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We present a unified expression for surface-enhanced Raman spectroscopy (SERS). The expression contains
a product of three resonance denominators, representing the surface plasmon resonance, the metal-molecule
charge-transfer resonance at the Fermi energy, and an allowed molecular resonance. This latter resonance is
that from which intensity is borrowed for charge transfer, and when the molecular resonance is active it is
responsible for surface-enhanced resonance Raman spectroscopy. We examine this expression in various
limits, to explore the relative contribution or each resonance. First, we look at the situation in which only the
surface plasmon resonance is active and examine the various contributions to the Raman signal, including
the surface selection rules. Then we examine additional contributions from charge-transfer or molecular
resonances. We show that the three resonances are not totally independent, since they are linked by a product
of four matrix elements in the numerator. These linked matrix elements provide comprehensive selection
rules for SERS. One involves a harmonic oscillator in the observed normal mode. This is the same mode
which appears in the vibronic coupling operator linking one of the states of the allowed molecular resonance
to the charge-transfer state. The charge-transfer transition moment is linked to the surface plasmon resonance
by the requirement that the transition dipole moment be polarized along the direction of maximum amplitude
of the field produced by the plasmon (i.e., perpendicular to the metal surface). We show that these selection
rules govern the observed SERS spectral intensities and apply these to the observed spectra of several molecules.
We also suggest a quantitative measure of the degree to which charge transfer contributes to the overall
SERS enhancement.

I. Introduction

The discovery of very large enhancements of the Raman
signal1-4 induced by proximity to a metal surface has led to
numerous interesting and valuable developments in nanoscience.
The effect is of sufficient interest that a rather large number of
investigations have been carried out using a variety of substrates
and examining many different molecular species. The conse-
quence of all this interest is that the numerous manifestations
of the effect are difficult to explain using a simple theory. It
was first realized that the nature of the conduction band of the
metal and the need for nanoscale surface features implies that
a surface plasmon resonance must be important for the effect
to be observed. However, examination of the potential depen-
dence of the effect in electrochemical5-7 experiments led several
investigators8-10 to propose that a charge-transfer resonance
between the molecule and the metal was also of importance.
More recently, even larger enhancements have been discovered,
by examining systems on the single molecule level.11-13 These
were observed with single molecules adsorbed on one or
between two or more Ag nanoparticles.14-17 Although the rather
large enhancements observed have been cited as possible
evidence for charge-transfer contributions, other, more recent
work presents a reinterpretation of the magnitude of the
enhancement in these experiments.18 Most of these single
molecule experiments were carried out choosing molecules,
which in addition to the surface plasmon and charge-transfer
resonances, have a molecular resonance in the range of
excitation. These considerations lead to the conclusion that it
is important to consider the molecule and metal as a single
system. The states involved in various resonances should be

regarded as part of this molecule-metal system, and all
properties are affected by this interaction. The plasmon reso-
nance is mostly a property of the metal, while the molecular
resonances are properties mostly of the molecule. The charge-
transfer states are properties of the combined system. Thus, in
order to fully explain the observations, three types of resonance
may need to be invoked. However, at any single excitation
frequency, it is often difficult to distinguish the degree to which
each of the type of resonance contributes to the overall
enhancement. In order to obtain a complete picture of the relative
contribution of each resonance, experiments must be carried
out at a wide variety of excitation wavelengths,19 by electro-
chemically varying the applied potential or possibly by varying
the location of the surface plasmon resonance by carefully
controlling particle size20 or interparticle distance.21 We will
show that we if we are in the region of a charge-transfer or
molecular resonance, the enhancement of the nontotally sym-
metric bands relative to the totally symmetric bands will vary.
In the absence of charge-transfer contributions, the relative
enhancement of both types of bands should be the same.

In this Article, we present a single expression for the
enhancement, which includes all three types of resonance in
the denominator, while all three effects are linked by a product
of four matrix elements in the numerator. This means that
surface-enhanced Raman spectroscopy (SERS) need not be
explained as a coincidence of several disparate effects, but can
be considered a single effect drawing on up to three resonances
which are intimately tied to each other and cannot easily be
considered separately. Depending on the parameters associated
with each resonance at each excitation wavelength as well as
the selection rules, the various resonances contribute differing
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amounts to the enhancement, and it is our intention in this
Article to clarify the ways in which each contribution may be
extracted. In the next section, we examine the resonances
separately, starting with the surface plasmon resonance. We
show that even far from charge-transfer or molecular resonance,
these transitions can influence the observed spectrum. We
examine the differences between SERS and normal Raman
spectroscopy, to identify the special contributions made to the
Raman spectrum by proximity to the metal surface. Especially
important is the preferential polarization of light normal to the
surface, and this leads to an examination of the sources of the
surface selection rules. We then examine the additional contri-
butions due to an overlap of the surface plasmon resonance with
either a charge-transfer or molecular resonance (or both). This
imposes further symmetry requirements on the spectrum and
leads us to examine the resulting Herzberg-Teller-surface
selection rules. As a stringent test of these selection rules, we
apply them to the observed SERS spectra of a series of rather
symmetric molecules, including the azines, benzene, and the
less symmetric berberine. Some of these comparisons are
necessarily qualitative, due to lack of sufficient data, so that
we then examine more quantitatively the spectrum of a molecule
(p-aminothiophenol) for which considerable data has been
obtained. We define an experimental parameter (the degree of
charge transfer), which enables us to examine the various
contributions to the SERS intensity for a wide variety of
excitation wavelengths and substrates.

II. Surface-Enhanced Raman Spectroscopy (SERS)

The intensity of a Raman transition may be obtained from
the polarizability tensor by the expression

where IL is the incident laser intensity atω and ωI′I is a
molecular transition frequency between states I and I′ (presum-
ably two different vibronic levels of the ground electronic state
Ie). The subscriptsσ andF represent the three directions in space
(X, Y, Z) and together make up the nine components of the
polarizability tensor.

A. The Surface Plasmon Resonance.When the dielectric
constant of a metal has a negative real component, combined
with a small imaginary component, the metal is capable of
sustaining a surface plasmon resonance (SPR). This resonance
represents a coherent oscillation of the surface conduction
electrons when excited by electromagnetic radiation. The excited
state of the plasmon can be described as a correlated many-
electron excitation of all possible electron-hole pairs, for which
the energy separation matches the laser frequency.15 In bulk
silver this resonance is in the near-ultraviolet region of the
spectrum. For a metal nanoparticle, the plasmon resonance is
localized near the surface of the particle, and it is found that
considerably larger enhancements may be obtained by ag-
gregates of two or more nanoparticles oscillating collectively.
Furthermore, the enhanced electric field at the particle surface
is strongly influenced by the details of the shape of the
nanoparticle, and many creative techniques to control the shape
and size of an array of such particles have recently been
developed.20 For example, triangular silver nanoparticles display
several dipolar as well as quadrupolar resonances farther to the
red of the dipolar resonance observed in a spherical particle.22

The combination of collective oscillations of nanoparticle arrays
as well as various selected shapes has extended the range of
useful localized surface plasmon effects throughout the visible

and near-infrared region of the spectrum. Equation 1 implies
that a vibrating molecule located near a metal nanoparticle array
will couple to the exciting light; i.e., the polarizability tensor
of the metal-molecule system couples to the SPR field.

