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SURFACE ENHANCED BAMAN SCATTERING (SERS) OF MACROMOLECULES ON
COLLOIDAL SILVER
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Abstract — The remarkable enhancement of Raman signals from molecules
on roughened silver surfaces or on silver colloids has made it possi-
ble to obtain vibrational spectra with only monolayer and submonolayer
coverage. This communication discusses the physical notions underly-
ing this phenomenon and then surveys the as yet limited applications
to macromolecules.

INTRODUCTION

The realization that Raman signals from pyridine adsorbed at roughened silver
electrodes (Ref. 1) are enhanced lO to 106 over signals fromdissolved pyri-
dine (Refs. 2,3) unleashed a torrent of investigations that has hardly abated
(Refs. 4,5). Suitable substrates for adsorbed molecular species, in addition
to the roughened electrodes on which this remarkable phenomenon was first ob-
served, include colloidal metal particles, vacuum-deposited metal island
films, matrix isolated metal clusters, roughened surfaces of single crystals
under ultra high vacuum, tunnel junction structures, smooth metal surfaces in
the attenuated total reflection arrangement, metal-capped polymer posts, and
holographic gratings. The initial observations of SERS for adsorbates on
gold, silver and copper have been extended to include aluminum, cadmium, lith-
ium, nickel, palladium, platinum and sodium.

Speculations to account for this surface enhanced Raman scattering (SERS) im-
mediately fell into two major categories. A purely physical mechanism was
proposed in which the molecules were presumed to respond to gigantic electro-
magnetic fields generated locally by collective oscillations of the free
electrons in small metal structures. In addition, so—called "chemical" mech-
anisms envisioned charge transfer between metal and adsorbate or else forma-
tion of a molecule-metal atom complex with consequent molecular resonances.
Such specific molecular interactions may certainly play a role since different
molecules on the same surface or different Raman bands of the same molecule
may exhibit different SERS effects. Indeed, contributions to SERS from each
of these two kinds of mechanisms, electromagnetic and chemical, are not mutu-
ally exclusive, yet the preponderant current view is that the major contribu-
tion is due to the local field enhancement associated with resonant excitation
of electron oscillations, otherwise termed surface plasmons.

Although the vast majority of experimental studies have utilized other sub-
strates, colloidal particles are uniquely advantageous for theoretical analy-
sis. Colloid optics is a venerable subject and we have expanded upon classi-
cal light scattering theory in order to articulate a complete electromagnetic
field theory of SERS. Not only does this predict the magnitude of the en-
hancement in agreement with measurements, but it also depicts the remarkable
wavelength dependence of SERS upon the optical properties and the morphology
of the colloidal particles. The model can be considered as prototypic of the
other substrates for none of which has it been possible to derive a defini-
tive theory. Indeed, a substrate such as a "roughened" surface cannot even be
described deterministically even though it can be very crudely envisaged as
comparable to a smooth surface covered with "colloidal bumps".

The main effort by investigators heretofore has been to elucidate the phenom-
enon itself rather than to utilize SERS to solve chemical problems. For that
reason most studies have focussed upon a relatively small number of molecules
and investigations of macromolecules have not been prominent. Yet SERS does
open up the possibility of obtaining vibrational spectra of macromolecules in
environments hitherto inaccessible. Later in this report we illustrate that
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fact by surveying the principal studies which have utilized macromolecules.
But first the theory will be outlined only in sufficient detail to enable the
reader to grasp the main physical ideas.

ELASTIC SCATTERING BY SMALL PARTICLES

Figure 1 will be utilized in this and the following sections. We first con-
sider elastic scattering, for which the scattered radiation has the same
frequency as the incident beam. The particle, which is characterized by its
morphology (meaning size, shape and orientation) and its complex refractive
index m0 or dielectric constant eo (E0=m0) relative to the corresponding
quantity in the external medium, is irradiated by a plane electromagnetic wave
at some angular frequency w0 (w0=2v0) . The wave penetrates te particle
where this internal field is described by the electric vector E(w01r<). For
simplicity we omit mention throughout this paper of the corresponding magnet-
ic vector. The field outside o the particle, which is constucted÷by super-
position of the incident field E0(w0) plus a scattered field E5(w0,r>), must
be matched at the particle surface with the internal field. Positions inside

-*
and outside the particle have been indicated by r< and r> to emphasize that
the fields vary strongly with position. The solution of this boundary value
problem, which depends upon particle morphology and refractive index, com-
pletely characterizes both the scattered electromagnetic fields and the
electromagnetic fields inside the particle (Ref. 6).

