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ABSTRACT 

This dissertation details the effect of underpotentia11y depo

sited (UPD) Pb on the surface enhanced Raman scattering (SERS) ability 

of roughened po1ycrysta11ine Ag electrodes. The deposition of monolayer 

and submono1ayer amounts of Pb results in a quenching of the SERS 

response for pyridine and C1- adsorbed at Ag electrodes. Various fac

tors which may contribute to the loss of SERS intensity are investi

gated. The most significant factors include changes in surface 

roughness features brought about by Pb UPD, changes in surface electro

nic properties of Pb-modified Ag and changes in a chemical contribution 

to surface enhancement. 

Possible changes in surface roughness properties of the Ag 

electrode due to Pb deposition are examined using scanning electron 

microscopy (SEM) and SERS reversibility studies. SEMs of roughened Ag 

electrodes before and after Pb monolayer deposition show no significant 

change in the morphology of the larger roughness features. However, the 

deposition and stripping of 60 - 70% of a Pb monolayer results in a loss 

of ca. 50% of the original SERS intensity for both adsorbate bands. 

This irreversible loss of SERS intensity is attributed to the destruc

tion of atomic scale roughness (ASR). These results suggest that ca. 

50% of the observed SERS response arises from a mechanism involving ASR. 

xvi 
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In addition, the destruction of ASR is shown to be largely responsible 

for the quenching of SERS at higher Pb coverages. 

The morphology of the SERS quenching profiles at lower Pb 

coverages for pyridine and CI- varies as a function of excitation wave

length. Experimental quenching profiles are compared with theoretical 

quenching profiles based on an electromagnetic contribution to SERS. 

Theoretical quenching profiles are calculated using a model for electro

magnetic enhancement at a overlayer-covered ellipsoids proposed by 

Murray. The experimental results for both adsorbates are in agreement 

with the theoretical predictions for laser excitation in the blue. 

Experimental results in the green and red wavelength regions are best 

explained in terms of photoassisted charge-transfer mechanisms for sur

face enhancement. 



SPECTROSCOPIC STUDIES OF THE ELECTROCHEMICAL INTERFACE 

In recent years, research in the area of electrochemistry has 

focused on the structural nature of the electrochemical double layer and 

its effect on electrochemical processes. The molecular understanding of 

the electrochemical interface is of interest from both a fundamental and 

technological standpoint. An assessment of the molecular details of the 

electrochemical interface is necessary for an understanding of the 

electron transfer event between a redox species in solution and a metal 

electrode. A molecular understanding of the interface is also important 

for future improvements in electrochemically-based technology such as 

energy conversion, batteries and corrosion inhibition. 

Electrochemical techniques are not capable of providing molecu

larly specific information about interfacial species. As a result, 

workers in this area have increasingly turned to a variety of complemen

tary in-situ and ~-situ surface analytical techniques to provide the 

necessary insight. 

Studies of the electrochemical double layer are directed towards 

an understanding the structural makeup of the interface which develops 

at a charged metal surface. Simple models for the electrochemical 

interface are based on the parallel plate capacitor model, where the 

ions in solution and the charge on the metal surface form a layer of 

opposite charge. Issues of importance concern the influence of both the 

1 
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electrolyte solution and metal electrode on the resulting double layer 

structure. Investigations of the role of the electrolyte solution 

involve elucidating the importance of effects such as the adsorption of 

anionic and cationic species as a function of applied potential, the 

effect of adsorbed organics, the role of the solvent, and the effect of 

solution pH. 

The importance of solution conditions on the structure of the 

interLace has been recognized for some time. The influence of the metal 

electrode is just beginning to be recognized. Historically, electro

chemists considered the working electrode to be chemically "inert". 

However, studies are beginning to demonstrate the importance of metal 

surface properties such as surface roughness, surface states, surface 

electronic properties, and metal work function. For example, Hubbard 

(1) has recently demonstrated the role of surface roughness in the 

adsorption and orientation of organics at Pt. Electroreflectance 

studies have provided evidence for the presence of surface states 

(2,3,4) at the metal/electrolyte interface. 

~-situ analytical methods such as Raman, infrared and UV-Vis 

reflectance spectroscopy are particularly attractive for interfacial 

studies because they are capable of providing information about the 

nature of both the electrode surface and the solution interfacial 

region. Differential reflectance spectroscopy and ellipsometry can be 

used to characterize the electronic properties of the metal electrode 

and changes in these properties induced by potential changes, surface 

roughening or film formatio,l. Vibrational spectroscopies have the 
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potential to provide information regarding the identity of molecular 

species present in the solution interfacial region. Changes in the 

spectra as a function of applied potential give information about 

changes in double layer structure and the molecular environment of 

interfacial species. 

In contrast, ~-~ methods such as electron spectroscopy, 

electron energy loss spectroscopy, electron diffraction and electron 

microscopy are advantageous for characterizing the metal surface, but 

generally provide structural and chemical information about strongly 

adsorbed species at the interface. Questions concerning possible 

changes in the chemical nature of these species upon emersion from the 

electrochemical environment also exist. For example, it is known that 

some adsorbates, such as metal mono1ayers on metal substrates (5), are 

susceptible to oxidation upon emersion from the electrochemical environ-

ment. This experimental difficulty has been recently overcome by 

Hubbard (6-8). In recent years, he has pioneered the use of a UHV 

system which allows the emersed electrode to be transferred to the UHV 

chamber without contacting the ambient environment. Despite these 

advances, the question of whether the metal electrode can be emersed 

from solution with the entire double layer structure intact (9-17) will 

have to be resolved before ex-situ methods become the method of choice 

for characterizing the electrochemical interface. 



Vibrational Spectroscopic Characterization of the 

Electrochemical Interface 

4 

Vibrational spectroscopies have proven to be powerful because of 

their ability to provide molecularly specific and directly interpretable 

information about the the identity and orientation of adsorbed molecules 

in the electrochemical interface. In terms of applications to surface 

studies, the most promising experimental approach should meet several 

criteria: adequate sensitivity to detect species on the order of 

1014_10 15 molecules cm-2; general applicability; and routine access to 

low frequency region where metal-adsorbate vibrations occur. For in

situ studies of the electrochemical interface, the preferred technique 

should also provide adequate interfacial selectivity. In other words, 

the experimental approach should allow for minimal spectral interference 

from the solvent and from species in the bulk solution which are 

generally at much higher concentration levels than those confined to the 

interfacial region. Without interfacial selectivity, adsorbate spectra 

are observed only as weak features which may be shifted in position from 

that of the solution component due to interaction with the surface. 

Although infrared spectroscopy is fundamentally more sensitive 

than Raman spectroscopy, several other disadvantages have limited its 

application to studies of the electrochemical interface. The strong 

absorption of many polar solvents, especially water, throughout most of 

the infrared spectral region has limited its application, until 

recently, to nonaqueous environments. The lack of cell windows and 

detectors suitable for use in the low frequency region where 
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metal-adsorbate vibrations are expected is another experimental dif

ficulty. Several recent experimental approaches have been developed 

which are directed at overcoming these limitations. These are described 

below. 

Electrochemically Modulated Infrared Spectroscopy 

Bewick and coworkers (18-28) were the first to successfully 

demonstrate that IR spectroscopy could be used to obtain vibrational 

spectra of interfacial species at electrode surfaces. Discrimination 

between absorption by the adsorbed species of interest and the solution 

environment was achieved by modulation of the electrode potential. This 

approach is best utilized in situations where the potential can be modu

lated between values where the species is adsorbed and desorbed. The 

major difficulty of the approach is that the measurement is not made at 

a static electrode potential. The resulting spectra resemble derivative 

spectra which are often difficult to interpret. 

Polarization Modulated Infrared Spectroscopy 

A more recent approach has taken advantage of the near zero 

electric field amplitude at a metal surface upon reflection of s

polarized radiation at grazing angles (29-30). This technique involves 

modulation of the polarization of radiation incident on the electrode 

surface to take advantage of the surface sensitivity of p-polarized 

radiation and to remove contributions from the solvent and solution spe

cies. Several groups have successfully used this technique to detect 

interfacial species, including Bewick and coworkers (32-33), the group 
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at IBM, San Jose (34-~0), Kunimatsu (41-44) and others (45). The advan

tage of this experimental approach is that it allows spectroscopic 

information to be obtained at a constant potential such that the 

resulting spectra are readily interpretable. However, the surface 

selectivity of p-polarized radiation is not absolute. This leads to 

significant spectral interference by the aqueous electrolyte, and 

generally limits the usefulness of this technique to species which 

absorb radiation in narrow spectroscopic windows. 

Although these approaches have demonstrated that certain limita

tions of IR spectroscopy can be overcome, the major disadvantage of both 

is the lack of adsorbate generality. 

Raman spectroscopy provides several attractive advantages over 

IR methods for investigation of the electrochemical interface. Raman 

scattering in aqueous media is very weak. As a result, many common 

aqueous electrolyte environments can be readily investigated without 

spectral interference from the solvent. In addition, the low frequency 

region down to ca. 5 to 10 cm-1 is readily accessible in Raman 

spectroscopy. 

The major disadvantage of Raman spectroscopy is its low sen

sitivity which is typical of light scattering processes. This sen

sitivity limit has traditionally restricted its use in surface analysis 

to species with high Raman cross-sections adsorbed on high surface area 

adsorbents such as metal oxides (46-48). However, Raman spectroscopy 

can detect monolayer films deposited on low surface area solid surfaces 

by taking advantage of an enhancement mechanism or by using multichannel 

detection schemes. 
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Resonance Raman Spectroscopy 

Several groups have successfully used resonance enhancement to 

characterize adsorbed species at the electrochemical interface. Van 

Duyne and coworkers (49-52) were among the first to demonstrate the 

ability of resonance enhancement to study electrochemically generated 

species of a transient nature. Yeager and coworkers (53-57) have 

studied the spectroscopic behavior of monolayer and submonolayer phtha

locyanines on metal electrode surfaces under a variety of experimental 

conditions using resonance enhancement. The major disadvantage asso

ciated with resonance enhancement is that it is fundamentally limited to 

species which have an electronic transition in the frequency region of 

laser excitation. 

Raman Spectroscopy Using Multichannel Detection 

Multichannel detection often provides the increase in sen

sitivity required for detection of surface species at smooth surfaces. 

Campion has used multichannel detection to observe submonolayer coverage 

of pyridine (58) and benzene (59) at single crystalline Ag, ethylene at 

Ag(110)(60) and nitrobenzene at Ni(111) (61). Tsang and coworkers (62) 

have reported Raman spectra of monolayers on evaporated metal films. 

Bradley and Arunkumar (63) have observed chemisorbed carbon monoxide and 

hydrogen on Ni. Dierker and Murray (64) have recently reported Raman 

spectra of cadmium stearate deposited as Langmuir-Blodgett films on Si 

wafers using an advanced CCD multichannel detector. 

Both of these experimental approaches currently lack the inter

facial selectivity important for electrochemical studies. Best results 
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have been obtained by moving the electrode surface as close to the front 

cell window as possible to minimize the amount of bulk solution sampled 

(65). Current efforts are directed towards the development of polariza

tion modulated Raman spectroscopy, similar to that developed for IR 

studies, for interfacial selectivity (66). This approach is expected to 

be more successful with Raman spectroscopy because of the lack of inter

ference from the solvent. 

Surface Enhanced Raman Scattering 

The most promising experimental approach currently available for 

studying the electrochemical interface is surface enhanced Raman scat

tering (SERS). Surface enhancement provides both the enhanced sen

sitivity and the interfacial selectivity necessary for these studies. 

This phenomenon was first recognized in 1977 by Van Duyne and coworkers 

(67) and, independently, by Albrecht and Creighton (68). Although still 

not completely understood, this enhancement mechanism provides increases 

of 104 to 106 in the scattering intensity of species in the vicinity of 

certain metal surfaces. The interfacial selectivity of this approach 

has been well documented in the literature. The enormous potential of 

this approach for the study of electrochemical systems has given rise to 

a flourish of experimental activity. SERS has been successfully applied 

to the study of adsorption at Ag (69-79), corrosion and corrosion

inhibition at Cu (80-82), oxidation of organics (83,84) and catalysis 

(85) at Au electrodes. Seki (86) has recently updated his original list 

of atomic and molecular species whose surface vibrational behavior has 



been characterized using SERS. The extensiveness of this list 

demonstrates the adsorbate generality of surface enhancement. 

9 

The most serious limitation of this approach, as it is currently 

understood, is that surface enhancement has been documented for only a 

limited number of roughened metal surfaces. These metals surfaces 

include Ag, eu and Au. Enhancement has also been reported under certain 

experimental conditions for Li (87-88), K (89,90), Na (91-94), Ni 

(95-105) and Pt (99-102, 106,107). The continued popularity of this 

approach depends upon an understanding of the fundamental nature of the 

SERS response with the goal of ultimately extending this enhancement to 

other metal surfaces. 

Origins of Surface Enhancement 

At the outset of this work, it was thought that surface 

enhancement could be related entirely to the optical properties of free

electron-like metals which are confined by rough surfaces. Enhanced 

electric field intensities result when the incident photon energy is in 

resonance with a normal mode of the conduction electrons in the metal. 

This leads to enhanced Raman scattering from molecules which are near 

the metal and are under the influence of the large electric fields. 

There is significant evidence, described below, that surface optical 

resonances are an important contribution to surface enhancement. 

However, recent experimental evidence indicates that chemical effects 

may also be important. These effects arise from a specific chemical 

interaction of the molecule with the metal surface resulting in an 
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enhancement of the Raman scattering cross section. Currently, the com

monly held view is that SERS can arise from two mechanisms, which may 

not be exclusive of each other. The critical aspect of SERS which 

remains to be defined is the extent to which the two mechanisms contri

bute to the observed enhancement under various experimental conditions. 

Electromagnetic Models for SERS. Electromagnetic models (EM) 

for surface enhancement are based on enhanced electric fields at certain 

metal surfaces which are generated by the excitation of surface 

plasmons. The enhanced electric field density at the surface can be 

calculated using ~Iaxwell I s equations and is amenable to direct experi

mental verification. 

Surface plasmons are defined as a quantized oscillation of 

electrons at the surface. These surface resonances can be excited by 

photons or electrons (108). The excitation of surface plasmons depends 

upon the dielectric properties of the surface and the presence of high 

surface curvature (109). 

The resonance condition for excitation is met in wavelength 

regions where the real part (e ' ) of the surface has a negative value and 

the imaginary part (e") has a small value (109). For free electron 

metals such as Ag, Cu, Au and the alkali metals, the condition for e ' 

corresponds to the plasma frequency, where the refractive index, n, 

approaches zero (108). 

oscillating in phase. 

to -k2• 

This implies that the metal electrons are all 

The corresponding value of e ' ( = n2 - k2 ) goes 
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These resonances lead to a large increase in the reflected field 

intensity only if the value of e" ( = 2nk) is small. Under these con

ditions, the electric field is radiated into the ambient medium and not 

absorbed by the metal. 

Surface plasmons can be excited at planar metal surfaces. 

However, the excited plasmon is prevented by momentum and energy conser

vation considerations from emitting this energy as photons (109). This 

results in a non-radiative transition. Surface curvature allows for a 

radiative transition which results in the production of enhanced 

electric fields. 

In many systems, surface curvature is provided by surface rough

ness features (110,111). However, enhancement has also been calculated 

for spherical particles (112,113), island films (114), ellipsoids and 

needles (115) and gratings (116,117). 

EM models predict a nonlocal enhancement. As long as the 

distance of the molecule from the surface is small compared to the 

dimension of roughness, electromagnetic enhancement is possible, 

regardless of the chemical nature of the molecule. 

Many of these predictions have been experimentally verified. 

A comparison of experimental results with the predicted response is 

especially straightforward for metal colloids, because these structures 

can be produced with well-defined geometries. Creighton and coworkers 

(118) have shown that the maximum in the excitation profile is indepen

dent of the type of molecule adsorbed on gold colloids. Maximum inten

sities were observed with excitation in the blue. Excellent agreement 
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between predicted surface optical fields and the intensity of Raman 

scattering has been reported by Hart (119) for cyanide on isolated 

silver spheroids of well-defined geometry. Other optical phenomena have 

been shown experimentally to be enhanced by surface optical resonances 

as predicted by theory. Examples include second harmonic generation 

(120), photoelectron yield (121) and infrared absorption (122). The non 

local nature of electromagnetic enhancement has been demonstrated by 

spacer experiments performed by Murray (123). These experiments 

involved the introduction of a polymer between para-nitrobenzoic acid 

and a rough Ag substrate. Measurable signals were obtained for para

nitrobenzoic acid up to 80 A from the metal substrate. 

Chemical Effects in SERS. Surface enhancement is not limited to 

environments where roughness features are of a well-defined geometry. 

In fact, SERS was first observed at electrochemically roughened Ag 

electrodes by Fleischmann (125). Much of the evidence for an additional 

mechanism has also come from SERS investigations in the electrochemical 

environment. For example, there is always a high concentration of water 

in the aqueous electrochemical interface. However, surface enhancement 

of this species has only recently been observed in the presence of high 

electrolyte concentrations (125-128). These results have led to the 

conclusion that specific chemical interactions are important beyond that 

which is necessary for surface optical resonance alone. 

A clear illustration of chemical effects has been demonstrated 

for benzoic acid and isonicotinic acid by Burstein (129) and Kirtley 

(130). Both of these molecules possess carboxyl groups which are 
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expected to interact with metal oxide substrates. In the experiments of 

these workers, these adsorbed organics on metal oxides were overlaid 

with rough Ag. Only the isonicotinic acid, which also contains a nitro

gen lone pair, demonstrated significant enhancement. These results are 

interpreted as evidence for the importance of a specific chemical 

interaction with the Ag overlayer. 

Similar conclusions can be drawn from the comparison between the 

degree of enhancement observed from ethylene and ethane adsorbed on Ag 

(131). The saturated hydrocarbon displayed no observable SERS 

enhancement while the unsaturated molecule did. 

Other evidence for chemical effects has been observed by Demuth 

(132) in an UHV environment for pyridine on single crystal gratings. 

Enhancement was observed only after a pyridine coverage of 0.4 monolayer 

was achieved. This has been attributed, by correlation with photo

emission data, to a compressional phase transition in which pyridine 

molecules rotate from a flat to an end on configuration. The latter 

orientation allows for greater chemical interaction of the nitrogen lone 

pair with the Ag surface. 

The observation of enhancement of molecules at Ni (95-105) and 

Pt (98-102,106,107) also suggests the importance of chemical effects, 

because these substrates do not possess the proper dielectric constants 

to support optical resonances. 

These results indicate the importance of specific chemical 

effects which are not addressed by electromagnetic considerations and 

have led to the concept of an "active site" model. Otto (133) has been 
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a strong proponent of the "adatom as active site" model. In this model, 

individual adatoms of the metal surface act as centers for the creation 

of electron-hole pairs. Once created, the electron or hole engages in 

an inelastic scattering event with the adsorbed molecule. Electron-hole 

pair recombination gives rise to the Raman shifted radiation. The 

result is an increase in the Raman scattering cross-section for adsorbed 

molecules. 

The most convincing evidence for adatoms comes from quenching 

experiments in the electrochemical environment. Electrochemical 

roughening of the surface results In the creation of both atomic scale 

roughness and macroscopic roughness. Atomic scale roughness features 

are stabilized at the electrochemical interface by adsorbed electrolyte 

ions. A large fraction of the original SERS intensity for a variety of 

species (143-138) is irreversibly destroyed by potential excursions to 

potentials where these species are no longer adsorbed. Macroscopic 

roughness has been shown to be insensitive to potential excursions of 

this nature (138). Therefore, the loss of SERS intensity has been 

attributed to the destruction of atomic scale roughness. 

Similar quenching of SERS intensity has been observed on coldly 

evaporated Ag films in UHV after increasing the temperature of the 

substrate (139-143). However, there is currently controversy concerning 

the nature of the annealing process under these conditions and the 

possibility that macroscopic restructuring also takes place (144). 

It is clear that much of the experimental work discussed here 

cannot be explained solely on the basis of an electromagnetic model for 
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surface enhancement. Chemical effects may also be involved and must be 

considered in the interpretation of experimental results. 

Description of Research 

The primary goal of the work reported in this dissertation was 

to investigate the role of the surface electronic properties of the 

metal in the SERS response. The initial aim was to determine whether 

surface enhancement observed in the electrochemical environment could be 

controlled by systematic modification of the electronic properties of 

the metal surface. Electromagnetic models for SERS predict a correla

tion between the surface dielectric constants and the ability of the 

surface to support optical resonances. An important extension of this 

work is to determine the feasibility of extending surface enhancement to 

other non-enhancing metals using a similar approach. 

It is known that the deposition of thin films of foreign (i.e. 

different) metal films onto metal substrates results in surface electro

nic properties which differ from the properties of the respective bulk 

metals. Moreover, these properties vary as a function of thin film 

coverage and incident wavelength. This was first demonstrated in the 

electrochemical environment using differential reflectivity measurements 

of Ag deposited on a Pt substrate (145). The results indicate that sub

monolayer films are more absorbing than bulk Ag (i.e. imaginary part of 

the surface dielectric constant increases) and that bulk Ag properties 

are observed after the deposition of between three and five monolayers. 

Similar increases in absorptivity at low coverages have been observed 
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for other electrochemically deposited thin metal films. Examples of 

these systems include Pb on Ag (146-151), eu on Pt (152), and Pb 

(153-155), TI (155) and Cu (155) on Au. The absorptivity of sub

monolayer deposits has been attributed to the absence of lateral 

interaction between atoms (156). Changes in the differential reflec

tivity of metal-modified surfaces have been related to changes in the 

dielectric constants of the overlayer using the Linear Approximation 

Method (157). 

The experimental approach used in this research involved moni

toring the SERS intensity of adsorbate vibrational bands during the 

in-situ deposition of monolayer and submonolayer amounts of a foreign 

metal overlayer. Changes in foreign metal coverage were expected to 

systematically alter the electronic properties of the surface and result 

in a change in dielectric function of the surface. Systematic changes 

in the electronic properties of the surface were expected to give rise 

to systematic changes in the SERS response under experimental conditions 

where the excitation of optical resonances is an important contribution 

to the SERS response. 

The experimental system chosen for study was that of Pb depos

ited on Ag electrodes. This system was chosen for a number of reasons. 

First, the deposition of Pb on Ag represents the modification of an 

enhancing substrate with a non-enhancing overlayer. The electrochemical 

deposition of Pb on Ag occurs in a potential region where numerous 

adsorbates display large SERS intensities. This is advantageous, 

because the experiment involves monitoring an increase or decrease in 
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SERS intensity of an adsorbate as a function of foreign film coverage 

from a well-defined intensity. 

Second, the electrochemical deposition of Pb on Ag from simple 

electrolytes has been well characterized in the literature (158-165). 

It is an example of a system which deposits at underpotentials. 

Underpotential deposition (UPO) is characterized by the deposition of 

monolayer and submonolayer amounts of a metal film at potentials more 

positive than the Nernst potential for the couple. Unlike diffusion

controlled deposition, which occurs at the Nernst potential, underpoten

tial deposition is an equilibrium deposition process. This means that 

the fractional coverage of the metal overlayer is dictated solely by the 

applied potential and does not vary significantly as a function of 

deposition time. In this way, the fractional Pb coverage, and there

fore, the electronic properties of the surface, can be systematically 

altered in-situ simply by varying the applied potential. Numerous other 

metal systems deposit at underpotentials. This phenomenon has been 

reviewed by Kolb (166). 

Finally, this system has been extensively studied using a 

variety of electrochemical and surface analytical techniques. Kolb 

(146) has reported a complete differential reflectivity study of UPO Pb 

on Ag(lll) as a function of incident wavelength and fractional Pb 

coverage. The completeness of this work allows the calculation of 

dielectric constants of the thin film surface which can be used to 

correlate the SERS response with predictions based on electromagnetic 

theory. Takayanagi and coworkers (147) have reported work function 
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measurements and LEED studies of Pb evaporated on Ag(lll) and have shown 

a correspondence between the Pb overlayers formed in UHV and those 

deposited at underpotentials in the electrochemical environment. The 

kinetics of Pb underpotential deposition have been characterized in 

CI04- and citrate media by Bewick (164,167). Hupp (168,169) has used 

differential capacitance to monitor to effect of Pb deposition on the 

surface coverage of anions at Ag. 

The adsorbate system for these studies was chosen to be pyridine 

in aqueous CI- media. This system was chosen, because it has been well 

characterized in the SERS literature and has become the "standard" SERS 

system (86). In addition, this system provides two chemically distinct 

species which can be adsorbed at Ag. Pyridine can interact with the Ag 

surface through the N lone pair or its extended n system. CI- can 

interact with the Ag surface by covalent bond formation. These dif

ferences in surface interaction may lead to differences in the SERS 

response which might be related to a chemical mechanism for SERS. 

The underpotential deposition of foreign metal overlayers is 

known to be sensitive to the presence of adsorbed anions (166). 

However, the effects of adsorbed organics have not been extensively 

characterized. It is known that adsorbed Rhodamine 6G suppresses the 

underpotential deposition of Pb at Cu electrodes and shifts the bulk 

deposition to more negative potentials (170). Surfactants have been 

shown to shift the UPD of Pb to more positive potentials (171). Based 

on these findings, it was important to characterize the effect of 

adsorbed pyridine and Cl- on the UPD of Pb on Ag electrode surfaces. 
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Mixed Metal SERS Investigations 

Since the outset of this work, similar metal deposition studies 

in the electrochemical and UHV environment have been reported in the 

literature. These studies include the deposition of non-enhancing metal 

films on enhancing substrates, enhancing metal films on enhancing 

substrates and enhancing metal films on non-enhancing substrates. 

Although numerous studies by several groups have been reported, the 

interpretation of many of these results remains unclear either because 

of a lack of systematic study or because of problems with the experimen

tal approach. 

Loo and Furtak (172) were the first workers to examine the 

effect of thin metal film deposition on the SERS response of adsorbed 

species. They reported the observation of SERS intensities for pyridine 

at UPD Ag on a Au electrode with excitation at 5145 A. Au electrodes do 

not support surface enhancement under these experimental conditions. 

The appearance of observable signals for pyridine at 15% of a Ag mono

layer has been interpreted as evidence for the importance of specific 

chemical interactions. In particular, they attribute enhancement to the 

formation of a Ag-pyridine complex. 

Pemberton (173) has reported similar results for electrochemi

cally deposited Ag on Pt electrodes. Raman signals at 5145 A for pyri

dine adsorbed at Pt electrodes were observed only after the deposition 

of small amounts of Ag. The Pt electrode was found to be non-enhancing 

under these experimental conditions. The intensity of the SERS signal 

increased as a function of Ag coverage up to ca. 5 monolayers. 



This behavior was found to correlate well with the onset of bulk Ag 

optical properties determined by McIntyre (145) using differential 

reflectivity measurements. 
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Watanabe and coworkers (174) reported quenching of the SERS 

response at 5145 A for pyridine at Ag by the electrochemical deposition 

of ca. 3% of a Tl monolayer. Similar results have been reported by 

Kester (175) for benzotriazole at 5145 A in the presence of UPD Tl. 

The rapid decrease in SERS intensity for pyridine as a function of Tl 

coverage has been attributed by Watanabe to the destruction of active 

sites. This could be verifed by investigation of the excitation depen

dence of the quenching response or the reversibility of the SERS 

response as a function of Tl coverage. Kester has attributed the 

quenching of SERS for benzotriazole to displacement of the adsorbate 

from the Tl-modified surface. This conclusion could also be supported 

by the observation of a similar quenching profile at other excitation 

frequencies. Further studies have not been reported to date. 

These two groups have also investigated the effect of Pb UPD on 

the SERS response at Ag (174,175). Watanabe observed a linear decrease 

in SERS intensity for pyridine for Pb coverages up to 50% of a mono

layer. The slower decrease in SERS intensity as a function of Pb 

coverage was attributed to the non-specific deposition of Pb. Kester 

reported an inability to detect appreciable SERS intensity from pyridine 

or benzotriazole after addition of Pb+2 to the electrolyte prior to UPD. 

Studies were carried out at the natural solution pH of ca. 8 where Pb+2 

is known to form a series of hydroxides and polynuclear hydroxo 
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complexes. Similar solution conditions have been employed to study the 

quenching of SERS at underpotentially deposition Cd-modified Ag electro

des (176). The choice of these solution conditions has b~'en shown to 

complicate the interfacial chemistry and underpotential deposition pro

cess (177,178). Therefore, the results of these studies are 

questionable. 

Pettinger and Moerl (179) have investigated the effect of 

electrochemical Cu deposition on the SERS response of pyridine at 5145 

A, where bulk Cu is non-enhancing, and 6471 A, where bulk Cu is 

enhancing. They observed a quenching of 30% of the intensity for pyri

dine after deposition of 0.3% of a Cu monolayer at 5145 A. The loss of 

SERS intensity was attributed to damping of electromagnetic resonances 

by Cu deposition. For excitation at 6471 A, they observed little change 

in SERS intensity as a function of Cu coverage. This behavior was 

attributed to electromagnetic enhancement by the Cu overlayer in this 

frequency region. These conclusions have not been substantiated by 

correlations with the optical properties of the Cu overlayer or with EM 

models for surface enhancement. 

Similar metal deposition studies have been performed in UHV 

environment. Lopez-Rios and coworkers have investigated the effect of 

Al (180) and Pd (181) thin films on the SERS response at 5145 A for 

adsorbed pyridine at coldly deposited Ag substrates. In both cases, 

quenching of the SERS response was observed. They concluded that the 

loss of SERS intensity could not be entirely attributed to a damping of 

surface plasmons, because they observed no significant change in the 
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surface plasmon resonance as monitored by reflectance spectroscopy for 

these modified surfaces. The deposition of monolayer amounts of Ag 

(181) onto the Pd overlayer was found to restore the original surface 

enhancement. 

Murray (182) has investigated the effect of vapor deposited Au 

overlayers on Ag island films at 4880 A. Bulk Au is non-enhancing under 

these experimental conditions. A smooth decrease in SERS intensity for 

cyanide and para-nitrobenzoic acid was observed upon deposition of 4 A 

of Au. This quenching of the SERS response was found to correlate well 

with calculated enhancement-coverage profiles based on an electromagnet

ic model (183) for enhancement at overlayer-covered spheroids. 

The results of these studies demonstrate the utility of such an 

approach. In addition, they provide evidence that both EM and chemical 

effects can contribute to the observed SERS response. It is interesting 

to note that conflicting conclusions have often been drawn for similar 

results on similar metal deposition systems. This can be attributed 

either to experimental problems or to the lack of a systematic investi

gation to determine the impact of both contributions to the overall 

response. 

Specific Objectives 

The specific objectives of the research reported here were the 

following: 

1. To optimize solution and spectroscopic conditions to allow 

for the simultaneous observation of surface enhancement from 

pyridine and Cl- and underpotential deposition of Pb. 
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2. To develop methodology for monitoring the effect of UPD 

foreign metal films on the SERS response of adsorbed spe

cies. 

3. To evaluate the extent to which changes in surface 

electronic properties influence the SERS response at Pb

modified Ag. 

4. To apply EM models for surface enhancement to Pb-modified Ag 

surfaces in order to evaluate the electromagnetic contribu

tion to the measured response. 

S. To assess the importance of other factors, such as adsorbate 

coverage, surface roughness and chemical effects, which may 

also contribute to the measured response. 

6. To develop and demonstrate the capability to carry out dif

ferential reflectivity measurements in this laboratory. 

The results of this research provide additional evidence to sup

port the contention of multiple mechanistic contributions to SERS. 

These studies represent a framework for further studies which will 

determine the true potential of surface enhanced Raman scattering for 

the investigation of the electrochemical interface. This work also pro

vides the first example of a non-enhancing metal over1ayer on an 

enhancing electrode which is capable of supporting significant SERS 

activity. This development may allow future spectroscopic studies of 

e1ectrocata1ysis by UPD metal films which currently has only been 

investigated using electrochemical techniques. 



CHAPTER II 

EXPERIMENTAL 

This chapter is divided into three sections. The first section 

describes the spectroscopic and electrochemical instrumentation, the 

second section describes the materials and the third section describes 

the electrochemical and spectroscopic conditions and procedures used in 

these studies. 

Electrochemical and Spectroscopic Instrumentation 

An overview of the Raman system, excitation sources and 

electrochemical intrumentation is presented in Figure 1. This system is 

based on a SPEX Ramalog 1403 scanning double monochromator with 1800 

linear grooves mm- 1 holographically ruled gratings. Data collection and 

manipulation are controlled with a Spex Datamate dedicated microcom

puter. Dual disk drives are used for data storage. 

Radiation Sources 

Radiation in the blue (4880 A, 4579 A) and green (5145 A) is 

provided by a Coherent Innova 90-5 Ar+ laser. Plasma lines from the Ar+ 

laser are removed by insertion of the appropriate unblocked laser inter

ference filter (Pomfret Research Optics, Inc.). These filters transmit 

aproximately 50% of incident radiation with a bandpass of 30 A. For 

excitation at 6226 A, the Ar+ laser was used to pump a Coherent CR-599 

dye laser containing Rhodamine 6G/ethylene glycol solution (Rhodamine 

24 



Figure 2.1 Schematic diagram of the Raman Spectroelectrochemical 

instrumentation. (M) flat mirror; (A) polarization 

analyzer (C) collection optics; (S) polarization 

scrambler. 
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590 Chloride, Exciton). The output of the dye laser has a typical band

pass of 2 A after passage through a birefringent filter. Laser power at 

the spectrochemical cell is measured using a Coherent 210 broadband 

power meter. Typical laser power did not exceed 150 mW at the cell. 

Electrochemical Instrumentation 

The spectroelectrochemical cell is positioned in the sample 

chamber such that the incoming laser radiation was specularly reflected 

off of the electrode surface at approximately 60° with respect to the 

surface normal. The working electrode (WE) consists of a poly

crystalline Ag disk (Johnson Matthey, 99.999%). A Ag/AgCI reference 

electrode (REF) was isolated from the electrolye solution in a glass 

compartment. Electrical contact was maintained using a leaky Pt to 

glass seal. A Pt wire served as the auxiliary (AUX) electrode. 

The potential applied to the Ag working electrode was contolled 

by a three electrode potentiostat (ECO Model 551 or IBM EC 225 

Voltammetric Analyzer). The latter contains an internal potential wave 

generator. Use of the ECO system required an external wave generator. 

Linear potential ramps were applied to the working electrode using a 

triangle wave generator assembled in-house from a design published 

elsewhere (184). Cathodic potential steps of varying time duration were 

applied to the WE using a function generator (Wavetek Model 143). The 

charge passed during an oxidation-reduction cycle (ORC) was monitored 

with a digital coulometer (Princeton Applied Research Model 379). 

Current-time transients were measured using a storage oscilliscope 
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(Tektronix Model 564). Pictures of the scope traces were taken with a 

Tektronix C-5 camera. 

Raman Instrumentation 

The Raman scattered radiation was collected using two collection 

mirrors and focused on the entrance slit of the double monochromator. 

Detection was accomplished with a high sensitivity, GaAs photocathode 

photomultiplier tube (RCA C31034) with photon-counting capabilities. 

For dark current reduction, the unit was thermoelectrically cooled to 

-25 C. Dark count values were generally 50-100 counts s-l. 

A detailed schematic of the Ramalog double monochromator is 

shown in Figure 2. The amount of scattered radiation sampled by the 

detector is controlled by adjustment of the entrance slit, two middle 

slits and an exit slit (81, 82, 83, and 84, respectively, in Figure 2). 

The middle slit 82 corresponds to the the exit of the first monochroma

tor, and slit 83 corresponds to the entrance to the second monochroma-

tor. 

8pectroelectrochemical Cells 

The spectroelectrochemical cells used for these experiments were 

of a basic sandwich-type design which is commonly used for spectrocopic 

studies of electrode surfaces (185). The advantage of this sandwich 

design is that the cell is easily taken apart and the cell body and win

dows can be throughly cleaned. 

The cell used for routine studies was modified version of that 

designed by Pemberton (186) for spectroelectrochemical studies at a 
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rotating disk electrode. A piece of 18 gauge platinum wire served as 

the auxiliary electrode is fastened with epoxy into the opposite side of 

the cell. The reference electrode assembly consists of a Ag/AgCI 

reference half cell which fits into a junction compartment containing 

the electrolyte solution of interest. The working electrode assembly is 

composed of a glass shaft with associated electrical connections. The 

glass shaft electrode has a threaded brass contact on one end onto which 

the working electrode was attached. Metal foils or disks (o.d. 7 mm) 

were silver soldered onto brass mounts which consist of a small brass 

screw, the head of which has been machined flat. The cell body is posi

tioned in front of the sampling optics using a ring stand. 

An alternate spectroelectrochemical cell was used for final SERS 

studies and differential reflectivity studies where the placement of 

the electrode with respect to the front plate or the cell body with 

respect to the collection optics was critical. This cell was par

ticularly useful for studies involving 3,6-dihydroxypyridazine (DHPZN). 

An isolated auxiliary electrode compartment was required for these 

studies because DHPZN adsorption at Pt AUX electrode was found to impede 

current flow. A schematic diagram of the cell and working electrode is 

shown in Figure 3. This basic cell design is similar to that described 

above with some modifications. The cell body is constructed of Kel-F 

and contains approximately 5 mL of electrolyte. The Pt auxiliary 

electrode is housed in a glass compartment which secured into the cell 

body using an epoxy resin. The end of the auxiliary housing is fitted 

with a medium coarse frit for ion conductance. The working electrode 



Figure 2.3 Schematic diagram of the spectroelectrochemical cell. 

(a) micrometer shaft, (b) electrical connection, (c) pin 

attachment, (d) threaded teflon shroud, (e) lucite back 

plate, (f) viton o-ring, (g) Kel-F backplate, (h) teflon

coated o-ring (i) fill port, (j) Kel-F cell body, 

(k) reference electrode connection and fill port, (1) AUX 

electrical connection, (m) coarse frit, (n) glass AUX com

partment, (0) front teflon-coated o-ring, (p) front glass 

plate, (q) lucite front plate, (r) L-frame cell mount, (s) 

micrometer entrance opening, (t) X-Y-Z translator mounting 

holes, (u) cell mounting holes. 
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position within the cell body is reproducibly controlled by the micro

meter shaft to which the working electrode is connected. A teflon 

shroud, with threads tapped inside, surrounds the end of the shaft and 

the electrode is screwed in until electrical contact is made with the 

shaft. Another important feature of this cell is the L-frame to which 

the cell body is mounted. The L-frame, with the cell attached, is 

mounted to an X-Y-Z translator which itself is mounted to the spectro

meter adjacent to the collection optics. The translator allows control 

of the cell position, and therefore, the electrode position and laser 

beam angle of incidence to within ± 1 mm and ± 1°, respectively. 

