10nm, @)

L . . 42+10nm and ) 77+ 20 nm. The error bars are contained within the sym-
creased with increasing probe laser w_avelgngtﬁjgn(ﬁ.ao, bol Note the different horizontal and vertical scales for each panel. Repro-
two curves are shown for samples with different widths. In' gyced with permission from refL50]. © 2003 American Chemical Society.
this case, rods with the same aspect ratio have different peri-
ods for the same probe wavelength.

Good agreement was also found between the periods calthors now propose that the twinning plane along the major

ol BR

Period (ps)
i

culated experimentally and those calculated using(&d.) axis is responsible for the lower Young's modult54].

for the fundamental extensional vibrational moé&ey( 6.4, Link et al. studied the transient-absorption dynamics of
which demonstrated that the dominant vibrational mode ex- gold nanorods with an aspect ratio of 3.8 after excitation with
cited was the fundamental extensional mode. 100-fs laser pump pulses at 400 iis5,156] They found

From the experimental results, Hartland and co-workers that, the bleaching decays of the transverse and longitudi-
calculated the Young’s modulus of the nanorods and obtainednal plasmon adsorption bands resulted from electron—phonon
a value ofE=64+ 8 MPa, which was substantially lower and phonon—phonon relaxation processes and that both os-
than the bulk value. This difference may reflect the fact that cillations have similar electron dynamidsig. 6.5. Further-
the extensional mode excited by the laser pulse probes themore, they measured the plasmon bleach recovery for 15 and
Young'’s modulus only along the growth direction, while the 48 nm spherical gold nanopatrticles and found that the results
bulk gold modulus data is gleaned from polycrystalline sam- are comparable to those obtained for the transverse and lon-
ples[152,153] However, more recently an analysis of the gitudinal modes of gold nanorodBi§. 6.5. Therefore, they
data shows that the lower value is inconsistent with any of claimed that the relaxation dynamics appear to be indepen-
the growth directions found from HRTEM studies. The au- dent of the shape of gold nanoparticles.
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140 ” the sphere is the most thermodynamically stable shape. Dur-
2t ing the last 5 years, different groups have reported that non-
1209 P spherical particles can undergo irradiation-induced shape and
size transformationpt9,124] We focus here on shape and
100 < L ) : s : :
; size transitions of gold nanorods, synthesized using the elec-
. trochemical method described in Sect®n
. The first paper published on this topic, which demon-
04 strated the shape transition of gold nanorods into spheres, was
e authored by Chang et §19]. After irradiating an Au nanorod
40 . dispersion with a nanosecond laser tuned at 532 nm, they ob-
served a decrease in intensity of the longitudinal plasmon,
20 4 SRong: band (indicating the disappearance of Au nanorods)
and an enhancement of the band at ca.520 nm (increase of
) - 3 5 13 T T the Au nanosph.ere population), whlle the mean aspect ra-
<Lenght > (nm) tio of the remaining nanorods remained roughly unchanged.
This implied that the 532 nm irradiation induced the rod-to-
Fig. 6.4. Average period vs. average length for Au nanorods. The open sym- Sphere transformation through a photoannealing process. The
bols indicate the low quality samples, and the solid symbols show the high authors claimed that by absorbing a 532 nm photon, the Au
quality_samplgs. The solid line is the calculated period for the fundamental nanorod excited and accumulated phonon energy, which was
extensional vibrational mode, E¢f.1). The dashed line represents a fit to . . L.
responsible for its shape transition. However, exposure of the

the data assuming that the period is proportional to the length. The hori-
zontal error bars reflect the polydispersity in the samples. Reproduced with S&Me nanorod sample to a nanosecond laser tuned to 1064 nm

80 =

Period (ps)

permission from ref{150]. © 2003 American Chemical Society. (SRong of the nanorods) led to partial depletion and blue-shift
of the Skyngband. This is consistent with a decrease in the

