Synthesis and Optical Properties of Silver
Nanoparticles and Arrays
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This Minireview systematically examines optical properties of
silver nanoparticles as a function of size. Extinction, scattering,
and absorption cross-sections and distance dependence of the
local electromagnetic field, as well as the quadrupolar coupling
of 2D assemblies of such particles are experimentally measured
for a wide range of particle sizes. Such measurements were possi-
ble because of the development of a novel synthetic method for
the size-controlled synthesis of chemically clean, highly crystalline

1. Introduction

The field of nanoscience has blossomed over the last twenty
years and the need for nanotechnology will only increase as
miniaturization becomes more important in areas such as com-
puting, sensors, and biomedical applications. Advances in this
field largely depend on the ability to synthesize nanoparticles
of various materials, sizes, and shapes, as well as to efficiently
assemble them into complex architectures. The synthesis of
nanoparticles, however, is a fairly established field as particles
of submicron or nanosized dimensions have been synthesized
for centuries. The first example of considerable recognition is
the Roman Lycurgus Cup, a bronze cup lined with colored
glass that dates to the fourth Century AD. The glass scatters a
dull green light and transmits red light. According to a study
commissioned by the British Museum, who currently displays
the cup, the glass contains 70 nm particles that are an alloy of
silver (70%) and gold (30%). Silver nanoparticles of this size
are known to scatter green light and transmit orange, and the
addition of Au shifts the absorption band to longer wave-
lengths. Although this particular application of nanoparticles
may have been unintentional, small nanoparticles were often
used in later centuries to create stained glass with small, ruby-
red Au and lemon-yellow Ag particles.

The first notable scientific study of the optical properties of
metal nanoparticle colloidal suspensions and ultrathin metal
films was conducted by Michael Faraday in the 1850s.?' In-
spired by the ability of extremely thin Au leaf to transmit
green light, Faraday supposed that a material that is capable
of strong interaction with light can do so even when its di-
mensions became smaller than visible wavelengths. He synthe-
sized the characteristic ruby-red Au particle suspensions
through a number of methods and showed that while the sus-
pensions reacted to acids in the same way as bulk Au, the par-
ticles were apparently too small to be resolved by his micro-
scope. Faraday also demonstrated that the color of Au colloids
would predictably change when varying amounts of aggrega-
tion-inducing agents were added, and currently many scien-
tists are successfully pursuing these so-called aggregation
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silver nanoparticles of narrow size distribution. The method and
its unique advantages are compared to other methods for syn-
thesis of metal nanopatrticles. Synthesis and properties of nano-
composite materials using these and other nanopatrticles are also
described. Important highlights in the history of the field of metal
nanopatrticles as well as an examination of the basic principles
of plasmon resonances are included.

assays.’! As a testament to their stability, some of the colloidal
suspensions synthesized in Faraday’s studies are still on display
at London’s Royal Institute.

The next significant achievement came in 1908 from Gustav
Mie who published his now seminal work on the extinction of
light by metal spheres.” Kerker, in his excellent historical dis-
cussion, however, points out that several scientists prior to Mie
published similar studies that remain obscure to the modern
scientific community.” Mie, who held the title Professor Extra-
ordinarius at the University of Greifswald, initiated experimen-
tal investigations of colloidal Au by convincing Walter Steubing
to make the study his doctoral thesis.® Mie’s intent for his
1908 paper was to describe mathematically the optical re-
sponses of Au suspensions that Steubing, as well as other sci-
entists such as Faraday and Zsigmondy, had measured.” Start-
ing from the macroscopic Maxell equations, Mie calculated the
extinction, scattering, and absorption cross-sections of Au
nanoparticles and showed how the spectra of the suspensions
evolve as a function of particle size. The results of these calcu-
lations also allowed him to sketch scattering diagrams for dif-
ferent particle sizes and diagrams depicting the electric and
magnetic fields of the dipole, quadrupole, octupole, and sextu-
pole components of the resonance. Now, it is well known that
the optical resonances in noble-metal nanoparticles are the
collective oscillations of conduction electrons termed plas-
mons. It is interesting to note how precisely Mie’s calculations
describe these resonances when considering that the concept
of an electron was still a few years from being conclusively
proven by Milliken.®

