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Abstract: This work presents a detailed analysis of enhanced Raman scattering of the pyridine-Ag20 model
system using time-dependent density functional theory. A consistent treatment of both the chemical and
electromagnetic enhancements (EM) is achieved by employing a recently developed approach based on
a short-time approximation for the Raman cross section. A strong dependence of the absolute and relative
intensities on the binding site and excitation wavelength is found. The analysis of the Raman scattering
cross sections shows the importance of different contributions to the enhancements, including static chemical
enhancements (factor of 10), charge-transfer enhancements (103), and EM enhancements (105). The largest
enhancement found (105-106) is due to the EM mechanism, with a small contribution from the chemical
interaction. This suggests that the enhanced Raman scattering due to atomic clusters is comparable to
findings on single nanoparticles. A combination of information about the vibrational motion and the local
chemical environment provides a simple picture of why certain normal modes are enhanced more than
others.

I. Introduction

Ordinarily weak, Raman scattering cross sections can be
greatly enhanced when the analyte molecule is absorbed on
noble metallic surfaces and in particular on silver nanoparticles.
This phenomenon is generally referred to as surface-enhanced
Raman scattering (SERS), and it has opened the possibilities
of using Raman techniques for single molecule detection.1-4

The requirement for single molecule detection using Raman
spectroscopy is that the cross section is enhanced by a factor
of 1014-1015. These huge enhancements have been achieved
using silver nanoparticles or nanoparticle aggregates in conjunc-
tion with resonance enhancements due to a molecular electronic
transition.1-3 This stands in contrast to the traditional 104-106

order of enhancements found on rough surfaces5-8 or in
resonance enhanced Raman spectroscopy.9 Thus far, most
studies have focused on using either rough surfaces or nano-
particles to achieve these large enhancements; however, recent
studies by Dickson and co-workers showed that a similar huge
enhancement could be obtained by encapsulating small atomic
Ag clusters in dendrimer and peptide structures.10

Although SERS was discovered several decades ago,11-13 a
complete picture of the enhancement mechanism is not available,
due to its highly complicated experimental conditions (roughed
surfaces, nanoparticle aggregates, etc.). Many mechanisms have
been proposed to account for these huge enhancements,5,8,14and
it is generally accepted that there are three major contribu-
tions: (a) changes in the electronic properties of the molecule,
(b) resonance enhancements due to either existing excitations
in the molecule or newly created metal-molecule charge-
transfer excitations, and (c) enhanced local electromagnetic
fields due to the excitations in the metal. The first two
contributions are generally grouped as chemical enhancements,
and the last as electromagnetic (EM) enhancements. For the
growing field of single molecule detection, it is important to
have a clear understanding of the individual mechanisms and
their relative contributions to the overall observed enhancement.

Electronic structure modeling of the molecule-metal cluster
interfacial structure and its optical properties on the atomic scale
can provide key insights into the type and strength of the bonds
between the molecule and the nanoparticles/nanoclusters, the
effects of the surface roughness on the atomic scale, the effects
of the laser excitation wavelength, and, overall, the nature of
the observed Raman enhancement itself. Electronic structure
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methods are ideal tools but are limited by high computational
demands. For this reason, most electronic structure studies have
adopted small silver clusters to mimic metal surfaces.15-20 In
addition, most have considered static Raman scattering, and
therefore only the chemical enhancements have been modeled.
Other electronic structure approaches have included two-state
resonance Raman models,21-23 jellium models,24 and time-
dependent Hartree-Fock calculations for molecules near metal
clusters.25-27 For an overview of earlier models, the reader is
referred to the review by Moskovits.6