6.2. Laser-induced structural and morphological mean aspect ratio of the rods and the formation of a new type

transitions in gold nanorods of structuresg-shaped particles, which they considered to be

astableintermediate of the rod-to-sphere transition during the
Several studies have revealed that irradiation with suitable photoannealing process. These results are in agreement with
laser pulses caninduce size reduction of spherical particles bythose by Link et al[157], which will be discussed below.
melting [120] or fragmentatiorj121,122] However, spher- Almost at the same time, Link et al. reported on the pho-
ical particles cannot undergo shape transformations, sincetothermal stability of colloidal gold nanorods against laser
irradiation with different pulse-widthfl23,141,156] They
found that as the gold nanorod dispersion was irradiated with

s —T femtosecond laser pulses at 800 nm having pulse energies in
]Q 7‘0h~-f§29° . the microJoule range, the nanorods melted selectively into
e *«-vh: ' p: nanodots with no fragmentation, as demonstrated by TEM
_ > e we— images Fig. 6.6 and d). They also showed that the average
E $ () Ao =70mm volume of the final irradiation product (exclusively spherical
F ean =21 P8 particles) was comparable to that of the starting nanorods.
'g g m; These reseqrchers also monito_red the melting process .by op-
< t —_— & t|F:aI absorp'uon_ spt_ectroscopy, finding a decrease in the inten-
. Terk 7, sity of the longitudinal plasmon band (due to the rod deple-
. o, i tion) and an increase of the intensity of the transverse plasmon
== "obs.

band (due to the higher extinction coefficient of the plasmon
— band of spherical particles) after successive intervals of laser
0 2 4 6 8 10 12 irradiation.
time/ps However, when using nanoJoule pulses, selective melting
of the nanorods strongly absorbing at the excitation wave-
Fig. 6.5. Size and shape dependences of the electron—phonon relaxatior]ength was obtained, since only those absorb enough energy

time. Plasmon bleach recovery measured for 48 and 15 nm gold nanoparti-
cles and for the transverse and longitudinal modes of gold nanorods with an to undergo a shape tranSformatlaﬁ3’141] They observed

average aspect ratio of 3.8 (top to bottom). The laser pump power and optical@n “optical hole” in the longitudinal plasmon band at the
densities of the samples at the excitation wavelength were adjusted so thawavelength of the exciting laser puldéig. 6.6). Since this

comparable initial electron temperatures were induced by the exciting fem- gelective melting led to shorter but thicker rodsg; 6.6)

tosecond laser pulse. The results show that the measured eIectron—phonorG 7,26,27] this technique could be used to narrow down the
relaxation times are independent of particle size and shape, eliminating the. .. """} L
influence of electron-surface scattering as adominant energy relaxation path—mltIaI S_lze distribution of a go"_j nanorod sample. )

way. Reproduced with permission from rgf56]. © 2000 Taylor and Fran- Besides steady-state techniques, such as TEM and UV-vis

cis. absorption spectroscopy, Link et al. used time-resolved

-— - =4 5
Tacph 3.1ps
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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 havingeatmean as
ratio of 3+ 7. (b and ¢) 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 broaghgBand. (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 permissiorjf&éih @2000 Taylor and Francis.

pump—probe spectroscopy to measure the characteristic timeand planar defects upon laser irradiatiétig( 6.7a and b),
for the conversion of gold nanorods into sphdfezt], mon- which were assumed to constitute the precursors which ini-
itoring the disappearance rate of an appropriate longitudinal tiated the steps that ultimately convert the relatively unstable
plasmon absorption. They calculated a shape transformation{1 1 0} facets into more stablgl 0 0}, {1 1 1} facets[89]. A
time of 30+ 5 ps, which was independent of the laser pump mechanism was proposed, which is schematically shown in
power in the range of 5-20J. Furthermore, the authors did Fig. 6.8 to explain the rod-to-sphere shape transformation.
not detectany clear dependence of the photoisomerization dy-According to this mechanism, the shape transformation starts
namics on the gold nanorod aspect ratio in the range 1.9-3.7with the creation of point defects within the body of the par-
[124]. ticle (Fig. 6.&) and whose local melting would give rise to
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 puls§s41,156] 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 patrticles in the case
of femtosecond laser pulses, but only partial melting in the
case of nanosecond laser pulses, as confirmed the presence
of P-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 ener{l@8,156]
The initial postulate by Wang and co-workd#9] that
the ¢-shaped particles correspond to an intermediate stage
of the rod-to-sphere shape transformafibb7] was demon-
strated by Link et al. using HRTEM to monitor the structural
changes undergone by gold nanorods after exposure to laser
pulses (both nanosecond and femtosecond) with energies be-
low the threshold required for complete melting. As described
in Section4, electrochemically synthesized gold nanorods
with aspect ratios in the range 3-7 hg\e0 0}, {111} and
{110} facets but no defects. Accordingly, no defects and Fig. 6.7. HRTEM image of gold nanorods after exposure to femtosecond