The early methods to produce suspensions of very small
noble-metal particles are still used today and continue to be
the standard by which other synthesis methods are compared.
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The most popular method to produce Au suspensions is the
so-called Turkevich method, which employs the reduction of
chloroauric acid with sodium citrate and produces a narrow
size distribution of ~10 nm particles.”” Faraday described sev-
eral methods in his 1857 lecture, although the reduction of
gold chloride by phosphorous in carbon disulfide seemed to
produce the most highly colored “ruby-red fluids”.! For Ag
nanoparticle suspensions, a common method is the Lee-
Meisel method, which is a variation of the Turkevich method in
that AgNO; is used as the metal source,"” but unlike the Tur-
kevich method, the Lee-Meisel method produces a broad dis-
tribution of particle sizes. The most common method for the
synthesis of nanosized Ag particles is the reduction of AgNO,
with NaBH,. Referred to as the Creighton method, the synthe-
sis procedure routinely yields =10 nm particles of narrow size
distribution."" This method can also be adapted to produce
particles of other metals such as Pt, Pd, Cu, Ni, etc.,"? although
the specific protocols depend on the reduction potential of
the source ion. Cu and Ni suspensions, for example, are not
very stable as the metal particles are easily oxidized requiring
strong capping ligands to prevent the oxidation.

2. Silver Nanoparticle Synthesis

Of the three metals (Ag, Au, Cu) that display plasmon resonan-
ces in the visible spectrum, Ag exhibits the highest efficiency
of plasmon excitation.® Moreover, optical excitation of plas-
mon resonances in nanosized Ag particles is the most efficient
mechanism by which light interacts with matter. A single Ag
nanoparticle interacts with light more efficiently than a particle
of the same dimension composed of any known organic or in-
organic chromophore. The light-interaction cross-section for
Ag can be about ten times that of the geometric cross-section,
which indicates that the particles capture much more light
than is physically incident on them.'" Silver is also the only
material whose plasmon resonance can be tuned to any wave-
length in the visible spectrum.

Numerous methods for the synthesis of Ag nanoparticles
have been reported in the literature and can be arbitrarily di-
vided into traditional and non-traditional categories. Traditional
are those solution-phase synthesis techniques that are based
on various modifications of the Lee-Meisel or Creighton meth-
ods described above, and there are a host of examples in
which different Ag salts and reducing agents are used."™ Due
to the large positive reduction potential of Ag, nanoparticle
oxidation is thermodynamically unfavorable resulting in quite
stable aqueous and alcoholic suspensions without the aid of
capping ligands. Aggregation can be inhibited by the thick
electrical double layers that form around metal nanoparticles
in low-ionic-strength suspensions. For high ionic strengths or
organic-phase suspensions, capping agents such as self-assem-
bled monolayers,™*“®" surfactants,">*®'¢ polymers,*%™ and
dendrimers'"” can be employed to protect the particles from
aggregation. If the synthesis is carried out in the presence of
capping agents, however, anisotropic particles may result due
to the differing affinities of the ligands to the exposed crystal
faces. This is sometimes a desired effect and several research-
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ers have shown that various shapes can be produced through
judicious use of stabilizing agents."®'® Alternatively, nanoparti-
cles can be capped with desired molecules after the synthesis
to facilitate their transfer into nonpolar phases or to tailor their
surface chemistry. Non-traditional synthesis methods include
Ag particle synthesis through high-temperature reduction in
porous solid matrices,"” vapor-phase condensation of a metal
onto a solid support,*” laser ablation of a metal target into a
suspending liquid,”" photoreduction of Ag ions,”? and elec-
trolysis of an Ag salt solution.

The above discussion is by no means a complete listing of
the available synthetic methods, but rather a broad sampling
of what has been reported. Unfortunately, all of the methods
listed have some inherent problems, and while each method
has certain advantages and disadvantages, the selection of a
proper synthetic procedure depends on the nature of the
nanoparticle application. With the traditional methods, the
major problem is often a limited flexibility in the size of parti-
cles that can be produced and such methods are usually sold
on their ability to make <10 nm particles. Certainly, small par-
ticles are desirable in catalysis, where the main emphasis is on
surface-to-volume ratio, but for optical applications, larger par-
ticles are often necessary. Small Ag nanoparticles do not inter-
act with light nearly as efficiently as particles that are in the
50-100 nm range and do so strictly through energy absorp-
tion. On the other hand, the plasmon resonances in larger Ag
nanoparticles have a significant light-scattering component
that can be advantageously used in applications that require
efficient optical labels, such as in chemical assays. The major
problems for the non-traditional methods are often a wide size
distribution, lack of particle crystallinity, and the cost and scala-
bility of the production. The optimum synthetic method
should address all of the above problems and additionally
yield particles with no extraneous chemicals that can potential-
ly alter the particle’s optical properties and surface chemistry.