Fig. 1 Model for elastic scattering,
inelastic scattering for molecule em-
bedded at ', and inelastic scattering
for molecule at '.

INELASTIC SCATTERING BY EMBEDDED MOLECULES

Now we turn to inelastic scattering, of which fluorescence and the Raman ef-
fect are examples. The molecule is treated as a polarizable electric dipole
which is excited at one frequency and reemits at some shifted frequency.

There are several important experimental areas of investigation where inelas-
tically scattering molecules are embedded within small particles of which the
most active are flow fluorimetry of biological cells and chromosomes, and
Raman microprobe analysis of colloids. A number of years ago we raised the
following query regarding these experiments: How are inelastic signals af-
fected by embedment of active molecules within small particles? The result
has been to show that such signals do indeed depend upon the particle mor-
phology, the refractive index of the particle and the spatial distribution of
the active molecules within the particle.

Again we turn to Fig. 1. An inelastically scattering molecule, located at some
position i?' within the particle, is excited by the radiation field at the
incident frequency inside the particle and it will radiate at the shifted
frequency, w. The refractive index and dielectric constant at this frequency
are m and E, respectively. The emission dipole moment is equal to the inci-
dent internal field (Ref. 7) at location ' multiplied by a polarizabi]4ty
teflsor which we will treat as a phenomenological parameter, i.e. (w,r') =
.Ei(wo,t'). We assume that the polarizability of the molecular dipole is
the same as if it were embedded in the bulk medium of which the particle is
composed.

± ± ± ±
The field E(w,r',r<) at the shifted frequency w and arbitrary positio r<
inside the particle is due to the dipolar emission by the molecule at r' and
internal reflections from the particle boundary. Analysis of this field and

E, (w,r', ri
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the scattered field 5(w,',>) leads to a new boundry value problem whose
solution completely describes the radiation. Since E5(w,',>) is the solu-
tion for only a single molecule located at position ' , it is necessary, for
an array of molecules, to add the results appropriately (coherently or inco-
herently) to correspond to the particular distribution of material within the
particle.

We have formulated the theory and carried out numerical calculations for
spheres (Refs. 8-11) , concentric spheres (Ref. 12) , cylinders (Ref. 13) , and
spheroids (Refs. 14,15) . Some of the main predictions of the theory have been
verified by experiments with fluorescent polymer latexes (Refs. 16-21).

MODEL FOR SERS

The path has been straightforward, at least conceptionally, from the theory of
elastic scattering by small particles to the above model of inelastic scatter-
ing by molecules embedded within small particles. Extension to the case where
the active molecules are outside of the particle, including positions at the
outer surface, will now be considered.

This model too is depicted in Fig. 1. The molecule, which once again is pre-
sumed to behave as an electric dipole, is located at " now taken outside of
the particle. The electric field outside the particle at frequency is
comprised of÷the field of the incident plane wave o(wo) pls the scattered
field s(wo,r>). This field excites the dipole located at r" to radiate at
the Raman frequency with induced dipole moment (w,") = ' • [o(wo'") +
s(o")] where ' is the appropriate Raman polarizability tensor. The Raman
radiation field in the space outside of the particle including he observer
position may now be constructed of two terms, viz.
(w,",i?>). The first term is the field that dipole (w,r") wouI exert in
the absence of the particle; the second term is an induced or scattered field
due to the presence of the particle. The latter may be obtained from solu-
tion of the boundary value problem posed by a radiating dipole in the presence
of a particle (Ref. 22) which in turn follows from matching R(w,r",a) with
the field inside the particle (w,i",a) at the spherical surface (r=a).

The enhancement is obtained by comparison of the Raman signal in the presence
of the particle with that from a molecular dipole having the same polarizabil-
ity as the surface enhanced dipole but in the absence of the particle, i.e.,
when the diole moment is '(") = ' o("). If the field due to this
dipole is d(w,r",r>), the enhancement becomes G=IR(W,i",>) I2/l(w,",>) 2.