SEM Instrumentation 

An International Scientific Instruments ISI-DS130 scanning 

electron microscope (SEM) was used to obtain micrographs of the 

electrode surface. The voltage at the electron gun ranged from 20 to 

30kV. Voltages near 30 kV were necessary to resolve features at higher 

magnification () 40,000 X). The microscope tilt angle was typically 

30°. 

XPS Instrumentation 

X-ray photoelectron studies of were carried out using a Vacuum 

Generators ESCALAB MK II electron spectrometer. Spectra were obtained 

in constant analyzer mode with an Al Ka (1486.6 eV) anode operating at 

20 rnA at 2 KV. Survey scans were recorded with a pass energy of 100 eVe 

Final scans of the regions of interest were obtained with pass energy of 

50 eVe Base pressure during acquisition was typically 10-10 torr or 
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better. Spectra were obtained with a total count time per resolution 

element of 1.0 sec. Binding energies were referenced to the C Is line 

taken as 284.6 eVe 

Differential Reflectivity Instrumentation 

The instrumentation required to measure small changes in reflec

tivity of electrode surfaces due to electrochemical roughening of the 

surface and deposition monolayer amounts of foreign metal films is 

decribed here. The instrumentation was assembled in-house from several 

components shown in Figure 4. Data acquisition and reduction are com

puter controlled using an LS1-11/23 microcomputer and an STLSI interface 

board. User-interactive software was written as Fortran-callable Macro 

subroutines. The details of the interface and software are documented 

in Appendix C. 

A schematic diagram of the intrumentation is shown in Figure 4. 

A tungsten-halogen lamp (S) serves as a continuous light source. The 

Harrick Rapid Scan monochromator (M) is based on a Czerny-Turner design 

which is modified for maximum throughput. The monochromator incor

porates a small galvonometer (G, General Scanning Model 0612) to which 

is attached a grating (5 rom diameter; 300 lines/rom, 3000 A blaze angle 

or 600 lines/rom, 4500 A blaze angle). A scanner driver (SD, General 

Scanning Model RAX100) supplies the current necessary to drive the 

galvonometer by converting a voltage input to a corresponding current 

output. Voltage input to the scanner driver was provided by a triangle 

wave generator or by program-controlled output from a digital to analog 

(D/A) converter on the STLSI interface board. 



Figure 2.4 Schematic diagram of the differential reflectivity instru

mentation. (S) Tungsten-halogen source, (SD) scanner 

driver, (M) monochromator, (G) grating attached to galva

nometer, (Fl,2,3) fiber optic cable, (eM) cell mount, 

(Dl,2) photomultiplier tubes, (Vl,2) current-to-voltage 

converters, (R) ratiometer, (I) gated integrator. 
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The output of the monochromator is focused on the input of a 

bifurcated bundle of fused silica fiber optics (F1 and F2). The fiber 

optic bundle serves as a 99/1 beam splitter. Approximately 1% of the 

monochromator output is continuously monitored at D1 to compensate for 

fluctuations and drift in the source output. Approximately 99% of the 

monochromator output is directed to the reflection sampling compartment 

(C) using the other fiber optic channel (F2). The reflected light 

intensity is monitored using fiber optic F3. The details of the 

sampling compartment are described later. 

The reflected and reference photon flux are detected using a 

matched pair of photomultiplier tubes (D1 & D2, Hamamatsu Model 374). 

The current output of D1 and D2 is converted to a voltage output with 

gain using current-to-voltage converters assembled in-house. The 

current-to-voltage converters are based on BiMOS Operational Amplifiers 

(CA3140). The voltage outputs are connected to the input of a 

ratiometer (R, Evans Electronics Model 4122). The output of the 

ratiometer (Vsignal/Vreference) is connected to the input of a gated 

integrator (I, Evans Electronics Model 4130A). This module provides for 

user selectable time constants from 10-3 to 100 sec. The integrator 

start/reset was controlled using TTL logic provided by the interface 

board. The integration time is monitored using timing circuitry on the 

STLS1 interface board. Analog-to-digital conversion of the integrated 

output is accomplished using a 12 bit successive approximations A/D con

verter on the interface board. 
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The reflection sampling compartment was designed and built 

in-house. A schematic diagram is shown in Figure 5. Focusing and 

collection optics are mounted on a two-arm rotating assembly which 

allows for adjustment of the incident angle between 15° and 60° from the 

surface normal. The incident photon flux from F2 is focused approxima

tely 19 mm in front of the focusing beam probe (F, Oriel Model 

77646-4121). The focused beam is input to a prism polarizer (p, Karl 

Lambr~cht Corporation Glan-Thompson MGT3B10). The output of the 

polarizer is collected and focused on the electrode surface using a 

focusing lens (L). The reflected radiation is collected and focused on 

to the F3 fiber optic cable using a collimating beam probe (C, Oriel 

Model 77644). The cell mount (CM) is completely compatible with the 

spectroelectrochemical cell and cell mount described earlier. This 

assembly allows for the reproducible placement of the electrode surface 

in the optical path. 

Materials 

Bulk solutions were prepared as 0.1 M supporting electrolyte 

(KCl or NaCl04) containing 0.05 M pyridine or 0.01 M DHPZN. Solutions 

containing 1 x 10-3 or 1 x 10-4 M Pb(N03)2 were prepared daily by 

dilution of an aliquot of 20 x 10-3 M Pb+2 stock solution at pH 5.5 

using the bulk solution of interest. Pyridine solutions (natural pH 

8.3 ) were acidified to pH 5.5 by addition of concentrated HCl (Baker, 

analyzed reagent) prior to the dilution of the concentrated Pb+2 ali

quot. In this way, the precipitation of Pb(OH)2 was avoided, and solu

tions containing known amounts of Pb+2 with a final pH of 5.5 could be 
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Figure 2.5 Schematic diagram of the reflection sampling compartment. 
(CM) cell mount, (F2,3) fiber optic cable, (F) focusing 
optics, (P) prism polarizer, (L) focusing lens, 
(C) collection optics. 
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reproducibly prepared. DHPZN was dissolved in electrolyte solution by 

mild heating and sonication. No acidification of DHPZN solutions was 

necessary to obtain the final solution pH of ca. 3.5. All solutions 

were prepared from triply distilled, deionized water, the last distilla

tion being from permanganate. Total organic carbon levels in the 

purified water were less than 70 ppb. Solutions were deareated by 

bubbling with N2 prior to use. 

Pyridine (Burdick & Jackson, High Purity Solvent), Pb(N03)2 

(MCB Chemicals), KCl (MCB Reagents), NaCl04, (Fluka >98%, Aldrich 99+%), 

were used as received. 3,6-Dihyroxypyridazine (Aldrich) was purified by 

a single recrystallization from an absolute ethanol/water mixture prior 

to use. 

Procedures 

This section describes the electrochemical and spectroscopic 

procedures used to obtain to results discussed in the following chap-

ters. 

Electrochemical Procedures 

Oxidation-Reduction Cycle. In order to obtain enhanced Raman 

signals from species present at the electrode-solution interface, it is 

first necessary to roughen the electrode surface. This can be done in a 

variety of ways. For all of studies described here, an electrochemical 

oxidation-reduction cycle (ORC) was employed. 

Ag electrodes can be electrochemically roughened by oxidization 

followed by reduction of the Ag+ to form a roughened surface. The most 
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common method involves the application of a linear potential ramp to the 

electrode, as is described below. A linear potential sweep ORC results 

in the oxidation of the Ag surface at a variety of rates characteristic 

of each potential and is expected to give rise to heterogeneous surface 

roughness features. Tuschel, Pemberton and Cook (187) have recently 

reported the effect of oxidation rate on the resulting electrode morpho

logy and the corresponding enhancement activity of surfaces prepared by 

potential step ORCs in aqueous KCl media. These results indicate that 

the average roughness feature size can be controlled to a greater extent 

using potential step methods. This approach has been extended by 

characterizing the effect of solution pH and the presence of pyridine on 

the resulting surface morphology (188) and enhancement activity (189) of 

Ag surfaces prepared in the same manner. It appears that potential step 

ORC procedures result in surface feature sizes which are more uniform. 

Therefore, this approach probably should be the method of choice. 

However, this aspect of surface enhancement had not been explored at the 

outset of this work. For consistency, a linear sweep ORC method was 

used throughout these studies. 

For spectroscopic investigations of the effect of UPD Pb on the 

SERS response of adsorbed species, the ORC was generally performed in 

the absence of Pb+2 in solution. For a valid comparison of surface 

enhancement in the absence and presence of Pb, it is important to avoid 

changes in the SERS response which could be brought about by changes in 

the solution and/or surface chemistry of the ORC. For example, it was 

discovered during the course of these studies that the presence of 
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1 x 10-3 M Pb+2 during an ORC in pyridine/CI- media results in negli

gible SERS signals for pyridine. This is presumably the result of the 

interaction of soluble Pb hydroxo species with adsorbed CI- which 

inhibits the readsorption of pyridine at roughened Ag surfaces. 

The molecular details of Cl-induced Pb+2 adsorption at Ag have been 

recently reported by Coria-Garcia and Pemberton (190). ORCs were most 

conveniently carried out in an external electrochemical cell after which 

the WE was transfered to a spectrochemical cell containing the solution 

of interest. 

A typical cyclic voltammogram for a linear sweep ORC carried out 

in a solution containing 0.1 M KCI/0.05 M pyridine/pH 5.5 is shown in 

Figure 6. Prior to surface roughening, the Ag electrode was mechani

cally polished on a polishing wheel using successively finer grades of 

alumina (Buehler) down to 0.05~ and rinsed with copious amounts of 

triply distilled, deionized water. The potential applied to the WE was 

ramped in a positive direction from an initial potential of -0.250 V vs 

S.C.E. reference electrode at 0.005 to 0.010 V sec-I. Prior to the 

onset of the potential ramp, the coulometer was reset so that current 

flow throughout the ORC process could be monitored. At ca. +0.050 V, 

the Ag surface begins to oxidize and anodic current begins to flow due 

to the production of Ag+. When the solubility product (Ksp ~ 1.0 x 

10-10) of AgCI is exceeded at the interface, AgCI precipitates on the 

electrode surface. This step in the ORC pretreatment has been shown to 

be important in determining the final surface morphology (187). At a 

predetermined charge value between 5 and 10 mC, the scan direction was 



Figure 2.6 Cyclic voltammogram of an ORC at a Ag electrode in 0.1 M 

KCl/O.05 M pyridine/pH 5.5, v = O.005V sec-I, S = 0.80 rnA 

cm-2• 
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Figure 2.6 Cyclic voltarnmogram of an ORC at a Ag electrode in 
0.1 M KC1/ 0.05 M pyridine/ pH 5.5. 
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reversed. At ca. 0.000 V, the oxidation of Ag ends and the reduction of 

the AgCl layer commences. The total anodic charge passed during the 

oxidation process (between 10 and 20 mC) was read from the digital out

put of the coulometer at this potential. The reduction of AgCl con

tinues from this potential until the current drops to zero at ca. -0.150 

V resulting in a roughened Ag surface. 

A scanning electron micrograph of this electrode roughened in 

this fashion is shown in Figure 7. The micrograph shows large scale 

roughness features which are ca. 1 ~m in diameter. These large features 

consist of aggregated smaller spherical features which are ca. 1000 to 

2000 A in diameter. 

This method of electrode pretreatment yields reproducible sur

face areas to within ± 6% and an increase in surface roughness factor of 

2 to 4 times as determined by Pb underpotential deposition experiments 

discussed in a later section. A final coulometer reading at -0.250 V 

was used to calculate charge recovery. For ORC's in Cl- media, the 

charge recovery is typically of 98-99%. The high charge recovery is the 

result of the formation of an insoluble AgCl layer. In Cl04 media, Ag 

ions are very soluble and diffuse away from the electrode surface into 

the bulk solution. As a result, the charge recovery can be as low as 10 

to 15% at scan rates of 0.025-0.050 V sec-I. 

All ORCs were carried out in the dark to avoid additional photo 

effects which have been reported by several workers (191-193). 

Underpotential Deposition of Pb. A cyclic voltammogram for the 

deposition of Pb on Ag from a solution containing 0.1 M KCI/0.05 M 
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Figure 2.7 SEM of an electrochemically roughened Ag electrode. 
Magnification = 22,200, tilt angle = 30°, bar = )Urn. 
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pyridine/1 x 10-3 M Pb( N03)2/pH 5.5 is shown in Figure 8. From an ini

tial potential of -0.250V vs Ag/AgCl, the WE was ramped in a negative 

direction at 0.005V sec-I. The first cathodic process at a peak poten

tial of ca. - 0.440V corresponds to the reduction of Pb+2 at underpoten

tial to form the first monolayer and is defined as Eupd. Deposition of 

the monolayer is complete at a potential of ca. -0.520 V for this 

system. As the potential is made further negative, deposition of addi

tional amounts of Pb on top of the Pb monolayer (bulk deposit) occurs at 

a diffusion controlled rate. The beginning of this process results in 

the sharp cathodic current spike at ca. -0.530 V in Figure 8. The peak 

potential for the bulk deposition process, which is not shown in 

Figure 8, is defined as Ebulk. Upon scan reversal, the first anodic 

peak at -0.520 V corresponds to oxidation of the bulk Pb deposit. 

The second anodic peak at -0.410 V corresponds to oxidation (stripping) 

of the Pb monolayer. 

Comparison of the charge under the stripping wave with that 

under the deposition wave, after correction for double layer charging, 

indicates that the UPD process is completely reversible. In other 

words, all the Pb which is deposited at underpotentials is completely 

removed from the Ag surface during the stripping process. 

Prior to a spectroscopic investigation, it was necessary to 

determine the fractional Pb coverage achieved at various potentials 

within the UPD region. This was accomplished by recording a series of 

UPD stripping waves at 0.005 to 0.010 V increments within the UPD poten

tial region. This procedure requires the identification of an initial 



Figure 2.8 Cyclic voltammetry of Pb underpotential deposition on 

roughened Ag electrode. Solution conditions, 0.1 M KCl/ 

0.05 M pyridine/1 x 10-3 M Pb+2/pH
J

S.S v = 0.005 V sec-I, 

S = 0.02 rnA cm-2• 
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Figure 2.8 Cyclic voltammetry of Pb underpotential deposition 
on a roughened Ag electrode. 
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potential (EO) and final potential (Em) as shown in Figure 9 for a solu

tion containing ,0.1 M KCl/0.05 M pyridine/1.0 x 10-3 M Pb+2/pH 5.5. 

The initial potential (EO) is the most negative potential where no ano

dic current due to Pb UPD stripping is observed upon a potential sweep 

in the positive direction. The final potential (Em) corresponds to the 

potential where the maximum amount of Pb is stripped prior to the oxida

tion of bulk amounts of Pb. 

Em was determined by recording stripping waves at 0.005 to 0.010 

V increments at more negative potentials until an additional oxidation 

wave is observed as shown in Figure 9. This wave was identified as the 

bulk stripping wave by the observation that the area under the stripping 

wave increases as a function of time spent at the deposition potential. 

Such behavior is characteristic of diffusion-controlled processes. 

Em was chosen as the potential 0.010-0.020 V positive of the potential 

observed for the onset of bulk deposition. 

To accurately determine EO it was necessary to examine the low 

Pb coverage region at higher current sensitivity. EO was chosen as the 

potential ca. 0.020 V more positive of the onset of underpotential depo

sition. 

At millimolar concentrations of Pb+2 , UPD stripping waves were 

recorded after maintaining the applied potential for 10-15 sec. It was 

experimentally determined that ca. 100 sec wait period was required to 

achieve equilibrium coverage for underpotential deposition from solu

tions containing 1.0 x 10-4 M Pb+2• 
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It is important to carry out the electrochemical calibration in 

the cell to be used for the spectroscopic measurements. The particular 

geometric arrangement of the WE and RE electrode determines the dif

fusion profile and IR drop across the cell. These two factors influence 

the time required for complete deposition and the potential drop across 

the cell required for the onset of UPD, respectively. 

From the stripping waves relative fractional Pb coverages or e 

values were calculated by comparing the average area under the stripping 

waves initiated from various potentials with the area under the 

stripping wave for a complete Pb monolayer at Em. Areas were determined 

using a planimeter. Relative standard deviations in the measured areas 

were between 1 and 8% depending upon the size and shape of stripping 

wave. The charging current was estimated by drawing a smooth curve bet

ween the initial current value for Em and the current extension for EO, 

as shown in the Figure 9. 

The use of this method of coverage determination is based on the 

assumptions that the electrosorption valency of the deposited Pb is 

independent of coverage and that the maximum Pb deposited at underpoten

tial corresponds to one full monolayer. The first assumption is not 

rigorously valid. However, the error introduced by this assumption is 

most likely negligible relative to the overall error in the measurement. 

In fact, the electrosorption valency for UPD Pb on Ag has been reported 

to be very close to the value of 2.0 expected for electrodeposition of 

bulk Pb (194). Dickertmann, Koppitz and Schultze have shown that the 

maximum amount of Pb deposited at underpotentials corresponds to one 



Figure 2.9 Stripping waves for Pb underpotential deposition on Ag. 

Solution conditions, 0.1 M KCl/0.05 M pyridine/1 x 10-3 M 

Pb+2/pH 5.5. v = 0.005 V sec-I, S = 0.01 rnA cm-2• 
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Figure 2.9 Stripping waves for Pb underpotential deposition on Ag. 
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full monolayer (165). Therefore, the coverage or e values reported here 

represent fractional Pb coverages directly. 

Deposition isotherms were obtained by plotting the respective 

fractional Pb coverage or e value as a function of applied potential. 

Data for UPD Pb on a roughened polycrystalline Ag electrode is shown in 

Figure 10. The isotherm indicates the limiting Pb coverage attained by 

applying a potential to the WE. The shape of the isotherm is very simi

lar to that reported by Takayanagi and coworkers (147) for UPD Pb on a 

Ag (Ill) substrate. 

Surface Area Measurements. In order to evaluate the ability to 

obtain and compare absolute Raman intensities, it was important to 

determine the uncertainty associated with various steps in the experi

mental procedure. Of particular importance is the ability to evaluate 

the uncertainty associated with various electrode pretreatment steps. 

The electrode pretreatment steps influ~nce the final electrode surface 

area. Differences in surface area result in an differing amounts of 

adsorbed species sampled at the surface, and thereby impact the final 

Raman intensity. The following experiments were designed to evaluate 

the reproducibiliity of polishing procedure and ORC pretreatment. This 

was accomplished by determining the surface area of the electrode after 

a polishing treatment and after an ORC pretreatment. 

Underpotential deposition of Pb was used to determine the 

electrochemical surface area of Ag electrodes, as described in the 

literature (195). The electrochemical surface area was determined by 

measuring the charge under the UPD stripping wave and comparing it to 
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the value of 310 mC cm-2 for one Pb monolayer found previously (165). 

Roughness factors, R, were calculated by comparison of the electrochemi

cal surface area with the known geometric surface. This approach was 

used to determine electrode surface area before and after an ORC. 

Six successive experiments were carried out to evaluate the 

reproducibility achieved in electrode polishing and the ORC pretreat-

mente 

Figure 11 shows the cyclic voltammograms recorded in the Pb 

underpotential deposition region before and after an ORC. The solution 

contained 0.1 M KCl/0.05M pyridine/l X 10-3 M Pb+2/pH 5.5. Prior to 

the ORC, a cyclic voltammogram for Pb UPD was obtained shown. The area 

under the stripping wave recorded initially corresponds to the surface 

area of the electrode after a mechanical polishing treatment. The coulo

meter was reset to zero, and an ORC was then performed by continuing to 

scan in the positive direction. After 4.5 mC of anodic charge had 

passed, the scan was reversed and the roughened Ag surface was formed. 

The separation between the two reduction waves is characteristic of ORCs 

performed in 1 X 10-3 M Pb+2 solution. After the ORC, an additional UPD 

wave was recorded. The increase in the area under the UPD Pb stripping 

wave is due to the increase in surface area resulting from the ORC. 

From the electrochemical parameters and the area under the 

stripping waves determined using a planimeter, the electrochemical sur

face areas and roughness factors before and after an ORC were calcu

lated. The reproducibility of the mechanical polishing treatment and 

the electrochemical ORC were evaluated by calculating the relative 



Figure 2.11 Cyclic voltammetric analysis of Ag surface area changes 

due to an aRC using Ph UPD. (a) Before ORC, (h) after 

aRC. v = 0.005 V sec-I, 81 = 0.70 rnA cm-2 , 82 = 0.025 rnA 

cm-2• 



f 
u .-
1J o 
s:::. 
~ ns 
u 

u .-
'"C o 
c: 
ns 

1 

51 

, 
\ 
I , 

;' , , 
I 
I 
f 

, a 
I 
I 
I 
I , 

I' b 11 
I , 

:: 52 

" 11 , 

0.2 0.0 -0.2 -0:4 -0.6 -0.8 
E J vol ts vs S.C.E. 

51 

Figure 2.11 Cyclic voltarnrnetric analysis of Ag surface area changes 
due to an ORC using Pb UPD. 
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standard deviation in roughness factor for six successive trials. 

The results indicate that mechanical polishing of the surface yields in 

an average roughness factor of 2.68 + 0.29. For an electrode geometric 

area of 0.20 cm2 , this corresponds to an average electrochemical area of 

approximately 0.54 cm2 • These results indicate that the mechanical 

polishing treatment is reproducible to within ±10%. Similarly, after an 

ORC, the average roughness factor was determined to be a factor of 4.47 

times the geometric area (or 0.89 cm2) for an average increase in sur

face due to ORC by a factor of 1.7. The ability to reproducibly acti

vate the electrode surface using a potential ramp ORC was calculated to 

be within 7% on the basis of roughness factors. Therefore, the total 

uncertainty in the measured Raman signal due to irreproducibility in 

final electrod2 surface area is calculated to be ca. 17%. These results 

indicate the difficulty associated with comparing absolute Raman inten

sity measurements. As a result of these studies, relative Raman inten

sity measurements were generally used. 

Effect of adsorption on UPD Pb. The underpotential deposition 

of Pb on Ag has been routinely carried out in solutions containing only 

weakly adsorbing supporting electrolytes, usually in 0.1 M NaCl04 

(158-161,164,165). For the SERS studies, it was important to charac

terize the effect of anions and adsorbates on the UPD electrochemistry. 

It is known that adsorbing species can affect on potential at which UPD 

occurs reflecting changes in the energetics of the UPD process (166). 

Shifts in the underpotential peak position (Eupd) to more negative 

potentials have been observed as the adsorption strength of the anion of 



the supporting electrolyte increases (166). These shifts are con

veniently tabulated as the difference between the Eupd and Ebulk. 

Thus, as the adsorption strength increases, ~Ep decreases. 
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These changes have been explained on the basis of surface site 

blockage by strongly adsorbed electrolyte anions (166). This model 

assumes that the metal ion exists in solution as the simple hydrated 

species. The Eupd shifts are related to the potential required for 

displacement of the adsorbed anions from surface sites allowing for loss 

of the metal cation hydration sphere and subsequent electron transfer to 

metal ion (196). 

This description does not address the fact that many of the 

metal ions that undergo UPD, and Pb+2 in particular, form stable solu

tion complexes with the commonly used supporting electrolytes (e.g. el

and Br-). It is expected that potential shifts in Eupd may also reflect 

changes in deposition due to formation of solution complexes. So, in 

fact, the interpretation of UPD shifts is complicated by anion adsorp

tion and complex formation. 

The situation is further complicated for the systems of interest 

in this study by the presence of strongly adsorbing organic species 

(e.g. pyridine). There have been few reports concerning the effect of 

organic species on the UPD behavior, except for recent studies using 

surfactants (171) and rhodamine 6G (170). For this reason, it was 

important to characterize the effect of organic species on the UPD beha

vior of Pb. 
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Current-voltage curves were examined for the following systems 

in 1 x 10-3 M Pb(N03)2/pH 5.5: 

0.1 M NaCl04 

0.1 M NaCl04/0.05 M pyridine 

0.1 M NaCl04/0.05 M DHPZN 

0.1 M KCl 

0.1 M KCl/0.05 M pyridine 

0.1 M KCl/0.05 M DHPZN 

Pb deposition was carried out on smooth polycrystalline Ag sur-

faces which had been subjected to mechanical polishing only. Between 

runs the cell was cleaned by rinsing with copious amounts of acetone, 

followed by methanol and triply distilled, deionized water. Current-

potential curves were recorded from an initial potential of -0.200 V vs 

SCE to potentials sufficiently negative of Pb bulk deposition where 

current flow becomes diffusion controlled at a scan rate of 0.010 V/sec. 

The potential axis (x-axis) was expanded to 50 mV/inch to allow for 

accurate measurement of Eupd and Ebulk. 

Results obtained for Pb deposition in 0.1 M KCl/O.OS M pyridi-

ne/pH 5.5 are shown in Figure 12. Eupd values were measured at the 

peak in the UPD region. Similarly, Ebulk values were measured at the 

peak in the bulk deposition region. Table 1 shows average values 

measured for Eupd and Ebulk, with standard deviation and the calculated 

average ~Ep. 

Statistical analysis of the data was perform using a modified 

t-test (197) to determine if significant differences in the values for 



Figure 2.12 Cyclic voltammetric analysis of the effect of pyridine 

adsorption on Pb deposition on Ag from 0.1 M KCl. 

v = 0.005 V sec-I, S = 8.0 ~A cm-2• 
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Figure 2.12 Cyclic voltammetric analysis of the effect of pyridine 
adsorption on Pb deposition on Ag from O.lM KC1. 
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TABLE 2.1 Effect of Adsorption on the 
Deposition of Pb on Ag 

E UPD 
SYSTEM (mV vs SCE) Sd E BULK Sd k 
C104- -321 1.0 -497 2.0 176 

C104-/PYR -347 1.0 -493 3.0 146 

C104-/DHPZN -354 1.0 -491 2.0 137 

Cl- -406 6.0 -507 1.0 101 

Cl-/PYR -384 3.0 -498 2.0 114 

Cl-/DHPZN -354 1.0 -491 2.0 137 
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Eupd and Ebulk could be detected. The results of the statistical analy

sis are summarized in Table 1. In the absence of organic adsorbates, 

the ~Ep values obtained are in agreement with literature values for 

CI04- (166) and CI- media (166). In the presence of organic adsorbates, 

Eupd in CI04- media is shifted to more negative potentials by 0.025 and 

0.035 V for pyridine and DHPZN, respectively. If it is assumed that 

neither pyridine nor DHPZN forms strong complexes with Pb in solution, 

these results can be interpreted in terms of a simple surface site 

blockage model. A statistically significant shift (at the 99% con

fidence level) to more negative Eupd values is measured for DHPZN in 

CI04- with respect to that measured for pyridine in CI04-. This shift 

can be interpreted in terms of stronger adsorption of DHPZN than pyri

dine at Ag. Comparison of Eupd in CI- and CI04- media, indicates a 

shift on the order of 0.080 V in the presence of CI-. This shift could 

be due to surface site blockage by CI- and/or to the effect of complexa

tion of Pb+2 by Cl-. No significant difference in Eupd is observed bet

ween pyridine and DHPZN adsorbates in CI- media. 

Differences in ~Ep values reflect possible changes in both Eupd 

and Ebulk. Analysis of the values obtained for Ebulk in CI- and CI04-

media indicates no significant changes in the energetics of bulk Pb 

deposition as a function of supporting electrolyte or the presence of 

adsorbed organics. 

In summary, these data indicate the important role of adsorption 

in the energetics of the Pb UPD process. These results also indicate 

slightly stronger adsorption of DHPZN than pyridine in CI04- at Ag. 
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In CI- media, no shifts attributable to differences in organic adsorp

tion can be detected. This suggests the importance of either CI

adsorption or Pb+2 chloro complex formation in the energetics of the UPD 

process. The potential for bulk Pb deposition appears to be rather 

insensitive to solution conditions. 

Raman Spectroscopic Procedures 

The following discussion describes the general procedures used 

to obtain the Raman spectroscopic results disscussed in later chapters. 

Three general types of spectroscopic experiments have been performed. 

This section will describe individually the data acquistion, manipula

tion and display procedures for each general SERS experiment. 

Intensity-Coverage Profiles. A summary of the general 

spectroscopic conditions used to obtain SERS intensity-Pb coverage 

profiles is presented here. For some studies, the entire spectral win

dow from 150 to 1250 cm-1 was examinede In other cases, smaller 

spectral windows around the major band of interest were used. In most 

cases, entrance and exit slits of 600u were used. This corresponds to a 

spectral bandpass of 6 cm-1 at 5145 A. Data were acquired in spectral 

increments of 0.5 cm-1 with an integration time of 0.5 sec, unless 

stated otherwise. Single scans gave adequate signal to noise ratios in 

most cases. All spectra were obtained as single scans unless otherwise 

stated. The monochromator setting in absolute energy for each laserline 

was calibrated using the 992 cm-1 band of neat pyridine. 

Integrated band intensities were determined using the PEA com

mand on the Datamate microcomputer. This command integrates the area 
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above a straight line baseline determined from user defined positions of 

the cursors. In the pyridine region, this procedure was generally ade

quate. Cursor positions were chosen on either side of the pyridine 

bands at 1013 cm-1 and 1036 cm-1 and used consistently for all spectra 

in a series. For these two bands, the cursor positions used were 980 to 

1022 and 1022 to 1050 em-I. 

In the low frequency region, tailing from the Rayleigh line can 

yield erroneous values for integrated band intensities without prior 

background subtraction. For studies in the presence of Pb+2 , it is con

venient to use the spectral results obtained at full monolayer coverage 

as the background response which is subtracted from the remaining 

spectral results. This approach is valid, because the intensity of this 

band is completely quenched at Pb coverages of 70 to 80% of a monolayer. 

In the absence of Pb+2 , one can use either the spectral results obtained 

in this region at negative potentials where Cl- is des orbed (-0.600 V vs 

S.C.E.) or those obtained prior to an ORC in which no Raman bands are 

observed. Digital subtraction was accomplished using the subtract (SUB) 

command on the DATAMATE. Integrated band intensities were determined 

after background subtraction using the method described above. Cursor 

positions of ca. 180 and 300 cm-1 were used in this region. 

Additional data were required to subtract the contribution to 

the pyridine signal from solution scatterers in front of the electrode 

surface. This contribution was measured by obtaining a Raman spectrum 

in the same spectral region for a smooth Ag surface prior to a ORC under 

the identical solution conditions at an applied potential of Em. 
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The integrated band intensity for this feature was determined in the 

same fashion described above. 

Corrected band intensities for pyridine were calculated by 

subtraction of the background contribution from each result. Finally, 

corrected intensity values for both bands are normalized to the response 

obtained at EO, where no metallic Pb is detected on the surface. 

Normalization of the data in this manner corrects for differences in 

absolute SERS intensities from run to run and allows for convenient com

parision of results obtained under different experimental conditions. 

The results were displayed graphically by plotting the nor

malized SERS band intensities from 1.0 to 0.0 as a function of frac

tional Pb coverage from zero to 1.0 monolayer. 

Potential Scan Reversibility Studies. Potential scan rever

sibility studies were carried out by monitoring the peak band intensity 

of the vibrational feature of interest as the potential of the WE was 

continuously ramped from an initial potential (EO) to a final potential 

(Ef) and back. Intensity-potential data were recorded in this way for 

single cycles or multiple cycles. Each experiment was carried out on a 

freshly polished Ag surface which had been subjected to a standard ORC 

procedure. A ramp rate of 0.005 to 0.010 V sec-1 was used to avoid 

kinetic limitations. These studies were carried out both in the pre

sence and absence of 1 X 10-3 M Pb+2 in solution. All reversibility 

studies were carried out with 5145 A excitation. 

The intensity of the vibrational feature of interest was moni

tored continously by using the SET command on the DATAMATE. 
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This requires user selection of the spectral element to be monitored, 

the integration time and the total acquisition time. Intensity-time 

profiles for the pyridine band were measured by monitoring the peak 

intensity at 1013 cm-1 with a bandpass of 6 cm-1• The intensity of the 

Ag-Cl feature was monitored at 230 cm-1 in the same manner. It is known 

that the peak position of this band shifts to lower frequency with more 

negative applied potential (198). Therefore, a bandpass of 10 cm-1 was 

used to ensure that the peak maximum was always within the bandpass of 

the spectrometer. A neutral density filter of 0.5 O.D. was used with 

this large bandpass to avoid signal saturation or damage to the PMT. 

As Raman data were collected at a set frequency as a function of 

time, a linear potential ramp was applied to the electrochemical system. 

In the presence of Pb+2, the current-potential data was recorded and 

used to calculate fractional Pb coverages. It was expected that the Pb 

coverage achieved in a potential scan experiment would differ from that 

achieved after 15 to 30 sec at the applied potential. Therefore, use of 

a standard deposition isotherm for potential scan experiments would lead 

to errors in the determination of Pb coverages. After each potential 

scan experiment, the potential was ramped to monolayer coverage for 30 

sec and back to obtain the corresponding stripping wave for Pb monolayer 

coverage on a particular Ag surface. Pb coverages were calculated 

assuming a charge of 310 mC cm-2 monolayer-I, although it is recognized 

that under certain circumstances (170) this may not be the case. 

The reversibility results were quantitated using a relative 

measure of the extent of SERS intensity recovered. This was evaluated 
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in terms of the percent intensity recovery, %R, of the original SERS 

intensity after one complete potential cycle. An example is shown in 

Figure 13. The %R was calculated by comparing the intensity at -0.200 V 

vs Ag/AgCl after one potential cycle with the original intensity at 

-0.200 V. Average peak intensity values were obtained from a hardcopy 

of the intensity-time profile. A plot of the data was obtained with 

maximum intensity full scale and 0 counts as the lower value. An ini-

tial value, dO, is estimated by drawing a line through the average noise 

level and measuring a distance from the zero intensity level. In a 

similar fashion, an average final intensity value, d1, is obtained. 

The %R value is calculated as the ratio of d1 to dO multiplied by 100%. 

The % R data were plotted as a function of fractional Pb 

coverage, final potential or number of potential cycles. 

Potential Step Reversibility Studies. In order to control the 

residence time at various Pb coverages and to probe the effect of 
\ 

residence time on the SERS reversibility behavior, potential step 

reversibility experiments were performed. The residence time at three 

potentials, corresponding to e = 0.2, 0.5 and 1.0, respectively, was 

controlled by applying potential steps of varying time duration to the 

WE and simultaneously collecting intensity-time data at 5145 A excita-

tion as described in the previous section. 

Raman data were collected as described for the potential scan 

reversibility experiments. The time spent at various final potentials 

was varied by the application of potential steps of varying frequen-

cies. This was accomplished using a Wavetek function generator with the 



Figure 2.13 Calculation of % intensity recovery for potential scan 

SERS reversibility experiments. 

(do) intensity at -0.200 V before potential scan, 

(dl) intensity at -0.200 V after potential scan. 
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initial and final potentials preset using the dc offset and the poten

tial attenuation. Final potentials corresponding to the desired final 

Pb coverage were obtained from a deposition isotherm. The output of the 

Wavetek was monitored continously using an X-Y recorder. With the 

electrochemical cell in the "cell out" mode, potential steps at low fre

quency were allowed to commence. While a potential of -0.200V vs 

Ag/AgCI was applied, the frequency dial was turned to infinity and the 

potential was maintained at this level. The cell was flipped to the 

"cell in" position and a baseline intensity response at -0.200 V was 

recorded for 100 to 200 sec. The frequency dial was adjusted to the 

desired frequency corresponding to the desired time at Ef. A potential 

step from -0.200 V to Ef and back to -0.200 V was recorded on the X-Y 

recorder. The trick at this point was to catch the potential at the 

intial potential level by adjusting the frequency dial to infinity 

before it returned once again to the final potential value. The minimum 

time window which can be explored in this manner was limited by the 

response time of the operator. For these experiments, the limiting time 

varied from day to day but usually occurred for potential steps of less 

than 150 to 200 msec. 

Values for the % R were calculated from a hardcopy of the 

intensity-time profiles in a manner analogous to that used for the 

potential scan experiments. Pb coverage values were determined on the 

basis of deposition isotherms recorded prior to the reversibility 

experiments. 
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% R data were plotted as a function of time spent at the respec

tive final potential. 

SEM Procedures 

Ag working electrodes were prepared in a fashion to that 

described for Raman analysis with the exception that a slightly dif

ferent electrode design was necessary for compatibility with the SEM 

sample chamber. For these studies, a longer brass screw was used as an 

electrode mount. Ag foils were mounted onto the brass screws using 

copper epoxy. 

After electrochemical treatment, the electrodes were removed 

from the electrochemical cell under potential control, rinsed with 

triply distilled water and dried under a nitrogen stream. No coating of 

the electrode or any other kind of treatment was used prior to the 

introduction into the SEM chamber. The electrode use held in place in 

the microscope by an aluminum disk 1.5 cm in diameter and 1 cm thick 

into which threads were tapped to secure the electrode. 

XPS Procedures 

XPS samples were prepared by mounting electrochemically prepared 

Ag foils onto stainless steel mounts compatible with the VG sampling 

apparatus. The Ag foils were attached to the mounts using a carbon 

paste emulsion. Several other approaches were investigated, but failed 

for various reasons. Copper epoxy was found to out-gas continuously in 

the UHV chamber. Ag solder contained trace amounts of tin which con

taminated the Ag surface and inhibited Pb deposition. Best results 
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were obtained from Ag foils immersed in the electrochemical cell and 

attached to the UHV mount using carbon paste following electrochemical 

treatment. The Ag foil electrodes were removed from solution under 

potential control and rinsed with copious amounts of triply distilled, 

deionized water. The electrodes were immediately transfered into a fast 

entry lock of the vacuum system. 