A synthetic method that fulfills all of the above require-
ments was developed in our laboratory and involves the re-
duction of a supersaturated Ag,0O solution at 70°C by hydro-
gen gas pressurized at 10 psi above atmosphere. During the
synthesis reaction, silver ions are slowly supplied to the grow-
ing particles due to the limited solubility of Ag,0 (ca.
50 mgL~").?" This slow-growth approach is different from the
traditional methods, in which the entire metal-ion supply is
available at the beginning of the reduction process. As the re-
action proceeds, the concentrations of both the metal ions
and the reducing agent deplete, changing the particle growth
kinetics, leading to broad size distributions. In the current ap-
proach, however, the concentration of silver ions and H,
remain constant for the entire reaction, resulting in particles of
higher crystallinity and a more narrow size distribution. The
particle size can readily be controlled in the range of ten to
above 200 nm,*! with the standard deviation of particle size
consistently between 5% and 8%, simply by varying the reac-
tion time. The Ag suspensions are quite pure as the only spe-
cies present in the reaction are Ag, hydrogen, and water, and
high-purity reactants are commercially available. Particle stabili-
ty is achieved through electrostatic repulsion between the
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thick electrical double layers that result from the limited disso-
ciation of Ag oxide. The typical concentrations of Ag nanopar-
ticle suspensions synthesized by this method are around
10" cm™3, but can be further concentrated to 10'>-10" cm™,
The size and shape distributions of the particle suspensions
commonly synthesized by hydrogen reduction are depicted in

Figure 1.

3. Nanocomposite Synthetic Methods

The incorporation of nanoparticles into various matrices will
extend their utility in material and device applications. Such
nanocomposites could exhibit novel optical properties as the
plasmon resonances are strongly affected by the surrounding
matrix as well as because closely spaced particles in matrices
can exhibit cooperative phenomena when interacting with
light.

Our work is focused on coating of nanoparticles with metal-
oxide and polymer layers and their incorporation into matrices
of such materials. Coatings are used to protect the particles
from aggressive environments and to introduce chemical func-
tionality to their surface. Previously, Liz-Marzan et al. reported
the coating of Au nanoparticles by amorphous silica using sol-
gel chemistry.®® This is a modification of the well-known
Stober approach used to synthesize nano- or micron-sized
silica particles via acid or base hydrolysis of silicon alkoxide fol-
lowed by spontaneous condensation.”” Here, this approach
was extended to coat H, reduced Ag nanoparticles with silica,
titania, and tungstate, in which the metal particles act as con-
densation centers and careful control of the metal/alkoxide
ratio can completely inhibit spontaneous condensation of the
free precursor. The resulting shell thickness was uniform
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among particles and could reproducibly be varied between 7
and 60 nm. The lower limit is determined by the thickness at
which the condensation forms a uniform shell as opposed to
individual islands. Beyond 60 nm, the required alkoxide con-
centration induces spontaneous condensation, which results in
the formation of free oxide particles.”® A few examples of the
silica-coated Ag particles are shown in Figure 2. The use of
silica protection of Ag nanoparticles is beneficial for biochemi-
cal applications as molecules such as DNA, proteins, etc. will
react with the particles via chemical groups that exhibit affinity
to Ag. In addition, protocols for the immobilization of these
molecules to glass are well developed.

Titania is an especially interesting oxide as its crystalline
forms, rutile and anatase, are widely used as a photocatalyst
and in photovoltaic applications. Titania is a wide-bandgap in-
direct semiconductor, in which excitation with light larger than
3.2 eV (388 nm) generates long-lived electron-hole pairs. How-
ever, for the efficient conversion of solar radiation (4, ca.
480 nm) into electrical or chemical energy, the bandgap of
TiO, must be shifted to longer wavelengths. Such sensitization
is usually achieved with organic dye molecules that absorb in
the visible spectral range to better match with the solar spec-
trum. The addition of Ag nanoparticles to this system can fur-
ther increase the excitation efficiency of the dye or can possi-
bly act as the sensitizer itself through the coupling of the plas-
mon resonance in Ag nanoparticles to the electron—hole-pair
generation in titania. The incorporation of Ag nanoparticles
into a titania matrix can also be useful for modulating the fre-
quency of plasmon modes in Ag nanoparticles and their as-
semblies via the high refractive index of TiO,. Recently, it was
demonstrated that the coating of Ag nanoparticles with amor-
phous titania layers of varying thickness can be accomplished

Figure 1. SEM images of different sizes of silver nanoparticles synthesized by hydrogen reduction. Mean particle diameters and 1 pm scale bars are shown in

each panel.
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Figure 2. STEM images of silica coatings of various thicknesses. The scale bar
in each panel is 50 nm.

with sol-gel chemistry. Hydrothermal treatment of these parti-
cles led to conversion of the amorphous titania into the ana-
tase form. Coatings with both the amorphous and anatase
forms of TiO, are shown in Figure 3.2%

..
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Figure 3. TEM images of the A) amorphous and B) anatase forms of titania
around silver nanoparticles. The scale bar in each panel is 50 nm.

