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A B S T R A C T

The color of colloidal dispersions of gold particles in a fluid, typically water, varies from red to blue,
depending upon the shape and size of particles. The color and optical properties of gold nanoparticles
originate from localized surface plasmons, and are sensitive to their local dielectric environment. Unlike
nanospheres, the optical properties, hydrodynamic behavior as well as phase behavior of nanorods are
influenced by their shape anisotropy. Thus, rods have an additional absorption peak, possess very
different dynamics (affects sedimentation) and their concentrated dispersions form liquid crystalline
phases. In this review, we focus on presenting the essential shape dependent optics, as well as the
hydrodynamics and phase behavior of rod-like gold nanoparticles. We reveal our methodology for
making less polydisperse nanorods sols by using an optimized seed-mediated synthesis (controlled
chemistry), followed by shape separation by centrifugation (based on our hydrodynamics arguments).
We elucidate the role of Brownianmotion in determining colloidal stability and sedimentation behavior,
and describe patterns formed by drying mediated assembly on glass slides and TEM grids. We outline
early studies (before 1930) of gold sols that are not only instructive in learning about synthesis and
physical properties of gold nanoparticles, but show how the study of colloidal gold establishedmany key
principles in colloidal science.
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1. Introduction

Colloidal gold nanoparticles have received widespread atten-
tion in recent years [1–16] both due to their unusual properties,
and promising applications. Nanoparticles, typically in the size
range of 1–100 nm, possess size and shape dependent properties
which differ markedly from their bulk behavior [1,2,16–18]. For
example, spherical colloidal gold particles with a diameter around
10 nm make their aqueous dispersions assume a ruby red color,
while increase in their size to nearly 100 nm or change in shape to
say a rod-like shape, with aspect ratio of say 3 (length 30 nm,
diameter 10 nm) makes the colloidal dispersion appear bluish. It
must be remarked that bulk gold has unmistakable yellowish color,
and the size dependence of the color of colloidal gold is simply a
consequence of how light interacts with matter.

Since the recent burst of activity in synthesis of gold
nanoparticles [2–7,11,16], optical properties and applications of
these nanoparticles has been highlighted in several exhaustive
reviews [1–12,16]. Here we focus our attention on aspects related
to optical properties, shape separation and self-assembly of gold
nanorods that we have uncovered during our research effort. In
Section 2, we present a historical background where we point out
that the physical properties of gold particles including rod-like
particles were studied in the early twentieth century and these
provided original and ground breaking advances in the field of
colloidal matter. The parameters that affect colloidal stability of
gold dispersions are outlined in the next section. The physics that
determines the optical properties and color of the rod-like
nanoparticles will be detailed in Section 4. The subsequent
sections will illustrate our seed-mediated synthesis of gold
nanorods followed by an elucidation of how they can be shape
separated to remove nanospheres (and particles of other shapes)
that are the typical byproducts of the synthesis. We will thereafter
discuss the self-assembly of colloidal gold nanorods, identifying
the means and methodology to study their phase transition to
liquid crystallinity.

Colloidal gold sols were produced and used as colorants for
centuries, before they attracted Faraday’s interest in 1857 [19], in a
paper that can be called the most important article in both the
history of colloidal science and in the discussion of how light
interactswithmatter. Unfortunately, Faraday’sworkwas forgotten
for nearly forty years, when Zsigmondy, who developed a different
synthesis protocol became aware of it [20]. Zsigmondy combined
his synthesis technique with Faraday’s method, to devise two step
‘‘nuclear’’ method [20]. This method has been rediscovered and is
termed as the ‘‘seed-mediated’’ method. Further Zsigmondy
managed to design an ultramicroscope to view the size and
mobility of nanometer size colloidal particles [20,21]. Like Faraday
and Zsigmondy, Svedberg made important contributions in
synthesis of colloidal gold [22,23] and used these particles to
show how ultracentrifuge designed by him can not only size
separate them, but also reveal their size and shape dependent
mobility [22–24]. Around the same time, Mie advanced his theory
[25] in attempt to explain the color of colloidal gold dispersions.
Gans proceeded to discuss the influence of ellipsoidal shape on
colloidal gold [26]. Given the fact that the colloidal gold particles
played a central role in the development and understanding of the
basic colloidal chemistry and physics [19–29], we will draw upon
our understanding of colloidal dispersions to cite examples and
theoretical insight relevant to our system. The perusal of this
classic literature also demonstrates how the pioneers recognized
that various observations, for example, color of colloidal gold
solutions, could be attributed to the presence of rod-like
nanoparticles.

The recent interest in gold nanoparticles is propelled by both
the advances in our scientific understanding of their synthesis and
physical properties [1–16] as well as the possibility of using them
for applications in chemical and biological sensing [2,4,6,10,30–
54], cancer treatment [10,48,55–58], catalysis [59,60], as markers
for transmission electronmicroscopy (TEM) and scanning electron
microscopy (SEM) [61] and various specialized photonics and
electronic applications [30,62–66]. This review is focused at
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presenting the essential shape dependent optics, as well as the
hydrodynamics and phase behavior of rod-like gold nanoparticles.
We discuss the seed-mediated synthesis method useful formaking
the rod-like particles and illustrate typical examples of the
properties of the nanorods from our hitherto unpublished work
and review the published research from other groups.

Before we proceed to discuss the current state of the art [1–16],
we provide a glimpse of the work of the early pioneers [19–29]
especially Faraday, Zsigmondy, Svedberg, Smoluchowski, Mie,
Ostwald and Gans. They delved into the synthesis and physical
properties of gold sols primarily to establish the existence of
particulate nature of colloidal sols and to explore questions related
to the reality of atoms andmolecules. Apart fromproviding uswith
a context for later discussion, their work presents a useful set of
experimental and theoretical ideas that can be developed, applied
and explored further in modern day research. For example, we
elucidate Zsigmondy’s method for visualization of gold particles
using ultramicroscopy [21] andwe showhow amodified version of
Svedberg’s ultracentrifugation analysis and technique [24] can be
used for shape separation of nanorods. We hope (and expect!) that
our review will project interesting questions, answers and
direction to the field of gold nanorods.

2. Historical perspective on colloidal gold sols

The use of colloidal gold as a colorant can be traced back at the
least to 5th B.C. for its use in making ruby glass and providing
reddish tinge to ceramics. According to Ostwald [27], ‘‘This
colloidal gold was prepared even in the days of the alchemists
by the reduction of gold salts by all kinds of organic substances,
including urine.’’ Similar concoctions were used by the Hindu
chemists for Ayurveda, the ancient system of Indianmedicine [67].
In what follows, we outline the representative significant
contributions from the giants of early colloidal chemistry and
physics.

2.1. Faraday’s experiments on synthesis and color of ruby gold

The definitive study on the nature of gold particles in hydrosols
– their synthesis by reduction of dilute gold chloride using
phosphorus, size dependent optical properties, coagulation beha-
vior – was carried out by Faraday as presented in his 1857 article
titled: ‘‘The Bakerian Lecture: Experimental relations of Gold (and
other metals) to Light’’ [19]. He obtained relatively unstable
colloidal sols, with colors purple red to sometimes blue, and
showed that electrical ‘‘collidation’’ of gold in air or hydrogen gave
a precipitate on glass or quartz with the same red or blue color as
present in the sols. Faraday determined that the ruby glass was
colored so, because of the presence of finely dispersed gold
particles, and carried out reactions to ascertain that ‘Purple of
Cassius’ could be obtained by adding tin chloride to gold sol. It
must bementioned here that Purple of Cassius was known for over
two centuries as stable colorant for ceramics and glasses.

Apart from use of phosphorus, Faraday showed that the gold
chloride can be reduced by heat alone or by reaction with many
different reagents including organic matter, phosphorus, tartaric
acid, etc. Faraday provided physical and chemical arguments to
emphasize that in both ruby fluid and ruby glass, metallic gold was
present in finely dispersed state. He states: ‘‘I endeavoured to
obtain an idea of the quantity of gold in a given ruby fluid, and for
this purpose selected a plate of gold ruby glass, of good full color, to
serve as a standard, and compared different fluids with it, varying
their depth, until the light from white paper, transmitted through
them, was apparently equal to that transmitted by the standard
glass. Then known quantities of these ruby fluids were evaporated
to dryness, the gold converted into chloride, and compared by

reduction on glass and otherwise with solutions of gold of known
strengths. A portion of chloride of gold, containing 0.7 of a grain of
metal, was made up to 70 cubic inches by the addition of distilled
water and converted into ruby fluid: on the sixth day it was
compared with the ruby glass standard, and with a depth of 1.4
inch was found equal to it;’’ and he goes on to state: ‘‘From these
considerations, it would appear that one volume of gold is present
in the ruby fluid in about 750,600 volumes of water;’’

Faraday also examined other metals (platinum, palladium,
rhodium, silver, tin, lead, zinc, iron, mercury, arsenic) in his paper.
In the context of his experiments, he attempted to study the optical
properties as well as remarked on the aggregation and sedimenta-
tion [19]. Apart from reading Faraday’s original paper [19], which is
a must read for anyone interested in the optical properties of gold
sols, we also highly recommend Tweney’s perspective [68] on how
Faraday discovered gold and other metallic colloids, for it includes
replication of Faraday’s original experiments as well as observa-
tions noted in his laboratory notebook.

2.2. Synthesis of gold sols, including seed-mediated method

For nearly forty years, Faraday’s work remained unnoticed [19],
and even the scientists whoworked on the ruby glass and Purple of
Cassius were not aware of it [20]. Thereafter Zsigmondy began his
investigations into the color of ruby glass and formulated amethod
for preparing colloidal gold by reducing dilute, slightly alkaline
solution of gold chloride with boiling formaldehyde. After
becoming aware of Faraday’s methods, especially reduction using
phosphorus, he combined both the synthesis techniques to arrive
at a two step synthesis method. This method is referred to as the
seed-mediated method in the contemporary literature and was
called ‘nuclear method’ in the early days [20]. Also the
nanoparticles were typically described as ultramicroscopic parti-
cles and the in place of nanometers (nm) as a unit, the equivalent
unit used was ultramicrons (mm).

Svedberg played a central role in early studies of gold sols and
he pioneered the use of electrochemical methods for the synthesis
of gold particles. In his text [22], he reports the use of every
conceivable reducing agent of available at his time to produce
colloidal gold from hydrochloroauric acid. To quote him, [22] ‘‘The
best known reduction process is the reduction of chloroauric acid
(HAuCl4) to gold. Almost every conceivable reducing agent has
been studied, viz., hydrogen, hydrogen peroxide, hydrogen
sulphide, carbon monoxide, carbon disulphide, nitric oxide,
phosphorus, phosphorus tertoxide, hypophosphoric acid, sulphur
disoxide, sodium thiosulphate, sodium bisulphate, ferrous sul-
phate, tin, stannous chloride, acetylene, terpenes, alcohols,
glycerine, aldehydes, acrolein, oxalic acid and oxalates, tartaric
acid, sugars, starches, phenols, hydroxide acids, hydrochinones,
hydrazines, hydroxylamines, protalbic acid, electric sparks (for-
mation of nitric acid), alpha, beta, gamma-rays, etc., etc.’’ Faraday
[19] had likewise used many of the reducing agents of his time to
produce gold sols.

Ostwald’s remarkable text on colloids which presents key
experimental and theoretical principles through a series of
demonstrationsmust bementioned at this juncture for it embodies
several principles useful for the synthesis of gold sols [27]. ‘‘In
order to obtain it (colloidal gold) by condensation, I begin with a
molecularly or ionically dispersed solution of gold chloride to
which sodium bicarbonate has been added until neutral to litmus. I
need now to reduce the gold chloride to metallic gold, but this
must be done in such a way that metallic gold remains so highly
dispersed as not to exceed colloidal dimensions. As you know, gold
chloride can be reduced by many different kind of substances,
especially organic ones. You need but dip your finger into the
solution when it becomes stained with bluish violet by the colloid
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gold produced through the reducing action of the organic
substances contained in the skin.’’ The complete demonstration
is a must read for everyone working on colloidal gold as well as on
synthesis and characterization of any colloidal particles. In our
context, we will note that Ostwald’s remark shows the importance
of size in keeping particles dispersed, and we shall return to this
discussion in detail when we deal with the role of Brownian
motion. Further Ostwald points out the importance of pH in the
synthesis, and in demonstration, he expounds how this is useful in
changing the final product from being a red to blue dispersion (of
course, he never uses the word pH). As an aside, we must add that
in this text Ostwald, winner of the Nobel Prize in Chemistry in 1909
for catalysis, presents endless examples of experiments that may
be carried out in a classroom to demonstrate nearly every aspect of
physics and chemistry of gold sols and other colloids.

Ostwald also advanced an explanation for formation of
Liesegang rings which are bands or rings formed in a reaction-
diffusion system [69], where typically precipitation reaction is
introduced into a homogeneous solution or gel, by diffusion of a
second species. According to Ostwald, the phenomenon is a result
of interplay of discontinuous nucleation and supersaturation
affected by local concentration gradients. We will look at the
formation of Liesegang-like patterns in evaporating drops of
colloidal gold rods in Section 7.

The role of supersaturation in determining the nucleation and
growth of gold particles, both in condensation growth from
solution and in vapor deposition, was also discussed by Svedberg
[22,23] and Zsigmondy [20,21] in their pioneering studies. In his
1921 text [22], Svedberg contends: ‘‘The degree of dispersion of
gold colloids formed by reduction of HAuCl4 without adding of
condensation nuclei is, according to Zsigmondy (Kolloidchemie, p.
143 (1918)) dependent on two factors, viz.: (1) The spontaneous
production of nuclei (s.p.n.) and (2) The velocity of the growth of
the particles (v.g.p.).’’ He continues: ‘‘The spontaneous production
of gold nuclei is a kind of coagulation and is therefore accelerated
by coagulating electrolytes in small quantities. Higher concentra-
tions drive the coagulation of the particles too far. Weak reducing
agents, e.g. potassium thiocyanate, potassium citrate, congo red,
etc., added before the reduction give rise to small gold particles
that act as nuclei. Protective electrolytes, e.g. NH3, K4Fe(CN)6,
K3Fe(CN)6, retard production of nuclei. Protective colloids do not
retard the s.p.n., their particles being too coarse for these very
small gold particles. The growth of the particles is also a kind of
coagulation. It is retarded by protective colloids and accelerated by
coagulating colloids.’’ We will point out how the critical
dependence of nucleation and growth on supersaturation can be
used in the so-called seed-mediated method to generate particles
with lower polydispersity.

2.3. Size and shape dependent color of gold sols

In his text [20], Zsigmondy notes: ‘‘The color of colloidal gold
solutions in transmitted light may be red, violet, or blue, and
occasionally yellowish brown, or brown. The ultramicrons of red
solutions are green; those of blue solutions are yellow to reddish
brown; violet solutions contain both. We have to do with green,
yellow, or brown ultramicrons.’’ He also points out: ‘‘With regard
to the brown color of very small particles a large number of
experimental facts point to the assumption that the ultramicrons
are not composed of massive gold. The assumption that the
particles are spherical in form is made solely for the purposes of
calculation, and a number of facts would seem to discredit the
hypothesis. The very great independence of the color on the
diameter makes it seem plausible that ultramicrons in red
hydrosols are not necessarily spherical when the size is 40 mm
and under.’’

The dependence of optical properties on their shape was thus
apparent to researchers including Zsigmondywhose text describes
difference in color observed by using polarized light parallel and
perpendicular to the anisotropic particles oriented by spreading
out on a gelatin film [20]. ‘‘It must be noted that gold often
crystallizes in a leaf-like form having six sides and that Ambronn
has observed dichromatic microscopic rods. If the light vibrations
from the polarizer are parallel to the shorter diameter of the
particles, that is right angles to the flat side, then the transmitted
light is red and diffracted green. If, on the contrary, the vibrations
are parallel to the larger surface and at right angles to the shorter,
then the transmitted light is blue and the diffracted light yellow or
brown.’’ Similar concepts can be utilized in making the composite
films of gold nanorods with polymers and polymer films can then
be stretched to create color filters [62]. This approach will be
discussed in the section on polymer–nanorod composites (in
Section 4).

Zsigmondy invented the ultramicroscope [21] which allowed
Siedentopf and Zsigmondy to visualize the colloidal gold particles
(i.e. nanoparticles), showing that colloidal matter consisted of
dispersion of particles of measurable size. Zsigmondy was able to
make some of the first particle tracking studies to determine the
diffusion behavior of the nanoparticles. Zsigmondy was awarded
Nobel Prize in 1925 ‘‘for his demonstration of the heterogeneous
nature of colloidal solutions and for the methods he used, which
have since become fundamental in modern colloid chemistry.’’ His
texts are a remarkable testimony to the central role played by
colloidal particles in his discoveries and inventions. While
transmission electron microscopy can be employed to determine
the size and shape of the nanoparticles, typically dried onto a
substrate, ultramicroscopy presents the option of looking at the
particles in their dispersed state. The advances in optical
techniques that have taken place in the past decades and the
expertise developed in the theoretical and experimental aspects of
quantum dot based or single molecule imaging [70–76], make
ultramicroscopy an ideal candidate for revisiting colloidal disper-
sions of metallic nanoparticles. For example, in principle one can
follow the growth kinetics of particles in situ by visualization
through the ultramicroscope. In this respect we will describe the
concept in effort to demonstrate its overlooked utility.

In this respect, the text by Svedberg [23] also describes few
other experiments used to determine size and size or shape
dependent properties, including Scherrer’s determination of
particle size using X-ray scattering, and Svedberg’s attempts to
determine particle size using particle tracking and Brownian
motion as well as measurement of size using osmotic pressure and
ultrafiltration. His text [23] mentions that Scherrer and Björnståhl
demonstrated that the gold sols have same X-ray diagram as gold
wires. Björnståhl (see Svedberg’s text [23]) also measured the
double refraction of gold sols in presence of external electric,
magnetic and flow fields, and found that shape anisotropy as well
as coagulation of particles can be studied using these. Thoughmost
of these techniques have not been fashionable for the studies on
gold nanoparticles, they incorporate concepts and applications
that must be reassessed.

