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1. INTRODUCTION

There has been a great interest in understanding the interac-
tions between light and noble metal nanoparticles ever since
Michael Faraday’s study of the ruby-red color of colloidal gold in
the mid-1800s." The property that makes the nanoparticles so
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special is their ability to support surface plasmons (collective
oscillations of the conduction electrons). Excitation of these
plasmons leads to a strong absorption band in the UV—visible
region and is thus responsible for nanoparticles’ brilliant optical
properties. The plasmon wavelength can be tuned by adjusting
the size, shape, and surroundings of the nanoparticle.2’3 This
feature makes them uniquely suited for a wide range of applica-
tions in catalysis, optics, chemical and biological sensing, and
medical therapeutics.*™®

Today, advances in colloidal synthesis methods and nanofab-
rication techniques, such as e-beam and nanosphere lithography,
combined with detailed characterization methods’ '* enable
nanoparticles with tunable shapes and sizes, and therefore tunable
optical properties, to be obtained. In addition, the characteriza-
tion of the nanoparticles by detailed quantitative electromagnetic
simulations has provided an unprecedented understanding of
correlation between shape, size, and environment with the
optical properties of the nanoparticles.”'”'>"> This in turn has
resulted in a wide range of applications in ultrasensitive chemical
and biological sensing'>~ ' due to new techniques like plasmon
resonance sensing,2 23 surface-enhanced Raman scatterin
(SERS),>">**23 and surface-enhanced fluorescence (SEF).>*?

Classical electrodynamics methods provide accurate and
efficient simulations of optical properties assisting in the ratio-
nalization of experimental findings and prediction and design of
novel nanostructured materials with specific optical properties.
Several numerical simulation methods, such as Mie theory,28
discrete dipole approximation (DDA),*** and finite difference
time domain (FDTD),*"*” exist and have been widely used to
model nanospheres, nanodisks, nanorods, nanoprisms, and other
complex geometrical configurations. The optical spectrum of
small metal particles (sizes below the wavelength of the light) are
dominated by a broad resonance interpreted as a surface plasmon
resonance (or Mie resonance), which can be considered as a
collective excitation of the conducting electrons.”*>** Within
classical electrodynamics, the optical properties of metallic
nanoparticles are well understood if the size is large enough such
that alocal dielectric constant is appropriate. However, as the size
of the particle becomes smaller than the mean free path of the
conduction electrons (~50 nm for Au and Ag), the dielectric
constants have a size dependence that needs to be included
if accurate optical properties are to be determined.*>**”3® This
becomes critical for particles with dimensions smaller than
~10 nm and leads to a significant broadening of the plasmon
peak. These deviations are usually accounted for by modifying
the dielectric constant of the metal particle empirically to account
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for the enhanced electron-surface scattering in small nanoparticles,
and this approach has been shown to improve upon the classical
results.*” Recent studies have also highlighted the importance of
using a fully nonlocal dielectric constant for correctly describing
the optical progerties of nanoparticles with dimensions smaller
than 10 nm.*®?

As the size of metal particles decreases further to dimensions
comparable to the Fermi wavelength of the electron (~0.5 nm
for Au or Ag), the electronic motion becomes confined and the
electronic energy levels become discrete. This smaller size is associ-
ated with optical, electronic, and chemical properties differing from
those of the larger nanoparticles.**>*" Due to quantum confine-
ment, these small metal clusters show molecular-like electronic
structures, and the characteristic plasmon bands are replaced with
discrete electronic transitions.*” ** Thus, investigating small metal
clusters by optical spectroscopy provides a way of understanding
the electronic structure of these systems.>>333#45733

Recent advances in nanoscience have demonstrated that small
Au and Ag nanoclusters (<2 nm) can be synthesized with grecise
control of the number of metal atoms and ligands.'*#**~>® Small
noble metal (Cu, Ag, Au) particles are of great interest to study
due to their complicated physical and chemical properties.>>**°
Small Ag and Au clusters stabilized by encapsulation in organic
dendrimers have been shown to exhibit strong fluorescence at
room temperature.””*® Furthermore, small silver clusters have
been shown to produce enhanced Raman signal characteristic of
the scaffold used to stabilize the clusters in solution.>”®® Thus,
these nanoclusters are of great interest due to their unique optical
and electronic properties, and their small size makes them parti-
cularly suitable for biological sensing.** %>

The electronic states of a metal are typically considered as a
continuum and are described in terms of their band structure.
However, since metal clusters exhibit a strong dependence on
size and configuration due to quantum size effects, the discrete-
ness of the electronic states becomes important as the size of
metal particles become smaller. Kubo showed that the spacing
between energy levels increases inversely with the volume of the
particle.*®® This can be realized by considering a free electron
model where the energy gap, the so-called Kubo gap (), near the
Fermi energy (Ep) is given by

= 4_Ef (1)

3N

where N is the number of valence electrons. If the gap is smaller
than the thermal energy, kT, the particle will be metallic, and if
the gap is larger than kgT, the particle will be insulating. The
dependence of the gap on the size of the particle is illustrated in
Figure 1. For very small particle sizes, the electronic energy levels
are discrete and thus are molecular-like in nature. At the point
where the Kubo gap becomes similar to the thermal energy, the
discreteness of the energy levels starts to influence the properties
of the metal cluster. For example, at room temperature the number
of valence electrons needed for the gap to be similar to the thermal
energy for silver is around 287 (E; = 5.51 eV). This corresponds
roughly to a nanoparticle with a size on the order of 2 nm, and in
this regime, the exact nature of the electronic structure becomes
important and is dominated by quantum size effects.

The focus of this review is to highlight recent advances in
applying electronic structure methods to study and understand
optical properties of metal clusters ranging from small clusters to
large nanoparticles. First, optical response of metal nanoparticles
will be described in detail to explain the origin of plasmons. The
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Figure 1. Evolution of the band gap and the density of states as the
number of atoms in a system increases (from right to left). O is the so-
called Kubo gap. Adapted with permission from ref 63. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA.

application of those plasmon resonances is then discussed with
respect to enhancements of linear absorbance, Raman scattering,
fluorescence, infrared absorption, optical activity, and nonlinear
optical processes. A brief outline of potential future work is given
to conclude this review.

2. ABSORPTION PROPERTIES OF SMALL METAL CLUS-
TERS

2.1. Alkali Metals

The optical properties of small alkali metal clusters have been
of great interest since the early experiments by Knight and co-
workers>>*86667 showing that clusters with 2, 8, 18, 20, 34, 40,
etc. atoms, the so-called magic numbers, were more stable. These
magic numbers could be explained based on a simple jellium
model where the metal cluster is modeled by uniform, positively
charged spheres with electronic shells, that is, 1s, 1p, 1d, 2s,
1f, 2p, etc., filled with valence electrons.>**¥%%% Gince then
the photoabsorption spectra of size-selected sodium clusters
with a small number of atoms (n=3—40) have been studied
extensively.33”45’46"“3’51 While the smallest clusters (n < 6)
showed absorption spectra more characteristic of molecules with
several distinct transitions, the larger clusters show spectra
dominated by a broad resonance containing most of the oscilla-
tor strength. The resonance corresponds to the collective dipole
oscillation of the valence-electron cloud against the positive ionic
background.* Thus, the photoabsorption spectra of the sodium
clusters evolve from discrete transitions in the small cluster to
more collective excitations resembling the response of larger
nanoparticles. For this reason, the initial interpretations of
absorption spectra were done in terms of the surface plasmon
resonance,>>>"*>48

The surface plasmon resonance, w,, for a finite metallic
spherical cluster much smaller than the wavelengch of the light
is given classically by the Drude model as®>>**>*

2 _ 47 pe?

2
@Dp 3m. (2)
where p is the valence electron density of the cluster. Since the

electron density can be related to the polarizability as p =

3N./(470), we can write the plasmon resonance as®>>***
N.é*
wp2 =— (3)
Mo QL

where N, is the number of valence electrons in the cluster. The
polarizability for spherical metal clusters as a function of size can,
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to a good approximation, be described by a jellium model”

N (N1/3rws 4 (3)3

Qtom = # (4)
where N is the number of atoms in the metal cluster, ryyyg is the
Wigner—Seitz radius of the bulk metal, and O represents the spill-
out of the electrons from the surface of a metallic sphere. This
simple model could be extended to spheroidal particles by taking
into account that the clusters can have different polarizabilities
along their axes.>* This ellipsoidal shell model (ESM) has been
shown to work reasonably well for small sodium clusters.>**>*®
However, for small lithium clusters, this model was found to give
poor results®" but could be corrected by adopting an effective
number of valence electrons of N°¥ = 0.77N,.>""! As the size of
the particle increases, the polarizability reaches the classical limit
of a conducting sphere, that is, o = rws-. From this, we see that
the polarizability of a small sphere is increased compared with the
bulk limit due an increase in the effective radius caused by the
spill-out of the valence electrons. This increase in the polariz-
ability as the size of the cluster is reduced was indeed observed
experimentally for small Na and K clusters.”””"~"* Since the
plasmon resonance is inversely proportional to the polarizability,
the spill-out effect would also lead to a red-shift in the plasmon
resonance compared with the bulk Mie results as the size of the
cluster decreases. This red-shift in the plasmon response of the
small clusters was also observed experimentally,*¥*>#¢4851
While the simple EMS model was fairly successful in explaining
the main features and broad resonance of the photoabsorption
spectra and providing an intuitive explanation for its origin, the
model could not account for additional fine structure in the
spectra. Since both Nag and Na, are closed-shell structures (and
thus spherical), the EMS model predicts only one resonance.
While only one broad peak is found for Nag, the experiments
show an additional band that is blue-shifted compared with the
main absorption in Na,,. Additionally, the EMS model was found
to predict resonances in good agreement with experiments for
clusters with n = 6—12 whereas larger discrepancies were found
for larger clusters.

Due to the small size of the metal clusters, it is not surprising
that classical models fail to account for all the observed features
since quantum effects are expected to be crucial. Therefore, to
account for quantum effects, there have been numerous simula-
tions of the photoabsorption properties of small alkali metal
clusters, since their small size made them amenable to treatment
using high-level electronic structure, *¥*7# 73275781 Generally,
the agreement between experiment and electronic structure
theory is very good, allowing for a detailed understanding of
not only the main peaks but also the fine structure in the
absorption spectra. Thus, the interplay between the accurate
theoretical models and the experimental results lead to a more
detailed understanding of the electronic configurations and, at
least for smaller clusters, a determination of the ground-state
geometries. For larger clusters, contributions from more than
one structure should not be excluded. Most of these studies were
done at zero temperature, but first-principles simulations have
shown that quantum and thermal fluctuations also have a
significant effect on the photoabsorption spectra.®>**™%*

Another property of alkali metal clusters for which a strong
dependence on cluster size is observed is the static polariz-
ability.”””'~7* The experiment carried out by Knight et al. for the
direct measurement of the polarizability of Na and K clusters by

electron deflection of a molecular beam has revealed the size-
dependence of the polarizability of these metal clusters. It has
been shown that minima in the polarizability values for Na,
clusters occur when n = 2, 8, or 20, which correspond to shell-
closing in the simple jellium model. Again, due to their small size,
many examples of calculations of the static polarizability for
alkali clusters using first-principles methods exist in the litera-
ture.”®7885792 1 general, there is good agreement between
theory and experiments, especially if one considers the evolution
of the polarizability with respect to the size of the clusters. The
theoretically estimated polarizability for sodium clusters is in
general found to be too low compared with experiments, whereas
for lithium clusters, the opposite is true. For sodium clusters, it
was shown that the inclusion of temperature effects into the
calculations could explain the discrepancy.®”®® In the case of
lithium clusters a recent high-level correlated electronic structure
theory study showed that the main reason for the discrepancy is
that density functional theory (DFT) overestimates the Li—Li
bond length in these clusters.””

The excellent agreement between first-principles results and
experiments naturally suggests that the photoabsorption spectra
of small clusters is best described in terms of distinct molecular
transitions. Therefore, the concept of a surface plasmon is question-
able for the small metal clusters discussed here.’® However, a
recent study using quantum fluid dynamics and time-dependent
density functional theory (TDDFT) showed that the electronic
excitation can be interpreted as density oscillations even for very
small clusters.”>”* This is illustrated in Figure 2 where the density
change due to the lowest excitation in Na, clearly shows a density
increase at one end of the molecule and a decrease at the other.
Thus, the description of excitations in small metal clusters in
terms of transitions between distinct molecular states agrees with
the notion of collective electronic excitations arising from the
oscillations of the valence electrons.

2.2. Noble Metal Clusters

While the alkali clusters behave like almost perfect free-
electron metals, the electronic structure of noble metal clusters
is more complicated due to the influence of d-electrons. Thus,
understanding the electronic and optical properties of noble
metal clusters remains a challenge. Experimentally, optical ab-
sorbance spectra were first obtained by photofragmentation of
mass-selected Ag,, (n < 21) clusters.” Small neutral Ag,, (n=2—
39) clusters have also been characterized by embedding the
clusters in rare-gas matrices.”®*® Similar to small Na clusters,
it has been observed that silver clusters have large peaks on their
absorbance spectra as cluster size increases.”®”® These plasmon-
like peaks are characterized by broad widths and large intensity
and thus are dominant features of the absorbance spectra. The
absorbance spectra for the Ag, clusters (n = 2—39) show similar
characteristics to one another in two different size regimes. For
smaller clusters in the range from n = 2 to n = 6, the spectra are
characterized by several comparable intense absorption lines.
The remaining silver clusters (n = 7—39) are likewise grouped
together with similar features on their absorption spectra. For the
larger clusters, the spectrum becomes primarily dominated by
one peak located between 3.40 and 4.00 eV.

Similar to the Na clusters, the absorption spectra for small Ag
clusters was initially interpreted in terms of collective excitation
of the valence electrons.>**>?%%® However, in contrast to alkali
metal clusters, which showed a red-shift of the plasmon reso-
nance for small clusters, small Ag clusters show a blue shift of the
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Figure 2. (left) Change in valence electron density using quantum fluid dynamics, where dark shading indicates a density increase and light shading a
decrease for the lowest excitation in Na,. (right) Integrated electron density along the bond axis using TDDFT for the lowest excitation in Na,.
Reprinted from ref 93 with kind permission from Springer Science and Business Media. Copyright 2001.
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Figure 3. Blue shift of plasmon resonance in small Ag clusters as the size

decreases. Reprinted with permission from ref 95. Copyright 1993 by the
American Physical Society.

resonance as the size of the metal cluster decreases (see Figure 3).
As described above, the red-shift for Na clusters was caused by
the spill-out of the valence electrons. Using a Drude model for
the Ag clusters (which only takes into account the Ss electrons)
cannot describe the observed blue shift in peak position as the
cluster size is decreased. Thus, in order to correctly describe
this effect, it is essential to include the interband transitions
from the 4d electrons to the free electron bands at the Fermi
level. The d electrons form a size-dependent polarizable back-
ground, which screens the interactions between the valence
electrons, effectively shifting the collective excitation frequen-
cies to lower energies relative to those predicted from a simple
Drude model.*® Since the d electrons are more strongly
localized and therefore do not exhibit spill-out effects, the
screening at the surface is reduced. To account for this, the
optical properties of the Ag clusters were modeled using a two-
layer dielectric model where the inner sphere was described by
a bulk dielectric function, which includes the effects of the d
electrons, and an external layer described by a Drude dielectric
function that includes the spill-out of the Ss electrons.® This
model showed that the blue shift of the plasmon frequency is a
result of two opposite trends, that is, the screening due to the
d-electrons and the spill-out effect from the s electrons. As the
size of the Ag cluster decreases, the surface to volume ratio
increases which reduces the d electron screening and increases
the plasmon frequency, compensating for the spill-out effect.