Differential Reflectivity Procedures 

Two types of differential reflectivity experiments were per

formed in these studies. The effect of surface roughness was studied by 

measuring the reflectivity of Ag electrodes under various solution con

ditions before and after electrochemical roughening. The effect of 

underpotential deposition of monolayer amounts of Pb was investigated by 

measuring the reflectivity of roughened Ag electrodes before and after 

potential excursions to monolayer potentials. The procedures employed 

in these investigations are described in this section. 

Sample Peparation. Ag electrodes were prepared by mechanical 

polishing using successively finer grades of alumina. The surface was 

rinsed with copious amounts of triply distilled, deionized water. 

Excess alumina was removed from the surface by sonication. No addi

tional chemical polishing treatments were used. 

Experimental Parameters. The experimental parameters were 

chosen to closely match those used in the SERS experiments. The angle 

of incidence with respect to the surface normal was chosen to be 60 

degrees. Parallel polarized light was selected for these investiga-
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tions. ORC conditions similar to those used for the majority of this 

work were employed. 

Calibration and Optimization of Components. Alignment of the 

optical components in the sample chamber was optimized using the output 

of a He-Ne laser with the spectroelectrochemical cell and the Ag 

electrode in place in the sampling compartment. The polarization of 

radiation exiting the polarizing prism was calibrated using the output 

of the Ar+ laser and a broad band light meter. 

The wavelength response of the galvonometer as a function of 

applied voltage to the scanner driver was determined for the 4500 A 

blazed grating. The wavelength response was found to be linear as a 

function of applied voltage using several calibration sources: HeiNe 

laser, low pressure Hg lamp, and eu and Zn hollow cathode lamps. 

Prior to calibration of the wavelength response or the collec

tion of reflectivity data, the galvonometer response was allowed to 

reach equilibrium by applying linear potential ramps from the external 

wave generator at 50 mV sec-1 for 1 hour. Prior to the collection of 

reflectivity data, the output of the reference and signal PMTs was 

adjusted to be closely matched. Under these conditions the ratiometer 

output varies around a central value of 1 V. Using the AID range of 

± 2.5 V, this allows the acquistion of ca. 5 sequential scans before 

overflow of the 16 bit storage location. The PMT outputs were matched 

by recording the response of each on an X-Y recorder as a function of 

applied voltage. The magnitude of the output was controlled by adjust

ment of voltage to the PMTs. 



Spectral Parameters. For the investigations described here, 

spectra were obtained between 3930 and 8230 A at 100 A intervals. 
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A time constant of 0.1 sec and an integration time of 0.1 sec were 

employed. Five sequential scans were obtained before and after the 

electrochemical perturbation. The acquired data were stored on disk. 

The results of these studies are described in Chapter VII. 



CHAPTER III 

THE EFFECT OF UNDERPOTENTIALLY DEPOSITED Pb ON THE 

SURFACE ENHANCED RAMAN SCATTERING ABILITY OF 

POLYCRYSTALLINE Ag AT 5145 A 

This chapter is divided into three sections. The first section 

describes the optimization of solution conditions necessary to perform 

in-situ UPD of Pb on Ag electrodes in the presence of adsorbed pyridine 

and Cl-. Spectral results obtained for adsorbed pyridine and Cl- in the 

presence and absence of UPD Pb are discussed in the second section. 

Several possible interpretations for the quenching of SERS at Pb

modified Ag electrodes are presented in the last section. 

Optimization of Solution Conditions 

The underpotential deposition of Pb on Ag electrodes has 

generally been studied from solutions containing 1 X 10-3 M Pb+2/O.1 M 

Cl04-/pH 3.0 (158-161,164,165). These solution conditions are chosen 

for a number of reasons. Pb+2 concentrations of ca. 1 X 10-3 M provide 

sufficient amounts of the cation in the vicinity of the electrode sur

face for the reduction to remain kinetically limited. Cl04- media is 

often the electrolyte of choice, because Pb+2 is not strongly complexed 

by this anion. Finally, the UPD process is studied under acidic con

ditions to minimize formation of Pb+2 hydroxo complexes and precipita

tion of Pb(OH)2. 
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These conditions are not consistent with those routinely used to 

study surface enhancement. Generally, SERS studies have been carried 

out in 0.1 M KCl/o.os M pyridine at the natural pH of the solution which 

is approximately 8.0. Underpotential deposition of Pb under these 

solution conditions presents a number of possible complications. These 

complications can be understood in terms of the complexation and precip

itation equilibria of Pb+Z in aqueous media. 

Complexation and Precipitation Equilibria of Pb+Z in Aqueous Media 

When Pb(N03)Z is dissolved in an aqueous solution, two possible 

reactions can occur. As is true of most metal cations, Pb(II) has an 

affinity for oxygen bonding. At a pH greater than 4.0, Pb+Z interacts 

with solution OH- to form a series of mononuclear and polynuclear 

hydroxides (199), some of which are shown in Figure 1. Formation 

constants for the polynuclear Pb+Z hydroxides are very large (Pb4(OH)4+, 

Kf = 7.0 x 1019 (199); Pb6(OH)S+4, Kf = 4.0 x 104Z (199)). Of the 

hydroxides shown in Figure 1, Pb(OH)Z forms an insoluble precipitate 

(Ksp = 4.0 x 10-15 (ZOO)). The soluble hydroxides can also form 

complexes with the electrolyte anion (Cl-). In more acidic media (pH 

4.0), Pb+Z forms a series of chloro complexes (PbCl+, Kf = 1.3 x 101; 

PbClZ, Kf = 1.4 x 101; PbC13-, Kf = 3.9 x 10-1 ; PbC14-Z, Kf = 8.9 x 

10-Z (ZOO)). Of these complexes, PbClZ forms an insoluble precipitate 

(Ksp = 1.6 x 10-5 (ZOO)). 

It can be shown using the solubility product expression that a 

solution containing 1 X 10-3 M Pb+Z at pH S.O is supersaturated in 
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pH < 4.0 pH> 4.0 

PbCI+ Pb(OH)+ 

1 1 
PbCI2(s) Pb(OH)2 (s) 

1 
PbC 1

3
- Pb4 (OH)4+ 

1 
PbC I -2 Pb (OH) +4 

4 6 8 

Figure 3.1 Solution equilibria for Pb+ 2 dissolved in aqueous 
KCl. Equilibrium constants in text. 
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Pb(OH)2. This is significant, because Watanabe and coworkers (174) 

reported a stUGY of the effect of UPD Pb on the SERS response of pyri

dine at the natural solution pH. They reported extensive precipitate 

formation and an inhibition of the UPD process. This is understandable 

in terms of the formation constant for Pb(OH)2. 

The formation constant of ca. 1027 (200) reflects the energy 

required to distrupt the Pb-OH bond and has several important implica

tions. First, formation constants of this magnitude are expected to 

shift the reduction potential to more negative potential values. This 

may explain why Watanabe and coworkers were only able to deposit 50% of 

a Pb monolayer at underpotentials. In addition, the formation constant 

has important consequences regarding the ability to drive the 

equilibrium in the opposite direction and impacts on the proper way to 

prepare Pb-containing solutions. For example, if neat pyridine at pH 

8.0 is added directly to an acidic Pb-containing solution, Pb(OH)2 is 

formed. Acidification at this point can not drive the Pb(OH)2 

equilibrium in the opposite direction. The result is a Pb solution con

taining an unknown free Pb+2 concentration. 

In addition to the problems associated with Pb(OH)2, other 

complications arise due to the presence of soluble hydroxides. It has 

been shown under weakly acidic conditions that positively charged Pb-12 

hydroxo species are electrostatically attracted to adsorbed Cl- at the 

Ag surface (190). These surface species are able to compete favorably 

with pyridine for surface sites. The result is reduced pyridine 



intensities in the presence of Pb+2 under these conditions. This 

problem is discussed in more detail in the following sections. 
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Under more acidic solution conditions, Pb+2 forms a series of 

soluble and insoluble chloro complexes. It can be shown that the solu

tion is supersaturated in PbC12 for 1 X 10-3 M Ph in 0.1 M KCl. The 

formation constants for the chloro complexes are smaller in magnitude 

than the corresponding hydroxide complexes. Therefore, under solution 

conditions where hydroxide formation is not favored (pH < 4.0), higher 

concentration of uncomplexed Pb+2 is expected. Less interference with 

the UPD process is expected under these conditions. However, Pb+2 

chloro complexes are known to undergo similar anion-induced adsorption 

processes at Hg (201,207). Therefore, a similar loss of pyridine 

intensity is expected. The most important drawback to employing more 

acidic solution conditions concerns the SERS response for protonated 

pyridine. At the outset of this investigation, Van Duyne reported an 

inability to detect significant surface enhancement for pyridine under 

acidic conditions (67). Since that time, other groups have refuted Van 

Duyne's work (208,209). 

It is clear from the above considerations that it was important 

to establish the optimum solution conditions for studying the effect UPD 

Pb on the SERS response of adsorbed pyridine. The initial goal of this 

work was to optimize the solution conditions such that Pb(OH)2 formation 

could be minimized and one complete monolayer of Pb could be deposited 

at underpotentials. In addition, it was important to obtain measurable 

SERS signal for pyridine under the optimal conditions for Pb UPD. 
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The optimum solution conditions for Pb UPO were evaluated by 

investigating the cyclic voltammetric response for Pb UPO as the solu-

tion pH was made more acidic. Solutions containing 0.05 M pyridine/O.l 

M KCl were prepared, and the pH of the solution was adjusted to the 

desired value by addition of concentrated HCl04. Solid Pb(N03)Z was 

added to give a final concentration of 1 x 10-3 M. Typical results for 

pH values 5.0, 5.5 and 6.0 are shown in Figure 2. At a solution pH of 

6.0, the deposition wave is significantly reduced indicating some inhi-

bition of the UPO process. The optimum solution pH was chosen to be the 

most basic value where no inhibition of the UPO process was observed. 

At these more basic conditions it was thought that appreciable SERS 

intensities for pyridine could be observed. 

Effect of pH on Pyridine Solution Species 

The predominant form of pyridine in solution can be estimated 

from its pKa value (pKa = 5.22) (200) and the following equilibrium 

expression. 

[pyr] [H+] 
[Hpyr+] = 6.0 x 10-6 

From the above equilibrium expression, the ratio of unprotonated 

pyridine to protonated pyridine can be calculated for solution pH of 5.5 

and 8.0. The results are shown below. 

~ [Pyr]/[HPyr+] 

5.5 1.9 

8.0 600 



Figure 3.2 Effect of solution pH on the underpotential deposition of 

Pb on Ag electrodes. 

(a) pH = 5.0, (b) pH = 6.0, (c) pH 7.0 

v = 0.010 V sec-I; S = 7.5 ~A cm-2• 
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For more acidic conditions, roughly half of the pyridine in 

solution exists in the protonated form, whereas at pH of 8.0 only a 

small fraction of the analytical concentration exists in that form. 

Although such a difference in solution species can influence the nature 

of the surface species, other factors such as the excess surface charge 

on the electrode are expected to have a greater influence on the 

adsorbed species. Nevertheless, the SERS response observed for pyridine 

under more acidic conditions may not be directly comparable with that 

reported in the literature at the natural solution pH. Therefore, it 

was important to initially characterize the SERS response for pyridine 

and Cl- at pH 5.5 in the absence of Pb+2• 

SERS Response of Pyridine and Cl- at Ag 

The goal of this phase of the study was to characterize the SERS 

response of pyridine and Cl- at the optimum pH for Pb UPD as discussed 

in the previous section. This was first done in the absence of Pb+2 in 

solution with excitation at 5145 A. A series of SERS spectra were 

acquired from a solution containing 0.05 M pyridine/0.1 M KCl/pH 5.5 at 

applied potentials in the region the region where Pb would be deposited 

if Pb+2 were present in the electrolyte solution. The potential region 

of interest was determined by obtaining a deposition isotherm for Pb UPD 

in the same solution conditions and the same spectroelectrochemical 

cell. 

SERS spectra were obtained at 0.020 V intervals from -0.400 to 

-,0.520 V in the frequency region between 150 and 1250 cm-1• The 

electrolyte solution contained pyridine and KCl at the concentration 
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levels described above but in the absence of Pb+2• Representative 

spectra are displayed in Figure 3. This series of spectra were obtained 

on a single Ag surface which had been subjected to a linear sweep ORC as 

described in Chapter II. For these studies, the scan direction was 

reversed after 4-5 mC of anodic charge were recorded. The total anodic 

charge passed was approximately 10-12 mC corresponding to a total charge 

density of 20 to 24 mC cm-2 assuming an electrochemical surface area of 

0.50 cm2 as determined in earlier inve~tigations. These conditions were 

chosen to closely approach those used by Watanabe and coworkers. 

Four prominent vibrational bands attributable to adsorbed pyri

dine are observed in Figure 3 at 623, 1010, 1036 and 1225 cm-1• 

These bands have been previously assigned to totally symmetric mode of 

pyridine (67). The 1010 and the 1036 cm-1 bands were the focus of this 

investigation. These bands correspond to symmetric ring-breathing 

modes, vI and v12 according to Wilson's notation (210). A band at 

235cm-1 is also observed in this region. This band has previously been 

assigned as the v(Ag-C1) from adsorbed Cl- on the basis of the shift in 

the position of this band upon substitution of Br- and 1- (198,209). 

These observations are in general agreement with previously 

reported results for pyridine at Ag in Cl- media at the natural solution 

pH. The shift in band position to higher frequency by 2-3 cm-1 relative 

to that observed at pH 8.0 has also been reported by Regis and Corset in 

their investigation of pyridine in C1- media at pH 5.2 (211). Regis and 

Corset reported a large shift in frequency of the band at 1038 in pH 8.0 

to 1026 in pH 5.2. -1 This band at 1026 cm was later identified as the 
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ring-breathing mode for protonated pyridine by Birke and coworkers 

(208). No such band is observed in the potential region of interest in 

this study suggesting that unprotonated pyridine is the predominant 

surface species. Regis and Corset observed the 1026 cm-1 at more posi

tive electrode potentials (-O.050V) than the UPD potential region. 

The observation of adsorbed protonated pyridine at these very positive 

potentials may indicate that pyridine in this form is electrostatically 

attracted to strongly adsorbed CI-. In fact, it has been explained in 

terms of ion-pair formation (209). 

It is interesting to note the absence of vibrations attributable 

to solution pyridine species. Based on the large Raman cross section 

for pyridine, one might expect to observe spectral interferences arising 

from solution pyridine in front of the electrode surface. The absence 

of spectral interferences demonstrates the interfacial sensitivity of 

the SERS measurement. 

Potential Dependence of SERS Response 

The underpotential deposition of submonolayer and monolayer 

amounts of Pb occurs as the potential applied to the Ag working 

electrode is made more negative. Therefore, it is possible that changes 

in SERS intensity as a function of Pb coverage could be related to the 

potential dependence of the SERS response in the UPD potential region. 

The potential dependence of the pyridine and CI- band intensity was 

investigated in the UPD potential region in the absence of Pb+2 for this 

reason. The results are shown in Figure 3. 
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The integrated band intensity of both the 1010 cm-1 pyridine 

band and the Ag-Cl stretch at 235 cm-1 increases slightly as the poten

tial is made more negative from -0.400 to -0.540 V as reported in the 

literature (210,211). These results indicate that any decrease in SERS 

intensity upon Pb deposition cannot be attributed to changes in applied 

potential. The increase in intensity of the pyridine band has been 

interpreted in terms of an increase in surface coverage of pyridine as 

the potential of zero charge (pzc) is approached. In general, neutral 

organic species are expected to attain maximum surface coverage at the 

pzc where the net excess surface charge is zero (212). The intensity of 

the v(Ag-Cl) at 235 cm-1 behaves in a similar fashion. This trend can 

not explained in terms of a simple surface charge argument. Similar 

results have been reported by Furtak (213) and are explained in terms of 

coadsorption and electronic communication between the two adsorbates. 

The se~sitivity of the adsorbate vibrational bands to the 

electrode potential is additional indication of the interfacial sen

sitivity of the SERS response. 

SERS Response in the Presence of Pb 

The SERS intensity of the vibrational bands of interest shows 

significant differences after the addition of 1 X 10-3 ~1 Pb+2 to the 

solution. Spectra recorded at selected potentials are shown in Figure 

4. The fractional Pb coverage associated with each electrode potential 

was determined directly from a deposition isotherm. This series of 

spectra was acquired at ca. 0.005 V intervals from -0.400 to -0.520 V on 
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a single Ag surface that had been polished and subjected to an ORC simi

lar to that described previously. It is important to note that these 

ORCs were carried out in the absence of Pb+2 in solution for reasons 

discussed later. 

The spectra in Figure 4 show two obvious features. First, a 

decrease in integrated intensity of the adsorbed pyridine and CI- bands 

is observed with increasing Pb coverage. For fractional Pb coverages 

greater than 70% of a monolayer, the SERS intensity for both adsorbates 

is almost completely quenched within the ability to detect surface 

enhancement. The second interesting feature is that the ratio of the 

intensities of the pyridine band at 1036 cm-1 to that 1013 cm-1 is less 

in the presence than in the absence of Pb+2 in solution. The change in 

intensity ratio for these two bands arising from the same adsorbate 

attests to a change in local chemical environment existing at the Ag

electrolyte interface in the presence of solution Pb+2• Further evi

dence for a change in chemical environment comes from the fact that the 

pyridine band at 1010 cm-1 shifts to 1013 cm-1 in the presence of Pb+2 

in solution. 

Figure 5 shows a comparison of the behavior observed for the 

pyridine ring-breathing mode at selected potentials in the absence and 

presence of Pb+2 in solution. With 1 X 10-3 M Pb+2 in solution but with 

no metallic Pb on the Ag surface, an intensity decrease of ca. 80% is 

observed for the ring-breathing mode. This decrease in intensity is 

attributed to a competitive adsorption process between pyridine and Pb+2 

solution species. An extensive study of this phenomenon in this labora-



Figure 3.5 

>
~ 

(/) 

z 
w 
~ z 

E=-0.40V 
9=0.00 

II 

: \,rWITHOUT 
I I Pb 
I I 
I I 
I , 
I I 
I , 

WITH Pb-:"" \:\ 
, ... \,1 \ 

I--------~ " • ____ ._~- ... _____ ",/ I, 

E= -0041 V 
9=0.07 

E=-0044 V 
9=0.52 

I, , , 
I , 
, I 
I , 
I , , , 
I , " 
I \' \ 
I ,J \ 

/ 
f', 
, I 
, I 

I I 
: I 
, I 
I I 
I I , , " 

, \ I \ 

...... 

~ -=----------- / "\ 
1', 
II 
, I 

..... 

~ 
< 
0: E=-0.45 V 

9=0. 71 

------------

E=-0048V 
9=0.86 

, ~ 
, I , , , , , , 

I , " , \, , 
I \1 \ 

I \- __ , ........ __ _ 

II 

" , I , \ 
I I 
I I 
, I , , , 

I 
I 

I 

I 
I 

\ " , , 
\ I , 
'J \ 

-----------" "--"-""-- -

1 I f 

900 1000 
WAVENUMBER (em -1) 

1100 

Comparison of SERS reSDonSe for pyridine in the 
• +2 

presence and absence of Pb 

83 



84 

tory (190,214) has concluded that displacement of pyridine from the sur

face results from the adsorption of soluble Pb4(OH)4+ as a result of an 

electrostatic attraction between the Pb+2 hydroxo species and specifi

cally adsorbed Cl-. A similar type of anion-induced-cation adsorption 

is known to occur for other soft metal cations at Hg in the presence of 

adsorbed halide and pseudo-halide ions (212). 

Despite the decrease in SERS pyridine intensity upon addition of 

1 X 10-3 M Pb+2, sufficient SERS signal remains to detect measurable 

changes in SERS intensity as Pb is deposited. This observation is in 

contrast to the behavior reported for this system by Kester (175). 

He reported total quenching of the pyridine SERS signals prior to Pb 

deposition upon introduction of a Pb+2 spike solution. Although he did 

not report the effective Pb+2 concentration in solution, it is clear 

that this is a critical parameter in these investigations. 

A comparison of the SERS behavior for the low frequency band at 

235 cm-1 in the presence and absence of Pb+2 in solution is shown in 

Figure 6. The intensity of the 235 cm-1 in the presence of solution Pb 

at zero Pb coverage requires further comment. As the spectra 

demonstrate, the intensity of this band is significantly greater than 

that observed in the absence of Pb+2• The result is consistent with the 

above explanation. The presence of the adsorbed [Pb4(OH)4]+ cationic 

species in the inner Helmholtz layer is expected to cause further con

centration of anions in the double layer to maintain electroneutrality. 

The increased number of Cl- in the double layer region is indicated by 

the anomalously high intensity of the band. 
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Intensity-Coverage Profiles at 1 X 10-3 M Pb+2 

Integrated band intensities for the 1013 cm-1 pyridine band and 

the 235 cm-1 V(Ag-CI) were obtained from the data shown in Figure 4. 

After subtraction of the background solution Raman scattering for pyri

dine, the integrated intensities were normalized to unity intensity at 

zero Pb coverage. Normalized band intensities for both vibrational 

features are plotted in Figure 7 as a function of fractional Pb coverage 

between 0.0 and 1.0 monolayer. The SERS intensity for both adsorbate 

bands decreases as a function of increasing Pb coverage. At Pb cover

ages greater than ca. 70% of a monolayer, the SERS intensity of the 

Ag-CI stretch is no longer detectable. A small but measurable intensity 

is observed for the pyridine feature at higher coverages indicating that 

some pyridine remains adsorbed at the Pb-modified Ag surface. 

Intensity-Coverage Profiles at 1 X 10-4 M Pb+2 

Competitive adsorption between solution pyridine and soluble 

Pb+2 hydroxo complexes results in a drastic decrease in SERS intensity 

for pyridine in the presence of 1 X 10-3 M Pb+2 at potentials prior to 

the onset of Pb UPD. It was important to minimize this competition for 

surface sites, because it was difficult to obtain acceptable signal 

levels for pyridine for excitation at other wavelengths in the presence 

of 1 X 10-3 M Pb+2• In addition, it has been suggested that a component 

of the intensity observed for the v(Ag-CI) may be associated with the 

presence of adsorbed Pb+2 species (214). Therefore, in order to 

simplify the interfacial chemistry and increase the SERS signal from 

adsorbed pyridine, experimental conditions were altered. 
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From the equilibrium chemistry discussed previously, two 

approaches seemed feasible. One could make the solution more acidic 

«4.0) to minimize Pb+2 hydroxo complex formation. However, this 

approach could promote a similar competitive adsorption process between 

pyridine and Pb+2 chloro complexes. The second method involves 

decreasing the total Pb+2 concentration by a factor of 10. This results 

in a similar decrease in the concentration of the various Pb+2 hydroxo 

halide complexes. Statistically, pyridine adsorption is favored under 

these conditions. On the other hand, the underpotential deposition of 

Pb under these conditions becomes diffusion-controlled. It has been 

determined experimentally that the deposition of Pb requires up to 100 

sec under these conditions. 

Intensity-coverage profiles for this system are presented in 

Figure 8. In the presence of 1.0 X 10-4 M Pb+2 , the intensity of the 

Ag-CI vibration decreases more rapidly at low coverages than in 1 X 10-3 

M Pb+2• The pyridine response is very similar to that observed in more 

concentrated Pb solution. Differences in the intensity-coverage data 

for v(Ag-CI) are most likely due to the different interfacial chemistry. 

The more rapid decrease in the intensity of v(Ag-CI) may reflect a 

decreased concentration of Pb+2 in the interface at lower Pb+2 solution 

concentrations. As a result, the concentration of interfacial CI

necessary to balance the excess positive charge is also decreased. 

Quenching of SERS at Pb-Modified Ag 

In order that the trends observed in these data be accurately 

interpreted, one must keep in mind several interrelated aspects of the 
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SERS response which these data may reflect. The observed decrease in 

SERS intensity could be the result of changes in applied electrode 

potential, changes in surface electronic properties due to Pb deposi

tion, changes in surface roughness brought about by Pb deposition, 

changes in adsorbate coverage at these Pb-modified Ag surfaces relative 

to that at clean Ag or changes in the extent of surface enhancement due 

to chemical contributions. It is also possible that the observed 

response is a combination of two or more of these effects. These 

effects are briefly described below. Remaining chapters describe 

detailed experiments designed to address each of these issues. 

Effect of Applied Potential 

It has been shown that the change in applied potential results 

in a slight increase in SERS intensity for both vibrational bands of 

interest. Therefore, it is unlikely that the decrease in SERS intensity 

is related to a change in electrode potential. 

Effect of Adsorbate Surface Coverage 

It is possible that the linear decrease in SERS intensity for 

both adsorbate features with increasing Pb coverage could simply be the 

result of the displacement of surface species by the deposited Pb. 

Kester has proposed a similar interpretation in a related study 

involving the SERS response of benzotriazole on Ag in the presence of 

UPD Tl (175). If the decrease in SERS intensity is simply due to a 

decrease in pyridine and Cl- adsorption at Pb-modified Ag electrodes, 

one would expect intensity-coverage profiles to be independent of 
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excitation frequency. This aspect of the interpretation is discussed in 

Chapter IV. Direct experimental evidence for the presence of pyridine 

and a model adsorbate, 3,6-dihydroxypyridazine, at Pb-modified Ag is 

discussed in Chapter V. 

Effect of Surface Roughness 

It is also possible that the decrease in SERS intensity is 

related to changes in surface roughness properties of the underlying Ag 

surface as Pb is deposited. Previous reports in the literature indicate 

that large scale roughness features should be insensitive to annealing 

effects brought about by Pb deposition (138). However, it is possible 

that atomic scale roughness, which is stabilized at the interface due to 

adsorption of interfacial species, may be more sensitive. Irreversible 

loss of SERS intensity after potential excursions to negative potentials 

has been attributed to the loss of atomic scale roughness (134,138). 

This explanation is further explored in Chapters VI and VII. 

Effect of Surface Electronic Properties 

Both of these arguments neglect the possibility that the 

decrease in SERS intensity is related to changes in surface electronic 

properties. Optical reflectance studies by a number of groups (146-151) 

have shown significant changes in the reflectivity of Ag electrodes due 

to the deposition of monolayer and submono1ayer amounts of UPD Pb. 

Changes in surface optical properties are expected to have an impact on 

the ability of Pb-modified Ag electrodes to support surface plasmon 

excitation. This aspect is pursued in more detail in Chapter IV. 
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Summary and Conclusions 

Solution conditions have been optimized for ~-~ investiga

tions of the effect of Pb underpotential deposition on the SERS response 

of adsorbed pyridine and Cl- at roughened polycrystalline Ag electrodes. 

The SERS response of pyridine and Cl- has been characterized as func

tion of electrode potential in the absence of solution Pb+2• The 

spectral results were found to agree with those in the literature. 

The intensity of the pyridine ring-breathing mode was found to decrease 

and the intensity of the V(Ag-Cl) was found to increase after the addi

tion of 1 X 10-3 M Pb+2• These findings are explained in terms of the 

displacement of pyridine by adsorbed Pb+2 hydroxo species and the 

concentration of Cl- in the interfacial region to maintain electro

neutrality. The SERS response of pyridine and Cl- were monitored as a 

function of fractional Pb coverage with excitation at 5145 A. 

Underpotential deposition of Pb of between zero and 70% of a monolayer 

results in a similar decrease in SERS intensity for both adsorbate 

vibrational bands. The potential dependence of the SERS response for 

both features in the absence of solution Pb+2 indicates that the loss of 

SERS activity at Pb-modified Ag can not be attributed to changes in 

electrode potential. Further studies concerning the effect of Pb UPD on 

other factors such as adsorbate coverage, surface roughness and surface 

electronic properties are necessary for an interpretation of these 

results. 



CHAPTER IV 

EFFECT OF CHANGES IN SURFACE ELECTRONIC PROPERTIES 

IN THE QUENCHING OF SERS AT Pb-MODIFIED Ag 

The purpose of this chapter is to explore the possibility that 

changes in SERS intensity as a function of increasing Pb coverage are 

related to the damping of surface plasmons, as described by classical 

electromagnetic models (EM) for surface enhancement. 

It is known from optical reflectance studies that the deposition 

of monolayer and submonolayer amounts of a foreign metal onto a metal 

substrate alters the optical properties of the modified surface (145, 

152-154). For example, the reflectivity of Ag surfaces has been shown 

to decrease as a function of increasing coverage of UPD Pb (146-151). 

The decrease in reflectivity indicates an increase in the absorptivity 

of the modified surface. The absorptivity of the surface is directly 

related to the value of the imaginary part of the dielectric constant. 

In fact, calculations have shown (see Appendix A) that an increase in Pb 

coverage results in an increase in the imaginary part of the surface 

dielectric constant throughout the visible wavelength region. 

Qualitatively, this should result in an inability to support surface 

enhancement and a decrease in SERS intensity. 

In order to extend these arguments, it is necessary to construct 

theoretical enhancementcoverage profiles based on EM models for SERS. 

If EM enhancement is the major contribution to the measured SERS 
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response, the shape of the experimental intensitycoverage profiles 

should follow the predicted profiles. Theoretical enhancement-coverage 

profiles were calculated for excitation at 4500, 5250, and 6250 A based 

on an EM model for overlayer-modified confocal spheroids proposed by 

Murray (183). The results of these calculations are compared to the 

experimental data in a later section of this chapter. 

Excitation Dependence of Intensity Coverage Profiles 

SERS intensity-Pb coverage profiles obtained with laser excita

tion at 5145 A were discussed in Chapter III. Additional intensity

coverage profiles were obtained with excitation at 4759, 4880 and 6226 A 

in order to provide a more extensive data base for the analysis of the 

role of EM enhancement in the observed response. 

Experimental Results 

SERS intensity-Pb coverage profiles were obtained for the pyri

dine vibration at 1013 cm-1 and the v(Ag-CI) at 235 cm-1 from solutions 

containing 0.1 M KCI/0.05 M pyridine/l X 10-4 M Pb+2/pH 5.5 at 4579, 

4880 and 6226 A. Deposition isotherms were obtained by measuring the 

area under UPD Pb stripping waves after maintaining the applied poten

tial for 100 sec. Laser power at the cell was ca. 100 mW for all stu

dies. No internal standard was used for these studies. As a result, no 

conclusions can be drawn regarding the absolute SERS intensities 

observed as a function of excitation frequency. However, the SERS 

signal for both vibrational features at -0.200 V increased with 

increasing laser wavelength, in agreement with excitation profiles for 

pyridine at Ag electrodes reported by Pettinger (215). 
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Intensity-coverage profiles for 4579 A excitation. Typical 

spectral results obtained for pyridine and v(Ag-CI) with excitation at 

4579 A are shown in Figure 1a. The fractional Pb coverage value asso

ciated with each spectrum is indicated. The spectral features in the 

v(Ag-CI) region between 150 and 300 cm-1 are very weak and often 

required two scans of the spectral region to obtain adequate signal to 

noise ratios. 

Intensity-coverage profiles are shown in Figure 2a for the pyri

dine and the V(Ag-CI) band. The error bars reflect the scatter in SERS 

intensity between two experimental runs for each vibrational feature. 

The intensity-coverage profiles are very similar for both vibrational 

features except at low Pb coverages (less than 10 to 20% of a mono

layer). In this coverage region, the integrated band intensity for the 

v(Ag-CI) increases with respect to that measured at EO. As a result, 

the normalized intensity values are greater than 1.0 within this region. 

Intensity-coverage profiles for excitation at 4880 A. An 

example of the spectral results obtained with excitation at 4880 A are 

shown in Figure 1b and the corresponding intensity-coverage data are 

presented in Figure 2b. Good agreement is observed in the intensity 

coverage profiles for pyridine and CI- except in the region between 

ca. 40 and 70% of a Pb monolayer. In this region, the intensity of the 

v(Ag-CI) decreases more rapidly with increasing Pb coverage. 

Intensity-coverage profiles for excitation at 5145 A. The 

spectral results are shown in Figure 1c and the corresponding intensity

coverage profiles are presented in Figure 2c. 
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The intensity-coverage profiles for pyridine and V(Ag-CI) show signifi

cant differences for Pb coverages between zero and 70 to 80% of a mono

layer. 

Intensity-coverage profiles for excitation at 6226 A. Typical 

spectral results in the pyridine and V(Ag-CI) regions are shown in 

Figure Id. The reduced data are plotted in Figure 2d. The intensity

coverage profiles for the two adsorbates exhibit deviations for Pb 

coverages up to 70 to 80% of a monolayer. 

Discussion of Results 

The similarities in intensity-coverage profiles observed for the 

pyridine and V(Ag-CI) vibrations with excitation at 4579 and 4880 A 

suggest that electromagnetic contributions may be an important contribu

tion to the measured response in this wavelength region. Theoretical 

enhancement-coverage profiles discussed in the next section tend to sup

port this conclusion. 

Discrepancies between the intensity-coverage behavior for the 

two adsorbate bands with excitation at 5145 and 6226 A suggest the 

importance of additional contributions to the SERS response in this 

wavelength region. Another important aspect of these results is the 

fact that the intensity of the pyridine vibration is essentially inde

pendent of Pb coverage up to 60 to 70% of a monolayer for excitation at 

6226 A. These results demonstrate that Pb-modified Ag surfaces are 

capable of supporting surface enhancement with judicious choice of the 

optimal experimental conditions. This system represents the first 
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example of a non-enhancing modifier on a SERS substrate to exhibit 

significant SERS activity at higher modifier coverages. Finally, these 

results demonstrate that the decrease in SERS intensity is not due pri

marily to changes in adsorbate coverage at Pb-modified Ag relative to 

clean Ag. If changes in adsorbate coverage were the predominant contri

bution to the quenching of SERS, one would expect intensity-coverage 

profiles for pyridine and Cl- to be independent of excitation frequency. 

The excitation profiles at 6226 A demonstrate that this is not the case. 

Theoretical Enhancement-Coverage Profiles 

Theoretical enhancement profiles were calculated using an EM 

model for molecules adsorbed onto overlayers on metal particles deve

loped by Murray (183). In this approach, the electric field enhancement 

at the tip of a pair of confocal ellipsoids is calculated where the 

inner shell is, in this case, Ag and the outer shell is Pb. It is 

assumed that the outer shell is small compared with the wavelength of 

incident light. This assumption limits the semi-major axis of the outer 

shell to 2a«O.06~, where a is the semi-major axis. For these particle 

sizes, the electromagnetic problem can be solved analytically. The 

enhancement factor calculated from this model is given as the product of 

the local field intensity at the incident laser frequency, (w o), and 

that at the scattered laser freqency, (w s ). The latter contibution 

depends upon the molecule of interest and the vibrational mode. The 

magnitude of the calculated enhancement also depends upon the polariza

bility of the overlayer covered spheroid. The polarizability is 
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calculated based on an effective dielectric constant for the pair of 

spheroids and the dielectric constant of the ambient medium. 

This treatment can be extended to model real island films by 

introducing an artificial broadening of the optical resonance due to 

dipole-dipole interactions. This situation physically approximates that 

of a roughened metal covered with a foreign metal film. The modified 

Murray model was used to predict changes in SERS intensity at roughened 

Ag electrodes as a function of Pb coverage. Additional details regard

ing the Murray model and the calculation can be found in Appendix B. 

Use of this model requires values for the optical constants of 

the overlayer. Theoretical enhancement profiles for Pb on Ag were 

calculated using both measured values and estimated values for the Pb 

overlayer optical constants. Dielectric constants of Pb thin films on 

Ag surfaces were calculated from measured reflectivity data reported by 

Kolb and coworkers (146) using the linear approximation method. A dis

cussion of this method can be found in Appendix A. In addition, 

dielectric constants for a Pb/electrolyte interfacial phase were esti

mated using the Bruggeman effective medium approximation (EMA). A more 

detailed description the Bruggeman EMA can be found in Appendix B. 

Results of Murray Model Calculations 

Normalized theoretical SERS enhancement was calculated as a 

function of Pb coverage at 4500, 5250 and 6250 A for both the pyridine 

vibration at 1013 cm-1 and the v(Ag-CI) vibration at 235 cm-1• The 

results for the pyridine band are shown in Figure 3 for the 
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measured and estimated optical constants of the Pb overlayer. The 

dashed circles represent the results obtained using measured optical 

constants and the open circles represent the results obtained using 

estimated optical constants. Upon first inspection, it appears that the 

former data set predicts a more drastic decrease in enhancement at low 

Pb coverages. However, comparison of the two sets of data is limited 

due to a number of factors. First, there is a lack of data for the 

measured response at low Pb coverages. Also, the uncertainty in the 

measured optical constants is expected to be significant in this 

coverage regime, because the absolute change in reflectivity due to the 

deposition of less than 60% of a monolayer is less than 0.6%. However, 

at higher Pb coverages, there is good agreement between the two sets of 

data. In any case, both theoretical profiles predict a less drastic 

decrease in SERS intensity with Pb coverage as the excitation energy 

decreases. 

The theoretical response calculated using the EMA for both 

vibrational features is shown in Figure 4 for three excitation wave

lengths. These results predict that the decrease in SERS intensity with 

increasing Pb coverage should be similar for both vibrational features 

under conditions where EM enhancement is the major contribution to the 

response. Similar results are obtained using measured optical constants 

in the calculation. 

Figure 5 summarizes the predictions made by the Murray model for 

EM enhancement of pyridine at Pb-modified Ag. First, the decrease in 

SERS intensity as a function of Pb coverage is expected to be less rapid 
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with increasing wavelength. Second, similar intensity-coverage profiles 

are predicted for both vibrational features of interest. 

Comparison of Experimental and Theoretical Profiles 

Comparison of the theoretical and experimental intensity

coverage profiles for the pyridine vibration at 1013 cm-1 is shown in 

Figure 6 the three wavelengths. The experimental results for pyridine 

are shown in the solid circles and the theoretical results obtained 

using effective medium optical constants are designated by the open 

circles. The results show excellent agreement throughout the entire Pb 

coverage regime between the experimental and theoretical profile for 

excitation at 4579 A. Good agreement between the two sets of data is 

observed for excitation at 5145 A for up to 70% of a Pb monolayer. The 

experimental profile decreases to lower normalized intensities than pre

dicted by the model at higher Pb coverages. Obvious deviations are 

observed between the theoretical and experimental results for excitation 

at 6226 A. The SERS intensity decreases less rapidly than predicted for 

Pb coverages between 30 and 70% and more rapidly for Pb coverages 

greater than 70%. 

