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ABSTRACT
The properties of a material depend on the type of motion its
electrons can execute, which depends on the space available for
them (i.e., on the degree of their spatial confinement). Thus, the
properties of each material are characterized by a specific length
scale, usually on the nanometer dimension. If the physical size of
the material is reduced below this length scale, its properties
change and become sensitive to its size and shape. In this Account
we describe some of the observed new chemical, optical, and
thermal properties of metallic nanocrystals when their size is
confined to the nanometer length scale and their dynamical
processes are observed on the femto- to picosecond time scale.

I. Introduction
The physical and chemical properties of a material are
determined by the type of motion its electrons are allowed

to execute. The latter is determined by the space in which
the electrons are confined due to the forces they encoun-
ter. Unbound (unconfined) electrons have motion that is
not quantized and can thus absorb any amount of energy.
Once an electron is bound in an atom or in a molecule,
its motion becomes highly confined and quantization sets
in. The allowed types of motion in atomic or molecular
orbitals are found to have well-defined energies. The
smaller the space in which the motion is bound, the
stronger the confinement and the larger the energy
separation between the allowed energies of the different
types of motion. The atomic confinement is the strongest
type of electronic confined motion. In the hydrogen atom,
the electron is confined to a length scale of ∼50 pm.

In semiconductors, excitation involves the separation
of electrons and holes (the charge carriers) by distances
that encompass a number of the molecules or ions making
up the lattice. Such a distance, known as the Bohr radius,
is on the nanometer length scale. The minimum energy
required to separate the charge carriers is known as the
band gap energy of the semiconductor. What would
happen if we were to reduce the physical size of the
semiconductor material so it becomes comparable to, or
smaller than, the Bohr radius? This would decrease the
space in which the charge carriers move, and thus
additional quantum confinement would be imposed on
their motion. This leads to an increase in the band gap
energy, the electron and hole kinetic energy, and the
density of the charge carriers within and at the nanopar-
ticle surface. Because of this, as well as the fact that the
surface-to-volume ratio greatly increases, new properties
not possessed either by the macroscopic semiconductor
material or by the individual entity that makes the
semiconductor are observed.1-13

In a metal, electrons are highly delocalized over large
space (i.e., least confined). This is a result of the fact that
the separation between the valence and conduction bands
vanishes, giving the metal its conducting properties. As
we decrease the size of the metal and confine its electronic
motion, the separation between the valence and the
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conduction bands becomes comparable to or larger than
kT, and the metal becomes a semiconductor. More
confinement increases the energy separation further, and
the material becomes an insulator. In the size domain at
which the metal-to-insulator transition occurs, new prop-
erties are expected to be observed which are possessed
neither by the metal nor by the molecules or atoms
forming the metal.

In noble metals, the decrease in size below the electron
mean free path (the distance the electron travels between
scattering collisions with the lattice centers) gives rise to
intense absorption in the visible-near-UV. This results14-17

from the coherent oscillation of the free electrons from
one surface of the particle to the other and is called the
surface plasmon absorption. Such strong absorption
induces strong coupling of the nanoparticles to the
electromagnetic radiation of light. This gives these metallic
nanoparticles brilliant color in colloidal solution that
intrigued scientists in the 17th century. Their technological
application was ahead of semiconductor nanoparticles,
as they were used to give stained glass its brilliant ruby
color used in cathedrals at that time.18 It was Faraday who
showed that the intense color is due to metallic gold in
colloidal form. It was not until 1908 when Mie19 explained
the phenomena by solving Maxwell’s equations for the
absorption and scattering of electromagnetic radiation by
spherical metallic particles. This theory has been used to
calculate the spectra of particles smaller than the wave-
length of light for nanoparticles whose metallic dielectric
function is known and which are embedded in an
environment of known dielectric constant.15,17,20,21 Col-
loidal metallic nanoparticles are of interest because of
their use as catalysts,22 photocatalysts,23 sensors,24 and
ferrofluids25 and because of their applications in opto-
electronics26 and in electronic26 and magnetic 24 devices.