It is also necessary to consider the orientation of the various dipoles. In
practice, our calculations have been performed by comparing Raman signals from
a particle uniformly covered by dipoles whose axes are normal to the surface
with a similar arrangement of oriented dipoles in the solution. We assume
that the absorption and emission dipoles are similarly oriented but uncorre-
lated in phase. In the case of spheroids, the particles are also taken to be
randomly oriented.

Obviously, the Raman polarizability of the molecular dipole may be altered
upon adsorption, but if known from either experiment or theoretical analysis,
that information can be incorporated into the model by providing the appro-
priate value of '. Thus while this electromagnetic model provides the
necessary framework for the model, it can be enriched by any specific chemical
information should that be available.

We have been able up to now to obtain a completely general solution only for
homogeneous spheres and the numerical results for that case will be presented
in the next section. Following that, we will consider solutions for sphe-
roids and concentric spheres subject to the limitation that the particles be
small compared to the wavelengths.

Spheres
The mathematical analysis and more detailed calculations for homogeneous
spheres are given elsewhere (Ref S. 23,24). The model describes the dependence
of the angular distribution and polarization of the SERS upon the size and
dielectric properties of the particle as well as on the orientation of the
molecular dipoles and their distance from the surface. The sampling of numer-
ical results presented here is intended merely to illustrate some the main
physical features of the phenomenon. The optical constants of silver (Ref.
25) are used because they exhibit the most striking effects. Indeed, that is
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why silver has been used in most of the experimental work. It should be borne
in mind that values of these constants obtained from measurements on bulk
samples may not be valid for small particles because of quantum size effects
(Ref. 26) and also because there may be specific phase and structural effects
within any particular preparation of small particles which differ from the
bulk. Although incorporation of such perturbations affects the quantitative
aspects of computed results, the main qualitative features are not changed
(Ref. 24). The Raman shift has been selected in most cases illustrated here
at 1010 cm1 to correspond to this much studied pyridine line. The upper
value of particle radius a = 500 nm has been dictated by the computational
time requirements rather than by any limitations of the theoretical analysis.
The larger the particle size, the more lengthy the calculation.

Figure 2 depicts the enhancement as a function of excitation wavelength, the
excitation profile, for a monolayer at the surface of 5, 50 and 500 nm radius
silver spheres immersed in water. The magnitude of the doubly—peaked maximum
for the 5 nm particle corresponds in value to the largest experimental meas-
urements (l0 to 106). For a = 50 nm, the enhancement maximum of i04 is much
broader and is shifted to longer wavelengths. For the still larger particle,
a = 500 nm, the enhancement oscillates in the 10 to 102 range through the
visible.

I-zIii
w
C)

Izw

Fig. 2 Excitation profile for enhance- Fig. 3 Comparison of excitation pro-
ment of 1010 cm- Raman band for a file of 5 nm radius Ag sphere in
monolayer adsorbed on 5, 50 and 500 nm water with absorption and scattering
radius Ag sphere in water. spectra.

The peak value of 106 occurs only at about 382 nm and only for particles with
radii about 10 nm and smaller. The origin of this huge enhancement can be
envisaged if we consider a very much simplified expression for the enhance-
ment in the limiting case that the particle be very much smaller than the
wavelength, viz.

G = I (l+2g) (l+2g0)
2

(1)

2c—l m—l
=;-=---—; g0m +2

When much smaller than the wavelength, the particle behaves as if it were a
polarizable dipole with polarizability a3g. In a formal sense excitation of
the dipole surface plasmon, which results in SERS, takes place whenever there
is a resonance as the denominators of g and g0 become small as a consequence
of Eo and E, approaching the value -2. This occurs for silver in water at
about 382 nm. Actually, these expressions do not blow up, even where E = -2,
because higher order terms contribute to both numerator and denominator of g,

as E+2 becomes small (Refs. 23,24).
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The physical origin of the resonance can be understood in terms of the Drude
model (Ref. 27) . When the free electrons oscillate in phase with the electro-
magnetic field the dielectric constant become a real negative number (the
refractive index becomes a purely imaginary number) . A small particle, now
conceived of as a cavity of oscillating free electrons, will have a character-
istic frequency at which it will resonate. For very small spheres this so-
called dipolar surface plasmon is excited to resonance whenever c = -2 (m=Ii).

