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1. General Introduction

Ghosh and Pal

individual atoms and molecules but are smaller than the bulk
solid, materials in the nanometer size regime show behavior
that is intermediate between that of a macroscopic solid and
that of an atomic or molecular system. There are three major
factors that are responsible for these differences: high
surface-to-volume rati$,®> quantum size effeétand elec-
trodynamic interaction$. Metallic nanoparticles possess
unique optical, electronic, chemical, and magnetic properties
that are strikingly different from those of the individual atoms
as well as their bulk counterparts. Nanometer-scale metal
particles exhibit optical properties of great aesthetic, tech-
nological, and intellectual valieColloidal solutions of the
noble metals, namely, copper, silver, and gold, show
characteristic colors that have received considerable attention
from researchers.

The interesting colors observed in gold sols have led to
extensive study of their optical spectroscopic properties in
an effort to correlate their behavior under different microen-
vironmental condition8-2° Although the extraction of gold
started in the 5th millennium B.C. in Bulgaria, “soluble” gold
appeared around the 5th century B.C. in Egypt and CHina.
Andreas Cassius’s (1664.673) preparation of the “Purple
of Cassius” was widely used as a pigment in enamel,
chinaware and silk fabric as well as in glass. Johann
Kunckel's (1636-1703) perfected the age-old technique of
making ruby-colored stained glass. The Lycurgus cup (4th
century A.D.), which can be seen at the British Museum, is
a striking example of the early (artistic) use of metal
nanoparticles embedded in glass: the vessel appears green
in daylight (reflected light), but red when it is illuminated
from the inside (transmitted light). Paracelsus described the
preparation of potable gold, which was believed to have
remarkable medicinal properties. Until the Middle Ages, the
soluble gold was used to disclose fabulous curative powers
for various diseases, such as venereal problems, dysentery,
epilepsy, and tumors, and for diagnosis of syphilis. Thus,
the remarkable features exhibited by colloidal gold have been
utilized for centuries. But the scientific research on gold sol
started with Michael Farada&y.A sample of gold colloid
prepared by Faraday is still on display in the Royal
Institution?® Faraday reported the formation of a deep red
solution of colloidal gold by reduction of an aqueous solution
of chloroaurate (AuGl) using phosphorus in GSa two-
phase system). He investigated the optical properties of thin
films prepared from dried colloidal solutions and observed
reversible color changes (from bluish-purple to green) of the
films upon mechanical compression. The term “colloid”
(from the Frenchgcolle) was coined shortly thereafter by
Graham, in 1861. Although, Faraday’s best known contribu-
tions were in electromagnetism, he posed the central problem

Nanoscience and nanotechnology are recent revolutionaryof small particle optics in a marvelous paper that constituted
developments of science and engineering that are evolvinga Bakerian lecturé’ This paper is a respository of experi-
at a very fast pace. They are driven by the desire to fabricatements with thin metal films, metal island films, aerosols,
materials with novel and improved properties that are likely hydrosols, and gels, which are mainly carried out with gold

to impact virtually all areas of physical and chemical

but also with silver, platinum, copper, tin, iron, lead, zinc,

sciences, biological sciences, health sciences, and othepalladium, aluminum, rhodium, iridium, mercury, and ar-
interdisciplinary fields of science and engineering. Particles senic. Faraday’'s purpose in exploring colloidal phenomena

with sizes in the size range of—1100 nm are called

followed his concerns with the interaction between light and

nanoparticles, whether they are dispersed in gaseous, liquidmatter. Faraday reasoned that there might be some value in
or solid media. Nanoparticles are a number of atoms or observing the action of light on material particles, which, in
molecules bonded together (these particles usually containturn, were also small compared with the wavelength of light.
10° atoms or fewer) and are intermediate in size between Gold came to his mind because samples could be prepared
individual atoms and aggregates large enough to be calledwith particles that were much smaller than the wavelength
bulk material*? Because the nanoparticles are larger than “and because known phenomena appeared to indicate that a
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mere variation in the size of its particles gives rise to a variety
of colors”. Despite Faraday’s appreciation that it was the
interaction of light with particles of different morphologies
that gave rise to the color, the notion that these phenomena
were due to intrinsic color persisted. In 1908, Gustav Mie
came forward to explain the red color of the gold nanopar-
ticles in solutiod® by solving Maxwell's equation¥31 It

is to be remembered that Rayleigh solved the problem for a
sphere smaller than the wavelength of light; Mie made a _ ) )
solution to the problem for a sphere of a size comparable to Figure 1. Color change in gold nanoparticle aggregates.
the wavelengtfi?—34

Metal nanoparticles, especially gold, have attracted con-
siderable attention recently because of their many interesting
properties and potential technological applicatighé The
optical properties of isolated gold nanoparticles have been
extensively studiedt ¢ Bulk gold has a familiar yellow
color, caused by a reduction in reflectivity for light at the
end of the spectrurf?. Whenever gold is subdivided into
smaller and smaller particles, the ratio of the radius to the
wavelength becomes important, and when the particle is

difficult. The coinage metals are exceptional. First, they are
nobler and form air-stable colloids. Second, due-taldand
transitions, the plasma frequency lies in the visible part of
the spectrum. Third, at the plasmon frequency the imaginary
part of the dielectric constant is very small, and this is why
the near-field effect is so high that makes the plasmon
excitation very interesting. Hence, surface plasmon experi-
ments are most commonly carried out with Cu, Ag, and Au.
The resonance frequency of this SPR is strongly dependent
upon the size, shape, interparticle interactions, dielectric
properties, and local environment of the nanoparfitie®
SThe oscillation frequency is critically determined by four

S . factors: the density of electrons, the effective electron mass,
when the radius is large compared with the wavelength of 54 the shape, and the size of the charge distribution. Real

!'ght’ and in that case, the retardation effect. should be e monitoring of the optical properties of a system of
included to get the correct results. When the particles of gold y,etalic nanoparticles needs to take following parameters
are small enough, their color is ruby red, due to their strong jio consideration: presence of a supporting substrate or
absorption of green light at about 520 nm, corresponding 0 giapilizing ligand shell, a solvent layer on the top of the
the frequency at which a plasmon resonance occurs with thepaicles,” and electromagnetic interactions between the

gold. Actually, many other metals display this type of hanicles that are close enough in the ensemble to influence
spectrally selective resonance, too, but in general theine optical propertie®-67

resonance frequency lies in the visible range, in the near |, the past two decades, the unusual size-dependent
ultraviolet. Furthermore, gold is one of the very few metals_gjacirgnic properties of small metal particles have motivated
noble enough to survive as a nanoparticle under atmospheric, large number of workers concerned with the simulated

conditions. This serendipitous combination of properties has qyica| properties, preparation, and characterization of a wide
encqura_ged its application in a diverse range of niche range of new cluster§:%8-73 The engineering of materials
applications. and devices on the nanoscale is of greater current interest in
Characteristically, noble metal nanoparticles exhibit a electronics and optics than the engineering of either indi-
strong absorption band in the visible region, and this is indeed vidual molecules or macroscopic soli#S>Confinement and
a small particle effect, since they are absent in the individual quantization of conduction electrons within a small volume
atom as well as in the buli¢:*6 The physical origin of the  enhance the optical and electronic conductance properties
light absorption by metal nanoparticles is the coherent of materials composed of nanocryst&s?® When the dimen-
oscillation of the conduction band electrons induced by the sion of the nanoparticles becomes smaller than the wave-
interacting electromagnetic field. The electromagnetic surfacelength of the exciting light, energy can be confined in the
waves can propagate along the interface between conductingmall spatial regions through the local excitation of surface
materials and a dielectric over a broad range of frequencies,plasmon resonances. The enhanced fields in these regions
ranging from dc and radio frequencies up to the visfBle. are used in a wide range of applications including optical
The oscillation modes comprise an electromagnetic field energy transpdt®and chemical and biological sensét<®
coupled to the oscillations of conduction electrons and are surface-enhanced Raman scattering (SERSE? 190 near-
called surface plasmons. These are characterized by strondield scanning optical microscop$:1°* and nanoscale
field enhancement at the interface, while the electric field optical device$%1%®|t was predicted that the electromagnetic
vector decays exponentially away from the surface (in the field enhancement may be very large when two resonant
nanometer rangéy.*° When the dimensions of the conductor particles are brought close to each other and most of the
are reduced, boundary and surface effects become veryenergy is located between the particles.
important, and for this reason, the optical properties of small It is now known that the intrinsic properties of metal
metal nanoparticles are dominated by collective oscillation nanoparticles are mainly governed by their size, shape,
of conduction electron®: 52 An absorption band results when  composition, crystallinity, and structure. In principle, one
the incident photon frequency is resonant with the collective could control any one of these parameters to fine-tune the
oscillation of the conduction band electrons and is known properties of these nanoparticles. If such tiny particles are
as the surface plasmon resonance (SPR). For many metalsallowed to coalesce in a controlled fashion, their color can
such as, Pb, In, Hg, Sn, and Cd, the plasma frequency liesbe systematically variéef~11° from pink through violet to
in the UV part of the spectrum and nanoparticles do not blue as shown in Figure 1. This phenomenon has been
display strong color effects. Such small metal particles are invoked as a colorimetric indicator in home pregnancy t€sts
also readily oxidized making surface plasmon experiments and for testing for specific genetic sequentésWell-

(i.e., no retardation) holds and the mathematics become
simple®? Mie has shown that plasmon excitation is present
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defined, ordered solids prepared from tailored nanocrystallite properties of nanoparticles embedded in matrices or as-
building blocks provide opportunities for optimizing proper- sembled into thin films at a high volume fractit:.146
ties of materials and offer possibilities for observing interest- Currently, there is great motivation to exploit the unique
ing, new, and potentially useful collective physical phenom- properties of these materials in electronic and optical device
ena. This is due to a change in their absorption spectrumapplications:#’~1%6
upon aggregation, caused by increase of the absorbance of In this review, we discuss the varieties in synthetic
the red wavelength of light. The dimension of the particles strategies and characterization of nanoscale gold particles
in the nanometer size regime makes them ideal candidatesassembled into an aggregate structure. Due to the explosion
for nanoengineering of surfaces and the fabrication of of the publications in this field in recent times, we could
functional nanostructuré$®119 They have been widely used not cover all the published work, but rather a description of
in photography, catalysis, biological labeling, photonics, the methods is presented. Theoretical and experimental
optoelectronics, information storage, surface-enhanced Ra-aspects of the optical properties of gold nanoparticles in a
man scattering, and formulation of magnetic ferrofiitfs.  close-packed assembly have been elegantly explored. The
Also, interesting nonlinear optical effects are possible using stabilization phenomenon of the gold particles in making
gold nanoparticles and their aggregates, which may find well-defined and organized assembly has been accounted in
application some day in optoelectronic circuit?y. the light of Derjaguir-Laudau-Verwey—Overbeck (DLVO)
Several techniques have been developed for directing thetheory, and varieties .O.f examples have be.en cited Inan effqrt
self-assembly of nanocrystals into ordered aggregates ort© correlate the stability aspects under different microenvi-
quantum dot superlatticéd 132 Self-assembly of nanopar- ronmental conditions. The kinetics of the aggregation process
ticles has been of tremendous interest to science andﬂ?m |§0Iatedhgo!d p?amcles htas beent;:xplored antql the effects
- : : o of various physical parameters on the aggregation process
technology because it provides effective building blocks for are documented. The conditions for the reversibility of the

physical, chemical, and biological applications. These s~ aggregation process have been elucidated. The ultrafast
semblies present some very exciting possibilities. In principle, eI%%trc?nic relgxation and coherent vibrational.oscillation of
interparticle separations, particle size, and particle stoichi- stronalv interacting aold nanonarticles measured by femto-
ometry may be individually manipulated to produce mac- gy 99 1op : Y

; : i second laser spectroscopy is reported. The influence of an
roscopic solids. This is similar to the well-known case of a ¢ | | o tion has b
one-dimensional quantum-dot superlattice that might be INtENse 1aser pulse on nanoparticie aggregation nas Heen

discussed. Finally, a number of real-time applications of

gﬂghq%%ridfégui)ég'b'rti #lglrﬂu% nptr;}f::lsle?;gfeé?%T’éc\?(l)gige?snanoscale gold assembly have been realized from theoretical
P y y P erspectives. Therefore, the aim of this present review is to

icnryzt:\llsei’::)ncilglIm;g{ﬁ:;ssefglrus;gg:sgﬁ;, there II? also t'mﬁr?ftgurvey the assembling strategies for nanostructured materials
ping ; g small controlied 4,4 o derive a general protocol with the basic understanding
aggregates of nanoparticles. Due to the spherical SYMMEY ot the colloid and surface chemistry, to accumulate the results
and unlform reactivity of individual nanopartlcle surfaqes,. of their optical properties in a variety of microenvironmental
the synthesis of small controlled nanoparticle assemblies 'Sconditions and their correlations with the effective medium
a significant challenge. When metal nanoparticles are placedtheory predicted for nanoscale building blocks, and finally
in close proximity to one another, the _in:cerparticle coupling 4, open up new insights by multidisciplinary ap;proaches té
effect becomes very important and Mie's theory developed yir hymerous possible applications from theoretical per-
for isolated particles fails to account for the optical absorption spectives. The review will help the readers to understand
spectrum. H0\_Never, effective medium theories, dating back the physical and chemical know-how to this inherently
to 1904, predicted by Maxwell Gamett have been success-tqinating and highly rewarding field of investigations of
fully applied to this problem to account for the optical ,qyanced materials. The reader should also be aware of the
absorbance behavior of an assembly of metal nanopariéles. gytensive and pertinent work published by researchers in the
The color change that follows from aggregation of gold game or marginally different disciplines. We feel that the
nanoparticles has been L1|§4ed commercially to provide sensi- ook of self-assembled nanostructured materials is bright
tive biochemical assay$*and hals%been demonstrated in i, the present scenario of research involving materials in the
the form of coatings on glas$:'*® The properties of  nanometer size regime. Therefore, we are confident that in
regularly packed aggregates have different and rather variablgne next few years there will be an explosive growth of

optical properties?” If these properties can be controlled, chemjcal research focused upon self-assembled nanostruc-
then there might, for example, be applications for the clusters,red materials.

as novel pigments or in spectrally selective coatings for solar
glazing®*® Such materials could be important constituents
of tunnel resonant resistdf& in novel microelectronic
devices. These properties, in particular local electric field
enhancements, enable applications such as single moleculgﬁeCt on the Surface Plasmon Resonance

detection using surface-enhanced Raman scattétitigand .

the synthesis of composite materials exhibiting an enhancedz'l' Cluster Size Effect

nonlinear optical responsé’ In addition, resonant energy Particles with sizes in the range o100 nm are called
transfer between closely spaced metal nanoparticles enablesanoparticles, and these particles usually comprise of a large
transport of electromagnetic energy at length scales belownumber of atoms or molecules bonded together. Thus, the
the diffraction limit!4! The self-assembly of nanoparticles nanoparticles can also be defined as a number of unspecified
into dense arrays, crystals, and LangmiBtodgett films objects gathered together or growing together, containing
yields materials with novel physical properties arising from number of atoms 3< N < 10’ (considering a dimer as a
interactions between nanoparticlés14* Particle-particle molecule)'? These particles may be distributed in free space
interactions also regulate the linear and nonlinear optical or in gaseous, liquid, or solid embedding substances or may

2. Optical Properties of Metal Clusters in a
Close-Packed Assembly: Interparticle Coupling
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charges from the positive ones occurs when the metallic
nanoparticle is placed in an electric field, that is, there results
a net charge difference at the nanoparticle boundaries. This,
in turn, gives rise to a linear restoring force to the system.
As a consequence, a dipolar oscillation of the electrons is
created (with a particular time period), and this is known as

< QO ® mMmZ o

the surface plasmon oscillation. The collective oscillation
of the electrons is also sometimes denoted as the “dipole
particle plasmon resonance” to differ from plasmon excita-
tions that occur in bulk metal surfaces. The surface plasmon
resonance is the coherent excitation of all the “free” electrons

Atom  Particles  Bulk Metal

Density of States
Figure 2. Energy levels in metal particles.

electronic cluster within the conduction band, leading to an in-phase oscilla-
. - tion.1® It is to be noted that plasmons also exist in the bulk
7 and at the surface of large chunks of mateli&ils!

light However, because of a mismatch between the plasmon
dispersion relation and that of the photon, the plasmons

cannot be excited by ordinary plane-wavelength light. The

clectric ficld tyog \ speciality of the small particles is that momentum conserva-
surface charges e tion is no longer required and the plasmons can be excited

ionic cluster . .
. by ordinary light. In small clusters, the surface and the bulk
time t timet+T/2

plasmon are coupled, and the charge density varies every-
where in the particl&253197The multipolar resonances exist
for individual nanoparticles and can be excited. The only
difference between multipolar plasmons and dipolar plas-
mons is the shape of the surface charge distribution on the

be covered by shells or deposited on substrate materials. [fn@noparticle surface. The term “surface” stems from the fact
general, all the possible components, covering shell or that_ _alth_ough all electrons are os_cnlatlng with respect to
embedding medium, may be a metal, a semiconductor, or aPOSitive-ion background, the main effect producing the
dielectric, leaving open a large number of combinations. restoring force is the surface polarization. The surface, thus,
Interest in metallic nanoparticles has increased recently plays a very important role for the observation of surface
because of the possibility to artificially tailor novel materials plasmon resonance because it alters the boundary condition
with extraordinary properties. The material properties of these for the polarizability of the metal and, therefore, shifts the
smaller sized particles are very interesting and cover a wideresonance to optical frequencies. Thus, the conduction
range depending upon the number of surface atoms. Thereelectrons in a spherical cluster act like an oscillator system.
are two different size effects in this specific size regime: In the bulk material, the Drude frequency is not excited by
intrinsic size effects and extrinsic size effects. Intrinsic size light, and in this sense, the conduction electrons in the bulk
effects concern specific changes in volume and surfacebehave like a relaxator system.

material properties. Experimentally, they deal with electronic

and structural properties, namely, ionization potentials, 2 3 Qptical Properties of Isolated Metal

binding energies, chemical reactivity, crystallogrgphlc struc- Nanoparticles: The Mie Theory

ture, melting temperatures, and optical properties of metal
clusters that depend upon the particle size and geometry. The general solution of the diffraction problem of a single
As the size of the particle becomes larger and larger, the sphere of arbitrary material within the framework of elec-
energy levels continue to split and finally merge into the trodynamics was first given by Mie in 1968.t was the
quasi-continuous band structure for the bulk solid. The color variation of colloidal gold with particle size that
energy level spacing of metal is shown in Figure 2. The motivated Mie to apply the general theory of light extinction
e_xtraordmary spectra arising due to the discretion (quantl_za-tO small particles. He applied Maxwell's equations with
tion) of electron energy levels are known as quantum size g5 ropriate boundary conditions in spherical coordinates
effects. For small sizes, the optical functions become size- using multipole expansions of the incoming electric and

Shependent,bwherelasd for IargelL onte_s, Ithe ilecttmdygatrr?icmagnetic fields and offered an exact electrodynamic calcula-

. ekory can be a}{p_p 1e qsmgﬁut optical constants, and thiStjoy " of the interaction of light with spherical metallic

IS Known as extrinsic size efiect. nanoparticles. The theory describes the extinction (absorption

. o and scattering) of spherical particles of arbitrary sizes. In

%/izi Icﬁatlon Otf. lSurface Plasmon Oscillation in reality, there are 11 geometries for which Maxwell equations
elal Nanoparticles and the boundary conditions are separable and can be solved

In Figure 3, a schematic presentation of the creation of a analytically. Exact solutions are possible for an infinite
surface plasmon oscillation is shown. The electric field of cylinder, ellipsoids, two spheres, a sphere and a plane, a
an incoming light wave induces a polarization of the (free) parallelepiped, spherical shells, &€%578990.162166 However,
conduction electrons with respect to the much heavier ionic most standard colloidal preparations yield particles that are
core of a spherical nanoparticle. The positive charges in theapproximately spherical, and most of the optical methods
particle are assumed to be immobile and the negative chargesfor characterizing nanoparticle spectra probe a large ensemble
that is, the conduction electrons, move under the influence of these particles. This leads to results that can be modeled
of external fields. Therefore, a displacement of the negative reasonably well using Mie theory.

Figure 3. Schematic presentation of the creation of surface plasmon
in metallic nanopatrticles due to the interaction of electromagnetic
radiation with the metal sphere. A dipole is induced, which oscillates
in phase with the electric field of the incoming light.
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Quasi-static case: A >>2R General case: & < =>2R of the particle free conduction electrons, and using the
E(t=1) E(t=1) boundary conditions, we can calculate the resulting polariza-
tion of the sphere as a whole. The induced dipole field, that
® - is, the induced dipole moment that results from the polariza-
= ‘# # tion of the conduction electron density,= emaEq, Where
‘ o . the static polarizability of the sphere, can be obtained by
Homogeneous Polariza- Phase shifts n the partic- the solution of Laplace’s equation and is given by
tion: dipole excitation les: multipole excitation
Figure 4. The interaction of light with clusters can be described €~ €n
in a simple way ifl > 2R, that is, in the quasistatic regime. In the o= Meoﬁ 2)
general case, phase shifts of the electromagnetic wave in the €+ 2,

particles complicate the optical response. wheree is the dielectric function of the metallic nanoparticle.

. . The value ofe for metal particles is obtained by taking

2.3.1. Assumptions of Mie Theory into account the contribution of its real and imaginary parts
The main assumption of Mie’s theory is that the particle and is given by

and its surrounding medium are each homogeneous and

describable by their bulk optical dielectric functioti1¢8 € = e)(w) + iex(w) = (N + ik)? 3

The boundary is defined by the electron density, which is

assumed to have a sharp discontinuity at the surface of thein which n is the index of refraction and is related to light

particle at radiuf. The patrticle size and the optical materials absorption. Usuallyen, is taken as a real constant throughout

function of the particle and of the surrounding medium were the visible, and it is possible to find a resonance frequency.

employed as the input parameters. To relate the dipole Under this condition, eq 4 is modified to the relation

plasmon frequency of a metal nanopatrticle to the dielectric

constant, we consider the interaction of light with a spherical [€1(w) + 2€m]2 + [ez(a))]z = minimum 4

particle that is much smaller than the wavelength of light

(2R < 1), whereR is the radius of the particle. Under these The wavelength of this plasma resonance is, therefore, given

circumstances, the electric field of light can be taken to be by the wavelength dependence &fw), that is, when the

constant, and the interaction is governed by electrostaticscondition ofem = —2¢ is fulfilled, the local field at the

rather than electrodynamics. This is often called the quasi- particle is enhanced. The optical material functions are the

static approximation, because the wavelength-dependenguantities that determine not only the position but also the

dielectric constant of the metal particle, and of the  shape of these resonances. The width and height of the

surrounding mediumy, is used in a similar fashion to those  resonance are determined by #héw) value at this wave-

of other electrostatic theories. In the quasistatic regime, phasdength. Furthermore, the plasmon peak width is also related

shifts, that is, retardation effects, of the electrodynamic field to the dielectric constant of the surrounding environrfént’*

over the cluster diameter are negligible. A simplified picture The change in the dielectric medium in which nanoparticles

of the interaction of light with metallic nanoparticles is are immersed affects the spectral position of the plasmon

presented in Figure 4. IfR> 1, the optical effect of light resonance in that increasing the dielectric function of the

scattering becomes effective, and the quasistatic approxima:Surrounding medium causes the plasmon resonance position

tion no longer holds. to shift to longer wavelength$?173 Thus, the resonance
properties depend on the properties of the particles and those

2.3.2. Quasistatic Response of a Spherical Metal of the medium because they polarize each other and the

Nanoparticle to an Electric Field charge density has to adjust not only to the incident fields

The assumption of the quasistatic approximation enablesbut also to the fields caused by polarization.

the understanding of the optical response of metallic nano- 2.3 3 External Size Effect of Metal Nanoparticles on the
particles to an electric field. Let us denote the electric field Qptical Response

of the incident electromagnetic wave by the ve@&grUnder ) . . _ . .
the influence of externally applied electric fielHy, of the Optical properties of isolated colloidal particles and, in

incident electromagnetic field, the electric field inside the Particular, their dependence on particle size efféét*have
particle, E;, is given by been intensively investigated through Mie scattering the-

ory17>176|n particular, the Mie theory is a mathematieal

3¢ physical description of the scattering of electromagnetic
E = EO—m Q) radiation by spherical particles immersed in a continuous
€+t 2, medium?475177183 The Mie scattering solution begins with

macroscopic Maxwell equations. Using the complex repre-
where, em is the dielectric constant of the surrounding sentation of the electric fields, and auxiliary magnetic field,
medium. In this approximation, excitations due to the H, the Maxwell equations assume the form
magnetic field do not occur.

The electromagnetic field surrounding the particle can be V-E=0 (5)
obtained by solving Laplace’s equation (the fundamental V-H=0 (6)
equation of electrostaticsy>¢ = 0, whereg is the electric i
potential and the field, is related tap by Eo = — Ve, using V x E=iouH (7)
the two boundary conditions (i) that is continuous at the V x H=—iweE (8)
sphere surface and (ii) that the normal component of the
electric displacemenD, is also continuous, whei@ = ¢nEo. The configuration of an incident electromagnetic field with

The influence of an electromagnetic field on a spherical two components, the electric fiel#, and the magnetic field,
metal nanoparticle surface causes polarization of the chargedd, can be described by the Helmholtz's equatioff-&s



Interparticle Coupling Effect on SPR of Au Nanoparticles Chemical Reviews, 2007, Vol. 107, No. 11 4803

VE+ KE=0 9)
extinction

VH+KH =0 (10)
in which k is the wavenumber defined as Higher order modes
I = a)zeﬂ (12) Figure 5. Scheme for decomposing the total Mie extinction spectra

in dipolar, quadrupolar, and higher-order modes.
The series foE andH, which were used for the scattering onath 1/
X ; X X X nm
amplitude functions, may be inserted into the appropriate o w0 e s lvelengin AINM e o
integrals, and carrying out the integration term by term, we T T : : : . T :

obtain the extinction and scattering coefficient$*as

2 0
Fn=" 3 G0+ DReG, +0)) (12
Xi= £
3
22 o
Oua= = (2n+ 1)(la,|" + |b,)") (13)
Xn=

Figure 6. Surface plasmon resonance of 22, 48, and 99 nm
Oabs= Oext — Osca (14) spherical gold nanoparticles. Reprinted with permission from ref
46. Copyright 1999 American Chemical Society.

in which the size parametex, is given by frequency independent, the latter is complex and is a function

27RN, of energy. The resonance condition is fulfilled whafw)
X = (15) = —2¢n if €, is small or weakly dependent an.
w The UV-visible absorption spectra of a fairly dilute

dispersion of colloidal particles can be calculated from the
“Mie theory”.?° The absorbance of a colloidal solution
containingN particles per unit volume is given by

whereR s the radius of the particley, is the refractive index
of the mediumw is the wavelength of the incident light
vacug anda, andb, are the scattering_ coe_fficients, which
g;gryllsllae expressed in terms of the RicaBiessel expres- A= (No,,L/In 10) (19)
where oaps and L are the absorption cross-section and the
I I p
_ My (MY (x) — ¥y (MY (1)  optical path length, respectively. The number of particles
& my (MYE,(X) — (), (MX) per unit volume N, is easily determined from the number
of moles of gold ions before reduction with the reducing

Pa(MmRy,' (X) — My (Y)y, (MY agent, assuming that all the gold ions are reduced and form
h = ; - @ann nanoparticles. The size of the nanopatrticles, as determined
PYo(MYE,(X) — mE (), (MXY) from the magnified transmission electron microscopy images

and the density of bulk fcc gold (59 atoms ninthen gives
the aggregation number in each partidig, = (59 nn3)-
(7/6)(Dws)® whereDys is the mean diameter of the patrticles.
Then, the number of moles of gold nanoparticles in solution
are calculated, which is in the nanomolar range for 20 nm
particles.

The above equations have been used extensively to explain
the absorption spectra of small metallic nanopatrticles in a
gualitative as well as quantitative manié# However, for
larger nanoparticles (greater than about 20 nm in the case
of gold) where the dipole approximation is no longer valid,
the dipole resonance depends explicitly on the particle size
because is a function of the particle radiuR. The larger
the particles become, the more important the higher order
modes are because the light can no longer polarize the
nanoparticles homogeneously. As a consequence, retardation
effects of the electromagnetic field across the particle can
cause huge shifts and broadening of the surface plasmon

in which yn(X) and Z,(x) are Ricatti-Bessel cylindrical
functions andm = n/n,,, wheren is the complex refractive
index of the particle andy, is the real refractive index of
the surrounding medium. The prime indicates differentiation
with respect to the argument in parentheses. In these
expressionsh is the summation index of the partial waves
as illustrated in Figure 57 = 1 corresponds to the dipole
oscillation, whilen = 2 is associated with the quadrupole
oscillation, and so on.

