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C O N S P E C T U S

In the late 1970s, signal intensity in Raman spectroscopy was
found to be enormously enhanced, by a factor of 106 and more

recently by as much as 1014, when an analyte was placed in the
vicinity of a metal nanoparticle (particularly Ag). The underlying
source of this huge increase in signal in surface-enhanced Raman
scattering (SERS) spectroscopy has since been characterized by con-
siderable controversy. Three possible contributions to the enhance-
ment factor have been identified: (i) the surface plasmon resonance
in the metal nanoparticle, (ii) a charge-transfer resonance involv-
ing transfer of electrons between the molecule and the conduction
band of the metal, and (iii) resonances within the molecule itself.
These three components are often treated as independently con-
tributing to the overall effect, with the implication that by prop-
erly choosing the experimental parameters, one or more can be
ignored. Although varying experimental conditions can influence the relative degree to which each resonance influences the
total enhancement, higher enhancements can often be obtained by combining two or more resonances. Each resonance has
a somewhat different effect on the appearance of the resulting Raman spectrum, and it is necessary to invoke one or more
of these resonances to completely describe a particular experiment. However, it is impossible to completely describe all obser-
vations of the SERS phenomenon without consideration of all three of these contributions. Furthermore, the relative enhance-
ments of individual spectral lines, and therefore the appearance of the spectrum, depend crucially on the exact extent to
which each resonance makes a contribution.

In this Account, by examining breakdowns in the Born-Oppenheimer approximation, we have used Herzberg-Teller
coupling to derive a single expression for SERS, which includes contributions from all three resonances. Moreover, we show
that these three types of resonances are intimately linked by Herzberg-Teller vibronic coupling terms and cannot be con-
sidered separately.

We also examine the differences between SERS and normal Raman spectra. Because of the various resonant contribu-
tions, SERS spectra vary with excitation wavelength considerably more than normal Raman spectra. The relative contribu-
tions of totally symmetric and non-totally symmetric lines are also quite different; these differences are due to several effects.
The orientation of the molecule with respect to the surface and the inclusion of the metal Fermi level in the list of contrib-
utors to the accessible states of the molecule-metal system have a strong influence on the observed changes in the Raman
spectrum.

Introduction
Since its inception in the late 1970s, surface-en-

hanced Raman scattering (SERS)1-5 has proven to

be a resilient and intriguing subject, engendering

thousands of articles and along with these consid-

erable controversy as well. The discovery of an

enormous enhancement in the Raman intensity

when a molecule is in the vicinity of a metal (usu-

ally Ag) nanoparticle, coupled with the suppres-

sion of fluorescence, suggests the possibility that

SERS could provide an invaluable tool as a reli-

able, high-resolution detection technique for

extremely minute quantities of target molecules.

Indeed recent technical advances have shown the
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way to detection on the single-molecule (SM) level,6-12 sug-

gesting enhancement factors as large as 1014. These studies

indicate that special sites, sometimes referred to as “hot spots”

are responsible for a large portion of the observed enhance-

ment. In fact this possibility was suggested some time ago by

poisoning certain sites on a silver surface with under-poten-

tial deposition of Pb and Tl.13,14 A mere surface coverage of

3% was sufficient to completely quench the SERS signal.

Hildebrandt and Stockburger15 showed that for rhodamine 6G

adsorbed on silver colloid, anion activated specific sites are

formed at extremely low surface coverage and that these sites

are responsible for a large portion of the enhancement. A

careful surface-dependent study by Zeman et al.16 indicated

that at coverages as low as 0.07 of a monolayer, the enhance-

ment factor peaks, and it rapidly becomes lessened at higher

coverage.