The enhanced electric fields associated with excitation of the dipolar surface
plasmon also results in enhanced absorption and scattering as shown in Fig. 3
where the SERS excitation profile, the absorption spectrum and the scattering
spectrum of a 5 nm radius silver sphere in water are compared (Ref. 28) . Note
how each of these peak at precisely the same excitation wavelength.

For larger spheres there will, in addition to the dipolar mode, be a hierarchy
of higher order modes all of which contribute to the various optical processes
associated with the spherical particles. Any one of these may be resonantly
excited at a particular frequency which depends upon particle size and optical
constants. However, unlike a small particle where only the dipolar mode is
active, in a larger particle there are a large number of contributing modes
so that resonant excitation of one of these will have a smaller effect on the
total process. Furthermore, the partial electric fields associated with these
higher modes will have a different spatial distribution inside the particle
from that near the outer particle surface. Thus resonant excitation of par-
ticular modes may result in very strong fields localized at radial positions
inside the particle somewhat removed from the particle surface, thereby
giving rise to strong absorption (Ref. 29). Resonant excitation of other
modes may give rise to strong fields localized just outside the particle sur-
face, giving rise to SERS. Accordingly the absorption and scattering spectra
which arise from excitation of the lossy dipoles composing the particle will
be decoupled from the SERS excitation spectrum which depends upon the local
fields outside of the particle. It should be emphasized, therefore, that the
absorption and scattering spectra are coupled with the SERS excitation pro-
file only when the particles are sufficiently small to be treated in the
dipole limit.

Spheroids
The most striking feature of SERS is that the gigantic enhancement occurs
over a narrow wavelength region and that for spheres much smaller than the
wavelength this excitation profile parallels a sharp band in the absorption
and scattering spectra (Fig. 3). These effects have been attributed physi-
cally to enhanced electric fields due to resonant excitation of the conduction
electrons. Formally, they occur whenever the expression for the polarizabil-
ity factor of the particle (Eq. 2) becomes large due to its denominator be-
coming small.

The treatment in this section will be restricted to the small particle limit.
The polarizability along any particular semi-axis of an ellipsoidal particle
very much smaller than the wavelength is (abc)g where

=
[IEITPT' i = a,b,c (3)

and the depolarization factor depends upon the values of the three semi-
axes of the ellipsoid, a,b,c (Ref. 6). For a sphere the triply degenerate
values of Pi. = 1/3 so that resonance, as we have already seen, occurs when-
ever c = -2. For an ellipsoid there may be three distinct absorption bands
corresponding to the three values of P1; for a spheroid there may be two
bands, one of which will be doubly degenerate.

This has long been a known feature of the optical absorption of small parti-
cles and Fig. 4 illustrates the change of the absorption spectrum of small
silver particles in water as the shape of the equivolume particles varies from
spherical to increasingly elongated prolate spheroids (Ref. 28). The triply
degenerate absorption band at 382 nm for the sphere splits into two bands,
which depend upon the two semi—axes of the spheroid, one of these at a lower
wavelength and a doubly degenerate one at a higher wavelength. For a 3 to 1
axial ratio, the longer wavelength band has shifted to 580 nm. In the par-
lance of the resonance model, there is a dipolar surface plasmon resonating
at each of these wavelengths.
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It is not surprising that there is a similar effect upon the SERS excitation
profile. We have utilized the same physical model as for spheres but because
of the added mathematical complexities have only obtained a result valid for
particles which are small relative to the wavelength (Ref. 28). Somewhat
similar results were also obtained by Gersten and Nitzan (Ref. 30) and by
Adrian (Ref. 31). A typical calculation is shown in Fig. 5 where the excita-
tion profile for a silver particle in aqueous medium is plotted as a sphere
is deformed into an increasingly elongated equivolume spheroid. The molecu-
lar dipoles are assumed to form a monolayer and to be oriented normal to the
surface, and the particles are assumed to be randomly oriented. Not only
does the strongly enhanced band shift but the enhancement itself increases by
an order of magnitude. The longer wavelength branch of the bimodal peak
occurs in each instance at the same wavelength as the peak in the correspond-
ing absorption spectrum (see Fig. 5) and the separation of the two modes in
the SERS band equals the Raman shift, in this instance 1010 cm1.