The plasmon resonance23-25 may be discussed by examining
the term IL. For Raman spectroscopy, it can be shown to
be proportional to the electromagnetic enhancement factor
L2(ωL)L2(ωS) whereωL andωS are the incident and scattered
Raman frequencies, respectively, andL(ω) ) ER/E0 whereER

is SPR field andE0 is the incident field of the exciting light.
This gives an electromagnetic enhancement factor of [ER/E0]4,
but it should be appreciated that such a relationship is not strictly
valid for hot-spot scattering due to a collection of metal
particles.26 However, for simplicity, we first examine the simple
model of a single sphere embedded in an environment of
dielectric constantε0; this factor may be related to the radius
of the spherical metal particlea, the distance of the molecule
from the center of the metal particler, andg a function of the
complex dielectric functionε(ωL) ) ε1 + iε2 as follows:

Letting ωL ≈ ωS ) ω, it can be seen that for frequencies at
whichε1 ) -2ε0 resonance is obtained and that the enhancement
factor is proportional toε2

-4. For silver in the near-ultraviolet
region, the resonance condition holds (ε0 ) 1.77 for water,ε1

) -3.54 andε2 ) 0.11 at 382 nm for bulk Ag), while in this
same regionε2 is small. This is the source of the surface plasmon
resonance, and it is presumed to produce a very large electric
field normal to the metal surface. It should be pointed out that
typically ωL is only approximately equal toωS, so the ap-
proximation in eq 2 may not hold in certain spectral ranges
especially if a molecule is at a location between two metal
particles.27 For situations in which the difference betweenωL

andωS is larger than the resonance widths, it is found that the
optimum enhancement is obtained approximately halfway
between. Since we are interested in examining spectral intensi-
ties of both totally and nontotally symmetric normal modes,
we are also interested in the relative strength of the normal and
tangential component of the electric vector of both the incoming
and outgoing light. For a sphere of radiusa, the normal (n) and
tangential (t) components are given by

Note that at resonance (g(ε).1) for a sphere, the tangential-
to-normal fields are almost equal. For a prolate spheroid, the
expressions are somewhat more complex,28 and they are
functions of the prolate spheroidal coordinates (ê, η, æ). Then
the normal and tangential components may be written as

wherew is a factor involving Legendre functions andê0 is the
value ofê at the particle surface. It is found that near the particle
tip (η ) (1) the enhancement is the largest. At that point the
tangential field is zero. On the other hand, at other points along
the ellipsoidal surface the ratio of the tangential/normal field
increases. At the equator of the ellipsoid, the field is entirely

I ) [8π(ω ( ωI′I)
4IL/9c4] ∑RσF

2 (1)

L2(ωL)L2(ωS) ≈ |g(ωL)|2|g(ωS)|2 ≈ |(g (a/r)3|4) (2)

g(ε) ) [ε(ω) - ε0]/[ε(ω) + 2ε0] )
[ε(ω) - ε0]/[ε1(ω) + 2ε0 + iε2(ω)] (3)

Ln(ω) ) (1/3)
1/2E0[1 + 2g(ε)(a/r)3]

Lt(ω) ) (2/3)
1/2E0[1 - g(ε)(a/r)3] (4)

Ln
2(ω) ) η2( ê2 - 1

ê2 - η2)w Lt
2(ω) ) ê0

2( 1 - η2

ê0
2 - η2)w (5)
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tangential (η ) 0). This is important because it illustrates the
fact that for certain nanoparticle geometries, we might expect
that the largest enhancements are near points or hot spots on
the surface, and in that region the normal component of the
field is much larger than the tangential component. Where two
or more nanoparticles are near each other, we expect the hot
spots to be near the juncture of the two particles. Gersten and
Niztan29 show theoretically for a simple model of a two-spheres
cluster that the electromagnetic (EM) flux is concentrated in
the region between the spheres, and more recently this type of
EM enhancement has been investigated experimentally and
theoretically.15,30,31For a molecule located between two such
particles, the points at which the molecule would be inserted31

can be considered tips, and once again tip effects are likely to
be important. Even if the geometry is not the same as an
ellipsoid, but instead, say, a pyramid or other structure, the field
directions and relative intensities should be similar to those near
the ellipsoidal tip.

We now consider the situation in which the surface plasmon
is in or near resonance with the laser, and we are far from

charge-transfer or molecular resonances. The general expression
for the polarizability tensor for the molecule-metal system may
be written as

where S represents all the excited states of the system,µ is the
dipole moment operator, andσ,F are the scattered and incident
polarization directions. This is the standard Kramers, Heisen-
berg, and Dirac (KHD)32,33expression, and using the zero-order
Born-Oppenheimer approximation, we may write all the
vibronic states (I, I′, S) as products of the electronic and
vibrational wave functions:|I〉 ) |Ie〉|i〉, |I′〉 ) |Ie〉|f 〉, and|S〉
) |Se〉|k〉, where the subscript e indicates a purely electronic
state and lower-case letters represent vibrational functions.
Albrecht34 utilized the Herzberg-Teller mixing of vibronic
functions

to derive an expression forRσF which involves the sum of three
terms, usually called A, B, and C.VeN is the electron-nuclear
attraction term in the Hamiltonian, evaluated at the equilibrium
nuclear positions (0). For the purely electronic transition moment
between states, we writeµσ

SI ) 〈Se|µσ|Ie〉, µσ
RI ) 〈Re|µσ|Ie〉,

andµσ
SR ) 〈Se|µσ|Re〉.

In previous work (I35 and II36), we applied these ideas to
SERS . We assumed that the molecule was bound to the metal
surface through a weak covalent bond and that the molecule-
metal system may be considered together for purposes of
calculations. Thus, the metal conduction band (M) must be
included in the A, B, and C terms derived by Albrecht. In earlier
work, Albrecht showed that intensity borrowing from the same
allowed transitions was also responsible for appearance of
forbidden character in optical spectra.37,38 When the molecule
is not coupled to the metal, charge-transfer transitions between
the molecule and metal are forbidden. On coupling, charge-
transfer intensity is borrowed from some allowed molecular
transitionµKI by the molecule-to-metal transitionµIM through
the Herzberg-Teller coupling termhMK or by the metal-to-
molecule transitionµMK through the Herzberg-Teller coupling
term hIM. Focusing primarily on the charge-transfer contribu-
tions, we have previously shown (I and II) that SERS charge-
transfer intensity is maximized when the metal state involved
is at the Fermi energy. The practical result is that in the equations
we may remove the sum over M states and replace M with the
appropriate charge-transfer state F (See Figure 1). Note that the
Fermi energy varies with applied potential, so that in electro-
chemical experiments, we obtain an expression for the potential

Figure 1. State diagram of molecule-metal system. Transitions are
allowed from the molecular ground state|I〉 to one or more of the
excited states|K〉 throughµIK. For the B term, a moleculef metal
charge-transfer transition to the Fermi state|F〉 is allowed throughµIF.
The states|F〉 and |K〉 are connected through the Herzberg-Teller
vibronic coupling termhKF. For the C term, a metalf molecule charge-
transfer transition from the Fermi state|F〉 is allowed throughµKF. The
states|F〉 and|I〉 are connected through the Herzberg-Teller vibronic
coupling termhIF.

Figure 2. Surface-enhanced Raman spectrum of pyridine on Ag
electrode. The symmetry species of the most enhanced modes (a1 and
b2) are shown. All other modes are much weaker or not seen.

TABLE 1: Low-Lying Singlet Electronic States of Pyridinea

state type T00 (cm-1) T00 (eV) intensity
1A1 X 0 0
1B1 n f π 34 770 4.31 f ) 0.003
1B2 π f π* 33 850 4.75 f) 0.04
1A1 π f π* 49 750 6.17 f ) 0.10
1B2 π f π* 55 000 6.82 f ) 1.3
1A1 π f π* 56 405 6.99

a See ref 49.

RσF ) ∑
S*I,I ′

{〈I|µσ|S〉〈S|µF|I′〉
ES - EI - pω

+
〈I|µF|S〉〈S|µσ |I′〉
ES - EI + pω } (6)

|S〉 ) |Se,0〉 + ∑ λSRQ|Re,0〉 (7)

λSR ) hSR/(ER
0 - ES

0) (8)

hSR ) 〈Se,0|(∂VeN/∂Q)0|Re,0〉 (9)
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dependence observed in SERS (see section B below). We then
obtain analogues of the Albrecht A, B, and C terms for the
molecule-metal system.

When, as presumed in this section, we are far from any
charge-transfer or molecular resonance, the denominators in the
above expressions are all approximately the same and may be
removed from the sums. In the A term, we then make use of
the closure relationΣ|k〉〈k| ) 1 and the orthogonality expression
〈i|f〉 ) δif . Thus, away from resonance, the A term vanishes,
and the B and C terms are entirely responsible for the surface-
enhanced Raman intensity.