First-principles modeling has provided accurate and efficient
descriptions of the electronic structure and oftical properties of
Ag nanoclusters of different sizes.”**3**°7'%* Absorbance spec-
tra have been modeled theoretically using ab initio techniques for
neutral Ag, clusters (n = 2—8) and cationic Ag:,r clusters (n=2—4)
using the framework of linear response equation-of-motion cou-
pled cluster (EOM-CC) method.'*>'% TDDFT has also been
used to examine optical prog)erties for small and medium Ag,
(n = 2—22) clusters.”'" 1% A comparison between TDDFT
and many-body method based on solving the Bethe—Salpeter
equation (BSE) for calculating the optical excitation of small Ag,
(n = 1—8) clusters has also been discussed.'® While TDDFT
was found to generally be in good agreement with experiments,
poor agreement was found for the BSE method, especially for the
larger clusters. This was explained by the nonlocality of the BSE
kernel and correlations involving 4d electrons. Recently, the
absorption properties of Ag, (n = 4—20) clusters was also studied
using long-range corrected TDDFT, which showed improved
agreement with experiments and EOM-CCSD results compared
with traditional DFT functionals."'® Overall, very good agree-
ment between theory and experiments is found, especially for
smaller clusters, enabling a detailed understanding of the optical
properties of the Ag clusters to be achieved.

The importance of the d electrons on the absorption spectra of
the Ag clusters can be understood in detail since the first-princi-
ples methods explicitly account for their interaction on the
electronic structure. TDDFT has been used to characterize the
contribution of the d electrons to the excitation energies in small
Ag clusters.'””'%® Absorption spectra are affected by the d
electrons through two mechanisms. First, the d electrons screen
the s electrons, which leads to a quenching of the oscillators.
They also contribute directly to the electronic transitions. Both
processes are illustrated in Figure 4. On average, the screening is
found to quench the oscillator strengths by 55% using TDDFT
and around 65% from experiments compared with the values
characteristic for s-electrons in alkali metals. In general, the
oscillator strengths obtained within the time-dependent local
density approximation (TDLDA) are approximately 15% smaller
than those obtained in EOM-CC calculations."””"*® One possi-
ble explanation for the underestimation of oscillator strengths
below a certain threshold is that TDDFT calculations involving
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Figure 4. (left) Reduction of oscillator strength due to d electrons. (right) Contribution of d electrons to excitations in small Ag clusters. Reprinted with

permission from ref 108. Copyright 2005 by the American Physical Society.

traditional exchange—correlation (XC) functionals find many
spurious low-lying charge-transfer states. While these spurious
states do not carry any significant oscillator strength, they do
push some oscillator strength to higher energies. Thus, a reduc-
tion in the total oscillator strength is observed below a given
threshold. It was recently shown that long-range corrected TDDFT,
which correctly describes charge-transfer states, predicts signifi-
cantly fewer states and higher oscillator strengths than traditional
functionals like PBE."'” The long-range corrected functionals
were also found to predict absorption spectra in better agreement
with both experiments and EOM-CC results than the traditional
functionals.

In contrast to Na and Ag clusters, fewer experimental studies
that focus on understanding the size dependence of the 0}13tica1
properties of small Au clusters have been presented.'"' "¢
There have been several theoretical studies of the optical proper-
ties of small and medium sized Au clusters.””'**'""~'>* Experi-
mentally, near-UV depletion spectra of Au,, - Xe (n=7—11) have
been determined and compared with TDDFT simulations.' ' It
was found that spectra were characterized by molecular-like
absorption features without the strong transition near 530 nm
found for the plasmon resonance in larger nanoparticles. TDDFT
predictions of the optically allowed transitions for the most stable
isomers of the corresponding Au cluster anions were found to be
consistent with the experimental observation. TDDFT results
show that in small Au clusters the screening of the s electrons by
the d electrons is stronger than that for Ag clusters and leads to
quenching of the oscillator strengths by 40%.'% Also, the d
electron contribution to the excitations is increased in Au clusters
compared with Ag clusters. The stronger mixing of the d
electrons in the excitations is due to the smaller energy difference
between the s and d levels in Au clusters. This is caused by
relativistic effects and is essential to include in order to correctly
describe the optical properties of Au clusters. This is in contrast
to Ag clusters where relativistic effects play a minor role. While
most studies only account for scalar relativistic effects, a few
studies have highlighted the importance of also including spin—
orbit effects in the simulations of the optical properties of Au
clusters.">%"*!

2.3. Monolayer-Protected Metal Clusters

Small monolayer protected Au and Ag nanoclusters (<2 nm)
can be synthesized with precise control of the number of metal
atoms and ligands,'#**~°%"2#712¢ and clusters with composition
Auzo(SR)w: Auzs(SR)ls; Au38(SR)24, AulOZ(SR)44) Au40—156-
(SR),, ., where SR is the thiolated organic ligand used to
stabilize the cluster, are found to be particularly stable. A break-
through in the characterization of these small monolayer pro-
jected Au clusters was the total structural determination of the Au

nanoclusters Au;,(SR)44 and Au,s(SR) 15 through X-ray crystal-
lography presented recently.'***~> Electronically, the stability
of the Au,5(SR);g clusters can be understood in terms of the
“superatom” model.'*” The superatom model describes the
electronic stability of small metal clusters based on a jellium
model. In this model, structures with filled shells, that is, number
of valence electrons given by the magic numbers 2, 8, 18, etc., are
predicted to be particularly stable. Experiments and DFT simula-
tions have shown that the Au,5(SR) s cluster can be viewed as
consisting of aAuty core surrounded by six anionic RS—(Au—SR),
units.>*~>° This leads to a shell-closing of eight electrons in the
core, which should bring extra stability according to the supera-
tom model. The superatom model has also been used to under-
stand the stability of larger Au clusters,"*” although a recent study
using DFT has shown that the model cannot account for the
thermodynamic stability of the gold nanoparticles.'**

The fact that the crystal structure of the Au,s(SR)1g clusters
was available enabled a complete correlation between its struc-
ture and its optical properties.’®'**"** The simulated absorption
spectrum calculated using TDDFT was found to be in very good
agreement with experiments, enabling a detailed understanding
of the individual bands observed. As shown in Figure S, the
optical spectrum is characterized by three main transitions. The
first transition at 1.52 eV is the HOMO to LUMO transition,
which can be characterized as an intraband band transition (sp ~—
sp), the second transition at 2.63 eV arises from mixed intraband
(sp < sp) and interband (sp «— d) transitions, while the trans-
ition at 2.91 eV arises predominantly from an interband transi-
tion (sp <— d). While initially the lowest transition at 1.52 eV was
described in terms of the electronic and geometric structure of
the Au, 3 core, recent work has shown that the optical absorption
spectra are not separable into core and ligand contributions.'*’

2.4. Microscopic Origin of Plasmons

Although the optical properties of small metal clusters could
with some success be understood in terms of collective oscilla-
tions of the valence electrons using a simple Drude model, a
superior description was obtained by adapting electronic struc-
ture methods. For the smallest clusters, this naturally lends itself
to interpreting the optical properties in terms of discrete molecular-
like transitions. However, for larger clusters a comprehensive
analysis of the excitations using electronic structure theory
becomes cumbersome because the excited states form a quasi-
continuum so that a large number of molecular transitions con-
tribute to the observed absorption band. This raises the question
of at what point is it best to describe the transition in terms of
collective excitations or plasmons rather than in terms of
individual molecular transitions. Or said in another way, how
many electrons are needed to support a plasmon? While the
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Figure 6. TDLDA simulations of the optical properties of nanoshells.
Symmetric (w—) and antisymmetric (w ) plasmon resonances calcu-
lated using TDLDA are represented by O. Solid lines correspond to Mie
theory results. Reprinted with permission from ref 132. Copyright 2003
American Chemical Society.

experimental and theoretical studies of the absorption spectra of
small size-selected clusters provide direct insights into the size
evolution of the plasmon resonance, the different cluster shapes
and structures complicate the comparison with larger spherical
nanoparticles. Therefore, several studies using electronic struc-
ture theory have focused on understanding the size evolution of
plasmons for simple geometric nanoparticles,'®'>131713¢
Since the plasmon resonance of large nanoparticles is typically
described in terms of classical electrodynamics such as Mie
theory, it is important to understand at what point quantum
mechanical methods agree with classical electrodynamics. The
optical properties of large nanoparticles can efficiently be calcu-
lated using TDLDA, employing a jellium model where the ionic
background charge of the particles is replaced by a uniform
charge density that terminates at the nanoparticle surfaces. This
model was shown to be able to successfully describe the optical
properties of small sodium clusters.***®% Using this model, one
can simulate the optical properties of spherical nanoparticles with
up to 10° electrons, which are large enough that the results can be
compared directly with classical results.">*'*”'*® This model was
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Figure 7. Evolution of plasmon in 1D atomic chains of Na as the
number of atoms in a system increases: (a) longitudinal and (b)
transverse directions. Reprinted with permission from ref 135. Copy-
right 2007 by the American Physical Society.

recently used to study the structural tunability of the plasmon
resonance in metal nanoparticles consisting of a thin metal
nanoshell around a dielectric core with overall diameters between
4 and 32 nm. The TDLDA results of the dependence of two
dipolar resonances on the ratio of the particle radius to the shell
thickness was in excellent agreement with predictions based on
Mie theory, as shown in Figure 6.

Electronic structure theory that goes beyond the simple
jellium model is computationally very demanding and thus
unable to treat the large nanoparticles needed for a direct
comparison with classical results. However, by study of nanoclus-
ters with a highly symmetric tetrahedral shape, it was possible to
systematically follow the evolution of the cluster spectra from
Agyo to Agyo since these clusters are characterized by an
especially narrow absorption line shape.'*! This allowed the size
dependence of the absorption wavelength and width of the
absorption spectra to be extrapolated, making it possible to
connect the TDDFT results with classical electromagnetic
theory results that are obtained for larger clusters based on
DDA simulations. Also, a TDDFT study of the optical properties
of charged gold octahedral clusters with 6—146 atoms has been
used to explore the blue shift in the main absorption band with
decreasing cluster size."*

Electronic excitations in linear atomic chains of metals atoms
consisting of Na, K, Ag, and Au have been studied using
TDDFT."** '3 The 1D nature of the atomic chains provides
a simple system in which the formation and development of
collective excitations in the absorption spectra as a function of
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Figure 8. Optical properties of nanodimers calculated using TDLDA and Mie theory: (left) plasmon resonances plotted with respect to the ratio of the
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and 24 bohr (blue) are shown for dipolar (@) and quadrupolar (O) plasmon energy. Mie theory results are shown with solid (dipolar) and dashed
(quadrupolar) lines. For the right panel, data for Mie theory (red) and TDLDA (blue) are shown. Reprinted with permission from ref 144. Copyright

2009 American Chemical Society.

chain length can be studied. These studies showed that the
collective oscillations in the chain converge into a single plasmon
resonance in the longitudinal direction but split into two separate
transverse modes. One mode, termed the “surface” plasmon, was
localized at the end of the chain, whereas the second mode was
found at the center of the chain and thus termed the “bulk”
plasmon (see Figure 7). In Ag chains, the screening due to the d
electrons reduced the energies and intensities of the transverse
modes but had little effect on its longitudinal resonance. In the
Ag chain, the longitudinal excitations are dominated by Ss
electrons, whereas the transverse modes are strongly mixed with
the d electrons. Thus, the interband p < d transitions are res-
ponsible for the anisotropic screening.

In addition, classical models based on interacting frequency-
dependent charges and dipoles have also been explored to
calculate the optical properties of large Ag clusters.'**™'** These
models are parametrized based on TDDFT calculations of small
Ag clusters and thus include quantum size effects. These models
have been shown to bridge the gap between first-principles
modeling and the classical electrodynamics descriptions.

2.5. Optical Properties of Quantum Nanoparticle Dimers

There is tremendous interest in understanding the quantum
nature of nanoparticle aggregrates, since aggregates provide a
unique way of tuning the optical response by varying the distance
between the nanoparticles.**~'*° Additional interest stems from
the extremely large localized electric fields that can be found in
the gap between nanoparticles (the so-called hot spots) when the
plasmons are excited. As the gap between the particles decreases,
the coupling increases, leading to the very high electric fields. The
very high electric fields are typically found for separations below
5 nm where one would expect nonlocal dielectric effects to be
important.*”">" This becomes even more apparent when the gap
is reduced even further so that the particles are nearly touch-
ing,'#7 1461487150 1 this regime, the classical description breaks
down and electrons can tunnel between the nanoparticles, an
effect that requires a quantum mechanical description. Thus,
there have been several electronic structure studies of nanopar-
ticle dimers using either jellium models'** or TDDFT for dimers
of small clusters.'*>'#71>°

Classically, as the distance between the two nanoparticles is
reduced, the dipole plasmon resonance is found to red-shift
continuously and a sharp increase in the local field in the gap is
observed. However, a recent quantum calculation using a jellium
model found that for separations smaller than 1 nm, quantum

mechanical effects begin to significantly influence the plasmonic
response of the dimer."** For larger interparticle separation
distances, the quantum calculations agree with the predictions
of the classical approach for both plasmon energy and field enhance-
ment, as indicated in Figure 8. The major effect is the onset of
electron tunneling between the two nanoparticles, resulting in
significantly smaller hybridization and a strong reduction of the
electromagnetic field enhancements across the junction. Thus,
for small separations, it becomes essential to adapt a quantum
mechanical description in order to predict reliable electric field
enhancements.

3. ENHANCED ABSORPTION OF MOLECULES NEAR
METAL CLUSTERS

The plasmon resonance of metal nanoparticles described in
the previous section has important consequences when mole-
cules are near the metal surface. Large electric fields in proximity
to the metal nanoparticle, brought about by surface plasmon res-
onances, lead to dramatic enhancements in the optical response
of molecules. When a molecule interacts with electromagnetic
radiation, absorption of photons can occur. Relevant research in
the field of enhanced absorption processes is divided into two
areas characterizing electronic excitations and vibrational excita-
tions. Understanding these processes is fundamental for inves-
tigations of other surface-enhanced spectroscopies. Therefore,
developing methods that can resolve the electronic structure of
molecules based on linear absorption represents an important
first step to comprehend more complicated optical properties
described in later sections of this review.