Figure 7 shows the corresponding comparison for the v(Ag-Cl) 

vibration. The open triangles represent the experimental data and the 

open circles the theoretical results obtained using effective medium 

values for the optical constants of Pb. There is excellent agreement 

between the theoretical response and the experimental results with exci

tation at 4579 A. However, deviations from the theoretical behavior 
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are observed with excitation at 5145 and 6226 A. With excitation at 

5145 A, the SERS intensity decreases more rapidly than predicted. 
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This discrepancy becomes even more apparent with excitation at 6226 A. 

These results have a number of interesting implications. First, 

agreement between the predicted and experimental results suggests that 

EM enhancement may be the major contribution to surface enhancement 

under certain experimental conditions. This appears to be the case for 

surface enhancement of the pyridine and v(Ag-Cl) features at 4579 A. 

Deviations from the predicted enhancement profile for excitation at 

5145 A, may suggest the importance of other contributions which 

influence the enhancement of the V(Ag-Cl) vibration to a greater extent. 

The lack of correlation for both vibrational features with excitation at 

6226 A may be an indication of the importance of additional contri

butions in this wavelength region. The general trends suggest that an 

additional mechanism may be "turned on" as the excitation frequency 

decreases. It is possible that the physical destruction of certain sur

face roughness features during Pb deposition (see Chapter VI) may be 

important. However, these physical changes are expected to be largely 

independent of excitation wavelength. It is possible that a chemical 

mechanism may be activated at longer wavelengths. This aspect is 

discussed further in Chapter VII. 

Of course, one must be careful in the interpretation of these 

results. As pointed out earlier, this EM model is based on an isolated 

spheroid covered with overlayers. Its ability to predict electro-
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magnetic enhancement for overlayers on roughened surfaces has not been 

tested. Therefore, the correlation observed in the intensity-coverage 

profiles should not be interpreted as evidence that other contributions 

are absent. However, the general predictions of this model are expected 

to be valid and similar conclusions can be drawn based on these con

siderations. For example, the theoretical enhancement profiles are 

relatively insensitive to the frequency of the vibration. Under experi

mental conditions where EM contributions predominate, similar intensity

coverage profiles are expected for both vibrational features. Such 

similarities are observed with excitation at 4579 and 4880 A. On the 

other hand, deviations in the intensity-coverage profiles, as observed 

with excitation at 5145 and 6226 A, suggest that other contributions to 

surface enhancement may also be important under these conditions. 

The importance of an EM contribution to surface enhancement with 

excitation in the blue has some precedence in the SERS literature. 

There is both experimental and theoretical evidence to suggest that sur

face plasmon excitation is favored as the excitation frequency is 

shifted towards the blue. For example, Ritchie, Burstein and Stephens 

(216) have observed surface plasmon excitation centered at 400 nm for 

randomly located Ag surface features of well-defined shape and size on a 

Ag substrate. The size of these features (600 A high and 600 A wide) is 

on the order of the smaller features produced by the electrochemical 

roughening procedure used in these studies. Kerker (217) has predicted 

that isolated spherical Ag particles of 50 to 500 A in diameter should 

excite surface plasmons at 3960 A. The correspondence between the 
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experimental and predicted EM profiles with 4579 A excitation is con

sistent with these findings. 

There are also several pieces of experimental data which 

suggest that other contributions to SERS are favored as the excitation 

wavelength is shifted to the red. Pettinger and coworkers (215) 

reported the observation of absorption bands at 6000 and 7500 A after 

electrochemical roughening of Ag electrode surfaces; These results are 

in agreement with attenuated total reflectance data by Tadjeddine and 

Ko1b (218). Dispersion curves for Ag after an ORC in 0.1 M NaC1 and 

0.01 M pyridine showed pronounced double back bending between 8000 and 

9000 A. Double back bending in the dispersion curve is characteristic 

of the formation of an absorptive surface layer (219). These results 

have been attributed to the formation of a Ag-pyridine surface complex. 

Otto (140) has reported a similar absorption band for coldly 

deposited Ag films in the absence of adsorbed species. This feature was 

not observed after annealing to room temperature. These results and 

other similar findings (220) suggest that surface roughness features 

on an atomic scale may be important. The role of atomic scale roughness 

features in the SERS response of a Pb-modified Ag is discussed in 

Chapters VI and VII. 

Similar absorption bands have been observed on smooth single 

crystalline Ag. Avouris and Demuth (221) observed a broad low energy 

feature (2.0 to 2.5 eV) in the EELS spectrum after adsorption of pyri

dine and pyrazine at Ag(lll). These new electronic absorptions have no 

free molecule analog. These results indicate that this electronic 
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transition is present only for molecules in direct contact with the sur

face and has been assigned as a metal-molecule charge-transfer (CT) 

excitation. The involvement of a CT mechanism in the SERS response at 

Pb-modified Ag is explored in Chapter VIII. 

§ummary and Conclusions 

The shapes of the intensity-coverage profiles for both pyridine 

and CI- have been shown to vary as a function of excitation wavelength. 

Similar intensity-coverage profiles for the pyridine vibration and the 

v(Ag-CI) are observed with excitation at 4579 A. This suggests that 

electromagnetic contributions may be important in this wavelength 

region. The decrease in SERS intensity for pyridine is less rapid as a 

function of Pb coverage as the excitation wavelength increases. The 

intensity of the v(Ag-CI) decreases more rapidly as the excitation wave

length increases. These results suggest the importance of a chemical 

contribution to the SERS response in this wavelength region. In addi

tion, these results demonstrate that the quenching of the SERS response 

at Pb-modified Ag electrodes is not due solely to a decrease in adsor

bate coverage. The intensity of the pyridine vibration is essentially 

independent of Pb coverage up to ca. 60% of a monolayer for excitation 

at 6226 A. These results represent the first example of a non-enhancing 

metal on a SERS active substrate to exhibit significant surface enhan

cement at high coverages. Because Au exhibits optical properties 

similar to Ag in the wavelength region, significant surface enhancement 

is expected at Pb-modified Au surfaces. This would allow SERS investi-
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gation of the catalytic reduction of oxygen which has been reported at 

Pb-modified Au surfaces (222,223). 

Theoretical enhancement-profiles have been calculated at three 

excitation wavelengths for Pb-modified Ag surfaces using the model pro

posed by Murray. The experimental results for both adsorbates are in 

reasonable agreement with the theoretical predictions based on an effec

tive medium approximation for Pb overlayer optical constants for excita

tion at 4579 A. These results also suggest that electromagnetic 

contributions to SERS predominate in this wavelength region. Deviations 

from the theoretical predictions suggest that additional contibutions to 

SERS are "turned on" as the excitation wavelength increases. 



EFFECT OF ADSORBATE COVERAGE ON THE QUENCHING 

OF SERS AT Pb-MODIFIED Ag ELECTRODES 

It can be argued that the decrease in SERS intensity as a func

tion of Pb coverage is not absolute evidence for a decrease in SERS 

activity of the surface. It is possible that the quenching of the SERS 

response is partly due to a decrease in adsorbate coverage at these Pb

modified Ag surfaces relative to that at clean Ag. The excitation pro

files discussed in Chapter III indicate that decreases in adsorbate 

coverage cannot fully account for the observed response. However, Hupp 

(224,169) has shown that the surface coverage of halides and pseudo

halides at Ag decreases in the presence of one Pb monolayer. No 

corresponding information regarding the adsorption of pyridine at Pb

modified Ag surfaces is currently available. Therefore, it is possible 

that some loss of SERS intensity could be attributed to this effect. 

Attempts to obtain direct experimental evidence for pyridine 

adsorption using XPS were complicated by a number of experimental fac

tors described later in this chapter. Therefore, in order to evaluate 

the effect of adsorbate coverage it was necessary to study the SERS 

behavior of a model adsorbate. The adsorbate 3,6-dihydroxypyridazine 

(DHPZN) was chosen for study for a number of reasons. The structure of 

this molecule is shown in Figure 1. This molecule contains two ring 

nitrogen atoms for increased XPS signal in the N Is region. In addi-
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tion, it is known to strongly adsorb to metal surfaces, in part, because 

of its insolubility in aqueous media (225). Furthermore, DHPZN is known 

to form complexes with Ag+ and Pb+2 in solution (226). Therefore, it 

was expected that DHPZN would remain adsorbed at Pb-modified Ag surfaces 

and provide an interesting comparison with the data obtained for pyri

dine. 

SERS Response of DHPZN at Ag 

To the author's knowledge, the SERS behavior of DHPZN has not 

been reported in the literature. For this reason, it was important to 

first characterize the SERS response of this adsorbate in the abs~nce of 

Pb. The SERS response of the parent compound 1,2-diazine has been 

reported (227). Many similarities in the general SERS behavior of these 

two molecules are observed. For these studies, the solution conditions 

were 0.1 M NaCl04/0.01 M DHPZN/pH 3.5. The predominant species in 

solution at pH 3.5 was determined to be the neutral molecule by per

forming an acid/base titration. The acid/behavior of this adsorbate is 

discussed in the next section. 

Titration of DHPZN 

In order to compare the SERS results for pyridine and DHPZN, it 

was important to determine the acid/base properties of DHPZN. It has 

been shown (in Chapter III) that unprotonated pyridine is the predomi

nant solution species at the pH employed for these studies. To the 

author's knowledge, the acid/base properties of DHPZN have not been 

reported in the literature. This molecule contains two N species which 
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can be protonated. It is possible under certain pH conditions that one 

or both of the two N atoms can be protonated (N-~). This could 

influence the interfacial chemistry and the SERS response observed for 

DHPZN. 

An acid-base titration was performed to determine the pH at 

which the predominant solution species is the neutral molecule. A solu

tion containing one millimole DHPZN was back-titrated using standardized 

NaOH. Excess acid was added to convert DHPZN to its fully protonated 

form. The solution pH was monitored using a pH electrode during the 

addition of 0.1 M NaOH. An equivalence point corresponding to the 

complete conversion of N-~ to N-N was found to occur at pH 3.5. The 

results indicate that neutral DHPZN is the predominant solution species 

at pH 3.5. This was the pH chosen for these studies. 

Cyclic Voltammetry of the ORC in DHPZN 

Initial studies of DHPZN involved characterizing the voltammetry 

of the oxidation/reduction cycle in 0.1 M NaCl04 in the presence and 

absence of DHPZN and Pb(N03)2' In all cases, the ORC was performed by 

imposing a linear potential ramp in a positive direction from -0.200 V 

vs Ag/AgCl at a scan rate of 0.040 V sec-I. The scan direction was 

reversed after 6 to 8 mC cm-2 of anodic charge had passed. The cyclic 

voltammetry for the ORC in Cl04- media shown in Figure 2a is typical 

for non-complexing supporting electrolytes. An anodic process begins at 

ca. 0.400 V which corresponds to the oxidation of the Ag surface to form 

soluble Ag+. These species diffuse away from the electrode surface in 

response to a concentration gradient. Upon scan reversal, solution Ag+ 



Figure 5.2 Current-voltage response for ORCs at Ag in the presence 

and absence of DHPZN and Pb+2• 

v = 0.025 V sec-I, S = 1.4 rnA cm-2• 

(a) 0.1 M NaCI04, (b) 0.1 M NaCI04/0.01 M DHPZN, 

(c) 0.1 M NaCI04/0.01 M DHPZN/1 x 10-3 M Pb+2• 

All studies carried out at pH 3.5 
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species are reduced giving rise to a reduction wave with a peak at 

0.380 v. 

Figure 2b shows the effect of 0.01 M DHPZN on the ORC behavior 

in 0.1 M NaCI04/pH 3.5. In the presence of DHPZN, the onset potential 

for Ag dissolution is shifted to more positive values by ca 0.100 V. 

A positive shift in the onset potential is indicative of DHPZN adsorp

tion at Ag within this potential region. A shift to more negative 

potentials is observed for the reduction of Ag+, which indicates that 

DHPZN forms complexes with Ag+ in solution as expected from complexation 

studies in the literature (226). 

The effect of 1 x 10-3 M Pb+2 on the ORC in DHPZN is presented 

in Figure 2c. No additional changes in the voltarnrnetry are observed in 

the presence of Pb+2 • This is in direct contrast to the behavior 

observed in CI- media. The presence of 1 x 10-3 M Pb+2 in CI- media 

results in the inhibition of the oxidation process and the presence of 

an additional reduction wave 0.150 V more positive than that in CI

only. In fact, no Raman signals for pyridine could be observed sub

sequent to an ORC in the presence of Pb+2 in CI- solution. The above 

observations have been attributed to the formation and adsorption of 

Pb+2 hydroxo species electrostatically bound to specifically adsorbed 

halide ions at the Ag surface (214). Adsorption of similar species is 

not expected to be favored in Cl04- media due to the weak adsorption of 

CI04- at Ag (169). On the basis of these voltarnrnetric results, internal 

ORCs in the presence of 1 x 10-3 M Pb+2 were performed prior to Pb 

deposition studies. 
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SERS of DHPZN in Absence of Pb+2 

Typical SERS spectra for DHPZN in 0.1 M NaCl04/pH 3.5 media 

after an ORC as described above are shown in Figures 3a and 3b. These 

spectra were obtained at a potential of -0.200 V. The vibrational 

spectrum for this molecule is dominated by the presence of an intense 

ring-breathing mode at 1328 cm-1• The peak position of this band is 

insensitive to adsorption. This behavior is in agreement with that 

observed by Sinclair for the parent 1,2-diazine compound (227). In 

addition, a band is observed in the low frequency region at 232 cm-1• 

This corresponds to a band observed at 232 cm-1 for 1,2-diazine in 

Cl04- media and is assigned to a V(Ag-N). The observation of a v(Ag-N) 

suggests that DHPZN is N-bound to the Ag surface. A similar surface 

interaction has been proposed by Hubbard and coworkers for DHPZN 

adsorbed to Pt (228) and is consistent with the notion that the neutral 

molecule is surface-active. 

The potential dependence of the 1328 cm-1 is shown in Figure 4. 

In the potential region where Pb is underpotentially deposited (-0.300 

to -0.450 V), little change in intensity of the ring-breathing mode is 

observed. However, a decrease in intensity of the 1328 cm-1 band is 

observed as the potential is made more negative from these values. 

This potential dependence differs from that observed for pyridine and is 

not the behavior expected for neutral molecules based on surface charge 

effects. 



Figure 5.3 SERS spectra of DHPZN at Ag in two frequency regions. 

Solution conditions, 0.1 M NaCl04/0.01 M DHPZN/pH 3.5. 

(a) V(Ag-N) at 232 cm-1• 

(b) ring-breathing mode of DHPZN at 1328 cm-1• 
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Figure 5.3 SERS spectra of DHPZN at Ag in two frequency regions. 
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Effect of Organic Impurities on the SERS of DHPZN 

The time dependence of the DHHPZN ring-breathing mode at -0.200 

V is shown in Figure 5. The intensity of this band decreases steadily 

as a function of time within the first 20 minutes following an ORC. 

In addition, a side band at ca. 1305 cm-1 increases in intensity as a 

function of time. A similar band at ca. 1300 cm-1 is observed in the 

solid state Raman spectrum. Therefore, it was originally thought that 

the presence of the side band was evidence for multilayer adsorption of 

DHPZN at Ag. However, the appearance of the side band depended upon the 

observation of a purple hue to the electrode surface after an ORC and 

the presence of impurity bands (229) in the supporting electrolyte 

spectrum. 

A typical SERS spectrum obtained in 0.1 M NaCl04 is shown in 

Figure 6. The band at 1580 cm-1 has also been observed in weakly 

adsorbing F- media. The origin of this feature remains controversial. 

Several workers (229,230) have assigned this band to an adsorbed car

boxylate species arising from dissolved C02. Mahoney (231) assigns this 

feature to disordered graphite arising form the reduction of unstable 

carboxylate species. The band at 1415 cm-1 appears in a spectral region 

characteristic of paraffinic C-C stretching modes (229). The close 

proximity of the 1305 cm-1 band to the ring-breathing mode of DHPZN 

suggests an organic impurity of related aromatic structure. 

The use of high purity NaCl04 greatly reduced the intensity of 

the impurity features as well as the time dependent nature of the 

spectral response. These results demonstrate the sensitivity of the 
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SERS response to surface active impurities. In addition, these results 

point out the rigorous purity requirements necessary to carry out SERS 

studies in weakly adsorbing electrolytes and presumably in strongly 

adsorbing electrolytes (e.g. CI-, Br-) at negative potentials where pro

tecting effects are greatly reduced. 

DHPZN Intensity-Coverage Profiles 

SERS intensity-Pb coverage profiles were obtained for DHPZN at 

5145 A and compared to those obtained for pyridine. The intensity of 

the ring-breathing mode of DHPZN at 1328-1 was monitored as a function 

of applied potential after an ORC was performed in a Pb+2-containing 

solution. Spectra were obtained in the region between 1250 and 1375 

cm-1 at 0.005 V intervals on a single Ag surface within the UPD poten

tial region. UPD Pb stripping waves were recorded at each potential 

after acquisition of the spectral data. Representative spectra and the 

fractional Pb coverage associated with each spectrum are shown in Figure 

7. SERS intensity-Pb coverage profiles for DHPZN calculated from 

several experiments are shown in Figure 8 along with the corresponding 

behavior for pyridine. 

The data for both adsorbates show quenching of the SERS inten

sity as a function of Pb coverage between zero and 70% of a Pb mono

layer. However, upon closer inspection, differences are observed in the 

coverage region between 20 and 70% of a Pb monolayer. DHPZN intensities 

decrease more rapidly than those for pyridine in this coverage region. 

This could be due to a decrease in surface coverage of DHPZN relative to 

pyridine at these Pb-modified surfaces or a slight difference in the 



Figure 5.7 SERS spectra as a function of Ph coverage for DHPZN. 

(a) 0.00, (h) 0.12, (c) 0.22, (d) 0.33, (e) 0.51, 

(f) 0.68, (g) 1.00. 
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chemical nature of these two adsorbates. Other evidence suggests that 

the surface coverage of DHPZN may be greater than pyridine at these 

Pb-modified surfaces. This difference in the intensity-coverage profi

les may result from a difference in the chemical nature of these adsor

bates. However, the general similarity between the two sets of data 

suggests that DHPZN is an adequate model compound for pyridine. 

XPS of Pyridine and DHPZN at Pb-Modified Ag 

X-ray analyses were performed to obtain independent evidence for 

the adsorption of pyridine and DHPZN adsorption at Pb-modified Ag 

electrodes. This approach has been employed previously to investigate 

thin metal film systems (5,232-237). However, to the author's 

knowledge, this is the first application of XPS for the determination of 

adsorbate coverage at UPD modified surfaces. 

The success of this approach depends upon the ability to 

transfer the electrode interface intact from the electro-chemical 

environment to an ultrahigh vacuum (UHV) environment. This has been of 

topic of much debate in the recent literature. A number of experimental 

approaches (9-17) have been employed to characterize the emersion pro

cess. The results suggest that complete transfer of the electrochemical 

interface can be achieved when the following experimental conditions are 

met: 1) hydrophobic electrode surface (e.g. Ag, Cu, and Au); 2) removal 

from solution under potential control at potential where no Faradaic 

reaction takes place; 3) concentrated electrolyte (1.0 to 0.1 M); 4) 

transfer to spectrometer in an inert atmosphere. 
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For the case of electrochemically deposited thin metal films, 

anodic stripping cou10metry has verified that Pb films deposited on 

glassy carbon (233) remain essentially intact after removal from the 

electrochemical environment. These results suggest that UPD Pb thin 

films on Ag can be transferred intact to the UHV chamber. However, it 

has also been shown that UPD deposited Pb thin films on Au are oxidized 

during the emersion process (5). 

XPS Results 

An XPS survey scan is shown in Figure 9 for DHPZN adsorbed at Ag 

from a solution containing only 0.01 M DHPZN and 0.1 M NaC104. Maximum 

DHPZN coverage is expected under these conditions. The primary electron 

emissions are labelled. In addition to the expected features for the Ag 

substrate, Na, C1 and ° are observed from adsorbed perchlorate. The 

presence of Nand C from adsorbed DHPZN is also detectable in the survey 

scan. The N Is band is superimposed on a Ag satellite background which 

complicates quantitation of the XPS results. Evidence for the presence 

of trace amounts of polishing alumina is also apparent. 

XPS spectra were obtained for UPD Pb in the 4f binding energy 

region between 130 and 150 eVe The results are plotted in Figure 10. 

Spectra were obtained for three different samples. The first spectrum, 

not shown, was obtained for a Ag electrode exposed to the electrolyte 

solution in the absence of Pb+2• As expected, no features for Pb were 

observed. The second scan, shown in Figure 9 as the dashed line, was 

obtained after exposure to a DHPZN!C104!Pb+2 solution at potentials 

where no metallic Pb is deposited. The presence of two bands 
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Figure S.10 XPS spectra in the Pb 4f binding energy region for Ag 

electrodes emersed from 0.1 M NaCl04/0.01 M DHPZN/1 x 10-3 

M Pb+2• (---) , spectrum obtained after emersion at -0.200 

V where not metallic Pb is deposited, (_._0_0), spectrum 

obtained after emersion at monolayer potential. 
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corresponding to the 4f5/2 and the 4f7/2 emissions indicates that Pb+2 

adsorption does occur to some extent in Cl04- media. The third 

spectrum, shown as the dashed-dotted line, was obtained for an electrode 

exposed to Pb+2 at potentials where monolayer amounts are deposited. 

Emission from the Pb 4f5/2 orbital is observed at a binding energy 

(B.E.) of 144.1 eV corrected using the C Is B.E. of 284.6 eVe The Pb 

4f7/2 emission is observed at a B.E. of 139.1 eVe The binding energies 

of both bands are shifted to higher binding energies of ca. 1 eV from 

those observed from bulk Pb, ca. 143 and 138 eV, respectively (238). 

This is evidence for the oxidation of the Pb deposit after emersion 

which has been observed in a similar study (5) involving emersion of Pb 

overlayers on Au substrates. 

Spectra for adsorbed DHPZN and pyridine were collected in the 

N(ls) binding energy region between 390 and 410 eVe The results are 

presented in Figures 11a and lIb, respectively for three different 

samples. The spectra marked by the solid line were obtained for Ag 

electrodes exposed to the adsorbate at -0.200 V in the absence of Pb+2 

in solution. These spectra represent the adsorbate surface coverage at 

clean Ag. The N Is emission from adsorbed DHPZN is observed at 400.6 eV 

and the emission for adsorbed pyridine in observed at 400.8 eVe These 

binding energies are shifted to slightly higher values than those 

observed for gas phase pyridine (400.3 eV (238». The spectra 

designated by the dashed line were obtained for Ag electrodes exposed to 

the adsorbate in the presence of Pb+2 , but at potentials where no 

metallic Pb is deposited on the surface. For pyridine, the B.E. shifts 



Figure 5.11 XPS spectra in the N Is binding energy region for Ag 

electrodes exposed to DHPZN and pyridine. (a) DHPZN and 

(b) pyridine. ( ), spectra obtained after emersion 

at -0.200 V in the presence of adsorbate only (----), 

spectra obtained in presence of Pb at -0.200 V where no 

metallic Pb is deposited, (-0-0-0), spectrum obtained in 

presence of Pb at monolayer potentials. 
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to a lower value of 400.3 eVe Finally, the spectrum marked by the 

dashed-dotted lines was obtained for Ag electrodes covered with one full 

monolayer of Pb in the presence of DHPZN. 

The N Is feature is superimposed on a Ag background feature. 

The results Figures 10 and 11 are plotted normalized to this Ag 

background feature. The data displayed in this fashion suggest that 

DHPZN adsorption increases with increasing Pb coverage. However, as 

increasing amounts of Pb are deposited, the corresponding amount of Ag 

sampled decreases and the Ag background feature is expected to decrease 

in intensity. The result is an apparent increase in the N Is signal. 

These results point out the difficulty associated with quantitation of 

XPS results under these conditions. 

With this in mind, the XPS results for DHPZN indicate essen

tially no change in surface coverage for any of the conditions employed. 

Of greatest significance is the fact that the surface coverage of DHPZN 

is approximately the same at Ag in the presence and absence of one mono

layer of UPD Pb on the Ag surface. 

In contrast, the XPS results for pyridine indicate a significant 

decrease in surface coverage at Ag in a solution containing Pb+2 before 

any metallic Pb deposition occurs relative to that measured in the 

absence of Pb+2• This result is consistent with SERS results for pyri

dine in 1 X 10-3 M Pb+2 as described in Chapter III and has been attri

buted to displacement of pyridine from the surface by Pb+2 hydroxo 

species electrostatically attracted to adsrobed Cl- (214). Similar dif

ficulties were not encountered for the DHPZN analysis due the fact that 
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Cl04- is weakly adsorbed at Ag and is not expected to promote this type 

of anion-induced Pb+2 adsorption. Because of the presence of the Ag 

background feature, it was diff1.cult to detect any further change in 

pyridine coverage at Pb monolayer coverage. Therefore, it is difficult 

to assess the impact of Pb deposition on the surface coverage of pyri

dine from these results. However, these results demonstrate that the 

decrease in SERS intensity as a function of Pb coverage is not related 

to a decrease in DHPZN surface coverage. Moreover, the similarities in 

the intensity-coverage profiles for both adsorbates suggest that this is 

also true for pyridine. 

Summary and Conclusions 

DHPZN was investigated as a model compound for pyridine for 

addressing the effect of Pb deposition on adsorbate surface coverage. 

An acid/base titration of DHPZN was performed to determine the solution 

conditions for DHPZN analysis which would closely mimic those used for 

pyridine. The titration results indicate that neutral DHPZN is the pre

dominant solutions species at pH 3.5. Therefore, this pH was chosen for 

the remainder of these studies. 

The presence of DHPZN in Cl04- media has been observed to shift 

the onset of Ag oxidation to more positive values, indicating the 

adsorption of DHPZN in this potential region. The reduction wave is 

shifted to more negative values in the presence of DHPZN, which reflects 

complexation of Ag+ by DHPZN. The presence of 1 X 10-3 M Pb+2 has been 

shown to have no significant effect on the ORC voltammetry. This is 



attributed to the lack of significant anion-induced Pb+2 adsorption 

under these conditions. 
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The potential dependence of the SERS response for the ring

breathing mode of DHPZN at 1328 cm-1 was found to be similar to that 

observed for pyridine which indicates that DHPZN is a suitable model for 

pyridine. 

Intensity-coverage profiles for DHPZN show a quenching of the 

SERS response similar to that observed for pyridine for Pb coverages 

between zero and 70% of a monolayer. DHPZN intensities decrease more 

rapidly than those for pyridine in the region between 20 and 70% of a 

monolayer. These differences in intensity-coverage profiles are best 

explained in terms of a difference in chemical nature of these adsor

bates. 

XPS data has been obtained for DHPZN and pyridine adsorbed at Ag 

and Pb-modified Ag electrodes. The XPS results in the Pb 4f region 

indicate that the Pb deposit is oxidized after the emersion process. 

The XPS results for DHPZN indicate little change in surface coverage in 

the presence of a Pb monolayer. However, the results for pyridine show 

a dramatic decrease in surface coverage in the presence of 1 X 10-3 M 

Pb+2 at potentials prior the Pb deposition. This is consistent with the 

loss of SERS intensity for pyridine under similar experimental con

ditions. Because of the decrease in signal prior to Pb deposition, it 

was difficult to detect any further changes in the N Is region in the 

presence of a Ph monolayer. XPS results for DHPZN demonstrate that the 

decrease in SERS intensity for the adsorbate as a function of Pb 
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coverage is not attributable to a decrease in adsorbate surface 

coverage. The similarities in the intesnity coverage behavior for DHPZN 

and pyridine suggest that this is also true for pyridine. 



CHAPTER VI 

REVERSIBILITY OF THE SERS RESPONSE AT UPD Pb-MODIFIED 

SILVER ELECTRODES: EVIDENCE FOR THE IMPORTANCE OF 

ATOMIC SCALE ROUGHNESS IN SERS 

It is known that the deposition of monolayer and submonolayer 

amounts of UPD metal films results in a lack of recovery of the original 

SERS intensity after the foreign metal film is quantitatively stripped 

from the surface. Kester observed only slight recovery of the original 

SERS response for benzotriazole after stripping of monolayer and sub

monolayer amounts of UPD TI (175). Watanabe and coworkers reported a 

similar lack of recovery for pyridine at Ag after deposition and 

stripping of monolayer amounts of Pb and TI (174). They attributed the 

irreversibility of the SERS response to the destruction of SERS "active 

sites" during the deposition process. 

A similar lack of SERS reversibility has been reported for other 

systems after potential steps or excursions to negative potentials in 

the absence of metal deposition. Wetzel, Gerischer and Pettinger (135) 

have reported the irreversible quenching of the SERS intensity for the 

v(Ag-CI) vibration after a negative potential scan at 0.005 V sec-1 to 

-0.300 V versus SCE and back. They observed the same behavior for a 

negative potential step to -0.300 V of ca. 1 sec duration. Similar 

results have been reported for other adsorbates such as pyridine, SC~ 

and CN- (135,136). Owen and coworkers (138) have studied the 

138 
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reversibility of the pyridine SERS response at 1212 cm-1 in various sup

porting electrolytes (1 M KX, X = Cl-, Br-, 1-, and F-). The applied 

potential corresponding to the onset of irreversibility for pyridine was 

found to vary with supporting electrolyte and was correlated with dif

ferences in the strength of anion specific adsorption. 

Irreversible quenching of the SERS response for adsorbates at 

negative potentials has been explained in terms of the destruction of 

atomic scale roughness features (ASR) according to adatom model origi

nally proposed by Otto (133). It is proposed that the ORC, required for 

the observation of strong SERS in electrochemical systems, generates 

both large scale and ASR. ASR features can be thought of as Ag adatoms 

or adatom clusters. Adatoms are stabilized at the surface by asso

ciation with ligands such as adsorbed halides, pseudo-halides or neutral 

molecules forming adatom complexes. Stabilizing adsorbates are desorbed 

at more negative potentials allowing Ag adatoms to migrate along the 

surface and become incorporated into the Ag lattice. Consequently, upon 

reverse potential scan or reverse potential step, the SERS activity 

associated with the adatom-complex is not recovered despite the fact 

that the readsorption of the ligands is known to be reversible. 

It is possible that the deposition of foreign metal films also 

results in the loss of ASR. Therefore, it is conceivable that the 

quenching of SERS at Pb-modified Ag may be due, in part, to the loss of 

ASR. The presence of ASR is thought to be important for a charge 

transfer contribution to surface enhancement. Therefore, a lack of SERS 

recovery after deposition and stripping of Pb would indicate the 
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importance of a chemical contribution to SERS. The aim of the work 

described here was to evaluate the effect of Pb UPD on the integrity of 

ASR and to evaluate the extent to .which the quenching of SERS at Pb

modified Ag can be attributed to the loss of ASR. 

This chapter details a series of experiments performed to quan

titatively evaluate the SERS recovery behavior of both pyridine and Cl

adsorbed to Ag substrates upon controlled deposition and quantitative 

stripping of UPD Pb. Potential-scan recovery data are presented for 

both adsorbate vibrational features as a function of Pb coverage between 

zero and 1.4 monolayers. The time dependence of the reversibility 

behavior after potential steps to values corresponding to 20, 50 and 

100% of a Pb monolayer are reported. These results are correlated with 

current-time transients for underpotential Pb deposition. Significant 

loss of recovery after the deposition and stripping of greater than 70% 

of a Pb monolayer and at different times during the different stages of 

monolayer deposition is associated with structural rearrangements of the 

Pb overlayer which result in an irreversible loss of atomic scale rough

ness features. The SERS recovery for both vibrational features reaches 

a limiting value of 40 ± 10% after long times at monolayer potentials. 

These results suggest that ca. 60% of the SERS intensity measured for 

this system arises from a chemical mechanism involving atomic scale 

roughness. 

Potential Scan Reversibility Studies 

The recovery of the pyridine band intensity was measured by con

tinuously monitoring the intensity at 1013 cm-1 as the potential of the 
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Ag working electrode was scanned in a negative direction from an initial 

potential of -0.200 V vs Ag/AgC1 to a final potential corresponding to 

monolayer deposition and back at 0.005 V sec-I. A bandpass of 6 cm-1 

was used for these experiments. The intensity of the V(Ag-C1) band was 

monitored at 230 cm-1 in the same manner. It is known that the peak 

position of this band shifts to lower frequency with more negative 

applied potential (198). Therefore, a bandpass of 10 cm-1 was used in 

conjunction with a neutral density filter of 0.5 O.D. to ensure that the 

peak maximum was always within the bandpass of the spectrometer. 

Figures 1b and Id show the results for both vibrational bands obtained 

in the presence of 1 x 10-3 M Pb+2 where the final potential of -0.520 V 

corresponds to a coverage of one Pb monolayer. In the absence of Pb+2, 

the original intensity of both features at -0.200 V is fully recovered 

after the potential is returned from -0.520 V to -0.200 V, as indicated 

in Figures 1a and 1c. These data indicate that the lack of full inten

sity recovery after the deposition and stripping of one Pb monolayer 

cannot be attributed to a potential-induced phenomenon. Furthermore, 

these results suggest that the deposition process has irreversibly 

altered some characteristic of the electrode/solution interface 

necessary to support surface enhancement. 

Coverage Dependence of SERS Recovery 

Experiments were carried out to examine the recovery of the SERS 

intensity as a function of Pb coverage for both vibrational features of 

interest. The fractional Pb coverage was systematically varied between 



Figure 6.1 Intensity-potential profiles for pyridine and Cl- in the 

presence and absence of Pb+2• Results for the pyridine 

ring-breathing mode at 1013 cm-1 in the absence (a) and 

presence (b) of Pb+2• Results for v(Ag-Cl) at 235 cm-1 in 

the absence (c) and presence (d) of Pb+2• 
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0.0 and 1.4 monolayers by scanning from -0.200 V to increasingly nega

tive final potentials within the Pb UPD region and back. Each experi

ment was carried out on a freshly polished electrode surface which was 

subjected to an ORC procedure identical in all respects to that 

described for the pyridine/CI- system. Representative intensity pro

files acquired from 0.1 M KCl/0.05 M pyridine/1 x 10-3 M Pb(N03)2/pH 5.5 

solutions are shown in Figure 2. Each of the intensity profiles have 

fractional coverage values associated with them. These values were 

obtained in the usual manner by comparing the charge passed during the 

stripping process at each final potential examined with the charge 

passed during the stripping of a complete Pb monolayer deposited on the 

same electrode surface. 

A plot of percent intensity recovery after one deposition

stripping cycle as a function of Pb coverage up to 1.4 equivalent mono

layers is shown in Figure 3. Essentially complete recovery (between 90 

and 100%) of the SERS response for both pyridine and v(Ag-Cl) bands is 

observed for up to 70% of a Pb monolayer. The percent intensity recov

ery decreases sharply for both adsorbates upon deposition of between 70 

and 90% of a monolayer. For coverages between 0.9 and 1.4 equivalent Pb 

monolayers, the percent intensity recovery levels off for both features. 

It is interesting to note the difference in the extent of SERS recovery 

for the pyridine and v(Ag-Cl) bands at higher Pb coverages. The percent 

intensity recovery for pyridine remains essentially constant at 45 ± 5% 

after deposition and stripping of 90% of a Pb monolayer. The recovery 

of the v(Ag-Cl) band remains significantly higher at 80 ± 5% in this 
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same coverage region. The difference in reversibility behavior in this 

final coverage region is explained in later sections in terms of the 

time-dependent nature of the mechanism responsible for the loss of SERS 

recovery. 

The loss of SERS recovery upon potential scan deposition and 

stripping of UPD Pb is explained in the following manner. The scan rate 

of 0.005 V sec-1 used in these experiments was maintained sufficiently 

slow that limitations due to mass transport and surface diffusion are 

assumed to be avoided. In addition, differential capacitance measure

ments on similar systems have provided evidence for the reversibility of 

adsorbate surface coverage as a function of potential under conditions 

of slow potential scan (168). Therefore, readsorption of both pyridine 

and Cl- at the Ag surface is expected to be complete after the UPD Pb is 

stripped from the surface. The lack of recovery of the SERS intensity 

for both adsorbate features at -0.200 V after deposition and stripping 

of more than 70% of a Pb monolayer suggests that the underlying Ag sur

face is irreversibly altered by the deposition of higher Pb coverages. 

Impact of Structural Changes in the Pb Overlayer 

The lack of recovery of the SERS intensity behavior for both 

adsorbate features at Pb coverages greater than ca. 0.7 can be corre

lated with structural changes in the Pb overlayer. Evidence for 

structural changes in the overlayer comes from differential reflectance 

and LEED data obtained by Kolb and coworkers (147,150) for Pb UPD on 

Ag (111) surfaces. LEED studies of evaporated Pb submonolayer and mono

layer coverages on Ag(lll) indicate a change in Pb overlayer structure 
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in the same fractional coverage region (147). Differential reflectivity 

studies of Pb-modified single crystalline surfaces show evidence for 

similar structural changes occurring in the electrochemical environment 

(147, 150). The morphology of deposition isotherms obtained in this 

laboratory suggests that similar structural changes are occurring during 

the deposition' of Pb on roughened polycrystalline Ag surfaces. 

The LEED results show that the Pb overlayer exists as randomly 

deposited Pb atoms at low coverages (9 < 0.2). At intermediate covera

ges (0.2 < 9 < 0.6), the Pb overlayer exists in a (/~ x f! )RO 30 struc

ture. At coverages greater than 60% of a monolayer, the Pb over1ayer 

begins to rearrange to form its final hexagonal closest packed arrange

ment of Pb atoms. This final structural change appears to correspond to 

the coverage at which loss of SERS recovery is observed for both adsor

bates. It is postulated that this structural rearrangement physically 

alters the underlying Ag surface such that the surface can no longer 

support SERS to the original extent. 

Potential Step Reversibility Studies 

The potential scan reversibility studies described above address 

the coverage dependence of the SERS recovery response. Potential step 

reversibility studies were designed to investigate the kinetics of the 

recovery response at three representative Pb coverages. 