In this article, we adopt a 20-atom silver cluster and present
a detailed analysis of the enhanced Raman scattering of pyridine
interacting with this cluster using a recently developed time-
dependent density functional theory (TDDFT) method, based
on a short-time approximation to the Raman scattering cross
section.28,29This short-time approximation makes it possible to
calculate both normal Raman scattering (NRS) and resonance
Raman scattering (RRS) intensities from the geometrical deriva-
tives of the frequency-dependent polarizability (real or complex).
Photodepletion studies of small silver clusters (2-21 atoms)
embedded in rare-gas matrixes have shown that the absorption
spectrum of Ag20 cluster in an argon matrix is dominated by a
broad peak with a maximum at 3.70 eV and a weaker peak at
3.97 eV.30 Although this broad absorption feature cannot be
considered as a true collective excitation due to the small size
of the cluster, it can be considered as a microscopic analogue
to the plasmon excitation observed in nanoparticles. Effectively,
it should behave quite similarly and produce an enhanced local
electric field if the incident light is at resonance. By adopting
this model system, we show that a consistent treatment of both
the EM and the chemical enhancements can be achieved using
our recently developed approach. We show that the Raman
spectrum, both absolute and relative intensities, depends not only
on the local chemical environment of the molecule-metal
binding site, but also on the incident excitation wavelength.
Different contributions to the enhancements are analyzed and
are found to be of the order of static chemical enhancements
(factor of 10) < charge-transfer enhancements (103) < EM
enhancements (105). The degree of enhancements for the
important normal modes can be rationalized by their vibrational
motion and the local chemical environment of the molecule.
This provides a fairly simple visual picture showing key
information about the enhancements.

II. Computational Details

Absolute Raman intensities are presented here as the differential
Raman scattering cross section. For Stokes scattering with an experi-
mental setup of a 90° scattering angle and perpendicular plane-polarized
light, the cross section is given by31

whereυ̃in andυ̃p are the frequency of the incident light and of thepth
vibrational mode, respectively.Rj ′p and γ′p are the isotropic and
anisotropic polarizability derivatives with respect to the vibrational mode
p.

The electronic polarizability both on and off resonance is calculated
by including a finite lifetime of the electronic excited states using
TDDFT, the details of which are described elsewhere.28,29 The finite
lifetime is included phenomenologically by a common damping
parameterΓ. Values ofΓ are best obtained by fitting absorption data
for the molecule (if available); however, the values do not vary a lot
between similar molecules in the limit of a short-time approximation.
This is a reasonable approximation here since the absorption spectrum
of the silver cluster does not show vibrational fine structure. A damping
parameter ofΓ ≈ 0.004 au (800 cm-1) is what we have found previously
to be reasonable,28,29 and this value is used throughout this article.

All calculations presented in this work have been done using a local
version of the Amsterdam Density Functional (ADF) program pack-
age.32,33 The Becke-Perdew (BP86) XC-potential34,35 and a triple-ú
polarized slater type (TZP) basis set from the ADF basis set library
have been used, with the 1s-4p core kept frozen for Ag. The vibrational
frequencies and normal modes are calculated within the harmonic
approximation. This means that vibrational coupling beyond the
harmonic approximation is neglected, and therefore, overtones and
Fermi resonances are not included. However, the harmonic approxima-
tion seems to be appropriate for the pyridine silver system.18 For this
reason, the BP86 functional has been chosen since it usually gives
harmonic frequencies close to experimental results without the use of
scaling factors.36 Full geometry optimization, standard excitation, and
frequency calculations for both isolated molecule, metal cluster, and
molecule-metal complex have been performed prior to the polariz-
ability calculations. The polarizability derivatives are then calculated
by numerical three-point differentiation with respect to the normal mode
displacements as described in detail in ref 37. This allows us to
selectively study the Raman intensities of the normal modes associated
with pyridine. It should be stressed, however, that the normal modes
have been obtained for the full system (i.e., including both the silver
cluster and the pyridine molecule). Anharmonic corrections to the
Raman intensities are neglected since the Raman intensities are
calculated within the so-called double harmonic approximation.31 The
double harmonic approximation seems to be fairly accurate for the
intensities of the fundamentals especially considering the experimental
uncertainties when measuring absolute intensities.38
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III. Results and Discussion

Tetrahedral Ag20 is a relaxed fragment of the face-centered
cubic (fcc) lattice of bulk silver. Studies using density functional
theory (DFT) have shown that this structure is one of the local
minima for the Ag20 cluster.39,40Recently, Wang and co-workers
have found that this is the structure Au20 possesses by combining
photoelectron spectroscopy and relativistic DFT calculations.41

The unique structure of the Ag20 tetrahedron allows us to study
two very different binding sites, which we denote as the
S-complex and theV-complex. The former consists of an on-
top binding onto one of its four faces, which represents a (111)
surface of fcc silver, while the latter consists of binding onto
one of its vertexes, which represents an ad-atom site. These
two sites, displayed in Figure 1, have been chosen due to their
very different local chemical environments. Similar to most
previous studies, we assume that pyridine binds to the silver
cluster through the nitrogen atom in a perpendicular manner.
Here pyridine is oriented so that itsx-axis is along the Ag-N
bond, they-axis is perpendicular out-of-plane, and thez-axis is
perpendicular in-plane.