2.4. Scattering and absorption: Mie theory for spherical, and Gans
theory for ellipsoidal particles

Exactly hundred years back (in 1908), Mie wrote a seminal
paper [25] to theoretically describe the absorption and scattering
by metal particles, and his motivation was to explain the color of
gold sols. His classic paper ‘‘Beiterage zur Optik truber Medien,
speziell kolloidaler Metallosungen’’ which translates to ‘‘Contribu-
tions on the optics of turbid media, particularly colloidal metal
solutions’’ include calculation of absorption spectrum for gold sols
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in water, and he plots the absorption and scattering spectra as a
function of particle size for spherical gold particles. Mie’s theory is
applicable to only spherical particles. So when Mie compared his
theoretical predictions to the experiments results of his student,
(Walter Steubing), Mie attributed the deviation to non-spherical
particles in certain cases. Mie closed his seminal paper with a
statement: ‘‘To complete the theory it is absolutely necessary to study
the behavior of ellipsoidal particles.’’ Gans [26] extended the theory
to consider the spheroid particles, showing how smaller aspherical
particles can show absorbance at longer wavelengths than
spherical particles of comparable size. We will discuss how the
electron cloud of the nanoparticles interacts with electromagnetic
radiation and determine the physical basis for the size and shape
dependent absorbance of colloidal gold sols.

2.5. Shape effects on Brownian motion: sedimentation, diffusion and
viscosity

The properties of colloids depend, to a large extent, on the
movement of particles and this movement consists of translational
and rotational Brownian motion. The advances in theoretical
understanding of Brownianmotion brought about by Einstein [77–
79], Smoluchowski [80–82] and Langevin [83] (also see Chan-
drasekhar’s review [84] and recent perspectives [85–88]) in the
beginning of twentieth century provided the requisite under-
standing to describe the continuous motion of particles observed
in ultramicroscope as well to understand the size dependence of
their stability and sedimentation behavior.

Einstein (1905) [77,78] reasoned that suspended particles
behave quite like solute molecules and therefore an osmotic
pressure should be ascribed to the suspended particles. By
applying van’t Hoff’s law to suspensions and by assuming that
dissipative force described by Stokes law balances the force due to
osmotic pressure, Einstein was able to describe Brownian motion
as a diffusion process. Further by formulating the statistical
analysis for Brownian motion, he laid a basis for testing the reality
of ‘molecular kinetic theory’ ofmatterwhich became accepted only
after Perrin’s experiments [89–91]. Einstein showed that mean
squared displacement of particles scales linearly with time and
postulated that these results could be used to determinemolecular
dimensions [77–79].

Meanwhile, Smoluchowski (1906) [80] who independently
derived the time dependence of distance covered by a Brownian
particle, determined that the number of suspended particles as a
function of height shows exponential dependence in sedimenta-
tion equilibrium, which is akin to variation of atmospheric
pressure with height. This sedimentation equilibrium can be
reached between osmotic pressure or diffusion and an effective
gravitational force [23], such that the number density of particles,
r(h) at height, h is given by the Boltzmann distribution and follow
the barometric profile, i.e. r(h) ! exp("mgh/kBT), where m is the
mass of particle, g is the gravitational constant, T is the
temperature and kB is the Boltzmann’s constant. Smoluchowski’s
studies on Brownian motion led him to develop theory of kinetics
of coagulation [82,84] as well as to explanation of how fluctuations
lead to critical opalescence [90,92]. Finally Langevin [83] outlined a
simpler derivation for the time dependence of the displacement of
Brownian particles by introducing a fluctuating random force and
counteracting it with Stokesian drag, and the modern treatment of
Brownian motion is typically based on it [84].

Perrin [23,90,91] carried out meticulous experiments to count
the number of particles as the function of height present in the
sedimentation equilibrium. Further he used the distribution
function thus obtained to calculate Avogadro’s number and
establish the equivalence between a colloidal particle and a
molecule as required by the molecular kinetic theory. His

experiments [90,91] were done using a microscope with water
immersion, large numerical aperture objective that gave himdepth
of focus of about 1mm, and allowed him to image and count
gamboge particles dispersed in water placed at a certain height.
Perrin chose these particles in part because all the theories
assumed hard-core repulsion, and hence he needed particles that
would behave as such. Perrin observed [85,91] that these gamboge
particles (a resin derived from the sap of a particular tree) were
easily dispersed in water, and form very stable suspensions of
spherical particles that displayed all the characteristics of particles
interacting via hard-core repulsion. Perrin painstakingly fractio-
nated these particles so that he could have a very narrow size
distribution of particles for his experiments.

Svedberg’s texts [22–24] contain reference to similar initial
experiments on gold sols [23,24]. He notes [23]: ‘‘Westgern in his
studies of the sedimentation equilibrium of gold and selenium sols
also determined the Avogadro constant and actually obtained
lower values than Perrin.’’ Perrin’s experiments in 1909 gave a
value of 6.8 # 1023, while Westgern got 6.05 # 1023 [23]. Further,
Perrin determined that the displacements or velocities of the
Brownian particles show a Maxwellian distribution and these
calculations, as well as experiments on Brownian motion, were
inspired partly by his friend, Langevin [90]. Perrin’s careful
experiments on translational and rotational Brownian motion
not only led support to the theories of Brownian motion but also
established the reality of molecules and established the statistical
nature of thermodynamics. Brownian motion and thermal forces
set the rules for structure, dynamics and function of soft matter
[93–96] (polymers, liquid crystals, emulsions, and colloidal
dispersions), and the analysis or theories of Brownian motion
apply to stochastic problems in systems ranging from single cells
to financial markets to galaxies [84,97].

We will discuss the role of Brownian motion in determining
colloidal stability, togetherwith the role of interaction forces in the
next section of this review. We will also discuss the how the
diffusion, aggregation and sedimentation behavior of rod-like
particles is qualitatively and quantitatively very different from that
of spherical nanoparticles. For example, rods experience difference
inmobility parallel and perpendicular to their major axis, and their
aggregation can result in the formation of a liquid crystalline
phase. Since high purity, nearly monodisperse gold (and other
inorganic) nanorods have been synthesized only recently, several
predictions regarding their behavior remain untested.

Svedberg invented the ultracentrifuge, allowing Rinde and
Svedberg [22–24] to size separate particles and to investigate the
role of shape and size on the sedimentation equilibria. The basis of
the size separation in the spherical particles is simply understood
in terms of the Brownian motion of colloidal particle under an
external field, where the equilibrium sedimentation velocity is
related to the size dependent drag that opposes the centrifugal
force. The synthesis and physical behavior, including hydrody-
namics of gold particles, was central to the studies of Svedberg,
who later earned the Nobel Prize for ‘‘his work on disperse
systems.’’ We have extended and developed the theoretical and
experimental protocol to show how shape dependent drag or
hydrodynamics during centrifugation leads to shape separation of
particles [98]. The sedimentation velocity normalized by the
centrifugal acceleration is called Svedberg’s coefficient and
commonly used unit for comparing it is called Svedberg. The
details of this mechanism and its usefulness for separating gold
nanorods from a collection of particles of other shapes will be
discussed in Section 6.

Einstein’s viscosity relation for dilute suspensions captures the
experimentally observed fact that the addition of spherical
colloidal particles to a solvent results in an increase in viscosity
of the solution. This increase is directly proportional to the size and
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number of particles, and can be used to determine the
hydrodynamic volume of these particles. The relationships derived
for non-spherical shapes are not used as extensively in the studies
of effect of rod-like colloidal particles on solution viscosity.
Onsager remarked [99] on ‘‘Viscosity and particle shape in colloid
solutions’’ as follows: ‘‘Einstein has shown that spherical particles
in solution will increase the viscosity by a factor Dh/h = 1 + 2.5f,
where f is the fraction of total volume occupied by the solute. For
an extension to ellipsoidal particles, the necessary hydrodynamic
calculations have been made by Jeffery (Proc. Roy. Soc. A102, 161
(1922)). Presently, the Brownian motion is taken into account. For
ellipsoids of rotation, with semi-major axes a$ b = c, the factor 2.5
in Einstein’s formula is replaced by (4a2/15b2)log(a/b). The time of
relaxation for rotation is t = r/6kT, where r = h # (8pa3/3)log(a/b),
e.g. for h = 0.01 and a = 100b = 5 # 10"5 cm. The calculated
viscosities are much greater than those measured by Staudinger
for solutions of paraffins in tetralin, etc., which indicates that such
molecules do not retain a straight linear shape in solution. In
addition, it seems necessary to assume slip at the surface of
hydrocarbon molecule.’’ Rod-like metal nanoparticles can be
synthesized to rigorously examine their effect on viscosity of
dispersions.

2.6. Colloidal stability, ‘gold number’ and protective action of
macromolecules

Zsigmondy drew the attention of von Smoluchowski to the
problem of colloidal coagulation of gold particles, asking him to
derive an experimentally verifiable formula (Nobel Lecture [100]).
Smoluchowski’s theories for diffusion and coagulation
[80,82,84,101] are central to our understanding of collision and
coalescence issues in both colloidal sols and other such systems
including the stability of fog. Smoluchowski computed the rate at
which a diffusing particle arrives in a ‘sphere of influence’ of
another particle. The assumption is that if the diffusing particle
moves about in the region outside this sphere of influence, itmoves
unaffected, but if it enters the region, it sticks to the other particle
[84]. Thus Brownian motion, together with the interparticle
attractive and repulsive forces that form the physico-chemical
basis for the sphere of influence, determines the phase behavior
and stability of colloids.

Zsigmondy investigated the stability of colloidal gold in the
presence of ions, biomolecules, gums and gelatin, etc., and noted
that certain proteins and substances displayed a ‘‘protective
action’’ [20]. The color of a red gold sol when coagulated with NaCl,
changes to blue. Zsigmondy used this property to define the so-
called gold number [20] as number of milligrams of the hydrophile
colloid per 10 cm3 of gold sol that is sufficient to prevent the
coagulation and hence color change to occur when 1 cm3 of 10 per
cent NaCl solution is added. The studies were used in characteriz-
ing different proteins as well as in detecting changes in the
composition of liquids containing different proteins. We will
discuss the role of Brownian motion in determining colloidal
stability, together with interaction forces and problem of
aggregation in Section 3.

2.7. Other metal nanoparticles and inorganic lyotropic liquid crystals

We must remark here that the treatises by Zsigmondy [20,21],
Svedberg [22–24] and several texts on colloidal matter written in
early twentieth century [27,29,102] contain some very illustrative
experiments and theoretical insight not only about the behavior of
gold sols but other metal nanoparticles and organic colloids as
well. Silver, platinum, mercury, bismuth, copper, tellurium, etc.
were some of the other metal hydrosols studied as a natural
extension of studies on gold sols [19,20,23]. The experiments

devised contain some of the first investigations into the
characteristic properties displayed by nanoparticles and colloidal
matter. The liquid crystalline properties of rod-like colloidal
suspensions of vanadium pentoxide, V2O5, dispersed in water,
were first studied by Zocher in 1925 [103], who also later (1929)
discovered anisotropic phase inb-FeOOH. Later, in 1938, Langmuir
reported the phase separation of suspensions of bentonite clay
platelets showing an isotropic phase (I) in equilibrium with a
nematic liquid crystal phase (N) [104]. Bawden et al. [105] found
the nematic ordering of suspensions of tobacco mosaic virus
(TMV), a rod-like virus, and Onsager [99,106] laid out a theory for
describing phase behavior of hard rods. The reader may refer to
recent reviews by Davidson and Gabriel [107,108] that summarize
the advances and history of lyotropic liquid crystals based on
inorganic nanoparticles and mineral moieties. We will discuss
liquid crystalline behavior of rod-like nanoparticles in the context
of gold nanorods, and introduce aspects of self-assembly in Section
7 of the review.

2.8. Recent interest in colloidal gold

The revival of interest in gold sols has occurred after
innumerable advances in our understanding of various concepts
in physics and chemistry. To list a few: (1) the quantummechanics
and the effects associated with nanoscopic systems; (2) the nature
of interaction between colloidal particles and the dependence of
colloidal stability on presence of surfactants, charge, polymer
chains, among others; (3) the statistical mechanics or thermo-
dynamic behavior of aggregates, crystals and liquid crystals, that
can be formed by colloidal particles; (4) the mathematics and
physics associated with pattern formation, pattern characteriza-
tion and how interplay of kinetic and thermodynamic effects
creates assemblies; (5) themechanism ofmicelle formation, role of
depletion attraction and phase behavior of surfactants and
polymers; (6) biological physics, and (7) numerical methods and
simulation protocols. The corresponding advances in technology
related to optical and electron microscopy, optics, lasers,
computing facilities for data acquisition and data analysis as well
as simulations, and instruments designed with better precision
and options imply that the corresponding research for colloidal
metal particles can really become useful for applications to lab on a
chip devices, electronic, photonic and sensing applications based
on plasmonics, cancer treatment, etc.

Since most of the researchers mentioned in this section,
flourished (early twentieth century) before they had access to the
theoretical insight, technological advancement and computer
based simulation facilities available to us now, there is an endless
wealth of questions left unanswered or incompletely understood
by these pioneers that can be explored now. Their papers are
representative of how efforts of zealous experimentalists and
theoreticians can resolve problems in spite of lack of so many
facilities that we take for granted!

The latest gold rush is likely to revolutionize the field of bio-
sensing and chemical sensing by allowing development of
technologies that help in identification of chemical or biological
strains with high accuracy, by using highly environmentally
sensitive nature of plasmon resonance as well as other optical
effects (say surface-enhanced Raman or fluorescence) associated
with the gold and other noble metal particles.

3. Colloidal nature of gold

Typically, a substance is called a colloidal dispersion if it
consists of particles within a typical size range of 1 nm–10 mm
[94,95]. The dispersion may consist of inorganic particles (say gold
or silver nanoparticles), emulsions (milk, mayonnaise), macro-
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molecules (in jellies, gels, bio-fluids), micelles (of surfactant) or
clay slurries (mud or toothpaste) or drops (fog, mist). The most
distinguishing feature of colloidal dispersions is their ability to
keep the dispersed phase suspended by virtue of thermalmotion or
Brownian motion. In equilibrium, colloidal suspensions occur in
the phase with the lowest free energy, and their behavior is
governed by the laws of statistical physics. We noted earlier how
Perrin and Westgern had looked at the barometric height
distribution of particles in gravitation [23,84]:

rðhÞ! exp "mgh
kT

! "

They counted the number of particles distributed due to the
diffusion–sedimentation equilibrium for calculating Avogadro’s
number and verifying the statistical predictions of the theory of
Einstein [77–79] and Smoluchowski [80,84].

From this relation, it follows that the average height of a
colloidal particle above the surface is equal to

hhi ¼ kBT
mg

The colloidal regime is best delimited by requiring that the
average height, hhi is greater than the particle size, which is indeed
saying that to be colloidal, a dispersionmust display characteristics
of Brownian dynamics [95]. For a spherical particle of dimension
‘‘a’’, and effective mass density, reff (after subtracting of density of
the fluid displaced by the particle, to account for buoyancy), the
criteria yields

a ¼ 6kBT
pgre f f

 !1=4

For a particle with reff of 1 g/cm3, the above criteria is satisfied
for a ! 1mm, whereas for metallic nanoparticles, say gold, where
the reff is nearly an order of magnitude larger (r is 19.3 g/cm3 for
gold), the corresponding estimate tells us that particles above
diameter of 0.5 mmcannot be kept dispersed as Brownian particles
in a solvent with density comparable with water, under the
influence of earth’s gravitational field. Further, even though a
particle could be stabilized or kept afloat by either using a density
matched fluid or by placing it in low gravity environment, the
particles can display the characteristics of a colloidal particle only
if it observes Brownian motion.

As Frenkel notes in his lecture on colloidal systems [95], both
the length scale and time scale of this motion are important. To
move a distance comparable to its size, a, the time scale required
for a Brownian particles is

t ¼ a2

D

where the diffusion coefficientD, of the particle is given by Stokes–
Einstein relation:

D ¼ kBT
z

For spherically symmetric or spherically isotropic bodies, the
friction coefficient, z ! hawhere h is the viscosity of the solvent or
themedium. For the sphere, the exact relation as derived by Stokes
is z = 3pha. While a brick could be kept afloat for example, the time
required for it to diffuse a distance comparable to its size is of the
order of million years [90,95], where the timescale for a typical
colloidal particle turns out to be a second or less. The under-
standing of Brownian motion is key to appreciating the sedimen-
tation behavior of gold sols, and is essential for designing
separation techniques that can exploit the difference in hydro-
dynamics of rods and spheres, as will be discussed in Section 6.

It has been remarked in literature that in the seed-mediated
method, ‘‘for reasons not presently understood’’ [3], the gold
nanorods can grow no more than length of 600 nm, diameter 20–
30 nm. We contend that this is probably due to the fact that these
particles are no longer Brownian. Depending upon the effective
density of the particles, beyond a certain physical size, particles
cease to display the characteristic physical properties of colloids.
Simple, back-of-the-envelope estimate based on argument out-
lined in this section shows gold particles would behave as colloids
in all respects as long as their size is below a few hundred
nanometers. While we have already noted the role of thermal
motion in determining the colloidal behavior, the overall stability
and phase behavior of the sub-micron particles depends upon the
interplay of the attractive or repulsive interparticle forces with the
random Brownian forces. These interparticle forces include
electrostatic repulsion, attraction due to dispersion forces, attrac-
tion and repulsion caused by soluble polymers, and hydrodynamic
effects that arise due to relative motion between particles and the
liquid [94,95,109].

