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Abstract

SURFACE ENHANCED RAMAN SPECTROSCOPY ON ELECTRODES;
ENHANCEMENT MECHANISMS AND APPLICATION 

TO THE STUDIES OF FLAVIN MOLECULES

by

JIAXU

Advisers: Professor Ronald L. Birke and Professor John R. Lombardi

A comprehensive development of the charge-transfer theory of surface 

enhanced Raman scattering (SERS) is presented. It was done by incorporating the 

Herzberg-Teller mixing of zero-order Born-Oppenheimer electronic states by means 

of vibronic interaction terms in the Hamiltonian. The theory is comprehensive in 

tha t both molecule-to-metal and metal-to-molecule transfer is considered. Further­

more, both Frank-Condon and Herzberg-Teller contributions to the intensity are 

obtained. The former, however, contribute only to the intensity of totally sym­

metric vibrations, w hile the latter contribute to nontotally symmetric vibrations 

as w ell. The resulting formulas may be interpreted as a type of resonance Raman 

effect in which intensity for the chai'ge transfer transitions is borrowed from an 

allowed molecular transition. Based on this theory and the electromagnetic 

enhancement factors obtained from the small sphere model, the determination of 

molecular orientation at metal surfaces is discussed and applied for pyridine 

molecules on a Ag electrode at different potentials.

The surface enhanced Raman scattering (SERS) spectroscopy of protein-free 

flavin in different redox states was investigated at a silver electrode. Good quality 

spectra for oxidized flavin w ith an excitation frequency w ith in  the absorption 

band (488 or 514.5 nm ) and out of the absorption band (yellow-red region) are 

reported. Fluorescence interference from the flavin is nearly completely quenched



by the surface interaction. The bonding sites of the flavin on a silver electrode 

appear to be at Ns and 0 4 positions of the isoalloxazine ring based upon the results 

of Nj-H deuterium substitution and from the SERS spectral analysis. Reduced 

flavin did not exhibit a w ell defined SERS spectrum, probably because of the break 

down of the surface complex. The SERS spectrum of the neutral semiquinone radi­

cal, as an intermediate of the tw o single electron reduction steps, was observed in 

acidic solution w ith  yellow or red excitation. The utility  of SERS as a technique 

for probing the existence of an unstable intermediate species at the electrode sur­

face is demonstrated.
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CHAPTER 1 

INTRODUCTION

i

An interface is the junction of tw o  substances or of tw o phases of the same 

substance. The physics and chemistry of interfaces is becoming more and more 

important as an exciting field of basic research as well as in the development of 

devices and technology. One of four reports requested by the President’s science 

advisers for "Research Briefings 1986" is addressed to this subject and titled as 

"Field of Interfaces and Thin Films Ripe for Discoveries" 111 This current interest 

in interfaces reflects both tim ely opportunities in basic science and great pervasive­

ness in technology:

A broadly important problem in science is the basic relations between macros­

copic properties of m atter and atomic structure. Interfaces, of which the detailed 

structures can be manipulated w ith  greater control than can those of bulk solid or 

liquids, provides particularly attractive systems w ith  which to study these basic 

relations.

The structure, properties and reactivity of m atter at an interface can be very 

different from those of m atter in bulk. Technologically important physical and 

chemical properties, e-g., strength, corrosion resistance, biocompatibility, catalytic 

capability etc. are often determined by the characteristics of interfaces and thin 

films.

However, understanding and controlling interface properties have been 

difficult because of the small quantities of material present in most interfaces rela­

tive to the bulk, and because many of the interfaces of greatest interest are 

"buried" inside solids or under liquids. The bonding and electronic structure of
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most interfaces are still poorly understood and no technique for establishing those 

structures is universally applicable. Much of the information about the structures 

of interfaces has come from forms of spectroscopy applicable only to sol id-vacuum 

interfaces, such as high resolution electron energy loss (HREEL) [2], ultraviolet or 

X-ray photoelectron spectroscopy (UPS or XPS) [3,4], Auger electron spectroscopy 

(AES) [5] and secondary ion mass spectroscopy (SIM) [6,7). Now, however, tech­

niques capable for characterization of solid-gas, solid-liquid and solid-solid inter­

faces are emerging [l]. Surface enhanced Raman spectroscopy is one of these newly 

developed techniques.

In 1974, Fleishman, Hendra and McQuillan [8) observed Raman scattering 

from pyridine adsorbed on a roughened silver electrode in an electrochemical cell. 

In 1977, a calibration of the Raman signal from pyridine on silver electrode was 

made by Jeanmaire and Van Duyne [9] and independently by Creighton and 

Albrecht [101 Both groups found tha t the Raman signal per adsorbed molecule 

was roughly six order of magnitude larger than that obtained from a molecule in 

solution. Soon after these initial reports the effect was also observed on colloidal 

[11,12], Ag island film [13], u ltra  high vacuum [14] and tunnel-junction [15,16] 

interfaces and was termed Surface Enhanced Raman Scattering (SERS). It is possi- 

bly the most sensitive (10 monolayer) surface high resolution (1 cm '1) and wide 

region (100-4000 cm '1) vibrational spectroscopic technique available for all 

material phases (vacuum, gas, liquid, and solid) in contact w ith  certain metal sur­

faces [17]. A great interest was aroused in the physics, chemistry, and material sci­

ence research communities to study SERS both as a fundam ental phenomenon and 

as a new technique.
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A large number of scientists w ith  widely varying backgrounds and 

approaches joined in the quest for the enhancement mechanism. It has turn out to 

be difficult and exciting because at least tw o kinds of mechanisms, very different 

in their microscopic origins, appear to be involved in different proportions depend­

ing upon the systems under investigation [18-241 These studies have been shown 

to be valuable not only for the understanding of SERS itself but, through it, the 

knowledge of the various forms of interaction among photons, molecules and metal 

surfaces in general.

This w ork is conducted using the metal-solution interface in an electrochemi­

cal cell. Its aim is to develop both a theoretical understanding of the phenomenon 

and an application of the SERS for determining the bonding structure of adsorbates 

and the electrochemical reaction mechanisms at an electrode surface. The experi­

mental methods w ill be discussed in chapter 2. A detailed review on various 

theories is given in chapter 3 to describe and reveal the nature of the problems and 

to outline the present research themes. In chapter 4, a comprehensive development 

of the charge-transfer theory of SERS is presented together w ith  a discussion on 

the variability of the total intensity of SERS as a function of excitation energy, 

applied potential and molecular orientation at the surface. The application of SERS 

to the study of the electron transfer mechanisms of flavin reduction reactions is 

demonstrated in chapter 5.
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CHAPTER 2 

EXPERIMENTAL METHODS

In this chapter a brief account is given of the equipment and the experimental 

procedures employed in this work, together w ith  some general remarks regarding 

the oxidation-reduction cycle (ORC) pretreatment. A block diagram for the spec- 

troelectrochemical apparatus sufficient to give SERS w ith  a conventional photon 

counting apparatus and a computer interface, as used in our laboratory is shown in 

Figure 2-1. It consists of three major parts: Cl) a laser radiation source, (2) a spec­

tral detecting device, and (3) the electrochemical cell and instrumentation. The 

details of each part and the pretreatm ent procedures w ill now be described.

2.1 Laser Radiation Source and Optical Set-up

A continuous wave laser is used as the radiation source in the SERS experi­

ments. A Spectra Physics 164 argon ion laser provides tw o  strong ( >  1 W ) lines at 

488 and 514.5 nm, and several moderate lines in the frequency region from 457.9 

to 528.7 nm. are also produced. Laser lines between 550 and 630 nm are obtained 

w ith  a Spectra Physics model 375 tunable dye laser excited by the argon ion laser. 

A Spectra Physics 2000 krypton ion laser gives a strong line at 647.1 nm. An 

interference filter is used to eliminate unwanted lasing lines from gaseous ion 

lasers. A lternatively, a grating can be used to spatially reject these lines. The laser 

beam is then focussed to a spot on the electrode surface.

A collection geometry is fixed at 90° angle between the incident light and the 

collected scattering light. The angle of incidence is varied by rotating the electrode 

on a x-y-z micro-positioner. Since monochromators have different sensitivities to
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Figure 2-1 Block diagram of a spectroelectrochemical system for recording SERS.
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light of different polarizations, a scrambler (calcite wedge) is placed in front of the 

entrance slit to scramble the polarization. The laser power on the electrode is usu­

ally set in the range of 20-100 mw.

2.2 The Monochromator and Detection System

2.2.1 Scanning monochromator

SPEX 1401 double monochromator is used to disperse the SERS light and a 

cooled FW 130/72 pholonmultiplier (PM) tube serves as the detector. The disper­

sion d \/d l  (X is wavelength and 1 is the slit w idth) is 1.31 xlO"6 and for a 50^t slit 

w idth and visible light, the resolution is ca. 2 cm '1. The output anode pulses of 

the PM tube are fed to a low noise amplifier whose output then goes to a pulse- 

height discriminator. The pulse-height discriminator level is set to pick up the 

largest number of signal pulses while rejecting background (dark current) pulses. 

The shaped pulses are then counted by logical level digital counters which are 

interfaced to a laboratory digital computer. The spectrum could then be stored on 

magnetic medium and displayed through an oscilloscope monitor or in hard-copy 

form on a digital plotter or x-y recorder. This instrument gives accurate band posi­

tions and accurate relative intensities for a time stable spectrum.

2.2.2 Optical Multichannel Analyzer (OMA)

In order to suppress the grating scattering from the Rayleigh light, a triple 

monochromator is used where the front end is a double monochromator in a sub­

tractive dispersion mode. This stage produces a non-dispersed spectrum rejecting 

nearly all of the Rayleigh scattered light. The final stage is a single grating mono­

chromator which disperses the spectrum on a flat focal plane coupled to the detec­

tor.
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The dispersed photons striking a multichannel detector produce a charge pat­

tern in the diodes which can be periodically read out into an interfaced computer. 

The complete instrum ent is usually referred to as the Optical Multichannel 

Analyzer COMA). The spectral range and resolution can be adjusted by changing 

the last grating. A 1200 gr/m m grating is usually used which gives a spectral 

region ca. 800 cm '1. A wavelength calibration is done w ith  the emission lines of a 

neon lamp. The Raman shift of recorded spectra is in wavelength which can be 

converted to wavenumbers by a computer program.

The use of an OMA device for recording SERS spectra has the advantage of 

not only fast recording of a single spectrum but also allowing successive spectra to 

be recorded as a function of time for kinetic studies or as a function of electrode 

potential for three dimensional recordings of SER intensity-cm"1-potential plots.

2.3 The Electrochemical Cell and Instrumentation

A simply constructed electrochemical cell for SERS is shown in Figure 2-2. 

The bottom and one side of the cell are made w ith optically flat quartz windows. 

The working electrode potential is controlled w ith respect to a reference electrode 

by a potentiostat that provides current through the counter electrode. For aqueous 

electrolyte solutions, the counter electrode is a platinum  wire and the reference 

electrode is a saturated calomel reference (SCE). The working electrode can be con­

structed from a 99.9995 pure SERS active metal w ire (e.g. Ag, Au, and Cu) which 

is embedded in a teflon cylinder. The electrode is cut at 45° angle to facilitate the 

90° scattering w ith  the laser beam entering from the bottom of the cell. The cell 

has provisions for inert gas (N2, Ar or He) bubbling for deoxygenation, a port for 

adding chemical species or flushing through blank electrolyte, and a port w ith a
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Figure 2-2. Electrochemical cell for SERS.
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stopcock for removing solution while the cell is still positioned in the spectrome­

ter. The latter feature is handy for flushing out the cell w ith  blank electrolyte 

solution, while the working electrode is under potential control, w ithout changing 

the optical alignment. This technique may be used to separate the Raman scattering 

of an irreversibly adsorbed species from that of an intense resonance Raman or 

from the fluorescence interference in solution.

Another w ay to eliminate the fluorescence interference from the solution is 

by placing the working electrode very close to the front window. The working 

electrode is put into the cell from the back. The light path from the electrode sur­

face to the front window can be as short as 2 mm. With this cell, in-situ SERS 

studies of electrochemical reaction mechanism can be carried out for fluorescent 

molecules.

Working electrode potentials are controlled relative to the SCE by a potentios- 

ta t (PARC 173), which has a built-in coulometer (PARC 179) allowing the charge 

passed during an ORC pretreatment to be read o u t Potential square waves or 

cyclic potential ramps can be applied to the potentiostat input from a waveform 

generator (PARC 175). Outputs from the waveform generator and the current fol­

lower circuit of the potentiostat are connected to the inputs of an x-y recorder or 

an oscilloscope (if the sweep rate is higher than 0.1 V/s) for recording the varia­

tions in the cell current w ith  applied potential, Le., cyclic voltamogram.

2.4 The Pretreatment and Electrochemical Measurement

The working electrode is first polished w ith  a finely divided alumina (0.3 

micron) slurry and then cleaned w ith  deionized distilled water. The initial poten­

tial is set negative to the onset of silver oxidation and the electrode potential is
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either stepped or swept to a potential where silver oxidation occurs. The dwell 

time at the positive limit is 1-5 seconds and a 20-50 mV/s scan rate is usually used 

in sweeping pretreatm ent The up-limit and low-limit of an ORC depend on the 

oxidation potential of the metal in a given electrolyte solution. Some examples are 

listed in Table 2-1. Generally, the electrolyte anion should have a small Ksp

w ith  Ag+ when the probe molecule is a cation or weakly adsorbed neutral 

molecule, whereas KN03 or K2S04 is best used for an anion or a strongly adsorbed 

molecule. In the former case, such as pyridine and pyridinum, Cl" ions will be 

coadsorbed w ith  the sample molecule. In the latter case, however, Cl” ions w ill 

compete w ith  the sampling species in the adsorption so that, e.g., a better riboflavin 

SERS spectrum was obtained from K2S04 solution than from KC1 solution.