For a long time, there was considerable debate as to the

exact source of the enhancement. However, most investiga-

tors in the field now agree that there are at least three possi-

ble sources for the enhancement.17-20 The one most often

cited is the existence of surface plasmon resonances (SPR) due

to collective excitation of electrons in the conduction band of

the metal nanoparticle. Numerous experiments and theoreti-

cal approaches have been invoked to demonstrate the impor-

tance of SPR’s and to find ways to optimize and control the

influence of these resonances. The second important contri-

bution was first observed electrochemically, in which Raman

resonances could be obtained by varying the applied poten-

tial. The observed wavelength dependence of these reso-

nances showed that charge transfer (CT) between the molecule

and the metal conduction band was responsible for this

effect.21-26 This charge transfer can occur in either direction

depending on the relative energies of the metal Fermi level

and the HOMO and LUMO levels of the adsorbed molecule,

and we have shown experimentally that the CT does take

place in both directions, that is, metal cluster-to-molecule or

molecule-to-metal cluster, depending on the nature of the

molecule.23 Molecules with low-lying unfilled π orbitals (such

as pyridine) experienced metal-to-molecule transfer, while

those without low-lying unfilled orbitals (such as NH3 or pip-

eridine) tended to transfer electrons to the metal. The third

possible contribution to the overall effect was shown to be due

to resonances within the adsorbed molecule itself. This effect

is especially important in providing a boost to the Raman

intensity enabling the single-molecule effect to be more eas-

ily observable. As we will show below, each of these reso-

nances have a somewhat different effect on the appearance

of the resulting Raman spectrum, and it is found necessary to

invoke one or more of these resonances in order to com-

pletely describe a particular experiment. However, it is impos-

sible to completely describe all the observations of the SERS

phenomenon by ignoring one of these contributions.

Most of the theories of the enhancement mechanism that

have been proposed only treat one mechanism, namely, the

SPR effect. Furthermore, even when a physical model of the

SERS phenomenon invokes the coupling of two resonances

(SPR and CT) to explain the enhancement magnitude such as

the model of Otto and co-workers,27 they are formulated in a

way that does not provide a quantitative description of the

spectroscopy. Thus, we felt as early as the mid 1980s that an

adequate theory of SERS should predict the relative enhance-

ment of bands of different symmetry in the SERS spectrum.17

Such a model should account for all three types of resonance.

Since these three effects appear to be quite disparate, it is

understandable that theoretical models of SERS have not

treated the resonances in a uniform way. In fact, they are

often described in quite different terms, as though they were

just coincidental contributors. One of the reasons for this is

that the three effects make wildly varying degrees of contri-

bution to the overall enhancement, depending on the nature

of the nanoparticle, the nature of the molecule, and the exact

location of the excitation laser wavelength. Each of the three

resonances may occur in very different regions of the spec-

trum and may have different widths and oscillator strengths,

so a complete analysis of the relative contributions requires a

rather extensive range of excitations, often a difficult experi-

mental undertaking. A typical Raman experiment, however, is

often carried out only at a single (or at most just a few) exci-

tation wavelength. Under these circumstances, it is impossi-

ble to unravel the magnitude of each contribution to the

overall enhancement, and any statement as to the apparent

source or sources of the effect measured at a single wave-

length is risky.

We therefore have been motivated to search for a single,

unified expression for the SERS intensity that incorporates all

three effects and therefore identifies the source of each con-

tribution, identifies the parameters that govern the amount of

the contribution, and provides a systematic approach for an

experimental determination of these contributions. It is the

purpose of this Account to examine such an expression and

discuss its implications for the systematic analysis of surface

enhancement effects.

A Unified Expression for SERS
In order to obtain an analytical expression for the Raman

intensity in the proximity of one or more metal nanoparticles,
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we followed the procedure of Albrecht,28 introducing

Herzberg-Teller vibronic coupling into the expression for the

polarizability. This is carried out to second order in perturba-

tion theory by allowing for breakdowns in the Born-
Oppenheimer approximation. We extended the calculation of

Albrecht by considering the molecule-metal system to be

coupled and including the filled and unfilled levels of the con-

duction band of the metal in the Herzberg-Teller expansion.

Replacing the sum over metal states with an integral, we

showed that the maximum enhancement occurs when tran-

sitions to or from the (unfilled or filled) metal levels is at the

Fermi energy.17 The resulting expression is analogous to that

of Albrecht in that the polarizability (R) can be expressed as a

sum of three terms: R ) A + B + C, where A is a sum of terms

with only Franck-Condon integrals in the numerators. Far

from a resonance, it vanishes, while near a resonance, one of

the terms in the expression for A can become large. However,

only totally symmetric Raman lines are allowed by this term.