We should emphasize that in these expressions the sums range
over all excited states (R and S) which include both charge-
transfer states (F) and molecular states (K){but of course
exclude terms for which a denominator vanishes (such as S or
R ) I)}. This constitutes one of the important differences
between SERS and normal Raman spectroscopy. The normal
Raman expression34 does not include these charge-transfer states
(F). Furthermore, within these sums, these charge-transfer terms
cannot be considered to be negligible. For example, in pyridine
on Ag, the charge-transfer state39 is located at about 600 nm
(2.06 eV), while the lowest allowed molecular transition is at
261 nm (4.75 eV). The oscillator strengths for both transitions
are comparable. For excitation at 514.5 nm (2.45 nm), it can
be seen that the resonance denominator for the charge-transfer
term in the sum will be much smaller (by a factor of 5) than
for the next leading term. Thus, the leading term in the sum
arises from a low-lying charge-transfer transition, and is about
5 times larger than the leading term in the normal Raman
expression, which arises from an allowed molecular transition.
It is likely that the charge-transfer transitions in many molecule-
metal systems will be similarly low-lying and therefore impor-
tant contributors to the SERS intensity, even when only the
metal surface plasmon is in resonance.

Note also that in normal Raman spectroscopy, the molecules
are usually (at least in the gas or liquid phase) randomly oriented
with respect to the direction of the optical field, and to obtain
a correct expression for normal Raman spectroscopy we must
average over all orientations. However, for SERS, the molecule
is usually adsorbed on the surface through a weak chemical
bond in a definite orientation. As shown above, when the
molecule is located near a special part of the nanoparticle, such
as the tip of an ellipsoid or similar structure, the largest

enhancements are observed. It is in just such a case that the
component of the electric field normal to the surface is most
intense, while the tangential component is relatively weak. This
leads to the surface selection rules,40-43 which govern the
relative SERS intensities in cases where the exciting light is
far from either a charge-transfer or molecular resonance.

It is convenient to consider a definite molecule when
discussing these results, and we choose pyridine. In Figure 2,
we present the pyridine (C2V) SERS spectrum. Assuming the
molecule is attached to the surface through a Ag-N bond, the
C2 axis is normal to the surface. If the most intense fields are
also normal to the surface, they will pick out only certain terms
in the B or C sums in the expression of eq 10. Note that terms
with both σ and F ) Z (the normal direction to the surface)
will be most intense. These are both of A1 symmetry inC2V.
The consequence is that the Herzberg-Teller factor must also
be of A1 symmetry, and intensity borrowing takes place from
an allowed1A1 f 1A1 transition. In Table 1, we give the visible
and UV transitions in pyridine. It can be seen that there is such
a transition at 6.17 eV (49 750 cm-1) with a rather large
oscillator strength. If the charge-transfer transition at 2.06 eV
is of A1 symmetry, it is easy to see that vibrations of a1

symmetry should dominate the SERS spectrum. This is as seen
in Figure 1 and is a well-known feature of many SERS spectra.
We must, however, take into account the possibility that there
is a nonzero tangential (X, Y) component of the electric field,
because either the molecule is not located exactly at the tip of
an ellipsoid (or similar structure) or possible other defects are
in the idealized model. Now, terms are selected with only one
component (σ or F) assumed to beZ-polarized and the otherX-
or Y-polarized. In this case, nontotally symmetric transitions
can contribute intensity to the Raman spectrum. Since the
tangential field (X, Y) is much weaker than the normal field
(Z), we expect that these contributions will be considerably less
intense than theZZ-polarized terms. Also, since each term
involves the square of the products of transition moments
(µIRµSR)2, the relative SERS intensity should be proportional
to the product of the respective oscillator strengths (fIRfSR). Note
that in Table 1 there is a very weak1B1 (n f π*) state at 4.31
eV (f ) 0.003) and a much stronger1B2 (π f π*) transition at
4.75 eV (f ) 0.04). We therefore expect relatively weak
vibrational bands of b2 (ZY-polarized) symmetry and still weaker
bands of b1 (ZX-polarized) symmetry. This is exactly as observed
in the spectrum. Note that any bands polarized entirely out-of-
plane (i.e., bothσ andF are eitherX or Y), in this case those of
a2 (XY-polarized) symmetry, will be extremely weak.

Careful examination of the B or C terms, therefore, will allow
prediction of the SERS intensities for any molecule where only
surface plasmon resonances are active. With knowledge of the
relative intensity of the normal and tangential fields, we may
infer the surface selection rules. The above considerations can
easily be generalized to molecules with different symmetry and
with different orientations with respect to the surface. If these
are known, then we must also possess a good UV-vis
absorption spectrum of the molecule-metal system, from which
can be obtained the locations of the various molecular and
charge-transfer resonances and their oscillator strengths. We may
then compare leading terms in the sums to obtain relative
intensities. Of course, since the total SERS intensity is the square
of the sum, the possibility of interference from cross-product
terms must be taken into account. The only additional term
needed is the Herzberg-Teller coupling constant (eq 9) for each
normal mode. This is a difficult factor to measure experimentally

RσF ) A + B + C (10)

A ) ∑
S)F,K*I

∑
k

[ µSI
σ µSI

F

p(ωSI - ω)
+

µSI
F µSI

σ

p(ωSI + ω)]〈i|k〉〈k|f〉

B ) ∑
R)F,K

∑
S)F,K

∑
k

[ µIR
σ hRSµSI

F

p(ωRI - ω)
+

µIR
F hRSµSI

σ

p(ωRI + ω)] 〈i|k〉〈k|Qk|f〉
pωRS

+

∑
R)F,K

∑
S)F,K

∑
k

[ µIS
σ hSRµRI

F

p(ωRI - ω)
+

µIS
F hSRµRI

σ

p(ωRI + ω)] 〈i|Qk|k〉〈k|f〉
pωRS

C ) ∑
R)F,K

∑
S)F,K

∑
k

[ µIR
σ hISµSR

F

p(ωRI - ω)
+

µIR
F hISµSR

σ

p(ωRI + ω)] 〈i|k〉〈k|Qk|f〉
pωSI

+

∑
R)F,K

∑
S)F,K

∑
k

[ µSR
σ hISµIR

F

p(ωRI - ω)
+

µSR
F hISµIR

σ

p(ωRI + ω)] 〈i|Qk|k〉〈k|f〉
pωSI
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(II), and it is likely that high-quality calculations will be needed
to determine it. This will be discussed in more detail below.

B. Charge-Transfer and Molecular Resonances.In order
to examine the situation in which the light is not only resonant
with the surface plasmon but also a charge-transfer transition
in the molecule-metal system, we select for examination only
terms in the general expression (eq 10) above which include a
charge-transfer state F. This was carried out in detail in I and
II. There are two A terms, Af and Ak. Af and B correspond to
molecule-to-metal transitions, while Ak and C correspond to
metal-to-molecule transitions. In Figure 1, we illustrate the states
connected by the transition moments and coupling term for both
B and C.

The terms Af and Ak are normally associated only with
resonance Raman spectroscopy, since only when the denomina-
tor strikes a resonance is any appreciable intensity predicted.
Far from resonance the numerator vanishes, while on resonance,
the numerator restricts the observable modes to those that are
totally symmetric. Furthermore, there is no restriction on
overtones in these expressions, which should commonly be
observed, especially if there is a large displacement in the
excited-state potential minimum. However, in addition to totally
symmetric modes, nontotally symmetric modes are also promi-
nent in many SERS spectra. Thus, we must also include the B
and C terms, which predict both totally and nontotally symmetric
vibrations to be active. To the extent that the A term contributes
to the totally symmetric modes of SERS, it isin addition to the
totally symmetric contributions to those modes from the B or
C term.