Another interesting material is the electrochromic tungsten
oxide (WO;), which exhibits a reversible redox chemistry to
form a reduced tungsten oxide, that is, tungsten bronze, of
mixed valency, M\WO;, where M, (0 <x< 1) indicates the inser-
tion of cation.®™™ The reduced and oxidized forms have differ-
ent conductivities and exhibit different colors. While WO, is
transparent and has low conductivity, the color of M,WO,
varies between deep blue with n-type semiconductor charac-
teristics (x~0.3) to bronze with semimetallic properties
(x~0.9). Monolayers of Ag nanoparticle were adsorbed on
transparent conducting electrodes and sol-gel chemistry was
utilized to deposit WO; around and on top of the particles. By
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sweeping the electrochemical potential of these nanocompo-
site electrodes, the plasmon resonance was rapidly modulated
(Figure 4). Variations in the intensity and position of the plas-
mon resonance was interpreted as due to changes in the re-
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Figure 4. UV/Vis extinction spectra of a silver/tungsten oxide composite film
under different applied potentials. Reproduced with permission from
ref. [31].

fractive index of the medium surrounding the particles as the
potential is cycled between the two forms of tungsten oxide.
In this way, a simple plasmon-based electro-optical device was
demonstrated.”" With the same tungsten peroxyester precur-
sor employed in the above experiment, Ag particles were also
coated with WO, in suspension using a similar protocol as that
for silica and titania and resulting in similar shell thicknesses
and uniformity.

In addition to oxides, Ag nanoparticles can be coated or em-
bedded into organic polymeric matrices such as poly(dimethyl-
siloxane),?” poly(4-vinylpyridine),®® polystyrene, polymethacry-
late,®” and, most recently, Teflon AF®> The main motivation
for using organic coatings around nanoparticles is to tailor
their surface chemical properties to particular applications and
to protect them from chemically aggressive environments. The
coating of Ag particles with polystyrene and methacrylate was
achieved by emulsion polymerization®” and resulted in non-
aggregated particles with a 2-10nm polymer coating
(Figure 5). Unlike the porous metal-oxide layers synthesized by
sol-gel chemistry, the polymer layer can be made sufficiently
dense rendering the particles highly resistant to etching in the
presence of oxygen. As an example, the exposure of polystyr-
ene-coated Ag nanoparticles to high concentrations of aque-
ous NaCl did not have an appreciable effect on the plasmon
resonance, whereas unprotected particles undergo instantane-
ous aggregation followed by CI~ etching as is evident from
drastic degradation of the plasmon resonance (Figure 6). The
resistance to CI~ and the ability of the polymer to be further
modified by proteins and other biological molecules makes
these composite nanoparticles valuable for bioanalytical appli-
cations, in which the particles can be used as optical labels.

ChemPhysChem 2005, 6, 1221 - 1231
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Figure 5. TEM image of silver nanoparticles coated with polystyrene/metha-
crylate visualized through negative staining with phosphotungstic acid. The
scale bar is 50 nm.
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Figure 6. UV/Vis extinction spectra of A) uncoated and B) polystyrene-coated
silver nanoparticles in water (—) and 1.8 m NaCl (-----).

Teflon AF is an exceptional polymer in that it has a refractive
index less than that of water and the lowest dielectric constant
of any plastic.®® The amorphous nature of this fluorinated co-
polymer and its solubility in a number of fluorinated solvents
allow the casting of films that are transparent from the IR to
deep UV spectral range. Because of these optical properties, as
well as the chemical inertness of Teflon AF, its use in several
advanced applications is currently being explored.®” Incorpo-
ration of various metal nanoparticles into a Teflon AF matrix
will yield nanocomposite materials with novel, practically im-
portant properties for photonic devices, as well as for catalysis
in high-pH environments. Unique solution-phase synthesis
techniques were recently developed for the doping of Teflon
AF with metal nanoparticles.®®® The only other reported
method to produce such nanocomposites involves the
vacuum codeposition of the metal and the fluoropolymer.®®
The solution-based methods are: 1) the direct synthesis of
metal nanoparticles in a Teflon AF solution and 2) the phase
transfer of previously synthesized particles into the polymer