A deposition isotherm for underpotentia1 deposition of Pb on a 

roughened po1ycrystal1ine Ag electrode from Cl- containing solution is 

shown in Figure 5 in Chapter II. The change in fractional Pb coverage 

with applied potential is linear up to ca. 70% of a Pb monolayer. 
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An additional overpotential of ca. 0.070 V is required for deposition of 

the final 30% of a Pb monolayer. Application of a 0.005 V sec-1 poten

tial ramp within the Pb UPD potential region results in a constant resi

dence time of ca. 0.2 sec mV-1 for Pb coverages less than 70% of a 

monolayer. It follows that the residence' time is longer for higher Pb 

coverages. Potential scan experiments probe the SERS recovery behavior 

after short residence times at Pb coverages less than 70% of a monolayer 

and after longer times at Pb coverages greater than 70% of a monolayer. 

Potential scan studies do not reflect the recovery behavior after long 

times at lower Pb coverages and after short times at higher Pb cover

ages. In addition, the potential scan reversibility studies do not 

address the time dependence of the surface transformation processes 

responsible for the irreversible SERS behavior. 

Potential step recovery experiments were conducted to systemati

cally vary the residence time, and thereby, to evaluate its effect on 

the SERS recovery behavior. The time dependence of the recovery of the 

SERS response was examined for both adsorbate vibrational modes at three 

representative fractional Pb coverages. The time dependence of the SERS 

recovery was monitored at potentials corresponding to 20% of a mono

layer, where LEED studies of evaporated Pb films on Ag(lll) indicate 

that the Pb overlayer exists as randomly deposited Pb atoms, at poten

tials corresponding to 50% of a monolayer, where the Pb overlayer exists 

as (i! x i!)RO 30 structures, and at potentials corresponding' to one Pb 

monolayer, where the Pb overlayer assumes its final hexagonal closest 

packed arrangement. For each set of experiments, the intensity of the 
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vibrational feature o~ interest was monitored continuously as the poten

tial of the Ag electrode was stepped from -0.200 V, where no metallic Pb 

is deposited, to final potentials of ca. -0.420, -0.440, or -0.520 V 

and back. The time spent at each final potential was varied between 

ca. 0.2 and 12.0 sec. Each experiment was carried out on a freshly 

polished electrode surface which was subjected to a standard ORC. 

Representative intensity-time profiles obtained for the pyridine feature 

at 1013 cm-1 and V(Ag-Cl) feature at 235 cm-1 during a potential step to 

monolayer potentials are shown in Figure 4. Plots of percent intensity 

recovery for both spectral features as a function of time spent at these 

final potentials are presented in Figure 5. Recovery data were deter

mined by calculating the ratio of the intensity after the reverse step 

from each respective final potential to -0.200 V to the original inten

sity at -0.200 V prior to the potential step. 

Recovery Upon Deposition of 20% of a Pb Monolayer 

The data in Figure 5 show three distinct SERS recovery behaviors 

as a function of time. These data can be interpreted in terms of the 

three different structural arrangements of the Pb overlayer in these 

coverage regions. Complete recovery of the SERS response for the 

v(Ag-Cl) vibration is observed in Figure Sa after potential steps of up 

to 12 sec duration to potentials corresponding to deposition of 20% of a 

Pb monolayer. In fact, loss of recovery for this feature is observed 

only after potential steps of 1200 sec duration. This time frame is 

well beyond the time required for formation of the fractional Pb 

overlayer (ca. 0.25 sec.). The response of the pyridine band remains 
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essentially reversible at ca. 90% recovery within the time domain shown 

in Figure Sa. Recovery of the SERS intensity of both vibrational 

features, even at times after which the deposition of 20% of a Pb mono

layer is complete, suggests that the initial Pb atoms are preferentially 

deposited at surface sites where adsorbate-stabilized atomic scale 

roughness features are not. 

Recovery Upon Deposition of 50% of a Pb Monolayer 

The recovery data in Figure 5b show complete reversibility of 

the v(Ag-Cl) feature after potential steps of 12 sec duration to poten

tials corresponding to deposition of 50% of a monolayer. In contrast, 

the SERS intensity recovery for the pyridine vibration begins to slowly 

decrease to ca. 70% after ca. 4.0 sec under the same conditions. The 

loss of recovery after ca. 4.0 sec is well beyond the time required for 

completion of the Pb submonolayer structure (between 0.3 and 0.4 sec). 

Therefore, this loss of SERS recovery is most likely the result of 

slower transformations of the fractional Pb overlayer as it seeks its 

most energetically favorable configuration, rather than the result of 

physical changes in the underlying Ag surface which occur during the 

deposition process itself. Evidence for the concept of slow transfor

mations of metal monolayer and submonolayer deposits is discussed in the 

next section. 

The increased recovery of the v(Ag-Cl) response relative to that 

of pyridine reflects the increased stability of the Cl- adsorbate. 

This is reasonable based on the greater strength of adsorption expected 
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for Cl- relative to that of pyridine under these experimental con

ditions. In addition, this difference in recovery behavior indicates 

that the two adsorbates are capable of acting independently. 

Recovery Upon Deposition of a Pb Monolayer 

The most significant loss of SERS recovery for both adsorbates 

occurs as a result of steps to potentials corresponding to the deposi

tion of a full monolayer Pb as shown in Figure 5c. These results are 

consistent with those obtained from potential scan experiments and are a 

further indication that structural rearrangements involved in the for

mation of the final hexagonal closest packed configuration of the Pb 

overlayer are responsible for the loss of SERS recovery. The loss of 

SERS recovery for the pyridine vibration is greater than that observed 

for the v(Ag-Cl) feature for each potential step within the investigated 

time domain. This observation provides further evidence for the 

increased stability of the Cl- adsorbate relative to the pyridine adsor

bate. However, the trends in the two sets of data are essentially iden

tical, which indicates that the mechanism responsible for the loss of 

recovery is the same for both adsorbate species. 

The SERS recovery behavior after short times during Pb monolayer 

deposition is of particular interest, because this time domain is not 

probed in the potential scan experiments. A plot of percent SERS inten

sity recovery for both adsorbate vibrational features as a function of 

time between 0.2 and 1.2 sec at a potential corresponding to monolayer 

coverage is presented in Figure 6. Complete recovery of the pyridine 

SERS response is observed only for times less than ca. 0.3 sec. 



100 

>-
~ 0::: 

W ! ~ ~ > 80 D. 0 
U l:l 
W ~ • 0::: 

>-
60~ l- t -

If) , 
z 

! w 
r-
z 40 

0 --0 

0.2 0.4 0.6 0.8 

Time at Potential for e =1.0 (sec) 
Fiqure 6.6 % Intensity recovery after short times at monolayer potentials for both adsorbates. 

(e) pyridine, (6) l\g-Cl vibration. 
...... 
U1 
.C> 



155 

The most drastic decrease in SERS recovery occurs after ca. 0.4 sec at 

monolayer potentials and continues to decrease to ca. 40% after 1.2 sec. 

The recovery of the v(Ag-Cl) feature remains high (100%) until the depo

sition process is allowed to continue past ca. 0.6 sec. At times 

greater than 0.6 sec, the intensity recovery of the v(Ag-Cl) feature 

decreases and approaches a value of ca. 70% after 1.2 sec. Comparison 

of the potential scan recovery data at monolayer coverage in Figure 4 

with the corresponding potential step recovery data as a function of 

time in Figure 6 suggests that the potential scan experiments probe the 

SERS recovery behavior after ca. 1.0 sec at monolayer potentials. This 

time domain is reasonable in terms of the time required for Pb overlayer 

formation, as described in the next section. 

Chronoamperometric Analysis of Pb UPD 

The onset of SERS irreversibility can be correlated with 

current-time transients representing the time dependence of Pb overlayer 

formation. The current flow resulting from the reduction of Pb+2 to 

form the Pb overlayer was monitored as a function of time after poten

tial steps from -0.200 V to ca. -0.420, -0.440 and -0.520 V 

corresponding to the formation of 20, 50 and 100% of a Pb monolayer, 

respectively. The data shown in Figure 7 are current-time transients 

obtained in 0.1 M KCl/0.05 M pyridine/1 x 10-3 M Pb+2/pH 5.5 for Pb 

monolayer formation on three different Ag surfaces which had been pre

viously roughened with an ORC. The current decays to a value of zero at 

times between ca. 0.4 and 0.6 sec. These times correspond to that 
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required for completion of the Pb monolayer in its final hexagonal clo

sest packed arrangement. The time required for monolayer deposition in 

this system is comparable to that observed for similar Pb UPD on Ag 

systems. In perch10ric acid media, the time required for Pb monolayer 

deposition on smooth Ag(lll) surfaces is reported to be ca. 0.1 sec. 

(163). However, monolayer deposition is not complete until ca. 1.0 sec 

under conditions where Pb+2 is strongly comp1exed by citrate in solution 

(167), Pb+2 is known to form a series of complexes in the C1- media 

used here. Therefore, monolayer deposition times of between 0.4 and 0.6 

sec for this system are consistent with the time reported for monolayer 

formation in citrate media. Current-time transients for the formation 

of 20 and 50% of a Pb monolayer were also obtained. The deposition of 

20% of a Pb monolayer in its final over1ayer structure is complete after 

ca. 0.2 sec. Formation of 50% of a Pb monolayer in its final structural 

form is complete after 0.3 to 0.4 sec. 

Additional information about the underpotentia1 deposition pro

cess can be obtained by inspection of the morphology of the current-time 

transient. The presence of a "hump" in the current-time response, such 

as those shown in Figure 7, has been interpreted as an indication of the 

involvement of two dimensional nucleation in the deposition process 

(163). Similar nucleation humps have been observed in the current-time 

transients for Pb monolayer deposition on single crystalline Ag electro

des from perchloric acid (163) and citrate media (167). 
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Long-time Recovery Behavior 

The onset of irreversible SERS behavior at monolayer potentials 

within the time domain of monolayer formation clearly demonstrates that 

the loss of recovery of the original SERS intensity is the result of a 

surface process which begins during the final phase of Pb monolayer 

deposition. However, the processes resulting in the physical alteration 

of the underlying Ag surface continue to occur even after deposition of 

the Pb overlayer is complete as is shown in Figures 5b, 5c and 6. This 

is most likely due to slower transformations of the Pb overlayer as it 

seeks its most energetically favorable configuration. Slow transfor

mations of the Pb overlayer have been the subject of several recent 

reports (239-242). In fact, slow rearrangements have been observed for 

Pb underpotentially deposited on Ag(III) surfaces (240,242). 

The percent intensity recovery approaches a limiting value of 

60 ± 10% for both adsorbate vibrations, as shown in Figure 8, when 

potential steps to potentials corresponding to monolayer coverage are 

maintained for ca. 30 to 40 sec. This observation suggests that 

ca. 40 ± 10% of the SERS enhancement observed in this system is lost due 

to physical transformation of the underlying Ag surface which is ini

tiated during the final phase of Pb monolayer deposition. 

Examination of the long time data also reveals a "hump" in the 

recovery response for both adsorbates following the initial decrease in 

recovery at short times. This feature of the reversibility data is 

reproducible, although the time at which the maximum occurs varies 

somewhat from day to day. The origin of the "hump" in the recovery 
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response is not clear. However, the increase in the percent recovery 

suggests an additional long time mechanism which alters the underlying 

surface in a manner which enhances the SERS response. This later 

mechanism may be related to surfaces processes which occur during the 

slow transformations of the fractional Pb overlayer. 

Difference in Recovery Behavior for Pyridine and Cl-

The longer time required for the onset of irreversible SERS 

behavior for the v(Ag-Cl) band relative to the pyridine band at mono

layer potentials is explained in the following manner. Cl--induced Pb+2 

adsorption at Hg electrodes has been studied by a number of workers 

(201-207) using chronoamperometric and double potential step chrono

coulometric techniques. These authors suggest that in Cl- media, Pb+2 

is adsorbed to the surface by a coordinative adsorption mechanism. 

Recent Raman spectroscopic studies from this laboratory indicate 

that Pb+2 is also adsorbed at Ag electrodes at potentials positive of 

that required for Pb underpotential deposition (190,214). The reduction 

of Pb+2 under these conditions may cause Cl- to be trapped for a short 

time between the Pb overlayer and the underlying Ag surface. In this 

way, Cl- may become intercalated under the Pb overlayer, and thereby 

stabilize Ag adatoms with which they remain associated. The longer time 

required for the onset of SERS irreversibility for the v(Ag-Cl) feature 

supports the increased stability of Ag adatoms associated with Cl-. 
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Proposed Model For Loss of SERS Recovery 

The model in Figure 9 is proposed to account for the data 

discussed in this chapter. When Pb is underpotentially deposited on 

electrochemically roughened Ag surfaces, the resulting SERS recovery 

behavior can be explained in terms of the effect of Pb over layer for

mation on the stability of activated complexes. The recovery studies 

and the current-time transients reported here indicate that the for

mation of the Pb monolayer on these roughened surfaces is similar to 

that observed for evaporated Pb films on Ag(lll) surfaces (147). On 

this basis, one can envision a series of dynamic surface processes which 

may be occurring during the deposition process. At low Pb coverages 

(9 < ca. 0.2), the Pb atoms are deposited at random surface sites. 

At higher Pb coverages (0.2 < 9 < 0.6), additional Pb atoms are depo

sited and subsequently diffuse across the surface and nucleate to form 

(13 x 13)RO 30 structures. At coverages of ca. 0.6, the (13 x (3)RO 30 

structures begin to diffuse across the surface and nucleate to form 

regions which consist of hexagonal closest packed structures. Finally 

at monolayer coverage, the Pb overlayer is complete in its hexagonal 

closest packed arrangement. 

Potential scan recovery studies show complete SERS reversibility 

upon deposition and stripping of less than ca. 60% of a Pb monolayer. 

In addition, potential step experiments to potentials corresponding to 

deposition of 20 and 50% of a Pb monolayer show almost complete SERS 

recovery for both adsorbate features even at times after the respective 

fractional Pb overlayer is complete. Recovery of the SERS response 
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under these conditions has several important implications. First, for 

Pb coverages less than 20% of a monolayer, the reversible SERS response 

suggests that initially Pb atoms are deposited at surface sites where 

stabilized atomic scale roughness features are not. At intermediate 

coverages, the SERS recovery response suggests that surface diffusion 

and nucleation of subsequently deposited Pb atoms has little effect on 

the integrity of the activated complexes. Therefore, electrochemical 

removal of Pb from these surfaces regenerates the original Ag surface 

characterized by both large scale and atomic scale roughness features, 

and the original SERS intensity is observed. 

For coverages greater than 60% of a Pb monolayer, potential scan 

studies show a sharp decrease in the SERS reversibility for both vibra

tional features. The onset of SERS irreversibility at potentials 

corresponding to monolayer formation correlates with times before the 

deposition process is complete when the final 40% of the monolayer is 

deposited. The lack of SERS recovery under these conditions indicates 

that activated complexes are destroyed during the rearrangement of the 

Pb overlayer to form its final hexagonal closest packed form. It is 

postulated that the stabilizing pyridine and Cl- adsorbates are detached 

from intimate contact with atomic scale roughness features as a result 

of the diffusion of </3 x (3)RO 30 structures across the surface. 

This allows atomic scale roughness features to diffuse across the sur

face and be incorporated into the bulk Ag lattice. When the resulting 

Pb overlayer is electrochemically stripped, the resulting Ag surface has 

lost the majority of atomic scale roughness originally created during 
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the ORC. The SERS intensity associated with activated complexes is not 

recovered and weaker signals are observed. 

One important assumption to this model is that the integrity of 

the large scale roughness features is not affected by the Pb deposition

stripping process. In other work which has implicated the importance of 

ASR, scanning electron microscopy has shown that large negative poten

tial excursions do not cause a disruption of large scale roughness 

(138). Scanning electron micrographs of roughened Ag surfaces were 

obtained before and after Pb monolayer deposition and stripping in order 

to test this assumption under these experimental conditions. The 

resulting SEMs are shown in Figure 10. Little difference in the size 

and shape of the features is observable after Pb monolayer deposition 

and stripping as might be expected. Therefore, these experimental 

results support the assumption that only ASR features are disrupted 

during the final stage of Pb monolayer deposition. 

Contributions of Atomic Scale Roughness to 

the Quenching of SERS at Pb-Modified Ag 

The experimental studies previously discussed in this chapter 

have demonstrated that the deposition and quantitative stripping of sub

monolayer and monolayer amounts of Pb greatly reduces the ability of the 

Ag surface to support SERS. These data are interpreted in terms of the 

destruction of atomic scale roughness that presumably occurs as a result 

of dynamic structural changes in the Pb overlayer as it assumes its 

energetically most stable configuration. It is possible that this 
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Figure 6.10 SEMs of roughened Ag electrodes before and after Pb 
monolayer deposition. (a) before, (b) after. 
Magnification = 3,310, tilt angle = 30°, bar = l~. 
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loss of atomic scale roughness and the decrease in SERS intensity asso

ciated with these sites could, in part, account for the quenching of the 

SERS response for adsorbates at Ag upon Pb deposition. 

Limiting SERS Recovery-Coverage Profiles 

One way to examine this possibility is to compare the limiting 

SERS recovery after 12 sec at three representative Pb coverages with the 

intensity-coverage profile at 5145 A shown in Chapter III. If the loss 

of SERS intensity as a function of Pb coverage can be attributed to the 

physical destruction of ASR, one would expect the limiting percent 

recovery as a function of Pb coverage to mimic the intensity-coverage 

profiles. 

The limiting recovery for the pyridine vibrational feature after 

12 sec is shown in Figure 11 as a function of fractional Pb coverage. 

A slow decrease in limiting %R for pyridine as a function of Pb coverage 

is observed. This indicates that a component of the intensity loss for 

pyridine at lower Pb coverages can be attributed to the destruction of 

ASR. 

On the other hand, the %R of the v(Ag-Cl) is independent of Pb 

coverage up to 50% of a Pb monolayer. Slower loss of SERS recovery for 

the v(Ag-Cl) as a function of time has been discussed in terms of an 

increase in adsorption strength. To account for decreases in SERS 

intensity for the V (Ag-Cl), it is important to examine recovery data 

within the time domain required for the spectral data acquisition. 

From the spectral acquisition parameters of 0.5 cm-1 scan incre

ment and 0.5 sec integration time, the total time for spectral 
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acquisition of the V(Ag-C1) data between 150 and 300 cm-1 requires 150 

sec. The onset of irreversib1ity at 50% of a Ph monolayer occurs only 

after ca. 600 sec. Therefore, decreases in SERS intensity at low Ph 

coverages (9 < 0.50) for the v(Ag-C1) can not be explained in terms of a 

loss of ASR. 

Intensity-Coverage Profiles After Destruction of ASR 

The SERS recovery results can be interpreted in terms of two 

separate components to the SERS response. After deposition and 

stripping of monolayer amounts of UPD Ph, only 40 to 50% of the original 

SERS response for pyridine is recovered. A similar limiting response is 

observed for the V(Ag-C1) vibration after longer times at monolayer 

coverage. These results suggest that 50 to 60 % of the measured SERS 

response arises from a mechanism for which ASR plays an important role. 

It is tempting to ascribe the remaining signal (40 to 50%),_ which is 

recovered after Pb is stripped, to an EM model for SERS. Experiments 

were designed in a attempt to differentiate between the two contribu

tions. 

Additional intensity-coverage profiles were obtained for the 

pyridine ring breathing mode at 1013 cm-1 after a fraction of atomic 

scale roughness features were destroyed by the deposition and stripping 

of UPD Pb from the surface. This deactivation treatment consisted of a 

potential excursion to a potential corresponding to Pb monolayer 

coverage where the potential was held for 60 sec, and back to the ini

tial potential of -0.200 V vs Ag/AgCl. Presumably, some fraction of ASR 

features are destroyed within this time domain as suggested in Figure 8. 
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The spectral results obtained for the pyridine symmetric ring 

breathing mode in the region between 980 and 1050 cm-1 are shown in 

Figure 12. These spectra represent the measured SERS response at 

various potentials within the UPD region corresponding to the stated 

fractional Pb coverages before and after a deactivation treatment. 

SERS intensity-coverage profiles were calculated from the integrated 

band intensities. For ease of comparison, band intensities before and 

after deactivation are normalized to the band intensity measured at a 

fractional Pb coverage of zero corresponding to a potential 0.010 V more 

positive than the onset of underpotential deposition. In addition, band 

intensities are corrected for background solution Raman scattering 

measured in the absence of an ORC in 1 X 10-3 M Pb(N03)2 at monolayer 

potentials. 

A comparison of the intensity-coverage profiles obtained for 

pyridine before and after a deactivation treatment is presented in 

Figure 13. The data shown before deactivation are similar to the 

response reported in Chapter III. From the reversibility data for this 

system, one can speculate that the quenching of the SERS response before 

the deactivation of ASR could be the convolution of at least two 

possible effects: the quenching due to an increase in absorptivity of 

the Pb-modified surface and the loss of SERS intensity due to simulta

neous loss of ASR. Therefore, the intensity-coverage profile obtained 

after a deactivation treatment presumably represents the SERS response 

in the absence of a majority of the initial ASR and is expected to 
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resemble the theoretical SERS enhancement-Pb coverage profile based on 

electromagnetic models for SERS. 

The deactivation process does not appear to significantly affect 

the shape of the measured intensity-coverage profile. Any significant 

differences occur at higher coverage values where the normalized inten

sity drops below the minimum enhancement required for detection due to 

the fact that SERS intensities are reduced by up to 60% by the deac

tivation treatment. 

One explanation for this observation is that ASR cannot be 

completely destroyed by the deposition and stripping process. In this 

case, one would not expect a significant difference in the measured 

responses. A similar conclusion regarding the persistence of ASR 

features after a deactivation treatment has recently been reported by 

Furtak (243). Differential reflectivity results described in the next 

chapter provide direct evidence for the idea that the deactivation 

treatment used in these studies does not completely destroy ASR 

features. 

Summary and Conclusions 

Potential scan and potential step reversibility experiments have 

been performed to investigate the SERS recovery of the pyridine ring

breathing mode and the v(Ag-Cl) vibration after deposition and stripping 

of UPD Pb. The reversibility behavior is correlated with structural 

changes in the Pb overlayer and chronoamperometric studies of Pb deposi

tion. The insensitivity of large scale roughness to Pb deposition and 
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stripping has been confirmed by scanning electron microscopy. A model 

has been proposed to account for these experimental results. 

Potential scan reversibility studies show complete SERS recovery 

after deposition and stripping of less than 60% of a Pb monolayer. 

Potential step experiments for potentials corresponding to 20 and 50% of 

a Pb monolayer show almost complete SERS recovery for both adsorbate 

features even at times after the respective fractional Pb overlayer is 

complete. Recovery of the SERS response under these conditions has 

several important consequences. First, for Pb coverages less than 20% 

of a monolayer, reversibile SERS behavior indicates that the initial Pb 

atoms are preferentially deposited at surface sites where stabilized 

atomic scale roughness features are not. At higher coverages, between 

20 and 60% of a Pb monolayer, the SERS recovery response suggests that 

surface diffusion and nucleation of subsequently deposited Pb atoms has 

little effect on the integrity of the activated complexes. Electro

chemical removal of Pb from these surfaces regenerates the original sur

face containing both large- and atomic-scale roughness features, and the 

original SERS intensity is observed. 

For coverages greater than 60% of a Pb monolayer, potential scan 

studies show a sharp decrease in the SERS reversibility for both vibra

tional features. The onset of SERS irreversibility at potentials 

corresponding to monolayer formation correlates with times during the 

final phases of Pb monolayer deposition. The lack of SERS recovery 

under these conditions indicates that a small fraction of the atomic 

scale roughness features is destroyed during the rearrangement of the 
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Pb overlayer to form its final hexagonal closest packed form. When the 

resulting Pb overlayer is electrochemically stripped, the resulting Ag 

contains a smaller number of atomic scale roughness features and the 

original large scale roughness features. The SERS intensity associated 

with the lost atomic scale roughness features is not recovered and 

weaker signals are observed. 

The destruction of atomic scale roughness features has been 

shown to have a measurable effect on the SERS response at Pb-modified 

Ag electrodes. Loss of ca. 50% of the measurable SERS response for both 

adsorbate vibrational bands suggests that 50% of the observed surface 

enhancement arises from a mechanism involving atomic scale roughness. 

These results also have important consequences regarding the quenching 

mechanism for SERS at Pb-modified Ag electrodes. Weak SERS intensities 

for Pb coverages greater than 60% can be attributed to destruction of 

atomic scale roughness. Limiting recovery-Pb coverage profiles indicate 

that a component of the quenching for pyridine at low coverages can also 

be related to a loss of atomic scale roughness features. Because the 

loss of atomic scale roughness is brought about by structural changes in 

the Pb overlayer, these effects may be independent of excitation fre

quency. 



CHAPTER VII 

DIFFERENTIAL REFLECTIVITY STUDIES OF ELECTROCHEMICALLY 

ROUGHENED Ag ELECTRODES 

This chapter describes the results of two types of differential 

reflectivity experiments. Initial studies were designed to investigate 

the effect of solution conditions on the change in reflectivity of Ag 

electrodes after an ORC. The second set of experiments were designed to 

evaluate the effect of Pb monolayer deposition on the reflectivity of 

roughened Ag electrodes. Pb monolayer deposition has been shown to 

result in a loss of SERS recovery. This loss of SERS recovery is attri

buted to the destruction of ASR features. 

Similar experiments regarding the effect of surface roughening 

have been reported in the literature. In all of these reports, surface 

roughening has resulted in a decrease in reflectivity corresponding to 

an increase in absorptivity of the surface. However, the origin of this 

absorption process remains unclear. Pettinger and coworkers (215) 

reported the observation of two absorption bands at 6000 and 7500 A 

after a mild electrochemical roughening procedure in 0.1 M KCl and 0.05 

M pyridine. These absorption bands were attributed to the formation of 

an absorbing surface complex involving a Ag ada tom and coadsorbed pyri

dine and Cl-. Otto (140) reported a broad absorption band in the same 

wavelength region for unexposed coldly deposited Ag films. He attri

buted this absorption feature to the presence of atomic scale roughness 
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features. This conclusion is supported by the observation of the 

quenching of this absorption band after annealing the Ag film to room 

temperature. Similar quenching of the SERS response in known to result 

from room temperture annealing of these Ag films (139,142). 

Effect of Surface Roughening on the Reflectivity of 

Ag Electrodes 

The reflectivity of Ag electrodes was measured before and after 

a linear sweep electrochemical aRC similar to those performed prior to 

SERS investigations. Experiments were carried out under three different 

solution conditions in order to vary the chemical identity of adsorbed 

species at the interface. If, in fact, a decrease in reflectivity is 

related to the formation of adatom-adsorbate surface complexes, the 

absorption spectra obtained under these different solution conditions 

are expected to differ. 

The instrument employed for these studies has been described in 

Chapter II. Reflectivity measurements were obtained in the wavelength 

region between 3930 and 8230 A at 100 A scan intervals with an integra

tion time of 0.1 sec. Five scans of the region were obtained before and 

after the aRC at -0.200 V vs Ag/AgCI. Differential reflectivity studies 

were carried out for similar aRC conditions performed in 0.1 M KCI/pH 

5.5, 0.1 M KCI/pH 5.5 in the presence of 0.05 M pyridine, and in 0.1 M 

KCI/0.05 M pyridine/pH 5.5 in the presence of 1 x 10-3 M Pb(N03)2. 

The results are described below. 

The change in reflectivity of Ag electrodes due an aRC in the 

background electrolyte only is shown in Figure la. The error bars 



Figure 7.1 Differential reflectance spectra of Ag electrodes 

roughened in three different electrolytes. (a) 0.1 M KCI, 

(b) 0.1 M KCI/0.05 M pyridine, (c) 0.1 M KCI/0.05 M 

pyridine/l x 10-3 M Pb+2• All solutions pH 5.5. 
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reflect the scatter in the data for three different runs on three dif

ferent electrode surfaces. A total of 23 mC of anodic charge was passed 

during the ORC pretreatment. This pretreatment results in a decrease in 

the reflectivity between 4400 and ca. 8000 A on the order of 1 to 4%. 

Two absorption bands are observed in this region with maxima at 6000 and 

7200 A. 

Similar experiments were carried out in the presence of pyridine 

usin~ identical ORC conditions. The results are shown in Figure lb. 

Two absorption bands are also observed under these solution conditions. 

The absorption band at 5930 A is slightly blue shifted from that 

observed in the background electrolyte. In addition, the decrease in 

reflectivity is greater after roughening in the presence of pyridine. 

The effect of roughening in the presence of 1 x 10-3 M Pb+2 is 

shown in Figure 1c. It has been shown that Pb hydroxo complexes are 

specifically absorbed at the surface at -0.200 V under these solution 

conditions (190,214). However, the differential reflectivity results 

are essentially identical to those obtained under the other two solution 

conditions employed. 

The similarity in the differential reflectivity results obtained 

under different solution conditions suggests that surface complexes are 

not responsible for the decreased reflectivity of the surface. These 

results tend to support Otto's conclusion that the absorption processes 

are due largely to the formation of ASR features. Additional evidence 

to support these conclusions comes from Pb deposition experiments 

described in the next section. 
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The two absorption features may result from electronic resonan

ces associated with different Ag cluster sizes. Otto (140) has pro

posed that the changes in reflectivity observed for coldly deposited Ag 

films as a function of annealing temperatures are related to the selec

tive destruction of adatom clusters. The size of the adatom cluster 

influences it stability and the temperature at which it is annealed. 

In fact, matrix isolation studies of Ag clusters have shown an 

electronic transition at 2.0 eV (6198 A) for Ag4° clusters (244). 

Effect of Pb Deposition on the Reflectivity of 

Roughened Ag Electrodes 

The reflectivity of roughened Ag electrodes was measured at 

-0.200 V before and after Pb monolayer deposition. Monolayer Pb deposi

tion was allowed proceed for 60 sec at monolayer potentials prior to an 

anodic scan to -0.200 V. The reflectivity measurements were carried out 

under identical scan conditions as those described above. Differential 

reflectivity results are shown in Figure 2. 

Pb monolayer deposition is shown to result in a increase in the 

reflectivity of roughened Ag electrodes on the order of between 0.1 and 

0.2 %. Of greatest significance are the increases in reflectivity cen

tered at 5800 and 7400 A. These results indicate that a fraction of the 

absorption produced during the ORC is lost during Pb deposition. 

These results are consistent with those obtained after room temperature 

annealing of coldly deposited Ag films and provide additional evidence 

for the conclusion that the absorption bands arise from Ag adatoms or 

adatom clusters. 



3.0 

2.5 

~ 2.0 ff+ 
o t • ~ 1.5 t + + 

Q5 LI II H h f .. • + f 
0.0 

4400 5200 6000 6800 7600 
0 

WAVELENGTH (A) 

rigure 7.2 Effect of Pb monolayer deposition on the reflectivity of roughened Ag electrodes. I--' 
(Xl 
o 



181 

Summary and Conclusions 

Differential reflectivity studies were carried out to evaluate 

the effect of the ORC on the reflectivity of Ag electrodes. The 

roughening procedure results in a decrease in reflectivity which corre

sponds to an increase in absorptivity of ~he surface. These studies 

were performed in three different electrolyte solutions to evaluate the 

contribution of adsorbate-specific surface complexes to the measured 

response. In all cases, the resulting absorption spectra exhibit two 

bands at ca. 6000 and 7200 A. These results are in agreement with those 

reported by Pettinger after an ORC in 0.1 M KCl/Oo05 M pyridine. The 

similarity in the spectra indicate that the absorption process is not 

related to the formation of Ag-adsorbate surface complexes. Instead, 

these results support Otto's conclusion that the absorption process 

arises from the presence of ASR. 

Additional studies were performed to evaluate the effect of Pb 

monolayer deposition on the reflectivity of roughened Ag electrodes. 

The reflectivity of roughened Ag surfaces increases after Pb monolayer 

deposition. Similar differential reflectivity results have been 

reported for coldly deposited Ag films after exposure to room tem

perature. These results provide additional evidence for the destruction 

of ASR features during Pb monolayer and submonolayer deposition. 



CHAPTER VIII 

ROLE OF CHARGE TRANSFER EXCITATION IN 

SERS RESPONSE AT Pb-MODIFIED Ag 

The previous chapters have examined three of the four possible 

contributions to the quenching of SERS at Pb-modified Ag surfaces origi

nally outlined in Chapter III. In view of these results, the interpre

tation of the intensity-coverage behavior for both adsorbates at low Pb 

coverages (9 < 60% of a monolayer) requires further attention. It seems 

appropriate to consider a chemical model for surface enhancement which 

depends upon the presence of ASR features. The success of this model 

will be judged on its ability to account for trends in the intensity

coverage profiles at low Pb coverage for pyridine and CI- as a function 

of excitation wavelength. Before considering a specific chemical model, 

the intensity-coverage behavior for both adsorbates is compared as a 

function of excitation frequency. 

Figure 1a shows a comF~rison of the measured SERS intensity-Pb 

coverage profiles for the pyridine vibration at 1013 cm-1 at three of 

the four excitation wavelengths examined. The SERS intensity decreases 

less rapidly as a function of increasing Pb coverage as the wavelength 

increases from 4579 to 6226 A. These general trends are in agreement 

with theoretical enhancement profiles based on EM models. However, 

significant deviations between the predicted and experimental profiles 

are observed with laser excitation in the red. The Murray model 
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predicts a slow quenching of the SERS response at low Pb coverages. 

Experimentally, the SERS response is observed to be essentially indepen

dent of Pb coverage. If a chemical model is an accurate description, it 

must be capable of explaining this behavior. 

The corresponding behavior for the v(Ag-Cl) vibration at 235 

cm-1 is shown in Figure lb. As the incident wavelength increases, the 

SERS intensity for this feature decreases more rapidly as a function of 

incre~sing Pb coverage. This behavior deviates significantly from the 

theoretical predictions for excitation wavelengths of 5145 and 6226 A. 

Moreover, these results are completely opposite to the intensity

coverage trends for pyridine shown in Figure 1a. The proposed chemical 

model must include a framework which distinguishes between these two 

extreme responses. As will be discussed later, this reversal in SERS 

response can be related to the different chemical natures of the adsor

bates. 

Discussion 

Charge Transfer Model for SERS 

The most popular chemical enhancement mechanism involves a pho

toassisted charge transfer (CT) between the metal and adsorbate at sites 

of atomic scale roughness. This model was first proposed in 1979 (245, 

246) and has been cited by several other workers as an important contri

bution to the overall surface enhancement in both electrochemical and 

UHV systems (140,213,247). In this model, the incident photon excites a 

charge transfer process between metal levels associated with surface 

defect sites and adsorbate levels which are broadened and made 
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accessible through interaction with the metal surface. The direction of 

charge transfer depends upon the chemical nature of the adsorbate. 

For certain anionic adsorbates (213,248,249) and saturated organic 

adsorbates (250), the charge transfer is thought to occur between filled 

adsorbate levels and vacant levels at the Fermi energy. This pathway is 

often described as an adsorbate-to-metal charge transfer. Conversely, 

certain unsaturated organics such as pyridine undergo a metal-to

adsorbate charge transfer in which an electron is transferred from 

filled metal levels to empty adsorbate levels (250). From this general 

discussion, pyridine and Cl- represent two chemically distinct adsor

bates which can participate in different types of CT processes. 

Model for Metal-to-Adsorbate Charge Transfer 

11etal-to-adsorbate charge transfer has received more attention 

in the literature and, although the details of the charge transfer 

mechanism are not completely understood at this time, a model for CT to 

adsorbed pyridine is outlined in Figure 2. The figure shows an 

idealized schematic of the metal/electrolyte interface. The left hand 

side of the diagram represents the metal electrode, which can be 

described in terms of the Fermi level, Ef, and the work function, ~. 

The Fermi level represents the average energy of electrons in the metal 

referenced to the vacuum level. The work function of the metal is the 

energy required to remove an electron from the Fermi level to the 

vacuum. The work function for smooth Ag(lll) has been reported as 4.75 

eV (251). It is important to keep in mind that the Fermi level at 
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microscopic defect sites such as adatoms has been shown to differ signi

ficantly from the bulk value (252,253). For example, the work function 

at coordinately unsaturated surface sites such as adatoms has been shown 

to be lower than that at other surface sites (254). A decrease in work 

function at these sites allows for CT excitation into adsorbate levels 

which might otherwise not be assessible with visible radiation. 

The right hand side of the diagram represents the solution 

interfacial region. The diagram shows empty adsorbate levels at 

energies higher than the Fermi level and filled levels lying below the 

Fermi levels. According to UV photoemission studies of pyridine on Ag 

by Demuth (255), the highest filled electronic levels on adsorbed pyri

dine are most likely n levels. Upon adsorption, the nitrogen lone pair 

level is stabilized with respect to the levels due to chemical interac

tion with the substrate. Ueba (256) has proposed that the empty level 

associated with charge transfer is most likely a new electronic level, 

designated as CT in Figure 2, which arises due to chemisorption. Other 

investigators (257) have suggested that CT involves n antibonding mole

cular orbitals associated with adsorbed pyridine. Both molecular levels 

are broadened and shifted in energy due interaction with the surface. 

The incident photon energy, hv o , excites an electron from the 

Fermi level to empty metal levels higher in energy. If the photon is 

sufficiently energetic, the excited electron can tunnel to vacant levels 

on the adsorbate. This results in a metal-to-adsorbate charge transfer. 

Upon relaxation of the electron to metal levels, a Raman scattered pho

ton, hv s , is generated. A similar scheme can be invisioned for 
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adsorbate-metal charg~ transfer where the excitation of an adsorbate 

centered electron to empty metal levels above the Fermi energy occurs. 

Experimental Parameters in CT Model 

It is clear from the above discussion that the ability to pro

mote CT excitation depends upon three factors: the excitation wave

length, the Fermi energy of the metal, and the energy and broadness of 

adsorbate levels. If a significant density of empty adsorbate levels 

exists at an energy corresponding to an excited electron, as in Figure 

2, maximum SERS intensities are predicted. If the photon energy is 

significantly higher or lower than that shown in Figure 2, the CT pro

cess moves out of resonance resulting in lower SERS intensities. 

The Fermi energy of the metal electrode is also an important 

factor in the CT process. The Fermi energy can be altered by changing 

the applied potential to the electrode. Negative potential excursions 

result in an increase in the Fermi energy, while positive going excur

sions decrease the Fermi energy. At a fixed excitation frequency, 

changes in the electrode potential can move the CT process into or out 

of resonance. Such changes in SERS intensity as a function of applied 

potential have been observed experimentally (250,258,259). 