3.1. Enhanced Electronic Excitations

Enhancement of electronic excitations (or more generally,
surface-enhanced absorption) involves a phenomenon where
molecules near a metal nanoparticle or small metal cluster scaffolds
experience a greater capacity to absorb photons. Enhanced
absorption was first reported for the dyes rhodamine B and nile
blue on Au and Cu films by Glass et al."** Garoff et al.'>
expanded on that work to examine the absorption of rhodamine
6G on silver-island films using both measured spectra and
analysis using Mie theory.">* Application of the theory in that
work allowed for the analysis of distribution of energy absorbed
from the incident radiation between the silver film and dye
molecule. Craighead and Glass'*® applied the effective-medium
theory of Garnett'*® in a study that allowed the authors to
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Figure 9. Absorbance cross section of 20 A silver nanoparticles that are
uncoated (a), coated with 20 molecules of the merocyanine dye
H,NCH=CHCHO (b), and coated with 20 molecules of the merocya-
nine dye H,N(CH=CH),CHO (c). Reprinted with permission from
ref 159. Copyright 2001 American Institute of Physics.

characterize the observed splitting of the plasmon resonance of
silver resulting from adsorption of dyes on the surface. This
section overviews investigations that describe enhanced absorp-
tion for species both chemisorbed and physisorbed to metal
surfaces.

DFT and TDDEFT have been applied to study tryptophan—
silver cluster systems,®"*” as well as complexes of both di- and tri-
peptides with silver clusters.'>”">® These investigations demon-
strate that the optical properties of the complex are associated
with charge transfer in both directions between the molecule and
metal. This indicates that the enhanced absorption results from
strong electronic interactions between both parts of the complex.
Bonding between the metal cluster and biomolecules also results
in complicated electronic structure, as demonstrated by the
analysis presented by Compagnon et al.®'

Corni and Tomasi'*® studied enhancements of the polariz-
ability of merocyanine dyes physisorbed to silver and copper
nanoparticles with various shapes. In this model, the molecules
were represented using Hartree—Fock (HF) theory, while the
metal nanoparticles were described using their dielectric func-
tions. It was shown that the imaginary part of the molecular
polarizability is enhanced in this method, resulting in an in-
creased absorption for the molecule when it is near a metal
nanoparticle. Furthermore, the authors find that the image field
generated by the molecule-induced metal polarization has a
much smaller effect on the molecular polarizability than the
reflected field of the metal. In Figure 9, the absorbance cross
section is plotted for 20 A silver nanoparticles with and without
dye molecules surrounding them. When the dye molecules were
adsorbed to the silver nanoparticles, an increase in the absor-
bance of the metal nanoparticles themselves and a small red shift
in the absorbance maximum were observed as well.

Morton and Jensen'® examined the linear response of
rhodamine 6G (R6G) and crystal violet (CV) physisorbed to
quasi-spherical gold and silver nanoparticles. Their model in-
cluded a quantum mechanical description of the molecule using
TDDFT and an atomistic representation of the nanoparticle
based on the capacitance—polarizability interaction model."*"*¢!
For the strongest molecular excitation of both molecules, it was
demonstrated that the metal nanoparticle causes an increase in
oscillator strength of 10—20%. The shift of the excitation energy
with respect to the excitation energy of the free molecule as a
function of distance between the molecule and nanoparticle is
shown in Figure 10. Because the electric field of the metal
nanoparticle decays quickly as the distance from its surface is
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Figure 10. Shift in the wavelength (04 = A(R=x) — A(R=c0)) in the
excitation energies for the two strongest excitations for R6G on Agys,
(blue dots and red squares) and CV on Au,s; (blue diamonds and red
triangles). The distance R = 0 defines the equilibrium position for the
two molecules with respect to the nanoparticle. Reprinted with permis-
sion from ref 160. Copyright 2010 American Institute of Physics.

increased, the convergence of the molecular excitation energy as
distance from the metal surface is increased follows physical
intuition. This work also discussed how orientation of the molecule
on the surface and adsorption site on the nanoparticle affect the
excitation energy and oscillator strength for different excitations.
Numerous other studies have described interactions of mole-
cules with metal nanostructures. Arcisauskaite et al.'®> applied a
quantum mechanical/molecular mechanical method (QM/MM)
to study charge transfer excitation energies for pyridine—silver
complexes using the CAM-B3LYP exchange—correlation func-
tional."®® This study concluded that the charge transfer excitation
energies were more strongly lperturbed by silver atoms near the
metal surface. Jorgensen et al. ©* described a multiconfigurational
self-consistent reaction field (MCSCRF) method applied to the
linear response of CO near a metal surface represented as a
perfect conductor. The authors examined the lowest four excita-
tions of CO, noting that the excitation energies shift and that
transition dipole moments may increase or decrease depending
both on the distance between the molecule and surface and on
the metal’s dielectric constant. Lopata and Neuhauser'®® studied
the interactions of a polar molecule with an array of collinear
spherical gold nanoparticles with a split field finite-difference
time-domain (FDTD) random phase approximation (RPA)
approach. Comparing results when the molecule is present to
when it was absent indicated that the molecule scatters incident
energy transferred between the nanoparticles and also that the
molecule enhances the electric field between nanoparticles.
Masiello and Schatz'%® applied a many-body Green’s function
approach with TDDEFT to study the adsorption of pyridine on
silver nanoparticles of various shapes. This study demonstrates
that varying the nanoparticle shape, local surface plasmon re-
sonance, and molecule—metal orientation and separation shifts
molecular excitation energies and changes the molecule’s polar-
izability. Corni and Tomasi'®” studied the interactions between
molecules and a metal surface, along with how the excitation
energies change when a solvent modeled including the polariz-
able continuum model (PCM) was used. Inclusion of represen-
tations of both the metal nanoparticle and solvent environment is an
important step in comparing theoretical models to experimental
results so that enhanced spectroscopies may be understood.
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Recent work by Chen et al. has indicated that a hybrid method,
involving a quantum mechanical description of a molecule with real-
time TDDFT and classical electrodynamics description of a metal
nanoparticle, can account for enhanced absorption of molecules
near a nanoparticle.'®® With the N3 dye, it was shown that the
model accounts for the strongest enhancement of absorption as the
molecule is closer to the surface. Interestingly, binding the metal
nanoparticle changed the relative intensities of different molecular
absorption peaks.

Further description of the enhancement of absorption will be
examined in section 4, in relation to enhanced fluorescence. The
remainder of this section focuses on enhancement of infrared
absorption specifically.

3.2. Surface-Enhanced Infrared Absorption

Surface-enhanced infrared absorption (SEIRA) is a technique
where molecular absorption of infrared photons is enhanced in
proximity to nanostructured metal surfaces. The first SEIRA inves-
tigation was performed by Hartstein et al.'®” for molecular mono-
layers coated with either Ag or Au metal films in an attenuated-
total-reflection (ATR) geometry. It was demonstrated that each
molecule studied (4-nitrobenzoic acid, benzoic acid, and 4-pyridi-
necarboxylic acid) had the same enhancement of their IR spectra
on the order of 10*. This finding indicated that the enhancement
was not from a chemical mechanism, but rather from plasmon
resonances of the metal deposited on the monolayers.

A general review of SEIRA that describes many experimental
studies not discussed here was presented by Osawa nearly 10
years ago.'’® SEIRA has been investigated on nonmetallic
substrates such as silver halide fibers'”" and dielectric nanopar-
ticles of AL,O; and SiC.'”* Xue et al.'”* used SEIRA to char-
acterize bonding orientations of p-nitrobenzoate to a Pt surface
and also examined the electrooxidation reaction of methanol
involved in direct methanol fuel cells. Nishikawa et al."”* studied
the effects of low reflective substrates for characterizing organic
films, finding that the best SEIRA signals were obtained for those
substrates with low refractive indices. Other SEIRA studies have
focused on detection of biomolecules'”> """ and examining
electrochemical reactions, such as the reduction of nitrite.'”®

One feature that is generally observed is the asymmetric gpeak
shape of different normal modes on the SEIRA spectrum.'”” '*°
Krauth et al. examined asymmetric line shapes of the modes of
CO adsorbed to iron films coated on MgO(001) surfaces.'”” The
observed Fano-like line shape'®® for the main IR absorbance line
has been explained by resonance of the vibrations of CO and
electronic transitions between the metal and CO molecule, by
applying the electron—hole pair model of Langreth."®”'*® How-
ever, it should be noted that this band asymmetry has been
shown to occur for molecules such as n-heptane'®” that can only
physisorb to a metal surface, meaning the chemical mechanism
does not necessarily cause the Fano-like line shape.

Persson and Ryberg applied the coherent potential approx-
imation (CPA) to study the chemical enhancement mechanism
of SEIRA for disordered monolayers of isotopic mixtures of CO
on Cu(100) surfaces.'® In this model, vibrating molecules were
allowed to interact with each other via oscillating dipole fields.
Comparisons between the model and experimental data showed
that good agreement exists for the surface coverage dependent fre-
quency shifts and integrated peak absorptance, which validated the
model. Estimates of the chemical enhancement resulted from an increase
in the dynamic dipole moment by a factor of 2—3, attributed to charge
oscillations between the orbitals of the CO molecule and metal.
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Figure 11. Simulated (—) SEIRA spectrum for p-nitrobenzoate on a
spherical 2 nm conductor and measured (———) SEIRA spectrum for
p-nitrobenzoate on 4 nm thick silver-island film from ref 191. Calculated
spectrum is for the perpendicular orientation of p-nitrobenzoate on the
metal surface. Reprinted from ref 190 with kind permission from
Springer Science and Business Media. Copyright 2006.

Corni and Tomasi'®® have simulated SEIRA spectra using
DEFT for p-nitrobenzoate. IR spectra were calculated for molec-
ular orientations perpendicular to the metal surface and tangen-
tial to it as well and were subsequently compared with SEIRA
spectra measured by Osawa and Tkeda.'”" The calculated spec-
trum for molecules oriented perpendicular to the surface is
shown in Figure 11. Comparison of the different orientations
of the p-nitrobenzoate on the metal surface indicated that per-
pendicular molecules absorb more strongly than those that are
tangential. The authors stress that this does not mean that all of
the molecules are perpendicular to the surface, though.

4. SURFACE-ENHANCED FLUORESCENCE

Four decades ago, Drexhage et al. noted that the fluorescence
of a Eu>" complex could be altered by the presence of a flat
metallic surface.'”* Since then, several studies have shown that
fluorescence of molecules can be markedly enhanced by placing
molecules near a metal surface, leading to surface-enhanced
fluorescence®*?%*71937205 (QEF), sometimes referred to as
metal-enhanced fluorescence (MEF). The fluorescence can be
enhanced by the strong local field near a metal surface due to the
excitation of surface plasmons. The interactions between the
molecule and metal surface alters the decay rates leading to
enhanced fluorescence and the possibility of using radiative
decay engineering in designing new sensing systems. This is
particularly important for bioanalytical applications since the
intrinsic fluorescence of a biological molecule may be amplified
so that fluorescent tags are not required.”*®>*® However, unlike
other surface-enhanced phenomena, fluorescence is optimally
enhanced when it is not adsorbed directly onto the surface; in
fact, the fluorescence is quenched when the molecule is too close
to the surface.

The fluorescence efficiency of a molecule is expressed in terms
of the fluorescence quantum efficiency, ®*%, given by

Y
O = T (S)
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Figure 12. Jablonski diagram comparing the decay paths of a molecule (a) in free space and (b) on a metal. In this figure, 0 represents the absorption
cross-section, ¥ is the radiative decay rate, k,,, is the free molecule nonradiative decay rate, ky; is the nonradiative decay rate into the metal, and ki, is the
rate of internal conversion. The terms |E(w,r) |2 and |E(a’,r) |2 represent the electric field enhancement due to the metal at the incident laser frequency,
o, and the emission frequency, ', respectively. Adapted from ref 27 with permission from Elsevier. Copyright 2001.

where v is the free molecule radiative transition rate and I" is the
total decay rate. A simplified Jablonski diagram describing free-
space fluorescence is given in Figure 12a. The free molecule
transition rate is given by Fermi’s golden rule***'* as

27
Yy = F‘fuegﬁpg (6)

where (., is the transition dipole moment between an electronic
excited state e and the ground state g and pj is the density of
photons at the final state g. The total decay rate is given by

r - V+knr+kint+kpc (7)

where k. is the nonradiative decay rate (collisional, thermal, and
vibrational losses), k, is the rate of photochemical processes
(ie., irreversible photobleaching), and ki is the rate of internal
conversion. In the following, we will use “y” to indicate a
radiative transition and “k” to indicate a nonradiative transition.
Typically ki, is very fast compared with the other processes, so it
can safely be ignored.'”> We include the absorption cross-section
0 in Figure 12a to highlight the fact that the molecule must first
absorb a photon to enter the excited state.

The effect of the metal on the fluorescence of a molecule is
typically discussed in terms of either the additional decay
channels available to the molecule’”?'" or the enhancement of
the free molecule decay rates,**>'*>~>"* which is based on the idea
proposed by Purcell in relation to NMR.*"> Here, we will adapt
the approach of Garoff et al*'® and describe the change in
radiative decay rate by a multiplicative enhancement but the
change in nonradiative decay rate as an additive enhancement.
For a molecule near a metal surface, the total decay rate of the
fluorophore is given by*'®

T = yIE(@', )" + kue + ke + ke (8)

where |E(w',r)|” is the electric field enhancement factor around
the metal evaluated at the metal—molecule distance r and the
emission frequency @' and ky; is the nonradiative decay due to
the metal. Note that we will use w as the laser frequency in this
discussion. The modified Jablonski diagram for SEF is seen in
Figure 12b, where it is clear that the effect of the metal is either
through the enhanced local field due to the plasmon (|E(w,r)|
for oand |E(e’,r)|” for y) or through the nonradiative decay due
to the metal ky;. One should note that in the limit of r = oo, that is,
free-space conditions, then I' = T, where '™ is the free-
space decay rate as defined in eq 7. It is interesting that the
presence of the metal may cause ®*% to increase toward one
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Figure 13. Change in I of a Eu*" complex with distance from a silver
mirror. Note the oscillations and the rapid quenching at very small
distances. The dots are the experimental points found by Drexhage et al,,
and the solid line is CPS theory. Reprinted with permission from from

ref 219. Copyright 1975 American Institute of Physics.

but also decreases the lifetime 7 = 1/I" in the process. This is
contrary to conventional fluorescence, where typically the two
quantities move in unison, so that one must choose between
good quantum efficiency or rapid photobleaching,>”*% since
decreasing I" will increase the efficiency of photobleaching (kpc/
.22 It is also common to discuss SEF in terms of the
enhancement factor EF = I'/T°Free (sometimes called the Purcell
factor or normalized decay rate).