ChemPhysChem 2005, 6, 1221-1231  www.chemphyschem.org
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solution. The direct synthesis relies on the judicious use of a
class of fluorinated metal acetylacetonates that allows the syn-
thesis of nanoparticles from a wide variety of metals and metal
oxides. Both methods utilize a fluorinated solvent, decafluoro-
pentane, which both solubilizes Teflon AF and mixes with
metal salt solutions and nanoparticle suspensions in low alco-
hols. The direct synthesis allows rapid preparation of large
quantities of nanocomposites and is the preferred method for
metal particles that are easily oxidized. This method, however,
leads to fairly wide particle size and shape distributions be-
cause Ostwald ripening is inhibited. The phase-transfer
method is the better choice if careful regulation of particle size
and shape is important because the distributions can be inde-
pendently controlled in a separate reaction. Either method re-
sults in high-metal-content composite materials that can be
dispersed in fluorinated solvents and cast into films and tem-
plates for device fabrication. Electron micrographs of the
Teflon AF nanocomposites synthesized by the direct method
and containing four different metals are shown in Figure 7.

Figure 7. STEM images of Teflon AF matrices doped with different metals.
The scale bar in each panel is 30 nm.

4. Optical Properties of Silver Nanoparticles
4.1. Plasmon Resonances of Metal Nanoparticles

The unique optical properties of metal nanoparticles originate
from the collective oscillations of conduction electrons, which,
when excited by electromagnetic (EM) radiation, are termed
surface plasmon polariton resonances (SPPR)."**' The factors
that collectively lead to these oscillations are: 1) acceleration of
the conduction electrons by the electric field of incident radia-
tion, 2) presence of restoring forces that result from the in-
duced polarization in both the particle and surrounding
medium, and 3) confinement of the electrons to dimensions
smaller than the wavelength of light. The electric field of the
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incident EM radiation displaces the particle’s electrons from
equilibrium and, in turn, produces a restoring force that results
in oscillatory motion of the electrons with a characteristic fre-
quency, that is, the SPPR frequency. At the same time, the os-
cillating electrons induce polarization of the opposite direction
in the surrounding medium, and this polarization reduces the
restoring force for the electrons thereby shifting the SPPR to a
lower frequency. By controlling the dielectric constant of the
surrounding medium, the wavelength of the SPPR can be fine-
tuned to a desired position, as is shown in Figure 8. In the first
panel, the SPPR is shifted to shorter wavelengths due to the
decrease in the dielectric constant from that of isopropanol to
that of Teflon AFB” In the last two panels, the dielectric con-
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tupole, etc. (Figures 9B and 9C) leading to several peaks in the
spectra.®” In Figure 10, the SPPR extinction spectra of Ag sus-
pensions of different particle diameters are shown. It is appar-
ent that the dipole maximum rapidly shifts to longer wave-
lengths as the particle size increases beyond 70 nm (450 nm
spectral maximum) revealing the quadrupole peak at about
420 nm. The observed spectral shift results from the “spread-
ing” of the particle’s surface charge over a larger surface area
so that the surrounding medium better compensates the re-
storing force thus slowing the electron oscillations.!*

A sufficiently small particle of any conducting material ex-
hibits SPPRs, yet its spectral position depends on many factors,
most importantly on the material’s frequency-dependent com-
plex dielectric function. The
wavelength dependence of the
real (&,(w)) and imaginary (&,(w))
parts of the dielectric function
describing  polarizability and
energy dissipation, respectively,
are given in Figure 11 for Ag.*"
An SPPR occurs when there is
phase-matching between the
polarization in the particle and
incident field, a condition that is
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Figure 8. UV/Vis extinction spectra of silver nanoparticle suspensions before (—) and after (—) changes were
made to the dielectric environment from A) isopropanol to Teflon AF, B) water to silica, and C) water to titania.

stant of the surrounding medium is increased from that of
water to that of silica® and titania,*® respectively, red-shifting
the SPPR wavelength. SPPR-wavelength modulation via dielec-
tric environment can be used in chemical assays in which vary-
ing the concentration of an analyte causes a predictable wave-
length shift.”” The shape of the SPPR spectrum is determined
by the relative dimensions of the particle to that of the wave-
length of incident EM radiation. For nanoparticles much small-
er than the wavelength of light, the EM field is uniform across
a particle such that all the conduction electrons move in-phase
producing only dipole-type oscillations (Figure 9A) manifested
by a single, narrow peak in the SPPR spectrum. As the size in-
creases, the field across the particle becomes nonuniform, and
this phase retardation broadens the dipole resonance and ex-
cites higher multipole resonances, such as the quadrupole, oc-