This model also predicts, and experiment confirms, that the 

potential of maximum SERS intensity should shift as the excitation fre

quency is altered. The direction of the shift in the voltage resonance 

condition has been used to distinguish between metal-centered and 

adsorbate-centered CT excitation for a number of adsorbates (213,249, 
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250,258,259). For cases in which adsorbate coverage is relatively inde

pendent of the applied potential, this shift in potential for maximum 

SERS intensity has been used to map the adsorbate density of states 

(213,259). 

The energy of the adsorbate levels depends upon the chemical 

nature of the adsorbate. The broadness of the surface state is brought 

about by chemisorption and by the heterogeneity of the roughened sur

face. The absence of adsorbate centered electronic states which are 

accessible in the visible wavelength region has been used to account for 

the lack of surface enhancement for some systems. For example, the lack 

of SERS intensities for benzene at Ag(lll) has been attributed to the 

absence of a CT band by Avouris and Demuth (221). Similar arguments 

have been proposed to account for the general lack of SERS signals for 

interfacial water (133). 

Effect of Pb Deposition on Charge-Transfer Model 

In order to explain SERS intensity-Pb coverage profiles, it is 

important to explore how Pb deposition would affect the proposed model. 

Deposited Pb atoms can be treated in one of two ways. They can be 

thought of as modifiers of the macroscopic or average surface electronic 

properties such as dielectric constants, of the electrode surface. 

This type of treatment was used in Chapter IV to calculate theoretical 

enhancement-coverage profiles. They can also be thought of as modifiers 

of the macroscopic or average work function of the metal. 

The evaporation of Pb on Ag(lll) has been shown to decrease the 

macroscopic work function of the metal or increase the Fermi energy 
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(147). This decrease in work function can be related to a transfer of 

electron density from the evaporated Pb atoms to the Ag metal. An 

increase in surface electron density increases the Fermi energy and 

decreases the work function. With one Pb monolayer, the work function 

of Ag(lll) decreases by 0.300 eV (147). 

One must remember that the work function measured in these. 

experiments represents an average macroscopic property of the surface. 

In te~s of a CT model, it may be more appropriate to view the Pb depo

sit as modifiers of the energy levels at microscopic sites such as ada

toms or adatom clusters. Changes in work function at microscopic sites 

may deviate appreciably from this macroscopic value. This postulate has 

much precedent in the recent literature. Numerous UPS investigations of 

Xe adsorbed on a variety of single crystalline, polycrystalline and 

stepped transition metal surfaces have demonstrated the validity of the 

concept of a local, microscopic work function (252,253). Of particular 

significance to this work is the observation of a lower work function at 

step sites (254). These coordinately unsaturated surface sites are pro

bably the best models for atomic scale roughness and their properties. 

In the electrochemical environment, the Fermi energy is dictated 

by the applied potential. During the Pb deposition process, the 

electrode potential is made negative with respect to the reference 

potential (Eo), resulting in an increase in Fermi energy and a 

corresponding decrease in work function. The absolute potential window 

for Pb UPD is typically 0.150 to 0.200 V which corresponds to a maximum 

increase in the macroscopic Fermi energy of 0.200 eVe However, it is 
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expected that the applied potential, and therefore, the Fermi energy may 

be significantly larger than this macroscopic value at surface defect 

sites such as adatoms. If, in fact, the active site is a surface Ag4+ 

species as proposed by Furtak (260), the deposition of Pb may result in 

much larger changes in the local Fermi energy at these sites. As a 

result, the CT model shown in Figure 2, can be modified, as shown in 

Figure 3, to account for the effect of Pb deposition. 

Charge-Transfer Interpretation of Pyridine-Pb Coverage 

Profiles 

A qualitative CT model for the quenching of the SERS response 

for pyridine upon Pb deposition is shown in Figure 3 for the two extreme 

excitation frequencies used in these studies. As discussed previously, 

underpotential deposition of Pb results in an increase in the Fermi 

level due to Pb deposition. This model assumes that the adsorbate 

levels are relatively insensitive to changes in both applied potential 

and the Fermi energy (250). In this Figure, the lengths of the arrows 

for electron excitation from the Fermi energy are proportional to the 

incident photon energy. This model suggests that the experimental SERS 

intensity-coverage profiles for pyridine can be explained in terms of 

moving into or out of a charge transfer resonance. For example, as the 

Fermi level increases, the energy of the final metal levels to which an 

electron can be excited increases. As a result, the excited electron 

moves out of resonance with the molecular levels for excitation in the 

blue. This model predicts the rapid decrease in SERS pyridine intensity 
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with Pb coverage observed under these experimental conditions. Similar 

results are predicted on the basis of EM models for SERS in this wave-

length region. 

For excitation with lower energy photons, the initial overlap of 

excited electron levels .with molecular affinity levels is lower. 

However, as Pb is deposited and the Fermi level increases, the excited 

electron moves into resonance with the molecular affinity levels. On the 

basis of this model, one would expect the SERS intensity of pyridine to 

increase as a function of Pb coverage with excitation in the red. 

Experimentally, SERS intensities which are essentially independent of Pb 

coverage are observed for Pb coverages less than 60% of a monolayer. 

For coverages greater than 60%, the SERS intensity decreases rapidly. 

These discrepancies can be reconciled by recognizing that other factors 

also impact on the measured SERS intensity. The reversibility results 

presented in Chapter VI demonstrate that ASR features associated with 

pyridine are destroyed to some extent at lower Pb coverages and to a 

larger extent at higher coverages. Therefore, loss of SERS intensity is 

expected due to destruction of ASR under these conditions. As a 

result, the general predictions of this model are observed experimen-

tally for all excitation frequencies. 

Charge Transfer Interpretation of V(Ag-Cl) Intensity-Coverage 

Profiles 

Similar arguments can be made to explain the intensity-coverage 

behavior for the V(Ag-Cl) vibration assuming that Cl- undergoes an 
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adsorbate-metal CT excitation. There is currently no data in the 

literature to support this assumption. Furtak.(260) has recently pro

posed that enhancement of this band is due to coupling of Cl~ with an 

electronic resonance of (Ag4)+ surface clusters. However, the excita

tion dependence of the intensity-coverage profile for the v(Ag-Cl) is 

similar to that observed for SCN- (261) which is known to undergo an 

adsorbate-metal CT. These results support the assumption that the 

v(Ag-Cl) also undergoes an adsorbate-metal CT. 

Figure 4 shows the proposed CT model for the effect of Pb depo

sition on the V(Ag-Cl) response. For appreciable SERS to be obtained, 

electrons from filled adsorbate levels must be excited to empty metal 

levels in the vicinity of the Fermi energy. For excitation in the blue, 

the model predicts that the probability for CT decreases with increasing 

Pb coverage. However, even at higher Pb coverages, CT should proceed 

to some extent. For excitation in the red, the model predicts that CT 

to empty metal levels is less probable at even lower Pb coverages. 

The intensity-coverage behavior predicted on the basis of an adsorbate

metal CT is consistent with the experimental results. 

Quantitative Charge-Transfer Model for Pyridine 

The validity of the models presented here depends on the ability 

to quantitate various aspects. Of particular interest in this regard is 

the energy and width of the molecular affinity levels with respect to 

the Fermi level, and the increase in Fermi level associated with Pb 

deposition. Figure 5a & 5b show a quantitative model for CT derived 
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from a variety of sources. The Fermi energy is referenced to 0.000 V 

vs S.C.E. 

As discussed in previous sections, the change in the Fermi 

energy can be estimated from changes 1n the applied potential. An addi

tional increase in Fermi energy of ca. 0.300 eV is assumed due to mono

layer deposition of Pb at active sites. At zero Pb coverage, the Fermi 

energy is determined solely by the applied potential of ca. -0.300 V or 

0.300 eVe At monolayer coverage, the Fermi energy increases by 0.200 eV 

due to the negative potential excursion from ca. -0.300 to -0.500 V and 

an additional 0.300 eV at microscopic roughness features. The final 

Fermi energy at monolayer coverage is estimated to be 0.800 eV as shown 

in Figure 5. The location and width of the pyridine CT bands were 

determined from in-situ intensity-potential profiles for pyridine 

reported by Furtak (259). 

The resulting intensity-coverage profiles can be deduced by the 

addition of the appropriate electron transitions for excitation in the 

blue and red. Figure Sa shows the model for pyridine CT at 4579 A. 

The model predicts decreased overlap between the excited electron levels 

and molecular levels with increasing Pb coverage. These predictions are 

in agreement with the measured decrease in SERS intensity as a function 

of Pb coverage. For excitation at 6226 A, the model in Figure 5b pre

dicts increased overlap with increasing Pb coverage. These predictions 

are also consistent with the measured results. The validity of this 

model is strengthened by its ability to explain other SERS results. For 

example, a similar CT model has recently been proposed to explain dif-
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ferences in SERS intensity-Pb coverage profiles for Cl-, Br- and SCN

(261). The more rapid decrease in SERS intensity observed for pyridine 

at UPO Tl- modified Ag electrodes at 5145 A (173) can also be explained 

in the context of a CT model for SERS. UPO of monolayer amounts of Tl 

and Ag occurs at more negative potentials than UPO of Pb on Ag (156). 

Therefore, the deposition of Tl is expected to result in a larger 

increase in the Fermi energy than that resulting from Pb deposition. 

Accordingly, a more rapid quenching of the SERS response for pyridine at 

5145 A is predicted. The quenching of pyridine SERS at coldly deposited 

Ag films after exposure to oxygen (262) can also be understood in terms 

of a CT excitation. Oxygen has also been shown to decrease the Fermi 

energy of coldly deposited Ag films. Therefore, a quenching of the SERS 

response under these conditions is also consistent with the CT model 

proposed here. 

The agreement between the trends predicted by a CT model and the 

experimental excitation dependence of the SERS intensity-Pb coverage 

profiles suggests that surface enhancement for both adsorbates can be, 

in part, accounted for on the basis of a chemical mechanism involving 

CT. 

Summary and Conclusions 

A chemical model has been proposed to account for the quenching 

of SERS at Pb-modified Ag electrodes. This model is based on photo

assisted charge transfer at sites of atomic scale roughness similar to 

that proposed in the literature. This model has been modified to 
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account for the effect of Pb UPD on the Fermi energy at microscopic 

sites on the basis of changes in applied potential. Pyridine intensity

coverage profiles are explained by this model for all excitation fre

quencies studied. The reversal in trends observed for the excitation 

dependence of v(Ag-Cl) intensity-coverage' profiles can also be recon

ciled by assuming that the V(Ag-Cl) vibration is enhanced by an 

adsorbate-to-metal CT process. These results are significant, because 

the intensity-coverage profiles for this band could not be explained in 

terms of EM enhancement profiles for excitation wavelengths greater than 

4579 A. 

The results described in this chapter provide additional evi

dence for the importance of a chemical contribution to surface enhan

cement. Furthermore, these results demonstrate that the quenching of 

SERS at Pb-modified Ag can best be explained in the context of a CT 

contribution to surface enhancement. These results also provide evi

dence for participation of the v(Ag-Cl) vibration in an adsorbate-metal 

CT process. 



CHAPTER IX 

CONCLUSIONS 

The results described in this dissertation provide additional 

evidence for the importance of a dual mechanism for surface enhancement 

in the electrochemical environment. The quenching of the SERS response 

for pyridine and Cl- adsorbed at UPD Pb-modified Ag is attributed to 

changes in surface electronic properties which inhibit the excitation of 

surface plasmons and to changes in the microscopic properties of the 

surface which are important for charge transfer excitation. The rela

tive importance of these two contributions has been found to depend upon 

the excitation wavelength and the chemical nature of the adsorbate. 

These conclusions are based on an interpretation of SERS inten

sity-Pb coverage profiles for the pyridine ring-breathing mode at 1013 

cm- 1 and the V(Ag-Cl) at 235 cm-1 under a variety of experimental 

conditions. The interpretation of these results is based on the 

investigations of several factors known to affect the SERS response. 

These factors include changes in electrode potential, changes in adsor

bate coverage at Pb-modified Ag relative to clean Ag, changes in surface 

roughness brought about by Pb deposition, changes in surface electronic 

properties due to Pb deposition which influence the ability of the sur

face to support an EM enhancement mechanism, and changes in the extent 

of surface enhancement due to a charge transfer contribution. 

200 
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Summary of Experimental Results 

It has been shown that the change in electrode potential 

required for UPD of Pb on Ag results in a slight increase in SERS inten

sity for both vibrational bands investigated here. Therefore, it is 

unlikely that the decrease in SERS intensity as a function of Pb 

coverage is simply the result of a change in electrode potential. 

X-ray photoelectron spectroscopic studies of DHPZN adsorbed at 

clean Ag ana Ag covered .with one monolayer of UPD Pb indicate little 

change in surface coverage in the presence of a Pb monolayer. The simi

larity between the intensity-coverage profiles for DHPZN and pyridine 

with laser excitation at 5145 A suggests that the quenching of SERS at 

Pb-modified Ag is not simply due to a decrease in adsorbate surface 

coverage. The excitation dependence of the intensity-coverage profiles 

for pyridine and Cl- also confirms these findings. 

Potential scan and potential step SERS reversibility studies 

provide evidence for the importance of ASR features. The deposition of 

monolayer and submonolayer amounts of UPD Pb results in the irreversible 

destruction of these roughness features and the SERS intensity asso

ciated with these sites. This has been shown to occur as the result of 

submonolayer Pb deposition (coverages greater than 70% of a monolayer) 

and after long times at lower Pb coverages. The destruction of ASR 

features during Pb deposition has been attributed to structural arrange

ments of the Pb overlayer as it forms its final hexagonal closest packed 

arrangement. The destruction of ASR has been shown to have a measurable 

effect on the SERS response at Pb-modified Ag electrodes. Loss of 
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ca. 50% of the measurable SERS response for both adsorbate vibrational 

bands at 5145 A suggests that 50% of the observed surface enhancement 

above the background response arises from a mechanism involving ASR. 

These results also have important consequences regarding the 

quenching mechanism for SERS at Pb-modified Ag electrodes. Limiting 

recovery-Pb coverage profiles indicate that a component of the quenching 

for pyridine at low coverages can also be related to a loss of ASR. 

Differential reflectivity studies of Ag electrodes roughened 

under a variety of solution conditions show that roughening of the Ag 

electrode results in a surface which is more absorbing than the 

untreated surface. Electrochemical roughening of the Ag surface results 

in two absorption bands at ca. 6000 and 7200 A which are independent of 

the nature of the adsorbed species. Deposition of monolayer amounts of 

UPD Pb results in a decrease in absorptivity of roughened Ag surfaces in 

the wavelength regions corresponding to the absorption bands. The 

absorption spectra are interpreted as evidence for production ASR during 

the electrochemical ORC. The partial disappearance of these features 

after Pb monolayer deposition is consistent with the destruction of ASR 

under these conditions. 

The morphology of the quenching profiles for pyridine and Cl

have been shown to vary as a function of excitation wavelength. Similar 

intensity-coverage profiles for pyridine and Cl- with excitation at 4579 

A has been interpreted as evidence for the importance of an EM contribu

tion to SERS in this wavelength region. The experimental quenching pro

files at 4579 A are consistent with theoretical enhancement profiles 
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calculated on the basis of EM enhancement using the model proposed by 

Murray. As the excitation wavelength increases, the quenching of SERS 

for pyridine as a function of Pb coverage becomes less rapid. These 

findings are in general agreement with the trends predicted by the 

Murray model, except for excitation at 6226 A. The opposite trend is 

observed for the quenching of the v(Ag-Cl) as a function of increasing 

excitation wavelength. These results are not in agreement with the pre

dicted trends. Therefore these findings suggest the importance of an 

additional chemical contribution to SERS in this wavelength region. 

A chemical model for surface enhancement has been proposed to 

account for the quenching of SERS at Pb-modified Ag electrodes as a 

function of excitation wavelength. This model is based on photo

assisted charge transfer at sites of ASR similar to that proposed in the 

literature. The model has been modified to account for the effect of 

UPD Pb on the Fermi energy at microscopic sites on the basis of changes 

in the metal work function which result from changes in applied poten

tial. Pyridine intensity-coverage profiles are explained by a metal

to-adsorbate CT model for all excitation wavelengths studied. The 

reversal in trends observed for the excitation dependence of v(Ag-Cl) 

can also be accounted for by assuming that adsorbed Cl- participates in 

an adsorbate-to-metal CT excitation. These latter findings are par

ticularly significant, because the quenching profiles for this band 

could not be explained in terms of EM enhancement profiles for excita

tion wavelenghts greater than 4579 A. 
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Directions for Future Work 

The investigations described in this dissertation provide a 

framework for further investigation and interpretation of the SERS 

response of species at thin film-modified electrodes. Studies of other 

metal deposition studies are important to test the applicability of the 

Murray model to roughened metal electrodes as well as the generality of 

the charge transfer model proposed here. This will require a systematic 

study of the excitation dependence of the SERS response at a variety of 

metal modified electrodes. For example, the logical extension of these 

studies would include the investigation of the SERS response at similar 

nonenhancing metal films on the SERS active substrates such as Tl and Cd 

on Ag, Cu and Au, as well as the effect of enhancing metal films on 

enhancing and nonenhancing electrodes. The contribution of charge 

transfer effects can be further established by employing a series of 

molecular probes which are known to participate in adsorbate-metal 

charge transfer. These investigations would include a series of 

saturated nitrogen heterocycles such as quinuclidine, imidazole, pyrro

lidine, and piperazine. 

The results described in this dissertation also provde the first 

example of a non-enhancing metal on a SERS active substrate to exhibit 

significant surface enhancement at high coverages. The intensity of the 

pyridine vibration has been shown to be essentially independent of Pb 

coverage up to ca. 60% of a monolayer for excitation at 6226 A. These 

conditions may allow SERS investigations of electrochemical processes at 

UPD-Pb modified substrates. For example, UPD of Pb on Ag has been shown 
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to inhibit oxygen reduction using electrochemical techniques. On the 

other hand, the UPD of Pb on Au results in the electrocatalytic reduc

tion of oxygen. Because Au exhibits optical properties similar to Ag in 

the red wavelength region, significant surfce enhancement may also be 

observed at Pb-modified Au electrodes. 

Future investigations can also make use of the differential 

reflectance capability which is now available in the laboratory. 

Differential reflectivity experiments can be employed to obtain 

dielectric constants for overlayer metal films on electrode surfaces. 

Reliable differential reflectivity measurements will allow the calcula

tion of reliable dielectric constants which can be used in the Murray 

model. 

The reversibility results described here were carried out with 

excitation at 5145 A. Under these conditions, 50% of the measurable 

SERS response was attributed to the presence of ASR. However, the dif

ferential reflectivity results suggest that absorption due to ASR is 

enhanced at longer wavelengths. It is possible that similar rever

sibility experiments at 6226 A would show a larger contribution to SERS 

from ASR under these conditions. 

These are just a few of the additional studies which can be 

pursued to continue the investigation of the role of surface electronic 

properties in the SERS response at thin metal film-modified electrodes. 

Additional studies of this type will determine the true utility of SERS 

for the characterization of the electrochemical interface. 



APPENDIX A 

CALCULATION OF DIELECTRIC CONSTANTS FROM DIFFERENTIAL 

REFLECTIVITY MEASUREMENTS 

The purpose of this section is to describe the program ECALC3 

which is used to calculate dielectric constants of thin metal films 

deposited on foreign metal electrodes from differential reflectivity 

measurements. The resulting overlayer dielectric constants were used in 

the Murray model (Appendix B) to estimate theoretical enhancement 

profiles for Pb deposited on Ag surfaces. 

Dielectric constants of metal films on metal substrates can be 

determined from differential reflectivity measurements as demonstrated 

by several workers (155,157). The experimentally measured quantity, 

[~R/R], is the difference between the reflectivity in the presence of 

the film phase, R(d), and the reflectivity of the clean substrate, R(O), 

normalized to that for the clean substrate. 

~R 

R 
R(d) - R(O) 

R(O) 
R(d) 

= R(O) 1 (1) 

The measured change in reflectivity is attributed to the presence of the 

film phase. The film phase can influence the optical response of the 

interface due to absorptive processes in the film itself, or due to 

changes in the optical response of the substrate surface region brought 

about by the presence of the film. For underpotential deposition 

systems, the potential of the electrode surface is pulsed between two 

206 
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potentials for the measurement of R(O) and R(d). In this case, and 

others like it, the total change in reflectivity may also include 

contributions due to the changes in electrode potential, known as the 

electroreflectance effect (263,265). Therefore, optical models used to 

calculate overlayer dielectric constants which do not account for these 

other processes, such as the linear approximation method, may yield 

values which reflect a combination of these processes. In many cases, 

these other contributions are negligible (145) or can be taken into con-

sideration (156,266). However, for these reasons, it is best to regard 

the calculated results as "effective" dielectric constants. 

The program ECALC3 uses the linear approximation method (LAM) 

developed by McIntyre (157) to calculate effective overlayer dielectric 

constants. The reader is directed to several articles by McIntyre which 

describe this approach in detail (151,156,157). The analytical 

expressions which are used to relate the measured quantity, (6R/R), to 

the desired constants are derived assuming a three-phase model for the 

interface consisting of the ambient phase, the thin film phase, and the 

substrate metal phase (156,157). The expressions which govern the dif-

ferential reflectivity are shown below. Measurements of the differen-

tial reflectivity with both perpendicularly and parallel polarized 

radiation are necessary to generate a set of simultaneous equations. 

= 
8lTdn1cos<l> 

). (2) 

(3) 
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In these expressions, nl represents the refractive index of the ambient 

environment (phase 1), ~ is the wavelength of the incident radiation, d 

is the thickness of the film, ~ is the angle of incidence, and £1 and t3 

represent the dielectric functions of the ambient phase and the 

substrate phase, respectively. For known or estimated values of the 

above parameters and measured values of differential reflectivity at two 

polarizations, the mathematical problem can be reduced to a third order 

polynbmial equation in £2'. The imaginary part, £2", is calculated from 

the value of £2' shown below. 

This approach has been shown to be valid under conditions where 

the thickness of the film, d, is much less than the incident wavelength 

(156). For studies in the visible wavelength region, the restrictions 

on d limit this approach to monolayer films. It is also important to 

note that an independent measure of the film thickness is required to 

solve for thin film optical constants. For underpotential deposition 

systems, this quantity is calculated from the fractional metal coverage, 

8m, using the following expression: 

(4) 

where dO is the diameter of the metal atom. 

The third order polynomial in £2' derived from equations 2 and 3 

(157), is shown below. 

+ Y4 = o (5) 

where the coefficients of the cubic equation are: 



Yl = (1 + Q22) (al - Q2 a 2), 

Y2 - 2a l a 2a l + al(1 + 3a 2
2)a2 + (1 + a2 2)aS' 

Y3 = a1 2a l - 3a12a2a2 + a3 - a2a4 - 2ala2aS' 

Y4 c a1 3a2 + ala4 + al 2a S. 

The variables for an and an are defined below: 

al = ve:3" (e: '32 + e:3"2 - 2 J.l€Ie: '3) 

a2 = v ( e: 1 -e: 3 ' )( e: 3 I 2 + € 3"2 2J.1 €Ie:' 3) + JJ 2e: 1 [(e:l-e:3')2 + e:3"2] 

a3 J.I e:1 2 e:3"(e:3'2 + e: 3"2 2J.1 e:le:3') 
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a4 = J.I e:d(e:3'2 + e:3"2)[v(e:3'2 + e:3"2) -e:le:3'] +J.I e:12(e:3'2 - e:3"2)} 

as 
(l\R/R) 11 

[(e:l-e:3')2 + €3"2] [(J.I€I-ve:3')2 + V 2e:3"2] 8nnl coscj> (d/).) 

- €Ie:3" (e:3,2 + e: 3"2 - 2J.1 €Ie: 3') 

J.I = sin2cj> , v = cos 2cj> 

1 
{e:le:3"-[(e:Ce:3')2 + e:3"2] 

(l\R/R)l 
al e: l-e: 3 ' 8nnlcoscj> (d/).) } 

a2 = 

Equation (S) has three possible roots. Of these, the user must 

select the root which is physically meaningful. Substitution of this 

value into the following expression yields the corresponding value of 

e: 2" • 

Calculation of Effective Overlayer Constants Using ECALC3 

Effective dielectric constants for a Pb overlayer on Ag were 

calculated from the differential reflectivity data reported by Kolb 
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(146) for Pb underpotentially deposited on Ag(III). Several groups have 

investigated the reflectivity of UPD Pb films on a variety of Ag 

substrates. Substrates studied include single crystalline Ag (146,147, 

150) smooth polycrystalline Ag (148,149) and evaporated Ag films (151). 

The results of these studies indicate several features which are inde

pendent of substrate properties. Kolb's data for Pb on Ag(lll) is the 

most complete set of data which allows dielectric constants to be calcu

lated. 

Kolb reported the differential reflectivity at normal incidence 

as a function of wavelength between 3500 and 7500 A for fractional Pb 

coverages of 0.10, 0.26, 0.60, 0.72 and 1.00. Differential reflectivity 

values were read directly from enlargements of the plotted values found 

in the original text. Values were obtained at 25 nm intervals. 

Selected values are tabulated in Table 1. To account for the uncer

tainty in the ability to read the data, three values for ~R/R were used, 

the estimated value from the plot and values which varied by ± 0.0002 

from the central value. 

Values for the optical constants of the Ag substrate were taken 

from those reported for thick evaporated Ag films by Johnson and Christy 

(267). It was assumed that the refractive index of the electrolyte 

phase is independent of wavelength and has a value of 1.333 (157). 

The atomic diameter of Pb was taken to be 3.62 A. 

Program Operation and Description 

After booting the system disk, type in the command RUN 

DYl:ECALC3, assuming that ECALC3 is in disk drive DYI. The user should 
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TABLE A.1 Differential Reflectivity Data 
for Pb on Ag from Kolb 

% ~R/R 
WAVELENGTH (I.. ) 

9Pb 4500 4750 5250 5500 6250 £500 

0.10 +0.02 -0.08 -0.12 -0.12 -0.11 -0.10 
0.00 -0.10 -0.14 -0.14 -0.13 -0.12 

-0.02 -0.12 -0.16 -0.16 -0.15 -0.14 

0.26 -0.66 -0.69 -0.66 -0.62 -0.48 -0.41 
-0.68 -0.71 -0.68 -0.64 -0.50 -0.43 
-0.70 -0.73 -0.70 -0.66 -0.52 -0.45 

0.60 -1. 87 -1. 91 -1.80 -1. 66 -1. 34 -1. 23 
-1. 89 -1. 93 -1. 82 -1. 68 -1. 36 -1. 25 
-1. 91 -1. 95 -1. 84 -1. 70 -1. 38 -1.27 

0.72 -2.76 -2.69 -2.44 -2.30 -1. 84 -1. 65 
-2.78 -2.71 -2.46 -2.32 -1.86 -1.67 
-2.80 -2.73 -2.48 -2.34 -1. 88 -1. 69 

1. 00 -3.80 -3.69 -3.34 -3.12 -2.44 -2.27 
-3.82 -3.71 -3.36 -3.14 -2.46 -2.29 
-3.84 -3.73 -3.38 -3.16 -2.48 -2.31 
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be prepared to input appropriate values (listed below) upon request from 

the program. This program is written in DOUBLE PRECISION so the input 

values MUST BE IN DOUBLE PRECISION FORMAT. The proper input format is 

indicated by the program. The user response is followed by a carriage 

return. 

Input Parameters in Order of Request 

1. Atomic Diameter of the Overlayer. 

2. Fractional Coverage of Overlayer. 

3. Angle of incidence. Note: if the response is 0.0 for normal inci

dence, the program will request only a single value for differential 

reflectivity (see 5 and 6 below). 

4. Refractive Index of the Ambient Phase, n1. 

5. Wavelength (IN ANGSTROMS). 

6. Value for Differential Reflectivity, 6R/R (parallel). 

7. Value for Differential Reflectivity, 6R/R (perpendicular). 

8. Refractive index of the Substrate, n3. 

9. Absorptivity of the Substrate, k3. 

Using the input values, the program calculates the coefficients of the 

cubic expression (Eqn. 5) in a manner identical to that described by 

McIntyre (157). The parameters in the source code were chosen to clo

sely reflect those used in this reference. Many of the intermediate 

values are output to the screen. A copy of the source code is included 

at the end of the Appendix. 

The roots of the trinomial are found using an interval halving 

routine adapted from Dorn and McCracken (268). Interval halving methods 
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evaluate the trinominal expression at certain guessed values. A solu

tion to the trinominal expression is a guessed value which results in a 

zero value for the expression. The probability of finding an exact root 

using guessed values is not high; therefore, these methods required the 

user or program to input an initial and final guess (DEFAULT -100 to 

100) which determines the range of possible roots found. The program 

starts with the negative limit as the first guess and then looks for two 

sequential guesses which brack.et a root (i.e., values for wh5.ch the 

result changes from a positive to a negative value or visa versa). The 

increment value (DEFAULT = 10) determines the value of the next guess. 

When two guesses bracket a root, the program narrows in on the defined 

region until two solution agree with the specified value (DEFAULT = 

.005). The program continues to look for additional roots until the 

specified range of guesses has been tried. The approach assumes that 

at the roots can be found with the specified range. If no root is found 

using the default values, the program allows the user to input new 

values and try again. 

The final routine calculates the value(s) of the imaginary part 

of the overlayer dielectric constant for each value of the real part and 

prints out the values for both. The user can choose to continue with 

new, parameters (i.e. different overlayer/substrate system) or repeat for 

the same overlayer/substrate system at a different wavelength or QUIT. 

Results of ECALC3 for Pb on Ag 

The imaginary part of the effective dielectric constants calcu

lated from the differential reflectivity data in Table 1 is presented in 
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Figure 1 as a function of wavelength at several representative Ph 

coverages. The imaginary part of the hulk metal dielectric constants 

for Ph (269) and Ag (267) are also presented for comparison. 

As can be seen from Figure 1, the value of the €2" increases 

with increasing wavelength or decreasing energy in all cases. The ima

ginary part of the dielectric constants is directly related to the 

absorptivity of the overlay~r, €2" = 2n2k2. The results indicate that 

the Pb overlayer becomes more absorbing for all Pb coverages with 

increasing wavelength. Of particular interest, is the similarity bet

ween the values for 26% of a Ph monolayer and full monolayer. More 

significant differences are observed at 10% of Pb monolayer. 

The increase in €"2 with increasing wavelength is similar to the 

wavelength response of bulk Ph. At monolayer Pb coverage, the optical 

properties of the interface are very similar to that of bulk Pb. This 

similarity may suggest that the changes in reflectivity are primarily 

the result of absorption by the Pb overlayer. 

The results for €2" as a function of Ph coverage are plotted in 

Figure 2 for three wavelengths of interest. €2" increases as a func

tion of increasing Pb coverage for all wavelengths shown. These results 

indicate that the absorptivity of the surface increases as additional Pb 

atoms are deposited on the Ag surface. The largest values for €2" are 

observed at high Pb coverages in the red wavelength region. 



Figure A.1 Imaginary part of Pb overlayer dielectric constant as 

function of wavelength at selected Pb coverages. 

(0) 6pb = 0.10; (<» 6pb = 0.26; (~) 6pb = 0.60; 

(0) 6pb = 1.00; (e) bulk Pb values; (.) = bulk Ag 

values. 
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Figure A.l Imaginary part of Pb overlayer dielectric constant as a 
function of wavelenqth at selected Pb coverages. 
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C 
C 

PROGRAM ECALC3 
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C THIS PROGRAM INPUTS FROM THE USER VALUES FOR 9 PARAMETERS USED IN THE 
C CALCULATION OF OVERLAYER OPTICAL CONSTANTS FROM DIFFERENTIAL 
C REFLECTANCE DATA. THIS PROGRAM USES THE LINEAR APPORXIMATION 
C METHOD DEVELOPED BY MCINTYRE TO COMPUTE VALUES FOR THE OVERLAYER 
C DIELECTRIC CONSTANTS (REAL AND IMAGINARY) FROM DIFFERENTIAL 
C REFLECTIVITY DATA. . 
C 
C 
C 

C 

c 
C 
C 

C 

C 
C 
C 
C 
C 

DIMENSION ROOT (5) 
DIMENSION E1(5) 
DIMENSION E2(5) 

DOUBLE PRECISION GAN1,GAM2 ,GAl-13 ,GAM4 ,ALP1 ,ALP2,BETA1,BETA2, 
BETA3,BETA4,BETA5,PART1,PART2,PART3,PART4,PART5,ALAMDA, 
ANGLE,REFP,REFS,RI1,ATDIA,THETA,RI3,ABS3,EPS1,EPS3P, 
EPS3DP,RANGLE,ECOS,ECOS2,ESIN2,DEPTH,B1,B2,CFAC,DFAC, 
EFAC,PART6,PART7,X,y,Z,Zl,Z2,Z3,Z4 

DATA EPS1,EPS3P,EPS3DP,RANGLE,ECOS,ECOS2,ESIN2,DEPTH,B1,B2, 
CFAC,DFAC,EFAC/13*0.DO/ 

DATA ALP1,ALP2,BETA1,BETA2,BETA3,PART1,PART2,PART3,BETA4, 
PART4,PART5,BETA5,GAM1,GAM2,GAM3,GAM4,PART6,PART7/18*0.DO/ 

C REQUESTS FROM TERMINAL FOR INPUTS FROM USER. NOTE: USE 
C DOUBLE PRECISION FORMAT 
C 
C 
390 WRITE (5, 400) 
C 
400 FOR~~T (lX, 'ENTER ATOMIC DIAMETER OF OVERLAYER', 

1 ' .XXDX =>, $) 
C 
410 READ (5, 420) ATDIA 
C 
420 FORMAT (D25.14) 
C 
460 WRITE (5, 470) 
C 
470 FORMAT (lX, 'ENTER FRACTIONAL', 

1 ' COVERAGE OF OVERLAYER .XXDX => '$) 
C 
480 READ (5, 490) THETA 
C 
490 FORMAT (D25.14) 
C 



C 
C 
150 
C 
160 

C 
170 
C 
180 
C 
330 
C 
340 

C 
350 
C 
360 
C 
100 
C 
110 
C 
C 
C 
C 
120 
C 
125 
C 

C 

1 

1 

WRITE (5,160) 

FORMAT (lX, 'ENTER ANGLE OF INCIDENCE FROM THE ' 
, NORMAL .XXDX =>'S) 

READ (5, 180) ANGLE 

FORMAT (D25.14) 

WRITE (5, 340) 

FORMAT (lX, 'ENTER REFRACTIVE INDEX OF THE ' 
, AMBIENT PHASE .XXDX =>'S) 

READ (5, 360) RIl 

FORMAT (025.14) 

WRITE (5, 110) 

FORMAT (lX, 'ENTER WAVELENGTH IN ANGSTROMS .XXOX =>'$) 

READ (5, 125) ALAMOA 

FORMAT (025.14) 

IF (ANGLE .EO. O.DO) GO TO 305 

210 WRITE (5, 220) 
C 
220 FORMAT (lX, 'ENTER VALUE FOR DIFFERENTIAL REFLECTIVITY -PARALLEL' 

- , .XXDX =>'S) 
C 
230 READ (5, 240) REFP 
C 
240 FOR~~T (D25.14) 
C 
C 
C 
270 WRITE (5, 280) 
C 
280 FORMAT (lX, 'ENTER VALUE FOR DIFFERENTIAL REFLECTIVITY- PERPEND.', 

, • XXDX = > ' S ) 
C 
290 READ (5, 300) REFS 
C 
300 FOR~~T (025.14) 
C 

GO TO 520 
C 
305 WRITE (5,310) 
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C 
310 FOR~~T ( , ENTER DIFFERENTIAL REFLECTIVITY .XXDX =>'$) 
C 

READ (5, 315) REFP 
315 ~~R}~T (D25.14) 

REFS = REFP 
C 
C 
C 
C 
C 
C 
C 
520 WRITE (5, 540) 
C 
540 FORMAT (IX, 'ENTER REFRACTIVE INDEX OF SUBSTRATE .XXDX =>'$) 
C 
550 • READ (5, 560) RI3 
C 
560 FOR~~T (D25.14) 
C 
C 
590 WRITE (5, 600) 
C 
600 FOR~~T (IX, 'ENTER ABSORPTIVITY OF SUBSTRATE .XXDXX =>'$) 
C 
610 READ (5, 620) ABS3 
C 
620 FOR~~T (D25.14) 
C 
C 
C 
C CALCULATE VALUE OF E(l) 
C 
1000 EPSI=RI1**2 
C 
c CALCULATE VALUE OF E' (3) 
C 
1100 EPS3P=(RI3**2)-(ABS3**2) 
C 
C CALCULATE VALUE OF En(3) 
C 
1200 EPS3DP=2.* RI3 * ABS3 
C 
C l~ITE TO TERMINAL VALUES OF E(l), E' (3), AND En (3) 
C 
C 
C CONVERT ANGLE (DEGREE) TO At~LE(RADIANS) 
C 
1500 RANGLE= ANGLE * 0.0175 
C 
C CALCULATE COSINE RANGLE 
C 
1600 ECOS= COS (RANGLE) 
C 
C CALCULATE COSINE RANGLE SQUARED 
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C 
1700 ECOS2 = ECOS **2 
C 
C CALCULATE VALUE OF SINE RANGLE SQUARED 
C 
1800. ESIN2 = ( SIN (RANGLE» **2 
C 
C 
C 
C CALCULATE AVERAGE OVERLAYER THICKNESS 
C 
2100 DEPTH = ATDIA * THETA 
C 
C CALCULATE FACTOR Bl 
C 
2200 Bl = REFS * ( ALAMDA / DEPTH ) 
C 
C CALCULATE FACTOR B2 
C 
2300 B2 = REFP * (ALAr-IDA / DEPTH ) 
C 
C CALCULATE CFACTOR 
C 
2400 CFAC = 8. * 3.1416 * RII * ECOS 
C 
C 
C CALCULATE DFACTOR 
C 
2700 DFAC = ( (EPSI - EPS3P) ** 2 ) + ( EPS3DP ** 2 ) 
C 
C CALCULATE EFACTOR 
C 
2800 EFAC = ( (EPS3P ** 2) + (EPS3DP ** 2) - (2. * ESIN2 * EPSI * 

EPS3P) ) 
C 
C 
C CALCULATE FACTOR ALPHA 1 
C 
3100 ALPI = ((EPSI * EPS3DP) - DFAC * ( Bl / CFAC) * ( 1./ 

(EPSI - EPS3P» 
C 
C CALCULATE FACTOR ALPHA 2 
C 
3200 ALP2 = EPS3DP / ( EPSI - EPS3P ) 

C CALCULATE FACTOR BETA 1 
C 
3300 BETAI = ECOS2 * EPS3DP * EFAC 
C 
C CALCULATE FACTOR BETA 2 
C 
3400 BETA2 = ( ECOS2 * (EPSI - EPS3P) * EFAC) + (( ESIN2 **2) * 

EPSI * DFAC ) 
C 
C CALCULATE BETA 3 
C 
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3500 BETA3 = ( ESIN2 * (EPS1**2) * EPS30P * EFAC ) 

CALCULATE BETA 4 

3600 PART1. ( EPS3P **2 ) + ( EPS30P **2 ) 
3700 PART2 = (ECOS2 * PART1 ) - ( EPS1 * EPS3P ) 
3800· PART3 = ( ESIN2 * ( EPS1 **2» * « EPS3P **2 ) -

(EPS30P **2 » 
3900 BETA4 = ( ESIN2 * EPS1) * (PARTl * PART2 + PART3 ) 

CALCULATE BETA 5 

4000 PART4 = OFAC *«« ESIN2 * EPS1) - ( ECOS2 * EPS3P» **2 ) 
+ ( ECOS2 **2 ) * ( EPS30P **2 » 

4100 PARTS (B2 I CFAC I * PART4 
4200 BETAS = PARTS - ( EPS1 * EPS30P * EFAC ) 
" .. 
" .. 
" .. 
C 
C 
C 
C 
C 
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C ROUNO OFF VALUES OF BETA ANO ALPH BEFORE CALCULATION OF COEFFICIENTS 
C 
C 
C 

C 

C 

C 

C 

C 

C 

C 
C 

Xl = AINT ( ( BETA1 * .100+6) + .500) 
BETA1 = X1/.100+6 

Y1 = AINT « ALP2 * .100+6 ) +.500) 
ALP2 = Yl/ .100+6 

Zl = AINT « BETA2 * .100+6) +.500) 
BETA2 = Zl/ .100+6 

Z2 = AINT ( (ALP1 * .100+6) + .500) 
ALP1 = Z2/ .100+6 

Z3 = AINT « BETA3 * .100+6) + .500) 
BETA3 = Z3 / .100+6 

Z4 = AINT « BETA4 * .100+6) + .500) 
BETA4 = Z4 / .100+6 

ZS = AINT «BETAS * .100+6) + .500) 
BETAS = ZS / .100+6 

C CALCULATE COEFFICIENTS OF TRINOMIAL 
C 
C 
4700 GAM1 = ( 1. + ( ALP2 **2» * (BETAl - (ALP2 * BETA2 » 
C 
C 



~800 

C 
4900 

C 
5000 

C 
C 
C 

4650 
1 

C 

4660 
1 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

GAN2 = (-2. * ALPl * ALP2 * BETAl ) + (ALPl * BETA2 ) * 
( 1. + 3. * (ALP2 **2 » + BETAS * ( 1. + (ALP2 **2 » 

GMI3 '"' (( ALPI **2 ) * BETAI ) - ( 3. * (ALPI **2 ) * ALP2 
* BETA2 ) + BETA3 - (ALP2 * BETA4 ) - (2. * ALPI * ALP2 
* BETAS) 

GAM4 = (( ALPI **3 ) * BETA2 
(( ALPI **2 ) * BETAS) 

+ ( ALPI * BETA4 ) + 

WRITE (5,4650) ALPl, ALP2, BETAl, BETA2,BETA3, BETA4, BETAS 
FORMAT ( IX, F20.l0, 2X, F20.l0, 2X, F20.l0,/lX, F20.l0, 
2X, F20.l0, 2X, F20.l0,/ IX, F20.l0/) 

WRITE (5, 4660) GAMl, GAM2, GAM3, GAM4 
FORMAT ( , GAMI = ' , E20.l0,/ ' GAM2 = ' , E20.l0,/ 
I GAM3 = , , E20.l0, / ' GMI4 = , , E20.l0) 
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THIS PROGRAM INPUTS FROM THE USER VALUES FOR 9 PARAMETERS USED IN THE 
CALCULATION OF OVER LAYER OPTICAL CONSTANTS FRO~1 SPECULAR REFLECTANCE 
DATA. 

