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ABSTRACT 

This thesis reports the surface enhanced Raman scattering (SERS) 

characterization of halide ions, Pb(II) complexes, and interfacial H2O 

species present at the Ag-electrolyte interface in electrochemical 

systems. The specifically adsorbed halide ions of interest in these 

studies are CI" and Br", which give rise to v(Ag-X) vibrations at 

240 cm~l and 170 cm~l for X = CI" and Br -, respectively. In the 

presence of Pb(II) in solution, the SERS intensity and position of these 

bands changes due to halide-induced Pb(II) adsorption at the Ag surface. 

In acidic media, this process results in the formation of Pb(11)-hali de 

complexes at the Ag surface. Under weakly acidic conditions, two new 

vibrational bands are observed at 118 cm"l and 135 cm~l. These are 

attributed to the formation of polynuclear hydroxolead(II) complexes in 

the interface which are bound at the Ag surface through electrostatic 

interaction with the specifically adsorbed halide ions. The extent of 

halide-induced Pb(II) adsorption, and hence, the SERS intensities, are 

affected by halide ion concentration, solution pH, and electrode 

potential. 

The ability of Ag electrodes to support SERS for the 

specifically adsorbed halide ions, various Pb(II) complexes, and surface 

xii 
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and interfacial H2O species in the presence of controlled submonolayer 

and monolayer amounts of a nonenhancing metal, Pb, is also presented in 

this thesis. The presence of these small amounts of Pb which are 

electrochemically deposited at underpotential on the Ag electrode are 

found to drastically decrease the ability of the Pb-modified Ag surface 

to support SERS. The results are interpreted in terms of contributions 

from both classic electromagnetic effects and chemical effects to the 

surface enhanced Raman scattering mechanism. 



CHAPTER 1 

INTRODUCTION 

The electrochemical interface develops when a metal electrode is 

brought into contact with an electrolyte solution. This transition 

region is characterized by the deviation of the chemical properties that 

each component has in either bulk solution or bulk metal. Within the 

interface, some of the following processes can occur: inorganic and 

organic redox process, electrocrystallization of metals, adsorption, and 

corrosion. The above processes have a great impact on fields such as 

batteries, fuel cells, and electroorganic synthesis. Therefore, it is 

of critical importance to understand the behavior of chemical species at 

the electrode-solution interface. In order to gain better insight 

into the chemical and physical processes taking place at the interface, 

electrochemists have sought complementary techniques that provide 

information at the molecular level for species present in this region. 

Vibrational Spectroscopic Techniques 

In general, the study of the structure of species and adsorption 

at the electrode-solution interface is a combination of electrochemistry 

and ex situ and in situ surface analytical techniques. Ex situ surface 

analysis provides information on strongly adsorbed species that will 

remain in the interface after emmersion of the metal from solution. In 

1 
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situ techniques provide information on both the electrode surface and 

the solution side of the interface. Therefore, in situ methods possess a 

tremendous advantage over ex situ techniques in terms of their relative 

abilities to provide information about the electrochemical interface. 

Shown in Table 1 is a list of ex situ and in situ surface 

analytical techniques which have been used for the characterization of 

the electrochemical interface. This list was compiled by Fleischmann 

and Hill [1]. In situ vibrational spectroscopic methods provide 

information on the bond arrangement and structure of molecules adsorbed 

at an electrode surface. These vibrational techniques include Infrared 

Reflection Absorption Spectroscopy (IRRAS), Electrochemically Modulated 

Infrared Spectrosocpy (EMIRS), and Surface Enhanced Raman Scattering 

(SERS). 

Both infrared techniques, IRRAS and EMIRS, take advantage of 

surface selection rules for oscillating dipoles. With the EMIRS 

technique, submonolayer coverages of an adsorbate on an electrode surface 

can be detected. The nature of the adsorbates on a surface can be 

determined by modulating the electrode potential and ratioing the 

relative intensities of the signals at two different potentials. 

Absorption of IR radiation by the bulk solution is minimized by the use 

of a thin layer configuration in which the layer is ca. 10~3 to 10~4 cm 

in depth [2]. EMIRS has been used to observe hydrogen adsorption at Pt 

[3] and Rd [4]. 

In the IRRAS technique, molecular orientation can be determined 

by modulating the polarization of the incident radiation and comparing 



Table 1. Surface analytical techniques (SAT) used to characterize 
electrode-solution interface. 

Ex situ SAT 

1. X-ray photoelectron spectroscopy (XPS) 
2. Ultraviolet photoelectron spectroscopy (UPS) 
3. Auger spectroscopy 
4. Electron energy loss spectroscopy 
5. Low energy electron diffraction (LEED) 
6. Reflection high energy electron diffraction (RHEED) 
7. Transmission electron diffraction microscopy 
8. Inelastic electron tunnelling 
9. Ion scattering spectroscopy 
10. Secondary ion mass spectroscopy 

In situ SAT 

1. Raman vibrational spectroscopy 
2. Infrared vibrational reflectance spectroscopy 
3. UV-visible reflectance spectroscopy 
4. Transmission through optically transparent electrodes 
5. Photoelectrochemistry 
6. Mossbauer spectroscopy 
7. Electron spin resonance 
8. X-ray diffraction 
9. Neutron diffraction 
10. Acoustoelectrochemical Methods 
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the relative intensities of the p-polarized radiation, absorbed by 

species in solution and at the surface, with the s-polarized radiation, 

absorbed only by solution species [5,6] IRRAS is a less sensitive 

technique than EMIRS, but it possesses the advantage of giving a normal 

IR spectrum of the species at the surface as opposed to the 

derivative-type spectrum obtained in EMIRS [7]. Complementary EMIRS 

and IRRAS methods have been used to monitor the adsorbed species formed 

during the electrooxidation of organic compounds at Pt, Rh, Au, and Pd 

[2]. These infrared techniques have proven to be a powerful means to 

identify the structure and orientation of adsorbed species on electrode 

surfaces in a wide range of electrochemical systems. 

Surface Enhanced Raman Scattering 

The Raman effect [8] occurs when monochromatic radiation is 

scattered by molecules that undergo a change in polarizability as they 

vibrate. The scattering spectrum consists of Rayleigh scattering, with 

an unshifted frequency, the anti-Stokes lines, with frequency higher 

than that of the incident radiation, and the Stokes lines, with 

frequency lower than that of the incident radiation. In typical Raman 

analyses, the Stokes lines are monitored. 

Raman spectroscopy offers certain advantages over infrared 

spectroscopy [9], Raman spectroscopy can be used to detect and analyze 

species which are infrared inactive such as homonuclear diatomic 

molecules. Raman spectroscopy can also be used in aqueous environments 

which transmit infrared radiation very poorly. Furthermore, in Raman 
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spectroscopy, the entire vibrational spectrum can be examined with one 

instrument. Finally, the sample preparation for Raman is simpler than 

for infrared. The major weakness of Raman spectroscopy is its lack of 

sensitivity. Only one out of ca. 10® to 10? incident photons produce 

a Stokes scattered photon. This lack of sensitivity greatly lowers the 

utility of this technique for the study of adsorbates at the 

electrode-solution interface. 

As mentioned above, the utility of infrared techniques can be 

diminished by the use of polar solvents, such as water, which show a 

strong absorption in the infrared region. Furthermore, some of the best 

water insoluble cell windows become opaque near 200 cm_l where surface 

adsorbate vibrations are expected to occur [1]. In this context, Raman 

spectroscopy becomes a very useful technique, because water has a very 

small Raman scattering cross section [10]. Moreover, when used in the 

visible region, Raman scattering can be observed down to 5 cm~l with 

glass cell windows [11]. 

As mentioned above, normal Raman spectroscopy is typically 

thought to be a poor surface analytical technique for observing thin 

films of adsorbates at an electrode-solution interface. However, Raman 

spectra have been observed by Fleischmann and coworkers [10] for a few 

monolayers of Hg2Cl2 on mercury without any special enhancement. 

Recently, Campion and coworkers have also observed the Raman spectra of 

nitrobenzene on Ni (111) [12], a monolayer of pyridine on Ag (111), 

[13], and Ag (100), [14], without enhancement using a multichannel 

detection system. 
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In 1974, Fleischmann and coworkers [15] reported the first 

measurements of adsorbed pyridine on a high surface area Ag electrode. 

The Ag electrode surface was roughened by a repetitive, cyclic 

oxidation-reduction process in 0.1 M KC1. This roughening procedure was 

intended to increase the surface area, and therefore, increase the 

number of pyridine molecules at the surface that were detected. The 

Raman spectrum they obtained showed a band at 1025 cm -l which they 

attributed to adsorbed pyridine in view of its intensity-potential 

dependence. These same researchers obtained good quality Raman spectra 

of adsorbed formate [16] and thiocyanate ions from roughened electrode 

surfaces as well [17]. In 1977, Jeanmaire and Van Duyne [18] and 

independently, Albrecht and Creighton [19], recognized that an 

enhancement of the pyridine signal by a factor of 10^ to 106 was 

operative with respect to the Raman response expected of an equivalent 

number of pyridine species in solution. This phenomenon was later 

termed Surface Enhanced Raman Scattering or SERS. 

Metallic substrates which have been claimed to support SERS are 

Ag, Cu, Au [20], Li and K [21], Hg [22], Pt [23], Ni [24], Cd [25], and 

Pd [26]. While some of these claims remain quite controversial, it is 

universally accepted that the largest enhancements are observed on Ag, 

Cu, and Au [27]. Fleischmann and Hill [28] have compiled a list of 

adsorbates that have been observed by SERS at Ag substrates. Among the 

most studied adsorbates are pyridine [18,29,30], cyanide [28,31], halides 

(CI", Br -, and I") [32,33,34], and water [35,36]. 
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Most of the experiments in which SERS has been observed have 

been carried out in aqueous solutions. Water plays an important role in 

the spectroscopic characterization of the electrode-solution interface. 

Raman spectra of bulk water exhibit bands from ca. 3000 to 3800 cm -1, 

corresponding to the symmetric and asymmetric 0-H stretching 

vibrations, and at ca. 1600 cm"l, corresponding to the water molecule 

bending mode [36]. A SERS band for water has been observed at 

ca. 3500 cm_l. It is proposed that this band corresponds to the OH 

symmetric stretch of water coadsorbed with halide ions at Ag [37]. This 

coadsorption involves an electrostatic attraction between the adsorbate 

and the water molecule [38]. The position of the OH stretch can be 

affected by the nature and concentration of the halide ion and the 

cation present in solution [39]. The study of the SERS of water 

provides a better understanding of adsorption and the chemical 

composition at the electrode-solution interface. 

Enhancement Mechanisms 

Since the discovery of SERS, great effort has been expended to 

elucidate the enhancement mechanisms that give rise to this "giant" 

Raman effect [9,20,27,40]. Currently, it is generally accepted that 

electromagnetic and/or chemical contributions are the factors involved 

in the enhancement mechanism [41,42]. The electromagnetic contribution 

to SERS depends upon the enhanced electric fields that can exist at the 

surface under certain conditions. These fields couple with the molecule 

greatly enhancing the Raman scattering efficiency. Enhanced electric 
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fields at the surface arise from two sources. First, the exitation of 

the surface plasmons, collective exitation of the substrate electrons in 

the conduction bands at roughness features on the surface, creates an 

enhanced field which is experienced by the probe molecule [43]. Second, 

Raman scattered photons can interact with the surface plasmons creating 

a further enhanced local field that results in the enhancement of the 

Raman intensity of the molecule [27]. Both mechanisms depend on the 

presence of surface roughness and on the electronic properties of the 

substrate metal. These enhancement mechanisms predict that enhanced 

signals should be observed for probe molecules either adsorbed on or in 

the "vicinity" of the metallic substrate, since the induced fields vary 

as the inverse cube of the distance to the center of the molecule [9]. 

Therefore, this enhancement mechanism is nonlocal. 

One experimental observation that the electromagnetic model 

cannot account for is the presence of an enhanced inelastic scattering 

background. The fact that this background is observed in the presence 

and absence of a probe molecule has been interpreted to suggest that its 

origin is a continuum of electron exitations of the substrate [9,44], By 

varying the electrode potential, the SERS background intensity can be 

easily modulated. This effect has been used to propose the presence of 

electron-hole pairs associated with metal adatoms [20,42]. The 

electron-hole pair would give rise to an enhancement in the Raman 

scattering efficiency by transfer of an exited metal electron to a 

localized charge transfer state in the probe molecule. This charge 
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transfer effect requires an overlap at the surface between the molecule 

and the substrate. Therefore, this interaction must be at a "short 

range" distance involving the so called "chemical contributions" to 

SERS. 

The electromagnetic and chemical interactions mentioned above 

are all related to the electrochemical roughening of the electrode 

surface which is necessary in order to obtain the maximum SERS 

intensities. Electrochemical roughening is done via a process known as 

an oxidation-reduction cycle (ORC). The surface features created during 

an ORC process vary in size from ca. <25 A to ca. 5000 A [45]. 

Recently, it was proposed that, along with the large scale roughness 

features ca. >200 A, atomic scale roughness features also contribute to 

SERS [28]. Evidence for the existence of adatoms or atomic scale 

roughness features has been investigated by Macomber and Furtak [46]. 

It was found that when the temperature of an electrochemical system is 

increased, an irreversible quenching of SERS occurs. This 

irrevesibility was related to dissociation of a surface-adatom-molecule 

complex as a function of temperature. Quenching of the SERS response 

has been associated with a thermal diffusion of the adatoms to step 

sites, and which in turn, become incorporated into the substrate 

lattice. In an electrochemical environment, similar irreversible 

quenching of the SERS response for an adsorbed species is observed when 

the potential of the metal is made sufficiently negative [9]. This 

observation suggests a displacement of the adsorbate from an adatom, and 
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incorporation of the adatom into the lattice [47]. The relative role 

that atomic and large scale roughness features have on the SERS effect 

is under investigation in this laboratory [48]. 

In order to elucidate the contribution of electromagnetic and/or 

chemical interactions to the SERS effect, various systematic studies in 

electrochemical systems have been performed [29,49,50,51]. Surface 

electronic properties of a metallic substrate can be systematically 

altered by electrochemically depositing monolayer and submonolayer 

amounts of a foreign metal on the substrate surface. In a recent report 

from this laboratory [29], it was found that SERS bands at 240 cm -1 and 

1010 cm-1, corresponding to the v(Ag-Cl) for adsorbed CI" and the 

pyridine ring breathing mode for adsorbed pyridine, respectively, 

diminish in intensity to an undetectable level when a monolayer of Pb is 

deposited on a Ag electrode surface. This intensity-coverage behavior 

could be associated with a displacement of the adsorbates by the Pb 

overlayer. However, if this were the case, once the Pb overlayer was 

stripped from the surface, the adsorbates would be readsorbed at the 

substrate giving the original SERS intensity. In fact, reversibility 

and time dependence studies [52] of the pyridine/Cl~/Pb(II) system 

showed that at fractional Pb coverages of ca. 0.0 to 0.6, the stripping 

of these submonolayer coverages results in a complete recovery of the 

original SERS signal. However, at Pb coverages greater than ca. 0.6, 

the signals show only ca. 70 percent recovery. These results suggest 
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that the atomic scale roughness features are the SERS surface "active 

sites", and that these are partially destroyed at higher Pb submonolayer 

coverages. 

Along with the above observations, the experimental conditions 

employed in these SERS studies showed that the presence of Pb(II) in the 

pyridine/CI" solution at potentials positive to the Pb deposition had 

a marked effect on the SERS response of species present at the Ag 

surface. Shown in Figure 1 are a series of SERS spectra taken in a 

solution containing 0.05 M pyridine, 0.1 M KC1 at a pH of 5.5 and a 

potential of -0.400 V versus SCE. The top spectra represent the 

response of the Ag-Cl stretching vibration due to the chemisorption of 

Cl~ at the Ag surface. The dotted line shows the SERS response of the 

v(Ag-Cl) in the absence of Pb(II). The solid line represents the SERS 

response of the v(Ag-Cl) in the presence of Pb(II). It is observed that 

the presence of Pb(II) in solution increases the SERS intensity of the 

v(Ag-Cl) band at 240 cm~l by a factor of ca. two fold. 

The bottom spectra represent the response of the pyridine 

ring breathing mode at 1010 cm~l. The dotted and solid lines show the 

ring breathing mode response in the absence and presence of Pb(II) 

respectively. The effect that Pb(II) has on the SERS response of 

pyridine is the opposite to that observed for the v(Ag-Cl) band. These 

observations suggest that Pb(II) must be interacting with the species 

present at the electrode-solution interface. In order to corraborate 

the above, a systematic study of the spectroscopic and electochemical 

behavior of Pb(II)/halide systems on polycristalline Ag were performed. 



Fig. 1 Effect of Pb(II) in solution on the SERS response of the 
pyridine/CI" system. 