In the following discussion, for simplicity we restrict
ourselves to metal-to-molecule charge transfer (C). The corre-
sponding expressions for molecule-to-metal transfer may be
obtained simply by interchanging I and K. Combining eqs 1, 3,
and 14 and eliminating (for clarity) extraneous factors and sums,
we obtain the following expression:

The SERS charge-transfer enhancement factor is proportional
to |RIFK(ω)|2. Let us first examine the denominator, which
involves the product of three terms, each of which depicts a
different resonance contribution to SERS. The first ((ε1(ω) +
2ε0)2 + ε2

2) is due to the plasmon resonance atε1(ω)) -2ε0.
We choose this expression for a single particle for illustrative
purposes, recognizing that for particle aggregates with hot spots

a more complex expression containing the same dielectric
resonance expression will be required.31 The second resonance,
which may be potential (Fermi energy)-dependent and represents
charge-transfer resonance (ωFK

2 - ω2) + γFK
2 occurs atω )

ωFK, and the third (ωIK
2 - ω2) + γIK

2 represents the molecular
resonance atω ) ωIK. For electrochemical SERS, the expression
for the second resonance in the C term predicts a positive slope
for VMAX (the applied voltage at resonance) againstω for metal-
to-molecule transfer, and the B term predicts the opposite
(negative) slope for molecule-to-metal transfer (ω ) ωFI,K )
EF(0) ( eVMAX).7 Note that in the third case, if the resonance
condition is fulfilled (ω ) ωIK) we have surface-enhanced
resonance Raman spectroscopy (SERRS). This is the case for
most of the single molecule experiments, such as rhodamine
6G, for which the molecular transition is also in resonance with
the laser. Thus, the denominator of eq 15 predicts the possibility
of one, two, or three resonances simultaneously, depending on
the metallic and molecular parameters. If each resonance equally
contributed a factor of 103-104, which is possible (depending
on the values of the damping parametersε2, γFK, andγIK), we
can predict enhancements of 103-104 for one resonance, 106-
108 for two resonances, and 109-1012 for the coincidence of
all three resonances. Of course, all three damping parameters
(not to mention resonance conditions) are not usually equal, so
that each term will contribute to a different degree in an actual
experiment at any given excitation wavelength. It should also
be pointed out that for any of the resonances the enhancement
factor is proportional to the inverse fourth power of the
corresponding damping parameterγ-4 (whereγ is ε2, γFK, or
γIK). Thus, the magnitude of the SERS enhancement is
extremely sensitive to the magnitude of these parameters.

In order to obtain a complete picture of the relative contribu-
tion of each resonance, experiments must be carried out either
at a wide variety of excitation wavelengths, by electrochemically
varying the applied potential or possibly by varying the location
of the surface plasmon resonance by carefully controlling
particle size or interparticle distance.

We now examine the numerator in eq 15, which provides
the selection rules for SERS. It is important to observe that all
four terms in the numerator are linked to each other. First note
that the Herzberg-Teller effect contributes a product ofhIF )
〈I|∂VeN/∂Qk|F〉 with 〈i|Qk|f〉. The normal mode Qk is the same
in both expressions. The latter〈i|Qk|f〉 requires normal harmonic
oscillator selection rules (i.e.,f ) i ( 1), and only those normal
modes for which this term is nonzero will be observed. Note
that this term implies that overtones will not normally be
observed and that nontotally symmetric vibrations may be seen.
However, an additional restriction on modes, which can be
observed, is provided by the Herzberg-Teller coupling term
hIF, which must simultaneously be nonzero for the normal mode
Qk to be observed. This additional selection rule is crucial for
understanding the details of SERS spectra. The other two terms
in the numerator involve a product of the dipole transition
momentsµσ

KIµF
FK, which are the allowed molecular transition

I-K and the (metal-molecule) charge-transfer transition F-K.
The charge-transfer or molecular transition moment will depend
on the molecular orientation with respect to the metal and
therefore depends on the geometry of the molecule-metal
complex. Since the maximum electric field due to the plasmon
resonance is normal to the metal surface, we expect components
of µF

FK andµσ
KI normal to the surface (i.e.,F, σ ) Z) to provide

the major contribution to SERS. Weaker contributions from
either σ or F ) X,Y will also be expected. Note that the
combination of transition moments, Herzberg-Teller coupling,

Af ) (2/p)µFI
σ µFI

F 〈i|k〉〈k|f〉 ωFI + ωf

(ωFI + ωf)
2 - ω2

(11)

B ) - (2/p2)∑
K*I

[µKI
σ µFI

F + µKI
F µFI

σ ](ωKIωFI + ω2)hKF〈i|Q|f〉

(ωKI
2 - ω2)(ωFI

2 - ω2)
(12)

Ak ) (2/p)µFK
σ µFK

F 〈i|k〉〈k|f〉 ωFK + ωf

(ωFK + ωf)
2 - ω2

(13)

C ) - (2/p2)∑
K*I

[µKI
σ µFK

F + µKI
F µFK

σ ](ωKIωFK + ω2)hIF〈i|Q|f〉

(ωKI
2 - ω2)(ωFK

2 - ω2)
(14)

RIFK(ω) )
µKIµFKhIF〈i|Qk|f〉

((ε1(ω) + 2ε0)
2 + ε2

2)((ωFK
2 - ω2) + γFK

2 )((ωIK
2 - ω2) + γIK

2 )
(15)
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and direction of the plasmon-induced electric field place
restrictions on the nature of the spectrum and the symmetry of
the normal modes expected to be observed. In the next section
we examine the consequences of these restrictions for observed
SERS spectra.

C. The Herzberg-Teller-Surface Selection Rules.As was
shown in the previous section, the selection rules, which govern
SERS intensity, are obtained by examination of the numerator
in eq 12. In this section, we explore the implications of the
product for metal-molecule charge transfer

(or its counterpart for molecule-metal transfer obtained by
interchanging I and K). For appreciable SERS intensity to
appear, all three of these terms must simultaneously be nonzero.
This imposes severe restrictions on the observed spectrum and
provides a stringent test of the Herzberg-Teller theory. Note
we have the additional surface selection rule imposed by the
requirement that the plasmon resonance produce an electric field
in large part perpendicular to the metal surface. Thus, we require
that at least one of the transition momentsµFK or µKI be
polarized perpendicular to the surface in order for the normal
mode to display much SERS intensity. This surface selection
rule may be expressed in terms of a unit vector perpendicular
to the surfaceÊ⊥ such thatµFK ) <Fe|µ‚Ê⊥|Ke> or expressed
more simply: <Fe|µCT

⊥|Ke>. In order to account for this we
require some knowledge of the geometry of the molecule-metal
complex. The presence of the metal in the vicinity of a molecule
will tend to lower the symmetry, relaxing some of the restrictions
imposed. Of course, if the symmetry is lowered enough, all
transitions will be allowed. If or when this is the case, we can
have no valid test of the theory. However, it is found that in
SERS, vibrational frequencies of the molecule are usually not
shifted very much from those observed in the liquid or even
gas phases. This implies that the molecule-metal interaction
is not very strong, and the symmetry lowering effects may not
be severe. In fact, we have found in the following examples
that the only symmetry element we need to eliminate (by
dropping the subscriptu or g) is the inversion (where it exists)
in order to satisfactorily explain the observed spectra.

We may also simplify the selection rules suggested by eq
16. Since each electronic state appears twice in the expression,
together they belong to the totally symmetric irreducible
representation. We need only consider symmetry species of the
operators involved. Note also thatΓ(Qk) ) Γ(∂/∂Qk) and that,
if the ground state|I〉 is totally symmetric, thenΓ(µmol) ) ΓK.
It can easily be seen that the simplest expression of the
Herzberg-Teller-surface selection rules is

where Γ(Qk) is the irreducible representation to which the
allowed SERS vibration belongs,Γ(µCT

⊥) is the irreducible
representation to which the component of the charge-transfer
dipole perpendicular to the surface belongs (in the combined
molecule-metal system), andΓK is the irreducible representa-
tion of the molecular excited-state to which an optical transition
is allowed (If K). Note that the sum runs over all the allowed
(but presumably lower-lying) optical transitions. These latter
transitions are those from which intensity is borrowed by the
charge-transfer transition. Note that wheneverΓ(µCT

⊥) is totally
symmetric, we have the simplified selection rules

In the case of SERRS, this expression simplifies still further,
by eliminating the sum over K, andΓ(Qk) ) Γ(µCT

⊥)xΓk or for
µCT

⊥ which is totally symmetric,Γ(Qk) ) Γk. The only
nontotally symmetric state|K〉 which contributes to SERRS is
that for which the molecular resonance occurs.