Platinum has been synthesized by our group in the
6-10 nm size range with different shapes,27 e.g., cubic,
tetrahedral, and truncated octahedral. The potential use
of metallic nanoparticles of the same metal but with

different shapes in the catalysis of different types of
reactions has been suggested.27

While our group is involved in studying the new
properties of both semiconductor and metallic nanocrys-
tals, due to space limitations, we limit our discussion in
this Account to some of the interesting results our group
has observed on two types of metals. These are the
thermal and catalytic properties of the transition metals,
e.g., platinum and palladium, and the optical and photo-
thermal properties of precious metals such as gold.

II. Some Interesting Properties of Metals
Confined to the Nanometer Length Scale
A. Transition Metal Nanocrystals of Different Shapes.
Transition metal surfaces are known to have very efficient
catalytic properties for many important reactions. Since
nanoparticles have a good fraction of their atoms present
on the surface, their potential use in catalysis is obvious.

Atoms on different types of faces of a single metallic
crystal have different electronic structures and thus are
expected to have different catalytic properties. In fact,
researchers in the high-vacuum surface science and
electrochemistry fields have observed different catalytic
efficiencies for the different metallic surfaces. We have
been able to synthesize platinum nanoparticles having
different shapes, and thus having different types of facets.
In a Science report, we published27 the results of the
reduction of (PtCl4)2- in solution with H2(g) in the pres-
ence of polyacrylate as a capping agent of different
concentrations. Figure 1 shows the TEM images of the
dominantly 11-nm cubic nanoparticle (left) and the
dominantly 7-nm tetrahedral nanoparticle (right). The
high-resolution images of each particle, in which the
individual atoms are resolved, are shown in (b) of each
figure. Other particle shapes have been made (truncated
octahedral and polyhedral nanoparticles). While some
mechanisms have been proposed for the growth process
of these particles,28,29 the exact mechanism of the initial
nucleation, growth, and shape control is not known. The
quality of both the salt and of the polymer as well as that
of the water used all seem to affect the outcome of the
particle shape distribution. Acrylic acid was also used as
a capping material. Cubic particles can be prepared by
simply adjusting the pH without the addition of any
capping agents. In this case, surface charges could stabi-
lize the individual particles and prevent their aggregation
and precipitation. However, these particles are not as
stable as those capped with the polymer.

B. Homogeneous Nanocatalysis in Solution. The term
“homogeneous catalysis” is used here since solutions of
nanoparticles in colloidal preparations are clear, with no
observed light scattering. This is due to the fact that these
particles are over an order of magnitude smaller than
visible light. In this section, the catalysis by the surfaces
of the particles, a topic usually discussed under the title
of “heterocatalysis”, is discussed.

Size dependence of catalysis of metal clusters is a topic
of active research. We have used transition metal nano-

FIGURE 1. Platinum nanoparticles synthesized in colloidal solution
and having different shapes (11-nm cubes on the left and ∼7-nm
tetrahedrons on the right).27 The potential use of these nanoparticles
for different types of catalyses drives our research interest in these
particles. Do these different shapes have different catalytic proper-
ties?
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particles for the catalysis of two different types of reac-
tions. The first is the electron-transfer reaction:

catalyzed by platinum nanoparticles. The activation en-
ergy of this reaction in solution is found to be 38.3 ( 2.0
kJ/mol. When this reaction is carried out in the presence
of platinum nanoparticles (with dominant truncated
octahedral shapes), the activation energy is found to be
reduced30 to 17.6 ( 0.9 kJ/mol. This reaction was previ-
ously found to occur on the surface of the nanoparticles
by studying the dependence of the catalysis rate on the
concentration of the nanoparticle catalyst.31

The coupling reaction of arylboronic acid and its
derivatives with aryl halides (the Suzuki reaction) in the
presence of Pd(PPh3)4 and base to give biaryls was first
reported32 in 1981. These reactions are carried out in
organic solvents and are catalyzed by various Pd/ligand
systems. Phosphine-based palladium catalysts are gener-
ally used. One serious problem in homogeneous metal
catalysis is the separation of the reaction products from
the catalyst. It has been shown that palladium colloids
on the nanometer length scale are effective catalysts for
the Suzuki reaction33 in organic solvents. The use of water,
however, as a reaction medium for transition-metal-

catalyzed reactions is very attractive for organic synthesis,
due to environmental, economic, and safety reasons.