A complete list of the optimized geometries and harmonic
frequencies is given in the Supporting Information for the
structures considered in this work. For both complexes we find
imaginary frequencies of magnitude less than 31 cm-1, which
is most likely due to a small inaccuracy in the numerical grid.

A. Ground-State Properties.The calculated bond distance
between the N atom and the closest silver atom is 2.66 Å for
the S-complex, whereas it is 2.46 Å for theV-complex. For
each complex, the bonding energy between pyridine and the
silver cluster is analyzed using the extended transition state
method developed by Ziegler and Rauk.42-44 The total bonding
energy consists of two major components which are the
preparation energy and the interaction energy. The preparation
energy is the amount of energy needed to deform the isolated
fragments to the structure they have in the complex. This
contribution to the energy is negligible here, and we will equate
the bonding energy with the interaction energy. The interaction
energy can be decomposed into three physical contributions as45

∆E ) ∆Eel + ∆EPauli + ∆Eorb. The first term is the classical
electrostatic interaction between the unperturbed charge distri-
butions of the two fragments; the second term is the Pauli
repulsion, which represents the destabilization due to interaction

between occupied orbitals and accounts for steric repulsion; and
the last term is the interaction between occupied and virtual
orbitals and accounts for electron pair bond formation, charge
transfer, and polarization.33 The values for these energy
contributions have been collected in Table 1 for the two
complexes. Basis set superposition errors (BSSE) have been
accounted for using the counterpoise method46 by calculating
the bonding energies with respect to the isolated fragments.33

As we can see, theS-complex has a bonding energy of-1.31
kcal/mol compared to-8.87 kcal/mol for theV-complex. For
both complexes, the BSSE is found to be quite small: 0.68 kcal/
mol for theS-complex and 0.32 kcal/mol for theV-complex.
The binding energy is typical for silver interacting with
N-heterocycles, but of course, the numbers we calculate are
probably uncertain by a few kcal/mol. The bonding interaction
for theV-complex is stronger, which is in good agreement with
its smaller N-Ag bond length. We note that for both complexes
the electrostatic energy is not large enough to compensate for
the Pauli repulsion, and without the energy contribution from
the orbital interaction, the interaction energy would be repulsive
by 7.27 and 2.34 kcal/mol for theS- and V-complexes,
respectively. The redistribution of the charge density when
forming the complexes has been analyzed by calculating the
Voronoi deformation density (VDD) charges.33 The VDD
charges correspond to how much electronic charge is entering
or leaving a region of space around the nucleus. We find that
0.11e is transferred from pyridine to the silver cluster for the
S-complex, whereas 0.13e is transferred for theV-complex. A
graphical representation of the calculated deformation density
∆F ) FAg20-py - FAg20 - Fpy for each complex is presented in
Figure 2. It is clear to see the flow of density from the pyridine
and the central silver atom into the Ag-N bonding region, which
agrees well with the overall transfer of charge from pyridine to
the silver cluster. For theS-complex, we also see enhanced
density in the Ag-H bonding region, which obviously is not
present for theV-complex. This is again in good agreement
with the shorter Ag-N bond length found for theV-complex.
In general, we find that the interactions between the pyridine
and the silver cluster are rather weak. One could consider the
S-complex as a physiosorption complex, whereas theV-complex
could be considered as a weak chemisorbed complex due to its
smaller N-Ag bond length.

B. Electronic Spectra. As mentioned in the Introduction,
photodepletion studies30 have shown that the absorption spec-
trum of a Ag20 cluster embedded in an argon matrix is dominated
by a broad peak with a maximum at 3.70 eV. The shift due to
the argon matrix was estimated to be a red shift of around 0.24
eV. For the isolated Ag20 tetrahedral cluster considered here,
the calculated excitation energies in the energy region up to 4
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Figure 1. Configurations of the two pyridine-Ag20 complexes havingCs

symmetry.