We should at this point compare the Herzberg-Teller-surface
selection rules with other selection rule schemes suggested to
explain SERS. The most common are the surface selection rules
discussed above. Note, the Herzberg-Teller-surface selection
rules are quite similar to the surface selection rules (Section
II.A), except that the charge-transfer or molecular resonance
tends to pick out certain normal modes for additional resonant
enhancement, and the relative contribution of each mode will
be strongly wavelength or voltage dependent. This resonance
effect can in principle be so large as to increase the nontotally
symmetric intensities beyond those of the totally symmetric
intensity at certain excitation wavelengths. We provide two good
examples of this in the spectra of berberine (Figure 5) and
p-aminothiophenol (Figure 6).

In developing the expression in eq 12 we used only the dipolar
approximation for the induced electric dipole moment in the
plasmon resonance effect. It has been suggested44,45 that in
addition to the electric dipole-electric dipole term a multipole
expansion with a term in the electric dipole-electric quadrupole
polarizabilityARâγ should be important in the electromagnetic
(EM) enhancement in SERS. This term

is only significant for very large field gradients at the surface
of the SERS metal active particle. This implies that the entire
EM potential drop should be over a length on the order of the
diameter of the molecule. Since the quadrupole polarizability
tensorARâγ transforms in the same way as the tensor in the
nonlinear hyper-Raman effect, its application would introduce
new Raman-active modes in SERS. Evidence for the appearance
of some of these modes has been found in near-field optical
microscopy experiments.46 However, the spacer experiments of
Murray47 et al. showed that the Raman intensity is still
observable several molecular diameters from the metal surface,
indicating that the field does not drop significantly across the
dimensions of a molecule. More recently, Van Duyne and co-
workers48 have compared the SERS modes with the surface-
enhanced hyper-Raman scattering (SEHRS) modes for the same
molecule under identical electrochemical conditions and find
that the SERS and SEHRS spectra are distinctly different over
a range of frequencies. They concluded that the symmetry of
the molecule was not changed by adsorption and that “field
gradient effects are negligible.” This evidence shows for
molecules on the surface of a single SERS-active metal particle
that the EM effect is well modeled by the dipolar plasmon effect
and that an analysis of the normal modes of a SERS spectrum
need not include modes arising from the quadrupole polariz-
ability tensor.

We now turn to the task of explaining the observed SERS
spectra of several molecules using the Herzberg-Teller-surface
selection rules. We choose mostly molecules with sufficiently
high symmetry that will provide a real test of the theory. As
pointed out elsewhere, anything can be explained with low
enough symmetry, since almost everything is then allowed. We
choose several azabenzenes, which form a weak Ag-N bond,

µσ
KIµ

F
FKhIF ) 〈Ie|µσ|Ke〉〈Ke|µF|Fe〉〈Fe|∂VeN/∂Qk|Ie〉 (16)

Γ(Qk) ) ∑
K

Γ(µCT
⊥ )xΓK (17)

Γ(Qk) ) ∑
K

ΓK (18)

1
3

ARâγ

∂Eâ

∂γ
(19)
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including pyridine, pyrazine, pyrimidine, pyridazine, ands-
triazine. These all are of high symmetry and have the molecular
plane perpendicular to the Ag surface. We further examine two
molecules for which the molecular plane is parallel to the
surface, namely, benzene and berberine. The former provides a
good test of the theory because of its high symmetry, while the
latter, even though it has lower symmetry, is of considerable
interest due to the extremely high enhancement observed for
the normally weak out-of-plane vibrations.

III. Applications to Individual Molecules: Test of the
Herzberg-Teller-Surface Selection Rules

A. Pyridine. Since it was the first molecule in which SERS
was discovered, pyridine (C2V) is one of the most studied of all
SERS-active molecules. We will not spend much time on this
much-discussed molecule, except to illustrate how the Herzberg-
Teller-surface selection rules can be applied. The SERS

spectrum of pyridine (see Figure 2) is well-known to have
modes, which are of a1 and b2 symmetry, as the most enhanced
by proximity to the surface. Modes of b1 and a2 symmetry are
barely seen, if at all. The molecule is attached to the surface
through a weak Ag-N bond, using overlap of the nonbonding
n electrons on the pyridine with the s electrons of the Ag surface
atoms. This new bond is manifest through the appearance in
the Raman spectrum of a new, rather broad line at around 240
cm-1. The implication is that the moleculeC2(z) axis (through
the N) is perpendicular to the plane of the metal. This geometry
results in no net lowering of symmetry due to the surface, and
we may assume that the molecule-metal complex retainsC2V
symmetry. In Table 1 we present the low-lying states of
pyridine,49 which are available for intensity borrowing. The
lowest of these are the nf π* (1B1 r 1A1, f ) 0.003) transition
at 34 770 cm-1, theπ f π*(1B2 r 1A1, f ) 0.04) transition at
38 350 cm-1, and theπ f π* (1A1 r 1A1, f ) 0.10) at 49 750
cm-1. These restrict the possible symmetry species for the
excited state K, which should be either B1, B2, or A1. We now
examine the possible symmetries of the charge-transfer state F.

Figure 3. Surface-enhanced Raman spectrum of 4-mercapto-pyridine
on Ag colloid. The symmetry species of the most enhanced modes (a1

and b2) are shown. All other modes are much weaker or not seen.

Figure 4. Surface-enhanced Raman spectrum of pyrazine on a Ag
electrode, compared with that in solution. The symmetry of the modes
is given in bothD2h and (C2V) symmetry. See also Table 2. Note the
enhancement ofu modes, which are not seen in solution.

Figure 5. Surface-enhanced Raman spectrum of berberine on Ag
colloid. Note that although there are almost no frequency shifts, the
intensities of various lines are greatly enhanced or diminished in
comparison to the normal Raman intensities by proximity to the surface.
Lines marked with * are a′′ modes, which are especially enhanced.

Figure 6. SERS of PATP on Ag colloid at 514.5 and 1064 nm. Lines
of b2 symmetry are marked, while all unmarked lines are of a1

symmetry.
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Due to the surface plasmon restriction that the dipole operator
for charge transfer be perpendicular to the metal surface and
the geometry of the metal-molecule complex, for maximum
enhancement, the dipole operatorµCT

⊥ in the expression
<Fe|µ|Ke> must be of A1 symmetry. This requires that the
symmetry of F be B1, B2, or A1. Using the selection rules (eq
17) we then see that Qk must be of symmetry b1, b2, or a1.
However, the nf π* (1B1) transition is quite weak (f ) 0.003),
and we expect b1 modes to have only slight enhancement from
intensity borrowing. Moreover, the1B2 and1A1 optical transi-
tions are more than a factor of 10 stronger. Thus, we do not
expect b1 modes to be strongly enhanced, but predict strong
enhancement of the b2 and especially the a1 modes. There are
no optically allowed1A2 transitions, and we thus do not expect
to see a2 vibrations in SERS. This is exactly what is observed.

The same considerations may be applied to several related
compounds, such asp-aminothiophenol (discussed in Section
IV)50-53 and 4-mercaptopyridine (see Figure 3).54,55In both cases
the b2 modes are strongly enhanced relative to the other modes.
The molecules have the same orientation with respect to the
surface as pyridine, and the lowest-lying available allowed
optical transitions are of B2 or A1 symmetry (π f π*). As in
pyridine, the b1 and a2 modes are predicted to be very weak,
since no nearby intense optical transition of these symmetries
is available for intensity borrowing.