Illumination w ith  laser light during ORC pretreatment gives an additional 

enhancement of as much as ten-fold in most cases. However, it often leads to 

larger irreproducibility, causing appearance of some new bands or spectral changes 

in relative intensity in some systems. In order to compare the SERS spectra of 

different excitation frequencies, the ORC pretreatment should be done in the dark.

When sample molecules are added after an ORC pretreatment to a pure elec­

trolyte solution, the SERS spectrum obtained is usually much weaker than that 

from the one pretreated in the presence of the sample molecules. To avoid oxida­

tion of the probe molecule during the ORC in some cases, a rough surface cm  be 

made by a direct reduction of the added Ag+ ions in the sample solution. The SERS 

intensity is thus comparable w ith  that obtained in the normal way.
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Table 2-1. ORC Pretreatment of a Ag Electrode in Several Electrolyte Solutions

electrolyte(0.1 M) Ksp w ith Ag+ uplimit (V) Stable
KN03 0.55 0.20
k 2so4
KC1

1.4X1 O'5 0.50 0.00
1.8X10"10 0.25 -0 .20

KBr 5.2X10"13 0.10 - 0 4 0
K1 &3X10'17 -0 .1 0 -0 .6 0
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CHAPTER 3 

SURFACE ENHANCEMENT MECHANISMS

3.1 Raman Intensity and Enhancement Sources

When electromagnetic radiation interacts w ith matter the oscillating elec­

tronic field causes the matter to oscillate at the same frequency as the radiation. 

This response is expressed in terms of the induced dipole moment, which may be 

w ritten

fi = otE + E X E  (3-1)

where E (=E0cos<«>t) is the electric field due to light of frequency <o and a  is the 

polarizability, x is the third order susceptibility. This expression may clearly be 

expanded to include higher order terms. Note that since the dipole moment is a 

vector quantity, as is E, a  is then a second rank tensor and x is a third rank tensor. 

Most normal and surface enhanced processes of interest depend only on the polari­

zability a .

The oscillations induced through the polarizability cause the matter to radiate 

light in all directions at the same frequency as the incident lig h t This process is 

known as Rayleigh scattering. We may understand this process more easily if we 

consider classically an electron of charge of -e bound elastically to an equilibrium 

position at which there is a charge +e. In the presence of an oscillating electric field 

the classical equation of motion is:

md 2r  /  dt 2 + kr = —eE qCosait
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Here r is the displacement of the electron from the origin and k is the force 

constant binding the electron. Letting g>0 =  (k /m )1/2, the steady state solution to 

this equation is:
i

— e E  qCosb i t  a
r  ~  --- 7—5--------3T =  ~ ~ E  oCOSWfm Kbiif — (a ) e

where we obtain an expression for the classical polarizability oe by recognizing the 

classical expression for the dipole moment fi =  er. An electron w ith  an accelera­

tion a w ill radiate an amount of energy equal to 2e2a2/3c3 in one second where c 

is the speed of light. Since a — d2r/d t2 averaged over time we obtain a classical 

expression for the radiated energy to be E02a 2o>4/3c3, we must then average over 

all directions in space, obtaining for the scattered intensity

/  =  &iroi4]L a 2/ 9c 4 

in terms of the intensity of the exciting light

11 = cE o /  87t (3-2)

In addition if the matter itself has natural oscillation frequencies coIF (such as the 

normal modes of a molecule, or phonon modes of a crystal) some light w ill also be 

radiated at the sum and difference frequencies ea ±  o>IF. This process is known as 

Raman scattering. In order to conserve total energy in this process the matter is 

left either in a state of lower energy (for the sum, called the anti-Stokes spectrum) 

or higher energy (for the difference, called the Stokes spectrum). The total inten­

sity of scattered radiation in photons per molecule per second, for a transition from 

the initial state I to the final state F is given by the expression:

1 =  T / 9c4I L a 2 (3-3)
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or

/  = (01 ao]F ? /  9c *E o2 a 2 (3-4)

For molecules adsorbed at a metal surface, one may consider tw o different 

enhancement sources:

1) an increase in the local field, E, experienced by the molecule adsorbed at the 

metal surface.

2) an enhancement of the effective polarizability, of the metal/molecule 

system.

This distinction is convenient since field effects can be considered as strictly elec­

tromagnetic interactions of the dipole and the surface field, whereas chemisorption 

and other interactive effects can be modeled as modifications of the molecular 

polarizability. The enhancement of Raman scattering from both sources is a com­

plex effect, and an extensive and diverse body of work has been developed to 

explain the phenomenon. In order to understand the respective contributions from 

various mechanisms to the observed enhancement in different systems, we review 

the theoretical works in three steps: 1) the mechanisms which require the mere 

presence of a conducting surface; 2) the electromagnetic enhancement by rough 

metal surface 3) the chemisorption effect on the polarizability.

3.2 The Effect of a Smooth Metal Surface on Raman Scattering of 

Adsorbed Molecules

SERS was discovered at rough metal surfaces. However, in early studies of 

surface enhancement mechanisms theoretical models pertaining to smooth surfaces 

were invoked to help in understanding the SERS on a rough surface. The role of 

roughness cannot be completely understood w ithout these studies. Besides, to
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observe SERS at a smooth metal surface is very attractive from the technological 

point of view.

3.2.1 Image Field Effect (IFE)

In the simple image field effect (IFE) model, a point dipole is used to represent 

the oscillating dipole moment induced by the incident electromagnetic field. The 

metal surface boundary is assumed to be sharp and the metallic dielectric constant 

is assumed to be that of the bulk. The image dipole plus the original dipole can 

give rise to a very large electronic polarizability derivative relative to the molecu­

lar vibration coordinate (i.e., the Raman scattering cross section) when the 

molecule-metal separation distance is in the order of a few angstroms [25-291

The relation for the dipole moment (i induced by the local field can be 

expressed by

where <*0 is the polarizability of the free molecule, E0 is the incident field and 

Eimage at molecule which is caused by the image of the molecule in

the adjacent metal. Since the entire system responds as a whole, the effective polar­

izability of the molecule in the presence of the surface can be defined as

As Ofo^image^ denominator of (3-6) goes to zero causing the effective

polarizability to be greatly enhanced over the free molecule polarizability. This 

indicates that the singular nature of the Coulomb interaction of a point dipole 

w ith a metal surface may be an important source of the surface enhancement

ti = a 0(£ 0 ^  image ) (3-5)

(3-6)
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Since Ejmage =  /ry/4R3, where R is the separation of the induced dipole from the 

metal surface and y  =  (eM — eA)/( eM +  «A) w ith  cM and eA being the frequency 

dependent dielectric constants of the metal and adsorbate, respectively, « eff 

becomes

a e f  f  =  a  0 1 - y<*o 
4/? 3

-1
(3-7)

and its derivative relative to the molecular vibration coordinate Q w ill be

f  f  _
~ d Q

d<*o(<2)
e e

(3-8)

Since normal Raman intensity is proportional to (0a(Q)/QQ)2, the enhancement 

factor G w ill be in fourth order of a eff/ a Q and thus tw elfth  order of 1/R,

g  = \aef j— r  = ii -  ^
I «o I I 4 /f3 I

(3-9)

From this formula an enhancement factor of 106 can be obtained at very 

small R However, the R '12-dependence which predicts that changes in R of only a 

few hundredths of an angstrom w ill drastically affect the enhancement of the 

scattering is somewhat unphysical. Experimentally, image field theories have been 

shown to describe successfully the nonradiative decay of molecular electronic exci­

tations for distances as close as 7 A to the surface [301 At shorter distances, how­

ever, the approximations are less valid; image calculations of frequency shifts of 

molecular excitations for molecules on the surface have been shown to be seriously 

in error [311

There have been several attempts to eliminate approximations in the simple
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image model as sources of error in calculations. The point dipole is replaced by a 

sphere of finite radius [32] and by wavef unctions [33,34] and the sharp boundary is 

replaced by a continuous variation of electronic density across the interface [35-371 

The bulk k-independent dielectric constant e(e>) for the metal is replaced by a 

nonlocal k-dependent dielectric response function etk.to) to better account for the 

electron screening around the localized molecular adsorbate [32, 35-39]. Coupled 

eigenstates or coupled excitations of a physisorbed molecule and surface plasmons 

in the metal are treated quantum mechanically [39l Finally, molecule-molecule 

interaction giving rise to a surface coverage dependence is also accounted for [281 

The main consequences of including these corrections in the image enhancement 

are a decrease in the maximum enhancement predicted at small distances. A 

decrease by a factor of 100 occurs for inclusion of nonlocal effects, and a further 

decrease of I02-103 occurs for inclusion of the effects of finite dipole size, resulting 

in an enhancement factor of less than 102.

3.2.2 Reflectivity Modulation (MP)

One of the models of this category proposed by McCall and Platzman [40] 

involves chemisorption at a metal surface. The Raman cross-section is enhanced by 

motion of charges from the metal into the molecule during nuclear vibrations. 

Motion of the adsorbate along the metal-adsorbate bond w ith  an amplitude Ar pro­

duces a change in the metal susceptibility Ax in a volume of metal involved in the 

charge transfer that is given by

A X = ^ i i A r  (3-10)
to  to

where q is the amount of charge transferred to the surface. The quantity 0x/$q >s 

estimated from a free electron model of the metal where
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to 2
€M = 1 -  '  = 4 n X +  1 (3-11)

to*

Putting an extra electron per unit volume into the metal surface results in a 

change in the derivative of the susceptibility Qx/Qq by e2/mw2. This results in a 

calculated Raman cross-section of

(Ar )2 (3-12)a<r _  1 e 2
2

a?
a n  3 m e2 dr

Estimating Qq/Qr as 0.2 electron/A and Ar as 0.1 A, an enhancement of approxi­

mately 20 is predicted for a molecule in a chemisorbed system where there is 

vibrational displacement of the atom bound to the surface.

A similar reflectivity-modulation model was proposed by Otto [41] and 

developed by Maniv and Metiu [42], It is based on the microscopic theory of 

reflection by a metal surface: reflection occurs when the metal absorbs a photon to 

create an electron-hole pair, which then recombine and emit a reflected photon. 

When a molecule is present on the surface the electron (or hole) can interact w ith 

the molecular ion cores through Coulombic forces and excite them vibrationally. 

The photon emitted by subsequent electron-hole pair recombination has the fre­

quency to — o>IF and is detected as a Raman photon. The model calculation is very 

complex and has used the jellium approximation w ith  an infinite barrier 1.624 A 

from the jellium edge to described the metal surface. It was found that if the 

charge oscillating at the vibrational frequency is very close to the jellium edge 

(less than 0.5 A) a polarizability enhancement as large as 104 can be obtained- This 

large an enhancement, however, can only occur when the oscillation of nuclear 

charge can effectively induce electrons near the jellium edge to follow their oscil­

lation.
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3.2.3 Surface Plasmon Polaritons (SPP)

Differing from the above tw o models in which the enhancement results from 

the high effective polarizability, the SPP model gives rise to SERS through an 

enhanced local electromagnetic field. There are several ways of obtaining enhanced 

surface fields at the site of an adsorbed molecule. On a sinusoidally modulated 

metal surface w ith the product of incident wavevector and modulation height k£ 

«  1 , propagating surface electromagnetic waves can exist that an basically the 

well known surface plasmon polaritons (SPP, sometimes called just a surface 

plasmon) of a flat metal interface. This nonradiative mode can be excited by phase 

matching w ith  the incident wavevector along the surface at appropriate optical 

frequencies. A solution of Maxwell’s equations at the interface of a metal w ith 

dielectric constant in contact w ith  a medium of dielectric constant eA >  0,

gives the following equations for the electric fields of a plane wave at the inter­

face:

Eq. (3-12) is for the region above the metal (z > 0 )  and Eq. (3-13) is for the region 

inside the metal (z < 0). The boundary condition for continuity of the z-component 

of the electric field at the interface gives the following relation:

E = E  oe x(l, 0, ik /  (A: 2~ € a u>2/ c 2)2)e 

E  = ~iU x(l, 0, ik / (4 2- e a; to2/  c 2)2)e

(k €A; (O2/  C 2)l! 2 {k 2—€A 0)2/  C 2)1' 2
or

2 _ 0)2 €aJ 
C7  €.4 + €a/ (3-14)

Such a surface wave is termed a SPP and Eq. (3-14) gives an explicit expression for
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the magnitude of the wavevector of this mode as a function of frequency. SPP is 

confined to propagation along the interface and its electric field intensity rapidly 

decays into the metal and decays into the medium above the metal w ith  a scale 

roughly equal to the wavelength of light [43].