A) v(Ag-Cl) band. 
B) Pyridine ring breathing mode, (—) no Pb(II) in solution, 
( ) Pb(II) in solution. 
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Fig. 1 Effect of Pb(II) in solution on the SERS response of the 
pyridine/Cl- system. 



Electrochemical Behavior of Ag Electrodes 
in Pb(II)/X~ (X=Cl~,Br~) Systems 

The current-potential behavior of polycrystalline Ag electrodes 

in solutions containing Pb(II) and halide (CI",Br") can be divided into 

four potential regions. Shown in Figure 2 is the current-potential 

behavior of a Ag electrode in a system containing 1 x 10~3 M Pb(N03)2 

and 0.1 M KC1 between +0.100 V and -0.800 V versus SCE. The potential 

region between +0.100 and -0.200 V corresponds to the 

oxidation-reduction process (0RC) of the Ag electrode. In this region, 

the Ag is oxidized to form AgCl. Upon scan reversal, the AgCl is reduced 

back to metallic silver. This oxidation-reduction process generates a 

roughened surface. The potential region between -0.200 and -0.400 

corresponds to the anion-induced adsorption region (AICA). In this 

region, Pb(II) is adsorbed and removed from the surface as a Pb(11)/Cl-

complex. Between -0.400 and -0.500 V, Pb is deposited at the Ag surface 

in submonolayer to monolayer amounts. This process is known as 

underpotential deposition (UPD). Finally, the potential region above 

-0.550 V corresponds to the deposition of bulk amounts of Pb on the 

already formed monolayer of Pb. The experimental conditions of the 0RC, 

AICA, and UPD regions are described in detail in the second chapter of 

this thesis. The focus of the work in this thesis is the SERS response 

of the AICA and UPD regions. Therefore, in the following sections these 

electrochemical processes will be examined in detail. 
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Anion-Induced Cation Adsorption 

Anion-induced cation adsorption (AICA) is the process by which a 

metal complex in solution is absorbed at an electrode surface through 

one or more bridging ligands [53,54,55,56], Shown in Figure 3 are the 

two general adsorption mechanisms proposed for the AICA process. O'Dom 

and Murray [56] proposed mechanism A where the adsorption of the metal 

complex to the substrate is accomplished through one coordinated ligand. 

In this case, the metal cation retains its coordination number. Barclay 

and Anson [54] proposed mechanism B where the adsorption of the metal 

complex to the substrate is accomplished through a specifically adsorbed 

anion. In this case, the metal cation increases its coordination number 

by one. 

The metals known to undergo AICA are T1(I) [55,57], Zn(II) 

[54], Cd(II) [54,58,59], Hg(II) [54], In(III) [56], and Pb(II) 

[53,55,60,61,62,63]. The anions known to support this process are CI", 

Br -, I", and NCS" [53]. To the author's knowledge, most of the 

electrochemical characterization of the AICA process has been carried 

out at mercury electrodes. The AICA electrochemical studies include 

chronoamperometry [63] and chronocoulometry [56,59,62]. In general, the 

anion-induced adsorption model includes the adsorption of a neutral 

species e.g. CdI2» to the Hg surface through an already adsorbed anion 

[61], However, the halide-induced Pb(II) adsorption process does not 

follow the traditional AICA model [62]. Three adsorption models have 

been proposed for the AICA of Pb(II) from halide media. Caselli and 

Papoff [64] were the first to suggest that the AICA of Pb(II) from Cl~ 
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Fig. 3 Anion-induced cation adsorption mechanisms. 



media was different from those reported for other cations. It was 

concluded that either [PbCl3]" is adsorbed at the surface through a 

specifically adsorbed CI" at the Hg surface, or that [PbCl4]^"" was 

adsorbed through one coordinated CI". In both cases, the resulting 

adsorbed species was [PbCl4]^-. At this point, Caselli and Papoff [64] 

could not conclude which was the correct adsorption model. Barclay and 

Anson [54], in a study of the AICA of white metals at Hg electrodes, 

suggested that the AICA model for Pb(II)/halide species was the 

adsorption of [PbCl3]" through a specifically adsorbed CI" resulting in 

the [PbCl4]^- surface species. The thermodynamic explanation for the 

adsorption of the singly charged Pb(11)/halide complex is that the 

formation constant for [PbCl3]- from PbCl2 is ten times larger than the 

formation of [PbCl4]^- from [PbCl3]- [54]. The studies carried out by 

Caselli and Papoff and Barclay and Anson suggested that the first 

adsorption model, in which [PbCl3]" adsorbs through a specifically 

adsorbed CI" to give [PbCl4]^" is the correct model. 

Murray and coworkers [60,61] came to the conclusion that 

halide-induced Pb(II) adsorption results in formation of a chain of 

neutral -X-Pb-X-Pb-X- parallel to the surface or neutral X-Pb-X units 

perpendicular to the electrode surface. In both cases, a close packed 

Pb( 11)/X~ layer results at the surface. This proposed model was based 

on a surface precipitation process of Pb(II)/X" species. Further 

evidence for this Pb(II)/X" layer was found by Murray and coworkers 

[61,65] when it was observed that, in the presence of this layer, the 
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reduction of Hg(II), which occurs in the halide-induced 

Pb(II) adsorption potential region, is severely inhibited. This 

reduction inhibition was also observed for Pt(II) complexes in bromide 

and iodide media. However, Ag(I), Fe(III), and Au(III) reduction was 

not inhibited by the Pb(II)/X" layer. This property was used by the 

authors for an ion-selective electrode [65]. 

Sluyters-Rehbach and coworkers [58,62] came to the conclusion 

that the halide-induced Pb(II) adsorption occurs into two steps 

according to the Pb(II) and X -  concentration. At low Pb(II) 

concentrations (7 x 10~4 M), the surface species is the charged 

[PbX/j]^. At higher Pb(II) concentrations (5 x 10"3 M), the 

surface species is the neutral -X-Pb-X-Pb-X- layer or a X-Pb-X 

perpendicular to the surface. 

In summary, Pb(II) in a pyridine/CI" media is expected to 

undergo AICA at the electrode surface. This effect, in turn, should 

increase the number of CI" ions at the surface, thereby increasing the 

SERS intensity for the v(Ag-Cl) band. The chemical details of this 

process are examined in this thesis. 

Underpotential Deposition 

The first step in the deposition of a metal onto a foreign metal 

substrate is the deposition of metal-adatoms. The nature of these 

adatoms will dictate the process by which further metal deposition 

occurs [66]. Two metal deposition mechanisms have been proposed 

[66,67]. First, when the binding energy of the adatoms is low compared 
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to the binding energy of the deposited bulk phase, three dimensional 

nucleation of the deposited metal will occur in the presence of a very 

small number of adatoms [66], Alternatively when the binding energy of 

the adatoms is larger than the binding energy of the bulk deposition, 

one or more monolayers of adatoms are formed in the underpotential 

region [67]. The process by which submonolayer amounts of metal are 

deposited on a foreign metal substrate at potentials positive to the 

reversible Nernst potential of the metal couple is known as 

underpotential deposition or (UPD). 

Kolb and coworkers [68] proposed that the excess binding energy 

that causes UPD to occur may be dictated by the work function 

differences between the deposited metal and the substrate. The work 

function differences between the metals is thermodynamically related to 

the electronegativity differences between the adatoms and the substrate 

through the potential shift observed between underpotential and bulk 

deposition process [67,69]. It is assumed that the ionic character of 

the substrate metal-adatom bonding increases with an increase in the 

difference in work function between the two. 

Kolb and coworkers have compiled a list of metal cations and 

substrates that support UPD [67,68]. As in AICA, Pb(II) is one of the 

cations most studied because of its well-defined electrochemical 

behavior. In particular, the deposition of Pb onto Ag electrodes occurs 

in a well-defined potential region. However, the position of this 

potential region is affected by the nature of the electrolyte anion 



[67,68,70,71,72]. In perchlorate media, the UPD shift is on the order of 

0.160 V. In chloride media, the UPD shift is ca. 0.120 V [68]. This 

electrolyte anion effect is attributed to a higher energy of 

adsorption of the CI" with respect to the CIO4 -. The energy of 

adsorption of the anion involves partial electron transfer between the 

anion and the substrate metal, reducing as a consequence the 

electronegativity differences between the substrate and the deposited 

metal. Table 3 in the experimental chapter shows the Pb UPD behavior in 

different electrolyte anions. From this Table, it can be concluded that 

the order of the energy of adsorption On Ag is I~>Br~>Cl~>C1O4 - .  

Pb underpotential deposition on polycrystalline Ag presents the 

advantage of allowing the deposition of known submonolayer amounts of Pb 

on the Ag surface. This provides a very useful technique for altering 

the surface properties of a substrate in a controlled manner. This 

approach is used in this thesis for the determination of the role of 

surface electronic properties in the SERS phenomenon. 

Research Objectives 

The present research can be divided into three main categories 

involving the electrochemical and spectroscopic characterization of the 

processes that occur at the electrode-solution interface. The SERS 

response of CI", Br -, and H2O as a function of concentration and 

potential was characterized. These data will be used to examine the 



behavior of the potential region where AICA and UPD occur in the absence 

of Pb(II). The second part involved the study of the spectroscopic 

behavior of the Pb(II)/X" (X=C1~, Br") complexes in the AICA region as a 

function of potential, anion and cation concentration, and solution pH. 

These data will permit an evaluation of the AICA model and its effect on 

the SERS response of the Ag-adsorbate interaction. The third part 

involved the study of the SERS response of the Ag-X (X=C1~, Br -, H2O) 

interactions as a function of Pb coverage. These data will be used to 

understand the effect of a Pb overlayer on the surface properties that 

give rise to SERS. Included in this experimental framework are 

reversibility studies, through which the role of atomic scale roughness 

features in SERS has been elucidated. 



CHAPTER 2 

EXPERIMENTAL 

This chapter is divided into three sections. The first section 

describes the Raman and electrochemical instrumentation, the second 

section describes the materials, and the third section describes the 

electrochemical and spectroscopic conditions for SERS. 

Electrochemical and Spectroscopic Instrumentation 

A detailed description of the Raman system, excitation source, 

and electrochemical instrumentation is presented in Figure 4. The three 

electrode spectrochemical cell used for these studies was a previously 

reported design [73]. The working electrode consisted of a 

polycrystal1ine Ag (Johnson Matthey, 99.999%) planar disk which had been 

silver-soldered onto a brass screw. The brass was insulated from the 

solution with parafilm. The exposed geometric area of the Ag electrode 

is ca. 0.28 cm? after mechanically polishing to a mirror finish using 

successively finer grades of alumina (Buehler) down to 0.05 urn. A 

saturated calomel electrode (SCE) was used as a reference electrode. 

All potentials reported here are measured with respect to this SCE 

reference electrode. A Pt wire was used as an auxiliary electrode. 

Potentials were controlled with an ECO Model 551 potentiostat. Linear 
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potential ramps were applied to the working electrode using a triangle 

wave generator assembled in-house from a design published elsewhere 

[74]. The charge passed during the oxidation-reduction cycle (ORC) was 

monitored with a Princeton Applied Research Model 379 digital 

coulometer. Areas under the current-potential curves were measured with 

a Lietz No. 3651-30 planimeter. 

Radiation was provided by a Coherent Radiation Innova 90-5 Ar+ 

laser. Laser power at the sample was measured with a Coherent Radiation 

Model 210 broad band power meter. Plasma lines from the laser radiation 

were removed by a Pomfret Research Optics laser filter No. 55-5145-1. 

The Raman system used for these studies consisted of a SPEX 1403 

double monochromator with 1800 linear grooves mm -l holographically ruled 

gratings. A schematic of the double monochromator arrangement is shown 

in Figure 5. The amount of sampled light from the sample under analysis 

is controlled with an entrance slit, two middle slits, and an exit slit 

(SI, S2, S3, and S4 respectively, in Figure 5). The middle slit S2 

corresponds to the exit of the first monochromator and slit S3 

corresponds to the entrance to the second monochromator. Detection was 

accomplished with a high sensitivity, GaAs photocathode, RCA C31034 

photomultiplier tube (PMT in Figure 4), which was thermoelectrically 

cooled to -25°C. Acquisition and manipulation of data were accomplished 

with a Spex Datamate dedicated microcomputer. 

Materi als 

All solutions were prepared using triply distilled water, the 

third distillation being from basic permanganate solution. Chemical 



Fig. 5 Schematic of the SPEX 1403 double monochromator. 

SI - entrance slit, S2 and S3 - middle slits, S4 - exit slit, 
M = mirrors, G = holographic gratings. 
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compounds used in these studies were KBr, KC1, Pb(N03)2» PbCI2» PbO, 

KOH, NaC104, and EDTA. These were all from Matheson, Coleman, and Bell, 

and were analytical reagent grade. HNO3, HC1, and HBr were from Baker, 

and were analyzed reagents. Bulk solutions were prepared from the 

following stock solutions: 3.0 M, 0.5 M, and 5 x 10"3 M KC1 and KBr; 0.5 

M and 5 x 10"3 M Pb(N03)2; 1.0 M NaC104; 0.01 M KOH, HNO3 and HC1. All 

chemicals were used as received. All solutions were deaereated with N2 

for one hour prior to use. 

Solid samples, with the exception of PbO and PbCI2> were 

prepared from the bulk solutions described above. PbBr2 was prepared by 

adding 50 mL of 1.0 M KBr to 25 mL of 0.5 M Pb(N03)2- Pb(0H)2 was 

prepared by adding ca. 25 mL of 1.0 M KOH to 25 mL of 0.5 M Pb(N03)2 

until the solution had a pH of ca. 10. Pbg0(0H)6X4 (X=Cl-,Br-) were 

prepared by dissolving 0.1 grams of PbO in 20 mL of 20% by volume HNO3 

and precipitating with ca. 75 mL of a solution containing 0.1 M KX 

(X=Cl -,Br~) and 1.0 M KOH. The final pH of the solution was 10. 

Solutions containing different Pb(II)/Cl" and Pb(II)/Bi— ratios were 

prepared by adding the halide solution to the aliquot of Pb(N03)2. KOH, 

HC1, and HNO3 solutions were used to control the pH and to prepare some 

of the solid samples. 

Electrochemical Conditions for SERS 

In order to obtain enhanced Raman signals from species present 

at the electrode-solution interface, it is necessary to activate the 

surface through an oxidation-reduction cycle (ORC) [48]. The overall 
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mechanism of the ORC of silver in chloride media has been examined by 

Katan and coworkers [75] and Tuschel and Pemberton [49]. The cyclic 

voltammetric ORCs of the Ag working electrode were carried out in the 

spectrochemical cell containing either halide or Pb(II)-halide 

solutions. For the ORCs, the deaerated KC1 or KBr solutions were placed 

in the cell with the Ag working electrode, the SCE reference electrode, 

and the Pt wire auxiliary electrode. Before each ORC, the Ag electrode 

was mechanically polished. A typical ORC of Ag in halide media is shown 

in Figure 6. In this voltammogram, the initial potential A is ramped to 

more positive values at a rate of 0.010 V sec-1. At potential B, the Ag 

begins to be oxidized (BCD) forming AgCl which precipitates on the 

electrode surface. At potential C, the scan is reversed. At potential 

D, the oxidation of Ag ends and reduction of AgCl to metallic silver 

takes place (DEF). The maximum anodic charge passed during the ORC is 

measured at potential D. The potential values of the points A through F 

in Figure 6 vary with the concentration and nature of the supporting 

electrolyte. This aspect of the ORC is discussed in more detail in the 

section describing the characterization of the ORC process. The total 

charge passed during the ORC was on the order of 20-30 mC cm -2  in all 

supporting electrolytes used. This charge density range has been 

previously reported to yield the maximum SERS intensity [76]. The ORC 

charge recovery was calculated by dividing the amount of charge passed 

during the reduction by that passed during oxidation. This charge 

recovery has a typical value of 97% in halide media and 60% in 

perchlorate media. 
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Fig. 6 Oxidation-reduction cycle. ORC of a Ag electrode in halide 
media as a function of potential. 

A = initial, B = oxidation starts, C = scan reversal, 
D = reduction begins, F = reduction ends. 



The current-potential behavior of the Ag working electrode in 

Pb(II)-halide media was monitored using cyclic voltammetry. A 

representative voltammogram in this medium is shown in Figure 7. In 

this cyclic voltammogram, the initial potential A is ramped to more 

negative values. At potential B, cathodic current starts to flow which 

indicates that Pb(II) is being reduced to metallic Pb. A maximum 

cathodic current is reached at potential C and decays at potential D. 