Figure 9. Diagrams depicting the electric field lines of the A) dipole, B) quad-
rupole, and C) octupole resonances, after ref. [4].
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fulfilled for very small particles
(<10nm) when & (w)=-2¢,
where ¢, is the dielectric con-
stant of the surrounding
medium,“? and is satisfied for
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Figure 10. UV/Vis extinction spectra of silver nanoparticle suspensions of 20
different particle diameters.

very small Ag particles suspended in water (g,,=1.77) at an ex-
citation wavelength of around 385 nm. The imaginary part of
the metal dielectric function, which describes losses, must be
small at the SPPR frequency to provide efficient electron oscil-
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Figure 11. Real and imaginary parts of the dielectric function of silver as a
function of wavelength. Curves were prepared using values listed in
ref. [41].

lations. Several processes can damp the oscillations, such as
electron scattering by lattice phonon modes, inelastic elec-
tron-electron interactions, scattering of the electrons at the
particle surface, and excitation of bound electrons into the
conduction band (interband transitions).**'*¥ Whereas elec-
tron-phonon interactions account for a majority of &,(w), in-
elastic electron-electron interactions and surface scattering are
less significant, with the latter being important only for
<5 nm particles. Interband transitions can cause a substantial-
ly decreased efficiency of plasmon excitation, as is the case for
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Au and Cu, where there is significant overlap between the in-
terband absorption edge and the plasmon resonance. For Ag,
however, the absorption edge is in the UV (ca. 320 nm)"*¢ and
has little impact on the SPPRs, which appear at wavelengths
larger than 370 nm, accounting for the fact that excitation of
the SPPR in Ag particles is more efficient than for Au and Cu.

4.2. Absorption and Scattering by Silver Nanoparticles

Once excited, plasmon oscillations can be damped non-radia-
tively by absorption caused by electron-phonon interactions,
and/or radiatively by the resonant scattering process. Plasmon
absorption is the only process in small particles, whereas both
absorption and scattering are present in large Ag particles,
with the latter becoming more dominant as particle size in-
creases. Absorption can cause a fairly drastic temperature
change in the particles when high-energy, pulsed laser excita-
tion is used such that breathing modes of the particle lattice
are excited, which can be seen as very small Stokes-shifted
peaks (8-15 cm™') in the Raman spectra.*!

The relative contributions from radiative damping through
resonant scattering and absorption strongly depend on the
particle size. The contributions of absorption and resonant
scattering to extinction with respect to particle size are shown
in Figure 12. Whereas particles smaller than 30 nm exhibit only
absorption, light extinction of particles larger than about
50 nm is dominated by resonant scattering. At 50 nm, both
the absorption and scattering become equal but their spectral
maxima are shifted relative to each other."*?
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Figure 12. Extinction (—), scattering (----- ), and absorption (—) spectra of silver nanoparticle suspensions normalized per particle. The mean particle sizes

are noted in each panel. The units on the y axis are multiplied by 10'™.
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The absorption at the SPPR is a property of the metal itself,
specifically &,(w), whereas scattering is related to the &,(w) con-
tribution. Whether the SPPR is absorbing or scattering depends
on the magnitude of real and imaginary parts of the dielectric
function at the resonance frequency. As can be seen in
Figure 11, &,(w) is relatively frequency-independent through
the visible spectral range while |¢&,(w)| rapidly increases with
wavelength. Because &,(w) is nearly constant in this spectral
range, one would expect the absorption to increase with the
geometric cross-section. However, as |&(w)| increases at
longer wavelengths, the scattering also increases and com-
petes with the absorption. As a result, the absorption does not
increase appreciably, and the increase in extinction at the SPPR
frequency for large particles is solely due to the increase in
scattering. Extinction is dominated by scattering simply be-
cause it is a faster process, resulting from free-electron oscilla-
tions, as compared to the slower absorption process that re-
quires interactions with lattice phonons. It was reported that
damping due to absorption processes occurs on the time scale
of about 40 fs#%213443 whereas radiative damping can occur on
the order of 10 fs.**®9 This competition between absorption
and scattering can clearly be followed in Figure 12. At a parti-
cle size larger than about 50 nm, both dipole and quadrupole
resonances contribute to absorption, and the contributions
become nearly equal for 75 nm particles. As the size increases
further, the contribution from the dipole absorption becomes
progressively less important, due to the competition from
dipole scattering, and the maximum of the absorption remains
at the quadrupole resonance.