We have found34 that palladium nanoparticles stabi-
lized by poly(N-vinyl-2-pyrrolidone) (PVP) are efficient
catalysts for the Suzuki reactions between arylboronic acid
and aryl halide in aqueous medium. The time dependence
of the fluorescence intensity of the biphenyl product in
the reaction between iodobenzene and phenylboronic
acid is used to determine the initial rate of the reaction
as a function of the catalyst concenetration. The initial
rate is found to depend linearly on the concentration of
the Pd catalyst, suggesting that the catalytic reaction
occurs on the surface of the Pd nanoparticles.

C. Thermal Properties of Capped Platinum Nanopar-
ticles.35 If platinum nanoparticles of different shapes were
to be useful in surface catalysis of gases, such as those
used in the petroleum industry or for environmental
atmospheric purposes, one would first need to remove
the capping material and to make sure that the shape of
the dried nanoparticles is thermally stable if the catalytic
reaction is to be carried out at high temperatures.
Furthermore, if different shapes have different catalytic
properties, one needs to know the temperature range in
which the shape is preserved.

Figure 2.I shows the temperature effect on the capping
polymer as monitored by a variable-temperature TEM
system.35 At ∼180 °C, the capping polymer seems to have
thermally desorbed. In the bottom part of the figure
(Figure 2.II), the shape stability of the tetrahedral nano-
particle is examined with TEM. The triangular shape
seems to be preserved up to 350 °C. At 500 °C, the particles
begin to change their shape to spherical, which has the
lowest surface energy and thus is the most stable form of
the nanoparticle. At 600 °C, surface melting becomes clear,
which leads to particle surface amalgamation. Electron
diffraction studies35 showed that ∼25% of the particle has
surface melted at this temperature, leaving the interior
crystalline. From these studies, one concludes that, in
order to use these particles in heterogeneous catalysis,
they should first be heated (activated) to ∼200 °C to
remove the capping polymer. These “activated” nanopar-
ticles can now be useful for shape-controlled catalysis in
a temperature range from below room temperature to
∼750 K. Shape deformation begins to set in, and shape-
controlled catalysis would then be lost above these
temperatures. Of course, the spherical nanoparticle would
also be catalytic but with different kinetic parameters.

III. Gold Nanorods36

A. Optical Properties. 1. Intense Surface Plasmon Ab-
sorption. Gold nanorods have been synthesized37 electro-
chemically in the presence of a surfactant and cosurfac-
tant solution mixture known to form rod-shaped micelles.
A gold sheet acts as the sacrificial electrode (anode), and
a platinum electrode acts as the cathode at which the gold
ions are reduced. The shape distribution of the rods
depends on the current and the ratio of the concentration
of the surfactant to that of the cosurfactant used.

FIGURE 2. Thermal properties of the capped platinum nanoparticles
as studied by in situ variable-temperature TEM spectroscopy.35 The
capping polymer dissociates at ∼180 °C (I), and the particle shape
is retained up to 400 °C (II). This suggests that after the activation
of the nanoparticles by heating them to ∼200 °C, these solid particles
can be used for shape-controlled heterogeneous catalysis from
below room temperature up to ∼400 °C.

2S2O3
2- + 2[Fe(CN)6]3- f S4O6

2- + 2[Fe(CN)6]4-
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The top part of Figure 3 shows the TEM image of the
rods produced38 under the best experimental conditions
that gave us the best rod distribution. From the TEM
images, the distribution of the aspect ratio (the ratio of
the length to the width) of the rods can be determined
and is shown in the top right part of Figure 3. In general,
this method produces rods of widths ranging between 17
and 20 nm and lengths ranging from 40 to 200 nm.

As was discussed in the Introduction, reducing noble

metals to the nanometer length scale is associated with
observing the intense surface plasmon absorption in the
visible region of the spectrum. Using Maxwell’s equations,
Mie19 was able to derive the absorption probability due
to this electronic motion in spherical particles. The shape
dependence of the surface plasmon absorption was
studied by Gans.39 Using his equations for rod-shaped
rods, the simulated absorption of the rods is shown in
Figure 3d as a function of the aspect ratio.40 The observed

FIGURE 3. (a) TEM image of gold nanorods synthesized electrochemically in micellar solution38 under the best conditions. (b) Size distribution
of the nanorods. (c) Absorption spectrum of these nanorods. (d) Simulated spectra of nanorods of different aspect (length to width) ratios.