Table 1. Decomposition of the Bonding Energy for the Two
Complexesa

energy terms S-complex V-complex

electrostatic∆Eel -23.37 -35.81
Pauli repulsion∆EPauli 30.64 38.15
orbital interaction∆Eorb -9.26 -11.53
total binding -1.99 -9.19
total binding corrected for BSSE -1.31 -8.87

a Energies in kcal/mol.
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eV are dominated by one very strong triple-degenerate excitation
at 3.44 eV with an oscillator strength off ) 7.172. The
calculated results are lower in energy than the experimental
results, especially considering the estimated red shift due to the
argon matrix. A likely explanation for the differences is that
the cluster studied in the experiments possesses a slightly
different structure. For the two complexes, the strong excitations
are found at 3.33 (f ) 1.186), 3.35 (f ) 1.393), and 3.42 (f )
2.000) eV for theS-complex and at 3.41 (f ) 2.054), 3.42 (f )
2.392), and 3.42 (f ) 2.452) eV for theV-complex. We see an
energy splitting of the triple-degenerate excitation due to the
lowering of the symmetry for both complexes, although the three
excitations are still nearly degenerate for theV-complex. The
stronger energy splitting for theS-complex is most likely due
to the interaction between the hydrogens and the silver atoms.
The reason for this is that the orbitals involved in these
transitions (see Figure 3) are located on the surface of the cluster
and are therefore interacting stronger with pyridine in the metal
excited state even though theV-complex has the stronger
interactions in the ground state.

In addition to the changes in the excitations associated with
the silver cluster, the presence of a pyridine molecule also
creates new charge-transfer (CT) excitations in the energy region
below 4 eV. These CT excitations are transitions from the
highest occupied orbital (HOMO) of the silver cluster to the
lowest unoccupied orbital (LUMO) or LUMO+ 1 of the
pyridine molecule. The calculated CT excitation energies and
oscillator strengths are collected in Table 2. We see that the
CT excitations are about 0.5 eV higher for theS-complex
compared with those for theV-complex. This is easily under-
stood if one consider the orbitals involved in the transitions.

This is illustrated by Figure 3 where the orbitals are depicted
for one selected transition discussed below.

From Figure 3, we see that the HOMO of the Ag20 cluster is
mainly located in the region where the hydrogens of pyridine
are close to the Ag20 surface in theS-complex. This leads to a
destabilization of the LUMO and LUMO+ 1 as compared to
the V-complex, which leads to the higher excitation energies.
CT excitations of pyridine absorbed on a Ag(111) surface have
been observed by electron energy loss (EELS) experiments to
be around 1.4-2.4 eV.47 However, it has been proposed that
EELS is not suitable to observe such weak CT excitations.48 In
fact, by inverse photoemission (IPE) the unresolved LUMO and
LUMO + 1 are found to be around 2.9( 0.2 eV above the
Fermi level.49 For pyridine on a Cu(111) surface, Wolf and co-
workers found the states to be at 3.15 and 3.75 eV above the
Fermi level using two photon photoemission (2PPE).50 Both of
these results are significantly higher than the EELS results. The
results presented in Table 2 appear to be in good agreement
with the EELS results. However, it is well-known that standard
TDDFT calculations underestimate CT excitations in weakly
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Figure 2. Calculated deformation density (∆F) isosurface and contour plots for the two complexes. Isosurface value of 0.0004 au with enhanced density
in blue and depletion density in red.

Figure 3. Important orbitals involved in the major CT excitation for theS-complex shown with an isosurface value of 0.03 au.

Table 2. Calculated Excitation Energies and Oscillator Strengths
of Charge-Transfer Excitations for the Two Complexesa

S-complex V-complex

Ag20 Py E f E f

HOMO f LUMO 2.16 0.0004 1.44 0.004
HOMO f LUMO+1 2.63 0.039 1.91 0.0001

a Excitation energies in electronvolts.
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interacting systems and predict the wrong distance dependence.51

This is related to a deficiency in the adopted exchange-
correlations kernel (usually the adiabatic LDA or GGA). The
CT excitation energies then become identical to the orbital
differences for orbitals with zero overlap. This is indeed what
is found here, and therefore the good agreement with the EELS
observation is most likely due to an underestimation rather than
a correct description. However, as we will show later, this
separation of the CT excitations from the strong excitations
around 3.4 eV allows us to probe these two energy regions
separately.