{1 0 0}’ {1 1 1} facets \{Vere found in the nanodots obtained laser pulses (0.hJ per pulse) showing point defects (a) or twinned particles
via photothermal melting of such nanorof@®]. However, (b). (c) HRTEM image of a gold nanorod after exposure to nanosecond

Link et al.[124,157]found that gold nanorods showed point laser pulses (24J per pulse) showing a twinned structure. Reproduced with
permission from ref{157]. © 2000 American Chemical Society.
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(”U)“ [(AU)NP]Vib*—> [(AU)NP]Vib**, (6.8)

[(Au)np] ™ — (Au)sns (6.9)

Processe€6.4)(6.6) represent laser excitation and ther-
mal heating of the electrons (less than 1[d98] 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 processefs.5) and (6.6) were separated in time since
the laser width (100 fs) was shorter than the electron—phonon
relaxation time (1-3 pg)L42,143,148,159]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 (pro(&sy),
so that the molten or hot particles could still absorb additional
photons (proceg$.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
5K to complete melting160]. The simulated gold nanorods
had the same aspect ratio, structure and geometry as the ex-
perimental rods but smaller sizes 200" atoms) due to
computational limitationfl23,141,157]They found that the
continuous heating of the gold nanorods induces a shape tran-
sition, which is accompanied by a structural change, and a
melting transition. During the shape transition they also ob-
served that rods became shorter and wider as observed exper-
imentally by Link et al. Fig. 6.8. A transition from fcc- into
Fig. 6.8. Schematic procesg for the _strl_JcturaI transformation from _nanorods hcp-dominated structures was observed in some cases, de-
to nanodots. Reproduced with permission from[E57]. © 2000 American - - . .
Chemical Society. pendl_ng on the calc_ulatlon parameters (heating rate), but this

remains to be confirmed experimentally. Eventually, it was

twins and stacking faults{g. 6.8&). Almost simultaneously, observed that once the me_lting fcemperature was reached., the
due to the lower stability of thé1 1 0} surface atoms, the sur- rods meltgd and the resulting disordered rods collapsed into
face melting starts, producing the growth of twinned crystals the spherical shape.
and eliminating the unstable surfac&sy. 6.8).

El-Sayed and co-workers also tried to find a mechanism
that explained the different effects produced in the gold 7. Nanocomposites
nanorods with different laser pulse widtfi23,156] They
proposed a mechanism Whereby photon absorption (WhICh A necessary intermediate step between the synthesis of
heats the lattice and produces me|ting) and phonon-phonormetal nanoparticles and their use in practical devices is
relaxation (which drives heat loss from the lattice to the sur- their organization within solid matrices, such as polymers

roundings) are competitive processes. Melting occurs if the Or glasses/ceramics, which in turn can be processed into real
rate of heating of the lattice is faster than the rate of cooling. devices. Such combinations of a solid matrix with nanosized

(@) NG

(c)

(100

(d)

This mechanism can be summarized as follows: components of a different material are often termed nanocom-
N posites. Two main approaches have been followed for the
(AUNR = [(AUINR]™, (6.4) preparation of nanocomposites comprising metal nanoparti-

# n cles, involving either in situ formation of the nanopatrticles
[(AUNRT" — [(AUNR]™, ©5) o incorporation of pre-synthesized particles. As usual, both
[(Au)nR]: — [(Au)NR]"ib* (6.6) methods have their advantages and drawbacks. Formation of
) particles within the matrix is often simpler and just requires
[(Au)NR]YP* — [(Au)ns]. (6.7) reduction of metal ions by thermal or photochemical methods