Drexhage et al.'"”* showed that for a Eu®>" complex on a silver
mirror, the fluorescence lifetime oscillates with distance from the
surface. This was the first experimental evidence of altering the
fluorescence lifetime of a molecule on a flat surface, although it had
been predicted earlier by Purcell and shown to be possible in a
microcavity.”'> This oscillation of the lifetime can be seen in
Figure 13. Drexhage proposed a simple explanation for the
oscillations based on the method of images: when the light radiating
directly from the dipole is in phase with the light reflecting off the
mirror, they will interfere constructively, whereas if the two are out
of phase, they will interfere destructively. While this proved to be
acceptable for distances >1000 A, it was insufficient to describe
effects at shorter distances. Following, that several theories were
proposed, both quantum®*°**! and classically based.”**>**

Chance, Prock, and Silbey (CPS)>'*****™**® provided a theory
based on solving Maxwell’s equations for a two-mirror system
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Figure 14. A plot of EF on top of a parallelepiped-shaped gold particle.
This illustrates that EF is greatest on regions of high local curvature
(i.e., corners), also called hot spots. Reprinted with permission from ref
230. Copyright 2001 by the American Physical Society.

that was able to quantitatively describe the experimental findings
(see Figure 13). They showed that the expression for the decay
rate of a fluorophore on a flat metal mirror can be decomposed
into a radiative and a nonradiative component. It was also shown
that previous formulations (i.e., the image method) only ac-
counted for the radiative component and therefore failed at small
d. Nonradiative decay was suggested to be due in part to coupling
of the emission to surface plasmon modes in the metal. Further-
more, it was found that there was a large increase in the non-
radiative decay at the surface plasmon frequency. They also
demonstrated that the plasmon frequency could be shifted by
changing the thickness of the film. CPS theory has been highly
successful in describing the fluorescence decay on flat metal
surfaces, the reason being, as pointed out by Johansson and co-
workers,”*” that SEF is almost purely electromagnetic in nature.
For a thorough review of the classical theories of SEF, we refer
the readers to the recent review by Fort and Grésillon.'”

As one might imagine, the main ways that the metal can
enhance fluorescence is through the term |E(«’,r) | This primarily
results from the enhanced electric field due to the excitations of
the plasmons in the metals, although |E (@',r)|? is weakly affected
by image radiation.”*® Rahmani et al.**’ used a mixture of linear
response theory and the coupled dipole approximation to deter-
mine the effect of local geometry on the enhancement factor, EF,
of a nearby molecule based on |E(',r)|*. They tested the method
on parallelepiped-shaped (rhomboid) dielectric and metal par-
ticles on a dielectric or metal planar surface. They found,
especially for the metals, that the largest enhancements occur
in the areas of highest local curvature. This is clearly shown for
the case of a silver nanoparticles on a gold substrate (Figure 14),
where the largest enhancements were found at the corners of
the structure. This agrees with other works™" indicating that
|E(w',r)|?, and thus EF, is largest at sharp points (hot spots).

The effect of the metal on the fluorescence of the molecule
through the nonradiative term ky; is primarily due to electron—
hole coupling between the molecule and the metal at close
metal—molecule separation, r. This means that nonradiative
decay is primarily a nonplasmonic phenomenon, as clearly
demonstrated recently by Mufoz-Losa et al.**> by comparing
decay rates determined from full QM to those based on bulk
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Flgure 15. An approximate representation of the contribution of |E(’,
r)| (EM enhancement) and ky; (quenching) to the overall SEF effect as
a function of distance. It is only at small metal—molecule distances that
ky; becomes important. Reprinted from ref 204 with kind permission
from Springer Science-+Business Media. Copyright 2005.

dielectric constants. For a flat surface, ky; is proportional to 1/r
or 1/r*, depending on thickness,”***** whereas for a spheroid, it
is proportlonal to 1/r°2'® A common method to model ky, is
using the 1/7° dipole approximation of Forster. However, simple
dipole—dipole coupling has been shown to break down at small
distances, indicating that higher-order multipoles are required for
an adequate model.”** A more r1§orous electronic structure
model was developed by Persson,>**?***">%” who examined the
formation of electron—hole pairs in a metal by the presence of a
vibrationally excited molecule. In this method, the metal was
represented by a simple jellium model, except that the dielectric
function at the surface was smeared out to represent a more
realistic surface electronic distribution. The molecule was repre-
sented by a two-state dipole according to Fermi’s golden rule. Li
and Tully**® have developed a method to determine the decay
rate of a particular excited state of a molecule using real-time
electronic structure dynamics and by monitoring electron charge.
They demonstrate this method using a single H atom on a Ligg
three-layer flat surface where they were able to determine ky; for
the lowest charge-transfer state by fitting a single exponential to
the decay curve.

Due to the strong connection between SERS, surface-en-
hanced resonance Raman scattering (SERRS), and SEF, general
models aimed at describing all of these phenomena have been
presented. Weitz et al.>'" presented a theory to connect SERS,
SERRS, and SEF results for rhodamine-6G (R6G) and basic
fuchsin (BF). They compared results for the molecules on silica
and silver island films with a four-level (two electronic states,
each with two vibronic levels) model. They showed that for
molecules with large intrinsic ®*%, such as R6G, EF is actually
less than one. This is in contrast to BF, a molecule with low
intrinsic ®*%, where EF was ~3. This was shown to be the
result of the enhancement of the radiative rate with respect to the
addition of nonradiative emission into the metal. Pettinger”>*>*°
used a similar four-level model to examine the role of energy
transfer in these surface-enhanced spectroscopies.

Johansson et al.*****! used a two-state model within a dis-
placed harmonic oscillator approximation in conjunction with
Mie theory”® to determine the electromagnetic enhancement to
SERS and SEF for a molecule between two nanoparticles. They
found that the enhancement in SERS is proportional to |E|*, as
expected and that the SEF enhancement factor is proportional to
|E(w, r)| /|E*(o' ,r)| Note that we use |E*(w’ r)| to indicate
that Johansson et al. included ky; into the |E(o’ ,r)| term. They
found that except for short distances (<200 A) where decay into
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the spheres becomes important, E*(@’,r) is roughly the same as
E(w,r), and therefore SEF scales roughly as [E(w,r) |2. However,
for a single nanoparticle at close distances, E*(w’,r) becomes
greater in magnitude than E(w,r). This is the reason for the
observed maximum in the EF close to the surface before
quenching of the fluorescence dominates (see Figure 15). Inter-
estingly, they find that E*(@',r) is equal in magnitude whether
the molecule is on a single sphere or between two spheres,
whereas E(w,r) is much larger in the gap between two spheres,
indicating that fluorescence is unlikely to be fully quenched in a
dimer system. This could potentially lead to the SERS back-
ground continuum sometimes noted in the literature.***

Most studies of SEF use either a point dipole approximation or
a two-level system when modeling the molecule. However, one
method that has been used to extend this approximation is to use
a quantum mechanical description of the molecule combined with
PCM for the metal.'¢7?32%372% T4 4o this, the original PCM
model was modified so as to represent first a planar, semi-infinite

3973

metal surface'®”?** and then later a metal nanoparticle of

arbitrary shape.”** The interactions between the molecule and
the metal are solved fully self-consistently. In this way, the model
accounts for the changes in the molecular properties due to the
metal nanoparticle such as the transition dipole moment (|,ueg|2
term from eq 6). A recent study using the PCM model by
Vukovic et al. has focused on understanding the molecular
orientation and distance, nanoparticle size, shape, and composi-
tion, and number of nanoparticles on the fluorescence of a
molecule.”*” Since this work presents several important findings
related to SEF, we will discuss it in more detail.

Vukovic et al. showed that for a molecule oriented so that its
transition dipole moment points toward the nanoparticle (long-
itudinal, L, left cartoon in Figure 16), y (I"™® in Figure 16)
increases with decreasing distance from the particle. However, if
the molecule is rotated 90° (transversal, T, right cartoon in
Figure 16), then 7y decreases with decreasing distance. This is
because depending on the molecular transition dipole orientation,

dx.doi.org/10.1021/cr100265f |Chem. Rev. 2011, 111, 3962-3994
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Figure 17. (left) The fluorescence quantum efficiency (D) and (right) the relative brightness (DRP) of the molecule for various metal—molecule

separations and metal sizes. Notice that for larger metal radii, ®

does not predict an increase in fluorescent photons due to increased absorption but

@™ does. Reprinted with permission from ref 247. Copyright 2009 American Chemical Society.

the induced metal dipole can be parallel (L orientation) or
antiparallel (T orientation) to the molecular transition dipole.
As a result, the transition dipole moments of the metal and the
molecule for the L orientation interact constructively, whereas
for the T orientation they are actually destructive, accounting for
the observed trends shown in Figure 16. This is similar to results
found using classical theory.**° It should also be noted that the
enhancement of y at small distances was found to be propor-
tional to the radii of the metal spheres. They further found that
the magnitude of ky; (denoted by I™°" ™9 in the figure) does not
change appreciably with orientation, nor with metal radii, as
seen in Figure 16. The primary determining factor for ky; is the
metal—molecule separation.

Vukovic et al. also point out that the use of ®"¥ or EF may
not be enough to completely describe the SEF enhancement and
suggest the use of relative brightness, ®"® which is defined as**’

o

(DRB — (DFQEﬁ (9)
where 6™ is the absorption cross-section for the free molecule.
This is because ®"% and EF take into account only y and ky
and do not include the enhancement of 0 due to the metal. This is
shown in Figure 17, where both @"% and ®*” are plotted against
metal—molecule separation and metal radii for the L orientation.
It is easily seen that for small metal radii both measures give
qualitatively the same results. However, for larger metal radii, DRE
is found to be larger than ®FL At small distances, ky; is much
larger than y, even for large metal radii, and therefore consider-
ing ®FF or EF would lead one to interpret this as a poor
separation for SEF. However, inclusion of the enhancement of
0 illustrates that the fluorescence is not completely quenched. In
the same way, ®@"" is larger between a nanoparticle dimer
because ky increases linearly but v and o increase nonlinearly.
This mirrors the result found by Johansson et al.”****" using the
two-state model discussed previously. Finally, they showed that
silver yields larger enhancements than gold, primarily because

silver is less absorptive than gold at the emission wavelength and
thus leads to weaker ky;.

5. SURFACE-ENHANCED RAMAN SCATTERING

SERS is currently the only method that can simultaneously
detect a sin§le molecule and provide its chemical finger-
print.**>>3' 755 This has potentially high impact on biological
sensing such as DNA detection,">™*">°°72% early detection of
chemical and biological warfare,za)_267 real-time glucose sens n§
for diabetes,””***”° and nondestructive art analysis.””' ">
SERS refers to the strong enhancement by factors as large as
10°—10"? of the Raman signal of molecules in close proximity to
nanostructures that exhibit plasmons.””~**" In recent years, SERS
has been transformed into a powerful analytic technique'>'* "%
due to advances in nanofabrication” "**** and an increased
understanding of plasmonic properties of nanomaterials.>*>****%* A
major breakthrough was the discovery of single—molecule SERS,
which provides evidence of the enormous sensitivity of the
technique, and its ag;)lications to understand surface chemistry
at the nanoscale.”*>*>! 732837292 However, even 35 years after
its initial discovery, it is still not completely understood due to its
highly complex nature and required experimental conditions,
such as roughened surfaces, nanoparticle junctions and aggre-
gates, and chemical interactions. Here we will highlight recent
advances in understanding SERS wusing electronic structure
methods.

5.1. Early History of SERS

In 1974, Fleischmann, Hendra, and McQuillan*”® observed
that the Raman intensity of pyridine on a roughened silver
electrode in the presence of I could be modulated by adjusting
the potential of the electrode. This was attributed to the pyridine
molecules preferentially adsorbing to the silver at a certain
potential, and thus they interpreted the enhancement as arising
from an increased surface concentration of analyte. In 1977,
Jeanmaire and Van Duyne”® (JVD) observed enhancements of
pyridine on roughened silver electrodes of 10°—10°. They
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Figure 18. A cartoon representation of the mechanism of SERS, here using crystal violet on a gold nanotriangle as a representative example: EM =
electromagnetic mechanism; RRS = resonance Raman scattering; CT = dynamic charge transfer; CHEM = nonresonant chemical mechanism. Adapted

from ref 104 by permission of The Royal Society of Chemistry.

demonstrated that the enhancements could not be explained by
surface coverage alone. Consequently, they proposed that an
electric field arising from the roughened electrode surface
enhances the Raman intensity. Albrecht and Creighton281 (AC)
independently noted the discrepancy between surface coverage
and enhancement but proposed instead that the enhancement
originated from new or broadened electronic states caused by
interactions with the metal surface creating a resonance Raman
(RR) like effect. Interestingly, JVD observed that the enhance-
ment increased with increasing excitation energy, while AC
observed the opposite trend. These findings spurred great
interest in this new phenomenon>>'® and soon it was given
the acronym “SERS” by Van Duyne.>"' >"

Most early theories of SERS focused on simple classical models.
King, Van Duyne, and Schatz*'* proposed an image dipole model
where the adsorbate is approximated by a single dipole over a
smooth surface with no chemical interaction between the two.
Using this model, they could qualitatively predict the depen-
dence of the enhancement on incident frequency as found by
JVD.?*%! Moskovits®” suggested that roughening the elec-
trode surface creates colloids on the smooth metal surface with
finite radii that exhibit size-dependent resonances (like surface
plasmons). Moskovits used this idea to explain the discrepancy
between the frequency dependence that JVD and AC observed
for the Raman enhancement in terms of differing surface plasmon
resonances. Hexter and Albrecht®”” and Tsang, Kirtley, and
Bradley®® suggested that these surface plasmons couple to
molecular electronic states to form new resonances not acces-
sible in normal Raman scattering. A similar mechanism was pro-
posed by Burstein et al.,*** where instead of a continuum-type
charge transfer, charge transfer from discrete electron—hole
states occurred. Gersten, Birke, and Lombardi®*>**® discussed
a variation in which charge transfer occurred directly from the
metal to the molecule. Otto****'%*'53!6 argued the existence of a
local enhancement due to an electronic interaction between
metal and molecule and that it is likely that SERS signal is
dominated by a small number of molecular SERS active sites.*"”*'®
For a more detailed history of the discovery of SERS, the reader is
referred to the review by Tian, Ren, and wu.3

Resulting from the experimental observations, two main methods
of explaining the larger enhancements of SERS arose, one being an
electromagnetic mechanism (EM)%211296257301,306309,320=323 11 g
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the other being a chemical mechanism (CM).****'93**73%7 1 jts

most general terms, CM arises from overlap between the metal and
adsorbate wave functions, whereas EM is classical in nature and does
not rely on this overlap.”>**° Today, it is well accepted that EM
arises due to resonances between the incident laser and the surface
plasmons of the metallic nanostructured surface.>*>"**>32*733* EM
typically is the largest contributor to SERS, yielding enhancements
anywhere between 10* and 10°. In contrast to EM, the nature of CM
enhancement is less clear.'***”33373% It is generally accepted that
there is a dynamic charge-transfer (CT) mechanism that arises from
a resonance between the incident laser and a metal to molecule or
molecule to metal excitation. Additionally, if the incident laser is
resonant with an intermolecular excitation, the molecule will
experience resonance Raman scattering (RRS). Although this is
strictly not a surface effect, the metal does influence the RRS enhance-
ment. CT and RRS have individually been known to contribute
enhancements anywhere from 10 to 10°. Finally, there is a small
enhancement that is gained simply by placing the molecule onto a
metal surface, which is due to relaxation of the electronic structure of
the molecule; this is called the nonresonant chemical mechanism
(CHEM) and is expected to onlyyield enhancements on the order of
10% or less. Of course, the two mechanisms EM and CM are not
mutually exclusive but work together in concert to produce the
overall SERS effect. However, depending on the specific system, the
importance of individual mechanisms may vary. A cartoon illustrating
the different enhancement mechanisms is presented in Figure 18 and
discussed in more detail below.