When light is incident on the metal surface it couples only to excitation 

whose surface wavevector k is equal to the component of the wavevector of the 

incident light kL that is parallel to the surface. The parallel component of the 

light is given by k L =  (Wc)sina' where a  is the angle of incidence of the light 

wave. The electromagnetic field on the interface becomes large when this reso­

nance condition (k = k L) is reached [44l Consequently, w hen molecular adsorbates 

are situated on this interface, the molecules experience a much larger intensity 

resulting in an enhancement in Raman scattering. The enhancement is proportional 

to l / c 2, the imaginary part of the dielectric constant of the metal [45-481 so that 

SPP can only be excited on metals w ith very little damping: Le. Ag, Au, Cu, A1 

and alkali metals, etc.

Weber and Ford [49] have calculated the maximum enhancement in the local 

field intensity E2 of the incident light at Ag, Au and Cu surfaces due to the excita­

tion of SPP derived on the basis of energy conservation. They obtained maximum 

enhancements of 100-300 throughout the visible region for Ag and ca. 10-100 in 

the red for Cu and Au for perfect couplers. This is consistent w ith the enhance­

ments of 25-80 observed in experiments on silver using both grating [50] and 

prism coupling [51].

For randomly rough surfaces, Jha et al. [52] excited their first order SPP 

theory for a single small amplitude grating to a sum of small amplitude Fourier
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components of the roughness. Their calculated enhancements of up to 104 are an 

overestimate due to the neglect of the effect of roughness on the SPP themselves 

[491 Weber and Ford [49] claim that due to absorption the enhancement for ran­

domly rough surfaces is ca. 1 by energy conservation arguments. Arya et aL [53] 

have used a non-perturbative Green’s function method to solve for enhancements 

of the incident field intensity on surfaces w ith Gaussian roughness and obtained 

enhancements of ca. 103 for Ag and ca. 102 for Au and Cu. Aravind and Metiu 

[54] have calculated the enhancement of the radiation from a dipole located over a 

randomly rough surface w ith  rms amplitude 8 =  30 A and found an enhancement 

of ca. 10. To sum up, estimates of the total incident and scattered field enhance­

ment by coupling to the considerably broadened SPP of a randomly rough Ag sur­

face range from 1 to 104.

However, experiments have shown that much larger Raman signals can be 

detected when the metallic film is too thin (e. g. 5 nm) to sustain propagating SPP 

[55-571 Such thin films rather exhibit islandlike structures when examined by 

SEM. The detected Raman effect was also found to be considerably larger after 

electrochemical oxidation and reduction had slightly roughened the surface of a 

thick smooth Ag film that had been optimized for SPP resonances [58,591 These 

experiments have clearly illustrated that delocalized SPP alone do not give rise to 

SERS, though, in certain case, these propagating plasmons can give rise to an addi­

tional electromagnetic enhancement of 10-100 times, which may account for the 

incidence-angle dependence of SERS intensity observed in experiments [60-621

3.2.4 Conclusion

After years of studies, it becomes clear that surface roughness both in submi­

croscopy and atomic scale is necessary for the giant enhancement. IFE, MP and SPP
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mechanisms appear to be not practically important in most cases. Actually, the 

multichannel detection instrument has now enabled us to detect surface Raman 

scattering w ithout enhancement Compion and Mullins [63] have reported no 

enhancement of the Raman scattering cross section for pyridine at 120 K on the 

(100), (110) and (111) faces of silver in ultrahigh vacuum. The observed frequen­

cies are essentially not shifted from those of liquid pyridine; intensity ratios are 

similar to the liquid; the signal intensity is linear in coverage from submonolayer 

to multilayer; the depolarization is low. These observations are in marked contrast 

to those associated w ith  SERS Although there have been many conflicting and 

irrepreducible experimental results, general agreement on the following observa­

tions is now in order, which outline the extent of SERS and its characteristics as 

well as motivate the mechanistic discussion.

1. SERS occurs for a variety of molecules adsorbed on the surface of relatively 

few metals. The effect has been confirmed for silver, copper, gold and alkali 

metals that are highly reflective in the visible.

2. Surface roughness appears to be required. The major contribution can be either 

submicroscopic roughness (features of dimension 10-200 nm) or atomic scale 

roughness (steps, kinks, adatoms, or vacancies, for example), depending upon 

the system.

3. The enhancement may be remarkably long-ranged depending upon the surface 

topography. Appreciably enhanced scattering has been observed for molecules 

separated by tens of nanometers from the surface.

4. The excitation profile (dependence of the scattering intensity upon exciting 

frequency) deviates markedly from oi4, displaying broad resonances in 450- 

700 nm region for Ag and 600-700 nm for Au and Cu.
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5. The intensities of Raman bands generally fall off w ith increasing vibrational 

frequency.

6. The Raman bands are completely depolarized.

7. Molecules adsorbed in the first layer are often distinguishable from those 

adsorbed in adjacent layers by shifted vibrational frequencies, by the appear­

ance of new bands and by larger enhancement factors.

8. Selection rules for Raman scattering are relaxed, resulting in the appearance 

of modes that are normally Raman inactive and even infrared inactive in the 

gas phase.

9. Surfaces that support SERS invariably display a weak continuum inelastic 

scattering, even in the absence of an adsorbed species.

10. Vibrational frequencies and excitation profiles are both functions of the 

applied potential in electrochemical experiments. The dependence of SERS 

intensity on excitation frequency and the applied potential is different for 

different vibrational modes.

Currently accepted mechanisms for SERS fall into tw o classes: electromag­

netic and chemical. The former gives rise to SERS via enhanced local electromag­

netic field and the latter contributes to SERS via an increased polarizability. The 

electromagnetic (EM) mechanism involves the excitation of conduction electron 

resonances at a rough metal surface by both the incident laser and the Raman oscil­

lation. It addresses the interaction between the electromagnetic field of radiation 

and the conduction electrons at the metal surface. The effects of dielectric con­

stants of the metal, the surface morphology, the separation between adsorbed 

molecules and metal surface enter into SERS via this field enhancement mechan­

ism. The chemical mechanism, on the other hand, considers the interaction
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between the adsorbed molecule and the metal surface. Theories of this class draw 

an analogy to resonance Raman scattering, involving adsorption induced charge 

transfer states as resonance intermediate states. These theories explain the roles of 

atomic structure of adsorbafe-substrate and the applied potential in an electro­

chemical cell. Detailed discussions on these tw o kinds of theories w ill be made in 

the next tw o sections.

3 3  Roughness and Dipole Surface Plasm ons (DSP)

The surface of SERS-active electrodes are very rough on a submicroscopic 

scale. The dissolution and redeposition of many layers of silver produce a surface 

that is covered w ith bumps of diameter 20-500 nm revealed by SEM photographs. 

These bumps can be approximated as spheres, hemisphere, and prolate spheroids 

[64,651 In addition to rough electrodes, SERS has been observed for molecules 

adsorbed on colloids (resembling spheres) [66], on silver island films (resembling 

oblate spheroids) [67-691 and on silver ellipsoids prepared by evaporation on silicon 

posts[70l These small structures all support electromagnetic resonances that are 

localized surface plasmons. The EM theory for localized plasmons has been 

developed for various isolated microstructures, such as, spherical particle [711 

spheroids [72l prolate spheroids [73] and various other geometries [74].

3.3.1 Sm all Sphere Model

The simplest model used to calculate the EM enhancement by localized sur­

face plasmon resonance is an isolated small sphere particle. If a spherical metal 

particle has a radius a which is small w ith  respect to the wavelength of the laser 

light, i.e. k  »  20a, the theoretical treatment of the electromagnetic enhancement 

factors is reduced to an electrostatic problem. The problem of finding the electric
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field at R, where the molecule is located is treated by solving the Laplace equation, 

yi> =  0 for the electrostatic potential, d>, w ith the appropriate boundary conditions. 

The electric field is then found from the negative gradient of the electrostatic 

potential. The boundary conditions are

a) the potential a t infinity — — E^rcosQ

b) the equality of the tangential electric field at r =  a

_ 1  ! d * m  !  1  [ d 4 u  ]

a I Q0 \t=a ~ a | ~ p -  \,=a

c) the equality of the normal electric displacements at r =  a

-M ■ -  €0I 0r  lr =o I dr l, =fl

where eM and eQ are the dielectric constants of metal particle and its surround­

ings, respectively; d>in and <J>out are the potentials inside and outside the metal 

sphere, respectively. The solutions are given in textbooks and for the potential 

outside the sphere it is found to be [75]

4> = — E  or cosO + g (a3/  r 2)E ocos0 (3-15)
w ith

_  6A/ (^) — €0
^ ea/ it**) + 2e0 (3-16)

The first term in Eq (3-15) is the incident field and second term is from the field of 

an electric dipole located at the center of the sphere w ith  polarizability ga3 

oriented in the direction of the incident field. Thus the local electric potential at 

position R is equivalent to that generated by the applied incident field and a 

reflected field produced by the metal sphere. The incident field polarizes the metal
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sphere so that there develops surface charges of opposite sign on either side of the 

sphere which alternate w ith  frequency as the electric field of the incident light 

changes sign. This mode is called a localized dipolar surface plasmon (DSP). In the 

long wavelength approximation, modes from higher multipoles need not to be con­

sidered. In contrast to the SPP’s at a plane surface discussed previously, DSP’s are 

radiative and can be excited by light incident on the sphere.

The average field in the radial direction, E^ , at position R is found from the

potential as given by Eq. (3-15) by taking the derivative w ith  respect to r, i.e., En

=  — t)$/0r. The root mean square value comes from integration over the elements 

of solid angle d f l=  sin0d0dd> w ith limit of 0 =  0 to ir and d> =  0 to 27r.

Ej, -  < E 2>V 2 = (1/ 3)1' 2E  oil + 2g {a /  R )*] (3-17)

Similarly, the tangential electric field components is obtained by the differentiation 

of Eq. (3-15) according to Et =  — (l/rXQO/00 ) and integration over the elements of 

solid angle,

E, -  <E, 2>J/ 2 = (2/ 3)1'  2E d i ~ g ( a /  R )3] (3-18)

Thus the electromagnetic (EM) enhancement factors can be defined,

LnKw) = = i [ l  + 2g < ° )3]2 (3-19)
E o 3 E

and

L,Ku ') = I f j - g C ^ ) 3]2 (3-20)

There is also a fu rther EM enhancement effect to consider which is caused by 

the oscillating molecular dipole a t position R inducing a dipole in the metal sphere.
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Thus the metal sphere acts as an antenna for the near field of the oscillating 

molecular dipole and the emitted Raman radiation from the molecule at scattering

frequency o>s is then enhanced by the presence of the metal particles The dipole of

the entire system, the so called emission dipole of the system, molecule plus metal 

particle, includes the effect of both the enhanced electric field and the antenna 

effect The antenna effect to a good approximation, has the same form as L2(co>, 

however, the frequency of light is now the Raman shifted scattering frequency, 

cos, giving a factor L2(o>s). This frequency is manifested in the dielectric function 

which becomes

_  6a* (&>,) — €0 / -  , . v
gs eAt H 2e0 

The total EM enhancement at a spherical particle w ill be

G = LKu} (3-22)

For a molecule adsorbed at a metal sphere (R=a) w ith its vibrational mode oriented 

normal to the surface, the average DPS enhancement is

G max = ) = 1(1 + 2g H i  + 2gs )2 (3-23)

From Eq. (3-16) it is apparent that when c ^ w ) =  —2e0, the value of g 

becomes infinite which would maximize G. However, the dielectric functions are 

complex variables so that a zero in the denominator of g giving as infinite enhance­

ment is, in fact, not possible since cM should be expressed as cM =  +  ic2. When

resonance condition tj(to) =  — 2c0 is reached, the value of g is then (—3e0 +  

ie2)/i€2 ant* for small i 2, lg2l =  3€0/e 2l2. Thus the value of the imaginary

coefficient of the dielectric function w ill determine the size of the enhancement at
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resonance and the smaller t 2 is, the larger w ill be the DSP enhancement. When 

the Raman shifted frequency &>s is not too far from the exciting frequency toL, an 

approximation for the average DSP enhancement from a spherical metal particle is 

obtained when g =  gs so tha t Eq. (3-23) becomes

(3-24)

Experimental values for Cj and c2 can be found for Ag, Au and other metals at 

optica] frequencies [76,771 For w ater at optical frequencies cQ =  1.77 and thus the 

resonance condition is Cj =  — 2c0 =  —3.54 which occurs at 382 nm for Ag. The 

imaginary component c2 is fairly constant and its approximately 0.3 in the 300- 

500 nm wavelength region for Ag according to the data of Johnson and Christy 

[76l This value gives a <33>of 1.7x10s for Ag at 382 nm w ith  the vibrational 

modes perpendicular to the surface. However, at 500 nm Cj =  —10 and letting 

<G> =  1/9(1 +  2g )4 give only 50 for the enhancement. Thus the DSP enhance­

ment w ith a spherical metal particle cannot explain the 105-106 enhancement 

found w ith  488 nm and 514 nm laser excitation on Ag.

3.3.2 Small Spheroid Model

A more general EM model which may be a better representation of electro- 

chemically pretreated SERS surfaces is to allow the metal particle to be a hemis­

pherical protruding from a conducting plane. The spheroidal cross-section has a 

semi-major axis of length a and a semi-minor axis of length b w ith  a focal point 

given by f =  (a2 — b2)1/2. The aspect ratio a/b  defines the nature of the spheroid 

such that the particle becomes a sphere for a/b  =  1, an oblate spheroid for a/b  <  1, 

and a prolate spheroid for a/b >  1.