ROOT FINDING BY INTERVAL HALVING-- THIS IS AN ADAPTATION OF A 
PROGRAM FOUND IN DORN AND MCCRACKEN. THIS METHOD ASSUMES THAT 
ALL POSSIBLE ROOTS TO THE HIGHER ORDER POLYNOMIAL CAN BE FOUND 
WITHIN THE SPECIFIED RANGE. IN OTHER WORDS, THIS APPROACH IS 
MOST EFFICIENT WHEN THE EQUATION IS KNOWN TO HAVE ROOTS WITHIN 
A PARTICULAR RA~E. 

THIS TYPE OF PROGRAM HAS 3 ADJUSTABLE PARAMETERS-
THE INCREMENT VALUE ( SET TO BE 10 IN THIS CASE ) 
THE RANGE OF VALUES TO BE SEARCHED ( IN THIS CASE BETWEEN 
-100.0 ArID +100.0 ) AND THE DESIRED AGREEMENT BETWEEN SUCCESSIVE 
SOLUTIONS ( DEFAULT VALUE IS .0005). 

IF NO ROOT IS FOUND USING THE DEFAULT VALUES, THE PROGRAM ALLOI'lS THE 
USER TO INPUT NEW VALUES AND TRY AGAIN OR GIVE UP. 

XMAX = 100.0 
N = 0 
CRIT = .005 
X = -100.0 
X2 = X 

6000 Z = GMIl * (X**3) + GAM2 * (X**2) + GAM3 * X + GAM4 
YL Z 
XL = X 



6100 X = XL + 1.0 

c 

Z = GAfoll * (X**3) + GAM2 * (X**2) + GAM3 * X + GAfo14 
YR = Z 
XR = X 

WRITE (5, 20) XL,YL,XR,YR 
20 FORMAT (lX, 4E12.5) 

C TEST WHETHER XL AND XR BRACKET A ROOT 
" ... 

IF (YL * YR) 6200, 6300, 6400 

C HERE IF XL AND XR DO NOT BRACKET A ROOT 
6400 IF ( XR .GE. XMAX) GO TO 7300 

C PREPARE TO EXAMINE NEXT INTERVAL ,. ... 

C 

XL = XR 
YL = YR 
GO TO 6100 

C HERE IF XL OR XR IS A ROOT 
C 
6300 IF ( YL .EO. 0.0 ) GO TO 6350 

N = N + 1 
ROOT(N) = XR 
WRITE (5,8500) ROOT(N) 
IF ( XR .GE. XMAX ) GO TO 8050 
X = XR + 1.0 
GO TO 6000 

6350 N = N + 1 
ROOT(N) = XL 

C 

WRITE (5,8500) ROOT(N) 
GO TO 6400 

C HERE IF XL AND XR BRACKET A ROOT 
C 
6200 XS = XR 
6250 X = (XR + XLII 2.0 

Z = GANl * (X**3) + GAfol2 * (X**2) + GAfo13 * X + GAM4 
Y = Z 
WRITE (5,10) X, Y 

10 FORMAT (2E20.10) 
IF ( YL * Y ) 6600,6700, 6800 

C 
C HERE IS XS IS A ROOT 
C 
6700 N = N + 1 

ROOT(N) = X 

C 

WRITE (5, 8500) ROOT(N) 
GO TO 7100 

C HERE IS ROOT IS BE~qEEN XL AND XS 
6600 XR = X 

YR = Y 
GO TO 6900 
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C 
C HERE IS ROOT IS BETWEEN XS AND XR 
6800 XL = X 

YL = Y 
C 
C TEST WHETHER APPROXIMATION IS CLOSE ENOUGH 
C 
6900 IF (XR-XL .GE. CRIT) GO TO 6250 
C 
C CLOSE ENOUGH?--PRINT THE VALUE OF ROOT 
7000 WRITE (5, 7200) XL, XR 
C 

C 

N = N + 1 
ROOT(N) = XL 
WRITE(5,8500) ROOT(N) 

7100 X = XS 

C 

IF ( X .GE. XMAX ) GO TO 8050 
GO TO 6000 

C CONTINUE TO EXAMINE NEXT INTERVAL 
C 
C 
C 
7200 FORMAT (IX, 2E20.l0) 
C 
C 
7300 IF ( N .NE. 0 ) GO TO 8050 

WRITE (5, 7350) 
7350 FORMAT ( , NO ROOT FOUND FOR DEFAULT LIMITS ') 

WRITE (5, 7400) 
7400 FORMAT ( , CHANGE LIMITS? [N] =>' S) 

READ (5, 7500) REPLY 
7500 FORMAT (AI) 

IF (REPLY .NE. lHY) GO TO 10000 
WRITE (5,7600) X2 

7600 FORMAT ( , ENTER NEW NEGLIM [',FlO.3,'] =>'S) 
READ (5, 7700) XNEW 

7700 FOR~IAT (FlO.3) 

C 
C 

IF ( XNEW .NE. 0.0) X = XNEW 
IF ( XNEW .EO. 0.0) X = X2 
X2 = X 

WRITE (5,7800) XMAX 
7800 FOR~IAT ( , ENTER NEW POSITIVE LIMIT [',FlO.3,'] => 'S) 

READ (5,7700) XNEW2 

C 
C 
C 

IF ( XNEW2 .GT. 0.0) XMAX= XNEW2 

WRITE (5, 7900) CRIT 
7900 FOR~IAT ( , ENTER NEW CONVERGENCE CRITERION [',F20.B,']=> 'S) 

READ (5,8000) CRIT2 
8000 FOR~IAT (F20.8) 
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B050 
BOSS 

B200 
C 
C 
9000 

C 
C 
10000 
C • 
11000 

12000 

B500 
20000 

1 
2 

1 

IF (CRIT2 .GT. 0.0) CRIT=CRIT2 
GO TO 6000 
WRITE (5,B055) N 
FORr-tAT ( I THE NmlBER OF ROOTS IS _>', 13) 
DO B200, I • 1,N 
E1(I) • ROOT (I) 
E2(I) = ALP1 - ALP2 * ROOT(I) • 
WRITE (5,9000) ALAMDA, REFP, THETA, E1(I), E2(I) 
CONTINUE 

FOR~mT ( I WAVELENGTH = I, FB.3,/ ' REFLECTIVITY = " E1C.3,/ 
'COVERAGE = " FB.3,/' REAL PART = " E10.3,/' HIAGINARY' 
, PART = " E10.3,//) 

WRITE (5, 11000) 

FOR~IAT (' ENTER CHOICE ',I,' (NjEWSETOFPARAMETERS'1I0 
I (RjEPEAT WITH NEW WAVELENGTH' ,/,' (OjUIT' ./,' =>' S) 
READ (5,12000) REPLY 
FORMAT (AI) 
IF (REPLY .EO. 1HN) GO TO 460 
IF (REPLY .EO. 1HR) GO TO 100 
IF (REPLY .EO. 1HO) GO TO 20000 
GO TO 10000 
FORMAT ( , ROOT (N) =', FB.3) 
STOP 
END 
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APPENDIX B 

THEORETICAL ELECTROMAGNETIC ENHANCEMENT PROFILES 

USING THE MURRAY MODEL 

The purpose of this section is to familiarize the reader with 

the use of the Murray model (183) to estimate theoretical electromagne

tic enhancement as a function of Pb overlayer fractional coverage. 

This section describes the general features of the Murray model and the 

programs (MODEL and EFFMED) which can be used for the calculation. 

The Murray model calculates theoretical electromagnetic enhan

cement for molecules adsorbed at overlayers on metal spheroids. In this 

model, Murray calculates the surface enhancement at the tip of an iso

lated confocal pair of prolate spheroids which comprise a single island. 

The inner ellipsoid is taken to be an enhancing metal and the outer 

shell can be a thin absorbing metal film or a transparent dielectric. 

By proper choice of the optical constants of the inner spheroid, the 

broadening effects of particle-particle dipolar interactions can be 

taken into account. In this way, this model can be used to predict the 

electromagnetic behavior of island films comprised of these confocal 

spheroids randomly placed in a two dimensional lattice. This situation 

physically approximates that of a roughened enhancing metal covered 

with foreign metal films. 

It is assumed that the metal particle diameter is small compared 

with the wavelength of incident light, which limits the semi-major axis 

of the inner ellipsoid to less than 0.6 times the wavelength. For all 
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the calculations described here, the semi-major axis of the inner ellip

soid was 150 A and semi-minor axis was 50 A giving an aspect ratio 3.0. 

For these particle sizes, the electromagnetic problem can be solved ana

lytically. The enhancement factor calculated from Murray's model is 

given as the product of the local field intensity at the incident laser 

frequency, 00 0 , and that at the scattered laser frequency, ws. The 

latter contribution varies depending upon the vibrational energy of the 

adsorbate band. 

This treatment can be extended to model metal films on roughened 

electrodes by introducing an artificial broadening of the electromagne

tic resonance due to dipole-dipole interactions. This is accomplished 

by increasing the imaginary part of the inner shell dielectric constant. 

For example, in the calculations for overlayers on Ag, Murray uses a 

value of 3.0 for the imaginary part of the Ag spheroid dielectric 

constant. Within the visible wavelength region, bulk Ag films (267) 

have values between 0.30 and 0.70. 

The Murray model calculation requires values for the dielectric 

constants of the inner shell, the outer shell and the ambient electro

lyte solution. For the example described here, dielectric constants for 

Ag were calculated from the optical constants reported by Johnson and 

Christy (267). The dielectric constant for the electrolyte was calcu

lated using a refractive index of 1.333 (157). Dielectric constants 

calculated from the differential reflectivity data in Appendix A were 

used for the Pb outer shell in some cases. In addition, dielectric 

constants for Pb were estimated using the Bruggeman effective medium 

approximation (EMA). A Fortran program (MODEL) was written to calculate 
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theoretical enhancement from overlayer dielectric constants calculated 

from measured differential reflectivity or ellipsometry experiments. 

A slightly different version of this program (EFFMED) calculates 

overlayer dielectric constants using the EMA prior to the calculation of 

theoretical enhancement. Both approaches· are described for the case of 

a Pb overlayer on Ag in the following sections. 

The equations used for the calculation of enhancement factors 

in both cases are outlined below. These expressions are taken directly 

from the original text (183). 

The enhancement factor, n, is assumed to be proportional to the 

product of the local intensity at the incident laser frequency, wo , and 

that at the scattered laser frequency, ws , normalized to the incident 

applied field intensity, Eo2, using the expression: 

(1) 

The local field in the surrounding medium just outside the tip of the 

outer spheroid is then 

with the polarization, Pz ', given by the standard expression 

1 
Pz ' = 4iT 

(2) 

(3) 

Both of these expressions (2 and 3) depend upon the depolarization fac-

tor of the outer spheroid, Az '. 

(4) 
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where e' is defined as the eccentricity of the outer spheroid 

(5) 

Here a denotes the semi-major axis of the over1ayer-covered spheroid (in 

A) and b denotes the semi-minor axis. 

Expression 3 also depends upon the effective dielectric constant 

of the over1ayer-covered spheroid, €eff, and the dielectric constant of 

the surrounding medium, €3. The value for €eff is defined below. 

(€-£')(vA '-A -v)-€' 
€ z z 

eff = € (€-£' )(VAz '-Az)-€' 

(6) 

This expression depends upon the value of complex dielectric funciton of 

the inner (€) and outer (€') spheroid, the volume ratio, v, and the 

depolarization factors for the inner (Az ) and outer (Az ') shell. The 

value for Az ' is defined in equation 4. The volume ratio, v, is defined 

as, 

where ~ is the semi-major axis of the inner spheroid, n is the semi-

minor axis of the inner spheroid and a is the semi-major axis of the 

over1ayer-covered spheroi.d and b is the semi-minor axis of the same. 

Similarly, the depolarization factor of the inner spheroid, Az , 

is defined below 

l-e2 1 rl+e] 
Az = -;2 [2e" ~nu=e - 1] (7) 

where e is the eccentricity of the inner shell and is defined as 
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PROGRAM MODEL.SAV 

This program is fairly general in that it allows the user to 

vary the identity of the inner spheroid and the outer spheroid. The set 

parameters include the dimensions of the inner spheroid and the 

dielectric constant of the ambient medium. This program assumes a 

constant semi-major axis of 150 A and semi-minor of 50 A. In addition, 

it assumes a value of 1.333 for the dielectric constant of the ambient 

medium. This value is appropriate for aqueous electrolyte solutions. 

However, this can be readily changed in the source code by amending the 

data statement prior to the requests from the terminal. 

OPERATION OF THE PROGRAM 

The user should give the command Run DY1:MODEL assuming the 

program disk is in DY1. A copy of the source code is provided in this 

section. It would probably be helpful to the reader to follow along 

with the source code during the following explanation. In lines 50 to 

170, the program requests input values from the user for the following 

parameters. The user types in the appropriate value as described below 

followed by a carriage return. 

Input Parameters 

1. Ell at woo The user must provide a value for the real part of the 

dielectric constant for the inner spheroid at the excitation fre

quency WOo Bulk optical constants are used for the inner spheroid. 

For silver, the real part of dielectric constant was calculated from 
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the refractive index (n) and extinction coefficent (k) reported by 

Johnson and Christy (267) using the relationship £' = n2 - k2• 

2. £1' at ws • The user provides a value for the real part of the 

dielectric function for the inner spheroid material at the scattered 

frequency ws. The scattered frequency depends upon the Raman 

vibration of interest. The conversion factor is 0.265 A/cm- 1• For 

the 1000 cm-1 band of pyridine at 00 0 = 5145 A, the scattered fre

quency is 5410 A. 

3. £1" at 00 0 • The user provides the imaginary part of the inner 

spheroid dielectric constant at 00 0 • These values were calculated 

from the optical constants using the relationship £" = 2nk. In 

some cases, this value was artificially set to 3.0 to correct for 

broadening of the optical resonance at real island films. 

4. £1" at ws. The user provides the imaginary part of the inner 

spheroid dielectric constant at Ws as described above. 

5. Diameter of the metal overlayer (DO). The user provides the value 

of the atomic diameter of the metal overlayer. (Pb = 3.62 A) 

6. Theta. The user provides the overlayer fractional coverage. Values 

5 and 6 are used in the program (lines 800 and 900) to calculate the 

effective semi-major and minor axes of the spheroid in the presence 

of the metallic overlayer. 

7. £2" at 00 0 • The user provides value for the imaginary part of the 

overlayer dielectric constant at 000. These values for the 

overlayer dielectric constants are obtained directly from differen

tial reflectivity measurements using program ECALC3 described in 

Appendix A or can be estimated using an effective medium approach. 



8. E2" at ws. User provides value for imaginary part of outer 

spheroid dielectric constants (see above #7). 

9. E2' at 00 0 • User provides appropriate value. 

10. E2' at 00 0 • User provides appropriate value. 

Calculation of E(w o) and E(w s ) 
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The remainder of the program uses the input values to calculate 

the electromagnetic field at 00 0 and ws. The final expression for 

enhancement involves the value for the incident applied field Eo. This 

value is assumed to be 1.0 in this program. 

The intermediate steps in the calculation follow directly from 

the original paper. Parameters were chosen to closely correspond to 

the parameters used by Murray to allow the reader to follow the logic. 

Write statements have been inserted in various locations to print to the 

screen many of the intermediate values. However, the calculation of the 

effective dielectric constant (lines 1300 to 1900) requires additional 

comment. 

The effective dielectric constant, EFF, is defined in the Murray 

model (equation 6) as the product of the inner spheroid complex 

dielectric constant (El' and El") and a factor which contains complex 

dielectric constants and real constants. This expression is most 

readily solved by squaring both sides to get rid of the complex numbers 

and taking the square root of (EFF)2. Before this is done, the compli

cated factor must be simplified. 

The factor is broken up into the numerator and denominator. 

The constants are calculated as Bl (numerator) and B4 (denominator) and 
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the individual expressions are evaluated. The result is an expression 

for the factor which can be divided into real and imaginary parts of 

both the nominator and denominator. These individual parts are calcu-

lated as follows: B2 = real part of numerator; B3 = imaginary part of 

numerator; B5 = real part of denominator; and B6 = imaginary part of 

denominator. The imaginary parts are treated separately and the code is 
/ 

written to account for the value (i)2. B7 is the label for the value 

obtained by squaring both the real and imaginary parts of the numerator 

and denominator. Finally EFF is calculated by taking the square root of 

B7 times the squared value of the inner sphere complex dielectric 

constant. 

The remainder of the calculation is straightforward. The DO 

loop following line 1350 is for the calculation of EFF at Wo and ws. 

The results are output to the screen. The program then asks if the user 

wants to continue with same system (same overlayer, same ws ) at dif-

ferent metal overlayer coverage or if he/she wants to change one of the 

above. If a negative response is given twice, the program halts. 

Determination of Theoretical Enhancement Profiles 

Using Program MODEL.SAV 

The program MODEL.SAV was used to estimate the electromagnetic 

enhancement expected at Pb-modified Ag surfaces. Normalized enhancement 

factors were calculated for the Ag-CI vibration at 235 cm-1 and the 

pyridine ring-breathing mode at 1013 cm-1 as a function of Pb coverage 

at three excitation frequencies (4500, 5250, and 6250 A). The resulting 

enhancement-coverage profiles are compared to the experimental SERS 
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intensity-coverage profiles in Chapter IV. The purpose of this 

discussion is to detail the manner in which the results were obtained. 

Dielectric Constants for Silver at 00 0 and oos 

For the Ag-CI vibration, it was assumed that the scattered light 

energy is approximately equal to the incident light energy in all cases; 

therefore, E(oo o) = E(oo s ). For the pyridine vibration at 1013 cm-1, oos 

was calculated using the conversion factor 0.2647 A/cm-1• Silver 

dielectric constants were calculated from the optical constants (n and 

k) reported by Johnson and Christy (267). In cases where an appropriate 

value at 00 0 or oos was not reported, a linear interpolation was used. 

Dielectric Constants for Pb Overlayer 

The appropriate values for the overlayer dielectric constants 

were calculated from differential reflectivity data for Pb deposited on 

Ag(lll) reported by Kolb (146) using the linear approximation method 

described in Appendix A. However, it is important to keep in mind that 

theoretical enhancement profiles are limited by the Pb coverages exa

mined by the above authors. An additional approach, using EMA to esti

mate overlayer dielectric constants, was examined in order to make up 

for this limited data set. 

The results of these calculations are shown in Tables 1,2 and 3. 

For graphical presentation and discussion of these results, refer to 

Chapter IV. 
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TABLE B.l Murray Model Results for W(O)=4500 A 

W(S)= W(S)= 
4500 Ag-Cl 4750 PYR 

9Pb n ...lL NORM n n NORM -
0.00 52.2 52.2 1. 00 58.9 58.9 1. 00 

0.10 64.6 101. 1.23 93.5 94.3 1. 60 
137. 95.1 

0.26 28.2 27.7 
21. 3 24.6 0.47 23.5 25.9 0.44 
24.3 26.4 

0.60 17.0 18.8 
15.9 15.2 0.29 17.6 17.3 0.29 
12.8 15.4 

0.72 10.1 12.0 
6.65 8.70 0.17 9.93 11. 2 0.20 
9.28 11. 7 

1.00 5.84 9.47 
8.84 8.30 0.16 11. 0 10.9 0.18 

10.2 12.3 
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TABLE B.2 Murray Model Results for W(O)=5250 A 

W(B)= W(B)= 
5250 Ag-Cl 5500 PYR 

~ n 'lr NORM n 11 NORM 

0.00 97.3 97.3 1.00 lOS. lOS. 1. 00 

0.10 132. 139. 
11S. 11S. 1.19 122. 123. 1.16 
101. lOS. 

0.2S 47.9 5S.5 
47.5 42.S 0.44 5S.9 53:9 0.51 
32.4 4S.2 

O.SO 29.0 39.5 
3S.9 32.0 0.33 44.2 40.7 0.39 
30.0 3S.4 

0.72 29.3 34.5 
27.1 2S.7 0.29 33.S 34.5 0.33 
29.S 35.3 

1. 00 30.5 3S.1 
29.9 29.4 0.30 34.S 35.0 0.33 
27.9 34.2 
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TABLE B.3 Murray Model Results for W(O)=6250 J... 

W(S)= W(S)= 
6250 Ag-Cl 6500 PYR 

8Pb n Ii NORM --IL- -IL- NORM 

0.0'0 ·149. 149. 1. 00 158. 158. 1. 00 

0.10 178. 187. 
160. lfl. 1.08 172. 172. 1. 09 
144. 157. 

0.26 116. 127. 
110. 110. 0.74 123. 125. 0.79 
105. 

0.60 85.2 90.1 
82.9 83.2 0.56 89.3 89.1 0.56 
81. 6 87.9 

0.72 71.1 80.0 
69.3 70.0 0.47 79.9 78.4 0.50 
69.6 75.3 

1. 00 68.8 76.7 
69.1 69.0 0.46 77.2 75.0 0.48 
69.2 70.8 



Determination of Theoretical Enhancement 

Profiles Using Program EFFMED.SAV 
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This program is essentially identical to MODEL except that the 

Bruggeman EMA is used to estimate dielectric constants for the 

overlayer. This approach is particularly useful for estimating enhan

cement at overlayers for which the differential reflectivity has not 

been measured. This program assumes the same spheroid dimensions and 

dielectric constant of the ambient medium. In addition to the parame

ters required for MODEL, the user should be prepared to input the 

appropriate dielectric constants for the bulk metal overlayer at Wo 

and Ws upon request. Dielectric constants for Pb were taken from 

those reported by Liljenvali, Mathewson and Myers (269). The effective 

dielectric constants for the overlayer are calculated in the main body 

of the program in lines 1300 to 1770, transparent to the user, using the 

Bruggeman effective medium approximation. This method is discussed in a 

later section. 

The results of the calculations are shown in Tables 4,5 and 6. 

Graphical presentation and discussion of these data can be found in 

Chapter IV. 

Bruggeman Effective Medium Approximation 

Effective medium approximations are methods for calculating the 

effective dielectric constant for a two-component composite. These 

methods estimate the effective dielectric constant of the mixture as a 

weighted fraction of the two bulk dielectric constants which depends 
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TABLE B.4 EFFMED Results for Murray Model 
W(O)=4500 A 

Ag-Cl E(Wo)=4500 PYRIDINE 
~ E(Wo)=E(Ws) NORM Ws=4750 NORM 

0.00 153.3 1. 00 164.1 1. 00 

0.10 137.3 0.90 148.9 0.91 

0.20 118.0 0.77 130.1 0.79 

0.30 95.4 0.62 107.6 0.65 

0.40 70.8 0.46 82.3 0.50 

0.50 47.7 0.31 57.5 0.35 

0.60 30.2 0.20 37.7 0.23 

0.70 19.0 0.12 24.5 0.15 

0.80 12.5 0.08 16.5 0.10 

0.90 8.7 0.06 11. 7 0.07 

1. 00 6.3 0.04 8.7 0.05 
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TABLE B.5 EFFMED Results for Murray Model 
W(O)=5250 A 

Ag-Cl E(Wo)=5250 PYR 
~ E(Wo)=E(Ws) NORM E(Ws)=5500 NORM 

0.00 208.4 1.00 214.3 1.00 

0.10 198.2 0.95 205.0 0.96 

0.20 184.6 0.88 192.6 0.90 

0.30 166.4 0.80 175.8 0.82 

0.40 142.7 0.68 153.5 0.72 

0.50 114.9 0.55 126.5 0.60 

0.60 87.8 0.42 99.3 0.46 

0.70 65.8 0.31 76.5 0.36 

0.80 50.0 0.24 59.5 0.28 

0.90 39.0 0.19 47.3 0.22 

1. 00 31. 3 0.15 38.6 0.18 
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TABLE B.6 EFFMED Results for Murray Model 
W(O)=6250 A. 

Ag-Cl E(Wo)=6250 PYR 
9Pb E(Wo)=E(Ws) NORM E(Ws)=6500 NORM 

0.00 235.9 1.00 238.5 1. 00 

0.10 230.8 0.98 234.0 0.98 

0.20 223.7 0.95 227.7 0.95 

0.30 213.6 0.90 218.7 0.92 

0.40 199.1 0.84 205.7 0.86 

0.50 179.6 0.76 187.9 0.79 

0.60 157.0 0.66 167.0 0.70 

0.70 134.9 0.57 146.0 0.61 

0.80 115.7 0.49 127.3 0.53 

0.90 100.0 0.42 111. 6 0.47 

1.00 87.4 0.37 98.8 0.41 
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upon the volume fraction of the two components. This fraction is 

further modified by a screening constant, k. 

For this system, the outer shell dielectric constant is treated 

as a composite of Pb particles in a matrix of electrolyte having a 

constant thickness. As the Pb coverage increases, the volume fraction 

of Pb increases and that for the electrolyte decreases. The Bruggeman 

EMA model is the method of choice for this system because the form of 

the expression weights the composite dielectric function directly with 

the volume fraction. Therefore, at low Pb coverages, the composite 

dielectric constant is weighted in favor of the ambient constant and at 

monolayer coverage the value is weighted more heavily toward the Pb. 

The screening parameter,k, was chosen to reflect two dimensional screen-

ing by the ambient particles. For additional details the reader to 

referred the following sources (270,271). 

The Bruggeman expression is shown below, 

(8) 

where ~Pb is the complex dielectric function for bulk Pb, Es is 

dielectric function for the ambient medium, in this case the electro-

lyte, and Ef is the calculated effective complex dielectric function for 

the composite. The volume fraction of the two constuents is represented 

by fa (Pb) and fb (electrolyte). The volume fraction can also be 

expressed in terms of fractional coverage of the Pb monolayer where 

fa ~ 6pb and fb ~ 1 - epb • For two dimensional screening, k = 1. 
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Expression (8) can be simplified as follows, 

By cross multiplication and simplication, this expression reduces to 

give two possible values for €f. 

- B ± IBL 4C 
€f = 2 

where 

In the accepted fashion (270), the root giving the most positive value 

for €f is chosen. 
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PROGRMI HODEL 
C 
C CHERRY MURRAY MODEL 
C 
C 
C 
C THIS PROGRAM CALCULATES THE THEORETICAL SERS RESPONSE FOR 
C SPECIES AT CONFOCAL PAIR OF SPHEROIDS FROM REAL AND WAG INARY 
C DIELECTRIC CONSTANTS FOR THE folETAL OVERLAYER. THESE CONSTANTS 
C CAN BE OBTAINED FROM DIFFERENTIAL REFLECTIVITY DATA USING THE 
C PROGRAN "ECALC" OR FRO~I ELLIPOMETRY DATA. 
C 
C THIS MODEL CAN BE USED TO APPROXIMATE THE EXPECTED ENHANCEHENT AT 
C UPD-MODIFIED ELECTRODES 
C 
C THESE CALCULATIONS ARE TAKEN DIRECTLY THE ORIGINAL PAPER BY 
C MURRAY ( J. OPT. SOC. AM. B, VOL 2(8), 1985.). EVERY EFFORT HAS 
C BEEN MADE TO USE VARIABLE WICH ARE CONSISTENT WITH THOSE USED IN THE 
C ORIGINAL PAPER. 
C 
C THE FOLLOWING ASSm!PTIONS ARE USED: 
C 
C DIMENSIONS OF THE INNER SPHERIOD ARE FIXED AT 50 A = SEHIMINOR AXIS1 
C 150 = SEMI MAJOR AXIS. THE INCIDENT FIELD INTENSITY (E(O» IS 
C SET AT 1.0: THEREFORE, THESE RESULTS ARE INDElmENT OF INCIDENT 
C FIELD. 
C 
C 
C 
C 

C 
C 
C 

C 

DIMENSION ETIP(2) 
DIMENSION E2(2) 
DIMENSION E22(2) 
DIMENSION El(2) 
DIMENSION Ell (2) 

DATA E3/1. 777/ 

C WRITE REQUEST TO TERMINAL FOR USER INPUT PARAMETERS 
C (COVERAGE OF METAL OVERLAYER, DIELECTRIC CONSTANTS OF OVERLAYER 
C AT W(O) AND W(S» 
C 
C 
50 WRITE (5, 55) 
C 
55 FOR~~T (lX, 'ENTER REAL PART OF INNER SHELL DIELECTRIC CONSTANT/ 

AT W(O) => '$) 
C 

READ (5, 60) E1(1) 
C 
60 FOR~~T (FS. 4) 
C 

WRITE (5, 65) 
C 



65 FOR1~T (lX, 'ENTER REAL PART OF INNER SHELL AT W(S) => '$) 
C 

c 

C 

READ (5, 60) El (2) 

WRITE (5, 70) 

70 FORMAT (lX, , ENTER IMAGINARY PART OF INNER SHELL DIELECTRIC 

C 

C 

C 

CONSTANT AT W(O) => '$) 

READ (5, 60) Ell (1) 

WRITE (5, 75) 

75 FOR~~T (lX, , ENTER IMAGINARY PART AT W(S) => '$) 
C 

C 
C 

C 

READ (5, 60) Ell (2) 

WRITE (5, 80) 

80 FOR~~T (lX, 'ENTER VALUE FOR DIMIETER OF HETAL OVERLAYER 
IN ANGSTRmlS = > '$) 

C 
85 READ (5, 60) DO 
C 
C 
100 WRITE (5, 110) 
C 
110 FOR1~T (lX, 'ENTER VALUE FOR OVERLAYER FRACTIONAL COVERAGE! 

=> '$) 
C 
120 READ (5, 125) THETA 
c 
125 FOR~~T ( F6.3) 
c 
130 WRITE (5, 135) 
C 
135 FOR1~T (lX, 'ENTER REAL PART OF OVERLAYER DIELECTRIC CONSTANT! 

- AT W(O), => '$) 
C 
14 0 READ ( 5 , 14 5) E 2 (1 ) 
C 
145 FOR~~T (F8. 4) 
C 
150 WRITE (5, 155) 
C 
155 FOR~~T (lX, 'ENTER REAL PART OF OVERLAYER DIELECTRIC CONSTANT 

c 

c 

C 

- AT W(S), => '$) 

READ (5, 145) E2 (2) 

lYRITE (5, 165) 

165 FORMAT (lX, 'ENTER IMAGINARY PART OF OVERLAYER DIELECTRIC 
CONSTANT AT W(O), => '$) 

c 
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c 

C 

READ (5, 145) E22(1) 

mUTE (5, 170) 

170 FOR~~T (IX, 'ENTER IMAGINARY PART AT W(S), => '$) 
C 

c 
C 
C 
C 
800 
C 
900 
C 
C 
C 
1000 
C 
C 

C 
1050 
C 
C 
C 
1100 
C 
1150 
C 
1175 
C 

C 
11BO 
C 
C 
C 
1200 
C 

C 
1250 
C 
C 
C 
C 
C 
C 
1300 
C 

C 

READ (5, 145) E22(2) 

CALCULATION OF SE~II-MAJOR AND MINOR AXES OF OUTER SPHEROID 

AA = 150. + ( DO * THETA) 

BB = 50. + (DO * THETA ) 

CALCULATION OF OUTER LAYER ECCENTRICITY 

ECCl = 1. - ( BB/AA )**2.)**0.5 

WRITE (5, 1050) ECCl 

FOR~IAT (IX, , ECCl = " FB.4 

CALCULATION OF OUTER SPHERIOD DEPOLARIZATION FACTOR ( AZZ1) 

Z = (1. - ECC1**2.)/ ECC1**2. 

Y = (1. / ( 2. * ECC 1» * ALOG ( ( (1. + ECC 1 ) / (1. - ECC 1» - 1.) 

AZZl = Z * Y 

WRITE (5, 11BO) AZZ1 

FORMAT (lX, , AZZl = FB.4) 

CALCULATION OF VOLUME RATIO/ INNER TO OUTER VOLU~IE 

V = (150. * (50.0**2.»/ (AA * ( BB**2.» 