5.2. The Electromagnetic Mechanism

As mentioned above, EM is a result of surface plasmon res-
onances on the nanoparticle surface and is therefore considered
to be independent of the nature of the molecule or the chemical
bond between the metal and molecule. As such, many successful
studies of EM have been performed utilizing classical electro-
dynamics methods such as Mie theory,”® DDA,*3%33%336 3nd
FDTD.*"* It can be shown that the enhancement factor due to
EM can be written as'*#?7%3%

EFgv = |E()|E(0) (10)
where EFgy is the electromagnetic mechanism enhancement
factor, E(w) is the frequency-dependent electric field at incident
frequency w, and E(w’) is the frequency-dependent electric field
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Figure 19. (a) DDA calculation of the electric field enhancement |E|2
around a nanotriangle, highlighting the fact that the greatest enhance-
ment is at the tips. Reproduced with permission from ref 328. Copyright
2004 American Institute of Physics. (b) TD-DFT calculation of |E |2 fora
tetrahedral Ag,q cluster. The two methods yield qualitatively the same
results. Reproduced from ref 104 by permission of The Royal Society of
Chemistry.

at the Stokes shifted frequency @’. However, since the Stokes
shift is usually small compared with the wavelength of laser, eq 10
is typically simplified as

EFgy = [E(0)[* (11)

The local electromagnetic field due to plasmon excitations is
largest in regions with high local curvature and in particular in the
junction between dimers of nanoparticles, the so-called hot spots.
This is illustrated in Figure 19a where Hao and Schatz”*® used
DDA to simulate the EM enhancements around triangular
nanoparticles. Compared with the large amount of literature
on using classical methods to simulate EM, much less has been
presented on using electronic structure theory to simulate EM.
However, as discussed previously, the discrete electronic transi-
tions observed in small metal clusters can be used as an analogue
for plasmon frequencies''® and thus serve as a model system for
understanding EM. This is illustrated in Figure 19b where the
electric field enhancement around a Agyo cluster has been
calculated using TDDFT'%* and is qualitatively similar to results
calculated with DDA (Figure 19a). Calculations of the EM
enhancement generally neglect terms such as the enhanced field
gradient near the surface, but Kedziora and Schatz®*® showed
that higher order terms, such as dipole—quadrupole, quadru-
pole—quadrupole, and magnetic-dipole—magnetic-dipole terms
can be neglected when calculating the Raman cross sections.

One of the earliest electronic structure methods developed to
understand SERS was developed by Maniv and Metiu.>****! In
their model, they assumed that the enhancement was a result of
an image dipole in the roughened metal that scatters inelastically.
To model this, they used the random phase approximation in
conjunction with a jellium model to represent the metal. An alter-
native method was proposed later by Pandy and Schatz.*****
They used time-dependent Hartree—Fock (TDHF) methods to
calculate the resonance polarizability of the H,—Li, system. In
this method, they used a phenomenological damping parameter,
I', chosen to mimic that of bulk Li. By calculating the Li, res-
onance polarizability derivative at various H, —Li, distances, they
found a distance dependence similar to that expected for EM.
This method was later expanded upon by Nakai and Nakatsuji***
to look at CO on Ag,, Agjo, Ky, Pd,, and MgO. They found a
wavelength dependence that closely followed what is observed
experimentally and noted that EM depends strongly on reso-
nances in the metal system. They also noted that orientation of

the adsorbate on the metal can significantly alter the enhance-
ment factor.

Pustovit and Shahbazyan®* presented a different approach to
model EM by noting that electrons in the sp band of a nano-
particle do not exhibit a step-like potential as is assumed by
methods such as Mie theory. To account for this, they model the
outer sp band of the nanoparticle using TDLDA, and the bulk d
band with a phenomenological dielectric constant. The molecule
is represented simply by its molecular polarizability at some
distance from the surface. As a result, this model is able to scale to
nanoparticles of moderate size (1.4—4.5 nm) while retaining
quantum size effects.

An intriguing phenomenon related to EM is that the location
of the maximum EFg); does not coincide with the plasmon
resonance peak @, but rather is slightly blue-shifted.**® A simple
explanation of this can be achieved by considering eq 10. Since
EFgy is dependent on both both @ and @', the maximum EFgy
should occur halfway between these two values. This is indeed
what is observed, which calls into question the validity of the w &~
o' approximation that is generally assumed. This was also demon-
strated recently by Franzen.**” Zhao et al.'”" recently compared
EFgMm to the absorption maximum of a Ag—pyridine complex
calculated using TDDFT. In contrast to the experimental
results,>*¢ they found that the maximum EFg); was red-shifted
from w. This is likely because the electronic structure methods
that were employed assumed w ~ «'.

5.3. The Chemical Mechanism

Early observations of SERS from molecules like pyridine on
plasmonic metal surfaces showed enhancements of 10—1000
orders of magnitude greater than were expected to originate from
EM alone. In fact, by alteration of the applied voltage (which is
not expected to change EM), the overall SERS enhancement
factor could be increased or decreased.**® Additionally, SERS was
shown to exist for nonplasmonic metals** or flat surfaces””* where
EM effects are not expected to be important. These observations
pointed toward the existence of a chemical mechanism (CM). CM
is also sometimes referred to as the electronic mechanism or first
layer effect due to its short-range nature.

The chemical mechanism can be divided into three contribu-
tions:

1. A molecular resonance (RRS) mechanism. This is analo-
gous to RRS for a free molecule except that the presence of
the surface modifies the enhancements observed. This is
not traditionally included as a chemical mechanism, but
since it is in fact altered by the metal, we prefer to include it
as a chemical mechanism. RRS is ?rpically expected to
contribute enhancements of 10°—10°.

2. A charge transfer (CT) mechanism,>'3#273353%0 in which
the applied field is in resonance with either a metal—
molecule or molecule—metal transition and typically pro-
vides enhancements around 10—10". It has been proposed
that it may be as large as 107 in some situations, based on
recent experimental work.**"

3. A nonresonant chemical (CHEM) mechanism, which arises
simply from the ground-state interaction of the molecule with
the metal. This is the weakest of the mechanisms, only leading
to enhancements on the order of ~10—100.

5.3.1. The Resonance Raman Mechanism. While reso-
nance Raman scattering (RRS) is not technically a surface pheno-
menon, we choose to include it because it is important for under-
standing surface-enhanced resonance Raman scattering (SERRS).
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SERRS was often used in early experimental studies of
SERS*'"*3*35% and more recently in single-molecule SERS
studies.”****'7*** The main features of RRS can be explained by
assuming a two-state model that neglects vibronic coupling. In
this way, the polarizability derivative with respect to normal
mode, Qi (30/dQy), can be written as'%%*>*

et () w)
00" (oo \aQ

where u is the transition dipole moment for this transition, w, is
the energy of this transition, and w is the laser energy. Since the
Raman cross-section (I) is proportional to (do./ 9Qy)? at reso-
nance (@ = @,), the resonance Raman intensity is approximately

given by
2 ) . 2

It is important to note from eq 13 that the RRS intensity
depends on the transition dipole moment squared but on the
inverse of the excited state relaxation rate to the fourth power.
Therefore, a proper choice of I is crucial when attempting to
perform an RRS calculation. The transition dipole moment,
excitation energies, and I" are all affected by the presence of
the metal. Because of its dependence on I', SERRS is often
discussed alongside fluorescence. Molecules that are good can-
didates for RRS are usually strong fluorophores, and therefore
the RRS sgectrum is typically overpowered by the fluorescence
spectrum,”! 353355356 Gince the presence of a metal surface
simultaneously quenches fluorescence and enhances Raman
scattering, strong fluorophores like the prototypical rhoda-
mine-6G are excellent SERS probes. The metal can enhance
the transition dipole moment ¢ and also increase the relaxation
rate I'. Thus, for an increase in SERRS intensity to occur, the
magnitude of the increase in #” must be greater than that of T'*.
Depending on the metal and molecule, the interactions can lead
to either a stronger or weaker RRS enhancement.

5.3.2. The Charge-Transfer Mechanism. The charge trans-
fer mechanism (CT) is related to RRS since it is a resonance effect
between a molecular and a metal electronic state. As a result, it can
only occur if the molecule is close enough to the metal for the wave
functions of the two systems to overlap. CT is undoubtedly the
most controversial and least understood mechanism of SERS,
because of the difficulty in determining it experimentally®’ >
and theoretically.'*"*%

Early after the proposal of a chemical effect by Otto,
several electronic structure models for CT were introduced.
Persson®®" proposed a model based on the broadening of the
electronic excited state of the molecule by the metal. Pettinger”>”
suggested that CT occurs in a five-step process, whereby the
metal absorbs a photon and excites a surface plasmon (or
electron—hole pair), which then transfers its energy into the
molecule, causing it to be in an electronically excited state. The
molecule then inelastically returns the electron to the metal,
whereby a photon is emitted by the excited surface plasmon (or
recombination of electron—hole pair). However, Arenas et al.*®*
demonstrated that this mechanism was not necessary to explain
the odd selection rules of CT.

Both Adrian®*** and Lombardi et al.*** developed models based
on the similarity of CT with RRS using the framework of
Albrecht.****%* Albrecht had derived expressions for RRS as

300,302,310,315

the sum of several terms, the first (A-term) is determined by
Franck—Condon overlap between the ground and excited state,
and the second (B-term) is determined bgr Herzberg—Teller
coupling. Recently, Otero and co-workers****** 737 and Lom-
bardi and Birke®***”'37* have examined CT in terms of the
Albrecht model, although Otero and co-workers focus on the
Franck—Condon terms and Lombardi and Birke focus on the
Herzberg—Teller contribution. In the work of Otero and co-
workers, CT is analyzed in terms of vibrational symmetry and the
Peticolas®”* formula, in which the CT active modes can be
predicted by the ground and excited state geometries. These
calculations provide insight into the selection rules of CT but do
not offer predictions of the magnitude of EFcr and also bypass
the effect of I'. A similar strategy is being employed by Sun and
co-workers,””>**! whereby the electronic origin of CT is
visualized using the charge difference density method. Lombardi
and Birke recast the Herzberg—Teller view of CT from ref 325
into a time-dependent form that accounts for both metal to
molecule and molecule to metal charge transfer and also focuses
on vibrational symmetry. They indicate that this model results in
EFcrp o< 1/T*, which is the same result as in eq 13 for RRS, as
expected.

Recently, Birke et al.*”® calculated the Raman intensity of
pyridine on a Ag;, cluster on resonance with CT transitions. It
was found that exciting at a CT excitation energy causes pre-
viously silent modes to become Raman active, as is found
experimentally. They also discussed the effect of including the
finite lifetime of the excited states, that is, accounting for the
effect of I', in the calculations of the polarizability deriva-
tives.”>***> They found that in the pre-RRS region, that is,
slightly away from a resonance, the effect of including I" was
small. However, as expected they showed that the effect of
including I" was significant at resonance. In fact, neglecting the
finite lifetime lead to unphysically large (>10'°) Raman inten-
sities. This emphasizes the importance of including the decay rate
I' in the calculation of RRS or CT.

5.3.3. The Nonresonant Chemical Mechanism. The
nonresonant chemical mechanism (CHEM, also referred to as
the static chemical mechanism) is very difficult to detect experi-
mentally since it makes the smallest contribution to the overall
SERS EF, although there have been recent experimental attempts
to quantify it.**>*** Theoretical studies are expected to be par-
ticularly useful in describing this mechanism since it is likely to be
dominated by the local environment around the molecule, which
can be represented using small metal clusters. For this reason,
there are many electronic structure studies of the effect of small
metal clusters on the Raman properties of small molecules. In
these calculations the Raman intensities are obtained using static
molecular polarizabilities (@ = 0), ensuring no resonances, and
therefore the only enhancement mechanism is CHEM.

While it is clear that CHEM must arise due to an interaction of
the adsorbate with the metal surface,**” the specific character-
istics of the new metal—molecule complex that cause the enhance-
ment are less clear. Tian and co-workers®® demonstrated that
the bonding interaction between metal and molecule can cause
the vibrational modes to couple together or shift in frequency,
making simple comparisons to neat molecular spectra difficult.
They further studied the effect of solvent,>*® transition metals,>*"3%8
and size and shape of the metal cluster on the Raman pro-
perties.*® Vivoni et al** studied the effect of the adsorbate
geometry using an adatom model. Muniz-Miranda, Cardini, and
co-workers examined the influence of positively charged metal
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391392 and coadsorbates. > Johanssonz'94 studied the effect

of applied static fields and an increase in the Raman cross section.
However, he found that the external field does not significantly
affect the molecular polarizability, only the polarizability derivatives.
Zhao et al.>** examined the effect of Ag, and Au, dimers on the
Raman properties. Morton et al.**® and Saikin et al.*” studied how
strong bonding (thiols, as opposed to the weak bonding pyridine
and pyridine derivatives of the previously mentioned studies)
altered CHEM. In particular, the latter showed that CHEM is
sensitive to the molecule’s orientation on the cluster, as well as the
symmetry of the cluster—molecule system. Not surprisingly, they
also indicated that a mode containing atoms close to the metal will
be affected more than other vibrational modes.

Zhao, Jensen, and Schatz proposed that CHEM may arise from
either strong bonding interactions or increased static polarizabilities
(Aa)."®" Later, Morton and Jensen”® showed that CHEM is not
(atleast directly) related to properties such as Aa, bonding energy,
static charge transfer, or metal—adsorbate bond length, by using a
data set of 37 different substituted pyridines, benzenethiols, small
molecules, and silver clusters of various shapes and sizes. Using a
two-state approximation to polarizability, they found that CHEM
was related to the ratio of the lowest excitation energy of the free
molecule and the lowest charge-transfer excitation energy of the
metal—molecule complex as

clusters

4
model

EF ™ = A 0. (14)
where EF°! is the model enhancement factor for CHEM, wy is
the lowest (HOMO—LUMO) excitation energy of the free mole-
cule, w, is the lowest charge transfer excitation energy of the
metal—molecule complex, and A is a fitting parameter. The “int” in
ERmodel represents the integrated enhancement, which was used to
eliminate differences in vibrational modes from different molecules
so they could be compared directly. This means that eq 14
describes the CHEM enhancement for all modes in general, that
is, is not mode specific. A plot of the correlations between this
model and TDDFT results for the EF is given in Figure 20. This
relationship indicates that molecules in which the LUMO is
significantly stabilized upon adsorption, such as those that have
strong 7T-backbonding, will exhibit the strongest CHEM enhance-
ment.