The effect of particle size on the peak resonant wavelength
results from two different mechanisms depending on the
particle size range. In the limit ofR< A (whereR is the
radius of the particles antis the wavelength of the light in
media), only the electric dipole term contributes significantly
to the extinction cross-sectidh!®4 18 The Mie theory, then,
reduces to the following relationship:

Ot = 96—Uem3’2\/ <o) 18) resonances. These higher order modes peak at lower energies,
c [e,(@) + 2¢,]% + [ex(@)]? and therefore, the plasmon band red shifts with increasing

particle size’?18+18 This is illustrated in Figure 6, and the
whereV = (47/3)R? is the volume of the spherical particle, results are in accordance with Mie theory. Because the optical
w is the angular frequency of the exciting lightt,is the absorption spectra depend directly on the size of the
velocity of light, andey, ande(w) = e1(w) + iex(w) are the nanoparticles, this is regarded as an extrinsic size effect.
dielectric functions of the surrounding medium and the  Metals are denoted as free-electron metals if most of the
material itself, respectively. While the first is assumed to be electronic and optical properties are due to the conduction
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electrons alone. Examples are the alkali metals, magnesium, 030 P——
aluminum, and, to some extent, also the noble metals. These 025 A /bsw.mm.
metals have completely filled valence bands and partially

filled conduction bands. Their linear response to the elec- 020

transverse plasmon

/bsorplinn

tromagnetic wave is described by the dielectric function,
(w). Thus, for free-electron metalgw) is governed mainly

by the transitions within the conduction band, whereas in
other metals, substantial contribution of interband transitions
from lower-lying bands into the conduction band or from 005+
the conduction band into higher occupied levels are present.
The noble metals constitute the special monovalent metals, A PR A AN A S A S s s B
which show both types of transitions. The likely origin of wavelength 4/ nm

these effects can be ascertained to by considering the
elementary facts of the electronic structure of the gold 12
nanoparticles. Noble metal atoms, namely, Cu, Ag, or Au, .0 B
have completely filled 3d, 4d, and 5d shells and just one
electron in the 4s, 5s, and 6s bands, respectively. The
interband transitions occur within the broad conduction band
(derived mainly from Au 6% hybridized atomic orbitals),
which onset at zero frequency (or above the Kubo gap in
small particles}8” The high polarizability of the 58 cores
(equivalent to the dielectric constant near 10) gives rise to a
second effect: its intensity is dominated by the interband

transitions and its location is modified strongly by the “‘"’wﬁefg‘;gﬁ? (1311)1400
polarizable Ad ion cores. As a matter of fact, the influence

absorbance

Absorbance

8 E 8§ 8 8

; ; e : Figure 7. The effect of particle shape on the absorption spectrum
of electrons, which undergo interband transitions, gives an of the colloidal gold (A) nanorods and (B) nanoprisms. Reprinted

addltlve_ c_(_)mplex contrlbutlo_nx'B - %° + 'X?IB’ to the_ with permission from ref 46 (panel A) and ref 67 (panel B).

susceptibility. The complex dielectric function incorporating  copyright 1999 and 2005 American Chemical Society.

all optical material properties around the visible region is

given by Fermi velocity ¢r = 1.4 x 10° cm/s for gold) and particle
radius?88190

() =1+1°) + ") (20) 0= ZvgIR (24)

The first step in obtaining the size dependence for metal This expression can be interpreted as a limitation ohtlean

particles is the decomposition of the dielectric function into fr : . )
: o . ee pathof the free electrons by the particle dimensions.
two terms: an interband contribution (IB), accounting for The %roportionality factor 7. is yon thpe order of unity

the response of 5d electrons, and a free electron contribution . . X . . .
(Drude, D) from the electrodynamics of the nearly free assuming the scattering to be isotropic. The size evolution

conduction electronts® of the optical absorption spectrum shows that the onset of
' absorption is sharper for larger particles than for smaller

articles.
€1(w) = €15(w) T €1p(®), €x(w) = €yp(w) T+ €xp(w) P
(21) 2.3.4. Deviation of the Particle Shape from Sphericity

The surface plasmon oscillation in metallic nanoparticles
is modified if the nanoparticle shapes deviate from spheric-
) ) ity. 192202 The shape-dependent radiative properties of metal-
_ Wp _ Wpwg lic particles can be treated by the Gans modification of Mie
ep(w) =1- 02+ 0 €xp(0) = o(0? + o) (22) theory. This theory predicts that the shift in the surface
0 0 plasmon resonance occurs when the particles deviate from
spherical geometry. In this circumstance, the longitudinal and
transverse dipole polarizability no longer produce equivalent
resonances. Consequently, two plasma resonances appeatr:
a broadened and red-shifted longitudinal plasmon resonance
and a transverse plasmon resonance. According to Gans, for

where

Here, w, is the frequency of the plasma oscillation of free
electrons expressed in terms of the free electron densjty (
the electron chargee), and effective masan):

0, = aN&/m (23) gold nanorods, the plasmon absorption splits into two
band486.19%1% corresponding to the oscillation of the free
which corresponds energetically to 8.89 eV for g&iThe electrons along and perpendicular to the long axis of the

termayg, usually on the order of hundredths of an electronvolt, rods®'2°1The transverse mode shows a resonance at about
stands for the frequency of inelastic collisions (electron 520 nm, which is co-incident with the plasmon band of
phonon coupling, defects, impurities) of free electrons within spherical particle&° while the resonance of the longitudinal
the metal. mode is red-shifted and strongly depends on the aspect ratio
To introduce size effects, one assumes that as the size ofdefined as the ratio of the length to width of the rod) of the
the particle diminishes, the rate of scattering from the particle nanorods. An absorption spectrum of colloidal gold nanorods
surface (s) begins to greatly exceed the bulk scattering rate (with aspect ratio 4.1) clearly showing the presence of two
(wo). The surface scattering rate is expressed in terms of theabsorption maxima is shown in Figure 7A. Orendorff ePal.
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have reported the unique shape-dependent plasmon resonan@3.5. Limitations of Mie Theory
of gold nanoparticles, which covers a wide range of the

visible spectrum. Using polarized light microscopy, the The size dependence of the optical spectra of large clusters

.in an extrinsic cluster size effect is governed only by the
obsgrved plasmon resonance from go!d nanprods (aspect raligimension of the particle with respect to the wavelength of
16) is observed to depend on the orientation of the rods. jignt Mie attempted to calculate the optical response of large
The nanoshell is of considerable current interest in the field isolated, that is, single, metal particles following classical
of plasmonics as it imparts highly tunable plasmon reso- electrodynamics. This model gives a qualitative account of
nanceg® In striking contrast to the plasmon resonance of the variation of the optical properties with the size or the
gold nanorods, which exhibit a dependence on the aspectsurrounding medium. This model is imperfect, because the
ratio, the plasmon resonance of a nanoshell happens to be anatrix effect and polydispersity are not taken into account
sensitive function of the nanoparticle’s inner and outer shell even for isolated particles. Moreover, it is assumed that the
dimensions. The nanoshell plasmon resonances result fromindividual particles are non-interacting and separated from
the interaction between the essentially fixed-frequency plas-one another. Therefore, the electric field created around the
mon response of a sphere and that of a céf§he sphere particle by the excitation of surface_plasmon resonance is
and cavity plasmons are electromagnetic excitations at thenot felt by the other surrounding particles. In general, when
outer and inner interfaces of the metal shell, respectively. the particle size [®) is small enough (assumed to be
The strength of the interaction between the sphere and cavitySPherical in shape) compared with the wavelength of light
plasmons is controlled by the thickness of the shell I&%fer. (2R < 4), and also the particle concentration is very low, an

h ani | on b | absorption peak would result due to the excitation of dipole
The galvanic replacement reaction between a Ag template;asma moder(= 1), and the optical extinction spectra can

and HAuCl, in aqueous solution transforms-3200 nm Ag be described well by Mie theoA?9.7475219Thys, although
nanocubes into Au nanoboxes and nanocages (nanoboxege wie theory is valid for spheres of any size, the limitation
with porous wallsf?” By controlling the molar ratio of Ag  of the theory is that the dielectric constant of a small particle
to HAUCl,, the extinction peak of resultant structures can s different from that of the bulkll and the Maxwell

be continuously tuned from the blue (400 nm) to the near- equations themselves break down at points very close to the
IR (1200 nm) region of the electromagnetic spectrum. These porderz12-216

hollow Au nanostructures are characterized by extraordinarily

large cross-sections for both absorption and scattering. The? 4. \While the Metallic Particles in the Colloidal

absorption cross-section is more than 5 orders of magnitudeSo|ution Are Not Isolated: Maxwell Garnett

larger than those of conventional organic dyes. It has beenEffective Medium Theory

found that the magnitudes of both scattering and absorption
cross-sections of Au hanocages can be tailored by controlling
their dimensions, as well as the thickness and porosity of

the wall. This novel class of hollow nanostructures is interest has been focused on the plasmon resonance of dilute
expected to find application both in optical imaging in early suspensions of spherical particles, which have a red-purple

stage tumor detection and as a therapeutic agent for phOtO'color reflected by a broad absorption peak centered at ca.
thermal cancer treatmetf

520 nm. The surface plasmon oscillation in metallic nano-
Millstone et al®” measured for the first time a UWis— particles is drastically changed if the particles are densely
NIR spectrum of the purified gold nanoprisms with an packed in the reaction medium so that the individual particles
average edge length of 144 30 nm (Figure 7B). An in- are electronically coupled to each other. It has been seen
plane dipole band witimax ~ 1300 nm is observed in both  theoretically and experimentally that when the individual
spectra, as is a quadrupole band occurrind.ak ~ 800 spherical gold particles come into close proximity to one
nm. The asymmetry of the experimental dipole resonance another, electromagnetic coupling of clusters becomes ef-
peak at~1300 nm is due to the truncation of the peak by fective for cluster-cluster distances smaller than five times
the absorbance of water in the IR region. The optical the cluster radiusd <5R, where,d is the center-to-center
spectrum of the nanoprisms exhibits a distinct dipole distance an®R is the radius of the particles) and may lead
resonance at 532 nm as observed in isotropic sphericalto complicated extinction spectra depending on the size and
structures in addition to weaker higher order resonances. Itshape of the formed cluster aggregate by a splitting of single
has been noted that the resonance bands, either of gold ofluster resonancé:'0”?*+22¢ As a consequence, their plasmon
of silver, red shift with increase in edge length and sharpnessféSenance is red-shifted by up 588309 nm, causing the color
and decrease in thickness. Jin et®hoted that during the " transmission to become bIé&. 2 This effect is negligible
photoinduced conversion of silver nanospheres to nano-'t 9 ~ 5';?‘“ becomes increasingly important at smaller
prisms, a decrease in intensity of the characteristic surfaceOIIStanCe = Aggregation causes a coupling of the gold

lasmon band in the ultraviolewisible spectroscopy for the nanoparticle’s plasma modes, which results in a red shift
P . ! P py fol and broadening of the longitudinal plasma resonance in the
spherical particles atmax = 400 nm with a concomitant

o optical spectruni®® The wavelength at which absorption due
growth of three new bands dhax = 335 nm (weak), 470 4 ginole—dipole interactions occurs may be varied from 520

nm (medium), and 670 nm (strong). After 70 h, the band at 1y (effectively isolated particles) through 750 nm (particles
400 nm completely disappeared indicating the complete that are separated by only 0.5 nm), and the resulting spectra
morphological transformation of nanospheres to nanoprisms. are a composite of the conventional plasmon resonance due
Theoretical calculations coupled with experimental observa- to single spherical particles and the new peak due to
tions allow for the assignment of the nanoprism plasmon particle-particle interaction$3*-23 Since the interparticle
bands and for the first identification of two distinct quad- coupling is stronger than the coupling within the surrounding
rupole plasmon resonances for a nanopatrticle. medium, the Mie’s theory developed for very dilute solutions

In recent years, there is abundant literature covering the
science and technology of gold nanoparticles, particularly
with respect to their optical propertiés.?2° Much of the
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Table 1. Definition of Sample Topologies

case A/case B case C case D
separated single particles in aggregates of more or less closely general case: more or less dense
full statistical disorder connected particles; aggregates aggregates plus single
(parameter, filling factof): well separated, (small aggregate particles, both in various
(A) smallf (f < 1@?; filling factor); no packing, including all kinds
(B) largerf (f > 10°°) aggregate-aggregate interactions of collective interaction effects

and isolated particles fails to describe the optical absorption 2.4.1. Assumptions of Effective-Medium Model
spectrum. However, the effective-medium theories, dating Th | f ial | h I
back to 1904, predicted by J. C. Maxwell Gar#8thave ere are only a very few special examples wnhere a

been successfully applied to this problem to account for the Puilding units and building blocks of a sample have well-
optical absorbance behavior of the metal nanoparticles defined parameters and, in particular, all the characterizing

present in a closely packed assembly. The Maxwell Garnett Parameters vary from individual to individual. Therefore, the

theory is strictly valid in the quasistatic limit < 1) along large number of particles and their aggregates in macroscopic
with very small interparticle distances but can be generalized S2mples have to be treated satisfactorily. To evade this
to various shapes of the particles. complicacy, the following points are presupposed in order

The Maxwell Garnett theory is an effective-medium 10 be restricted to a simplified model system: (i) the particle
theory133.234237239 The optical properties of the small Sizes are strictly limited to the quasistatic regime so that the
particles are mainly determined by two contributions: the scattering of light by the particles becomes ineffective; (ii)
properties of the particles acting as well-isolated individuals particle shapes can be approximated by a sphere, instead of
and the collective properties of the whole ensemble. Only realistic nonspherical shapes; (iii) easily treatable geometries
in the case of well-separated particles in optically thin of the nanoscale assemblies can be selected; (iv) the number
samples, the response of Ahparticle system is equal to  of different chemical structural constituents may be reduced
N-fold of the individual. But, in an ensemble of large number to their minima, that is, one for nanostructured matter and
of particles, the isolated-particle approximation breaks down two for matrix matter, while the interfaces are not regarded
and the electromagnetic interactions between the particlesas additional constituents, that is, the influence of proximity
play a determining role to offer a satisfactory description of effects of the sample surface is neglected; and (v) a linear
the surface plasmon oscillatidff. While the isolated metal  response to the external electromagnetic field is assumed so
clusters are characterized by their material properties, thethat the tunneling processes between the neighboring nano-
characteristic lengths, the geometrical shapes, and so forthparticles can be disregarded.
the aggregated clusters are characterized by their correlation
length of spatial order, filling factors, details of the structure 2.4.2, Quasistatic Response of Aggregates of Metal
of geometric ordering, etc. Therefore, to model the influence Spheres to an Electric Field: The Effective-Medium
of interparticle coupling, an explicit knowledge of the Theory
statistical variation of the positions and pairwise distances . S
of all particles is to be taken into consideration. The L€t us select one polarizable particle in the sample. The
convenient approach is to consider a statistical average oveidielectric function of this particle is the sum of all contribu-

a large number of aggregates and the averaged volumdlOns to the e}ectncal polarlz'atlon mpludlng retarded elec-

fraction, f, of separated clusters in the sample, that is, the trodynamics in the neighboring particles. For the selected

filling factor is introduced to describe the topology as particle, the surrounding appears to be homogeneous only
on a scale larger than the length of spatial correlations, while

Vuster the closely neighboring particles contributing to the effective
f= v (25) local field individually by their scattering fields and their
sample spatial arrangements have to be considered in detail. The
Assuming the aggregate to be spherical, a simple functionallocal field, originally introduced by Lorentz as the field at
form of the filling factor can be given by an atom, is now assumed to act on the particle as a whole.
Extending the concepts of the Lorentz sphere to a system
_N_F\”’ consisting of nanoscale metal particles allows us to give

f (26)

3

r analytical expressions for the interaction fields at a given

particle summed over all otheN{, — 1) particles of the
wherer is the radius of the spherical aggregate. Thus, the sample. The proper size of this sphere is still an open
more the topology differs from the statistically homogeneous question; obviously, in a nanoparticle system it depends on
isotropic cluster distribution, the more this filling factor has the details of topology, that is, the filling factor. The
the character of only a rough average. Figure 8 shows polarization of this sphere is calculated, as typical of the

Lorentz—Lorenz concept, in the quasistatic approximation.

° 0o o o g ®00e® q Applying the Lorentz theory of dielectric properties to
° o: o q * o % nanoparticles (Figure 9), one can write the effective electric
0. *° o0 field at the position of a given particle as the Lorentz local
o |o%°, &t Wt s T field,
Figure 8. Topological realizations of cluster matter.
g polog EIocal = EO + Ed + Es + Enear (27)

topological realizations of metal clusters that can arise

depending on the synthetic condition, and the averagedwherek, is the external fieldE, is the field due to charges
volume fraction of such topologies are illustrated in Table at the external surfacéss is the field due to polarization
1. charges around the sphere, &hglis the field due to dipoles
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of the ith particle species. Putting the value Bf.. in eq
32, we get

4
P=%Nu = N-a-(E + —P) (33)
Iz =1 IZ 1 3
Then, the susceptibilityy] is defined by

ZNiai
I
y=—=

E 4z (34)
1- ?ZNiai

The polarizability of a spherical particle with permittiviey

Figure 9. The Lorentz sphere concept applied to cluster matter. and radiusR is defined as
The sign of the charges corresponds to an empty sphere in the _
dielectric surrounding. € €m

OL:e—F2€mR3

(35)
inside the sphere. The above equation can also be written as

If the quasistatic approximatiors fulfilled, the system ma
Biocal = Evanwen T Es  Enear (28) be reglaced by aé)f?ectbe medium An effectivye mediun¥
acts approximately like homogeneous material and can be
described by theffective dielectric functioneest = €16 +
i€z e, Of the whole composite sample. The effective dielectric
function, e., expresses the linear response of the whole
sample to the external field in terms of dielectric function
or polarizabilities of the particles and matrix material and
of suitably chosen topology parameters. The effective
dielectric function can be defined as some physical property
that remains invariant upon replacement of the inhomoge-
neous sample by the corresponding effective medium. The
Clausius-Mossotti relation describes the link between the
macroscopic observables and microscopic parameter

where Emaxwen 1S the incident field (i.e., the average field,
simply denoted ag) in the matrix, that is, the external field
plus the field from polarization charges at the surface of the
Lorentz sphere. The dielectric functiog,, of the material

in which the particles are embedded is assumed to be real
Influence of the proximity of the sample surfaces is neglected
here. The local field, originally introduced by Lorentz as the
field at an atom, is now assumed to act on the particle as a
whole.

To find out how the plasmons are affected by the crystal
field in a system of touching spheres of colloidal particles,
a new embedding method has been employed to solve
Maxwell's equations. At low filling fractions, the interaction

between the spheres can be considered within the Maxwell €oif — € - €—¢
Garnett approximation. In the case of statistically distributed M _z N. = (36)
single particles with filling factorf > 1073 collective €t T 26, 34 e + 2¢.,

properties become important. Under such situatitgs =
0 since the scattering fields of all the particles within the Introducing the volume fraction of the inclusion, that is, the
Lorentz sphere cancel by interference at the sphere centerfilling factor (f), eq 36 can also be expressed as
but the field due to polarization charges around the sphere,

E,, is taken into consideration and is given by Ceff — €m _ € €m

ot T 26, €+ 2,

(37)

E= /" (P COS@) cos0 (2R sin6) do = TP (29)
R 3 and is a popular version of Lorenttorenz formula.
Frequently, eq 37 is changed into the form

Thus, the local fieldEjcq, is related to the average fielE)
and polarization®) as 1+ 2fA
P R) €eff — €m 1—fA (38)
Eoca = E + 47P/3 (30)
where
The local field can be used to evaluate the dipole moment
(#) and the polarizationR) of an atom or a particle. The 1 €~ € a
dipole moment of an atom or particle can be expressed in A= c e+ 2 = 3ee V (39)
the form m m omm
When dealing with a material composed of two equivalent
u= aEIocaI (31) g P g

inclusions, the Maxwell Garnett formula is changed into the

and the polarizationR) in the form form

€ — € €, — € €, — €
P=3Nu = 3 N Eigeafi 32 ef " m _ ¢ €1~ €m 2~ €m
VAT 2T ocal!) (32) et 26 e t2e ey (40

whereN; anda; are the number density and the polarizability Collective effects like those globally included in eq 38 are
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caused by the homogeneous polarization of the Lorentz polarizabilitya, of the spheres is determined by the electric
sphere and do not exhibit explicit dependencies on individual dipole scattering coefficient according to the expresdion
particle properties like the particle positions and sizes. )

Equation 38 holds under quasistatic conditions; hence the o =r 3 a, (42)
particle size enters only implicitly if(w) develops some 2(kr)3

size dependence due to quantum size effects. If the particles

are atoms, eq 36 is named after Clausius and Mossotti, butwherer is the sphere radiug,= my(27/2) is the magnitude
in case of nanoparticles, eq 38 is called the Maxwell Garnett of the wave vector in a dielectric medium with real refractive

formula. index my anda, is a function of the size parametier and
There is only one resonanceat= —2¢, corresponding  relative metal index of refractiom = v/e/m,

to the surface plasmon resonancevat wy/(1 + 2¢m)Y2 of The response of a dielectric aggregate of small nonmag-

an isolated metal particle. The absorption spectrum is, then,netic nanospheres to electromagnetic radiation can be

given explicitly by the absorption constant(w), deter_mln.ed by self-consistent so_lutlon of the electrlc_d|pole

polarizations,P;, of each sphere in the superposed field of

» 4k the incident light and the dipole fields of the other particles.

vew) = dmeet = === Thus, the coupled nanosphere problem can be formulated
r

with one dipole per particle instead of many. For a given

2 / 2 2 dipole at positiorr;,
2w €1 eff €1eff T €2eff '

c 5 (41)

P = 0B (1) (43)

The derivation of Maxwell Garnett is based on the assump- WhereEi(ri) is the sum of the incident plane wav&,c; =
tion of homogeneous fields within and outside the nanopar- Eo exp(kri — iwt), and the retarded fields
ticles and limited to low filling factorsf. However, the K-
obtained formulas fot.; are commonly applied beyond this P = expk-ry)
latter limit, justified by experiment. The Maxwell Garnett L r.3
theory is only valid for dilute ensembles of particles, which 1—ik I
interact through the far-field. If the particles are close enough ( : rii)
for their near-field to interact, the theory breaks down. r.2
Modern calculatior’ét-243 have abandoned Maxwell Garnett !
and solve the Maxwell equation for the ensemble, including of the otherN — 1 dipoles, andR is a polarizability tensor
thus the near-field interactions between the particles. with elementsay = Jy-ay. Use of the retarded field
. . expression eliminates the need for explicit modeling of the
2.4.3. Explicit Particle Methods time dependence of the fields and polarizations. Thus,

Ky x (ry < P) +

X {(rijz'Pj) = 3ry(ry"P)} (=1) (44

In the Maxwell Garnett approach, we have seen that a
simpler description of nanoparticle aggregates may be (o HP, + ZAij'Pj = Eine; (45)
achieved by invoking effective-medium approximations, =
wherein the aggregate is replaced by an effective object thatT
has a uniform dielectric constant. As long as the aggregate

density is sufficiently low and the polarizability per particle , :
y y b Y perp equation, wher® andE;,. are N vectors andA is a N x

is not too high, satisfactory results could be obtained to ; ) ) .
explain the optical spectra of aggregated clusters. However, 3\ SYmmetric matrix constructed from the33 interparticle

, . ‘ o " i)
if the particle density is not too high and the particles are interaction matrices\;, with additional termsp, %, along

spherical, then a simpler theoretical approach based onth€ diagonal. Higher multipole couplings could also be

coupled multipoless often possiblé!’2% This makes it ~ ncluded. However, for aggregates composed of fairly
feasible to study aggregates with a few hundred particles. If Uniformly packed small spheres separated by distances that
the particle sizes are sufficiently small, theoupled dipole are substantial relative to the particle diameter, those do not

versions of this approach may be adequate. In this case, it"€€d t0 be included.
may be possible to study as many as® Harticles by 544 piscrete Dipole Approximation (DDA)
representing the aggregate structure on a lattice and using o )
Fourier transformation methods to perform dipole sums. Such  The description of aggregates of nanoparticles presents a
calculations are functionally identical to DDA calculations number of additional complications compared with single
in which one represents each particle by a single dipole particles, butin some cases, great simplifications are possible,
(discussed in section 2.4.4). depending on the number and density of nanoparticles in
The behavior of light incident on a macroscopic target is the aggregates. If the aggregates have only a few particles,
governed by Maxwell's equation for the electric and then it may be possible to solve Maxwell's equations
magnetic vector fields. The general framework for modeling explicitly using the DDA approach, with each particle in the
the optical response of a collection of spheres involves self- aggregate represented by polarizable elements that are
consistent solution of the response of each particle to thecoupled together to determine the overall polarization
incident field and the scattered fields of the other particles. responsé3* This approach has the advantage of allowing
Spherical particles of nonmagnetic materials with sizes muchone to describe aggregates wherein the particles have
smaller than the wavelength of light respond primarily to arbitrary shapes, sizes, compositions, and geometrical ar-
the electric dipole component of the local field unless the rangements (touching and partially coalescing). The disad-
higher multipole components of the local field are very large. vantage is that the number of elements needed to describe
For isotropic materials, the frequency-dependent dipole an aggregate is often very large even for 10 coupled particles.

heN linear complex equations for three-vect®y@iNdEinc;
can be formulated as a singleN@limensional matrix
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There are now several approaches available for describing = (i+1. j+1, k1)
nonspherical particles, but the majority of recent applications

to isolated particles have been done using the finite element Hz
discrete dipole approximation (DDA) theory. The DDA . —
methods divide the particle into a large number of polarizable ~ ***" f/\ el \
cubes. The induced dipole polarizations in these cubes are
determined self-consistently, and then properties like the B> —>
extinction cross-section are determined using the induced E- / / Hx
polarizations. The discrete dipole approximation was orig- o Hy | ? >

-7

(11, j+1. k)

inally proposed by Purcell and Pennypacker in 1%73.
However, it has only become an important computational : Evy
tool in the past decade due to the work of Draine, Flatau, -
and Goodma#r?®2tand its application to chemical problems fi.j. k) (i+1.j. k)
was introduced by Schatz and Van Duy#&This method Ex
circumvents the imposition of difficult boundary conditions  Figure 10. lllustration of a standard Yee lattice used for FDTD,
in the light scattering calculations by dividing the particle in which different field components use different locations in a
into elements and allowing the elements to interact only grid. Visualized as a cubic voxel, the electric field components

. : . . . . correspond to the edges of the cube and the magnetic field
throughddl{pr)]o![e{r?lpoletllnlteractlons. Inttfzjlsbappro%qh, Itis omponents to the faces. The sign of the charges corresponds to
assumed that the particle Is represented Dy a CubiC array Olyn empty sphere in the dielectric surrounding.
N point dipoles with polarizabilities denoted @sand centers

at positionr;. The interaction of each dipole with a local 5tice dispersion relationship) from Draine and Goodr#an.

electric field, Eioc will induce a polarization given by  Thjg expression forces the optical response of a bulk dipole
(omitting frequency factors,€) eq 43. For isolated particles,  |4tiice to match that of bulk material once the calculation is
Eioc is the sum of the incident fieldin. and the dipole field,  onyerged with respect to the dipole density. Although this
Eap (arising from all other dipoles in the particle), as does not guarantee that DDA will give exact results for finite
E.(f)=E.. =E  +E, = size particles, comparisons with exact analytical solutions
loc\'i loci inc, dipi for spherical particles (i.e., Mie theory) show that accurate

Eyexplk-r) — z A;-P; (46) results (typically within 5% of the correct extinction cross-
= section) are always obtained provided that the calculation is

) converged.
whereEy andk are the amplitude and wave vector of the g

incident wave, respectively. The interaction matfixhas 2.4.5. Finite-Difference Time-Domain (FDTD) Method
the form

V'

Finite-difference time-domain (FDTD) method is a popular

expik-ry| , computational electrodynamics modeling technique that is

i'Pj= 5Ky x (ry x P) + easy to understand and implement in software packaging.
L The FDTD method belongs to the general class of grid-based

(1 — ikry) differential time-domain numerical modeling methods. Since

x {(r?P)) — 3ry(ry-P)} (=) (47) it is a time-domain method, solutions can cover a wide
frequency range with a single simulation run. Maxwell’s
o ) equations are modified to central-difference equations, dis-
wherek = w/c. Substituting eqs 46 and 47 into eq 43 and cretized, and implemented in software. The equations are
rearranging terms, we generate an equation of the form  gojved in a leapfrog manner: the electric field is solved at

a given instant of time, then the magnetic field is solved at

2

ij

ATP=E (48) the next instant, and the process is repeated over time and
whereA' is a matrix that is built out of the matria from again. The basic FDTD space grid and time-stepping
eq 47. For a system witN total dipoles,E andP are 3\- algorithm trace back to a seminal 1966 paper by Kane“fee

dimensional vectors and’ is a N x 3N matrix. Solving ~ and its corresponding “FDTD” acronym was originated by
this set of 3 complex linear equations allows the polariza- Allen Taflove in 1980%* Since about 1990, FDTD tech-
tion vectorP to be obtained, and consequently the optical Niques have emerged as a primary means to computationally
properties, such as the extinction cross-section, to be model many scientific and engineering problems dealing with

calculated. The explicit expression for the extinction cross- €lectromagnetic wave interactions with material structures.
section is Current FDTD modeling applications range from near-DC

through microwaves to visible light and are widely used to

Ak N simulate the expected performance of photonic crystals,
Coxi = —Z (ET;CJ--PJ-) (49) nanoplasmonics, solitons, and biophotonics.
|E0|21=I The method is an explicit time-marching algorithm used

to solve Maxwell’s curl equations on a discretized spatial
To solve this system of 8 complex linear equations, an  grid2*¢When Maxwell’s differential equations are examined,
adaptation of an approach developed by Draine and Pftau it can be seen that the change in tRdield in time (the
can be used in which they have developed a program thattime derivative) is dependent on the change in lthéeld
utilizes fast Fourier transform methods to perform the sum across space (the curl) as shown in Figure 10. This results
over dipole fields in eq 46 and complex conjugate gradient in the basic FDTD time-stepping relation that, at any point
techniques to solve eq 48. The polarizabilitiesare related in space, the updated value of tadield in time is dependent
to the dielectric constang, of the particle by an expression on the stored value of the-field and the numerical curl of
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the local distribution of théd-field in space. Thed-field is 08— T 1]
time-stepped in a similar manner. At any point in space, the 2 daop
updated value of théi-field in time is dependent on the Sosl
stored value of théd-field and the numerical curl of the B W/
local distribution of theE-field in space. Iterating thE-field £ o=

- . I R oo
and H-field updates results in a marching-in-time process w
wherein sampled data analogues of the continuous electro- experiment
magnetic waves under consideration propagate in a numerical 0p e
grid stored in the computer memory. There are certain wavelength (nm)

advantages of using FDTD for simulating photonic crystal rigyre 11. Comparison between experimental and theoretical
and nanophotonic devices: the algorithm is rigorous; it can extinction spectra for DNA-linked 16 nm gold particles, showing
handle dispersive materials including metals and the simula-results for 24, 48, and 72 base-pair duplexes. Calculated extinction

tion in time domain. is the extinction cross section normalized by the Au volume [units
) ) ) ) ) of (um)~1]; Au volume fractions are 0.07, 0.12, and 0.24 for 72,
2.4.6. Isotropic vs Anisotropic Colloidal Assemblies 48, and 24 base pairs, respectively. Reprinted with permission from

During the last 5 years, much attention has been focused'®' 234 Copyright 2001 Elsevier.
toward the synthesis, characterization, and application of . . L
functional nanoassemblies based on anisotropic metal nanoMetal nanoparticles that limit the applicability of methods
particles. The properties of anisotropic nanoparticles have US€d to study problems with much longer wavelengths and
raised tremendous interest, not only because deviation from/€ngth scale.
the spherical geometry leads to much larger variations in A comparison has been made by Schatz between measured
physical and chemical properties than those derived from and calculated extinction spectra for DNA-linked gold
changes in particle size (in particular for metal nanoparticles) nanoparticle aggregates, where the aggregate has been
but also because of the high degree of sophistication thatmodeled as being spherical. The measured spectra are from
such geometries offer from the point of view of the creation recent measurements from the Mirkin grodpThe ag-
of nanostructured materials that can be useful for a large regates are composed of 16 nm gold particles linked with
number of applications. For example, linear nanoarrays basedpee different lengths of DNA, namely, 24-, 48-, and 72-
on metal nanoparticlé&™2* offer a huge potential applica-  mer pNA linkers (will be discussed in section 3.1.1.2), along
tions not only in microelectroni€® but also in photonics,  \ith 16 nm gold particles, while it has been demonstrated
s@nce the use of metal nanoparticle _chair;g, for wave _guiding that the length of DNA coﬁtrols the mean distance between
Z\E‘p?ilégﬁgﬁ F(’)'?ZT;?SS ;‘;Z gie?tﬁ;eﬁ%éﬁaniogangzgcﬁ be the particles and that the particle density is consistent with
able to manipulate the interparticle interactions on the ﬁrirta ggzgir:]g;t?ﬁa??{]técfsg(;g;a?gg )(]-g\?gtgr:ghcg rki)(;gllegﬁ;;e)é

nan | I nderstand their ical r nse in . ) . )
thae ocsz;:gaeg t())l]ft tﬁes Ov?rigug egsetgmcéttriees gﬁ;izz deusep Otosfhewnh a diameter of 300 nm, then the effective-medium theory

synthetic condition. In the calculation of optical response of YI€lds the extinction spectra shown in Figure 11. This figure
an aggregate of small spherical particles, several approxima_shows_that effective med_lum theory is able to describe the
tions are often made as discussed in section 2.4.1. Thesé€d shifting and broadening of the plasmon resonance that
include, for example, the quasistatic approximation, the Occurs as the aggregate linkers vary from 72 base pairs,
neglect of higha multipolar polarizabilities, restriction to ~ Where the particles are spaced by 20 nm, to 24 base-pairs,
highly symmetric geometrical arrangement of spherical Where the particles are spaced by 7 nm. Recently, it has been
particles, and the use of a local dielectric function. The demonstrated that the EMT results in Figure 12 are almost
second approach is to consider the particle aggregate as #entical to what is obtained from coupled dipole calculations
homogeneous sphere with a suitably chosen average dielecon the same aggregates. This validates the use of effective-
tric function. But models considering an aggregate by an medium theory for this calculation.

equivalent homogeneous ;phere have major def|C|.er1C|es. Now let us see the influence of aggregate shape on
Aggregates actually have irregular shapes, and their “sur-gyiinction spectra. In recent wofkthe DDA method was
faces” are extremely rough. Furthermore, the distribution of ;a4 to calculate spectra of aggregates of 13 nm Au particles

the particles is inhomogeneous and correlated in such a way;: ] - ;
that the validity of the average dielectric function is linked by 24-mer DNA and having a Au volume fraction of

uestionable. Under such situations, it will be convenient to 0.155. Spectra of aggregates having 5:1 oblate and prolate
ques! o ' spheroidal shapes are shown in Figure 12. These aggregates
consider a statistical average over a large number of

aggregates with irregular shapes and to make the correctionglf"we the_same volume as a Sphe?'ca' aggregate whose
of the deficiencies of the homogeneous sphere model, diameter is 234 nm, and for comparison, the spectrum of

However if the aggregate is nonspherical, then the solutionthe spherical aggregate has been |n.clude_d. In this case, the
to Maxwell’'s equations can be just as difficult, in principle, SPectra have been averaged over orientation of the polariza-
as that for a nonspherical single particle. Although generating ion @nd propagation axes of the incident light relative to

a numerical solution is conceptually straightforward, because the principal axis of the spheroidal aggregates. It is clear
of the complex shape of the particles of interest, and their from the figure that while the ellipsoidal aggregates have
complex environment, doing this can be difficult. However, slightly higher extinctions in the UV than the spherical one

a great deal of effort has been put into developing numerical and they have plasmon bands that are slightly less red-shifted
methods. In fact, since the classical electrodynamics problemand less broadened, the spectra are remarkably similar. From
is also relevant to radar and medical imaging, the literature this, it can be concluded that the comparisons in Figure 11
on numerical methods is enormous. However, there are someare not sensitive to the aggregate shape used in the calcula-
important challenges and simplifications associated with tion.
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3.1. In Situ Formation of Nanoscale Gold
Aggregates

3.1.1. Biologically Programmed Nanoparticle Assembly

3.1.1.1. Antigen-Antibody Interactions. In recent years,
there has been growing interest among chemists to incor-
_ porate complementary receptesubstrate sites into the
molecule and to attach complementary receptubstrate
sites to the surface of metal nanoparticl&sThe highly
specific recognition properties of antibodies and antigens
make them excellent candidates for the programmed as-

1 o da.. o o = sembly of nanoparticles in solution. Indeed, the versatility
—— Prolate (5:1) aggregates of using preformed nanoparticles in association with antigen
A ———, arjtibody engineering sh(_)uld make it possible to _assembl_e_ a
wide range of nanoparticle-based structures with specific
Wavelngth (vm) cross-linked structures, compositions, and macroscopic struc-

Figure 12. Extinction spectra of DNA-linked gold nanoparticle  tures (Scheme 1).

aggregates in water: orientational averages of spectra of ellipsoidal TS T . ;
aggregates. The spectra are similar, indicating that spectra of ﬁtreptaVIdlﬁ—bIOtln lljmdmg Iglartl)ldeal mogel for prfteﬁ
ensembles of randomly oriented equivolume ellipsoidal aggregatesSUPStrate nanocrystal assembly because the complex has one

are aggregate shape independent. Reprinted with permission fromPf the largest free energies of association known for
ref 234. Copyright 2001 Elsevier. noncovalent binding of a protein and small ligand in aqueous
solution K, > 10" M~1). Moreover, there exist a range of
. . . readily accessible analogues wihvalues of 16—10°*M~1
3. Synthetic Strategies in Making Nanoscale Gold that are extremely stable over a wide range of temperature
Assemblies and pH. In principle, reversible cross-linking of biotinylated
nanoparticles should occur because the tetrameric structure
The ability to engineer materials at the nanoscale level is Of streptavidin provides a connecting unit for three-
crucial in the development of new technologies? Studies ~ dimensional aggregation (Figure 13). -
of metal nanoparticles continue to reveal fundamental The use of streptavidinbiotin recognition motif in nano-
information regarding the size-, shape-, and medium-de- C'YStal aggregation has been reported by Mann &€ &old
pendent optical and electronic behaviors of nanoscopic nanogryste}ls_ were functionalized by chem|sorpt.|on of a
material5>-2% Among the many attributes of nanoparticle disulfide biotin analogue (DSBA) and then cross-linked by

. o X . .~ multisite binding on subsequent addition of protein, strepta-
scaffolds is their ability to be synthetically manipulated in ;i (Figure 13). The assembly of gold nanocrystals was

terms of size and surface functionality, often exhibiting monitored using dynamic light scattering, which yields an
intrinsic functionality such as magnetism, photoluminescence,average hydrodynamic radius of all partic|es in solution.
or catalytic activity. The assembly of nanoparticles provides Addition of streptavidin gave a rapid increase in the average
opportunities for exploring the fine-tunable interparticle hydrodynamic radius that obeyed the expected power law
spatial and macromolecular properties in many areas of (P < 0.0001) for diffusion-limited aggregation. Aggregation
nanoparticle structured technologiéThis utility can be ~ Was also monitored by a red to purple color change in the
extended through noncovalent assembly methods that possesi©! that was attributed to the distant-dependent optical
the ability to regulate spacing and structure in the resulting ProPerties of gold nanoparticles. Transmission electron
nanocomposite systems. Directed self-assembly of nano-"MICroScopy (TEM) images showed th"’!‘ the unmodmed gold

. L ) ; . nanocrystals were present mostly as single particles, whereas
meter-sized building blocks using noncovalent interactions

. . the biotin-coated particles underwent aggregation following
(e.g., hydrogen bonding, acidbase proton transfer, and  qqition of streptavidin. Subsequently, the nanocrystals were

electrostatic forces) has been proven as an effective way t0jyyariably separated from each other by approximately 5 nm,
create tailored nanomateridf$-2*® Some of the existing  consistent with the separation expected for streptavidin cross-
assembly strategies also involve layer-by-lad/@DNA, 2" linking. The results indicate that aqueous dispersions of gold
polymeric recognitiort/? and mediator templatirftép-273.274 nanocrystals possessing a narrow size distribution can be
of molecularly capped nanoparticles. Much of this research readily modified by chemisorption of DSBA and subse-
has involved characterization of collective properties of quently assembled by molecular recognition.

disordered and crystalline two-dimensional (2D) and three- ~ 3.1.1.2. Modification by Proteins and Oligonucleotides.
dimensional (3D) arrangements of clust&fs277 Optical ~ Since 1996, DNA and its synthetically programmable
absorption and electron hopping in these nanoparticles areSeduence recognition properties have been utilized to as-
Srongy depanden on h sance i medh bsuEeTIe TR (rctorged win sl
particles. The synthetic strategies in making nanoscale goldtraced to the method (Scheme 2) reported by Mirkin étl.

fiSSme“es can be categorized info two major approaches:.l.hese strategiés!16.279283 gnd off-shoots of them that rely
in situ formation of nanoscale gold aggregates and the

: , , on protein-receptor interactions can be used to generate a
induced aggregation among already formed gold particles. wige range of architectures with many unusual and, in some
These two strategies with recent citations (we have only cited cases, useful chemical and physical propefi€#8” Since

the variation in synthetic methodologies based on some proteins and certain protein receptors can be functionalized
recent publications) are discussed in detail as follows. with oligonucleotides, one, in principle, could immobilize
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Scheme 1. Schematic Representation Showing the Formation of an Idealized Ordered Structure Using Surface-Attached
Antibodies and Artificial Antigens for Cross-linking of Gold Nanoparticles?