It is usually considered to be responsible for resonance Raman

spectra. The sums B and C represent Herzberg-Teller contri-

butions and stem from molecule-to-metal or metal-to-mole-

cule charge-transfer transitions, respectively (see Figure 1).

These transitions are said to “borrow” intensity from nearby

allowed molecular transitions via the Herzberg-Teller cou-

pling constant (h). These sums display allowed transitions both

to totally symmetric and to non-totally symmetric vibrational

modes and the resulting intensity can be enhanced by SPR or

charge-transfer processes. Whenever SERS spectra display

intensity in non-totally symmetric normal modes, the B or C
sums or both must be involved. They may also contribute to

the totally symmetric bands, as do the A expressions. In a

region of the SERS spectrum far from either a charge-transfer

or molecule resonance, where only SPR resonances are impor-

tant, the A term does not contribute. It can be shown that in

this spectral region the B and C sums are entirely responsible

for the SERS intensity. The analytic expressions for B and C
involve infinite sums over all the states of the molecule-metal

system, and as such are rather unwieldy. However, when the

excitation wavelength is in the region of a charge-transfer or

molecular resonance (in addition to the SPR), only one or a

very few of these terms will dominate the sum. We may

express one of these terms as18

RIFK(ω) )

µKIµFKhIF〈i|Qk|f〉

((ε1(ω) + 2ε0)
2 + ε2

2)(ωFK
2 - ω2 + γFK

2)(ωIK
2 - ω2 + γIK

2)

(1)

The surface-enhanced Raman intensity is proportional to

the square of the polarizability and therefore, for a single dom-

inant term, to |RIFK(ω)|2. In this expression, I, F, and K refer to

the ground state, a charge-transfer state, and an excited

molecular state of the molecule-metal system, respective-

ly.29 Let us first examine the denominator, which involves the

product of three terms, each of which depicts a different res-

onance contribution to SERS. The first (ε1(ω) + 2ε0)2 + ε2
2 is

due to the plasmon resonance at ε1(ω) ) -2ε0, where ε1 and

ε2 are the real and imaginary parts of the Ag dielectric con-

stant and ε0 is the real part of the dielectric constant of the sur-

rounding medium. We choose the expression for a single

particle for illustrative purposes, recognizing that for non-

spherical particles or particle aggregates with hot spots a more

complex expression containing a similar dielectric resonance

expression will be required. The second resonance, which may

be potential (Fermi energy)-dependent and represents charge-

transfer resonance (ωFK
2 - ω2) + γFK

2 occurs at ω ) ωFK, and

the third (ωIK
2 - ω2) + γIK

2 represents a molecular resonance

at ω ) 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) against ω for metal-

to-molecule transfer, and the B term predicts the opposite

(negative) slope for molecule-to-metal transfer (pω ) pωFI,K )
EF(0) ( eVMAX).23,30 This is illustrated for several molecules in

Figure 2, where we show the potential maximum (VMAX) as a

function of excitation energy (pω). It can be seen that mole-

cules such as piperidine and quinuclidine, without low-lying π*

orbitals to accept electrons, display a negative slope, while for

pyridine, p-aminothiophenol (PATP), and 4-methyl pyridine,

there is a positive slope. Note, in the third case, if the reso-

FIGURE 1. Energy level diagram of the metal-molecule system for
the B and C polarizability terms showing electronic transition
moments and Herzberg-Teller coupling parameter. I and K are
molecular states, while F is a charge-transfer state.
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nance condition is fulfilled (ω ) ωIK), we have SERRS (surface-

enhanced resonance Raman spectroscopy). This is the case for

most of the single-molecule experiments, for which the molec-

ular transition is also in resonance with the laser.