C. Polarizabilities. The determination of the polarizability
of small metal clusters provides insights into their structures,
especially if this is combined with information about the
dispersion or electronic excitations.28,52 A prime example is
small alkali metal clusters, where the interplay between accurate
theoretical models and experimental results provided a detailed
understanding of the electronic configurations and, at least for
the smaller clusters, a determination of the ground-state
geometries.

The calculated static electronic polarizability components and
the isotropic polarizability are listed in Table 3 for the Ag20

cluster, the pyridine molecule, and bothS- andV-complexes.
Although the static polarizability might have a considerable
vibrational contribution, we will only consider the electronic
part of the polarizability since this is the part relevant for Raman
scattering. We see that for both complexes, the polarizability
along thex-axis is larger than the sum of the Ag20 and pyridine
polarizabilities, whereas it is smaller in the other two directions,
leading to an isotropic polarizability slightly larger than the sum.
These changes in the polarizabilities are consistent with weakly
interacting molecular complexes.53 The fact that theV-complex

has a larger polarizability in thex-direction than theS-complex
is expected due to its stronger bonding interactions. However,
for the S-complex the components in they- and z-directions
are more affected than theV-complex. The reason for this is
most likely the interactions of the H-atoms with the silver cluster
in the S-complex. Although theV-complex is more strongly
bonded, the polarizability of theS-complex is more strongly
affected due to these interactions. This is similar to what was
found for the excitations described above.

Figure 4 presents the calculated real and imaginary polariz-
abilities in the wavelength range of 320-410 nm for both
complexes. For comparison, the calculated real and imaginary
polarizabilities for the Ag20 cluster are also included in the
figures. The Ag20 cluster has an absorption maximum (maximum
of the imaginary polarizability) at 360 nm, whereas for the two
complexes the maxima are red-shifted slightly. For theS-
complex, the shift is 5 nm, whereas a shift of 3 nm is found for
the V-complex. The absorption peak for theS-complex is
decreased and broadened, whereas a small increase is found
for the V-complex but no change in the line width. For large
silver nanoparticles, it is known that the surface plasmon is quite
sensitive to the absorption of molecules onto the surface.54-56

In general, a red shift of the plasmon peak is found, although
a small blue shift at low coverage was attributed to charge-
transfer interactions between the particle and the molecule.55,56

The observation of a red shift is in good agreement with the
results found here but the magnitude of the shift is much larger
in the experiments (where the coverage is much higher). Since
the smallest shift is found for theV-complex, one could relate
this to a small blue shift due to charge-transfer interactions.

D. Enhanced Raman Scattering.As mentioned in the
Introduction, three major contributions account for the observed
huge enhancement. Although a clear-cut separation of these
mechanisms is not possible, we will analyze three different
aspects that correspond roughly to the categories mentioned
above. In this section, we will discuss the effects of each
individual mechanism on the Raman scattering intensities, and
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Figure 4. Calculated real (solid line) and imaginary (dashed line) polarizability of the two py-Ag20 complexes and the Ag20 cluster as a function of
wavelength. Squares denote the complex, and triangles denote the Ag20 cluster. Polarizabilities in au and wavelength in nanometers.

Table 3. Calculated Static Electronic Polarizability Components
and the Isotropic Polarizability in au

Ag20 Py S-complex V-complex

Rxx 930.6 76.0 1094.5 1126.6
Ryy 930.6 35.4 953.4 970.4
Rzz 930.6 71.9 974.8 998.0
Rj 930.6 61.1 1007.6 1031.6
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we will term them as the “chemical enhancement”, the
“resonance enhancement”, and the “electromagnetic enhance-
ment”.