In Table 1, we provide an order of magnitude estimate of the
relative importance of forces relevant for gold nanospheres of
diameter, a, dispersed in medium with dielectric constant, e. The
contribution of Brownian forces is of the order of O(kBT/a); with kB
being the Boltzmann’s constant, and T is the temperature. The
dispersion force, which has the contribution from London–van der
Waals interaction, is O(Aeff/a), where Aeff is the Hamaker constant,
that depends upon the nature of the particles and the intervening
fluid, and the value used (!1.9 eV) here is for gold–gold attractions
through dodecane [110]. Coulomb’s law, ee0z2, gives an estimate of
electrostatic forces between two particles (though they are
actually moderated by ions in the intervening fluid); here e0 is
the permittivity of free space (8.85 # 10"12 C/V m), and z is the
electrostatic potential of the particles. The viscous forces for
particles moving with velocity U can be estimated by Stokes law to
be O(haU), which depends upon viscosity of the material, h, while
the inertial forces are O(a2rU2). For a typical particle dispersed in a
medium, with density difference Dr between the particle and the
medium, the effective gravitational force (taking buoyancy into
account) is O(a3Drg). While the estimates are made for spherical
particles, the corresponding values for rod-like nanoparticles
would not be too different.

The absolute magnitude of the interparticle forces depends
upon the distance between them. While the screened electrostatic
repulsion between two flat surfaces decays exponentially with
distance, the dispersion forces scales as 1/r3. The attractive
dispersion forces might dominate the repulsion forces when
particles are separated by shorter distances. But as particles try to
move into a closer contact, they encounter separation dependent
viscous forces, that are required to drain away the intervening fluid
layer, and this force diverges as the distance goes to zero. The
sedimentation or gravitational force is insignificant as compared to

Table 1
Magnitude of the characteristic forces: a = 20 nm, m = 10"3 kg/(m s), U = 1 mm/s,
r = 20 # 103 kg/m3, Dr/r = 20, g = 10 m s"2, Aeff = 10"20 Nm, z = 47 mV and e = 102.

Electric force
Brownian force

¼
aee0z2
kT

( 10

Attracti force
Brownian force

¼
Ae f f

kT
( 10

Viscous force
Brownian force

¼ hUa2

kT
( 0:01

Gra force
Brownian force

¼ a3 Drg
kT

( 0:001

Gra force
Viscous force

¼ a3 Drg
hUa

( 0:1

Inertial force
Viscous force

¼
ra2U2

hUa
( 10"4
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Brownian forces (0.001 in Table 1), though as particle size grows
the gravitational forces start to dominate behavior as discussed
before. If the particles are placed in a centrifugal field, where
effective gravitation is two to three orders of magnitudes higher,
the gravitational forces become comparable or larger than
Brownian forces (a geff of 10,000 makes the forces comparable).
Change in solvent implies a different viscosity, which affects
viscous forces and also a different dielectric constant, which
changes the magnitude of repulsive electrostatic and attractive
dispersion forces, as can be seen from the formulae listed in
Table 1. Adding a salt or an electrolyte can promote particle
aggregation precisely because it changes the magnitude of the
dispersion force. Lastly, the presence of soluble polymers or
polymers adsorbed to particles or proteins or surfactant molecules
also affects the interparticle forces, and the contributions typically
arise from the strong dependence of local osmotic pressure on
concentration and distribution of adsorbed or attached species. A
comprehensive list of these (and other) forces and their origin can
be found in the text by Evans and Wennerstrom [109].

Wewill mention the role of some of these interparticle forces in
the course of our discussion on sedimentation behavior during
gravitation and centrifugation and in context of self-assembly. In
the historical perspective, we had noted how Faraday, Svedberg,
Zsigmondy and others observed the coagulation of gold sols using
salts and increase in stability of colloidal particles in presence of
gelatin for example. The exact nature of interparticle forces
relevant for gold sols depends upon the solvent used, surfactant
and salts present, particle shape and so on. While interparticle
forces capture the contributions to thermodynamic stability of the
colloidal dispersions, their overall stability depends kinetic
considerations as well, for the interparticle dynamics is modulated
by hydrodynamic interactionswhich become important during the
study of dynamic properties of the colloids. Several colloidal
textbooks [94,95,109] can be consulted for detailed discussion on
the nature and aspects of the interaction forces and hydrodynamic
interaction. At the same time, we must emphasize that while we
focus on the behavior of gold nanorods, these are mostly stabilized
by the use of amphiphilic surfactant molecules, that can aggregate
to formmicelles spontaneously, and their aggregate size and shape
influences growth and stability behavior of particles. The aggregate
size and shape of micelles depends upon the solution conditions,
including pH, temperature, salt, etc. [109], and in studying any
effect of these on stability or response of dispersed gold
nanoparticles, one must bear the response of surfactants in mind.

4. Optical properties of gold nanoparticles

4.1. Genesis of extinction spectrum

The interaction of light with matter containing particles
invariably involves scattering and absorption, both of which cause
attenuation in the intensity of beam passing through the medium
[111,112]. Scattering is caused by heterogeneity in the system,
which could be caused simply by density or concentration
fluctuations, or by presence of particles or drops as dispersed
phase. When we are dealing with particles dispersed in a fluid or a
gas, typically the scattering by fluctuations in the media is much
lower than by the particles and can be neglected for practical
purposes. The blue color of sky is a result of scattering [113], and
the attenuation of light passing through turbid media like fog is
also due to scattering. Scattering is often accompanied by
absorption, whereby depending upon the material in question,
certain frequencies are absorbed and dissipated either as heat or
for other internal processes in the molecules or particles. The color
of black smoke or of Indian ink dispersed in water is due to
absorption.

A light beam passing through a colloidal dispersion of metal
nanoparticles gets attenuated by the combined contribution of
absorption and scattering, as given by

IðzÞ ¼ I0 expð"n0CextzÞ

Here I0 is the intensity of the incident beam, I(z) is the intensity of
the beam after travelling path length, zwithin the sample, n0 is the
number density of particles and Cext (=Cabs + Csca) is the extinction
cross section of a single particle; and is the sum total of the
absorption and scattering cross sections respectively. The product
n0Cext is often termed as the extinction coefficient,g and it has units
of reciprocal length. The absorption spectrum determined by UV–
vis spectroscopy is in fact a measure of attenuation caused by a
dispersion of gold nanoparticles, and is thus related to the
absorption cross section. In what follows, we will elucidate the
relationship of the size and shape of gold nanoparticles to
extinction cross sections, thus establishing the physical basis for
their optical response. In the process, we will also determine the
local electric fields associated with nanoparticles are important for
their applications.

The optical properties of noble metal particles originate from
localized surface plasmons. These phenomena occur when
electromagnetic field interacts with conduction band electrons
and induces the coherent oscillation of electrons. As a result, a
strong absorption band appears in some region of the electro-
magnetic spectrumdepending on the size of the particle (described
in more detail in the next sub-section). This plasmon absorption is
a small particle effect. It is absent in the individual atoms as well as
in the bulk. Even for thin films, at the interface between a metal
and a dielectric, the electromagnetic field can couple to the
oscillations of conduction electron plasma creating surface
plasmon polaritons. These surface plasmon polaritons are dis-
persive, propagating electromagnetic excitations on the interface
that are evanescently confined in perpendicular direction. The
detailed derivation and discussion of applications of surface
plasmon polaritons is presented in texts like Maier [66], and is
outside the scope of this article.

But when a metal nanoparticle is exposed to such a field, non-
propagating excitations of conduction electrons create size
dependent localized surface plasmons that arise simply when
we consider the absorption and scattering by gold (or other
metallic) nanoparticles. When a conductor or metal is placed in an
oscillating field of incoming radiation, the electrons cloud is driven
into oscillations (Fig. 1). In the case of a sub-wavelength
conductive nanoparticle, the curved surface of the particle exerts
an effective restoring force on these driven electrons (analogy with
a damped, driven harmonic oscillator). Like any driven oscillator
system, in nanoparticle case, a resonance can arise leading to the
field amplification both inside and outside the particle. This
resonance for gold and silver particles lies in the visible region of
the electromagnetic radiation which is responsible for their bright

Fig. 1. Size dependent localized plasmon resonance in metal spheres.
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colors in both transmitted and reflected light. The reason for field
amplification as well as optical response of gold nanoparticles will
perhaps more clear when we approach this problem using
electrostatics.

Mie [25] first explained this phenomenon theoretically by
solving Maxwell’s equations for a radiation field interacting with a
spherical metal particle under the appropriate boundary condi-
tions. He applied an exact electromagnetic theory for spherical
particles using electrodynamics, and this describes the extinction
(absorption + scattering) of spherical particles of any given size. In
this section, we will first describe the basis for plasmon resonance,
illustrating the underlying quantum effect by discussing the basis
for the absorbance by spherical and non-spherical metal particles.
The theoretical background presented is essential for under-
standing the color of gold sols as well as for appreciating how and
why localized field enhancements can occur for these particles,
leading to their utility as sensors. The reader may wish to refer to
textbooks by Bohren andHuffman [111], van deHulst [112], Kerker
[114] and Jackson [115] formore detailed derivations of absorption
and scattering.Wemust suggest the excellent, recent text byMaier
[66] for it focuses on fundamentals and applications of plasmonics,
and indispensible articles [1–15,49,116–123] that focus on optical
properties of gold nanoparticles.

4.2. Localized surface plasmon resonance for spherical particles

In the plasma model, the free electrons in a metal can be
considered to be like a gas of number density ‘n0’ moving against
the fixed background of positive ion cores. The dielectric function
of the metal, e(v) is related to the refractive index, n and the
absorption coefficient, k by the following relations:

eðvÞ ¼ e1ðvÞ þ ie2ðvÞ

e1 ¼ n2 " k2 and e2 ¼ 2nk

n2 ¼ 1
2
e1 þ

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 þ e22

q
; k ¼ e2

2n

In what follows, we proceed from Maxwell’s equations to
describe a much simpler electrostatics computation of interaction
of a nanoparticle of size with an electromagnetic radiation of
wavelengthl such that a* l. Let us first consider a homogeneous,
isotropic spherewith dielectric function e(v), radius a placed in the
electric field E placed in a medium with the dielectric constant of
the medium as em. In the case, the solution to the Laplace equation

r2F ¼ 0

can be written as

Fðr; uÞ ¼
X1

l¼0

½Alr
l þ Blr

"ðlþ1Þ,Plðcos uÞ

where Pl(cos u) is the Legendre polynomial of order l. Now by
solving for the potential inside and outside the sphere, and by
using the boundary condition at the sphere to be the equality of the
tangential and normal component of the electric field (gradient of
potential), we can arrive at the resulting electric field as described
in textbook examples in say Jackson [115]. This leads to a
polarization of the sphere given by

~P ¼ 4pe0ema3
e" em
eþ 2em

$ %
E
*

0

implying simply that the applied field introduces a dipole moment
inside the sphere. We can rewrite the expression in terms of the
polarizability, a as

~P ¼ 4pe0emaE
*

0

implying therefore that polarizability is

a ¼ 4pa3
e" em
eþ 2em

$ %

Since the dielectric function of the gold is frequency dependent,
we can arrive at the resonant condition when the extrema of the
polarizability is reached. This occurs when the denominator is a
minimum, i.e. je + 2emj is a minimum, which for the case of small or
slowly varying Im[e] around the resonance condition simplifies to
Re[e(v)] ="2em called the Fröhlich condition. The associatedmode
is called the dipole surface plasmon of the nanoparticle, and for a
givenmetal, depends on the dielectric constant of themedium. This
implies that the change in the absorption peak of a given metal
nanoparticle can sense the local changes in refractive field, and can
be used as a marker for following the changes in refractive index
[45]. It would perhaps be most useful for systems where such a
change can be brought about by a chemical reaction that could be
marked in terms of localized change in the environment of the
nanoparticle. We note here that the magnitude of the polarizability
at the resonance condition iswell-defined, because even though the
Fröhlich condition is satisfied, the Im[e] is non-vanishing.

In the plasmamodel, when the electrons oscillate in response to
the applied electromagnetic field, their motion is damped via
collisions that occur with the frequency of 1/gd. The dielectric
function for free electrons of metal, can be written using Drude
model as

eDðvÞ ¼ 1"
v2

p

v2 þ igdv

Here the v2
pð¼ n0e2=e0me f f Þ is the plasmon frequency of free

electron gas, and meff is effective mass of the electrons. Since
electron–electron, electron–phonon and electron-defect scattering
processes determine the value of gd, which is a phenomenological
damping constant of the bulk material, it is constant for bulk
material, implying that the dielectric function is constant. As we
approach particle sizes comparable to the mean free path of the
electrons, collisions of conduction electrons with particle surface
contributes to the damping constant, as described by

gdðrÞ ¼ gd0 þ
AvF
r

Here gd0 is the bulk damping constant, vF is the velocity of the
conduction electrons at Fermi energy and A includes the details of
scattering process. The size dependence of damping constant
makes dielectric constant and hence the resonance condition
function of radius r of the particles. It may be remarked here that
the consequence of this resonantly enhanced polarization is an
enhancement in the efficiency of scattering and absorption of light
by metal nanoparticles. This is evident if one examines the
corresponding cross sections for scattering and absorption [111]:

Csca ¼
k4a2

6p
¼ 8p

3
k4a6

e" em
eþ 2em

$ %2

Cabs ¼ k Im½a, ¼ 4pka3 Im
e" em
eþ 2em

$ %

It is very difficult to distinguish smaller particles from the
background of large scatterers because of the a6 dependence of
scattering cross section. But for small particles with a* l,
absorbance scales with Volume and the scattering with (Volume)2

so absorbance dominates over scattering. Hence when we refer to
the extinction measured experimentally, we are typically seeing
absorbance spectrum, and the expression for extinction for
spherical particles can be written as:

g
NpV

¼ 18pe3=2m

l
e2

ðe1 þ 2emÞ2 þ e22
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4.3. Plasmon resonance for ellipsoidal nanoparticles

For gold nanorods, the plasmon absorption splits into two
bands (Fig. 2) corresponding to the oscillation of the free electrons
along and perpendicular to the long axis of the rods [14]. The
transverse mode (transverse surface plasmon peak: TSP) shows a
resonance at around 520 nm, while the resonance of the long-
itudinal mode (longitudinal surface plasmon peak: LSP) occurs at
higher wavelength and strongly depends on the aspect ratio of
nanorods. As aspect ratio is increased, the longitudinal peak is red-
shifted. To account for the optical properties of NRs, it has been
common to treat them as ellipsoids, which allows theGans formula
(extension of Mie theory) to be applied. Gans’ formula [26] for
randomly oriented elongated ellipsoids in the dipole approxima-
tion can be written as

g
NpV

¼ 2pe3=2m

3l

XC

j¼A

ð1=P2
j Þe2

½e1 þ ðð1" P jÞ=P jÞem,2 þ e22

where Np represents the number concentration of particles, V the
single particle volume, l the wavelength of light in vacuum, and em
the dielectric constant of the surroundingmedium and e1 and e2 are
the real (n2 " k2) and imaginary (2nk) parts of the complexdielectric
function of the particles. The geometrical factors Pj for elongated
ellipsoids along the A and B/C axes are respectively given by

PA ¼ 1" e2

e2
1
2e

ln
1þ e
1" e

! "
" 1

$ %

PB ¼ PC ¼ 1" PA

2
and e ¼ L2 " d2

L2

 !1=2

Fig. 3 shows the absorbance spectra for gold nanorods with
varied aspect ratio calculated using the Gans expressions. The
dielectric constants used for bulk gold are taken from the
measurements done Johnson and Christy [124], while the
refractive index of the medium was assumed to be constant and
same as for H2O (1.333). The maximum of the longitudinal
absorbance band shifts to longer wavelengths with increasing
aspect ratio. There is the small shift of the transverse resonance
maximum to shorter wavelengths with increasing aspect ratio.
Electron microscopy reveals that most nanorods are more like
cylinders or sphero-capped cylinders than ellipsoids. However, an
analytical solution for such shapes is not derived yet, and so while
the results are compared to the formula given by ellipsoids, we
must remember that such comparisons are somewhat approx-
imate.

4.4. Beyond dipole resonance and beyond electrostatics

In the so-called Rayleigh limit, i.e. when the size of the particle,
a, is much smaller than the wavelength of light, l, i.e. satisfies
jmjx* 1, where x = ka, (and k = 4p/l) the first term of the
expansion or dipole term, is enough to provide a reasonable
estimate of the scattering coefficient [25]. In this limit, where both

x* 1 and jmjx* 1, a spherical particle experiences a fairly
uniform field and we can derive the extinction cross section by
evaluating field scattered or radiated by a dipole. This simply
follows from electrostatics as the sphere gets polarized due to
external field and emits as a dipole. As the size parameter increases
towards one, higher order, multipole contributions, become
important. For example, the quadrupole contribution, computed
easily for spheres, leads to spreading of the expected resonance
peak. For example, if we consider the expansion based on Mie
theory for polarizability of the sphere of Volume, V [66,126]:

as ph ¼ 1" ð1=10Þðeþ emÞx2 þ Oðx4Þ
ðð1=3Þ þ e=ðe" emÞÞ þ ð1=30Þðeþ 10emÞx2

"ið4p2e1:5m =3ÞðV=l3
0Þ þ Oðx4Þ

where x = pa/l0 relates size to the free space wavelength.
As we can see, a number of additional terms appear in both

numerator and denominator. The quadratic term in the numerator
includes the retardation effect of the exciting field over the volume
of the sphere leading to shift in plasmon resonance. Similarly a
shift in plasmon resonance is affected by the quadratic term that
appears in the denominator, representing the retardation of
polarization field inside the particles. For gold (and other noble
metals) the overall shift is towards lower energies and hence the

Fig. 2. Transverse and longitudnalmodes of plasmon resonance in rod-like particles.