Even without electrochemical SERS studies, it is possible to

predict whether a CT resonance will occur if good estimates

of the Fermi level of the solid substrate and of the energy lev-

els of the molecule at the surface are available. This can be

illustrated for crystal violet cation, CV+, where reduction poten-

tials of crystal violet cation for one-electron oxidation and

reduction establish approximate energy levels ((0.1 eV) of

HOMO and LUMO levels of the molecule in solution, and the

electrode potential gives the Fermi level of the metal relative

to the molecular levels. Figure 3 shows the energy level dia-

gram obtained from electrochemistry.31 The electrochemical

HOMO-LUMO gap of 1.9 eV is almost identical to the low-

est optical singlet π-π* transition. Thus, if the Fermi energy of

the metal is around -4.1 eV, light of 2 eV (633 nm) will

simultaneously excite both a molecule-to-metal CT transition

and the π-π* molecular resonance, the latter with oscillator

strength around 0.8.31 In agreement with this conclusion, an

electrochemical SERS study of CV+ on a Ag surface showed a

VMAX of -0.5 V vs SCE reference electrode.32

In Figures 4 and 5, we illustrate the various resonances in

a molecule-metal system for two commonly studied mole-

cules, pyridine (Figure 4) and crystal violet cation (Figure 5). In

Figure 4, there are three distinct regions. The pyridine absorp-

tion spectrum involves three transitions in the ultraviolet (two

π-π* and one n-π* transitions). In the near-UV and visible are

a surface plasmon resonance33 and a molecule-to-metal

charge-transfer resonance, which overlap between about 480

and 520 nm. It can be seen that by restricting the laser to

wavelengths lower than around 480 nm, only the surface

plasmon resonance will be excited, while as the wavelength

is increased, a mixture of CT and SPR will contribute to the

overall enhancement. While there are no molecular reso-

nances excited in this region, it can be seen from eq 1 that

intensity can be borrowed from them via Herzberg-Teller

coupling and the amount of borrowing is proportional to the

square of the transition moments (i.e., the oscillator strengths)

of the molecular transition. Figure 5 shows the absorption

FIGURE 2. SERS potential of maximum intensity, VMAX, vs excitation
energy showing the direction of CT for various molecules.
Molecules such as piperidine and quinuclidine display a negative
slope (molecule f metal), while for pyridine, p-aminothiophenol
(PATP), and 4-methyl pyridine, there is a positive slope (metal f
molecule).

FIGURE 3. Energy level diagram showing levels in the CV+

molecule vs the vacuum level and the corresponding levels in a
metal electrode vs SCE reference. The relationship between the two
energy scales is that the hydrogen reduction potential vs SCE is
-0.24 V, which corresponds to a Fermi level of -4.5 eV on an
absolute scale.

FIGURE 4. Observed resonances in the pyridinesAg nanoparticle
system. Data taken from refs 33 and 39 (SPR), ref 40 (molecular
resonances), and refs 41 and 42 (charge-transfer).
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spectrum of the crystal violet-metal system, where all three

resonances are in the visible region and overlap with the high-

est intensity around 575 nm, which is prognostic of single-

molecule SERS. This explains why crystal violet is so popular

in single-molecule SERS. Here the energy level diagram (Fig-

ure 3) shows that the LUMO of the molecule is too low for

metal-to-molecule CT if the Fermi level of Ag is close to -4.1

eV but molecule-to-metal transitions can be in resonance

when the exciting light is around 600 nm.

The denominator of eq 1 predicts the possibility of one,

two, or three resonances simultaneously, depending on the

metallic and molecular parameters. The exact magnitude of

the enhancement, the relative contribution of each of the three

possible types of resonances involved, and the appearance of

the Raman spectra (i.e., the relative intensities of the various

bands) depend crucially on the particular choice of excitation

wavelength, location of the nanoparticle Fermi energy, nano-

particle size and shape with respect to the wavelength, oscil-

lator strength, and bandwidth of the resonance. This is

illustrated clearly in Figures 4 and 5. It should also be pointed

out that at any of the resonances, the enhancement factor is

proportional to the inverse fourth power of the correspond-

ing damping parameter, γ-4 (where γ is ε2, γFK, or γIK). Thus

the magnitude of the SERS enhancement may be extremely

sensitive to the magnitude of these parameters.