Concentric spheres
1. Active molecules located outside of concentric spheres. In this case a
particle of radius b is comprised two regions, a spherical core of radius
a and an outer concentric spherical shell. The Raman active molecules are
taken to be outside the sphere. Only the limiting case that the particle be
small compared to the wavelength is treated so that the enhancement is given
by Eq. (1) where the polarizability factor of the particle is

(E2-l) (E1+22) + q3(2E2+l) 1c2)g= — — 3 - (4)
(c2+2) (c1+2c2) + q (262_2) 1e2)

and E1 and are the dielectric constants of the core and spherical shell
regions relative to the medium and q = b/a (Ref. 6,32). There is a similar
expression for g0.

There are now two possibilities for exciting strong resonances, either when
the spherical shell is composed of a plasma such as silver and the core is a
dielectric material or the reverse situation when the core is composed of a
plasma. Some SERS excitation profiles (Ref. 33) are illustrated in Fig. 6
for the former case. The dependence of the SERS excitation profile upon the
particular morphology is once again apparent. Furthermore, it depends not
only upon the dielectric constant of the metallic region, but also upon that
of the dielectric regions within the particle and of the external medium. In
this case the external medium has been taken as air rather than water. This
increases the relative dielectric constant of silver by the factor 1.77 which
has the effect of lowering the enhancement substantially. There are somewhat
similar effects when the plasma is at the core of the particle.

1434 M. Kerker

450 550
WAVELENGTH (nm)

z
Ui
Ui
C)z
z
Ui

Fig. 5 Excitation profile for 5 nm
radius Ag sphere in water (—) and
prolate spheroids with axial ratios
1.5, 2.0, 2.5, 3.0 (left to right).

Fig. 4 Absorption spectra for small
Ag sphere in water (—) and prolate
spheroids with axial ratios 1.5, 2.0,
2.5, 3.0 (left to right).
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Fig. 6 Excitation profile for 5 nm
S

radius silver coated dielectric (m =
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1.5) sphere in air with ratio of
dielectric core radius to total radius
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2. Active molecules located within spherical shell. In this case the active
molecules are treated as electric dipoles embedded within the dielectric
spherical shell which coats the metallic core, rather than as a monolayer
dangling out in the medium external to the particle. The field within the
dielectric shell at the incident frequency which stimulates the Raman dipole
must first be calculated and the boundary value problem posed by a dipole
radiating from within the dielectric shell must be solved. The full analysis
had been treated earlier (Ref. 12) but the complexity of the resulting expres-
sions had precluded numerical computation. The limiting case of a particle
which is small compared to the wavelength requires solution only of the elec-
trostatic problem and elucidation of this limiting case (Ref. 34) has avoided
lengthy programming and computation.

It has been possible to locate conditions for which the resonance condition
can be strongly affected by the dielectric layer. In such a case, corre-
sponding to a metal particle coated with such a dielectric layer, perhaps an
oxide, in which Raman active molecules are entrapped, the SERS excitation
profile may be shifted and the peak enhancement itself may be sharply af-
fected (Ref. 35).

SERS EXPERIMENTS WITH MACROMOLECULES

We initiate our survey by considering the work of Murray et al (Ref. 36,37)
who have explored the question of whether SERS requires direct contact with
the metal by interspersing a weakly Raman scattering polymer, poly(methylmeth-
acrylate) PMMA between a strongly Raman active polymer poly(p-nitrostyrene)
PPNS and a roughened silver surface. These authors had the capability, using
a spin-casting technique, of varying the thickness of each layer. They ob-
served an enhancement of about 106 for direct contact of PPNS with a fall off
of the enhancement of about 10 with each 35-50 A thickness layer of PPNS.
This was consistent with the electromagnetic field model since it demon-
strated that SERS did not require molecular contact with the metal surface.
Furthermore, it makes possible the use of these large local fields to probe
the vibrational structure of polymers very close to the surface.