The potential region AB represents the Anion-Induced Cation Adsorption 

Region. The potential region BCD represents underpotential deposition 

of submonolayer amounts of metallic Pb up to one complete monolayer at 

the Ag electrode surface. The first monolayer of Pb is complete at 

potential D. When the potential is made further negative, metallic Pb 

is deposited on the already formed monolayer of Pb in the potential 

region EFG. The stripping of the monolayer of Pb from the Ag surface is 

represented by the potential region JKL. The bulk stripping of Pb is 

represented by the potential region GHI. 

Fractional surface coverage by submonolayer amounts of Pb is 

measured by comparing the charge under the monolayer stripping curve 

(points JKL in Figure 7) obtained at different potentials with that 

obtained for a full monolayer. Shown in Table 2 are the values 

corresponding to the potential region where submonolayer amounts of Pb 

are deposited on a smooth Ag electrode from a system containing 0.5 M 

KC1 and 5 xlO-3 M Pb(N03)2. Also shown in this Table are the calculated 



Fig. 7 Cyclic voltammogram of Pb deposition. 

AICA region: 'AB-LA. UPD region: deposition BCD, stripping 
JKL. BULK region: deposition EFG, stripping GHI. 
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Table 2. Electrochemical parameters calculated for Pb UPD as a function 
of potential. 

-Ea 

(mV) 
Qb 

(uC) 0C 
ESAd 

(cm2) Re 

470 178 1.00 0.60 2.14 

465 175 0.98 0.60 2.14 

460 173 0.97 0.60 2.14 

455 169 0.95 0.60 2.14 

450 165 0.92 0.60 2.14 

445 159 0.89 0.60 2.14 

440 144 0.81 0.60 2.14 

435 141 0.79 0.60 2.14 

430 137 0.77 0.60 2.14 

425 127 0.71 0.60 2.14 

420 109 0.61 0.60 2.14 

415 83 0.47 0.60 2.14 

410 64 0.36 0.60 2.14 

405 43 0.24 0.60 2.14 

400 27 0.15 0.60 2.14 

395 18 0.10 0.60 2.14 

390 6 0.03 0.60 2.14 

385 1 0.01 0.60 2.14 

a Potential versus SCE in 0.5 M KC1 medium into 5 x 10^ M Pb(N03)2. 
b Charge under the stripping curve (Region JKL, Figure 7). 
c Surface coverage. 
d Electrochemical surface area. 
e Roughness factor. 
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stripping charge (Q), the fractional lead coverage (e), the 

electrochemical surface area (ESA), and the roughness factor (R) 

obtained for this system. The ESA in cm2 represents the surface area 

11 Seen .. by the Pb deposited on the electrode surface. The roughness 

factor (R) represents the ratio of the electrochemical electrode surface 

area to the geometric surface area of ca. 0.28 cm2. 

Figure 8 shows an example of fractional Pb coverage as a 

function of potential. The shaded regions correspond to various 

submonolayer coverages. The potentials at which these submonolayer 

amounts exist are -0.400, -0.440, -0.455, and -0.470 V, for Figure 8 A, 

B, C, and 0, respectively. A potential of -0.470 V corresponds to a 

full monolayer, e = 1.00. The anodic charge (Q) value of the monolayer 

stripping wave is 178 ~C. At a potential of -0.455 V, the corresponding 

fractional coverage is 0.89. At a potential of -0.440 V, the fractional 

Pb coverage is 0.49. At a potential of -0.400 V, the fractional 

coverage is 0.15. Figure 9 shows the fractional Pb coverage as a 

function of potential, which is plotted from the data in Table 2. 

Once the charge (Q) and fractional coverage (e) are obtained, 

the parameters known as electrochemical surface area (ESA) and roughness 

factor (R) can be calculated. The ESA is obtained by taking the ratio 

of the anodic charge (Q) to the product of the fractional Pb coverage 

(e) times 310 ~C cm-2. The value of 310 ~C cm-2 was reported by 

Dickertmann ·and coworkers [77] to be the total charge passed when a full 

monolayer of Pb is deposited on a Ag electrode. 
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The PRC Process 

Due to the critical importance of the SERS response on the ORC 

in halide media [48], the following parameters were examined: 

reproducibility of the electrode polishing procedure, reproducibility of 

the electrode roughening during the ORC, electrode area increase as a 

function of charge passed during the ORC, and ORC potential dependence 

as a function of the nature of the electrolyte. 

Before each electrochemical and SERS experiment, the Ag 

electrode was mechanically polished to a mirror finish. This step 

represents the very first in a series of electrode surface pretreatment 

steps; hence, the importance of the reproducibility of this procedure. 

By comparing the values of ESA obtained in a series of ten experiments 

in 0.5 M KC1 and 5 x 10-3 m Pb(N03)2, ^ was found that the average 

deviation for the polishing procedure was _+ 8.5%. The reproducibility 

of the roughening procedure from an ORC in 0.5 M KC1 was analyzed by 

statistically comparing the roughness factor (R) obtained in a series of 

ten experiments in the solution described above. The average deviation 

was found to be +_ 7.4%. Therefore, deviations in SERS intensities 

resulting from differences in the electrode surface preparation total 

ca. 16%. 

Figure 10 presents the increments in electrode surface area 

obtained in the same Pb(II)/Cl_ solution described above as a function 

of charge passed during the ORC in 0.5 M KC1. These data show that the 

relation between the amount of charge passed during the ORC and the 

increment in the ESA is linear within a 7.4% average deviation. 
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Fig. 10 Electrochemical surface area roughness factor as a function of 
charge density passed during the ORC. 



Table 3 gives the values of the potentials at which the various 

processes occur as the medium is varied. The potential region at which 

an ORC occurs in different electrolyte media is an indication that 

factors such as the solubility of the Ag+-electrolyte pair plays an 

important role in the kinetics of the ORC process [48], e.g. the 

oxidation of Ag in Br- starts at a more negative potential than the 

oxidation in perchlorate media. 

Shown in Figure 11 are the normalized SERS intensities of the 

v(Ag-Cl) at 240 cm-1 obtained as a function of charge density passed 

during the ORC. A maximum SERS intensity is obtained at ca. 18 mC cm"2. 

This intensity-charge density behavior is in accordance with that 

reported by Van Duyne [76] in which a maximum SERS intensity was 

observed at 20 to 30 mC cm~2. Therefore, the optimum ORC condition 

to obtain maximum SERS intensities is a charge density of 20 mC cm_2. 

The Underpotential Deposition of Pb on Ag 

All the SERS data presented in this thesis were obtained in 

potential regions where AICA and UPD occur. The values of potentials 

in these two regions depend on the nature of the electrolyte. 

Table 4 is a summary of the potential values corresponding to the 

points A through J in Figure 7 as a function of electrolyte anion. 

Table 5 presents the potential regions at which AICA, UPD, and bulk 

deposition take place. Also shown in Table 5 are the potential 
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Table 3. ORC potentials as a function of electrolyte anion. 

E, (Volts) vs SCE 
% 

Aa B C D F Recovery 

0.05 M KC1 -0.200 +0.100 +0.250 +0.075 -0.175 92 

0.5 M KC1 -0.200 +0.040 +0.065 +0.010 -0.050 98 

0.5 M KBr -0.300 -0.110 -0.070 -0.125 -0.240 98 

1.0 M NaC104 -0.200 +0.350 +0.500 +0.475 +0.430 60 

0.5 M KI -0.450 -0.280 -0.240 -0.390 -0.420 98 

a See Figure 5 for definition of potential regions. 
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Fig. 11 SERS intensity of v(Ag-Cl) as a function of charge density 
passed during the ORC. 
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differences between monolayer and bulk peaks corresponding to the 

deposition and stripping processes for each electrolyte anion. These 

electrochemical data suggest that the potential conditions for the SERS 

experiments will vary with the electrolyte anion. For example, in the 

AICA region, SERS spectra were acquired at potential intervals of 0.025 

V. This potential increment was chosen, because in this region, no 

significant changes in surface morphology occur at the electrode. In 

the UPD region, SERS spectra were acquired at potential intervals of 

0.005 V, because the surface coverage by Pb increases very rapidly in a 

narrow potential region. 

As mentioned above, the scan rate at which these data were 

obtained for all the SERS and electrochemical experiments was 0.010 V 

sec~l. This scan rate was chosen, because it minimizes the contribution 

of double layer charging to the current response [78]. Tables 4 and 5 

present the Pb deposition data obtained at a constant Pb(N03)2 

concentration of 5 x 10~3 M with a deviation for each potential value of 

+_0.007 V. As can be seen from these data, the nature of the 

electrolyte influences the electrochemical behavior of the monolayer and 

bulk Pb deposition processes. The potential differences between 

monolayer and bulk maximum anodic currents indicate that the strength of 

the electrolyte interaction with the Ag surface and Pb(II) in solution 

increases in the order C104~<C1~<Br". This is same energy of 

absorption of these anions found by Kolb [67] on a Hg electrode. 



Table 4. UPD potenti al positions 
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as a function of electrolyte anion. 

-E, (Volts) vs SCE 

A C F G H J 

0.5 M KC1a 0.200 0.440 0.550 0.600 0.500 0.400 

0.5 M KBra 0.250 0.470 0.560 0.600 0.505 0.440 

0.5 M NaC104a 0.200 0.400 0.555 0.600 0.480 0.325 

a 5 x 10"4 M Pb(NO3)2 
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Table 5. Potential regions in 5 x 10 -4  M Pb(N03)2 as a function of 
0.5 M electrolyte anion. 

AICA 

NaClO4 

KC1 

KBr 

-E, (Volts) vs SCE 

UPD BULK 

0.370-0.420 

0.400-0.480 

0.430-0.500 

A E p , ( V )  A E p , ( V )  
Deposition Stripping 

0.155 0.155 

0.110 0.100 

0.090 0.085 

0.070-0.400 

0.200-0.410 

0.485-0.600 

0.490-0.600 

0.510-0.600 



Spectroscopic Conditions for SERS 

All SERS spectra shown here were acquired using the 5145 A Ar+ 

laser excitation line. Each spectrum represents a single scan. The three 

electrode spectrochemical cell was illuminated by the laser at an 

optimum angle of 60° [79] with respect to the normal of the Ag surface. 

Focusing of the scattered light is accomplished through two collecting 

mirrors. The shape of this focused scattered light beam is shown in 

Figure 12. 

A summary of the general spectroscopic conditions used to obtain 

SERS spectra is shown in Table 6. Two spectral regions were examined: 

50 to 300 cm~l, and 2800 to 3800 cm~l. The low frequency region was 

examined, because it is in this frequency window that the metal-ligand 

interaction can be observed. In the high frequency region, the SERS of 

interfacial water is obtained. 

In the low frequency region (50-300 cm -l), the laser power on 

the sample was 150 mW. The slit settings were 400 pm for the 

entrance and exit slits, and 480 ym for the middle slits. This 

corresponds to a spectral bandpass of 4 cm~l at 5145 A. The scans were 

taken with frequency increments of 0.5 cm_l and an integration time of 

0.5 sec. In this low frequency region, the tailing of the Rayleigh line 

can obscure some vibrational bands. This effect is evident in the Ag-Br 

stretching vibration at 170 cm -* obtained from a solution containing 

0.5 M KBr as shown in Figure 13. In order to improve the resolution of 

this band. Spectrum A was subjected to a digital subtraction from 



Table 6. Spectroscopic conditions for SERS. 

Frequency 
Region 
(cm-1) 

50 to 300 

3000 to 3800 

Laser 
Power Slits, (pm) 
(mW) Si . S2 s3 S4 

150 400 480 480 400 

200 600 Open Open 600 

Frequency 
Increments 

(cm 1) 

0.5 

Integation Background 
Time Subtraction 
(Sec) 

0.5 Yes 
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Fig. 12 Focus of the scattered light from the Ag surface. 
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260 

Fig. 13 Background digital subtraction in SERS. 

A) Spectrum of 0.1 M KBr on a roughened electrode. 
B) 0.1 M KBr on a smooth electrode. 
C) A - B, E = -0.200 V; pH = 5.5. 



spectrum B, which was obtained in Br" media with a smooth electrode. The 

resulting spectrum C demonstrates a better resolution for the v(Ag-Br) 

band than the one observed before the subtraction. 

In the high frequency region (2800-3800 cm"*), the laser power 

at the sample was ca. 200 mW. The slit settings were 600 pm for the 

entrance and exit slits, and the middle slits were kept open. These 

settings correspond to a spectral bandpass of ca. 6 cm -1  at 5145 A. 

The scans were taken with increments of 2.0 cm-1 and an integration time 

of 0.5 sec. The spectra acquired in this region were not subjected to 

any background subtraction. 

All the spectra taken in both frequency regions were subjected 

to a Savitzky-Golay 5 point smoothing operation [80]. The SERS inten

sities reported here were obtained by measuring the area of the band 

using a straight line baseline as the spectral background. An example 

of a SERS area measurment is represented by the shaded area in Spectrum 

C of Figure 13. The digital subtraction, smoothing operation, and area 

integration are functions of the Spex Datamate microcomputer. 

Spectral Condition for SERS of H2O 

The spectra obtained in the low frequency region were acquired 

with a distance between the Ag working electrode and the spectrochemical 

cell window of 3-5 mm. However, when this electrode-window distance 

is used in the high frequency region (2800-3800 cm-1), the Raman 

response of bulk water obscures any interfacial signal between 3000 cm-l

and 3600 cm -1. The bulk response is shown as Spectrum A of Figure 14. 



43 

NO ORC NOORC 

® 

3495 cm"'' 
1 

3200 3400 3600 3200 

cm"^ 

3400 3600 

Fig. 14 SERS of bulk and surface water. 

B = bulk water SERS response, D = surface water SERS response, A 
and C, smooth electrodes, B and D, roughened electrodes, 
A and B, electrode at ca. 5 mm from cell window, C and D, 
electrode on the cell window, E = -0.200 V. 



This response was obtained on a smooth electrode surface in 0.5 M KCl. 

Spectrum B was obtained after an ORC in KCl at the same electrode-window 

distance. Comparison of Spectra A and B shows that no significant 

change in the intensity and position of the bands occurs before and 

after the ORC. When the working electrode is pushed against the window, 

the bulk water spectral response is eliminated as shown in spectrum C of 

Figure 14. This spectrum was also obtained in 0.5 M KCl on a smooth Ag 

electrode surface. Spectrum D was obtained with this experimental 

set-up after an ORC. A band at 3495 cm~l now appears in the 

spectrum. This band has been previously assigned as the SERS signal of 

H2O adsorbed at the Ag electrode surface [38], The potential values at 

which the SERS of H2O was examined were set by separating the electrode 

from the cell window (ca. 5mm), setting the potential required, and 

pushing the electrode against the cell window again. This method 

allowed accurate measurements of the SERS of H2O as a function of 

potential and fractional Pb coverage. 



CHAPTER 3 

RESULTS AND DISCUSSION 

SERS Behavior of Adsorbed CI~ and Br~ 

The Raman spectrum of a polished Ag electrode in 0.5 KC1 at as 

potential of -0.200 V versus SCE is shown in Figure 15. This spectrum 

shows only the tailing of the Rayleigh line with no other signals due to 

the interaction of CI" with the Ag surface. It is known, however, that 

anions such as CI", Br-, I -, and SCN~ are specifically adsorbed on 

electrode surfaces at potentials positive to the potential of zero 

charge (PZC) of the metal electrode [53], Bode and coworkers [81] have 

reported that the PZC of Ag in 0.1 M CI" and Br -  is -0.62 and -0.78 V 

versus NHE, respectively. Therefore, at this potential of -0.200 V, CI" 

is specifically adsorbed at the Ag surface. 

The lack of a Raman signal due to the Ag-Cl interaction in the 

spectrum shown in Figure 15 can be explained by the fact that the normal 

Raman scattering cross sections of species at the electrode-solution 

interface are very weak. In order to enhance these Raman signals, the Ag 

electrode has to be electrochemically roughened through an 0RC process 

[46,48,82,83] in halide media. This enhancement mechanism is known as 

surface enhanced Raman scattering (SERS). The proposed parameters that 

50 
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NO ORC 
E= -200 mV 

280 180 80 

cnrH 

Fig. 15 Raman spectrum of a polished Ag electrode in CI" media. 

0.5 M KCl. E = -0.200 V. 
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give rise to SERS have been examined in the first chapter of this 

thesis. 

After the Ag electrode has been oxidized and reduced through an 

ORC such as the one shown in Figure 6, the spectra presented in Figure 

16 were obtained in different halide media. Spectra A through C 

represent the SERS response of the roughned electrode surfaces in 0.5 M 

KC1, KBr, and KI, respectively. Spectrum A shows a band at 240 cm -1  

due to the Ag-Cl stretching vibration for specifically adsorbed CI- at 

the Ag surface. Spectrum B shows a band at ca. 170 cm-1 due to 

v(Ag-Br), and C shows a band at ca. 118 cm-1 due to v(Ag-I). Reported 

values for the Ag-X frequencies are: 240 cm"l for v(Ag-Cl) [32,33], 170 

cm -1  for v(Ag-Br) [33] and 120 cm -1  for v(Ag-I) [34]. The frequency 

differences between these halides varies as predicted with the atomic 

weight according to Hooke's Law [84], Although I" is a very strong 

adsorbate, it could not be considered for further study because of its 

poor electrochemical behavior in the presence of Pb(II). 