FIGURE 4. “The lightning gold nanorod”.42 Because of the intense surface plasmon absorption of gold nanorods, the electric field of the
incoming exciting light and that of the fluorescence light are greatly enhanced. This leads to an increase in the quantum yield of the fluorescence
by a factor of over a million! (A-a, A-b) Dependence of both the position of the wavelength maximum and the quantum yield of the fluorescence
on the rod dimension. This dependence is found42 to fit theoretical models,63 as shown in (B) and (C).
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absorption spectrum (Figure 3c) is much broader than the
simulated one, due to the inhomogeneous broadening,
which was not taken into account in the simulated spectra.
Two absorption bands are shown: one is due to the
coherent electronic oscillation along the short axis (the
transverse absorption band), and the other (the longitu-
dinal band) is at a longer wavelength, which is more
intense and results from the coherent electronic oscillation
along the long axis. The absorption maximum of the latter
band is sensitive to the rod length. This absorption is over
1000 times stronger than the strongest absorption of
molecular dyes! It is responsible for enhancing other linear
and nonlinear processes involving the interaction of these
nanoparticles with electromagnetic radiation,41 e.g., fluo-
rescence, surface-enhanced Raman scattering, and second
harmonic generation. Furthermore, the fact that the
absorption intensity and wavelength maximum of these
nanocrystals are sensitive to the dielectric constant of the
environment (e.g., adsorbed molecules on the surface)
makes them potentially useful as sensors.

2. The Lightning Gold Nanorods: Enhanced Fluores-
cence Yield by a Factor of Over a Million.42 Figure 4A
shows the fluorescence emission as a function of the
aspect ratio of the gold nanorods. This emission results
from the interband d f sp transition, just like the
very weak emission observed from gold metal surfaces,
except that while the quantum yield is 10-11-10-10 for the
metal,43 we found it to be 10-4-10-3 for these gold
nanorod solutions.42 This shows that in the nanorods, the
fluorescence yield is enhanced by a factor of over a
million!

It is observed for rods of fixed width that while the
emission wavelength maximum increases with the rod
length (Figure 4A-a), its quantum yield increases with the
square of the rod length (Figure 4A-b). Using the model40

developed to explain the enhancement of fluorescence
from rough noble metal surfaces, we were able to simu-
late42 the fluorescence from these gold nanorods as a
function of their aspect ratio (or length, since the width
is the same for all the rods studied). The results of the
simulation are shown in Figure 4B,C, which agree well
with the observed results. This agreement supports the
mechanism of the fluorescence enhancement in gold
nanorods. Furthermore, it supports the previous pro-
posal41 that roughing metal surfaces produces nanopar-
ticles on the surface that have a strong surface plasmon
absorption. This enhances the electric field of the incom-
ing exciting light as well as that of the outgoing fluores-
cence (or Raman scattered) light. This is known as the
field effect and leads to the enhancement of the surface
fluorescence, surface Raman, and surface second har-
monic generation on rough noble metal surfaces.

B. Nonradiative Photothermal Properties of Gold
Nanorods. Exciting the coherent motion of the free
electrons in the surface plasmon absorption by use of
femtosecond laser pulses leads to a rapid dephasing of
the electronic coherent oscillation due to strong electron-
electron repulsion. This leads to the formation of a pulse
of hot electrons of tens of thousands of degrees on the

tens of femtoseconds time scale. In the experiments
described in the rest of this section, we used this short
heating pulse to study the thermal properties of gold
nanorods.

1. Photophysical Processes: Electron-Phonon and
Phonon-Phonon Relaxation. Hot electrons relax by
collision with lattice ions, resulting in heating the gold
nanocrystal lattice homogeneously via electron-phonon
interaction. This occurs 36 in ∼1 ps. The lattice cools by
giving its heat to the surrounding medium via phonon-
phonon relaxation in36 ∼100 ps. These numbers have been
determined from the recovery of the optical bleach of the
plasmon band absorption near its maximum.44-55

One of the questions that interested workers44-55 in this
field was regarding the mechanism of the electron-
phonon relaxation process. The electron mean free path
in gold is near 50 nm,56 which is longer than the size of
the spherical gold nanoparticle or the transverse length
of the nanorod. This raises the question about the
contribution of surface scattering processes to the electron-
phonon relaxation process. This would predict that the
rate of this process should depend on the size and shape
of the nanoparticle.