1. Chemical Enhancement.It was shown above that the
interactions between pyridine and the Ag20 cluster cause charge
to be transferred from pyridine to the Ag20 cluster, thus leading
to a change in the polarizability. These changes in the electronic
properties of the molecule will affect its NRS spectra, as shown
in the simulated NRS spectra presented in Figure 5 for
wavenumbers between 300 and 1800 cm-1. The polarizability
derivatives needed in eq 1 were calculated at zero frequency;
however, a wavelength of 514.5 nm was assumed for the
calculations of the differential cross section. Normal modes for
selected frequencies of pyridine important for the discussion
are displayed in Figure 6.

We see that for pyridine alone, the NRS differential cross
section is of the order of 10-31 cm2/sr. The intensities are
enhanced by about a factor of 4 for theS-complex and about a
factor of 8 for theV-complex. The enhancement due to the
chemical interaction is therefore of the order of 10. The fact
that theV-complex shows larger enhancement is expected since
it has a stronger bonding interaction compared to theS-complex,
although the 598 cm-1 mode shows a larger enhancement for
the S-complex. The NRS spectrum of pyridine is dominated
by two intense peaks at 978 and 1022 cm-1, both of which

correspond to ring breathing modes. The relative intensities are
sensitive to adsorption site, but we also found sensitivity to
choice of functional, and thus it is properly not useful to assign
physical significance to the results. Weaker peaks are found at
1573, 1567, 1204, 648, and 598 cm-1. The harmonic frequencies
are in good agreement with the experimental results;57 however,
the intensities of the weaker peaks are more intense in the
simulated spectrum. Shifts in the harmonic frequencies are
observed for both complexes, with the largest for theV-complex,
which is again in agreement with the stronger bonding interac-
tion for this complex. The largest shifts observed are for the
modes at 1573 (ring stretch), 978 (ring breathing with N moving
toward silver), and 598 cm-1 (ring deformation with N moving
toward silver). The modes at 978 and 598 cm-1 involve
vibrational motion of the N atom along the N-Ag bond, and
the 1573 cm-1 mode consists mainly of C-C stretching with
theR-carbon next to nitrogen vibrating toward the silver cluster.
These modes are therefore expected to be influenced more by
the interaction with the silver cluster. These observations are
in line with the theoretical findings by Vivoni et al. on pyridine
interacting with few atom silver clusters.18

Comparing the simulated spectra for the two complexes with
that for pyridine, we see that overall they are quite similar. The

(57) Golab, J. T.; Sprague, J. R.; Carron, K. T.; Schatz, G. C.; Van Duyne, R.
P. J. Chem. Phys.1988, 88, 7942-7951.

Figure 5. Simulated normal Raman spectra of pyridine and the pyridine-Ag20 complexes at an incident wavelength of 514.5 nm based on static polarizability
derivatives. Differential cross section in units 10-30 cm2/sr and wavenumber in cm-1. Spectra have been broadened by a Lorentzian having a width of
20 cm-1.

Figure 6. Normal modes of selected frequencies for pyridine.
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most noticeable changes in the intensities are for the ring
deformation modes found in pyridine at 648 and 598 cm-1. For
theS-complex only the symmetric ring deformation, shifted up
to 607 cm-1, is visible, whereas for theV-complex both modes
are very weak. The ring breathing mode at 978 cm-1 is more
enhanced than the mode at 1022 cm-1 for the S-complex,
whereas the opposite is true for theV-complex. The differences
between the two complexes are most likely linked to the
different chemical environments of the hydrogens close to the
N atom, since many of the modes involve motions of these
hydrogens. This is particularly clear if one compares the
deformation density depicted in Figure 2 and the normal modes
in Figure 6.

2. CT Resonance Enhancement.In Raman scattering
measurements where the wavelength of the radiation is close
to an electronic excitation of the molecule, the intensity of the
signal can be enhanced by a factor of up to 104-106. This
process is referred to as resonance Raman scattering, and the
enhancement is proportional to the oscillator strength of the
transition. Depending on the nature of the interaction between
a molecule and the metal cluster, additional metal-molecule
CT states might be present. These new CT states can of course
be at resonance with the radiation leading to enhanced Raman
scattering. Among the different mechanisms contributing to the
enhancements observed in SERS, the CT mechanism is probably
the most controversial.6 The main reason for this is the
experimental difficulty in identifying the CT states and specific
probing of this mechanism without the electromagnetic en-
hancement, although the work by Campion and co-workers8,58

has shown that it is possible to identify the CT state and study
the SERS spectrum if the transition is strong enough. The CT
mechanism is often used to explain the dependence of certain
bands in SERS experiments on the electrode potential.22,59The
idea is that by changing the potential, the CT state can be tuned
in to be at resonance or not. However, an alternative explanation
is that a reorientation of the molecule relative to the surface
occurs due to the changes in the electrode potential.60