B. Pyrazine, Pyrimidine, and Pyridazine. Pyrazine (1,4
diazabenzene), with inversion symmetry belongs to the point
groupD4h. The SERS spectrum56 of pyrazine on a Ag electrode
at -0.4 V is shown in Figure 4, along with the solution
spectrum. The measured wavenumbers along with their assign-
ments and symmetry are listed in Table 2. It can be seen that
on the surface, several bands ofu symmetry appear, which are
forbidden in the solution Raman spectrum. This, along with the
appearance of the Ag-N line at 225 cm-1 indicate that, like
pyridine, pyrazine is attached weakly to the surface with the
molecular plane perpendicular to the surface. These observations
lead to the conclusion that we can no longer maintain the
inversion symmetry element, and theD2h point group must be
lowered toC2V. Note that vibrations of several symmetry species
are active in SERS, namely, ag, b1g, b1u, b2g, b2u, b3g, and b3u.
In Table 2, we also give the lowered species57 corresponding
to C2V. Note that unlike pyridine, a1, a2, b1, and b2 vibrations
appear. However, the a1 and b2 modes are most enhanced, while
the b1 and a2 modes are somewhat less so. In Table 3, we present
the allowed transitions observed in the UV spectrum of
pyrazine.49,58 In addition to the n-π* 1B3u (1B1, f ) 0.010) at
3.83 eV, there are also twoπ-π* transitions at 4.69 eV1B2u

(1B2, f ) 0.010) and 6.51 eV1B1u (1A1, f ) 0.15) and another
n-π* 1Au (1A2, very weak) at 6.94 eV. We can now invoke the
Herzberg-Teller-surface selection rules (eqs 17 or 18). The
surface selection rule requires that the charge-transfer dipole
moment operator (µCT

⊥) be perpendicular to the surface, which
in C2V symmetry belongs to the A1 irreducible representation.
Thus, the charge-transfer state must be of symmetry B1, B2,
A1, and A2, respectively corresponding to the four ultraviolet
transitions. These in turn allow normal modes of b1, b2, a1, and
a2 symmetry, just as observed. Note that the order of decreasing
SERS enhancement (a1 > b2 > b1 > a2) is the same as the
order of decreasing oscillator strength of the optical transitions.
Similar conclusions were obtained by a somewhat different
earlier analysis of Arenas et al.59

The surface-enhanced Raman spectrum of (C2V) pyrimidine
(1,3 diazine) was obtained by Centeno et al.60 Briefly, all modes
which are enhanced on the surface are either a1 or b2 symmetry.
Once again, it is likely that the molecule is attached to the
surface through a weak metal-nitrogen bond, and the molecular
plane is perpendicular to the surface. Assuming no reduction
in symmetry, the charge-transfer dipole polarization remains
totally symmetric, and the simplified selection rules (eq 18) will
hold. The electronic states of pyrimidine are given by Innes et
al.49 There are two nf π* transitions at 3.85 and 6.34 eV,
both of 1B1 symmetry. These are extremely weak (f ) 0.0069
and 0.005, respectively). Another nf π* transition of 1A2

symmetry is very weak and of questionable location. The only
strongly allowed transitions areπ f π* transitions at 5.01 eV
(1B2, f ) 0.052) and 6.98 eV (1A1, f ) 0.16). We thus expect
to see the most enhancement for b2 and a1 modes, exactly as
observed.

The surface-enhanced Raman spectrum of pyridazine (1,2
diazine) has been obtained by Takahashi et al..61 Modes of
symmetry a1, b1, and b2 are observed, but no modes of a2

symmetry are observed. Electronic transitions49 are observed
at 3.30, 4.90, and 6.20 eV corresponding to1B1(n f π*, f )
0.0076),1A1(π f π*, f ) 0.020), and1B2(π f π*, f ) 0.10)
symmetry, respectively. Once again, we assume that the
molecular plane is perpendicular to the surface, and the charge-
transfer dipole is therefore of A1 symmetry. The first transition
is fairly weak, but this is mitigated by the fact that it lies quite
low in energy and might possibly be able to contribute intensity
to b1 vibrational modes. The other two transitions are stronger
and easily explain the enhancement of the a1 and b2 vibrations.
Note that there is no1A2 transition in the near UV region, so
we might not expect a2 modes to be present in the enhanced
spectrum, and they are not.

C. s-Triazine. The SERS spectrum of (D3h) s-triazine
(C3H3N3) was obtained by Moskovits et al.62 and is presented
in Table 4. Note however that the assignments given in the
article were based on analogy with pyridine. A more recent work
by Boese and Martin,63 in which anharmonic force fields were
combined with DFT calculations, gives a much better fit to the
spectrum, with a few different assignments. We adopt their
assignments and mode numbering here. Specifically, the modes
at 344 and 1042 cm-1 were originally designatedν16(e′′) and

TABLE 2: SERS of Pyrazine on a Ag Electrode at-0.4 Va

wavenumber
mode

number
symmetry

(D2h)
symmetry

(C2V)

225 Ag-N
440 16b b2u b2

636 6a ag a1

698 4 b3g b2

743 10a b1g a2

800 11 b2u b2

897 5 b3g b2

1020 1 ag a1

1237 9a ag a1

1317 14 b3u b1

1488 19a b1u a1

1519 8b b2g b1

1597 8a ag a1

3074 2 ag a1

a See ref 56.

TABLE 3: UV Absorption Spectrum in Pyrazine a

transition eV
symmetry

D2h

symmetry
C2V intensity

n f π* 3.83 1B3u
1B1 f ) 0.010

π f π* 4.69 1B2u
1B2 f ) 0.10

π f π* 6.51 1B1u
1A1 f ) 0.15

n f π* 6.94 1Au
1A2 vw

a See ref 49.
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ν10 (e′′), but they are both of a2′′ symmetry in the more recent
calculation. Two lines observed by Moskovits et al. (682 and
1299 cm-1) are not assigned by Boese and Martin, but we have
kept them in the table. Note that with the new assignments,
only vibrations of symmetry a1′, a2′′, and e′ are strongly
enhanced in the SERS spectrum. The line observed at 1299 cm-1

designated as a2′ is very weak.
The low-lying states ofs-triazine are given in Table 5.57,49

Note that although there are at least four transitions observed,
only two at 31 574 cm-1 (1A2′′) and 55 782 cm-1 (1A2′′ or 1E′)
are intense. The other transitions are weak and unlikely to
contribute much intensity through intensity borrowing. We may
now apply the Herzberg-Teller-surface selection rules. We
assume that, like the other azabenzenes,s-triazine is attached
to the surface through a weak Ag-N bond and that the
molecular plane is perpendicular to the metal surface. In the
molecule-metal system, the charge-transfer moment (µCT

⊥)
once again must be totally symmetric, leaving the simplified
selection rules (eq 18). We then predict that both a2′′ and e′
vibrations will be enhanced by SERS. This is just what is
observed, except for the a1′, which in any case are allowed by
the Ak term (eq 13).

D. Benzene. The surface-enhanced Raman spectrum of
benzene was obtained by Moskovits and co-workers64,62and is
listed in Table 6. It is presumed to lie flat on the surface, and
several Raman forbidden (IR-allowed) bands are observed in
SERS, indicating a lowering of symmetry. The vibrational shifts
are small, so that only a weak bond to the surface is indicated
by the spectrum. This suggests we need only lower the
symmetry toD6, removing the center of symmetry in a direction
perpendicular to the molecular plane. The most strongly surface-
enhanced bands areν1(a1), ν11(a2), ν16(e2), ν10(e1), andν8(e2).
ν14(b2) andν15(b2) are weak, and no b1 vibrations are observed.

The optical spectrum of benzene57,65,66is dominated by one
forbidden transition to1B2u (1B2) at 4.90 eV, (f ) 0.0014),
several more intense transitions1B1u (1B1) at 6.20 eV, (f )
0.094),1E2g (1E2) at 6.2 eV (f ) 0.094), and1E1u (1E1) at 6.90

eV (f ) 0.44). Since the charge-transfer dipole moment
perpendicular to the surface is also perpendicular to the
molecule,Γ(µCT

⊥) ) A2 (in D6). Using the Herzberg-Teller-
surface selection rules (eq 17), we therefore expect the strongest
modes to be of e1 (A2xE1) and e2 (A2xE2) symmetry. We also
predict weaker vibrations of b2 (A2xB1) symmetry and still
weaker vibrations of b1 (A2xB2) symmetry. The observed b2

modes are quite weak. The lack of observed b1 modes results
from the forbidden character of the1B1u (B2) UV transition.
Thus, the Herzberg-Teller-surface selection rules match the
observations. (Note that in any case, a1 vibrations are active
through the A terms, eqs 11 or 13).