Fig. 3. Absorbance spectra calculated with the expressions of Gans for elongated
ellipsoids using the bulk optical data for gold. (a) The numbers on the spectral
curves indicate the aspect ratio (L/d). (b) Enlargement of the shaded area of (a)
showing slight blue shift of transverse plasmon resonance peak on increasing
aspect ratio [125].
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spectral position of the dipole resonance shifts towards longer
wavelengths. This means that there is a red-shift due to increase in
particle size. Intuitively, we can say that the distance between the
charges at the opposite interfaces of the particle increase with
increase in size, thus leading to a smaller restoring force and hence
a smaller resonance frequency. The red-shift underscores the fact
that effects of the interband transitions (which increase Im[e]) not
captured by Drude model decrease as the plasmon resonance
moves away from the interband transition edge [66].

The quadratic term in the denominator increases the magni-
tude of polarization aswell as leads to a decrease in the influence of
absorption (from Im[e]). However, the completely imaginary term
present in the denominator, which accounts for radiation damping,
counteracts this effect. Radiation damping [15] is caused by the
direct radiative decay of the coherent electron oscillations into
photons. It is the main cause for weakening of the dipole plasmon
resonance for particleswith increase in size, and as a result, despite
of the decrease in absorption, a significant broadening of plasmon
sets in. More detailed discussion of radiation damping and non-
radiative decay can be found in the work of Link and El-Sayed [15].
The multipole plasmon resonances in colloidal gold nanorods
[127]. were reported recently for rods that are few hundred
nanometers in length, and the experimental results were captured
by Discrete Dipole Approximation (DDA) simulations, described in
the next sub-section.

4.5. Computational methods

While analytical solutionsarehard tocomeby, variousnumerical
methods and techniques have been applied to solve Maxwell’s
equations for non-spherical particles. In case ofmetal nanoparticles,
these allow us to compute both the plasmon resonance as well as
local electric fields, and hence the local enhancement of fields and
effects resulting from them. The most commonly used numerically
exact methods are DDA and T-matrix methods, though multiple
multipolemethods (MMP)andfinitedifference timedomain (FDTD)
methods have been utilized as well [128].

The DDA method is a numerical method first introduced by
Purcell and Pennypacker [129] in which an object of arbitrary
shape is represented on a cubic lattice of N polarizable point
dipoles localized at ri, i = 1, 2, . . ., N, each one characterized by a
polarizability ai. The induced dipole polarizations at each point in
the lattice are determined self-consistently, where local field at
each dipole includes the effect of the polarization at other dipole
fields. Thismakes for computationally intensive procedure, leading
to N log(N) dependence of the computational time on the number
of cubes. For particles with dimensions of tens of nanometers, it
involves coarse graining, which perhaps limits the accuracy of the
simulated values quoted for field enhancement and extinction
coefficients. Schatz and co-workers [12,117–120,127,128,130]
have demonstrated the use of DDA for optical calculations of
metallic systems with different geometries and environments.
While the DDA is a useful technique for yielding extinction,
absorption and scattering cross sections for particles of complex
shapes, one must remember that: (1) the assumption on size of
dipole and refractive index mean the results are at best
approximate, and (2) the coarse graining required to evaluate
the resonance and absorbance limits the accuracy to which local
fields and field enhancements can be determined for complex
particle shapes and for interacting or coupled particles.

4.6. Absorption spectrum of colloidal dispersions of gold nanorods

It is made evident in previous sections that the longitudinal and
transverse plasmon resonance can be computed as a function of
aspect ratioeitherbyusinganalytical expressionput forthbyGans in

1912 [26] or by using one of numerical techniques [111,128]. We
now describe the how the absorption spectrum measured experi-
mentally compares to the results from Gans theory [26] and DDA
simulations [128]. The gold nanorods cited from our research were
synthesized using a seed-mediated method based on use of binary
surfactant, as described in the next section and all UV–vis–NIR
spectra were acquired with a Cary 5G UV-visible-near-IR spectro-
photometer. Even thoughoptical properties ofpurewaterwereused
for calculating the spectrum, the peak resonance measured
experimentally show a remarkable agreement with theoretical
and simulation results (Fig. 4). Several groups have observed similar
trends [3,14]. Though we assert that the best comparisons can be
madeonlywith sampleswith lowestpossiblepolydispersity. Itmust
be pointed out here that the nanorods used in our researchwere not
only synthesized in a controlled manner to produce lower size
dispersity, but they were also separated more efficiently from
nanospheres using our understanding of what controls shape
separation during centrifugation. The methodology for controlled
synthesis and the theoretical and experimental aspects of shape
separation are summarized in next two sections of this review.

It is well known though that the plasmon resonance is very
sensitive to change in the dielectric constant of themedium, and in
case ofmixed solvents or in sensing applications, wemust take this
effect into consideration. Theoretically predicted change in optical
properties of colloidal gold suspensions expected upon changing
medium has been observed experimentally by several groups
[46,131]. For the gold nanorods, the computed longitudinal
plasmon peak increases with an increase in the dielectric constant
of medium, as shown in Fig. 5. The effect of medium seems more
pronounced for longer nanorods, as is evident from the increase in
slope observed for higher aspect ratios.

4.7. Local field enhancements and sensing applications

Let us remind ourselves that the electric field is the gradient of
potential, and hence using the expression for potential derived
earlier, we note that the electric fields inside and outside the
sphere are:

Ein ¼ 3em
eþ 2em

E0

Eout ¼ E0 þ
3n
*
ðn
*
- p
*
Þ " p

*

4pe0em
1
r3

Fig. 4. Longitudinal surface plasmon peak (nm) versus the aspect ratio of nanorods.
Simulation results using the DDA method [12] and the corresponding fit (red
straight line) and Gans’ calculation (blue straight line). Experimental data from the
work (gray squares). Experimental data from our study (black circles) [125].
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Resonance in polarizability leads to the resonant enhance-
ment of both the internal and the external dipolar fields. The
wavelength at which this resonance occurs depends upon the
dielectric function of the metal as well as the medium around it.
Since the resonance condition and resulting enhancements of
the fields are directly correlated with the shape and size of
particle, the basic understanding of this relationship is crucial
for their widespread use. The sensitivity of plasmon resonance to
the local dielectric environment, implies that any changes
within a few nanometers of the particles can be used in say
biological or chemical sensing applications [1–10,12,16,17,30–
47,66,132–137]. Non-linear applications as well as surface-
enhanced Raman sensing are dependent on our ability to
maximize the local fields and generate electro-optical effects
that can be monitored easily. For the perfectly spherical particles
that can be described by electrostatic approach (Rayleigh limit),
only the dipole surface plasmon contributes to the localized
enhancement, limiting the overall enhancement achieved. In
rod-like particles, highly localized fields can be generated at the
tips, providing a much stronger response function for sensing
applications. The theoretical and experimental aspects of
SERS and plasmonics based sensing are widely discussed and
debated in literature [31,66] and it forms one of the most
anticipated applications of non-spherical gold and noble metal
particles. For now, we will focus on color of colloidal dispersions
of rod-like gold particles, and polarization dependence color and
absorption that can be used and illustrated using polymer
nanocomposites.

4.8. Color of colloidal dispersions of gold nanorods

Since the color of colloidal gold depends on both the size and
shape of the particles, as well as the refractive index of the
surrounding medium, it is important to independently account for
the color change of gold nanorod suspension due to presence of
either nanospheres or any substance that affects the refractive
index of the solvent. Since color of the gold sols is traditionally
linked to their shape or size, we decided to characterize the
dependence of perceived color on shape and dimensions of the
nanoparticles using color science.

Color science or science of colorimetry is standardized in terms
of CIE color space [138,139], based on 28 observer data, which
essentially describes the response of ‘‘average’’ observer to a color
stimulus on which perception is based. To simulate the color of
gold nanorods from the calculated absorption spectra and

experimental spectra, CIE XYZ tristimulus values was calculated.
The absorbance (A) was converted to transmittance (T) according
to the following equation:

A ¼ log10
1
T

Following the standard procedure from the color science, we
calculated CIE XYZ tristimulus values by integrating the relative
spectral transmittance T(l) together with the relative spectral
energy distributions of the illuminant, E(l), and by using the
standard observer functions x(l), y(l), and z(l). We used the
spectral distribution power function of daylight D65. The integra-
tion is approximated by summation, thus:

X ¼ 1
k

X
TðlÞEðlÞxðlÞ; Y ¼ 1

k

X
TðlÞEðlÞyðlÞ;

Z ¼ 1
k

X
TðlÞEðlÞzðlÞ

where k ¼
P

EðlÞyðlÞ and l = wavelength.
The amounts of red, green, and blue needed to form any

particular color are called the tristimulus values and are denoted X,
Y, and Z, respectively. A color is then specified by its trichromatic
coefficients, defined as

x ¼ X
X þ Y þ Z

; y ¼ Y
X þ Y þ Z

; z ¼ Z
X þ Y þ Z

; xþ yþ z ¼ 1:

The color was identified by positioning x and y values in the CIE
chromaticity diagram.

This visible light region consists of a spectrum of wavelengths,
which range from approximately 700 to 400 nm. For the nanorods,
the transverse plasmon resonance peak is not quite as sensitive to
the change of aspect ratio, as the longitudinal peak, which shows
noticeable shifts in the aspect ratio as seen in Fig. 6 which shows
the UV–vis–NIR spectrum of gold nanorods dispersions. The
relatively intensity of transverse peaks shows that mostly
nanorods are present, which were obtained by optimizing
synthesis and separation techniques described in subsequent
sections. As predicted by theory, the transverse peak blue shifts
with an increasing aspect ratio. The blue shift is not typically seen
in experimental results and its presence here shows that the
synthesis and separation methodology developed by us leads to
relatively monodisperse samples.

Fig. 7 shows the photograph of the colloidal dispersions of gold
nanorods and the color patches simulated using theoretical
absorbance data equivalent to the aspect ratio of gold nanorods.
The color of solution is basically the same beyond an aspect ratio
of around 4. Also the color of the hydrosols of gold nanorods we
made is identical to the simulated color. Therefore in a visible
region, the dramatic color change cannot be achieved by only
changing aspect ratio. But once the longitudinal peak goes beyond
700 nm, (for aspect ratio !3) the change in peak absorption
cannot be detected by the human eye and color of gold nanorod
dispersion does not change with further increase in aspect ratio.
Therefore the color change could be only observed for relatively
short range of aspect ratios. But the tunability of optical properties
gold nanorods as a function of aspect ratio provides potentials to
use gold nanorods as an optical filter in near infrared region. We
demonstrate this aspect using polymer nanocomposites in a later
section.

We found that the color in a visible region is rather sensitive to
the amount of spherical particles included as byproducts since
surface plasmon peak of sphere positions between 500 and
550 nm. Fig. 8 shows the color of colloidal dispersion of gold
nanorods containing different amount spheres as byproducts. The
color changes from purple to brown as the amount of byproducts
decreases.

Fig. 5. Calculated LSP as a function of refractive index of medium [125].
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4.9. Polarization dependent color and absorption in polymer–gold
nanocomposite films

We have noted both in the historical section (Section 2) and in
discussion of the localized surface plasmon of rod-like particles
that optical properties are dependent on the state of polarization of
incident light, on size and aspect ratio of the particles, and the
dielectric properties of the medium. The optical response of a
colloidal dispersion of nanorods, as revealed by UV–vis spectro-
scopy can be thought of as the response from randomly oriented
rods. The polarization dependent response of nanorods can be
observed by dispersing them in a gel or polymer matrix, and then
stretching the matrix uniaxially, thus aligning the dispersed rods.
When the incident light is polarized in the direction of stretching or
in the direction coincidingwith the average orientation of long axis
of nanorods, absorbance is dominated by the response due to the
longitudinal resonance. As the angle between the stretching
direction and polarization of incoming light is increased, the
absorbance shows a marked blue shift. Thus the composite films
show a marked polarization dependent color and absorption,
making them suitable for use as polarization dependent color
filters and for other optical applications [62,63].

Caseri [62] presented a very comprehensive historical perspec-
tive and discussion of optical properties of polymer/nanoparticle
composites. Caseri and co-workers [62,140,141] found that
spherical gold nanoparticles can form ‘pearl necklace type arrays’
by aggregating along the stretching direction and produce dichroic
filters that have potential application in creating bicolored displays

as illustrated in Fig. 9. Al-Rawashdeh and Foss [63] studied the
linear dichroic properties of polyethylene/gold rods composites
and studied how the local field enhancement could make these
composite films impacts the infrared absorption of probe
molecules attached to the surface of nanorods. Like several other
researchers [142–144], we used water soluble polymer, polyvinyl
alcohol (PVA) to make the polymer/nanorod nanocomposites. We
mixed the gold nanorod dispersions into an aqueous solution with
!10% PVA ofMw95,000 (98–99% hydrolyzed, Aldrich), and studied
the optical properties of casted films. Uniaxial drawingwas carried
out on a hot plate at 60 8C.

The absorbance spectra of randomly oriented gold rods inwater
and in PVA films is shown in Fig. 10. The shift in the longitudinal
plasmon peak visible here is accounted for by the change in
dielectric medium for the refractive index of PVA is 1.521 as
compared to 1.333 for H2O. Though the calculation using Gans
theory does not capture the shift quantitatively, we observe the
expected red-shift. Also, the absorbance peak of the nanocompo-
site with longer aspect ratio (!6.3) lies in near infrared region, and
so the appearance of the films shows contribution only from the
transverse peak that lies in the visible region.

The polarization dependent absorption of the films was
characterized using the experimental set-up (see Fig. 11). We
found that by increasing the draw ratio from 2 to 4, as shown in
Fig. 12, the intensity of longitudinal plasmon peak is highly
diminished when illuminated by light polarized perpendicular to
the stretch direction. The result clearly shows that the particle
orientation increases with increase in draw ratio, and draw ratio of
4 is sufficient to produce a polarization color filter.

The transmittance spectra as a function of polarizer angle are
shown in Fig. 13 for a nanocomposite with gold nanorods of aspect
ratio 2.8, and draw ratio of 4 was used for this study. The
longitudinal plasmon resonance blue shifts as polarization angle is
increased, and the intensity of the peak drops, in accordance with
the observations by other groups [62] (Fig. 14).

We obtained transmittance spectra at different polarizer angles
and calculated extinction ratio, E.R. = 10 log10(T?/Tk) [dB] where T?
and Tk are the transmittance perpendicular and parallel to the
stretching direction, respectively. Maximum extinction ratio [125]
is 18 dB at l = lLSP and is comparable to those previously reported
in the literature [145]. The thickness of the film is 50 mmand it has
good flexibility. When the aspect ratio of nanorods is sufficiently
large, the LSP shifts to the near-IR region. This indicates that the
wavelength region displaying optical dichroism can be shifted
from the visible to the near-IR. This enables the fabrication of thin-
film optical filter that respond to the wavelengths in the near-IR
region (Fig. 15).

4.10. The ultramicroscope

In recent literature, we find that size and shape of gold particles
is often characterized by TEM and suchmeasurements allow direct
visualization of nanoparticles deposited and dried onto a copper
grid. In the context of our studies too,morphology andmean size of
nanoparticles were examined by TEM (JEOL100 at 100 kV). It is
widely recognized that broad plasmon resonance peaks observed
in UV–vis absorption spectroscopy can arise due to either
polydispersity or difference in shape and size of constituent
particles and hence a directly visualization provides necessary and
complimentary information. We note however that while TEM
images are almost indispensible sources of size and shape, a
simpler technique for direct visualization of particles exists in
ultramicroscopy and has been completely ignored by the com-
munity. In what follows, we expound on the basis of ultramicro-
scopy and its demonstrated ability to show size and optical
response of nanometer size particles.Wewill discuss howparticles

Fig. 6. (a) UV–vis–NIR spectra of dispersions containing gold nanorods with
different aspect ratios and (b) transverse peak, showing the blue shift with increase
in aspect ratio [125].
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can self-assemble, size or shape separate on TEM grids in the last
section of assembly and liquid crystallinity of rods. There is a merit
in looking at particles in their dispersed phase, and hence we
describe ultramicroscopy for stressing why it could be revived for
studies on colloidal dispersions of gold and other noble metal
particles.

When a narrow beam of sunlight enters a dark room, the
scattering from dust particles makes them visible. If there were no
dust particles, the medium will behave as optically void, and if the
particles are decidedly small in size, the beam of light acquires a
bluish tinge. This phenomenon is called Tyndall effect and is
indicative of presence of suspended particles. Hence all colloidal
suspensions exhibit this phenomenon in proper illumination. In
his seminal paper [19], Faraday looked at gold sols under such
illumination and noted that the gold particles scatter light.
Zsigmondy placed a microscope to visualize the Faraday–Tyndall
cone of light, and was able to establish that gold sols consist of
nanometer size particles [21] (Fig. 16). (Of course, as we remarked
before, he never called the particles nanoparticles and never

referred to the dimensions in nm units, rather used the term
ultramicrons and called particles ultramicroscopic.)

Abbe’s diffraction theory tells us that the resolution of the
microscope depends upon the wavelength l of light, and the
numerical aperture, NA (n sin a), of the objective of the micro-
scope, where n is the refractive index of the immersion medium.
This implies that we can distinguish points that are at a distance
larger than d ! l/NA. Under the best conditions, by using highest
numerical aperture objective and by using oil immersion to extend
the resolution, we see that the minimum distances resolved by an
optical microscope tend to be!0.2 mm. The reader can refer to any
standard text [146–149] for more detailed discussion on image
formation and resolution of microscopes. While it is commonly
believed that particles smaller than this size cannot be resolved by
a microscope, the real limit is set by our ability to detect the light
reflected or emitted by particles of sub-microscopic or as
Zsigmondy called them ultramicroscopic size. Any particle that
can bemade to emit enough light can be seen if it is not too close to
another particle, and this condition can be satisfied by taking a

Fig. 7. (a) Photograph of 4 sols of colloidal gold prepared in water. Aspect ratios are 2.6, 4.1, 5.6 and 7.4 (from the left), respectively. (b) The simulated color of dispersion of
gold nanorods of different aspect ratio [125].