The potential dependence of the 240 cm -1  and 170 cm"1 band 

intensities is shown in Figure 17. The potential region examined lies 

between -0.200 and -0.900 V. This region was chosen, because the PZC of 

Ag in CI" and Br -  media are within this potential range. The halide 

concentration is 0.5 M for both KC1 and KBr. The bands due to v(Ag-Cl) 

and v(Ag-Br) decrease in intensity as the potential is made more 

negative. The v(Ag-Cl) band is not detectable at potentials equal to or 

more negative than -0.450 V. The v(Ag-Br) band is not detectable at 

potentials equal to or more negative than -0.850 V. 



Fig. 16 SERS spectra of specifically adsorbed halides at a roughened Ag 
surface. 

A) v(Ag-Cl), 240 cur*, E = -0.200 V. 
B) v(Ag-Br), 170 cm-1, E = -0.200 V. 
C) v(Ag-I), 118 cm -1, E = -0.300 V. Concentration of CI", Br
and I", 0.1 M. 
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Fig. 16 SERS spectra of specifically adsorbed halides at a roughened Ag 
surface. 
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Fig. 17 SERS intensity-potential dependence of the v(Ag-Cl) and v(Ag-Br) 
bands in 0.1 M X" (X = CI",Br"). 
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The decrease in SERS intensity as a function of electrode 

potential is associated with the desorption of the halide ions. 

However, Weaver and coworkers [78,85] have shown using differential 

capacitance measurements that CI" surface coverage is on the order of 

60% at a potential of -0.200 V versus SCE, and it decays to 5% at a 

potential of -1.00 V. Br" coverage of 100% was found by these authors at 

a potential of -0.200 V and also decays to 5% at -1.400 V. These 

data suggest that CI" and Br" remain adsorbed on the Ag surface up to a 

potential of -1.000 V for CI" and -1.400 V for Br". Therefore, other 

parameters must be involved in the decrease in SERS intensities as a 

function of potential. This behavior can be explained in terms of 

surface "active sites" or adatoms. Assuming that the same number of 

adatoms are created during an 0RC in Cl~ and Br- media, both halides 

should occupy these sites to the same extent. As the potential is made 

less positive with respect to the PZC, the halides tend to be desorbed 

from these adatoms. CI" will be desorbed from these sites before Br -, 

because its strength of adsorption on Ag is less than that of Br -. 

Desorption of the CI" and Br" from the active sites results in a loss of 

SERS signal. However, small amounts of CI" and Br" still remain at the 

electrode surface at potentials more negative than the point at which 

the SERS signal is lost. By comparing the SERS data with the surface 

coverage data reported by Weaver [78], it was determined that at an 

approximate coverage of 40% for both halides, the v(Ag-Cl) and v(Ag-Br) 

bands are no longer detectable. 



It is also observed that the bands due to v(Ag-Cl) and v(Ag-Br) 

shift to lower frequencies as a function of potential. In the case of 

v(Ag-Cl), the shift is from 240 cm"* to 190 cm -* between -0.200 and 

-0.400 V. For v(Ag-Br), the shift is from 170 cm"* to 150 cm -1  between 

-0.200 and -0.800 V. Such frequency shifts as a function of potential 

have been observed previously in CI -  and Br- media [85], and have been 

attributed to a change in the polarization of the anion adsorbed at the 

Ag electrode surface with a change in potential [86], 

Figure 18 presents the SERS intensities of the v(Ag-Cl) and 

v(Ag-Br) as a function of halide concentration at a constant potential 

of -0.200 V versus SCE. The concentration range examined for CI -  and 

Br -  was between 5.0 x 10~4 M and 2.0 M and is denoted in log units on 

the plot. The surface roughening for the CI" experiments was conducted 

in a 0.01 M KC1 solution in an electrochemical cell. The electrode then 

was placed in the spectrochemical cell containing the solution at the 

CI" concentration required for SERS acquisition. For the Br" 

experiments, the surface roughening was obtained in 0.01 M KBr in an 

electrochemical cell, and then the electrode was placed in the 

spectrochemical cell containing the solution at the Br" concentration 

required for SERS acquisition. Both bands increase in intensity 

indicating an increase in halide surface coverage as a function of 

halide concentration. The rise in intensity for Br" is greater than 

that for CI". This feature is due to the greater strength and extent of 

adsorption of Br -  relative to CI- at a Ag electrode surface. 
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Fig. 18 Halide concentration dependence of the SERS intensity of the 
v(Ag-Cl) and v(Ag-Br) bands. 
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Anion-Induced Cation Adsorption 

Earlier studies from this laboratory on the effect of under-

potential ly deposited Pb on the SERS of pyridine and CI" at Ag 

electrodes demonstrated that when Pb(II) is present in solution, the 

intensity of the v(Ag-Cl) band at 240 cm -1  increases in intensity 

with respect to that observed in the absence of Pb(II). This is shown 

in Figure 1 in the Introduction to this thesis. In contrast to this 

behavior, the SERS intensity for adsorbed pyridine decreases in the 

presence of Pb(II) relative to that observed in the absence of Pb(II) 

[29]. Although it has been observed that the 240 cm"* band is 

stabilized by the presence of pyridine [32,34], this effect does not 

account for the large (two fold) increase in the SERS intensity, in the 

presence of the metal cation. Therefore, Pb(II) in solution must have a 

marked effect in the CI" interaction with the Ag electrode surface. 

It is known that certain metal cations such as Pb(II), Zn(II), 

T1(I), In(III), Hg(II), and Cd(II) are adsorbed at foreign metal 

substrates, e.g. Hg, in the presence of CI", Br -, I", and NCS" 

[55-56,58-65,87-90]. This process is known as anion-induced cation 

adsorption (AICA), and occurs at potentials positive of the reduction of 

the metal cation and negative of the oxidation of the metal electrode. 

The AICA potential region is shown schematically in Figure 2. In the 

case of Pb(II), it is known that CI", Br", and I" induce its adsorption 

at Hg electrodes [54,55,60-65,87] as Pb(11)/X- complexes. The SERS 
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studies reported here were performed on a Ag electrode surface. 

However, for purposes of interpretation it is assumed that similar AICA 

behavior to that observed at Hg will be observed at Ag for Pb(II)-halide 

species. 

The proposed adsorption mechanisms for halide-induced Pb(II) 

adsorption are shown in Figure 19. These adsorption models have been 

proposed on the basis of chronoamperometric and chronocoulometric 

measurements [60,61], Mechanism A suggests that a neutral molecule in 

solution is adsorbed at the electrode surface either perpendicular to 

the surface or forming a linear polymer layer parallel to the surface 

[60-62], Mechanism B involves the adsorption of a complex anion at 

the surface through a specifically adsorbed halide [54], The large 

increase in the intensity of the 240 cm"* band in pyri di ne/Cl~/Pb(11) 

media could be explained by the fact that Pb(II) undergoes AICA at the 

Ag electrode. This process, in turn, would directly affect the SERS 

response of the Ag-Cl interaction by pulling more CI" to the 

electrode-solution interface. As a result of this process, the halide 

would cover the surface "active sites" to a greater extent and give rise 

to an increase in the 240 cm"l intensity. The data reported here 

reflect detailed studies designed to understand AICA of Pb(II) at Ag 

electrodes in CI" and Br* media. 

pH Effects 

Figures 20 and 21 show the SERS spectra obtained in the absence 

(Spectrum B) and presence (Spectrum A) of 5 x 10"^ M Pb(11) in solutions 
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Fig. 19 Halide-induced Pb(II) adsorption mechanisms, 

A) Adsorption of a neutral molecule. 
B) Adsorption of a complex anion. 
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Fig. 20 SERS spectra of the low frequency region in the absence and 
presence of Pb(II)/Cl". 

A) 5 x 10-3 n Pb(II), 0.1 M CI". 
B) 0.1 M CI". 



>» 
• ' 

i/i 
r: 
fl> 

1 
-E = 200 mV 

"V 118 crrf* _ i 
^ 1 3 5 c m  

pH = 5.5 

163 crrf* 

1/OcnH. 

i 

80 180 280 

cm"1 

Fig. 21 SERS spectra of the low frequency region in the absence and 
presence of Pb(II)/Br_. 

A) 5 x 10"3 M Pb(II) , 0.1 M Br". 
B) 0.1 M Br". 



containing 0.5 M KC1 and KBr, respectively, at a potential of -0.200 V, 

and a pH of 5.5. Spectra B in both figures show that Ag-X vibrations at 

240 cm~l for CI" and 170 cm -* for Br". Spectra A in both figures show 

an increase in the intensity of the v(Ag-X) band with respect to spectra 

B. Furthermore, the v(Ag-X) bands are shifted to lower frequencies in 

both cases. The 240 cm_l band is observed at 238 cm-1 in the presence 

of Pb(II). The 170 cm -* band is observed at 163 cm -l in the presence of 

Pb(II). Also evident in the spectra in the presence of Pb(II) are two 

new bands at 118 cm-1 and 135 ctn-1 in both halide media. When the pH of 

the Pb(II)/CI~ and Pb(II)/Br~ solutions is lowered to 3.0, the bands 

at 118 cm~l and 135 cm"l disappear, as seen in the spectra of Figure 22. 

However, the bands at 238 cnrl (Spectrum A) and 163 cm -* (Spectrum B) do 

not change with respect to those obtained at a pH of 5.5. 

Spectra C in Figures 23 to 26 are the result of the digital 

subtraction of spectra B, obtained in 0.5 M KX (X=Cl -,Br~) media, from 

spectra A, obtained in 5 x 10~4 M Pb(II)/0.5 M KX media. All spectra 

were obtained at a potential of -0.200 V. The digital subtraction 

process eliminates the contribution of the pure v(Ag-X) vibration to the 

238 cm~l and 163 cm-1 bands. The resulting Spectra C from Pb(II)/Cl~ 

media at a pH of 5.5 (Figure 23) and at a pH of 2.5 (Figure 24) show a 

new band at ca. 233 cirri. The spectra C from Pb(II)/Br— media at a pH 

of 5.5 (Figure 25) and at a pH of 2.5 (Figure 26) show a new band at 

157 cm-1. Electrochemical evidence for halide induced Pb(II) adsorption 

at pH values of ca. 2.0 [60] and 5.0 [87] has been reported previously. 
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Fig. 23 SERS digital subtraction for a Pb(II)/Cl" system at a pH of 5.7. 

A) 5 x 10-3 m  Pb(II), 0.1 M CT. 
B) 0.1 M CI". 
C) A-B. 
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Fig. 24 SERS digital subtraction for a Pb(11)/CI~ system at a pH of 2.5. 

A) 5 x 10"3 M Pb(II), 0.1 M CI". 
B) 0.1 M CI". 
C) A-B. 
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Fig. 25 SERS digital subtraction for a Pb(II)/Br" system at a pH of 5.5. 

A) 5 x 10-3 m Pb(II), 0.1 M Br-. • 
B) 0.1 M Br-. 
C) A-B. 
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Fig. 26 SERS digital subtraction for a Pb(II)/Br -  system at a pH of 2.5. 

A) 5 x 10-3 m  Pb(II), 0.1 M Br-. 
B) 0.1 M Br". 
C) A-B. 



Therefore, it is assumed that the spectral response of a Pb(II)-halide 

species at the electrode surface should be observed at either pH value. 

Unfortunately, the bands at 233 cm"1 and 157 cm"* cannot be 

unequivocally assigned to v(Pb-Cl) and v(Pb-Br) vibrations, 

respectively. An equally attractive assignment for these bands is that 

they represent v(Ag-X) vibrations for surface CI" and Br -  species which 

are also interacting with Pb(II) species. No experiments to distinguish 

between these alternate explanations could be designed during the course 

of these studies. 

As was mentioned above, the bands at 118 cm -1  and 135 cm"* 

obtained in both Pb(II)/Cl" and Pb(II)/Br~ media are only observed when 

both Pb(II) and halide are present in solution at slightly acidic pH. 

The frequency of these bands is identical in either halide medium. 

Furthermore, these bands cannot be observed at more acidic pH values. 

The similar behavior of both bands under different solution conditions 

suggests a close relationship in the composition of the surface species 

that give rise to these vibrations. The known behavior of Pb(II) in 

aqueous solution, which is discussed further in Appendix 1, is that the 

metal cation is extensively hydrolyzed in water. Under slightly acidic 

conditions, e.g. pH 5.5, a series of [Pbn0Hm]2n-m soluble complexes can 

form [88,89]. Figure 27 shows the superposition of normalized SERS 

intensity of the 118 cm"l and 135 cm -1  bands as a function of pH on the 

fractional hydroxolead(II) complexation values. It is observed that the 

intensity behavior of both bands best mimics the alpha values 
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Fig. 27 SERS intensity-pH dependence of the 118 cm -* and 135 cm -1  bands 

in Pb(11)/X~ (X = CI",Br") media. 

These data are superimposed on the fractional Pb(II) hydrolysis 
complexation. Solution conditions: 5 x 10"3 M Pb(II), 
0.1 M CI" and Br". 
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corresponding to the higher order hydroxolead(II) complexes. It is 

difficult to exactly define the hydroxolead(II) complexes giving rise to 

the observed signals. The comparison in Figure 27 between the solution 

behavior of Pb(II) and the surface response is not meant to suggest that 

the SERS bands are assigned to any specific hydroxolead(II) form. Rather, 

the comparison is made to reflect the fact that soluble hydroxolead(II) 

complexes appear to have an effect on the nature of the surface species 

giving SERS bands at Ag in Pb(II)/X~ media that is sensitive to pH. 

Previous Raman studies of soluble polynuclear hydroxolead(II) 

complexes have shown that compounds such as [Pb40H4]^+, CPbgOHsl^4"» 

Pb6Cl4(0H)8, Pb8Cl4(0H)i2» and 3PbO.H20 exhibit vibrations in the region 

between 90 to 150 cm~l [89,90]. These spectroscopic observations and 

the results shown above for the pH-intensity behavior corroborate the 

proposed suggestion that the SERS bands of 118 cm_l and 135 cm -1  could 

be due to polynuclear hydroxolead(II) complexes present at the electrode 

surface. Further evidence is found in vibrational studies of 

polynuclear complexes carried out by Maroni and coworkers in which 

vibrational modes in the region between 120 cm -1  and 144 cm~l were 

calculated and observed for [PbgOHs]^ species in solution [91]. Spiro 

and coworkers [92] reported the existence of another type of polynuclear 

hydroxolead(II) species which was synthesized by dissolving PbO in 

concentrated perchloric acid and precipitating with the addition of 

NaOH. The X-ray analysis of this precipitate indicated a structure of 

Pbg0(OH)6(CI04)4. It is thought that this species forms from a solution 
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matrix of [PbgOHs]^. The Raman spectrum of this compound shows a band 

at 141 cm -1  which is attributed to a Pb-0 strech [92]. A similar 

assignment has been made in Raman studies of corrosion products on lead 

electrodes from halide media [93], In these studies, a band observed at 

142 cm"* was assigned to a Pb-0 vibration. This assignment was 

corraborated by obtaining the Raman spectrum of a solid PbO sample which 

shows a sharp band at 149 cm"l. This spectrum is presented in Figure 

53.A in Appendix 2. 

Figure 28 shows the Raman spectra of the solids obtained by 

dissolving PbO (ca. 0.1 gr) in 20 mL of HNO3 (20% by volume) and then 

precipitating with a solution containing either 0.5 M KC1/1.0 M KOH 

(Spectrum A) or 0.5 M KBr/1.0 M KOH (Spectrum B). The final pH of the 

solutions was 10 to 11. Spectrum A corresponds to the precipitate 

obtained from CI" media and shows a band at 145 cm -1. The precipitate 

obtained from Br" shows a band at 137 cnr*, and it is presented in 

spectrum B. The only difference between these two precipitates and the 

one obtained by Spiro [50] is the presence of Cl~ or Br -  in solution 

instead of CIO4" ions. The spectra of these solids are similar to the 

SERS spectra obtained at Ag in Pb(II)/Cl" and Pb(11)/Br~ media. This 

similarity lends further credence to the assignment of the surface 

adsorbates as hydroxolead(II) species at slightly acidic pH. 

In summary, the SERS bands at 118 cm -1  and 135 cm-1 observed in 

Pb(II)/Cl_ and Pb(II)/Br- media appear to be directly related to the 

presence of polynuclear hydroxolead(II) halide complexes at the 
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Fig. 28 Raman spectra of the solid obtained from the basic precipitation 

of a Pb( 11)/X" (X = CI",Br") media. 