E. Berberine.Berberine is a yellow-colored alkaloid dye used
widely throughout the world for paper and textiles. It is an
almost planar, partially conjugated molecule with five rings and
has a positively charged N atom in the plane. The only symmetry
element therefore will be reflection in the molecular plane, and
therefore we may take theCs point group to approximately
represent the molecule. Figure 5 shows the normal Raman and
FT SERS spectra of berberine67on Ag colloid excited at 785
nm. As is common in SERS, it can be seen that the frequencies
are nearly identical to those of the normal Raman, while the
relative intensities are wildly different. Note especially the lines
at 533 (ν29), 729 (ν40), 886 (ν56), 1045 (ν57), and 1342 (ν82)
cm-1. Several of these are not seen in the normal Raman
spectrum, and all are strongly enhanced near the surface. In
fact, the 729 cm-1 line is by far the most intense in the SERS
spectrum. They all represent out-of-plane motions, and this,
combined with the relative unavailability of nonbonding elec-
trons (say from the nitrogen), indicates that the molecule lies
flat on the surface, bonding weakly through theπ-system of
electrons. The yellow color indicates that there is a nearby
allowed π f π* (A ′ f A′) transition available for intensity
borrowing. This has been observed68 at 421 nm, with an
oscillator strengthf ) 0.30, while a more intenseπ f π* (A ′
f A′) transition has been observed in the ultraviolet at 342 nm
(f ) 0.98). Each is of sufficient intensity to provide ample
intensity borrowing. The charge-transfer transition moment is
both perpendicular to the metal and the molecular plane, so that
Γ(µCT

⊥) ) A′′, while the molecular transition momentΓpfπ*

) A′. Note that in this case the charge-transfer transition
moment is not totally symmetric, and we must use the selection
rules expression (eq 17). Thus, the vibrations which will be most
enhanced will be out-of-plane a′′ (A′xA′′) vibrations, as
observed. Although these conclusions could also have been
arrived at without resort to symmetry arguments, the magnitude
of the enhancement of out-of-plane modes in this case provides
a good example of the effects of Herzberg-Teller coupling on
SERS. It is also an example where the charge-transfer transition

TABLE 4: SERS of s-Triazinea

mode no. symmetry SERS intensity

14 a2′′ 344 s
e′ 682
e′ 693

7 a2′′ 727 m
6 a2′′ 944 vw
3 a1′ 999 s

13 a2′′ 1041 vw
2 a1′ 1125 s

11 e′ 1164 m
a2′ 1299 vw

10 e′ 1407 w
10 e′ 1410 m
9 e′ 1555 s
9 e′ 1575
1 a1′ 3040 w

a See ref 62.

TABLE 5: Electronic States of s-Triazinea

state symmetry T0 (cm-1) type intensity

X 1A1 0
A 1A2′′ 31 574 nf π* f ) 0.021
B 1A1′′, 1E′′ 32 500 nf π* weak
C 1A2′ 44 000 π f π* f ) 0.002
D 1A2′′ or E′ 55 782 R strong

a Only the transitions to1A2′′ and 1E′ are allowed, and all other
transitions are either weak or diffuse. See ref 49.

TABLE 6: SERS of Benzene on a Ag Surfacea

mode no. SERS intensity D6h D6

1 982 vs a1g a1

2 3060 w a1g a1

6 606 w e2g e2

8 1587 m e2g e2

9 1174 w e2g e2

10 864 m e1g e1

11 697 m a2u a2

14 1311 w b2u b2

15 1149 w b2u b2

16 397 m e2u e2

17 970 vw e2u e2

18 1032 vw e1u e1

19 1473 w e1u e1

a See ref 64.
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moment is not totally symmetric in the molecule-metal system
and of the coincidence of all three types of resonance contribu-
tions to SERS. In this case, the SERRS selection ruleΓ(Qk) )
Γ(µCT

⊥)xΓk applies. The nontotally symmetric a′′ vibrations
overwhelmingly dominate the spectrum, and the totally sym-
metric a′ modes, which in any case are always allowed by an
A term, are comparatively weak.

IV. A Quantitative Measure of the Degree of Charge
Transfer

A. Definition. We can obtain a quantitative measure of the
relative charge-transfer contribution to the SERS intensity by
definingpCT(k), the degree of charge transfer for each mode as

wherek is an index used to identify individual molecular lines
in the Raman spectrum. We need the intensity of two reference
lines obtained in a spectral region in which there is no charge-
transfer contribution. One of these isI k(SPR), the intensity of
the line (k) in question taken where only the SPR contributes
to the SERS intensity. This is ideally obtained in an electro-
chemical measurement at the same excitation wavelength
(varying the applied potential) as that of the observed charge-
transfer enhanced line. The other reference is a chosen totally
symmetric line, also measured with only contributions from
SPR. This is denotedI0(SPR).I k(CT) is the measured intensity
of the line (k) in the region of the spectrum in which the charge-
transfer resonance makes an additional contribution to the SERS
intensity. Note that for a totally symmetric lineI k(SPR) )
I 0(SPR), while for a nontotally symmetric line,I k(SPR) will
normally be small or zero. It can be seen from eq 20 that when
pCT is zero, there are no charge-transfer contributions, while as
pCT f 1, the charge-transfer contributions will tend to dominate
the spectrum. ForpCT ) 1/2, the charge-transfer and surface
plasmon contributions are about equal.

Note also that we now have a quantitative way of separating
the A-term contributions from the B- or C-term contributions.
For totally symmetric modespCT gives the A-term contribution
(unless there is additional contribution from intensity borrowing
from a nearby totally symmetric optical transition via the B or
C term). For nontotally symmetric modes,pCT measures the B-
or C-term contributions.

Although this approach is of some quantitative use, we should
point out that it only applies to the contribution of a single mode
to the overall enhancement. Each mode will display a different
degree of charge transfer. This is due to the fact that the intensity
of each nontotally symmetric mode is also proportional to the
square of the Herzberg-Teller coupling constant (hIF or hKF),
which has not been accounted for in this definition.

B. Charge-Transfer Contributions to the SERS in p-
Amiothiophenol (PATP). The molecule PATP presents an
excellent chance to examine quantitatively the relative contribu-
tions of surface plasmon resonance (SPR) and charge-transfer
(CT) resonance terms to the overall enhancement. The experi-
mental investigation by Osawa et al.53 provides a rather complete
picture of the electrochemical potential dependence as well as
wavelength dependence, enabling detailed and quantitative
analysis of the relative contributions, both near and far from
the charge-transfer resonance. In Figure 6, we show the SERS
spectrum of PATP at two considerably different excitation
wavelengths (514.5 and 1064 nm). The spectrum at 514.5 nm
is in the region of a metal-to-molecule charge-transfer transition,

while that at 1064 nm is far from any molecular or charge-
transfer resonance. Presumably, the enhanced 1064 nm spectrum
involves only high-order surface plasmons in the nanoparticles.
The spectrum at 514.5 nm shows several additional lines that
are not observed at 1064 nm, and these dominate the spectrum.
They are all of b2 symmetry. All the lines observed at 1064 nm
are totally symmetric (a1) vibrations. Osawa et al. show that
the appearance of strong lines of b2 symmetry are due to
intensity borrowing from an intenseπ f π* molecular transition
(1A1 f 1B2) at 300 nm.

Osawa et al. obtained potential dependent spectra at several
different wavelengths (632, 514.5, and 488.0 nm). In Figure 7,
we show a graph of the potential maxima (VMAX) as a function
of excitation energy. The positive slope of the curve and the
fact that it is close to unity is taken as evidence of the metalf
molecule charge-transfer nature of the spectral intensities. Their
spectra show voltage dependent variations of both the totally
symmetric (a1) lines as well as of the nontotally symmetric (b2)
lines, and we can use these results to determine the degree of
charge-transfer contributions from both the A term and C term
(metal-to-molecule) in the SERS spectrum. In Table 7 we
present the measured relative intensities of two selected lines:
the 1077 cm-1 (a1) vibration and the 1142 cm-1 (b2) vibration
as a function of applied potential (V vs SCE). These are chosen
because they are relatively intense, well separated from other
nearby lines and are close to each other. In order to obtain a

pCT(k) )
I k(CT) - I k(SPR)

I k(CT) + I 0(SPR)
(20)

Figure 7. Potential maximum of the SERS of PATP signal as a
function of excitation energy.