4.3. Silver Nanoparticle Extinction, Scattering,
and Absorption Cross-Sections

Light that is extinguished by an object is quantified as the ex-
tinction cross-section (C,,,), which for Ag nanoparticles is larger
than the particle’s geometric cross-section. This nontrivial fact,
which indicates that a particle interacts with light both directly
impinging on it and passing within close proximity, can be un-
derstood by assuming the following intuitive model. Generally,
collisions between two objects depend on their geometric
cross-sections and, if one of the objects is much smaller than
the other one, the interaction is dominated by the geometric
cross-section of the larger object. The photon can be assumed
to have a “geometric cross-section” related to its wavelength
that is considerably larger than the particle size, thereby pro-
viding a possibility for C., to be larger than the geometric
cross-section of the particle. Whether or not this possibility is
realized also depends on the rate at which a particle can dissi-
pate energy from the field. In the case of Ag nanoparticles, effi-
cient energy dissipation is achieved through the absorption
and scattering of light via excitation of SPPRs. For individual
molecules, on the other hand, the ability to dissipate energy is
exceedingly low, such that C,, is always much smaller than the
geometric cross-sections of both the photon and the mole-
cule.

The extinction efficiency is calculated as the ratio of the ex-
tinction cross-section to the geometric cross-section. For Ag, it
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varies between three and ten depending on the particle diam-
eter. Using the absorption and scattering components of the
extinction spectrum, absorption (C,,) and scattering (C,.)
cross-sections, as well as efficiencies, can be described in a sim-
ilar manner. For separate determination of C,, C,. and C,, a
scattering spectrometer was constructed and a method was
developed for the measurement of the particle concentration.
The method, which is described elsewhere, is termed standard
subtraction and involves the measure of the extinction spectra
prior and after the removal of a precisely known number of
particles from the suspension.* The particles are removed by
exposing an amine-modified substrate to the suspension,*
counted using scanning electron (SEM) micrographs, and the
cross-sections are determined from measured differences in
the extinction. The corresponding efficiencies for various parti-
cle diameters are shown in Figure 13. Because cross-sections

m Extinction Efficiency

-
X1
i

Absorption Efficiency
O Scattering Efficiency

efficiency —»
FS (=] o E

®3
L

(-]
M

29 34 3B 44 48 52 59 &1 T8 VB 92 96 105 113 120 138
particle diameter/nm —

Figure 13. Extinction, scattering, and absorption efficiencies as a function of
particle size.

are commonly calculated based on spectral maxima, the ex-
tinction and scattering efficiencies reported here are for the
dipole resonance maximum, while the absorption efficiency
represents the absorption maximum that is at the dipole,
quadrupole or a mixture of both resonances, depending on
the particle size.'*!

Relationships of absorption and scattering cross-sections to
particle size and the position of the SPPR maximum are shown
in Figure 14. C,,, increases linearly with the geometric cross-
section in the spectral region in which scattering is unimpor-
tant because the absorption mechanism due to the electron-
phonon interactions is the same, regardless of particle size
(Figure 14A). For this reason, plasmon absorption can be
thought of as a property not of the SPPR but of the metal
itself. On the contrary, C,., appears to increase linearly with the
particle volume rather than with its geometric cross-section
(Figure 14B). This relationship indicates that scattering de-
pends on the total number of conduction electrons participat-
ing in the oscillation and thus is a property of the resonance.

4.4. Extension of the Local Field from the Silver Nanoparticle
Surface

When SPPRs are excited, the oscillating electrons generate an
EM field consisting of two components: a local non-radiative
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Figure 14. Graph:s illustrating the linear relationships between A) absorption
cross-section and geometric cross-section and B) scattering cross-section
and particle volume.

field around the particles that is enhanced as compared to the
incident field and a radiative EM field due to resonant scatter-
ing.*® The distance to which the local field extends from the
particle surface plays a major role in various surface-enhanced
phenomena as molecules placed within this field experience
increased induced polarization.”” At the same time, the mole-
cules perturb the field by affecting the local dielectric environ-
ment and, because the oscillating electrons and the local field
are inseparable parts of the same system, alter the frequency
of electron oscillations. Although this model may appear some-
what different from the notion of the restoring force previously
introduced to explain the effect of dielectric medium on the
frequency of SPPR, it describes the same physical processes.