We have determined36,44-47 the electron-phonon re-
laxation times for different sizes of spherical nanoparticles
as well as for the relaxation of the transverse and longi-
tudinal excitation of gold nanorods. Correcting for laser
power effects, this time is found to be ∼1 ps for gold
nanospheres of different sizes and for the transverse as
well as for longitudinal relaxation of the gold nanorods.
Using the theory originally developed for the contribution
of surface scattering,57 Hartland et al.58 were able to show
that the contribution of surface scattering in gold nano-
dots is <10%. This is due to the fact that surface vibronic
interaction is proportional57 to the ratio of the number of
valence electrons per atom (the one 6s electron in Au) to
the atomic mass (200). This being very small (1/200) for
gold explains the lack of size or shape dependence of the
electron-phonon process. For a lighter atom with more
valence electrons, e.g., Al, strong surface scattering of its
nanoparticles ought to be observed, leading to shape-
dependent electron-phonon relaxation processes. This
has already been reported for tin and Ga observed by
femtosecond transient reflectivity measurements.59,60

2. Controlled Laser Photothermal Nonradiative Shape
Transformation Processes. (i) How Long61 and How
Much Energy62 Does It Take To Transform a Gold
Nanorod into a Nanosphere? A solution of the nanorods
was exposed to a number of pulses having 100-fs pulse
width of the appropriate energy while being continuously
stirred, and the continuous-wave absorption spectrum
was continuously monitored. When the longitudinal band
disappeared, a drop of the solution was dried on a TEM
slide, and the TEM images were determined. If the energy
used was at the threshold, it was found63 that the image
contained only spheres of number of atoms comparable
to those of the original rods (see Figure 5b). This suggests
that exposure to the femtosecond pulses used leads to
complete transformation into spheres. With the knowl-
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edge of the amount of energy delivered to the rods in
solution, their absorption coefficient, and their concentra-
tion, the amount of energy needed to transform a gold
nanorod into a sphere was determined62 to be g60 fJ.

Another question arises as to how long it takes to
transform the nanorod into a sphere in solution. By
heating the rod with 100-fs laser pulses of the threshold
energy and monitoring the decay of the longitudinal
absorption band, it was possible61 to determine the time
of the change of the shape of the gold nanorod. This is
found to be 35 ( 5 ps. The question thus arises as to
whether this time corresponds to the complete melting
of the rod or to a partial change in the configuration,
leading to the decrease in the absorption at the monitoring
wavelength. A TEM study of the resulting transformed
nanoparticles at these pulse energies leads to the conclu-
sion that 35 ps is, indeed, the time of complete rod-to-
sphere transformation.

From the previous section, we have learned that hot
electrons resulting from laser photoexcitation heat the
lattice in ∼1 ps. To change the structure of the ions in
the lattice, we need to accumulate sufficient heat in the
lattice at a rate faster than the rate of cooling it. The time
constant for the latter process is found to be near 100 ps.
Thus, the 35-ps decay time of the longitudinal absorption
band is between the time required to heat the lattice with
the photothermally formed hot electrons (∼1 ps) and that
required for cooling it by phonon-phonon relaxation
processes to the solvent (∼100 ps). This suggests that
melting could, indeed, occur in 35 ps.

One more requirement needs to be satisfied. The
melting time cannot be faster than the travel time of a
sound wave in the nanorod. This is calculated to be 15

ps. Thus, the observed time of decay of the longitudinal
absorption band in our experiment strongly suggests that
the melting of the gold nanorod occurs on the 35-ps time
scale.

(ii) Laser Photofragmentation of Gold Nanorods.63 If
the energy of the femtosecond pulse is increased above
the threshold of transforming the rods into spheres,
fragmentation into smaller spheres is observed. Obviously,
if the rate of photothermal heating increases, the internal
energy of the lattice increases and high-energy channels
above that of melting open up. These high-energy chan-
nels are the different fragmentation channels. If nano-
second laser pulses are used, photofragmentation is also
observed (Figure 5c). The results of photothermal trans-
formation of the rod with nanosecond laser excitation are
interesting. It seems that having a longer pulse assists in
opening up the fragmentation channels, suggesting that
after heating of the lattice, more photon absorption takes
place during the longer nanosecond pulse, which leads
to an increase in the lattice internal energy that opens up
the fragmentation channels.63