TABLE 7: Potential Dependence of Relative Intensities of
the Lines of PATP at 1077 (a1) and 1142 (b2) cm-1 as a
Function of Applied Potential, at Two Different Wavelengths
(488 and 632 nm)

V
(vs SCE)

I
(1077 cm-1)

I
(1142 cm-1)

pCT

(A term)
pCT

(C term)

488 nm (2.54 eV)
-0.20 1.4 1.8 0.22 0.67
-0.25 1.6 1.5 0.28 0.63
-0.30 1.2 0.7 0.14 0.44
-0.35 1.0 0.4 0.05 0.31
-0.40 0.9 0.2 0 0.18
-0.45 0.9 0.1 0 0.10

632 nm (1.96 eV)
-0.50 2.4 3.0 0.45 0.77
-0.60 2.1 2.9 0.40 0.76
-0.70 1.9 2.0 0.36 0.69
-0.75 1.4 1.0 0.22 0.52
-0.80 1.0 0.2 0.05 0.18
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quantitative measure of the relative contribution of the charge-
transfer transition to the overall SERS intensity, we take as a
reference the intensity of the a1 line in a region of potential in
which there is no charge transfer at each wavelength. For
excitation at 488 nm, we choose the spectrum at-0.45 V, and
for excitation at 632 nm we choose the spectrum at-0.80 V.
The reference intensities of the totally symmetric line are
I0(SPR) 0.9 and 1.0, respectively. We also need a reference
intensity of the observed line (labeledk) in the region in which
charge transfer is absent.I k(SPR) is zero fork ) b2 and equal
to I0(SPR) fork ) a1.

For the a1 line of PATP, we obtain the degree of charge
transfer from the A term, while for the b2 line we obtain that
for the C term. These are calculated in the last two columns of
Table 7 and displayed graphically as a function of applied
potential in Figure 8. In determining this graph we corrected
for the wavelength dependence of the potential by adding 0.50
V to potentials associated with the 632 nm line. This gives them
a common origin (see Figure 7). Note that as the potential
becomes less negative the degree of charge transfer increases,
while the C-term contribution is about twice that of the A-term
contribution. At the maximum, near the potential of 0.0 V, the
C-term degree of charge transfer is nearly 0.8.

We may now use this quantitative measure of charge transfer
to examine the effect of other properties on the SERS intensity.
For example Shin et al.69 have obtained the SERS spectra of
PATP at 623 nm (1.96 eV) on roughened foils of Cu, Ag, and
Au. The Fermi energy for these foils varies as Cu (4.6 eV), Au
(5.0 eV), and Ag (4.3 eV). In Figure 9 we plot the degree of
charge transfer of the 1142 cm-1 line as a function of Fermi
energy. Note that the degree of charge transfer tends to increase
with increasing Fermi energy. This can be explained by
reference to Figure 10, where we plot the Fermi levels of the
metals from the vacuum, along with theπ and π* levels of
PATP. The ionization potential of PATP is 7.16 eV,70 which
locates the filledπ orbital. The lowest unfilledπ* orbital
(LUMO) should correspond to the 300 nm transition, putting it
at 3.03 eV. Note that the laser excitation at 632 nm (1.96 eV)
is in resonance with the charge-transfer transition from the Au
Fermi level to theπ* molecular level, and the increasing degree

of charge-transfer shown in Figure 9 represents the increasing
approach to this resonance.

V. Conclusions

We have presented a unified expression for surface-enhanced
Raman spectroscopy (SERS). The expression contains a product
of three resonance denominators, representing the surface
plasmon resonance, the molecule-metal charge-transfer reso-
nance at the Fermi energy, and an allowed molecular resonance.
We examined first the sources of intensity for wavelengths at
which only surface plasmon resonances are active. This involves
a sum over many terms, but these may be sorted by symmetry,
and the leading terms in each of the sums derive from the
lowest-lying transitions of the molecule-metal system. Using
these expressions, we reexamine the surface selection rules and
discuss the most important contributions to the SERS signal in
that region. We then examined the implications for the spectrum
of overlap of the charge transfer or molecular transitions with
the plasmon resonance. We showed that vibrations of certain
symmetries will be selectively enhanced in this region. We also
then explored the Herzberg-Teller-surface selection rules. We
showed that the three resonances may not be treated as
independent since they are linked by a product of four matrix
elements in the numerator. These linked matrix elements are
responsible for the selection rules of SERS. One involves a
harmonic oscillator in the observed normal mode, which gives
normal harmonic oscillator selection rules, as opposed to the

Figure 8. Degree of charge transfer for PATP as a function of applied
potential for the 1077 cm-1 (a1) line (squares) and the 1141 cm-1 (b2)
line (dots). The former represent the A-term contributions and the latter
represent the C-term (Herzberg-Teller) contributions to the SERS
intensity.

Figure 9. Degree of charge transfer as a function of Fermi Energy for
PATP on roughened coinage metal foils excited at 632 nm.

Figure 10. Fermi levels of Ag, Cu, and Au and molecular orbitals of
PATP. Note that the 632 nm line (1.96 eV) is in resonance with the
charge-transfer transition from the Fermi level of Au to theπ* level
of PATP.
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usual resonance Franck-Condon selection rules. This is the
same mode as that involved in the vibronic coupling (Herzberg-
Teller) matrix element, so that only normal modes with the same
symmetry as the Herzberg-Teller coupling operator are allowed.
There is also the product of two transition dipole moments,
resulting in a dependence of the SERS intensities on the
oscillator strengths of the transitions involved. The charge-
transfer transition moment is further linked to the surface
plasmon resonance by the requirement that the transition dipole
moment is polarized parallel to the direction of maximum
amplitude of the field produced by the plasmon. In order to
test the theory, we apply these selection rules to the spectra of
several molecules of high symmetry including various azaben-
zenes, benzene, and berberine. In all these cases we are able to
explain the observed spectrum using only the Herzberg-Teller-
surface selection rules.

We then introduced a quantitative measure of the degree of
charge transfer, which was used to examine the charge-transfer
contributions to the SERS spectrum of PATP under various
conditions. It is important for all quantitative determinations of
the relative contributions to the SERS intensity that accurate
spectra be obtained at various different excitation wavelengths,
electrochemically at a variety of applied potentials, or utilizing
a variety of particle sizes and shapes. Furthermore, good
absorption spectra are needed to provide parameters of the
various resonances as well as measures of the oscillator
strengths. The only additional parameter needed to explain the
SERS intensities is the magnitude of the vibronic (Herzberg-
Teller) coupling constant (hSR). This has been found to be
difficult to measure experimentally. It has been shown to be
related to the polaron coupling constant in solids (II),36 but
attempts to calculate it for molecule-metal systems have not
been satisfactory. With the advent of time-dependent density
functional theory, it is possible that accurate calculations of
vibronic interactions may be successful.

In this Article, we have examined a way to approach SERS
by careful examination of the various terms involved in the
expression for the polarizability of the molecule-metal system.
We have shown that in any region of the spectrum in which
only a surface plasmon is active, the surface selections rules
may be utilized. This predicts that the totally symmetric bands
will tend to dominate the spectrum, but that, depending on the
relative magnitudes of the normal and tangential fields, the
nontotally symmetric contributions can be observed. In addition,
despite the fact that charge transfer is not in resonance, these
transitions, which come about by consideration of the combined
molecule-metal system, cannot be ignored and may contribute
significantly to the intensity of both totally and nontotally
symmetric modes. It is important to recognize that when
determining the enhancement factor, the polarizability tensor
(eq 10) including the interaction of the molecule with the metal
can add new terms to the expression not found in the corre-
sponding expression in the absence of a surface (i.e., the normal
Raman spectrum). When a charge-transfer or molecular reso-
nance is also involved, additional intensity contributions from
nontotally symmetric vibrations can be obtained, and under
certain circumstances these can even come to dominate the
spectrum. To fully determine the magnitude of the contributions
from each effect, it is important that in addition to SERS spectra
obtained at a variety of wavelengths, applied potentials, and
nanoparticle sizes and distances, it is also necessary to obtain
good values for other optical properties of the molecule-metal
system, such as locations of the optical transitions, their
oscillator strengths, and homogeneous linewidths. Only then can

an accurate assessment be made as to the source of various
contributions to the SERS intensities. If we excite in the region
of a charge-transfer or molecular resonance, the enhancement
of the nontotally symmetric bands relative to the totally
symmetric bands will vary as we scan through the resonance.
In the absence of charge-transfer contributions, the relative
enhancement of both types of bands should be the same,
regardless of the excitation wavelength or potential.
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