NQ, ON W N L0 0 i
Bl on NH CGyH, N NO, O - .

a Reprinted with permission from ref 278. Copyright 2000 Wiley-VCH.

o - Scheme 2. Schematic Representation of DNA-Directed
04| Assembly of Gold Nanopatrticles and Streptavidifi
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Figure 13. The streptavidir-biotin-programmed aggregation of o 13-nmAupartice 0] Streptavidin

gold nano_crystals was mc_)nitored by dynami_c Ii_ght scattering f"md a(A) Assembly of oligonucleotide-functionalized streptavidin and gold
the resulting aggregates imaged by transmission electron micro-p,noparticles (AwSTV assembly). (B) Assembly of oligonucleotide-
scopy. Reprinted with permission from ref 278. Copyright 2000 fnctionalized Au nanoparticles (AtAu assembly). Please note tHaand
Wiley-VCH. 4 have the same DNA sequence. Reprinted with permission from ref 288.

such molecules onto oligonucleotide-modified nanoparticles ©0PYNgnt 2001 Wiley-VCH.
and generate a new class of hybrid particles that exhibit the
high stability of the oligonucleotide-modified particles with nanoparticles2-Au), and a linker oligonucleotide3] that
molecular recognition properties that are dictated by the has one-half of its sequence complementaryi tand the
surface-immobilized protein or receptor rather than DNA. other half complementary &(Scheme 2). In a typical exper-
Alternatively, one could functionalize a protein that has iment, linker DNA @) was introduced to a mixture @Au
multiple receptor binding sites with receptor-modified oli- in 0.3 M phosphate-buffered saline. Aggregates with similar
gonucleotides so that the proteireceptor complex could  properties could be formed by both methods, but premixing
be used as one of the building blocks, in place of one of the 3 and1-STV facilitates aggregate formation. Since a 13-nm
inorganic nanoparticles. Particles with surface-adsorbedgold particle is substantially larger than streptavitfh28”
proteins have played an important role in immunochemistry, a 1:20 molar ratio of gold nanoparticle to streptavidin was
and the development of stable protejparticle conjugates  used to favor the formation of an extended polymeric
where the protein does not directly interact with the nano- structure rather than small aggregates comprised of a few
particle surface could lead to improved nanoparticle probes nanoparticles or a structure consisting of a single gold
for histochemical studies and immunoassays. nanoparticle functionalized with a hybridized layer of
Letsinger and colleagu®8 have reported a method to streptavidin.
synthesize a nanopatrticle/protein assembly utilizing 13 nm It was seen that wheixrSTV, 2-Au, and3 were mixed at
gold particles, streptavidin, and biotinylated oligonucleotide room temperature, no significant particle aggregation took
to explore these hypotheses and some of the physical ancblace, even after 3 days, as evidenced by an unperturbed
chemical properties of the resulting new bioinorganic materi- UV —vis spectrum of the solution. However, raising the
als. The nanoparticteprotein assembly relies on three temperature of the solution (5€) to a few degrees below
building blocks: streptavidin complexed to four biotinylated the melting temperature of the DNA interconnects resulted
oligonucleotides 1-STV), oligonucleotide-modified gold in the growth of micrometer-sized aggregates (Figure 14A)
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as a linker instead of the 24-mer for both the-Adu and
Au—STV assemblies (Figure 15).

The pair distance distribution function (PDDFr), has
been calculated from the SAXS patterns as

g(r) = 1+ (1/27%r) fo(S(@) — 1) sin@r) dg (50)

whereg(r) gives the probability of finding a second particle
as a function of distancefrom a chosen particley = 47/1
sin(@), andp is the particle number densit?8°The nearest
neighbor interparticle AtAu distances (center-to-center
distance) obtained from the PDDFs are 19.3, 25.4, 28.7, and
40.0 nm for the 24-mer linked AuSTV and 48-mer Awt
STV assemblies, respectively. A comparison of the inter-
particle distances for the AtSTV system and the AdAu
system clearly shows that the ATV assembly has the
Au nanoparticle/streptavidin periodicity and that the two
components (Au nanoparticle and streptavidin) are well
separated by rigid DNA duplex linkef8!292

Figure 14. TEM images of 24-mer DNA-linked aggregates of gold 31,2 Organic Ligand Modified Nanoparticle Building
nanoparticles and streptavidin: (A) low-magnification image show- Bjncks

ing an entire aggregate; (B) high-magnification image of a portion

of the aggregate. Reprinted with permission from ref 288. Copyright ~ 3.1.2.1. Thiols and Their Derivatives.For the precise
2001 Wiley-VCH. control of nanoscale architecture and component miniaturiza-
tion, most existing approaches explore the strong affinity of
thiols to gold (monolayer-capping via two-phase synth&sis,
place-exchanging® stepwise assemblirfg® 272 etc.) and
disulfides?® thioethers?® thioacetate group®? and tetra-
dentate thioether ligané® have recently been used to me-
diate the formation of spherical or related assemblies of gold
nanoparticles. Although many preparation methods for gold
nanoparticles have been descriB&e??32%a challenge per-
sists to prepare well-defined, controlled assemblies in one-,
two-, and three-dimensioi® One dimensional assemblies
are a “Holy Grail” in nanopatrticle science because of their

bl

Sis

01 anticipated transport (optical and electrical) propedfgs?2
0.03 0.06 0.09 0.12 Several approaches have been described in the literature for
s/nm T — the synthesis of 1D assemblies of gold nanocrystals, namely,
Figure 15. Structure factors of the DNA-linked A&STV and Au- DNA-templaté®*<%*and polymer-templat€® methods and
Au assemblies—, 24-mer-linked,— — —, 48-mer-linked)—from combinations of scanning tunneling microscopy based chem-
SAXS patterns. Reprinted with permission from ref 288. Copyright istry and nanopatrticle self-assemB#-3°7
2001 Wiley-VCH. Recently, a synthetic strategy was described for the 1D

assembly of gold nanoparticles on surfat®sScheme 3
and the characteristic red shift and dampening of the gold provides a schematic overview of the overall process. An
surface plasmon resonance associated with particle aselectron beam is used to write patterns on an ultrathin film
sembly!!> The transmission electron micrograph (Figure of Au(l) thiolate materials, and subsequent pyrolysis of the
14B) shows that the particles within the aggregates retain patterns allows for gold nanoparticle growth upon removal
their physical shape prior to and after annealing, which of the organic material. The combination of such precursor
indicates the stabilizing action of surface oligonucleotide materials with the electron beam lithography technique
layer. provides a flexible and rapid method for producing a 1D

Small-angle X-ray scattering (SAX%%28829 data were array of gold nanoparticles. This template-free technique
collected for aggregates formed from the gold nanoparticles allows one to obtain size-selective, controllable, and defect-
and streptavidin building blocksl{STV, 2-Au) and two free assemblies on a large scale.
different lengths of DNA-linker (24-mer3j and 48-mer), Briefly, the Au(l) thiolate complexes are synthesized using
and the results were compared with those for aggregatesreadily available precursors following the adaptation of a
based on a AtAu assembly with the same linking oligo-  published routé® The thiols used to prepare the Au(l)
nucleotides 2-Au, 4-Au, 24-mer linker 8), 48-mer linker; thiolates are thiocholesterol and polystyrenethiol (PS19-SH;
Figure 15). The aggregates linked by DNA showed relatively 19 units of styrene), yielding Au(l) thiocholesterol and Au(l)
well-defined diffraction peaks, and the ASTV aggregates  PS19, respectively. After development, organometallic lines
exhibited diffraction peaks at smallswalues than the Au with widths as narrow as 15 nm are obtained (Figure 16A)
Au aggregates formed from the same linker. This observation when the center-to-center distance between two consecutive
suggests a larger interparticle distance between the golde-beam spots is small (e.g., 2.5 nm) and effective overlap of
centers in the At STV system. Furthermore, the diffraction the exposure spots is possible. Subsequent pyrolysis (450
peaks shifted to smaller angles when 48-mer DNA was used°C) of this organometallic line in a mixed atmosphere of
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Scheme 3. Schematic Representation of the Fabrication Scheme 4. Phenylacetylene Oligomers | and Il (PA I, IB
Method? ,
ses (OYE(O}={0) s

PA1

l E-beam exposure

l Development

& PAII

v

|n

1 Pyrolysis 2 Reprinted with permission from ref 319. Copyright 1999 Wiley-VCH.
organogold nanocylinder corresponds to the gold volume in
a nanopatrticle after pyrolysis of the nanocylinder.

3.1.2.2. Amines and Their DerivativesThe fundamental
and applied advances related to extended cluster networks
a(A) A thin film of Au(l) thiolate is spin-coated on a substrate. (B) The have been formulated by many authors to examine the

thin film is partially exposed to a focused electron beam. The resulting . . .
exposed region is outlined in darker blue. (C) Upon development in an properties of more discrete assemblies of nanoclusters

organic solvent, the unexposed areas are dissolved away and only the beam(dimers, trjmers eFC-) so that Fhe effects of local symmetry
exposed organogold pattern remains on the substrate. (D) After pyrolysis, on collective partlcle properties could be assessed'®

alD g_old nanoparticle array appears on thg substrate._ Reprin;ed with Feldheim and co-worket¥® attempted to synthesize phenyl-
permission from ref 308. Copyright 2006 American Chemical Society. acetylene (PA)-bridged (PA Il ; as shown in Scheme 4)
gold nanoparticle dimers and trimers from solution. Phenyl-
acetylene oligomers and Il were chosen as basic linker
repeat units, which provide conformational rigidity and a
variety of geometries (e.g., linear, bent, trigonal planar,
tetrahedraP?® without significant solubility problems and
serve as potential wire candidates for molecular electronic
devices. Indeed, it was found that the array symmetry does
influence the optical properties in accord with the theoretical
predictions.

Gold nanoparticles were synthesized using the citrate
reduction method reported by Natan and co-work&r§he
strategy for formation of gold nanoparticle dimers and trimers
involves producing a locally high concentration of the gold
sol with respect to the PA linkers. Phenylacetylene-bridged
gold nanoparticle dimer formation was followed with time
by visible spectroscopy (Figure 17). The shift in plasmon
absorption band (525 to 535 nm) was ascribed to an increase
in particle aspect ratio upon dimer formati&i.Moreover,
Figure 16. FEG—SEM images of Au(l)-PS19 patterns written with & large oscillator strength is expected for longitudinal
an e-beam spot center-to-center distance of 2.5 (A) and 60 nm (C)plasmon modes, consistent with the absorbance increase
on p-doped Si and of the corresponding gold nanoparticle arrays observed over time (inset in Figure 17). In contrast to these
after pyrolysis (B, D). Scale bars in panels-B = 100 nm. relatively subtle shifts in plasmon energy, when an excess
Eﬁgmgf vSv(l)tgigtermlssmn from ref 308. Copyright 2006 American ¢ pA Jinkers was added rapidly to a solution of nanopar-

Y- ticles, a broad band was observed centered at ca. 580 nm.
oxygen and nitrogen vyields a 1D line of single gold This band could be attributed to the cross-linking of particles
nanoparticles (Figure 16B). When the center-to-center dis-into large agglomerates. When similar particle linking
tance of the e-beam spot exposure is increased to largerexperiments were performed with the trisubstituted thioester
values (for example, to 60 nm), 1D assemblies of cylinders PA II, shifts in the plasmon band were not observed. This
of the organometallic material are obtained after the develop- result is not surprising considering that, although the trimers
ment step (Figure 16C). Following pyrolysis, 1D lines of 8 are larger than the gold monomers, the change in particle
nm diameter gold nanoparticles separated by 60 nm areaspect ratio upon trimer formation is not substantial. Figure
observed (Figure 16D). Assuming a spherical shape of the18 shows the TEM images of well-spaced gold dimers and
nanoparticle, the nominal volume of gold present in a given trimers in which the edgeedge distance was estimated as
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Figure 17. UV —vis spectra of a solution of PA linker | and ca.

12 nm diameter gold particles. Inset shows the absorbance at 535

nm vs time. Reprinted with permission from ref 319. Copyright
1999 Wiley-VCH.

Figure 18. TEM images of (A) PA | bridged gold nanoparticle
dimers and (B) PA Il bridged gold nanoparticle trimers. Reprinted
with permission from ref 319. Copyright 1999 Wiley-VCH.

5 nm, close to the value of a seven phenyl unit PA oligomer.

The structures have been proven to be useful in assessin
electronic communication between nanoscopic metal sphere%

arranged in well-defined symmetries.
3.1.2.3. FullerenesSince the discovery of & ([Cedl-
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Scheme 5. GyNanoparticle Multilayer Films 2

Methoed 2

a Reprinted with permission from ref 333. Copyright 2002 The Royal
Society of Chemistry.

amination reaction to generatesinked gold nanopar-
ticles23® Two different methods were used to preparg/ C
nanoparticle multilayer films (Scheme 5). First, the func-
tionalized glass slides were alternately soaked in the toluene
solution containing g-linked gold nanoparticles and ethanol
solution containing ethylene diamine for at least 24 h for
the layer-by-layer growth of nanopatrticle films (method 1).
Second, the reactive slides were alternately soaked in the
toluene solutions containing unmodifiedsgCand 4-ami-
nothiophenoxide/hexanethiolate-protected gold nanoparticles
method 2). The amination reaction ofGacilitated self-
ssembly of nanoparticles on the glass surfaces for both
ssembly method8

The Go-functionalized gold nanoparticles and 4-ami-
nothiophenoxide/hexanethiolate-protected gold nanoparticles

fullerene), there has been a tremendous amount of researcb\/ere characterized by UWis Spectroscopy and transmis-

focused on the synthesis ofg&based organic or inorganic
nanocomposites includingsgthin films.322-325 Fullerene

sion electron microscopy. The average diameter of 4-ami-
nothiophenoxide/hexanethiolate-protected gold nanoparticles

(Ceo)-capped nanoparticles have recently begun to attractyas 2 nm. Although monolayer-protected gold nanoparticles

interests of materials researché&?°6.318.326.32Chemically
modified G has been used to covalently attach © solid
surfaces and polymeric organic and inorganic mati¢eg?®

with this small size fail to exhibit the sharp absorption peak
corresponding to the surface plasmon band of gold, the broad
absorption at 520 nm could be observed for gold nanoparticle

and they have exhibited new optical and electronic re- assembly. There was a slight increase and red shift of the
sponsesd!* Examples include van der Waals interaction based go|d surface plasmon band of&inked gold nanoparticles.

assembly of unfunctionalizedsgand gold nanoparticled®
covalent layer-by-layer assembly ofs&tapped nanopar-
ticles3?” and electrostatically linkeddgderivatives to CdTe
nanoparticleg?3¥The well designed assembly of&linked

This might indicate a decrease in spacing (due to interaction
between & units) between the gold nanoparticles. The-Vv
vis spectra of nanoparticle multilayer films, which were
grown layer-by-layer on the modified glass surface, showed

nanoparticles on solid surfaces provides a tremendousthat the surface plasmon band of gold at 580 nm gradually

opportunity for several device applicatioftg.33?
The ability to assemble g nanopatrticles into 3D archi-

became more evident as successive layers were added to the
films (Figure 19). This plasmon band enhancement (and shift

tectures with tunable interparticle chemistry has been recentlyfrom ~520 nm) suggests that nanoparticle cores approach

realized. The method adopted by Shon et3alfor the
synthesis of G-linked gold nanoparticles is as follows. The

one another through interactions betweeg @nd amine
moieties. TEM images of £g-linked gold nanoparticles also

4-aminothiophenoxide/hexanethiolate-protected gold nano-showed the presence ofs&nduced small aggregates of
particles were synthesized using the modified Brust reaction nanoparticles upon evaporation of solvents (Figure 20).

followed by ligand place-exchange reaction of hexanethi-

olate-protected gold nanoparticles with 4-aminothiophéttol.
Unmodified Go was reacted with 4-aminothiophenoxide/

In a recent communication, Zhong et*& have reported
a novel strategy by exploring the chemically tunable mul-
tifunctional interactions between negatively charged groups

hexanethiolate-protected gold nanoparticles in toluene viaon gold nanoparticles and positively charged piperazinyl
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Figure 19. UV-—vis absorption spectra of the layer-by-layer
assemblies (up to five layers): the dotted lines represent ¥/
spectra obtained after immersion in toluene solution containigg C
and the solid lines represent UWis spectra obtained after
immersion in toluene solution containing 4-aminothiophenoxide/
hexanethiolate-protected gold nanoparticles. Reprinted with permis-
sion from ref 333. Copyright 2002 The Royal Society of Chemistry.
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Figure 20. TEM images of Gginduced small aggregates of

4-aminothiophenoxide/hexanethiolate-protected gold nanoparticles.

Reprinted with permission from ref 333. Copyright 2002 The Royal
Society of Chemistry.

Scheme 6. Schematic lllustration of MPF-Mediated
Assembly of Nanoparticles
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aReprinted with permission from ref 336. Copyright 2005 American
Chemical Society.

groups on 1-(4-methyl)piperazinyl fullerene (MPF) (Scheme
6). The multifunctionalized fullerene is used to assemble

Ghosh and Pal

Figure 21. TEM images for (a) Aun nanoparticles and MPF
Au,m assemblies obtained at ()~ 4390 and (c)r ~ 7440.
Reprinted with permission from ref 337. Copyright 2005 American
Chemical Society.

the negatively charged nanoparticles and the positively
charged fullerenes. In addition to the design of functional
nanomaterials (e.g., controlled drug delivery and optical
sensing), an important driving force for the fullerene
nanoparticle combination is to harvest the unique electron
or energy transfer properties that cannot be obtained with
individual gold nanoparticles or fullerenes. Direct evidence
comes from the exploration of the photophysical properties
in self-organization of porphyrin (donor) and fullerene
(acceptor) units by clusterization with gold nanoparticles for
organic solar cellg® The self-assembly of gold nanoparticles
as the central nanocore and appended fullerene moieties as
the photoreceptive shell is also demonstrated for a photo-
active antenna systeff The exploration of these properties
expands the well-documented photochemical properties of
porphyrinfullerene dyad®?

The number of piperazinyl groups on MPF is synthetically
or chemically controllable, which can be considered as an
ideal building block for defining the interparticle spatial or
chemical properties. Citrate-capped gold nanoparttesth
average particle size of 11.5 0.6 nm were used as
nanoscale building units. The MPF-mediated assemblies of
gold nanopatrticles were sampled after adding MPF into an
aqueous solution of gold nanoparticles and were examined
using TEM (Figure 21). In contrast to the relatively scattered
2D fractal morphology for gold nanoparticles (panel a), the
observation of highly clustered features with arrays or
ensembles of gold nanoparticles for the MPF-mediated
assembly (panel b) indicates 3D interparticle linking. The
MPF-to-gold nanoparticle molar ratio £ [MPF]/[AuUnn] ~
1) translates to~0.01 piperazinyl groups anchored on
fullerene per citrate group capped on gold particles and since
the negative charges are 2 orders of magnitude higher than
the positive charges on MPF, it is not a simple surface

citrate-capped gold nanoparticles in aqueous solution, andneutralization effect that is responsible for the interparticle

more importantly, it provides electrostatic interaction between

assembly.
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Figure 22. The evolution of the optical absorption spectrum
following method C. The second peak shifts frer820 to~720
nm, while the first remains relatively constant at540 nm.
Reprinted with permission from ref 341. Copyright 2002 American
Chemical Society.

The size of the assembly was found to increase with the ' 88.88 nm | ; '_-. AR
MPF-to-gold nanoparticle molar ratio and assembling time. B - A [ RN el 6 Py

Forr = 7440 (panel c), the resulting highly clustered 3D _. . o
. L .~ _Figure 23. TEM micrograph of gold nanoparticles prepared by
ensemble of gold nanoparticles exhibits a large spherical ,on 04 ¢ The TEM sample was prepdi h after the reaction

shape. The fact that there were hardly any free nanoparticleshag begun. Reprinted with permission from ref 341. Copyright 2002
or fractal morphologies being spotted for the MPF-gold American Chemical Society.

nanoparticle samples (panels b and c) was indicative of the
interparticle linkages of particles by the multifunctional MPF, by eight functional organic grougé4s34¢ The POSS core
which was substantiated by the analysis of the interparticle units are stable under a variety of conditions, and the nature
distance. The edge-to-edge interparticle distance determinecbf the organic groups dictates the solution and solid-state
from the interconnected gold nanoparticles in the TEM image chemical properties and functionalization of these POSS
(panel a) yielded an average value of 144.20 nm. units 349-355
o Carrol et af* reported the preparation of ordered networks
3.1.3. Self-Assembly Generated by Inorganic Ligands of electrostatically assembled POSS/Au nanoparticles. Car-
3.1.3.1. By Sulfide Coordination. The reduction of boxylic acid-functionalized nanoparticles (MMPCs) of vary-
HAuUCI, by N&S has been reported to produce,B8(Au core/ ing size (1.5 and 6.8 nm) were assembled with octaammo-
shell structures in which gold nanoparticles are present in nium POSS units resulting in well-ordered, extended structures.
the form of an aggregafé! Zhang et al. performed the The 1.5 nm gold particles used in this experiméii(PC1)
reduction of HAUCJ by N&S using methods similar to those were prepared through Brus8chiffrin'® methodology.
of Zhou et al. and presented extensive experimental evidenceSubsequent, Murray place exchange reaétiaof mercap-
to demonstrate that the explanation for the observed near-toundecanoic acid into the octanethiol-functionalized gold
IR absorption is the result of the formation of gold nano- nanoparticles resulted in ca0% acid coverage. The larger
particle aggregate$2-344 6.8 nm gold particlesMIMPC2) were prepared by heat
Gold nanoparticles were prepared by a variety of methods treatment method. Samples of electrostatically coupled
based on literature metho#&&:34° After approximately 1 h nanocomposites were prepared from solutions of MMPCs
of the preparation of nanoparticles, bVis spectrum (Figure (1.5 and 6.8 nm) into a solution of octa-ammonium POSS.
22) shows that the transverse and longitudinal plasma The quarternary ammonium functionalities on the POSS units
resonances can be seen clearly~&820 and~920 nm, act as electrostatic cross-linking agents as is shown in
respectively. Ten minutes later both plasma resonances arescheme 7. The 1.5 nm particles began to assemble within 2
blue-shifted. The transverse plasmon shifted to approximatelymin as the solution become visibly turbid, indicative of an
~520 nm, and the longitudinal plasmon shifted to ap- aggregation process. The 6.8 nm particles assembled more
proximately ~825 nm. After 2 h, the transverse plasmon slowly, precipitating fully after 48 h. Obviously, very few
remained at~520 nm while the longitudinal plasmon blue- POSS molecules are needed to link two 1.5 nm gold particles
shifted further to~720 nm. Both resonances grew in intensity together given their relative similarity in size. In contrast,
as the reaction progressed; the transverse plasmon remainean increased number of POSS units-(®) are needed to
more intense than the longitudinal plasmon. The TEM data, cross-link the 6.8 nm particles; the steric and entropic
in general, shows that the methods produce particles with ademands of reorganization process for larger particles are
large particle distribution (for example, Figure 23). Therefore, evidenced by the slower assembly times.
the optical absorption spectrum is consistent with that seen The SPR ofMMPC2 was monitored by UV-vis spec-
in gold aggregates and the electron microscopy data suggestroscopy before, during, and after the formation of the
that the aggregation process occurred by the coating of Auassembly to investigate the effect of POSS spacing on the
nanoparticles with S followed by the clustering of the coated optical properties of the gold nanoparticles under investiga-
particles. tion. A kinetic experiment was performed measuring the SPR
3.1.3.2. Electrostatic Self-AssemblyPolyhedral oligo- shifts during the aggregation process (Figure 24). Over time,
meric silsesquioxanes (POSS), such as, octaammoniunthe size of the aggregates in solution becomes increasingly
POSS (OA-POSS, Scheme 7) are cubic-shaped moleculedarge causing a red shift (Figure 24A) in SPR due to an
that contain an inorganic siloxane core (8) Aurrounded increase in scattering, which is in good agreement with Mie
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Scheme 7. Schematic lllustration Showing (Top) 18
Octa-ammonium Polyhedral Oligomeric Silsesquioxane }——» 529nm (4 hrs)
(OA-POSS) and (Bottom) the Electrostatic Self-Assembly 14 A — 533 nm (1 day)
between the (A) 1.5 nm Core (ca. 4 nm with Monolayer)
MMPC 1, (B) 6.8 nm Core (ca. 9 nm with Monolayer) 3 12
MMPC 2 with OA-POSS (ca. 1 Nm), and (C) Control s
MMPC 1 Precipitated from Hexanes Assembled through 9
Acid—Acid Dimerization? £ ;g 541 nm (3-days)
(1]
@ | £
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Figure 24. (A) UVlis spectrum of OA-POSS/MMPC 2 in solution
(MeOH) showing a time-dependent red shift in the SPR band of
the Au nanoparticles and (B) UV/vis spectrum of OA-POSS/MMPC
2 aggregates and control MMPC 2 (alone) on Mylar films showing
a blue shift in the SPR band of the Au nanoparticles. Reprinted
with permission from ref 356. Copyright 2004 The Royal Society
of Chemistry.

in the principleq spacing to 0.145 is observed correlating
L A to an interparticle spacing of 4.3 nm. This 1.1 nm increase
”:':.?"";‘-.{-;1!-":"' in interparticle spacing is consistent with the average
a . . - . diameter observed for one octa-ammonium POSS unit (ca.
SOCE@"QP tceﬁem;gfrmlss'on from ref 356. Copyright 2004 The Royal 1 nm). This result suggests that only a single layer of POSS
is required in order to assemble the nanoparticles, consistent
theory?%6382As precipitation continued over the next several with the cross-linking assembly represented in Scheme 7.
days, the intensity of the SPR band continued to decreaseThe shoulder observed at 0.2y&an be indicative of some
while shifting to longer wavelengths, finally becoming stable degree of medium-range ordering in these hybrid aggregates.
at 541 nm. The UW-vis spectrum taken of the aggregates SAXS studies of contrdlMPC2 (alone) reveal the presence
in the solid state reveals a characteristic blue shift to lower of one distinct peak at 0.08§7which correlates to a 7.32
wavelengths (Figure 24B). This shift occurs because as twonm interparticle spacing between nanopatrticles (Figure 25B).
nanoparticles are brought close together, they have a strongrhis distance agrees well with the projected interparticle
dipole—dipole interaction shifting the SPR band to higher spacing between 6.8 nm core Au nanoparticles with an acid-
wavelengths. As the interparticle spacing between the functionalized monolayer. Upon assembly with POSS, the

nanoparticles is increased using POSS units, dipdigole major peak shifts to a lowervalue of 0.0738 corresponding
interactions are weakened resulting in a blue shift in the SPRto an interparticle distance of 8.51 nm. This 1.2 nm increase
band in the UV~vis spectrunt>8-359 in interparticle spacing is similar to the 1.1 nm increase in

Small-angle X-ray scattering studies were performed to spacing observed with the 1.5 nm particles as a result of
quantify the interparticle spacing within the POSS/Au electrostatic assembly of one layer of POSS on the periphery
aggregates. Control 1.5 nm particls8IPC1 (the nano- of the nanoparticle monolayer. Thus, electrostatic self-
particle alone) exhibited one distinct peak at f.9&vealing assembly can be used to create inorganic/organic nanoscale
an average interparticle spacing of ca. 3.2 nm (Figure 25A). hybrids with novel architectures.