Fig. 8. The color of dispersion of gold nanorods containing different amount of spheres as byproducts: (a) 50%, (b) 30%, (c) 10% and (d) 0% [125].
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dilute colloidal suspension. The next step is to illuminate the
particles with a strong source of light and to observe themwith an
optical system that collectsmaximumpossible light emitted by the
particles. The smallest size reported to be seen by Zsigmondy was
1.7 nm! [29]. Colloidal solutions of gold and other metals are
particularly conducive for ultramicroscopy due to the marked
difference between the optical constants of the dispersed phase
and the disperse media.

5. Synthesis of gold nanorods

The wet chemical methods typically involve reduction of an
aqueous solutionofAu(III) derivatives–chloroaurate (AuCl4

")where
reduced Au atoms initially can form a sub-nanometer cluster
particle in the first nucleation stage. Later, the reduced Au atoms
stick to these existing particles, leading to growth. Particle
aggregation is prevented through vigorous stirring and by adding
stabilizing agents. Since the difference between the redox potentials
(DE) of the two half cell reactions (reduction of Au ion and oxidation
of reducing agent) [150] drives the reaction, higher DE translates
into a more spontaneous reaction. The concentration of reactants,
temperature andpH influence the kinetics ofnucleation andgrowth,
and therefore control on the size, shape and structure of the colloidal
gold nanoparticles [19–23,27,29,150–154]. For example, strong
reducing agent such as NaBH4 or phosphorus produces small gold
particles while mild ascorbic acid produces larger gold particle due
to the smallerDE. Ever since aspherical Au particles were observed
as a byproduct of the synthesis of colloidal sols, researchers have
focussedondeveloping recipes thatmakeparticles ofdesired shapes
and size. The revival of interest in gold nanoparticles in past two
decades [1–10,16,17] has been accompanied by increasing research
effort in designing processes where nanorods are the main or only
product. In our brief survey of synthesis methods, we will outline
some important results relevant to nanorod synthesis and then
describe our own findings.

Yu et al. [155] used electrochemical reduction in the presence of
cetyltrimethylammonium bromide (CTAB) in solution to make

Fig. 9. (a) UV–vis spectra of uniaxially stretched films of high-density polyethylene/gold composites. The angle on spectra indicates the angle between the polarization
direction of the incident light and the drawing direction. (b) Color display made possible by using a drawn polyethylene–silver nanocomposite with Twisted-nematic liquid
crystal displays (LCD) [62].

Fig. 10. The absorbance spectra of randomly oriented gold rod dispersions. (a) Aspect ratio 4.3 and (b) aspect ratio 6.3. The blue line is the absorbance spectra of aqueous
solution. The red line is the absorbance spectra of PVA film [125].

Fig. 11. The experimental set-up of the polarization spectroscopy studies. At a
polarization angle u = 08 the electric field of the light is polarized parallel to the
stretch direction, whereas at a polarization angle u = 908 the electric field of the light
is polarized perpendicular to the stretch direction [125].
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colloidal sols with nanorods as the major product. Thereafter Jana
et al. [156] produced nanorods using seed-mediated method by
changing the concentration of surfactant used and by adding
AgNO3 to the recipe used for synthesis of nanospheres [157]. The
several growth mechanisms [158–161] proposed for single
surfactant system concur in stating that CTAB confines the growth
direction of gold nanoparticles by adsorbing preferentially on to
the specific crystal facet of the growing particle.

Nikoobakht and El-Sayed [162] further modified the seed-
mediated method by using a cosurfactant mixture of CTAB and
benzyldimethylhexadecylammonium chloride (BDAC) and
reported that the use of binary surfactant results in nanorods of
fairly good uniformity, higher yield, and yet fewer byproducts.
Many researchers have focussed on various aspects of synthesis of
gold nanorods [2–7,11,16,163], especially through seed-mediated
method [7,156,160–162,164–169]. So we will restrict the remain-
ing discussion to our studies on making gold nanorods and our

studies aimed at establishing the growth mechanism in the
presence of binary surfactant mixtures.

5.1. Recipe for nanorod synthesis using seed-mediated method with
binary surfactant

We modified the seed-mediated method of Nikoobakht and El-
Sayed [162] for this study. First the seed solution was prepared by
mixing CTAB solution (5.0 ml, 0.20 M) with 5.0 ml of 0.00050 M
HAuCl4. 0.60 ml of ice-cold 0.010 MNaBH4was added to the stirred
solution, and this resulted in the formation of a brownish yellow
solution. Vigorous stirring of the seed solution was continued for
2 min. After the solution was stirred, it was kept at 25 8C.
Thereafter, the growth solution was prepared by mixing 5 ml of
the solution at a known concentration of surfactant (CTAB,
hexadecyltrimethylammonium chloride (CTAC), BDAC to 5 ml of
0.001 M HAuCl4 solution. 200 ml of 0.0040 M AgNO3 solution was

Fig. 12. The polarization spectra of the gold nanorods with L/d = 2.8 dispersed in PVA for various draw ratios indicated on the spectral curves. (a) u = 08 and (b) u = 908. The
numbers on the spectral curves represent the elongation with respect to the original film [125].

Fig. 13. UV–vis–NIR spectra of PVA/gold nanorods nanocomposites for varying
polarization angles. L/d of gold NRs is 2.8 [125].

Fig. 14. Optical micrographs of drawn PVA–gold nanocomposites (4% w/w gold, draw ratio 4): (a) unpolarized, polarization direction, (b) parallel and (c) perpendicular to the
drawing direction. Scale bar is 50mm [125].

Fig. 15. UV–vis–NIR spectra of PVA/gold nanorods nanocomposites for varying
polarization angles. L/d of gold NRs is 2.8 [125].
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added to the solution at 25 8C. After gentle mixing of the solution, a
known amount of 0.10 M ascorbic acid was added to the test tube.
The color of the growth solution changed from dark yellow to
colorless (Fig. 17). The final step was the addition of 10 ml of the
seed solution to the growth solution. The color of the solution
changed over the period of time depending on the final size of the
nanorods. The surfactants, CTAB and BDAC, were purchased from
TCI America and all the other chemicals (HAuCl4, AgNO3, NaBH4,
potassium bromide, hexadecyltrimethylammonium chloride, and
L-(+)-ascorbic acid) were purchased from Sigma–Aldrich. All
chemicals were of analytical grade (purity > 98%) and were used
without further purification. Deionizedwater (18 MV) was used in
all the experiments.

5.2. Effect of surfactant ‘counter-ion’ on morphology of nanoparticles

We first assessed the role of surfactant by synthesizing rods in
the presence of CTAB, CTAC and BDAC. In this case, CTAB and CTAC
have the same hydrophobic group but different counter ion, Br"

and Cl" respectively.When CTABwas used, short nanorods (aspect
ratio less than 4, Figs. 18a and 19d) were obtained with higher
yield.When CTACwas used, only spherical particles were obtained
(Figs. 18b and 19a). When CTABwas used with BDAC, larger aspect
ratio nanorods were obtained in high yield (Figs. 18c and 19e)
However, the spherical nanoparticles that are formed as a
byproduct had diameter that is greater than the diameter of the
rods, thus resulting in a shallower transverse plasmon peak. It is

Fig. 16. A simple schematic of Siedentopf–Zsigmondy ultramicroscope, where
particle in Faraday–Tyndall cone are visualized using a microscope.

Fig. 17. Schematic of seed-mediated method with CTAB as surfactant and ascorbic acid as the reducing agent.

Fig. 18. Influence of the type of surfactant used in growth solution on the aspect
ratio of the gold NRs. (a) CTAB (0.1 M), (b) CTAC (0.1 M) and (c) CTAB/BDAC (mixing
molar ratio is 1 to 1 and [total surfactant] = 0.2 M) [125].
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believed that bromide ion forms a complex with other reactants,
resulting in change in the size and reactivity of the CTAB on the
gold surface, which affects the adsorption of CTAB on the gold
surface and hence affects the growth process [162].

Our results underline the importance of Br", since CTAC lacks
only Br" compared to the CTAB, and BDAC by itself cannot produce
nanorods. The difference in CTAB and CTAC may result from
difference in their adsorption behavior. This depends upon
attractive electrostatic interactions between the cationic head-
group and the anionic surface of growing gold nanoparticles, and
bromide ions have a 5-fold greater binding affinity for CTA+ than
that of chloride ions [170–172]. The adsorbed CTAB forms a bilayer
on the surface of gold nanorods [173]. Compared to CTAB, the head
group of BDAC is bulkier and the counter ion, Cl" is different.While
BDAC by itself cannot produce nanorods, it is believed to facilitate
the adsorption of CTAB on the specific surface of gold [162]. We

will examine the effect of counter ion in greater detail in the next
sub-section, where we remark on our studies on the role of
precursor complex.

5.3. The role of binary surfactant and precursor complexes

The color of HAuCl4 solution changes immediately upon adding
surfactant solution. Since the resulting color depends on the type of
surfactant, we used UV–vis–NIR spectroscopy to examine the
characteristics of precursors which form before the reduction
begins. Transition metal complexes such as [PdCl4]

2" and [AuCl4]
"

are known to show specific interactions with oppositely charged
surfactants [174]. The complex of [AuCl4]

" and CTAC is reported to
form 1:1 stoichiometry complex [175]. Upon mixing HAuCl4
solution to CTAC solution, brilliant yellow-white fine crystals of
gold–surfactant complexwere produced. Above the criticalmicelle

Fig. 19. Influence of the type of surfactant used in growth solution on the morphology of the gold nanorods. (a) CTAC, (b) CTAC + KBr, (c) CTAC + BDAC + KBr, (d) CTAB and (e)
CTAB + BDAC. The scale bar is 50 nm [125].
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concentration (CMC) of CTAC, the complex was solubilized and the
solution became clear. Our visual observations indicate that
[AuCl4]

" also interacts with CTAB and the change of color is more
pronounced than that of CTAC and [AuCl4]

" mixture. Upon
addition of CTAB to the pale-yellow solution of HAuCl4, orange
color precipitate forms. As the concentration of CTAB increases, the
precipitate disappears. But in this case the color of the solution
becomes orange indicating water-insoluble Au–surfactant com-
plex is solubilized into micelles.

The UV–vis spectrum of HAuCl4 solution shows two peaks at
220 and 300 nm due to the ligand metal charge transfer [176].
When HAuCl4 solution is mixed with CTAB solution, the peaks are
shifted to 260 and 380 nm which are very close to the peaks of
[AuBr4]

" as compared in Fig. 20. The change is caused by the
change of ligand X in [AuX4]

" from Cl to Br, since it is easier to
oxidize Br than Cl [176]. When we examined the spectral changes
that take place on increasing the amount of KBr added to the
HAuCl4 solution, the characteristic peaks at 220 and 300 nm
shifted gradually to 260 and 380 nm. Thus the net interaction
between CTAB and HAuCl4 in aqueous solution results in the
formation of [CTA]–[AuBr4], while CTAC and [AuCl4]

" form a
complex without changing ligand. This organic salt is solubilized
by the surfactant micelles to produce ‘‘metallomicelles’’.

½AuCl4," þ4CTAB $ CTA"½AuBr4, þ 4Cl" þ3CTAþ

So, we are lead to the conclusion that having [AuBr4]
", instead

of [AuCl4]
" is beneficial to form longer NRs. If metallic species are

involved in the formation of solute complexes or compounds, the
standard redox potential will be lower since the complex is more
stable than the Au ion (Table 2).

Thus, the potential of Au complex is lower than that of Au ion.
Furthermore, [AuBr4]

" has a lower potential compared to [AuCl4]
"

as does [AuBr2]
" in comparison to [AuCl2]

". It can be deduced that
reduction is harder for the Br complex than Cl complex. In the
growth solution, [AuBr4]

" exists as CTA–[AuBr4]
" which is

expected to be even more stable. This is why a weak reducing
agent such as ascorbic acid (AA) cannot reduce the complex to Au
atom while AA easily reduces the [AuCl4]

" to Au atom to produce
spherical particles. AA can only reduce [AuBr4]

" in the metallo-
micelles to [AuBr2]

". So the nucleation can be withheld until the
seed solution is added. With the catalytic action of the seeds, Au1+

ion in the metallomicelle is reduced to Au atom. Therefore the
effectiveness of CTAB comes from the formation of Au–Br complex
with low redox potential. To demonstrate the effect of Br
substitution, KBr was added to the growth solution prepared with
CTAC. When KBr was added to CTAC, short rods are obtained in
significant fraction (Fig. 19b), confirming that the formof precursor
is important in determining the morphology of the particle.
Further the binary surfactant system of BDAC/CTAC produces
nanorods only if KBr was added. When KBr was added to the
system, BDAC was effective to yield longer NRs in higher fraction
(Fig. 19c), implying that BDAC as a cosurfactant works well only if
the precursor is [CTA]–[AuBr4] (Fig. 21).

Fig. 19e shows that when BDAC was used along with CTAB it
leads to formation of longer nanorods. In earlier studies, this was
attributed to a more flexible template made by surfactant mixture
and the different affinity of CTAB and BDAC on the facet of growing
goldNRs [162].We decided to see if BDAC has some role even at the
precursor stage of growth solution. The precursor in the growth
solution of CTAB and BDAC shows the characteristic peaks of
[AuBr4]

" instead of [AuCl4]
", indicating that CTAB is used for

forming precursor (Fig. 22).
As we mentioned before, the addition of surfactant to the

HAuCl4 solution produces a visible color change. For a quantitative
comparison, we prepared a series of vials containing HAuCl4 at
constant concentration and increased the concentration of
surfactant successively until the turbidity disappeared. The
solutions were sonicated for an hour after which the UV–vis
spectra were taken for the change in turbidity monitored by the
change of absorbance. The absorbance at 600 nm was chosen
because this peak is not related to any of the characteristic peaks of
the solution [178]. When the absorbance is plotted as a function of
the concentration of surfactant (Fig. 23), it is apparent that the
complex is solubilized at a much lower concentration in binary
surfactant than in CTAB alone. This result is consistent with the
report that in a mixed surfactant system of BDAC and CTAB, the
first CMC decreases from 0.001 to 0.0005 M and the second CMC is
also dramatically lowered from 0.28 to 0.0014 M over all mixing
ratios [170].

Since second CMC is lowered by BDAC, the size of micelle is
expected to become even bigger through structural transitions
from spherical micelle to rod shaped micelle. Therefore, we
reasoned that the bigger micelles accommodate the precursor

Fig. 20. The spectral change in aqueous solutions of HAuCl4 upon adding different
surfactants. [HAuCl4] = 5 # 10"4 M for all solutions and [surfactant] = 5 # 10"2 M if
added (a) HAuCl4, (b) HAuBr4, (c) HAuCl4/CTAB, (d) HAuCl4/CTAC and (e) HAuCl4/
KBr (0.05 M) mixture [125].

Table 2
Standard potentials in aqueous solutions [177].

Half reaction Standard potential (V)

Au(III)/Au(I)
Au3+ + 2e" ! Au1+ +1.40
AuCl4

" + 2e" ! AuCl2
" + 2Cl" +0.926

AuBr4
" + 2e" ! AuBr2

" + 2Br" +0.805

Au(I)/Au(0)
Au+ + e" ! Au +1.71
AuCl2

" + e" ! Au + 2Cl" +1.154
AuBr2

" + e" ! Au + 2Br" +0.962

Ascorbic acid
C6H6O6 + 2H+ + 2e" ! C6H8O6 +0.13
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facilely preventing immediate reduction which may lead to the
growth of gold NRs. Thus the role of CTAB in the formation of gold
NRs is summarized as follows: (1) it forms a stronger complexwith
gold salt and slows down the reduction, (2) it protects the Au ion
from being instantly reduced by capturing the complex inside the
micelle, (3) it adsorbs on the surface of growing nanorods and thus
confines the direction of growth, and (4) it acts together with BDAC
(for binary mixture has lower first and second CMC) to promote
effective formation of metallomicelle.

5.4. Role of ascorbic acid (AA) as a reducing agent

The seed-mediated method helps to separate the nucleation
stage from the growth, and thus enables a better control over the
final shape and size of the particles. In our method, the growth
solution involved the use of ascorbic acid, which is a mild reducing
agent. The reduction process of the Au ion by AA can be described
as:

First reduction: Au3+ ! Au1+

CTA"AuBr4 þC6H8O6 ! CTA"AuBr2 þC6H6O6 þ2Hþ þ2Br"

Second reduction: Au1+ ! Au0

2CTA"AuBr2þC6H8O6 ! 2Au þ C6H6O6þ2CTAþþ2Hþþ4Br"

The first reduction is confined in the metallomicelles. The
second reduction only begins after the seed solution is added. The
overall reaction is

2CTA"AuBr4þ3C6H8O6 ! 2Au þ 3C6H6O6þ2CTAþ þ6Hþ þ8Br"

The stoichiometry of this reduction reaction can be calculated
by considering the ionization of ascorbic acid and pH of the growth
solution (pKa of ascorbic acid = 4.17, pH of the growth solution
during the synthesis = 3.15–3.3). That turns out to be 1.6. So for
complete reduction, molar ratio should be greater than 1.6. We
studied the effect of the concentration of AA on the growth of
nanorods. In particular, we investigated how the reduction rate
affects the morphology of nanorods. In a related study, the length
of the rod (and aspect ratio) was found to be larger when themolar
ratio was smaller [167] but to draw any general conclusions, we
must keep the other reaction conditions (such as the addition of
AgNO3) the same. The molar ratio of AA to Au ion was changed
from 1 (which is the ratio required to reduce Au3+ to Au1+) to 1.9.