Solving the electrostatic boundary problem for a prolate metal spheroid, two 

major results are found; 1) Resonance frequency shifts to longer wavelength as a/b 

ratio becomes larger. For Ag in water, it moves from 388 nm (a /b = l) to 480 nm 

(a/b=2) to 580 nm (a/b=3); 2) As the aspect ratio a /b  increases, the total enhance­

ment at the tip increases, because the electric field a t the tip is magnified. This is 

called the lightning rod effect. The maximum enhancement GM =  6.9x10s for a/b 

=  2 and GM =  6.0X109 for a/b =  3 Thus we see that the DSP resonance st a 

spheroidal metal particle and lightning rod effect can lead to extremely large 

enhancements for excitation throughout the visible region. Since in the actual 

experimental situation, there is a distribution of bump sizes and shapes on an elec- 

trochemically pretreated SERS metal surface and various possible molecular orien­

tations, only a fraction of the sites w ill show the maximum enhancement. Furth­

ermore, all molecules w ill not be located at the tip of the metal particles but w ill 

be distributed over the metal surface. These tw o effects greatly lower the net EM 

enhancement

3 3 3  Large Particle and Electrodynamic Effects

Another important factor, the electrodynamic effect tends to greatly lower 

the actually EM enhancement. SEM studies show that electrochemical pretreated 

SERS surfaces have particle sizes in the 20-500 nm range. For these large particles, 

a treatm ent based on the Rayleigh approximation (A./a »  20) is no longer valid. In 

this case an electrodynamic treatment based on Maxwell's equations rather than 

the electrostatic treatment using Laplaces equation is required. Such calculations 

have, indeed, been made using numerical solutions for the scattering problem 

[78,791 In such a treatment, multipole terms higher than the dipole term become 

important. The result is that L2(g>) decreases rapidly for radii above 10 nm [78l
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Thus for an aspect ratio of a/b  =  2 w ith  a =  100 nm, the numerical calculations 

show a 980 fold decrease in L^ta) over that calculated from the electrostatic limit. 

This means an 8.1X103 decrease in the overall EM enhancement. Considering that 

surface averaging also decrease the tip enhancement by about a factor of around 

17, we see that a maximum tip enhancement calculated w ithin  the Rayleigh 

approximation w ill be decreased by a factor of around 105 for the more exact 

treatment for large spheroids. Thus if all metal particles involved in the SERS 

scattering were spheroid w ith an aspect ratio of a/b =  2 and a semimajor axis of 

100 nm, the total DSP enhancement would be around 1X103.

33 .4  Summary

The first five experimental observations of SERS listed in section 3.2.4 can be 

qualitatively explained w ith  the EM mechanism. SDP resonance occurs when ReeM 

=  “ 2c0 at either the laser frequency or the scattered frequency. Both excitation 

and emission can be resonant simultaneously if the vibrational frequency shift is 

not too large. Calculated resonant regions w ith the experimental value of 

explains w ell the excitation frequency region for observing SERS at Ag, Au and 

Cu surfaces. At resonance, the enhancement is proportional to (Im eM)'4; this rela­

tionship explains w hy metals of high reflectivity (small Im are better enhanc­

ers. The long-range nature of the enhancement is described by the (a/R)12 depen­

dence — molecules 5 nm away from a 25 nm radius particle still show 11% of the 

enhancement of the first layer (R=a=25 nm j molecules. The fall off in intensity 

of high frequency vibrations is also explained; the driving field and scattered field 

cannot simultaneously excite the particle resonance if they are of very different 

frequencies. Apparent discrepancies found in the reports from different labora­

tories and poor reproducibility in quantitative measurements of SERS can be
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rationalized on the basis of different surface preparations, resulting in different size 

roughness features.

3.4 Chemical Adsorption and Charge Transfer Enhancement

3.4.1 Evidence for Chemical Enhancement

As mentioned before, electromagnetic mechanisms concern only metal-field 

interaction and an adsorbed molecule is simply assumed as a dipole located near the 

metal surface. However, the role of molecuie-metal interaction in SERS is impor­

tant as evidenced by molecule specificity of SERS. To say the least, widely variable 

SERS enhancements have been observed for molecules on surfaces having identical 

gas phase cross sections such as N2 and CO on silver [801 In general, molecules 

w ith  a lone pair of electrons, such as a nitrogen heterocyclic, show stronger 

enhancement than others [8 ll  Chemisorption induced enhancement is thus pro­

posed from these facts.

Further evidence for this additional mechanism beyond electromagnetic 

includes the first layer effect and the SERS active sites. Molecules adsorbed in the 

first layer are often distinguishable from those adsorbed in adjacent layers by 

shifted vibrational frequencies and different relative intensities. This indicates that 

a weak chemical bond is formed between the metal and the molecules in direct 

contact w ith  the surface. In an electrochemical cell the physisorbed molecules can 

be easily removed by replacing the sample solution w ith  the pure electrolyte solu­

tion after ORC, whereas the chemisorbed molecules remain at the surface. In our 

SERS study of the flavins (details are given in chapter 5), we found that 80-90% of 

the SERS intensity is retained after the replacement. This means that the observed 

SERS comes predominately from the first layer where the chemical enhancement
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mechanism may act in addition to the EM enhancement Other experiments 

further reveal that Ag adatoms or Ag clusters may have formed on a roughened 

Ag electrode, acting then as the so called SERS active sites [82,831 The SERS of 

w ater which is always present in contact w ith the metal has only been observed 

in presence of co-adsorbed halides. It is strongly dependent on the bulk solution pH 

and the type of cation in the supporting electrolyte. Fleischmann et al. proposed 

that this form of w ater exists in a complex involving halides and Ag atoms [84l 

Later investigators, w hile differing in detail, tend to agree w ith this concept. In 

order for SERS to be observed, water must exist at the active sites.

To study the role of active sites, several de-activation experiments have been 

conducted. The first experiment of this kind was performed by Wood and Klein 

[85] using pyridine on coldly evaporated Ag under UHV conditions. The observed 

SERS from such a system is irreversibly lost when the surface is annealed by 

warming to room temperature and then returning to the original temperature. 

Such experiments have been interpreted in terms of the loss of atomic scale defects 

during the annealing process [23l However, the nature of the annealing is still an 

open question and the possibility exists that macroscopic restructuring took place 

[861 An analogous process occurs for pyridine on electrodes which have been pre­

treated by an ORC and then held at potentials negative to —1.2 V vs SCE When 

the potential is brought back in a positive direction, short of that required for oxi­

dation of the Ag, the scattering intensity is not re-established [87-901 This 

phenomenon has been interpreted as resulting from the desorption of ligands from 

a SERS active silver adatom-ligand complex, allowing the adatoms to be incor­

porated into the metal lattice by surface diffusion and destroying SERS atomic 

scale active sites [891 Thus electrode potential quenching is analogous to the tem­

perature annealing.
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Another possibility for quenching SERS active sites in the electrochemical 

environment is by underpotential deposition of metals such as T1 and Pb [91-931 

A very small underpotential coverage of deposited Tl, about 3%, leads to almost 

complete quenching of SERS from pyridine on Ag [91-931 This quenching is 

irreversible since anodic stripping of Tl does not lead to restoration of the SERS sig­

nal. Underpotential deposition of Pb gives much weaker quenching and the 

quenching increases uniform ly as the Pb coverage increases [91]. The Tl experi­

mental results are interpreted in terms of the destruction of atomic scale active 

sites w ith  a Ag atom being replaced by a Tl atom at a SERS active site [91,921 Cu 

deposition on Ag leads to a shift in the pyridine spectrum typical of a Ag surface 

to that of a Cu surface at only 0.1 monolayer [93l All these results indicate very 

high enhancements for molecules adsorbed at atomic scale active sites.

3.4.2 C harge T ra n s fe r  Resonance Enhancem ent

It is well known that when a transition metal ion forms a complex w ith  a 

ligand, a new charge transfer, absorption band often occurs resulting in a color 

change. Very likely, a similar charge transfer transition takes place between an 

adsorbed molecule and the metal surface, especially when the molecule is chem- 

isorbed at the active site. The polarizability is thus increased by the resonance 

effect. This basic idea is supported by the following experimental findings:

Creighton et al. [l l] compared the optical absorption spectra of the Ag sols in 

presence and absence of pyridine. They found a new absorption band w hen pyri­

dine was added. The SERS excitation profile of pyridine on Ag sol exhibits a max­

imum at approximately the same wavelength as that of the new absorption band.

In an electrochemical cell, Furtak et al. found that the voltage at which the



34

intensity reached a maximum (Vmax) varied linearly w ith the excitation fre­

quency (o>). A similar experimental results for pyridine/Ag [95,96] and CNVAg 

[97] systems have also been reported by Otto and coworkers. A t about the same 

time, Lombardi et al. in our laboratory showed this effect to exist for a variety of 

molecules [981 They showed further that the molecules could be divided into two 

classes; those for which Vmax had a positive slope w ith <a and those for which the 

slope was negative. This effect could be correlated to the electron withdrawing 

ability of the ground or excited electronic states of the molecules involved. These 

facts are taken as strong evidence for the existence of a metal-adsorbate charge 

transfer resonance mechanism for SERS.

A direct observation of low energy charge transfer bands for pyridine and 

pyrazine on silver was obtained by Demuth and Sanda [99] w ith high resolution 

electron energy loss spectroscopy. For pyridine, an affinity level has definitively 

been identified by inverse photoemission a t 2-6 eV above the Fermi level by Otto et 

al. [1001

Based on these facts, a charge-transfer photon assisted SERS mechanism 

involving an electronic resonance between states of the metal and molecule was 

first suggested by a quantum mechanical treatm ent from our laboratory [101] and 

independently by other groups [102,1031 In a metal to molecule charge transfer, 

the process can be described [23] as a series of steps: I) A metallic electron in an 

sp-conduction band absorbs a photon, the electron being promoted to the vacant 

sp-band above the Fermi level leaving a hole below the Fermi level in the filled 

sp-band; 2) the electron either tunnels to a temporary negative molecular complex 

or crosses over to an excited state of the molecule-metal system which is the 

charge transfer acceptor level of the chemisorbed molecule; 3) the electron returns
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to the metal, recombines w ith  the hole ( assumed to be stationary) and in the pro­

cess reradiates a Raman shifted photon; 4) the molecule is left in the excited vibra­

tional state. If, in fact, there is any mixing of the zero order metal and the molec­

ular wavefunctions, the momentum selection rule w ill have no meaning. Here 

then, the charge transfer process takes place between the surface adatom and the 

chemisorbed molecule, i.e., w ithin the adatom-molecule complex. The charge 

transfer resonance energy is the difference between the adatom surface state level 

and the charge transfer acceptor level, both of which depend on the interaction 

energy H '.

A similar set of steps can be used to describe the molecule to metal charge 

transfer process [1011 1) A ground state electron ( in charge transfer donor level of 

the chemisorbed molecule) absorbs a photon and is vertically excited; 2) it either 

tunnels to a vacant level above the Fermi level of the metal forming a temporary 

positive molecule complex or crosses over to the lowest unoccupied level of the 

adatom surface state of the coupled molecule-adatom system; 3) the electron 

returns to the molecular ground electronic state and in the process reradiates a 

Raman shifted photon; 4) the chemisorbed molecule is left in an excited vibrational 

state. The charge transfer energy is the difference between the molecular ground 

state and the Fermi level in a weakly coupled molecule-metal system or the 

HOMO and the LUMO of a more strongly coupled molecule-adatom complex.

The broad background continuum which extends out to 4000 cm '1 can be 

explained by the charge transfer process in the adatom-molecule complex. If the 

hole, produced in the metal conduction band by metal to molecule charge transfer, 

loses a continuum of energy, subsequent electron-hole pair radiative recombination 

w ill lead to an inelastic continuum. On the other hand, loss of a continuum of



36

energy in the electron excited in the conduction band upon molecule to metal 

charge transfer also can lead to the inelastic continuum on subsequent radiative 

recombination w ith  the unoccupied orbital on the molecule. It is also possible to 

envisage an enhanced inelastic continuum resulting from electron-hole pair excita­

tions from adatoms by loss of a continuum of energy in either the hole or the 

excited electron. In this case the electron-hole excitation process does not have to 

involve the molecule.

In order to calculate the charge transfer enhancement factor, Persson [104] 

used a modified News-Anderson Hamiltonian from cheniisorption theory, w ith the 

electron-photon interaction given by the dipole approximation and the vibronic 

interaction given by using the leading term in the Herzberg-Teller expansion. 

Assuming a Lorentzian functional form for the adsorbate density of states, he was 

able to generate the enhancement factor numerically w ith  the Fermi level, the 

w idth of the adsorbate affinity level and the laser frequency as parameters. By his 

formula the estimated charge transfer enhancement factor for pyridine on Ag is ca. 

30 which agrees w ith the experimental finding [105].