The value is consisted with the expected interparticle spacing 3.1.3.3. On Silica Substrate<Colloidal aggregates of gold
for 1.5 nm gold nanoparticles separated only by their with controlled size and interparticle spacing were synthe-
monolayers® Upon assembly wittDA-POSS a decrease  sized on silica nanoparticle substrai®s.The distance
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and redispersing several times to remove any excess linker
A molecule, additional gold nanoparticles were added to the
solution. These gold nanoparticles were allowed to react with
the extended functional group, generating structures in which
gold nanoparticles were attached to each other via the rigid

ol MMPC 1/0A-POSS

, 1.5 m MMPC 1 (alone) molecular linker. The UV-vis extinction spectrum of the
® 2m solution of linked nanostructures exhibited a markedly
0.400 different appearance (Figure 26A). This double-peaked
1.57 nm

spectrum consists of two broad resonances with maxima at
513 and 604 nm (dashed lines). The emergence of the long
wavelength peak is consistent with theoretical predictions
in the optical spectrum due to plasmegplasmon interactions
between the gold nanoparticles. The second peak is relatively
broad because its position is dependent on both the number
ooesy | _Gamc2 of the coupled nanoparticles and their relative position with
oo | 7znn_~ (oo respect to each other and to the incident light. TEM images
show that structure of linked gold nanopatrticles was prevalent
(Figure 26B). After 2 weeks, the observed YVisible
spectrum was only slightly broadened. The spectrum showed
no further change over another 8 weeks (Figure 26A, dotted
; line) indicating the remarkable stability of the final assembled

: nanostructures.
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e 3.1.4. Surfactant-Mediated Nanoparticle Aggregates

Figure 25. SAXS plots of (A) MMPC 1 and (B) MMPC 2 alone Surfactants, surface-active agents, or detergents are am-
and in aggregates assembled with OA-POSS units. Reprinted withphiphilic, organic, or organometallic compounds that form
permission from ref 356. Copyright 2004 The Royal Society of association colloids or micelles in soluti&i.Amphiphilic
Chemistry. substances, or amphiphiles, are molecules possessing distinct
] ) ] regions of hydrophobic or hydrophilic moieties. Depending
between aggregated gold nanoparticles was primarily con-on the chemical structure of the hydrophilic moiety bound
trolled by a molecular linker, 4-aminobenzenethiol, which  tg the hydrophobic portion, the surfactants may be classified
can attach to the surface of gOld nanoparticles via either its as CationiC, anioniC, nonionicl or zwitterionic. When the
amine or its thiol functional group and covalently attach the syrfactant concentration exceeds the critical micelle concen-
constituent nanoparticles to each otfférShort molecular  tration (cmc), micelles are formed as aggregates of surfactant
linkers were used so that the interparticle spacing would be molecules. In normal micelles, the hydrophobic hydrocarbon
small compared with the mean nanoparticle radius. chains of the surfactants are oriented toward the interior of
The silica nanopatrticle substrates used in this experiment,the micelle and the hydrophilic groups of the surfactants are
the surfaces of which were terminated with amine groups, in contact with the surrounding aqueous medium. On the
were grown using the Sber method3-3¢Citrate-stabilized ~ other hand, reverse micelles are formed in nonaqueous media
gold nanoparticles can be bound to substrates via aminewhere the hydrophilic headgroups are directed toward the
groups®® mixing of gold nanoparticles with the function- core of the micelles and the hydrophobic groups are directed
alized silica nanoparticles resulted in immobilization of a outward. In both cases, the micelles exist only as a small
dilute coverage of gold nanoparticles onto the silica hano- amount of solubilized hydrophobic or hydrophilic material
particle surface3® Upon addition of 4-aminobenzenethiol as illustrated in Figure 27. As the surfactant concentration
to a solution of “gold-decorated” silica nanopatrticles, one increases further, micelles can be deformed and can change
functional group reacted with the immobilized gold nano- into different shapes, which makes it possible to synthesize
particles while the other functional group was extended different nanoparticle shapes.
outward from the nanopatrticles (due necessarily to the rigid 3.1.4.1. Monomeric Surfactant. Self-assembly ap-
nature of the intervening aromatic moiety). After centrifuging proaches are becoming increasingly important for the
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Figure 26. (A) UV —visible extinction spectrum of the aggregates of gold nanoparticles on the silica nanopatrticle surfaces (solid line) and
Gaussian fits to the two peaks (dashed lines) and (B) TEM image of linked gold nanoparticles. The scale bar is 50 nm. Reprinted with
permission from ref 361. Copyright 1999 Elsevier.
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obtained from chloroform solution containing mixtures of
. gold nanoparticles and dipalmitoylphosphatidylcholine (DPPC)
. : Q on the water surface in the Langmuir trough. Compression
. - isotherms were measured for gold nanoparticle/DPPC mix-
tures at different surface pressures in order to monitor the
44 process of nanostructure formation. Figure 28 shows a typical
Figure 27. Normal micelle and reverse micelle structures. compression isotherm for such DPPC systems containing
) 0.44 mol % of gold nanoparticles. The isotherm is completely
Area/Au dluster () dominated by the properties of the DPPC surfactant. The
L ot L O A e i presence of gold nanoparticles has no significant effect apart
; ' : g : : from the particles’ proportional contribution to the total
104 >l surface area covered. LangmuBlodgett films were trans-
ferred by horizontal lifting onto continuous amorphous
25 J carbon for inspection by TEM. Samples were taken at three
different points of the compression isotherm as indicated by
20+ the arrows in Figure 28. The progressive compression of
hydrophobic dodecanethiol-capped particles into narrower
lines accompanied by sintering into quasi-1D metallic
nanoscale wires is shown by TEM in Figure 298.

W This unidirectional sintering of the particles, which is
accompanied by packing into a maze-like structure, is due
e to a template effect of the surfactant at the molecular level.
This model is based on template effect hypothesis that the
amphiphilic DPPC molecules energetically prefer to occupy
o 2 = & m & the entire water surface, while the hydrophobic gold particles,
if left alone on the water surface, form close-packed 2D
hexagonal rafts floating on the water surfd€df a mixture
Figure 28. Compression isotherm of a LB film containing 99.56 ¢ these two compounds is placed on the water surface, the

mol % DPPC and 0.04 mol % dodecanethiol-capped gold nano- ; : ;
particles. The arrows indicates points of transfer of the film onto a resulting morphology of the monolayer is an energetical

solid substrate (amorphous carbon or mica). The curve is shownCOMpromise of the two packing motifs. Thus, it can be

as a function of the area available to a DPPC molecule and areaconcluded that the complexity of the surfactant phase

available to a nanoparticle assuming that the complete area isbehavior may be utilized to regulate the formation of

available of either of the compounds. Reprinted with permission structures on the micrometer scale, while their molecular

from ref 368. Copyright 2002 Wiley-VCH. structure can influence the assembly process on the nano-
meter length scale.

controlled fabrication of 1D, 2D, and 3D architectures as  Fabrication of fractal structure from metallic nanoparticles
mentioned in section 3.1.2.1. It is demonstrated that the is specially important due to their novel physicochemical
morphology of these nanostructures can, to some extent, beproperties’*3°Wang and colleagu&$ have found that as-
controlled by adjusting the parameters that affect the self- synthesized cetyltrimethylammonium bromide-capped gold
assembly process. Experiments have shown that dode-hanoparticles can aggregate rapidly into fractals after spread-
canethiol-capped gold nanoparticles of-4&nm diameters  ing their chloroform solution on water surfaces. In principle,
self-assemble in water in the presence of surfactants into achloroauric acid, HAuGl can be transferred into organic
maze of continuous gold nanowires, resembling a molecular solvent by virtue of ion-pair extractiol§} 38 and subsequent

T{miN/m)
o

Area/molecule DPPC (A")

electronic circuit board®® reduction by sodium borohydride generated stable gold
Dodecanethiolate-capped gold nanopatrticles of-3.6m nanoparticles. The resulting ruby solution was stored in the

diameter were prepared according to a well-established two-dark at 4°C. The colloidal solutions were very stable and

phase liquid/liquid reduction routé. Partially hydroxyl- show no sign of precipitation even after 1 year. When CTAB-

functionalized particles were obtained by Murray’s ligand capped gold nanoparticles were spread on the surface of pure
place exchange routé? Dodecanethiol-capped gold particles water in the LangmuirBlodgett (LB) trough, a blue-colored
and 11-mercapto-1-undecanol were mixed in chloroform, and discontinuous film was formed immediately after, which is
particles containing the ligand shell were isolated by an indication of extensive nanoparticle aggregation. In fact,
precipitation and washing with ethanol. Langmuir films were the formation of aggregates can be explained very well by

A r=UmNm 100 rm - B sit=5mhi:hh

Figure 29. TEM images of the transferred LB films onto amorphous carbon substrates at a surface pressure of (A) 0, (B) 5, and (C) 30

mN m~1. Reprinted with permission from ref 368. Copyright 2002 Wiley-VCH.
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the recently developed integral equation theory of solvent-

induced potential of mean force between two passivated : a: OmN/m

nanoparticles®438 The CTAB-capped gold nanoparticles ol b: 13mN/m
are solvophilic with respect to choroform and solvophobic : ¢ 30mN/m
with respect to water and air. The drying of the choroform i d: 50mN/m

would force the nanoparticles into a solvophobic environment .
(air/water interface), therefore enhancing the solvophobic |

attractive forces between the nanoparticles. Because the S | %
00

contact between hydrophobic gold nanoparticles and water 3 Sl el :

surfaces is incompatible, the nanoparticles are highly mov- s Il i

able. Thus, aggregation happened rapidly by the strong ] i el

solvophobic attractions. - || \ /,/T o S0
The efficient sticking upon contact might come from the ‘é 'I, t i

limited stability of the CTAB-capped gold nanoparticles at § oot AN

the air/water interface. It is known that the capping interac- \\R O Al OO

tions between CTAB molecules and gold nanoparticles are TNt [lJ7m

electrostatié®®38” In chloroform, the CTAB-capped gold )

nanoparticles are in an extremely stable dynamic state. This rl\“'“———f"’E Ty

is not the case at the air/water interface. The CTAB 0.00 ~ "\-——-a— T

molecules can form monolayers by adsorbing on water
surfaces or dive into water to form reverse micelles at the
air/water interface. The chloroform evaporation forces s 1 e e MRl [ e A
hydrophobic nanoparticles to accumulate locally, and strong Wavelength / nm
drying-mediated collision would result in dislocation of the ) ]

capping CTAB molecules from the gold surfaces by adsorb- Figure 30. UV —vis absorbance spectra of transferred nanoparticle

. L films on glass at different surface pressures. The dashed line
ing on water surfaces and diving into water. The removal of corresponds to the spectrum of unaggregated nanoparticles in

the capping of CTAB molecules renders the gold nanopar- chioroform, whose intensity is reduced by 12 times for clear
ticles partially unprotected; as a result, the gold nanoparticlescomparison. Reprinted with permission from ref 380. Copyright
have to fuse into larger structures to lower the surface-to- 2005 American Chemical Society.
volume ratio to decrease the surface enéf§ye®38The
dispersion attractions among gold nanoparticles act as drivingstrong surface plasmon polaritons (SPPs) would be expected,
factors for the fusing process, whereas the nanoparticlewhich confines the optical energy around nanoparticle
surface bound CTAB molecules counteract this fusing chains®®? Thus, the reported method might result in applica-
process because it has to overcome the electrostatic repulsiotions, such as, nanoscale optical devices relying on SPPs or
between positively charged CTAB and withdraw hydropho- surface-enhanced Raman scattering from strong local elec-
bic alkyl chains. When the driving and counteracting tromagnetic fields.
interactions are balanced, the nanoparticles stop fusing. 3.1.4.2. MicellesAggregates of metallic nanoparticles can
Besides the efficient sticking interactions, incompatible pe prepared by reducing metal salts in micelles. Our group
contact between hydrophobic nanoparticles and the waterhas exploited the UV-photoactivation technique to produce
interface might also play a role for the formation of fractals. gold nanoparticle aggregates with almost uniform interpar-
This incompatible contact enables nanopatrticles to diffuse tjcle spacing in cetyltrimethylammonium chloride (CTAC)
at will on water surfaces. This might be another precondition micelles3%® The method produces an aggregate structure
of growth of nanoparticles into fractal aggregat&s* containing gold particles in the3—5 nm size range in the
The transfer efficiency of fractal aggregates from the air/ presence of citrate in an alkaline pH—-{82) at room
water interface onto a solid surface is critically dependent temperature. Absorbance measurement of the resulting blue
on surface pressures. Figure 30 showst¥ig absorbance  solution showed the appearance of a broad band680
spectra of transferred nanoparticle films on a glass slide athm. The particles remained stable for months together in a
different surface pressures. The maximum of surface plasmonvacuum desiccator if isolated from the reaction mixture by
resonant bands for these transferred nanoparticle films arecentrifugation. Citrate has been widely used to produce gold
all located at 620 to~720 nm and the increase in surface Sols of variable siZ8*from boiling aqueous HAuGkolution.
pressure evidently strengthened the absorbance intensityDifferent types of surfactants were used to achieve mono-
Compared with the resonant peak of gold nanoparticles in disperse gold nanoparticle aggregates.
chloroform solution £527 nm, dashed line in Figure 30), Figure 31A shows the development of absorption spectra
all the resonant peaks in the LB films shift significantly to  during the evolution of gold nanoparticles. Before irradiation,
red. The red shift widening of surface plasmon bands the reaction mixture does not show any characteristic
demonstrate extensive aggregation of gold nanoparticles. Theabsorption band (trace a). After 5 min of irradiation, an
elevated surface pressure did not result in a further red shiftabsorption band develops with maximum at around 600 nm
and widening in the surface plasmon band indicating that (trace b) that can be ascribed to the surface plasmon
the interior structure of the aggregate (for example, particle- resonance of the gold nanoparticles. This arises from the
to-particle distance) does not change with increased surfacecollective oscillation of the free conduction band electrons
pressure, rather increases only the local particle density. Duethat are induced by the incident electromagnetic radiation.
to weak interactions between nanoparticle surfaces andAs the time of irradiation increases, the absorption maximum
CTAB ligands, dampening of surface plasmon absorbancegradually red shifts (for example, trace c) and finally becomes
intensity occurs. Therefore, a fractal-like arrangement of stable at~650 nm (trace d) corresponding to the blue sol.
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Figure 31. (A) Evolution of UV—visible spectra during the
formation of gold nanoparticle aggregates and (B) TEM images of
the gold nanoparticle aggregates. Conditions: [HAUGH 0.23
mM; [C16TAC] = 4.5 mM; [sodium citrate}r 2.3 mM; [NaOH]

= 4.5 mM. Irradiation times: (a) 0, (b) 5, (c) 10, and (d) 15 min.
The irradiation was carried out with a 200 W UV light. Reprinted
with permission from ref 393. Copyright 2004 American Chemical
Society.

Interestingly, U\~-visible spectrophotometry reveals the

Ghosh and Pal

Scheme 8. Schematic Presentation of Gold Nanoparticle
Aggregates with CTAC and Negatively Charged Citrate
lons?

e CTAC @cmm
biilayesr

Interaction

of cilrale farmadion

ensemble of
A ranoparticles

a2 Reprinted with permission from ref 393. Copyright 2004 American
Chemical Society.

due to the increase in filling factor in the aggregate at higher
surfactant concentratiofi® There exists a threshold concen-
tration of surfactant above which the blue sol is produced
for always.

The chain length of cationic surfactants has a profound
influence on the evolution of particle geometry and also on
aggregation. Surfactants with smaller chain lengthgT([&C
and G,TAC) produce smaller particles and impart stability
to the particles in the aqueous phase, and hence the particles
get precipitated. Surfactants with smaller chain lengths give
rise to higher concentrations of micelles with a lower
aggregation numbéP8 and hence smaller micellar structures
encompass a smaller amount of gold ions. Thus, evolution
of smaller gold particles is understandable. However, smaller
chain lengths of the surfactants are not compatible enough
to render stability to the evolved gold particles through
hydrophobic repulsion; that is, these surfactants cannot
provide steric stability?” A surfactant containing a longer
chain (GsTAC) helps to generate nonspherical particles as
is observed in the case of highetsCAC concentrations. In
this case, the number of Au(lll) ions per micelle increases,
which stimulates the growth of nonspherical particRs.

absence of any peak near the 520 nm region (characteristiHowever, G4,TAC has also been found to be suitable for
region for dispersed small gold particles); instead a distinct the purpose and behaves similarly tgsTAC. Thus, both

peak appeared at650 nm. The appearance of an absorption C;6TAC and G4TAC have been found to serve the purpose
maximum at~650 nm indicates that the particles are of gold particle evolution under the standard procedure.
assembled into an aggregate structure. The gradual blue A bilayer formation mechanism has been proposed for the
shifting of the absorption maximum with increase in irradia- aggregation of gold nanoparticles. In this experiment, cationic
tion time is because interparticle spacing decreases with thesurfactant, CTAC, concentration supersedes citrate concen-
progress of the reaction. TEM studies of the finally formed tration, and hence CTAC covers the negatively charged gold
stable colloid show that the tiny particles3—5 nm size) surfaces forming a bilayer. Actually, bilayer formation has
are in a closely packed assembly (Figure 31B). Excellent been recognized when cationic surfactants are adsorbed on
reproducibility of the particle evolution as ensembles of small solid surfaces$?® Thus, interparticle interaction becomes
particles was noticed from UWvis spectra and also from  pronounced in the citrate case causing the weak aggregation
TEM studies. of the gold particles. The stabilization of gold nanoparticle
The cationic surfactant &TAC has been introduced for  aggregates with cationic surfactant and negatively charged
the evolution of the ensemble of small spherical particle citrate ions has been shown in Scheme 8.
aggregates by UV-photoactivation process. The effectgf C 3.1.4.3. Reverse MicelleReverse micelles can be formed
TAC concentrations and also the effect of chain lengths of by ionic surfactants with double-long alkyl chains alone, such
several other homologous cationic surfactants in this gold as diethyl sulfosuccinate, or a mixture of ionic and nonionic
nanoparticle evolution process have been studied. Tiny surfactants with a short oxyethylene chain dissolved in
spherical particles with tight size distribution were obtained organic solvents. Reverse micelles are usually thermody-
from concentrated CTAC solution as has been reported namically stable mixtures of four components: surfactant,
earlier3” A pink sol is produced above and below the cosurfactant, organic solvent, and water. The general method
prescribed concentration range (0:Z30 mM). In the former of using reverse micelles to synthesize nanoparticles can be
case, gold particles exhibit a sharp plasmon absorption banddivided into two cases. The first case involves the mixing
(maximum absorbance at a wavelength of 520 nm) as theof two reverse micelles. Due to the coalescence of the reverse
surfactant acts as a stabilizer only but does not allow the micelles, exchange of the materials in the water droplet
particles to form aggregaté¥®. On the other hand, in the occurs, which causes the reaction between the cores, and
latter case, the spectrum is broadened/andis red-shifted thus, nanoparticles are formed in reverse micelles. The



Interparticle Coupling Effect on SPR of Au Nanoparticles

5704 SN SNBSS & SERIMES o
- - S5 . e -
. one
- a- - & 8 aas - & -, e
_ o o e ——— e @ o & E—
560 mees & s 0 e .
s cmEE WE E S ® * S0 e
= e =
= ssensese =
» 550 ek
o csmms o
E -
< ca——
.
340 -
we
r—
530 . : _ : :
0 50 100 150 200 250
Time (s)

Figure 32. Change in peak extinction wavelength with time for
gold nanoparticles synthesized in reverse micelles with 10 for
Au(lll) sample concentrations. Reprinted with permission from ref
403. Copyright 2005 IOP Publishing Ltd.

second case involves mixing one reactant that is solubilized

in the reversed micelles with another reactant that is dissolved
in water. The reaction can take place by coalescence or

aqueous phase exchange between the two reverse micelle

Sodium bis-(2-ethylhexyl) sulfosuccinate (AOT) is one of
the most commonly employed surfactants in forming
microemulsion$?®“%jts molecular shape allows high water
solubilization with the formation of a well-defined aqueeus
organic interface. The AOT reverse micelles consist of 23
molecules per aggregate in the form of rounded cyliné&rs.

The concentration of entrapped water (defined as water pool,

w = [H,0]/[AOT]) is perturbed by the polar headgroups and
the counterions of the surfactant. The diameter of the water

pool is believed to control the nanoparticle size. The synthesis

of gold nanoparticles in reverse micelles with—= 10 was
performed at a constant temperature at 5 The
reduction of gold from an ionic (All) to the atomic state
(AuO) is achieved inside the water droplets according to the
chemical reaction

2A0*" + 35S0 + 3H,0 — 2AW’ + 35O + 6I—é+

The product of this reaction quickly changes color from
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Scheme 9. Structure of Poly(oxypropylene)diaminés
CHy CHy

| I
CH_ 0 CH
~ ~
‘0{ CHY )I;CHE’

average molecular weight: 230, 400, 2000 and 4000 g/mol

N, CH,

-

.
ClH
CHs

NH;

a Reprinted with permission from ref 404. Copyright 2005 American
Chemical Society.

3.1.5. Polymers as Architectures of Nanoscale
Assemblies

The capability of colloidal metal nanocrystals to spontane-
ously form organized structures has been the subject of recent
interest. It has been seen that very often the ligand plays an
important part in influencing the ordered packing. The amino
group, which has been reported to interact with metal ions
as well as with the corresponding reduced metal, can be
expected to play a significant role in the formation of self-
assemblies, because the molecular configurations and the
intermolecular interactions of bifunctional polyoxypropyl-
enated diamines are totally different from those of mono-
functional alkyl chains. It would be interesting to know

Svhether any hydrophobic segment other than the alkyl chain

could also induce ordered assemblies and how the chain
length affects the particle sizes and gaps. A series of poly-
(oxypropylene)diamines, D230, D400, D2000, and D4000,-
were used as ligands to synthesize self-organized gold
nanocrystalé4® The chemical structure of poly(oxypropyl-
ene)diamine is shown in Scheme 9, whareepresents the
repeating oxypropylene group on the polymer backbone. The
average molecular weights are 230, 400, 2000, and 4000
g/mol for D230, D400, D2000, and D4000, respectively.
Ligand-modified Au nanoparticles were prepared from
citrate-stabilized gold nanoparticl&s$:*° Introduction of
ethanolic solution of different amines caused an immediate
color change from deep red to blue via a ligand-exchange
process, except for D2000 and D4000. In this investigation,
amine-stabilized gold colloids were prepared using poly-
(oxypropylene)diamine ligands for two reasons. First, the
orientations adopted by the poly(oxypropylene) (POP)
structure are likely to be very different from those of the
more widely used alkyl chains due to both the flexibility of
the —CH,CH(CHs;)O— group and its intermolecular interac-
tions, and second, the arrangement of POP chains, with

transparent to a deep red or purple color depending on thedifferent chain lengths, on a confined dimension between

concentrations of the precursors salt used.

Figure 32 shows the displacement of the maximum
absorption wavelength during the reaction. Red shifts from
535 to 570 nm are observed, which indicates that particles
are agglomerated, and this affects the absorption spectru
of the sample and invalidates the use of Mie theory to
correlate the peak wavelength to particle size. Finally, TEM
measurements show gold nanoparticles 6f18 nm in

m

two spherical surfaces could be acheived. These changes can
be ascribed to the result of an excess of ligand ([N]JAAu
= 100), which now replaces the citrate as the stabilizing
agent. The change of electron density on the nanocrystal’s
surface, together with the change in the adjacent environment
caused by the ligand, decreases the attractive interactions
between nanocrystals and serves to keep them apart, resulting
in the formation of a 2D monolayer.

In solution phase, the citrate-stabilized nanocrystals dis-

diameter and evidence of metallic aggregate formation. S“Chplayed an intense surface plasmon absorption band at 524

a system would result in multiple scatterings and splitting

nm (Figure 33, curve a) and upon addition of poly-

of the plasmon resonance bands into two peaks due to(oxypropylene)diamine ligands, the color of the colloids

interaction between the particles. Thus, the time-resolved

changed, with the maximum absorption band eventually

extinction measurements could be interpreted as resultingshifting toward longer wavelengths. Broad absorption bands

from the growth of agglomerates by addition of particles that
reach 8-10 nm, resulting in particleparticle interactions

centered at 759 and 757 nm, respectively, can be seen for
the Au-D230 and Au-D400 colloids accompanying a 524

and an apparent red shift beyond that due to actual particlenm shoulder (Figure 33, curves b and c). For Au-D2000

growth.

(curve d), a broad peak was seen at approximately 674 nm
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c. Au-D400
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Figure 33. Absorption spectra of the citrate-stabilized gold colloid _
and those stabilized by different ligands. Reprinted with permission 2
from ref 404. Copyright 2005 American Chemical Society.

accompanying the 524 nm shoulder. Au-D4000 (curve e)
reveals only a broad peak at 536 nm, which can be
deconvoluted into two bands at 529 and 569 nm. The broad ; Atk o s
peaks observed for Au-D230, Au-D400, and Au-D2000 Tl .

illustrates the fact that the particles are forming aggregatesrigure 34. TEM images of the gold nanocrystals modified with
in the solution phasE8496.497\When gold nanoparticles different ligands: (a) Au-D230; (b) Au-D400; (c) Au-D2000; (d)
assemble into 3D structures, there is an increase in theAu-D4000. Reprinted with permission from ref 404. Copyright 2005
dielectric constant of the surrounding medium, shifting the American Chemical Society.

plasmon peak to a lower enertfi.For Au-4000 colloids,

the slight shift to 569 nm indicates that the gold particles
form a loosely compact structure in the solution phase.

To explore the dependence of Au nanocrystal arrangement
on the POP chain length, the solutions capped with D230,
D400, D2000, and D4000 ([N]J/[At] = 100) were im-
mediately deposited on a flat carbon-coated copper grid, and
TEM images of the resultant nanocrystals were recorded as
soon as possible (Figure 34). These images reveal that the
colloids capped with D230 show the formation of densely
packed 3D structures (Figure 34a), with some minor 2D
layers being apparent, indicating that the formation of
supracrystal domains occurs quickly in solution. These results
coincide with those obtained by absorption spectroscopy. Figure 35. Highlighted image of the same D4000-capped Au

It is also interesting to note the coherence in the packing gcr’g;"isé gsi?)ﬁ;] 'Ee':'l\?euerﬁ 3;3\?0sg?j]'lggegntth%ae:t(ilcs;'lt:snceRgfplrligrl\?Qgva(/ti?he
&rg;rr f?gn(:tt)rs]grl\i/gz;grg‘?hgfgloeoa?g”]oe'gsng;gEget Sg)firlrtnlli/ gerr_nission from ref 404. Copyright 2005 American Chemical

) Y Society.
attached to the gold surface, thereby allowing more rapid
exchangé® As previously noted, the orientation of the POP Table 2. Size, Particle Gap, and Potential Energy Analysis of the
chains is not well-defined due to the existence of flexible Gold Nanocrystals before and after the Ligand Exchange

ether linkages and pedant methyl groups; therefore, there is particle  particle  ligand  chain

less of a tendency for the POP chains to form highly ordered size gap  thickness length  E.aw
close-packed monolayers. This situation could lead to the __Sample d (nm) & (nm) (m)  (m) (eV)
formation of multilayers of these ligands on a gold crystal citrate- 142+ 15 2.9

surface, with some ligands not being directly attached to the  stabilized

particle’s surface. Evidence for this is shown by the particle Au-D230  13.9+12 27+0.7 0.7 0.9 1.990
gaps €) of these nanoparticles (Table 2). The D230-capped 23‘8;880 1%051 8'2 égi 2-2 gg %? (1)-8?(1)
gold nanocrystals (chain length 0.8 nm) are separated from AU-D4000  176L34 73+13 48 160 0018

each other by about 2.7 nm, and for D400-capped nano-
crystals, which have a chain length of about 1.5 nm, the *@Reference 404.
separation is 2.3 nm, suggesting an interdigitation of POP
chains on adjacent amine-ligated particles. The theoretical In Figure 36a, the particle gaps and the wavelength of the
chain lengths of D2000 (77 nm) and D4000 (160 nm) are maximum absorbance bands are plotted against the molecular
much longer than the observed particle gaps of 5 and 7.3weight of the poly(oxypropylene)diamines. By fitting these
nm, respectively, suggesting a more twisted or folded data, it is found that the absorption bands of ligand-modified
structure on the particle surface. gold colloids shift linearly toward the high-energy region
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concentrations of the particle, the probe DNA, and the targets were
2.3, 500, and 500 nM, respectively. Reprinted with permission from
ref 411. Copyright 2003 American Chemical Society.
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sequence as well as in chain length, the nanoparticles

aggregate together at considerably higher salt concentration.
A colloidal solution containing gold nanoparticles were

) ) ) functionalized with a single-stranded DNA by a procedure

Figure 36. (a) Absorption band@®) and particle gap&) of Au similar to that described by Mirkin et 413414The aggrega-

colloids change as a function of ligand molecular weight. The : : . .
absorption band of citrate-stabilized Au nanocrystaly i6 also tion behaviors of the gold nanoparticles have been investi

shown. (b) Gap dependence of the optical absorption of ligand- 9&t€d with various concentrations of NaCl by observing the
capped Au nanocrystals. Reprinted with permission from ref 404, solution colors and monitoring the visible spectra. Bare
Copyright 2005 American Chemical Society. nanoparticles without probe DNA immediately aggregated
at 0.1 M NacCl (data not shown). In contrast, the DNA-
functionalized nanoparticles did not exhibit any visible
with increasing poly(oxypropylene)diamine molecular weights. change within the experimental range up to 2.5 M of NaCl
The particle gap is also found to increase as a function of (Figure 37A). Next, a target DNA was added with comple-
increasing molecular weight, indicating that the interparticle mentary sequence to the probe DNA so that the amounts of
separation is not proportional to the chain length. The POP the two DNAs should be balanced (Figure 37B). When the
chains thus either distort somewhat upon solvent evaporationNaCl concentration was higher than 0.5 M, a clear colori-
or tend to interdigitate in the confined space. In Figure 37b, metric change to purple, representing the particle aggregation,
the exponential decrease in the absorption band wavelengthwas immediately observed. The aggregation process of this
with increasing particle gaps is shown. It is now well- non-cross-linking system is much more rapid than that of
documented that the optical properties of gold colloids are the cross-linking systems, which take several tens of minutes
highly dependent on the level of particle separation. This to hours at room temperatut. This difference originates
band in the low-energy region was theoretically predicted from the different aggregation mechanisms. In this non-cross-
by Quintert!® on the basis that retardation effects and linking system, the aggregation is driven by the Longon
electromagnetic dipolar interactions between different par- van der Waals attractive force between the nanoparticles,
ticles would give rise to an additional absorbance at thesewhen the repulsive interaction is greatly reduced by formation

550

T T

2 3 4 5 & 7 8
particle gap (nm)

wavelengths. of duplexes on their surfaces. The attractive force works from

) a distance and leads to rapid aggregation. On the other hand,
3.2. Induced Aggregation among the Already in the cross-linking system, the kinetics of the aggregation
Formed Gold Particles is dominated by random collisions between the nanoparticles

. with relatively slow Brownian motion. The visible spectra
3.2.1. Electrolyte-Induced Aggregation corresponding to Figure 37A,B are shown in Figure 38. In
The color of the colloidal solution of metallic nanoparticles the presence of 0.5 M of NaCl, the extinction peak was
can be influenced by the addition of salt. The role of the shifted from 525 to 560 nm by the addition of the
salt is to induce aggregation in the suspension of colloidal complementary target DNA.
nanoparticles. A newly discovered aggregation phenomenon More striking results were derived from experiments for
of DNA-functionalized gold nanoparticles induced by hy- another target DNA with a single-base mismatch at the 5
bridization of target DNA has been developed that does not terminus. As shown in Figure 37C, addition of this target
cross-link the nanoparticlés! Aggregation of DNA-func- DNA to the nanoparticle solution did not cause any colori-
tionalized poly(-isopropylacrylamide) (PNIPAAmM) nano-  metric change even at high NaCl concentration. This behavior
particles without the cross-linking mechanism has also beendepends only on the position of the mismatch and not on
reported by the grouf#? In this system, only one kind of the combination: two other targets with different terminal
single-stranded probe DNA is grafted on PNIPAAmM, which mismatches, €C and T-C, were also confirmed to keep
spontaneously forms nanoparticles above’@0When the the dispersion. In contrast, a single-base mismatch at the
target DNA is perfectly complementary to the probe in middle of the target DNA brought a colorimetric change
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Figure 38. Visible spectra corresponding to Figure 38A (dotted
line, no target) and 38B (solid line, complementary target) at 0.5 Figure 39. UV —uvisible absorbance spectra of gold nanoparticles
M NacCl. Reprinted with permission from ref 411. Copyright 2003 as a function of the pyridine concentration:)(no pyridine; ¢--)
American Chemical Society. 0.25 mM; (— — —) 0.30 mM; (~ — -) 0.33 mM. Reprinted with
permission from ref 415. Copyright 2001 The Japan Society for
Analytical Chemistry.
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similar to that in Figure 37B. Although interpretation of this
unusual sensitivity for the terminal mismatch is difficult, it gcheme 10. Synthetic Scheme for the Preparation of the
can be presumed that even one base works as a single stranfextran-Coated Gold Colloid<

to produce a repulsive interaction when it is located at the :
outermost position of the DNAnanoparticle conjugate. :'ZHSH {CHz)s CO’E

& f:,‘t NHS /EDC _1\;:)_
Thus, it can be concluded that the terminal-mismatch ' M

ot NHZ [CHIOJE OH I

sensitivity is a common property of these non-cross-linking ) Unmodified (B) AEE-modified
ms. Au nanoparticles
systems (10/20 nm in diameter) Au nanoparticles
3.2.2. Ligand-Induced Aggregation Al
It is now well-known that addition of several ligands (C) Epichalorohydrin

in diglyme : 0.4 M

induces aggregation of gold nanoparticles in solution by NaOH (1:1 viv )
. W
-

displacement of the charged species left from the reduction
reaction or introduced for stabilization. Rouillat et*&.
described the pyridine-induced aggregation of gold nano-
particles prepared by the method reported by Turketith.
In this case, the Coulombic repulsion between the particles o
cannot overcome the van der Waals attractive forces between (D) Dextran (avg. MW B4K/500K)
particles*'6-418 From the transmission electron microscopy, in 0.1 M NaQH
it is seen that during the initial stages of the aggregation
process, the gold particles form short chains of a few particles
before growing into complex patterns (not shown). In the
UV —visible absorption spectrum, the new resonance condi- Wl
tion is observed as a second absorption band on the red side (NS Jaul=  Dextran (B4K/500K)-
of the surface plasmon resonance associated with the surface Nl 2 i 7N modified Au
plasmon along the short axis of the ellipsoid. The latter i 7 nanoperticies
resonance along the short axis is identical to the one
corresponding to the initial spheres (Figure 39). This property e
can be used to study the local field effects in these chains *Reprinted with permission from ref 420. Copyright 2004 Elsevier
since the geometry of the particles has a dramatic effect onScience.
the local field enhancemefi®

Dextran-coated gold colloids (10 and 20 nm) can be the dextran-coated gold colloids, affording the reverse gold
aggregated with concanavalin A (Con A froBanavalia plasmon change and hence the determination of glucose
ensiformi$ in a controlled fashion in which the change in concentrations by tuning the extent of aggregation of the gold
absorbance at an arbitrary wavelength used to monitor thenanoparticles. Reducing the gold colloid size and dextran
extent of aggregation can be optimized for senétfig-he molecular weight typically reduces the glucose sensing range
immobilization of dextran on citrate-stabilized gold nano- (lower [glucose]) but also reduces the long-term stability of
particles (Scheme 10) was performed using the following the gold aggregate sensors.