When themolar ratio ofAA toAuwas 1, noNPswere obtained.As
themolar ratio increased from1.1 to1.9, the absorbance at thepeaks
increased indicating higher yield of particles. As the molar ratio

Fig. 21. Influence of the type of surfactant and additive used in growth solution on the aspect ratio and yield of the gold nanorods [125]. The appearance of longitudnal
plasmon resonance indicates that gold nanorods are formed.

Fig. 22. The spectral change in aqueous solutions of HAuCl4 upon adding different
surfactant. [HAuCl4] = 5 # 10"4 M for all solutions and [surfactant] = 5 # 10"2 M
[125].

Fig. 23. Change of the absorbance of the surfactant–HAuCl4 mixture solution at
600 nm as a function of total surfactant concentration. The concentration of HAuCl4
was fixed at 5 # 10"4 M [125].
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increased from1.1 to 1.3, longitudinal plasmon peak shifts to longer
wavelength but upon further increasing the molar ratio, LSP shifted
back to shorter wavelength (Fig. 24). As it can be seen in the TEM
images (Fig. 25), the initial red-shift can be related to the apparent
increase in the lengthofNR, thus resulting in an apparent increase in
the aspect ratio.When the growth rate of the diameter is faster than
the growth rate along the long axis, the apparent aspect ratio is
lower. When the molar ratio was greater than 1.6, the shape of
nanorods was no longer a spherocylinder. The growth in diameter
directionwas greatest at the ends and progressively slower towards
the center, giving a taper shape as shown in Fig. 25c.

The reduction rate depends on the concentration of the
reducing agent. As the amount of AA increases, the reduction
becomes faster. As a result, the reduction takes place before the
surfactants confine the growth direction (Fig. 26). The formation of
taper shaped nanorods implies that the adsorption of surfactant
competes against the reduction of gold precursor on the same
surface of nanorods.

5.5. Effect of temperature on growth

Since temperature affects the reduction rate, and hence the
morphology of gold nanorods, we varied the temperature of the
reaction bath while all other experimental conditions were kept

the same. TEM images of gold nanorods grown at different
temperatures between 20 and 50 8C are shown in Fig. 27. The
aspect ratio increased from 3 to 6 as temperature was decreased. It
is worth noting that this increasing aspect ratio is due to
decreasing diameter of the nanorods as shown in Table 3. The
decreasing diameter of the nanorods can be ascribed to the
effective confinement of the growth in diameter direction at low
temperature which renders low reduction rate.

5.6. The role of supersaturation in producing monodisperse sols

We have shown that the morphology of gold nanorods can be
controlled by manipulating the reduction rate and the adsorption
kinetics of the surfactant in binary surfactant system. The choice of

Fig. 24. UV–vis–NIR spectra of 6 identical growth solutions in which the ascorbic
acid contents increased from (a) to (f). The ratio of AA:Au ion was (a) 1.1, (b) 1.2, (c)
1.3, (d) 1.4, (e) 1.5 and (f) 1.6. The spectra were taken from the as-made solutions
after the growth was ended (measured in 1 mm path quartz cell) [125].

Fig. 25. Changingmorphology of NRs by varying themolar ratio of AA to Au ion: (a) 1.1, (b) 1.3 and (c) 1.6 (Insets show the NCs as a byproduct from the same solution.). Scale
bar is 100 nm [125].

Fig. 26. The change in size of gold NR by varying the molar ratio of AA to Au ion
[125].

Table 3
Longitudinal plasmon resonance peak maximum (lmax) as a function of length,
diameter and aspect ratio of gold NRs synthesized at different temperature.

Temperature
(8C)

lmax

(nm)
Average
length (nm)

Average
diameter (nm)

Aspect
ratio

20 954 46.8 7.9 6.0
30 732 53.4 10.0 5.6
50 1020 40.7 12.6 3.3
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surfactant is important not only because of its adsorption on the
surface of growing particles but also because the precursor of gold–
surfactant complex has significant influence on determining DE of
reduction reaction. Our results show that the adsorption competes
against the reduction of Au ion on the same surface of nanorods
and when the reduction rate is slowed down say by decreasing
temperature of the reaction bath, nanorods with higher aspect
ratio and smaller diameter are obtained. Before we end our
discussion of seed-mediated synthesis, we must remark on how
andwhy the control of supersaturation, through control of reactant
concentrations, can not only separate the nucleation and growth
steps, but thereby provide us with means of controlling size
dispersity in the as-made nanoparticle dispersion. The argument at
present is qualitative, but is known to produce monodisperse sols
in a variety of colloidal dispersions [109] and in other condensation
growth processes, such as formation of drops in the atmosphere
[179].

The nucleation of particles in a solution requires a certain
critical concentration or solubility product to be exceeded, before it
becomes thermodynamically favorable for the nuclei to appear. In

the seed-mediated method, this is accomplished in the first bath,
where the addition of reactants creates the required concentration,
such that nuclei are formed in a single burst, and this causes the
concentration to drop below the critical value. In the second bath,
the growth of nanoparticles can be accomplished by providing just
enough reactants such that growth of existing particles is favored,
where new nuclei cannot be formed (Fig. 28). As long as
concentration is kept within these limits, and Ostwald ripening
and coalescence are ruled out, the condensation growth can
proceed to give monodisperse sols. The determination of solubility
product in a reaction bath consisting of seed solution, binary
surfactant, reducing agents, and other additives is thus the crucial
ingredient in progressing towards controlled synthesis. The
parameters including pH, temperature and ionic content affect
colloidal stability and phase behavior of surfactants as well, and
thus their role in controlling morphology and polydispersity of as-
produced particles is a realm of endless possibilities. Since current
methods produce dispersions that are relatively polydisperse in
shape and size, we will discuss the use of centrifugation assisted
separation in next section of the review.

Fig. 27. Changingmorphology of nanorods by varying the temperature of reaction bath: (a) 20 8C, (b) 30 8C and (c) 50 8C. All other experimental parameters are the same. The
scale bar is 100 nm [125].

Fig. 28. Nucleation and growth during seed-mediated method. The threshold concentrations for nucleation and saturation are shown with dotted lines. Nucleation (dashed
region) creates seed solution. Growth is carried out in separate steps by controlled addition of reactants.
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6. Shape separation of colloidal gold nanorods

In the previous section, we mentioned that nanoparticle
synthesis by typical condensation from solution methods is
characterized by a polydispersity in shape and size. As we know,
the physical and chemical properties as well as the applications of
nanoparticles are controlled and limited by their dimensions and
shape, which implies that it is highly desirable to produce
nanoparticles with well-defined and controlled size and shape.
While great strides have been made in optimizing conditions and
parameters during synthesis, there is a definite need for shape and
size selective separation methods. Conventionally spherical
colloidal particles have been separated based on their hydro-
dynamic behavior using sedimentation, flocculation, electrophor-
esis or centrifugation [24,94,180]. We have demonstrated how
shape dependent hydrodynamics can be used to predict the
centrifugation assisted sedimentation behavior of rods and
spheres, and used it successfully to shape separate rods and
spheres aswell as rod-like nanoparticleswith different aspect ratio
[98]. In what follows, we will present a short summary of
theoretical arguments advanced by us and related experiments
elucidating how this shape separation is accomplished.

6.1. Theoretical aspects of sedimentation of rods and spheres

First we consider a simple phenomenological analysis of forces
acting on a Brownian particle placed in a centrifuge. The forces
acting on the particle include centrifugal force, Fc =v2rm, buoyant
force, Fb = "v2rm0, Brownian fluctuating force, Ff and viscous drag
force, Fd ¼ "zv, where v is the rpm,m the mass of the particle,m0

themass displaced by the particle, r the distance from the center to
the location of particle, v the sedimentation velocity and z is the
friction or drag coefficient. The balance of these forces leads to the
Langevin equation of a particle undergoing Brownian motion
under the influence of an external force. At equilibrium,
Ftotal = Fd + Fb + Fc + Ff = 0 impliesv2rðm"m0Þ " zv ¼ 0. This yields
the Svedberg coefficient, S ¼ v=v2r ¼ ðm"moÞ=z, which expresses
the sedimentation velocity normalized by the applied angular
acceleration. Svedberg coefficient is a measure of sedimentation
rate and depends upon the ratio of effective mass, and friction
factor [22,24].

The relative importance of thermal diffusion and flow is judged
by a dimensionless number called the Peclet number, Pewhich for
typical Brownian nanosphere is Pe ¼ =D ¼ ðm"m0Þv2ra=kBT <1,
where a is the radius of the sphere and D is the thermal diffusivity,
implying that the thermal fluctuations are non-negligible. This
distinguishes nanoparticle sedimentation theories from the
theories applied to macroscopic falling objects [181].

In the context of our earlier description of the barometric
number distribution of colloidal particleswith height,we note here
that qualitatively the only thing different in our case is the
presence of centrifugal field, which essentially acts like a much
stronger gravitational field. So the expression for Svedberg
coefficient can also bewritten as S ¼ v=ge f f ¼ me f f =z, emphasizing
that essentially we are still dealing with sedimentation behavior,
and the use of centrifugation allows us to overcome the kBT forces
and distribute particles of effective mass according to effectively a
greater ‘‘gravitational’’ force. Since geff $ g, the centrifugation-
assisted sedimentation is much faster, and when the sedimenta-
tion–diffusion equilibrium is reached, the average height hheffi for
colloidal particles is of course diminished (see Section 3). Let us for
now focus on the determination of Svedberg coefficient (which is
simply renormalized sedimentation velocity).

We basically need a shape dependent computation of the
effective mass, and of friction factor, z so that a comparison of
sedimentation rates of rods to that for spheres can be made. The

expression for friction coefficient depends upon another dimen-
sionless number, the Reynolds number, Re and Re* 1 for the
typical sedimentation problems in nanoscale. Reynolds number,
Re = rUL/h where h represents the viscosity, r represents the
density of the fluid, U represents the characteristic speed and L the
characteristic length, represents the ratio of characteristic
magnitudes of inertial and viscous forces. Being in low Reynolds
number regime implies that the inertial effects are negligible and
the Stokes or creeping flow equations apply. Drag on a Stokesian
sphere is 6phaU, implying a friction coefficient, z = 6pha and this
yields us with a Svedberg coefficient of Ssph = 2(r " r0)a

2/9h. In
fact, the friction coefficients are similar for spherically isotropic
objects, i.e. all regular polyhedra and bodies derived from them by
symmetrically cutting or rounding off the corners, edges and/or
faces [182].

On the other hand, for anisotropic bodies both force and torque
balance is required, and coupling of translation and rotation needs
to be considered. Translational friction coefficient of a falling single
rod depends on the orientation of rod, and friction felt parallel to
the rod is 1/2 that of the transverse falling rods, i.e. z? = 2zk
[93,180,182]. Using the expressions of friction coefficient, and
mass of the rods, we derive the Svedberg coefficient for rods to be
Srod0 ¼ ðr" r0ÞD

2½2 lnðL=DÞ " ðy? þ y==Þ,=24h0, where y? and yk
are the correction factors of the rod perpendicular or parallel to the
rods orientation, respectively. Relative sedimentation behavior of
colloidal rods and spheres can be described by the ratio of the
sedimentation coefficients between rods and spheres. The ratio
srod0 =ss ph0 ¼ vrod0 =vs ph0 ¼ l0 ¼ 6ðd=2aÞ2½lnðL=dÞ þ ðy? þ y==Þ, for sin-
gle rod and single sphere allows us to see that for this case the
central role in separation is played by the ratio of the squares of
diameters of the rod and sphere [98]. For a given L/d, whether the
rods or spheres sediment faster is mainly controlled by the relative
diameters of the particles, and since the aspect ratio dependence
enters through the logarithmic term, the effect is much less
dramatic than the effect of the diameters. While the effective
weight of the rod might be more than that of sphere, the overall
sedimentation velocity could still be lower.

The physics and use of centrifugation for separating spherical
colloidal particles is well documented [20,22–
24,29,94,180,182,183] and it is easy to see that relative sedimen-
tation velocity of spheres of same material (effective density) is
simply equal to the square of ratio of their diameters. Also we note
that for two rods, with different aspect ratios, again the critical
parameterwill be the ratio of their diameters, for effect of length or
aspect ratio is again in logarithmic term.

Srod0 ð1Þ

Srod0 ð2Þ
¼

d2ð1Þ
d2ð2Þ

 !

#
2 lnðL=dÞð1Þ " ðy? þ y==Þ
2 lnðL=dÞð2Þ " ðy? þ y==Þ

The above relationships are derived using single rod and single
sphere sedimentation behavior. As the concentration of the
particles increase, their hydrodynamic behavior starts to get
affected by the flow field of each other, and the correction for this
appears in formof ‘‘hydrodynamic interaction’’ term [94,184–186].
The detailed analysis which includes effect of hydrodynamic
interaction as well as the concentration profile expected for
centrifugation-assisted sedimentation is discussed in our paper
about shape separation of gold nanorods using centrifugation [98].
It must be mentioned however that the sedimentation diffusion
equilibrium was used by early practitioners of ultracentrifugation
(Rinde, Westgern, and Svedberg) to determine the size and size
distribution of gold sols [23], which typically comprised of
spherical nanoparticles. We expect that a similar determination
for rod-like gold particles will be equally useful. In what follows,
we will limit the discussion to the examples from our research,
where we show how our hydrodynamic arguments about relative
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sedimentation velocity can be employed to obtain nanorods of
greater purity, viz. lower size and shape dispersity.

6.2. Separation of nanorods from spherical nanoparticles using
centrifugation

As-made dispersions of nanorods were centrifuged at 5600 G
for 20–40 min (Jouan centrifuge MR23i, fixed angle rotor). After
centrifugation was stopped, the tube was taken and visibly
inspected. Fig. 29 shows the TEM image taken from the mother
dispersion showing themixture of rods and spherical particles. The
average diameter of the spherical particles is 16.59 nm while the
average diameter of NRs is 8.06 nm. The average length of NR is
58.54 nm. Hence, the aspect ratio is 7.3. The fraction of spherical
particles is less than 10% (counting 700 particles). Fig. 30 shows the
UV–vis–NIR spectrum of the as-made mother solution.

The centrifuge tube upon centrifugation is schematically
illustrated in Fig. 31. The color of sols taken from the bottom
and the side wall of the centrifuge tube is distinctively different
indicating that the particles deposited in different sites have
different optical properties, and hence are different in the size or
shape or both.

The UV–vis–NIR spectrum of the sol of the side wall shows
intense longitudinal surface plasmon peak red-shifted from the
mother sol and very tiny transverse plasmon peak indicating that it
contains mostly nanorods and the aspect ratio is larger than that of
the mother sol. The spectrum of the sol prepared by redipersing
particles from the bottom shows broad transverse plasmon
resonance peak with high intensity indicating that it contains
spherical particles and nanorods. The longitudinal plasmon peak of
this sol is blue shifted from the mother sol indicating that the

aspect ratio of nanorods is smaller than those of mother sol
(Fig. 32).

The size of the particles in these two sols wasmeasured by TEM
(counting 500 particles from each sol). TEM images (Fig. 33) show
that the separation of nanorods was successfully accomplished
using the described centrifugation conditions. The dispersion
made from the bottom deposit contains lots of spherical particles,
while the dispersion from the side wall contains mostly NRs. In the
as-made dispersion of colloidal gold, the average diameter of
spherical particles was almost twice as large as of the diameter of
NRs, implying that the ratio srod0 =ss ph0 ¼ vrod0 =vs ph0 ¼ l0 < <1 (aver-
age diameter of sphere is 16.6 nm) and therefore, in this case the
spherical particles sediment faster than the nanorods. The
nanorods that segregated to the side wall have longer length
and smaller diameter (higher aspect ratio) than the mother
dispersion. Shorter and fatter NRs were found to dominate the
dispersion made from nanoparticles deposited at the bottom
(Table 4).

Yield of nanorods can be calculated based on the amount of sol
and the intensity of the UV–vis–NIR absorption peak. Through a
single centrifugation, the yield was 20–60% depending on the

Fig. 29. TEM image of mother colloidal sol. L/d of gold NRs is 7.3 [125].

Fig. 30. UV–vis–NIR spectrum of mother colloidal sol. L/d of the gold NRs is 7.3 [98].

Fig. 31. (a) Schematic drawing of the centrifuge tube after the centrifugation and
the color of resulting sols. (b) The color of the sols taken from two different locations
shown in (a) [98].

Fig. 32. UV–vis–NIR spectrum of separated sols of deposit on the side of the tube
and deposit at the bottom [98].

Table 4
The size of nanorods before and after the separation (unit: nm).

L D L/D

Mother 58.54 8.06 7.30
Separated 65.73 7.87 8.35
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property of as-made sol such as the fraction of nanospheres and the
relative dimensions of the dispersed particles. The yield can be
increased up to 70–80% by repeated centrifugation of the
supernatant sol. But if centrifugation is repeated more than 3
times irreversible precipitation of nanorods occurs.

6.3. Separation of nanorods with different aspect ratio

Dispersion of nearly pure nanorods was centrifuged. The
centrifuge was stopped every 10 min and the deposit at the
bottom was taken. Fig. 34 shows the UV–vis–NIR spectra of the
centrifuged sample as a function of time. By the red-shift of
longitudinal plasmon peak (as well as blue-shift of the transverse
peak), it is apparent that the aspect ratio of the nanorods obtained
at different times becomes longer as a function of time indicating
longer nanorods sediment later then the shorter nanorods. Also the
shape of peak due to transverse plasmon resonance changes as a
function of time. The sol obtained earlier has a broad shoulder and
it become suppressed towards the later stage.

In our synthesis, generally longer nanorods have smaller
diameter, as shown in Fig. 35. The result that nanorods having
larger diameter, sediment faster than nanorods with thinner
diameter (albeit a large aspect ratio) agrees with the theoretical
prediction that the sedimentation behavior of nanorods depends
more strongly on the diameter of nanorods than on their total
weight or aspect ratio. Again the key factor for the sedimentation is
the ratio of Svedberg coefficients of the nanorods.