As described above, evidence for a broad weak CT state for
the pyridine-Ag system has been provided by EELS experi-
ments.47 Although the calculated CT states are in good agree-
ment with the experimental observation, the states remain
inconclusive due to the aforementioned problems with conven-
tional TDDFT methods. However, since the CT states are
separated in energy from the strong silver transitions, this allows
us to probe the CT states directly. The simulated Raman
scattering spectrum for theS-complex for an incident wave-
length of 471 nm is presented in Figure 7. The wavelength of
the incident light is chosen to be at resonance with the HOMO
f LUMO + 1 CT excitation. This corresponds to the CT
excitation with the largest oscillator strength and should result
in the largest enhancements.

From Figure 7, we see that the intensities are of the order of
10-27 cm2/sr, which corresponds to an enhancement of the order
of 104 as compared to the NRS intensities of pyridine. Therefore,
the enhancement due to resonance with the CT state gives an
additional 3 orders of magnitude on top of the chemical

enhancement. It is also clear that there are some quite significant
changes in the CT resonance spectrum compared to the NRS
spectrum in Figure 5. The ring stretch mode at 1581 cm-1 and
the ring twist mode at 365 cm-1 show the largest enhancements
and are now stronger than the two ring breathing modes around
1000 cm-1. These two enhanced modes both involve motions
of the atoms where the LUMO+ 1 orbital (see Figure 3) is
localized, which explains why these two modes are enhanced
more than the rest. Experimentally, Arenas et al.59 found that
the modes at 598, 1204, and 1573 cm-1 show the strongest
dependence on the electrode potential, with the mode at 1204
cm-1 showing the largest changes. Although we find that these
modes are enhanced, the relative importance seems to be
different. Arenas et al.59 also analyzed the results theoretically
by considering the displacements between the ground state of
pyridine and its anion. Their relative intensities are in good
agreement with the findings here, particularly the very strong
enhancement of the mode at 1573 cm-1.

3. Electromagnetic Enhancements.The simulated Raman
scattering spectra for theS- and V-complexes at an incident
wavelength of 365 and 363 nm, respectively, are displayed in
Figure 8. The values for the incident light have been chosen so
that they correspond with the peak values of the imaginary
polarizability for the two complexes. The intensities are in the
order of 10-25 and 10-26 cm2/sr, which, compared to the NRS
spectrum of pyridine, correspond to an enhancement of 106 and
105 for the S- and V-complexes, respectively. The additional
enhancement due to resonances with the silver cluster is then
around 104-105. For theS-complex, if we compare with its
NRS spectrum, we see that the main changes are in the
intensities but the spectrum looks quite similar. The modes at
607 and 988 cm-1 show the largest cross sections, and both are
modes where the N atom moves toward the silver cluster.
However, this is not the situation for theV-complex, where
the spectrum looks quite different from its NRS spectrum. In
particular, the large enhancement of the ring stretch mode at
1208 cm-1 makes this the most intense peak in the spectrum.
This ring stretch mode has been found experimentally to be
quite sensitive to the potential of the electrode,59 which is usually
explained in terms of either the CT mechanism or a reorientation
effect. The strong dependence of the 1208 cm-1 mode on the
binding site and the fact that it is not found to be very strong
in the CT resonance spectrum support the latter explanation.

Last, we examine the Raman excitation profile for bothS-
andV-complexes (i.e., the changes in the intensity of the Raman

(58) Kambhampati, P.; Child, C. M.; Foster, M. C.; Campion, A.J. Chem. Phys.
1998, 108, 5013-5026.

(59) Arenas, J. F.; Toco´n, I. L.; Otero, J. C.; Marcos, J. I.J. Phys. Chem.1996,
100, 9254-9261.

(60) Moskovits, M.; DiLella, D. P.; Maynard, K. J.Langmuir1988, 4, 67-76.