We should also remember that in general the SERS inten-

sity is proportional to the square of the polarizability (R), which

itself is, most generally, a sum of terms such as eq 1. Under

circumstances in which the relative signs of leading terms dif-

fer, interference can result, with a net lowering of the inten-

sity. Such interferences have been observed34 in J-aggregate

nanoparticle systems and explained by Kelley in terms of

Fano-like resonances35 using dipole-dipole (Förster) coupling

between molecule and metal nanoparticle.36 However, such

interference effects can also be explained within the current

framework of Herzberg-Teller coupling. This coupling mech-

anism is the major difference between the two approaches.

We now examine the numerator in eq 1, which provides

the selection rules for SERS. All four terms must simulta-

neously be nonzero in order for a particular normal mode to

be observed. It is important to observe that all four terms in the
numerator are linked to each other. This fact has not always

been appreciated in discussions of SERS enhancements. First

note that the Herzberg-Teller effect contributes a product of

the coupling parameter hIF ) 〈I|∂VeN/∂Qk|F〉 with the vibrational

integral 〈i|Qk|f〉. The normal mode Qk is the same in both

expressions. The latter 〈i|Qk|f〉 displays the normal harmonic

oscillator selection rules (i.e., f ) i ( 1), and only those nor-

mal modes for which this term is nonzero will be observed.

Note that this term implies that overtones will not normally be

observed and that non-totally symmetric vibrations may be

allowed. However, an additional restriction on observed

modes 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

moments µKI
σ µFK

F , 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,

and the electric field interacts with the dipole moments

through the inner product (µE), we expect components of µFK
F

and µKI
σ 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 combina-

tion of transition moments, Herzberg-Teller coupling, and

direction of the plasmon-induced electric field places restric-

tions 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.

It is important to understand how the product of terms in

the numerator links the three resonances in the denomina-

tor. The charge-transfer transition moment (µFK
F ) is coupled with

FIGURE 5. Observed resonances in the crystal violet cation-Ag
nanoparticle system. Data taken from refs 33 and 39 (SPR), ref 43
(molecular resonance), and refs 44 and 45 (charge-transfer).
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the component of the electric field due to the surface plas-

mon resonance perpendicular to the surface (F ) Z). This

requires knowledge of the orientation of the molecule with

respect to the surface.37 It also shows that the surface plas-

mon and the charge transfer are intimately coupled to each

other and are not separable. Furthermore, the charge-trans-

fer resonance is linked to the molecular resonance by the

molecular transition moment (µKI
σ ) since they both refer to the

same excited-state K. Consequently, these two resonances

cannot be considered to be separate. The Herzberg-Teller

coupling constant (hIF ) 〈I|∂VeN/∂Qk|F〉) provides the link

between the charge-transfer process (F) and the observed

Raman spectral lines governed by 〈i|Qk|f〉. Thus the three res-

onances that contribute to SERS intensities cannot be consid-
ered separately, and any description of SERS must include this

linkage in order to provide a complete and accurate depic-

tion of the effect.

SERS Selection Rules
We can now utilize the considerations in the previous sec-

tion to express, in a rather simple fashion, the selection rules

governing SERS intensities. These are derived from the

requirement that the numerator in eq 1 not vanish. Since this

involves the product of the three terms, µKI
σ µFK

F hIF )
〈I|µσ|K〉〈K|µF|F〉〈F|∂VeN/∂Qk|I〉, rather strict selection rules are

expected (see Figure 1). We wish to examine the irreducible

representation to which an allowed Raman transition belongs

Γ(Qk) () Γ(∂/∂Qk). Since the molecule-metal states I, F, and K

all appear twice in the numerator expression, together they

provide only totally symmetric contributions to the selection

rules. We then need only consider the irreducible representa-

tions for the operators Γ(∂/∂Qk), Γ(µCT
⊥ ), and Γ(µσ

KI). Here Γ(µCT
⊥ )

is the component of the charge-transfer moment normal to

the metal surface. In the molecule-fixed frame of reference, it

depends on the molecular orientation with respect to the sur-

face. Consideration of Γ(µKI
σ ) indicates that if the ground-state

is totally symmetric, then Γ(µKI
σ ) ) ΓK, the irreducible represen-

tation to which the excited molecular state K belongs. Then

the Herzberg-Teller selection rules may be simply expressed

as

Γ(Qk) ) ∑
K

Γ(µCT
⊥ )xΓK (2)

Here the sum over K runs over all the excited molecular

states to which a transition is allowed. For SERRS, this sum

reduces to a single term choosing K as the excited-state

involved in the molecular resonance.