A) Precipitate obtained from 5 x 10~3 M Pb(II), 0.1 M CI " 
B) Precipitate obtained from 5 x 10~3 M Pb(II), 0.1 M Br - CO 



electrode-solution interface. Whether or not these two bands arise from 

one or two species cannot be determined at this time. The 135 cm"* 

signal probably corresponds to a Pb-0 vibration which may or may not be 

part of the same molecule that gives rise to the 118 cm -* band. An 

example of a species that would be expected to give two bands is 

Pb60(OH)6X4. 

It was also proposed previously that the bands obtained by 

digital subtraction at 233 cm"l in Pb(11)/CI~ media and 157 cm~l in 

Pb(II)/Br~ media represent the contribution of the Pb(II) that has 

undergone AICA through one or more halide ions at the Ag surface. To 

the author's knowledge, the halide-induced Pb(II) adsorption at Hg 

electrodes has been characterized mostly in acidic media. As a result, 

no well-defined thermodynamic adsorption model exists that explains the 

role that polynuclear hydroxolead(II) halide complexes play in the AICA 

process. Evidence for the importance of these species in Pb(II)-halide 

media does exist in the literature, however, in a study of the 

electrochemical behavior of Pb electrodes in HC1 and NaCl solutions. 

Barradas and coworkers found that, at pH values of 6.5, Pb(0H)Cl can 

be formed at the electrode surface [94]. Cyclic voltammetry data also 

indicated that an indeterminate number of hydrolyzed complexes can be 

present at the surface, despite the identification of only Pb(OH)CI by 

X-ray powder diffraction as the surface species. 



Concentration Effects 

According to the observations made by Sluyters-Rehbach and 

coworkers [62], the anion induced adsorption model proposed by Barclay 

and Anson [54] is no longer applicable at large ratios of Pb(II) to 

CI" concentration. Surface excess data obtained by Barclay and Anson 

in 7 X 10~4 M Pb(11)/0.1 M CI" media as a function of potential show a 

linear relationship with a zero intercept between surface coverage and 

increasingly positive potential. These data led the authors to propose 

adsorption Model B in Figure 15 which is a coordinative mechanism 

between PbCl3- in solution and a chemisorbed CI" giving a PbCl^- surface 

species. This proposition was supported by the following argument. If 

the solution species responsible for forming the surface species is 

neutral, as observed for other metal cations [58], the anion at the 

surface would be the resulting PbCl3". However, the formation of the 

trichloro lead complex from the dichloro lead complex is 

thermodynamically less favored than the formation of the tetrachloro 

lead complex from the trichloro lead complex by nearly 10 orders of 

magnitude (see Appendix 1). The capacitance results reported by 

Sluyters-Rehbach show that for Pb(II) concentrations greater than ca. 7 

x 10"4 M in 0.1 M halide media, the adsorption model proposed by Anson 

becomes the model suggested by Gross and Murray [60]. At these smaller 

CI" to Pb(II) concentration ratios, very little PbCl3- will form. 

Therefore, according to the Gross and Murray model, the neutral PbCl2 
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complex is present at the surface as either a perpendicular orientation 

or as a linear polymer layer parallel to the electrode. This model is 

shown as Mechanism A in Figure 19. 

Table 7 shows the normalized SERS intensities obtained in 0.1 M 

KC1 and KBr at a pH of 5.5 and a potential of -.200 V as a function of 

Pb(II) concentration. These results demonstrate that a maximum SERS 

intensity in both halide media is obtained at a Pb(II) concentration 

range of ca. 5 x 10~5 to 3 x 10"2 M. Below 5 x 10"5 M Pb(II) in 

either halide, no signals could be observed. At Pb(II) concentrations 

larger than 0.05 M, the solubility of Pb(II)/X" is exceeded. 

If the adsorption model proposed by Sluyters-Rehbach is 

considered to explain the SERS behavior of the 238 cm -l band in 

Pb(II)/Cl" media described above, the rearrangement of [PbCl4]^- into 

the neutral PbCl2» which occurs at values larger than 7 x 10-4 m 

[Pb(11)] [62], would indicate that the maximum SERS intensity is 

obtained in the concentration region where the surface exchange occurs. 

However, the 163 cm""l band obtained in Pb (11)/Br -  media shows a similar 

intensity behavior to the 238 cm-l band as a function of Pb(II) 

concentration. In Br -  media, the adsorbed Pb(II)/Bi— species has been 

reported to be a neutral molecule instead of the corresponding anion as 

in CI" media [60]. Based on the SERS results shown in Table 7, one must 

conclude that the adsorbed species is similar in CI" and Br -  media. The 

only common complex in both cases is the neutral molecule. Therefore, 

the model proposed by Murray is favored [60], Thus, the suggested 



Table 7. Normalized SERS intensities of the 238 cm"! and 163 cm"* bands 
as a function of Pb(II) concentration. 

[CI_](M) [Pb(II)] [X-]/[Pb(II)] 
Normalized 

SERS I 

0.1 5 X 10-5 2000 0.40 

0.1 5 X 10-4 200 1.00 

0.1 5 X 10-3 20 0.73 

0.1 5 X 10-2 2 0.39 

[Br -](M) 

0.1 5 X 10-5 2000 0.22 

0.1 5 X 10-4 200 0.60 

0.1 5 X 10-3 20 1.00 

0.1 5 X 

» 

O
 1 ro
 

2 0.15 



adsorbed complex should have a [PbXn]2"n composition that could be 

adsorbed as a linear layer or perpendicular to the surface. 

The variation of the SERS intensity as a function of Pb(II) 

concentration in CI" and Br" media suggests that a maximum intensity 

achieved when a monolayer coverage of [PbXn]2-n 1S reached. When the 

Pb(II) concentration is increased, the intensity decreases. This is 

perhaps due to formation of more than one [PbXn]2-n monolayer, which in 

turn, could alter the surface properties that give rise to SERS. 

Murray and Elliot [61] proposed that the [PbXn]2-n adsorption 

behavior depends on the halide concentration more than on the Pb(II) 

concentration. This proposal was based on the premise that the large 

surface excess for Pb(II) reflects the formation of a two-dimensional 

dense phase at the electrode-solution interface [60] which appears 

suddenly by means of surface precipitation of Pb(II) in Br -  and I -

media. The surface excess data examined over a range of halide 

concentrations yield a substantial decrease in the solubility of the 

same species in solution. This decrease in solubility is attributed by 

the authors to the theoretical consideration that the lowering in the 

surface energy through specific bonding of halides to the metal 

electrode would result in more stable crystal structures. Bond and 

Heffter [55] attribute this surface precipitation to the influence of 

electric fields on the oxide water interface. Surface precipitation is 

enhanced by the presence of high surface concentrations of adsorbed 
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ligands and anion-induced adsorption. This precipitation effect has 

also been observed for other sparingly soluble salts such as Co(N03)2 

and Ti(NO3)2 [95]. 

Figures 29 to 32 show the normalized SERS intensities of the 

signals obtained in Pb(ll)/X~ media as a function of halide 

concentration. These data were obtained in 5 x 10~4 M Pb(N03)2 at  a  

potential of -0.200 V. The halide concentration range was between 1 x 

10"4 M and 3.0 M. The concentration is presented in logarithm units in 

the figures. In order to standardize these measurements, the ORCs 

performed before each spectroscopic observation were done in a solution 

containing only 0.01 M halide in an electrochemical cell. The halide 

used for the 0RC process was the same as the one used in Pb(II)/X~ 

(X=C1~, Br~) solution in the spectrochemical cell. 

The normalized SERS intensities obtained in the presence of 

Pb(II) as a function of halide concentration are superimposed on the 

fractional Pb(II) complexation values (a) in the figures. These values 

were calculated using the formation constants for [PbCln]2_n and 

[PbBrn]2-n systems presented in Appendix I. The ag corresponds to the 

fraction of Pb(II) that is not complexed with halides. cq to 04 

correspond to the mono-, di-, tri-, and tetrachloride Pb(II) fractional 

complexation as a function of halide concentration. 

Graphs B and C in Figures 29 and 30 correspond to the 135 cm-1 

and 118 cirri bands obtained in CI- and Br- media, respectively, at a pH 

of 5.5. The intensity behavior of these bands as a function of halide 



Fig. 29 SERS intensity behavior as a function of CI" concentration of 
the 238 cm~l, 135 cm -* and 118 cm -1 bands. 

SERS intensity is superimposed on the fractional Pb(II)/CI~ 
complexation. ao» Pb(II) not complexed with CI", aj, PbCl+. 
a2, PbCl2• 03, PbCl3". a4, PbCl4

2". pH = 5.5. E = -0.200 V. 
5 x 10"3 M Pb(II). 
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Fig. 29 SERS intensity behavior as a function of CI" concentration of 
the 238 cm~l, 135 cm'l and 118 cm~l bands. 



Fig. 30 SERS intensity behavior as a function of Br" concentration of 
the 163 cm~l, 135 cm"^ and 118 cm~l bands. 

SERS intensity is superimposed on the fractional Pb(II)/Br~ 
complexation. c*o, Pb(II) not complexed with Br~. aj, PbBr+. 
«2» PbBi;2' a3» PbBr3". 04, PbBr42". pH = 5.5. E = -0.200 V. 
5 x 10"3 M Pb(II). 
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Fig. 30 SERS intensity behavior as a function of Br" concentration of 
the 163 cm~l, 135 cm~l and 118 cm~l bands. 
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Fig. 31 SERS intensity behavior of the 238 cm -1  band as a function of 
CI" concentration at pH of 5.5 and 3.5. 

SERS intensity is superimposed on the fractional Pb(11)/C1" 
complexation. «o> pb(H) not  complexed with C1-. c^, PbCl + . 
a2, PbC12* a3> PbCl3-. 04, PbC14^-. E = -0.200 V. 5 x 10-3 M 
Pb(II). 
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Fig. 32 SERS intensity behavior of the 163 cm -l band as a function of 
Br" concentration at pH of 5.5 and 3.5. 

SERS intensity is superimposed on the fractional Pb(11)/B r~ 
complexation. ao, Pb(II) not complexed with Br -, cq, PbBr"*". 
a2, PbBr2. 03, PbBr3". a4, PbBr42-. E = -0.200 V. 5 x 10-3 m 
Pb(II). 



concentration is similar in both halides. As can be seen from the data, 

the intensities of these bands best follow the monohalide fractional 

complexation or a\. Graph A in the same figures corresponds to the 238 

cm"l band in CI" and 163 cm~l band in Br~ media. The intensity-

concentration behavior of these two bands is also similar and closely 

follows the oq plot. 

The main difference between graphs B and C and graph A in the 

Figures 29 and 30 is that the intensities of the 135 cm_l and 118 cm_l 

signals go to zero at 1.5 M CI -  and 1.0 M Br -, respectively. In 

contrast, the intensities of the 238 cm~l and 163 cm~l bands only 

decrease in magnitude, but remain greater than zero at these halide 

concentrations. These observations can be explained by invoking the 

proposal made earlier that both the 135 and 118 cm-1 bands arise from a 

polynuclear hydroxolead(II) halide complex. The fact that both bands 

show similar intensity behavior regardless of the nature of the halide 

suggests that at higher halide concentrations, such a hydroxolead(II) 

halide complex may be displaced from the surface by the formation of a 

[PbXn]2-n layer. 

The SERS intensity behavior of the 238 cm~l and 163 cnr* bands 

as a function of halide concentration is shown in Figures 31.A and 32.A. 

These data were obtained at a pH of 5.5. Shown as Figures 31.B and 32.B 

are the intensity-halide concentration behavior of these bands at a pH 

of 3.6 where no signals at 118 cm -l and 135 cm~l are present. As can be 

observed from these data, the solution conditions play a significant 
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role in determining the optimal SERS response. In more acidic 

solutions, the maximum SERS intensities shift towards higher halide 

concentrations. At pH of 5.5, the intensities in CI" and Br" media best 

follow the oq values which correspond to the monochloride complex in 

solution. At a pH of 3.5, the intensity maxima of both bands now lie 

between the cq and a2 values. 

As mentioned above, the relationship between the Pb(II)/X" 

complexes in solution and species present at the surface is not direct. 

However, if one views the anion-induced adsorption process as a 

precipitation at the electrode-solution interface, the proposed 

two-dimensional crystal growth at the surface may be thought to be in 

equilibrium with the species in solution. If this is the case, then at 

pH 5.5, there is a strong possibility that the species adsorbing from 

solution are either PbX+ or Pb(0H)X. At pH 3.5, the adsorbing species 

are most likely PbX+ or PbX2. These three species are proposed based on 

the dependence of the SERS intensities on the halide concentration, and 

thus, the a values of these systems. Furthermore, all three of these 

species can be envisioned to be adsorbed to the surface through a 

specifically adsorbed halide ion or a coordinated halide ligand which 

can also adsorb to the surface according to the previously proposed 

models. 

Naraujan and Valsaray [96] have proposed a similar adsorption 

model for Pb(II) in Br- media at a Hg electrode by means of 

electrochemical surface excess data obtained as a function of Br-



concentration. These workers found that at a Br" concentration of 0.1 M 

and a Pb(II) concentration of ca. 5 x 10"^ M, the surface excess data 

exhibits a maximum. This maximum coincides with the maximum value of 

the cq plot for the Pb(II)/Bi— complexation system. At higher Br" 

concentrations, the surface coverage decreases. This is attributed to 

the transition from PbBr+ in solution to a PbBr2 species that has a 

smaller tendency to undergo anion-induced adsorption. Although the pH 

conditions used are not mentioned, it is possible that a Pb(0H)Br 

species could be contributing to the surface coverage as well, because 

in the cq plot, the hydroxide contribution to the PbBr+ cannot be 

detected. Murray [61] found a maximum surface coverage for a Pb(11)/Bi— 

system at a Br" concentration of ca. 1 x 10~4 M. Murray also observed a 

decrease in surface coverage at higher Br" concentrations which was 

attributed to the formation of a surface PbX£ layer at a pH of ca. 3.0. 

The SERS behavior of these systems as a function of pH, Pb(II) 

concentration, and halide concentration seems to indicate that the 

surface precipitation of [PbXn]2-n proposed in the literature [61,62] is 

the result of anion-induced adsorption. This surface precipitate could 

be formed at pH 5.5 by either the adsorption of PbX+ or Pb(0H)X in 

solution through a specifically adsorbed X". At a pH of 3.5, the 

surface precipitate could form by the adsorption of a coordinated ligand 

of the PbX2 species. Assuming the existence of the two dimensional 

[PbXn]2-n crystal at the surface, its "structure", which is dictated by 
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the solution conditions prevailing at the interface, does not appear 

similar to that of ordinary PbCl2 or PbBr£ on the basis of its 

vibrational spectroscopy [61]. This last observation has been 

corraborated by obtaining the Raman spectra of solid PbCl2 and PbBr2 

(see Appendix II). These spectra do not show that same bands observed 

in the SERS experiments of the surface precipitate in either halide 

media. This observation is not surprising in view of the drastic 

changes noted in SERS experiments for other adsorbates. 

Potential Effects 

Up to this point, all of the SERS behavior of the Pb(II)/X" 

systems examined has been reported for a constant potential of -0.200 V 

versus SCE. Shown in Table 8 are the normalized SERS intensities of 

the 118 cm -1, 135 cnrl, 163 cirri, and 238 cm -1  bands at a pH of 5.5, and 

the 163 cm"l and 238 cm" at a pH of 3.5, as a function of potential in 

the AICA potential region. The intensities of all bands decrease as the 

potential is made more negative. Barclay and Anson [54] and Caselli and 

Papoff [64] observed a similar decrease in Pb(II) coverage in CI" media 

as the potential was made less positive with respect to the PZC of the 

Hg electrode. It was based on these observations that the [PbCl/j]2" 

complex was proposed to be the adsorbed species in the AICA process. 

However, when the Pb(II) concentration is increased with respect to the 

one used by these workers and the [PbXn]2-n surface precipitate is 

formed, the Pb(II) coverage shows the same potential behavior [62]. The 



Table 8. SERS intensities as a function of potential in the AICA region in a 
Pb( II)/X" (X"=C1", Br") system. 

E,(Volts) vs SCE 118 cm-1 135cm-l 163acm -l 238acm-l 163bcm-l 238t>cm-l 

0.200 1.00 1.00 1.00 1.00 1.00 0.98 

0.250 0.80 0.92 0.95 0.90 0.83 1.00 

0.300 0.30 0.75 0.65 0.82 0.69 0.83 

0.350 0.00 0.62 0.54 0.48 0.55 0.54 

a pH = 5.5 

b pH = 3.5 

00 
00 



spectroscopic evidence shown in previous sections favors the formation 

of a two dimensional layer at the electrode-solution interface. 