— T

four steps: chemisorption of a long-chain carboxyl-  To optimize the extent of aggregation and, therefore, the
terminated alkanethiol on gold nanopartici®the activation dynamic range for dissociation upon glucose addition, 500K
of surface hydroxyl groups using-3-(dimethylaminopro- dextran-coated gold colloids (500K, 20 nm gold) were

pyl)-N'-ethyl-carbodiimide (EDC) andN-hydroxy-2,5-pyr- aggregated with different concentration of Con A, which is
rolidinedione (NHS), activation of hydroxyl groups using well-known to competitively bind dextran (Figure 46%:4%3
epichlorohydrin, and the covalent coupling of dextran. Any The normalized spectra show both a broadening and a slight
glucose present competitively binds with Con A, dissociating red shift as a function of increased Con A concentration,
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Figure 40. Normalized absorption spectra (top) of 500K dextran- E . |
coated 20 nm gold colloids cross-linked with different concentra- i 1001
tions, (1) 112, (2) 75, (3) 56, (4) 37.3, (5) 17.4, (6) 8.70, (7) 4.40, = gl
and (8) OuM, of Con A and the change in absorbance (bottom) at . il
650 nm after the addition of the respective Con A concentrations. 0.0 T
Reprinted with permission from ref 420. Copyright 2004 Elsevier. 600 900 600 900 600 900 600 900 o 200
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simply reflecting the close proximity of increasing aggregated Frigure 42. SP band forl/Au in toluene (0.1uM, dashed line)
gold colloids and their mutually induced dipole interac- and the final spectra upon addition {200 (a), 20 (b), 0.8 (c),
tions{?4 a function of the affinity of Con A for dextran. The  and 0.08«M (d); r & 2000 (a), 200 (b), 10 (c), and 1 (d)). TEM
absorbance was measured at a particular wavelengiaQ micrographs of individual spheres for the corresponding samples
nm) to monitor the extent of aggregation, and it was seen @€ included as insets (all have the same scale bar). A plot of the
that there is a significant change in absorbantégso, Epheﬂcal diametert)) vs [2] is included (d), which can be fitted
. . : yy=ae™+ce™(@a=113x 1% b=6.0x 102 c=6.59

between a highly aggregated system (line 1, Figure 40, left) .o 4= 1.60x 10-%). Reprinted with permission from ref 425.
and a slightly aggregated system (line 7). This finding helps copyright 2003 American Chemical Society.
to monitor the concentration changes in glucose solution in
the miIIimoIar_range in a continuous manner. Moreover, the gf gold nanoparticles of relatively high monodispersity
glucose sensing range of the aggregates can be somewhatigure 41). The size of the spherical assemblies is dependent
tuned depending on the size of the gold colloids, the on the relative ratio of mediator to the gold particley (
molecular weight of dextran, and the concentration of Con The crystallinity of the individual nanocrystals is shown by
A used to form the sensing aggregate. the HRTEM (insert); the close packed ordering of the

Zhong et al® have demonstrated for the first time the assembled nanocrystals can be resolved along the edges of
ability to control the size of nanoparticle assemblies via a the spheres (Figure 41, right). The formation process of the
novel mediation template strategy. There are two important different spherical sizes involved a gradual color change of
forces in controlling this process. The first is the mediation the gold nanoparticles from red to purple or blue, as
force as a result of the coordination ability of MeSi(&H  evidenced by the spectral evolution of the surface plasmon
SMe) to Au, which can be manipulated by the number of resonance (SPR) band (Figure 42). The spectral envelope
thioether groups on the mediator. Zhong and colleagues haveof the SPR band apparently consists of two overlapping
recently demonstrated this viability for forming spherical bands. At the lower concentration of the mediator, these two
assemblies 0f-60 nm diameter with a tetrathioeth®&f.The bands are clearly resolved at 520 and 780 nm, and an
second is the templating effect exerted by the surfactantisosbestic point displayed at 560 nm is indicative of the
reactivity of tetraoctylammonium bromide. Surfactant-based involvement of two major species in the reaction solution.
micellar templating effects are well-documented for aqueous The final product at low concentrations of the mediator
solutions}?® where the shape formation (spheres, rods, etc.) eventually precipitated after-2 days, but remained soluble
depends on the structure and the concentration of surfactantsior many weeks when ~ 2000 was used. The number of

TOAB-capped gold nanoparticles were synthesized ac- thioether groups in the mediator was also found to impact
cording to Schiffrin’s protocdf” and were stored in the the assembly of nanoparticles, including their size and subtle
toluenic solution. The mixing of TOAB-capped gold and differences in reaction kinetics. There was no indication of
MeSi(CH,SMe}); led to the formation of spherical assemblies any assembly process when a bidentate ligand was used. The
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Scheme 11. Synthetic Route toward AUMPC 2
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a Reprinted with permission from ref 428. Copyright 2002 Elsevier.

use of bulkier thioethers Me,Si(CH,SBU), (n = 3 and 4)
did not produce any significant assembly either.

3.2.3. Acid-Induced Aggregation

Pengo et at?® described the acid-induced aggregation of
the gold nanoparticles protected with tri(ethylene glycol)-
functionalized thiolates. Tri(ethylene glycol)-functionalized
gold nanoparticles have been prepared by place exchange )
reactior{?*~*3! of dodecanethiolate-functionalized gold nano-  Figure 43. TEM images of AUMPC 2 nanoparticles in methanol
clusters with 1-mercaptotri(ethylene glycol) (Scheme 11). before (a) and after (b) treatment with acid. Reprinted with
These gold nanopatrticles were obtained as a precipitate frompermission from ref 428. Copyright 2002 Elsevier.

NaBH, reduction in the presence of an excess tHi¢t2The
precipitate so obtained was purified by exclusion chroma-
tography on Sephadex LH 6843 The dark red solution

Scheme 12. Interdigitation of the Covering Monolayers of
Two Nanoparticles upon Protonatior?

so obtained was exposed to a fixed concentration of added sﬁvoméfvbﬂz

acid, and this leads to a change of color depending on the SR UG R
alcohol employed as the solvent. TEM analysis was carried ‘D::M’\/W\
out in order to assess the nature of the phenomenon s~_gd

associated with the time-dependent shifts of the surface H gt
plasmon band toward longer wavelengths upon treatment of ;‘_-0;/\*;',\/0

the resulting gold nanoparticles with acid solution. The two 5 bt
pictures of the nanoparticles dissolved in methanol before di i s AN
and after completion of the first (fast) kinetic process are PO e i 5'3
shown in Figure 43. The pictures reveal that the addition of He 0 ik
acid induces the formation of clusters of the gold nanopar- H

ticles without any alteration of their size. The shift of the aReprinted with permission from ref 428. Copyright 2002 Elsevier.
SP band to longer wavelengths was attributed to the acid-

induced clustering of the nanoparticles into aggregétds. Aggregates of gold nanoparticles can also be produced
is plausible that |nterd|g|tat|on of the protecting monolaygr by the surface acidbase reactions of the individual gold
of the clustered gold nanopatrticles leads, slowly, to the fusion nanoparticles. In a very recent article, Kleinermanns et al.
of gold cores. The interdigitation upon clustering is supported showed that from an ensemble of gold nanopartéfes
by the fact that the interparticle distance mea§ured in Figure modified with an ionizable and pH-sensitive monolayer of
43b is shorter than that expected on the basis of the lengththjoparbituric acid (TBA), nanoparticle aggregates can be
of the polyether and hydrocarbon chains covering the gold produced in a controlled fashion by the variation of the pH
surface. The fusion process might be particularly facilitated of the solutior® The optical absorption spectra of the gold
by the presence of the tri(ethylene glycol) thiolates covering colloidal solution capped with TBA are shown in Figure 44
the surface that, compared with hydrocarbons, are much lesst various pH values. For comparison, the spectrum for the
packed and hence have a much higher degree of conformauncapped gold colloidal solution is also presented (dotted
tional freedom. On the other hand, it is likely that the curve). A successive shift in the surface plasmon resonance
presence of ether units along the protecting chains allowsfrom 522 to 531 nm along with a successive reduction in
the formation of hydrogen bonds, driven by protonation, intensity of the plasmon resonance is observed after addition
between the chains residing on different particles. The extentof TBA molecules and adjustment of the solution pH from
of the resulting interdigitated cluster (Scheme 12) is also 12.0 to 7.7, indicating capping of the gold nanopartié¢fés.
influenced by the hydrophobic interaction between the One notable feature of Figure 44 is that a new absorbance
fractions of hydrocarbon chains still present on the mono- band at around 680 nm evolved gradually, which is more
layer. clearly observed when the pH of the solution is decreased
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Figure 44. Optical absorbance spectra of Au colloidal solutions
before (dotted curve) and after (solid curves) addition of small
guantities of TBA as a function of the pH of the solution (from
top to bottom pH 12.0, 10.4, 8.6, 7.7, and 6.5). Reprinted with
g%rcrig'tss'on from ref 436. Copyright 2005 American Chemical gcheme 13. Schematic lllustration of Reversible Color

Y- Change of MPA-Protected Gold Nanoclusters Depending on

Ha

to 6.5. The colloidal solution at pH 6.5 is stable throughout P
the measurements. No deposits except a slight decrease i
absorbance intensity and red shift of the absorbance of the 8§
colloidal solution at around 700 nm have been observed after &
24 h. Further lowering of the pH to<6.5 leads to fast
aggregation. Deposits can be found at the bottom of the
reaction cell, and the solution loses its colloidal properties
within several minutes. This is because at higher pH
(completely deprotonated TBA) these colloids are stable due : : c(g_"""\c
to the electrostatic repulsion of the oxyanion groups. Lower- 'w R 95‘}"";"" _H—0F
ing of the pH leads to protonation of the anion group and
the formation of the uncharged hydroxy functions, allowing a Reprinted with permission from ref 441. Copyright 2003 International
hydrogen bond interactions between the particles, thus Ynion of Pure and Applied Chemistry.
leading to aggregation. o . ) )

Grzybowski et af%8 made a systematic study of electro- trisodium citrate in the presence of MPA (Figure 45)The
static interactioré® of charged metal particles and of the @S-prepared dispersions (pH5.9) of the gold nanoclusters
optical properties of aggregates that these interactions giveShowed red color with a plasmon peak at ca. 523 nm.
rise to. They have used gold particles covered with HS- Addition of aqueous HCI to change the pH from 5.9 to 3.8
(CH,)16COOH (MUA) w-functionalized alkanethiols. For- ~ results in color change from red to purple, having the
mulations of gold nanoparticles were estimated according absorption peak at ca. 532 nm. This large red shift of the
to the method by Stoeva and co-workétsand were plasmon absorption band could be ascribed to a dipole
Augiod-sgo (L stands for a thiol ligand) for gold nanoparticles. dipole interaction among the gold nanoclusters forming
UV —vis spectrum of solution of gold particles at pt10 aggregates as also evident from TEM studfésAddition
shows/lmax at 520 nm with an extinction coefficient ef~ of aqueous NaOH to this purple solution to change the pH
3100, and it was noted that the positions of the maxima from 3.8 to 5.9 results in color change from purple back to
depended on pH. Specifically, when the pH was lowered, red, having the absorption peak at ca. 524 nm. The TEM
Amax red-shifted (e.g., from 520 nm for pH 10 to 650 nm at photograph of the sample showed that the average diameter
pH 3) due to hydrogen bonding between protonated car- of Au nanoclusters is 2.2 0.7 nm, which was quite similar
boxylic groups on different particles and the ensuing forma- to that of the original. The reversible change of color and

0.0

Figure 45. Preparation of MPA (3-mercaptopropionic acid)-

protected gold nanoclusters. Reprinted with permission from ref
441. Copyright 2003 International Union of Pure and Applied
Chemistry.

o e
Hydrogan banding

tion of nanoparticle aggregates. TEM photograph of the dispersions of MPA-protected Au
nanoclusters could be repeated ten times without any

4. Rupturing and Reversible Generation of the morphological changes. The reversible dispersiaggrega-

Aggregates tion change could be ascribed to the electronic repulsion

between carboxylate anions and to hydrogen bonding

The colloidal dispersions of gold nanopatrticles show a red between carboxylic acids, respectively, which cover the gold
color and exhibit a plasmon absorption band at 520 nm. nanoclusters as illustrated in Scheme 13.
Addition of inorganic salts like NaCl to this red dispersion We have employed sodium citrate in the photoactivation
makes the color change from red to blue. This is usually an process at room temperature under ambient condifiis.
irreversible change. Toshirffd and later on several other was seen that UV-activation produced a pidks ~ 520
authorg®3%344yeported a reversible color change responsive nm) sol when citric acid (to see the effect at lower pH) was
to pH and stabilizing ligand on gold nanoclusters. introduced in lieu of sodium citrate. Higher concentrations

Toshima et al. found that the colloidal dispersions of of citric acid (i.e., very low pH) corrode the particles as is
3-mercaptopropanoic acid (MPA)-protected gold nanoclustersevident from TEM studies (Figure 46). Sodium citrate and
show a reversible color change between red and blue NaOH offer perfect pH+8) and salt concentrations to render
depending on pH of the solutidf? The MPA-stabilized gold  stability to the particle ensembles. Again, after the formation
nanoclusters were prepared by reduction of HAuwgith of the blue sol, if it is treated with citric acid to decrease the
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%

Figure 46. Citric acid induced corrosion of blue gold sol. growth prior to melting, that is, a type of aggregate
Conditions: [HAUC}] = 0.23 mM; [CsTAC] = 4.5 mM; [citric “ripening”.1'® After DNA melting has occurred, the gold

acid] = 2.3 mM; irradiation time= 10 min. The irradiation was  plasmon resonance is centered at 520 nm, which is charac-
f;r%%%?gtovgw;hfg%&LA\r/nl('e?E%Eggﬁgﬂ'&gg&'SS'0” from teristic of dispersed 13 nm particles. These experiments

further demonstrate that sequence-specific hybridization
events, rather than nonspecific interactions, are affecting the
particle—protein assembly and that the aggregation process
T ok is completely reversible.

Schenning et & have demonstrated a principle for
organization of reversible inorganictonjugated nanopar-
ticles involving self-assembly of peripheratconjugated
ligands and inorganic nanoparticles. Oliggghenylene vi-
nylene) OPV, an oligomer with a disulfide moiety, was
sazilEaa | s isalilicaaizatzasi synthesized in two steps using literature procedures (Figure

TIC —> 48) 446 The OPV-functionalized gold nanoparticles (OPV-
Figure 47. Thermal dissociation curve of the 24-mer DNA linked Au) with different gold core sizes (diameteg, ~ 1.6 +
aggregates consisting of Au nanoparticles and streptavidin. The0.3 and 4.1+ 0.6 nm) were obtained via standard meth-
extinction coeffi'cient at SZQ nm was_monitored. as a fynction pf 0ds6447UV —vis absorption studies in toluene show an OPV
E?S:nggﬁu:gfvggg tggpsyorlil;]trll?nzg)voals ﬁ?féi?vgﬁ?r'med with permis- absorption band at 404 nm and a single isolated species
featuring a surface plasmon (SP) absorption band with a
pH to ~6 the blue sol turns pink, and from the TEM maximum atl ~ 525 nm indicating the presence of isolated

measurements, it seems that the particles did not have anyP@rticles. Im-butanol, however, itis found that the particles
particular shape. Again, regeneration of the blue color from sel_f—orgamze into larger structures in a r_everS|bIe manner.
the pink solution is possible by the increase of pH and Evidence for this comes from the observation of a red-shifted
subsequent UV exposure. This authenticates the reversible>P band of OPV-Au in butanol with a maximum/at- 720
blue—pink color transformation. From the UWis spectra, M- When the butanol solution is heated above’8the

it is seen that the blue sol does not exhibit any peak at 520 SP band shifts back to 525 nm, a spectral position similar to
nm; instead a peak appears at th850 nm region, but at  that found for toluene. Upon cooling, the SP band reappears
low pH conditions (with citric acid), the 650 nm band at 720 nm. The red shift could be ascribed to a reversible
disappears with the evolution of a 520 nm peak. Repetitive transition from nonaggregated to aggregated hybrid nano-
UV exposure of the pink sol at higher pH regenerates the particles. The red shift can be interpreted in terms of the
peak at 650 nm. This spectral change in this nanoparticle Mie scattering theory and results from coupling of the
system can be attributed to the reversible formation and transition dipoles associated with the SP band of metal
dissociation of aggregatésA decrease in the pH of the particles at close distané# This assignment is supported
solution results in the increase in interparticle distances within by dynamic light scattering experiments, which reveal the
the aggregate without dispersing the gold nanoparticles information of spherical objects with an average diameter of

Eqp 0.3

0.24

solution, and therefore, the solution shows pink color. 0.8 um in butanol that break up at a temperature above 80
Park et af® performed melting experiments on the °C (Figure 49). Remarkably, the transition from aggregated
streptavidin-nanoparticle aggregates based on -tiNé to isolated hybrid particles takes place in a very narrow

spectroscopy (Figure 47). Upon heating the aggregates, thdemperature window~10 °C), indicating a cooperative
extinction coefficient at 520 nm initially decreases, which nature for the aggregation process. Therefore, the present
results in a dip in the melting curve, and then abruptly examples show that the aggregation event among the gold
increases when DNA melting takes place and the particlesparticles can be controlled reversibly, even up to certain
are dispersed. This dip has been observed in the pure goldycles, by suitably monitoring the reaction conditions of the
nanoparticle system and has been attributed to aggregateassembling strategy.
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Figure 50. The effect of nanoparticle alignment and size on the -
rate of color change. Extinction ratios were normalized for
comparison. In the figure legends, “TT" denotes “tail-to-tail”
alignment. The two numbers following indicate the sizes of 00
nanoparticles used. The experiments were performed wjtM2 400 600 200 1000

17E at room temperature. The substrate concentration was 160 nM

for 13 nm nanoparticles, 120 nM for £35 nm mixed nanopar-

ticles, and 3 nM for 35 nm and 42 nm nanoparticles. Time- Figyre 52. UV —vis for MPF—Aunm assembly at ~ 4000 (blue)

dependent extinction spectra for the DNAzyme-assembled gold (gashed line, Ay). Inset shows kinetic plots for high (a, red) and

nanoparticles. Reprinted with permission from ref 450. Copyright |\ 1 (b, blue) for the increase of the Alas nmand decrease of

2004 American Chemical Society. Abssoo nm Reprinted with permission from ref 337. Copyright 2005
American Chemical Society.

wavelength (nm)

5. Effect of Physical Parameters on Aggregation _ o
aggregation kinetics. In contrast to the appearance of the

5.1. Nanoparticle Size Effect surface plasmon resonance band at 520 nm for gold nano-
particles?®* a new SP band for MPFgold nanoparticles

It has now been investigated that optical properties of a assemblies in the agueous solution was found680 nm

Eﬁnmobpearrgglﬁ aa:wgogrgr%ﬁ:tligﬁ ?hoemalnatrid gg’éﬁ'ffm'gfgig"f thefFigure 52). The spectral evolution is indicative of the change
pa : ggregate: : in interparticle distance and dielectric medium proper-
developed a colorimetric sensor based on the fur]damemalties.“52’453The nanoparticle solution showed a gradual color
qnderstandmg of the DNAzyme blpchemg[ry and hanopar- change from red to purple as a result of the assembly. At
ticle science for the fast detection of bat ambient ~ 4000 (pH 5), the increase of absorbance for the new band

temperature. They have studied the nanoparticle size effectat ~680 nm was accompanied by a decrease of the 520 nm

on the process of aggregation and demonstrated that larg T . -
(42 nm diameter) nanopatrticle size is the major determining%and' The reactlwtyrls evidenced by the klnetlc_:s of the
: ; S . absorbance data far~ 4000 (a) and~ 2000 (b) (inset).
factor in allowing the fast color change in this sensing event. Both showed an exponential rise for the 680 nm band and
Figure 50 shows that the rates of color change were ; . .

: : ; decrease for the 520 nm band, with a clear difference in
progressively faster for larger gold nanoparticles in com- ; " .

; eaction rate. At the lowar, the purplish color of the solution
parison to the smaller Ones. Thus, to a_ccelerate the rate O]{emained for 2 days before precipitation, whereas precipita-
_cr?llor (;hang(ta), nanppart|cle§IW|th Iz_ilrgelr_ Sizes were gn;ployed.tion occurred within a day for particles with the higher

erefore, by using a “tail-to-tail” alignment and larger L - . -

. . ortantly, the distinct isosbestic point observed around
nanopart_lcles, a room-temperature aggreganon-basec_j sensdqu%o nmyindicates the presence FC)Jf two light-absorbing
was designed. An observa_tlon c_omplementary to this WaSSpeCieS at equilibrium (i.e., gold nanoparticle and MPF
noted by Aslan et #2° They investigated the role of smaller Aun assemblies) o
gold particles to design a glucose sensor (Figure 51) and” "™ '
explained the complexity when working with smaller nano- 5.3. Effect of pH

particles.
The interparticle spacing in Au assembly mediated by MPF

5.2. Effect of Ligand Concentration was also found to be tunable by pH. On the basis Kf p
The molar ratio of ligand-to-metal for the synthesis of values for citric acid (K. = 3.1 (a), 4.8 (&), and 6.4 (g***
nanoscale building blocks has a significant effect on the and piperazine (. ~ 4.2 (a) and 8.4 (8)**° groups, the
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Figure 53. pH-tuning of MPFAu,m assembly and disassembly. it i i

UV —vis spectra for Auy, (dashed line), MPF AU, assembly at 0 0 O IS IR L S

pH 5 (a), MPFAun, upon changing pH to 10 (b), MPFAUnm time (min)

upon changing pH to 7 (c), and MPfAu,m upon changing pH to

2 (d). Each curve was taken after 30 min. Reprinted with permission Figure 54. Time dependence of the shift of the maximum of the

from ref 337. Copyright 2005 American Chemical Society. surface plasmon band for AUMPC 2 in TFE upon addition of HCI
(final [HCI] = 37 mM, 25°C). Reprinted with permission from

electrostatic interaction involved at least two of the depro- "€f 428. Copyright 2002 Elsevier.

tonated -COOH groups in citric acid and one protonated the solution. Furthermore, a careful analysis of the spectra
piperazinyl (-NC4HgN"HCH;) of Ceo at pH~ 5. Indeed,  in the SP band region during the kinetic process reveals two
when pH is increased to above 8, no apparent spectralgistinct behaviors: in the first period of time, there is a shift
evolution was observed. The control of pH was found to of the maximum to longer wavelengths without change of
tune the assembly and disassembly processes effectivelfhe extinction coefficient; at longer times, the extinction
(Figure 53). Upon increase pH from 5 (a) to 10 (b), the SP coefficient decreases. Recent simulatiéfisdicate that such
band shifted from~580 nm to the wavelength (b) approach- 5 shift of thetspwithout decrease of the extinction coefficient

ing the SP band for Au nanoparticles, indicating the s associated with a clustering of the nanoparticles resulting
disassembly. This assessment was indeed evidenced by thgy an aggregate.

lack of any nanopatrticle clustering feature in the TEM data.

As illustrated in Figure 53, the pH-tuned disassembly is due 5 5, Temperature Effect

to the absence of electrostatic interactions between MPF and

Au nanoparticles because MPF is neutral whereas citrate is  S€lf-assembly processes are governed by a balance of
negatively charged. This process was reversible as evidence@ntropic and enthalpic eﬁgcts, making them very temperature
from the SP band shifting to its original position with the dependent. Rotello et & presented a polymer-mediated
decrease in pH to~7 (c). At pH ~2 (d), irreversible .bncks and mortar strategy for.the ordering of nanopatrticles
precipitation and long wavelength broadening of the SP bandiNto structured assemblies. This methodology allows mono-
were observed as a result of instability of the citrate capping 'ayer-protected gold particles to self-assemble into structured
on Au nanoparticles at low pH, which was supported by aggregates yvh|le thermally cont_rolllng thelr_ size and mor-
TEM observation of larger aggregates in which individual Phology. Using 2.0 nm gold particles as building blocks, it
nanoparticles could hardly be identified. The pH-dependent h@s been demonstrated that spherical aggregates of size 97
change in optical properties has implications for controlled = 17 nm can be produced at Z& (Figure 55a). This
release of molecules from the nanoparticle assembly, an aredémperature dependence is manifested by more efficient

of importance in controlled drug release. recognition processes at lower temperatdféshich would
be expected to yield larger aggregate structures. Investiga-
5.4. Solvent Effect tions of temperature effects on the preparation of the

aggregates yielded results consistent with this prediction.

The solvent effect on the position of the surface plasmon TEM micrographs of the precipitate formed at20 °C
band of tri(ethylene glycol)-functionalized gold nanoparticles revealed the formation of microscale (Gt51 um) discrete
was investigated by measuring the YVis absorbance  spherical particles (Figure 55b), consisting of-@0) x 10°
spectra in the 300750 nm range in an extended range of individual thymine-Au units. These microscale particles are
alcohols with different polaritie®® Alcohols were chosen  among the most complex synthetic self-assembled structures
as solvents for specific interactions of the@OH terminus known, demonstrating the thermal control of aggregate size
and the oxyethylene chain that could lead to marked effectsusing the “bricks and mortar” methodology. In addition to
on the optical properties of gold particles. The time- controlling the size of the aggregates, temperature strongly
dependent shift of the SP band to longer wavelengths wasaffects the morphology of the resulting ensembles. At 10
attributed to the acid-induced clustering of the nanoparticles °C, networks were formed (Figure 56c), as opposed to the
into aggregates. The kinetic plot of Figure 54 shows the discrete structures observed at higher and lower temperatures.
occurrence of such a transition as a function of the time for This suggests that network formation is an intermediate
trifluoroethanol solution. Similar kinetics could be recorded process in the formation of the giant assemblies 20 °C.
for the other alcohols. The processes follow first-order The individual assemblies within these networks remained
kinetics although the final wavelength continues to drift with spherical, although their sizes are more highly dispersed.
a much slower kinetic regime. While during the first process Thus, the degree of ordering and the control of particle size
the solutions remain limpid, during the second one, large and shape, coupled with the inherent modularity of the
gold colloids are formed that eventually precipitate out of “bricks and mortar” colloig-polymer self-assembly process,
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a s : 6. Stabilization of the Nanoscale Aggregates

6.1. Derjaguin —Laudau —Verwey —Overbeck (DLVO)
- Theory

The classical DerjaguinLaudau-Verwey—Overbeck
(DLVO) theory has been widely employed in colloid science
to study particle-particle interactions, colloidal stability,
coagulation, sedimentation, filtration, and the behavior of
the electrolyte solution®® 461 This theory is based on the
- idea that pairwise interaction forces, which arise from the

1000 50 nm interplay of attractive van der Waals forceBay, and
b repulsive Coulomb forces;p, screened by DebyeHiickel
ion clouds, dominate. Obviously, the dispersed colloid is
stable forFep > Faw, Whereas the condition d¥ep < Faur
leads to aggregation.

The classical DLVO theory states that the total interaction
potential between two gold nanoparticle¥t) can be
expressed as the sum of electrostatic repulsi\@nrd and
the van der Waals attractioW,(,):45845°

+ Vvdw (52)

Vy =

elec

50 nm Depending on the particle size and the double layer thickness,
the electrostatic repulsion potentidlee, between two
colloidal particles of radiR; andR, can be expressed in the
following two different forms?6°

R1R2
. e R +R,
(in the case okR > 5) (53)

ke T
Verec= 4TeRIRY,Y,| =2~

Vo= dretpy’ In[1 + exp(«X)]

exp«x)
X+R +R,
(in the case okR < 5) (54)

—
50 nm

Figure 55. TEM image of polymer 1-Thy-Au aggregates formed

at different temperatures: (a) 2& (inset shows representative 1006°N (21 12
self-assembled micropatrticle), (620 °C, and (c) 10C. Reprinted K= A (55)
with permission from ref 356. Copyright 2000 Macmillan Maga- ek T
zines Ltd.

y 8 tanhéyy/(4ksT) .
represent a powerful and general strategy for the creation of ' 2R +1 12 (56)
highly structured multifunctional materials and devices. - mtanﬁ(ewo/(%ﬂ)
5.6. Effect of Reaction Time wheree is the permittivity of the mediumyy, the potential

at the particle surfaces the inverse Debye lengttx the

In section 3.2.2, it has been reported that dextran-coateddistance of closest approach between two colloidal particle
gold colloids could be aggregated with concanavalin A in a surfacesethe electronic chargég the Boltzmann’s constant,
controlled fashion, and the change in absorbance at anT the temperatureé\a the Avogadro number, aridhe ionic
arbitrary wavelength was used to monitor the extent of strength of the solution. The potential at the particle surface
aggregatiorf?° In this experiment, the time to complete the can be estimated from thepotential measurements.
aggregation process was also investigated for the same set Assuming the particles to be spherical and the surface
of samples (20 nm gold colloids) by monitoring thé\sso potential and the backgr(_)und ionic strength to be constant,
as a function of time (Figure 40). As expected, samples with the van der Waals attractlorl po};”tde’ between the two
greater additions of Con A showed a decrease in 90 Particles can be calculated*®s
absorbance (of the final absorbance maximum value) with

time, simply reflecting a quicker aggregation rate (Figure _ ﬁ 2RiR, 2RR _
40, right). Therefore, for all subsequent studies, the ag- "' 6|d®— (R, +R)? - (R, —R)?

gregates were allowed to form well past their 9Q¥Ass0 5 2
value before use. Indeed, for glucose additions to the d°— (Rt R)

(57)

nanoaggregate sensors for sensing, MAgso values are n 4 - (R, — R )2
quoted due to equilibrium between dextrgbon A and ! 2
glucose. The van der Waals interactiorV,q,, is the dominant
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attraction and is dependent on the particle ré&diand Ry, Table 3. Input Parameters Used for DLVO Calculation and the
the center-to-center separation distanib@nd the Hamaker ~ Stability?
constantAy, which plays an important role in the description Hamaker ionic surface
of attraction energy between the particté’s!%3The Hamaker constant strength potential
constant Ay) of gold particles from literatuf&4%4varies in sample (10%9) (10 M) (mv)
the range (+4) x 107 J, so the average value, 25102, A before 25 6.10 —52.72
Jis used. The Hamaker constaAt) can be represented by after 25 7.10 —41.38
the equation B before 2.5 4.16 —43.10
after 2.5 5.16 —34.86
C before 2.5 3.66 —41.36
Ay = (VAL — VA’ (58) after 2.5 4.66 ~34.71
D before 2.5 3.26 —32.65
where, the subscript 1 in the Hamaker constant refers to £ gfé?c:re 2255 452()68 —gg-jg
particles of the same material separated by a continuous after S 208 5617

medium, which is represented through subscript 2. In eq 58,
the termAy; represents the gotegold nanoparticle interac- 2 Reference 473.
tion, taken here as 458 1072° }*65> and A, corresponds to

the solvent interactioff® These values of\;; and Ay, can . . . e
be calculated using the Lifshitz theory for two identical colloidal phenomena engendered by dispersion (Lifshitz

materials interacting across a vacuum. van der Waals) forces and electrostatic interactions.