J. Pérez-Juste et al. / Coordination Chemistry Reviews 249 (2005) 1870-1901 1897

[161-163] but the control of particle size, composition, and tion, so that no aggregation takes place and silica gels and
shape of the formed nanoparticles is very difficult. On the glasses are obtained which retain the optical properties of
other hand, pre-synthesized nanoparticles can be tailored bythe nanopatrticle dispersions. This method was initially ap-
means of the various colloid chemistry techniques currently plied to spherical metal nanoparticles, including Fur1]
available, so that many more types of particles are possible,and AuAg alloyg172] but it could also be extended to gold
but surface modification is usually required to allow disper- nanorods of varying aspect raf8b]. The spectra of the final
sion in the chosen matrix, so that aggregation during the pro- nanocomposites only differ from those of the corresponding
cessing stage (polymerization, sol—-gel transition, etc.) can beaqueous dispersions in a red-shift of the plasmon bands due
obviated. to the increase in refractive index of the medium around the
The first example comprises gels and glasses with opti- nanorods. A similar approach was also successfully applied
cal functionalities, which are materials offering a number of to create organic—inorganic nanocomposites with tailored op-
technological applications, such as decorative coafitty, tical propertied111]. Such materials present superior me-
catalysig165], optical filters[166], non-linear optical mate-  chanical properties, specially in terms of flexibility, but also
rials[167], etc. Although most such composites to date have a better transparency (lower light scattering) than standard
been comprised of spherical nanoparticles, the unusual op-silica gelg[173]. Fig. 7.2shows photographs of monoliths of
tical properties of gold nanorods make their incorporation ureasilicate§l74,175Jundoped and doped with gold and sil-
into these nanostructures very interesting. Although various ver nanospheres, as well as gold nanorods of various aspect
techniques have been developed to dope glasses with metalatios, showing transparency, color uniformity and flexibility.
nanoparticles by means of in situ reduction of metal salt pre-  Related work has been recently reported for the prepa-
cursors homogeneously distributed within the glass precur-ration of large colloidal nanocomposites comprising gold
sor[167], directional growth within a matrix is very compli-  nanoparticles and silica beads. Pastoriza-Santos et al. adapted
cated, and thus such techniques are rare. One possible excepthe method proposed by Sadtler et al. for the electrostatically
tion is the electrochemical growth within porous membranes controlled deposition of gold nanospheres onto silica beads
[35,44]described in Sectio8, in which nanocomposites are  [176], to the coating of silica spheres with gold nanorods
formed prior to the dispersion of nanorods into solvents, but [177]. As shown inFig. 7.3, TEM revealed a random dis-
composite dimensions and control of interparticle spacing aretribution of the rods on the silica surface, both before and
strongly limited by the membranes used as templates. after overcoating with a further silica shell. These onion-like
A recent demonstration of the preparation of gold particles do not suffer the problem of nanorods desorbing
nanorods in silica, not only homogeneously dispersed, butfrom the surface and are more chemically robust than sim-
also well aligned was published by Roorda efa68]. The pler, rod-decorated silica carrier beadsg( 7.3). UV—vis
method is based on high energy (tens of MeV) ion irradiation characterization of the composite colloids revealed that the
of gold—silica core-shell particles, which leads to an uniform position and intensity of the longitudinal plasmon bands of
deformation of both the gold cores and the silica sH&B]. individual nanorods are retained in the micron-sized com-
The authors suggest that the deformation of the gold core isposite colloids and thus can be easily tailored throughout the
related to softening of the metal under the ion beam and avisible and NIR[177].
lateral stress imposed by the deformation of the silica shell, The second large group of nanocomposites is formed by
which suggests that a similar process performed on metalthose where the host material is a polymer. Polymers offer
nanoparticles dispersed in a bulk silica gel or glass would

not lead to uniform deformation. However, when ensembles - - . . == -
of the starting core-shell colloids are irradiated, macroscopic -~ ~ - S
composite materials with aligned nanorods can be obtained, % "o Sy A <
as exemplified irFig. 7.1 A certain degree of control over Y, A e . 8. “
the aspect ratio can be achieved by varying the fluence of & o = R - TSR .
the ion beam, although very high energies can lead to further - - S -~ >
deformation into dumbbell-like structur§ss8]. . s - R “ \
The incorporation of preformed nanoparticles within gels - = A - A
and glasses has been reported for various systEn@g but . R o =0 S i
often involves difficulties related to the homogeneous dis- - & < s BN Sg
persion of individual nanoparticles, which is essential in the LR« N . S
case of metal nanoparticles for optical applications, since o al™ . ATH S -
otherwise changes in the optical response take place. Liz- P < . - b2
Marzan and co-workers have recently reported a general pro- | 5 M Y e -
cedure based on the coating of the precursor nanoparticles - -