5.4. Unifying the Description of SERS

The work described in the previous sections typically focused
on one of the main mechanisms of SERS. However, because the
different mechanisms occur in concert, it is important to establish
a model that describes their combined effect.

An effective model study to understand the different mecha-
nisms was presented by Zhao, Jensen, and Schatz.'*"**?*% The
used a TDDFT approach that includes the finite-lifetime effects
of the excited states."*”*** In this work, the ma%nltude of CHEM,
CT, and EM are all examined for pyrldlnelol 49 or pyrazine®*® on
various Ag clusters. They considered a tetrahedral Ag,, complex
(pictured in Figure 21), which can be thought of as a relaxed
fragment of a fcc lattice. If the molecule is placed on the flat edge
(position S for surface), then it can approximate absorption onto
a (111) planar surface. Conversely, placement onto the point end
(position V for vertex) can approximate adatom adsorption.
Thus, very different chemical environments were able to be
examined without altering the structure of the cluster. Since the
charge transfer excitations and Ag intracluster excitations for

10" 10 100 102 10 10*
EFmodel
int

Figure 20. A plot of the CHEM enhancement factors calculated from
DFT (EFmt ) against the CHEM enhancement factors found from the
model in eq 14 (EFp™). Each point represents a different metal—
molecule system. Reprinted with permission from ref 398. Copyright
2009 American Chemical Society.

(a) Surface (S) complex

(b) Vertex (V) complex

Figure 21. Orientation of the (a) S and (b) V complex of the pyridine—
Agy cluster. Reprinted with permission from ref 101. Copyright 2006
American Chemical Society.

these systems are nonoverlapping, they were able to probe CT
and EM separately. For normal Raman scattering (NRS), they
found that the V complex yields a greater CHEM enhancement
than the S complex (EFcygy = 8 and 4, respectively) because of
stronger bonding interactions with the V complex, in agreement
with ref 398. They found that the EF when on resonance V\nth a
charge transfer exc1tat10n for the S complex was roughly 10%, and
thus EFor = 10° since EFcppy & 10. For Ag 1ntracluster
resonance, they found an EF of around 10°—10% and thus
EFgpy = 10°—10°. Therefore, the hierarchy of enhancement
factors found was CHEM < CT < EM, as expected from previous
studies. Aikens and Schatz''” found similar results for a Au
analogue for this system, except that EFgy is 1—2 orders of
magnitude lower than that for Ag. Interestingly, when two of the
Ag,o clusters were used to form a junction, it was found that
EF cypm = 10°, while EFgy, = 5.%%° These results indicate that EM
has less of an effect in hot spots for these small clusters.

Lombardi and Burke®*>*”"**' have recently developed a
unified expression to explain many of the observations that are
seen in SERS. This unified theory for SERS models EM, CT, and
RRS simultaneously, and is written (with simplifications and
slight change in notation) as

Rk(w)
= Sk

((e1(@) + 280)” + &2(@)*) ((wer? — 2) + Ter®) (Wrps® — @) + Tras”)
(15)

where &;(w) and &,(w) are the real and imaginary dielectric
components of the metal, &, is the permittivity of free space, w is
the incident laser frequency, and wcr, Wrrs, I'cr, and 'rgg are
the CT and RRS excitation energies and excited state relaxation
rates, respectively. The enhancement factor for a specific mode is
then given by EFy(w) = |Ri(w)|*. The term S, represents
selection rules for the given vibrational mode k based on
transition dipole moments and Herzberg—Teller coupling.*”
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The denominator represents the different resonance conditions
for the different enhancement mechanisms, where the first term
is EM (&,(w) = —2¢&,), the middle term is CT (wcr = @), and
the last term is RRS (wggrs =@). The equation was later modified
to account for the continuum nature of the metal.**" This expres-
sion illustrates that the different mechanisms are not isolated,
because the three terms are multiplicative rather than additive.
For example, SERRS would be described by having both &, (w) =
—2¢&p and Wgrgs = W so that there is both a plasmon resonance
and a molecular resonance.

5.4.1. Combined Quantum and Classical Method for
SERS. There is a significant interest in developing a “hybrid
method” that combines electrodynamics methods to represent a
plasmonic metal at the nanoscale and quantum mechanics to
represent the molecule whose properties are of interest. These
methods seem to be the most promising procedure for obtaining
a unified description of SERS, since they merge the advantage of
obtaining fast and accurate descriptions of the plasmonic metal
particles while also retaining the electronic structure necessary to
describe the molecule. A variety of different hybrid approaches to
describe the optical properties of nanoparticle—molecule sys-
tems have been presented. Arcisaukaite et al."®* used a polarizable
quantum mechanical/molecular mechanical (QM/MM) method
to study the charge-transfer excitation energies of pyridine inter-
acting with small silver clusters. Morton and Jensen'® recently
described a self-consistent hybrid approach that models a metal
atomistically via charge—dipole interactions while describing the
molecule’s electronic structure with TDDFT. Johansson and co-
workers*****! used a two-state model in conjunction with Mie
theory to calculate SERS and SEF. Masiello and Schatz'¢%*%*
recently presented a formal many-body theory combining electronic-
structure theory with a continuum-electrodynamics description
of the metal and an implementation of the theory within
TDDEFT to study pyridine interacting with metal nanospheroids
with an emphasis on SERS.

Corni and Tomasi"*”***** have combined a boundary ele-
ment method for the metal particles based on PCM with a
quantum mechanical description of the molecules for the simul-
taneous calculation of Raman spectra and Raman enhancement
factors. They adapted a cluster—cluster aggregation (CCA)
model to create randomly assembled colloidal aggregates of silver
spheres in order to replicate experimental conditions. Different
aggregation geometries, numbers of spheres, sizes of spheres, and
surrounding mediums (vacuum or methanol) of these colloids
were sampled to find ones that yielded the largest hot spots. Once
suitable hot spots were found (usually between two spheres), a
pyridine was placed in the center of the hot spot, and the Raman
intensity was calculated. To understand the enhancements,
they broke the total EF down into three contributions: EF;,, is
the enhancement due to the incident light interacting with the
entire colloidal aggregate, EFy,, is the enhancement due only to
the particles immediately adjacent to the hot spot, and EF,_is the
enhancement due to the scattered light interacting with the entire
colloidal aggregate. The total EF is then the product of these
three components. Using this model, Corni and Tomasi found
that for 20 nm particles of both Ag and Au in methanol, EF;, ~
400, EFyo ~ 7 % 10% and EF, ~ 60, yielding a total of EF & 2 x
10", which is in agreement with the work of Kneipp et al.>'
They note that simple creation of the hot spot is not enough to
create the single-molecule level enhancement, but the surround-
ing aggregates are in fact needed to further enhance the incident
and scattered field.
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Figure 22. Illustration of the FDTD—TDDFT method used by Chen
et al'®® showing the direction of propagating electric field with respect
to the metal—molecule system. As the molecule is pulled away from the
nanoparticle, the SERS intensity decreases. Reprinted with permission
from ref 168. Copyright 2010 American Chemical Society.

Chen et al."*® have coupled the FDTD with real-time TDDFT.
In contrast to traditional TDDFT methods which operate in the
frequency domain, the time domain method allows control over
the direction of the incident field. They calculate the enhance-
ment of pyridine on a silver sphere with the incident light pointed
normal to the plane of pyridine as illustrated in the inset of
Figure 22; this was the direction that was found to yield the
maximum enhancements. As clearly shown in Figure 22, the
maximum EF is around 10* and decays rapidly as the metal—
pyridine distance increases. They also show that there is a rather
small band of frequencies in which the plasmon can be excited
(0.5 €V on either side of the plasmon peak) where Raman
enhancement occurs.

6. CHIROPTICAL PROPERTIES OF SMALL METAL
CLUSTERS

Previous sections have focused on the enhancement of linear
optical processes when achiral systems are investigated. This
section differs in that the understanding of the enhancement of
absorption, infrared absorption, and Raman scattering of mole-
cules and metal nanoclusters is applied to systems that are chiral.
Electronic structure calculations have been used to study these
processes, facilitating the development of relevant models to
understand experimental observations. The discussion in the
present section demonstrates how chiral molecules may be studied
using absorption (circular dichroism), infrared absorption (vibrational
circular dichroism), and Raman scattering (vibrational Raman
optical activity) processes.

6.1. Circular Dichroism

Optically active systems can be defined by their ability to
rotate the plane of polarization of linearly polarized light.**°
Linearly polarized light may be thought of as an equal mixture of
left- and right-circularly polarized light. For linearly polarized
light that is shone on an optically active system, the left- and
right-circularly polarized light is not absorbed equally, resulting
in elliptical polarization of the light. This phenomenon is known
as circular dichroism (CD), which may be evaluated from the
difference in molar extinction coefficients (A¢) between the left-
and right-circularly polarized light.**°

One of the first reports of optical activity for metal nanopar-
ticles was for gold—glutathione (Au—GS) clusters.*”” Linear
absorbance confirmed the presence of discrete energy levels,
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while CD spectra indicated optical activity for both the Au and
glutathione absorption bands. Another study by Schaaff and
Whetten*® placed more emphasis on the optical activity of Au—
GS clusters. Using gel electrophoresis, it was indicated that
several different compounds were synthesized. Application of
both laser desorption mass spectrometry (MS) and electrospray
ionization MS allowed the authors to judge the composition of
the compounds, finding that the smallest ones contained ~20—
40 Au atoms. These small Au—GS compounds were again shown
to have cluster-like electronic structure, based on estimates of the
optical gaps (between 1.0 and 1.7 eV) and also observed step
structures on the optical absorbance spectra. CD spectra plotted
in terms of the anisotrogy factor (Ag/¢) gave comparable values
to chiral fullerenes*®*'® and helicenes,*'"*'? indicating the
strong chiroptical response for Au—GS compounds.

Furthermore, Schaaf and Whetten discussed their observa-
tions in terms of several possible mechanisms. At that time, it had
been demonstrated in the literature that Niso clusters took on a
low-symmetry (Ds) structure.*'**'* The authors used this con-
cept to judge that it may be possible that the metal cluster
compounds had chiral Au cores. It was also discussed that the
glutathione molecules may adsorb to an achiral metal core in a
pattern that results in a chiral Au—GS cluster. Both mechanisms
were determined to be plausible since it is difficult to separate the
contributions of both effects. The third mechanism was that the
adsorption pattern and metal core were achiral, so the optical
activity resulted from binding the chiral glutathione molecules.
This process was determined to be unlikely because previous
findings on fullerenes showed that chiroptical response gener-
ated in this way is weak.**

In general, three models are used to explain optical activi?r in
metal nanoparticles both with and without ligands present.*" 416
The first is the chiral core model.**® In this model, optical activity
can result from inherent chirality in the metal core or interactions
with chiral ligands that cause distortions in the metal cluster. A
dissymmetric field model has also been proposed.*'”*'* This
scheme can be described by having an achiral metal core with
chiral adsorption patterns of the ligands, or a vicinal effect
resulting from chiral ligands adsorbing to an achiral core in an
achiral adsorption pattern. Note that the ligands in these two
schemes need not be chiral. The third description is known as the
chiral footprint model.*'¥**° This results from rearrangement of
specific surface metal atoms resulting from the adsorption of the
chiral molecule. Studies related to these models are described
below.

6.1.1. Chiral Core Model. Schaaf and Whetten**® first
described a chiral core model in order to explain their finding
of optical activity in Au—GS clusters. Based on their findings,
there was enough evidence that this model was a possibility,
especially when the finding that Nize clusters assume low-
symmetry structures is considered.*'>*'* Studies of metal cluster
chirality have also been discussed for 2,2'-bis-(diphenylphos-
phino)-1,1"-binaphthyl (BINAP)-coated gold and palladium
nanoparticles,”*"*** which may be applied to catalysis. Lépez-
Lozano et al.*** found using DFT calculations that different
enantiomers of cysteine adsorb with different strengths to Au
nanoclusters based on spatial locations of their functional groups,
which is important for understanding asymmetric catalysis. Further-
more, it has been demonstrated that large biomolecules like
DNA can act as templates for growth of chiral silver nano-
clusters. 4425 Along with these results, numerous studies have

approached metal cluster chirality using theory. These are divided

into two principle investigation types: chirality from distortions
through adsorbate bonding and chirality resulting from asym-
metry of the metal core.

Garzén et al*?® applied DFT calculations to investigate
separate components of DNA—gold materials. Even though
previous work had indicated that cluster geometries were rela-
tively unperturbed by adsorbates,*” this study and another by
the same authors**® demonstrated that Ausg clusters passivated
by methylthiols assume a disordered structure. These investiga-
tions lead to more intricate analyses based on simulations of CD
spectra.

Romén-Veldzquez, Noguez, and Garzén**’ applied a polariz-
ability interaction model to study the chiroptical response of
chiral Au,5(SCH3);6 and Ausg(SCHj3),4 compounds. Results
from the calculations showed that the extinction efficiency
correlates with the distribution of atomic distances defining the
chiral cluster geometry. The authors also noted that CD spectra
simulated with their model could distinguish §old clusters with
different Hausdorff chirality measure (HCM) %9 values.

A further step in understandin& CD response for Auzg(SCH;) o4
was performed by Hidalgo et al.™*" using DFT. This study broke
down the system by looking at contributions to the CD spectra
for two different Auszg(SCHj),4 structures and investigating
different building blocks of both systems. These components
included Auy, cores, Ausg clusters, Ausg clusters passivated with
S atoms (AuzgS,4), and the methylthiols themselves without the
gold cluster present. CD spectra for the different Auzz(SCH3),4
structures and their building blocks are shown in Figure 23.
Comparing the CD response for the total cluster (panel a in Figure 23)
to that of the Ausg clusters alone (panel c in Figure 23) shows
that most of the observed optical activity comes from Au atoms
themselves. This is strong evidence that the chiral core model
leads to optical activity.