Therefore, it is proposed that, in accordance with previous reports 

[60,62], the potential behavior of the species that give rise to the 

SERS signals observed in CI" and Br -  media is consistent with the AICA 

model. At more positive potentials, the X" adsorption is favored. 

Therefore, more Pb(II)/X" complexes in solution will be induced to be 

adsorbed at the surface. At negative potentials, the decrease in SERS 

intensity can be associated with the desorption of X" which will lower 

the induced-adsorption of Pb(II)/X~ complexes from solution. 

The fact that the all bands decrease in intensity at more 

negative potentials suggests that the species giving rise to these SERS 

signals are dependent on the presence of halide at the surface. The 

intensity-potential behavior of these bands suggests that the most 

halide-dependent species is the one that gives rise to the 118 cnrl 

band, because the intensity of this band goes to zero. In contrast, the 

other bands present only exhibit an overall intensity decrease of 

fifty percent. 

Band Assigments 

The 118 cm -1  signal is proposed to be due to a polynuclear 

hydroxolead(II) halide complex at the surface in which the halide is the 

bridge between the electrode and the rest of the molecule. This 

assignment is based on the pH behavior, Pb(II) concentration and halide 
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concentration effects, and potential dependence of the SERS intensity. 

The 135 cm"l band is proposed to be due to a Pb-0 stretch. This 

assignment is based on the Raman spectrum of solid PbO, the Raman 

spectra of the [Pb60(0H)g]X4 obtained in this laboratory, the pH 

dependence, Pb(II) concentration and halide concentration behavior, and 

the potential dependence of the SERS intensity. The 163 cm-1 and 238 

cm-1 bands are due to a Pb(II)/X" (X=C1~, Br") contribution to the 

v(Ag-X) feature for [PbXn]2-n existing as a two-dimensional layer. This 

assignment is based on the pH effects, halide concentration behavior, 

and potential dependence of the signals. The bands found by digital 

subtraction at 235 cm-1 jn ancj 157 cm-l in gr- may represent a 

Pb-X-Ag species at the electrode surface. It is impossible to determine 

at this point whether these bands represent a direct Pb-X stretch or 

simply represent a change in the Ag-X force constant as a result of the 

Pb-X bond. 

In summary, the presence of Pb(II) in CI" or Br -  media affects 

the surface species that give rise to SERS by halide-induced Pb(II) 

adsorption. This AICA process is critically affected by the solution 

pH. pH studies have shown that not only Pb-halide species are present 

at the surface, but also polynuclear hydroxolead(II) species. The 

concentration effects have shown a possible dependence of the complexes 

adsorbed at the surface on the solution equilibrium species. The 

intensity-potential behavior has shown a dependence of all the SERS 

bands on the presence of the halide ions at the electrode surface. 
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Underpotential Deposition 

Pure metal surface properties are known to play a central role 

in the SERS effect. Excitation profiles of Ag, Cu, and Au have shown 

that the surface electronic properties of each surface dictates the abi

lity of the metal to support SERS. At Ag, enhancement is observed 

throughout the visible region. At Cu and Au, the surface enhancement can 

only be observed in the red region of the visible spectrum [97]. These 

observations have shown that the SERS response of a metal is dictated by 

the surface optical properties that depend on the surface electronic 

band structure in contact with the electrode-solution interface. To 

study the role that these surface electronic properties have on the SERS 

response of certain metal surfaces, methods to systematically modified 

the surface properties have been implemented [29]. One such method is 

the underpotential deposition of submonolayer amounts of a foreign metal 

on the enhancing surface. 

Underpotential deposition (UPD) of metallic thin films is an 

approach which allows one to fabricate, in a controlled fashion, a series 

of surfaces whose properties vary systematically. This approach has 

been shown to be useful for monitoring the change in SERS ability of an 

enhancing metal when submonolayer amounts of a nonenhancing metal are 

underpotentially deposited in the presence of a Raman-active adsorbate 

probe. Earlier reports have shown that deposition of sub

monolayer amounts of a metal (e.g. Pb) onto a foreign metal substrate 

(e.g. Ag) at potentials positive to the reversible Nernst potential has 
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a quenching effect on the SERS response of adsorbates (e.g. pyridine) 

present at the metallic substrate [29,49,50,98]. 

Effect of UPD Pb on SERS 

Two types of enhancement mechanisms have been proposed to 

explain the SERS phenomenon. The two types of theories include classi

cal electromagnetic enhancement of the electric field at the interface 

and chemical enhancements arising from special chemical properties asso

ciated with the nature of the adsorbate-metal interaction. In general, 

the UPD process has been useful in attempting to study the SERS phenome

non in electrochemical systems, because it is an experimentally trac

table approach to the fabrication of a large number of surfaces with 

different properties. Pb UPD on Ag was chosen for study for several 

reasons. Pb submonolayer deposition from halide media occurs at poten

tials well separated from the bulk Pb deposition. Furthermore, Pb is a 

nonenhancing metal. A more detailed study of the UPD behavior of Pb on 

Ag in different electrolyte anions is presented in the experimental 

chapter of this thesis. 

Shown in Figure 33 are the SERS spectra obtained in 5 x 10 -3 M 

Pb(II) and 0.1 M CI" as a function of potential in the UPD region. 

The bands at 135 cm -* and 238 cm-l decrease in intensity as the 

potential is made more negative and Pb is deposited on the surface. 

This same behavior is observed for the 135 cm -* and 163 cm -l 

bands obtained in 5 x 10~3 M PB(II) and 0.1 M Br- shown in Figure 34. 

The band observed at 118 cnr1 in Pb(II)/X~ (X=C1", Br") media at a pH of 
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Fig. 33 SERS spectra of Pb(II)/C1" system as a function of potential in 
the UPD region. 

5 x IO"3 M Pb(II) and 0.1 M CI", pH 5.5. 
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Fig. 34 SERS spectra of Pb(II)/Br" system as a function of potential in 

the UPD region. 

5 x IO"3 M Pb(II) and 0.1 M Br", pH 5.5. 
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5.5 decreases in intensity to undetectable levels at a potential of 

-0.450 V, just prior to the UPD region. Therefore, the only obser

vable bands are 135 cm"* and 238 cm"* in Pb(II)/Cl" media and 135 cm"* 

and 163 cm"l in Pb(II)/Bi— media. It is observed from the above data 

that the band previously assigned to a v(Ag-Cl) at ca. 240 cm-1 can be 

detected at potentials more negative than -0.400 V in the presence of 

Pb(II). This stability is caused by the chloride-induced Pb(II) 

adsorption process, by which chloride ions are adsorbed at the surface 

as Pb(II)/Cl" complexes. In Figure 33, a new band grows in as Pb is 

deposited on the surface at 110 cm -l. This band will be examined in 

more detail at the end of this section. 

Shown in Figure 35 are the normalized SERS intensities of the 

135 cm -1  and 238 cm -l bands obtained in 5 x 10"3 M Pb(II) and 0.1 M CI" 

at a pH of 5.5 as a function of Pb coverage from 0.0 to 1.0 monolayer. 

Shown in Figure 36 are the normalized SERS intensities of the 135 cm -1  

and 163 cnrl bands obtained in 5 x 10"3 M Pb(II) and 0.1 M Br- at a pH 

of 5.5 as a function of Pb coverage from 0.0 to 1.0 monolayer. 

As shown in Figure 35 and 36 the bands at 238 cm-1 in ci- media 

and 163 cm-1 in Br- media decrease in intensity as the Pb surface 

coverage increases. Both bands are no longer observable at a Pb frac

tional coverage of ca. 0.75. This behavior has been previously observed 

in this laboratory for a system containing pyridine/Cl"/Pb(II) [29]. It 

was reported that the v(Ag-Cl) band at 238 cm-1 and the v(pyridine) 

band at 1013 cm-1 decrease in intensity to undetectable levels at a Pb 
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Fig. 35 SERS intensity behavior of the 238 cm-1 and 135 cm-1 bands as a 
function of fractional ?b coverage. 

oH = 5.5, 5 x 10-3 m Pb(II), 0.1 M CI'. 
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Fig. 36 SERS intensity behavior of the 163 cm"! and 135 cm~l bands as a 
function of fractional Pb coverage. 

pH = 5.5, 5 x 10"3 M Pb(II), 0.1 M Br". 
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coverage of ca. 0.70. This trend can be attributed to a change of 

surface electronic properties, surface roughness features, and/or 

adsorbate coverage. 

As mentioned in a previous section, the SERS response as a 

function of CI" and Br" coverage show two distinctive 

intensity-potential behaviors in the absence of Pb(II). The v(Ag-Br) 

band at 170 cm~l can be observed at potentials more negative than the 

v(Ag-Cl) band at 240 cm~l. The presence of Pb(II) in solution 

stabilizes the Ag-X interaction by means of AICA. Pb deposition can 

cause a displacement of the adsorbed halides from the Ag surface 

resulting in a decrease in the SERS intensity in the UPD region. Kester 

[49] has previously proposed that the decrease in SERS intensity 

measured for benzotriazole at Ag in the presence of UPD T1 is caused by 

the displacement of benzoatriazole as the T1 coverage increases. This 

model does not take into account the role that surface electronic 

properties play in SERS. 

Kolb and coworkers [59,99] have shown by means of differential 

reflectivity experiments that the UPD of Pb on Ag causes a decrease in 

differential reflectivity at coverages between 0.2 to 0.6. This 

decrease in reflectivity of the Ag surface indicates that the surface 

electronic properties are being affected by the presence of Pb [29], 

As can be observed from Figures 35 and 36, the slopes of the decrease in 

intensity of the 238 cm-1 and 163 cm-1 bands exhibit three distinct 

regions. At Pb coverages between ca. 0.0 and 0.3, the intensities of 
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the bands decrease to sixty percent of their original intensity. At 

Pb coverages of ca. 0.4 to 0.6, the decrease in intensity is less 

pronounced. At Pb coverages of greater than ca. 0.7, the bands are no 

longer detectable. The presence of these three regions can be related 

to the deposition behavior of Pb on Ag. LEED studies on evaporated 

submonolayers of Pb on Ag(II) show that at coverages less than ca. 0.3, 

Pb is deposited as random Pb atoms. At coverages of ca. 0.2 to 0.6, the 

Pb overlayer exists as triads of Pb atoms in (73 x 73)R30° structures. At 

coverages larger than 0.6, formation of a hexagonal closest packed 

Pb structure occurs [99], Assuming a similar Pb deposition behavior at 

Ag(lll) and polycrystal1ine Ag, the three slope regions where the SERS 

intensities decrease as a function of Pb coverage coincide with the 

three stages that the Pb overlayer undergoes during the deposition 

process. 

Of a particular interest in this study is the rapid decrease in 

SERS intensity of the 238 cm_l and 163 cm-1 bands at a Pb coverage 

between ca. 0.0 and 0.3. The 163 cm -1 band decreases in intensity more 

rapidly than the 238 cm-1 band. Shown in Figure 37 are the SERS 

intensity-Pb coverage behaviors of the v(Ag-Cl), v(Ag-Br) and v(SCN") 

bands. These data show the comparison between the nature of the 

adsorbate and the decrease in intensity as a function of Pb coverage, 

the data for the v(SCN") were taken from previous work done in this 

laboratory [100]. This behavior can be associated with the strength of 

adsorption of the electrolyte anion at the Ag surface i.e. SCN~>Br ->Cl" 
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37 Comparison of the SERS intensity-Pb coverage behavior of CI" 
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[81,100], Kolb and coworkers [68] have shown that the strength of 

adsorption of the anion influences the potential behavior of the Pb 

deposition process at Ag electrodes. It was observed that an increase 

in the strength of adsorption of the electrolyte anion, the smaller the 

potential difference (underpotential shift) between the UPD and bulk 

peaks. Table 5 shows underpotential shift values corresponding to 

C104 -, CI -, and Br -. These electrolyte anion effects can be translated 

to a change in electronegativity of the substrate through a change in 

the work function difference between Pb deposition on Ag and Pb 

deposition on bulk Pb. This increase in the ionic character of the Ag 

electrode from CI" to Br -  would account for more rapid Pb deposition as 

random atoms. This effect may change the surface electronic properties 

that give rise to SERS from CI" to Br -  media. 

One possible factor that may influence the SERS intensity-Pb 

coverage behavior of the three adsorbates is the surface coverage of 

these anions as a function of potential. Hupp [101] have shown that, at 

the potentials at which Pb is deposited, all of the three anions are 

adsorbed at the surface, although their surface coverage does decrease 

with Pb coverage. Another possible explanation for the observed trends 

is that the roughness features that give rise to SERS are affected by 

the Pb deposition. This possibility has not proven to be accurate based 

on the SERS reversibility behavior that will be discussed later. Otto 

and coworkers [42] proposed that part of the enhancement, due to atomic 

scale roughness features, is associated with a "chemical effect" of the 



adsorbate on the surface active sites. This model suggests that the 

enhancement mechanism results from a charge transfer between an electron 

hole-pair and the adsorbate will depend on the electronic 

configuration of the adsorbate. According to this enhancement 

mechanism, it is proposed that the difference in energy levels between 

the adsorbates, including metallic Pb, would account for the 

intensity-coverage behavior observed above. The Pb quenching of SERS 

signals through depostion can possibly be related to a greater ability 

of the Pb atoms quenching in to undergo charge transfer from the 

substrte than any of the adsorbates. The fact that this effect is most 

pronounced with SCN" and least pronounced with CI" suggests that the 

adsorbate energy levels for these three anions are in the order 

SCN">Br">Cl". One would predict from this order that quenching of SERS 

arising from charge transfer from the metal to the adsorbate levels 

would be most efficient for SCN" and least efficient for CI". The fact 

that the slopes of the SERS intensity-Pb fractional coverage data 

decrease in the order SCN">Br_>Cl~ is consistent with this model. For a 

given coverage of Pb, the SERS for SCN" is quenched more than that for 

Br", which, in turn, is quenched more than the SERS of CI". It is 

important to point out that this model requires that the energy level of 

adsorbed Pb atoms in the low fractional coverage region lies below that 

of any of the adsorbates, thereby allowing charge transfer to this level 

preferentially over charge transfer to the anion adsorbate levels. 
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Shown in Figure 38 are the SERS intensity-Pb coverage 

behaviors of the 238 cm"* band in CI" and in pyridine/CI" media [29]. It 

can be observed that in the presence of pyridine, the slope of the 

intensity-coverage behavior is smaller than in CI" media. Applying the 

model described above, this observation can be interpreted to indicate 

that the presence of pyridine lowers the adsorbate energy level of CI" 

such that the quenching of the SERS by Pb adatoms is slightly less 

effective. Such a stabilization of the CI- adsorbate levels can be 

explained by invoking the coadsorption of CI" and pyridine at Ag adatom 

active sites, as has been previously proposed [102]. Here, again, the 

chemical environment affects the charge transfer mechanism that gives 

rise to SERS. Therefore, taken in concert, these data suggest a 

critical contribution from chemical enhancement mechanisms in the SERS 

phenomenon. 

In the previous section, the band at 135 cm"! obtained in 

Pb(II)/X" (X=C1", Br -) media at a pH of 5.5, was assigned to a v(Pb-O), 

possibly due to a polynuclear hydroxolead(II) complex present at the 

surface. As shown Figures 35 and 36 are the normalized SERS intensities 

of the 135 cm~l band as a function of Pb coverage in Cl~ and Br" media. 

This band decreases linearly in intensity as a function of Pb coverage. 

At a coverage of 1.0 monolayer, this band is no longer detectable in 

either halide medium. The slope at which the 135 cm"* band decreases as 

a function of coverage is not the same as that observed for the 238 cm~l 

band in CI" media and 163 cm~l band in Br -  media. This can be 
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38 Comparison of the SERS intensity-Pb coverage behavior of CI" 

The 238 cm"1 band obtained in Pb(11)/C1- media with the 235 
band obtained from a Pb(II)/C1~/Py system reported by Guy, 
Bergami and Pemberton [29], 
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attributed to a different type of adsorption at the Ag surface compared 

to that of the CI" and Br" species. The polynuclear hydroxolead(II) 

complex to which the 135 cm~l band has been assigned is present at the 

Ag surface due more to lack of solubility then any specific chemical 

bonding with the Ag surface, such as that exhibited by adsorbed CI" and 

Br*. The linear decrease in intensity of this band as the Pb coverage 

increases suggests that the Pb monolayer is probably being formed from 

the reduction of the Pb(II) species involved in the complex at the 

surface. Once the Pb monolayer is complete, the surface is no longer 

capable of supporting surface enhancement. Therefore, even though 

significant quantities of polynuclear hydroxolead(II) complexes may 

reform in the interface, they are not detected at the Pb-modified Ag 

surface. 