Figure 7. Simulated CT resonance-enhanced Raman spectrum for the
S-complex at an incident wavelength of 471 nm. Differential cross section
in units 10-30 cm2/sr and wavenumber in cm-1. Spectrum has been
broadened by a Lorentzian having a width of 20 cm-1.
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scattering due to changes in the wavelength of the incident light).
Experimentally, it is difficult to obtain the SERS excitation
profile due to limited tunability of the laser frequencies.
However, recent work by Van Duyne and co-workers has shown
that this can be achieved in a detailed manner using nanosphere
lithography.61 Here we simulate the excitation profile for the
symmetric ring breathing mode found at 988 and 992 cm-1 for
the S- andV-complexes, respectively.

The simulated Raman excitation profiles are plotted in Figure
9. For comparison, the imaginary parts of the polarizabilities
for both the Ag20 cluster and the Py-Ag20 complex are included
in the figure as well. The excitation profile has been calculated
for wavelengths between 330 and 400 nm. We see that the
excitation profile is narrower than the absorption spectra as
would be expected from the EM due to the|E|4 enhancement
in SERS. It is also broader for theS-complex compared to that
for theV-complex. For theS-complex, the maximum enhance-
ment occurs at 367 nm, which corresponds to a 7-nm red-shift
compared to the Ag20 absorption maximum and a 2-nm red-
shift compared to its absorption maximum. The maximum
enhancement for theV-complex occurs at 362 nm, which is a
red-shift of 2 nm from the absorption maximum of Ag20 but a
blue-shift of 1 nm compared to the complex. For both
complexes, the maximum enhancement is closer to the absorp-

tion maximum of the complex than that of Ag20. The fact that
the enhancement maximum does not coincide with the absorp-
tion maximum was also observed experimentally.61 However,
our use of the short-time approximation leads to a missing shift
in the excitation profile relative to the absorption maximum due
to the Stokes shift of the emitted photon (meaning that our
calculation model the excitation profile for zero Stokes shift).
As noted in ref 61, including for the Stokes shift makes the
excitation spectrum blue-shifted relative to absorption.

IV. Conclusions

In this study, we have presented a detailed analysis of the
enhanced Raman scattering of a pyridine-tetrahedral Ag20

model system using TDDFT. We have employed a recently
developed approach based on a short-time approximation for
the Raman cross section. This approach has allowed for a
consistent treatment of both the EM and the chemical enhance-
ments for this model system. The results show that both absolute
and relative Raman intensities depend strongly on the local
chemical environment of the molecule-metal binding site and
on the incident excitation wavelength. An analysis of different
contributions to the enhancements is presented, and the relative
importance is in the following order: static chemical enhance-
ments (factor of 10), charge-transfer enhancements (103), and
EM enhancements (105). The calculated CT excitations are
separated in energy from the strong silver absorption maximum.

(61) McFarland, A. D.; Young, M. A.; Dieringer, J. A.; Van Duyne, R. P.J.
Phys. Chem. B2005, 109, 11279-11285.

Figure 8. Simulated electromagnetic-enhanced Raman spectra for theS- and V-complexes at an incident wavelength of 365 and 363 nm, respectively.
Differential cross section in units 10-30 cm2/sr and wavenumber in cm-1. Spectra have been broadened by a Lorentzian having a width of 20 cm-1.

Figure 9. Simulated Raman excitation profiles for the symmetric ring breathing mode of the two complexes. Enhancement factors are relative to the NRS
value of pyridine and wavelength is in nanometers. Enhancement factors (solid line), imaginary polarizability of Ag20 (dashed-dotted line), and imaginary
polarizability for the complex (dashed line).
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Therefore, the largest enhancement found (105-106) is due to
the EM mechanism, with a small contribution from the chemical
interaction. This suggests that the Raman scattering of molecules
on a small cluster is enhanced in a way similar to that on
nanoparticles. This observation of enhanced Raman scattering
is in line with recent experiments by Dickson and co-workers,10

although they find much larger enhancements. It still remains
to be seen what enhancements will arise when the strong silver
and CT excitations overlap. By combining information about
the vibrational motion and the local chemical environment, we

have been able to rationalize why certain normal modes are
enhanced more than others.
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