WRITE (5, 1250) V 

FORMAT (lX, 'V = E20.10) 

CALCULATION OF EFFECTIVE DIELECTRIC CONSTANTS OF CONFOCAL 
SPHERIOD PAIR 

Bl = (V * AZZl - 0.167 - V) 

mUTE (5, 1350) Bl 

1350 FOR~~T (lX, , Bl = " E20.10) 
C 

DO 2100, I = 1,2 
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C 
C CALCULATE REAL PART OF THE NUMERATOR 
C 
1400 62 = (61 * El(I» - (( 81 + 1.)* E2(I» 
C 

WRITE (5, 1450) 82 
C 
1450 FOR~lAT (lX, '82 = I, E2o.1o) 
C 
C CALCULATE IMAG INARY PART OF NmlERATOR 
C 
1500 63 = (61 * Ell(I» - (( 61 + 1.) * E22(I» 
C 

WRITE (5, 1525) 83 
C 
1525 FORMAT (lX, I 63 = I, E20.1o) 
C 
C CALCULATE DENOMINATOR CONSTANT 
C 
1550 64 = ( V * AZZ1 - .167) 
C 

,mITE (5, 1575) 64 
C 
1575 FOR~lAT (lX, '64 = I, E2o.10) 
C 
C CALCULATE REAL PART OF DENOMINATOR 
C 
1600 65 = (64 * E1(I» - (84 +1) * E2(I) 
C 

C 
1650 
C 
C 
C 
1700 
C 

C 

WRITE (5, 1650) 65 

FOR~IAT (lX, I 65 E2o.1o) 

CALCULATE IMAGINARY PART OF DENOMINATOR 

66 = (64 * Ell(I» - (84 +1) * E22(I) 

WRITE (5, 1750) 86 

1750 FORMAT (lX, I 86 = I, E2o.10) 
C 
C 
1800 87 = (82**2.) + (83**2.»/ ((85**2.) + (86**2.» 
C 

C 
1850 
C 
1900 
C 

C 
1950 
C 
C 
C 

WRITE (5, 1850) 67 

FORMAT ( lX, I 87 = E20.10) 

EFF = ( E1(I)**2. + Ell(I)**2.) * 67)**0.5 

loffiITE (5, 1950) EFF 

FOR~IAT (lX, I EFF = E20.10) 

CALCULATE POLARIZATION FACTOR 
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C 
2000 PZ = ( EFF - E3)/ «1. + AZZ1*( EFF - E3/E3» * 12.568) 
C 
C CALCULATION OF MAXIMUM ELECTRIC FIELD DENSITY 

C 

C 
2050 
C 
2100 
C 
C 
C 
2200 
C 
C 
C 
2300 
C 
2350 
C 
C 
C 
C 
C 
2400 
C 
2450 

C 
2500 
C 
2550 
C 
2600 
C 
2650 
C 
2700 

C 

C 

C 

ETIP(I) = 1. + ( 12.568 * PZ * ( 1. - AZZ1 » 

WRITE (5, 2050) PZ, ETIP (I) 

FORHAT (IX, I PZ = I, F8.4/ I ETIP 

CONTINUE 

CALCULATE SURFACE ENHANCEMENT 

SERS = ( ETIP(1)**2) * ( ETIP(2)**2) 

\'1RITE RESULT TO SCREEN 

WRITE (5, 2350) SERS 

F8.4) 

FORMAT (IX, I THEORETICAL SURFACE ENHANCEMENT 

QUERRY USER FOR NEXT CALCULATION 

WRITE (5, 2450) 

I , FlO. 3 ) 

FORMAT (IX, I CALCULATE ENHANCEMENT AT ANOTHER COVERAGE FOR 
SAME METAL OVERLAYER? (N) I $) 

READ (5, 2550) REPLY 

FOR~1AT (AI) 

IF (REPLY .EQ. 1HY) GO TO 100 

WRITE (5, 2700) 

FORMAT (IX, I CALCULATE ENHANCEMENT FOR DIFFERENT METAL SYSTEN? 
(N) => I $) 

READ (5, 2550) REPLY 

IF (REPLY .EQ. 1HY) GO TO SO 

2800 STOP 
END 
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PROGRAM EFFMED 
C 
C CHERRY MURRAY MODEL USING EMA 
C 
C 
C 
C THIS PROGRAM CALCULATES THE THEORETICAL SERS RESPONSE FOR 
C SPECIES AT CONFOCAL PAIR OF SPHEROIDS DEVELOPED BY CHERRY MURRAY. 
C THIS MODEL CAN BE USED TO APPROXIMATE THE EXPECTED ENHANCEHENT AT 
C UPD-MODIFIED ELECTRODES 
C 
C THESE CALCULATIONS ARE TAKEN DIRECTLY FROM A PAPER BY MURRAY 
C ( J. OPT. SOC. AM. B, VOL 2(8), 1985.). EVERY EFFORT HAS BEEN MADE 
C TO USE VARIABLE WICH ARE CONSISTENT WITH THOSE USED IN THE 
C ORIGINAL PAPER. 
C 
C THE FOLLOWING ASSUMPTIONS ARE USED: 
C 
C DIMENSIONS OF THE INNER SPHERIOD ARE FIXED AT 50 A = SEMIMINOR AXIS; 
C 150 = SEMI MAJOR AXIS. THE INCIDENT FIELD INTENSITY (E(O» IS 
C SET AT 1.0; THEREFORE, THESE RESULTS ARE INDENDENT OF INCIDENT 
C FIELD. 
C 
C DIELECTRIC CONSTANTS FOR THE METAL OVERLAYER ARE CALCULATED FROM A 
C WEIGTHED AVERAGE OF THE BULK METAL AND A~~IENT MEDIUM VALUES 
C USING THE BRUGGEMAN EFFECTIVE MEDIUM APPROXIMATION. 
C 
C 
C 
C 

C 
C 
C 

C 

DIMENSION ETIP(2) 
DIMENSION E2(2) 
DIMENSION E22(2) 
DIMENSION E1(2) 
DIMENSION Ell (2) 

DATA E3/1.777/ 

C WRITE REQUEST TO TERMINAL FOR USER INPUT PARAMETERS 
C (COVERAGE OF METAL OVERLAYER, DIELECTRIC CONSTANTS OF OVERLAYER 
C AT W(O) AND W(S» 
C 
C 
50 WRITE (5, 55) 
C 
55 FORMAT (IX, 'ENTER REAL PART OF INNER SHELL DIELECTRIC CONSTANT/ 

AT W(O) => '$) 
C 

READ (5, 60) E1(1) 
C 
60 FORMAT (F8.4) 
C 

WRITE (5, 65) 
C 



65 FOR~mT (IX, 'ENTER REAL PART OF INNER SHELL AT W(S) -> '$) 
C 

C 

C 

READ (5, 60) El (2) 

WRITE (5, 70) 

70 FORMAT (IX, , Er~ER IMAGINARY PART OF INNER SHELL DIELECTRIC 

C 

C 

CONSTANT AT W(O) => '$) 

READ (5, 60) Ell(l) 

WRITE (5, 75) 

75 FORMAT (IX, , ENTER IMAGINARY PART AT W(S) => '$) 
C 

C 
C 

C 

READ (5, 60) Ell(2) 

WRITE (5, BO) 

BO FORMAT (IX, 'ENTER VALUE FOR DIAMETER OF METAL OVERLAYER 
IN ANGSTROMS => '$) 

C 
B5 READ (5, 60) DO 
C 
C 
100 WRITE (5, 110) 
C 
110 FOR~mT (lX, 'ENTER VALUE FOR OVERLAYER FRACTIONAL COVERAGE/ 

=> '$) 
C 
120 READ (5, 125) THETA 
C 
125 FOR~mT ( F6.3) 
C 
130 WRITE (5, 135) 
C 
135 FORMAT (IX, 'ENTER REAL PART OF BULK OVERLAYER DIELECTRIC 

- CONSTANT AT W(O), => '$) 
C 
140 READ (5, 145) E2 (1) 
C 
145 FOR~mT (FB. 4) 
C 
150 WRITE (5, 155) 
C 
155 FORMAT (IX, 'ENTER REAL PART OF BULK OVERLAYER DIELECTRIC 

CONSTANT AT W(S), => '$) 
C 

READ ( 5 , 145) E 2 ( 2 ) 
c 

WRITE (5, 165) 
C 
165 FORMAT (IX, 'ENTER IMAGINARY PART OF BULK OVERLAYER 

- DIELECTRIC CONSTANT AT W(O), => '$) 
C 
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C 

C 

READ (5, 145) E22(1) 

WRITE (5, 170) 

170 FORMAT (IX, 'ENTER IMAGINARY PART BULK DIELECTRIC CONSTANT 

C 

C 
C 
C 
C 
BOO 
C 
900 
C 
C 
C 
1000 
C 
C 

C 
1050 
C 
C 
C 
1100 
C 
1150 
C 
1175 
C 

C 
llBO 
C 
C 
C 
1200 
C 

C 
1250 
C 
C 
C 
C 
C 
C 
1300 
C 

C 

C 

- AT W(S), => '$) 

READ (5, 145) E22(2) 

CALCULATION OF SEMI-MAJOR AND MINOR AXES OF OUTER SPHEROID 

M 150. + DO 

BB 50. + DO 

CALCULATION OF OUTER LAYER ECCENTRICITY 

ECCI = 1. - ( BB/M )*"'2.)**0.5 

WRITE (5, 1050) ECCI 

FORMAT (IX, , ECC1 = " FB.4 

CALCULATION OF OUTER SPHERIOD DEPOLARIZATION FACTOR ( AZZ1) 

Z (1. - ECCl**2.)/ ECC1**2. 

Y = (1./( 2. * ECCl» * ALOG « (1. + ECC1)/ (1. - ECC1» - 1.) 

AZZ1 = Z * Y 

lVRITE (5, llBO) AZZ1 

FORMAT (IX, , AZZ1 = FB.4) 

CALCULATION OF VOLU~IE RATIO/ INNER TO OUTER VOLUME 

V = (150. * (50.0**2.»/ (AA * ( BB**2.» 

WRITE (5, 1250) V 

FORMAT (IX, 'V = E20.10) 

CALCULATION OF EFFECTIVE DIELECTRIC CONSTANTS OF CONFOCAL 
SPHERIOD PA IR 

B1 (V * AZZ1 - 0.167 - V) 

82 (V * AZZl -0.167 

WRITE (5, 1350) 81,82 
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1350 
C 

C 

c 

c 

C 
1400 
C 

c 

c 

C 
1500 
C 
C 

c 

C 
1i50 
C 

C 

FOR~1AT (lX, I B1 

DO 2100, I = 1,2 

I, E20.10, · 82 

EINN = ( E1(I)**2. + E11(I)**2.)**0.5 

EBULK = ( E2(I)**2. + E22(I)**2.)**0~5 

WRITE (5, 1400) EINN, EBULK 

E20.10) 

FOR~1AT (lX, I EINN = I, E20.10, I EBULK = E20.10) 

B3 = « 1. - 2.* THETA) * E8ULK) + « 2.* THETA - 1.) * E3) 

C = - 1. * ( EBULK * E3) 

WRITE (5, 1500) 83, C 

FOR~1AT (lX, , 83 I, E20.10, 'C E20.10) 

EROOT1 = ( -B3 / 2.0) + « B3**2. - 4. * C )**0.5) / 2.0 
EROOT2 = ( -B3/ 2.0) - « (B3**2. - 4. * C )**0.5) / 2.0) 

WRITE (5, 1750) EROOT1, EROOT2 

FOR~1AT ( lX, , ROOTS ARE 

ANS = EROOTI - EROOT2 

WRITE (5, 1770) ANS 

2E20.10) 

1770 FORMAT (lX, , ANS = " E20.10) 
C 

C 

C 

IF ( ANS .GE. 0.0) GO TO 1800 

EOVER = EROOT2 
GO TO 1825 

1800 EOVER = EROOT1 
C 
1825 ~'i'RITE (5, 1830) EOVER 
c 
1830 FOR~1AT (lX, , EOVERLAYER IS' E20.10) 
C 
C 

c 

c 
c 

185" 
C 
C 
1900 
C 

B4 

BS 

81 * EINN ) -

82 * EINN ) -

WRITE (5, 1850) B4,B5 

81 * EOVER 

82 * EOVER 

FORMAT (lX, , 84 = " E20.10, , B5 

EFF = EINN * ( B4 / 85) 

- BOVER 

- EOVER 

E20.10) 
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C 
WRITE ( 5, 1950) EFF 

C 
1950 FORMAT (IX, , EFF:: " E20.10) 
C 
C CALCULATE POLARIZATION FACTOR ... ... 
C 
2000 PZ:: ( EFF - E3)/ «1. + AZZ1*( EFF - E3/E3» * 12.568) 
C 
C CALCULATION OF MAXIMUH ELECTRIC FIELD DENSITY 

C 

2050 
C 
2100 
C 
C 
C 
2200 
C 
C 
C 
2300 
C 
2350 
C 
C 
C ... ... 
C 

ETIP(I) = 1. + ( 12.568 * PZ * ( 1. - AZZ1 » 

WRITE (5, 2050) PZ, ETIP(I) 

FOR~~T (IX, , PZ = " F8.4/ ' ETIP 

CONTINUE 

CALCULATE SURFACE ENHANCEMENT 

SERS :: ( ETIP(1)**2) * ( ETIP(2)**2) 

WRITE RESULT TO SCREEN 

WRITE (5, 2350) SERS 

F8.4) 

FORMAT (IX, , THEORETICAL SURFACE ENHANCE~IENT 

QUERRY USER FOR NEXT CALCULATION 

2400 WRITE (5, 2450) 
C 

, , FIC,3 ) 

2450 FOR~~T (IX, , CALCULATE ENHANCE~:ENT AT ANOTHER COVERAGE FOR 
SAME METAL OVERLAYER? (N)' $) 

C 
2500 READ (5, 2550) REPLY 
C 
2550 FORMAT (AI) 
C 
2600 IF (REPLY .EQ. lEY) GO TO 100 
C 
2650 WRITE (5, 2700) 
C 
2700 FORMAT (IX, , CALCULATE ENHANCEMENT FOR DIFFERENT METAL SYSTEM? 

C 

... ... 

C 

(N) => ' $) 

READ (5, 2550) REPLY 

IF (REPLY .EQ. 1HY) GO TO 50 

2800 STOP 
END 
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APPENDIX C 

STLSI INTERFACE AND PROGRAMMING FOR DIFFERENTIAL 

REFLECTIVITY MEASUREMENTS 

This section describes the STLSI interface board and the soft

ware developed for acquisition of differential reflectivity data. 

STLSI INTERFACE 

The STLSI interface (Datel SineTrac) is a complete data acquisi

tion system compatible with DEC LSI-II series microcomputers. The 

interface board plugs directly in to the LSI-ll/23 backplane. 

A schematic diagram of the interface board is shown in Figure 1. 

The STLSI is capable of accepting up to 32 single-ended or 16 differen

tial analog inputs. Under program control, analog channels are selected 

and digitized. The digitized data is stored in user selected memory 

locations for further processing. For this application, A/D channel 0 

is selected under software control for the digitization of data from the 

gated integrator module. Five analog input ranges are available: 0 to 

+5 V, 0 to +10 V, ± 2.5V, ± 5 V~ and ± 10 V. These analog ranges are 

jumper-selectable. For this application, the ± 2.5 V range was 

selected. Additional information concerning the jumper connections can 

be found in section 3 of the STLSI instruction manual. 

Two digital-to-analog converters (DACO and DACl) are available 

for data output purposes. For this application, DACO is used to supply 

the necessary voltage to drive the galvanometer. Future applications 
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.1} 
DS AID 

STLSI <=::J c:::> CPU 

DAC0 DAC1 

Figure C.l Schematic diagram of the STLSI interface. Components 
described in text. 
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may employ DAC1 as a programmable voltage generator to drive a poten

tiostat. Several DAC output ranges are jumper-selectable. To drive 

the galvanometer, DACO range was wired for output of ± 2.5 V. Four 

open-collector output lines are available on DACO for use as device

select lines. Device select line 3 is used here to provide a 

reset/start pulse for the gated integrator. 

The STLSI interface board also provides an internal pacer clock 

for timing of input/output routines. One of 16 pacer clock frequencies 

can be selected under program control. For this application, the pacer 

clock is used to to generate an interrupt so that a timing service 

routine is executed. The timing routine controls the integration time 

and the settling time for the galvanometer position. A programmable 

gain amplifier is also avaliable on the STLSI interface board to facili

tate the measurement of low-level analog input signals. This capability 

was not required for this application. 

Interface Registers 

The STLSI interface is a memory-mapped device which is organized 

around four basic 16 bit registers. These registers occupy four con

secutive memory locations in the LSI-1123 memory. The factory assigned 

base address of 170400 was used here. The input/output function of the 

four registers is briefly described below. For a more detailed 

discussion, the reader is referred to the STLSI instruction manual sec

tion 2. 

Command Register. The command register (CDSTATT=170400) serves 

three purposes. It is used to select one of several modes of operation. 
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It is used to enable one of three interrupts, and to select one of 16 

pacer clock frequencies. For this application, program controlled A/D 

conversion mode is used. This indicated by loading zeros into bits 0 

and 1 of the CDSTATT. The A/D conversion is initiated in this mode by 

loading the gain/channel address. The timing interrupt routine is ini

tiated by loading a 1 into bit 3 of the CDSTATT. This causes the STLSI 

to generate an interrupt request to the processor on the positive-going 

edge of the pacer clock. The pacer clock frequency is selected by 

loading the appropriate value into bits 8 through 11. The pacer clock 

frequency 6 is chosen for this application which corresponds to an out

put frequency of 1 KHz or 1 msec between positive-going pulses. 

Status Register. The Status Register (CDSTATT=170400) can be 

read during a read bus cycle. All status register bits are identical to 

the CDSTATT except for bits 15 and 7. Bit 15 is monitored to determine 

when the A/D conversion is completed. The value in this bit goes high 

when the input to the A/D has been converted. 

Gain/Channel Address Register. The gain/channel address 

register (GNCHAD=170402) is used to select the A/D data channel to be 

converted. Loading of channel number in bits 0 to 5 causes initiation 

of A/D conversion in the program-controlled mode. Bits 6 and 7 can be 

used to allow for selection of one of four analog gain ranges for the 

programmable gain amplifier. 

A/D Data Register. The A/D data register (ADDATA=170402) is 

used to store the converted A/D data in bits 0 through 11. This data is 

valid from the end of conversion until the next convert command is 

intiated. 
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DACO Data Register. The DACO data register (DADATl=170404) is 

used to hold the 12 bits of data to be converted on D/A converter O. 

Bits 12 through 15 are loaded simultaneously with the DAC data and 

function as four device select lines. The DACO output is connected to 

the scanner driver and is used to drive the galvonometer to the desired 

wavelength output. Device select line 3 is used to start and reset the 

gated integrator. 

Overview of Data Acquisition 

Data acquisition involves manipulation of the interface 

registers. The various steps required for acquisition of differential 

reflectivity data are summarized below. These manipulations are carried 

out in a Fortran-callable Macro routine (SCAN.MAC) which is described in 

a later section of this appendix. 

1. Reset pulse to integrator (DS line 3 of DACO). 

2. Initial wavelength position loaded to DACO. 

3. Enable pacer clock interrupt-wait for galvonometer position to 

settle. 

4. Start pulse to integrator (DS line 3 of DACO). 

5. Enable pacer clock interrupt-wait for integration period to end. 

6. Start A/D conversion at channel 0 (load GNCHAD). 

7. Check of End of Conversion (Bit 15 of CDSTATT). 

8. Move A/D data to memory location. 

9. Reset pulse to integrator (DS line 3 of DACO). 
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10. Next wave1enth pO,sition to DACO. 

11. Back to 3. 

Calibration of Hardware 

The STLSI interface board includes a software package for 

calibration of the various hardware components. This software package 

is contained on a floppy disk which is compatible with the LSI-l1/23. 

The program is loaded by typing the command Run DY1:STLSI. The specific 

routine is selected by the user. A description of the various 

diagnostic routines can be found in section 5 of the instruction manual. 

A/D Converters. The A/D converters (channel 0 and 1) were 

calibrated using the STLSI software package by selection of mode C. 

The instructions can be found in the STLSI instruction manual (pages 4-1 

to 4-4). 

Pacer Clock Frequencies. The pacer clock output frequencies 

which correspond to the 16 software selectable values were determined by 

selection of Mode B of the diagnostic software package. The diagnostic 

routine allows the user to select one of the 16 frequencies. The 

corresponding pacer clock output frequency was measured at pin 38 on 

analog input connector P3 using an oscilloscope. 

Other STLSI Diagnostic Routines. The software package was also 

used to verify the correct operation of the CDSTATT (Mode A) and End of 

Conversion (Mode D). 

D/A Converters. The STLSI software could not be used to 

calibrate the D/A converters output because of software errors in this 

routine. A similar routine was written in CONVERS (INTERFAC.CON). 



The calibration procedure, as described in pages 4-7 to 4-9 of the 

instruction manual, was carried out using the CONVERS routine. 

Software Routines for Differential Reflectivity 
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The software routine written for differential reflectivity 

measurements is written as a Fortran-callable Assembly language data 

acquisition routine, SCAN.MAC, which was briefly reviewed in the pre

vious section. Scanning parameters such as the initial wavelength, 

final wavelength, scan increment, number of scans and integration time 

are input from the terminal in response to requests from the Fortran 

main routine, OPTIM.FOR. The Fortran routine transfers the scan parame

ters to the assembly language routine. The main program also incor

porates subroutines which calculate the differential reflectivity as a 

function of wavelength and store the results on floppy disk in a format 

compatible with the plot routine. The documented source code for both 

the Fortran main routine and the Macro data acquisition routine are 

included in this appendix. 

Software Routines 

Fortran Main Program (OPTIM.FOR). The Fortran main program is 

divided into three parts. The first part consists of several requests 

output to the terminal for the user to specific the appropriate scan 

conditions to be implemented in the Fortran-callable Assembly language 

data acquisition routine. The second part contains a main DO LOOP with 

two nested DO LOOPS which call the Macro routine and transfers the 

experimental data into the appropriate storage array. 
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The resulting differential reflectivity is then calculated from the two 

data arrays, clean and film, and stored in the delta array. The 

corresponding wavelength values associated with each delta array value 

are created and output to the terminal. The final part asks the user if 

the data is to be written to disk and if the user wishes to continue 

scanning. Each of these parts is discussed below. 

The first part of the Fortran main program makes various 

requests of the user. The first request asks the user to input the ini

tial scan position. The user inputs an integer value greater than or 

equal to 393 nm. The corresponding decimal value is calculated and 

stored as LAMDO. The second request asks the user to input the final 

scan position. The user inputs at value less than or equal to 850 nm. 

The corresponding decimal value to be transfered to the Macro routine is 

calculated and stored as LAMDF. Next, the user is asked to specify a 

scan increment,S, 10 or 20 nm. This value is stored as ISTPIN and is 

later transfered to the Macro routine. The program then calculates from 

LAMDF, LAMDO and ISTPIN the value for the number of data points to be 

collected and stores this value as ISTPNM. Next, the user selects the 

appropriate value for the integration time, 0.1, 0.5 or 1.0 sec. This 

value is stored as IZ. The next request asks the user how many con

secutive scans of the wavelength region for both R(O) and R(d) is 

desired. The user enters the appropriate value and this value is stored 

as ISCNUM. Finally, the user must select the number of repeat scans of 

for both R(O) and R(d). For differential reflectivity experiments 

involving the effect of the ORC, the appropriate response is 1. 
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This value is stored as lREP and is used as the index for the main DO 

LOOP in part II. 

The user is asked if he/she is ready to collect R{O) data. 

The program waits until the user types the response (Y)es. If so, the 

memory locations specified for storage of the acquired data in arrays 

CLEAN and FILM are cleared. 

The second part of this program starts by calling the Macro 

routine SCAN for acquisition of reflectivity data prior to the 

electrochemical perturbation or R{O). For the experiments performed in 

these studies, the electrochemical perturbation consists of either an 

ORC or the deposition of monolayer amounts of Pb. The address of data 

array for retrieving data (IGET), and the scan parameters ISTPNM, 

ISTPIN, ISCNUM, LAMDO and IZ are transfered to the SCAN routine. When 

the data acquisition is complete for R{O), the SCAN routine transfers 

program control back to the Fortran routine. The data values in IGET 

array are transfered to the CLEAN storage array. 

Next the program asks the user if he/she is ready to collect 

R(D) data. At this point the user should apply the electrochemical per

turbation to the system and when complete respond with the input (Y)es. 

Once again, the SCAN routine is called. The address of the data 

retrieving arrary (IGET) and the identical scan parameters are trans

fered to the SCAN routine. When data acquisition is complete, program 

control is transfered back to the Fortran routine. The R(D) data in 

IGET is transfered to the FILM storage array. IF the value for IREP is 
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1, data acquisition is complete. If not, the entire series of events is 

repeated. 

When data acquisition for R(O) and R(D) is complete, the dif

ferential reflectivity is calculated and the result for each wavelength 

is stored in the DELTA array. Next the corresponding wavelength value 

is calculated and placed in the WAVE array. Values for CLEAN, FILM, 

DELTA and WAVE are then output to the terminal for inspection by the 

user. 

Next, the program asks the user if the data in DELTA and WAVE 

should be stored to disk. If the response is (Y)es, the corresponding 

values are stored on disk in a format which is compatible with various 

plot routines available in the laboratory. Note: the DELTA value must 

be multiplied by 105 to comply with this format. Therefore DELTA values 

which are plotted or printed from the disk file must be corrected to 

reflect this manipulation. 

Finally, the program asks the user if he/she wishes to continue 

scanning. If the reply is (Y)ES, the program will return to the initial 

request for the initial wavelength position. If the reply is (N)O, the 

program quits. 

Data Acquisition Routine (SCAN.MAC). The important aspects of 

the Macro routine are discussed here. The Macro data acquisition 

routine makes use of several general purpose registers (RO through RS). 

The ramp register, (RO), is used to store the octal value corresponding 

to the desired voltage output for the desired wavlength position. Rl is 

used as the timing register and as the device select register. 
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The count register, (R2), counts the number of data points converted and 

is compared to the value in STPNUM transfered from the Fortran routine. 

The data register, (R3), points to a block of memeory locations used to 

store the converted data. The increment register, (R4), is used in the 

timing subroutine to count the number of pacer clock pulses. The 

transfer register, (RS), is used exclusively for the transfer of parame

ters from the Fortran main program to the Macro routine. 

The data acquisition routine is written as a main program which 

calls several subroutines. Use of subroutines for carrying out func

tions which are repeated through out the main program is considered good 

programming technique and is easier to interrupt and modify at a later 

date. Transfer of program control to the subroutine is indicated by the 

command, JSR PC, NAME. The subroutine NAMES used in this program 

include, TIME, VRAMP and CONVERT. Each of these are described below. 

Prior to transfer of program control to the TIME subroutine, a 

value is loaded into the timing register (R1). The value corresponds 

to the time required to wait for settling of the galvanometer (10 msec) 

or for the integration of data. The timing routine enables the pacer 

clock by moving the octal value #3000 into the contents of the CDSTATT. 

On each positive-going edge of the pacer clock (every 1 msec), interrupt 

is generated. The interrupt service routine increments the increment 

register, (R4), each time the interrupt is generated and compares the 

value in the increment register, (R4), with the value in the timing 

register (R1). When the contents of the increment register is equal to 

the contents of the timing register, the specified wait or integration 



time has passed and the pacer clock in disabled. Program control is 

then transfered back to the main Macro routine. 
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The VRAMP routine loads the DACO register with the octal value 

which corresponds to the voltage required for the desired wavelength 

position. The initial wavelength position is transfered to the Macro 

routine from the Fortran routine as the label lamdo. This value is 

stored in ramp register (RO). The subroutine VRAMP moves the values 

stored in RO to the DACO register (DADATl). Program-control is trans

fered back to the main routine. Subsequent wavelength positions are 

specified by incrementing the value in the ramp register (RO) by the 

value stored in STPINC. 

The CONVERT subroutine loads the GNCHAD register with a value 

corresponding to the AID channel to be converted, in this case channel 

O. Bit 15 of the CDSTATT register is tested for the end of conversion. 

When conversion is complete, program control is transfered to the main 

routine and the data stored in ADDATA is added to the memory location 

specified by the data register (R3). 

The data acquisition routine is summarized below. For clarity, 

it is suggested that the reader refer to the documented source code as 

the discussion proceeds. 

The scan counter (SCNCNT) is cleared. The DACO output is 

cleared and bit 15 is set high corresponding to a reset pulse to the 

integrator. The timing subroutine is called to allow for the DACO out

put to settle. An octal value is loaded in Rl corresponding to 10 pacer 

clock cycles. After 10 msec program control is transfered back to the 
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main routine. The CDSTATT register and the general purpose registers 

are cleared. The parameters from the Fortran routine are transfered to 

the Assembly alnguage routine in R5 and put into their respective 

storage locations. 

The contents of the memory locations for data storage are 

cleared in loops ZERO through REV. 

At LOOPO, the initial scan position in LAMDO is loaded into the 

ramp register and the VRAMP subroutine is called. The initial scan 

position is set and the timing register (Rl) is loaded. The TIME 

subroutine is called. After settling of the DACO output, the DS line is 

set low to allow for the start of integration. Again the timing 

register is loaded with the appropriate value corresponding to the user 

selected integration time. The TIME subroutine is called. When 

integration is complete, the COINERT subroutine is called. After the 

AID conversion is complete the converted data in ADDATA is ADDED to the 

contents of the first memory location specified by the DATA register R3. 

The step counter register, R2, is incremented. 

Following integration and data storage, the DS line is set high 

to reset the integrator in preparation for the next data input. The 

contents of the step counter register (R2) is compared to the value in 

STPNUM. If thses values are equal, the entire spectral window has been 

sampled and program control is transfered to LOOP2. If not, then the 

STPINC is added to the ramp register R(O) and program control is trans

fered back to LOOPO for further data acquisition. 
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LOOP2 checks to see if all the scans of the wavelength region 

have been completed by comparing the value in SCNCNT with the transfered 

value in SCNNUM. If all scans are complete, program control is trans

fered to the Fortran main program. If not, then the program goes back 

to LOOPA, where the initial memory location for data storage is recalled 

and the entire process begins again. 



c 
c 

c 

c 

PROGRAM OPTIM 

dimension iget(200) 
dimension clean(200) 
dimension film(200) 
dimension delta(200) 
dimension wave(200) 
dimension INAME(8) 

data INAME(l), INAME(2) / 'DY', '1:'/ 

1000 write (5, 1001) 
1001 format (lx, , enter inital scan position (>= 393NM) =>'$) 

read (5, 1010) input 
1010 format (i3) 

first = float(input) 
try = «first - 393.)/(708. - 393.) * 1024.) + 2048. 
lamdo = ifix(try) 
write (5, 1011) lamdo 

1011 format (i8) 
c 
c 

write ( 5, 1020) 
1020 format (lx, ' enter final scan position « 708NM) =>'$) 

read (5, 1030) iutil 
1030 fomat (D) 

final = float (iutil) 
try = «final - 393. )/(708. - 393.) * 1024.) + 2048. 
lamdf = ifik(try) 
write (5, 1031) lamdf 

1031 format (i8) 
c 
c 
1035 write (5, 1040) 
1040 format (Ix ' enter scan increment; A=>5nrn, B=>10nm, 

C=>20nm =>' $) 
read (5, 1050) ment 

1050 format (AI) 

c 

if (ment .EQ. IHA) go to 1080 
if (ment .EO. 1HB) go to 1090 
if (ment .EQ. IHC) go to 1100 
go to 1035 

1080 istpin = 15 
ment = 5 
GO TO 1105 

1090 istpin = 33 
ment = 10 
GO TO 1105 

1100 istpin = 65 
ment = 20 

c 
c 
1105 istpnm = ( lamdf - 1amdo)/ istpin 
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c 
WRITE (5, 1108) istpnm 

1108 FORMAT (14) 
1106 WRITE (5, 1110) 
1110 FOR~~T (IX, , ENTER INTERGRATION TIME; A => 0.15; 6 => 0.55; 

C = > 1. OS c > '$ ) 
READ (5, 1120) UTIL 

1120 FORMAT (AI) 
C 

C 

IF (UTIL .EO. 1HA) GO TO 1150 
IF (UTIL .EO. 1H6) GO TO 1200 
IF (UTIL .EO. 1HC) GO TO 1250 
GO TO 1106 

1150 IZ = 100 
GO TO 1290 

1200 IZ = 500 
GO TO 1290 

1250 IZ = 1000 
C 
1290 WRITE (5,1300) IZ 
1300 FORMAT (IS) 
c 
c 
c 

write (5, 50) 
50 format (lx, , enter number of consecutive scans to collect/ 

for R(O) and R(D) =>'$) 
read (5, 55) iscnum 

55 format (i4) 
write (5, 55) iscnum 

c 
write (5, 61) 

61 format (lx, , enter number of repeats=> '$) 
read (5, 62) irep 

62 format (i4) 
write (5, 62) irep 

c 
64 write (5,65) 
65 format (lx, , enter Y when ready to collect R(O) =>'$) 

read (5, 70) util 
70 format (AI) 

c 

if (uti1 .EO. 1HY) ~o to 75 
go to 64 

75 do 80, i = 1,istpnm 
clean(i) = O. 
film(i) = O. 

80 continue 
c 

c 
90 
c 

do 210, j 

call SCAN 

l,irep 

iget, istpnm, istpin, iscnull1, lamdo, IZ) 

do 100, i = 1,~stpnrn 
clean(i) = float(iget(i» + clean(i) 
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100 continue 
c 
110 write (5, 120) 
120 format (lx, 'enter Y when ready to get R(d) => '$) 

read (5,130) util 
130 format (AI) 

C 

if (util .EO. IHY) go to 140 
go to 110 

140 call SCAN ( iget, istpnm, istpin, iscnum, lamdo, IZ) 
do 150, i = 1,istpnm 
film(i) = float(iget(i» + film(i) 

150 continue 
c 
c 
210 continue 
c 

do 250, i = 1,istpnm 
delta (i) = (film(i) / clean(i» - 1. 

250 continue 
c 
c 

index = 0 
do SOD, i=l,istpnm 
iget(i) = index + input 
wave(i) = float(iget(i» 
write (5,350) clean(i), film(i), delta(i), wave(i) 

350 format (lx, fl5.5, 3x, U5.5, 3x, U5.5, 3x, f8.2) 
index = ment + index 

500 continue 
c 
c 

write (5, 510) 
510 format (lx, 'write data to disk? =>'$) 

read (5, 520) util 
520 format (AI) 

c 
c 

if (util .EO. IHY) go to 550 
if (uti! .EO. IHN) go to 800 

550 write (5, 560) 
560 format (lx, 'enter title of new data file DYl: '$) 

read (5,570) (INAME(J), J= 3,8) 
570 format (6A2) 

if (INANE (3) .LT. IHA) go to 550 
OPEN (UNIT = 21, NAI-lE = INAME, TYPE 'NEI-l', ERR 700) 
write (21, 580) INANE 

580 format (5x, 8A2) 
write (21, 590) istpnm, time 

590 format ( is, U5.5) 
c 

do 600, i = 1,istpnm 
delta(i) = 100000. * delta(i) 

600 continue 
c 
c 

270 



271 

write (21, 620) (wave (i) , delta (i) , i = l,istpnm) 
620 format ( 4(flO.5, f8.0» 

CLOSE ( UNIT = 21) 
go to 800 

700 write (5, 710) 
710 format (lx, , unable to open file ' $) 

go to 550 
800 write (5, 810) 
810 format (lx, 'continue scanning ?=> ' $) 

read (5, 820) util 
820 format (Al) 

if (util .EO. lHY) go to 1000 
go to 950 

950 stop 
end 



, . 

.TITLE SCAN 

.GLOBL SCAN 

;THIS PROGRAM IS THE MACRO MAIN PROGRAM CALLED BY FORTRAN ROUTINE 
OPTIM. THIS MAIN ROOTINE CALLS THREE SUBROUTINES ASSOCIATED 
WITH DATA ACQUISITION. THESE SUBROUTINES INCLUDE VRAHP, CONVERT 
AND TINE. THIS ROU':t'INE ACCEPTS DATA AND PARAMETERS FROM THE 
FORTRAN ROUTINE, AND CARRIES OUT THE REQUIRED A/O COI\lVERSIONS 
AND OUTPUTS THE CORRECT VOLTAGE VALUES TO CONTROL THE GALVANONETER. 

; 
CDSTATT = 170400 
; 
GNCHAD 170402 
; 
ADDATA 170402 
; 
DADAT1 = 170404 
; 
SCNCtlT 5002 
STPNUM = 5004 
STPINC 5006 
SCNNml 5010 
1amdo 5012 
cycle = 5014 
COUNT = 5016 

. , 
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SCAN: CLR 

MOV 

@#SCNCNT 

UOOOOO,@IDADATI 
112, R1 

;SET SCAN COUNTER TO ZERO 

;SET DACO OUTPUT TO LOW VALUE 
r10V 
JSR 

CLR 
CLR 
CLR 
CLR 
CLR 
CLR 
MOV 
MOV 
/olOV 
MOV 
rmv 
~lOV 
110V 

; 
ZERO: CLR 

INC 

PC, TIME 

@.CDSTATT 
RO 
R1 
R2 
R3 
R4 
(R5)+, R4 
(R5)+, R3 
~(R5)+, @Istpnum 
@(R5)+, @'stpinc 
@(R5)+, @'scnnum 
@ (R5) +, @Uamdo 
@(R5)+, @#cycle 

(R3)+ 
R2 

;CLEAR A/D DATA POINTER 
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cr~p @'stpnum, R2 
BNE ZERO 

LOOPA: CLR R2 
REV: TST - (R3) 

INC R2 
Cl~P @'stpnum, R2 
BNE REV 
CLR R2 

MOV @ilamdo, RD 
1 
LOOPD: JSR PC, VRAMP 

110V H2, RI 
JSR PC, TIME 1 INITIAL RAMP POSITION TO 

RAMP REGIST 
CLR RI 
HOV RO, RI 
MOV RI, @'DADATI 
CLR Rl 

MOV @'cycle, RI 
JSR PC, TIME 

JSR PC, CONVERT & START A/D CONVERSION 

ADD @'ADDATA, (R3)+ 
INC R2 

CLR RI 
MOV RO, Rl 
ADD flOODDD, RI 
110V Rl, @#DADATI 
CLR RI 

MOV U2, RI 
JSR PC, TIME 

Cl1P @'STPNUM, R2 IFINISHED SCANNING REGION? 
BLE LOOP2 
ADD @'STPINC, RO ,IF SO, LOOP 
BR LOOPO ISTART AGAIN 

1 
LOOP2: INC @'SCNCNT IINCR SCAN COUNTER 

CMP @.SCNNUM, @CSCNCNT 
BLE RESET IIF SO, STOP 
BR LOOPA IIF NOT, START NEXT SCAN 



.********************************************************************** , 
TIMING SUBROUTINE 

, 
TIME: CLR R4 

CLR .000370 

MOV 03000, @lCDSTATT 
r10V .ROUT, @.000370 

ADD no, @.CDSTATT 
, 
FIND: TST Rl 

BEQ OUT 
BR FIND 

, 
OUT: RTS PC 
.********************************************************************** , 

INTERRUPT SERVICE ROUTINE CALLED BY TIME SUBROUTINE 

; 
ROUT: INC R4 

CMP Rl, R4 
BLE FINISH 
RTI 

; 
FINISH: CLR Rl 

CLRB @'CDSTATT 
RTI 

, 
.************************************************************************ , 

, 
VRAMP: MOV 

RTS 

, 

VOLTAGE RAMP SUBROUTINE 

RO, @'DADATl 
PC 
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; *** ****************'*** ** **** ",** ** ** * ** **************** * ******** ** * ** ** *** * 

, 
CONVERT: MOV 
LOOPl: TST 

BPL 
RTS 

AID CONVERSION SUBROUTINE 

11, @'GNCHAD 
@'CDSTATT 
LOOPl 
PC 

, 
.************************************************************************** , 

RESET: rts PC 
.end 
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