For a comprehensive theory there are, however, other pertinent experimental 

observations which must be explained. First, it is noted tha t overtones are 

observed only in a few cases although they are rather commonplace as predicted 

by the usual resonance Raman theory [106,1071 Second, the dependence of SERS 

intensity on excitation frequency and the applied potential is different for different 

vibrational modes. Third, experimental depolarization ratios in SERS all fall in the 

range of 0.6 to 0.75 even for totally symmetric vibrations. We answer these ques­

tions by a comprehensive development of the charge transfer theory of SERS to be 

presented in the next chapter followed by the application of the theory to the



determination of molecular orientation at the surface.
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CHAPTER 4 

CHARGE TRANSFER THEORY OF SERS

4.1 Introduction

In keeping w ith our experimental evidence and the basic concept of the 

charge transfer enhancement mechanism given in the previous chapter, we present 

here a theory of Raman intensities based on the Herzberg-Teller coupling mechan­

ism as first formulated by Albrecht [106]. The theory w ill include both molecule- 

to-metal and metal-to-molecule charge transfer. A similar approach was taken by 

Adrian [1081 who introduced vibronic coupling into the quantum mechanical 

expression for the polarizability limiting, however, his consideration only to the 

metal-to-molecule charge transfer. In so doing, tw o types of terms arise, one 

dependent only on Franck-Condon overlap integrals, and the second dependent on 

intensity borrowing from nearby allowed transitions. This latter term is called the 

Herzberg-Teller term. Adrian then claimed the latter term should be 

overwhelmed by the former and thereby ignored it. In considering the Franck- 

Condon term, Adrian obtained the correct dependence of Vmax on the excitation 

frequency. However, we have found that his intensity vs voltage profile does not 

fit experimental profiles for reasonable values of the damping constants. His 

theory fails to explain adequately w hy overtones are rarely observed in SERS. 

Furthermore, the Franck-Condon term indicates that totally symmetric modes 

should be enhanced considerably more than nontotally symmetric modes. This is 

also contrary to w hat was observed. For example in piperidine [109] we observed 

that both a' and a"  modes are equally enhanced.
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Metal-to-molecule charge transfer was also considered by Lippitsch [lJO l He 

included vibronic coupling of the ground electronic state w ith  states of the metal 

in an attempt to complement Adrian's theory. Unfortunately this theory falls 

short too in thai it fails to predict any dependence of Vmax on the excitation fre­

quency. In the theory presented here the difficulties of both Adrian’s and 

Lippitsch’s theories are resolved. In the next section we apply the Herzberg-Teller 

conditions to a molecule-metal system w ithout the approximation that the lowest 

energy gap is large, thereby maintaining the C term. In section 4.3 we apply the 

theory to the determination of molecular orientation at the surface.

4.2 C harge T ra n s fe r  T h eo ry  o f  SERS

The intensity of a Raman transition is related to the polarizability tensor by 

the expression

/  = (8tt(o> ±biF1 Y l L /  9c 4) £  I I 2, (4-1)

where IL is the incident laser intensity at frequency to, w hile toFI is a molecular 

transition frequency between states I and F. p and o each represents the three spa­

tial directions x, y, z involved in the tensor. Using second-order perturbation 

theory it may be shown that

a vp Tlx  m  s
<1 \ f i J K  ><K \ f ip \F  > <1 \ fip \ K  ><K t/i„ I F  >

Ek — E j — fui} E k — EF + hut (4-2)

We consider states I, K, F to be vibronic in that they are assumed to be pro­

ducts of purely electronic functions w ith  purely nuclear functions.

(9 ,Q ) = 0 ; (9 JQ )4>/(Q X (4-3)
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where <k*(Q) is the vibration of state I w ith i quanta of the normal mode Q 

excited. ©.(q.Q) is the electronic part of the wave function for the state I which 

depends on the electronic coordinates q and parameterically on the nuclear coordi­

nates Q .In  the following it w ill be more convenient to use for Eq. (4-3) the short­

hand notation

1/ > =  I / ,  > Ii >, (4-4)

where the subscript e indicates a purely electronic function. In this notation (K> 

=  IKe> k >  represents the vibronic excited states and the final Raman transition is 

w ritten F >  =  IIe» f> . Following Tang and Albrecht [107] we consider the elec­

tronic transition moment can be w ritten

<1 \ f i \ K  > -  <£ \M i k ( Q ) \ K  >, (4-5)
M;A (G )=  <Ir \ f l \ K e >

which is assumed through Eq. (4-3) to be weakly dependent on the nuclear coordi­

nates. It is the heart of Herzberg-Teller theory that even small vibrations may

cause mixing of zero order Bom-Oppenheimer states, allowing us to write

I Kt > = I K r ,0> + 2 > aa, (Q ) I Mt ,0>f (4-6)

Aa-a/ (Q ) = hKM (Q )/ (£*« -  £ a;° ), (4-7)
(Q ) = <Kt ,0 I 0f/' /  0G I Me fi>,

where zeros refer to zero order Born-Oppenheimer states. The sum over M runs 

over all the excited states, hKM(Q) are coupling matrix elements for terms in the 

Hamiltonian H' normally neglected in the Born-Oppenheimer approximation. They 

represent the degree to which a particular vibration Q can mix state M w ith state 

K. Similarly for the ground state
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I / ,  > = I / ,  ,0> + £A  1M ( Q ) \ M t ,0>, 

X;m (G ) = A/A/ (Q )/ (£;° -  £ A;°).

(4-8)

Substituting into Eq. (4-2) w e obtain

a tri> — A + B + C , (4-9)

A = L LK *7 t
M k i ( Q  0w / j  (<2 o) + Af/f (g ( Q  o)

— £i>) + Cl>) <2 I * ><fc I /  >,(4-10)

* = ZZ  Zi *e; i A/ *A'
Af/K AA'Af X/Af; M/S hKM Mtfj 

tio)KI + o>)
<  IJfc ><k \Q I /  >

hutMK

Mjm hMK Mffj + Mi$,thMK M m  
fioigj — 6>) fi.(D xj  +  a>)

<1 IQ l i  ><k I f  > (4-11)

c - Z Z Z
A **/ i A/ **/

X/A/ Ma)a: ATa*/
MWri to)

X/AJ Af AfA- MAV 
ftCa>A-7 + w)

<2 I* ><* IG I /  >
fjoi7A7

M;£ AfÂ / AA// 
Mwa'/ — w)

Af/£ A/aa; A\77 
TIm ^ i +  to)

<i IG I* ><£ I f  > (4-12)

This is the expression derived by Tang and Albrecht [1071 At this point they 

observed that in most molecular systems the energy gap between the ground state 

and all the other states is much larger than the gaps between excited states, or that 

koIMl »  koKM L On this basis they ignored the term C  However, we are consider­

ing a molecule-metal system in which this cannot be done. We assume that states 

IM> may lie between H> and K >  and therefore C cannot be discarded (see Fig. 4- 

1(a)). We assume further that there is at least one state K to which there is an 

allowed transition from the ground state (i.e., M1K=0). Note that in the limit of 

large distance between molecule and metal we should expect that the matrix ele­

ments M]M and representing molecule-to-metal and metal-to-molecule charge
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Figure 4-1

(a) Energy level scheme for molecule-metal system. The (discrete) molecular lev­
els are I and K, between which a transition is assumed to be allowed. The 
(continuous) metal levels of the conduction band of the metal are shown on 
the le f t  The conduction band ranges between to* and e>B and is assumed to 
have a constant density of states po. The fillealevels range up to o>F, the 
Fermi level, and are depicted by lines, while the unfilled levels are depicted 
by dots. Applied potential is represented by V and o>F is the Fermi level at 
zero potent ial. 0

(b) The scheme for molecule-to-metal charge transfer transitions between the 
ground molecular state and unfilled levels of the metal. The transition, M ^ , 
is assumed to be allowed.

(c) The scheme for metal-to-molecule charge transfer transitions between filled 
levels of the metal and the excited molecular state. The transition, M ,^ , is 
assumed to be allowed.

(d) The scheme for molecule-to-metal charge transfer transitions which borrow 
intensity from the allowed transition, MIK, by means of vibronic coupling 
between metal levels and the excited molecular level through the matrix ele­
ment, h ^ .

(e) The scheme for metal-to-molecule charge transfer transitions which borrow 
intensity from the allowed transition, M]K, by means of vibonic coupling 
between metal levels and the ground molecular state through the matrix ele- 
ment, h [M.
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transfer transitions to be zero. However, when the molecule forms a weak chemi­

cal bond w ith  the surface, we can no longer treat the molecule and metal as 

separate systems, and there is no reason to expect them to be zero. Furthermore the 

matrix elements h ]M and hRM representing the vibronic mixing of metal states 

w ith  ground and excited states are assumed to be nonzero in the combined system.

We now consider the situation in which the frequency of the exciting light is 

far from any molecular resonance (o i« c a 1K). Then in each of the Eqs. C4-10M4- 

12) we may remove the frequency dependent terms from the summation over all 

vibrational states k. Utilizing the closure relation I lk X k l  = 1  we see that in Eq. 

(4-10) L<3lk><klf> =  <3lf> vanishes in the harmonic oscillator approximation 

unless i =  f. Thus far from a molecular resonance the term A contributes only to 

the Rayleigh line. If alternatively we consider in term A those states in which 

either K or 1 is actually a metal state, we might expect resonant contributions to 

the intensity, and we cannot carry out the sum over vibrational states if the laser 

w idth is less than molecular vibrational spacings. In the latter case a single vibra­

tion will dominate the sum. We have for !K> =  IM>.

A f  = (2/ < \k><k  I f  >T  ' +<°.( j- (4-13)
m W mi + <»f ¥ - < a 2

w hile for II> =  IM> we obtain

At = (2/ f d Z M & M t f a  <■ I k ><k I /  > +   (4-14)
a/ CotKA} + o>( y  — to4

where and e>f are the frequencies of a particular excited and ground state 

vibration, respectively. Term Af represents resonant molecule-to-metal charge 

transfer from the molecular ground state to one of the unfilled metal levels M, as
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illustrated in Fig. 4-l(b), w hile Ak represents resonant metal-to-molecule charge 

transfer from a filled metal state M to an excited state K, which is illustrated in 

Fig. 4-1 (c). The sum over vibrational state k has been removed.

In considering both B and C we confine ourselves to cases where to is far from 

any molecular resonance. We may then utilize E<jlk><klQlf> =  <IIQtf>. Follow­

ing Tang and Albrecht [107] we recognize that in the sum over states M there are 

terms in which M and K (for B) or M and I (for C) are interchanged. We may com­

bine terms pairwise to obtain

B = - (2 /  h2) Z  L  M hh  + Af// Mffi )
A' */A / <A’

(<“ K 1 *>MI +  <  1 Q  * /  >

( 0 i K l  ~  t l t 2 X ( D m i  —  t » 2 )  ’

C = -(2 / h2) Z  L  W x  + M sh  M j3  )
A' >1

(ft>AV tOftM + <  I Q I /  >
(wA7 - t » 2XtuA/ - W 2)

(4-15)

(4-16)

We may now interpret these results in terms of SERS. Term B represents the 

molecule-to-metal charge transfer from the molecular ground state to one of the 

unfilled metal levels M. This transition obtains its intensity via through 

intensity borrowing from the (assumed) allowed transition 1 -* K. This is illus­

trated in Fig. 4 -1(d). The borrowing mechanism is vibronic coupling through hRM 

which represents coupling of the metal to excited molecular states through some 

vibrational mode. The requirement that this term be nonvanishing imposes some 

symmetry restrictions on the vibrations which may then be responsible for the 

mixing. Note that the enhancement comes through the resonance denominator cô 2

— ta2.
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Term C represents the metal-to-molecule charge transfer from one of the 

filled metal levels M to the excited state K. This transition obtains its intensity via 

M j^  through intensity borrowing from the allowed I -♦ K transition. h [N1 

represents vibronic coupling of the metal to the ground molecular level through 

some vibrational mode. This is illustrated in Fig. 4-1 (e). Note that the enhance­

ment comes through the resonance denominator o>KM2 — <a2.

The selection rules for each term can now be deduced from these resulting 

formulas. Equations (4-15) and (4-16) indicate that in order for B or C to be non­

vanishing <IQIf >  must be nonzero. This leads to the usual selection rule that f  =  i 

±  1 in the harmonic oscillator approximation. It is further required for B that nei­

ther hRM nor appropriate components of MK1 and vanish. For C we require 

neither hJM nor components of and vanish. For B assuming a totally 

symmetric ground state, these observations imply that the symmetry species TM 

and TK of these electronic states must each correspond to T t the species of at least 

one translation. A t the same time, the direct product TKrpTM must contain the 

totally symmetric representation to prevent h RM from vanishing. By Tg we mean 

the irreducible representation for which (QH'/QQ) is a basis which is the same as 

tha t for Q. Thus if TR =  T^ and =  V  U is required that Tg must correspond 

to a t least one of the species contained in TpTp. which are the normal selection 

rules for the Raman effect A similar analysis for the term C leads to an identical 

conclusion.

In contrast. Equations (4-13) and (4-14) show that f =  i ± 1  is not required 

for Ak and Af to be nonzero, because the overlap integrals <i)k>and <klf> involve 

the vibrational wavefunctions of tw o different electronic states. However, in order 

tha t both M^ 0  and Mjvnp (i.e. <M/u J I>  and <V1/xplI »  in Af are nonzero at the
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same time, *Mr i necessarily belongs to the same irreducible representation of a and 

p simultaneously. Since none of the nontotally symmetric mode a  meets thisvfj

requirement, the enhancement through Af (Ak also) is possible only for totally 

symmetric vibrational modes. <

We can see now th a t although all four terms have a resonance denominator 

in their formulas they follow different selection rules. Two Herzberg-Teller (HT) 

terms B and C have the same selection rules as the normal Raman scattering. All 

vibrational (both totally and nontotally symmetric) modes can be resonance 

enhanced through intensity borrowing. On the other hand, the tw o Franck- 

Condon (FC) terms, Af and Ak, are like usual resonance Raman. Overtones are 

allowed but nontotally symmetric vibrations are forbidden. Only one report [111] 

so far clearly shows the appearance of overtones and combination bands of some 

totally symmetric vibrational modes from phenazine adsorbed on a silver electrode. 