In the case of metal colloids dispersed in organic solvents, The classical DLVO theory is used to rationalize the effect
another important effect that can contribute to the total Of stabilizing ligand shell on the stability of colloidal
interaction energy is the repulsive forces due to overlapping Nanoparticles. Nanoparticles are stable in solution due to
of the long-chain capping material covering the metal €lectrostatic repulsion of their charged surface. Lack of
nanoparticles and their interactions with the surrounding sufficient surface charge or stabilizing agent will cause the
solvent molecules. These interactions can be modeled as aparticles to aggregate or precipitate. Gold reduced by sodium
osmotic repulsionVesm?? which depends on various ther-  Citrate produces nanoparticles with citrate ions adsorbed onto
modynamic properties of the system, such as the solubility the particle’s surface, creating a surface charge that stabilizes
of the capping molecules in the solvent, and the systemthe particles* In the citrate-reduced gold nanoparticle
temperaturé®’-468 Assuming tight size distribution between system, electrophoretic mobilities and ion conductances are
the particles, that isR; = R, = R, the osmotic repulsion, used to estimate the electrokinetic properties and colloidal

Vosm Can be presented by stability of the particles, and the effect of the citrate
concentration on the final particle size could be explained

_ARKT 1 h\2 by DLVO theory#¢1t has also been seen that the interparticle

osm Veons ¢ (E_X)(l _5) (59) interaction of gold nanoparticles can be manipulated to

. } control the final aggregate siZ2€ The gold nanoparticles
wherekg is the Boltzman'_s constantsoy is th_e moleculf’:lr of variable sizes were prepared by the citrate reduction
volume of the solvert}® ¢ is the volume fraction occupied  procedure and the interparticle interaction of these particles
by capping molecules is the Flory-Huggins interaction a5 manipulated by the addition of benzyl mercaptan ions
parameterl is the chain length of stabilizing molecules, and 5 replace the citrate ions on the particle surface. The
hrepresents the interparticle separation distance. The volum&nierparticle interaction potentials between two particles can
fraction and Flory-Huggins interaction parameter can be pe cajculated as a function of their separation from eg 52
calculated from 57. The input parameters used in the calculation are
summarized in Table 3. Figure 56 shows the change in the
¢=0. i (60) interaction potential of the gold nanoparticles after the benzyl
(R+ |)3 R mercaptan addition. Before the addition of mercaptan ions,
7 the gold particles are colloidally stable since the energy
x =_3(33 — 82)2 (61) barrier is high enough to prevent aggregation. Upon the
R'T addition of the mercaptan ions, the energy barrier is lowered
significantly (O min in Figure 56), leading to destabilization
h=d-2R (62) and subsequent aggregation of the particles. The benzyl
mercaptan can decrease the energy barrier by both lowering
In eq 61,75 represents the molar volume of the solvéfit,  the surface potential of the particles and increasing the ionic
R' the ideal gas constant, amthe Hildebrand solubility  ggrength. As time elapses, the energy barrier increases,

parameters, in whichs corresponds to solvent solubilfty suggesting that some of the aggregates could become stable
andod; is related to the solubility of the capping agéfit. again. Another neutral ligand, pyriditi€ can also be used

. — . to disrupt the surface of citrate ions causing particle
6.2 Ra.tlonal'zatlon of DLVO Theory in the aggregation. Since there are no species in solution to generate
Formation of Gold Aggregates sufficient surface charge on the forming particles, the

The phenomena associated with the interactions of col- Particles will aggregate. Recent small-angle X-ray scattering
loidal particles have been studied for decades in innumerableon gold particles produced by reduction of HAW@ith NaS
ways. The merits of using DLVO theory to assess colloidal also show clear evidence of aggregatés:®
phenomena in real systems have also been debated a great Several authors have shown that addition of sodium
deal over the past six decadé.in essence, the DLVO chloride caused aggregation because of screening effect of
theory is a tool that provides a perspective from which we the electrolyte ions. In many cases, cationic surfactant causes
can understand the qualitative characteristics of complexaggregation by neutralizing the negative charge on the
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Figure 56. Change in the interparticle interaction potential after the benzyl mercaptan addition (numbers indicate the time in minutes after
the benzyl mercaptan addition). Reprinted with permission from ref 473. Copyright 2005 American Chemical Society.

nanoparticle surface. On the other hand, in the case ofparticles were used as substrates to provide the symmetry-
metallic nanoparticles dispersed in organic solvent stabilized breaking mechanism necessary for colloidal assembly of
by long-chain cationic surfactants, addition of glutathione these small nanoparticle aggregates. The distance between
(a biomolecule consisting of amino acids, namely, glutamic aggregated gold nanoparticles was primarily controlled by
acid, cystine, and glycine) induces aggregation among thea molecular linker, which covalently attached the constituent
gold particles by replacing the surfactant molecules from the nanoparticles to each oth&?.The growth scenario for these
surface of metal particleg? aggregates is quite different from the recently reported

A two-stage assembly strategy uses polyhedral oligomeric absorption of colloidal aggregates formed in solution onto
silsesquioxane units functionalized with hydrogen-bonding silica nanoparticle surfaces in certain solvent mixt4fé$he
recognition units to assemble gold nanoparticles into discretebifunctional molecule 4-aminobenzenethiol might simply be
aggregate$’®> Diamidopyridine-functionalized POSS units reducing the surface charge of the gold nanoparticles by
undergo an initial hydrogen bonding interaction with comple- replacing citrate ions. The adsorption of gold nanoparticles
mentary thymine-functionalized gold nanoparticles followed on planar substrates reduces the electrostatic repulsion
by subsequent aggregation and crystallization of the POSSbetween nanoparticles themselves and allows more gold
moieties producing well-defined, spherical, hybrid aggregates nanopatrticles to react with the functionalized surface.
of varying size, featuring uniform interparticle spacings. . . L

A symmetry-breaking mechanism has also been proposed/- Nanoparticle Growth and Aggregation Kinetics
to explain the stepwise molecular assembly of small, Aggregation processes in colloids have been the subject
controlled aggregates of gold nanoparticl®sSilica nano- of numerous experimental, theoretical, and computational
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studies?’”482 When any nucleus is formed in a colloidal 1.E+05

solution, it may have several possible fates: redissolution, 8.E+04

ripening, coagulation, or stabilizatid® The greatest practi- BELO4

cal challenge is to prevent coagulation. Even in the absence

of van der Waals interactions, Brownian encountersq10 e

s} are frequent enough to cause aggregation between the g 280 /’h—\
particles within a few seconds. To prevent rapid and > 0E+00 - — : : .
irreversible coalescence and consequent loss of all size- ewvis M) D D N A< S~
dependent features, the particles must be arrested in the early CEini

stages of particle formation. Metal sols are often stabilized

in solution by the presence of a charged double layer S

surrounding each colloidal nanoparticle that produces a BE+04

Coulomb barrier to aggregation. Sols consisting of metal Interparticle distance, r

nanoparticles stabilized against aggregation have been knowrFigure 57. Potential between two charged nanoparticles as a
for the last two centuries. As previously mentioned, a sample function of the interparticle distance. Both ordinate and abscissa
of the gold colloid prepared by Michael Farady in the late are in ar:bltrary units. Reprlﬂted. W||th permission from ref 480.
18th century is still on display in the Faraday Museum of COPYright 2005 American Chemical Society.

o g . s X
the Royal Institutiorf? Its purple/violet color is immediate the colloid results from the potential barrier developed as a

visual proof of the reluctance of the gold colloidal particles ¢, of the competition between van der Waals attraction
to aggregate into a more massive gold sample despite the

A X and Coulomb repulsion, the short-range potentfal,term
strong therm]cot?]yngr?llc |mptl_JIse toddt;) Stﬁ driven both dbthhe in the above expression could be neglected because it
e;<ct)§rg|C|¥o fe ulkreac |9|_r;]an ythe ensj[llf]'ng reduc 0N contributes negligibly in the neighborhood of the potential
terms that go the other way, such as the entropic contnbution T2muUM. The height of the bafiekins, depends ap-
to the strgcture of Watgr’ in the neighborﬁmod of the pro_>(<j|_mately on the (averalge) nurgbar,,of_ s_urfa(r:]e charges
nanoparticles that is increased upon aggregation; but these{f,j:J emgf\(/) n +avnins(i)r? aréli%e |2Sc§|ceJﬁg ning the maximum
effects are smaller in magnitude. The stability of most of 2 3 9 P
these sols is largely a kinetic effect due to the large
Coulombic repulsive barrier resulting from the localization
of the charged particles on or near the nanoparticle’s
surfacet’”-47 making the effective charge on the nanoparticle ~ Aggregation occurs rapidly whéaxis not too large with
nonzero. It has been known for sometime that the addition respect t&sT. The height of the barriekmax, can be reduced,
of ionic or neutral species to a stable sol can result in the and thereby, aggregation can be encouraged, by replacing
destabilization of the colloid through one of a number of the charged species on the surface with uncharged species.
mechanisms, which may vary according to the concentration The number of charges remaining on the nanoparticle surface

V,

max

= 0.5828 (N%ee,)®" (67)

of the added material. will be the difference between the numbers of charges
A simple treatmer® of the potential governing two  originally residing on the nanoparticle’s surface less the
charged colloidal metal particles proceeds as follows. number of charges displaced by the uncharged adsorbate

(1) At very small distances, there would be a short-range molecules actually adsorbed at the nanoparticle’s surface.
repulsive potential \(;) between two colloidal particles ~Such a displacement will occur if the binding energy of the
(assuming the particles to be spherical), which is ap- uncharged adsorbate is greater than that of the charged

proximately given by surface specie¥!~4% _
Adsorption of ions and molecules on the surfaces of solid

V=B/Ir" (63) particles is a critical step in crystal growth, surface catalysis,

and many other physical and chemical phenonf&hés® As
where,r' is the center-to-center distance between the two the dimensions of the particles shrink into the nanometer
particles anch an exponent that normally lies in the range range, the surface plays an increasingly important role in

of 9—-13. controlling the overall energy of the particl#8. The
(2) The van der Waals attractive potential between the two thermodynamic driving force for adsorption at a surface is
particles can be presented by an equation of the form typically described using the concept of free energy. The
overall free energy change for adsorption from solution onto
V, = CIr'® (64) a surface is a function of the chemical composition and

structure of the solid, as well as the nature of the solution.

(3) Finally, if it is assumed that the surface of the colloidal For a fixed set of solution parameters, however, the influence

particle accommodaté$ species each carrying an electronic of particle size on the adsorption can be described thermo-
chargeg, there will be a Coulomb repulsion term of the form  dynamically by an adsorption coefficiert{;), which can

be determined experimentally by measuring the extent of

V= Nzezl(eor') (65) surface adsorption as a function of solution concentration.

Nanocrystalline materials fall into a regime where classical

wheree is the dielectric constant of the ambient. thermodynamics begins to overlap with atomistic lattice-
Now, the overall potential is given by based theories for understanding physical and chemical

behavior. The relationship amotGgs surface free energy,
V=V, +V,+ V,=BIr"+ CIr'® + N°é/(¢,r')  (66) and crystal size can be defined using a classical thermody-
namic approach. To describe the influence of particle size
and has the form shown in Figure 57. Since the stability of on adsorption at particle surfaces, a simple Langmuir-type
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adsorption isotherm can be employed. In the Langmuir by replacing the charged surface species with uncharged
isotherm, the probability of a molecule adsorbing at any adsorbate. These underlying physicochemical approaches
surface location is independent of the total surface coveragehave been found to exhibit the observed level of agreement
and dependent only on whether the specific adsorption sitewith experiment.

is already occupietf® For particles of a given size, the

Langmuir isotherm is 8. Modeling Nanoparticle Aggregation
K.adll Aggregation of colloidal dispersions has been a research
= maxm (68) topic of great relevance in colloidal science because various
ad

industrial applications involving colloidal dispersions require
a controlled aggregation step to obtain the desired final
products'®® Thus in the last 20 years, a large number of
experimental and theoretical studies have been carried out
aiming at understanding the physical principles of the
aggregation phenomen¥.

Several experimental techniques, such as light, neutron,
and X-ray scattering and electron and confocal microscopy,
have been applied to investigate colloidal aggregations. These

where [I] presents the activity, that is, the effective concen-
tration of the adsorbate in the solutidd,is the number of
molecules adsorbed per unit surface area, ldpg is the
maximum number of molecules per unit area that can be
adsorbed, which is limited by the number of available surface
sites. The adsorption coefficienK,qs can be calculated
thermodynamically using

AGZ) studies have clarified that there exist two well-defined
Kags= €XQ — | (69) aggregation regimes under stagnant conditions: the fast or
R'T diffusion-limited cluster aggregation (DLCA) regime and the

slow or reaction-limited cluster aggregation (RLCA) re-
gime#% The two regimes are characterized by structural
differences as RLCA regime aggregates are more compact
than the DLCA regime aggregates. From the modeling
erspective, several approaches, such as Monte Carlo
imulations, Brownian dynamic simulations, and the kinetic
approach based on the population balance equations, have
been applied to describe these aggregation processes. The
main objective of using Monte Carlo simulations is to
reproduce the fractal structures of the formed clusters rather
than to model the time evolution of the cluster mass
istribution. Brownian dynamic simulation allows one to
investigate the real-time evolution of both structure and mass

whereAGZis the free energy change of adsorpti®the
universal gas constant, aiidhe absolute temperature. Since
at equilibrium the surface coverage by adsorbate is dependen
on the concentration of adsorbate molecules in solution
through the isotherm, the charge on the nanoparticle’s surfaceg
will be a function of the concentration of adsorbate in
solution.

The number of adsorbed moleculdd,ys at a given
equilibrium concentrationm, of adsorbate in solution is given
by an equation in whichp is a temperature-dependent
constant. The number of molecules adsorbed per unit surfac
areaN, which is equal td\Nmax — Nags IS therefore given by

N of the clusters, but it requires an enormous computational
= __ max (70) time so that only smaller size systems can be dealt with.
1+pm The kinetic approach based on the population balance

N . equations allows one to investigate the time evolution of the
Substitution into eq 67 produces the equation cluster mass distribution without limitations in the size of
V. the aggregating system, although it does not provide any
= 0 (71) information about the cluster structure.
(1+ﬁm)12/5

where Vo = 0.5823 ~USN,,.i2%1%5,-55, The barrier to 9. Optical Response of the Aggregates of Gold

dimerization of the particles will therefore be a function of Nanoparticles
the concentrationm, of adsorbate molecules in solution. There is abundant literature covering the science and
Metal sols normally aggregate through two global (nano- technology of gold nanoparticles, particularly with respect
particle-concentration-dependent) mechanisms. First, ag-to their optical propertie&.”>Much of the interest has been
gregates can be formed primarily through the addition of focused on plasmon resonances of dilute suspensions of
single nanoparticles to a growing cluster, that is, cluster spherical particles, which usually show a violet color.
particle aggregation, and second, clusters of all sizes canHowever, when individual gold nanoparticles come into close
assimilate into larger clusters, that is, clusteluster ag-  proximity to each another, the color in transmission becomes
gregatiorn’®? An aggregating colloid can switch from one bjlue. The color change that follows from aggregation of gold
mechanism to the other depending on the number of depletechanoparticles has found innumerable applications. Thus,
nanoparticles in the solution. Whatever the overall process metal nanoassemblies offer exciting opportunities for ma-
governing aggregation, all aggregation processes begin withnipulating light at the nanoscale via morphology-controlled
the formation of a nanoparticle dimer from two isolated resonances associated with surface plasmon modes. When a
nanoparticles. The rate constakt,describing the process metal nanostructure is subjected to an external field, the
of dimerization will be related to the aggregation barrier detected signal is determined by a superposition of the
height, Vimax, as driving field with secondary (re-emitted) fields associated
B B 15 with induced SP oscillations. Because of the coherent nature
k=k,e Vial(keT) — ke Vol(kaT(L + Am)™23) (72) of this superposition, the total field is strongly dependent
on the phases of plasmon oscillations. The phase manipula-
Equation 72 predicts very specific adsorbate concentrationtion can be used, in particular, for controlling the spatial
dependence for the initial rate of aggregation of metal sol distribution of SP modes. Therefore, the properties of the
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) ) ) ) and 84 nm. Reprinted with permission from ref 497. Copyright
Figure 58. Electrodynamic modeling calculations for gold nano- 2003 American Chemical Society.

particles. Change of extinction spectra for 20 nm diameter particles
with interparticle distances. Inset is the peak shift vs interparticle
distance. Reprinted with permission from ref 495. Copyright 2004
American Chemical Society.

Wavelength(nm)

maximum. At the other extreme, when the interparticle
spacing exceeds about 5 times the particles radiussR),
classical single-particle Mie theory should apply.

Su et al*®” have investigated the coupling between pairs
of elliptical metal particles by simulations and experiments.
In this investigation, they have focused on the effects of near-
9.1. Theoretical Calculation field interpartiqle coupling on the particle plasmon reso-

nances, especially the shift of the plasmon resonant wave-

Although, Mie theory has traditionally been developed for length as a function of particle separation. As expected, the
the calculation of extinction spectra of single particles of experimental and simulation results indicate that the resonant
highly symmetric shape and appropriate size range, in reality,wavelength of two coupled particles in close proximity is
a suspension of particles often has an aggregate structure o$ignificantly red-shifted from that of the individual particles.
complex morphology. The complexity of the resulting Figure 59 shows the resonant wavelength shift as a function
multiple scattering and interference effects cannot be readily of the center-center spacing between two particles for two
modeled by simple Mie theory. In these calculations, the different particle sizes. The peak shift decays rapidly with
external plane wave incident on one particle is superimposedincreasing particle spacing, reaching zero when the particle
by the near-field Mie scattering fields of all neighboring spacing exceeds certain distances, indicating the diminishing
clusters. Therefore, the absorption cross-section of an ag-of the near-field plasmon coupling between these two
gregate of gold nanoparticles was calculated for a range ofparticles. It is also found that the exponential decay of the
wavelengths, and a dispersion relation for gold was generatedoeak shift with the particle gap is size-independent because
by fitting the real and imaginary parts of the index of the shift and gap are scaled, respectively, by the peak
refraction. Theoretical calculations reveal that the distance wavelength and particle sizes. The scaled decay function is
between gold nanoparticles, aggregate size, and the polarizaparticle-shape-dependent in the sense that the decay length
tion direction has significant influence on the predicted depends on particle shapes. These reductions in peak shift
extinction spectra as follows. drop to zero when the gap between the two particles reaches

The distance between gold nanoparticles, either as discreteabout 2.5 times the particle size. The enhanced electric fields
particles or as aggregates of varying size, has a significantare confined within only a tiny region of nanometer length
influence on the absorbance spectra of gold nanopartifles. scale near the surface of the particles and decay significantly
Figure 58 depicts the calculated absorption spectra forthereafter. This localized field enhancement provides a field
clusters of two spherical gold nanoparticles=€ 20 nm) gradient that is much greater than that of any far-field optical
with different separation distance. Highly dispersed gold tweezers; therefore, it may be possible to trap single
nanoparticles (effectively considered as single particles) in molecules or other nanoparticles in regions near an elliptical
solution should exhibit only a single peak (Figure 58, dotted metal nanoparticle or tfi§ 5% or between two nanopar-
line), while linked gold particle pairs (or larger aggregates) ticles®®? The reduction in the peak shift and scattering
show two absorbance maxima. The frequency and intensityintensity with particle spacing reflect the decay of the field
of the aggregated system depend on the degree of aggregatiodistribution between the particles, which plays a key role in
as well as orientation of the individual particles within the particle plasmon applications, such as, SERS":502.503nd
aggregate. The first peak, located near the resonance peakano-opticg?5:504.505
for single particles, is attributed to the quadrupole plasmon The plasmon hybridization method has been developed
excitation in coupled spheres, while the second peak at ato investigate the plasmon frequencies and optical absorption
longer wavelength is attributed to the dipole plasmon spectra of nanosphere dim&f°7and larger multiparticle
resonance of the gold nanoparticf€s.The oscillating aggregate®8509pPlasmon hybridization allows us to express
electrons in one particle feel the electric field due to the the fundamental plasmon modes of these multinanosphere
oscillations in a second particle, which can lead to a collective systems as linear combinations of the plasmons of individual
plasmon oscillation of the aggregated system. As the nanospheres in a manner analogous to molecular orbital
interparticle spacing decreases, the first peak becomes weaketheory. It has been shown that the dimer plasmons can be
while the second peak intensifies and shifts to longer viewed as bonding and antibonding combinations, that is,
wavelengths. The maximum peak shift is observed if the hybridization of the individual nanoparticle plasmons. In the
interparticle distance approaches zero, at which point the plasmon hybridization method, the conduction electrons are
electrodynamic interaction between the nanoparticles is at amodeled as a charged, incompressible liquid sitting on top

aggregates of metal nanoparticles would be explored from
theoretical and experimental perspectives.
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of a rigid, positive charge representing the ion cores. For
large separation distance, the shifts of the dipolar dimer
plasmons essentially follow the interaction energy between C“‘““ ~ A
two classical dipoles (@#). As d becomes smaller, the shifts i ]
of the dipolar dimer plasmons become much stronger and
vary much faster withd due to the interaction and mixing
with higher multipole oscillations. It has also been shown

Snm \I
Al
that calculating the energies of plasmon resonances of “‘J/x/\/ \
gt el

Au particles with different sizes

Absorbance(arb.unit)

complex metallic nanoparticles is equivalent to calculating

the electromagnetic interactions between plasmons of nano- —— -x&__ el ol
structures of simpler geometry. For example, the calculation 400 500 600 700 800

of plasmonic properties of the symmetric nanosphere trimer
andf.quadr.umer has shown that t.?.e Flasmon ques of eﬁcr?:igure 60. Electrodynamic modeling calculations for Au nano-
configuration are symmetry-specific linear combinations o particles. Influence of gold nanoparticle diamete) on the

plasmons from the individual particles. This leads to higher extinction spectra at fixed (0.5 nm) interparticle diameter. Reprinted
energy plasmon modes being excitable by light at closer with permission from ref 495. Copyright 2004 American Chemical

separations, but because the energies lie close to each othefociety.
broadening of the peaks will obscure some of these energies.

Wavelength{nm)

Thus, the plasmons of a complex nanoparticle result from el 612516 819)
hybridization of the plasmons of individual nanoparticles, " Omwan®) QO0O00 7(\\
and the strength of the hybridization depends on the geometry E | _m 1 0ooco/ X/ \\
of the composite particle. £ gﬁ / OOO.f"\,"' ;S. \\

It is now well-established in the literature that the g T/ 00 ;; /A \
absorption of a single spherical cluster is described as due g 01234567 [/ L5
to a dipole induced by the external electric field. If other < Mimbar of A1 paricla % N\ \\
clusters are nearby, the total electric field results from p— \\ \\
superposition of the external incident field and the dipole e
fields of all other clusters. Electromagnetic coupling of 400 500 600 700 800

clusters becomes effective for clusteluster distances

smaller than 5 times the cluster radius and may lead to _. | d . geli lculations f Id
licated extinction spectra depending on size and sha Figure 61, Electrodynamic modeling calculations for gold nano-
compli p p g pepartlcles. Extinction spectra of “line aggregates” of varying number

of the formed cluster aggregate by a splitting of single cluster (d = 40 nm,s= 0.5 nm). Inset is the peak shift against the number
resonance. In this case, it can be assumed that the effect 0bf gold particles in the line aggregate. Reprinted with permission

polarization has a great influence on the aggregate formation.from ref 495. Copyright 2004 American Chemical Society.
Since larger particles are more polarized than the smaller
ones, theoretical calculations show that the electrodynamics
corrections include the leading terms in the equation below
in which the left- and right-hand sides are expanded in F=(1-%.ik3a — K -1
) = o /(Ro 75
powers of 11, and then the result is averaged over the ( 8 (Ra)) (75)
particle volume. The lowest order term is, of course, the t js to be noted that the radiative damping contribution to
eleCtI’OStatIC SOIU“O”. For Sphe”cal partlcles W|th pOlarlzatlon the Correction factor is proportiona' to the product of the
P, the next higher order corrections involve rewriting the polarizability. The dynamic depolarization term is propor-
equation as tional toa/R (proportional to the particle area) timigs Thus,
the higher order multipole modes become effective when
P = a[E,,c + Ead (73) the particles are in close proximity to each other.
In Figure 60, the interparticle distance is fixed at 0.5 nm
for gold nanopatrticle pairs (corresponding to the molecular

Wavelength(nm)

both these terms is to produce a modified polarizatiyrof
the particle multiplied by the following correction factor:

where the radiative correction fieléaq is length of the stabilizing ligand, cysteine in the present
experiment). With an increase of the particle size from 5 to
Eg= /3ik3P + K4(RP) (74) 40 nm, two distinct peaks develop from a broad single feature

of intermediatelmax The effect of aggregation was simulated
. . . . o . using a linear chain or “linear cluster” modé?.In reality,

whereRis the particle radius. The first term in this expression agqregates of different shape and size are likely to be present
describes radiative damping that arises from spontaneousp the solution, but as a first approximation, their tendency
emission of radiation by the induced dipole. This emission to aggregate and their scattering characteristics can be
grows rapidly with particle size, eventually reducing the size simulated and calculated using this model.
of the induced dipole and increasing the plasmon line width.  Figure 61 shows the calculated absorption spectra for linear
The second term comes from depolarization of the radiation aggregates of gold nanoparticlas € 40 nm), where the
across the particle surface due to the finite ratio of particle light polarization direction is oriented parallel. A systematic
size to wavelength. This dynamic depolarization term causesbathochromic shift inAma is expected with increasing
red shifting of the plasmon resonance as the particle size isaggregate size. As the dipole plasmon red shifts, a quadrupole
increased. An equivalent theory for other particle shapes hasresonance grows in. Because of the rapid variation of the
been described by Zeman and Sch&tzlhe net effect of real part ofe with wavelength, the quadrupole resonance
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Figure 62. (A) UV —visible peak shift dependence on Au patrticle
size, before (solid line) and after (dotted line) addition of 1400

of 0.01 M cysteine in 0.01 M HCI and (B) the ratio between the
absorbance of the newly developed pe&ll &fter amino acid
addition to that of the “reference” peak a520 nm (,) against

Au patrticle size (dotted line) and the corresponding peak shifts (solid
line). The inset is the same plot as predicted theoretically. Reprinted 02
with permission from ref 495. Copyright 2004 American Chemical '
Society.
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also starts at lower wavelength for small particles. The Wavelength (nm)
guadrupole resonance a'?*o red shifts as the particle size ISi:igure 63. (top) Calculated UV-visible spectra for thin glass films
increased, but the effect is much smaller than that for the |paded with increasing Au nanoparticle volume fractions and
dipole resonance. (bottom) experimental spectra of multilayer films of glass-coated
Although the dielectric constant of the surrounding Au spheres with varying interparticle distance. Reprinted with
medium also has an influence on the optical properties of permission from ref 519. Copyright 2006 American Chemical
gold nanoparticles (because the interparticle coupling is SOciety-
certainly stronger than the coupling with the surrounding
medium), the effect is less pronounced than the above-cited
parameter§!'512 This reveals the trend that large gold
particles or aggregates and short separation (or short linker
molecules) between particles should give rise to higher
optical response (high molar extinction). Because of the
idealized model utilized here, it should be noted that the value
of such calculations is restricted to prediction of qualitative
trends. For more rigorous (quantitative) modeling, various
additional physical phenomena must be taken into account
including electrodynamic and material effects, such as
electrical charging and tunnelirtg?

Figure 63 provides an overview of the relative magnitudes
of effects of interparticle interactions on the plasmon
resonance frequency (both calculated and experimental) of
gold nanoparticle systemi¥ As soon as the nanoparticle
volume fraction increases above 10%, the single plasmon
band of isolated spheres starts to red-shift and broaden, as a
result of dipole-dipole interactions. It is important to note
that the predictions based on theory have been confirmed
experimentally. Thus, it has been briefly shown that the
'degree of control over the optical response from metallic
nanostructures has become extremely sophisticated.

Proteins provide versatile mediators for assembling nano-
: : particles into organized composites. Verma e€atiemon-

9.2. Experimental Observation strated that a single protein spacer (lysozyme) can be used

In recent years, several authors have investigated theto direct the self-assembly of gold mixed monolayer pro-
spectroscopic behavior of resonant coupled systems as dected clusters into controlled ensembles with varied func-
function of particle separati@®514516 and predicted mo-  tional response. This efficient self-assembly process provides
lecular trapping by the forces associated with the strong field modular collective optical behavior, as examined through
gradient?” Direct experimental measurements of electro- UV —visible spectroscopic measurements. The surface plas-
magnetic fields localized between closely spaced nanostruc-mon resonance of the solid nanocomposites at various
tures are needed to validate theoretical predictions and totemperatures demonstrates the modulation of dipolar optical
develop systems with improved properties. interactions as shown in Figure 64. The optical responses of

Amino acids, cysteine and lysine, were chosen to study the free nanopatrticles in solution (assumed to be free of
the effect of gold particle size on the relative optical dipolar coupling) and nanoparticles displaying maximum
absorbance change as a basis for molecular recognition andoupling (spaced only by the monolayer) were monitored.
analytical detectio?> As shown in Figure 62A, the smaller It was observed that thg.x of free nanoparticles in solution
the gold particle size is, the less the peak shift and the lowerwas 528 nm, while the nanoparticles spaced only by the
the relative intensity. In Figure 62B, the peak shift and monolayer displayed a SPR of 596 nm, due to an increased
absorbance ratio of the new pedl to the reference peak dipolar coupling. A complementary level of control over the
at 520 nm () after cysteine addition are plotted against the collective optical response was achieved using the assembly
particle size. An almost linear increase in peak displacementformed at higher temperature (3C). While the effect of
(Id1o) against particle size is seen in the range 28 nm, increased refractive index induces a moderate red shift in
deviating slightly at 40 nm. Thus, the general conclusion the SPR of the individual nanoparticles, the collective SPR
for analytical purposes is that larger gold nanoparticles are of the coupled nanoparticles is highly sensitive to the
more sensitive to the target (amino acid) molecules, which refractive index of the surrounding environment. This has
is consistent with the theoretical calculatigf. been recently studied by Tsukruk et al., where they have
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11 —MMPC 15000 Table 4. Normalized Solvent Polarity Parameter,E?, of the
A — MMPC 1s0h Solvents_ Studied, Shifts of the Surface Plasmon Band\Asp,
1k _ - gsg upon Acid Treatment (37 mM HCI), and Rate Constants of the
- S — 180 Band Shift Processes, logdions)?
E 09 k — solvent E} Alsp log(Kobs)
g dioxane 0.164 19.0 —0.66
s 08¢ THF 0.207 8.8 —-1.39
5 i-PrOH 0.546 3.1 —1.37
2 ot} n-BuOH 0.602 2.6 -1.71
EtOH 0.654 5.4 —1.96
06 MeOH 0.762 40.4 —1.72
TFE 0.898 51.3 —1.22
0.5 1 1 a Reference 428.
400 450 500 550 600 650 700 750 80O
# (nm)
1.05 shifted, even beyond the particles separated only by their
T monolayer. The collective response of the assembly was
B — 1120 found to be dependent on the excess protein used, with the
highest ratio shifting the SPR to 675 r?#iFor the samples
3, assembled at higher temperatures, additional absorbance
° peaks at~460 nm are observed. The origin of these peaks
g could be due to either local dielectric effects or short-range
€ / anisotropy in the assembly process. Additionally, nanopar-
2 005 /\/ ticle—protein composites (1:120) assembled at various tem-
< peratures displayed that the collective plasmon peak can be
tuned over a 127 nm range (from 548 to 675 nm) through
this efficient self-assembly methodology (Figure 64C). This
0.9 I ¥ factor is expected to contribute to the subsequent red shift
400 450 500 550 600 650 700 750 800 in the SPR of the assembled nanoparticles by increasing the
A (nm) dipolar coupling between the nanoparticles.
The solvent effect on the surface plasmon band was
680 C — investigated when tri(ethylene glycol)-functionalized gold
nanoparticles were exposed to adventitious traces of acid in
640 | a sequence of solvents of different polarittéslt was seen
E that addition of acid leads to a change of color due to
% 6004 aggregation among the gold colloids that occurs in a period
E of 30 min to 1 h, depending on the solvent. The absorption
measurement of the resulting gold colloids shows the
560 1 P X
— variation in Amax depending on the nature of the solvent.
D |_| H Table 4 shows the change in the maximum of the surface
520 23 30 4 45 50 plasmon bandAlsp) as a function ofEY, the normalized

empirical solvent polarity parameter introduced by Dimroth
. ) ) ) and Reichardt?* The plot shows a bimodal behavior with
Figure 64. The optical response for the proteinanocomposite

- N .
solid films displayed at (A) 23C and (B) 50°C. The ratios indicate minimum Alsp at By = 0.6 (n—BuQH) and Ilnegr but
MMPC 1/protein stoichiometries and MMPC 1 soln refers to only OPposite dependence from the polarity of the medium below
nanoparticles in water. (C) The 127 nm shift/ipax is obtained and above thisE-'\r‘ value. Thus, it can be concluded that
through a particle/protein ratio of 1:120, assembled at the different A Jo-increases both with the increase and with the decrease
temperatures. Reprinted with permission from ref 520. Copyright ¢ the polarity and the most marked dependence is observed
2005 American Chemical Society. . .

with the most polar solvents. The inverted dependence at

displayed that a few nanometers thick film of polymers lower E} could be explained with a change of the prevail-
coated onto a film of optically coupled gold nanoparticles ing effect, leading to the formation of the cluster, from the
can red-shift the collective SPR of the assembly by 9¢#m. hydrophobic one to the interparticle hydrogen bonds due to
This behavior, combined with the unique geldrotein self- the less competitive solvents. The lower solvation of the free
assembly mode at the higher temperature, was exploited tonanoparticles in the least polar solvents could also account
direct the collective response in the hybrid nanocomposites.for their faster clustering rate in these solvents.