It should also be noted that what is meant by an “allowed”

optical transition is not as definite as implied by strict appli-

cation of the selection rules. Even transitions that are opti-

cally forbidden are often made at least somewhat allowed by

interactions with the surroundings, intervention of external

fields, or other previously neglected higher order terms in the

Hamiltonian. Thus we must qualify our above discussion by

recognizing that the SERS intensities will be proportional to the

square of µKI
σ , which is sometimes referred to as the oscillator

strength fKI ∝ (µKI
σ )2. We might then expect that the relative

intensities of the SERS bands of a given symmetry will be pro-

portional to the relative oscillator strengths of the observed

optical transitions. For example, by consideration of the opti-

cal spectrum of pyridine-Ag (Figure 4), we see that the UV

transition oscillator strengths are in the order A1 > B2 > B1, so

that we then predict the SERS intensities of the normal modes

to be in the order a1 > b2 > b1, which is exactly as observed.

We have shown this to be true for the SERS spectra of all mol-

ecules examined with sufficient symmetry and measured

oscillator strengths.18 However, there are also other contrib-

uting factors such as the square of the Herzberg-Teller cou-

pling constant (hIF
2), which must be taken into account in

predicting relative SERS intensities.

What Is the Difference between SERS and
Normal Raman Spectroscopy?
If we quickly examine the general expressions for SERS (ref

18, eq 10) and the corresponding expression for normal

Raman spectroscopy (ref 28, eq 11), they at first appear to be

quite similar. They both involve large sums of terms similar to

eq 1 above. However, more careful examination reveals that

one difference is the inclusion of charge-transfer (F) states

between the molecule and metal. This comes about because

we consider the molecule-metal system together. Note that

for metals, the Fermi level lies above the highest occupied

molecular orbital (HOMO) of most molecules (for silver EF )
-4.3 eV and for pyridine the IP is -9.26 eV), and often lower

than many, if not all, of the unoccupied orbitals (UMO). Thus

for every molecular transition (HOMO f UMO), there is a cor-

responding charge-transfer transition between the molecule

and the metal (EF f UMO or HOMO f EF), which lies lower in
energy than the purely molecular transition (see Figure 1). One

consequence is that the charge-transfer terms in the SERS

expansion lie lowest and, therefore (if the oscillator strengths

are at all comparable), due to the smallness of the energy

denominator, tend to contribute more to the SERS intensity

than the corresponding molecular transition. These may pro-

vide the dominant contributions under some circumstances,
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even to the totally symmetric normal modes. In the region of

the spectrum where only the surface plasmon resonance is

active (i.e., at an excitation wavelength far from the charge-

transfer or molecular resonances), the charge-transfer states

cannot be ignored because they appear in the sum over states

expression and usually represent the leading terms in that

sum. As shown above, when the excitation is in the region of

a charge-transfer or molecular resonance, the influence of

these transitions on the spectrum can come to dominate the

appearance of the spectrum. This effect has been carefully

delineated for the molecule p-aminothiophenol by Osawa and

co-workers.30

A second important difference between SERS and normal

Raman spectroscopy lies in the molecular orientation with

respect to the surface. Note that normally, except for Raman

spectra in crystals, the orientation of the molecule with respect

to the polarization of the electric vector of exciting light is ran-

dom, and in order to account for this, the expression for nor-

mal Raman spectroscopy is averaged over all orientations. For

SERS, the molecule is usually considered to be adsorbed to the

surface in a definite orientation. The surface plasmon reso-

nance results in a very strong component of the electric field

normal to the metal surface, with a somewhat smaller tan-

gential component, at least for most molecule-metal config-

urations. In either case, the result is that the SERS spectrum of

the molecule often looks quite different than that of the mol-

ecule alone. We cannot average over all molecular orienta-

tions with respect to the polarization of the exciting light.