More direct evidence of the chirality of metal clusters has
resulted from direct investigation of isolated clusters. Garzon
et al.®? found in their structural searches that both Ausg and Auss
are most stable in amorphous structures, whereas Au,s had an
ordered Marks decahedron as its minimum energy structure
as shown by DFT calculations. Several groups have focused on
the Auj, cluster geometry with respect to its molecular sym-
metry.*>"* The preference of that Au cluster for a lower-
symmetry structure has been rationalized by surface reconstruc-
tion of the metal clusters in order to increase coordination for the
metal atoms.*® It has also been demonstrated using Car—
Parrinello molecular dynamics**® simulations that the Ausy is a
fluxional core—shell system, where the surface shell Au atoms
can actively reconstruct by breaking and forming bonds and
change coordination number, but the core Au atoms retain a
tetrahedral shape.*>> On top of arguments based on the total
energy of different Aus, clusters, the electronic density of states
(DOS) calculated using DFT has been used to convincingly
illustrate that the chiral geometries are correct, since this
arrangement yields the best agreement with experimental photo-
electron spectra, ****3*

Huang et al.®’ investigated Au,, clusters (n = S5—64) using a
combination of experimental photoelectron spectroscopy (PES)
and DFT calculations to understand molecular structures. Based
on comparison of the calculated DOS and measured photoelec-
tron spectra, it was evident that the Au clusters had low symmetry
in the size range investigated. Interestingly, for structures with n =
56—64, pronounced core—shell structure was present. Struc-
tures with n = 59—64 were found by capping six square-defect
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Figure 23. CD spectrain Ae (M~ " cm™ ") for different Auys(SCH;),4
clusters. Results for each individual cluster and their building blocks are
shown in the left and right columns, respectively. Panels a—e show CD
response for Ausg(SCHs),4 clusters, Auy, cores, Ausg clusters, Ausg
clusters passivated with S atoms (AussS,4), and the methylthiols
themselves without the gold cluster present. Reprinted from ref 431
with kind permission from Springer Science+Business Media. Copy-
right 2009.

sites on the Ausg surface with adatoms, and even though these
structures differed minimally from the Augg structure the DOS
calculated for these larger clusters agreed very well with mea-
sured photoelectron spectra. This indicated a pattern for under-
standing the growth of large Au,, clusters. Surface reconstruction
was important in this study to increase coordination between
surface Au atoms, which is similar to what was observed for the
Aug, cluster. It was observed that reconstruction resulted in voids
in the interior of the clusters, which was attributed to strong
relativistic effects of Au motivating each atom to increase its
coordination number.

6.1.2. Dissymmetric Field Model. Yao and co-workers*'”
first described the dissymmetric field model in relation to metal
nanoclusters. Optically active gold nanoclusters were synthesized
using the chiral molecules D- and L-penicillamine (D-pen and
L-pen, respectively), with sizes of 0.57, 1.18, and 1.75 nm (esti-
mated to be ~6 to ~150 Au atoms in size) based on small-angle
X-ray scattering (SAXS). Absorbance spectra were shown to be
structured, which supported that the gold particles were clusters
because they lacked features of gold nanoparticles (i.e., surface
plasmon resonance). Gold nanoclusters synthesized with p-pen
or L-pen showed strong CD response with a mirror image relation-
ship between the CD spectra for individual enantiomers.

To elucidate the cause of the optical activity, the authors per-
formed a few additional experiments. CD measurements showed
no optical activity when meso-2,3-dimercaptosuccinic acid (DMSA)
was attached to the clusters, indicating that p-pen and L-pen were
important for causing chirality. Inherent chirality in the gold core
was ruled out because the racemic penicillamine had no observed
optical activity but would be expected to if the gold clusters
rearranged to chiral structures due to adsorption of ligands. The
authors determined that the anisotropy factors were similar for
the penicillamine-capped gold nanoclusters compared with those
transition metal complexes.***** Resulting from this analysis, it
was determined that the vicinal effect of the dissymmetric field
model most likely resulted in the observed optical activity.

Yao and co-workers*'® also studied the p-pen and L-pen pro-
tected gold clusters using CD spectra at different temperatures
and in different solvents. Gold clusters used in this study were
determined to have sizes of 0.57, 1.18, and 1.75 nm based on
SAXS results.*'” As temperature was increased, a reduction in
CD intensity was observed. For the smallest cluster, it was
demonstrated that changes existed in the CD spectra taken at
different temperatures in the region where the metal absorbed,
even though the linear absorption spectrum was unchanged. This
was related to factors impacting the surface stereochemistry,
because a change in the gold core should be noticeable on the
linear absorption spectrum.

When a phase transfer was performed between water and
toluene for the complex, considerable differences were observed
between the CD spectra shown in the different solvents. Not only
the shape of the CD spectrum but also the peak locations were
affected. Shifts of two of the peaks on the CD spectrum differed
from the solvent shift of the main absorption peak on the linear
absorption spectrum. Based on this evidence and that the linear
absorption spectrum was unchanged when temperature in-
creased, the chiral shell around the metal clusters was thought
to change indicating that the dissymmetric field was the main
factor in the optical activity of these complexes.

Goldsmith et al.** applied both TDDFT calculations and a
charge-perturbed particle-in-a-box (PIB) model to study the
chiroptical response of Au cluster—adsorbate complexes. In the
PIB model, the Au cluster was modeled by noninteracting elec-
trons confined to a cubic box, with dimensions defined by the
cluster being modeled, while the adsorbates were represented as
point charges surrounding the box (see Figure 24). As shown in
Figure 24, the arrangement of adsorbates has a small impact on
the linear absorption spectrum. However, the CD spectrum is
highly sensitive to the chiral field surrounding the metal core.
This work also included point charge representations of the
adsorbates R-methylthiirane and glutathione, which were used to
compare between the PIB model system and TDDFT calcula-
tions. It was demonstrated that for the Au,,(R-methylthiirane)
complex, the form of the CD spectrum and observed Cotton
effect were similar for the PIB model and TDDFT, which
validated the PIB calculations and that the dissymmetric field
model can explain optical activity.

6.1.3. Chiral Footprint Model. Humblot et al.*** intro-
duced the chiral footprint model to explain the observed chirality
of aNi(110) surface with adsorbed (R,R)-tartaric acid. This study
investigated in more detail the work of Ortega Lorenzo et al.**'
where it was shown that adsorption of (R,R)-tartaric acid or
(S,S)-tartaric acid introduces chirality on a Cu(110) surface.
Scanning tunneling microscopy (STM) images indicated that the
molecules adsorb in an ordered arrangement on the surface,
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Figure 24. Chiral point-charge systems and induced chiral image charges
for Au,, with 2, 4, and 8 negative point charges (a—c, respectively) and
similarly for Au,g (d—f, respectively). Linear absorption spectra (top right)
and CD spectra (bottom right) are shown, with lines corresponding to the
labels next to the PIB figures. Red surfaces in the metal represent regions
with increased electron density, and blue indicates regions with reduced
electron density. Reproduced from ref 440 by permission of the PCCP
Owner Societies. Copyright 2006.

while reflection—absorption IR spectroscopy confirmed that the
molecules adsorbed were bitartrate molecules that bond to the
surface via carboxylate groups. DFT calculations of bitartrate on a
Ni, species representing the 4-fold hollow site of the Ni(110)
surface showed that the adsorption of bitartrate induces signifi-
cant reconstruction of the metal surface. Data from the STM and
DFT results were compared for the occupied areas of the
molecules on the surface, and the good agreement between both
demonstrated that a chiral footprint was left on the surface due to
bitartrate adsorption.

In 2004, Hofer and co-workers*** performed a continuation of
the previous study where they examined a bitartrate—Ni, com-
plex using DFT. Compared with free bitartrate, the bitartrate in
the complex assumes a skewed geometry that results in the
rearrangement of Ni atoms. Interestingly, the chiral footprint was
observed to occur not only in the spatial arrangement of atoms
but also in the charge distribution of the complex. Examination
of charge density contours*** for both free bitartrate and the
bitartrate—Ni, complex indicated that the orbitals themselves are
chiral. Plots of the charge density for a selection of orbitals for the
bitartrate—Niy complex are shown in Figure 25. These results
show that the chiral footprint resides both in the geometrical
symmetry and in the electronic structure of the system.

Gautier and Biirgi**° studied the chirality of gold nanoparticles
with adsorbed N-isobutyryl-cysteine using both theory and
experiment. By use of DFT calculations, several different con-
formers of N-isobutyryl-L-cysteine on a Aug cluster were studied
using their vibrational CD (VCD) spectra. It was shown that the
most energetically stable conformer gave poor agreement with
the experimentally measured VCD spectrum, while several high-
er energy structures yield VCD spectra that compare qualitatively
with the experimental results. This finding contrasts a similar
study by the same authors where the simulated VCD spectrum of
the most stable complex of N-acetyl-L-cysteine on a Auy cluster

Figure 2S. Charge distribution for a selection of orbitals for the
bitartrate—Ni, complex (contour has a value of 0.01 electron/A%). Note
that orbital 28 is the highest occupied state in the complex. Reprinted
from ref 442 with permission from Elsevier. Copyright 2004.

had the best agreement with experimental results.*** More work
may help judge what size of metal cluster is required to represent
the metal surface in electronic structure calculations of optical
activity.

In ref 420, the higher energy structures arrange N-isobutyryl-
L-cysteine such that both the thiol and carboxylate groups interact
with the gold cluster. While the authors lacked conclusive
evidence that only the chiral footprint model was occurring, this
two-point interaction with the metal surface is related to that
mechanism. In a study by Li et al., *** the conversion of cysteine to
cysteine methyl ester demonstrated that these two-point inter-
actions are important for maintaining chirality of silver nano-
particles. Conversion between the carboxylic acid to the ester
functional group removes the possibility of a two-point interac-
tion, meaning that the loss of optical activity may result from
lacking a chiral footprint.

Jadzinsky et al.'* found that the chiral footprint occurred
in gold nanoparticles protected by p-mercaptobenzoic acid
(p-MBA). This study reported the X-ray structure of Auig,
surrounded by 44 p-MBAs. The interior core of the gold particle
was a 49 Au atom Marks decahedron with two 20-atom caps with
Cs symmetry, and 13 Au atoms with no symmetry along the
particle equator. Even though p-MBA is not chiral, the interac-
tions between p-MBA molecule pairs resulted in staple motifs
between molecules in different environments that result in sulfur
atoms being chiral centers. The lack of overall symmetry in the
gold atoms and chirality of sulfur atoms was used to explain
optical activity observed in this system. This work is important in
that it is one of the few experimental studies of optical activity
in metal clusters where the specific structural details of a gold
nanoparticle could be resolved.

Gautier and Biirgi** also examined inversion of chirality based
on thiolate-for-thiolate exchange on gold nanoparticles. In this
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Figure 26. SERS spectra using the calculated orientationally averaged Raman intensity (Iraman) and SEROA spectra using the calculated degree of
circular polarization (P,) for (R)-(—)-bromochlorofluoromethane. Results for a dipolar (top left and right) and dipolar/quadupolar (bottom left and
right) substrate are shown. Reprinted with permission from ref 45S. Copyright 2006 American Institute of Physics.

study N-isobutyryl-L-cysteine (NILC) and N-isobutyryl-p-cy-
steine (NIDC) were used to study the optical activity of small gold
particles with 10—20 atoms. When gold nanoparticles protected
by NILC (NIDC) were exposed to NIDC (NILC), time-evolved
CD spectra showed that ligand exchange occurs quickly, which
was confirmed by the change in anisotropy factor that indicated
an inversion of optical activity. While the optical activity was
reversed, the features of the CD spectrum were largely un-
changed. Because the arrangement of ligands can cause a
dramatic change in the structure of the CD spectrum,**® it was
deemed unlikely that the dissymmetric field model caused the
optical activity. Based on the fast inversion of the optical activity,
the authors conclude that the ligand brings its own chiral
footprint to the gold nanoparticle.

6.2. Vibrational Raman Optical Activity

Raman optical activity (ROA) makes use of measuring the
small difference in the Raman intensities due to right- and left-
circularly polarized incident light. In this way, ROA provides
structural information related to the chirality of molecules, which
makes it uniquely suited for studying biomolecules by reporting
on the secondary and tertiary structures of biomolecules in their
native environment.**¢~#4% However, the signal in ROA is
around a thousand times weaker than the already weak Raman
intensities, which severely hinders the general applicability of the
technique. Large enhancements of the ROA signal can be
achieved by surface enhancements (SEROA) from the large
electric field and field gradients near the surface of plasmonic
metal nanoparticles.***”*® In comparison to SERS, SEROA is a
very new technique and onlgr a few experimental studies have
been reported to date.*>*”*** The combination of the powerful
structural information of ROA with the strong enhancements
known for SERS make SEROA a unique technique with a large
potential for biosensing applications.

Even though the theoretical foundation for ROA has been
known for decades,****°*! much less work has been done in
establishing a theoretical understanding of SERQA,#97450:455,4627466

While our understanding of the different enhancement mecha-
nisms in SERS is fairly advanced,>">***>'** much less is known
about the enhancements found in SEROA. Similar to SERS, we
would expect SEROA to be enhanced by the electromagnetic and
chemical interactions between the adsorbate and the metal
nanoparticle. However, currently it is not known what the
enhancement limit for SEROA is and whether single-molecule
SEROA can be achieved.

The first theoretical description of SEROA is due to Efrima,
who showed that in addition to enhancement from the local field
due to plasmon excitations, a contribution from the electric field
gradient at the surface would also result in an enhanced ROA
signal.***° Janesko and Scuseria devised a method to deter-
mine SEROA by combining the electromagnetic response of
orientationally averaged model substrates with Raman optical
activity expressions.”® This model was based on the earlier
electromagnetic theory of Efrima.*****° Bour*** later reformu-
lated this in matrix form and generalized it for multiple particles.
The work of Janesko and Scuseria also explicitly confirmed the
findings of Efrima by explicit calculations on a model system
consisting of (R)-(—)-bromochlorofluoromethane interacting
with different model substrates. This is illustrated in Figure 26
where the SERS and SEROA spectra of (R)-(—)-bromochloro-
fluoromethane interacting with either a dipolar or a quadupolar
substrate are plotted. These electromagnetic theories predict that
the enhancement of ROA could be larger than SERS for certain
substrates, making SEROA and SERS comparable, *#¥#50:455462
SEROA from molecules near a spherical metal nanoshell using an
extended Mie theory, including both the nanoparticle surface
plasmon modes and the radiating molecular multipole fields, has
been presented.**>*%

These theoretical models have only considered the electro-
magnetic enhancements due to simple geometric particles.
Recently, the chemical effect in SEROA was considered using
TDDEFT based on a short-time approximation for the Raman and
ROA cross sections.*****” This work showed that for adenine
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Figure 27. Measured absolute two-photon absorption cross sections (a) and two-photon absorption cross sections per gold atom in the cluster (b), in
units of Goeppert—Mayer (GM). Reprinted with permission from ref 470. Copyright 2008 American Chemical Society.

interacting with a small silver cluster the total enhancement was
on the order of 10* both for SEROA and for SERS. However, the
CHEM enhancement is found to be larger for SEROA than for
SERS. Also, a recent study using TDDFT has highlighted the
strong sensitivity of the SEROA signal to the molecule —metal
orientation.*** Here it was shown that SEROA from different
molecules may cancel in ensemble measurements, and it was
suggested that future SEROA experiments should use ordered
monolayers of chiral molecules to minimize the orientational
effects.