Samples prepared at 5C featured particles spaced by a The thermal properties of thiol-protected gold nanopatrticles
particular distance, which ensured a constant dipolar couplingare well-documented in the literatuf€.The organic layer

for the higher temperature ensembles. However, an increasef thiol-protected gold nanoparticles (ca. 3 nm in diameter)
in the amount of protein around the assembly with increasing was cross-linked using ring-opening metathesis polymeri-
nanoparticle/protein ratio is expected to enhance the localzation3!® Upon heating, small nanoparticles aggregate into
refractive index, resulting in a significant red shift of the bigger structures. Maye and Zhdfgproposed that two
collective plasmon peak’522 As expected, the collective  consecutive processes are responsible for the size and shape
plasmon peak was found to be dependent on the particle/evolution of the particles during heat treatment. The first
protein ratio (Figure 64). The absorbance spectra display thatinvolves thermally driven desorption of the ligands from the
the Amax Of the proteir-nanoparticle composites is red- gold surface followed by coalescence of the nanoparticle

Temperature (°C)
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©09 extinction spectra. The aggregation theories include explicitly
1.2 5 %0-81 i the direct electromagnetic multipole coupling among the

“ul a 507 particles, which causes the single particle plasma peak to
gl Lo split up into several peaks, the splitting energy depending
g 08 1%5"33,53[1.?3(3&5 on symmetry and size of the aggregates and particle
S [ogll distances. It is red-shifted and broadened when filling factor
2 is increased. The splitting of the SPR into red and blue
< 041 components is associated with multipolar electromagnetic
g interactions arising due to closely spaced nanoparticles in
the system.
0 ' . . ' ' :
i 0 O OO o o O il i 10. Ultrafast Relaxation of Gold Nanoparticle
Wavelength (nm) Aggregates
E i The ultrafast dynamics of collective oscillation of elec-
1.2 - g 075 trons, known as surface plasmons, give rise to strong
h 2 065 interaction with photons. It is of fundamental importance to
il i T know how the electrorelectron and electrenphonon
05 | 140°C scattering processes after photoexcitation depend upon size
g R pexuime (1) and shape of nanoparticles and how they proceed inside the
% 0.6 1 particle>?6-528 Interaction between metal nanoparticles is a
5 e fundamentally intriguing issue. It is critical to understanding
i the mechanism of self-assembly and formation of superlat-
0.2 - tices. While it is expected to observe similar electronic
(electron-phonon coupling) relaxation times in aggregates
04 y j y J g : as in isolated nanoparticles, coherent vibrational oscillations
R 1 S ] e SRR | R are not expected. If it is assumed that the aggregates have a
Wavelength (nm) broad distribution of sizes and structures that all contribute

Figure 65. Normalized UV-vis spectra of polyamine cross-linked toward the extended plasmon band (EPB) with similar
7 (a) and parent acrylate-protected Au nanopartigigs at different absorption bandwidth, then no oscillations should be ob-
Egggera;ures. ;I’he t'.“se"? tShOW thf '”teF?s'ty. c;f (tjhe_tpr)]Iasmon peakserved, since the differently sized or structured aggregates
nm) as a function of temperature. Reprinted with permission e gifferent oscillation periods and any oscillations should
from ref 310. Copyright 2006 American Chemical Society. be averaged out. The pelectronic relgxation of isolated

N . i colloidal gold nanoparticles has been extensively studied and
cores. The second implicates the reshaping or resizing thatfound togljae on theptime scale of-2 ps, similar %/o that of

minimizes the chemical potentials followed by competitive bulk gold5?7-52° An interesting oscillatory behavior has been
re-encapsulation of thiolate shells under the annealing observed by both Hartland et al. and Vallee et al. in
conditions. These ripening properties of gold nanoparticles monitoring the electronic relaxation on longer time scales.

are often used to manipulate the size and shape of gOIdThese oscillations have been attributed to the excitation of

?haeﬁ%pgrtlcelgtsrh;l:etﬁg :iheen%rzovvt?og;st:?s %iggrlﬁsa?l?er:jngb the breathing vibrational modes of the nanoparticles because
! p 9p p Yof energy transfer from the hot electrons into the lattice via

25
e temperature at which the cotor of the Soluton changed S1SCorBONON COUpINg:? £ The vibrational frequency
; ; . has been found to be inversely proportional to the radius of
gﬁjﬁﬁ?ﬁrgmﬁi UGS Lllng.l.ﬁ:(/'j\f pseCet::(:rsz;x:)ayél-lrzzrfsllégsv?é?e the nanoparticles, and the frequency can be calculated quite
9 ' P P accurately on the basis of classical mechapicSimilar

nearly constant at low temperatures. However, after a certain .
threshold, the UV spectra showed substantial changes,gitl)\feerrvealllti'g :OSI Q;stgee” recently made on gold nanorods and

consistent with the particle aggregation. The nanoparticle 6,531,532 :

color also visily changed to red at his terperature. The  SUER SUTS L OE Rt L SRREOR T
data in Figure 65 show that polyamine cross-linked nano- oscillation of strongly interacting gold nanoparticle ag-
particles undergo changes at temperatures caCliigher gregates measured by femtosecond laser spectroscopy.

than the parent non-cross-linked nanoparticles. In this case, : . .
the ligand chains have weaker intermolecular interactions, Contrary to the previous exp_ectatlons_,, |t_has _been °bsefved
that there are coherent vibrational oscillations in the transient

a(r)];jd lgjrsfairéergzu': ;ﬁzutléﬁ? teor aciﬁfg rot; ;[Eg rlgscr;fisnfrr:;;ihhrﬁabsorption/bleach measurement of strongly interacting gold
) ' ' P anopatrticle aggregates. The oscillation period has been

influences the aggregation and thereby the surface plasmo
resonance of the colloidal system. r?ound to be longer at the redder probe wavelengths (55 ps

at 850 nm) than at bluer probe wavelengths (37 ps at 720
. nm) 526 This suggests that the steady-state electronic absorp-

9.3. Survey of Optical Response tion of the broad EPB contains contributions from aggregates

The differing features of the resulting optical absorption of different sizes or fractal structures. Previous experimental
spectra could be summarized as follows. Theoretical calcula-and theoretical studies on small gold aggregates are consistent
tion and experimental observation reveal that effect of with this conclusiort354 The electronic relaxation (1.5 ps)
particle size within the aggregate, interparticle distance, anddue to electrorrphonon coupling is similar to that of isolated,
physical parameters, such as solvent, temperature, and thatrongly coupled gold nanoparticiésas well as bulk gold,
light polarization direction, has a profound influence on the as expected. Figure 66 shows the electronic absorption
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Figure 66. UV —visible absorption spectrum of strongly interacting )
gold nanoparticle aggregates. The excitation (390 nm) and probe
wavelengths used in the dynamics studies are indicated by arrows.
Reprinted with permission from ref 526. Copyright 2003 American
Chemical Society. \
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Figure 68. Ultrafast electronic relaxation dynamics of gold
nanoparticle aggregates at varying probe wavelengths (shown at
right) with excitation at 390 nm at 8J/pulse. Trend lines (dashed)
demonstrate an increase in oscillation period and shift of the first
peak toward a longer time as probe wavelength is shifted to redder
wavelengths. Reprinted with permission from ref 526. Copyright
2003 American Chemical Society.

150

0.0 2.5 pl/pulse

bt M At M
o ﬁnﬂﬂfﬂw@l{%&s‘:ﬁ*
ﬁ\ﬂ\,“'wi/“’/ 10 uJ/pulse

"
‘t..

02

]
04 M
i!“!

%AA

05—

08 -

-1.0

790 nm probe
I I

4
t (ps)
Figure 67. Ultrafast electronic relaxation dynamics of gold
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" observation of such periodic oscillations in these nanopatrticle

aggregates is somewhat surprising. If all of the differently
sized and/or different structured aggregates contribute to the

] 10

nanoparticle aggregates at two very different excitation intensities
to illustrate the power dependence of the fast component of the
decay. Reprinted with permission from ref 526. Copyright 2003

American Chemical Society.

EPB with the same absorption bandwidth, then each ag-
gregate will vibrate with its own frequency upon excitation.
The observed signal would be a sum of all the oscillations
with different frequencies or periods that would “wash out”

any overall observable oscillation. This is apparently not the
spectrum of one representative aggregate sample. The peakase. The oscillations observed suggest that the broad EPB
at ~540 nm corresponds to the transverse plasmon bandis composed of absorption sub-bands from gold nanoparticle
(TPB) from individual gold nanoparticles, while the broad aggregates with different sizes and/or different fractal
near-IR absorption band is assigned to the EPB due solelystructures. In other words, the EPB is inhomogeneously
to nanoparticle aggregates that arises from strong particle broadened by the different aggregate sizes and/or structures.
particle interactiot*! Figure 67 shows the electronic relax- For a given probe wavelength, only a subset of the aggregates
ation (transient bleach) of the aggregates probed at 790 nmwith similar size or structure are probed. To use the size
following excitation at 390 nm for two different excitation ~analogy, smaller aggregates will likely have an absorption
intensities (10 and 2.&J/pulse). At high power, the fast in the bluer part of EPB, while the larger aggregate will
component of the relaxation is slower than that at low power, absorb in the redder part of the EPB. This conjecture is
with time constants 0f-2.5 and~1.5 ps for high and low  strongly supported by the probe wavelength dependence of
power, respectively. On the short time scale (a few pico- the oscillation period. Thus, it can be concluded that this
seconds), the relaxation is dominated by electipinonon near-IR absorption is composed of sub-bands from differently
coupling. Energy transfer from the hot electrons to the lattice sized and/or structured aggregates. This transient absorption
is dependent upon excitation intensity. This can be accountediechnique provides a useful tool for probing the low-
for by the two-temperature mod&f>42543Higher pump frequency vibrational modes of metal nanoparticle ag-
powers produce higher electronic temperatures, which yield gregates.
longer relaxation times because of the temperature depen-

dence of the electronic heat capacity. Faster relaxation at]1. nfluence of Intense Pulsed Laser Irradiation

lower power is consistent with previous observations in on Gold Nanoparticle Agaregates
isolated gold nanoparticl@8!-530532The relaxation is also P 99r€9

similar to strongly coupled gold nanoparticle filr¥f3. At the present scenario of the nanoscale research, we are
Figure 68 shows the probe wavelength-dependent transientwvell-aware of the fact that gold nanoparticles show signifi-
absorption/bleach profiles of gold nanoparticle aggregates.cant photoactivity and undergo morphological changes under
The most striking feature is the periodic oscillations. Since laser irradiatior?*5%7 Intense pulsed lasers with various
the EPB is due solely to strongly coupled gold nanoparticle pulse widths, energies, and wavelengths have been used to
aggregates, the oscillations observed must be due to theprepare gold nanostructures (sphere, wire and netXérid?
aggregates, not isolated nanoparticles. Similar measurementand to reshape gold nanorods into nanosph@fe®’ When
on isolated gold nanoparticles alone in the same probethe plasmon band of well-dispersed gold nanoparticles is
wavelength region show no oscillations. The oscillations are excited by an intense pulsed laser, the photon energy
attributed to the coherent vibrations of the aggregates thatabsorbed by electrons of the conduction band transfers into
are excited following the initial hot electron relaxation. The the lattice of the nanoparticles as heat (electrphonon
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Figure 69. ptical absorption spectra of gold nanopatrticle aggregates
at different laser irradiation times (from bottom to top: 0, 1, 3, 5,
10, 20, and 30 min). Reprinted with permission from ref 436.
Copyright 2005 American Chemical Society.

relaxation) in a few picosecon8¥.5%559During a single nanoparticles produced after 532nm pulsed laser irradiation for 30

. . . min. Reprinted with permission from ref 436. Copyright 2005
laser pulse, one parent gold nanoparticle is considered tOp erican Chemical Society.

absorb consecutively more than a thousand photons, and its

temperature reaches its boiling potft.°>" The hot gold  aggregates do not form aggregates again, since the pH value
nanoparticle releases photofragments and part of the stabilizeif the solution is the same before and after irradiation. The
molecules which cover the parent nanoparticles. After the gxcess TBA molecules present in the solution stabilize the
laser pulse the heat diffuses into _the solution and the newly formed fragments and prohibit the fragments from
temperature of the heated nanoparticle and the photofr<':1g~forming large aggregates by steric stabilization, which is
ments returns to room temperature before the next laser pulsengre effective for small particles?
heats the ensemble again. The precise time scale for heat concerning the mechanism of the interaction between the
dissipation to the embedding medium depends on the host'siytense pulsed laser and gold nanoparticles, Kondow%# al.
heat capacity and thermal conductivity, but in general it is yeported that formation of photofragment aggregates depends
on the order of hundreds of picosecoritisBeside heating,  on the concentration of the stabilizer (sodium dodecyl! sulfate,
multiple ionization followed by Coulombic e_pr03|on similar SDS). In dilute SDS solution, parent gold nanoparticles and
to an electrospray process may also contribute to fragmemaphotofragments are not well stabilized by SDS molecules.
tion.>6%-%62 These information engenders our interest to ag long as they are melted by a laser beam, they grow into
examine the influence of intense pulsed laser irradiation on network structures by encounter and coagulation. At high
gold nanoparticle aggregates. _ _ concentration of SDS, no aggregate structure but smaller
Studies he;ve been conducted to understand the |nterac§|or§pherica| nanoparticles have been observed. So, the aggrega-
between an intense pulsed laser and aggregated nanoparticlggn of a gold nanoparticle after each laser pulse is determined
where the mterpartlcl_e electronic coupling becomes_ dom_l- by the coverage of the photoproducts by ligand molecules
nant* The aggregation between the gold nanoparticles in ang py the probability of encounters of heated gold nano-
an aqueous medium was induced by the modification of gold particies or photofragments. In this experiment, the ligand
nanoparticles with pH-sensitive and ionizable thiols, thiobar- ylecules are TBA with a -SH moiety, which has strong
bituric acid. Figure 69, bottom curve, shows the optical affinity to the gold surface, and their number in the solution
absorption spectrum of the solution a day after it was js |arge enough to cap all of the photofragments. So, in the
prepared by adjusting the pH value of the colloidal solution presence of TBA, the mechanism of the interaction between
to 6.5. The other spectra were obtained at different Iasergo|d nanoparticle aggregates and the laser beam can be
irradiation times by using 130 mJ/pulse &iaser energy  expressed as (i) the nanoparticles excited by the laser
flux and 532 nm excitation wavelength. There are two gjissociate into photofragments and (i) subsequently the
notable features in Figure 69. One is the disappearance Ofresulting photofragments are quickly surface capped by TBA
the absorbance band near 710 nm corresponding to thenmglecules. It is the decreased size of the nanoparticles
coupled resonance absorbance when the irradiation timecompined with a steric stabilizer of small size present on

exceeds 5 min. The intensity of this band is already reducedine particle surface that results in the stability of the products
after a few laser pulses. This observation suggests that theyf the laser irradiatiofi

electronic coupling between the nanoparticles becomes very
weak after laser irradiation because the mean distance ot : :
between the particles became too large. The second one isl 2. Applications of Interparticle Coupling Effect

the increase in intensity of the absorbance around 530 nm Optical properties of noble metal particles have been
together with a gradual blue shift of the absorbance widely investigated because of fundamental importance in
maximum from 534 to 524 nm after 5 min of irradiation. science and industry. Metal nanoparticles have been the
The blue shift of the absorbance maximum indicated by an subject of extensive research for many years because of their
arrow in Figure 69 can be attributed to the decrease of anomalous electromagnetic properties originating from the
particle size and the change in the complexation of the gold resonant interaction between light and collective conduction
nanoparticle$® as they become progressively smaller during electron oscillations, so-called surface plasmia#g**When
fragmentation, which is supported by the results of TEM the dimensions of nanoparticles become smaller than the
investigations (Figure 70). It is intriguing why the smaller wavelength of the exciting light, energy can be confined in
particles obtained from laser irradiation of the nanoparticle small spatial regions through the local excitation of surface
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plasmon resonances. The optical properties of metal nano-molecules, has emerged as a powerful strategy in colloid
particles are strongly influenced by their size, shape, andscience. It has been seen that the emission properties of the
surrounding environment, such as, the proximity to other par- fluorescent molecules under the influence of an enhanced
ticles. These properties, in particular, local electric field en- field are changed dramatically. Fluorescing molecules have
hancements, enable applications, such as single molecule desften been used as local probes to measure the surface
tection using surface-enhanced Raman scatt&iftpos.566571 plasmon fields. In the vicinity of a metal, the fluorescent
near-field microscopy/25"*nanoscale optical devic¥s>74 rate of molecules becomes a function of the distance between
and a variety of nonlinear scattering measurenténts the molecule and the metal surf&€€In the presence of an
(hyperRayleigh?’¢-578 hyperRaman’® and SHG8%%8) and electromagnetic field of aggregated metal clusters, the
time-resolved measuremeri#é383 In addition, resonant radiative decay rates and quantum yields of weakly fluores-
energy transfer between closely spaced metal nanoparticlesent species can increase significantly. The fluorescence of
enables transport of electromagnetic energy at length scalesnolecules in direct contact with the metal is completely
below the diffraction limi?®* Not only the local field guenched. Thus, methods can be formulated for the charac-
enhancement but also the SP mode behaviors in near-fielcterization of locally enhanced fields at laser-irradiated metal
arouse fundamental interests and various applications. Wavenanostructures. Even, multiphoton absorptions and fluores-
length-dependent characteristics of SP modes on metalcence excitations have been shown to be pos8ibé®
nanoparticles are essential for utilizing them as novel optical Recently, several authors have investigated the spectroscopic
and electronic materials, and also for constructing molecular behavior of the resonant coupled systems as a function of
systems for nanophotonic applications as well. Utilization particle separation and polarization direcf#61%1451¢ and

of the unique optical properties resulting from the excitation predicted molecular trapping by the forces associated with
of plasmon resonances in nanosize metallic particles can leadhe strong field enhancemett. Direct experimental mea-

to significant advances in the areas of photocatalysis, surements of electromagnetic fields localized between closely
information processing, and sensor development. Plasmonspaced nanostructures are needed to validate theoretical
resonances, which are collective oscillations of conduction predictions and to develop systems with improved fluores-
electrons, generate an electromagnetic field, which hascence properties.

absorbing, scattering, and near-field componéiitghis

component determines the intensity of local EM field that 12.1.3. Surface-Enhanced Raman Scattering (SERS)

is enhanced as compared with the incident radiation leading
to enhancement of several optical phenomena, such as Rama&
scattering® fluorescencé®”-588absorptiorf?® photoinduced
electron transfet}® second and third harmonic genera-
tion 389581 and four-wave mixing?* for molecules in close
proximity to the particle surface.

The recent discovery of single-molecule sensitivity of
aman scattering enhanced by resonantly excited metal
nanoparticles has brought a renewed interest in surface-
enhanced Raman scattering and its application to molecular
detectiont®592.503Noble metal nanoparticles, usually of Ag
and Au, are well-known for their strong interactions with
: P visible light through the resonant excitations of the collective
12.1. Spectroscopic Applications oscillations of the conduction electrons within the particles.
12.1.1. Absorption Since its discovery in 1974, the mechanism for SERS has
been a matter of considerable deb&té%6%7 |t has been
The ability to assemble nanoparticles of controllable sizes widely accepted that there are two mechanisms for the
and shapes is increasingly important because many frontieropserved, and at times huge, enhancement in SERS: elec-
area§ of .researCh, such as Sensors, CatalySlS, medlcalldlagromagnetic (EM) and chemical enhancement (CE) mecha-
nostics, information storage, and quantum computation, nisms. The EM mechanism is based on the interaction of
require the precise control of nanomaterial architecture andthe electric field of the surface plasmons with the transition
component miniaturization. In nanotechnology, the assembly moment of the adsorbed molecule, whereas the CE is based
of metal nanopartiC|eS has resulted in novel materials with on the idea that mixing of molecular and metal states occur.
interesting propertie¥? > The extremely high extinction  Ajthough the two are not mutually exclusive, the use of
coefficients and the strongly distance-dependent optical roughened geometries such as island fiff#it'” roughened
properties of gold nanopatrticles allow the nanoparticles to electrode$®-¢8encapsulated particlé¥-22 and particularly
be utilized as ideal color reporting groups. For example, the aggregated nanoparticle clusf?$26.623637 have tended to
extinction coefficients of 13 and 50 nm gold particles are gypstantiate that the EM mechanism plays a pivotafidle
2.7 x 10° and 1.5x 10 M™* cm™ (at ~520 nm),  to which the chemical effect may provide an additional
respectively®® which are 3-5 orders of magnitude more  enhancement. The chemical mechanism may arise from
than those of traditional organic compounds. As a result, mixing of metal orbitals with orbitals on a molecule,
nanoparticles at nanomolar concentration can be clearlyproviding charge transfer that states a resonant Raman
observed by naked eye, allowing sensitive detection with mechanism at much lower energies than those available in
minimal consumption of materials. When gold nanopatrticles the free molecule. Both mechanisms and even others may
approach each other and aggregate, the color of the nanogontribute simultaneously to the SERS enhancement to a
particles changes from red to blue because of the shift of certain extent, which is dependent on the experimental
the surface plasmon band to longer wavelengths. Thus,conditions, the nature and morphology of the metallic
absorption studies produce quite a lot of information. nanoparticles, the nature of the particular sample, etc.

The EM mechanism is based on the hypothesis that the
superposition of incident and scattered fields interacts with

The manipulation of the surface of a particle to alter its the transition moment of a molecule near the surfdee?®
physical properties, either through chemical modification of Surface selection rules determine that the polarization is
the surface functionalities or by surface adsorption of required for the enhancement. Local field effect near the

12.1.2. Fluorescence
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surface of a conducting sphere provides a means for
amplification of EM fields near the surface. The resonance
Raman scattering cross sectier, can be expressed®%

3 4
B 8wy woM;

OR= "o (5 mi(t) Dexpli(w; + ot — Tt} dt)?

(76)

whereM; is the transition moment of the molecutey the
frequency of the incident radiatiom, the frequency of the
scattered radiatiom; the vibrational frequency in the ground
state, andl’ the damping constant. The absorption cross

section,o, is related to the resonance Raman cross section =
a§339

| I . Ll s T B I ks T i I of 1 &
1000 1100 1200 1300 1400 1600 1600 1700 1800

27w M o .
Op = —me— (" (O Cexp{i(w; + wt — Tt} dt) , Wavenumber / cm ,
3hc o Figure 71. The normal Raman spectrum of sopeATP recorded
(77) with 633 nm laser line (a) and the SERS spectrp-&TP adsorbed
. . .. on self-assembled gold colloidal nanoparticles recorded with
although the absorption line shape and Raman excitationgifferent laser lines: (b) 532 nm, (c) 633 nm, (d) 830 nm, and (€)
profile differ because of the difference in their correlation 1064 nm. Reprinted with permission from ref 654. Copyright 2006
functions of the prefactors dependent &2 and M, Elsevier.
respectively. Despite this well-known difference in the ) )
dependence on the transition moment, the probability of both Mdel molecule has two electronic levels, which are affected
processes, absorption and resonant Raman, depends linearRy both radiative and nonradiative damping mechanisms, and
on the intensity of the incident radiation and, in turn, on the & Franck-Condon mechanism yields electrewibration
square of the incident radiation field. The intensity can be COUPling. The coupling between the molecule and the
expressed as = YeocEs2 where B, is the electric field electromagnetl_c field is enhanced by placing the molecule
amplitude of incident radiation. For a spherical metallic between two silver nanoparticles. The results show that the

nanoparticle, the tangential and radial field can be expressed@man scattering cross section can, for realistic parameter
03 values, increase by some 10 orders of magnitude-({to—
14 cn?) compared with that of the free space.
2 2ra 32 In typical SERS experiments, a collection of colloidal
B D25~ d] (78) particles of various sizes are induced to aggregate, and those
aggregates that happen to be resonantly excited by the

Raman intensity ——

2 2, 2
E~02E,T1 + ] (79) illuminating laser are called “hot spots”. It is seen that when
a cluster of metal nanoparticles are placed in close proximity
g= (e — €x)l(e + 2¢p) (80) to one another, the coupling between particles becomes very

important293645-647 |t has been seen that SERS enhancement

whereg is a factor related to the hyperpolarizability of the is small or absent for monomer colloids, that is, well-isolated
metal sphere with a dielectric functi@nin a medium with nanoparticles, and is only observed when salt is added to
dielectric constant,. Near the surface plasmon resonance induce aggregatioff® 2 Therefore, from a practical point
maximum, e approaches-2¢, and g becomes very large  of view, it is very important to be able to fabricate optimally
providing a resonance conditiéff. Particle dimension and  designed plasmon configurations of interacting nanoparticles.
geometry play a large role in determining the enhancementThe experiments performed on these substrates mostly tried
factor in plasmon resonance spectroscopy. This has mainlyto provide key information to validate the EM mechanism
to do with the coupling of electromagnetic radiation into the of SERS and to find the optimal conditions for the single
electronic structure of metal. A spherical monomer can be molecule detection. Gold colloids can be prepared by
viewed as the smallest entity capable of enhancefiént. standard chemical procedures and subsequently self-as-
Aggregates of metal particles offer a strong influence on sembled to exhibit strong electromagnetic coupling between
SERS because rough or fractal surfaces can give rise to andividual nanoparticles and can support a large variety of
stronger coupling of the electric field. As a result, local surface plasmon modes. They were always reported as an
electromagnetic fields near the particle can be many ordersideal substrate for SERS studies, owing to their uniformity
of magnitude higher than the incident fields, and the incident and controllabilityé5°-%53 Figure 71 shows the SERS spectra
light around the resonant-peak wavelength is scattered veryof the paraaminothiophenolg-ATP) molecule adsorbed on
strongly. This local-field enhancement and strong scattering the gold nanoparticles recorded by using the 532, 633, 830,
have been proven to be very unique for biomolecular and 1064 nm laser liné8* The interest is focused on
manipulation, labeling, and detectiét.642 correlating the morphology and electronic absorption spectra

It is important to mention two recently developed theoreti- with the different enhancement patterns observed in the
cal approaches for SERS that are capable of describing SERSSERS spectra. The absorption spectrum of the test molecule
effect involving nanopatrticles in a more quantitative fashion. is closely related to that of the parent benzene molecule and
Johansson et &t2 have presented a general model study of presents two bands around 256 and 297 nm. The plasmon
surface-enhanced resonant Raman scattering focusing on theesonance absorption shows two bands centereé20 nm
interplay between electromagnetic effects and the molecularand a broad, asymmetric peak centered@15 nm. While
dynamics as treated by a density matrix calculatiihe the first one located at shorter wavelength is due to the
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localized plasmon resonance absorption of the individual gold serve as a simple prototypical model system for the study
nanoparticles, the second one is due to the aggregation amongf the important physical factors underlying the electromag-
the individual nanoparticles. The second peak is broad netic field enhancements. Talley et®&l.have explicitly
because its position is dependent on both the number ofdemonstrated that nanoparticle dimers are more efficient as
coupled nanoparticles and their relative position with respect SERS substrates than the individual nanoparticles. The strong
to each other and to the incident light. The adsorption of the field enhancements in the dimer junction result from the
test molecules on the SERS substrate caused a shift to longeopposite alignment of the individual nanoparticle plasmons
wavelengths and a broadening of the absorption band of theand from the mixing of individual nanoparticle plasmons of
pure substrate (spectrum not shown). Due to high affinity higher angular momentum into the dimer plasmons. Thus,
of p-ATP for gold, it is expected thgi-ATP molecules are  the two major factors for the strong field enhancement are
bound not only on the open surface of nanoparticles but alsothe interaction of localized plasmons and the interference of
on sites located in gaps and junctions created betweenthe electromagnetic fields generated by these plasmons.

neighboring nanOpartiCIeS. As a result of the Change induced Fromm et aF*8 have produced isolated Au bowtie antennas
by the molecular layer in the environment dielectric constant, with 75 nm triangle lengths on transparent substrates using
the molecules inside of interstitial regions play more ef- electron-beam lithography. It has been observed that bowties
fectively on the interparticle coupling and the appearance excited with polarization along their long axes have plasmon
of the absorption spectrum. resonances that strongly blue-shift with increasing gap size
From Figure 71, one can see that the SERS spectra areuntil the center-to-center particle spacing~2 times the
dominated by the bands around 1083 and 1587 !cm length of an individual triangle, at which time the spectra
attributed to G-S and G-C stretching vibrations, respec- red-shift with increasing gap size. This coupling effect
tively (a, vibrational modes). In the SERS spectra recorded remains noticeable even when particles are spaced by 7 times
with visible excitations can be also observed the apparentthe particle length, and FDTD simulations agree quite well
enhancement of the bands around 1439, 1394, and 112483 cm with experimental observations, suggesting their utility in
(b2 vibrational modes). The apparent enhancement of the b predicting the behavior of other coupled nanoparticle sys-
modes, which are closely related to the thiol group vibrations, tems®®® Bowties, pumped perpendicular to their long axes,
has been ascribed to the charge transfer (CT) from the metahow a gradual decrease in their total scattering intensity
to the adsorbed molecules. Thus, the spectral characteristic&ind may exhibit a modest red shift in their plasmon resonance
of the SERS spectra, that is, shifts to lower wavenumbers inwith increasing gap spacing. In the microwave regime, it
comparison with the corresponding Raman bands andhas been shown that a “bowtie” shaped antenna, where two
changes in relative intensities, demonstrate thatptdd P metallic triangles facing tip-to-tip are separated by a small
molecules are adsorbed onto the gold nanoparticles throughgap, produces a large electric field confined to the area near
their sulfur atoms and are standing-up relative to the substratethe gapf®® Small gaps between two nanometer-scale particles
surface. have also been implicated in producing electromagnetically
The SERS spectrum recorded with the 532 nm line is €nhanced “hot spots”, enabling the detection of surface-
similar to that obtained with 633 nm excitation relative to ©nhhanced Raman scattering out of a single mole€tle.

the conventional Raman spectrum, excepting the slight .
enhancement of most of the bands. Two factors could be 1214 Photoinduced Electron Transfer (PET)

considered responsible for this behavior. It is known that  Nople metals in the bulk are photoactive only to a small
for a perfectly spherical particle in the Rayleigh limit, only  axtentt62-664 The nanoparticles of noble metals, on the other
the dipole surface plasmon resonance contributes to thepang, exhibit increased photochemical activity because of
enhancement process. However, for isolated gold nano-ihejr high surface/volume ratio and unusual electronic
spheres, the plasmon excitation at 532 nm competes Withyroperties. The size- and shape-dependent optical and
interband transitions, leading to a low electromagnetic glectronic properties of metal nanoparticles make an interest-
enhancement factor |n.SEFQSH|gherfactors are obw_ously ing case for photochemists and photobiologists to exploit
expected for nanoparticle clusters due to a red shift of the hejr role in light-induced chemical reactions. It is now
resonance away from the interband transition edge. Thisregjized that the appeal of fluorescence is because it is a
decreasing of electromagnetic effect corroborated with Iow hignly sensitive method of detection. Unlike many phenom-
density of.|nd|V|§juaI nanoparticles is indeed conf!rmed by ena in chemistry, molecular fluorescence can be easily
the weak intensity of the EM band at 1077 cimelative to  gliminated or enhanced by chemical command giving rise
that of the CT band at 1435 crh) in comparison to its o the ON-OFF state. Operation of many fluorescent sensors
behavior at other excitation laser lines. Thus, these resultsis hased on the photoinduced electron transfer (PET) mech-
clearly indicate that the as-prepared self-assembled goldgnism and employs the fluoropheresceptor desigfes6%6
nanoparticles turn out to be not only a model for gaining The fluorophore is the site of all photochemical transitions.
further understanding of SERS mechanisms but a promisingThe receptor is a site tailored specifically for the metal of
substrate for other SERS-based measurements in nearpterest and is responsible for complexation. If PET is to
infrared. The possibility of getting good SERS spectra with ¢ontrol the sensory action, the molecule employed does not
near-lnfrar_ed excitations opens up promising perspectives forfluoresce in the absence of the metal due to an efficient PET
the investigations of biological samples. process by an electron-donating group in the molecule. When

The importance of nanoparticle dimers in the context of this electron donation is hindered due to interaction of the
surface-enhanced Raman spectroscopy was recognized longroup with the guest molecule, PET is quenched and
agol%” Since then, a large number of theoretical and fluorescence is turned on (Figure 72). Herein, lies the power
experimental studies of the nanopatrticle dimer system haveof the PET mechanism; given the appropriate conditions,
been performedR®503655:656A|though nanoparticle dimers  almost any receptor synthetically available for a given metal
clearly are not the optimal substrate structure for SERS, theycan be employed as a sensor.