Reversivility Effects 

Figures 39 and 40 show the percent recovery (%R) of the 238 cm -1 

and 163 cm -* bands as a function of Pb coverage from 0.0 to 1.0 

monolayers. These data were obtained by monitoring the intensity of the 

238 cm-1 and 163 cm~l bands as the potential was scanned from -0.300 V 

to a final potential corresponding to the Pb coverage value desired and 

back to -0.300 V at a scan rate of 0.005 V s-1. Each %R value was 

obtained on a fresh electrode surface. Fractional Pb coverages were 

obtained by comparing the charge obtained under the stripping wave at 

coverages smaller than 1.0 monolayer, with the charge obtained at one 

full monolayer. These potential-coverage calculations are described in 
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Fig. 39 Reversibility of the 238 cm~l band as a function o f  P b  
fractional coverage. 

5 x lO'3 M Pb(II), 0.1 M CT, pH = 5.5. E = -0.300 V .  
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detail in the experimental chapter of this thesis. The %R values were 

calculated by taking the ratio of the absolute areas of the 238 cm -1 and 

163 cm"l bands at -0.300 V after deposition and quantitative stripping 

of Pb to the areas obtained at -0.300 V before any Pb deposition. 

The data presented in Figures 39 and 40 show three %R-coverage 

regions. At Pb coverages between 0.0 and 0.6, the %R for the 238 

cm -l and 163 cirri bands are on the order of 90 to 100 percent. At 

Pb coverages of 0.6 to 0.7, the %R for both bands decreases to 

60 to 80 percent. For coverages above ca. 0.8 the %R is maintained at a 

value of 60 to 70 percent. The fact that three regions are 

observed for the %R-coverage behavior of these bands is a further 

indication of the strong dependence of the SERS response of adsorbates 

on the Pb deposition behavior on Ag as reported by Kolb. 

The behavior observed in the course of this investigation is 

consistent with the recovery behavior observed previously for adsorbates 

at UPD-modified Ag. Previous results obtained in this laboratory have 

shown that the %R of the SERS signals at 238 cm -1 in pyridine/Cl"/Pb(II) 

media are on the order of 90 to 100 percent for coverages smaller than 

ca. 0.6. 80% recovery was found for coverages above 0.6 [29,52], 

Kester [49] reported only a slight recovery of the original SERS 

intesity of benzotriazole as a function of T1 fractional coverage. 

Watanabe and coworkers [50] observed a decrease in recovery for pyridine 

adsorbed at Ag electrodes after the deposition and stripping of 

submonolayer amounts of Pb and Tl. 
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The quenching of SERS reversibility in these systems has been 

attributed to the removal of adatoms or "active sites" by deposition of 

foreign metallic thin films [49,50,103]. Otto [103] proposed that the 

irreversibility of the SERS response is due to the removal of atomic 

scale roughness features, which are created along with large scale 

roughness features during the ORC process. It is proposed that the 

atomic scale roughness features are associated with the adsorbates 

present at the surface. When these adsorbates are desorbed from the 

electrode surface as a function of potential or foreign metal 

deposition, the adatoms migrate and become incorporated to the Ag 

lattice. As a result, when the potential is returned to its original 

value or the foreign metal is stripped from the surface, the SERS 

response associated with these adatoms is diminished, despite 

readsorption of the adsorbates at the electrode surface. 

Guy and Pemberton [52] reported the time dependence associated 

with the loss of SERS reversibility of the 238 cm~l band. These studies were 

performed by spending varying amounts of time from 0.2 to 1.2 sec 

at a potential where Pb is deposited, and then the potential is returned 

to a value of -0.200 V where no Pb is deposited on the surface. It was 

found that at Pb coverages of 1.0 monolayer, the %R is 100% for times of 

0.2 to 0.5 sec. After times of 0.6 to 1.2 sec at monolayer 

potential, the %R decreased to ca. 70%. It was also found that at Pb 

coverages of ca. 0.2, the percent recovery is 70% at times of 1.0 sec. 

It was concluded from this work that for Pb coverages greater than 60%, 



110 

the adsorbates, i.e. CI" and pyridine, are displaced from the surface 

"active sites", and that the rearrengement of the Pb overlayer destroys 

the atomic scale roughness features that give rise to SERS. When the Pb 

overlayer of coverage greater than 0.6 is stripped, only large 

scale roughness features remain at the surface, and the SERS intensities 

are decreased accordingly. 

The above results are in agreement with the %R data presented 

in Figures 39 and 40 for the 238 cm~l and 163 cm~l bands. Therefore, by 

holding the potential at a Pb coverage of 1.0 monolayer for a long 

period of time, ca. 60 sec, and stripping the Pb overlayer, most of the 

atomic scale roughness features should be removed from the surface. 

Shown in Figue 41 are the normalized SERS intensities of the 

and 238 cm -* bands obtained in a Pb(11)/CI~ media at a pH of 5.5 as a 

function of Pb coverage. Figure 42 shows the intensity-coverage 

behavior of the and 163 cm~l bands obtained in Pb(II)/Bi— media 

at a pH of 5.5. The intensity-coverage data presented in both figures 

was acquired after holding the potential at a Pb coverage of one full 

monolayer for 60 sec. By comparing the results shown in Figures 41 

and 42 with the results presented above in Figures 35 and 36, it can be 

observed that the trend in the SERS intensity-coverage behavior is 

similar before and after the "removal" of the atomic scale roughness 

features. Although, the absolute intensities of all bands are 

considerable diminished in Figures 41 and 42 compared to Figures 35 and 

36 which results in an incomplete destruction of the atomic scale 

roughness features. 
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Fig. 41 SERS intensity behavior of the 238 cm~l band as a function of Pb 
fractional coverage after 60 seconds at one full monolayer. 

Solid circles, initial intensity-UPD response. Open circles, 
intensity-UPD response after 60 sec at one full monolayer. 
5 x 10"3 M Pb(II), 0.1 M CI", pH = 5.5. 
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Fig. 42 SERS intensity behavior of the 163 cm-1 band as a function of Pb 
fractional coverage after 60 seconds at one full monolayer. 

Solid circles, initial intensity-UPD response. Open circles, 
intensity-UPD response after 60 sec at one full monolayer. 
5 x 10-3 m Pb(II), 0.1 M Br", pH « 5.5. 
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In summary, the presence of a foreign metallic film at a Ag 

surface affects the parameters that give rise to SERS. It is not 

possible from the data obtained here to unequivocally decipher the 

surface roles played by electronic properties or atomic scale roughness 

features the SERS enhancement mechanism. However, it can be concluded, 

that the SERS response of adsorbates in the presence of underpotentially 

deposited Pb is sensitive to the chemical nature of the adsorbate and 

the extent of adsorbate-metal interaction. Therefore, these data lend 

credence to the postulate that chemical contributions to the SERS 

mechanism play the predominant role. 

The 110 cm"1 Band 

Figure 33 shows the SERS spectra obtained in 5 x 10"^ M 

Pb(II) and 0.5 M CI" at a pH of 5.5 as a function of potential in the 

UPO region. Spectrum A, obtained at -0.380 V versus SCE, shows two 

bands at 135 cm"1 and 238 cm -1. As the potential is scanned to more 

negative values of -0.380 to -0.480 V, the intensity of these bands 

decreases as Pb is deposited at the surface. This intensity-coverage 

behavior has been described above. At ca. -0.420 V, a new band starts 

to grow in at ca. 110 cm -1. As the potential is made more negative, the 

intensity of this band increases while the intensity of the 135 cm -1 and 

238 cm -1 bands decrease. At a Pb coverage of 0.9, the 110 cm"1 band 

has reached its maximum intensity. Although, this band is not 

regularely reproduced and it is obtained only in Pb(II)/Cl" media, it 

has been observed also at pH values of ca. 3.0 under the same potential 
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conditions. Figure 43 shows the normalized SERS intensity of the 110 

cm"* band as a function of Pb coverage. As it was previously described 

the intensity of the 110 cm~l band increases with Pb coverage. Here 

again, three intensity-coverage regions can be distingushed at Pb 

coverages of ca. 0.0 to 0.3, at ca. 0.4 to 0.7 and at ca. 0.8 to 1.0. 

these regions once again coincide with the Pb deposition process 

mentioned above. 

The presence of a band at 110 cm"* has been reported by Dornhaus 

and Chang [104] in a SERS study of the pyridine-Ag system in CI" media, 

but no assignment was made for this band. Cooney [93] and coworkers in 

a Raman study of Pb corrosion products in CI" media, have assigned this 

band to the presence of a [Pb0H]nCln complex, but again, no specific 

vibration is attributed to the presence of this Raman signal. Manzel 

and coworkers [105], in a study of Raman spectra of matrix-isolated Pb 

molecules have observed a band at 110 cm~l. This band was attributed to 

the Pb-Pb vibration from an isolated Pb2 molecule. 

The 110 cm -* band has been observed previously with SERS in the 

absence and presence of Pb [104]. However, the data presented in this 

thesis show that an increase in the Pb coverage yields an increase in 

the 110 cm~l intensity. One might expect that the fact that Pb is not 

an enhancing metal would rule out the possibility of this band being a 

Pb-Pb SERS response. However, the fact that metallic Pb is not SERS 

active does not mean that a Pb-Pb interaction cannot be observed at an 

SERS active surface such as Ag. The possibility of a [PbOH]nCln complex 
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fractional Pb coverage. 
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being the species that gives rise to the 110 cm -1 is very doughtful, 

because this band is also observed in solutions with a pH of 3.0. In 

summary, the 110 cm"! band cannot be assigned to any particular species 

with the results shown above. However, it is possible that this band is 

due to a Ag surface vibration caused by the Pb deposition in CI" media. 
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SERS of H2O 

Water species can be adsorbed at an electrode surface as single 

molecules or as clusters containing three to four molecules [106,107], 

In either case, the dipole vector of the water species is similar in 

magnitude. Water species are known to be adsorbed at a surface with the 

dipole vector perpendicular to the electric field of that surface. The 

direction of the electric field will dictate the orientation of the 

water dipole vector. In other words, the water dipole will be oriented 

in the same direction as the electric field or opposite to it. At the 

potential of zero charge (PZC), the orientation of the water species 

will be random [106,108]. 

Three spectroscopic approaches have been employed to obtain 

SERS of water [35,38]. Pettinger and coworkers [35] obtained the SERS 

of water on a Cu electrode by subtracting a spectrum obtained in Cl~ 

media in the region between 3000 cm -1 and 3800 cm -1 at -0.600 V from a 

series of spectra obtained in the same frequency region at -0.300 V to 

-0.500 V. The resulting spectrum show a band at 3500 cm -*. These 

authors also obtained SERS of water by draining the CI" solution with Ar 

from the spectrochemical cell containing a roughened Ag electrode. In 

this process, a signal was also obtained at 3500 cm -1. Fleischmann 

and coworkers [38] showed that, after an 0RC of a Ag electrode in CI" 

media, the Raman signals in the region between 3000 cm~l and 3600 cm -* 

decreased in intensity in comparison with the intensities obtained in 

the same frequency region on a polished Ag electrode. By pushing the Ag 
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electrode surface against the cell window, the scattered radiation from 

the bulk water is eliminated, because the electrode surface is left with 

just a thin film of water. The resulting spectrum of this approach 

exhibits a band at ca. 3490 cm-l. 

Shown in Figure 14 are a series of spectra obtained in this 

laboratory in 0.1 M KC1 at a potential of -0.200 V at a pH of ca. 5.5. 

Spectrum A shows the Raman response of bulk water at a polished 

electrode surface. It shows two distinct bands at ca. 3250 cm -l and 

3500 cur* corresponding to symmetric and assymetric 0-H stretching 

vibrations of bulk water. Spectrum B was obtained after an ORC in CI" 

media. This spectrum shows the same Raman bands as spectrum A, but with 

a lower intensity. This decrease in intensity can be attributed to a 

change in the optical properties upon going from a polished surface to a 

roughened surface. Spectrum C shows the Raman response of a polished Ag 

electrode in CI" media pushed against the cell window. With this 

approach, the response of bulk water is eliminated. Spectrum D was 

obtained with the electrode against the cell window after an ORC in CI -

media. Now the spectrum shows a band at ca. 3495 cm -1 corresponding to 

the water species present at the electrode surface. Using this approach 

in 0.1 M KBr, a band at 3505 cm -l was obtained. Shown in Figure 44 are 

the SERS spectra of water obtained with the approach described above 

in 0.1 M KC1, spectrum A, and 0.1 M KBr, spectrum B. 

Raman studies on water isolated in a nitrogen matrix have shown 

that the 0-H stretching vibration appears at 3640 cm -l [109], This 
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Fig. 44 SERS of water in CI" and Br" media with electrode against the 
cell window. 

A) 0.1 M KC1. E = -0.200 V. 
B) 0.1 M KBr. E = -0.200 V. 
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frequency is higher than that observed in SERS experiments for H2O on 

surfaces. This observation can be rationalized by noting that the H2O 

in a nitrogen matrix will be completely isolated. Therefore, in the 

absence of hydrogen bonding with other H2O molecules or anions, as can 

occur in the electrochemical interface, the force constant of the 0-H 

bond is at its maximum. 

It has been previously observed that the nature of the anion has 

a marked effect on the frequency at which the SERS of water is obtained 

[28,38,109,110]. In 7.8 M NaC104, a band at 3545 cm*l is obtained [110]. 

In 1.0 M and 4.0 M KCl, bands are observed at 3498 cm~l and 3433 cm~l, 

respectively [20]. In 1.0 M KBr and 1.0 M KI, bands are observed at 

3523 cm"l and 3553 cirri, respectively [38]. In 0.5 M KCN this band is 

observed at 3521 crrr* [28]. These results show that at a similar halide 

concentration of 1.0 M, a decrease in frequency of the band is 

observed from 3553 cm~l, 3523 cm -*, and 3498 cm~l for I", Br" and CI", 

respectively. The results obtained in this laboratory also show a 

decrease in the frequency position from 3505 cm -* in Br -  to 3495 cm~l in 

CI" media. These bands are shifted with respect to those obtained in 

the corresponding 1.0 M halide [38]. This effect can be attributed to a 

halide concentration effect as discussed above for 1.0 M and 4.0 M KCl. 

The SERS response of water obtained with the electrode surface 

against the cell window has been assigned to an 0-H symmetric stretch 

[37,38]. The anion influence on the frequency of this OH band suggests 

that the water species might be electrostatically interacting with the 



Fig. 45 SERS spectra in 0-H stretch region as a function of electrode 
potenti al. 

1) 0.1 M CI"; A) -0.200 V; B) -0.250 V; C) -0.350 V; 
D) -0.400 V. 

2) 0.1 M Br-; A) -0.250 V; B) -0.350 V; C) -0.500 V; 
D) -0.700 V. 
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Fig. 45 SERS spectra in 0-H stretch region as a function of electrode 
potential. 
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halides at the electrode surface. A stronger interaction between the 

anion and the Ag surface results in a larger electrostatic interaction 

between halide and water molecules. This, in turn, will weaken the 

hydrogen bonds between water molecules. This loss in hydrogen bond 

strength will shift the OH symmetric stretch to higher frequencies as 

observed. A halide-dependent potential dependence has been observed for 

the SERS intensities of water, SERS spectra in the frequency region 

between 3450 and 3550 cm~l at Ag electrodes in 0.1 M KC1 and 0.1 MKBr 

are shown as a function of potential in Figures 45a and b, respectively. 

A plot of the normalized SERS intensity of the 3495 cm"l band in Cl~ 

media and the 3505 cm~l band in Br -  media as a function of electrode 

potential is shown in Figure 46. These data were acquired by setting 

the desired potential with the electrode separated 5 mm from the 

cell window. After ca. 15 sec at this position, the electrode was 

pushed against the cell window and a spectrum acquired. This operation 

was performed at each potential setting. It is observed from Figure 45 

that the OH symmetric stretch of water decreases in intensity as the 

potential is made more negative. The 3495 cm -1 band in CI" media is no 

longer observable at ca. -0.450 V. The 3505 cm"1 band in Br" media is 

not longer observable at ca. -0.850 V. This intensity-potential 

behavior is similar to that observed for the v(Ag-Cl) band at 240 cm-1 

and v(Ag-Br) band at 170 cm -* as was shown previously in Figure 17. 

The similarity in the SERS response of adsorbed water and halide 

as a function of potential has led to the conclusion that the halide is 
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coadsorbed with water at the electrode surface [35-39], This 

coadsorption process has been explained as the electrostatic interaction 

of halides with water as was mentioned above. In this proposed model, 

water is bound to the anion and not to the Ag surface, as shown in 

Figure 47. Presumably the enhancement mechanism involves the excitation 

of the highly polarized halide ions [38]. This model adequately 

explains the similarity in the intensity-potential behavior of the 

Ag-halide bands with the coadsorbed water band. 