Another report [112] gave only very weak overtones. Weak overtones in SERS can 

be explained by the fact that both FC and HT terms can contribute to the funda­

mental bands of totally symmetric vibrational modes, but only FC term contri­

butes to overtones because in the harmonic oscillator approximation we expect no 

overtones to be allowed in HT terms.

We may now find the resonance conditions for each term from the resonance 

denominators in the formulas (4-13) to (4-16). The sum over metal states can be 

carried out by recognizing that the metal states are so closely spaced that the sum 

may be replaced by an integral over the energy. For molecule-to-metal charge 

transfer, it runs from the Fermi level coF to the up-bound of the conduction band 

ti)B, w hile for metal-to-molecule charge transfer, it runs from the low-bound <oA to 

the Fermi level e>F [l 13]. Then w e find that the resonance occurs at
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to = 0iF] + Uif for A f  , (4-17)
to ~ oiFJ for B , (4-18)
to = atK F  + to* for A k , (4-19)
ci) = citKF for C. (4-20)

Since

u)FJ -  Wf 0r + V

atX F  s= (0K i —  0)F  Bi ~  V

as illustrated in Fig. 4-1(a), where V is the applied potential and toF . is the energy 

difference between the Fermi level of zero voltage and the ground state of the 

molecule, we can rewrite Eqs. (4-17M4-20) to obtain the voltage maximum of 

intensity:

V =v max ~  tofQj “  It! f +  at for A  f (4-21)
v  =v max + (i> for B (4-22)

^  max = <*>A7 ~  toF 0i + ti)t — 0) foT A t (4-23)

^  max M xi — cu for C (4-24)

Most generally we expect either molecule-to-metal charge transfer in which 

Af and B must be considered or metal-to-molecule charge transfer in which Ak 

and C must be considered. It is unlikely that charge transfer in both directions 

would occur simultaneously. In either case notice that only totally symmetric 

modes can be resonance enhanced through the FC term. We then regard totally 

symmetric vibrations as having possible contributions from both FC and HT terms 

and nontotally symmetric vibrations have contributions only from HT terms. This 

viewpoint has an added feature of being able to explain w hy the voltage max­

imum of intensity, Vmax, is often slightly different for totally symmetric vibra­

tions than for nontotally symmetric vibrations [114]. Note that in Eqs. (4-21) and 

(4-22), the FC term gives a Vmax more negative than that from HT term by ca. 0.2
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eV, since 6>k, the vibrational frequency, is usually in this order of magnitude. In 

Eqs. (4-23) and (4-24), the Vmax from FC term is more positive than that from HT 

term by the same amount. We predict that for molecule-to-metal charge transfer 

totally symmetric modes should display at a voltage more negative than non­

totally symmetric modes. The reverse should be true for metal-to-molecule charge 

transfer. This is just w hat we have observed [1141 In piperidine (molecule-to- 

metai charge transfer), the A ' modes peak at —0.8 V while the A ” modes peak 

near —0.5 V, and in pyridine (metal-to-molecule charge transfer), the aj modes 

peak near —0.6 V while the bj modes peak at —0.9 V.

4.3 O verall In te n s ity  Equations o f SERS and M olecular O rien ta tio n

Observed SERS usually result from both electromagnetic enhancement of a 

rough metal surface and the charge transfer resonance enhancement upon chem- 

isorption. Replacing Ec2 w ith Esur2 (=E02L2(ti>)L2(o>s)) and replacing a 2 w ith 

a ^ ^ o .V )  in the intensity Eq. (3-3) for conventional Raman scattering, we obtain

I sers —  jr—3 E £L \b i)L  2(.OiI )ot(~r (.<o,V )9c J

or in terms of the intensity of the exciting laser light,

I s e s s  ~ ^  I l L KtifiL Koi, )acr (ta,V ) (4-25)9c *

Note now that the normal and tangential enhancement components of the 

local field at a small metal sphere are different The formulas have been given in 

Eqs. (3-19) and (3-20). For simplicity, let R =  a and thus

L„Kui) =  -I [l +  2g (w)]2 (4-26)
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L , \ ^ = \ W - g ^ f  (4-27)

where g(<o) is a function of light frequency (Eq. 3-16). On plasmon resonance (near 

UV, g »  1) the enhancement factors in these tw o directions are thus in the ratio 

2:1. Far off resonance (in IR, g—1) the tangential field is zero. In visible region the 

enhancement factor at normal direction is always larger than that at tangential 

direction and Lt2 to Ln2 ratio decreases with increasing excitation wavelength. 

Based on these arguments surface selection rules for SERS have been given by 

Creighton [115] and Moskovits et al.[ 116] and were used to deduce molecular orien­

tations at the surface. The pyridine molecules were determined to be lying down 

flat on the Ag electrode at —0.5 V from the fact that the b2 modes, which 

correspond w ith L,2Lt2 in the flat configuration, are uniformly the least enhanced 

[1151 The phthalazine molecules were found standing up on the silver colloidal 

surface by comparing the intensity ratios of a2 to bj (or b2 to b j) modes w ith 488- 

and 647.1-nm excitations [1161 However, questions could be raised on the basis of 

these works concerning w hether the charge transfer enhancement acts differently 

on vibrations of different symmetry classes. These questions include w hat the 

differences are and if the charge transfer effect can be separated out and w ill be 

discussed in terms of the formulas obtained in the previous section.

Since new electron transition dipole moments between the metal and the 

molecule are involved in molecular vibrations are generally enhanced

differently depending upon the directions of the vibration w ith respect to the tran­

sition dipole moment or the mixing matrix element. Relative enhancement factors 

range from 1 to 10.5 were found for pyridine on a Ag electrode [1151 Therefore, 

the rule that vibrations normal to the surface are enhanced more than those at 

tangential direction may not be always true when taking into account the charge
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transfer effect The method used by Moskovits et al. [116] can, however, avoid the 

problem as discussed in the following.

A t a meta! surface vibrational modes can be classified into three groups 

depending upon different correspondence w ith the EM enhancement factors:

<*Z2 : L 2L 2 = ^ ( l+ 2 g  (cu))4

,a >z: L 2! ' , 2 =  -i-(l+ 2g  ( w ) K l- g  (cu))2 (4 -28 )

Ofjur y tOlxy • A  A  t g (w))4

where x, y, z are surface fixed coordinates w ith z normal to the surface and g(cos) 

is replaced w ith  g(o>) for simplicity.

For a molecule w ith C2v symmetry like phthalazine or pyridine, the irreduci­

ble representations are

aj : X2, Y2, Z2

a2 : XY (4-29)

bj : XZ

b2 : YZ

for the molecule fixed coordinates. If the molecule is standing up, then in terms of 

surface fixed coordinates X —* x, Y —» y, and Z —»z; however if the molecule is 

lying down, then X —»z, Y —* y, and Z —♦ x as illustrated in Fig. 4-2. According 

to the relationship in Eq. (4-28) and Tab. 4-1, the ratio of band intensities of bj 

symmetry to tha t of b2 symmetry for the molecule lying down should depend on 

the enhancement factors roughly as Ln2/L (2. On the other hand if the molecule is 

standing up, these modes couple into the same enhancement factor products, the 

band ratios should be independent of the enhancement factors.



(a) standing-up

(b) lying-down

Figure 4-2. Possible orientations of pyridine on a metal surface.
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Table 4-1

EM Enhancement Factors as a Function of Surface 

Orientation for C2v Symmetry

C2v oiap Standing-up Lying-down

a . XX L . V  L _ V

YZ L,2Lt2 L „ V

ZZ L„2L„2 l , 2l ,2

a , XY L , V  L„2L, 2

b. XZ L „ V  Ln2L,2

b2 YZ Ln2L, 2 L,2L,2

(a 2! b i)Wu,
^  b  1 \  ed

(.b?/ b j)Wu(. 
(b~2/  b i)rfrf
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Now let us concern the charge transfer effect. The ratio of tw o  nontotally 

symmetric modes for pyridine (metal-to-molecule charge transfer) can deduced 

from Eq. (4-16)

( A M,n?i *5- IQ I /  >  
M k j  M sf ,  +  M r f  M t f ,  h'KM C  IQ I / '  >

(4-30)

Note that the frequency and the p>otential dependence of the B term is 

independent of vibrational modes and is thus canceled out in the ratio. This 

allows one to make use of the different frequency dependences of the normal and 

tangential EM enhancement factors to determine molecular orientations. Combin­

ing EM and CT factors, observed SERS intensity ratio for b2 and bj bands is deter­

mined by

'Ka * / land ing  up

I 2C1- *  (*>))* (4~31)
^  n + 2i w  l f l y i n g  down

where Kcl is a constant determined by Eq. (4-30) and may differ for the two 

configurations. Since g(«) is a function of frequency, the intensity ratio for the 

lying down configuration is expected varying w ith  the excitation frequency. To 

blue of the localized surface plasmon peak, the ratio progressively increases but to 

the red of the peak it gradually decreases. Therefore, we have;

(ffr ■J f b |)wm*
(^A J  | X c d

= 1 i f  standing up
> 1 i f  lying down (4-32)

A similar conclusion can be draw n for a2/b j ratios as listed in Tab. 4-1. Based on 

the above arguments, w e conclude tha t the CT effect can be separated out by 

measuring the frequency dependence of intensity ratios for any tw o nontotally
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symmetric vibrational bands and the molecular orientation can be deduced from 

this measurement. Since the ratio in Eq. (4-32) is also independent of the applied 

potential, the change in orientation upon the potential, if any, can also be deter­

mined.

As a test of the above considerations we have made intensity ratio measure­

ments for pyridine at a pretreated Ag electrode as a function of potential. The 

ORC pretreatments were carried out in dark w ith three sweeps from —0.4 V to 

0.3 V and then back to —0.4 V vs SCE at 50 mV/s in the 0.05 M pyridine and 0.1 

M KC1 solution. The bands used for the measurements are 383 cm 'Ha^, 414 cm ' 1 

(bj), 879 cm‘1(a2), 944 cm'Kbj), 1155 cm_1(b2) and 1444 cm 'Hbj) as shown in Fig. 

4-3. The band intensity is measured by the peak height It was found that the 

tw o (a2/b  j ̂ 4g8^(a2^^i intensity ratios are close to unity and tw o 

(b2/b 1)4g8/(b2/b 1)647 intensity ratios are greater than 1 a t —0.6 V vs SCE as listed 

in Tab. 4-2. This indicates that the pyridine molecule is lying down on the Ag 

electrode surface in agreement w ith the result of Creighton [115] at — 0.5 V vs 

SCE The potential dependence of these ratios were obtained from —0.4 to 1.0 V vs 

SCE As can be seen in Fig. 4-4, the a2/b2 ratios are greater than 1.0 at the poten­

tials more negative than —0.6 V, w hile the b2/bj ratios decreases to unity  when 

potentials are more negative than —0.6 V. This indicates a change in molecular 

orientation from lying-down to standing-up occurs at ca. —0.7 V vs SCE How­

ever, the  b2/b j ratio a t —0.4 V is close to unity  giving a contrary conclusion to 

w hat was deduced from the a2/b j ratio. It is possible that the approximation made 

in our CT theory that the electron transition dipole moment between molecule and 

metal is independent of the potential is not valid in some cases. It is also possible 

tha t there is no preferred orientation at —0.4 V. In any case the method should be 

used w ith  caution.
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Py on Ag e l e c t r o d e  a t  - 0 . 6  V

4SB nm

gooo.ooh

6000 . 00- 6 4 7 . 1  nm

3000 . 00-

0.00
320-.00 ' 580.00 840.00 1100.00 1380.00 1620.00

wavelength

Figure 4-3. SERS spectra of pyridine on Ag electrode at —0.6 V vs SCE
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Table 4-2

SERS Intensity Ratios of Pyridine on the Ag Electrode at -0.6 V vs SCE

laser 

(nm )

488

647.1

488
647.1

a2 : bj b2 :b,

1  383 

7  414

0.40 ±0.01 

0.41 ±0.01

0.98

1 879 

7  944

0.2940.02 

0.29 ±0.02

1.00

■« 1155 

7 944

1.43 ±0.05 

0.85 ±0.01

1.60

4 1444

7 944  

0.96 ±0.01 

0.47 ±0.00

2.04
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(a) a^/bj intensity ratio

388
414 488

2.69388
414 647.1

2

I
0.97

-0.4 E(V)- 0.6 -IX)

(b) b ,/b j intensity ratio

1155
944 488

1155
944 647.1

2

1.60

1.19

1

-0.4 E(V)- 0.6 -IX)

Figure 4-4. Potential dependence of intensity ratios of pyridine on the Ag electrode.
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CHAPTERS 

SERS FROM FLAVINS ADSORBED 

ON A SILVER ELECTRODE

5.1 Introduction

The use of surface enhanced Raman scattering (SERS) spectroscopy for the 

study of biologically important molecules and other complex molecules is now 

well established [117]. The major advantages of SERS are its sensitivity which 

allows its use as an in situ method for examining molecules at interfaces and the 

quenching of fluorescence background which is often associated w ith complex 

molecules. The latter advantage is particularly important for the flavin molecules 

which fluoresce so strongly that resonance Raman (RR) spectra cannot be observed 

in solution w ithout adding protein or Kl as a quencher. The former attribute is 

utilized in this paper to study the surface Raman spectroscopy of flavin systems 

under electrode potential control.