The distance to which the local field extends from the parti-
cle surface was determined by measuring the SPPR wave-
length as a function of the thickness of a homogeneous silica
layer around the Ag nanoparticles. As the thickness of the
silica layer was increased, the wavelength of the resonance
shifted to the red due to an increase in the local dielectric con-
stant. After reaching a limiting thickness, further increases in
the thickness of the silica layer did not have an effect on the
SPPR (Figure 15), and this limiting thickness was attributed to
the maximum distance to which the local field extends from
the surface of the particles.” In a similar fashion, Haes et al.
reported similar results using an ideologically similar technique
in which multilayers of long-chain thiols were used to control
local polarizability."®

4.5. Quadrupolar Coupling of 2D Silver Nanoparticle Arrays

The assembly of metal nanoparticles into 1-, 2-, and 3D struc-
tures has generated significant interest in the last several years
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Figure 15. SPPR wavelength shift as a function of silica-layer thickness
around 92+ 5 nm silver nanoparticles.

as novel properties can be acquired owing to the cooperative
effects.* A recent report from this laboratory demonstrated a
novel phenomenon, that is, light-induced coherent quadrupole
coupling in self-assembled 2D arrays of 100 nm Ag nanopar-
ticles.” The cooperative resonance of the assembly was char-
acterized by an extremely sharp, nearly Lorentzian peak as
compared to the SPPR of individual particles (Figure 16). This

extinction —

LN B e B B e e I e e e B B4

AR P N B B b
380 460 540 620 700 780
wavelength/nm —»

300

Figure 16. UV/Vis extinction spectra illustrating the difference between a
suspension of non-interacting silver nanoparticles (----- ) and a coupled, 2D
array of silver nanoparticles (—).

resonance was measured as a function of interparticle spacing,
which was controlled by biaxial stretching of arrays embedded
into poly (dimethylsiloxane) (PDMS), as well as incident angle
with linearly polarized light. As the interparticle spacing in-
creased, the sharp peak rapidly decreased and the extinction
spectrum evolved into the spectrum of non-interacting parti-
cles (Figure 17). The observed strong distance dependence in-
dicated short-range, near-field coupling between the particles
in the arrays. When closely-spaced particles are irradiated with
light, their local EM fields overlap such that the only resonan-
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cle array during biaxial stretching illustrating the decoupling of the reso-
nance at increased interparticle distances.

ces that are supported are those for which the fields “construc-
tively interfere”. The fulfillment of this condition requires the
electrons in adjacent particles to oscillate coherently, thereby
making the coupling dependent upon the symmetry in arrays.
In the case of a 2D array of Ag nanoparticles, the symmetry-al-
lowed cooperative resonance is characterized by coherent
quadrupolar oscillations of electrons in neighboring particles
(Figure 18). The measured angular dependence further empha-
sized the coherent nature of the coupling as the cooperative
resonance rapidly decreases with increasing incident angle. At
oblique angles, the electrons in neighboring particles experi-
ence a slightly different phase of the incident wave that causes
dephasing of the electron oscillations. When excited with p-po-
larized light, another peak appears in the red spectral range at
small incident angles, indicating dipole coupling that is also
damped due to dephasing at larger angles (Figure 19).
Other groups have noted a

small blue-shift in the 2D assem- - 0°
bly of 10 nm Ag particles and as- 2 r
signed it to dipolar coupling
based on the fact that the
dipole is the only visible SPPR of
such small particles.”" A particle
of any diameter, however, can
support electron oscillations of
any shape (dipolar, quadrupolar,
etc.) as determined by the sym-
metry conditions imposed by
their neighbors. These considera-
tions suggest that even small
particles would exhibit quadru-
polar coupling in 2D arrays, pro-
viding that the interparticle dis-
tance is sufficiently small.

extinction/AU ———p
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Figure 18. Schematic for A) dipolar and B) quadrupolar coupling between
the SPPRs of individual silver nanoparticles in a 2D array. Arrows indicate the
electric field lines of the resonance.

5. Summary and Outlook

For future practical applications of nanoparticles, synthesis
techniques capable of producing highly crystalline metal parti-
cles of many different sizes and narrow size distribution are
necessary. The hydrogen-reduction method discussed here ful-
fills these requirements for silver nanoparticles and perhaps
other metals. Because of the chemical purity of the suspen-
sions and the control that this method provides over particle
size and distribution, the particles can be easily incorporated
into a variety of nanocomposites and further assembled into
higher-order nanostructures that exhibit novel properties.
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