In this context, we tried to repeat the protocol reported by Jana
[187] as ‘‘surfactant assisted separation of nanorods’’ from a
concentrated dispersion, where he emphasizes that nanorods
preferentially precipitated by the formation of liquid crystalline
phase. While it is plausible that increasing surfactant concentra-
tion can induce phase separation in a mixture of rods and spheres,
the typical as-made dispersions, as well as the denser dispersions
obtained after centrifugation have extremely low volume fraction
of rods, thus precluding the formation of liquid crystalline phase.
The increase in surfactant concentration was found to increase the
yield of nanorods in the shape separation affected by centrifuga-
tion [125]. This is perhaps related to the effect of changing ionic
content that is known to affect the sedimentation behavior of
colloidal dispersions containing charged or interacting particles
[188–191]. The effect of dissolved surfactant and of particle shape
and size can be critically examined only by conducting a thorough
study of how interparticle forces act together with Brownian
motion in determining sedimentation equilibrium, electrophoretic
mobility and coagulation behavior. The phase behavior of
nanorods is richer than spherical particles and the concentrated
dispersions of rods can transition to liquid crystalline phases. The

Fig. 33. TEM images of gold nanoparticles: (a) mother sol, (b) after centrifugation,
nanorods deposited on the side of the tube and (c) after centrifugation, sedimented
at the bottom; nanocubes, spheres and nanorods with larger diameter [98].

Fig. 34. The UV–vis–NIR spectra of the centrifuged sample as a function of time
[125].

Fig. 35. The plot of diameter and length of the nanorods [125].
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theoretical and experimental aspects of the formation of liquid
crystalline phase will be discussed in the next section.

7. Self-assembly of rod-like nanoparticles

Self-assembly has emerged as one of the most significant
paradigms for fabricating devices for applications in nanotechnol-
ogy [192–196]. The possible sub-micron structures encompasses
the whole spectrum of possible morphologies emerging from
drying mediated aggregation [197–200] or crystallization of
colloids [201–215], microphase separation of block copolymers
[216–218], self-assembled monolayers [219–221], phase behavior
of amphiphilic molecules [222–224], breath figure templated
assembly to make holey films [225–228] among others. Addition-
ally rich complexity of non-equilibrium patterns can be derived by
interplay of different external fields and inherent phase possibi-
lities [196,229]. Qualitative understanding of these structures can
be guided by our understanding of the analogies derived from
various realms of condensedmatter physics [96,196,229–231]. The
process and outcome of self-assembly is controlled by the size and
shape of the moieties, their interaction and packing behavior, and
surface and hydrodynamic forces they encounter. While self-
assembly provides a way of bottom up fabrication, it also presents
a range of fundamental scientific problems. Various researchers
have explored the realm of self-assembly of spherical or
spherically isotropic nanoparticles as a viable means of organizing
them into useful lattice structure [2,136,200–213,232–237].

In the present section, we explore the exciting opportunities
present in the self-assembly of rod-like nanoparticles, where self-
assembled patterns contain treasures of knowledge about their
drying mediated aggregation and as well as their liquid crystalline
behavior prior to drying. We have looked at pattern formation
during drying of colloidal dispersions of gold nanoparticles on glass
substrate using optical microscopy, and on assemblies formed on a
TEMgrid, andwewill discuss the consequences of shape anisotropy
and influence on other factors that control the observed behavior.

7.1. Lyotropic liquid crystals from inorganic colloidal particles

Rod-like nanoparticles are particularly interesting because
anisotropy in shape provides them access to order at lower
concentrations. Just like spherical colloids are considered good
model systems for comparison with hard sphere fluids
[95,238,239], rod-like nanoparticles can be thought of model
systems for comparison with hard rod fluids [240–242]. The rods
are randomly aligned in an isotropic phase, on increasing
concentration they demonstrate an increasing amount of long
range orientation order, forming a nematic phase. This long range
order of the nematic is described by a unit vector n, known as the

director. Assuming that the liquid crystal consists of a distribution
of cylindrically symmetric rods oriented preferentially along the
director, the scalar order parameter, S for a three-dimensional
system is given by S ¼ ð1=2Þh3 cos2 u " 1i. Here u is the angle
between the long axis of rods and the director, n. The angular
brackets show that the order parameter is a statistical or ensemble
average quantity. The order parameter is 0 for random orientation,
and equals 1 for a perfectly parallel alignment and typically has a
value between these limits. The distribution function that
represents the orientation of the rods in the system and the
corresponding order parameter can be measured using various
experimental techniques and the related anisotropic physical
response measured or calculated using theory and experiments
[243–245]. At still higher densities, sometimes rods organize
themselves into smectic order, such that rods lie in layers, though
layers themselves are no thicker than the rods, and this stratified
structure possesses both higher positional and orientational order.
The rods can also form a crystalline structure, and the transition
from one phase to another is characterized by differences in their
physical properties (manifested in textures in microscope, flow
viscosity and difference in X-ray scattering, etc.) [243–245]. Our
approach to understand their self-assembly stems from the
marriage of two exciting fields: the assembly of colloidal
(spherical) particles [2,136,200–213,232–237] and the physics of
lyotropic liquid crystals [108,240–247] (Fig. 36).

While the first lyotropic liquid crystals based on V2O5 were
reported by Zocher in 1925 [248], synthesis and assembly of
inorganic nanoparticle based liquid crystal assemblies has seen
resurgent interest in last few years, mainly through seminal work
by Davidson and co-workers [107,108,248–258] and from
Lekkerkerker and collaborators [259–271]. Ever since the first
report about lyotropic phases formed by tobacco mosaic virus
(TMV) appeared in 1936 [105], the major experimental studies on
lyotropic liquid crystals have relied on studies with TMV and fd-
virus. Much of the recent work on phase behavior of viruses and
mixtures of rods of different dimension or mixtures of spheres and
rods has come from Fraden and co-workers [272–279]. Interest-
ingly, Onsager [106] was trying to explain the formation of
anisotropic phases by TMV when he pointed out that beyond a
certain concentration of rods, there is a net increase in entropy on
transition from isotropic to nematic phase. While the rotational
entropy is maximized by having random orientation distribution
of rods, the translational entropy is maximized by having smallest
free volume or largest translational motion per unit rod. At high
enough concentrations, the loss in rotational entropy is more than
compensated by a gain in translational entropy, due to the lower
excluded volume required in a nematic phase (Fig. 37).

Since Onsager’s theory [99,106] is based only on two particle
interaction, it is exact only for aspect ratios of hundred or higher.

Fig. 36. Phase transition of lyotropic liquid crystals.
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For lower aspect ratios generally found in rod-like nanoparticles,
one must account for multi-particle interactions, and this requires
extension of theory as done by Lee and Meyer [280,281] or by the
use of excellent simulations from Frenkel and co-workers
[240,241,282–290]. The relevant extensions to Onsager’s theory
as applied to theoretical and experimental studies on lyotropic
phases formed by colloidal particles and rod-like polymers are
summarized in several reviews [247] and books [243–245]. We
will incorporate suitable theoretical predictions and examples
fromviruses to outline aspects of self-assemblywe understand and
anticipate for rod-like nanoparticles.

7.2. Liquid crystalline behavior of spherocylinders

In the present article, only the rod-like nanoparticles that can be
approximated as spherocylinders are considered. The aspect ratio
of spherocylinders is described in terms of L/D, implying a sphere
has L/D = 1. Further the examples considered are limited to
particles with L/D < 20 and L ! 100 nm, ensuring that even for
metallic particles, the particles considered are Brownian (see

Section 3 for discussion). Most of the nanoparticles are stabilized
by the presence of charge or steric hindrance. Presence of charge
results in an extra interaction term, which can be accounted for by
using an effective diameter, Deff, where Deff is dependent on the
Debye screening length, k"1 [106,247]. Additionally the presence
of charge leads to an orientation dependent potential, which acts to
misalign the particles and its magnitude is characterized by a twist
parameter [247], h = k"1/Deff. If h > 1.33, the nematic phase ceases
to exist, or in other words, the behavior of charged rods is richer
than that of hard rods, and this must be born in mind, when we
compare experimental results from dispersed gold nanorods to the
theoretical results.

For the lower aspect ratios that concern us here, the phase
diagram for spherocylinders was obtained by Frenkel and co-
workers [240,285–290] for both two-dimensional and three-
dimensional systems for hard spherocylinders. In the phase
diagram shown, Bolhuis and Frenkel [288] have mapped out the
phase diagram for the spherocylinders in three dimensions,
showing how it depends on the density as well as the aspect
ratio of the constituent particles, as shown in Fig. 38. The density

Fig. 37. Onsager theory [106]: How phase transition is driven by a net gain in entropy.

Fig. 38. Phase diagram for spherocylinders, as computed by Bolhuis and Frenkel [288].
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here is normalized in terms of the close packed density, which is
given by rc p ¼ 2=ð

ffiffiffi
2

p
þ ðL=DÞ

ffiffiffi
3

p
Þ and depends upon the aspect

ratio of the rods. Their computation indicates that while hard
ellipsoidal particles do not form a smectic phase, the spherocy-
linders can form a stable smectic phase for L/D ! 3.1. The subtle
difference in particle shape, dimensions and concentrations,
apparently translate to different phases, making phase behavior
of rods quite different from that of ellipsoids [284,291] or platelets
[259–263].

Further Bates and Frenkel [286] used Monte Carlo simulations
to show that the increasing polydispersity in length of particles
destabilizes the smectic phase, making it almost non-existent
beyond a polydispersity of 0.18 (as measured by standard
deviation in length). Purdy et al. [276] have shown that a mixture
of thick and thin colloidal rods has a rich phase behavior, and
Fraden and co-workers [272,279] have studied how addition of
spheres can alter both the concentration at which liquid crystalline
phase occurs and how also create a layered smectic like phase. In
any observations made on the TEM, as will be emphasized again
later, the observation of low polydispersity in the size and ‘‘shape’’
of as-made nanoparticles can sometimes be an effect or artifact of
phase separation, rather than due to efficient synthesis method. If
we are aware of the phase diagram, we can relate observed
patterns to the nanoparticle dimensions, or at least ensure that we
are not misguided from observations from one region of the TEM
grid.

7.3. Coffee ring-like pattern formation with rod-like particles

The as-made dispersion of gold nanorod produced by seed-
mediated method is extremely dilute and must be concentrated to
observe the liquid crystal phase. We rationalized that the
concentrated phase can be reached by evaporating a drop of
aqueous dispersion or by emulating the process by which drop of
coffee dries to form a ring-like deposit of the dried powder. The
mechanismbywhich coffee ring forms is as an example of colloidal
self-assembly and has been studied extensively [197–
199,292,293], According to Deegan et al. [197–199], when a drop

of coffee starts to evaporate on a solid substrate, the presence of
spherical coffee powder particles pins the contact line, and for this
geometry, the evaporative flux is highest at the edge as shown in
Fig. 39. Due to evaporation, the particles in the edge become
depleted of the fluid, and their interstices act as capillaries that
drive a strong outward, radial flow that carries nearly all the solute
to the edge. The velocity of the flow is dictated by evaporation rate,
which is diffusion limited, as the evaporated vapor must be
removed from the top of the fluid.

In analogy with the studies by Deegan [197–199] and Popov
[292,293]we observed that similar ring formswhen a dispersion of
gold nanorods is dried over a glass substrate, as observed in Fig. 40.
The flowwithin the drying drop of coffee is a result of the capillary
pressure which depends upon the packing fraction (Darcy’s law),
and hence the shape of the particles. While the qualitative features
of ring formation in rods will be similar to coffee stain, since the
maximum packing fraction, rcp is different for the rods, the
capillary pressure and the flux inside the drop will be different. In
principle, by using Darcy’s law, one can compute the capillary
pressure and by computing the diffusion limited evaporation,
determine corresponding flowfieldwithin the drop, as well as how
the concentration of rods at any location changes as a function of
time. Since the concentration increases as particles approach the
edge, and liquid crystal phase forms beyond a certain concentra-
tion (that depends upon aspect ratio, among other things), we
determined that the ring formation will be accompanied by
formation of liquid crystalline phase. The liquid crystalline phase
can be simply observed by using polarized lightmicroscopy, for the
liquid crystalline phases are birefringent and exhibit characteristic
textures that are used for identifying them (in conjunction with
other techniques). The quantitative theory or simulation based on
these ideas remains an open question, and for the present, we will
describe the experimental results.

As the drop of colloidal gold nanorods is dried, formation of a
highly birefringent deposit is observed under crossed polarizers on
a polarized optical microscope. For a dispersion containing mainly
nanorods with the aspect ratio larger than 4, the formation of rings
is preceded by appearance of highly birefringent domains that are

Fig. 39. Mechanism of coffee ring formation: (a) sessile drop containing homogeneous dispersion of nanoparticles. (b) The evaporating drop, with pinned contact line, i.e.
same drop radius, though height decreases. The evaporation flux (vertical arrows) is maximum at the edges; this drives the flow of particles towards the edge. The flow
becomes stronger radially outwards (horizontal arrows). (The particles and drops are not to scale.)

Fig. 40. (a) Coffee stain (2 mm in diameter) and (b) dried colloidal gold NRs [125].
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about 3–4 mm in size, that appear to move towards the edge as
shown in Fig. 41. Certainly, the drying and densification drives the
system into the bistable region and the spontaneous phase
separation creates these domains of liquid crystals. We see that
these domains exhibit the characteristic birefringence and fluidity
of liquid crystals drops, and keep sparkling until the drying is
completed. The sparkling is a consequence of fluctuations in the
director field that are caused simply by the thermal fluctuation
within these drops or domains. The domain size can be determined
by minimization of free energy, where the surface tension term
tries to minimize the surface area while the confinement of rods is
opposed by an elastic term (estimated from Frank’s constants,
using theory of Lee and Meyer [280,281,294]). The minimization
for the typical values of Frank’s constants and surface tensions for
these gold nanorods gives a domain size of few microns, as
observed. The domains in this case are non-spherical, called
tactoids, and their specific size and shape depends upon the aspect
ratio of the constituent nanorods.

The width of this highly birefringent increases inwards as a
function of time, as shown in Fig. 42. A drop of 2ml takes 11 min to
evaporate completely. The highly birefringent edge only appears
after 3 min. The evaporation at the edge drive flow within the
drops carrying more and more solute towards the edge. While

these processes continue, the supply of fluid to the outer limits of
the birefringent band becomes insignificant, and a distinct color
change distinguishes the outer, drier part from the inner region
where presence of fluid lends different optical path to the observed
radiation.

When a drop containing gold nanorods with aspect ratio less
than 4 is evaporated, the ring depositing near the contact line is not
birefringent, though the birefringence from the surfactant crystal
appears after water evaporates completely, as shown in Fig. 43. As
predicted by the simulations of Bolhuis and Frenkel [288], the
liquid crystalline phase is expected to form only beyond a certain
aspect ratio (!3 from their simulations on hard rods).

7.4. Concentric birefringent bands on glass slide: Liesegang
ring like patterns

Apart from the single birefringent band that appears in certain
cases, as described above, we find that certain drops formmultiple
bands or rings on evaporation. We varied the evaporation
conditions and the concentration and aspect ratio of nanorods
dispersed in the droplets to determine the conditions that lead to
the formation of these multiple rings. Fig. 44 shows the deposits
resulting from dried drops of different initial volume fraction of

Fig. 41. The images of the drop of colloidal dispersion of gold nanorods during evaporation under optical microscope with cross polarizers, as described in the text. (a)
Emerging liquid crystal domain from the interior and moving toward the edge. (b) Magnified image showing the individual domain joins the existing structure. (c) The
assembly of liquid crystal domains. The scale bar is 200mm for (a) and 20mm for (b) and (c) [125].

Fig. 42. In this series of images the center of the drop is in the bottom left corner. The images of the drop of gold NRs sol during evaporation under optical microscope with
cross polarizers, as described in the text [125].
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gold NRs (aspect ratio 6). For each image, a drop of 2ml gold NR sol
was deposited on the glass slide. Drops of size ! 3 mm in diameter
is formed on the substrate.

The upper row in Fig. 44 shows the images of dried deposits
formed from the slow evaporation, accomplished by keeping the
evaporating drop in a closed environment. Under these conditions,
it takes 1 h for the drop to be completely dried. Regardless of the
volume fraction of the solute in the drop, a single ring/band forms
at the contact line, though the width of the band decreases as the
volume fraction of nanorods decreases. The bottom row in Fig. 44
shows the images of dried deposits formed during fast evaporation
(about 11 min), accomplished by placing the drop in open
environment. In (f) there is a dark ring formed at the edge. As
the volume fraction decreases, we observed concentric multiple
ring formed in the interior of this ring while the width of the ring
also slightly decreased (g, h, and i). Upon decreasing the
concentration further, very thin ring was formed without
additional rings inside (h).

The higher magnification images of the region near the contact
line, taken under cross polarizers, during the evaporation process is
shown in Fig. 45. When the evaporation is carried out in a closed
environment, the evaporation proceeds such that the color change
representative of complete drying of particles does not start till a
thick band of deposit already forms close to the edge. In open
environment, where the evaporation is faster and the process is
completed in nearly one-sixth of the time, the deposit at the edge

seems to dry out quicker, and at the same time, a concentric ring
develops within the drop. This process is observed till a number of
rings form in the system.

Other instances where such concentric rings have been
reported include formation of the Liesegang rings [27,69,295–
299], multi-rings for latex particles observed by Stone and co-
workers [300], concentric rings obtained by Maeda [301] by
evaporating collagen solution droplets andmulti-rings in polymers
and polyelectrolytes [302–309]. In the experimental study by
Stone and co-workers [300], it was shown that the formation of
multi-rings is more likely for dilute sols of latex particles and for
large size drops. They rationalized their observations by stating
that the contact line can move inwards till it encounters the next
pinning sites. The ability to formmulti-rings is therefore controlled
by the interplay of depinning and pinning of contact line; due to
high evaporation rate at the edge the depinning can take place and
the contact line moves till it encounters the next set of pinned
particles. This is similar to the observations made by Deegan in his
experiments [197].