A considerable number of resonance Raman studies have been made of flavins 

and flavoproteins w ith  various methods [118-123] to conquer the difficulty of the 

fluorescence interference including tw o SERS studies on Ag colloids [124,125]. 

High quality spectra of flavoproteins [124] and free flavins [125] were obtained on 

silver colloidal particles upon the combination of fluorescence quenching and 

Raman intensity enhancement provided by the silver surface. The determination 

that adsorbed glucose oxidase in silver sol SERS experiments retains 8 6% of its 

enzymatic activity [124] suggests that SERS may be an extremely useful method 

for flavin Raman spectroscopy in biological systems. In order to further explore
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the possibility of applying SERS for the study of flavin systems, we have carried 

out SERS measurements at silver electrodes which allows one to monitor flavin 

reduction reactions and obtain in-situ spectral information at the same time.

The flavin molecule is an important redox coenzyme which can be involved in 

single step two-electron processes for organic oxidation or reduction reactions or in 

tw o one-electron step processes for electron transfer to or from metal centers. The 

ability of flavins to operate in either mode is practically unique among 

biomolecules [126-1281 It is known that the tendency of the flavin toward one or 

tw o electron oxidation or reduction processes and the electrochemical potential of 

flavins are substantially affected by pH, by the polarity of the environment, and 

by interaction w ith metal ions. A study of these effects should reveal much about 

the methods open to proteins in controlling the reactivity of these coenzyme.

We have examined the electron transfer process of flavin reduction in 

different pH solutions w ith voltammetry and in-situ SERS spectroscopy. A spec­

trum , which was obtained from an acidic solution at the flavin reduction potential, 

was identified as being due to the semiquinone radical of the flavin. The semi- 

quinone radical is formed by a single electron transfer and is an intermediate in 

the overall two-electron reduction. Cyclic voltammetry shows that the potential 

separation between the tw o single electron transfer steps changes w ith varying pH 

and the maximum value is about 50 mV. In such a case, electrochemical measure­

ment cannot determine whether a twofold uptake of single electrons via an 

unstable intermediate or a single tw o electron reduction process occurs [1291 To 

our knowledge this is the first time that SERS spectroscopy has proved to be an 

effective approach for detecting unstable electrochemical intermediates at an elec­

trode surface.
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5.2 Experimental

Riboflavin (RF), flavin mononucleotide (FMN), flavin adenine dinucleotide 

(FAD) and D20  were purchased from Sigma Chemical C a and used as received. 

Reagent grade KN03, K2S04. KC1 and KBr served as supporting electrolytes. The 

solutions were prepared w ith deionized distilled w ater on the same day of the 

experiment and deaerated by nitrogen bubbling for tw enty minutes. The pH of 

the solution was adjusted by adding reagent grade HN03 and NaOH and measured 

by an Orion Research digital ionalyzer model 801 A.

The SERS experimental set up was similar to that described elsewhere [1301 

A Spectra Physics 164 argon ion laser at 488 nm and 514.5 nm was used as an 

excitation source. Yellow or red light was obtained w ith a Spectra Physics Model 

375 tunable dye laser. The laser power at the electrode was approximately 40 

mW. Spectra were recorded w ith a Spex mode! 1401 double monochromater w ith 

a wavenumber resolution of around 4 cm '1. Photon counting detection was used 

w ith  an accumulation time of 0.6  s /cm '1, and the intensities were recorded digi­

tally  and are presented unsmoothed.

The sample cell consisted of a silver working electrode w ith  ca. 1.6 mm2 sur­

face area, a Pt counter electrode and a saturated calmel electrode (SCE) as the 

reference. All potentials in this paper are quoted vs SCE The oxidation-reduction- 

cycle (ORC) pretreatment was accomplished in the presence of flavin molecules by 

applying a triangular sweep, 50 mV/s, from the initial potential to a switching 

potential of +0.25 V, +0.5 V and +0.6 V for KC1, K2S04 and KN03 electrolytes, 

respectively. No difference in spectral features was observed from these three elec­

trolyte solutions. Since the flavin is reduced at rather positive potentials in acidic 

solutions, we used K2S0 4 in most cases in order to start electrode potential scans at
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0.0 V. The ORC pretreatments were carried out in the dark and at neutral pH, and 

then the solution pH could be adjusted to a certain value by adding HN03 or NaOH 

solution. W ith yellow or red excitation the SERS spectrum could be observed 

when the flavin was added after an ORC pretreatment which was performed in a 

pure K2S04 or KC1 solution. In this case a flavin concentration higher than 10 M
n

is required, while more intense spectra can be obtained from 10" M when the 

flavin is present during the ORC. When 488 or 514.5 nm excitation (in the absorp­

tion band) was used, it was found that a much better SERS spectrum could be 

obtained by eliminating the fluorescence from the flavin in the bulk solution by 

physically washing out the test solution w ith  electrolyte blank after the ORC.

5.3 Results and Discussion

5.3.1 Surface Raman Spectra of Oxidized Flavin

Figure 5-1 (A) shows the SERS spectrum of oxidized RF adsorbed at a 

roughened silver electrode at —0.4 V vs SCE when excited w ith  585 nm laser 

light. The solution contains 10' 5 M RF and 0,1 M K2S04 a t a pH value of 6.8  for 

which the electrochemical reduction of RF occurs at an electrode potential more 

negative than —0.50 V vs SCE as found by cyclic voltammetry. Two other substi­

tuted flavins, FMN and FAD, exhibit the same SERS spectrum as RF, showing the 

side chain of the flavin is not involved in the surface enhancement. The SERS 

spectrum clearly reveals the same features of the flavin vibrational spectrum as 

the normal Raman (NR) spectrum [1311

The spectrum of Figure 5-l(C) was obtained under the same conditions as 

that for Figure 5-1 (A) except that the excitation frequency was changed from 585 

nm to 5145 nm which is w ithin the absorption band of the flavin. A 488-nm
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Raman Shift (cm"')
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Figure 5-1. SERS and SERRS spectra of oxidized RF (10‘5 M) on a Ag electrode in 
pH 6.8  (or pD 6.8 ) solution w ith 0.1 M K^Sfv as electrolyte at —0.4 V vs SCE. 
Excitation frequency 585 nm for (A) in H ,0  and (B) in D ,0 , 514.5 nm for (C) 
in H20  and (D) in D20 .
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excitation gives exactly the same spectrum as Figure 5 -1(C). In order to obtain 

these surface enhanced resonance Raman scattering (SERRS) spectra, the electrode 

was positioned w ithin 4 mm of the cell window to reduce the fluorescence from 

the solution. It is possible to completely remove this fluorescence background by 

washing out the unadsorbed flavin molecules from the cell w ith pure electrolyte 

solution. This indicates a high 'fluorescence quenching efficiency of the surface 

interaction in contrast to quenching w ith  a protein or KI. Furthermore, the spec­

trum  taken after washing does not show any changes in band frequency or rela­

tive intensity w ith respect to the spectrum obtained before washing indicating 

tha t there is no RR component from the solution in the observed surface spectrum.

It can be seen that the 514.5-nm spectrum (Fig. 5-l(C)) is not greatly 

different from the 585-nm spectrum (Fig. 5 -1(A)). However, several bands do 

show different relative intensities and there are also a few bands which shift in 

frequency. One possible explanation is that the Raman scattering processes are 

different and another possibility is that the RF undergoes a photochemical reaction 

to lumiflavin (the side chain of RF is broken and a CH3 group is added) under

514.5-nm laser exposure (40 mw, 20 minutes). Lee et al. [125] found that w ith 

prolonged laser exposure (488 nm, 20 mw, 1 hour) on a silver sol system, a 

lumiflavin SERRS spectrum can be observed w ith  a RF sample In order to investi­

gate whether there was photochemistry in our experiment, we first took a spec­

trum  w ith 585-nm laser excitation followed directly w ith  a second spectrum 

where the only change was the utilization of 514.5-nm excitation; and again 

obtained a third spectrum w ith 585-nm excitation under the same conditions. 

Each spectrum took ca. 20 minutes so that the three scans were completed in an 

hour. The first and the third spectra show exact agreement in both band frequen­

cies and relative intensities and are identical to Fig. 5 -1(A). The second spectrum is
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different and appears as Fig. 5-1CC). These observations imply that the difference 

between the tw o spectra is due to a resonance effect rather than a photochemical 

reaction. This is supported by the parallel behavior of NR and RR spectra of the 

flavins (Table 5-1). Band VI and XIII shift down by ca. 7 cm"1 when the excita­

tion is changed from the red into the resonance frequency in both solution and sur­

face spectra This can be explained by a different resonance enhancement effect on 

each vibrational mode. When an observed band is a composite of several over­

lapped vibrational modes, which is the case in flavin spectrum, a difference of 7 

cm ' 1 in the tw o spectra is possible. Furthermore, the SERS and NR [131] spectra 

show similar features in their relative intensity pattern while the SERRS and RR 

[121] spectra are similar to each other despite some frequency shifts of the surface 

spectra from the solution spectra.

5.3.2 Spectral Analysis

The band frequencies of flavin SERS and SERRS spectra are listed in Table 5-1 

along w ith  the NR spectrum (obtained from 0.01 M FMN, 0.1 M K2S04) and two 

reference RR spectra [120,1211 The assignments of Bowman et al. [132] and 

Schmidt et al. [120] are also listed in Table 5-1. Figure 5-2 shows the numbering 

of the atoms of the isoalloxazine ring which were used in the assignments. In the 

region of Raman shift from 1650 to 1000 cm '1, all bands in SERS and SERRS have 

a one-to-one correspondence in frequency w ith  those in the solution NR and RR 

spectra, respectively and do not shift w ith  applied potential.

The bands at 1628, 1503, and 1460 cm ' 1 in the surface spectra, which involve 

the vibration of ring I only, do not show significant changes either in frequency or 

relative intensity compared w ith those in NR and RR spectra. This suggests that 

ring 1 is not involved in the surface interaction. Bands II and III, assigned to the



Table 5-1. Flavin Raman Frequency (cm '1) and Assignment

6 6

Riboflavin FMN RRKI) RFC protein)
band on Ag electrode NR RR* RRb Assipmentc
label 585* 514.5 585 488 488

I 1628m 1628s 1630m 1629s 1631s vCS ^ 6 -  *'C7"C8* *'C8'C9’ *'C5a"C9a
11 1575m 1575m 1583m 1582s 1584s *'C4a'N5’vN10'C 10a,,'C10a'Nl ■"C4a"C10a

III 1536m 1535m 1550m 1547w 1548w vC4a'N5' l’C10a'Nl
IV 1503s 1502m 1502s 1501m 1503m 5CH3
V 1460m 1462w

1416sh
1465m 1462w 1465w vC6"C7’ *'C8‘C9i *'C9 C9a- 8cH 3

VI 1402s 1395m 1413s 1408s 1407s i/Nj-Cj- ^C5a-C6. I/Cg-C9, vCSi-C9A
VII 1345vs 1344vs 1353vs 1353vs 1355vs ‘'NlO^lOa- " ^ a ^ a ’ 8cH 3

VIII 1308w 1302w ^N5-C5a.fiCH3
IX 1268sh 1277w 1282w 5 c h 3, 5 n3-h

X 1259s 1256vs 1260m 1256s 1252s *,C9a'N10-8N3'H l'C6'Nl SC2=O’SC4=O'8C5 'H-SC6"H
XI 1232m 1231s 1228s 1229s vn3 c4,i/c 8-c h 3,5c h 3
XII 1186w 1187m 1182w 1179w J/Nj-C2.i>C2-N3,i’N3-C4,t'C4-C4aIPC4a-Cj0a.i'C7-CH3>8CH3

XIII 1155m 1147w 1167m 1157m 1161m vC2 N3,vC4 a ^ 4 ’l'C4a"C10a,l'C7 'CH3,8c6 'H
XIV 1088m 1088s 1080w 1073w

XV 838w 833w 834m

XVI 803m 804 m 793m 789m
XVII 740m 740m 752m 740m

XVII1618m 617m 615w 633m
XIX 551s 553m 544w 605m
XX 532m 529s 521m
XXI 493w 492w 496m

XXII 305w 312w 303w

XXIII194 w 196w

(a) ref. 120, (b) ref. 121, (c) ref. 132 and 120.
* excitation frequency (nm)
vs—very strong; s—strong; m—medium; w —weak; sh—should
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Figure 5-2. Surface complex structure and numbering of the isoalloxazine ring 
of the falvin.
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stretching vibration of the N5 “ C4a-C10a=Nj conjugated bond, were shifted down 

from the NR and RR spectra, indicating that N s^C ^-C jo^N j atoms are likely 

involved in the binding between flavin molecule and silver surface. Moreover, 

another tw o bands numbered VI and VII, which shift to lower frequencies, can be 

assigned to the vibrations associated w ith one of those four atoms as well. Band X 

is well known and is characteristic of the N3-H bending motion. It disappears in 

the FAD" anion CARS spectrum [133] and shifts up by about 40 cm ' 1 upon the N3 

deuteration [l 18,1211. The presence of this band in our surface spectra indicates 

that the adsorbed flavin molecules are N3 protonated. The band labeled XI at 1232 

cm"1 is associated w ith  the N3-C4 stretching vibration modes and does not shift in 

SERS on the Ag electrode, implying no surface interaction at the N3 atom. The 

relative intensity of band XII at 1186 cm ' 1 decreases and band XIII shifts down by 

ca. 10 cm ' 1 upon the surface interaction w ith  Ag electrode. Since these bands 

involve the vibrations related to C2, N3, C4, C4a and CJOa atoms, both N5, 0 4 sur­

face bonding or N3 surface bonding may account for these changes. However, all 

the facts mentioned above can be interpreted in terms of an interaction between 

flavin and the silver electrode surface at N5 and 0 4 (Fig. 5-2). The effect of the 

interaction spreads to C4, C * . c 10a and Nj along the conjugation pathway so that 

all related bands change in surface spectra either in band position or relative inten­

sity.