7. NONLINEAR OPTICAL PROPERTIES

Studies of nonlinear optical properties (i.e, two-photon
absorbance, two-photon absorbance followed by fluorescence,
second and third harmonic generation, four-wave mixing) of
molecules near metal nanoparticles and of the metal nanoparti-
cles themselves have been examined. Experiments have been
performed that characterize hyper-Rayleigh scattering of spatially
well-defined gold nanoparticle arrays**® and enhancements of
the third-order nonlinear susceptibility of donor—s—acceptor
chromophores on silver nanoparticles.**” Ramakrishna et al.*”°
explored two-photon absorbance for gold clusters in the size
regime between Au,s (1.1 nm) and Au, 405 (4 nm). Two-photon
cross section results for that study are shown in Figure 27. It was
observed that a singularity exists for plots of the absolute two-
photon cross section as the size increases, which was attributed to
the transition between the discrete electronic structure behavior
of clusters to the nanoparticle behavior involving surface plas-
mon resonance. Amendola et al.*’' studied the stability of
nonlinear absorbance measurements of gold nanoparticles with
zinc phthalocyanines present during irradiation with intense laser
pulses. Zinc phthalocyanines were shown to promote self-healing
of the gold nanoparticles, which was indicated by the stability and
reproducibility of optical limiting measurements over time. In
contrast, unexposed gold nanoparticles underwent fragmenta-
tion that was confirmed with optical limiting and UV—vis
measurements, which demonstrates that it is possible to maintain
the signal of nonlinear processes when intense sources are used.

Other research groups have examined the nonlinear optical
properties of nanoparticle aggregates. Nonlinear susceptibilities
for large fractal metal clusters were investigated by Shalaev
et al,”>*”> where numerical simulations of optical response prop-
erties were performed to better understand the enhancements
involved in several nonlinear processes. Zhang and Stroud*’*

examined nonlinear susceptibilities using an effective-medium
approximation, demonstrating that a large enhancement of the
nonlinear susceptibility occurs near the gold plasmon resonance
for Au core particles surrounded by a dielectric medium.

Prasad and collaborators*”” investigated the third-order re-
sponse of para-nitroaniline (PNA) near tetrahedral Au, and Au,,
clusters using DFT. In this work, data was compared between the
exchange—correlation functionals PBE*’ and CAM-B3LYP.'®*
Large second hyperpolarizabilities (Y,,) were calculated for
systems where PNA was placed near the metal clusters, and it
was demonstrated that these enhancements quickly decrease as
the PNA—metal cluster distance is increased. This distance de-
pendence indicated that a charge-transfer mechanism was re-
sponsible for the increased second hyperpolarizability of the
complex. It was also established that the results from CAM-
B3LYP and PBE were not consistent (i.e., ., calculated from
PBE for PNA near the face of a Au, tetrahedron was 4.53 x 10’
au, whereas CAM-B3LYP found it to be 6.33 x 10° au for a PNA
dimer linked through a Au,, tetrahedron). This was attributed to
a numerical divergence in the results from the PBE functional,
possibly resulting from a resonance near the wavelength used to
calculate y,, that may be corrected for using damping in the
calculations.

A recent thorough examination by Day et al. of the optical
properties of gold clusters and gold thiolated clusters was per-
formed using DFT and coupled cluster theory.*”” When exam-
ining the two photon absorption cross sections, they observed a
strong dependence on the DFT functional chosen. The authors
also demonstrated that the optimized geometry, which depends
on the DFT functional, can lead to large differences in the optical
properties for these clusters.

7.1. Surface-Enhanced Hyper-Raman Scattering
Surface-enhanced hyper-Raman scattering (SEHRS) is the
two-photon analogue of SERS in which the scattering signal is
shifted relative to the second harmonic of the incident radiation
(ws=2wy — wy, where wy is the vibrational frequency). SEHRS
has predominantly been applied to characterize electronic struc-
ture of molecules by comparing to the more established SERS
process.*”*”**” Hulteen et al.**® demonstrated that SEHRS for
trans-1,2-bis(4-pyridyl)ethylene was more sensitive to applied
potential than SERS and that only SEHRS was able to detect
changes in AG,,; and presence of coadsorbed anions that change
the surface environment. Other specific igglications have in-
cluded detection of biological molecules**>*® and investigations
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Figure 28. Simulated bulk hyper-Raman spectrum (a), simulated
SEHRS spectrum (b), and measured SEHRS spectrum (c) of pyridine
at 1064 nm. Reprinted with permission from ref 500. Copyright 1988
American Institute of Physics.

of chemical reactions on metal surfaces.*”"**> The effect of the
substrate on SEHRS spectra*>~** has been examined as well,
and spectra have been measured using continuous-wave near-
infrared lasers instead of more commonly used mode-locked
lasers.*”’

While studies involving SEHRS are numerous, there are
relatively few that apply theory. A recent study by Milojevich
et al.*® illustrated that SEHRS can be used to probe excited
states that are difficult to observe with one-photon excitations in
rhodamine 6G. Analysis in that study was complicated because
the excited states probed were never simultaneously strong in
one- and two-photon absorption. Although surface effects were
neglected in this study, the off-resonance hyper-Raman spectrum
simulated using DFT was in good agreement with experimental
SEHRS spectrum at 1050 nm. The remainder of this section
focuses on studies examining the mechanisms and enhancement
factor of SEHRS.

The first SEHRS study was performed by Murphy et al.**” in
which SO3™ molecules were adsorbed on Ag powder. The SEHRS
spectrum at 1064 nm excitation exhibited two a; symmetry modes
that coincided with those measured using SERS at 514.5 nm
excitation. It was observed that the hyper-Raman signal intensity
decreased with time, attributed to morphological changes induced
by the laser. An estimate of the enhancement factor for SEHRS was
not possible with this work, which motivated future research to
incorporate electronic structure calculations and elucidate this enhance-
ment in comparison to the better understood SERS enhancement.

Golab et al>® investigated the SEHRS enhancement of pyridine
adsorbed to roughened Ag electrodes in a detailed experimental and

theoretical study. Excitation of the pyridine molecule involved a
mode-locked Nd:YAG laser, allowing for measurements of SERS
and SEHRS spectra. Both the SERS and SEHRS spectra had nearly
the same dominant peaks, even though the SEHRS spectrum was
significantly less intense than the SERS spectrum. However, the
most intense peak on the SERS and SEHRS spectra differed, and
relative peak intensities were shown to vary between the two
methods.

Calculations in this study were performed using the 7-electron
model Hamiltonian of Pariser, Parr, and Pople (PPP) to deter-
mine the transition polarizability (;) and first hyperpolariz-
ability (f;j) required to simulate Raman and hyper-Raman
scattering, respectively. Surface atoms were not explicitly mod-
eled. Instead, calculations of SERS and SEHRS spectra include
only the elements of a; and 3 perpendicular to the “surface”
(here assumed to be the y-direction), with pyridine oriented
perpendicular to the surface with the N atom down. It was
demonstrated that the calculations yielded good agreement with
measured spectra for relative peak intensities. Results for the
simulations of the pyridine SEHRS spectrum compared with the
measured SEHRS spectrum are shown in Figure 28. One very
interesting finding was that when pyridine is tilted 15° relative to
the surface normal, the SERS spectrum remained nearly identical
to when pyridine was oriented along the surface normal, but the
SEHRS spectrum changes such that several B, symmetry bands
gain significant intensity. It was judged that SEHRS is more
sensitive to molecular orientation on the surface than SERS as a
result.

An additional feature of this paper was the determination of
the SEHRS enhancement factor. The enhancement factor was
determined as

-1
stf stf stf bulk
IHR _ IR IHR IHR ( 1 6)
ulk u of u
) ) (e

On the right side of the equation, the first term is the SERS enhance-
ment factor taken to be 10°. The second term was evaluated using
the measured SERS and SEHRS spectra and found to be
4.6 x 10~ * while the final term was determined using the PPP
calculations for I;’}i;k / Ilf{“lk and found to be 1.05 x 10", Overall, the
enhancement factor in this study is 10" for SEHRS compared with
the 10° for SERS, attributed primarily to increased chemical effects
for hyper-Raman scattering compared with Raman scattering.

Yang and Schatz™" further investigated the enhancement factor
of SEHRS, using more rigorous Hartree—Fock (HF) and Zerner’s
intermediate neglect of differential overlap (ZINDO) methods to
evaluate 0 and f3j. Like the previous study by Golab et al,, the
surface was not explicitly modeled in the calculations. It was
demonstrated that HF calculations yield more accurate bulk
hyper-Raman spectra for benzene and SEHRS spectra for pyridine
than the ZINDO method. Also, the most accurate data for a; and
B was obtained using basis sets including diffuse functions. Use of
eq 16 in this study with the first and second terms on the right side
equivalent to what was used by Golab et al. indicated that the
SEHRS enhancement factor is on the order of 10" to 10", meaning
PPP calculations overestimated the bulk ratio of hyper-Raman and
Raman scattering.

Yang and collaborators®” examined the centrosymmetric
molecule trans-1,2-bis(4-pyridyl)ethylene (BPE) on Ag film over
nanosphere (AgFON) electrodes. The focus of this study was
validating that a three-photon process (SEHRS) was occurring
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Figure 29. Normal hyper-Raman spectrum of pyridine (a) and SEHRS spectrum of pyridine on a tetrahedral Agy cluster (b), using a Lorentzian with
full width at half-maximum of 20 cm ™" to broaden the peaks. Insets contain experimental spectra from ref 506 for normal hyper-Raman data and ref 500
for SEHRS data. Reprinted with permission from ref 505. Copyright 2010 American institute of Physics.

instead a two-step process involving second harmonic generation
followed by SERS, which may be distinguished by the different
selection rules for two- and three-photon processes.**>>* HF
calculations were used for simulating IR, normal Raman, hyper-
Raman, SERS, and SEHRS spectra in comparison to measured
spectra, where the surface again was not explicitly modeled. In
general, it was found that IR, normal Raman, and SERS spectra
agree well with experiment in terms of frequencies and relative
peak intensities. The simulated SEHRS spectrum was in worse
agreement with the measured one, resulting from larger devia-
tions in calculated frequencies and appearance of modes in the
measured spectrum that are absent in the calculated one. How-
ever, the symmetry of vibrations observed on the SEHRS spectra
provided evidence that the process indeed follows three-photon
selection rules, ruling out two-step mechanisms.

Li et al.*** compared measured and simulated normal Raman,
hyper-Raman, IR, SERS, and SEHRS spectra in a study of their
Ag metal nanoparticles-on-smooth-electrode (NOSE) substrate.
DFT calculations were employed to simulate spectra and in-
vestigate the molecular orientation of pyridine, pyrazine, and
benzene with respect to a nonexplicitly modeled surface. Gen-
erally, the simulated normal Raman, IR, and SERS spectra were
in good agreement with what was measured. While the simulated
SEHRS spectrum for benzene compares well with the measured
spectrum, simulated SEHRS spectra for both pyridine and
pyrazine are in worse agreement. This was rationalized by the
authors by discussing surface selection rules for pyridine and
comparing two orientations of pyrazine to measured results also.

Whereas the previous investigations examined the overall
SEHRS enhancement factor, Valley et al.>>® focused specifically
on estimating the contribution from chemical enhancement to
SEHRS. TDDFT was applied to study both substituted and
unsubstituted pyridines bonded in different adsorption geome-
tries to tetrahedral Ag,, clusters. This is the first study that
included a representation of the surface for simulating SEHRS
spectra. It was demonstrated that chemical enhancement is
important in SEHRS because there were significant differences
in relative peak intensities when the simulated (and measured)
normal hyper-Raman and SEHRS spectra were compared, as
shown in Figure 29. The relative peak intensities from the

TDDEFT calculations correctly reproduce what is observed experi-
mentally as well. Data for the unsubstituted pyridine adsorbed to the
Agy tetrahedra indicated that the chemical enhancements are on
the order of 10> to 10* on average, although the maximum enhance-
ment for an individual peak was on the order of 10* to 10°. Com-
bining this with the estimate for the electromagnetic SEHRS
enhancement factor on silver’> of 10, the total SEHRS enhance-
ment factor is 10°—10"° on average but can be at large as 10''—10".

This study also applies a two-state model for SEHRS chemical
enhancement using an analogous series of assumptions proposed
by Morton and Jensen®® for the chemical enhancement of SERS.
In this model, the SEHRS chemical enhancement factor is written

J Jra— w 6
EF:[r:todel _ X—pyr—Ag — A<X> (17)
X—pyr We

where wy is the HOMO—LUMO gap of the free molecule, w, is
the average gap between the Ag,o HOMO and molecule LUMO,
and A is a constant collecting transition dipole moments, change in
permanent dipole moment between the ground and excited state,
and derivatives of wx and w, with respect to the normal modes.
The correct trend in chemical enhancement for SEHRS is pre-
dicted with the model, even though it sometimes yields enhance-
ment factors differing by a factor of approximately four from those
directly calculated from TDDEFT results. It is clearly demonstrated
that there is a large dependence of the SEHRS chemical enhance-
ment on wx/,, which facilitates comparison and understanding of
the larger SEHRS chemical enhancement compared with SERS.

8. CONCLUSION

In this review, we have described recent advances in applying
electronic structure theory to understanding the optical proper-
ties of metal clusters and their interactions with molecules. We
have highlighted how these methods can provide detailed in-
sights into the microscopic origin of plasmonics. Experimental
work on the absorption properties of small metal clusters provide
the link between the small molecular-like clusters containing a
few metal atoms and the bulk nanoparticles. Electronic structure
methods are ideally suited for describing the optical properties of
these small clusters due to the importance of quantum size effects.
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These kind of studies are likely to becomes even more important in
the future as we learn to synthesize a larger range of small nano-
clusters containing a precise number of metal atoms as well as
ligands. As the size of these clusters increase and bridge the gap with
bulk nanoparticles, we will ultimately understand the microscopic
origin of plasmonics and electronic structure methods are likely to
play an important role in achieving that.

Quantum effects were also shown to be important for correctly
describing the enhanced electric field near metal nanoparticles.
Since the enhanced local field gives rise to a large number of
enhanced molecular spectroscopies it is essential to correctly
describe it. Further advances in nanofabrication and the synthesis
of nanoparticles will result in an even larger myriad of particle
shapes and sizes with well-defined nanometer dimensions. As
discussed here, quantum effects start to become important as the
features reach a few nanometers. The importance of electronic
structure theory is therefore likely to increase, at least to show us
when classical electrodynamics methods are reliable.

The area of surface-enhanced spectroscopies greatly benefits
from the ever-increasing understanding of the optical properties
of nanoparticles and our ability to fabricate structures with well-
defined and reproducible optical properties. In contrast to this,
our understanding of the optical properties of molecules inter-
acting with larger nanoparticles is still rather rudimentary. This
review has highlighted advances in using electronic structure
theory to understand surface-enhanced spectroscopies. An im-
portant goal for electronic structure methods continues to be the
development of new methods that can correctly and efficiently
describe the optical properties of molecules interacting with metal
nanoparticles. This will finally provide a unified approach to under-
standing surface-enhanced spectroscopies. However, the major
challenge will be to develop efficient methods to treat interactions
of an electronically localized system, like a molecule, with an elec-
tronically delocalized structure, like a metal particle, that is many
nanometers in dimension.
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