Starting from initial studies of Liesegang from 1896, Liesegang
rings have been seen for more than a hundred years in reaction-
diffusion systems [69,296–299], where periodic precipitate form in
the wake of a reaction front. In the typical system, one of the
reactants is dispersed in a gel, as other reactant is added, it
propagates through diffusive flux. The reaction causes a local
depletion of reaction, and this leads to concentric rings of

Fig. 43. (a) Bright field image of the drop of gold NR; aspect ratio of 3. Ring formed at the edge of (b) image with crossed polarizers. Birefringence from the surfactant crystals,
observed after evaporation is completed [125].

Fig. 44. ‘‘Coffee stain’’ formed by drying drops of gold NR sol. The images in the upper row show the drying drops from slow evaporation. The volume fraction decreases from
left to right: (a) 1 # 10"5, (b) 5 # 10"6, (c) 3.3 # 10"6, (d) 2.5 # 10"6 and (f) 1.25 # 10"6. The images in the middle row are from fast evaporation. The volume fraction of the
drops in the same column is identical. The scale bar is 200 mm [125].
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precipitates, as shown schematically in Fig. 46. The spacing and
width of Liesegang rings follows simple scaling laws (for example
the position of nth band xn scales as t0:5n and the widthwn increases
as xn) and have been described or modeled quite successfully by
various researchers in the past [27,69,295–298].

Unlike Liesegang rings, where diffusive flux competes with
propagating reaction front and precipitation, the dominant
transport in our system is through convective flow. The transition
to the liquid crystal can be thought of like the precipitation

reaction, and in close analogy, once the concentration levels reach
the metastable regime, spontaneous nucleation and growth of
liquid crystalline phase occurs. This locally can lead to depletion
zone and allow a similar formation of concentric bands. But from
our preliminary data, the spacing between the bands as well as the
width of the bands does not seem to follow the scaling behavior
observed in the case of the Liesegang rings. In Fig. 47 we show a
well-defined concentric multiple ring pattern. The distance
between the contact lines as well as the time between pinning
and sticking events do not show any periodicity. Therefore the
motion of the contact line cannot be described as a simple
sinusoidal response [301] or through reaction-diffusion models
typically used for Liesegang rings [27,69,295–298].We believe that
with precise control of the drop size, roughness of the substrate
and evaporation condition, onemight obtain better data to conduct
more systematic analysis of the multiple ring patterns.

The question of what really controls the pattern formation, and
the kinetics of phase transition requires further experimental
study and theoretical analysis. So we offer only a phenomen-
ological explanation. Essentially, the presence of particles can pin
the contact line, and the more the number of particles, i.e. higher
the concentration, better the pinning. The capillary action is
controlled by the packing fraction. Hence one can expect that the
higher initial concentration causes a stronger flow, and results in
transfer of all the solute to the contact line. On the other hand, at
the lower concentration of solute, the velocity reached is not high
enough to ensure that all particles reach the edge before drying

Fig. 45. The patterns formed by various concentrations and different evaporation condition were visualized by polarized optical microscopy. The same number of figure was
used for the same sample shown in Fig. 44. The scale bar is 200mm [125].

Fig. 46. (a) Schematic illustrating how nanoparticles accumulate at the contact line
when the rate of evaporation is slow (akin to coffee ring mechanism). Most of the
particles are carried to the edge and form a single dark ring. (b) The case of fast
evaporation: contact line recedes, till it encounters next set of pinned particles. (c)
Schematic illustrating how Liesegang rings form when two species A moves into
initially uniform concentration of B, forming dark precipitates with location and
width given by characteristic scaling laws (see text for details).

Fig. 47. The well-defined concentric multiple ring pattern formed by evaporation of
dilute gold nanorod sol. Image taken under optical microscope with cross
polarizers. The scale bar is 100mm [125].
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complicates the process. If drying weakens the flow, the particles
can get pinned at some distance away from the first band. Thus this
interplay of capillary flux, diffusive flux towards emerging
domains (due to phase transition) and pinning–depinning cause
multiple rings to form. The phenomenon will be described and
understood better if an elaborate study of the pattern formation for
a range of aspect ratios, drop sizes, evaporation rates and
surfactant concentration is carried out. The reason why surfactant
concentration can play a role is as (1) it alters the surface tension,
changing the contact angles, and (2) presence of surfactant induces
Marangoni stresses that can alter the flow terms [310–312].

Several of the unsolved problems for our research are relevant
to the coffee ring type assemblies andmulti-ring patterns observed
in colloids [197–199], polymers and polyelectrolytes [302–309],
collagen [313], porphyrin dyes [314] and have received recent
attention, though, as far as we know, corresponding pattern
formation has not been studied in a quantitative fashion for rod-
like particles.We hope that our description of the observationswill
provide the inspiration for in-depth study of the same.

7.5. Self-assembly on TEM grids

The formation of the ring patterns indicates that this capillary
flow driven assembly can self-organize and order the nanorods.
While the formation of micron size domains can be observed in an
optical microscope, the resolution to the scale of nanorods is not
possible. We decided to examine the self-assembled nanorods in
TEM. Since the patterns formed over the glass slides cannot be used
in TEM studies,we evaporated drops of 1 ml sol of gold nanorods on
the carbon coated copper TEM grids. While the self-assembly is
still controlled by drying mediated fluxes, the physical properties
including surface roughness, contact angle, etc. of the grid are quite
different from the surface condition of the glass slide. Yet we can
observe the orientational and positional order of the pattern
formed on the same TEM grid by characterizing the location and
orientation of individual rods. Thuswe can contrast the role played

by the initial concentration and size of gold nanorods and the
influence of different evaporation condition. In the following sub-
sections, we outline some such observations.

7.5.1. Two-dimensional phase transitions observed in self-assembly
on a TEM

When an extremely dilute dispersion of gold nanorods is dried
over the TEM grid, the nanorods can deposit a monolayer, within
which the position and orientation of each rod can be assessed
using image analysis. In what follows we summarize the
characteristics of observed patterns, and then provide qualitative
arguments about how their formation can be explained. For aspect
ratio of 6, at low number density, 2–4 NRs form aggregates and are
dispersed in an isotropic state, as seen in Fig. 48. As the number
density increases, nanorods start to form a monolayer of partially
nematic-like phase. With further increase of number density,
nanorods form a multilayer of smectic-like phase. For short
nanorods (aspect ratio is 3), the smectic-like assembly showing
both orientational and positional order was observed (Fig. 49). The
ordered assembly was observed for the very long nanorods (aspect
ratio is 14), as seen in Fig. 50. In this case, even though the
suspension contains some of the spherical byproducts, phase
transition from isotropic to nematic and smectic phase can be
confirmed by the self-assembly of dried suspension, as seen in
Fig. 50.

Several groups have reported such nematic-like and smectic-
like assemblies for gold nanorods [315–319] as well as other rod-
like nanoparticles [320–326]. When only a layer of nanorods is
found on the grid, as observed in Figs. 48–50, the pattern
formation, and in this case, possible phase change occurs in a
thin region, implying that the assembly process is two-dimen-
sional rather than three-dimensional. The order parameter, as well
as phase diagramdepends upon the dimensionality of the problem.
In this case, the angle between the director and the long axis of
each rod can be measured and the formula for two-dimensional
order parameter is S = hcos 2ui.

Fig. 48. TEM images of gold NRs assembly. Aspect ratio is 6. (a) Isotropic phase, (b) nematic-like assembly and (c) smectic like assembly [125].

Fig. 49. TEM images of gold NRs assembly. Aspect ratio is 3. a) Isotropic phase and (b) transition from isotropic to smectic like assembly [125].
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Bates and Frenkel [285] studied two-dimensional hard rod
fluids consisting of spherocylinders confined to lie in a plane using
Monte Carlo simulations. For long rods, a 2D nematic phase is
observed at high density and the transition from this phase to the
low density isotropic phase is continuous. For short rods, the
nematic phase disappears so that, the solid phase (which is akin to
both smectic and crystal phase) undergoes a first order transition
directly to an isotropic phase. In this respect, according to Bates
and Frenkel [285], the order parameter is dependent on the size of
the system, and the characteristic feature of 2D system is absence
of a true long range order. The order parameter depends both on
density of rods and on the system size. By determining the order
parameter as a function of system size, one can compare it with the
prediction that S!N"kBT=2pK , where N is the number of particles
and K is the Franck’s constant of elasticity [285]. Since a realistic
comparison will require a system size with nearly 7000 particles
(as was used in simulation), we were not able to compute these
statistics, though in future, if extended assembly of nanorods is
found, it will be a worthwhile experiment to examine this
behavior.

7.5.2. Heterogeneity and polydispersity of the sample
As-made sol is typically a mixture of rod-like and spherical

particles. When as-made sol is evaporated ‘slowly’ on the TEM,
shape selective assembly or micro phase separation of different
shapes is seen to occur. Nanorods and spherical particles
assemblies form separate clusters on the TEM grid, as shown in
Fig. 51. In case of faster evaporation, the particles of different shape
are kinetically trapped into a mixture as seen in Fig. 51b. Such
phenomenon is extensively studied theoretically and has also been
confirmed by simulations [327].

Fig. 52 shows another example showingmicro phase separation
of 3 different shapes of nanoparticles (nanorods, nanospheres and
nanocubes). The shape separation not only leads to locally purer,
low polydispersity samples, but can provide domains with high

amount of order. While it is well known that polydispersity
prevents long range positional ordering [108], on a TEM grid, the
lack of long range order could be a consequence of 2D liquid crystal
phase, as discussed before. Several reports on self-assembly of gold
nanorods [318,319,328] focused on patterns formed in a small
domain, and concluded that the concentration and pH of the
dispersion determine the properties of self-assembly. Given the
non-equilibrium nature of assembly on TEM grids, the compar-
isons with patterns expected from equilibrium cannot explain the
range of patterns obtained. For example, even if the dispersion has
rods of a given aspect ratio in a known concentration to beginwith,
factors like whether evaporation is homogeneous and hetero-
geneous, determine the patterns formed by rods before solvent
evaporates away. Nearly a hundred years back, Perrin [89,90] saw
two-dimensional packing of spherical colloidal particles and

Fig. 50. TEM images of gold NRs assembly. Aspect ratio is 14. (a) Isotropic phase and (b) nematic-like assembly [125].

Fig. 51. TEM image of self-assembly of as-made sol: (a) slower evaporation and (b) faster evaporation. The coverage of particle in both images is about 20% [125].

Fig. 52. TEM image of self-assembly of as-made sol showingmicro phase separation
of 3 different shapes of nanoparticles [125].
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reasoned that capillary forces can make particles organize into a
close packed structure. The role of capillary forces [214,329–331],
quantified as immersion forces for partially submerged particles,
and floatation forces for particles on air–solvent interface, is being
actively investigated for spherical systems. In principle, the origin
of forces will be similar for rods, but the shape anisotropy will
change the directional nature of the forces.

7.5.3. Patterns formed by evaporation
Rabani et al. [200] modeled the drying mediated self-assembly

in spherical particles by accounting for pinning, diffusion and
solvent assisted aggregation. The equilibrium and non-equilibrium
patterns were found to correspond very well to the experimentally
observed patterns for spherical CdSe particles. The case of
homogeneous evaporation provides patterns expected from
coarsening behavior, for example the phase separated domains
can exhibit self-similar growth as expected for systems undergoing
spinodal decomposition. In heterogeneous evaporation, the local
concentration and solvent fluctuations produce patterns that are a
consequence of both thermodynamic and kinetic effects. The rate
of drying and the timescale for particle diffusion become important
parameters in determining the outcome for the drying dispersion.
We have observed similar patterns in the assemblies on TEM grids
for gold nanorods, though in absence of similar simulations or
theory for rod-like particles, our inferences about their thermo-
dynamic or kinetic origin are at best intuitive or speculative.

Fig. 53 shows the patterns taken from the center area of a single
TEMgrid. The aspect ratio ofNRs is 5. At very lowcoverage (less than

5%) ribbon-like aggregates of nanoparticles dominate the self-
assembly (Fig. 53a). As the coverage increases, Fig. 53b, disk-like
aggregates of nanoparticles dominate the self-assembly. At still
higher coverage or particle density, the clusters are interconnected.
We observed similar patterns in the nanorod suspensions with
aspect ratio of 3–6. The dynamics of nanoparticle assemblymust be
modulated here by interparticle attractive forces, phase separation
kinetics and by drying induced solvent fluxes, though the role of
these factors is unclear for we only see (if wemay say so), the fossil
andnot thebeast, onaTEMgrid. Further, the aggregates thus formed
could simply result from a diffusion-limited aggregation [231,332],
where the aggregate structure is rather insensitive to interparticle
interactions. For example, such aggregates formed by colloidal gold
sols (!15 nm spherical particles) have been characterized by
describing them as fractals [333–335]. The use of similar structure
analysis can be applied to patterns formed here, and it is likely to be
useful in describing optical and transport properties of such self-
assembled structures. The reader can refer to excellent text by
Meakin [231] for a detailed discussion on fractals, diffusion-limited
aggregation and pattern formation.

The drying of gold nanorod suspensions can sometimes yield
interesting ring patterns as shown in Fig. 54. These patterns were
observed when the coverage was between 10 and 20% and they
occur in the region between the center and the edge of the drop on
TEM grid. The ring patterns were formed by various aspect ratio of
gold NRs (aspect ratio 4–7). The shape of the ring is very close to
perfect circle and the size of the ring is ranged from 200 nm (the
diameter of the hole) to 1 mm and does not seem to depend on the

Fig. 53. The TEM images showing different patterns formed at different coverage ratio of (a) 4%, (b) 10%, (c) 15% and (d) 40%. The aspect ratio is 5 and the scale bar is
1 mm [125].

Fig. 54. Ring-like array observed when the coverage is 10–20%: (a) aspect ratio is 4 and (b) aspect ratio is 6 [125].
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aspect ratio of gold nanorods. Interestingly many rings were found
to lie in a straight line and are not only similar in size, but also in
the distance that separates them.

The formation of such rings on TEM grids has been reported
before by Ohara et al. [336], for a dispersion of 2.5 nm silver
nanoparticles coated with dodecanethiol and dispersed in hexane.
The scenario in this case is quite different from the coffee ring
mechanism [197–199] that operates in sessile drops, and where
capillary driven outward flow is said to drive the particles to the
edge, as discussed before. In this case [336], the authors postulated
that for a wetting fluid, the solvent evaporates as a thin film, and so
the hole that opens up pins the contact line, and as the hole
advances outwards, it pushes particles outwards. Unlike the case
studied by Deegan and co-workers [197–199], here the pinning is
not automatic, and it is dependent on the particle–substrate
interaction as well as particle size. The theoretical arguments of
Ohara et al. [336] suggest that the ring sizes should be same for a
given concentration of nanoparticles, as observed in Fig. 54. We
were not able to draw any reliable correlations of ring size with
particle size or aspect ratio, and expect that more controlled
experiments will be useful in deciphering the role of shape
anisotropy and particle–substrate interaction in controlling the
pattern formation.

We observed cellular network structures as shown in Fig. 55
when the coverage reaches about 30–50%. If we compare the
network structure for different aspect ratio, the cells are better
defined for the shorter nanorods. The size of the holes, that ranges
from 100 to 700 nm, does not seem to correlate with the aspect
ratio of nanorods. The network structure provides a continuous

matrix over the substrate, with relatively low amount of material,
and this could be useful for fabricating devices.

8. Synopsis and outlook

The colloidal dispersion of gold particles were the ruby red
fluids concocted by alchemists for centuries, before Faraday’s keen
experimental eye established that they contained dispersed
particles of elemental gold. In this article, we started out by
looking at the early studies on colloidal gold, as means of
introducing key concepts related to colloidal nature of gold sols
and for unearthing multiple references to synthesis of nanorods
(albeit as byproducts), to seed-mediated methods (called nuclear
methods) and tomeans of characterizing the physical properties of
colloidal gold. Thereafter we presented a gist of basic ideas about
Brownian motion and interaction forces, to set stage for establish-
ing what determines colloidal stability. We believe that even
though a great amount of attention is paid to aspects related to
synthesis and applications of gold nanorods, the field will advance
much more if colloidal behavior of gold sols was better
characterized and better understood. For example, we presented
a simple, but effective method for shape separation of particles
using centrifugation-assisted sedimentation. Since the separation
is affected by Brownian motion in external field, in principle the
same hydrodynamic arguments that we advanced for sedimenta-
tion, could be used for affecting shape separation using electro-
phoresis.

The possibility of using gold nanorods for chemical and
biological sensing is largely dependent on our ability to understand
the size and shape dependent plasmon resonance and electric field
enhancements by nanorods. Given the importance of this under-
standing, we summarized the key concepts necessary to appreciate
the optical properties of gold rods and their dispersions.While Mie
theory describes the absorption and scattering by spherical
particles of any size, the corresponding theories for non-spherical
particles are exact only in limits of sizes much larger or much
smaller than the wavelength of light interacting with material in
question. The computational methods provide useful means of
studying the response of nanoparticles and as they get more
refined, will provide the requisite information about field
enhancements for particles of complex shapes, enabling more
quantitative sensing. The rod-like nanoparticles form liquid
crystalline phases and a host of patterns mediated by drying
induced self-assembly. We expect that these will continue to
provide researchers ameans ofmaking using patternswith desired
amount of order as well as a system that allows us to visualize the
thermodynamic and kinetic effects of shape anisotropy. We
presented our observation of rings on both glass slides and
substrates, and we expect that the experimental protocol will be
useful for unraveling interesting dissipative structures. We hope
that our research efforts and this review will contribute towards a
better understanding of synthesis, optical properties, shape
separation and self-assembly of gold nanorods.
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