Spectra (B) and (D) in Figure 5-1 were obtained from D20  solution where the 

n 3-h  is deuterated in the SERS and SERRS spectra. As in the case of solution 

Raman studies the change occurs in the 1300-1100 cm"1 region (Table 5-2). In 

the solution Raman spectra, band X shifts about 40 cm"1 to higher frequency, 

which is interpreted as the result of a decrease in the N3-H bending character after 

deuteration leading to an up-shift toward the intrinsic frequency of the C=0
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Table 5-2. Flavin N3-H(D) Isotopic Frequency Shifts

band
label

Riboflavin on A? electrode FMN RF(nrotein) RF(Ap sol)

SERS(585*) SERRS(514.5) NR®(600) RRb(488) SERRSC(488)
h 2o d 2o h 2o d 2o h 2o d 2o h 2o d 2o h 2o d 2o

1 1628m 1628m 1628s 1628s 1633m 1628m 1631s 1630$ 1630vs 1630vs

11 1575m 1575m 1575m 1575m 1584m 1584m 1584s 1582s 1576m 1577m

III 1536m 1538m 1535m 1534m 1551m 1548m 1548* 1548* 1536w 1536m

IV 1503m 1502m 1502m 1500sh 1503m 1502m 1503 m 1499m 1507m 1507m

V 1460m 1458m 1462-*' 1460*- 1469m 1468m 1465* 1462* 1465*- 1465w

1416sh 1420sh 1420sh

VI 1402s 1403s 1395m 1405m 1413s 1411s 1407s 1406$ 1409m 1409m

VI! 1345vs 1348vs 1344vs 1348vs 1355vs 1351vs 1355vs 1351vs 1349vs 1350vs

VIII 1308*- 1302* 1308sh 1309sh

IX 1268sh 1282*’

X 1259s 128 1*' I256vs 1316m 1261m 1300*- 1252s 1295s 1287s 1289s

XI 1232m 1242m 1244s 1233s 1230m 1229s 1232* 1235m 1246m

XII 1186w 1188-*' 1187m 1172m 1179* 1181* 1190*- 1190*

XIII 1155m 1172m 1147*- 1170m 1166m 1148m 1161m 1147m 1160m 1163m

XIV 1088m 1084m 1088$ 1081s 1138m 1092m 1090m

(a) ref. 131, (b) ref. 121, Cc) ref. 125.

* excitation frequency (nm)

vs—very strong; s—strong; m—medium; w —weak; sh—shoulder
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vibrations [1341 In our surface spectra this band also disappears from the 1259 

cm"1 region. However, the new band appears weakly at 1281 cm ' 1 in the D^O 

SERS spectrum, w hile it seems to be overlapped at 1316 cm ' 1 w ith the 1303 cm ' 1 

band in the D20  SERRS spectrum. Nsither of these bands can be assigned in cer­

tainty. Nevertheless, the unambiguous isotopic effect in the 1300-1100 cm ' 1 region 

is in sharp contrast to the identical SERRS spectra from H20  and D20  in Ag sol 

experiments [125] (Table 5-2) where the N3 deprotonated anion was found to be 

the SERS active species. Furthermore, the authors [125] found that making the Ag 

colloidal solution acidic produces gradual attenuation w ith an abrupt loss of signal 

around pH 4, while we observed the SERS and SERRS spectra of flavins at pH 2 

w ith about equal intensity as observed in the pH 7 solution both at 0 V vs SCE 

The N3 protonated neutral flavin is thus suggested to be the SERS active species on 

the Ag electrode which probably has a different surface charge than the silver col­

loidal particles. The difference in protonation state of the SERS active species on 

the electrode and sols is clearly reflected in the surface spectra where band X shifts 

up in Ag sols by ca. 35 cm ' 1 from its position in the solution RR spectrum, while 

it remains virtually unchanged on Ag electrodes (Table 5-2). Here w e see an 

example of the phenomenon that SERS results on Ag electrodes may show 

differences from analogous results on Ag sols because the surface charge can be 

different in the tw o cases depending on the experimental conditions.

5.3.3 SERRS spectrum of Semiquinone Radical

Figure 5-3(A) shows a SERS spectrum of FMN obtained w ith  602.4 nm exci­

tation in pH 4.5 solution at —0.3 V vs SCE where the flavin reduction occurs. 

Some new bands appeared w ith  a concomitant intensity decrease of those known 

bands corresponding to the oxidized flavin when the potential was changed from
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Figure 5-3. SERRS spectrum of semiquinone flavin obtained in pH 4.5 solution 
at —0.3 V vs SCE w ith excitation frequency of 602.4 nm. (A) is the recorded 
spectrum; in (B) the Raman bands of the oxidized flavin are subtracted out 
from the spectrum (A). The straight lines at the bottom are labels of Raman 
bands of Clostridium MP*flavodoxin in the neutral semiquinone form obtained 
by CARS [1231
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—0.1 V to —0.3 V. To isolate the hands due to the new species, a spectrum obtained 

at —0.1 V where only oxidized flavin exists was multiplied by a factor of 0.4 so 

that most oxidized bands have a similar intensities w ith those at —0.3 V. It was 

then subtracted from Figure 5-3(A), giving the spectrum of Figure 5-3(B) attribut­

able to the new species. Since this spectrum disappeared when the potential was 

more negative than —0.5 V vs SCE where the flavin is fu lly  reduced in a pH 4.5 

solution, it is apparent that fu lly  reduced flavin is not responsible for the new 

spectrum. It was at first sight surprising that no SERS spectrum of reduced flavin 

was observed w ith  yellow-red excitation. This observation cannot be explained by 

the lack of resonance enhancement (reduced flavin is colorless) since the oxidized 

flavin does not absorb light in this frequency region as well. However, the N5 and 

Nj of the isoalloxazine ring are protonated upon the reduction leading to a non- 

planar configuration of the molecule. The loss of both nitrogen lone pairs and con­

jugated it  orbitals, which are generally responsible for the chernisorption of SERS 

molecules, may account for the absence of reduced flavin SERS spectrum. Thus the 

flavin semiquinone radical, the intermediate of tw o single electron transfer reduc­

tion, is proposed for the new spectrum. For comparison, the band positions and 

relative intensities of Clostridium MP flavodoxin semiquinone in aqueous solution 

observed by CARS [1251 are presented by the straight lines a t the bottom of the 

Figure 5-3.

W ith the exception of a band at 1532 cm*1, bands in Figure 5-3(B) at frequen­

cies above 1000 cm*1,(CARS spectrum is not available below 1000 cm '1), 

correspond to those in the solution Raman spectrum of the semiquinone w ith only 

slight frequency shifts. The relative intensity of the 1532 cm*1 band of the oxi­

dized flavin increases at more negative potentials. Therefore, this was not sub­

tracted out as were other bands of the oxidized flavin. Three other bands at 1616,
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1396 and 1242 cm ' 1 are identified as surface spectral bands of the neutral semi­

quinone adsorbed on the Ag electrode (Figure 5-3B).

Three ionized forms of the semiquinone flavin (anion, neutral, and cation) 

may exist in solution. (Figure 5-4) The pH range for observing the SERS spec­

trum  of Figure 5-3(B) is from 2  to 7 consistent w ith  the acid dissociation property 

of the flavin semiquinone radical. The pKa value for the cation is ca. 1.3 and for 

neutral radical it is 6.5 so that neutral semiquinone is the major component in pH 

2-7 solution [136,137]. It is known that neutral flavin radical has a blue color 

w ith €maj. at about 580 nm [1331 Thus, the spectrum obtained w ith 602.4-nm 

exciting light (w ithin the absorption band) is actually a SERRS spectrum. In solu­

tion a single band at ca. 1616 cm ' 1 is observed w ith 488-nm laser excitation

w ithin  the second absorption band of flavin radical (€ is at about 510 nm)1 max

[1331 However, it does not appear in the surface spectrum excited w ith 488- or

514.5-nm laser light possibly due to the destabilization of surface semiquinone 

species by a photoeffect.

At pH above 6.5 (the pKa value of neutral semiquinone radical), the flavin 

semiquinone anions are the major species of the radical intermediate. In repeated 

attempts we could not observe any new bands at flavin reduction potentials from 

—0.5 to —0.7 V in pH 8-12 solutions w ith  excitation frequencies from 488 to 647.1 

nm. The SERS spectrum from oxidized flavin disappears at potentials more negative 

than —0.7 V vs SCE It should be noted that this potential is well positive to the 

potential a t which the loss of SERS active sites begins. Thus no evidence for the 

existence of semiquinone anion intermediate was observed by SERS.
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Figure 5-4. Flavin redox system and occurrence of the flavin species as a func­
tion of pH and redox state (adapted in the manner of Dryhurst [1361 from 
Hemmerich et al. [137] and Janik et al. [138]].
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5.3.4 Electron Transfer Process of Flavin Reduction on a Silver Electrode

Cyclic voltammetry (CV) was carried out in 1 mM FMN and 0.1 M K2S04 

solution w ith  pH values in the range 2-12. Three typical cyclic voltammetric 

curves obtained on a SERS pretreated (rough) silver electrode at various pH values 

are shown in Figure 5-5. At pH 4.2-4.6, there are tw o distinguishable waves in 

the CV curve (Fig. 5-5B). The peak currents are proportional to the square root of 

the sweep rate (4-400 mV/s) indicating that both waves are diffusion controlled 

and thus a two one-electron transfer process is suggested. A t pH 2-4.2 (Figure 5- 

5A), the CV curve is similar to the case of tw o single electron transfer w ith over­

lapped potentials [129J. A t pH above 4.6, the single peak in the CV curves is quite 

broad probably due to the mixing of multiple processes since the neutral and anion 

form of the redox species have different reduction potentials.

The observation of the semiquinone intermediate in pH 2-7 solution by SERRS 

spectra enable us to conclude that the flavin is electrochemically reduced on a 

rough silver electrode via tw o one-electron steps in acidic solution although the 

potential separation is rather small or even overlapped. Both a polished (smooth) 

Ag electrode and a pretreated (rough) Ag electrode show CV curves w ith two 

diffusion controlled waves at pH 4.5. This is consistent w ith the formation of the 

semiquinone intermediate on the smooth as well as on the rough Ag electrode. The 

similarity of the dual CV peaks at pH 4.5 on both types of Ag electrodes shows 

tha t the same reduction mechanism occurs at the tw o electrode surfaces. This CV 

morphology only occurs over the narrow pH range of 4.2 to 4.6 where the most 

intense semiquinone spectrum is observed. Much weaker spectra for the semi­

quinone intermediate are found in the pH 2-4 and 5-7 regions where the CV
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j
-.5 -.7- . 2 , -.6- .4

Potential ( Volts vs. SCE)

Figure 5-5. Cyclic voltammetric curves for FMN (1 mM) on a rough Ag elec­
trode w ith 0.1 M K2S04 as the electrolyte. (A) pH 2.0; (B) pH 4.5; (C) pH 9.0. 
The scan rate is 20 mV/s.
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curves only show one peak. Although the spectral data do not prove a tw o step 

charge transfer mechanism in these pH regions for the smooth Ag electrode, the 

fact th a t the SERS and CV curves establishes the existence of the intermediate 

strongly suggests that a tw o step mechanism involving overlapped reduction 

potentials takes place on both types of electrode surface over the entire pH 2-7 

region.

5.4 Conclusion

The observation of the semiquinone intermediate by surface Raman spectros­

copy combined w ith  the well defined CV curves obtained on SERS activated Ag 

electrodes demonstrates the utility of this electrode system for the study of elec­

trochemical processes. Additionally, we find only a weak perturbation of the 

flavin electronic and redox properties upon adsorption as indicated by the similar­

ity of the SERRS spectrum w ith the free flavin RR spectrum and by the results of 

the cyclic vottammetry on the smooth and rough Ag electrode. Thus the possibil­

ity of an enzymatically active flavoprotein adsorbed at a Ag electrode surface, as 

has been proposed on Ag colloids by Copeland et. al. {124], is not ruled out by the 

proposed bonding sites for the flavin on a SERS active Ag electrode. Presumably, 

the surface binding is weak enough so that a biological substrate, e. g., glucose, 

could compete favorable for the enzymatically active site at the N5 atom.
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