Although the molecular frequencies are usually not changed

very much, the relative intensities are drastically altered in

comparison to the normal Raman spectrum. Totally symmet-

ric normal modes tend to dominate the spectrum far from

charge-transfer or molecular transitions, while non-totally sym-

metric modes become considerably more prominent in the

region of charge-transfer or molecular resonances. In this case

the Herzberg-Teller-surface selection rules discussed in

the previous section become important in interpreting the

spectrum.

Sorting Out the Various Contributions to
SERS
We have shown above that there are three linked resonant

contributions to the total SERS signal. At any chosen excita-

tion wavelength, there might be quite different contributions

from each resonance, but as the excitation wavelength is

scanned, the relative degree of contribution from each reso-

nance may vary considerably. This results in considerable vari-

ation of the appearance of the spectrum as a function of

excitation wavelength. In order to state with confidence the

amount of contribution from each source, it is necessary to

have a complete description of the location (in wavelength),

the width, and the oscillator strength of each transition

involved, as in Figures 4 and 5. Thus we need a good optical

spectrum of the individual nanoparticles, the molecule, and if

possible the molecule-metal system. This latter is often dif-

ficult to obtain, and an excitation profile of the SERS spec-

trum might suffice. In any case, it is impossible to determine

the degree of contribution of each resonance by obtaining

SERS spectra at only a single wavelength, unless there are

other measures, such as an electrochemical voltage profile or

a nanoparticle size-dependent profile.

We can obtain a quantitative measure of the relative

charge-transfer or molecular resonance contribution to the

SERS intensity by defining pCT(k), the degree of charge trans-

fer for each mode as

pCT(k) ) Ik(CT) - Ik(SPR)

Ik(CT) + I0(SPR)
(3)

where k 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 is Ik(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 electrochemical measurement at the same

excitation wavelength (varying the applied potential) as the

observed charge-transfer enhanced line. The other refer-

ence is a chosen totally symmetric line, also measured with

only contributions from SPR. This is denoted I0(SPR). Ik(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. It can be seen

from eq 3 that when pCT is zero, there are no charge-trans-

fer contributions, while as pCT f 1, the charge-transfer con-

tributions will tend to dominate the spectrum. For pCT ) 1/2,

the charge-transfer and surface plasmon contributions are

about equal. This expression has been successfully applied

to the spectra of several molecules for which there is a siz-

able charge-transfer contribution to SERS, including p-amio-

thiophenol,18 tetracyanoethylene, piperidine,38 and crystal

violet.31 To determine the contribution from a molecular

resonance, we may calculate pmol(k) using the same formula

as eq 3 with Ik(mol) substituted for Ik(CT).

Note also that we now have a quantitative way of separat-

ing the A term contributions from the B or C term contribu-

tions. For totally symmetric modes, pCT gives the A term
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contribution plus any additional contribution from a nearby

totally symmetric optical transition via either the B or C term.

For non-totally symmetric modes, pCT measures only the B or

C term contributions.

In Summary
In this Account, we have emphasized that a unified approach

to SERS spectroscopy involves a model of the metal-molecule

system in which three possible resonant enhancements are

considered: excitations of the solid (SPR), excitations of the

molecule (molecular resonance), and excitations involving

metal-molecule coupling (CT resonances). All of these reso-

nances are important in understanding the relative intensi-

ties of a SERS spectrum, and they are linked by symmetry

considerations. A powerful means of elucidating this spectros-

copy is the consideration of the Herzberg-Teller selection

rules, which use the symmetry properties of the electronic

dipole transition moments of the metal-molecule excitation

normal to the surface and the molecular excitations. Modern

electronic structure calculations of second-order molecular

properties allow calculation of most of these properties with

the exception of the Herzberg-Teller coupling parameter,

which influences the intensity of the non-totally symmetric

bands. Inclusion of this parameter in quantum mechanical cal-

culations of spectral intensities, however, needs more

development.
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