4848 Chemical Reviews, 2007, Vol. 107, No. 11 Ghosh and Pal

LUMO

l PET
hveyy,
: /_\ 1 A l HOMO iy

HOMO- HOMO-

LUMO -

} l HOMO
Fluorophore Free Receptor Fluorophore
Bound Receptor

Figure 72. Frontier molecular orbital diagram illustrating the PET phenomenon.

Basic understanding of the optical properties of metal applications requires a large magnitude of the third-order
colloids, morphological changes under light irradiation, and nonlinear optical susceptibility®. Thus, finding nonlinear
excited-state interaction with photoactive molecules are alsooptical phenomena with large® is up to now a chal-
important for developing nanoassemblies for light-energy- lenge®7?-674 Graded materials are those whose properties vary
harvesting and optoelectronic applications. Binding a pho- gradually as a function of position. This gradation may occur
toactive molecule (e.g., aminopyrene) to a metal nanoparticlenaturally or may be a product of manufacturing processes.
enhances the photochemical activity and renders suchlt has been reportét-67267567¢hat graded (inhomogeneous)
organic-inorganic hybrid nanoassemblies. The nature of materials can show stronger nonlinear optical responses than
charge-transfer interaction of the fluorophore with the gold the corresponding homogeneous ones. Colloidal-based optical
surface dictates the pathways with which the excited state sensor&” and photonic band gap materials based on opaline
deactivates. Surface charge neutralization, which accompa-structure®’® have been made possible by a class of colloidal-
nies the binding of a thio or amine group to gold nanopar- crystal-based nonlinear optical materials, which are made
ticles, induces aggregation and shifts the plasmon absorptiorof metallodielectric nanoparticles (namely, a metallodielectric
to the infraredP®1.667-669 This demonstrates the feasibility of core plus a dielectric shell) suspended in a host fluid. If there
achieving desired interparticle distance by controlling the is nonlinearity of the host metal or in molecules adsorbed
nature as well as size of the alkyl/aryl groups in the capping on the surface, the existence of these zones of high-intensity
agent. For example, the purple-colored gold colloidal solution EM fields leads to enhancement of local and average
turns blue with addition of small amounts of thionicotinamide nonlinear optical responses, as was predicted theoreti€zily
(TNA). Upon laser pulse (532 nm) irradiation of a TNA- and observed experimentaf§ 6%
capped gold nanoparticle suspension for a few minutes, the
ruby-red color is restored as the aggregates fuse to form12.2.1. Second and Third Harmonic Generation (SHG
larger segregated spherical particles. and THG)

Vectorial electron transfer (ET) is a central feature of many
biological transformations such as the photosynthetic ap-
paratus or the biocatalytic oxygen assimilation. A different
approach to accomplish photoinduced vectorial ET involves
the organization of layered Au nanoparticle arrays cross-
linked by the oligocationic bis-bipyridinium-zZn(ll)-proto-
porphyrin IX, acting as a photosensitizezlectron-acceptor
dyad. Photoinduced ET assembly leads to the transport of
electrons through the conductive Au nanoparticle array and
to the generation of a photocurrent. A further approach to
stimulate photoactivated vectorial ET involves the use of a
photoisomerizable monolayer associated with an electrode
as a command interface for the photochemical activation and

Second and third harmonic generation are processes
whereby two or three photons at the fundamental frequency
w are converted into one photon at the harmonic frequency
Q = 2w or Q = 3w, respectively. The technique has been
extensively used so far to investigate the surfaces and
interfaces since it is inherently surface sensitive. Indeed,
nonlinear optical processes of even order are vanishing in
media with inversion symmetry in the electric dipole
approximatiorf®1-6°2As a result, all kind of interfaces have
been investigated, for instance, setidacuum, solie-liquid,
air—liquid, or liquid—liquid interface$-6% For geometrical
arrangement reasons, planar interfaces have almost exten-

o . sively investigated, whereas spherical interfaces have re-
deactivation of the electrical contact between cytochrome . : ;
; . ceived considerably less attenti¢f.
(cyt ¢) and the electrode. A photoisomerizable monolayer _ ) .
consisting of pyridine and nitrospiropyran units is used to In the case of nanopamclles with a dlameter much smaller
control the electrical contact between cyand the electrode.  than the wavelength of light, the origin of the second
The electrically contacted cyt activates the biocatalyzed —Narmonic signal is, therefore, of electric quadrupole origin
reduction of Q by cytochrome oxidase (G The integrated ~ and is thus expected to be rather wé¥ktowever, it is
system, consisting of the photoisomerizable monolayer- POssible to enhance this nonlinear optical response through
functionalized electrode and the ayC0O/O, components, local field resonances corresponding to the surface plasmon
provides a system for the amplified electrical transduction €xcitations of the particle®” Thus, it has attracted wide
of photonic signals recorded by the monolayer interface. This Intérest to measure the absolute magnitude of the quadratic
system, thus, duplicates functions of the vision process. ~hyperpolarizability of gold nanoparticles and to evaluate the
local field effects through shape modification of these
i ; nanoparticles by aggregation. This aggregation process has
12.2. Nonlinear Optics (NLO) been induced by addition of analyte to the solution and led
Nonlinear optical phenomena form the basis for all optical to large ensembles of nonlinear processes. Since in a solution
devices like optically bistable switches and nonlinear direc- of nanoparticles, no phase relationship exists between the
tional couplers. The suitability of a material for these device particles, no coherent signal can be collected and the



Interparticle Coupling Effect on SPR of Au Nanoparticles Chemical Reviews, 2007, Vol. 107, No. 11 4849

| T | g T factor, its effect is not the dominant one. For these small
particles and as long as the aggregates are smaller than the
wavelength of light, the electric field approximation is still

a valid approximation.

12.2.2. Four-Wave Mixing (FWM)

< I The optical properties of rough nanometer-structured
metallic surfaces with fractal geometry recently attracted
much attentiorf%37%8 The strong enhancement of local
2 % = electromagnetic fields near the rough nanometer-structured
metallic surfaces in a wide spectral range can lead to the
% possibility of performing linear and nonlinear spectroscopic
1|§ | | : i measurements. The enhancement of nonlinear optical re-
sponses near rough self-affine metal surfaces of individual
9 24 e o e nanoparticles has been studied in detail. Experiments have
Pyridine Concentration (M) revealed that the enhancement of the degenerate four-wave
Figure 73. RS intensity normalized to the signal obtained in MiXing can reach the value of 0with wavelength up to
absence of pyridine as a function of the pyridine concentratign (10 #um in the far-infrared spectral regiéf.7%"%In these
and HRS intensity calculated with the effect of the local fields only experiments, the clusters are usually comprised ef 5000
(). Reprinted with permission from ref 415. Copyright 2001 The elementary units, and it is assumed that individual nanopar-
Japan Society for Analytical Chemistry. ticles are first allowed to aggregate in the solution to form
fractal clusters (clustercluster aggregate$)? The results
are, then, averaged over a large number of samples.
To obtain the optical properties, the coupled dipole
method® is used with intersections of the neighboring
sphereg%710The coupled-dipole equations that couple the

linear and nonlinear dipole momenti{w) andd"-(wg) of
the ith monomer to the incident wave have the form

HRS Intensity (arb. units)

incoherent harmonic signal, known as the hyper-Rayleigh
signal, scattered by the solution in all direction has been
detected from a monodisperse solution of nanoparticles.

It is known that pyridine induces the aggregation of the
gold nanoparticles in solution by displacement of the charged
species left from the reduction reaction or introduced for
stabilization%®® The aggregation between the particles can
be used to study the local field effects in the formed linear

chains since the geometry of the particles has a dramatic dy(w) = o()[E? + Z\ivij(a)) +d(w)]  (84)
effect on the local field enhanceméft.In order to inves-
tigate the local field effects on the nonlinear process, the di’\“-(wg) = a(wg)[F, + Z\i\/ij(wg) + djN"(w)] (85)

HRS signal was recorded as a function of pyridine concen-

tration (Figure 73). The HRS intensity was increased by & \yhere ) and w, are the frequencies of the linear and

factor of nearly three with the pyridine concentration, and ted signal€® = EO Ker) is th litude of

at 0.45 mM of pyridine, the HRS signal reached a saturation 3€nerated signal&;™ = E® exp(k-ri) is the amplitude o
the incident plane wave at the location of ifie monomer,

regime. Itis possible to calculate the contribution of the local : o
field to the HRS intensity. The field enhancement factors at (@) IS the frequency-dependent polarizability of a monomer,
: and Wj(w) is the fully retarded dipole radiation field

X ; S
the fundamental or harmonic frequencies are givefi'sy” produced by a dipole at thth site oscillating with frequency
o at theith site. The physical meaning of eqs 84 and 85 is

ar . Im(adli(0) + ati())

flw)=-)>W, (81) transparent. The first equation couples the linear dipole
\ Im(e(w)) moments to each other and to the incident wave. The local
. . fields at the incident frequencay induce nonlinear dipole
f(2w) = ﬂzwilm(all(Zw) + ati(20)) (82) moments that oscillate at the generated frequengyand
\Y Im(e(2w)) are further coupled to each other via dipole radiation fields
. ) o by eq 78. The generated signal frequengyand the free
wherew; is the weight of the distribution. term for the equation coupling the nonlinear dipoles to each
The ratio can, then, be evaluated as other,F;, depend on specific nonlinear processes. In general,
Fi can be expressed in terms of linear dipole moméi(is)
_ |fagg(w)2fagg(2w)|2 (83) or the corresponding local electric fielHgw) = o {(w)di(w).
- Ford te four- iXing, = wq, and therefore,
fspl{w)zfspr‘(zw) or degenerate four-wave mixing, = wq, and therefore
and is reported in Figure 73. Experimentally, this ratio is F = a(E E)E + b(E E)E' (86)

just the HRS intensity normalized to the intensity detected

in the absence of any aggregation. It is observed that theHere,a andb are constants related to nonlinear susceptibili-
HRS intensity during the initial stages of the aggregation ties. The ternF; plays the role of the incident field for the
process is well described in this model. The fourth power nonlinear dipoles and is oscillating at the generated fre-
of the field enhancement factor at the fundamental frequencyquency wg. In the case of a degenerate nonlinear process of
is the dominant contribution to the overall increase as a resulteq 86, both linear and nonlinear dipoles interact at the same
of the new plasmon resonance arising at longer wavelengthsfrequency and the coupling constants in both eq 84 and eq
The field factor at the harmonic frequency decreases fol- 85 are the sameo(w) = a(wg); therefore, the interaction
lowing the absorption cross section at this frequency. Since of nonlinear dipoles cannot be disregarded in the spectral
it only appeared squared in the overall HRS enhancementregion where the interaction of linear dipoles is known to
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WP R T T UL shift in the absorption ban@® The nature of orientation of
WV the dye molecules governs the type of dye aggregates, which
exhibit either a blue shift (H-type) or red shift (J-type) in
- the extinction spectra. Since the formation of aggregates
alters the absorption spectrum and photophysical properties
of dyes, the resulting aggregates could emit at a wavelength
E different from their monomer or show new photosensitizing
properties. In addition to their use as photographic sensitizers,
the large oscillator strength and fast electronic response of
. the dye aggregates are of interest for modeling energy
) A(jm) transfer in the photosynthetic reaction center antenna,
L ST nonlinear optics related to superfluorescence, and solar

Figure 74. Average enhancement factors for the degenerate four- Photochemical energy conversi6ii."®

wave mixing as functions of the wavelength. Reprinted with  During the past few years, significant research interest has

permission from ref 591. Copyright 1999 The American Physical pheen devoted to modifying the surface of metal colloids with

Society. organic dyes. Kamat et &8 reported efficient capping of

be strong. The general formula for an enhancement factord0!d_colloids with H-aggregates of rhodamine 6G and

G is’10 _explamgd the dye aggregation in te_rms_of intermolecular
interactions’’® Gold nanoparticles (with diameter 2.5 nm)

IOJS
10M
1010
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102

gt ( )-E-(O)* (@9 are negatively charged due to the adsorption of negatively
DZ i o/ =i g/ -on the surface charged counterions. Addition of cationic dye, rhodamine

G=| : | (87) 6G, results in surface charge neutralization and causes the
NL o) gold nanoparticles to aggregate. Although the 2.5 nm

Dzdi (a’g)'Ei (a’g) (b ditute solution diameter gold nanopatrticles do not have any surface plasmon

! absorption in the visible, the clustered aggregates can exhibit

s Properties similar to those observed for larger partictes (

d nm). Metal nanoclusters (copper, silver, and gold) embedded
in a copper phthalocyanine matrix have been shown to
enhance nonlinear optical proces$¥sln a recent com-
|munication, we have investigated the spectral characteristics
of eosin in the presence of eight different sizes of gold
nanoparticle$.It has been found that smaller particles of
gold stimulate J-aggregation of eosin on the surface of metal

are associated with numerical averaging and are not expectedf@ticles whereas any kind of aggregation among the dye

to be seen experimentally, the general trend is the increasdN©/€CUles is not seen in the presence of larger particles. The
of enhancement with the wavelength. In the case of 5 Observed dye aggregation in the presence of smaller particles

degenerate process, = w, and the linear local fields are ~ Can b€ interpreted by considering that dye molecules induce
first enhanced by eq 84, and then the nonlinear fields aremtercluster interactions within the smaller particles and such

enhanced by eq 85 at the same frequency. The enhancemerddregates, which bring adsorbed dye molecules closer, fa-
for the degenerate four-wave mixing is larger than that for C|I|tate7g|mer formatlon_ in the assembly of the _dye m_ol-
the other nonlinear processes, that is, secene Caw,) and ecules’?® Thus, the modification of gold nanoparticles with

; ; ; _ ; fluorophores is important for the development of biological
third harmonic generation= 3wg). This happens because . : .
the higher-order nonlinearities of the local fields are raised faces as well as optoelectronic devicésidsorbate excited

to a greater power. Thus, it can be concluded that the states are also involved in surface photochemical proc&dses,

enhancement is larger for the degenerate four-wave mixingPhoton- and ellgectron—st|mulate.d desorpﬂ?;)zlr esonance
than for the third harmonic generation, although both are Photoemissiori;® and photoluminescencé:’** Resonant
third-order nonlinear processes. energy transfer systems consisting of organic dye molecules
and noble metal nanoparticles have recently gained consider-
12.2.3. Dye Aggregation able interest in biphotoni€¥ as well as in material sciené®.

. The versatile chemistry available for surface functionalization
In recent years, considerable research efforts have beerbf gold nanoparticléé® makes the gold nanomaterials

undertaken to investigate the photophysical and phOtOChemi'especially suitable for possible ligand tethering and therefore

cal aspects of multicomponent nanostructured ass;iflnbl'esapplicable for biological sensors and optoelectronic devices.
consisting of metals and electroactive/photoactive §&s.

Association of th_e electroac_tive dye molecules onto the 594 Optoelectronic Nanodevices

surface of metallic nanoparticles very often leads to ag-

gregation effectd!3 Such organie-inorganic hybrid moieties Gold nanoparticles display optical properties that could
have numerous possible applications in developing efficient potentially be exploited in optoelectronic devicés.’?°

light energy conversion systems, optical devices, and sensorsOptical responses of metal nanostructures can be manipulated
The composites of dye aggregate and metal nanoclusters find/ia morphology-controlled resonances associated with surface
applications in biomolecule sensing and imaging applica- plasmon mode&?® 73> These SP resonances lead to a
tions/*4 Fundamental understanding of such events becomessignificant enhancement of local electric fields, which can
invaluable guidance for practical applications. Theoretical result in increased radiative dec&yJarge nonlinear optical
studies have shown that the nature of molecular orientationresponse$* and surface-enhanced Raman scattefihg.

of the dye molecules in the aggregate determines the spectraNear-field SP-enhanced interactié#also provide exciting

This definition for the nonlinear enhancement factor utilize
the idea of work that would be done by a weak probe fiel
oscillating at the generated frequeney on the nonlinear
dipoles. This definition is convenient because it allows one
to express the enhancement factors in terms of linear loca
fields only. Figure 74 illustrates the wavelength dependence
of the averaged enhancement fac@ifor the degenerate
four-wave mixing. Apart from random fluctuations, which
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Figure 75. UV —vis spectra of cysteine at various concentrations ; ; i
(in 0.01 M HCI) using 15 and 40 nm diameter Au colloidal particles, ggFC):)I/,ripg)llr—]ltSégbingnﬁgﬁé;egﬁgﬁ?cgltgOpct?grtnyl.ssmn from ref 450,

respectively. The dashed curve (with concentration marked)
represents the detection limit in each case. Reprinted with permis-S

420,749,750 i
sion from ref 434. Copyright 2004 American Chemical Society. ors. In nanotechnology, the assembly of metallic

nanoparticles has resulted in novel materials with interesting
opportunities for confining, guiding, and switching light using properties. Changes in the optical properties of nanoparticles,

nanoscale metal-based circuits (SP nanophotofe&# which depend in part on their spacing within the polymeric
aggregate, have been clearly observed. When gold nanopar-

12.3. Sensor ticles approach each other and aggregate, the color of the
The intense colors of noble metal nanoparticles have nanoparticles changes from red to blue because of the shift

inspired artists and fascinated scientists for hundreds of years2f the surface plasmon band to longer wavelength. Surface
to use them as sensors because of several advantages ovB[2SMON resonance biosensors are optical sensors exploiting
conventional electrochemical sensors: resistivity to electro- SPecial electromagnetic waves, surface plasmon polaritons,

magnetic noise, fire resistance, and the capability of remotetbo_ pro?e ir;teractions_ _betw?en an _analytbel_in 3olutich1n and a
control and information transfer through an optical fiber Piomolecular recognition element immobilized on the SPR

network?739.740 sensor surface. Major application areas include detection of
' _ biological analytes and analysis of biomolecular interactions
12.3.1. Chemical Sensor where SPR biosensors provide benefits of label-free real-

The color associated with the nanoparticles is found to be time analytical technology. Recent reports detail the use of
tunable and useful as p|atforms for chemical Sensing of proteins to build supramolecular hybrld structures of nano-
molecules. Several authors have described the refractiveparticles for applications such as sensing, fabrication of
index sensing platforms based on the tunability of the surface hanoparticle networks, analyte detection, biotemplating, and
plasmon resonance of gold nanopartidfé@}—745Whi|e the therapeutic application§! Examples include the use of
effect of increased refractive index induces a moderate redstreptavidin and biotin to form macroscopic gold nanoparticle
shift in the SPR of the individual nanoparticles, the collective assemblie§? and the use of bacterial S-layers to grow
SPR of the coupled nanoparticles is highly sensitive to the nanoparticles in a regular arré§. This color change can
refractive index of the surrounding environment. Gold also be applied to highly sensitive detection of target DNA
p|a5m0nic type g|ucose sensors based on the We||-kn0wnWhen the gO'd nanoclusters are modified by the correspond—
fact that the nanoparticle solutions display changes in their ing DNAs27342059%2When gold nanoparticles are function-
p|asmon absorption spectrum upon aggregation or surfaceanzed with thiol-modified DNA, the distance between gO'd
modification have been develop&8.746.74"The possibility nanoparticles can be controlled by a Iinking DNA that is
of glucose sensing using the dissociation of Con A- complementary to DNA attached to nanopartiéfén the
aggregated dextran-coated gold colloids has been exploredbasis of this phenomenon, colorimetric biosensors for highly
It has been found that this approach can readily determinesensitive and selective detection of complementary DNA
millimolar changes in solution glucose concentrations in a have been developég™ _
continuous manner. Moreover, the glucose sensing range of The signaling of the colorimetric biosensor is based on
the aggregates can be somewhat tuned depending on the siZ&€ color change of gold nanoparticles at different assembly
of the gold colloids employed, the molecular weight of the States®™">*Therefore, it is very important to find a simple
dextran, and the concentration of Con A used to form the Yet reliable method to quantify the optical properties of gold
sensing aggregate. nanoparticles. Dispersed 13 nm gold nanopatrticles possess

Zhong et al*® compared the optical response of two @ surface plasmon peak at 522 nm. For larger nanoparticles,
different sizes of gold particles (15 and 40 nm) to a wide the peak shifts to longer wavelength (e.g., 532 nm for 42
range of cysteine concentrations as shown in Figure 75. Onnm gold nanoparticles). In Figure 76, the extinction spectra
the basis of the first appearance of a clearly defined new Of separated (dashed curve) and aggregated (solid curve) 42
peak at longer wavelength, a detection limit for cysteine with N gold nanoparticles are presented. Upon aggregation, the
15 nm gold particles was found to be *(M (12 ug/mL), 532 nm peak decreases in intensity while the extinction in
as compared with 1@ M for 40 nm particles. A similar ~ the 700 nm region increases (solid curve), resulting in the
result was obtained for lysine (pH 2), with a detection limit red-to-blue color transitiof> On the basis of previous

of 14 ug/mL using 15 nm gold particles. experiment$8-68ljt was found that quantitative results could
L be obtained by monitoring the ratio of extinction at the
12.3.2. Biological Sensor plasmon peak (532 nm) and at 700 nm. A higher ratio was

Recent developments in nanotechnology and biology associated with separated nanoparticles of red color, while
account new methods of designing colorimetric biosen- a lower ratio was associated with aggregated nanoparticles
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of blue color. Although the extinction ratio differed slightly particles, the extraordinary diversity of its modes of prepara-
for nanoparticles of different batches, the trend of the tion, its size- and shape-dependent properties, and its role
extinction ratio change with respect to the assembly state ofin nanoscience and future nanotechnology.

nanoparticles was maintained. Therefore, instead of using The synthesis of nanostructured materials with useful and
the change of extinction at a single wavelength, the ratio- yynaple properties is central to development in nanoscale
metric method was used to monitor the assembly state ofscience and technology. In this review, we have highlighted
gold nanoparticles. Ratiometric sensors such as this aresome recent progress toward the development of chemistry
suitable for practical applications since they are less vulner- o¢ organized matter that opens up new avenues to higher
able to fluctuations of sampling and monitoring conditions. qrder structures with length scales and architectural complex-
) ity that one day might approach those observed in biological
12.4. Catalysis systems. These facile syntheses have been shown to be
particularly favorable for easy manipulations, such as place-
exchange reactions and extensive physical characterizations,
formation of superlattices and crystals, and rich molecular
chemistry. Bottom-up approaches based on self-assembly and
self-organization are especially appealing because of intrinsi-
cally low overhead for large scale production. These methods
have also been shown to generate network structures, which
can serve as precursors to other shapes and sizes of
nanoparticle assembly. The degree of ordering and the control
of particle size and shape, coupled with the inherent
modularity of the “bricks and mortar” self-assembly process,
represent a powerful and general strategy for the creation of
highly structured multifunctional materials and devices. By
these means, it would be possible to obtain parallel assembly
of identical multiple copies of nanoparticle-based structures
for a wide range of applications. Generally, the integration
of biomolecular recognition processes into inorganic systems
could lay the foundations for potentially unprecedented
dvances in our ability to control the material world and
ffers the prospect of highly efficient and highly sustainable

The field of nanocatalysis has undergone an exponential
growth during the past decade. This is because metallic
particles in the nanometer size regime inherently provide high
surface-to-volume ratio, making them attractive candidates
for catalysis. Rotello and co-worké?s’%¢ have employed
the polymer-mediated nanoparticle assembly strategy to
obtain highly porous nanoparticle networks as precursors for
catalyst fabrication. The final catalyst material was obtained
from the porous aggregates through a calcination step, which
exposed the catalytically active sites. In making the self-
assembly, carboxylic acid-terminated gold and silica nano-
particles were employed together with an amine-function-
alized polystyrene random copolymer. In this three component
system, assembly was based on adidse chemistry, result-
ing in electrostatic attraction between the basic polymer and
the acidic nanoparticles upon combination. The inclusion of
larger silica nanoparticles in the system enabled the creation
of different types of aggregates. For example, well-integrated
nanocomposites were obtained when the polymer was addetg
to a mixture of two nanoparticles, while premixing of the ” : - “
silica nanoparticles with the polymer followed by the addition Fbu(?[bt?gj-up manufacturing processes in the “Factory of the
of gold nanopatrticles led to segregated clusters, where the ; ] . .
gold nanoparticles were highly exposed at the surface of the A variety of synthetic possibilities for the gold nanoparticle
supporting silica aggregate. The catalytic activity of the Superstructures reveals that metal sols can be induced to
calcinated aggregates was investigated in the hydrogenatiorpggregate by replacing the charged surface species with
of 9-decene-1-ol, Heck coupling reaction between the oppo§|tely charged or uncharged adsorbates. The experiments
catalytically activated bromoarenes and styrene or methyl described here revealed several key features of the surface
acrylate. Catalysts formed by this assembly scheme havechemistry of gold colloids via their adsorptive interactions
been proven to be highly efficient with a very low metal with organic/inorganic compounds containing various func-

loading and recycled with a small decrease in catalytic tional groups. Experiments demonstrate that the surface
activity. chemistry of colloidal gold is dominated by electrodynamic

factors related to its (negative) surface charge. For several
. . ligands, pH adjustment and judicious intermixing are seen
13. Conclusion and Perspectives to regulate or “tune” their interactions with gold nanopar-

In recent years, there has been growing interest amongticles. The in_terparticle i_nteraction of gold_nanopar_ticles
chemists in the preparation of materials that are ordered onPrepared by citrate reduction or other synthetic strategies can
the length scales that extend beyond the molecular. Chemistr)pe manlpulated to control the size and colloidal stability of
has occupied the middle ground between physics and nanoparticle aggregates. These approaches have been useful
biology, and it deals with the organization and reorganization in the self-organization of monolayer-protected metal nano-
of atoms into the myriad combinations that distinguish one Particles into 1D, 2D, and 3D architectures, with many of
molecule from the next, rather than the fundamental nature these assemblies demonstrating novel optical and electronic
of matter (physics) or its animation in time and space Properties as a function of particle size or interparticle
(biology). For this reason, the marshalling of atoms by SPacing. These results are confirmed by calculating the
chemists to form new structures and packing arrangements'ntefpar“de interaction energy and stability ratio of nano-
tends to be on the length scale of a few nanometers. GoldParticle aggregates from the DLVO theory. These results also
nanoparticles, which have been known for 2500 years, areoffertheo_retlcal insights to a new preparation route of sta_ble
the subject of an exponentially growing number of reports Nanoparticle aggregates by manipulating the interparticle
and are full of promises for optical, electronic, magnetic, interaction with different organic/inorganic adsorbates at the
catalytic, and biomedical applications in the 21st century, N@noparticle surface.
using the “bottom-up” approach with the hybrid organic The understanding of the electronic absorption and dy-
inorganic and biologicatinorganic building blocks derived  namics in individual nanoparticles is essential before as-
therefrom. The reason for the present excitement in gold sembling them into devices, which is essentially the future
nanoparticle research is due to the stability of gold nano- goal of the use of nanostructured systems. The study of a
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sample with a narrow size and shape distribution is essentialproperties different from the individual nanoparticles. In most
in determining the physical and especially the optical practical situations, particle interactions are important, and
properties of individual particles in an assembly. In order to sometimes they are dominant. The understanding of the
self-assemble nanoparticles, the size distribution needs to bedynamics of the electrons and the lattice of the nanostructured
very narrow so that the goals of both preparing a sample assemblies is of great importance to their potential use in
and assembling the nanoparticles are very closely relatedfuture photonic applications. NLO applications of gold
This, in turn, presents the prospect of observing new optical nanoparticles are also rapidly growing. The combination of
properties of self-assembled monolayers of metallic nano- this photonics discipline with biology and medicine has
particles as now the electric field connected to the plasmon already been demonstrated by the seminal work on gold
resonance (enhancement of the incoming and outgoingnanoparticle-DNA assemblies and is very promising for
electric fields when interacting with light) will influence the ~ future biomolecular manipulations and applications, such as
effective fields around the neighboring particles. Fascinating labeling, detection, and transfer of drugs, including genetic
aspects are the optoelectronic properties of gold nanoparticlegnaterials. The calculation of other properties, such as second
related to the surface plasmon absorption, reflecting the and third harmonic generation and four-wave mixing,
collective oscillation of the conducting electrons of the gold provides new challenges for nanostructured architectures that
core, a feature relevant to the quantum size effect. The theoryare an important component of present research.

and experiments presented here indicate that it is now Finally, this review demonstrates that a wide range of
possible to describe many optical properties of gold metal different types of architectures of gold nanoparticles can be
nanoparticles having complex shapes and in complex di- Synthesized, and it is clear that further investigations will
electric environments. Optical properties of noble metal continue to design novel methodologies to enlarge the variety
particles have been widely investigated because of their of such compounds available. There is a wealth of detailed
fundamental importance in science and industry. Not only information in this review with many useful tables, formulas,
the local field enhancement but also the surface plasmonequations, graphs, and references. The publication is to be
mode behaviors in near-field arouse fundamental interest andrecommended as a reference for all those interested in gold
various applications. The ultrafast electronic relaxation and chemistry, both in academia and industrial circles.
coherent vibrational oscillations of strongly interacting gold .

nanoparticle aggregates using femtosecond laser spectroscop§#- Abbreviations

have been reported. A model exists for the ensemble- gpr surface plasmon resonance
averaged plasmon absorption with experimentally determinedsgrs surface-enhanced Raman scattering
gold nanoparticle size and shape as input parameters. TakingB interband contribution

into account the refractive index of the matrix, shape DDA discrete dipole approximation
anisotropy, and interparticle coupling, the experimental data FDTD finite-difference time-domain

are quite-well described. Wavelength-dependent character-1D one-dimensional

istics of surface plasmon modes on metal nanoparticles hav two-dimensional
3D three-dimensional

begn {outnd to be ?ss_e:mal f((j)r rtm?mg thertn ast.novel (l)puclal DSBA disulfide biotin analogue
and electronic materials and also for constructing molecular +g\ fransmission electron microscopy

systems for nanophotonic applications as well. HRTEM  high-resolution transmission electron microscopy
Although bulk gold is well-known for being inert, the SAXS small-angle X-ray scattering

reactivity of the gold cores in gold nanoparticles especially STV streptavidin -~ .

when those are assembled into well-defined architectures?DPF pair distance distribution function

have been found to be useful in excellent sensory and phenylacetylene

1-(4-methyl)piperazinyl fullerene

environmental devices applications and catalysis by tuning 5a_poss octa-ammonium polyhedral oligomeric silsesquiox-

the electrochemical characteristics of gold nanoparticles with anes

those of substrates including DNA, sugars, and other ¢mc critical micelle concentration

biological molecules or systems with absorption, fluores- pPpPC dipalmitoylphosphatidylcholine

cence, and surface-enhanced Raman scattering spectroscopZTAB cetyltrimethylammonium bromide

The sensitivity of the plasmon resonance characteristics toCTAC cetyltrimethylammonium chloride
adsorbed species is important for their potential applications AOT sodium bis-(2-ethylhexyl) sulfosuccinate
as chemical and biological sensors. The faster times of OAB tetraoctylammonium bromide

Langmuir—Blodgett

nanoparticle sensors should permit kinetic binding studies L .
surface plasmon polariton

of macromolecular target analytes that are currently possible. ultraviolet
The need for tunable glucose sensing ranges has recently>op poly(oxypropylene)
been obviated, which has involved the fabrication of a range pniPAAM  poly(N-isopropylacrylamide)

of glucose sensing contact lenses for potential use byDNA deoxyribonucleic acid
diabetics. These new aggregate sensors have the opportunitgZon A Canavalia ensiformis

to be incorporated into disposable, plastic contact lenses forTBA thiobarbituric acid

the noninvasive and continuous monitoring of tears, and MPA 3-mercaptopropanoic acid
therefore blood glucose, alleviating eye autofluorescence and2PV oligo-phenylene vinylene)

s : surface plasmon
overexposure of the eye to UV radiation. The review of the DLVO Derjaguin-Lauda-Verwey—Overbeck

optical and dynamic properties of gold nanocrystals in DLCA diffusion-limited cluster aggregation
assembly shows that a great deal of understanding has beeg ca reaction-limited cluster aggregation
accomplished. Although the individual metallic nanoparticles gpg extended plasmon band

and their optical absorption have been studied experimentallyTps transverse plasmon band

and theoretically, in the aggregates those present newSDS sodium dodecyl sulfate
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EM electromagnetic

CE chemical enhancement
p-ATP para-aminothiophenol

CT charge transfer

PET photoinduced electron transfer
TNA thionicotinamide

ET electron transfer

NLO nonlinear optics

SHG second harmonic generation
THG third harmonic generation
FWM four-wave mixing
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