Although it is beyond the scope of this work, it has to be 

mentioned that SERS of water is also affected by the nature of the metal 

cation of the electrolyte. Fleischmann and Hill [111] have observed a 

shift in the OH symmetric stretch of water in different cations. At a 

potential of -0.100 V in 1.0 M CI -, the frequencies obtained for the OH 

stretch were 3516 cm -l in Mg+2, 3522 cm -l in Li+, 3557 cm -1 in Na+, 3499 

cm -l in K+, and 3501 cm -l in Cs+. These frequency shifts are associated 

with the solvation spheres inherent to each cation present in the outer 

Helmholtz plane [111,112]. It was also observed that the position of 

the 3499 cm -1 band obtained in K+ did exhibit an apparent change in 

frequency as a function of potential from 3499 cm-l at -0.100 V to 3479 

cm-l at -0.400 V. The 3494 cnrl and 3505 cm_l bands obtained in 0.1 M 

CI" and Br -  media presented in Figure 45 also show a shift in frequency 

of 6 cm-l for CI- and 8 cm-l for Br -  as a function of potential. A plot 

of the peak frequency for the SERS of H2O in CI- and Br- media as a 

function of electrode potential is shown in Figure 48. 



Fig. 47 Interfacial model for the SERS response of water species 
proposed by Fleischmann and coworkers [38]. 
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SERS of H2O in the Pre-UPD Potential Region of Pb 

Previous work done in this laboratory on the SERS response of a 

pyridine/CI" system in the presence of 1 x 10"3 M Pb(II) has 

demonstrated that an increase in the SERS intensity of the v(Ag-CI) band 

at 240 cm"l and a decrease in the SERS intensity of the pyridine band at 

1010 cm-1 are observed at potentials before the onset of Pb 

underpotential deposition [29]. This effect has been attributed to a 

process known as anion-induced cation adsorption (A1CA) as described 

earlier in this thesis. This process involves the adsorption of 

Pb(II)/X~ (X=C I -,Br_) complexes at the Ag surface resulting in an 

increase in the number of halide adsorbates and a decrease in the number 

of pyridine adsorbates in the above system. 

The presence of 5 x 10"3 M Pb(II) in 0.1 M KC1 or 0.1 M KBr 

solution has no effect on the frequency of the 3495 cm-1 band or the 

3505 cm -l band, respectively, of water. The only effect observed is 

that the 3495 cm"l band in CI" media can be observed at the more 

negative potential of -0.450 V, and that the absolute intensities of the 

3495 cm-1 and 3505 cm-1 bands are lower compared to those in the absence 

of Pb(II). The fact that the 3494 cm-1 band in CI - can be observed at 

potentials where it is not observed in the absence of Pb(II) can be 

explained in terms of Pb(11)/CI- species present at the surface. These 

surface complexes have a two fold effect. First, the Pb(II)/CI" complex 

stabilizes the CI" adsorbed at the surface such that the CI" remains 

until more negative potentials are reached. Second, the choride-induced 
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Pb(II) adsorption induces more CI" to the surface. The decrease in 

intensity of the SERS bands in both halide media can be attributed to a 

lower concentration of free halides adsorbed at the Ag surface in the 

presence of Pb(II). This decrease in the number of halide ions will 

decrease the area of electrostatic interaction between anions and water 

molecules, and therefore, the intensity of the water SERS band. 

SERS of H2O in the Presence of UPD Pb 

Work in this laboratory has been directed towards attempting to 

gain insight into the role played by surface electronic properties in 

SERS. Towards that end, underpotential metal deposition of Pb onto Ag 

electrodes has been used to fabricate a series of electrode surfaces 

whose electronic properties vary in a systemmatic manner. These 

surfaces are then used in the presence of a variety of adsorbate probes 

to monitor the ability of these metal-modified surfaces to support SERS. 

As discussed in earlier sections of this thesis, the presence of 

submonolayer amounts of Pb greatly diminishes the ability of Ag 

electrodes to support SERS. In fact, at monolayer coverage, the SERS 

ability of Ag is totally quenched for the simple ionic adsorbates CI -, 

Br -, and SCN~. The extent of quenching was shown not to follow the 

predicted response for changes in surfaces electronic properties based 

on an electromagnetic model for SERS. In order to understand the 

nature of this quenching, one must seek alternate explanations for the 

quenching process. 

A very important aspect of these experiments that must not be 

disregarded is the adsorbate coverage on the Pb-modified Ag surface. 
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Decreases in adsorbate coverage with increasing Pb fractional coverage 

could be responsible, in part, for the observed intensity decrease. 

Therefore, it is important to examine systems in which the SERS-active 

probe is known to remain in intimate contact with the electrode during 

the Pb UPD process. Water is an excellent choice for this role, 

because, as the solvent, it will always be present at the 

electrode-solution interface. In fact, it is known that as the Pb 

coverage is increased on the Ag surface in these halide media, the 

halide coverage decreases [100,101]. Therefore, the extent of water 

coverage of the surface should actually increase as the first Pb 

monolayer is deposited. Shown in Figure 49 are the normalized SERS 

intensities of the 3495 cm -l band obtained in 5 x 10"3 M Pb(II) and 0.1 

M CI" as a function of Pb submonolayer coverage. Shown in Figure 50 are 

the normalized SERS intensities of the 3505 cm"1 band obtained in 5 x 

10"3 M Pb(II) and 0.1 M Br" as a function of Pb submonolayer coverage. 

The intensity of the water signal decreases in both cases as the 

Pb coverage is increased, despite the increase in the number of water 

molecules in intimate contact with the surface as the UPD process 

progresses. It is observed from these data that three disctint 

intensity-coverage regions are observed. These regions occur between Pb 

coverages of 0.0 and 0.3, 0.4 and 0.7, and 0.8 and 1.0. These 

regions correspond to the Pb deposition process reported by Kolb and 

coworkers [99]. These researches found that at coverages lower than 

0.2, Pb is deposited as atoms randomly distributed on the Ag(111) 
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surface, at coverages of ca. 0.2 to 0.6, Pb is deposited as 

two-dimensional triads, and at coverages greater than 0.8, Pb forms 

a hexagonal closest packed layer on top of the electrode surface. The 

intensity-coverage behavior of the 3495 cm -1  and 3505 cm"* bands follows 

the above Pb deposition process. This phenomenon has been previously 

observed for the 238 cm -1  band obtained in Pb(II)/Cl" media and the 163 

cm"l band obtained in Pb(11)/Br~ media. 

The SERS intensity-coverage response has previously been 

associated with the displacement of the adsorbates from the SERS "active 

sites" or with the destruction of atomic scale roughness features [29]. 

As mentioned above, the SERS response of water has been previously 

attributed to the electrostatic interaction between halide ions and 

water molecules at the interface. If this were the case, in fact, a 

displacement of the halide ions from the surface would cause the OH 

symmetric stretch of water to decrease in intensity at an early Pb 

coverage stage. In the Pb coverage region between 0.0 to 0.3, the 

slope of the intensity decrease of the water signal is smaller than 

those obtained for the 238 cm~l band in Pb(II)/Cl~ media and the 163 

cm"l band in Pb(II)/Br~ media. If the SERS of water is, in fact, only 

observed for water species electrostatically interacting with 

specifically adsorbed ions at the Ag active sites, then one would expect 

the intensity-Pb coverage behavior for water to exactly follow the 

trends observed for the Ag-halide bands. The fact that this is not the 

case suggests that the SERS intensity for water probably includes 
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contributions from water species in intimate contant with Ag active 

sites as well as those species interacting with specifically adsorbed 

ions. This postulate is further borne out by the fact that essentially 

no effect of anion is observed on the SERS intensity of water as a 

function of Pb coverage as shown in Figures 49 and 50. Moreover, the 

difference in the Pb coverage behavior of the SERS of water from the 

behavior of all of the other adsorbates studied in this laboratory is 

further evidence that chemical differences in the nature of the 

adsorbates is of critical importance in the surface enhancement 

phenomenon. Taken in concert with all of the other data published from 

this laboratory on the effect of UPD Pb on the SERS ability of Ag, 

these data lend further credence to the dominant role played by chemical 

contributions in the SERS mechanism. 

Reversibility Effects 

As reported previously, Pb deposition is believed to destroy 

atomic scale roughness features that give rise to SERS [29,52]. It was 

observed in this work that in Pb(II)/X~ (X=Cl~,Br~) media, the percent 

recovery (%R) of the 238 cm -* and 163 cnr* bands is on the order of 60% 

when a monolayer of Pb is deposited and quantitatively stripped from the 

surface. Reversibility studies on the 3495 cm~l and 3505 cm~l bands 

show that when a Pb monolayer is deposited and stripped from the Ag 

surface, a %R of ca. 20% is obtained. Lower Pb coverages of 0.0 to 

0.4 result in ca. 80 to 100% recovery. The Pb coverage region where the 

%R decreases could not be accurately assesed, because of the weakness of 
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the SERS intensities measured for water. If it is assumed that water is 

interacting with the halides on the surface, the %R should decrease at a 

Pb coverage of 0.7. It is possible that the weakness of the %R of 

the OH stretch can be associated with a displacement by Pb of halide 

ions not complexed with Pb(II) species. When Pb is stripped from the Ag 

surface, the species that are readsorbed at the Ag surface are Pb(II)/X~ 

(X=C1~, Br") complexes. This would cause a recovery of the intensities 

of the 238 cm~l and 163 cm~l bands by inducing halides to the surface, 

but decrease the water signals because fewer non-complexed halides exist 

at the surface for interaction. It is also possible that the poor %R 

for the water signal is due to the destruction of atomic scale roughness 

sites with which water species were in intimate contact. 

In summary, these results suggest that SERS for water can be 

observed at Ag surfaces for water species interacting with specifically 

adsorbed halides and for water species in intimate contact with the Ag 

surface. The decrease in intensity of the SERS water band with 

increasing Pb coverages is consistent with the behavior noted for other 

adsorbates in this laboratory. However, the differences in the extent 

of quenching of water signals with Pb coverage from other adsorbate 

systems suggest that the major contribution to the surface enhancement 

mechanism operating in these systems may be chemical in nature and not 

electromagnetic. 



CHAPTER 4 

CONCLUSIONS 

Surface enhanced Raman scattering has proven to be a good 

technique to study the electrode-solution interface behavior under 

different potential and solution conditions. Through SERS, more 

information on the adsorption mechanism of Pb(II)-halide complexes has 

been obtained. It was observed through the intensity-Pb coverage 

behavior of v(Ag-Cl), v(Ag-Br), and v(SCN") that the chemical 

contributions to SERS play an important role in the enhancement 

mechanism that give rise to SERS. 

Future work directed towards a better understanding of the AICA 

should include studies of T1(I), Zn(II), and Cd(II) in CI", Br-, and I" 

media. T1(I) can be used to study the effect of T1 UPD on the SERS 

mechanism, in particular because this cation has the property of 

depositing two monolayers before the bulk deposition. 

To improve the SERS studies of interfacial water in aqueous 

solution would be the use of a thin film spectroelectrochemical cell to 

eliminate the Raman response of bulk water, and as a complimentary 

technique the use of non-aqueous solvents where water would be in the 

order of 1 x 10 -3 M. 

135 



APPENDIX I 

Pb(II) EQUILIBRIUM IN AN AQUEOUS ENVIRONMENT 

When Pb(N03)2 is dissolved in an aqueous electrolyte (KC1, KBr) 

solution, three possible reactions can occur as shown in Figure 51. 

First, the Pb salt is dissociated into the cation, Pb(II), and the 

anion, NO3". This ionization is caused by water because of its high 

dielectric constant of 78.5 [113]. As is true of most of the metal 

cations, Pb(II) has an affinity for oxygen bonding. In aqueous 

solutions, this bonding can be provided by the OH" species from water. 

This process is known as hydrolysis. As a result of the hydrolysis of 

cations, soluble hydroxides and oxides are formed. These hydrolysis 

products of Pb(II) are often polynuclear. The identification of such 

species is severely limited by concentration and pH effects [113]. 

Among the hydrolysis products of Pb(II) are PbOH+, Pb(OH)2> [Pb(0H)3]", 

and PbO as mononuclear species. [Pbg(OH)s]4+» [Pb4(0H)4]4+, 

[Pb8(0H)i2]4+» [Pb3(0H)4]2+, and [Pb60(0H)g]4+ exist as the polynuclear 

species [113,114a]. 

Once Pb(II) is hydrolyzed, it can also form complexes with the 

electrolyte anion (CI", Br"). The composition of these complexes will 

depend on the electrolyte anion concentration and the pH of the 

solution. At weakly acidic pH values of ca. 4.0 to 6.0, polynuclear 

hydroxolead(II) species such as [Pbn(0H)m]2n-m can interact with the 

electrolyte anion to form [Pbn(0H)mXo]2n-(m-o) soluble complexes. At 

acidic pH values less than ca. 4.0, the species formed would be 
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predominantly [Pbn X0]2n-o# j^e composition of these species would 

depend only on the concentration of the Pb(II) and the halide. 

The order in which Pb(II) is complexed in an aqueous electrolyte 

solution is thermodynamically dictated by the values of the formation 

constants of the polynuclear hydroxolead(II) and Pb(11)-hali de 

complexes. For example, the logarithms of the formation constants for 

the hydroxolead(II) complexes in 0.3 M CI04- are as follows: PbOH+, log 

K = 7.8; [Pb4(0H)4]4+, log K = 19.90; [Pb3(0H)4]2+, log K = 22.87; and 

[Pbg(0H)3]4+, log K = 42.6 [88,113]. The logarithm of the formation 

constants for Pb(II) in CI -  and Br" media in 1.0 M CI04- corrected for 

zero ionic strength are as follows: PbCl + , log Kj = 1.48; PbCl2» log K2 

= 0.6; PbCl3", log K3 = 0.27; PbCl42-, log K4 = -0.97; PbBr+, log iq = 

1.64; PbBr2, log K2 = 0.85; PbBr3", log K3 = -0.37; and PbBr4
2", log K4 

= -0.66 [115]. Shown in Figures 52 and 53 are the fractional Pb(II) 

complexation values calculated as a function of halide (CI-, Br -) 

concentration using the formation constants shown above. 

The fractional Pb(II)/0H" complexation values as a function of 

pH shown in Figure 27, were taken from the the book on Water Chemistry 

by Snoeyink and Jenkins [88]. Shown below are the equilibrium 

equations used to calculate the fractional Pb(II)/X" (X=C1~, Br -) 

complexation values as a function of halide concentration [X -]. a0 

corresponds to the fraction of Pb(II) not complexed with halide, cq 

corresponds to the fraction of Pb(II)-monohalide, c*2 corresponds to the 

fraction of Pb(II)-dihalide, 03 corresponds to the fraction of 
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APPENDIX II 

RAMAN SPECTRA OF SOLIDS 

Table 9. Raman bands of solid PbX£ (X=C1~, Br -), PbO, and Pb(OH)2-

Solid cm~l Fig. Ref. 
PbCl 2 178, 156, 133, 127, 88, 62 92 

PbCl 2 179, 161, 134, 89, 64 54A * 

PbBr2 122, 109, 89, 75 92 

PbBr2 122, 110, 89, 76 54B • 

PbO 295, 149 90 

PbO 295, 150 55A ** 

Pb(0H)2 125, 89, 67, 56 55B 

Represents the solids obtained in this 
1.0 M KX solution to 5 x 10"3 M Pb(II) 

laboratory by adding 
at a pH of 2.0. 

a 

** Analyzed reagent. 
*** Solid obtained from the basic precipitation of a 5 x 10~3 M Pb(II) 

solution with 1.0 M KOH. 
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Table 10. Raman bands of solids obtained from basic precipitation of 
different ratios of Pb(II)/X (X=C1~, Br"). 

(Pb:CI)a cm-1 
TTTT5 149, 144, 135, 122, 103 

(1:2) 197, 148, 144, 137, 125, 108, 100 

(1:5) 145, 81 

(1:10) 141, 126, 105, 93 

(Pb:Br)a 

(1:1) 142, 84 

(1:5) 282, 142, 115, 102, 84 

(1:10) 156, 145, 134, 120, 115, 102, 85 

a 5 x 10-3 m Pb(II). pH initial 5.5, pH final 10.0. Precipitation with 
1.0 M KOH. 

Table 11. Raman bands of some polyhydroxolead(II) complexes. 

Compound cm -1  Ref. 

[PbOH]nBrn 330, 266, 99, 83, 78 89,93 

[Pb0H]nCln 331, 276, 125, 110, 90, 50 93 

[Pb8(0H)12]nCl4n 325, 299, 141 93 

[Pb4(0H)4]4+ 340, 136, 84, 60 89 

[Pb6(0H)8]4+ 386, 365, 144, 90, 68 89,92 

Pb6Cl4(0H)8 322, 274, 140 89 

Pb8Cl4(0H)12 325, 299, 141 89 
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