WIFh silica, prior to SOl_geI processing. Deposmon _Of thin Fig. 7.1. TEM image of aligned Au nanorods observed after Se ion irradia-
silica shells leads to an enhancement of the colloidal sta-tjon of an ensemble of closely packed core-shell colloids. Reproduced with

bility of metal nanoparticles in the sol—gel precursor solu- permission from ref{168]. © 2004 Wiley-VCH.
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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
Fig. 7.2. (a) Photographs of monoliths made of (from left to right) undoped nanorods in a preferred direction was achieved by warming
ureasil and ureasil doped with Au nanospheres, short and long nanorods. (blJp and Stretching the Composite fil[m80 181] They ana-

and c¢) Photographs of ureasil disk-shaped films doped with a low con(:entra-I d th tent of el fi ded for th i t of
tion of Au@SiQ nanospheres (b) and short nanorods (c). Reproduced with yze e extent or elongation needed tor the alignment o

permission from ref{111]. © 2004 American Chemical Society. the gold nanorods, as well as the optical properties of fully
aligned nanorods within the films as a function of the po-
further possibilities for processing, which are important in larization angle, and found a strong dependence of the ab-
the case of nanorods, since procedures for controlled align-sorbance on the polarization angle. This procedure works
ment would be extremely useful, for they would allow to fab- very well, as shown irFig. 7.4 As expected, the spectrum
ricate materials with polarization-dependent optical proper- of an unstretched composite Au—PVA film displays two reso-
ties. A preliminary work related to such composite materials nance peaks corresponding to the transverse and longitudinal
was published by Dirix et a[178] using polyethylene films  plasmon bands, and the same result is observed in the case of
containing silver nanopatrticles. The films were drawn in a astretched film under non-polarized light, since it contains alll
hot shoe, leading to alignment of nanoparticle aggregates,orientations of the oscillating electric field. However, when
which showed polarization-dependent optical response. A the spectrum is measured under light polarized parallel to the
more refined procedure was used by van der Zande et al. stretching direction of the film, the longitudinal plasmon band
who prepared thin films of gold nanorods (template method) is selectively excited, while under light polarized perpendic-
dispersed in poly(vinyl alcohol) (PVA) by simply drying a ular to the stretching direction, only the transverse coupling
colloid in the presence of dissolved PYA79]. Initially, the is observed179]. The gradual alignment of the nanorods
optical properties of the prepared films resembled those of within the films with increasing elongation can be demon-
the gold nanorod dispersion, displaying both longitudinal and strated by confocal scanning laser microscopy, as well as by
transversal plasmon resonances, since the nanoparticles wer€EM [179]. The limitation of this nanocomposite system re-

‘l

Fig. 7.3. TEM images of gold nanorod-coated silica particles (270 nm) before (a) and after further growth with silica. The outer shell thickm¢89israbo
The scale bar is 100 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
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of a ns laser, leading to reshaping into spheres and a conse-

(1999) 3073.

d [28] B.M.I. van der Zande, M.R. Boehmer, L.G.J. Fokkink, C. Schoe-

nenberger, Langmuir 16 (2000) 451.
[29] J. Rerez-Juste, L.M. Liz-Mai&m, S. Carnie, D.Y.C. Chan, P. Mul-
vaney, Adv. Funct. Mater. 14 (2004) 571.

quent color change in the film. Since the optical response of [30] B. Yan, V. Yang, Y. Wang, J. Phys. Chem. B 107 (2003) 9159.
the spheres is insensitive to the polarization of light, the re- [31] J.H. Weaver, C. Krafka, D.W. Lynch, E.E. Koch (Eds.). Optical

sult is selective patterning (or writing). Recent results show
that laser writing can also be readily applicable to PVA films

Properties of Metals. Physics Data Series, Fachinformationszen-
trum, Karlsruhe, 1981.
[32] O. Wilson, G.J. Wilson, P. Mulvaney, Adv. Mater. 14 (2002) 1000.

containing gold nanorods of various aspect ratios, and thus [33] c.A. Foss Jr., G.L. Hornyak, J.A. Stockert, C.R. Martin, J. Phys.

expanding the possibilities for practical applications of such
films [186]. Further applications related to the nonlinear op-

Chem. 96 (1992) 7497.
[34] C.R. Martin, Science 266 (1994) 1961.

tical response of the nanorods can also be envisaged, but still [33] C:R. Martin, Chem. Mater. 8 (1996) 1739.

need to be developed.
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