To test the above proposal, we have used femtosecond
laser pulses having the threshold energy required to melt
(but not to fragment) the nanorods in solution to spheres.
The pulse train was then split into two, and the sample
solution was irradiated with the two pulses overlapping
in space but separated from one another in time by
different delays. At each delay, and after irradiation with
the two pulses repeatedly for a fixed length of time while
the sample was being continuously stirred, a drop of the
solution was spotted and dried, and the TEM images were
recorded. From the TEM pictures, the average size of the
spheres resulting from the irradiation at each delay time

FIGURE 5. Dependence of the photothermal laser transformation of gold nanorods in micellar solution on the laser pulse energy and pulse
width.66 (b) Irradiation with femtosecond pulses of controlled energy give rise to spheres with number of atoms comparable to that of the
parent nanorods (photothermal isomerization), while (c) high-energy nanosecond pulses give rise to photothermal fragmentation into small
spheres.
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was determined and plotted against the delay time
between the pulses. It was observed that when the delay
time was in the >3-100-ps range, fragmentation was
observed. At delay times shorter than a few picoseconds
or longer than 100 ps, only melting without fragmentation
was observed. The results were similar to those observed
when only one pulse was used. This suggests that if the
second pulse is absorbed while the lattice is hot (i.e.,
during a period longer than electron-phonon relaxation
time, ∼1 ps, but shorter than phonon-phonon relaxation
time, <100 ps), more absorption can take place, which
leads to fragmentation. If the lattice heated by absorbing
the first pulse is allowed to cool by phonon-phonon
relaxation processes (>80 ps), either photons from the
second pulse are not absorbed or, if they are, they only
melt the spheres again. This does not lead to fragmenta-
tion. If the second pulse arrives before the excited
electrons from absorbing the first pulse (i.e., <1 ps) heat
the lattice, it is absorbed by the cool lattice and thus does
not seem to cause fragmentation.

(iii) Thermal and Laser Photothermal Shaping of Gold
Nanorods in Micellar Solution. (a) Thermal Reshaping.38

We found that slow heating of a solution of gold nanorods
capped with micelles in an oil bath dissolves the long
micelles (leading to the precipitation of these gold nano-
rods out of solution) at temperatures lower than those
required to dissolve the shorter micelles. This leads to a
decrease in the average length of the rods remaining in
solution and a blue shift of the longitudinal absorption
maximum. Thus, by using optical spectroscopy, the
thermal stability (or the solubility) of the micelles can be
studied as a function of their length. Equally important,
it is a simple method to reshape the size distribution of
gold nanorods.

(b) Laser Photothermal Reshaping.64 Since the ab-
sorption spectrum of a gold nanorod solution is broad due
to its wide size distribution, it is possible to heat and
change the shape of, e.g., the longest rods (leaving the
rest unexcited) by simply adjusting the pump laser
wavelength to the longest absorption wavelength edge of
the longitudinal band. By using physical methods, the
changed shape can be separated from the solution. This
gives rise to a narrower and shorter size distribution. This
is another method by which the size distribution of gold
nanorods can be narrowed and reshaped.

In summary, gold nanorods are shown to have inter-
esting properties. They have 10 million times higher
fluorescence yield than gold metals. This is shown to result
from the field effect due to coupling of the electromagnetic
radiation to the strongly absorbing surface plasmon
oscillations present in these nanorods. The electron-
phonon relaxation time in these nanorods is found to be
∼1 ps, independent of shape or size. This indicates the
lack of contribution of surface scattering to the relaxation
process. The lattice cools in ∼100 ps, and the nanorods
are transformed into spheres in 35 ps by absorbing >60
fJ per rod. If the energy is increased or if lasers of
nanosecond pulse width are used, fragmentation to
smaller spheres takes place. It is found that, by thermal

heating to a specific temperature, reshaping the rod
distribution to smaller rods can be obtained. This is due
to the lower solubility of the large capping micelles at
higher temperatures. Laser photothermal reshaping of the
rods can also be accomplished by burning optical holes
in the long-wavelength longitudinal absorption band by
lasers of energies sufficient to change the shape of the
excited rods.
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