Although infrared and Raman spectroscopy have been used to characterize the
vibrational structure of polymers their application to surface analysis has
been limited mainly to internal reflectance infrared spectroscopy which has
the drawback of a large probing depth. Because of this it is difficult to
separate vibrational features of the outermost surface from the bulk features
arising several micrometers into the surface. However, good quality vibra-
tional spectra of very thin polymer films can be obtained using the SERS
effect. Indeed, Allara, Murray and Bodoff (Ref. 38) have noted that by vary-
ing the particular metal substrate or the morphology of the surface one can
vary the effective penetration depth of the Raman probe from less than 20 A
to about 200 A. Since the enhancements are of the order of l0 to l0 com-
pared to the bulk material, the spectrum of the near surface region of a thick
sample is greatly magnified compared to the signals from the bulk of the
sample.

An example of the application of SERS to study biopolymers adsorbed from solu-
tion has been the monitoring of the mediation by 4,4'-bipyridine of the
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electron transfer of cytochrome c and a silver electrode (Ref. 39). In the
case of biopolymers such as cytochrome c and myoglobulin which are chromo—
phores, when the excitation wavelength coincides with an absorption band, the
ensuing resonance Raman spectrum (RR) may be enhanced by several orders of
magnitude over spectra obtained outside of the absorption band. If, in addi-
tion, the excitation also coincides with the optical resonance of the surface
features of the colloidal particles which gives rise to SERS, this coinci-
dence of RR and SERS may be multiplicative leading to enormous enhancements
(Ref. 40) . This makes possible the detection of extremely small amounts of
such biopolymers.

Koglin et al. have reported SERS signals from DNA, poly-A (Ref. 41) and the
nucleic acid bases (Ref. 42) on both silver electrode surfaces and colloidal
silver. Their group has been using electrochemical techniques to study
nucleic acids at the charged mercury-water interface as a model for their
behavior at charged biological surfaces. Normal solution scattering of DNA,
for example, shows prominent Raman bands which are associated with the nucleic
acid bases. These bases themselves exhibit strong SERS signals at the same
frequencies when adsorbed on roughened silver electrode surfaces or on silver
colloids. On the other hand intact DNA, similarly adsorbed, shows only minor
enhancement for nucleic acid bands although there is significant enhancement
of bands associated with the sugar-phosphate groups. The interpretation is
that the latter, located on the outside of the molecule, are very close to
the surface whereas the bases are further removed, being at the center of the
helix. Yet when exposed to y-radiation the nucleic acid bands appear. With
increasing radiation there is a striking enhancement of the ring modes of the
bases suggesting that these become more accessible to the silver surface.
This confirms the well-known fact that ionizing radiation causes damage in DNA
consisting of strand breaks which induce labilization of the helical struc-
ture. From the point of view of this report it provides a dramatic instance
of the utility of SERS as a tool for probing configuration on a surface.

There is an advantage to working with a surface with a well-defined structure
rather than so-called roughened surfaces which cannot be readily reproduced
and which are not amenable to theoretical analysis. Holographic gratings
comprise one such controlled surface and thin polystyrene films deposited on
holographic gratings of metallic silver (Ref. 43) and gold (Ref. 44) have
given SERS signals. The undulations in presently available gratings however
appear to give enhancements only in the range 50 to 80.

Colloidal particles may also serve to provide a controlled surface. In addi-
tion, the only definitive theory, that outlined in this report, is applicable
to colloids. SERS signals have been observed from polymers adsorbed on these.
For example, metal colloids utilized as catalysts in the photochemical split-
ting of water are frequently stabilized by polymers. Since subtle changes in
polymer structure appears to affect the stability and thereby the catalytic
activity (Ref. 45), it is clear that SERS could potentially provide structural
information to account for such effects. Indeed, SERS has been reported for
poly(vinyl alcohol), poly(vinyl pyridine), poly(ethylene glycol) (Ref. 46)
and polyvinyl (pyrollidone) (Ref. 47) on gold and silver hydrosols. The
degree of enhancement of the various bands in the spectrum made it possible
to suggest the manner in which each macromolecule was attached to the surface.

We have prepared a silver organosol in ethanol in which PVPR serves as a pro-
tective polymer coating (Ref. 48). SERS spectra exhibited chain vibrations
similar to other singly-substituted vinyl polymers. By coadsorbing a chromo-
phoric molecule, dabsyl aspartate, it was possible to delineate separately
the effects of normal Raman and resonance Raman scattering on the same sur-
face. The competition of the polymer and the dye for surface sites was
studied and the effect of polymer molecular weight in this competition as well
as its effect on protection action by the polymer could be elucidated (Ref.
49).
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